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Abstract 

Urban air pollution, with particulate matter (PM) classified as one of the most 
problematic primary pollutants, is characterised by wide spatio-temporal variability. 
Even at relatively low concentrations, PM poses significant health and environmental 
risks due to its high toxicity per unit mass, ability to penetrate deep into lung tissue and 
prolonged atmospheric residing times. Its size, chemical composition, hygroscopicity and 
optical properties strongly influence its toxicity, atmospheric distribution and behaviour 
within the human respiratory system, with negative effects more closely associated with 
(ultra)fine particles. Therefore, a comprehensive understanding of size-fractionated PM, 
particularly (ultra)fine fractions, is essential for hazard mitigation and the improvement 
of regulatory air pollution control strategies, yet available data remain limited. 
Combining gravimetric, size-fractionating PM sampling solutions with low-cost mobile 
sensors (LCS) can complement national air quality monitoring networks, overcoming the 
limitations of sparsely distributed stations and providing valuable insights into 
commuters’ exposure, thereby improving the safety of most vulnerable traffic groups, 
such as cyclists and pedestrians. To address these challenges, an affordable, portable 
sampling device capable of collecting size-fractionated PM (PM10, PM2.5, PM0.1 and 
PM<0.1) was developed, together with optimised and validated analytical methods for the 
determination of metal(oid)s and polycyclic aromatic hydrocarbons (PAHs). The 
applicability of the device was further successfully demonstrated in a nationwide, 
systematic one-year study in Slovenia, at five pedestrian and cycling microenvironments 
(Dobrova, Ljubljana, Maribor, Murska Sobota, Piran), differing in size, population and 
traffic density. In parallel, two citizen-led campaigns were conducted in Ljubljana and 
Maribor, using bicycle-mounted LCS. The quality of the acquired data and sensor 
performance was evaluated in both controlled laboratory and co-location field 
environments. The overall aim was: i) to assess the seasonal and spatial distribution of 
PM-bound pollutants, ii) to conduct source apportionment analysis, iii) to evaluate the 
toxic potential and possible health and environmental risk implications, and iv) to 
highlight the importance of individual behavioural patterns in mitigating urban air 
pollution. 
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Povzetek 

Onesnaženost zraka v urbanih okoljih, pri čemer so trdni delci (PM) opredeljeni kot eno 
izmed najbolj problematičnih primarnih onesnažil, zaznamuje velika prostorska in 
časovna spremenljivost. Tudi pri sorazmerno nizkih koncentracijah predstavljajo povišane 
koncentracije PM resno tveganje za zdravje in okolje zaradi visoke potencialne 
strupenosti na enoto mase, sposobnosti prodora globoko v pljučna tkiva ter dolgega 
zadrževanja v atmosferi. Velikost, kemijska sestava, higroskopnost in optične lastnosti 
močno vplivajo na njihovo strupenost, atmosfersko razporeditev ter obnašanje v 
človeškem dihalnem sistemu, pri čemer so ti učinki še posebej izraziti pri (ultra)finih 
delcih. Celovito razumevanje velikostno frakcioniranih PM, zlasti (ultra)finih delcev, je 
ključno za zmanjšanje tveganj in izboljšanje zakonskih okvirov za nadzor onesnaženosti 
zraka, vendar pa so razpoložljivi podatki še vedno omejeni. Integracija gravimetričnih 
metod vzorčenja PM po velikostnih frakcijah z nizkocenovnimi mobilnimi senzorji (LCS) 
lahko nadgradi državno mrežo za spremljanje kakovosti zraka, odpravi vrzeli razpršenih 
statičnih merilnih postaj in omogoči celovitejši vpogled v dinamično izpostavljenost 
potnikov, s posledično izboljšano varnostjo najbolj ranljivih skupin v prometu, kot so 
kolesarji in pešci. Za reševanje tega izziva je bil razvit cenovno dostopen prenosni 
vzorčevalnik, sestavljen iz kaskadnega sistema filtrov za lovljenje PM (PM10, PM2,5, PM0,1 
in PM<0,1) skupaj z optimiziranimi in validiranimi analitskimi tehnikami za določanje 
koncentracij elementov (pol)kovin in policikličnih aromatskih ogljikovodikov (PAO). 
Uporabnost vzorčevalnika je bila uspešno dokazana v sistematični enoletni nacionalni 
študiji, izvedeni na petih slovenskih mikrolokacijah, namenjenih pešcem in kolesarjem 
(Dobrova, Ljubljana, Maribor, Murska Sobota, Piran), ki so se razlikovale po velikosti, 
številu prebivalcev in gostoti prometa. Vzporedno sta bili v Ljubljani in Mariboru 
izvedeni tudi dve pobudi občanske znanosti, ki sta vključevali LCS, nameščene na krmila 
koles. Zanesljivost podatkov in delovanje LCS sta bila predhodno ocenjena z 
laboratorijskimi in terenskimi preizkusi. Glavni cilji raziskave so bili: i) oceniti sezonsko 
in prostorsko razporeditev onesnažil, vezanih na PM, ii) identificirati potencialne vire v 
okolju, iii) oceniti potencialna tveganja za zdravje in okolje, ter iv) poudariti pomen 
individualnih vedenjskih vzorcev pri zmanjševanju urbanega onesnaženja zraka. 
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Chapter 1 

1 Introduction 

1.1 Air Pollution 

Outdoor air pollution is considered one of the greatest global challenges of the 21st 
century. It refers to any substance emitted into the air from natural or anthropogenic 
sources, which is either unnatural in the atmosphere or present at very high 
concentrations, and is capable of causing short or long-term harm (Daly and Zannetti, 
2007). It is characterised by significant temporal and spatial variability, with high 
exposure risks even at relatively low pollutant concentration, with estimated 99% of the 
global population exposed to somewhat elevated levels of air pollution (World Health 
Organisation (WHO), 2025).  

Natural sources of air pollution include geogenic and biogenic sources, i.e. in-situ 
weathering processes of crustal material, sea salt, biological material in the form of 
pollen, spores, algae, plant and animal debris, as well as volcanic eruptions and wind 
erosion. In addition to natural sources, anthropogenic sources can be divided into 
stationary and mobile, and include combustion sources, such as burning of biomass and 
fossil fuels, industrial emissions, raw material excavation and ore processing, agricultural 
activities, waste incineration plants and vehicle emissions (Fenger et al., 1998; Gatari et 
al., 2006; Kukutschová et al., 2011; Pant and Harrison, 2013; Pénard-Morand and 
Annesi-Maesano, 2004; Sanderson et al., 2014; Thorpe and Harrison, 2008). 

Polluted outdoor air can also significantly influence indoor air quality, particularly in 
poorly ventilated buildings, where pollutants accumulate and potentially reach higher 
concentrations than outside, a phenomenon known as “sick building syndrome”. The 
main sources typically include tobacco smoke, heating, cleaning and renovation activities, 
bacteria and algae-derived endotoxins and radon emissions (Daly and Zannetti, 2007). 

1.1.1 Air pollutants 

Air pollutants are categorised into primary and secondary air pollutants. Primary 
pollutants are those released directly from a source in their original chemical form, while 
secondary pollutants result from the transformations of primary pollutants through 
various mechanical, physical, chemical or biological processes (Daly and Zannetti, 2007; 
Phalen and Phalen, 2013). These processes can include: advection (transport due to mass 
transfer), dispersion (transport from the source), diffusion (transport controlled by 
concentration gradients), sedimentation (denser compounds deposit first), filtration 
(mesh retention), volatilisation (phase partitioning to vapour), dissolution (formation of 
hydrated compounds), absorption and adsorption(retention on a solid surface), hydrolysis 
(reaction of water molecules with pollutants), oxidation or reduction (electron loss or 
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gain), photolysis (light induced chemical bond breaking), photooxidation (light induced 
oxidation reactions) and biodegradation (microbially-catalysed reactions) (Vallero, 2008).  

The most common primary pollutants are carbon compounds (e.g. carbon monoxide 
(CO), carbon dioxide (CO2), methane, volatile organic compounds (VOCs)), nitrogen 
compounds (e.g. nitric oxide (NO), nitrous oxide, ammonia (NH3)), sulfur compounds 
(e.g. hydrogen sulfide, sulfur dioxide (SO2)), halogen compounds (chlorine (Cl−), fluorine, 
bromine (Br−)) and particulate matter (PM) (Daly and Zannetti, 2007).  

Secondary compounds include: nitrogen dioxide (NO2) and nitric acid (HNO3) formed 
from NO, ozone (O3) formed by photochemical reactions of nitrogen oxides (NOx) and 
VOCs, sulfuric acid (H2SO4) and HNO3 droplets formed from SO2 and NO2, sulfate and 
nitrate aerosols formed by reactions of H2SO4 and HNO3 droplets with NH3, and organic 
aerosols formed from VOCs in gas to particle partitioning reactions (Daly and Zannetti, 
2007). 

1.1.2 Brief history of air pollution 

Indoor and outdoor air pollution were recognised as a threat to human health early in 
human history (Fenger et al., 1998; Fowler et al., 2020). In ancient times, the first 
mentions of indoor air pollution were associated with improper cooking and heating with 
open fires in poorly ventilated dwellings. Early health implications associated with poor 
air quality were evident in mummified lung tissue showing anthracosis and skeletal 
indications such as destruction of the palate and wall of the maxillary sinus as evidence 
of sinusitis resulting from long-term exposure to acrid smoke from domestic fireplaces 
(Brimblecombe, 1999; Fenger et al., 1998; Mosley, 2014). Outdoor air pollution was a 
particular issue in cities, which importance was first highlighted by Hippocrates (400 BC) 
(Fowler et al., 2020; Mosley, 2014). Air pollution was also an everyday problem for the 
inhabitants of Athens and Rome, the term described by Horace and Seneca as smoke 
clouds of heavy heaven and infamous air (Fowler et al., 2020; Mosley, 2014; Vallero, 
2008). 

The radical transition from wood to coal (13th century) and the subsequent 
development of chimneys and steam engines (16th century) initiated the industrial 
revolution, the rise of industrial towns and cities, as well as the unprecedented emission 
increase (Brimblecombe, 1999; Fenger et al., 1998; Fowler et al., 2020; Vallero, 2008).  

One of the earliest laws regulating environmental and air pollution was enacted with 
the English Common Law (17th century), which invoked the right to clean air on private 
properties (Mosley, 2014). In 1810, Emperor Napoleon imposed regulations on odorous 
businesses and limited the height of industrial chimneys (Fenger et al., 1998). The 20th 
century began with a greater acceptance of the adverse effects of air pollution and the 
introduction of quantitative monitoring methods, including dust counters, lead (Pb) 
candles and paper filters for smoke monitoring (Brimblecombe, 1999; Fenger et al., 1998). 
In addition, air quality legislation intensified following the Great London Smog Event 
(1952), a major pollution disaster responsible for an estimated 12,000 deaths (Fenger et 
al., 1998; Fowler et al., 2020; Mosley, 2014; Vallero, 2008). This disaster was the catalyst 
for stricter air pollution control, including the Clean Air Act (1956), which encouraged 
the transition from coal-fired home heating to central or electric heating and introduced 
the first comprehensive regulation of residential and industrial smoke emissions (Fowler 
et al., 2020; Mosley, 2014; Vallero, 2008). After the Second World War, automobiles 
emerged and air pollution increased, with emitted NO2 recognised as the main cause of 
acid rain (Mosley, 2014).  

Concurrently, the understanding of primary pollutants (e.g. SO2, NO2) and their 
atmospheric transformations into secondary pollutants became increasingly important 
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(Brimblecombe, 1999). To mitigate their impacts, the United States Environmental 
Protection Agency (US EPA) established the National ambient air quality standards 
under the Clean Air Act in 1970, defining and regulating six criteria pollutants, including 
PM with additional subcategories classified by size, SO2, NOx, CO, O3 and Pb (Daly and 
Zannetti, 2007; Vallero, 2008). 

In 1972, the United Nations (UN) conference was organised, providing a platform for 
a global dialogue on environmental issues and leading to the acceptance of the 
Convention on long-range transboundary pollution to reduce SO2 emissions (Mosley, 
2014). Unfortunately, in 2012, SO2 levels in Beijing, China reached concentrations 
comparable to those observed during the Great London Smog event. Moreover, NO2 
concentrations peaked in 2019, but in 2020 a global decline in SO2, NO2, VOCs and 
primary PM concentrations was recorded as a consequence of the COVID-19 pandemic 
(Fowler et al., 2020). 

1.1.3 Effects of air pollution on health, environment and economy 

Air pollution is one of the biggest health and environmental risks, particularly in urban 
and densely populated areas due to the high morbidity and mortality rates caused mainly 
by six pollutants – PM, SO2, NOx, CO, O3 and Pb (Daly and Zannetti, 2007; The 
Organisation for Economic Cooperation and Development (OECD) 2016; Vallero 2008).  

PM is considered as one of the most prevalent primary airborne pollutants and can 
cause significant environmental and health risks. The accumulation of PM in the 
respiratory system is associated with impaired pulmonary and cardiovascular function, 
including stroke and lung cancer, neuroinflammation, neuron apoptosis, induced oxidative 
stress and dopaminergic neurotoxicity, deterioration of cognitive functions and altered 
brain development. High concentrations can also cause haze and reduce visibility (Chen 
et al., 2008; Cohen et al., 2017; Dominici et al., 2006; Fan et al., 2020; Potter et al., 2021; 
Russell and Brunekreef, 2009). In addition, increased PM levels also disrupt aquatic and 
terrestrial ecosystems, cause soil acidification, nutrient depletion, eutrophication, reduce 
biodiversity, damage crops and forests, as well as contribute to acid rain formation (Daly 
and Zannetti, 2007; Gozzi et al., 2017; Kuo, 2018; Vallero, 2008).  

SO2 is a colourless compound with a pungent odour, derived from fuels containing 
sulfur (e.g. oil, coal). Long-term exposure can lead to irritation of lung tissue and damage 
of foliage, impaired plant growth, formation of acid rain and also reduce visibility (Daly 
and Zannetti, 2007; Kuo, 2018).  

NOx (NO, NO2), produced in vehicle exhaust gases, play an important role in the 
formation of O3 in the troposphere and acid rain. Large quantities of NOx in the 
environment impair visibility, contribute to nutrient pollution in coastal waters and 
increase the risk of acute and chronic respiratory diseases (Daly and Zannetti, 2007; Kuo, 
2018; Vallero, 2008).  

CO is an odourless and colourless gas produced by the incomplete combustion of fossil 
fuels. Long-term inhalation can lead to a reduction in blood oxygen levels, which can 
result in headaches, dizziness or death (Daly and Zannetti, 2007; Kuo, 2018; Vallero, 
2008).  

O3 is a secondary pollutant produced by photochemical reactions of NOx and VOCs 
and can cause eye irritation, shortness of breath or asthma. Elevated O3 concentrations 
also reduce photosynthesis, slow down plant growth, increase the risk of disease and 
insect damage, lead to a loss of biodiversity and habitat quality, as well as impair water 
and nutrient cycling (Daly and Zannetti, 2007; Kuo, 2018; Vallero, 2008).  

Elevated concentrations of atmospheric Pb primarily originated from the historical 
use of leaded gasoline, but have decreased significantly due to its gradual elimination in 
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recent years. Pb is also produced by solid waste, coal and oil combustion, iron and steel 
production, Pb smelting and tobacco smoke. It can accumulate in bones and damage 
kidneys, nervous and immune system, as well as cardiovascular and reproductive system 
(Daly and Zannetti, 2007; Kuo, 2018; Vallero, 2008). 

In addition to the effects on health and the environment, air pollution also causes 
material damage, affects agriculture, tourism and leisure activities and has an impact on 
historical and cultural monuments and electronics (Fenger et al., 1998; OECD, 2016). 

The negative effects of air pollution on health and environment also lead to high 
economic costs, with the value of a statistical life (VSL) estimating the economic costs of 
outdoor air pollution. The VSL in OECD countries was USD 1.7 trillion in 2010, USD 3 
trillion in 2015 and is estimated to reach USD 18−25 trillion by 2060 (OECD, 2015; 
OECD, 2016). The greatest impact of air pollution on the global economy results in 
premature deaths due to high PM and O3 concentrations, estimated at 6−9 million 
deaths by 2060, particularly in densely populated cities (e.g. China and India) and in 
regions with ageing populations (e.g. China, Eastern Europe). The estimated increase in 
sickness-related absences, hospital admissions and associated healthcare expenditure, with 
the total estimated cost rising from USD 21 billion in 2015 to USD 176 billion in 2060. 
The economic costs of poor air quality is estimated to reach 1% of global gross domestic 
product by 2060, with the highest losses projected for China (−2.6%), the Caspian region 
(−3.1%) and Eastern Europe (non-OECD European Union (EU): −2.7%, the rest of 
Europe: −2.0%), with the main impact of air pollution leading to a reduction in capital 
accumulation and a slowdown in economic growth. The average global per capita welfare 
costs due to mortality and morbidity are expected to rise from USD <500 per person in 
2015 to around USD 2100−2800 in 2060 (OECD, 2016). 

1.1.4 Air pollution prevention  

Ground-level O3, NO2 and PM, particularly fine particulate matter (PM2.5) or smaller, are 
considered as one of the most detrimental urban air pollutants. Although concentrations 
have steadily decreased across the EU, there are still significant environmental and 
health challenges associated with poor air quality in many cities. Between 2000 and 2019, 
total PM and PM2.5 concentrations have decreased at average rates of −4% year−1 and 
−0.2% year−1, respectively, while annual NO2 and O3 concentrations have increased by 
+0.4% year−1 and +0.8% year−1, respectively (Anenberg et al., 2022; Gozzi et al., 2017; 
Pascal et al., 2013; Sicard et al., 2023).  

In Slovenia, concentrations of PM10 and PM2.5 decreased by 25% between 2000 and 
2019, mainly due to improvements in energy efficiency, modernisation of combustion and 
technological processes, the substitution of solid fuels with natural gas and renewable 
energy sources, the implementation of stricter regulatory standards for vehicle and 
industrial emissions, as well as short- and long-term air quality limit values (Slovenian 
Environment Agency (ARSO), 2021). Available data indicate that poor air quality is 
responsible for an estimated 300,000 premature deaths annually in the EU, including 
approximately 1,200 in Slovenia (ARSO, 2021; European Environment Agency (EEA), 
2022). 

Air quality is commonly assessed using the air quality index (AQI) developed by the 
US EPA, a measure of a degree of air pollution relative to its potential to inflict harm to 
the environment and human health. In general, the AQI is categorised as good (AQI 
<50), moderate or unhealthy (AQI >100) (Orosa, 2011). 

In Slovenia, the Decree on ambient air quality (Official Gazette of the Republic of 
Slovenia no. 9/11, 8/15, 66/18, 14/22 − ZVO-2) is currently in force, which transposes 
the Directive 2008/50/EC of the European Parliament and of the Council of 21 May 
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2008 on ambient air quality and cleaner air for Europe into national legislation. This 
directive defines and sets criteria, as well as annual and daily limit values for ambient air 
pollutants, in order to prevent and mitigate adverse effects (Table 1). The current annual 
limit values are 40 µg m−3 for the coarse PM fraction (PM10) and 25 µg m−3 for PM2.5. A 
new Directive 2024/2881 of the European Parliament and of the Council of 23 October 
2024 on ambient air quality and cleaner air for Europe, adopted in 2024, introduces 
stricter limit values to be achieved by 2030, with a limit of 20 µg m−3 for PM10 and 10 µg 
m−3 for PM2.5.  

In addition to the legally established standards, WHO guidelines indicate that 
harmful effects can already occur at concentrations as low as 5 µg m−3 for PM10 and 15 
µg m−3 for PM2.5 (WHO, 2025).  

 

Table 1: Legal air quality standards and WHO guidelines for PM10 and PM2.5 monitoring. 

 Directive 
2008/50/EC 

Directive 
2024/2881 

WHO 
guidelines 

Averaging 
time (AT) 

PM10 (µg m−3) 40 20 15 1 year 

50 n/a 45 24 hours 

PM2.5 (µg m−3) 25 10 5 1 year 

n/a n/a 15 24 hours 

Glossary: n/a = not applicable. 
 
The Decree on ambient air quality (2011) also sets limit values for SO2, with limits of 

350 µg m−3 for hourly measurements and 125 µg m−3 for daily measurements; a daily 
limit of 10 mg m−3 is set for CO and 0.5 µg m−3 for Pb. The annual limit value for CO2 is 
40 µg m−3 and 200 µg m−3 for hourly measurements. The annual limit value for benzene 
is 5 µg m−3, while O3 concentrations have daily limit value set at 120 µg m−3 (Decree on 
ambient air quality, Off. Gaz. of RS no. 9/11, 8/15, 66/18, 14/22 − ZVO-2). Certain air 
pollutants with well-established epidemiological and toxicological impacts are also 
regulated by the Decree on arsenic (As), cadmium (Cd), mercury, nickel (Ni) and 
polycyclic aromatic hydrocarbons (PAHs) in the ambient air (Off. Gaz. of RS no. 56/06, 
44/22 − ZVO-2), which implements Directive 2004/107/EC of the European Parliament 
and of the Council of 15 December 2004 relating to arsenic, cadmium, mercury, nickel 
and PAHs in ambient air. This legislation establishes annual target values of 1 ng m−3 for 
benzo(a)pyrene (BaP), and 6 ng m−3, 5 ng m−3 and 20 ng m−3 for As, Cd and Ni, 
respectively (Off. Gaz. of RS no. 56/06, 44/22 − ZVO-2). In addition, the Decree on the 
rules of assessment of ambient air quality (Off. Gaz. of RS no. 55/11, 6/15, 5/17, 44/22 
− ZVO-2) and the Decree on the classification of areas, agglomerations and sub-areas 
according to ambient air pollution (Off. Gaz. of RS no. 38/17, 3/20, 152/20, 203/21, 
44/22 − ZVO-2, 30/23) provide essential frameworks for evaluating air quality and 
ensuring a healthy urban environment. 

In general, national target levels for reducing outdoor air pollution are defined within 
each country’s obligations and are established within the National emission reduction 
commitments directive (2016/2884). In Slovenia, these commitments are implemented 
through the Regulation on national upper limits of ambient air pollutant emissions (Off. 
Gaz. of RS no. 48/18, 44/22 − ZVO-2, 95/24). 

Beyond the regulatory framework and social responsibilities, the mitigation and 
reduction of air pollutants is also advanced by the European Green Deal, an EU strategy 
aiming to achieve climate neutrality by 2050 and a pollution-free environment. Key 
supporting sub-strategies and plans include: i) the zero-pollution action plan for water, 
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air and soil (2021), which targets a 55% reduction in premature deaths from air 
pollutants by 2030, relative to 2005, and a 25% reduction in ecosystem biodiversity risks, 
ii) the Euro 7 regulation under the Sustainable and smart mobility strategy (2020), 
which introduces stricter emission limits for vehicles, including exhaust and non-exhaust 
sources (e.g. tyre wear and brake wear), iii) nature-based solutions for cleaner air, 
outlined in Biodiversity strategy for 2030 (2020) (European Commission, 2025; European 
Council, 2024; European Parliament, 2024). These measures are also closely aligned with 
the 17 sustainable development goals (SDGs), a global agenda set by the UN in 2014, in 
particular with SDG 3 – Good health and well-being, SDG 7 – Affordable and clean 
energy, SDG 11 – Sustainable cities and communities, SDG 12 – Responsible 
consumption and production, SDG 13 – Climate action and SDG 15 – Life on land (UN, 
2024). 

1.2 Particulate Matter 

PM is defined as a dispersed, heterogeneous mixture of liquid and solid particles 
suspended in the air. It consists mainly of organic matter (OM) and elemental carbon 
(EC), which account for approximately 70% of the total PM mass, but also of secondary 
inorganic aerosols, including sulfates and nitrogen compounds, as well as crustal material 
and metals, which contribute up to 15% of the total PM mass (Calvo et al., 2013; Hopke 
et al., 2020; Kelly and Fussell, 2012; Kim et al., 2013). Particles originate from natural 
sources, including sea salt, dust, volcanic eruptions, forest fires and microbial activity, as 
well as anthropogenic activities such as fossil fuel combustion, vehicular emissions, 
industrial and agricultural processes, construction and demolition work (Gatari et al., 
2006; Gozzi et al., 2017; Kukutschová et al., 2011; Pant and Harrison, 2013; Phalen and 
Phalen, 2013; Potter et al., 2021; Sanderson et al., 2014; Thorpe and Harrison, 2008). 

PM can also be categorised into primary and secondary PM, with secondary PM 
produced primarily by the following mechanisms: condensation or chemical 
transformation of gases and vapours into particles, chemical reactions of primary PM 
with gases or vapours producing new particle species, coagulation of different primary 
PM into larger and more complex particles, acquisition of surface coatings on solid 
particles that alter their composition and possibly biological activity (Phalen and Phalen, 
2013).  

The main sources of PM in Europe are secondary inorganic aerosols (32%), traffic 
(23%), coal (22%), dust (18%), sea salt (13%), biomass burning (12%) and industrial 
emissions (9%). In Slovenia, domestic heating (66%) and traffic emissions (8%), in 
particular diesel emissions, are recognised as the main anthropogenic source of PM 
(ARSO, 2021; Terzič, 2020). Most households (62%) use central heating systems powered 
by coal or wood biomass, while the most common primary heating fuels are wood logs 
(30%), natural or propane gas (19%) and renewable sources (14%) (Inglič et al., 2024). In 
2021, the average PM10 concentration in Slovenia was 20.6 µg m−3, while in the EU it was 
18.5 µg m−3, and the average PM2.5 concentration in Slovenia was 12.3 µg m−3, while in 
the EU it was 10.5 µg m−3 (ARSO, 2021). 

The toxicological and environmental implications of PM are influenced by its size, 
chemical composition, water affinity and optical properties, such as light scattering and 
absorption (Chow, 1995). Both, atmospheric and biological behaviour, primarily depend 
on PM chemical composition and particle size (Fernández-Camacho et al., 2012; 
Morawska et al., 2008; Raaschou-Nielsen et al., 2013). Therefore, the systematic 
classification of particles based on their aerodynamic diameter is considered one of the 
most important parameters (Figure 1). Total suspended particles (TSP) with an 
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aerodynamic diameter between 50 and 100 µm and coarse particles or PM10 (aerodynamic 
diameter <10 µm) tend to deposit in the upper respiratory tract, in the nasopharynx, 
while fine particles or PM2.5 (aerodynamic diameter <2.5 µm) and ultrafine particles 
(UFP) or PM0.1 with aerodynamic diameter <0.1 µm behave similarly to gas molecules, 
enabling them to reach the terminal bronchioles and alveoli, cross the pulmonary blood-
air barrier and translocate further into cell tissue and possibly cause damage to the 
nervous system (Gozzi et al., 2017; Potter et al., 2021; Valavanidis et al., 2008; Zioła and 
Słaby, 2020). In addition, 50% of fine and UFPs remain in the lung parenchyma and 
adsorb toxic pollutants more efficiently due to their large specific surface area 
(Lippmann, 1998; MacNee and Donaldson, 2003; Valavanidis et al., 2008). These 
particles have longer atmospheric residing times, ranging from a few hours to weeks, until 
they are removed by either wet or dry deposition (US EPA, 2019).  

 

 

Figure 1: Schematic presentation of size-fractionated PM (Reproduced from US EPA, 

2016). 

 

Due to the proven linear relationship between ambient PM concentration and 
increased health risks, the International Agency for Research on Cancer (IARC) has 
classified outdoor air pollution with PM as a Group 1 carcinogen (IARC, 2016; WHO, 
2015). The accumulation of PM in the respiratory system is associated with the 
development of chronic respiratory and cardiovascular diseases, including atherosclerosis 
progression, impaired lung function and increased premature mortality (Guaita et al., 
2011; Halonen et al., 2009; Perez et al., 2012; Samoli et al., 2008; Suwa et al., 2002). In 
addition, increased PM concentrations also disrupt aquatic and terrestrial ecosystems 
(Gozzi et al., 2017). These adverse effects are commonly attributed to metal(oid)s or 
PAHs bound to PM, due to their high toxicity, a high bioaccumulation potential and the 
capacity to induce oxidative stress (EEA, 2012; Gao and Ji, 2018). 

1.2.1 Particulate matter-bound metal(oid)s 

Metal(oid) pollutants such as As, Cd, Ni and Pb are persistent, non-degradable and 
recognised as genotoxic carcinogens (Directive 2004/107/EC; EEA, 2013). They 
accumulate in fatty tissue, potentially impair organ and endocrine functions and induce 
DNA mutations (Briffa et al., 2020; Sah et al., 2019). Due to their atmospheric stability, 
certain elemental ratios, including barium (Ba), Cd, copper (Cu), Ni, Pb, vanadium (V) 
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and zinc (Zn), serve as reliable tracers of emission sources from combustion (gasoline, 
diesel), non-exhaust traffic emissions (tyre and break wear) and also mineral dust re-
suspension (Alves et al., 2017; Fomba et al., 2018; IARC, 2016; Morawska et al., 2008; 
Pio et al., 2013; Prati et al., 2000; Qin et al., 1997; Thorpe and Harrison, 2008). 

1.2.2 Particulate matter-bound polycyclic aromatic hydrocarbons 

PAHs are a group of semi-volatile organic pollutants that contain at least two benzene 
rings fused linearly, angularly or in cluster arrangements and exhibit carcinogenic, 
mutagenic and immunosuppressive properties (Jakovljević et al., 2020; Ravindra et al., 
2008; Zioła and Słaby, 2020). They are formed by incomplete combustion of OM (e.g. 
coal, natural gas or oil) or pyrolysis at high temperatures and in the absence of oxygen, 
with the main urban sources associated with municipal and domestic emissions (Kim et 
al., 2013; Ravindra et al., 2008; Zioła and Słaby, 2020).  

In the atmosphere, PAHs partition based on their volatility, with low-molecular 
weight (LMW) PAHs (2−3 rings) occurring predominantly in the gaseous phase, while 
high-molecular weight (HMW) PAHs (4 or more benzene rings), which exhibit lower 
vapour pressures, favour partitioning to PM. The carcinogenicity of PAHs increases with 
the molecular weight (Bandowe et al., 2014; Ravindra et al., 2008). It is estimated, that 
more than 95% of all PAHs are bound to PM <3 µm. (Agudelo-Castañeda and Teixeira, 
2014; Morawska et al., 2008; Wei et al., 2010).  

The US EPA has classified 16 unsubstituted PAHs as priority pollutants, of which 
benzo(a)anthracene (BaA), BaP, benzo(b)fluoranthene (BbF), benzo(g,h,i)perylene 
(BghiP), chrysene (Ch) and indeno(1,2,3-cd)pyrene (IP) are of particular concern. Other 
compounds include naphthalene, acenaphthylene, acenaphthene, fluorine, phenanthrene, 
anthracene, fluoranthene (Fl), pyrene (Pyr), benzo(k)fluoranthene and 
dibenzo(a,h)anthracene (US EPA, 2017; WHO, 2010).  

PAHs are typically characterised by strong seasonal variations, primarily due to 
greater atmospheric stability in winter, enhanced partitioning of HMW PAHs into 
particulate phase due to reduced volatility and more efficient volatilisation of LMW 
PAHs into gaseous phase combined with intensified photochemical degradation during 
summer (Ambade et al., 2022; Khan et al., 2018; Liu et al., 2017; Pindado et al., 2009; 
Song et al., 2019). HMW PAHs are more stable and less reactive compared to LMW 
PAHs, therefore their diagnostic ratios with similar physiochemical properties derived 
from a specific formation mechanism, can serve as characteristic markers for the main 
PAH sources (e.g pyrogenic, petrogenic), as well as for the pollutant transport distances 
(Alam et al., 2015; Khalili et al., 1995; Ravindra et al., 2008; Tan et al., 2011). 
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1.3 Aerosol Particulate Monitoring  

Particulate aerosol samples in urban areas are typically collected by drawing ambient air 
through filter materials or by inertial impaction with a pump, followed by subsequent 
quantification of particle mass and their chemical components by off-site laboratory 
analysis (Kumar et al., 2021). Size-selective inlets in cascade sampling setups allow 
fractionation, with the most common cut-off points of 10 µm, 2.5 µm and 1 µm (Chow, 
1995; Kuo, 2018).  

Traditionally, air pollutant concentrations are measured at stationary monitoring 
stations with complex equipment that adhere to standardised quality assurance and 
control protocols (QA/QC), such as the National ambient air quality standards, which 
were established to protect public health and enforced for CO, NO2, SO2, O3, Pb and 
suspended particulate matter (PM10, PM2.5) (Chow, 1995; Fenger et al., 1998). 
Appropriate sampling protocols must be representative of the emission sources, area, 
population exposure or personal exposure samples. Samples for regulatory compliance are 
usually representative of the area and population exposure (Fenger et al., 1998). 
Monitoring stations established by environmental and governmental agencies provide 
information on a wide range of pollutants, measurement reliability and long-term 
pollutant trends (Jerrett et al., 2005; Kanaroglou et al., 2005; Xie et al., 2017).  

In situ monitoring devices can be divided into three categories: i) mass measurement 
methods, ii) chemical-specific methods and iii) measurements of other aerosol properties. 
The mass measurement devices include beta attenuation monitor (Wedding and 
Weigand, 1993), tempered element oscillating microbalance (Meyer et al., 1992; 
Patashnick and Rupprecht, 1991) and piezoelectric microbalance. Chemical-specific 
devices include SO2 and sulfate analysers, chemiluminescent and flame photometric 
detection (Appel et al., 1990; Schorran et al., 1994), gaseous HNO3 analysers (Appel et 
al., 1990), gaseous NH3 fluorescence analysers (Harrison and Msibi, 1994) and in-situ 
thermal or optical carbon analysers (Turpin and Huntzicker, 1991). Instruments for 
measuring other aerosol properties such as nephelometers, aethalometers, condensation 
nuclei counters and photoacoustic spectrometers continuously monitor characteristics like 
light scattering, light absorption, nucleation, diffusion rates, electrical mobility and 
molecular time of flight for various compounds (Chow, 1995). 

Conventional monitoring typically relies on high-volume samplers (HVS, 1000 L 
min−1), as they allow adequate sample deposition on the filter media for detecting 
compounds at lower limits of detection (LOD), however, portable, low-cost and low-
volume samplers (LVS; 20 L min−1) are increasingly being deployed as they are easier to 
handle, maintain good collection efficiency and are more suitable for quantifying personal 
emission exposures due to flow rates being more in line with commuter inhalation rates 
(6 L min−1) (Chow, 1995; Ilenič et al., 2025; Karthikeyan et al., 2006; Kumar et al., 2021; 
Marina Montes et al., 2023; Salcedo et al., 2014; Samek et al., 2018; Saraga et al., 2021; 
Szabó et al., 2015). 

A comprehensive review of publications published from 2010 onwards on existing 
sampling protocols and analytical approaches for metal(oid)s and PAHs in size-
fractionated PM, with a particular emphasis on their characteristic chemical composition, 
seasonal variability, global spatial distribution and data on quality assurance, which 
included 81 studies from 33 different countries (Article 5), found that the majority of 
reported studies (87% of studies) installed PM samplers at elevated levels (EL; above 2.5 
m, e.g. on building roofs), which is not representative of the residing area of commuters. 
Most studies reported sampling PM2.5 (52%), followed by PM10 (30%) and particulate 
matter with aerodynamic diameter smaller than 1 µm (PM1; 13%). Only 5% of studies 
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reported sampling of PM smaller than 0.1 µm, despite UFPs being the most prevalent 
fraction, accounting for approximately 90% of the total PM particles found in the 
atmosphere, followed by fine particles (9%) and coarse particles, which contribute less 
than 1% (Figure 2) (Kumar et al., 2010). In general, PAHs are more commonly analysed 
(56% of the selected studies) in comparison to metal(oid)s (31%), while 14% of the 
studies reported analysing both pollutants simultaneously, indicating on a significant gap 
in comprehensive PM chemical characterisation. 

 

 

Figure 2: Comparison of PM fractions in the atmosphere and selected studies. 

 

Prior to PM sample collection, it is essential to identify the nature of the pollutants 
bound to the PM in order to select the appropriate analytical procedure, including the 
types of filter, pollutant extraction methods, solvents used and analytical techniques to 
obtain reliable data on the chemical composition of size-fractionated PM samples. The 
main challenges of analytical procedures include the identification and determination of 
species in the sample, separation of the species, determination of low concentrations with 
adequate precision and accuracy, as well as effective elimination of matrix effects 
(Cornelis et al., 2003). Therefore, ensuring the accuracy of analytical procedures and 
results by selecting high-resolution and sensitive techniques along with the use of certified 
reference materials (CRMs) is essential (Celo et al., 2010; Dabek Zlotorzynska, 2010; 
Hopke et al., 2020; Salcedo et al., 2014). However, only 32% of studies reported their use, 
most commonly the National Institute of Standards and Technology (NIST) standard 
reference material (SRM) 1648a. Overall, 82% of studies included QA/QC in their 
methods. 

When selecting suitable filter media for compliance measurements, several filter 
characteristics are important, including particle sampling efficiency, mechanical, chemical 
and temperature stability, blank concentrations, flow resistance and loading capacity to 
obtain adequate PM deposits, as well as cost efficiency and availability. Potential 
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positive or negative artefacts due to gas adsorption or particle volatilisation may also 
affect mass balance and chemical composition (Chow, 1995). The most commonly used 
filters are cellulose filters (fibrous, hydrophobic), glass fiber filters (GFF; fibrous, 
hydrophobic), mixed cellulose filters (membrane, hydrophilic), polycarbonate filters (PF; 
membrane, hydrophobic), polyvinyl chloride filters (membrane, hydrophobic), 
polytetrafluoroethylene filters (PTFE; membrane, hydrophobic) and quartz fiber filters 
(QFF; fibrous, hydrophobic) (Phalen and Phalen, 2013). The choice of filter depends on 
the nature of the pollutants (organic, inorganic), which in turn determines also the 
subsequent analysis. Overall, QFFs were the most commonly used in all selected studies 
(65%), followed by PTFEs (16%) and GFFs (12%). GFFs are often incorporated in HVS 
systems due to their high collection efficiency and low airflow resistance. However, due to 
their poor chemical stability and relatively high content of impurities, their use is limited 
to areas with higher levels of air pollution (Chow, 1995; Fernández Camacho et al., 2012; 
Marrero et al., 2005; McDow and Huntzicker, 1990). Compared to QFF and PTFE, 
GFFs offer the highest mechanical strength and are the most cost-effective, but also 
require pre-treatment (baking at >500 ˚C) prior to sampling to remove adsorbed organic 
vapours (Chow, 1995). PTFE filters are the most chemically inert, exhibit minimal blank 
values and low hygroscopicity, but are unsuitable for elemental and organic carbon 
analysis (EC/OC) due to the high temperatures required for the analysis. EC/OC is best 
performed on QFF (Chow and Watson, 1998). Based on overall properties, PTFE 
outperforms GFF and QFF in several other key properties and is also best suited for 
chromatography, trace element analysis and microscopy (Chow, 1995). 

Inductively coupled plasma mass spectrometry (ICP-MS) (68% of studies), X-ray 
analysis (20%) and atomic absorption spectroscopy (AAS) (11%) were the most 
commonly used spectroscopic techniques used to determine metal(oid)s in PM size-
fractionated samples. The most common sample digestion technique was microwave 
assisted digestion (MAD; 83% of studies). Total metal concentration was also determined 
in samples after hot plate (HOP; 21%), ultrasound assisted (UAE; 8%) and mechanical 
shaking extraction (MSE; 4%). Among the analytical techniques for the determination of 
PAHs, gas chromatography mass spectrometry (GC-MS) was predominantly used for the 
separation of PAHs (84%). Other techniques were based on high performance liquid 
chromatography (HPLC; 16%). When separated by GC, PAHs are detected with higher 
sensitivity, speed, selectivity and also cost efficiency. The most common extraction 
method for PAHs was UAE (64%), followed by accelerated solvent extraction (ASE; 
23%), Soxhlet extraction (SOE, 21%), MAD (4%) and MSE (4%). 

Air quality monitoring stations (AQMS) located at stationary urban sites provide 
detailed air pollutant data; however, their sparse distribution across cities can result in 
low spatial resolutions (Kousis et al., 2022; Samad and Vogt, 2020). In Slovenia, national 
air quality monitoring network includes a total of 23 monitoring stations that monitor 
the following parameters on an hourly, daily and monthly basis: particulate matter 
(PM10, PM2.5), SO2, NO2, CO, O3 and concurrently carry out analyses of the chemical 
composition of the collected samples (ARSO, 2023). High spatial variability of emissions, 
influenced by meteorological and topographical conditions, as well as physiochemical and 
photochemical processes, emphasises the need for more detailed PM measurements (Kuo, 
2018).  

Therefore, rapid development and deployment of remote sensing and portable 
measuring techniques has also been observed in recent years, including real-time, low-cost 
wireless sensors (LCSs), remote data logging sensors and satellite-based instruments 
(Fenger et al., 1998; Kumar et al., 2015; Morawska et al., 2018). These sensors offer great 
health and environmental applications with several inherent advantages, including 
affordability, portability, improved spatial resolution and the ability to identify emission 
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hotspots (Chong and Kumar, 2003; Leavey et al., 2015; Rai et al., 2017). Various 
applications of these sensors have been reported, including environmental awareness 
activities and citizen science campaigns using different modes of transport (e.g. bicycle, 
car, bus), municipal and industrial emission monitoring, indoor and outdoor personal 
exposure assessment and data collection in remote places (Kingham et al., 2013; Williams 
et al., 2019). However, compared to AQMS, LCS exhibit lower accuracy and sensitivity 
levels, as well as higher LODs. Therefore, an assessment of their dynamic response is 
essential before their widespread implementation (Austin et al., 2015; Malings et al., 
2020; Williams et al., 2019; Zimmerman, 2022). LCS operating on the principle of light 
scattering can be influenced by particle composition and density, hygroscopicity, 
refractive index, relative humidity (RH), pollutant concentration and averaging time 
(Aleixandre and Gerboles, 2012; Castell et al., 2017; Giordano et al., 2021; Karagulian et 
al., 2019). It is consequently imperative to compare these sensors with reference 
instruments, such as AQMS using co-location field assessment methods (Bergmann et al., 
2022; Castell et al., 2017; Crilley et al., 2018; deSouza et al., 2023; Ilenič et al., 2024; 
Karagulian et al., 2019; Kousis et al., 2022; Kumar et al., 2015; Vogt et al., 2021) or 
under controlled laboratory conditions (Castell et al., 2017; Crilley et al., 2018; 
Karagulian et al., 2019; Kelly et al., 2017; Kuula et al., 2020). In addition, various 
methods, such as linear regression models (Barkjohn et al., 2021; Kosmopoulos et al., 
2020; Malings et al., 2020), multiple linear regression (Barkjohn et al., 2021; Malings et 
al., 2020) and mechanistic models based on hygroscopic growth correction (Barkjohn et 
al., 2021; Crilley et al., 2018; Malings et al., 2020) are also employed. More recently, 
multimodal data fusion methods combining ground-level monitoring data, satellite remote 
sensing data and also images from surveillance cameras at local, regional and global 
scales, have been applied to improve the spatio-temporal accuracy of air quality 
predictions (Choi and Hummel, 2025; Malings et al., 2024).  

1.4 Characterisation Methods 

1.4.1 Inductively coupled plasma mass spectrometry 

ICP-MS (Figure 3) is a powerful, versatile and highly sensitive technique for the 
determination of trace and ultratrace elements, characterised by low LODs (<0.01 µg L−1 
if not influenced by a high ionisation potential (e.g. Br−, Cl−) or high background noise 
due to impurities), a wide linear dynamic range of about nine orders of magnitude and 
fast, simultaneous quantitative and semi-quantitative multi-elemental analysis 
(Broekaert, 2005; Cornelis et al., 2003; Thomas, 2008). The main mechanisms by which 
atomic species are quantified are: sample ionisation, focusing and acceleration of the ions 
through lenses, separation of the ions by MSD according to their mass-to-charge ratio 
(m/z) and detection of the ions and measurement of the electrical charge (Nelms, 2005; 
Rouessac and Rouessac, 2013; Thomas, 2008).  
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Figure 3: Schematic diagram of ICP-MS setup (Reproduced from Agilent, 2025a). 

 
The non-thermal equilibrium ICP, an ion source that generates monoatomic, 

positively charged ions and electrons, is generated in an argon (Ar) stream within a 
quartz torch located in the centre of a cooled Cu coil (Broekaert, 2005; Cornelis et al., 
2003; Thomas, 2008). A radio frequency generator (27−40 MHz) provides a high-
frequency, high-power electric current that passes through the coil. The magnetic field 
generated by this current induces collisions between Ar atoms, leading to the production 
of ions and electrons (Nelms, 2005; Thomas, 2008). The torch consists of three concentric 
tubes, where Ar plasma gas is introduced through the centre tube, the sample aerosol 
carried by Ar, is passed through the inner tube, while Ar gas is passed through the outer 
tube to cool down the instrument (Broekaert, 2005; Thomas, 2008). A pneumatic 
nebuliser is used to aspirate the liquid sample into the plasma (up to 10,000 K), 
removing large droplets (>10 µm) by a spray chamber to ensure stable plasma conditions 
and efficient atomisation and ionisation in the ICP (Cornelis et al., 2003). Small aerosol 
droplets, corresponding to 1−5% of the sample, enter the plasma torch, where they are 
dried, decomposed, vaporised, atomised and finally ionised, mainly as positively charged 
ions (Broekaert, 2005; Cornelis et al., 2003; Thomas, 2008).The resulting ions are 
extracted into a high vacuum system through a pair of interface cones (sampler and 
skimmer) (Cornelis et al., 2003; Nelms, 2005). The electrostatic ion lens system focusses 
the ions into a compact ion beam as they pass through the vacuum system to the MSD. 
In general, four types of MSD are used: magnetic sector field (high resolution), time-of-
flight, multicollector and quadrupole analyser (Broekaert, 2005; Thomas, 2008). The 
latter, most commonly used, consists of four parallel rods with hyperbolic cross-section in 
the interior of the assembly transmitting only positive ions with a narrow m/z window to 
the MSD. The detector is an electron multiplier that enables the amplification of weak 
ion currents and has the ability to count and detect each individual ion (Cornelis et al., 
2003). 

Furthermore, spectral and non-spectral interferences, which occur in ICP-MS, should 
be minimised or avoided for accurate determination of elemental concentrations. Non-
spectral interferences are generated by the suppression or amplification of the matrix 
signal, while spectral interferences are manifested as overlaps of ion signals (Cornelis et 
al., 2003).  

1.4.2 Gas chromatography mass spectrometry 

One of the most common analytical separation mechanisms for detecting and quantifying 
the abundance of compounds in the gas phase, including PAHs, is gas chromatography 
(GC), which is often coupled with an MSD (Chow and Watson, 1998; Cornelis et al., 
2003). The GC separation technique is based on the concentration equilibrium interaction 



14  Chapter 1. Introduction 

 

of the components with the stationary and mobile phase (Cornelis et al., 2003; 
Littlewood, 2013; McNair et al., 2019; Rouessac and Rouessac, 2013).  

It is a time-efficient, versatile and multidimensional technique that provides good 
sensitivity, selectivity and resolution to determine the components in the samples based 
on their volatility and mass (Cecinato et al., 2012; Grob and Barry, 2004; Littlewood, 
2013; McNair et al., 2019; Pandey et al., 2011; Rouessac and Rouessac, 2013).  

Prior to analysis, the sample should be prepared with regards to its matrix and 
analyte properties. This typically involves extraction of the analyte from the sample 
matrix, derivatisation and extraction of the derivatised compounds into an organic 
solvent and subsequent determination of the volatile compounds in the organic phase 
using GC-MS (Dettmer Wilde and Engewald, 2014). It consists of an injector, a column 
and a detector (Figure 4). 

First, a small amount of the sample is introduced into the injector, either a split-flow 
injector or a splitless injector, which vaporises the sample and mixes it with the gas 
stream. Analytes are then transported through the column with a carrier gas (mobile 
phase), which normally consists of hydrogen, helium or nitrogen. The mobile phase must 
be free of all traces of hydrocarbons, water vapour and oxygen, as they can interfere with 
the polar stationary phase and reduce detector sensitivity (Littlewood, 2013; Rouessac 
and Rouessac, 2013). As analytes move through the column, they partition between the 
mobile and stationary phases according to their solubility (McNair et al., 2019). The 
viscosity and flow rate of the carrier gas influence the dispersion of the analytes in the 
stationary phase and the diffusion process in the mobile phase. The identification is 
based on the retention times, i.e. the time from sample introduction to detection of the 
peak maximum (Rouessac and Rouessac, 2013). 

The column is a narrow-bore tube that winds around itself and is 1−100 m long, 
depending on the type and content of the stationary phase. There are two types of 
columns: packed columns, in which the stationary phase is deposited on a porous media 
or bound by a chemical reaction, and the more common capillary column, in which the 
stationary phase is deposited on the inner surface of the column. The column is stored in 
a thermostatically controlled oven (up to 400 ˚C). At the end of the column, the mobile 
phase passes through a detector before being released into the atmosphere (Grob and 
Barry, 2004; Rouessac and Rouessac, 2013). 

 

 

Figure 4: Schematic diagram of GC-MS setup (Reproduced from Agilent, 2025b).  
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1.4.3 Scanning electron microscopy  

Scanning electron microscopy (SEM) is used to analyse the morphological properties of 
the particles, such as size and shape, as well as the interactions between particles and 
labile components that have accumulated on the filter medium. When coupled with an 
energy dispersive X-ray microanalyser (EDX), the chemical composition can also be 
analysed by detecting characteristic X-rays.  

SEM is unable to produce clear images of non-conductive samples; therefore, a prior 
carbon or gold coating of PM deposited samples is essential to enhance the conductivity 
and attenuate electron charging. SEM utilises a shaped magnetic field to create an 
electron-optical lens system, with an accelerated electron serving as an illumination 
source to generate images of the sample matrix (Yao et al., 2021). The operating 
principle of the SEM can be divided into six components: electron source, electron optical 
system for focusing and scanning, specimen chamber, signal detector, evacuation system 
and display system (Figure 5).  

 

 

Figure 5: Schematic diagram of SEM setup (Reproduced from AnaPath Research, S.A.U., 

2025). 

 
The electron beam of primary free electrons is generated by an electron gun, a V-

shaped tungsten filament, which is heated up to 2700 K. The high temperature causes 
acceleration by an electric field, characterised by thermionic emission, to form a focused 
electron beam with nanoscale resolution (Lawes, 1987; Yao et al., 2021). The smaller the 
diameter of the electron beam, the higher the resolution (Yao et al., 2021). After the 
electron beam strikes the bulk solid material, the electrons are reflected and scattered or 
absorbed as they undergo a series of elastic or inelastic collisions with the atoms of the 
material. These collisions generate signals that are recorded in the microscope to create 
images (Sarkar et al., 2001; Scrivener et al., 2018). The three most important signals 
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generated are secondary electrons (SE), backscattered electrons (BSE) and characteristic 
X-rays (Sarkar et al., 2001; Scrivener et al., 2018). BSE are the result of elastic collisions, 
while SE are produced by inelastic collisions and have a higher resolution levels with a 
lower interaction volume (Scrivener et al., 2018). SE provide information about the shape 
of the specimen and are dominated by topographic contrast, while BSE provide 
information about the composition, as the yield of BSE depends on the atomic number 
(Okano, 2018; Sarkar et al., 2001). The intensity of the reflected electrons correlates with 
the atomic number of the substances in the object and the density of the material 
(Sarkar et al., 2001). SEM is capable of measuring motion with ultra-high precision, with 
a maximum magnification of more than 400,000x (Yao et al., 2021). The acceleration 
voltage is typically between 15−20 kV, with a higher voltage providing greater contrast, 
but possibly also deteriorating image quality (Sarkar et al., 2001). 
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Chapter 2 

2 Research Aims and Hypothesis 

Airborne metal(oid)s and PAHs, particularly those associated with nanoscale PM 
fractions, pose significant health and environmental risks due to their high toxicity per 
unit mass, ability to penetrate deep into lung tissue and prolonged atmospheric residing 
times. Particulate aerosol samples in urban areas are typically collected by AQMS, which 
rely on high-volume samplers placed at stationary locations and adhere to standardised 
quality protocols. However, these methods are complex, expensive and limited in spatial 
coverage, therefore a recent rapid development and deployment of alternative, portable 
and low-cost sensors has been observed.  

Comprehensive chemical characterisation of (ultra)fine PM, combined with quality 
assurance measures, is essential to ensure high quality data and facilitate cross-study 
comparability for effective air quality control. This is particularly important for the 
dynamic exposure assessment of active road users, such as pedestrians and cyclists, for 
whom data remain limited within the national stationary AQMS networks. 

To address these challenges, the doctoral thesis aimed to advance understanding of 
airborne, size-fractionated PM and its potential harmful implications for public health 
and the urban environment, through: i) the development and application of an 
affordable, portable sampling device capable of collecting size-fractionated PM (PM10, 
PM2.5, PM0.1 and PM<0.1) deployed in urban pedestrian and cycling microenvironments, 
and ii) the investigation of the potential feasibility of LCS, specifically Sensirion SPS30 
for PM2.5 monitoring, as well as promoting citizen engagement in the collection of high-
resolution air quality data.  
 

The specific goals of the first part were:  
• to develop a novel, low-volume cascade sampling device for the collection and 

size-fractionation of airborne PM, including nanoscale fractions;  
• to verify the size of PM collected on filters using SEM analysis;  
• to optimise and validate analytical methods for the determination of 

metal(oid)s and platinum group elements (PGEs) by ICP-MS and for the 
analysis of PAHs by GC-MS, using NIST SRM 1648a;  

• to successfully apply the developed approach and implement systematic one-
year monitoring at five different urban environments in Slovenia (Dobrova, 
Ljubljana, Maribor, Murska Sobota, Piran);  

• to assess the seasonal and spatial distribution of pollutants;  
• to conduct source apportionment analysis;  
• to evaluate the toxic potential and possible health and environmental risk 

implications associated with pedestrians’ and cyclists’ inhalation exposure 
during commuting.  
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The specific goals of the second part were:  
• to assess the dynamic exposure of citizens to PM2.5 using LCS mounted on 

bicycles;  
• to evaluate the performance of the LCS in both, controlled laboratory settings 

and real-world urban environments;  
• to assess the seasonal and spatial distribution of PM2.5 in Ljubljana and 

Maribor and identify potential air pollution hotspots;  
• to conduct health and environmental risk assessment;  
• to raise awareness about the risks associated with air pollution and highlight 

the importance of individual behavioural patterns in mitigating urban air 
pollution. 
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3.1 Article 1: Innovative Sampling Device for Size-

Fractionating Airborne Particulate Matter for Improved Air 

Pollution Control of Metal(oid)s and Polycyclic Aromatic 

Hydrocarbons  

Authors: Anja Ilenič, Radmila Milačič Ščančar, Marija Đurić, Alenka Mauko Pranjić, 
Janez Ščančar  
Published in Royal Society of Chemistry, Analytical Methods (August 2025) 
Available at DOI: 10.1039/D5AY00858A 
 
A LVS sampling device was developed for the collection and size-fractionation of airborne 
PM. The device comprises of a cascade PTFE membrane filter system (PM10, PM2.5, 
PM0.1) connected to an ultrapure-water trap, retaining the PM<0.1 fraction that passes 
through the filters. The approach overcomes the limitations of conventional filter-based 
PM fractionation by enabling efficient collection of (ultra)fine particles, which are of 
particular concern due to their ability to penetrate deep into the lung tissue and their 
associated toxicological and health risks. When combined with optimised and validated 
analytical procedures, this sampling setup provides a reliable analytical tool for detecting 
metal(oid)s, PGEs and PAHs, including those bound to nanoscaled fractions. Metal(oid)s 
and PGEs were determined by ICP-MS after MAD using a mixture of acids, while PAHs 
were extracted with a solvent mixture of Ace (C3H6O) and petroleum ether (C6H14), 
assisted by MSE and determined by GC-MS. The analytical methods were optimised and 
validated using the urban PM NIST SRM 1648a, achieving repeatability and accuracy of 
6% and 2% for metal(oid)s and PGEs, and 3% and 6% for PAHs, respectively. SEM-EDS 
imaging was employed to analyse the morphology and particle sizes of fractionated PM, 
thus also validating the reliability and efficiency of the sampling devices’ fractionation 
ability. Airborne particles were categorised as geogenic, anthropogenic and biogenic, with 
the most commonly observed morphologies including spherules, floccules, biogenic 
particles, tabular particles, irregular shaped grains and agglomerate particles. The most 
common particles were alumosilicates, magnesium silicates and carbonate particles, 
indicative of soil deposition and re-suspension processes, along with carbon-enriched 
particles and sulfates, commonly associated with biomass combustion and vehicle 
emissions. Most particles were non-spherical, thereby providing a larger surface area for 
potential toxic compound adsorption and enhancement of their interaction with lung 
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tissue. The applicability of the sampling device was successfully demonstrated through a 
one-month study conducted at three different locations in Slovenia, which differed in size, 
population and traffic density. Analysis revealed that metal(oid)s and PGEs were most 
abundant in the PM10, largely influenced by soil deposition and re-suspension processes, 
while those trace elements (Ba, Cd, Cu, Ni, Pb, palladium (Pd), platinum (Pt), V, and 
Zn) originating from traffic-related sources, as well as biomass combustion, were also 
significantly elevated in the PM<0.1. HMW PAHs were distributed between PM10 and 
PM2.5 fractions, with 5- (BaP, BbF) and 6-ring (BghiP, IP) PAH compounds associated 
more significantly with smaller PM fractions. Contaminant levels were generally low, 
indicating on minimal health risks for daily commuters. 
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3.2 Article 2: Size-Fractionated Airborne Particulate 

Matter-Bound Metal(oid)s and Polycyclic Aromatic 

Hydrocarbons in Urban Pedestrian and Cycling 

Microenvironments: Seasonal Trends, Source Apportionment 

and Health Risk Assessment 

Authors: Anja Ilenič, Radmila Milačič Ščančar, Alenka Mauko Pranjić, Nina Zupančič, 
Marija Đurić, Janez Ščančar 
Manuscript submitted to Environmental Research, Elsevier, under review 

 
Size-fractionated airborne particulate matter (PM10, PM2.5, PM0.1, PM<0.1) was collected 
over a one year (2023−2024) near bicycle lanes at five urban pedestrian and cycling 
locations in Slovenia (Dobrova (DB), Ljubljana (LJ), Murska Sobota (MS), Maribor 
(MB), Piran (PR)) to assess potential health risks from residential inhalation exposure to 
metal(oid)s and PAHs. At all locations, the highest concentrations of metal(oid)s, in 
descending order, were observed for Zn, Ba, Cu and chromium (Cr), predominantly 
found in PM10, while Ba, Cd, Cu, Ni, Pb and Zn, elements primarily associated with 
direct vehicular exhaust and non-exhaust emissions, were also significantly enriched in 
PM<0.1. Among PAHs, BbF, BghiP and IP were the most abundant, with the total sum 
of PAHs being the highest for PM10, followed by PM0.1 and PM2.5. The highest 
concentrations of metal(oid)s and PAHs were observed during the heating period (HP), 
with an average HP-to-non-heating period (NHP) metal(oid) ratios of 1.8, 2.1, 3.4 and 
1.5 for PM10, PM2.5, PM0.1 and PM<0.1, respectively, and the highest differences observed 
for cobalt (Co), molybdenum (Mo) and thallium (Tl), all typically associated with high-
temperature fossil fuel combustion. Metal(oid)s were mostly influenced by PM size, while 
PAH concentrations were significantly affected by seasonal variations, primarily due to 
greater atmospheric stability in winter, enhanced partitioning of HMW PAHs into 
particulate phase due to reduced volatility and more efficient volatilisation of LMW 
PAHs into gaseous phase combined with intensified photochemical degradation during 
summer. The highest concentrations, particularly during the HP, were recorded in more 
densely populated and higher traffic cities of LJ and MB, also resulting from 
unfavourable meteorological conditions with frequent thermal inversions, low planetary 
boundary layer (PBL) height and weak vertical mixing of air masses, allowing 
submicronic particles to remain airborne longer. It was observed that air pollution 
sources were the least localised in areas with the highest pollution levels. Source 
apportionment using different statistical analysis, diagnostic ratios and elemental 
fingerprinting indicated a dominance of pyrogenic sources, including i) vehicle exhausts 
from diesel engines (BbF, BghiP, IP, Ni, Pb); ii) deposition and re-suspension of mineral 
dust and non-exhaust sources, such as tyre and brake wear (Ba, cerium (Ce), Cu, 
lanthanum (La), V, Zn); and iii) combustion of coal and biomass during HP (BaA, BaP, 
Fl and Pyr, along with As, Co, Cr, Mo and Tl). The carcinogenic risk assessment 
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observed for pedestrians and cyclist for different demographic groups and exposure 
scenarios, using lifetime average daily dose (LADD) and hazard quotient (HQ), indicated 
an overall negligible cancer risk, with the exception of As, Co and Cr, which exhibited a 
low potential risk through inhalation, particularly for child cyclists. The calculated HQ 
values remained below the threshold, and the European limit values for As, Cd and BaP 
in PM10 were not exceeded. 
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Authors: Anja Ilenič, Alenka Mauko Pranjić, Janez Ščančar, Radmila Milačič Ščančar, 
Prashant Kumar 
Published in IOP Publishing, Environmental Research Communications (September 
2025) 
Available at DOI: 10.1088/2515-7620/ae02ef 
 
In urban environments, stationary AQMS continuously monitor PM levels in accordance 
with standardised QA/QC procedures. However, these stations are usually sparely 
distributed and do not comprehensively capture urban air quality status, particularly the 
dynamic personal exposure of commuters. Thus, in recent years, rapid development and 
deployment of LCS has been observed, offering several advantages, including 
affordability, portability, improved spatial resolution and the ability to identify urban 
emission hot spots. Nevertheless, in comparison to AQMS, LCS exhibit lower levels of 
accuracy, sensitivity and LODs, therefore it is imperative to evaluate these sensors, using 
laboratory or co-location field assessment methods against reference instruments. This 
study assessed the performance of Sensirion SPS30 sensor and its limitations under 
varying environmental conditions, including different RH, T and PM2.5 concentrations, 
and explored the potential applicability of LCS for widespread community deployment. 
The results showed that the sensor met micro-environmental monitoring standards 
(accuracy <25%) and US EPA performance criteria (R² >0.7, RMSE ≤7 µg m−3) only at 
RH <60% and in low-pollution environments, emphasising the need for RH dependent 
data correction in real-world applications. Under controlled laboratory conditions, R2 
ranged from 0.81−0.99 and RMSE from 0.81−61.72 µg m−3, at an average concentration 
of 21.5 µg m−3. In contrast, co-location assessment at an average concentration of 9 µg 
m−3 resulted in R2 = 0.5 and RMSE = 6.82 µg m−3. A strong RH dependence was 
reflected in the underestimation or overestimation of PM2.5 readings under laboratory and 
field conditions, respectively. These discrepancies were attributed to variations in particle 
composition and concentration. In ambient air, more hygroscopic and volatile particles 
tend to absorb water and grow at elevated RH levels, thereby enhancing light scattering 
and leading to higher PM2.5 readings. In contrast, controlled laboratory settings limit 
particle growth and reduce refractive index, which in turn reduces scattering efficiency 
per unit mass. Despite the inconsistencies, LCS can effectively detect spatio-temporal 
patterns and identify urban air pollution hotspots. However, RH dependent correction 
remains essential for reliable interpretation of PM2.5 measurements. LCS SPS30 were 
deployed by citizens during a campaign in autumn 2023 in Maribor, Slovenia. The results 
showed that the lowest concentrations were recorded at 15:00 (2.9 µg m−3), while the 
highest occurred during the morning RHT (4.8 µg m−3), likely attributed to the influence 
of the PBL on atmospheric particulate dispersion. The spatial analysis showed that 
hotspots were clustered near intersections, where vehicle waiting time is the longest. In 
conclusion, LCS help raise public awareness of air pollution challenges; however their 
absolute PM2.5 measurements should be interpreted with caution. 
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Supplementary Information Article 3 

Table S1: Raw data laboratory assessment under Scenario 1 

Scenario 1 PM2.5 (µg m−3) RH (%) T (°C) 

 Grimm1

1d 

SPS30

−1 

SPS30

−2 

Grimm1

1d 

SPS30

−1 

SPS30

−2 

Grimm1

1d 

SPS30

−1 

SPS30

−2 

09/08/2023 

12:07:27 

0.2 0.0 0.0 58.2 38.9 40.9 7.3 6.8 10.2 

09/08/2023 

12:08:27 

0.2 0.0 0.0 54.5 37.6 40.1 7.3 6.2 9.5 

09/08/2023 

12:09:27 

0.2 0.0 0.0 54.3 38.4 41.2 7.3 5.6 8.9 

09/08/2023 

12:10:27 

0.2 0.0 0.0 54.5 39.5 42.3 7.2 5.1 8.4 

09/08/2023 

12:11:27 

0.2 0.0 0.0 54.5 40.3 43.2 7.2 4.6 7.8 

09/08/2023 

12:12:27 

0.1 0.0 0.0 54.2 40.9 43.8 7.1 4.2 7.5 

09/08/2023 

12:13:27 

0.1 0.0 0.0 54.0 41.4 44.4 7.1 3.9 7.0 

09/08/2023 

12:14:27 

0.7 3.4 3.2 53.7 41.9 44.9 7.1 3.6 6.7 

09/08/2023 

12:15:27 

17.6 15.2 15.3 53.4 42.2 45.3 7.0 3.3 6.5 

09/08/2023 

12:16:27 

22.9 21.3 21.3 53.2 42.5 45.6 6.9 3.1 6.2 

09/08/2023 

12:17:27 

21.7 21.0 22.9 52.9 42.7 45.9 6.9 2.8 5.9 

09/08/2023 

12:18:27 

18.7 19.3 21.6 52.6 42.9 46.1 6.8 2.6 5.8 

09/08/2023 

12:19:27 

17.3 17.0 19.8 52.3 43.0 46.3 6.8 2.4 5.5 

09/08/2023 

12:20:27 

15.0 15.4 18.1 52.0 43.0 46.3 6.8 2.3 5.3 

09/08/2023 

12:21:27 

13.3 13.6 15.3 51.7 43.0 46.4 6.7 2.1 5.2 

09/08/2023 

12:22:27 

12.2 12.5 13.8 51.4 43.0 46.4 6.7 2.0 5.0 

09/08/2023 

12:23:27 

10.9 10.9 12.6 51.1 43.0 46.5 6.6 1.9 4.9 

09/08/2023 

12:24:27 

9.7 9.9 10.8 50.8 42.9 46.4 6.6 1.8 4.8 

09/08/2023 

12:25:27 

9.2 9.8 11.0 50.6 42.8 46.4 6.6 1.6 4.7 

09/08/2023 

12:26:27 

9.0 10.6 10.8 50.3 42.7 46.4 6.5 1.5 4.5 

09/08/2023 

12:27:27 

8.2 8.9 11.2 50.1 42.7 46.3 6.4 1.4 4.4 

09/08/2023 

12:28:27 

7.7 8.2 9.3 49.9 42.7 46.4 6.4 1.3 4.4 

09/08/2023 

12:29:27 

6.9 7.9 7.4 49.6 42.8 46.4 6.5 1.3 4.3 
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09/08/2023 

12:30:27 

6.1 6.3 8.3 49.1 42.8 46.5 6.6 1.3 4.3 

09/08/2023 

12:32:27 

5.1 5.2 6.0 49.8 43.3 47.2 6.7 1.2 4.2 

09/08/2023 

12:33:27 

4.8 5.0 6.0 53.1 45.9 49.9 6.7 1.2 4.2 

09/08/2023 

12:34:27 

4.3 4.7 5.8 54.5 47.5 51.1 6.6 1.2 4.2 

09/08/2023 

12:35:27 

4.0 4.3 5.2 54.3 47.3 50.8 6.6 1.2 4.1 

09/08/2023 

12:36:27 

3.7 4.0 4.8 53.8 46.8 50.4 6.5 1.1 4.1 

09/08/2023 

12:37:27 

3.5 3.8 4.0 53.3 46.4 50.0 6.5 1.1 4.1 

09/08/2023 

12:38:27 

3.0 4.0 3.8 52.7 46.0 49.7 6.5 1.0 4.1 

09/08/2023 

12:39:27 

3.0 4.0 3.1 52.1 45.7 49.4 6.5 1.0 4.0 

09/08/2023 

12:40:27 

2.7 3.3 3.0 51.3 45.4 49.1 6.6 1.0 4.1 

09/08/2023 

12:41:27 

2.5 3.3 2.9 50.6 45.0 48.7 6.6 1.0 4.0 

09/08/2023 

12:42:27 

2.3 2.6 3.0 49.9 44.6 48.3 6.7 1.1 4.0 

09/08/2023 

12:43:27 

2.1 2.2 2.3 49.4 44.1 47.9 6.8 1.1 4.0 

PM2.5 = particulate matter smaller than 2.5 
µm in µg m−3 
RH = relative humidity in % 
T = temperature in °C 
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Table S2: Raw data laboratory assessment under Scenario 2 

Scenario 2 PM2.5 (µg m−3) RH (%) T (°C) 

 Grimm1

1d 

SPS30

−1 

SPS30

−2 

Grimm1

1d 

SPS30

−1 

SPS30

−2 

Grimm1

1d 

SPS30

−1 

SPS30

−2 

09/08/2023 

14:23:27 

5.8 8.8 6.4 68.9 64.0 61.7 16.1 14.2 14.2 

09/08/2023 

14:24:27 

26.9 16.4 14.6 69.2 64.8 62.2 16.0 14.2 14.2 

09/08/2023 

14:25:27 

34.5 29.3 20.0 68.6 64.6 62.2 16.2 14.2 14.3 

09/08/2023 

14:26:27 

41.0 29.1 23.8 70.6 64.9 62.3 16.3 14.2 14.4 

09/08/2023 

14:27:27 

41.8 28.6 24.7 71.4 65.8 62.8 16.5 14.4 14.5 

09/08/2023 

14:28:27 

38.8 25.8 24.6 71.5 66.3 63.1 16.5 14.5 14.7 

09/08/2023 

14:29:27 

32.7 22.8 23.2 71.9 66.9 63.6 16.6 14.6 14.8 

09/08/2023 

14:30:27 

25.0 17.3 18.6 70.5 67.8 64.4 17.1 14.8 15.0 

09/08/2023 

14:31:27 

15.6 13.6 14.2 64.6 67.6 63.6 18.2 15.1 15.5 

09/08/2023 

14:32:27 

13.7 13.4 12.8 60.9 65.3 61.0 18.9 15.5 15.8 

09/08/2023 

14:40:27 

6.0 6.3 5.8 60.3 56.7 55.1 17.6 15.6 15.4 

09/08/2023 

14:41:27 

5.4 5.7 5.5 62.1 57.7 56.3 17.3 15.5 15.2 

09/08/2023 

14:42:27 

5.1 5.0 5.0 63.8 58.7 57.5 17.0 15.3 15.0 

09/08/2023 

14:43:27 

5.3 4.9 5.0 65.4 59.8 58.6 16.7 15.1 14.8 

09/08/2023 

14:44:27 

5.9 5.0 5.0 67.1 61.0 60.0 16.5 14.9 14.5 

09/08/2023 

14:45:27 

6.6 5.3 4.1 68.6 62.1 61.3 16.2 14.7 14.3 

09/08/2023 

14:46:27 

11.8 26.9 25.3 70.3 63.4 62.8 16.0 14.4 14.0 

09/08/2023 

14:47:27 

93.6 69.6 62.7 71.2 64.5 64.1 15.7 14.3 13.8 

09/08/2023 

14:48:27 

100.9 72.8 66.3 71.6 64.8 64.6 15.5 14.0 13.6 

09/08/2023 

14:49:27 

86.6 65.6 59.5 71.9 65.1 65.1 15.3 13.8 13.3 

09/08/2023 

14:50:27 

76.9 61.2 57.3 72.0 65.2 65.4 15.1 13.5 13.1 

09/08/2023 

14:55:27 

21.3 22.4 20.3 77.9 83.8 85.5 17.1 13.6 13.6 

09/08/2023 

14:56:27 

18.6 20.1 18.8 75.6 83.3 84.2 17.7 14.0 14.1 

09/08/2023 17.0 18.3 17.5 75.0 82.2 83.0 17.9 14.3 14.4 
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14:57:27 

09/08/2023 

14:58:27 

15.9 16.8 16.3 75.1 80.8 81.7 17.9 14.5 14.6 

09/08/2023 

14:59:27 

15.4 17.5 15.4 74.9 79.0 80.1 17.7 14.6 14.6 

09/08/2023 

15:00:27 

21.1 22.8 20.2 74.4 76.8 78.4 17.6 14.7 14.6 

09/08/2023 

15:01:27 

26.9 / 22.5 73.7 / 76.7 17.3 / 14.6 

09/08/2023 

15:02:27 

26.3 / 22.4 73.1 / 75.3 17.0 / 14.4 

09/08/2023 

15:03:27 

24.6 / 20.1 72.4 / 74.1 16.8 / 14.3 

PM2.5 = particulate matter smaller than 2.5 
µm in µg m−3 
RH = relative humidity in % 
T = temperature in °C 
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Table S3: Raw data laboratory assessment under Scenario 3 

Scenario 3 PM2.5 (µg m−3) RH (%) T (°C) 

 Grimm1

1d 

SPS30

−1 

SPS30

−2 

Grimm1

1d 

SPS30

−1 

SPS30

−2 

Grimm1

1d 

SPS30

−1 

SPS30

−2 

10/08/2023 

10:20:54 

1.8 1.2 32.0 70.9 62.4 57.5 19.3 15.0 15.6 

10/08/2023 

10:21:54 

27.3 29.5 43.8 73.2 63.9 58.6 19.1 14.8 15.7 

10/08/2023 

10:22:54 

79.8 43.0 40.5 74.1 64.7 59.2 19.1 14.8 15.8 

10/08/2023 

10:23:54 

79.3 43.8 39.3 74.0 65.1 59.9 19.2 14.9 16.0 

10/08/2023 

10:24:54 

74.9 41.1 32.8 73.8 65.8 61.2 19.5 15.0 16.2 

10/08/2023 

10:25:54 

70.1 39.8 21.3 75.1 66.5 63.5 19.7 15.2 16.5 

10/08/2023 

10:26:54 

65.8 37.1 17.8 77.5 67.5 65.3 19.8 15.3 16.9 

10/08/2023 

10:27:54 

58.3 31.6 14.8 78.5 68.4 65.6 19.9 15.5 17.3 

10/08/2023 

10:28:54 

27.0 19.6 14.0 76.2 71.4 65.0 20.9 15.9 17.4 

10/08/2023 

10:29:54 

23.0 18.8 15.5 73.7 71.9 64.1 21.7 16.3 17.4 

10/08/2023 

10:32:54 

17.9 13.5 10.5 74.2 70.1 60.2 21.9 16.8 16.8 

10/08/2023 

10:33:54 

20.4 16.6 7.8 74.4 69.3 58.7 21.6 16.8 16.5 

10/08/2023 

10:34:54 

25.9 17.1 6.3 74.6 68.5 57.6 21.4 16.7 16.3 

10/08/2023 

10:35:54 

24.4 14.9 5.3 74.3 67.6 57.2 21.0 16.5 15.9 

10/08/2023 

10:36:54 

21.5 13.3 4.0 73.5 66.4 57.0 20.8 16.3 15.5 

10/08/2023 

10:37:54 

18.1 11.3 3.8 72.4 65.0 57.0 20.4 16.1 15.2 

10/08/2023 

10:38:54 

15.0 10.6 5.0 71.5 63.9 60.0 20.1 15.9 14.9 

10/08/2023 

10:39:54 

13.4 9.0 5.3 70.8 63.0 69.6 19.8 15.6 14.9 

10/08/2023 

10:40:54 

11.8 8.2 3.8 70.9 62.7 72.0 19.6 15.4 15.3 

10/08/2023 

10:41:54 

10.3 7.5 3.3 70.9 62.6 71.4 19.3 15.1 15.7 

10/08/2023 

10:42:54 

9.3 7.3 2.5 71.0 62.5 68.5 19.0 14.8 16.0 

10/08/2023 

10:43:54 

8.5 5.9 2.0 71.0 62.4 65.5 18.8 14.6 16.1 

10/08/2023 

10:44:54 

7.6 5.7 54.3 71.1 62.4 62.9 18.5 14.3 16.0 

10/08/2023 

10:45:54 

7.0 5.3 218.3 74.3 64.0 60.3 18.3 14.1 15.5 
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10/08/2023 

10:49:54 

4.1 3.5 128.5 79.3 78.3 61.2 20.5 14.9 14.5 

10/08/2023 

10:50:54 

3.4 2.8 114.8 75.7 75.5 66.7 20.9 15.2 14.6 

10/08/2023 

10:51:54 

2.8 2.7 54.0 73.8 72.7 65.3 21.0 15.4 15.4 

10/08/2023 

10:52:54 

2.5 2.0 41.5 72.5 70.3 62.9 20.9 15.5 15.8 

10/08/2023 

10:53:54 

2.3 2.3 37.8 71.3 68.0 62.3 20.7 15.5 15.9 

10/08/2023 

10:54:54 

2.4 2.5 49.0 70.4 66.2 62.3 20.4 15.4 15.9 

10/08/2023 

10:55:54 

2.7 2.3 49.3 71.2 65.6 62.3 20.1 15.3 15.8 

10/08/2023 

10:56:54 

2.8 2.0 43.8 72.6 66.2 62.0 19.8 15.1 15.6 

10/08/2023 

10:57:54 

51.7 131.2 37.0 73.0 66.2 61.2 19.5 14.9 15.4 

10/08/2023 

10:58:54 

366.6 240.8 34.8 72.6 65.4 61.2 19.2 14.7 15.3 

10/08/2023 

10:59:54 

329.5 215.3 32.0 72.0 64.6 61.8 19.0 14.5 15.3 

10/08/2023 

11:00:54 

270.3 184.3 30.8 71.6 63.9 62.6 18.7 14.3 15.6 

10/08/2023 

11:01:54 

227.8 159.5 29.3 71.3 63.5 64.0 18.5 14.0 15.7 

10/08/2023 

11:02:54 

193.2 145.4 25.8 72.1 63.8 65.6 18.2 13.8 15.9 

10/08/2023 

11:03:54 

173.5 134.8 14.5 74.5 65.5 69.2 18.1 13.7 16.3 

PM2.5 = particulate matter smaller than 2.5 
µm in µg m−3 
RH = relative humidity in % 
T = temperature in °C 
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Table S4: Data from field co-location assessment 

Date Time 

interval 

Number of 

points 

PM2.5 (µg 

m−3) 

RH 

(%) 

T 

(°C) 

Co-location time 

(min) 

9.10.2023 7:00–8:00 39 4.2 69.8 5.7 00:03:10 

9.10.2023 7:00–8:00 38 4.4 76.3 8.3 00:03:05 

9.10.2023 7:00–8:00 38 4.4 80.8 8.1 00:03:05 

9.10.2023 ≈15:00 44 5.5 58.9 16.6 00:03:35 

9.10.2023 ≈12:00 57 3.6 53.7 12.6 00:04:40 

9.10.2023 18:00–19:00 14 6.4 58.9 13.5 00:04:09 

9.10.2023 ≈15:00 45 5.9 55.4 14.4 00:03:40 

9.10.2023 ≈15:00 12 6.6 48.7 15.9 00:03:30 

9.10.2023 18:00–19:00 54 6.3 74.5 14.7 00:04:25 

9.10.2023 18:00–19:00 55 6.6 73.5 14.7 00:04:30 

9.10.2023 18:00–19:00 55 6.0 66.0 12.5 00:04:30 

10.10.202

3 

7:00–8:00 13 10.7 68.6 9.4 00:03:50 

10.10.202

3 

7:00–8:00 46 6.1 53.7 15.9 00:03:45 

10.10.202

3 

7:00–8:00 48 10.6 91.0 10.6 00:03:55 

10.10.202

3 

7:00–8:00 47 10.3 90.4 10.8 00:03:50 

10.10.202

3 

7:00–8:00 47 9.8 77.9 8.4 00:03:50 

10.10.202

3 

≈12:00 47 6.0 52.9 19.0 00:03:50 

10.10.202

3 

≈12:00 45 6.5 55.1 18.5 00:03:40 

10.10.202

3 

≈12:00 12 5.9 46.3 17.8 00:03:31 

10.10.202

3 

≈12:00 44 7.7 58.2 18.0 00:03:35 

10.10.202

3 

≈15:00 43 9.5 59.2 18.0 00:03:30 

10.10.202

3 

≈15:00 42 7.4 54.4 15.9 00:03:25 

10.10.202

3 

18:00–19:00 44 8.7 72.0 15.2 00:03:35 

10.10.202

3 

18:00–19:00 43 8.3  15.1 00:03:30 

10.10.202

3 

18:00–19:00 41 8.1 65.2 12.8 00:03:20 

10.10.202

3 

18:00–19:00 11 8.2 64.3 14.8 00:03:12 

11.10.202

3 

7:00–8:00 62 17.5 90.8 9.6 00:05:05 

11.10.202

3 

7:00–8:00 13 17.1 67.1 8.4 00:03:51 

11.10.202

3 

7:00–8:00 68 16.5 82.4 6.5 00:05:35 
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11.10.202

3 

7:00–8:00 67 18.3 93.1 9.2 00:05:30 

11.10.202

3 

7:00–8:00 35 8.5 56.3 20.2 00:02:50 

11.10.202

3 

≈12:00 33 8.7 57.0 19.8 00:02:40 

11.10.202

3 

≈12:00 9 8.4 44.1 20.3 00:02:33 

11.10.202

3 

≈15:00 44 7.8 52.6 19.4 00:03:35 

11.10.202

3 

≈15:00 45 8.1 56.5 21.5 00:03:40 

11.10.202

3 

≈15:00 43 7.8 54.6 21.8 00:03:29 

11.10.202

3 

≈15:00 11 7.9 44.8 21.6 00:03:12 

11.10.202

3 

18:00–19:00 42 9.0 72.4 13.8 00:03:25 

11.10.202

3 

18:00–19:00 11 12.3 57.7 16.8 00:03:11 

11.10.202

3 

18:00–19:00 42 11.6 76.0 17.5 00:03:25 

11.10.202

3 

18:00–19:00 42 11.9 78.7 17.1 00:03:25 

12.10.202

3 

7:00−8:00 67 28.0 79.5 7.9 00:05:30 

12.10.202

3 

7:00−8:00 68 28.0 88.9 10.8 00:05:09 

12.10.202

3 

7:00−8:00 18 26.3 65.5 9.7 00:05:26 

12.10.202

3 

7:00−8:00 67 29.8 91.3 10.5 00:05:30 

12.10.202

3 

≈12:00 47 7.0 48.9 17.9 00:03:50 

12.10.202

3 

≈12:00 12 7.3 38.8 21.9 00:03:30 

12.10.202

3 

≈12:00 47 8.4 50.1 21.4 00:03:50 

12.10.202

3 

≈12:00 47 7.6 48.0 22.1 00:03:50 

12.10.202

3 

≈12:00 34 7.4 45.0 20.3 00:02:45 

12.10.202

3 

≈15:00 9 7.4 37.3 23.2 00:02:33 

12.10.202

3 

≈15:00 35 7.3 44.7 23.1 00:02:50 

12.10.202

3 

≈15:00 34 7.3 46.9 22.8 00:02:45 

12.10.202

3 

18:00–19:00 45 11.4 69.8 17.0 00:03:40 

12.10.202

3 

18:00–19:00 12 11.3 55.0 16.2 00:03:30 
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12.10.202

3 

18:00–19:00 45 12.0 69.1 16.9 00:03:40 

13.10.202

3 

7:00–8:00 36 19.9 86.8 10.6 00:02:55 

13.10.202

3 

7:00–8:00 34 18.9 79.8 7.1 00:02:45 

13.10.202

3 

7:00–8:00 10 18.3 64.8 9.2 00:02:53 

13.10.202

3 

≈12:00 33 8.7 48.4 17.8 00:02:40 

13.10.202

3 

≈12:00 8 8.6 39.7 20.7 00:02:14 

13.10.202

3 

≈12:00 33 8.5 46.9 20.9 00:02:40 

13.10.202

3 

≈15:00 12 10.3 40.5 22.5 00:03:31 

13.10.202

3 

≈15:00 49 11.3 49.0 22.9 00:04:00 

13.10.202

3 

≈15:00 47 9.9 47.9 23.0 00:03:50 

13.10.202

3 

18:00–19:00 43 17.9 66.6 17.8 00:03:30 

13.10.202

3 

18:00–19:00 42 17.4 64.4 18.0 00:03:25 

13.10.202

3 

18:00–19:00 11 17.3 53.8 16.9 00:03:12 

PM2.5 = particulate matter smaller than 2.5 µm 
in µg m−3 
RH = relative humidity in % 
T = temperature in °C 
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3.4 Article 4: Fine Particulate Matter (PM2.5) Exposure 

Assessment Among Active Daily Commuters to Induce 

Behaviour Change to Reduce Air Pollution 

Authors: Anja Ilenič, Alenka Mauko Pranjić, Nina Zupančič, Radmila Milačič, Janez 
Ščančar  
Published in Elsevier, Science of The Total Environment (February 2024) 
Available at DOI: 10.1016/j.scitotenv.2023.169117 
 
PM2.5 exposure assessment in urban microenvironments is essential for protecting the 
health of more vulnerable road users, such as cyclists and pedestrians. However, such 
assessments are usually carried out at fixed AQMS that do not representatively capture 
the dynamic exposure of commuters. Therefore, citizen-led campaigns using LCS can 
supplement official AQMS by providing high-resolution spatio-temporal air quality data, 
enhancing evidence-based policy and facilitating the effective regulatory frameworks 
realignments to reduce urban air pollution. This study was conducted in Ljubljana, 
Slovenia, between September and December 2022, to assess PM2.5 exposure among daily 
commuters and evaluate the associated potential health risks. In total, 19 cyclists 
completed 312 bicycle trips using the LCS Sensirion SPS30. The LCS quality assurance 
results, verified by co-location field assessment by ARSO AQMS, yielded comparable 
results, with an average difference of 21%, attributed to RH-induced nucleation effects. 
During the campaign, 46,945 measurement points were recorded, with average PM2.5 
concentrations varying between 5−32 µg m−3. Colder months exhibited higher PM2.5 
concentrations due to frequent thermal inversions and weak wind circulation, which 
hindered vertical air mixing and thus adequate pollutant dispersion. In addition, PM2.5 
concentrations in all sampling periods were lowest in the afternoon (12.09 µg m−3) and 
highest at night (61 µg m−3), when the thinning PBL promotes pollutant accumulation 
near the surface, thus significantly affecting diurnal and seasonal patterns. The spatial 
analysis identified several air pollution hotspots within the city, closely associated with 
high traffic density and proximity to major local PM2.5 sources, such as busy roads, 
construction sites, bus and train station, industrial areas and the highway. The measured 
PM2.5 values exceeded both the AQD and WHO limit values. Cyclists were roughly three 
times more exposed than pedestrians over an equivalent average commute, mainly as a 
result to increased breathing frequency and greater volume of inhaled air. The HQ value 
did not exceed 1, indicating a minimal potential risk from PM2.5 exposure in Ljubljana, 
Slovenia. Moreover, 94% of participants reported willingness to change their travel 
behaviour to minimise exposure if the infrastructure – such as open cycling lanes, 
ventilated road junction and paths separated from roads by vegetation – allowed it. 
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Supplementary Information Article 4 

Table S1: Summary statistics for measurements across four sampling periods. 

Type of monitoring 
Monitoring 

parameters 

September 

(n = 

11,250) 

October  

(n = 

18,230) 

November 

(n = 

9,295) 

December 

(n = 

8,170) 

LCS SPS30 

PM2.5 

(µg/m3) 
4.68 ± 4.70 

18.40 ± 

13.43 

17.16 ± 

10.63 

32.31 ± 

18.81 

RH 

(%) 

50.71 ± 

16.03 

62.28 ± 

14.91 

67.36 ± 

12.11 

70.13 ± 

17.21 

Temp 

(˚C) 

16.31 ± 

5.09 

13.76 ± 

4.76 

8.66 ± 

3.82 

2.06 ± 

4.56 

AQMS Ljubljana–

Bežigrad (ARSO 

2023) 

PM2.5 

(µg/m3) 
6.01 ± 3.32 

22.64 ± 

12.36 

18.02 ± 

8.90 

21.12 ± 

13.57 

RH 

(%) 

74.38 ± 

11.33 

78.00 ± 

3.16 

76.00 ± 

5.35 

84.36 ± 

4.62 

Temp 

(˚C) 

14.77 ± 

3.94 

14.33 ± 

0.89 

11.17 ± 

2.72 

2.02 ± 

2.66 

Wind 

(m/s) 
1.32 ± 0.90 

0.54 ± 

0.39 

0.73 ± 

0.61 

0.75 ± 

0.39 

Precipitation 

(mm) 

20.67 ± 

48.52 

0.00 ± 

0.00 

2.64 ± 

4.89 

11.69 ± 

16.33 

AQMS Ljubljana–

Celovška (ARSO 

2023) 

PM2.5 

(µg/m3) 
5.28 ± 3.16 

20.95 ± 

11.81 

15.54 ± 

7.23 

18.39 ± 

12.88 

Mean + standard deviation 
PM2.5 = particulate matter smaller than 2.5 µm in 
µg/m3, RH = relative humidity in %, Temp = 
temperature in ˚C 
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Table S2: Percentage of data exceeding limit values of AQD and WHO AQG. 

Sampling period PM2.5 ≥15 µg/m3 PM2.5 ≥37.5 µg/m3 
PM2.5 ≥50 

µg/m3 
PM2.5 ≥75 µg/m3 

September  3.72 0.17 0.05 0.02 

October   46.05 9.06 2.85 0.08 

November 52.01 3.56 1.26 0.37 

December  79.06 33.98 19.44 1.98 

WHO AQG daily interim targets are as follows: 75 µg/m3, 50 µg/m3, 37.5 µg/m3, 25 
µg/m3 and 15 µg/m3 (EEA 2022). 
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Table S3: LADD (µg/kg-day) per specific activity type. 

Exposure duration 
Activity 

type 
 September October November December 

Average time 

commuting 

(h = 52 min) 

Cycling 

Men 0.005 0.020 0.016 0.032 

Women 0.004 0.016 0.013 0.025 

Walking 

Men 0.002 0.006 0.005 0.010 

Women 0.001 0.005 0.004 0.008 

Average outdoor 

activities 

(h = 106.2 min) 

Cycling 

Men 0.010 0.041 0.034 0.065 

Women 0.008 0.032 0.027 0.051 

Walking 

Men 0.003 0.013 0.011 0.021 

Women 0.003 0.010 0.008 0.016 
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Table S4: Estimated reference dose (RfD) and toxicological risk (RQ). 

RfD  

(µg/kg-day) 

Cycling Walking 

Women Men Women Men 

0.348 0.441 0.109 0.141 

RQ 

September October November December 

0.011 0.045 0.037 0.071 
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3.5 Article 5: Advances in Sampling and Analytical 

Approaches for the Determination of Metal(oid)s and 

Polycyclic Aromatic Hydrocarbons Bound to Size-

Fractionated Airborne Particulate Matter: A Review 

Authors: Anja Ilenič, Prashant Kumar, Radmila Milačič Ščančar, Marija Đurić, Alenka 
Mauko Pranjić, Janez Ščančar  
Manuscript submitted to Trends in Environmental Analytical Chemistry, Elsevier, under 
review 

 
The review, which included 81 studies from 33 different countries published between 2010 
and 2025, evaluated the current state of sampling protocols and analytical methods for 
the assessment of metal(oid)s and PAHs in size-fractionated PM, with particular 
emphasis on the gap in the simultaneous multi-pollutant characterisation of ultrafine 
particulate matter (PM <0.1 µm). Among the reviewed studies, 52% focused on the 
characterisation of pollutants bound to PM2.5, followed by PM10 (30%) and PM1 (13%), 
while only 5% investigated PM smaller than 0.1 µm, a fraction which can penetrate the 
deepest into the cell tissues and circulatory system and is highly prevalent in the 
atmosphere. Simultaneous characterisation of both pollutant groups was rare (14% of 
studies) and just 32% of studies used certified reference materials for quality control and 
method validation, most commonly − NIST SRM 1648a. Microwave-assisted digestion 
and ultrasound-assisted extraction were commonly used for sample preparation prior to 
the determination of metal(oid)s and PAHs, by inductively coupled plasma mass 
spectrometry and gas chromatography-mass spectrometry, respectively. The most 
commonly used filter media were QFFs (65% of studies), followed by PTFE (16%) and 
GFF (12%), differing in sampling efficiency, mechanical, chemical and temperature 
stability, blank concentrations, flow resistance and artefacts formation. Both pollutant 
groups exhibited strong seasonal variability, with elevated concentrations observed 
during heating periods. Among metal(oid)s, As, Cd, Cr, Ni and Pb were most abundant 
and traffic-derived pollutants in (ultra)fine PM, showing high bioaccessibility due to their 
high affinity for adsorption of toxic substances, the occurrence of metals in the free state 
and their high solubility potential. Smaller PM fractions were mainly associated with 
anthropogenic sources, such as fossil fuel combustion, traffic emissions, industrial 
processes and waste incineration, while coarse PM primarily reflected naturally-derived 
crustal material. Similarly, PM-bound PAHs showed strong seasonal fluctuations, with 
fine and UFP enriched in HMW PAHs emitted from fossil fuel combustion, biomass 
burning and traffic. Seasonal and diurnal patterns were influenced by meteorological 
factors, atmospheric stability and photochemical processes, with BaP, DahA, BaA, BbF 
and BkF often exceeding health guideline limits, representing high carcinogenic risks. 
HMW PAHs were more prevalent than LMW PAHs due to their lower volatility 
corresponding to higher adsorption capacity of toxic substances. Overall, the findings 
highlight the importance of uniform and comprehensive chemical characterisation 



Article 5: Advances in Sampling and Analytical Approaches for the Determination of 

Metal(oid)s and Polycyclic Aromatic Hydrocarbons Bound to Size-Fractionated Airborne 

Particulate Matter: A Review  143 

 

 

protocols for UFPs, to ensure reliable data and support the development of effective 
urban air quality control strategies aimed at mitigating emissions.  
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Chapter 4 

4 Conclusions 

Particulate aerosol samples in urban environments are typically collected at stationary 
AQMS, using advanced instrumentation and standardised QA/QC protocols to ensure 
accurate representation of air quality status in cities. Despite their reliability across a 
wide range of pollutants and for long-term trend analysis, their high cost and limited 
spatial coverage presents a major challenge for comprehensive air quality assessment. 
Furthermore, PM sampling is often conducted at elevated sites (above 2.5 m, e.g. 
rooftops), distant from residential and commuter areas, limiting the representativeness of 
personal exposure assessment. Nevertheless, previous research has often used such data to 
evaluate the exposure of pedestrians and cyclists, who frequently encounter higher 
pollutant levels than vehicle users. In addition, PM characterisation is often focused on a 
single pollutant type (organic or inorganic) in size-fractionated PM10 or PM2.5, with 
limited information on nano-sized PM, the fraction with the highest toxicological and 
environmental implications. Therefore, a comprehensive understanding of size-
fractionated PM, particularly (ultra)fine fractions and their chemical composition, is 
essential for high quality data, cross-study comparability and effective air quality control, 
yet available data remain limited.  

This doctoral thesis evaluated the applicability of affordable and portable PM size-
fractionating samplers combined with optimised and validated analytical methods for 
multi-pollutant chemical characterisation, along with the potential of dynamic citizen-
participatory LCS campaigns in urban pedestrian and cycling microenvironments to 
complement AQMS for improved regulatory strategies. 

A LVS device was developed consisting of a PTFE membrane filter system (PM10, 
PM2.5, PM0.1), connected to an ultrapure water trap that retains the nano-sized fraction 
(PM<0.1). Together with optimised and validated analytical procedures using NIST SRM 
1648a, the setup provides a reliable and accurate analytical tool for the determination of 
metal(oid)s, PGEs and PAHs for residential exposure assessment. Metal(oid)s and PGEs 
were determined by ICP-MS after MAD using a mixture of acids, while PAHs were 
extracted with a solvent mixture of C3H6O and C6H14, assisted by MSE and determined 
by GC-MS. The analytical repeatability and accuracy were 6% and 2% for metal(oid)s 
and PGEs, and 3% and 6% for PAHs, respectively. SEM analyses were performed to 
verify the effectiveness of the sampling device in fractionating PM to nano-sized particles 
and to investigate the morphological characteristics of the particles collected on the 
PTFE filters. Airborne PM were of geogenic, anthropogenic and biogenic origin, mainly 
comprising spherules, floccules, biogenic particles, tabular particles, irregularly shaped 
grains and agglomerate particles. Alumosilicates, magnesium silicates and carbonate 
particles predominated, indicating soil deposition and re-suspension processes, while 
carbon-enriched and sulfate particles are commonly associated with biomass burning and 
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vehicle emissions. Most particles were non-spherical, thereby providing a larger surface 
area for adsorption of potentially toxic compounds.  

The applicability of the PM sampling device was successfully demonstrated in a 
nationwide, systematic one-year study in Slovenia. Size-fractionated PM was collected in 
urban, pedestrian and cycling microenvironments in Dobrova, Ljubljana, Maribor, 
Murska Sobota and Piran, to assess the potential health risks from inhalation exposure to 
metal(oid)s and PAHs. At all locations, the highest concentrations of metal(oid)s, in 
descending order, were observed for Zn (6.98 ng m−3), Ba (4.46 ng m−3), Cu (2.81 ng m−3) 
and Cr (1.52 ng m−3) during the HP, while Ce (0.15 ng m−3), La (0.07 ng m−3), V (0.25 
ng m−3) and Ni (0.47 ng m−3) dominated in the NHP. Metal(oid) levels were highest in 
PM10, with Ba, Cd, Cu, Ni, Pb and Zn also significantly enriched in PM<0.1, indicating a 
strong contribution from vehicle sources. The largest differences between NHP and HP 
were observed for Co, Mo and Tl, all typically associated with high-temperature fossil 
fuel combustion. Among PAHs, BbF (0.05 ng m−3), BghiP (0.04 ng m−3) and IP (0.04 ng 
m−3) exhibited most elevated concentrations, with the total sum of PAHs being highest 
for PM10, followed by PM0.1 and PM2.5. Metal(oid)s were mostly influenced by PM size, 
reflecting the enhanced size-selective adsorption potential of smaller PM due to their 
larger specific surface area. In contrast, PAH concentrations were significantly affected 
by seasonal variations, primarily due to greater atmospheric stability in winter, enhanced 
partitioning of HMW PAHs into the particulate phase due to reduced volatility and more 
efficient volatilisation of LMW PAHs into the gaseous phase combined with intensified 
photochemical degradation during summer. The highest concentrations occurred in the 
more densely populated and higher-traffic cities of Ljubljana and Maribor, where more 
dispersed pollution sources and unfavourable meteorological conditions allow submicron 
particles to remain airborne for longer. Source apportionment using PCA, hierarchical 
clustering, ANOVA and Pearson correlation coefficients, along with DRs and elemental 
fingerprinting, indicated a dominance of pyrogenic sources, including: vehicle exhausts 
from diesel engines, deposition and re-suspension of mineral dust and non-exhaust 
sources, and combustion of coal and biomass during the HP. The carcinogenic risk 
assessment (LADD, HQ) for pedestrians and cyclists among different demographic groups 
indicated an overall negligible cancer risk, except for As (2 x 10−7), Co (1 x 10−6) and Cr 
(6 x 10−6), which showed a low potential risk from inhalation, particularly for child 
cyclists. The calculated HQ values remained below the threshold, and the European limit 
values for As, Cd and BaP in PM10 were not exceeded. 

In addition to gravimetric size-fractionating PM sampling solutions, LCS have 
recently been employed in citizen-led dynamic monitoring campaigns to assess city’s 
intra-characteristic patterns, enhance understanding of commuters personal exposure and 
overcome the limitations of sparsely located AQMS. Nevertheless, compared to AQMS, 
LCS are more susceptible to variations in particle composition and density, 
hygroscopicity, refractive index, RH and pollutant concentration. Therefore, it is 
imperative to evaluate these sensors, using laboratory or co-location field assessment 
methods against reference instruments. The evaluation was performed for a Sensirion 
SPS30, a real-time OPC, which continuously measures PM2.5 concentrations using a laser 
scattering technique. Under controlled laboratory conditions, R2 ranged from 0.81−0.99 
and RMSE from 0.81−61.72 µg m−3, at an average concentration of 21.5 µg m−3. In 
contrast, co-location assessment at an average concentration of 9 µg m−3 resulted in R2 = 
0.5 and RMSE = 6.82 µg m−3. In addition, PM2.5 readings exhibited strong RH 
sensitivity, with discrepancies attributed to differences in particle composition and 
concentration. The sensor met micro-environmental monitoring standards (accuracy 
<25%) and US EPA performance criteria (RMSE ≤7 µg m−3, R2 >0.7) only at RH <60% 
and low pollution levels, emphasising the need for RH-dependent data corrections. 
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Despite inconsistencies, LCS can effectively capture relative spatio-temporal variations 
and identify air pollution hotspots. 

Bicycle-mounted LCS SPS30 were further deployed in two citizen science campaigns. 
The first campaign, in Ljubljana, Slovenia (September−December 2022) encompassed 312 
cycling trips, while the second, in Maribor, Slovenia (October 2023) included 72 cycling 
trips. The average PM2.5 concentrations in Ljubljana ranged 5−32 µg m−3, increasing as 
temperatures dropped and peaking in December, while in Maribor they ranged 2.9−4.8 
µg m−3. In Maribor, the highest PM2.5 concentrations were observed during the morning 
RHT, while in Ljubljana, peak levels occurred at night, with significantly elevated levels 
also noted during the afternoon RHT. In both cities, PM2.5 concentrations were lowest 
around midday, coinciding with the highest PBL height. Higher winter pollution levels 
are also associated with frequent thermal inversions and weak vertical air mixing, thus 
limiting adequate pollutant dispersion. Spatial analysis revealed hotspots clustered near 
high-traffic areas, intersections with prolonged vehicle waiting times, construction sites 
and transport hubs. In Slovenia, local emissions – including residential fireplaces and 
traffic – play a major role in addition to meteorological, topographical, urbanisation and 
industrialisation factors. Exposure analysis revealed that cyclists were roughly three 
times more exposed than pedestrians over an equivalent average commute, mainly as a 
result of increased breathing frequency and greater volume of inhaled air. Men were at 
greater risk than women, with children recognised as the most vulnerable group. In 
Maribor, only 0.2% of all PM2.5 measurements surpassed the air quality limits, compared 
to 21% in Ljubljana. However, HQ limits were not exceeded in either city. Moreover, 
94% of participants reported willingness to change their travel behaviour to minimise 
exposure if the infrastructure – such as open cycling lanes, ventilated road junctions and 
paths separated from roads by vegetation – allowed it. 

This thesis provides new insights into the chemical patterns of size-fractionated PM, 
in particular often overlooked nano-sized fractions, and represents one of Slovenia’s first 
long-term citizen-led LCS campaigns. The findings provide the foundation for future 
research and regulatory actions, highlighting the need for innovative and cost-effective 
PM sampling solutions to better characterise pollutant distribution, chemical composition 
and exposure pathways.  
 



197 

References 

Agarwal, A., Mangal, A., Satsangi, A., Lakhani, A., Maharaj Kumari, K. (2017). 
Characterization, sources and health risk analysis of PM2.5 bound metals during foggy 
and non-foggy days in sub-urban atmosphere of Agra. Atmospheric Research, 197, 121–
131. https://doi.org/10.1016/j.atmosres.2017.06.027 

 
Agilent. (2025a, September 9). ICP-MS Overview. 

https://www.agilent.com/en/product/atomic-spectroscopy/inductively-coupled-plasma-
mass-spectrometry-icp-ms/what-is-icp-ms-icp-ms-faqs  

 
Agilent. (2025b, September 9). Gas chromatography mass spectrometry fundamentals. 

https://www.agilent.com/en/product/gas-chromatography-mass-spectrometry-gc-
ms/gcms-fundamentals 

 
Agudelo-Castañeda, D.M., and Teixeira, E.C. (2014). Seasonal changes, identification and 

source apportionment of PAH in PM1.0. Atmospheric Environment, 96, 186–200. 
https://doi.org/10.1016/j.atmosenv.2014.07.030 

 
Akhbarizadeh, R., Dobaradaran, S., Amouei Torkmahalleh, M., Saeedi, R., Aibaghi, R., Faraji 

Ghasemi, F. (2021). Suspended fine particulate matter (PM2.5), microplastics (MPs), 
and polycyclic aromatic hydrocarbons (PAHs) in air: Their possible relationships and 
health implications. Environmental Research, 192, 110339. 
https://doi.org/10.1016/j.envres.2020.110339 

 
Akyüz M., Çabuk, H. (2010). Gas–particle partitioning and seasonal variation of polycyclic 

aromatic hydrocarbons in the atmosphere of Zonguldak, Turkey. Science of The Total 
Environment, 408, 5550–8. https://doi.org/10.1016/j.scitotenv.2010.07.063 

 
Alam, M.S., Keyte, I.J., Yin, J., Stark, C., Jones, A.M., Harrison, R.M. (2015). Diurnal 

variability of polycyclic aromatic compound (PAC) concentrations: Relationship with 
meteorological conditions and inferred sources. Atmospheric Environment, 122, 427–438. 
https://doi.org/10.1016/j.atmosenv.2015.09.050 

 
Aleixandre, M., and Gerboles, M. (2012). Review of Small Commercial Sensors for Indicative 

Monitoring of Ambient Gas. Chemical Engineering Transactions, 30, 169–174. 
https://doi.org/10.3303/CET1230029 

 
Alves, C.A., Vicente, A.M., Custódio, D., Cerqueira, M., Nunes, T., Pio, C., Lucarelli, F., 

Calzolai, G., Nava, S., Diapouli, E., Eleftheriadis, K., Querol, X., Musa Bandowe, B.A. 
(2017). Polycyclic aromatic hydrocarbons and their derivatives (nitro-PAHs, oxygenated 
PAHs, and azaarenes) in PM2.5 from Southern European cities. Science of The Total 
Environment, 595, 494–504. https://doi.org/10.1016/j.scitotenv.2017.03.256 



198 References 

 
Ambade, B., Kumar, A., Kumar, A., Sahu, L.K. (2022). Temporal variability of atmospheric 

particulate-bound polycyclic aromatic hydrocarbons (PAHs) over central east India: 
Sources and carcinogenic risk assessment. Air Quality, Atmosphere, & Health, 15(1), 115–
130. https://doi.org/10.1007/s11869-021-01089-5 

 
AnaPath Research, S.A.U. (2025, September 18). Electron Microscopy. 

https://anapath.ch/electron-microscopy-2/ 
 
Anenberg, S.C., Mohegh, A., Goldberg, D.L., Kerr, G.H., Brauer, M., Burkart, K., Hystad, P., 

Larkin, A., Wozniak, S., Lamsal, L. (2022). Long-term trends in urban NO2 
concentrations and associated paediatric asthma incidence: Estimates from global 
datasets. The Lancet Planetary Health, 6(1), 49–58. https://doi.org/10.1016/S2542-
5196(21)00255-2 

 
Appel, B.R., Tanner, R.L., Adams, D.F., Dasgupta, P.K., Knapp, K.T., Kok, G.L., Pierson, 

W.R., Reiszner, K.D. (1990). Semi-Continuous Determination of Atmospheric Particulate 
Sulfur, Sulfuric Acid and Ammonium Sulfates. In J.P., Lodge (Ed.), Methods of Air 
Sampling and Analysis (3rd ed., pp. 529–532). New York: Taylor and Francis 

 
Austin, E., Novosselov, I., Seto, E., Yost, M.G. (2015). Laboratory Evaluation of the Shinyei 

PPD42NS Low-Cost Particulate Matter Sensor. PLOS ONE, 10(9), e0137789. 
https://doi.org/10.1371/journal.pone.0137789 

 
Baalbaki, R., Nassar, J., Salloum, S., Shihadeh, A.L., Lakkis, I., Saliba, N.A. (2018). 

Comparison of atmospheric polycyclic aromatic hydrocarbon levels in three urban areas 
in Lebanon. Atmospheric Environment, 179, 260–267. 
https://doi.org/10.1016/j.atmosenv.2018.02.028 

 
Bandowe, B.A.M., Meusel, H., Huang, R.J., Ho, K., Cao, J., Hoffmann, T., Wilcke, W. (2014). 

PM2.5-bound oxygenated PAHs, nitro-PAHs and parent-PAHs from the atmosphere of a 
Chinese megacity: Seasonal variation, sources and cancer risk assessment. The Science of 
the Total Environment, 473–474, 77–87. https://doi.org/10.1016/j.scitotenv.2013.11.108 

 
Barkjohn, K.K., Gantt, B., Clements, A. L. (2021). Development and application of a United 

States-wide correction for PM2.5 data collected with the PurpleAir sensor. Atmospheric 
Measurement Techniques, 14(6), 4617–4637. https://doi.org/10.5194/amt-14-4617-2021 

 
Bergmann, M.L., Andersen, Z.J., Amini, H., Khan, J., Lim, Y.H., Loft, S., Mehta, A., 

Westendorp, R.G., Cole Hunter, T. (2022). Ultrafine particle exposure for bicycle 
commutes in rush and non-rush hour traffic: A repeated measures study in Copenhagen, 
Denmark. Environmental Pollution, 294, 118631. 
https://doi.org/10.1016/j.envpol.2021.118631 

 
Bortey-Sam, N., Ikenaka, Y., Akoto, O., Nakayama, S.M.M., Yohannes, Y.B., Baidoo, E., 

Mizukawa, H., Ishizuka, M. (2015). Levels, potential sources and human health risk of 
polycyclic aromatic hydrocarbons (PAHs) in particulate matter (PM10) in Kumasi, 
Ghana. Environmental Science and Pollution Research, 22(13), 9658–9667. 
https://doi.org/10.1007/s11356-014-4022-1 

 



 199 

 

Breed, C.A., Arocena, J.M., Sutherland, D. (2002). Possible sources of PM10 in Prince George 
(Canada) as revealed by morphology and in situ chemical composition of particulate. 
Atmospheric Environment, 36(10), 1721–31. https://doi.org/10.1016/S1352-
2310(01)00500-3 

 
Briffa, J., Sinagra, E., Blundell, R. (2020). Heavy metal pollution in the environment and their 

toxicological effects on humans. Heliyon, 6(9), e04691. 
https://doi.org/10.1016/j.heliyon.2020.e04691 

 
Brimblecombe, P. (1999). Air Pollution and Health History. In S.T. Holgate, J.M. Samet, H.S. 

Koren, R.L. Maynard (Eds.), Air Pollution and Health (pp. 5–18). Academic Press. 
https://doi.org/10.1016/B978-012352335-8/50077-6 

 
Broekaert J.A.C. (2005). Plasma Mass Spectrometry. In J.A.C., Broekaert (Ed.), Analytical 

Atomic Spectrometry with Flames and Plasmas (pp. 284–331). John Wiley & Sons, Ltd. 
https://doi.org/10.1002/3527606653.ch6 

 
Calvo, A.I., Alves, C., Castro, A., Pont, V., Vicente, A.M., Fraile, R. (2013). Research on 

aerosol sources and chemical composition: Past, current and emerging issues. 
Atmospheric Research, 120–121, 1–28. https://doi.org/10.1016/j.atmosres.2012.09.021 

 
Canals-Angerri, A., Via, M., Lara, M., Alastuey, A., Minguillón, M.C., Pandolfi, M., van 

Drooge, B.L., Querol, X. (2024). Causes of the Unremitting High Ambient Levels of 
PM10 in a Suburban Background Site in NE Spain. Environmental Pollution, 363, 
125113. doi:10.1016/j.envpol.2024.125113 

 
Caricchia, A.M., Chiavarini, S., Pezza, M. (1999). Polycyclic aromatic hydrocarbons in the 

urban atmospheric particulate matter in the city of Naples (Italy). Atmospheric 
Environment, 33, 3731–8. https://doi.org/10.1016/S1352-2310(99)00199-5 

 
Carabali, G., Mamani-Paco, R., Castro, T., Peralta, O., Herrera, E., Trujillo, B. (2012). 

Optical properties, morphology and elemental composition of atmospheric particles at T1 
supersite on MILAGRO campaign, Atmospheric Chemistry and Physics, 12(5), 2747–55. 
https://doi.org/10.5194/acp-12-2747-2012 

 
Castell, N., Dauge, F.R., Schneider, P., Vogt, M., Lerner, U., Fishbain, B., Broday, D., 

Bartonova, A. (2017). Can commercial low-cost sensor platforms contribute to air quality 
monitoring and exposure estimates? Environment International, 99, 293–302. 
https://doi.org/10.1016/j.envint.2016.12.007 

 
Cecinato, A., Balducci, C., Mastroianni, D., Perilli, M. (2012). Sampling and analytical 

methods for assessing the levels of organic pollutants in the atmosphere: PAH, phthalates 
and psychotropic substances: a short review. Environmental Science and Pollution 
Research International, 19(6), 1915–1926. https://doi.org/10.1007/s11356-012-0959-0 

 
Celo, V., Dabek, E., Mathieu, D., Okonskaia, I. (2010). Validation of a Simple Microwave-

Assisted Acid Digestion Method Using Microvessels for Analysis of Trace Elements in 
Atmospheric PM2.5 in Monitoring and Fingerprinting Studies. The Open Chemical and 
Biomedical Methods Journal, 3, 141–150. https://doi.org/10.2174/1875038901003010143 

 



200 References 

Chen, H., Goldberg, M.S., Villeneuve, P.J. (2008). A systematic review of the relation between 
long-term exposure to ambient air pollution and chronic diseases. Reviews on 
Environmental Health, 23(4), 243–297. https://doi.org/10.1515/reveh.2008.23.4.243 

 
Chen, Q., Chen, Y., Luo, X.S., Hong, Y., Hong, Z., Zhao, Z., Chen, J. (2019). Seasonal 

characteristics and health risks of PM2.5-bound organic pollutants in industrial and 
urban areas of a China megacity. Journal of Environmental Management, 245, 273–281. 
https://doi.org/10.1016/j.jenvman.2019.05.061 

 
Choi, B., and Hummel, M.A. (2025). Spatiotemporal air quality prediction using stochastic 

advection–diffusion model for multimodal data fusion. Environmental Research Letters, 
20(1), 014065. https://doi.org/10.1088/1748-9326/ada397 

 
Choi, E., Yi, S.M., Lee, Y.S., Jo, H., Baek, S.O., Heo, J.B. (2022). Sources of airborne 

particulate matter-bound metals and spatial-seasonal variability of health risk potentials 
in four large cities, South Korea. ESPR, 29, 28359–74. https://doi.org/10.1007/s11356-
021-18445-8 

 
Chong, C.Y., and Kumar, S.P. (2003). Sensor networks: Evolution, opportunities, and 

challenges. Proceedings of the IEEE, 91(8), 1247—1256. 10.1109/JPROC.2003.814918  
 
Chow, J.C. (1995). Measurement methods to determine compliance with ambient air quality 

standards for suspended particles. Journal of the Air & Waste Management Association, 
45(5), 320–382. https://doi.org/10.1080/10473289.1995.10467369 

 
Chow, J.C., and Watson, J.G. (1998). Guideline on speciated particulate monitoring (technical 

report 24966, pp. 15–21). United States Environmental Protection Agency. 
https://hero.epa.gov/hero/index.cfm/reference/details/reference_id/24966 

 
Cohen, A.J., Brauer, M., Burnett, R., Anderson, H.R., Frostad, J., Estep, K., Balakrishnan, 

K., Brunekreef, B., Dandona, L., Dandona, R., Feigin, V., Freedman, G., Hubbell, B., 
Jobling, A., Kan, H., Knibbs, L., Liu, Y., Martin, R., Morawska, L., … Forouzanfar, M.H. 
(2017). Estimates and 25-year trends of the global burden of disease attributable to 
ambient air pollution: An analysis of data from the Global Burden of Diseases Study 
2015. Lancet, 389(10082), 1907–1918. https://doi.org/10.1016/S0140-6736(17)30505-6 

 
Cornelis, R.C., Crews, H.M., Caruso, J.A., Heumann, K.G. (2003). Handbook of Elemental 

Speciation: Techniques and Methodology. John Wiley & Sons, Ltd. 
https://doi.org/10.1002/0470868384.ch1 

 
Coufalík, P., Mikuška, P., Matoušek, T., Večeřa, Z. (2016). Determination of the bioaccessible 

fraction of metals in urban aerosol using simulated lung fluids. Atmospheric 
Environment, 140, 469−475. https://doi.org/10.1016/j.atmosenv.2016.06.031 

 
Crilley, L.R., Shaw, M., Pound, R., Kramer, L.J., Price, R., Young, S., Lewis, A.C., Pope, 

F.D. (2018). Evaluation of a low-cost optical particle counter (Alphasense OPC-N2) for 
ambient air monitoring. Atmospheric Measurement Techniques, 11(2), 709–720. 
https://doi.org/10.5194/amt-11-709-2018 

 
Croghan, W., Egeghy, P. (2009). Methods of dealing with values below the limit of detection 

using SAS 



 201 

 

 
Dabek Zlotorzynska, E. (2010). Validation of a Simple Microwave-Assisted Acid Digestion 

Method Using Microvessels for Analysis of Trace Elements in Atmospheric PM2.5 in 
Monitoring and Fingerprinting Studies. The Open Chemical and Biomedical Methods 
Journal, 3(1), 143–152. https://doi.org/10.2174/1875038901003010143 

 
Daher, N., Saliba, N.A., Shihadeh, A.L., Jaafar, M., Baalbaki, R., Sioutas, C. (2013). Chemical 

composition of size-resolved particulate matter at near-freeway and urban background 
sites in the greater Beirut area. Atmospheric Environment, 80, 96–106. 
https://doi.org/10.1016/j.atmosenv.2013.08.004 

 
Daly, A., Zannetti, S. (2007). An Introduction to Air Pollution – Definitions, Classifications, 

and History. In P. Zannetti, D. Al-Ajmi, S. Al-Rashied (Eds), Ambient air pollution (1st 
ed., pp. 1–14). The Arab School for Science and Technology and The EnviroComp 
Institute 

 
Deabji, N., Fomba, K.W., dos Santos Souza, E.J., Mellouki, A., Herrmann, H. (2024). 

Influence of anthropogenic activities on metals, sugars and PAHs in PM10 in the city of 
Fez, Morocco: Implications on air quality. Environmental Science and Pollution 
Research, 31(17), 25238–57. https://link.springer.com/article/10.1007/s11356-024-32740-
0 

 
Decree on ambient air quality (Uredba o kakovosti zunanjega zraka). (2011). Official Gazette 

of the Republic of Slovenia no. 9/11, 8/15, 66/18, 14/22 − ZVO-2. 
https://pisrs.si/pregledPredpisa?id=URED5493 

 
Decree on arsenic (As), cadmium (Cd), mercury (Hg), nickel (Ni) and polycyclic aromatic 

hydrocarbons (PAHs) in the ambient air (Uredba o arzenu, kadmiju, živem srebru, niklju 
in policikličnih aromatskih ogljikovodikih v zunanjem zraku). (2011). Official Gazette of 
the Republic of Slovenia no. 56/06, 44/22 − ZVO-2. 
https://pisrs.si/pregledPredpisa?id=URED4057  

Decree on the classification of areas, agglomerations and sub-areas according to ambient air 
pollution (Odredba o razvrstitvi območij, aglomeracij in podobmočij glede na 
onesnaženost zunanjega zraka). (2017). Official Gazette of the Republic of Slovenia no. 
38/17, 3/20, 152/20, 203/21, 44/22 − ZVO-2, 30/23. 
https://pisrs.si/pregledPredpisa?id=ODRE2387 

 
Decree on the rules of assessment of ambient air quality (Pravilnik o ocenjevanju kakovosti 

zunanjega zraka). (2011). Official Gazette of the Republic of Slovenia no. 55/11, 6/15, 
5/17, 44/22 − ZVO-2. https://pisrs.si/pregledPredpisa?id=PRAV10250  

 
deSouza, P., Wang, A., Machida, Y., Duhl, T., Mora, S., Kumar, P., Kahn, R., Ratti, C., 

Durant, J.L., Hudda, N. (2023). Evaluating the Performance of Low-Cost PM2.5 Sensors 
in Mobile Settings. Environmental Science & Technology, 57(41), 15401–15411. 
https://doi.org/10.1021/acs.est.3c04843 

 
Dettmer Wilde, K., and Engewald, W. (2014). Practical Gas Chromatography, A 

Comprehensive Reference. Berlin, Heidelberg: Springer. https://doi.org/10.1007/978-3-
642-54640-2 

 



202 References 

Di Vaio, P., Cocozziello, B., Corvino, A., Fiorino, F., Frecentese, F., Magli, E., Onorati, G., 
Saccone, I., Santagada, V., Settimo, G., Severino, B., Perissutti, E. (2016). Level, 
potential sources of polycyclic aromatic hydrocarbons (PAHs) in particulate matter 
(PM10) in Naples. Atmospheric Environment, 129, 186–196. 
https://doi.org/10.1016/j.atmosenv.2016.01.020 

 
Directive (EU) 2016/2284 of the European Parliament and of the Council of 14 December 2016 

on the reduction of national emissions of certain atmospheric pollutants, amending 
Directive 2003/35/EC and repealing Directive 2001/81/EC. 
http://data.europa.eu/eli/dir/2016/2284/oj 

 
Directive 2004/107/EC of the European Parliament and of the Council of 15 December 2004 

relating to arsenic, cadmium, mercury, nickel and polycyclic aromatic hydrocarbons in 
ambient air. http://data.europa.eu/eli/dir/2004/107/oj/eng 

 
Directive 2008/50/EC of the European Parliament and of the Council of 21 May 2008 on 

Ambient Air Quality and Cleaner Air for Europe. https://eur-
lex.europa.eu/eli/dir/2008/50/oj/eng  

 
Directive 2024/2881 of the European Parliament and of the Council of 23 October 2024 on 

ambient air quality and cleaner air for Europe. https://eur-
lex.europa.eu/eli/dir/2024/2881/oj/eng 

 
Dominici, F., Peng, R.D., Bell, M.L., Pham, L., McDermott, A., Zeger, S.L., Samet, J.M. 

(2006). Fine Particulate Air Pollution and Hospital Admission for Cardiovascular and 
Respiratory Diseases. JAMA, 295(10), 1127–1134. 
https://doi.org/10.1001/jama.295.10.1127 

 
Drventić, I., Šala, M., Vidović, K., Kroflič, A. (2023). Direct quantification of PAHs and nitro-

PAHs in atmospheric PM by thermal desorption gas chromatography with electron 
ionization mass spectroscopic detection. Talanta, 251, 123761. 
https://doi.org/10.1016/j.talanta.2022.123761 

 
El-Mubarak, A.H., Rushdi, A.I., Al-Mutlaq, K.F., Bazeyad, A.Y., Simonich, S.L.M., Simoneit, 

B.R.T. (2014). Identification and source apportionment of polycyclic aromatic 
hydrocarbons in ambient air particulate matter of Riyadh, Saudi Arabia. Environmental 
Science and Pollution Research, 21(1), 558–567. https://doi.org/10.1007/s11356-013-
1946-9 

 
Elzein, A., Stewart, G.J., Swift, S.J., Nelson, B.S., Crilley, L.R., Alam, M.S., Reyes-Villegas, 

E., Gadi, R., Harrison, R.M., Hamilton, J.F., Lewis, A.C. (2020). A comparison of 
PM2.5-bound polycyclic aromatic hydrocarbons in summer Beijing (China) and Delhi 
(India). Atmospheric Chemistry and Physics, 20(22), 14303–14319. 
https://doi.org/10.5194/acp-20-14303-2020 

 
European Commission. (2025, August 4). Biodiversity strategy for 2030. 

https://environment.ec.europa.eu/strategy/biodiversity-strategy-2030_en 
 
European Council, Council of the European Union. (2024, August 4). Euro 7: Council adopts 

new rules on emission limits for cars, vans and trucks. 



 203 

 

https://www.consilium.europa.eu/en/press/press-releases/2024/04/12/euro-7-council-
adopts-new-rules-on-emission-limits-for-cars-vans-and-trucks/  

 
European Environment Agency (EEA). (2013). Air quality in Europe—2013 report. European 

Environmental Agency. https://www.eea.europa.eu/publications/air-quality-in-europe-
2013 

 
European Environmental Agency (EEA). (2012). Air quality in Europe—2012 report (Report 

No 4/2012). European Environmental Agency. 
https://www.eea.europa.eu/en/analysis/publications/air-quality-in-europe-2012 

 
European Environmental Agency (EEA). (2022). Europe’s air quality status 2022 (Briefing no. 

04/2022). European Environmental Agency. 
https://www.eea.europa.eu/publications/status-of-air-quality-in-Europe-2022 

 
European Parliament. (2024, August 4). Zero pollution action plan for water, air and soil. 

https://www.europarl.europa.eu/legislative-train/theme-a-european-green-deal/file-zero-
pollution-action-plan 

 
Evagelopoulos, V., Charisiou, N.D., Zoras, S. (2022). Dataset of Polycyclic aromatic 

hydrocarbons and trace elements in PM2.5 and PM10 atmospheric particles from two 
locations in North-Western Greece. Data in Brief, 42, 108266. 
https://doi.org/10.1016/j.dib.2022.108266  

 
Fadel, M., Ledoux, F., Farhat, M., Kfoury, A., Courcot, D., Afif, C. (2021). PM2.5 

characterization of primary and secondary organic aerosols in two urban-industrial areas 
in the East Mediterranean. Journal of Environmental Sciences, 101, 98–116. 
https://doi.org/10.1016/j.jes.2020.07.030 

 
Fan, S.J., Heinrich, J., Bloom, M.S., Zhao, T.Y., Shi, T.X., Feng, W.R., Sun, Y., Shen, J.C., 

Yang, Z.C., Yang, B.Y., Dong, G.H. (2020). Ambient air pollution and depression: A 
systematic review with meta-analysis up to 2019. The Science of the Total Environment, 
701, 134721. https://doi.org/10.1016/j.scitotenv.2019.134721 

 
Farah, E., Fadel, M., Mansour, G., Fakhri, N., Hassan, S.K., Boraiy, M. (2024). Unveiling the 

organic chemical composition and sources of organic carbon in PM2.5 at an urban site in 
Greater Cairo (Egypt): A comprehensive analysis of primary and secondary compounds. 
Environmental Research, 263, 120118. https://doi.org/10.1016/j.envres.2024.120118 

 
Feng, B., Li, L., Xu, H., Wang, T., Wu, R., Chen, J., Zhang, Y., Liu, S., Ho, S.S.H., Cao, J., 

Huang, W. (2019). PM2.5-bound polycyclic aromatic hydrocarbons (PAHs) in Beijing: 
Seasonal variations, sources, and risk assessment. Journal of Environmental Sciences, 77, 
11–19. https://doi.org/10.1016/j.jes.2017.12.025 

 
Fenger, J., Hertel, O., Palmgren, F. (1998). Urban Air Pollution—European Aspects. 

Netherlands: Springer Netherlands. https://doi.org/10.1007/978-94-015-9080-8 
 
Fernández Camacho, R., Rodríguez, S., de la Rosa, J., Sánchez de la Campa, A.M., Alastuey, 

A., Querol, X., González-Castanedo, Y., Garcia-Orellana, I., Nava, S. (2012). Ultrafine 
particle and fine trace metal (As, Cd, Cu, Pb and Zn) pollution episodes induced by 



204 References 

industrial emissions in Huelva, SW Spain. Atmospheric Environment, 61, 507–517. 
https://doi.org/10.1016/j.atmosenv.2012.08.003 

 
Fomba, K.W., Müller, K., van Pinxteren, D., Herrmann, H. (2013). Aerosol size-resolved trace 

metal composition in remote northern tropical Atlantic marine environment: Case study 
Cape Verde islands. Atmospheric Chemistry and Physics, 13(9), 4801–4814. 
https://doi.org/10.5194/acp-13-4801-2013 

 
Fomba, K.W., van Pinxteren, D., Müller, K., Spindler, G., Herrmann, H. (2018). Assessment 

of trace metal levels in size-resolved particulate matter in the area of Leipzig. 
Atmospheric Environment, 176, 60–70. https://doi.org/10.1016/j.atmosenv.2017.12.024 

 
Fontal, M., Van Drooge, B.L., López, J.F., Fernández, P., Grimalt, J.O. (2015). Broad 

Spectrum Analysis of Polar and Apolar Organic Compounds in Submicron Atmospheric 
Particles. Journal of Chromatography A, 1404, 28–38. doi:10.1016/j.chroma.2015.05.042 

 
Fowler, D., Brimblecombe, P., Burrows, J., Heal, M.R., Grennfelt, P., Stevenson, D.S., Jowett, 

A., Nemitz, E., Coyle, M., Liu, X., Chang, Y., Fuller, G.W., Sutton, M.A., Klimont, Z., 
Unsworth, M.H., Vieno, M. (2020). A chronology of global air quality. Philosophical 
Transactions of the Royal Society A: Mathematical, Physical and Engineering Sciences, 
378(2183), 20190314. https://doi.org/10.1098/rsta.2019.0314 

 
Gaberšek, M., Watts, M.J., Gosar, M. (2022). Attic dust: an archive of historical air 

contamination of the urban environment and potential hazard to health? Journal of 
Hazardous Materials, 432, 128745. https://doi.org/10.1016/j.jhazmat.2022.128745 

 
Gao, Y., and Ji, H. (2018). Microscopic morphology and seasonal variation of health effect 

arising from heavy metals in PM2.5 and PM10: One-year measurement in a densely 
populated area of urban Beijing. Atmospheric Research, 212, 213–226. 
https://doi.org/10.1016/j.atmosres.2018.04.027 

 
Gatari, M.J., Boman, J., Wagner, A., Janhäll, S., Isakson, J. (2006). Assessment of inorganic 

content of PM2.5 particles sampled in a rural area north-east of Hanoi, Vietnam. Science 
of The Total Environment, 368(2), 675–685. 
https://doi.org/10.1016/j.scitotenv.2006.04.004 

 
Giordano, M.R., Malings, C., Pandis, S.N., Presto, A.A., McNeill, V.F., Westervelt, D.M., 

Beekmann, M., Subramanian, R. (2021). From low-cost sensors to high-quality data: A 
summary of challenges and best practices for effectively calibrating low-cost particulate 
matter mass sensors. Journal of Aerosol Science, 158, 105833. 
https://doi.org/10.1016/j.jaerosci.2021.105833 

 
González, L.T., Longoria-Rodríguez, F.E., Sánchez-Domínguez, M., Leyva-Porras, C., Acuña-

Askar, K., Kharissov, B.I., Arizpe-Zapata, A., Alfaro-Barbosa, J. M. (2018). Seasonal 
variation and chemical composition of particulate matter: A study by XPS, ICP-AES 
and sequential microanalysis using Raman with SEM/EDS. Journal of Environmental 
Sciences, 74, 32–49. https://doi.org/10.1016/j.jes.2018.02.002 

 
Gozzi, F., Ventura, G.D., Marcelli, A., Lucci, F. (2017). Current Status of Particulate Matter 

Pollution in Europe and Future Perspectives: A Review. Journal of Materials and 
Environmental Sciences, 8(6), 1901−1909 



 205 

 

 
Grigoratos, T., Samara, C., Voutsa, D., Manoli, E., Kouras, A. (2014). Chemical composition 

and mass closure of ambient coarse particles at traffic and urban-background sites in 
Thessaloniki, Greece. Environmental Science and Pollution Research, 21(12), 7708–7722. 
https://doi.org/10.1007/s11356-014-2732-z 

 
Grob, R.L., and Barry, E.F. (2004). Modern Practice of Gas Chromatography. John Wiley & 

Sons. DOI: 10.1002/0471651141 
 
Guaita, R., Pichiule, M., Maté, T., Linares, C., Díaz, J. (2011). Short-term impact of 

particulate matter (PM(2.5)) on respiratory mortality in Madrid. International Journal 
of Environmental Health Research, 21(4), 260–274. 
https://doi.org/10.1080/09603123.2010.544033 

 
Halonen, J.I., Lanki, T., Yli-Tuomi, T., Tiittanen, P., Kulmala, M., Pekkanen, J. (2009). 

Particulate air pollution and acute cardiorespiratory hospital admissions and mortality 
among the elderly. Epidemiology, 20(1), 143–153. 
https://doi.org/10.1097/EDE.0b013e31818c7237 

 
Harrison, R.M., and Msibi, I.M. (1994). Validation of Techniques for Fast Response 

Measurement of HNO4 and NH3 and Determination of the [NH3] [HNO4] Concentration 
Product. Atmospheric  Environment, 2(28), 247–255. https://doi.org/10.1016/1352-
2310(94)90099-X 

 
Harrison, R.M., Smith, D.J.T., Luhana, L. (1996). Source apportionment of atmospheric 

polycyclic aromatic hydrocarbons collected from an urban location in Birmingham, U.K. 
Environmental Science & Technology, 30, 825–32. https://doi.org/10.1021/es950252d 

 
Hazarika, N., and Srivastava, A. (2017). Estimation of risk factor of elements and PAHs in 

size-differentiated particles in the National Capital Region of India. Air Quality, 
Atmosphere & Health, 10(4), 469–482. https://doi.org/10.1007/s11869-016-0438-8 

 
Ho, S.S.H., Yu, J.Z., Chow, J.C., Zielinska, B., Watson, J.G., Sit, E.H.L., Schauer, J.J. (2008). 

Evaluation of an in-injection port thermal desorption-gas chromatography/mass 
spectrometry method for analysis of non-polar organic compounds in ambient aerosol 
samples. Journal of Chromatography A, 1200(2), 217–227. 
https://doi.org/10.1016/j.chroma.2008.05.056 

 
Hofman, J., Samson, R., Joosen, S., Blust, R., Lenaerts, S. (2018). Cyclist exposure to black 

carbon, ultrafine particles and heavy metals: an experimental study along two 
commuting routes near Antwerp, Belgium. Environmental Research, 164, 530–8. 
https://doi.org/10.1016/j.envres.2018.03.004 

 
Hopke, P.K., Dai, Q., Li, L., Feng, Y. (2020). Global review of recent source apportionments 

for airborne particulate matter. Science of The Total Environment, 740, 140091. 
https://doi.org/10.1016/j.scitotenv.2020.140091 

 
Hsu, C.Y., Chi, K.H., Wu, C.D., Lin, S.L., Hsu, W.C., Tseng, C.C., Chen, M.J., Chen, Y.C. 

(2021). Integrated analysis of source-specific risks for PM2.5-bound metals in urban, 
suburban, rural, and industrial areas. Environmental Pollution, 275, 116652. 
https://doi.org/10.1016/j.envpol.2021.116652 



206 References 

 
Ilenič, A., Mauko Pranjić, A., Ščančar, J., Milačič Ščančar, R., Kumar, P. (2025). Can low-cost 

sensors (LCS) enhance air quality monitoring for personal pollution exposure assessment? 
Environmental Research Communication, 7(9), 095007. DOI 10.1088/2515-7620/ae02ef 

 
Ilenič, A., Mauko Pranjić, A., Zupančič, N., Milačič, R., Ščančar, J. (2024). Fine particulate 

matter (PM2.5) exposure assessment among active daily commuters to induce behaviour 
change to reduce air pollution. Science of The Total Environment, 912, 169117. 
https://doi.org/10.1016/j.scitotenv.2023.169117 

 
Ilenič, A., Milačič Ščančar, R., Đurić, M., Mauko Pranjić, A., Ščančar, J. (2025). An 

innovative sampling device for size-fractionating airborne particulate matter for improved 
air pollution control of metal(oid)s and polycyclic aromatic hydrocarbons. Analytical 
Methods, 17 7184-7199. DOI https://doi.org/10.1039/D5AY00858A 

 
Inglič, R.T., Pirnat, U., Stare, M. (2023). Household energy efficiency. Statistical Office, 

Republic of Slovenia. 
https://www.stat.si/StatWeb/en/News/Index/12783?utm_source=chatgpt.com 

 
Insian, W., Yabueng, N., Wiriya, W., Chantara, S. (2022). Size-fractionated PM-bound PAHs 

in urban and rural atmospheres of northern Thailand for respiratory health risk 
assessment. Environmental Pollution, 293, 118488. 
https://doi.org/10.1016/j.envpol.2021.118488 

 
Int Panis, L., de Geus, B., Vandenbulcke, G., Willems, H., Degraeuwe, B., Bleux, N., Mishra, 

V., Thomas, I., Meeusen, R. (2010). Exposure to particulate matter in traffic: a 
comparison of cyclists and car passengers. Atmospheric Environment, 44, 2263–70. 
https://doi.org/10.1016/j.atmosenv.2010.04.028 

 
International Agency for Research on Cancer (IARC). (2016). Outdoor Air Pollution. 

https://publications.iarc.fr/Book-And-Report-Series/Iarc-Monographs-On-The-
Identification-Of-Carcinogenic-Hazards-To-Humans/Outdoor-Air-Pollution-2015 

 
International Organization for Standardization. (2011). Water quality — Determination of 16 

polycyclic aromatic hydrocarbons (PAH) in water — Method using gas chromatography 
with mass spectrometric detection (GC-MS) (ISO 28540:2011) 

 
Jakovljević, I., Pehnec, G., Vađić, V., Čačković, M., Tomašić, V., Jelinić, J.D. (2018). 

Polycyclic aromatic hydrocarbons in PM10, PM2.5 and PM1 particle fractions in an 
urban area. Air Quality, Atmosphere & Health, 11(7), 843–854. 
https://doi.org/10.1007/s11869-018-0603-3 

 
Jakovljević, I., Sever Štrukil, Z., Godec, R., Bešlić, I., Davila, S., Lovrić, M., Pehnec, G. 

(2020). Pollution Sources and Carcinogenic Risk of PAHs in PM1 Particle Fraction in an 
Urban Area. International Journal of Environmental Research and Public Health, 17(24), 
9587. https://doi.org/10.3390/ijerph17249587 

 
Jamhari, A.A., Sahani, M., Latif, M.T., Chan, K.M., Tan, H.S., Khan, M.F., Mohd Tahir, N. 

(2014). Concentration and source identification of polycyclic aromatic hydrocarbons 
(PAHs) in PM10 of urban, industrial and semi-urban areas in Malaysia. Atmospheric 
Environment, 86, 16–27. https://doi.org/10.1016/j.atmosenv.2013.12.019 



 207 

 

 
Jandacka, D., Durcanska, D., Bujdos, M. (2017). The contribution of road traffic to particulate 

matter and metals in air pollution in the vicinity of an urban road. Transportation 
Research Part D: Transport and Environment, 50, 397–408. 
https://doi.org/10.1016/j.trd.2016.11.024 

 
Jedynska, A., Hoek, G., Eeftens, M., Cyrys, J., Keuken, M., Ampe, C., Beelen, R., Cesaroni, 

G., Forastiere, F., Cirach, M., de Hoogh, K., De Nazelle, A., Madsen, C., Declercq, C., 
Eriksen, K.T., Katsouyanni, K., Akhlaghi, H.M., Lanki, T., Meliefste, K., … Kooter, I.M. 
(2014). Spatial variations of PAH, hopanes/steranes and EC/OC concentrations within 
and between European study areas. Atmospheric Environment, 87, 239–248. 
https://doi.org/10.1016/j.atmosenv.2014.01.026 

 
Jerrett, M., Arain, A., Kanaroglou, P., Beckerman, B., Potoglou, D., Sahsuvaroglu, T., 

Morrison, J., Giovis, C. (2005). A review and evaluation of intraurban air pollution 
exposure models. Journal of Exposure Analysis and Environmental Epidemiology, 15(2). 
https://doi.org/10.1038/sj.jea.7500388 

 
Jiang, N., Duan, S., Yu, X., Zhang, R., Wang, K. (2018). Comparative major components and 

health risks of toxic elements and polycyclic aromatic hydrocarbons of PM2.5 in winter 
and summer in Zhengzhou: Based on three-year data. Atmospheric Research, 213, 173–
184. https://doi.org/10.1016/j.atmosres.2018.06.008 

 
Kanaroglou, P.S., Jerrett, M., Morrison, J., Beckerman, B., Arain, M.A., Gilbert, N.L., Brook, 

J.R. (2005). Establishing an air pollution monitoring network for intra-urban population 
exposure assessment: A location-allocation approach. Atmospheric Environment, 39(13), 
2399–2409. https://doi.org/10.1016/j.atmosenv.2004.06.049 

 
Karagulian, F., Barbiere, M., Kotsev, A., Spinelle, L., Gerboles, M., Lagler, F., Redon, N., 

Crunaire, S., Borowiak, A. (2019). Review of the Performance of Low-Cost Sensors for 
Air Quality Monitoring. Atmosphere, 10(9). https://doi.org/10.3390/atmos10090506 

 
Karthikeyan, S., Joshi, U.M., Balasubramanian, R. (2006). Microwave assisted sample 

preparation for determining water-soluble fraction of trace elements in urban airborne 
particulate matter: Evaluation of bioavailability. Analytica Chimica Acta, 576(1), 23–30. 
https://doi.org/10.1016/j.aca.2006.05.051 

 
Katsoyiannis, A., Terzi, E., Cai, Q.Y. (2007). On the use of PAH molecular diagnostic ratios in 

sewage sludge for the understanding of the PAH sources. Is this use appropriate? 
Chemosphere, 69, 1337–9. https://doi.org/10.1016/j.chemosphere.2007.05.084 

 
Keith, L.H. (2015). The Source of U.S. EPA's Sixteen PAH Priority Pollutants. Polycyclic 

aromatic hydrocarbons, 35(2−4), 147−160. 
https://doi.org/10.1080/10406638.2014.892886 

 
Kelly, F.J., and Fussell, J.C. (2012). Size, source and chemical composition as determinants of 

toxicity attributable to ambient particulate matter. Atmospheric Environment, 60, 504–
526. https://doi.org/10.1016/j.atmosenv.2012.06.039 

 
Kelly, K.E., Whitaker, J., Petty, A., Widmer, C., Dybwad, A., Sleeth, D., Martin, R., 

Butterfield, A. (2017). Ambient and laboratory evaluation of a low-cost particulate 



208 References 

matter sensor. Environmental Pollution, 221, 491–500. 
https://doi.org/10.1016/j.envpol.2016.12.039 

 
Khalili, N.R., Scheff, P.A., Holsen, T.M. (1995). PAH source fingerprints for coke ovens, diesel 

and gasoline engines, highway tunnels, and wood combustion emissions. Atmospheric 
Environment, 29. https://doi.org/10.1016/1352-2310(94)00275-P 

 
Khan, B., Masiol, M., Bruno, C., Pasqualetto, A., Formenton, G.M., Agostinelli, C., Pavoni, 

B. (2018). Potential sources and meteorological factors affecting PM2.5-bound polycyclic 
aromatic hydrocarbon levels in six main cities of northeastern Italy: An assessment of the 
related carcinogenic and mutagenic risks. Environmental Science and Pollution Research, 
25(32), 31987–32000. https://doi.org/10.1007/s11356-018-2841-1 

 
Khwaja, H.A., Fatmi, Z., Malashock, D., Aminov, Z., Kazi, A., Siddique, A. (2012). Effect of 

air pollution on daily morbidity in Karachi, Pakistan. Journal of Local and Global Health 
Science, 29, 1−13. 10.5339/jlghs.2012.3 

 
Kim, H., Kim, W.H., Kim, Y.Y., Park, H.Y. (2020). Air Pollution and Central Nervous System 

Disease: A Review of the Impact of Fine Particulate Matter on Neurological Disorders. 
Frontiers in Public Health, 16(8), 575330. 10.3389/fpubh.2020.575330 

 
Kim, K.H., Jahan, S.A., Kabir, E., Brown, R.J.C. (2013). A review of airborne polycyclic 

aromatic hydrocarbons (PAHs) and their human health effects. Environment 
International, 60, 71–80. https://doi.org/10.1016/j.envint.2013.07.019 

 
Kingham, S., Longley, I., Salmond, J., Pattinson, W., Shrestha, K. (2013). Variations in 

exposure to traffic pollution while travelling by different modes in a low density, less 
congested city. Environmental Pollution, 181, 211–218. 
https://doi.org/10.1016/j.envpol.2013.06.030 

 
Koçak, E. (2017). Determination of organic particle composition in Ankara atmosphere and 

investigation of their contribution to receptor modeling. 
https://open.metu.edu.tr/handle/11511/27000 

 
Koçak, E., Aslan, S., İmamoğlu, İ., Tuncel, G. (2025). Multi-group organic pollutants in urban 

and suburban atmospheric particulate matter (PM2.5): Temporal variation, 
meteorological impact, and sources. Air Quality, Atmosphere & Health, 18, 1359–76. 
https://doi.org/10.1007/s11869-025-01716-5 

 
Kosmopoulos, G., Salamalikis, V., Pandis, S.N., Yannopoulos, P., Bloutsos, A.A., Kazantzidis, 

A. (2020). Low-cost sensors for measuring airborne particulate matter: Field evaluation 
and calibration at a South-Eastern European site. Science of The Total Environment, 
748, 141396. https://doi.org/10.1016/j.scitotenv.2020.141396 

 
Kouras, A., Manoli, E., Avgenikou, A., Paraschaki, A., Voutsa, D., Samara, C. (2025). 

Inhalation health risk assessment in the port of Volos, Greece, based on multiannual 
evolution of PM10-bound polycyclic aromatic hydrocarbons and metals/metalloids: 
Implications for EU-regulated PM10 pollutants. Atmospheric Environment, 358, 121348. 
https://doi.org/10.1016/j.atmosenv.2025.121348 

 



 209 

 

Kousis, I., Manni, M., Pisello, A.L. (2022). Environmental mobile monitoring of urban 
microclimates: A review. Renewable and Sustainable Energy Reviews, 169, 112847. 
https://doi.org/10.1016/j.rser.2022.112847 

 
Kukutschová, J., Moravec, P., Tomášek, V., Matějka, V., Smolík, J., Schwarz, J., Seidlerová, 

J., Šafářová, K., Filip, P. (2011). On airborne nano/micro-sized wear particles released 
from low-metallic automotive brakes. Environmental Pollution, 159(4), 998–1006. 
https://doi.org/10.1016/j.envpol.2010.11.036 

 
Kumar, P., Kalaiarasan, G., Porter, A.E., Pinna, A., Kłosowski, M.M., Demokritou, P., 

Chung, K.F., Pain, C., Arvind, D.K., Arcucci, R., Adcock, I.M., Dilliway, C. (2021). An 
overview of methods of fine and ultrafine particle collection for physicochemical 
characterisation and toxicity assessments. Science of The Total Environment, 756, 
143553. https://doi.org/10.1016/j.scitotenv.2020.143553 

 
Kumar, P., Morawska, L., Martani, C., Biskos, G., Neophytou, M., Di Sabatino, S., Bell, M., 

Norford, L., Britter, R. (2015). The rise of low-cost sensing for managing air pollution in 
cities. Environment International, 75, 199–205. 
https://doi.org/10.1016/j.envint.2014.11.019 

 
Kumar, P., Robins, A., Vardoulakis, S., Britter, R. (2010). A review of the characteristics of 

nanoparticles in the urban atmosphere and the prospects for developing regulatory 
controls. Atmospheric Environment, 44(39), 5035–5052. 
https://doi.org/10.1016/j.atmosenv.2010.08.016 

 
Kuo, J. (2018). Air Pollution Control: Fundamentals and Applications. Boca Raton: CRC 

Press. https://doi.org/10.1201/9780429185793 
 
Kuula, J., Mäkelä, T., Aurela, M., Teinilä, K., Varjonen, S., González, Ó., Timonen, H. (2020). 

Laboratory evaluation of particle-size selectivity of optical low-cost particulate matter 
sensors. Atmospheric Measurement Techniques, 13(5), 2413–2423. 
https://doi.org/10.5194/amt-13-2413-2020 

 
Lara, S., Villanueva, F., Martín, P., Salgado, S., Moreno, A., Sánchez-Verdú, P. (2022). 

Investigation of PAHs, nitrated PAHs and oxygenated PAHs in PM10 urban aerosols. A 
comprehensive data analysis. Chemosphere, 294, 133745. 
https://doi.org/10.1016/j.chemosphere.2022.133745 

 
Lawes, G. (1987). Scanning Electron Microscopy and X-Ray Microanalysis. Wiley. 
 
Leavey, A., Fu, Y., Sha, M., Kutta, A., Lu, C., Wang, W., Drake, B., Chen, Y., Biswas, P. 

(2015). Air quality metrics and wireless technology to maximize the energy efficiency of 
HVAC in a working auditorium. Building and Environment, 85, 287–297. 
https://doi.org/10.1016/j.buildenv.2014.11.039 

 
Lewandowska, A.U., Staniszewska, M., Witkowska, A., Machuta, M., Falkowska, L. (2018). 

Benzo(a)pyrene parallel measurements in PM1 and PM2.5 in the coastal zone of the Gulf 
of Gdansk (Baltic Sea) in the heating and non-heating seasons. Environmental Science 
and Pollution Research, 25(20), 19458–19469. https://doi.org/10.1007/s11356-018-2089-9 

 



210 References 

Li, F., Zhang, G., Jinxu, Y., Ding, T., Liu, C.Q., Lang, Y. (2024). Comprehensive source 
identification of heavy metals in atmospheric particulate matter in a megacity: A case 
study of Hangzhou. JEM, 366, 121747. https://doi.org/10.1016/j.jenvman.2024.121747 

 
Li, R.J., Kou, X.J., Geng, H., Dong, C., Cai, Z.W. (2014). Pollution characteristics of ambient 

PM2.5-bound PAHs and NPAHs in a typical winter time period in Taiyuan. Chinese 
Chemical Letters, 25(5), 663–666. https://doi.org/10.1016/j.cclet.2014.03.032 

 
Li, W., and Shao, L. (2009). Transmission electron microscopy study of aerosol particles from 

the brown hazes in northern China, Journal of Geophysical Research: Atmospheres, 
114(D9). https://doi.org/10.1029/2008JD011285 

 
Li, X., Jiang, L., Bai, Y., Yang, Y., Liu, S., Chen, X., Xu, J., Liu, Y., Wang, Y., Guo, X., 

Wang, Y., Wang, G. (2019). Wintertime aerosol chemistry in Beijing during haze period: 
Significant contribution from secondary formation and biomass burning emission. 
Atmospheric Research, 218, 25–33. https://doi.org/10.1016/j.atmosres.2018.10.010 

 
Lin, W., Zhang, H., Lai, Y., Zhuang, S., Wei, Q., Fu, S., Mai, D., Yuan, L., Wei, Q., Yue, D., 

Hu, Q. (2024). Source-Specific Ecological Risk of Atmospheric PM2.5-Bound Metals and 
Implications for Air Pollution Control: A Regional Perspective from China. Exposure and 
Health, 16, 745−757. https://link.springer.com/article/10.1007/s12403-023-00589-2 

 
Lin, Y., Ma, Y., Qiu, X., Li, R., Fang, Y., Wang, J., Zhu, Y., Hu, D. (2015). Sources, 

transformation, and health implications of PAHs and their nitrated, hydroxylated, and 
oxygenated derivatives in PM2.5 in Beijing. Journal of Geophysical Research: 
Atmospheres, 120(14), 7219–7228. https://doi.org/10.1002/2015JD023628 

 
Lippmann, M. (1998). The 1997 US EPA Standards for Particulate Matter and Ozone. In R.E. 

Hester and R.M. Harrison (Eds.). Air Pollution and Health, Issues in Environmental 
Science & Technology (pp. 75–99). Cambridge: Royal Society of Chemistry 

 
Littlewood, A.B. (2013). Gas Chromatography: Principles, Techniques, and Applications. 

Elsevier. https://doi.org/10.1016/C2013-0-11096-3 
 
Liu, D., Lin, T., Syed, J.H. Cheng, Z., Xu, Y., Li, K., Zhang, G., Li, J. (2017). Concentration, 

Source Identification, and Exposure Risk Assessment of PM2.5-Bound Parent PAHs and 
Nitro-PAHs in Atmosphere from Typical Chinese Cities. Scientific Reports, 7(1), 10398. 
doi:10.1038/s41598-017-10623-4 

 
Liu, X., Zhai, Y., Zhu, Y., Liu, Y., Chen, H., Li, P., Peng, C., Xu, B., Li, C., Zeng, G. (2015). 

Mass concentration and health risk assessment of heavy metals in size-segregated 
airborne particulate matter in Changsha. Science of The Total Environment, 517, 215–
221. https://doi.org/10.1016/j.scitotenv.2015.02.066 

 
Liu, X., Zhang, X., Wang, T., Jin, B., Wu, L., Lara, R. (2024). PM10-bound trace elements in 

pan-European urban atmosphere. Environmental Research, 260, 119630. 
https://doi.org/10.1016/j.envres.2024.119630 

 
Lu, W., Yang, L., Chen, J., Wang, X., Li, H., Zhu, Y., Wen, L., Xu, C., Zhang, J., Zhu, T., 

Wang, W. (2016). Identification of concentrations and sources of PM2.5-bound PAHs in 



 211 

 

North China during haze episodes in 2013. Air Quality, Atmosphere & Health, 9(7), 823–
833. https://doi.org/10.1007/s11869-015-0386-8 

 
Logar M. (2023, August 18). Izpusti delcev v zrak. Okoljski kazalci. 

https://kazalci.arso.gov.si/sl/content/izpusti-delcev-v-zrak-8?tid=2  
 
Ma, L., Li, B., Liu, Y., Sun, X., Fu, D., Sun, S., Thapa, S., Geng, J., Qi, H., Zhang, A., Tian, 

C. (2020). Characterization, sources and risk assessment of PM2.5-bound polycyclic 
aromatic hydrocarbons (PAHs) and nitrated PAHs (NPAHs) in Harbin, a cold city in 
Northern China. Journal of Cleaner Production, 264, 121673. 
https://doi.org/10.1016/j.jclepro.2020.121673 

 
Ma, Y., Cheng, Y., Qiu, X., Lin, Y., Cao, J., Hu, D. (2016). A quantitative assessment of 

source contributions to fine particulate matter (PM2.5)-bound polycyclic aromatic 
hydrocarbons (PAHs) and their nitrated and hydroxylated derivatives in Hong Kong. 
Environmental Pollution, 219, 742–749. https://doi.org/10.1016/j.envpol.2016.07.034 

 
MacNee, W., and Donaldson, K. (2003). Mechanism of lung injury caused by PM10 and 

ultrafine particles with special reference to COPD. European Respiratory Journal, 
21(40), 47–51. https://doi.org/10.1183/09031936.03.00403203 

 
Malandrino, M., Casazza, M., Abollino, O., Minero, C., Maurino, V. (2016). Size resolved 

metal distribution in the PM matter of the city of Turin (Italy). Chemosphere, 147, 477–
489. https://doi.org/10.1016/j.chemosphere.2015.12.089 

 
Malings, C., Knowland, K.E., Pavlovic, N., Coughlin, J.G., King, D., Keller, C., Cohn, S., 

Martin, R.V. (2024). Air Quality Estimation and Forecasting via Data Fusion With 
Uncertainty Quantification: Theoretical Framework and Preliminary Results. Journal of 
Geophysical Research: Machine Learning and Computation, 1(4), e2024JH000183. 
https://doi.org/10.1029/2024JH000183 

 
Malings, C., Tanzer, R., Hauryliuk, A., Saha, P.K., Robinson, A.L., Presto, A.A., 

Subramanian, R. (2020). Fine particle mass monitoring with low-cost sensors: Corrections 
and long-term performance evaluation. Aerosol Science and Technology, 54(2), 160–174. 
https://doi.org/10.1080/02786826.2019.1623863 

 
Manoli, E., Kouras, A., Karagkiozidou, O., Argyropoulos, G., Voutsa, D., Samara, C. (2016). 

Polycyclic aromatic hydrocarbons (PAHs) at traffic and urban background sites of 
northern Greece: Source apportionment of ambient PAH levels and PAH-induced lung 
cancer risk. Environmental Science and Pollution Research, 23(4), 3556–3568. 
https://doi.org/10.1007/s11356-015-5573-5 

 
Marina Montes, C., Abás, E., Buil García, J., Anzano, J. (2023). From multi to single-particle 

analysis: A seasonal spectroscopic study of airborne particulate matter in Zaragoza, 
Spain. Talanta, 259, 124550. https://doi.org/10.1016/j.talanta.2023.124550 

 
Marrero, J., Rebagliati, R., Gomez, D., Smichowski, P. (2005). A study of uniformity of 

elements deposition on glass fiber filters after collection of airborne particulate matter 
(PM-10), using a high-volume sampler. Talanta, 68(2), 442–447. 
https://doi.org/10.1016/j.talanta.2005.09.005 

 



212 References 

Mazziotti Tagliani, S., Carnevale, M., Armiento, G., Montereali, M.R., Nardi, E., Inglessis, M., 
Sacco, F., Palleschi, S., Rossi, B., Silvestroni, L., Gianfagna, A. (2017). Content, mineral 
allocation and leaching behavior of heavy metals in urban PM2.5. Atmospheric 
Environment, 153, 47–60. https://doi.org/10.1016/j.atmosenv.2017.01.009 

 
Mbengue, S., Alleman, L.Y., Flament, P. (2014). Size-distributed metallic elements in 

submicronic and ultrafine atmospheric particles from urban and industrial areas in 
northern France. Atmospheric Research, 135–136, 35–47. 
https://doi.org/10.1016/j.atmosres.2013.08.010 

 
McDow, S.R., and Huntzicker, J.J. (1990). Vapor Adsorption Artifact in the Sampling of 

Organic Aerosol: Face Velocity Effects. Atmospheric Environment. Part A. General 
Topics, 24(10), 2563−2571. https://doi.org/10.1016/0960-1686(90)90134-9 

 
McNair, H.M., Miller, J.M., Snow, N.H. (2019). Basic Gas Chromatography. John Wiley & 

Sons. 10.1002/9781119450795 
 
Megido, L., Negral, L., Castrillón, L., Marañón, E., Fernández-Nava, Y., Suárez-Peña, B. 

(2016). Traffic tracers in a suburban location in northern Spain: Relationship between 
carbonaceous fraction and metals. Environmental Science and Pollution Research, 23(9), 
8669–8678. https://doi.org/10.1007/s11356-015-5955-8 

 
Meyer, M.B., Lijek, J., Ono, D.M. (1992). Continuous PM10 Measurements in a Woodsmoke 

Environment. In J.C. Chow and D.M. Ono (Eds.) Transactions: PMHI Standards and 
Nontraditional Particulate Source Controls (pp. 24–38). Pittsburgh: AWMA 

 
Mikuška, P., Křůmal, K., Večeřa, Z. (2015). Characterization of organic compounds in the 

PM2.5 aerosols in winter in an industrial urban area. Atmospheric Environment, 105, 97–
108. https://doi.org/10.1016/j.atmosenv.2015.01.028 

 
Milačič, R., Leskovšek, H., Dolinšek, F., Hrček, D. (1995). A complex study of air pollution 

with cadmium, lead, polycyclic aromatic hydrocarbons, sulfur dioxide, and black smoke 
in the Zasavje industrialized urban region in Slovenia, Analytica Chimica Acta, 85, 
131−148 

 
Morawska, L., Ristovski, Z., Jayaratne, E.R., Keogh, D.U., Ling, X. (2008). Ambient nano and 

ultrafine particles from motor vehicle emissions: Characteristics, ambient processing and 
implications on human exposure. Atmospheric Environment, 42(35), 8113–8138. 
https://doi.org/10.1016/j.atmosenv.2008.07.050 

 
Morawska, L., Thai, P., Liu, X., Asumadu Sakyi, A., Ayoko, G., Bartonova, A., Bedini, A., 

Chai, F., Christensen, B., Dunbabin, M., Gao, J., Hagler, G., Jayaratne, R., Kumar, P., 
Lau, A., Louie, P., Mazaheri, M., Ning, Z., Motta, N., … Williams, R. (2018). 
Applications of low-cost sensing technologies for air quality monitoring and exposure 
assessment: How far have they gone? Environment International, 116, 286–299. 
https://doi.org/10.1016/j.envint.2018.04.018 

 
Mosley, S. (2014). Environmental History of Air Pollution and Protection. In M. Agnoletti and 

S. Neri Serneri (Eds.), The Basic Environmental History (1st ed., pp. 143–169). 
Switzerland: Springer International Publishing. https://doi.org/10.1007/978-3-319-09180-
8_5 



 213 

 

 
Nadali, A., Leili, M., Bahrami, A., Karami, M., Afkhami, A. (2021). Phase distribution and 

risk assessment of PAHs in ambient air of Hamadan, Iran. Ecotoxicology and 
Environmental Safety, 209, 111807. https://doi.org/10.1016/j.ecoenv.2020.111807 

 
Nelms, S.M. (2005). ICP Mass Spectrometry Handbook. Oxford, UK: Blackwell Publishing Ltd 
 
Negral, L., Suárez Peña, B., Zapico, E., Fernández Nava, Y., Megido, L., Moreno, J., Marañón, 

E, Castrillón, L. (2020). Anthropogenic and meteorological influences on PM10 
metal/semi-metal concentrations: implications for human health. Chemosphere. 243, 
125347. https://doi.org/10.1016/j.chemosphere.2019.125347 

 
Okano, Y. (2018). Scanning Electron Microscopy. In The Surface Science Society of Japan 

(Ed.), Compendium of Surface and Interface Analysis (pp. 563–569). Springer. 
https://doi.org/10.1007/978-981-10-6156-1_91 

 
Ono Ogasawara, M., Smith, T.J. (2004). Diesel exhaust particles in the work environment and 

their analysis. Ind. Health, 42, 389–99. https://doi.org/10.2486/indhealth.42.389 
 
OriginLab Corporation. (2021). Origin [Computer software] 
 
Orosa, J.A. (2011). Indoor and Outdoor Air Pollution. IntechOpen 
 
Oroumiyeh, F., Jerrett, M., Del Rosario, I., Lipsitt, J., Liu, J., Paulson, S.E., Ritz, B., 

Schauer, J.J., Shafer, M.M., Shen, J., Weichenthal, S., Banerjee, S., Zhu, Y. (2022). 
Elemental composition of fine and coarse particles across the greater Los Angeles area: 
Spatial variation and contributing sources. Environmental Pollution, 292, 118356. 
https://doi.org/10.1016/j.envpol.2021.118356 

 
Padoan, E., Malandrino, M., Giacomino, A., Grosa, M.M., Lollobrigida, F., Martini, S., 

Abollino, O. (2016). Spatial distribution and potential sources of trace elements in PM10 
monitored in urban and rural sites of Piedmont Region. Chemosphere, 145, 495–507. 
https://doi.org/10.1016/j.chemosphere.2015.11.094 

 
Pandey, S.K., Kim, K.H., Brown, R.J.C. (2011). A review of techniques for the determination 

of polycyclic aromatic hydrocarbons in air. TrAC Trends in Analytical Chemistry, 
30(11), 1716–1739. https://doi.org/10.1016/j.trac.2011.06.017 

 
Pant, P., and Harrison, R.M. (2013). Estimation of the contribution of road traffic emissions to 

particulate matter concentrations from field measurements: A review. Atmospheric 
Environment, 77, 78–97. https://doi.org/10.1016/j.atmosenv.2013.04.028 

 
Parvizimehr, A., Baghani, A.N., Hoseini, M., Sorooshian, A., Cuevas-Robles, A., Fararouei, M., 

Dehghani, M., Delikhoon, M., Barkhordari, A., Shahsavani, S., Badeenezhad, A. (2020). 
On the nature of heavy metals in PM10 for an urban desert city in the Middle East: 
Shiraz, Iran. Microchemical Journal, 154, 104596. 
https://doi.org/10.1016/j.microc.2020.104596 

 
Pascal, M., Corso, M., Chanel, O., Declercq, C., Badaloni, C., Cesaroni, G., Henschel, S., 

Meister, K., Haluza, D., Martin-Olmedo, P., Medina, S. (2013). Assessing the public 
health impacts of urban air pollution in 25 European cities: Results of the Aphekom 



214 References 

project. Science of The Total Environment, 449, 390–400. 
https://doi.org/10.1016/j.scitotenv.2013.01.077 

 
Patashnick, H., and Rupprecht, E.G. (1991). Continuous PM10 Measurements Using the 

Tapered Element Oscillating Microbalance. Journal of the Air & Waste Management 
Association, 41, 1079–1083. https://www.osti.gov/biblio/5067192 

 
Patil, M., Jadhav, A.S., Singh, S.K., Ingle, S. (2024). Urban ambient PM10 analysis: 

Characterization, sources, health risk and sustainable solutions. Journal of Environmental 
Chemistry and Ecotoxicology, 6, 192–205. https://doi.org/10.1016/j.enceco.2024.05.008 

 
Pénard-Morand, C., and Annesi-Maesano, I. (2004). Air pollution: From sources of emissions 

to health effects. Breathe, 1(2), 108–119. https://doi.org/10.1183/18106838.0102.108 
 
Perez, L., Tobías, A., Querol, X., Pey, J., Alastuey, A., Díaz, J., Sunyer, J. (2012). Saharan 

dust, particulate matter and cause-specific mortality: A case-crossover study in Barcelona 
(Spain). Environment International, 48, 150–155. 
https://doi.org/10.1016/j.envint.2012.07.001 

 
Phalen, R.F., and Phalen, R.N. (2013). Introduction to Air Pollution Science: A Public Health 

Perspective. Jones & Bartlett Publishers 
 
Pindado, O., Pérez, R.M., García, S., Sánchez, M., Galán, P., Fernández, M. (2009). 

Characterization and Sources Assignation of PM2.5 Organic Aerosol in a Rural Area of 
Spain. Atmospheric Environment, 43(17), 2796–2803. doi:10.1016/j.atmosenv.2009.02.046 

 
Pio, C., Mirante, F., Oliveira, C., Matos, M., Caseiro, A., Oliveira, C., Querol, X., Alves, C., 

Martins, N., Cerqueira, M., Camões, F., Silva, H., Plana, F. (2013). Size-segregated 
chemical composition of aerosol emissions in an urban road tunnel in Portugal. 
Atmospheric Environment, 71, 15–25. https://doi.org/10.1016/j.atmosenv.2013.01.037 

 
Potter, N.A., Meltzer, G.Y., Avenbuan, O.N., Raja, A., Zelikoff, J.T. (2021). Particulate 

Matter and Associated Metals: A Link with Neurotoxicity and Mental Health. 
Atmosphere, 12(4). https://doi.org/10.3390/atmos12040425 

 
Prati, P., Zucchiatti, A., Lucarelli, F., Mandò, P.A. (2000). Source apportionment near a steel 

plant in Genoa (Italy) by continuous aerosol sampling and PIXE analysis. Atmospheric 
Environment, 34(19), 3149–3157. https://doi.org/10.1016/S1352-2310(99)00421-5 

 
Qin, Y., Chan, C.K., Chan, L.Y. (1997). Characteristics of chemical compositions of 

atmospheric aerosols in Hong Kong: Spatial and seasonal distributions. Science of The 
Total Environment, 206(1), 25–37. https://doi.org/10.1016/S0048-9697(97)00214-3 

 
Raaschou-Nielsen, O., Andersen, Z.J., Beelen, R., Samoli, E., Stafoggia, M., Weinmayr, G., 

Hoffmann, B., Fischer, P., Nieuwenhuijsen, M.J., Brunekreef, B., Xun, W.W., 
Katsouyanni, K., Dimakopoulou, K., Sommar, J., Forsberg, B., Modig, L., Oudin, A., 
Oftedal, B., Schwarze, P.E., … Hoek, G. (2013). Air pollution and lung cancer incidence 
in 17 European cohorts: Prospective analyses from the European Study of Cohorts for 
Air Pollution Effects (ESCAPE). The Lancet. Oncology, 14(9), 813–822. 
https://doi.org/10.1016/S1470-2045(13)70279-1 



 215 

 

 
Rai, A.C., Kumar, P., Pilla, F., Skouloudis, A.N., Di Sabatino, S., Ratti, C., Yasar, A., 

Rickerby, D. (2017). End-user perspective of low-cost sensors for outdoor air pollution 
monitoring. The Science of the Total Environment, 607–608, 691–705. 
https://doi.org/10.1016/j.scitotenv.2017.06.266 

 
Ravindra, K., Sokhi, R., Van Grieken, R. (2008). Atmospheric polycyclic aromatic 

hydrocarbons: Source attribution, emission factors and regulation. Atmospheric 
Environment, 42(13), 2895–2921. https://doi.org/10.1016/j.atmosenv.2007.12.010 

 
Regulation on national upper limits of ambient air pollutant emissions (Uredba o nacionalnih 

zgornjih mejah emisij onesnaževal zunanjega zraka). (2018). Official Gazette of the 
Republic of Slovenia no. 48/18, 44/22 − ZVO-2, 95/24. 
https://pisrs.si/pregledPredpisa?id=URED7668 

 
Ren, Y., Luo, Q., Zhuo, S., Hu, Y., Shen, G., Cheng, H., Tao, S. (2021). Bioaccessibility and 

public health risk of heavy Metal(loid)s in the airborne particulate matter of four cities in 
northern China. Chemosphere, 277, 130312. 
https://doi.org/10.1016/j.chemosphere.2021.130312 

 
Rogula-Kozłowska, W., Klejnowski, K., Rogula-Kopiec, P., Ośródka, L., Krajny, E., Błaszczak, 

B., Mathews, B. (2014). Spatial and seasonal variability of the mass concentration and 
chemical composition of PM2.5 in Poland. Air Quality, Atmosphere & Health, 7(1), 41–
58. https://doi.org/10.1007/s11869-013-0222-y 

 
Romano, S. (2023). Bioaerosols: Composition, Meteorological Impact, and Transport. 

Atmosphere, 14(3), 590. https://doi.org/10.3390/atmos14030590 
 
Rouessac, F., and Rouessac, A. (2013). Chemical Analysis: Modern Instrumentation Methods 

and Techniques. John Wiley & Sons 
 
Roy, R., Jan, R., Gunjal, G., Bhor, R., Pai, K., Satsangi, P.G. (2019). Particulate matter 

bound polycyclic aromatic hydrocarbons: Toxicity and health risk assessment of exposed 
inhabitants. Atmospheric Environment, 210, 47–57. 
https://doi.org/10.1016/j.atmosenv.2019.04.034 

 
Russell, A.G., and Brunekreef, B. (2009). A Focus on Particulate Matter and Health. 

Environmental Science & Technology, 43(13), 4620–4625. 
https://doi.org/10.1021/es9005459 

 
Sah, D., Verma, P.K., Kandikonda, M.K., Lakhani, A. (2019). Pollution characteristics, human 

health risk through multiple exposure pathways, and source apportionment of heavy 
metals in PM10 at Indo-Gangetic site. Urban Climate, 27, 149–162. 
https://doi.org/10.1016/j.uclim.2018.11.010 

 
Salcedo, D., Bernal, J.P., Pérez Arvizu, O., Lounejeva, E. (2014). Assessment of sample 

preparation methods for the analysis of trace elements in airborne particulate matter. 
Journal of Analytical Atomic Spectrometry, 29(4), 753–761. 
https://doi.org/10.1039/C3JA50375E 

 



216 References 

Samad, A., and Vogt, U. (2020). Investigation of urban air quality by performing mobile 
measurements using a bicycle (MOBAIR). Urban Climate, 33, 100650. 
https://doi.org/10.1016/j.uclim.2020.100650 

 
Samek, L., Stegowski, Z., Styszko, K., Furman, L., Fiedor, J. (2018). Seasonal contribution of 

assessed sources to submicron and fine particulate matter in a Central European urban 
area. Environmental Pollution, 241, 406–411. 
https://doi.org/10.1016/j.envpol.2018.05.082 

 
Samoli, E., Peng, R., Ramsay, T., Pipikou, M., Touloumi, G., Dominici, F., Burnett, R., 

Cohen, A., Krewski, D., Samet, J., Katsouyanni, K. (2008). Acute effects of ambient 
particulate matter on mortality in Europe and North America: Results from the 
APHENA study. Environmental Health Perspectives, 116(11), 1480–1486. 
https://doi.org/10.1289/ehp.11345 

 
Sánchez-Piñero, J., Moreda-Piñeiro, J., Concha-Graña, E., Fernández-Amado, M., Muniategui-

Lorenzo, S., López-Mahía, P. (2021). Inhalation bioaccessibility estimation of polycyclic 
aromatic hydrocarbons from atmospheric particulate matter (PM10): Influence of PM10 
composition and health risk assessment. Chemosphere, 263, 127847. 
https://doi.org/10.1016/j.chemosphere.2020.127847 

 
Sanderson, P., Delgado-Saborit, J.M., Harrison, R.M. (2014). A review of chemical and 

physical characterisation of atmospheric metallic nanoparticles. Atmospheric 
Environment, 94, 353–365. https://doi.org/10.1016/j.atmosenv.2014.05.023 

 
Sannoh, F., Fatmi, Z., Carpenter, D.O., Santoso, M., Siddique, A., Khan, K. (2024). Air 

pollution we breathe: Assessing the air quality and human health impact in a megacity of 
Southeast Asia. Science of the Total Environment, 942, 173403. 
10.1016/j.scitotenv.2024.173403 

 
Saraga, D., Maggos, T., Degrendele, C., Klánová, J., Horvat, M., Kocman, D., Kanduč, T., 

Garcia Dos Santos, S., Franco, R., Gómez, P.M., Manousakas, M., Bairachtari, K., 
Eleftheriadis, K., Kermenidou, M., Karakitsios, S., Gotti, A., Sarigiannis, D. (2021). 
Multi-city comparative PM2.5 source apportionment for fifteen sites in Europe: The 
ICARUS project. Science of The Total Environment, 751, 141855. 
https://doi.org/10.1016/j.scitotenv.2020.141855 

 
Sarkar, S.L., Aimin, X., Jana, D. (2001). Scanning Electron Microscopy, X-Ray Microanalysis 

of Concretes. In V.S. Ramachandran, J.J. Beaudoin (Eds.). Handbook of Analytical 
Techniques in Concrete Science and Technology (pp. 231–274). William Andrew 
Publishing. https://doi.org/10.1016/B978-081551437-4.50010-2 

 
Sarti, E., Pasti, L., Rossi, M., Ascanelli, M., Pagnoni, A., Trombini, M, Remelli, M. (2015). 

The composition of PM1 and PM2.5 samples, metals and their water soluble fractions in 
the Bologna area (Italy). Atmospheric Pollution Research, 6(4), 708–18. 
https://doi.org/10.5094/APR.2015.079 

 
Schauer, C., Niessner, R., Pöschl, U. (2003). Polycyclic aromatic hydrocarbons in urban air 

particulate matter: Decadal and seasonal trends, chemical degradation, and sampling 
artifacts. Environment Science Technology, 37, 2861–8. 
https://doi.org/10.1021/es034059s 



 217 

 

 
Schorran, D.E., Fought, C., Miller, D.F., Coulombe, W.C., Keislar, R.E., Benner, R., Stedman, 

D. (1994). Semicontinuous Method for Monitoring SO2 at Low Parts-per-Trillion 
Concentrations. Environmental Science & Technology, 28(7), 1307–1311 

 
Scrivener, K., Snellings, R., Lothenbach, B. (2018). A Practical Guide to Microstructural 

Analysis of Cementitious Materials. Boca Raton: CRC Press. 
https://doi.org/10.1201/b19074 

 
Shen, R., Wang, Y., Gao, W., Cong, X., Cheng, L., Li, X. (2019). Size-segregated particulate 

matter bound polycyclic aromatic hydrocarbons (PAHs) over China: Size distribution, 
characteristics and health risk assessment. The Science of the Total Environment, 685, 
116–123. https://doi.org/10.1016/j.scitotenv.2019.05.436 

 
Shetaya, W.H., El-Mekawy, A., Hassan, S.K. (2024). Tempo-Spatial Variability and Health 

Risks of PM2.5 and Associated Metal(loid)s in Greater Cairo, Egypt. Expo Health, 16(4), 
973−988. 10.1007/s12403-023-00603-7 

 
Shi, G.L., Zhou, X.Y., Jiang, S.Y., Tian, Y.Z., Liu, G.R., Feng, Y.C., Chen, G., Liang, Y.K.X. 

(2015). Further insights into the composition, source, and toxicity of PAHs in size-
resolved particulate matter in a megacity in China. Environmental Toxicology and 
Chemistry, 34(3), 480–487. https://doi.org/10.1002/etc.2809 

 
Sicard, P., Agathokleous, E., Anenberg, S.C., De Marco, A., Paoletti, E., Calatayud, V. (2023). 

Trends in urban air pollution over the last two decades: A global perspective. Science of 
The Total Environment, 858, 160064. https://doi.org/10.1016/j.scitotenv.2022.160064 

 
Singh, B.P., Kumar, K., Jain, V.K. (2021). Distribution of ring PAHs in particulate/gaseous 

phase in the urban city of Delhi, India: Seasonal variation and cancer risk assessment. 
Urban Climate, 40, 101010. https://doi.org/10.1016/j.uclim.2021.101010 

 
Slovenian Environment Agency (ARSO). (2021). Air Quality in Slovenia in 2021. Ministry of 

the Environment, Climate and Energy. https://www.arso.gov.si/zrak/kakovost 
zraka/poročila in publikacije/Letno_porocilo_2021_Final.pdf 

 
Slovenian Environment Agency (ARSO). (2023). Kakovost zraka v Sloveniji v letu 2023. 

Ministry of the Environment, Climate and Energy. https://www.gov.si/novice/2024-11-
27-kakovost-zraka-v-sloveniji-v-letu-2023/  

 
Slovenian Institute for Standardization. (2008). Air quality - Standard method for the 

measurement of the concentration of benzo[a]pyrene in ambient air (SIST EN 
15549:2008) 

 
Slovenian Institute for Standardization. (2009). Characterization of waste - Determination of 

polycyclic aromatic hydrocarbons (PAH) in waste using gas chromatography mass 
spectrometry (GC/MS) (SIST EN 15527:2009) 

 
Slovenian Institute for Standardization. (2019). Soil quality - Determination of polycyclic 

aromatic hydrocarbons (PAH) - Gas chromatographic method with mass spectrometric 
detection (GC-MS) (SIST ISO 18287:2019) 



218 References 

 
Soleimani, M., Amini, N., Sadeghian, B., Wang, D., Fang, L. (2018). Heavy metals and their 

source identification in particulate matter (PM2.5) in Isfahan City, Iran. Journal of 
Environmental Sciences, 72, 166–175. https://doi.org/10.1016/j.jes.2018.01.002 

 
Song, H., Zhang, Y., Luo, M., Gu, J., Wu, M., Xu,D., Xu, G., Ma, L. (2019). Seasonal 

Variation, Sources and Health Risk Assessment of Polycyclic Aromatic Hydrocarbons in 
Different Particle Fractions of PM2.5 in Beijing, China. Atmospheric Pollution Research, 
10(1), 105–14. doi:10.1016/j.apr.2018.06.012 

 
Statistical Office of the Republic of Slovenia (SURS). (2024, August 15). Prebivalstvo 

https://www.stat.si/StatWeb/Field/Index/17 
 
Suwa, T., Hogg, J.C., Quinlan, K.B., Ohgami, A., Vincent, R., van Eeden, S.F. (2002). 

Particulate air pollution induces progression of atherosclerosis. Journal of the American 
College of Cardiology, 39(6), 935–942. https://doi.org/10.1016/s0735-1097(02)01715-1 

 
Szabó, J., Nagy, A., Erdős, J. (2015). Ambient concentrations of PM10, PM10-bound 

polycyclic aromatic hydrocarbons and heavy metals in an urban site of Győr, Hungary. 
Air Quality, Atmosphere & Health, 8. https://doi.org/10.1007/s11869-015-0318-7 

 
Talbi, A., Kerchich, Y., Kerbachi, R., Boughedaoui, M. (2018). Assessment of annual air 

pollution levels with PM1, PM2.5, PM10 and associated heavy metals in Algiers, Algeria. 
Environmental Pollution, 232, 252–263. https://doi.org/10.1016/j.envpol.2017.09.041 

 
Tan, J., Guo, S., Ma, Y., Duan, J., Cheng, Y., He, K., Yang, F. (2011). Characteristics of 

particulate PAHs during a typical haze episode in Guangzhou, China. Atmospheric 
Research, 102(1–2), 91–98. https://doi.org/10.1016/j.atmosres.2011.06.012 

 
Tan, J., Zhang, L., Zhou, X., Duan, J., Li, Y., Hu, J., He, K. (2017). Chemical characteristics 

and source apportionment of PM2.5 in Lanzhou, China. Science of The Total 
Environment, 601–602, 1743–1752. https://doi.org/10.1016/j.scitotenv.2017.06.050 

 
Teffahi, A., Kerchich, Y., Moussaoui, Y., Romagnoli, P., Balducci, C., Malherbe, C., Kerbachi, 

R., Eppe, G., Cecinato, A. (2021). Exposure levels and health risk of PAHs associated 
with fine and ultrafine aerosols in an urban site in northern Algeria. Air Quality, 
Atmosphere and Health, 14(9), 1375−1391. 10.1007/s11869-021-01028-4 

 
Terzič, M. (2020). Avtomobili v EU. https://www.dnevnik.si/nedeljski/prosti-cas/svet-

vozil/avtomobili-v-eu-2224578/ 
 
The Organisation for Economic Cooperation and Development (OECD). (2015). Air Pollution 

and Urban Structure Linkages: Evidence from European Cities. OECD Publishing. 
https://doi.org/10.1787/5jrp6w9xlbq6-en 

 
The Organisation for Economic Cooperation and Development (OECD). (2016). The Economic 

Consequences of Outdoor Air Pollution. OECD Publishing. 
http://dx.doi.org/10.1787/9789264257474-en 

 



 219 

 

Thomas, R. (2008). Practical Guide to ICP-MS: A Tutorial for Beginner. CRC Press. 
https://doi.org/10.1201/9781420067873 

 
Thorpe, A., and Harrison, R.M. (2008). Sources and properties of non-exhaust particulate 

matter from road traffic: A review. Science of The Total Environment, 400(1), 270–282. 
https://doi.org/10.1016/j.scitotenv.2008.06.007 

 
TIBCO Software Inc. (2017). Statistica [Data analysis software system], version 13. 

http://statistica.io  
 
Tian, Y., Jia, B., Zhao, P., Song, D., Huang, F., Feng, Y. (2022). Size distribution, 

meteorological influence and uncertainty for source-specific risks: PM2.5 and PM10-
bound PAHs and heavy metals in a Chinese megacity during 2011–2021. Environmental 
Pollution, 312, 120004. https://doi.org/10.1016/j.envpol.2022.120004 

 
Ting, Y.C., Zou, Y.X., Pan, S.Y., Ko, Y.R., Ciou, Z.J., Huang, C.H. (2024). Sources-attributed 

contributions to health risks associated with PM2.5-bound polycyclic aromatic 
hydrocarbons during the warm and cold seasons in an urban area of Eastern Asia. 
Science of the Total Environment, 922, 171325. 
https://doi.org/10.1016/j.scitotenv.2024.171325 

 
Tolis, E.I., Saraga, D.E., Lytra, M.K., Papathanasiou, A.Ch., Bougaidis, P.N., Prekas-

Patronakis, O.E., Ioannidis, I.I., Bartzis, J.G. (2015). Concentration and chemical 
composition of PM2.5 for a one-year period at Thessaloniki, Greece: A comparison 
between city and port area. Atmospheric Environment, 113, 197–207. 
https://doi.org/10.1016/j.atmosenv.2015.05.014 

 
Tsiodra, I., Grivas, G., Bougiatioti, A., Tavernaraki, K., Parinos, C., Paraskevopoulou, D. 

(2024). Source apportionment of particle-bound polycyclic aromatic hydrocarbons 
(PAHs), oxygenated PAHs (OPAHs), and their associated long-term health risks in a 
major European city. Science of the Total Environment, 951, 175416. 
https://doi.org/10.1016/j.scitotenv.2024.175416 

 
Turpin, B.J., and Huntzicker, J.J. (1991). Secondary Formation of Organic Aerosol in the Los 

Angeles Basin: A Descriptive Analysis of Organic and Elemental Carbon Concentrations. 
Atmospheric Environment. Part A. General Topics, 25(2), 207-215. 
https://doi.org/10.1016/0960-1686(91)90291-E 

 
United Nations (UN). (2024, June 17). The 17 goals for sustainable development. 

https://sdgs.un.org/goals 
 
United States Environmental Protection Agency (US EPA). (1997). Exposure factors 

handbook. https://cfpub.epa.gov/ncea/risk/recordisplay.cfm?deid=12464 
 

United States Environmental Protection Agency (US EPA). (2009). Risk assessment guidance 
for superfund volume I: human health evaluation manual (Part F, Supplemental guidance 
for inhalation risk assessment). Office of Superfund Remediation and Technology 
Innovation 

 
United States Environmental Protection Agency (US EPA). (2011). Exposure factors 

handbook. https://www.epa.gov/expobox/exposure-factors-handbook-2011-edition 



220 References 

 
United States Environmental Protection Agency (US EPA). (2016). Particulate Matter (PM) 

Basics. https://www.epa.gov/pm-pollution/particulate-matter-pm-basics 
 
United States Environmental Protection Agency (US EPA). (2017). Polycyclic Aromatic 

Hydrocarbons (PAHs)—Integrated Risk Information System (IRIS). 
https://www.epa.gov/iris 

 
United States Environmental Protection Agency (US EPA). (2019). Integrated Science 

Assessment (ISA) for Particulate Matter. 
https://cfpub.epa.gov/ncea/isa/recordisplay.cfm?deid=347534 

 
United States Environmental Protection Agency (US EPA). (2024). Regional screening level 

(RSL) resident ambient air table as of November 2024. 
https://www.epa.gov/risk/regional-screening-levels-rsls-generic-tables 

 
Usman, F., Zeb, B., Alam, K., Huang, Z., Shah, A., Ahmad, I., Ullah, S. (2022) In-Depth 

Analysis of Physicochemical Properties of Particulate Matter (PM10, PM2.5 and PM1) 
and Its Characterization through FTIR, XRD and SEM–EDX Techniques in the 
Foothills of the Hindu Kush Region of Northern Pakistan. Atmosphere, 13(1), 124. 
https://doi.org/10.3390/atmos13010124 

 
Valavanidis, A., Fiotakis, K., Vlachogianni, T. (2008). Airborne Particulate Matter and 

Human Health: Toxicological Assessment and Importance of Size and Composition of 
Particles for Oxidative Damage and Carcinogenic Mechanisms. Journal of Environmental 
Science and Health, Part C, 26(4), 339–362. https://doi.org/10.1080/10590500802494538 

 
Vallero, D.A. (2008). Fundamentals of Air Pollution. Durham, North Carolina: Elsevier 
 
Viskup, R. (2020). Comparison of Different Techniques for Measurement of Soot and 

Particulate Matter Emissions from Diesel Engine. In R. Viskup (Ed.) Introduction to 
Diesel Emissions. DOI: 10.5772/intechopen.91186 

 
Vogt, M., Schneider, P., Castell, N., Hamer, P. (2021). Assessment of Low-Cost Particulate 

Matter Sensor Systems against Optical and Gravimetric Methods in a Field Co-Location 
in Norway. Atmosphere, 12(8). https://doi.org/10.3390/atmos12080961 

 
Wang, C., Meng, Z., Yao, P., Zhang, L., Wang, Z., Lv, Y., Tian, Y., Feng, Y. (2019). Sources-

specific carcinogenicity and mutagenicity of PM2.5-bound PAHs in Beijing, China: 
Variations of contributions under diverse anthropogenic activities. Ecotoxicology and 
Environmental Safety, 183, 109552. https://doi.org/10.1016/j.ecoenv.2019.109552 

 
Wang, J., Cao, J., Dong, Z., Guinot, B., Gao, M., Huang, R., Han, Y., Huang, Y., Ho, S.S.H., 

Shen, Z. (2017). Seasonal variation, spatial distribution and source apportionment for 
polycyclic aromatic hydrocarbons (PAHs) at nineteen communities in Xi’an, China: The 
effects of suburban scattered emissions in winter. Environmental Pollution, 231, 1330–
1343. https://doi.org/10.1016/j.envpol.2017.08.106 

 
Wang, J., Ho, S.S.H., Ma, S., Cao, J., Dai, W., Liu, S., Shen, Z., Huang, R., Wang, G., Han, 

Y. (2016). Characterization of PM2.5 in Guangzhou, China: Uses of organic markers for 



 221 

 

supporting source apportionment. Science of The Total Environment, 550, 961–971. 
https://doi.org/10.1016/j.scitotenv.2016.01.138 

 
Wang, L., Dong, S., Liu, M., Tao, W., Xiao, B., Zhang, S., Zhang, P., Li, X. (2019). Polycyclic 

aromatic hydrocarbons in atmospheric PM2.5 and PM10 in the semi-arid city of Xi’an, 
Northwest China: Seasonal variations, sources, health risks, and relationships with 
meteorological factors. Atmospheric Research, 229, 60–73. 
https://doi.org/10.1016/j.atmosres.2019.06.014 

 
Wang, Y., Xiong, L., Tang, M. (2017). Toxicity of inhaled particulate matter on the central 

nervous system: neuroinflammation, neuropsychological effects and neurodegenerative 
disease. Journal of Applied Toxicology, 37(6), 644−667. 10.1002/jat.3451  

 
Wang, Z., Zhang, L., Zhang, Y., Zhao, Z., Zhang, S. (2008). Morphology of single inhalable 

particle in the air polluted city of Shijiazhuang, China. Journal of Environmental 
Sciences, 20(4), 429–35. https://doi.org/10.1016/S1001-0742(08)62075-6  

 
Wedding, J.B., and Weigand, M.A. (1993). An Automatic Particle Sampler with Beta 

Gauging. Journal of the Air & Waste Management Association, 43, 475–479. 
https://doi.org/10.1080/1073161X.1993.10467146 

 
Wei, C., Han, Y., Bandowe, B.A.M., Cao, J., Huang, R.J., Ni, H., Tian, J., Wilcke, W. (2015). 

Occurrence, gas/particle partitioning and carcinogenic risk of polycyclic aromatic 
hydrocarbons and their oxygen and nitrogen containing derivatives in Xi’an, central 
China. Science of The Total Environment, 505, 814–822. 
https://doi.org/10.1016/j.scitotenv.2014.10.054 

 
Wei, Y., Han, I.K., Hu, M., Shao, M., Zhang, J., Tang, X. (2010). Personal exposure to 

particulate PAHs and anthraquinone and oxidative DNA damages in humans. 
Chemosphere, 81(10), 1280–1285. https://doi.org/10.1016/j.chemosphere.2010.08.055 

 
Wilson, J.G., Kingham, S., Pearce, J., Sturman, A.P. (2005). A review of intraurban variations 

in particulate air pollution: implications for epidemiological research. Atmospheric 
Environment, 39, 6444–62. https://doi.org/10.1016/j.atmosenv.2005.07.030 

 
Williams, R., Duvall, R., Kilaru, V., Hagler, G., Hassinger, L., Benedict, K., Rice, J., 

Kaufman, A., Judge, R., Pierce, G., Allen, G., Bergin, M., Cohen, R.C., Fransioli, P., 
Gerboles, M., Habre, R., Hannigan, M., Jack, D., Louie, P., … Ning, Z. (2019). 
Deliberating performance targets workshop: Potential paths for emerging PM2.5 and O3 
air sensor progress. Atmospheric Environment: X, 2, 100031. 
https://doi.org/10.1016/j.aeaoa.2019.100031 

 
Wise, S.A., and Watters, R.L. (2020). Standard reference material 1648A – urban particulate 

matter, Certificate Analysis, Gaithersburg 
 
World Health Organisation (WHO). (2010). Some Non-heterocyclic Polycyclic Aromatic 

Hydrocarbons and Some Related Exposures. International Agency for Research on 
Cancer. https://pubmed.ncbi.nlm.nih.gov/21141735/  

 
World Health Organisation (WHO). (2015). Outdoor Air Pollution IARC Monographs on the 

Evaluation of Carcinogenic Risks to Humans (volume 109). IARC Monographs. 



222 References 

https://publications.iarc.fr/Book-And-Report-Series/Iarc-Monographs-On-The-
Identification-Of-Carcinogenic-Hazards-To-Humans/Outdoor-Air-Pollution-2015 

 
World Health Organisation (WHO). (2010). Some non-heterocyclic polycyclic aromatic 

hydrocarbons and some related exposures (Vol. 92). International Agency for Research 
on Cancer 

 
World Health Organisation (WHO). (2025, June 23). Air pollution. 

https://www.who.int/health-topics/air-pollution 
 
Wu, Y., Zhang, N., Shi, Y., Chen, Z., Zhang, H., Yin, J., Zeng, T., Yuan, Z., Li, N., Ren, Y., 

Cai, L., Li, Y., Du, S. (2023). PAH Pollution in Particulate Matter and Risk in Chinese 
Cities. Exposure and health, 16, 401−415. 
https://link.springer.com/article/10.1007/s12403-023-00562-z 

 
Xie, X., Semanjski, I., Gautama, S., Tsiligianni, E., Deligiannis, N., Rajan, R.T., Pasveer, F., 

Philips, W. (2017). A Review of Urban Air Pollution Monitoring and Exposure 
Assessment Methods. ISPRS International Journal of Geo-Information, 6(12), 389. 
https://doi.org/10.3390/ijgi6120389 

 
Xing, W., Zhang, L., Yang, L., Zhou, Q., Zhang, X., Toriba, A., Hayakawa, K., Tang, N. 

(2020). Characteristics of PM2.5-Bound Polycyclic Aromatic Hydrocarbons and Nitro-
Polycyclic Aromatic Hydrocarbons at A Roadside Air Pollution Monitoring Station in 
Kanazawa, Japan. International Journal of Environmental Research and Public Health, 
17(3), 805. https://pmc.ncbi.nlm.nih.gov/articles/PMC7037384/ 

 
Xiong, Y., Zhou, J., Schauer, J.J., Yu, W., Hu, Y. (2017). Seasonal and spatial differences in 

source contributions to PM2.5 in Wuhan, China. Science of The Total Environment, 577, 
155–165. https://doi.org/10.1016/j.scitotenv.2016.10.150 

 
Xu, H., Ho, S.S.H., Gao, M., Cao, J., Guinot, B., Ho, K.F., Long, X., Wang, J., Shen, Z., Liu, 

S., Zheng, C., Zhang, Q. (2016). Microscale spatial distribution and health assessment of 
PM2.5-bound polycyclic aromatic hydrocarbons (PAHs) at nine communities in Xi’an, 
China. Environmental Pollution, 218, 1065–1073. 
https://doi.org/10.1016/j.envpol.2016.08.058 

 
Xue, H., Liu, G., Zhang, H., Hu, R., Wang, X. (2019). Similarities and differences in PM10 and 

PM2.5 concentrations, chemical compositions and sources in Hefei City, China. 
Chemosphere, 220, 760–765. https://doi.org/10.1016/j.chemosphere.2018.12.123 

 
Yang, L., Zhang, L., Chen, L., Han, C., Akutagawa, T., Endo, O., Yamauchi, M., Neroda, A., 

Toriba, A., Tang, N. (2021). Polycyclic aromatic hydrocarbons and nitro-polycyclic 
aromatic hydrocarbons in five East Asian cities: Seasonal characteristics, health risks, 
and yearly variations. Environmental Pollution, 287, 117360. 
https://doi.org/10.1016/j.envpol.2021.117360 

 
Yang, L., Zhang, X., Xing, W., Zhou, Q., Zhang, L., Wu, Q., Zhou, Z., Chen, R., Toriba, A., 

Hayakawa, K., Tang, N. (2021). Yearly variation in characteristics and health risk of 
polycyclic aromatic hydrocarbons and nitro-PAHs in urban shanghai from 2010–2018. 
Journal of Environmental Sciences, 99, 72–79. https://doi.org/10.1016/j.jes.2020.06.017 

 



 223 

 

Yao, S., Li, H., Pang, S., Zhu, B., Zhang, X., Fatikow, S. (2021). A Review of Computer 
Microvision-Based Precision Motion Measurement: Principles, Characteristics, and 
Applications. IEEE Transactions on Instrumentation and Measurement, 70, 1–28. 
https://doi.org/10.1109/TIM.2021.3065436 

 
Yu, Q., Ding, X., He, Q., Yang, W., Zhu, M., Li, S., Zhang, R., Shen, R., Zhang, Y., Bi, X., 

Wang, Y., Peng, P., Wang, X. (2020). Nationwide increase of polycyclic aromatic 
hydrocarbons in ultrafine particles during winter over China revealed by size-segregated 
measurements. Atmospheric Chemistry and Physics, 20(23), 14581–14595. 
https://doi.org/10.5194/acp-20-14581-2020 

 
Yunker, M.B., Macdonald, R.W., Vingarzan, R., Mitchell, R.H., Goyette, D., Sylvestre, S. 

(2002). PAHs in the Fraser River basin: a critical appraisal of PAH ratios as indicators of 
PAH source and composition. Organic Geochemistry, 33, 489–515. 
https://doi.org/10.1016/S0146-6380(02)00002-5 

 
Zeb, B., Alam, K., Sorooshian, A., Blaschke, T., Ahmad, I., Shahid, I. (2018). On the 

Morphology and Composition of Particulate Matter in an Urban Environment. Aerosol 
and Air Quality Research, 18(6), 1431–47. 10.4209/aaqr.2017.09.0340 

 
Zereini, F., Alsenz, H., Wiseman, C.L.S., Püttmann, W., Reimer, E., Schleyer, R., Bieber, E., 

Wallasch, M. (2022). Platinum group elements (Pt, Pd, Rh) in airborne particulate 
matter in rural vs. urban areas of Germany: Concentrations and spatial patterns of 
distribution. Science of The Total Environment, 416, 261−268. 
https://doi.org/10.1016/j.scitotenv.2011.11.070 

 
Zereini, F., Alt, F., Messerschmidt, J., von Bohlen, A., Liebl, K., Püttmann, W. (2004). 

Concentration and distribution of platinum group elements (Pt, Pd, Rh) in airborne 
particulate matter in Frankfurt am Main, Germany. Environmental Science & 
Technology, 38(6), 1686–92. DOI: 10.1021/es030127z 

 
Zhang, J., Su, Y., Chen, C., Guo, W., Tan, Q., Feng, M. (2024). Chemical composition, 

sources and formation mechanism of urban PM2.5 in Southwest China: a case study at 
the beginning of 2023. Atmospheric Chemistry and Physics, 24, 2803–20. 
https://doi.org/10.5194/acp-24-2803-2024 

 
Zhang, J., Yang, L., Mellouki, A., Chen, J., Chen, X., Gao, Y., Jiang, P., Li, Y., Yu, H., 

Wang, W. (2018). Diurnal concentrations, sources, and cancer risk assessments of PM2.5-
bound PAHs, NPAHs, and OPAHs in urban, marine and mountain environments. 
Chemosphere, 209, 147–155. https://doi.org/10.1016/j.chemosphere.2018.06.054 

 
Zhang, L., Wang, Y., Liu, Y., Li, Z., Li, X. (2019). Variation of platinum group elements 

(PGE) in airborne particulate matter (PM2.5) in the Beijing urban area, China: A case 
study of the 2014 APEC summit. Atmospheric Environment, 198, 70−76. 
https://doi.org/10.1016/j.atmosenv.2018.10.044 

 
Zhang, L., Xu, H., Fang, B., Wang, H., Yang, Z., Yang, W., Hao, Y., Wang, X., Wang, Q., 

Wang, M. (2020). Source Identification and Health Risk Assessment of Polycyclic 
Aromatic Hydrocarbon-Enriched PM2.5 in Tangshan, China. Environmental Toxicology 
and Chemistry, 39(2), 458–467. https://doi.org/10.1002/etc.4618 

 



224 References 

Zhang, N., Maung, M.W., Wang, S., Aruffo, E., Feng, J. (2024). Characterization and health 
risk assessment of PM2.5-bound polycyclic aromatic hydrocarbons in Yangon and 
Mandalay of Myanmar. Science of the Total Environment, 914, 170034. 
https://doi.org/10.1016/j.scitotenv.2024.170034 

 
Zimmerman, N. (2022). Tutorial: Guidelines for implementing low-cost sensor networks for 

aerosol monitoring. Journal of Aerosol Science, 159, 105872. 
https://doi.org/10.1016/j.jaerosci.2021.105872 

 
Zioła, N., and Słaby, K. (2020). The Content of Selected Heavy Metals and Polycyclic 

Aromatic Hydrocarbons (PAHs) in PM10 in Urban-Industrial Area. Sustainability, 
12(13). https://doi.org/10.3390/su12135284 

 
Zupančič, N. (2017). Influence of climate factors on soil heavy metal content in Slovenia. JSS, 

17, 1073–83. https://doi.org/10.1007/s11368-016-1614-z 
 



225 

Bibliography 

Publications Related to the Thesis 

Journal Articles 

Ilenič, A., Mauko Pranjić, A., Ščančar, J., Milačič Ščančar, R., Kumar, P. (2025). Can 
low-cost sensors (LCS) enhance air quality monitoring for personal pollution 
exposure assessment? Environmental Research Communication, 7(9), 095007. DOI 
10.1088/2515-7620/ae02ef 

 
Ilenič, A., Milačič Ščančar, R., Đurić, M., Mauko Pranjić, A., Ščančar, J. (2025). An 

innovative sampling device for size-fractionating airborne particulate matter for 
improved air pollution control of metal(oid)s and polycyclic aromatic hydrocarbons. 
Analytical Methods, 17, 7184-7199. DOI https://doi.org/10.1039/D5AY00858A 

 
Ilenič, A., Mauko Pranjić, A., Zupančič, N., Milačič, R., Ščančar, J. (2024). Fine 

particulate matter (PM2.5) exposure assessment among active daily commuters to 
induce behaviour change to reduce air pollution. Science of The Total 
Environment, 912, 169117. https://doi.org/10.1016/j.scitotenv.2023.169117 

 
Ilenič, A., Milačič Ščančar, R., Mauko Pranjić, A., Zupančič, N., Đurić, M., Ščančar, J. 

(submitted manuscript). Size-fractionated Airborne Particulate Matter-Bound 
Metal(oid)s and Polycyclic Aromatic Hydrocarbons in Urban Pedestrian and 
Cycling Microenvironments: Seasonal Trends, Source Apportionment and Health 
Risk Assessment 

 
Ilenič, A., Kumar, P., Milačič Ščančar, R., Đurić, M., Mauko Pranjić, A., Ščančar, J. 

(submitted manuscript). Advances in sampling and analytical approaches for the 
determination of metal(oid)s and polycyclic aromatic hydrocarbons bound to size-
fractionated airborne particulate matter: A review 

 

Published Scientific Conference Contribution 

Ilenič, A., Đurić, M., Milačič Ščančar, R., Mauko Pranjić, A., Ščančar, J. (2025, April 
27−May 2). Size-fractionation of airborne particulate matter: chemical properties, 
distribution and health risk assessment – a one year study in Slovenia, Central 
Europe. [Conference presentation]. EGU General Assembly 2025, Vienna, Austria & 
online. https://meetingorganizer.copernicus.org/EGU25/EGU25-6515.html 

 
Ilenič, A., Mauko Pranjić, A., Milačič Ščančar, R., Ščančar, J. (2023, May 31−June 2). 

Validating affordable bicycle-mounted sensors for behaviour change to reduce air 



226 Bibliography 

pollution. [Conference presentation]. 15th Jožef Stefan International Postgraduate 
School Students’ Conference, Kamnik, Slovenia. 
http://ipssc.mps.si/auxiliary_material/BoA%20IPSSC%202023.pdf 

 

Other Conference Contributions 

Ilenič, A., Mauko Pranjić, A., Milačič Ščančar, R., Ščančar, J. (2024, November 22). 
Izpostavljenost onesnaženemu zraku v prometu v Ljubljani. [Conference 
presentation]. 11. srečanje o kemijski varnosti: zdravstvena tveganja zaradi 
onesnaženja zraka in vode, ki jih povzročajo gospodarske javne službe in promet, 
Ljubljana, Slovenia 

 
Ilenič, A., Ščančar, J., Milačič Ščančar, R., Zupančič, N., Mauko Pranjić, A. (2023, 

September 3−8). Utilisation of portable, low-cost air quality sensors as a 
monitoring tool for assessing air pollution in urban environment. European Aerosol 
Conference, Málaga, Spain 

 
Ilenič, A. (2022, June 14−17). EIT Urban Mobility RIS Hub Slovenia – engaging cycling 

community in Slovenia. Velo-city 2022, Ljubljana, Slovenia 
 

Professional and Expert Papers 

Ilenič, A. (2024, May 23). Odkrivanje nevidnega – zmanjševanje onesnaženosti zraka v 
urbanih okoljih s pomočjo prebivalcev. Alternator: misliti znanost. 
https://www.alternator.science/sl/daljse/odkrivanje-nevidnega-zmanjsevanje-
onesnazenosti-zraka-v-urbanih-okoljih-s-pomocjo-prebivalcev/ 

 
Ilenič, A., Mauko Pranjić, A. (2023). Analiza meritev PM2,5: Kakšen zrak dihajo 

kolesarji v Mariboru? Mariborska kolesarska mreža: MKM: novosti in dobre prakse 
na slovenskih cestah. https://ibikemaribor.com/analiza-meritev/ 

 
Ilenič, A., Mauko Pranjić, A., Mladenovič, A. (2021). Kolesarjenje v mestih in kvaliteta 

zraka. Gradbenik: revija za gradnjo, sanacije in gradbene materiale. 25(10), 54−55.  
 

Interviews, Podcasts, Radio or Television Broadcasts 

Ilenič, A. (2024, December 16). Vemo ali mislimo, da vemo? : onkraj zmotnih predstav z 
Anjo Ilenič. Strašno hudi: podkast o ljudeh, ki ustvarjajo presežke, navdihe in 
predvsem strašno hude zgodbe. https://www.strasnohudi.si/novice/vemo-ali-
mislimo-da-vemo-anja-ilenic 

 
Ilenič, A. (2024, December 14). Nevidni delci, veliki problem: grožnja onesnaženega zraka. 

Večer.com. https://vecer.com/v-soboto/intervju-anja-ilenic-nevidni-delci-veliki-
problemi-groznja-onesnazenega-zraka-10371986#google_vignette 

 
Ilenič, A. (2024, October 28). S kolesom v službo v prometni konici: kako varno je? 24.ur. 

https://www.caszazemljo.si/ekologija/kolesarjenje-v-onesnazenem-zraku.html 
 



 227 

 

Ilenič, A. (2024, October 17). V delo vključuje tudi občansko znanost. Delo.si. 
https://www.delo.si/novice/znanoteh/v-delo-vkljucuje-tudi-obcansko-znanost 

 
Ilenič, A., Škrinjar, K., Čakarić, M. (2024). Anja Ilenič : geologinja, ki opozarja na skrite 

grožnje trdnih delcev in kaže, kako lahko sami prispevamo k reševanju težav z 
onesnaženjem zraka. Strašno hudi. https://www.strasnohudi.si/podkasti/anja-ilenic 

 
Ilenič, A., Močnik, G., Benčina, M., Pohar, M., Koleša, T., Bolte, T. (2023). Onesnažen 

zrak ubija - kako dolgo še? Radiotelevizija Slovenija. 
https://prvi.rtvslo.si/podkast/studio-ob-1700/87/174944463 

 

Other Publications  

Patents 

Oprčkal, P., Mauko Pranjić, A., Mladenovič, A., Meža, S., Ilenič, A., Šprinzer, M. (2024). 
Construction composite from the residue of mixed municipal waste after mechanical 
treatment, process of its preparation and installation = Bauverbundwerkstoff aus 
den Rückständen gemischter Siedlungsabfälle nach mechanischer Aufbereitung, 
Verfahren zu dessen Herstellung und Einbau = Matériau composite de construction 
préparé à partir de déchets municipaux ayant subi un pré-traitement mécanique, 
procédé pour sa fabrication et mise en place dudit matériau (European patent 
specification EP 4 132 731 B1, 2024-08-07. European Patent Office. 
https://worldwide.espacenet.com/patent/search/family/080448858/publication/EP
4132731B1?q=pn%3DEP4132731B1 

 

Journal Articles 

Ilenič, A., Lojen, S., Župan, I., Šarić, T., Šikić, Z., Vrhovnik, P., Dolenec, M. (2018). Is 
the Kornati National Park still an acceptable reference area for environmental 
studies? Geosciences, 18(11). DOI 10.3390/geosciences8110385 

 

Published Scientific Conference Contribution 

Ilenič, A., Mauko Pranjić, A., Kokot, D., Mladenović, A. (2022, March 28). EIT Urban 
Mobility RIS Hub Slovenia – supporting innovative mobility community in Slovenia. 
[Conference presentation]. ISEP 2022: 30th International Symposium on Electronics 
in Transport, Ljubljana, Slovenia 

 

Other Conference Contributions 

Ilenič, A., Mauko Pranjić, A., Kokot, D., Mladenović, A. (2022, March 28). EIT Urban 
Mobility RIS Hub Slovenia – supporting innovative mobility community in Slovenia. 
[Conference presentation]. ISEP 2022: 30th International Symposium on Electronics 
in Transport, Ljubljana, Slovenia 

 



228 Bibliography 

Mauko Pranjić, A., Ilenič, A. (2021, October 7−8). EIT urban mobility – Solving the 
mobility challenges facing our cities. 19th European Transport Congress of the 
EPTS Foundation, Maribor, Slovenia 

 

Editorial 

Ilenič, A. (editor), Košir, M. (editor), Šolc, U., (editor), Marinič, D. (editor). (2022, 
October, 24). Surovinske potrebe za zagotavljanje prehoda na trajnostno in pametno 
mobilnost (Proceedings of Conference Abstracts). EIT Open Day Slovenija, 
Ljubljana, Slovenia 

 

Professional and Expert Papers 

Ilenič, A., Mauko Pranjić, A., Kokot, D., Mladenovič, A., Košir, M. (2021). Skupnost 
znanja in inovacij EIT Urbana mobilnost – prijetnejše in bolj trajnostno bivanje v 
evropskih mestih z uporabo inovativnih rešitev. Urbani izziv. 32(2), 68−72, 
136−140. http://urbani-izziv.uirs.si/Portals/urbaniizziv/Clanki/2021/urbani-izziv-
2021-32-02-07.pdf, http://urbani-izziv.uirs.si/en-
us/Summary_r?id=84&id_k=r&idc=8 
 



 229 

 

Biography 

Anja Ilenič is a research assistant at the Slovenian National Building and Civil 
Engineering Institute (ZAG). In September 2020, she completed her master’s degree at 
the University of Ljubljana, where her thesis focused on assessing the anthropogenic 
pollution in soil and sediment from a lagoon contaminated by wastewater sewage. In 
October 2021, she enrolled in doctoral studies in the Ecotechnologies programme at the 
Jožef Stefan International Postgraduate School. Her current research focuses on air 
pollution assessment, primarily on the chemical characterisation of metal(oid)s and 
polycyclic aromatic hydrocarbons bound to size-fractionated airborne particulate matter, 
source apportionment and health risk exposure assessment. She is also actively involved 
in engaging citizens in air quality data acquisition through participatory approaches that 
utilise low-cost mobile sensors. During her doctoral studies, she received two research 
awards and participated in two Erasmus+ and one PROM research exchanges at the 
University of Surrey, United Kingdom and Wrocław University of Environmental and 
Life Sciences, Poland. She has over 38 contributions in the SICRIS database, including 
four scientific articles as a first author, accounting for over 51 citations according to 
Google Scholar database, five expert articles, one European patent and various 
publications in general media. She is a founding member of the Youth Council ZAG and 
is actively engaged in various international and national research projects aimed at 
integrating circular strategies into the built environment. 
 
 




