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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 (PMiy, PM,5, PMy; and
PM.o.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

Onesnazenost zraka v urbanih okoljih, pri ¢emer so trdni delci (PM) opredeljeni kot eno
izmed najbolj problematicnih primarnih onesnazil, zaznamuje velika prostorska in
casovna spremenljivost. Tudi pri sorazmerno nizkih koncentracijah predstavljajo povisane
koncentracije PM resno tveganje za zdravje in okolje zaradi visoke potencialne
strupenosti na enoto mase, sposobnosti prodora globoko v pljuctna tkiva ter dolgega
zadrzevanja v atmosferi. Velikost, kemijska sestava, higroskopnost in opti¢ne lastnosti
moc¢no vplivajo na njihovo strupenost, atmosfersko razporeditev ter obnasanje v
¢loveskem dihalnem sistemu, pri ¢emer so ti ucinki Se posebej izraziti pri (ultra)finih
delcih. Celovito razumevanje velikostno frakcioniranih PM, zlasti (ultra)finih delcev, je
kljuéno za zmanjSanje tveganj in izboljsanje zakonskih okvirov za nadzor onesnazenosti
zraka, vendar pa so razpolozljivi podatki Se vedno omejeni. Integracija gravimetri¢nih
metod vzorcenja PM po velikostnih frakcijah z nizkocenovnimi mobilnimi senzorji (LCS)
lahko nadgradi drzavno mrezo za spremljanje kakovosti zraka, odpravi vrzeli razprsenih
staticnih merilnih postaj in omogoc¢i celovitejsi vpogled v dinamicno izpostavljenost
potnikov, s posledi¢no izboljSano varnostjo najbolj ranljivih skupin v prometu, kot so
kolesarji in pesci. Za resevanje tega izziva je bil razvit cenovno dostopen prenosni
vzorcevalnik, sestavljen iz kaskadnega sistema filtrov za lovljenje PM (PMio, PM,5, PMy;
in PM<0‘1) skupaj z optimiziranimi in validiranimi analitskimi tehnikami za doloc¢anje
koncentracij elementov (pol)kovin in policikliénih aromatskih ogljikovodikov (PAO).
Uporabnost vzorcevalnika je bila uspesno dokazana v sistematicni enoletni nacionalni
studiji, izvedeni na petih slovenskih mikrolokacijah, namenjenih pescem in kolesarjem
(Dobrova, Ljubljana, Maribor, Murska Sobota, Piran), ki so se razlikovale po velikosti,
stevilu prebivalcev in gostoti prometa. Vzporedno sta bili v Ljubljani in Mariboru
izvedeni tudi dve pobudi obcanske znanosti, ki sta vkljucevali LCS, namescene 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 onesnazil, 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 zmanjSevanju urbanega onesnazenja zraka.
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Air Pollution 1

Chapter 1

Introduction

1.1 Air Pollution

Outdoor air pollution is considered one of the greatest global challenges of the 21*
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 wvery 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; Kukutschova 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 (CO,), methane, volatile organic compounds (VOCs)), nitrogen
compounds (e.g. nitric oxide (NO), nitrous oxide, ammonia (NH;)), sulfur compounds
(e.g. hydrogen sulfide, sulfur dioxide (SO.)), halogen compounds (chlorine (Cl"), fluorine,
bromine (Br™)) and particulate matter (PM) (Daly and Zannetti, 2007).

Secondary compounds include: nitrogen dioxide (NO,) and nitric acid (HNOs) formed
from NO, ozone (Os) formed by photochemical reactions of nitrogen oxides (NOi) and
VOCs, sulfuric acid (H2SO,) and HNOs droplets formed from SO, and NO,, sulfate and
nitrate aerosols formed by reactions of H,SO, and HNO; droplets with NH;, 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 (13™ century) and the subsequent
development of chimneys and steam engines (16™ 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 (17" 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 20"
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 NO. recognised as the main cause of
acid rain (Mosley, 2014).

Concurrently, the understanding of primary pollutants (e.g. SO, NO,) 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, SO,, NO,, 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 SO, emissions (Mosley,
2014). Unfortunately, in 2012, SO, levels in Beijing, China reached concentrations
comparable to those observed during the Great London Smog event. Moreover, NO,
concentrations peaked in 2019, but in 2020 a global decline in SO, NO,, 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, SO, NO,, CO, Os; 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).

SO, 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).

NO« (NO, NO,), produced in vehicle exhaust gases, play an important role in the
formation of Oz in the troposphere and acid rain. Large quantities of NOy 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).

O; is a secondary pollutant produced by photochemical reactions of NOy and VOCs
and can cause eye irritation, shortness of breath or asthma. Elevated Oj; 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 Oj; 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, NO, and PM, particularly fine particulate matter (PM,;) 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 PM,; concentrations have decreased at average rates of —4% year ' and
—0.2% year™', respectively, while annual NO, and O; concentrations have increased by
+0.4% year ! and +0.8% year™', respectively (Anenberg et al., 2022; Gozzi et al., 2017;
Pascal et al., 2013; Sicard et al., 2023).

In Slovenia, concentrations of PMj, and PM,s 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 ng m™ for the coarse PM fraction (PM;g) and 25 ng m™® for PM,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 pg m* for PM;, and 10 ng
m? for PMys.

In addition to the legally established standards, WHO guidelines indicate that
harmful effects can already occur at concentrations as low as 5 ng m—* for PM;, and 15
pg m? for PM,; (WHO, 2025).

Table 1: Legal air quality standards and WHO guidelines for PM;y and PMs 5 monitoring.

Directive Directive WHO Averaging

2008/50/EC  2024/2881 guidelines time (AT)
PMo (ng m) 40 20 15 1 year

50 n/a 45 24 hours
PM,; (pg m™?) 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 SO,, with limits of
350 pg m~* for hourly measurements and 125 pg m™ for daily measurements; a daily
limit of 10 mg m~ is set for CO and 0.5 ng m~* for Pb. The annual limit value for CO, is
40 pg m* and 200 pg m? for hourly measurements. The annual limit value for benzene
is 5 pg m~*, while O3 concentrations have daily limit value set at 120 pg m* (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 — ZNVO-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 ™ for
benzo(a)pyrene (BaP), and 6 ng m™ 5 ng m™® and 20 ng m™® 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
— ZVO0-2) 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 — ZNO-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; Kukutschova 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; Terzi¢, 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%) (Ingli¢ et al., 2024). In
2021, the average PM;y concentration in Slovenia was 20.6 ng m*, while in the EU it was
18.5 pg m—3, and the average PM,;s concentration in Slovenia was 12.3 pg m™, while in
the EU it was 10.5 pg m® (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 (Fernandez-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 pm and coarse particles or PMy, (aerodynamic
diameter <10 pm) tend to deposit in the upper respiratory tract, in the nasopharynx,
while fine particles or PM,y; (aerodynamic diameter <2.5 pm) and ultrafine particles
(UFP) or PMy, with aerodynamic diameter <0.1 pm 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; Ziota and
Staby, 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).

€PM2s
Combustion particles, organic
HUMAN HAIR compounds, metals, etc.
50-70um <2.5um (microns)in diameter

(microns) in diameter

© PM1o
Dust, pollen, mold, etc.
<10um (microns)in diameter

90 um (microns) in diameter
FINE BEACH SAND

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)



8 Chapter 1. Introduction

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; TARC, 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 (Jakovljevié¢ et al., 2020; Ravindra et al.,
2008; Ziota and Staby, 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; Ziota and Staby, 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 pm. (Agudelo-Castaneda 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 pm, 2.5 ym and 1 pym (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, NO,, SO, O;, Pb and
suspended particulate matter (PMj, PM,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 SO, and sulfate analysers, chemiluminescent and flame photometric
detection (Appel et al., 1990; Schorran et al., 1994), gaseous HNO; analysers (Appel et
al., 1990), gaseous NHs 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'), 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™') 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") (Chow, 1995; Ileni¢ 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;
Szabé 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 PMa; (52%), followed by PMi, (30%) and particulate
matter with aerodynamic diameter smaller than 1 ym (PM;; 13%). Only 5% of studies
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reported sampling of PM smaller than 0.1 pm, 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.

mUFP mPM2.5 mPM10
0

) PM (in in atmosphere

®UFP mPM1 ®mPM25 mPMI10

PM (in %) ¢ ted in studies

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%). GFF's 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; Fernandez 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
(PMyp, PMs5), SO, NO,, 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; Ilenic¢ 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 ng L™!
if not influenced by a high ionisation potential (e.g. Br~, C17) 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 wmulti-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 pnm) 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 thev 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
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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).

Automatic

Liquid Sampler
Data system iiﬁﬁﬁ

Carrier Gas

Detector Quadrupole lon Source Interface

Carrier Gas

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).
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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

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 (PMyy,
PM,s, PMy: and PM.y:1) deployed in urban pedestrian and cycling microenvironments,
and ii) the investigation of the potential feasibility of LCS, specifically Sensirion SPS30
for PMa2s 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 PM,; 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 PM,; 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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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 (PM;jy, PMa,s,
PMy.1) connected to an ultrapure-water trap, retaining the PM.y; 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 (C3H¢O) and petroleum ether (CgHu),
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 PM,, 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.y;. HMW PAHs were distributed between PM;, and
PM,; 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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An innovative sampling device for size-
fractlonatlng airborne particulate matter for
improved air pollution control of metal(oid)s and
polycyclic aromatic hydrocarbons
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and Janez S¢ancar

A sampling device was developed for collecting and size-fractionating airborne particulate matter (PM). A
low-volume cascade system with polytetrafluoroethylene membrane filters (PM;o, PM,s, and PMgy)
connected to an ultrapure-water trap was used to retain the PM.g; fraction that passed through the
filters. In the collected samples, metal(oid)s and platinum group elements (PGEs) were determined by
inductively coupled plasma mass spectrometry after microwave-assisted digestion using a mixture of
acids. Polycyclic aromatic hydrocarbons (PAHs) were extracted with a solvent mixture of acetone and
petroleum ether, assisted by mechanical shaking and determined by gas chromatography mass
spectrometry. The analytical methods were optimised and validated using the urban PM Standard
Reference Material 1648a. Measurement repeatability and accuracy were 6% and 2% for metal(oid)s and
PGEs, and 3% and 6% for PAHSs, respectively. Field emission scanning electron microscopy analysis
confirmed that the sampling device efficiently fractionated airborne PM to nano-sized particles. The
sampling device was successfully applied to collect PM, enabling effective air pollution monitoring in
urban areas. Analysis revealed that metal(oid)s were most abundant in PM;o, while those originating from
traffic were also elevated in PM.g ;. High-molecular-weight PAHs were distributed between PM;p and
PM; 5 fractions. The sampling device provides valuable insights into the chemical composition of (ultra)
fine particles, overcoming the limitations of filter-based PM fractionation and providing improved air
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Introduction

Urban air pollution is characterised by high levels of airborne
particulate matter (PM), a heterogeneous mixture of natural
(e.g. sea salt, dust, volcanic ash, pollen, fungal spores and forest
fires) and anthropogenic (e.g. biomass burning, traffic, industry
and construction activities) particles."® The behaviour and
toxicity of PM in the atmosphere and within the human respi-
ratory system are primarily influenced by particle size. Coarse
particles (aerodynamic diameter >2.5 pm) tend to deposit in the
nasopharynx, while fine particles (aerodynamic diameter <2.5
pm) and ultrafine particles (aerodynamic diameter <0.1 pum) can
penetrate deep into the terminal bronchioles and alveoli.
Numerous epidemiological and toxicological studies have
linked air pollution to adverse health effects and related health
risks.*® Even limited exposure can lead to oxidative stress at the
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pollution control for nanoparticle-bound pollutants.

air-lung interface, contributing to acute and chronic cardio-
pulmonary diseases, as well as neurodegenerative and repro-
ductive disorders.”** These effects are more pronounced with
fine and ultrafine particles, as 50% of these particles remain in
the lung parenchyma.'” Additionally, fine and ultrafine particles
have longer atmospheric residence times, ranging from a few
hours to weeks, until they are removed by either wet or dry
deposition.'® Studies have shown that toxicity of PM per mass
unit increases as particle size decreases, indicating that fine
particles are more toxic than coarser ones."”*® This increased
toxicity is primarily due to the larger total porous surface area of
finer particles, which enables them to more easily adsorb and
retain toxic substances.”

Understanding the relationship between chemical composi-
tion and sizes of particles is crucial, but published data indicate
that this remains limited. Most research on airborne pollutants
involves the use of high-volume samplers (>100 L min™") to
collect larger sample quantities, enabling the detection of
compounds with lower limits of detections (LODs)."*2* However,
increased air flow rates can potentially reduce the adsorption
capacity of filters and increase the likelihood of filter clogging,

This journal is © The Royal Society of Chemistry 2025
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making them less suitable for accurately assessing human health
risks during daily commuting. People typically inhale 10 to 15
times per minute, equating to about 6 L min~", making low-
volume samplers (10 L min ") more suitable alternatives for
human health risk assessments.>*>*

Adequate sampling techniques are particularly important for
detecting pollutants present at very low concentrations, such as
metal(oid)s and polycyclic aromatic hydrocarbons (PAHs),
which pose significant health and environmental risks. The
United States Environmental Protection Agency (US EPA) has
identified 16 priority PAHs for analysis in various environ-
mental samples.” Among these, benzo[a]pyrene (BaP) is rec-
ognised as one of the most potent carcinogens. Other PAHs,
such as benzo[aJanthracene (BaA), benzo[b]fluoranthene (BbF),
benzo[k]fluoranthene (BKF), chrysene (Ch) and indeno[1,2,3-cd]
pyrene (IP) are classified as possibly carcinogenic to
humans.**** Among metal(oid)s, arsenic (As), hexavalent chro-
mium (Cr(vi)), cadmium (Cd), nickel (Ni), and lead (Pb) are of
particular concern as carcinogenic airborne contaminants.’*
Accurate chemical analysis of these PAH compounds and
metal(oid)s is essential across all inhalable PM sizes, including
nanoparticles, which are often overlooked.

Previous studies have reported PAHs in size-fractioned PM;,
and PM, 5 (ref. 33-35) and metals in size-fractioned PM,, and
PM, ;.***® However, the simultaneous determination of both
types of pollutants in different PM sizes is rarely reported.**°
Very few studies performed characterisation of PM of smaller
fractions.”*** Physio-chemical analyses of samples collected on
filters by low-volume cascade samplers present significant
challenges, mainly due to the small amount of the PM collected.
Therefore, highly sensitive analytical techniques such as
inductively coupled plasma mass spectrometry (ICP-MS) and
gas chromatography mass spectrometry (GC-MS) are used for
chemical analysis of samples. Analytical methods with high
selectivity, resolution and sensitivity must be applied to provide
data for reliable assessment of health and environmental
hazards. However, only a few atmospheric studies report the use
of certified reference materials (CRMs). These materials are
analysed to check the accuracy of results and validate the
analytical procedures.?***”

Given that pollutants bound to airborne (ultra)fine particles
have the most harmful effects on human health, it is essential to
improve pollution control measures and enhance risk assessment
strategies by taking into account various PM fractions, including
the nano-sized PM particles. Therefore, the objectives of our work
were (i) to develop a low-volume cascade sampling device for
collecting and size-fractionating airborne PM, consisting of poly-
tetrafluoroethylene (PTFE) membrane filters (PM;o, PM, 5, and
PM, ;) connected to an ultrapure-water trap designed to retain the
PM., fraction; (ii) to verify the size of PM particles collected on
filters using field emission scanning electron microscopy (SEM)
analysis; (iii) to optimise and validate analytical methods for the
determination of metal(oid)s, including platinum group elements
(PGEs) using ICP-MS, and PAHs in the collected sample fractions
using GC-MS; and (iv) to analyse the concentrations of metal(oid)s
and PAHs in collected samples at different urban locations in
Slovenia using the developed sampling device, placed within one

This journal is © The Royal Society of Chemistry 2025
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metre of bicycle lanes, in order to assess the air pollution-related
health risks for daily commuters.

Experimental
Instrumentation

Total elemental concentrations were determined by ICP-MS on
an Agilent 7900 instrument (Agilent Technologies, Tokyo,
Japan). The ICP-MS operating parameters are presented in
Table S1 (SI). Data were acquired using Agilent MassHunter 5.1
software and further processed with Microsoft Excel 2019
(Redmond, WA, USA).

PAH determination was carried out by GC-MS, using an
Agilent HP6890 GC (Agilent Technologies, Tokyo, Japan) with
a 5973 mass selective detector (MSD) and equipped with an
Agilent 6890 Series autosampler injector. PAHs were separated
on an Agilent capillary column HP-5MS (30 m x 0.25 mm, film
thickness 0.25 pm) coated with 5% phenylmethylpolysiloxane.
The GC-MS operating parameters are presented in Table S2.

A Milestone ETHOS UP Microwave Digestion System (Sor-
isole, Italy) was used for sample digestion in the analysis of
metal(oid)s and PGEs. For PAH analysis, the samples were
mechanically shaken using a Vibromix 40 orbital shaker
(Tehtnica, Zelezniki, Slovenia). The sample extracts were
concentrated using a sample concentrator Dri-Block Heater
DB100/3 (Techne Inc., Vernon Hills, IL, USA). A Mettler AE 163
analytical balance (Ziirich, Switzerland) was used for weighing.

Morphological analysis of airborne PM was conducted using
SEM with a Zeiss ULTRA plus scanning electron microscope
(Carl Zeiss AG, Oberkochen, Germany) equipped with an energy
dispersive X-ray spectrometer (EDS) system manufactured by
Oxford Instruments (High Wycombe, UK).

A Vacuubrand (Wertheim, Germany) low-volume diaphragm
pump ME 1C (100 mbar, 0.8 m* h™*) was used for sampling of
real airborne PM, while air flow through the system was
measured using a G1.6 gas meter (Dadolab, Cinisello Balsamo,
Italy). The air flow rate was controlled using a variable area flow
meter DK46/800 (Krohne, Wellingborough, UK). PM was
collected using a three-stage cascade NILU polycarbonate filter
holder system (Innovation NILU, Kjeller, Norway) equipped
with hydrophobic Whatman PTFE membrane filters (pore sizes
of 10 um, 2.5 pm and 0.1 pm and diameters of 47 mm) obtained
from Merck (Darmstadt, Germany).

Reagents and materials

An ultrapure water system (PURELAB Flex 3, ELGA, LabWater,
UK) was used for the preparation of samples and reagents.
For metal(oid)s analysis, Suprapur nitric acid (67-70%
HNO;) was obtained from Carlo Erba Reagents (Val-de-Reuil,
Normandie, France), while Suprapur hydrochloric acid (30%
HCI) and Suprapur hydrofluoric acid (40% HF) were purchased
from Merck (Darmstadt, Germany). ICP multi-element standard
solution XVI (21 elements in diluted nitric acid, 100 mg L™,
part no. 1.09487.0100) was used to prepare calibration curves
for the metal(oid)s arsenic (As), cadmium (Cd), chromium (Cr),
cobalt (Co), copper (Cu), molybdenum (Mo), nickel (Ni), lead

Anal. Methodss, 2025, 17, 7184-7199 | 7185
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(Pb), thallium (TI), vanadium(v) and zinc (Zn). For barium (Ba),
a single standard (1000 + 2 mg L' in 2-3% HNO;, part No.
1.70304.0100) was used. Single standard solutions of palladium
(pd) (1000 + 2 mg L' in 0.5 mol L' HNO,, part no.
1.14282.0100) and platinum (Pt) (1000 + 2 mg L' in 2 mol L™*
HCI, part no. 1.102645.0100) were used to prepare the calibra-
tion curve for PGEs. Stock standard solutions of germanium
(Ge), thodium (Rh) (1000 = 2 mg L™" in 2-3% HNO,, part Nos.
1.70320.0100 and 1.02650.0100, respectively), and iridium (Ir)
(1000 + 2 mg L™ " in 7% HCI, part no. 1.70325.0100) were used to
prepare internal standards in ICP-MS analysis. All standard
solutions were purchased from Merck.

For PAH analysis, acetone (C3HqO) and petroleum ether,
both purchased from Merck, were used for extraction of the
high-molecular weight PAHs benzo[a]anthracene (BaA), benzo
[a]pyrene (BaP), benzo[b]fluoranthene (BbF), benzo[ghi]per-
ylene (BghiP), chrysene (Ch), fluoranthene (Fl), indeno[1,2,3-cd|
pyrene (IP) and pyrene (P). Anhydrous sodium sulphate
(Na,S0,) from Merck was used for water removal from the
organic phase. Strata FL-PR Florisil (activated magnesium sili-
cate, Mg0;Si, 170 um, 80 A, 500 mg* mL™'; Phenomenex, Inc.,
Torrance, CA, USA) was used for the cleaning of sample extracts.
A standard stock solution PAH-Mix 9 (10 ug mL ™, part no. DRE-
XA20950009CY) in cyclohexane, containing 16 analytes, was
used to create calibration curves for the determination of PAHs
by GC-MS. A deuterated PAH-Mix 9 (10 pg mL ™%, part no. DRE-
L20950902CY) in cyclohexane, also containing 16 analytes, was
used as an internal standard. Both the PAH-Mix standard and
internal standard were purchased from LGC (Teddington, UK).
Isooctane (2,2,4-trimethylpentane) obtained from Merck was
used as a reference standard to calibrate the GC-MS system. The
retention times of PAHs in the samples were compared to the
retention time of isooctane, aiding in the identification of PAHs
during the GC-MS analysis. A typical chromatogram illustrating
the separation of the PAH-Mix 9 standard solution (16 PAHs,
500 ng mL ') and the deuterated PAH-Mix 9 (16 PAHs-D, 500 ng
mL~") used as an internal standard, applying the GC-MS
procedure, with PAHs considered for analysis marked in red,
is presented in Fig. S1. Retention times of the separated PAHs
and deuterated PAH compounds are presented in Table S3. The
certified standard reference material SPS-SW1 (reference
material for measuring elements in surface waters), obtained
from Spectrapure Standards (Oslo, Norway), was used daily
during ICP-MS analysis to verify the accuracy of the calibration
curves and measurement procedures for metal(oid)s. Standard
Reference Material (SRM) 1648a (Urban Particulate Matter)
from the National Institute of Standards and Technology (NIST)
(Gaithersburg, MD, USA), certified for selected elements and
PAHs, was employed to verify the accuracy of metal(oid) deter-
minations in digested PM, as well as PAHs in the extracted PM
from both the filters and the aqueous phase. This SRM was also
used to optimise and validate the analytical procedures.

Sampling sites and sample collection

Sampling of airborne PM was carried out from December 1,
2023, to December 31, 2023, at three different urban settings in

7186 | Anal. Methods, 2025, 17, 7184-7199
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Slovenia: Dobrova (DB: 46.067450, 14.409407), Ljubljana (LJ:
46.033985, 14.518328) and Maribor (MB: 46.548294, 15.649047).
Sampling points were positioned at the ground level at an
average human height (170 em), within one metre of bicycle
lanes. Samples were collected monthly using an innovative
sampling device, consisting of two identical units — one for
metal(oid)s and the other for PAHs. The units were installed in
a metal cage to protect them from damage caused by precipi-
tation and vandalism, while ensuring uninterrupted access to
the surrounding air (Fig. S2).

The sampling unit consisted of a three-stage cascade filter
holding system incorporating hydrophobic PTFE membrane
filters with pore sizes of 10 pm, 2.5 pm and 0.1 pm (Fig. $3). This
cascade filter system was connected to the water trap inside
a 2000 mL amber glass Pyrex burette bottle in order to retain the
nano-sized particles (PM. ;). The air volume passing through
the system was controlled by using a low-volume diaphragm
pump connected to a gas meter. Prior to the sample analysis,
the stability of the airflow rate of a low-volume diaphragm
pump was monitored continuously over one month using a flow
meter.

After the sampling, the nano-sized PM. , fraction (captured
in a water trap) and the PTFE membrane filters were stored at
—15 °C until analysis. Each filter and the aqueous phase of the
nano-sized PM.;; fraction represented the total monthly
amount of PM. The volume of air pumped through the
sampling unit was monitored throughout the entire sampling
period, allowing for the reporting of metal(oid) and PAH
concentrations in ng m? of air.

Optimized analytical procedures for the analysis of metal(oid)
s and PGEs by ICP-MS

To avoid contamination, all glassware was soaked in 10% HNO;
for 48 h, rinsed three times with ultra-pure water and dried at
80 °C. Teflon vessels were cleaned with 10% HNO; using the
same protocol as that for the microwave-assisted digestion of
samples. The vessels were then rinsed three times with ultra-
pure water and kept at 150 °C for 6 h, in order to remove any
residual HNOj; vapours.

After sampling, filters (PM;o, PM,s;, and PM,,) were
weighed, cut in half with iron scissors, and aliquots of the filters
were weighed again to accurately determine the proportion of
the whole PM collected in each aliquot. The nano-sized PM. 4
collected in the 1 L water trap was acidified with 1 mL of HNO;,
evaporated to 20 mL in a sand bath at 200 °C, and then divided
into two 10 mL aliquots. One half of the filters (PM; o, PM, 5, and
PM,) and one aliquot of the nano-sized PM,; fraction were
used for the analysis of metal(oid)s, while the other half was
used for the analysis of PGEs.

For the determination of metal(oid)s, 3 mL of HNO;, 1 mL of
HCI and 0.2 mL of HF were used in microwave-assisted diges-
tion, while for the determination of PGEs, aqua regia (3 mL of
HCI and 1 mL of HNO;) with the addition of 0.2 mL of HF was
used. Samples were subjected to closed-vessel microwave-
assisted digestion, using the following temperature pro-
gramme: ramp to 140 °C for 15 min, hold at 140 °C for 5 min,

This journal is © The Royal Society of Chemistry 2025
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ramp to 200 °C for 20 min, hold at 200 °C for 60 min, and cool
down for 30 min. The clear digests of the filters and the nano-
sized PM<,.; aqueous phase fraction were quantitatively trans-
ferred to 30 mL polypropylene graduated tubes and filled to the
mark with ultra-pure water. Concentrations of metal(oid)s in
digested samples were determined by ICP-MS using external
calibration for quantification. The same analytical procedures,
with no samples added, were applied to determine procedural
blanks. Concentrations of metal(oid)s and PGEs in the proce-
dural blanks were below the LODs, or did not exceed 3% of the
measured elemental concentrations.

Optimized analytical procedures for the analysis of PAHs by
GC-MS

To avoid contamination, all glassware was rinsed three times with
tap water, soaked in 10% nitric acid for 48 h, rinsed three times
with tap water and three times with ultra-pure water and heated at
400 °C for at least 4 h. Prior to use, all glassware was rinsed with
petroleum ether and acetone and dried at room temperature.

After sampling, PAHs collected on the filters (PM;,, PM, 5,
and PM,,,) and the nano-sized PM.,; fraction retained in the
aqueous phase were extracted using organic solvents. The filters
were transferred to Erlenmeyer flasks, and a mixture of 15 mL of
acetone and petroleum ether (1: 1, v/v) and 100 pL of isooctane
was added. The samples were then spiked with 50 pL of an
internal standard solution (10 pg mL™') and shaken on
a mechanical shaker for 16 h at 180 rpm.

For the nano-sized PM.  fraction, a liquid-liquid extraction
(LLE) was performed. A mixture of 100 mL of acetone and
petroleum ether (1: 1, v/v) along with 100 pL of isooctane was
added to 1 L of the sample. After spiking with 50 pL of the
internal standard solution (10 pg mL '), the mixture was
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shaken for 16 h at 180 rpm. The content was quantitatively
transferred into a glass separatory funnel to separate the
organic phase from the aqueous phase. Traces of water in the
organic phase were removed using anhydrous Na,SO,, and pre-
heated at 550 °C for 6 h.

The organic phase from both the filter extracts and the nano-
sized PMo, fraction was passed through a 3 mL column filled
with Florisil for sample clean-up. The organic phase was
concentrated to approximately 1 mL under a nitrogen stream at
40 °C using a sample concentrator. The concentrated samples
were then transferred to 2 mL amber vials with a Pasteur pipette
and sealed. Finally, 1 pL of the sample was injected onto the
column for the determination of PAHs by GC-MS, using external
calibration for quantification. The same analytical procedure,
with no samples added, was applied to determine procedural
blanks. Concentrations of PAHs in the procedural blanks were
below the LODs.

A flow chart illustrating the optimised analytical procedures
for the determination of metal(oid)s, PGEs and PAHs is pre-
sented in Fig. 1.

Morphological analysis

SEM-EDS was used to examine particle sizes and shapes
(morphology), the chemical composition of selected elements
in PM and the size distribution of particles collected on filters.
The analysis was conducted in high-vacuum mode (pressure of
25 Pa) with an accelerating voltage of 8-10 kV. For SEM analysis,
PM was collected on PTFE filters (with pore sizes of 10 pm, 2.5
pm and 0.1 pm) over two days, after the experiments for the
analysis of metal(oid)s and PAHs. In prior microstructural
analysis, samples were coated with a 15 nm layer of carbon or
gold to enhance conductivity and mitigate electron charging. A

PTFE filters PMyq, PM, 5, PMy 4
Nano-sized PMq 1 in aqueous phase

PTFE filters PMyq, PMy 5, PMg 4
Nano-sized PM 1 in aqueous phase

I
[

7 v
Metal(oid)s analysis PGEs analy5|s PAHs analysis ]
v v \ v v v
Filter |[10mLof | [ Fiter |[10mLof|| Filter J [ 1LofPMgq |
halves || PMcg halves || PMcg 1 v v

7 v 7 v

3 mL HNOg3, 1 mL 3mLHCI, 1 mL
HCI, 0.2 mL HF HNO3, 0.2 mL HF
v v

Microwave-assisted digestion

ICP-MS

15 mL acetone +
petroleum ether
(1:1, viv)
¥

petroleum ether

100 mL acetone +
J L (1:1, viv)
v

Mechanical shaking (16 h, 180 rpm) ]
v v

Organic phase collection ]

Anhydrous Na,SO,

Extract passed through Florisil column,
evaporated under N, to 1 mL

v

GC-MS J

Fig.1 Flow chart of the optimised analytical procedures for the determination of metal(oid)s, PGEs and PAHs in size-fractionated airborne PM.
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gold coating was chosen as it resulted in lower electron
charging and enabled the use of higher magnifications.

Optimization of the analytical procedures

The analytical procedures for the determination of metal(oid)s,
PGEs and PAHs were optimised using urban dust SRM 1648a.
This SRM was chosen due to its similarity to the sample matrix
and its certified values for both analytes - metal(oid)s and PAHSs.
Aliquots of approximately 40 mg were used for the analysis, as
the homogeneity of SRM was confirmed for sample amounts
larger than 5 mg in the NIST Certificate of Analysis.*® For the
optimisation of analytical procedures, experiments were carried
out in duplicate. The performance of the optimised analytical
procedures for the analysis of metal(oid)s, PGEs and PAHs was
evaluated by determining the repeatability of measurements, the
limits of detection (LODs), limits of quantification (LOQs), and
linearity and by performing an accuracy check.

Analytical procedures for the determination of metal(oid)s
and PGEs by ICP-MS

To achieve effective decomposition of the sample matrix for
metal(oid)s or PGEs, 3 mL of HNO; and 1 mL of HCI (for nitric
acid digestion) or 3 mL of HCl and 1 mL of HNO; (for aqua regia
digestion) were added to the urban dust SRM, along with
varying amounts of HF, using microwave-assisted digestion.
The ICP-MS analysis revealed that the addition of HF was
crucial for the dissolution of silicates, which can occlude
metal(loid)s and PGEs in the PM. The optimal amount of HF
added was 0.2 mL. The procedure optimised for the urban dust
SRM sample was subsequently applied to the determination of
metal(oid)s and PGEs in PM,,, PM,; and PM,, fractions
collected on filters, as well as the PM., ; fraction retained in the
aqueous phase, as described in the section Optimised analytical
procedures for the analysis of metal(oid)s and PGEs.

The studied metal(oid)s and PGEs were selected due to their
association with traffic emissions from the wear of engine parts,
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lubricants and additives used in gasoline (Ba, Cr, Cu, Mo, Pb, V,
and Zn),*** and emissions from diesel fuels (Ba, Cd, Cr, Mo,
Ni, V, and Zn),"*** brake pads (Ba, Cu, and Mo) and tyre wear
(Ba, Cd, and Zn),*® as well as their use as catalysts to control car
exhaust emissions (Pd and Pt).*!

Figures of merit for the determination of metal(oid)s and
PGEs in urban dust

The repeatability of metal(oid) measurements was tested by
performing six analyses of SRM 1648a using nitric acid diges-
tion, while the repeatability of measurement of PGEs was
checked by analysing six SRM 1648a samples with aqua regia
digestion. The results for repeatability, calculated as the relative
standard deviation (RSD), are presented in Table 1.

Good repeatability of measurement was obtained for meta-
I(oid)s, with an average of RSD 6% and accuracy of 2%.
However, the repeatability for Pt and Pd was lower, with RSDs of
21% and 17%, respectively, due to their low concentrations in
the urban dust samples analysed.

The LODs and LOQs for the determination of individual
metal(oid) and PGE concentrations in the sample digests were
calculated as the concentration that provided signals equal to 3s
or 10s of the blank sample, respectively. To calculate the LODs
and LOQs, 8 blank samples (acids used for digestion) were
analysed by ICP-MS. The LODs and LOQs for metal(oid)s and
PGEs, expressed in ng mL ', and for urban dust samples
expressed in mg kg~!, are provided in Table S4. Values
expressed in ng m™® are presented in Table $5. Low LODs,
ranging from 0.001 to 0.02 ng mL ™" were achieved, enabling the
quantification of metal(oid)s and PGEs in urban dust and
airborne PM using the optimised analytical procedures.

The linearity of measurement for metal(oid)s and PGEs
ranged from the LOQ to 1000 ng mL™", with correlation coef-
ficients (R”) for the calibration curves better than 0.998.

The accuracy of the optimised analytical procedures was
verified by analysing SRM 1648a and comparing the determined
concentrations with the certified concentrations. For elements

Table 1 Concentrations of metal(oid)s in SRM 1648a (urban particulate matter) determined after nitric acid microwave-assisted digestion and
PGEs after aqua regia microwave-assisted digestion by ICP-MS. The results represent the concentrations of six individual samples, along with

RSDs between the parallel samples

Concentration ~ Concentration ~ Concentration  Concentration  Concentration  Concentration  Average

Element  (mgkg™") (mg kg™ (mgkg™) (mg kg™) (mgkg™) (mg kg™) (mgkg™)  RSD (%)
As 127 129 123 120 118 109 119 5.4
Ba 801 812 807 806 805 815 808 0.6
cd 75.0 72.8 74.5 71.3 73.4 73.6 73.4 1.6
Co 18.7 19.1 18.6 18.4 17.3 19.0 18.5 3.3
Cr 390 400 391 367 384 426 393 4.5
Cu 738 748 748 749 700 658 724 4.7
Mo 22.6 21.1 229 214 229 21.3 22.0 3.5
Ni 85.3 86.4 87.5 85.7 82.3 76.5 84.0 4.4
Pb 6527 6374 6455 6544 6359 6441 6450 1.1
pd 0.69 0.49 0.52 0.62 0.50 0.41 0.54 17
Pt 0.041 0.027 0.040 0.022 0.030 0.033 0-032 21
Tl 1.87 1.91 1.96 1.81 1.86 1.66 1.85 5.6
v 137 139 153 150 140 131 142 5.3
Zn 5241 5260 4744 4561 4610 4263 4780 7.6
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Table 2 Concentrations of metal(oid)s in SRM 1648a (urban particulate matter) determined after nitric acid microwave-assisted digestion and
PGEs after agua regia microwave-assisted digestion by ICP-MS. The results from a spike recovery test are provided for elements that are not
certified. The results represent the mean concentration obtained from six parallel samples = standard deviation between the parallel samples

Determined concentration Certified concentration

Added concentration Found concentration Relative recovery

Element  (mgkg™) (mg kg™) (mg kg™) (mg kg™ (%)
As 121 +£2.9 115.5 + 3.9 — — —
Ba 808 £ 2.0 — 472 1321 103
cd 73.4 + 0.5 73.7 £2.3 — — —
Co 18.5 £ 0.3 17.93 £ 0.68 — — —
Cr 393 +7.9 402 + 13 — — —
Cu 724 £15.2 610 = 70 — — —
Mo 22.0 +£0.3 — 18.9 41.3 101
Ni 84.0 £ 1.6 81.1 £ 6.8 — — —
Pb 6450 + 31.1 6550 + 330 — — —
Pd 0.54 £+ 0.04 — 9.5 10.24 98.5
Pt 0.032 £ 0.003 — 14.35 13.83 96.2
Tl 1.85 + 0.04 — 1.9 3.6 97.3
v 142 + 3.3 127 +£ 11 — — —
Zn 4780 + 162 4800 + 270 — — —

not certified in SRM 1648a, a spike recovery test was applied.
The sample was spiked with an appropriate amount of selected
elements before microwave-assisted digestion. Nitric acid
digestion was used for Ba, Mo and TI, and aqua regia digestion
for Pd and Pt. The relative recovery, expressed as a percentage,
was calculated as the ratio between the found and expected
concentrations (the sum of the element concentration in urban
dust and the added concentration) multiplied by 100. The
results are presented in Table 2.

It is evident that the determined concentrations are in good
agreement with the certified values. The relative recoveries of
the spiked elements ranged between 96% and 103%, indicating
quantitative determination of Ba, Mo, Pd, Pt and TI in urban
dust samples. Therefore, it can be concluded that the optimised
analytical procedures provide accurate results for the analysis of
the studied metal(oid)s and PGEs.

Analytical procedures for the determination of PAHs by GC-
MS

The procedure was modified based on the extraction methods
described in SIST ISO 18287:2019; SIST EN 15549:2008; and
SIST EN 15527:2009,°>* using acetone and petroleum ether.
This modification involved reducing the amount of extracting
agent and optimizing the extraction duration and the clean-up
step. PAHs in the petroleum ether extract were quantified
according to the method described in ISO 28540:2011% for PAH
determination in water samples by GC-MS.

Initially, extraction was performed using a 100 mL mixture of
acetone and petroleum ether (1:1, v/v). However, due to the
small quantity of the sample, it was experimentally found that
the volume of the extracting agent can be significantly reduced.
For a 40 mg urban dust SRM sample, a mixture of 15 mL of
acetone and petroleum ether (1:1, v/v), along with 100 uL of
isooctane, was added. The samples were spiked with 50 pL of an
internal standard solution (10 pg mL™') and subjected to
microwave-assisted extraction (40 °C, 600 W) for 1 h, or shaken
on a mechanical shaker for 16 h or 24 h (25 °C, 180 rpm).

This journal is © The Royal Society of Chemistry 2025

The organic phase was passed through a 3 mL column filled
with Florisil for sample clean-up and concentrated to approxi-
mately 1 mL under a nitrogen stream at 40 °C using a sample
concentrator. GC-MS analysis indicated that samples shaken for
16 h achieved better recovery rates than those shaken for 24 h
(recoveries greater than 7% and 11%, respectively), while the
recovery rate for microwave-assisted extraction was lower (14%).
Thus, mechanical shaking for a duration of 16 h was chosen as
the optimal extraction procedure, followed by the clean-up step.
Additionally, the results indicated that a single cleaning of the
organic phase with Florisil yielded better recoveries compared
to a double cleaning (recoveries of 7% and 11%, respectively).
Consequently, a single cleaning procedure was employed for
the petroleum ether extract containing SRM urban dust.

The optimised procedure was then applied to the determi-
nation of PAHs in the PM;,, PM, 5 and PM, ; fractions collected
on filters and for the PM,, fraction retained in the aqueous
phase, as described in the section Optimised analytical proce-
dure for the analysis of PAHSs.

In this study, PAHs were investigated due to their common
presence as organic contaminants in urban dust and PM,
originating from vehicle exhaust, combustion processes and
industrial activities.***” The following 8 PAHs were selected for
monitoring due to their high toxicity and prevalence in the
environment: BaA, BaP, BbF, BghiP, Ch, Fl, IP, and P.*

Figures of merit for the determination of PAHs in urban dust

The repeatability of measurement of PAHs was evaluated by
performing six analyses of SRM 1648a. The repeatability results,
calculated as the RSD, are presented in Table 3.

The results in Table 3 demonstrate good repeatability of
measurement, with an average RSD of 3% and accuracy of 6%.

The LODs and LOQs for the determination of concentrations
of PAHs in sample extracts were calculated as the concentration
that provided a signal equal to 3s or 10s of the blank sample,
respectively. To calculate the LODs and LOQs, 8 blank samples
(petroleum ether extract) were analysed by GC-MS. The LODs

Anal Methods, 2025, 17, 7184-7199 | 7189
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Table 3 Concentrations of PAHs in SRM 1648a (urban particulate matter) determined after extraction into petroleum ether by GC-MS. The
results represent the concentrations of six individual samples =+ the standard deviation of measurement, along with RSDs between the parallel

samples
Concentration Concentration Concentration Concentration Concentration Concentration Average

PAH  (mgkg™) (mg kg™) (mg kg™) (mg kg™ (mgkg™) (mg kg™) (mgkg™)  RSD (%)
BaA 2.63 2.56 2.52 2.56 2.59 2.59 2.58 1.3
BaP 2.39 2.27 2.30 2.20 2.37 2.32 2.31 2.8
BbF 7.70 8.88 8.48 8.33 7.90 8.04 8.22 4.8
BghiP 4.32 4.03 4.23 4.18 4.17 4.14 4.18 2.1
Ch 6.75 6.70 6.81 6.66 6.85 6.81 6.76 1.0
Fl 7.59 7.65 7.57 7.40 7.52 7.96 7.62 2.3
P 4.08 4.55 4.15 4.16 3.95 3.78 4.11 5.7
P 6.03 6.00 5.92 5.86 5.98 6.16 5.99 1.6

and LOQs for PAHs, expressed in ng mL ™", and for urban dust
samples expressed in mg kg™, are provided in Table S6, and
expressed in ng m™ in Table §7. The LODs for the PAHs
measured (4.5 ng mL ") were adequate for the quantification of
PAHs in urban dust and airborne PM using the optimised
analytical procedures.

The linearity of measurement for PAHs ranged from the LOQ
to 1000 ng mL™", with correlation coefficients (R’) for the cali-
bration curves better than 0.997.

The accuracy of the optimised analytical procedures was
verified by analysing SRM 1648a and comparing the determined
concentrations with the certified values. The results are pre-
sented in Table 4.

Data from Table 4 show good agreement between the
determined PAH concentrations. Deviations from the certified
value did not exceed 10%, and the exception was only BghiP, for
which the determined concentration was 16% lower than the
certified value. These data confirm that the optimised analytical
procedure provides accurate results for the analysis of the
studied PAHs.

Flow rates of low-volume pumps during sampling of size-
fractionating airborne particulate matter over 28 days

To check the variation in flow rates during the one-month air
sampling period, 6 cascade sampling devices with PTFE
membrane filters (PM;o, PM, 5, and PM, ) and an ultrapure-

Table 4 Concentrations of PAHs in SRM 1648a (urban particulate
matter) determined after extraction into petroleum ether by GC-MS.
The results represent the mean concentrations obtained from six
parallel samples + standard deviation between the parallel samples

Determined concentration Certified concentration

PAH (mg kg™ (mg kg™)

BaA 2.58 £0.02 2.71 £0.15
BaP 2.31 £ 0.03 2.57 £0.10
BbF 8.22 + 0.18 8.89 + 0.05
BghiP 4.18 + 0.04 5.00 +£ 0.18
Ch 6.76 £ 0.03 6.12 £ 0.06
Fl 7.62 £+ 0.08 8.07 + 0.14
1P 4.11 £ 0.11 4,17 £0.17
P 5.99 + 0.04 5.88 +£0.07

7190 | Anal Methods, 2025, 17, 7184-7199

water trap for retaining the PM,, fraction were connected to
6 low-volume pumps and placed outside. The flow rate of each
pump was measured on days 0, 14, 21 and 28. The data on the
measured flow rates are presented in Table S8. As shown, the
flow rates for all 6 pumps remained relatively unchanged
throughout the course of the experiment (12 L min™"). This
preliminary experiment confirmed that the low-volume cascade
system enables continuous sampling over a one-month period
without causing filter clogging.

Evaluation of morphological characteristics and particle size
distribution of particulate matter collected on filters

Airborne particles are generally classified into geogenic,
anthropogenic and biogenic categories. Geogenic particles,
which originate naturally, include quartz, aluminosilicates,
calcium-rich particles, chlorides and Fe/Ti oxides. Anthropo-
genic particles, predominantly carbonaceous and sulphates, are
commonly associated with vehicular emissions and biomass
burning.”®** Biogenic particles are typically characterised as
pollen, fungal spores and plant debris, contributing significant
portions to airborne PM.* The main aim was to determine the
morphology and size of fractioned PM on filters using SEM-EDS
(Fig. 2), to distinguish its potential sources.

The identified particles were classified into six morpholog-
ical clusters (Fig. 2): spherules (P1, P7, P12, and P13), floccules
(P2), biogenic particles (P3), tabular particles (P5 and P10),
irregular shaped grains (P6 and P8) and agglomerate particles
(P9 and P11). Most of the identified particles were non-
spherical, thereby providing a higher surface area for poten-
tial toxic compound adsorption and enhancement of their
interaction with lung tissues.®* The most common particles
found in this study include alumosilicates (P1), magnesium
silicates (P7), and carbonate particles (P6), along with sulphates
(P8 and P10) and carbon-enriched particles (P5) (Table S9).

Anthropogenic particles include spherules, floccules and
agglomerates. Spherules are typically smaller, with an average
diameter of less than 3 pm,*** and generally exhibit a Si-Al-Fe
elemental composition. Floccules consist of small spherical
particles (<1 um) with a loose structure, while agglomerates are
characterised by flexuous, fractal edge branches or crinkles
randomly distributed on the surface, forming a lump-like
morphology. Agglomerate and spherical particles are typically

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 SEM imaging of PMjq (left at 5000x magnification;right at 10 000x magnification), PM, s (left at 5000x magnification; right at 10 000x
magnification) and PMg ; (left at 5000x magnification; right at 30 000x magnification).

derived from coal combustion, while floccules result from
vehicle emissions.®

Geogenic particles are mostly characterised by irregularly
shaped grains, which exhibit smooth, flat surfaces (P5 and P8)
or semi-coarse to coarse, holed surfaces (P6), with an average
diameter of around 10 pum. These particles result from
mechanical abrasion and originate from soil and surface
deposits.® Tabular particles appear more elongated, either
rectangular or elliptical, and are generally emitted through
geogenic processes and biological activity.*

This journal is © The Royal Society of Chemistry 2025

The SEM-EDS images show that the particles collected on
filters align with the pore sizes of the filters used, confirming the
reliability of the low-volume cascade PTFE membrane filter system
for fractionating PM;,, PM, 5 and PM,; particle size fractions.

Analysis of metal(oid)s, PGEs and PAHs in size-fractionated
particulate matter in urban settings in Slovenia

To demonstrate the applicability of the developed sampling
device, size-fractionated PM was collected during December

Anal. Methods, 2025, 17, 7184-7199 | 7191
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2023 at three different urban settings in Slovenia: Dobrova (DB),
Ljubljana (L]) and Maribor (MB). L], the Slovenian capital, and
MB, the second-largest city, represent densely populated areas

This journal is © The Royal Society of Chemistry 2025
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with significant traffic-related emissions. In contrast, DB is
a residential area located approximately 10 km from L], char-
acterised by more localised sources of air pollution. PM samples
were collected within one metre of bicycle lanes. Concentra-
tions of metal(oid)s, PGEs and PAHs in the size-fractionated PM
were determined using optimised analytical procedures. The
results for metal(oid)s and PGEs are presented in Fig. 3, while
the results for PAHs are shown in Fig. 4.

Fig. 3 (continued) shows the distribution of metal(oid)s in
size-fractionated airborne PM in Maribor (MB), Ljubljana (LJ)
and Dobrova (DB).

As shown in Fig. 3, the highest concentrations of metal(oid)s
are primarily found in PM;, particles, with lower concentrations
observed in PM,; and PMy;. In the PM.,, fraction, the
concentrations of metal(oid)s (Ba, Cd, Cu, Ni, Pb, Pd, Pt, V and
Zn) originating from traffic-related and coal combustion as well
biomass sources, increased again to levels similar to those
observed in PM,,. This indicates that the PM., ; fraction, which
penetrates most deeply into lung tissue and is potentially the
most harmful to health, contributes significantly to the overall
exposure to metal(oid)s.

The origin of As, Cr, Ni, Pb and V is primarily linked to high-
temperature processes and fossil fuel combustion.*”**%7 Ba,
Cr, Cu, Mo, Pb, V and Zn are associated with gasoline
engines,** while Ba, Cu and Mo arre related to lubricants and
additives used in brake pads. Ba, Cd and Zn are linked to tyre
wear*® and Pd and Pt originate from catalyst emissions in car
exhausts.™

The data in Fig. 3 further show that the highest concentra-
tions of metal(oid)s were recorded at MB and L], as these sites
are impacted by relatively dense traffic and are moderately
populated, with populations of approximately 100 000 and 350
000, respectively. Lower metal(oid) concentrations were found
at DB, which is a less densely populated residential area with
less traffic. Additionally, L] and MB also have a stronger pres-
ence of industrial facilities, including energy production plants,
chemical manufacturing sites, and metal processing and waste
management facilities.

Among metal(oid)s, Ba, Cr, Cu, Ni and Zn were measured in
the highest concentrations in all size-fractioned PM, being
elements typically associated with vehicular emissions. In MB,
the PM,, fraction exhibited higher concentrations of As, Ba, Cr,
Cu, Ni, Pb, and Zn compared to other fractions and locations,
suggesting a more pronounced resuspension process and dust
redistribution from both natural and anthropogenic sources.

In the PM;, fraction, Zn concentrations reached approxi-
mately 70 ng m* in MB and up to 15 ng m ° in LJ, while Ba
concentrations were around 30 ng m ™ in MB and 7 ng m~* in
L]. Concentrations were significantly lower than those reported
in larger cities, such as Fez in Morocco (with a population of
about 1.1 million) or Changsha, China, where concentrations
reached up to 250 ng m* for Zn and 70 ng m > for Ba.**%” The
concentrations of Zn and Ba determined in DB in the PM,,
fraction (Fig. 3) reached up to 10 ng m™* for Zn and 5 ng m ™ for
Ba, showing slightly lower concentrations than those reported
by Jandacka et al.** for PM;, in the smaller city of Zilina, Slo-
vakia (approximately 80000 inhabitants). Across all observed
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PM fractions from this study (2.8-61.5 ng m™ for Zn; 0.45-28.0
ng m* for Ba), concentrations were similar to those in Turin,
Italy, where Zn varied between 5 and 90 ng m* for 0.54-11 pm
PM fractions,** and to those reported in the Los Angeles area,*®
where Zn varied between 6 ng m ° and 8.7 ng m* for PM;, and
PM, 5 respectively, and Ba between 16.5 ng m > and 14.9 ng
m~>. Ba and Zn, most abundant in coarse PM fractions, are
typical of tyre and brake wear. Since their emissions are largely
unaffected by fuel type or emission standards, this contributes
to the observed similarities in their concentrations across
different cities.

The highest concentrations of Cu in MB in the PM;, fraction
(around 30 ng m~*) were similar to those reported in Fez,
Morocco,” while Ni concentrations in MB (around 2.5 ng m )

7194 | Anal. Methods, 2025, 17, 7184-7199

were significantly lower than those reported in Fez (95 ng m ™).
At the DB and LJ sampling sites, Cu concentrations in the PM,,
fraction ranged from 2.8 and 12 ng m~*, which is lower than the
levels reported for Zilina (20 ng m~*).** Ni concentrations in the
PMy, fraction ranging from 0.7 to 2.7 ng m ° were similar to
those reported for Zilina (0.6 ng m~*). Additionally, Cu (0.15-
28.6 ng m ) and Ni (0.28-2.7 ng m™”) values across all PM
fractions were similar to those reported in Leipzig (0.14-50 ng
m~ for Cu; 0.02-2.3 ng m > for Ni)* and Los Angeles (7.5 ng
m? for Cu; 0.4-0.5 ng m° for Ni).** In Changsha, China,* Cu
values across PM > 9 pm and PM < 0.4 pm varied between 10 and
20 ng m~?, In Turin, Italy, Cu and Ni across 0.54-11.0 um PM
fractions varied from 0.5-3.3 ng m° and 0.5-6.0 ng m~,
respectively.* Similarly to Ba and Zn, Cu concentrations are

This journal is © The Royal Society of Chemistry 2025
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mainly influenced by non-exhaust traffic emissions, resulting in
similar Cu emission profiles. In contrast, Ni is more charac-
teristic of gasoline and diesel vehicles.

The levels of Pb in MB in PM;, (4 ng m™®) and PM, 5 as well
as PM.g; (0.4 ng m™) were similar to those observed across all
PM fractions in Turin, Italy (0.25-4.5 ng m *).* In Los
Angeles,*® average Pb concentrations in PM, 5 and PM;, varied
between 0.7 and 1.9 ng m >, significantly lower than those
found in Fez (around 40 ng m ) and Changsha, China
(30—120 ng m~?),* but higher than Pb concentrations at other
sampling sites in this study (0.9 to 2.6 ng m*) and in those
reported for Zilina (1.7 ng m *).** The concentrations of Cr in
the PM;, fraction were also the highest in MB (around 10 ng
m?) and in L] in PM;, and PM, ; (around 4 ng m ). In PM_, 4,
Cr varied between 0.12 and 0.88 ng m°. Concentrations were
lower than those reported for Fez (35 ng m ™) and Changsha
(15-20 ng m °).** However, they were similar to those
measured in Turin (0.3-2.5 ng m ) and Los Angeles (0.8-1.4 ng
m™?).34 At other sampling sites in this study, Cr in the PMyo
fraction was considerably lower (between 2.3 and 4 ng m %) and
similar to the concentration level of Cr in Zilina (1.7 ng m?).**
Higher concentrations of Pb in MB can be attributed to indus-
trial such processing and battery
manufacturing, along with exhaust emissions. Similarly
elevated concentrations of Cd, Cu and Zn were also attributed to
the anthropogenic activities in the local area.®”

In the PM,, fraction, As concentrations in MB were 1.2 ng
m~?, while at other sampling sites, the levels reached 0.5 ng
m >, which is similar to the reported As concentration in
Zilina." As in PMy; and PM.; across all observed locations
varied between 0.02 and 0.11 ng m *. As in Turin, Italy* in the
PM fraction 0.54-11 pm varied between 0.04 and 0.16 ng m >,
Cd concentrations at all sampling sites were very low, ranging
from 0.05 to 0.2 ng m . In Los Angeles,*® Cd concentrations in
PM, 5 and PM,, varied between 0.013 and 0.047 ng m~>. Co,
Mo, V and Tl were also found at low levels, with concentrations
not exceeding 2 ng m >,

As expected, PGEs (Pd and Pt) related to the traffic emissions
were present in low concentrations at all sampling sites. Across
all size fractions, Pd concentrations were generally higher than
those of Pt. Pt concentrations varied between 0.002 and 0.02 ng
m~?, while Pd ranged from 0.01 to 0.09 ng m °. These
concentrations are similar to those reported for side streets,
non-urban and rural areas with low traffic near Frankfurt,
Germany,**® and in aerosols from cities around the world,
except for metropolitan areas such as Beijing, where Pt and Pd
concentrations were significantly higher (around 0.2 and 0.8 ng
m?, respectively).”” In Changsha, China,* Pd concentrations in
PM,, and PM, 5 averaged around 0.02 ng m >,

Despite the differences in city size between the urban areas
selected in this study and larger cities like Turin or Los Angeles,
the similar chemical fingerprinting of size-fractionated PM
(PM;o and PM, 5) suggests comparable pollution level profiles
for selected metal(oid)s. This may be attributed to more local-

activities as metal

ised emission sources in Slovenian cities, higher traffic density
per unit volume of air, and limited dispersion of air pollutants.
Additionally, the timing and location of sampling also plays

This journal is © The Royal Society of Chemistry 2025
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a significant role in comparability of detected metal(oid)s; for
instance, PM sampling in Turin and Fez was conducted on
rooftops, reflecting a greater influence of meteorological and
regional emission factors rather than direct local exposure to
traffic-related emissions.

High-molecular-weight PAHs (BaA, BaP, BbF, BghiP, Ch, Fl,
IP and P), typically bound to particles, were found in the highest
concentrations in the PM;, fraction. They were also present in
the PM, ; fraction at the MB and L] sampling sites, but were not
detected in the PM, ; and PM. ; fractions. BbF, BghiP and IP, 5-
and 6-ring PAHs typically associated with traffic-related sources
exhibited higher concentrations in the PM, s fraction. Their
concentrations were low, ranging from 0.07 to 0.2 ng m >, BbF,
BghiP and IP values in PM,, PM, 5 and PM, observed in Zagreb,
Croatia (population about one million)™ were higher, ranging
between 0.4 and 3.4 ng m >, Higher PAH concentrations (with
the sum of PAHs in the PM,, fraction ranging from 7 to 10 ng
m*) were reported for the large city of Fez.** Comparable
concentrations of PAHs to those reported in our study were
found by Xing et al.”® in Kanazawa, Japan (population of about
450 000). They observed that the sum of 9 PAHs (Fl, P, BaA, Ch,
BbF, BKF, BaP BghiP and IP) in the PM, 5 fraction ranged from
0.2 ng m? in summer to 1 ng m* in winter. A similarly low
sum of PAHs (1-2.1 ng m™~>) was reported by Jedynska et al.”® in
PM,, and PM,; fractions observed in Rome, Copenhagen,
London and Oslo. For comparison, in our study conducted in
MB in December 2024, the sum of 8 PAHs in PM;, was 0.8 ng
m? and in PM, 5 was 0.7 ng m . In L], the sum of 8 PAHs in
the PM,, fraction was 0.7 ng m~3, while in the PM, ; fraction, it
was 0.8 ng m°. The presence of high-molecular-weight PAHs
can be attributed to traffic emissions as well as biomass
burning.

BaP, characterised as one of the most carcinogenic PAHS,
varied between <0.02 ng m > and 0.1 ng m ?, with the highest
concentrations observed in the PM,, fraction in MB. The data
from the literature show that the concentration of BaP in Porto
varied between 0.01 ng m* and 2.7 ng m?, with an average
value of 0.37 ng m~*; while in Athens it averaged at 0.25 ng m *
and 0.21 ng m™® in Copenhagen.” In Zagreb, Croatia,” BaP in
PM, o, PM, 5 and PM, varied between 0.8 ng m > and 2 ng m ™.

Certain compounds, such as As, Cd, Ni and BaP, are iden-
tified as human genotoxic carcinogens. The European Union
Directive (Directive 2004/107/EC 2004)™* has established
threshold levels to mitigate their harmful effects on human
health, with annual target values set for PM;, at 6 ng m > for As,
5ngm > for Cd, 20 ng m~* for Ni and 1 ng m for BaP. In this
study, none of the target values were exceeded in any size-
fractioned PM samples. Threshold limits for other metal(oid)
s, PGEs and PAHSs for finer PM fractions have not yet been
established.

The results of this study revealed that metal(oid)s, PGEs and
PAHs are primarily attributed to anthropogenic activities,
particularly traffic emissions and biomass burning. However,
their concentrations at the selected sampling sites, located
within one metre of bicycle lanes, were low, indicating that the
pollution-related health risks for daily commuters are minimal.
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The developed sampling device for size-fractionated PM, in
combination with optimised analytical procedures, enables
reliable and sensitive analysis of metal(loid)s, PGEs and PAHs at
very low concentrations and is also applicable in areas with high
levels of air pollution. It makes a significant contribution to
improving air pollution control and legislation, identifying the
sources of air pollution and assessing the associated health and
environmental risks.

Conclusions

In this study, a sampling device was developed, consisting of
low-volume cascade PTFE membrane filter system (PM; o, PM, 5,
and PM, 4), connected to an ultrapure water trap that retains the
nano-sized fraction (PM.q;). When combined with optimised
analytical procedures, this setup provides a reliable analytical
tool for detecting metal(oid)s, PGEs and PAHSs, including those
bound to nano-sized fractions, a capability not achievable with
previous sampling devices that relied solely on filters for PM
fractionation, thus enabling a more accurate residential expo-
sure assessment.

The applicability of the sampling device was demonstrated
through a one-month study conducted at three different loca-
tions in Slovenia, which differ in size, population and traffic
density. The results revealed that the highest concentrations of
metal(oid)s and PGEs were predominantly found in the PM;,
fraction, largely influenced by resuspension processes and dust
redistribution. Trace elements linked to traffic related emis-
sions, both exhaust and non-exhaust, as well as coal and
biomass combustion (Ba, Cd, Cu, Ni, Pb, Pd, Pt, V, and Zn) were
significantly elevated in PM.y, across all sampling locations,
indicating the importance of characterising this size range.
High-molecular-weight PAHs were distributed between PM;,
and PM, 5 fractions, with 5-ring (BaP and BbF) and 6-ring (BghiP
and IP) PAH compounds, typically associated with traffic
emissions, found in higher concentrations in the PM, 5 frac-
tion. Contaminant concentrations were low, indicating the
minimal pollution-related health risks for daily commuters
using bicycle lanes.

This one-month study, incorporating a newly developed
sampling device, will be further expanded into a systematic one-
year study to analyse size-fractionated PM samples across urban
areas in Slovenia.

Author contributions

Al: writing - original draft, methodology, analysis, data cura-
tion, conceptualisation. RMS: writing - review & editing,
supervision, methodology, conceptualisation. MD: analysis,
writing - review & editing. AMP: resources, project administra-
tion, funding acquisition, review & editing. JS: funding acqui-
sition, writing - review & editing, supervision, methodology.

Conflicts of interest

There are no conflicts to declare.

7196 | Anal. Methods, 2025, 17, 7184-7199

33

View Article Online

Paper

Data availability

The data supporting this article have been included as part of
the SI. See DOI: https://doi.org/10.1039/d5ay00858a.

Acknowledgements

The authors acknowledge Mateja Stefanéié¢ (PhD) and Mateja
Kosir (PhD) for morphological analysis. The authors acknowl-
edge financial support from the Slovenian Research and Inno-
vation Agency (ARIS), specifically from the Developmental
Funding Pillar (SI: “razvojni steber financiranja, RSF”), and
ARIS financial support in programme groups P2-0273 and P1-
0143.

References

1 M. J. Gatari, J. Boman, A. Wagner, S. Janhall and J. Isakson,
Assessment of inorganic content of PM2.5 particles sampled
in a rural area north-east of Hanoi, Vietnam, Sci. Total
Environ., 2006, 368(2), 675-685.

2 J. Kukutschova, P. Moravec, V. Tomasek, V. Matéjka,
J. Smolik, J. Schwarz, et al. On airborne nano/micro-sized
wear particles released from low-metallic automotive
brakes, Environ. Pollut., 2011, 159(4), 998-1006.

3 P. Pant and R. M. Harrison, Estimation of the contribution of
road traffic emissions to particulate matter concentrations
from field measurements: A review, Atmos. Environ., 2013,
77, 78-97.

4 P. Sanderson, J. M. Delgado-Saborit and R. M. Harrison, A
review of chemical and physical
atmospheric metallic nanoparticles, Atmos. Environ., 2014,
94, 353-365.

5 A. Thorpe and R. M. Harrison, Sources and properties of
non-exhaust particulate matter from road traffic: A review,
Sci. Total Environ., 2008, 400(1), 270-282.

6 W. Lin, H. Zhang, Y. Lai, S. Zhuang, Q. Wei, S. Fu, et al.
Source-Specific Ecological Risk of Atmospheric PM2.5-
Bound Metals and Implications for Air Pollution Control: A
Regional Perspective from China, Expo Health, 2024, 16(3),
745-757.

7 W. H. Shetaya, A. El-Mekawy and S. K. Hassan, Tempo-
Spatial Variability and Health Risks of PM2.5 and
Associated Metal(loid)s in Greater Cairo, Egypt, Expo
Health, 2024, 16(4), 973-988.

8 Y. Wu, N. Zhang, Y. Shi, Z. Chen, H. Zhang, J. Yin, et al. PAH
Pollution and Risk in Particulate Matter in Chinese Cities,
Exposure Health, 2024, 16, 401-415.

9 H. Chen, M. S. Goldberg and P. J. Villeneuve, A systematic
review of the relation between long-term exposure to
ambient air pollution and chronic diseases, Rev. Environ.
Health, 2008, 23(4), 243-297.

10 A. ]J. Cohen, M. Brauer, R. Burnett, H. R. Anderson,
J. Frostad, K. Estep, et al. 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, Lancet, 2015, 389(10082), 1907-1918.

characterisation of

This journal is © The Royal Society of Chemistry 2025



34

a
o
bt
k=
o
(o}
e
ol
S
[
d
o
o
o
(=)}
I
5]
o
S
=
2
=
E
o
a
s
ol
f=3
(]
z
E)
0
=
<
k=
ol
=
G
=
5
=
A
=
=
&=
]
2
=
<
@
2
153
13
8
<
=
[
=1
)

s
B
=
w

2

-

=

g
z
=]
o
a

=)

2

lag]

E
12
2
g
=
g
=]

o
=]
=}

z

g
3

=

E

<
)
g
g
g
=}

o
o

z
2
3
g

9
o
o
5

=
=
=

=
o
z
5
£

P

»

e
E

=

£

Paper

11 F. ]. Kelly and J. C. Fussell, Size, source and chemical
composition as determinants of toxicity attributable to
ambient particulate matter, Atmos. Environ., 2012, 60, 504-
526.

12 H. Kim, W. H. Kim, Y. Y. Kim and H. Y. Park, Air Pollution
and Central Nervous System Disease: A Review of the
Impact of Fine Particulate Matter on Neurological
Disorders, Public Health Front., 2020, 8, 575330.

13 A. G. Russell and B. Brunekreef, A Focus on Particulate
Matter and Health, Environ. Sci. Technol., 2009, 43(13),
4620-4625.

14 Y. Wang, L. Xiong and M. Tang, Toxicity of inhaled
particulate matter on the nervous System:
neuroinflammation,  neuropsychological effects and
neurodegenerative disease, J. Appl. Toxicol., 2017, 37(6),
644-667.

15 A. Valavanidis, K. Fiotakis and T. Vlachogianni, Airborne
Particulate Matter and Human Health: Toxicological
Assessment and Importance of Size and Composition of
Particles for Oxidative Damage and Carcinogenic
Mechanisms, J. Environ. Sci. Health, Part C, 2008, 26(4),
339-362.

16 US EPA, 2019, Integrated Science Assessment (ISA) for
Particulate Matter (Final Report, Dec 2019).

17 M. Lippmann, The US EPA Standards for Particulate Matter
and Ozone, Royal Society of Chemistry, 1997, pp. 75-99.

18 W. MacNee and K. Donaldson, Mechanism of lung injury
caused by PM10 and ultrafine particles with special
reference to COPD, Eur. Respir. J., 2003, 47-51.

19 I. Drventi¢, M. Sala, K. Vidovi¢ and A. Kroflié, Direct
quantification of PAHs and nitro-PAHs in atmospheric PM
by thermal desorption gas chromatography with electron
ionization mass spectroscopic detection, Talanta, 2023,
251, 123761.

20 J. Sanchez-Pifiero, J. Moreda-Pifieiro, E. Concha-Graia,
M. Fernandez-Amado, S. and
P. Lopez-Mahia, Inhalation bioaccessibility estimation of
polycyclic aromatic  hydrocarbons from atmospheric
particulate matter (PM10): Influence of PM10 composition
and health risk assessment, Chemosphere, 2021, 263, 127847.

21 D. Saraga, T. Maggos, C. Degrendele, J. Klanova, M. Horvat,
D. Kocman, et al. Multi-city comparative PM2.5 source
apportionment for fifteen sites in Europe: The ICARUS
project, Sci. Total Environ., 2021, 751, 141855.

22 J. Szab6, A. Nagy and J. Erdds, Ambient concentrations of
PM10, PM10-bound polycyclic aromatic hydrocarbons and
heavy metals in an urban site of Gyér, Hungary, Air Qual.,
Atmos. Health, 2015, 8, 229-241.

23 S. Karthikeyan, U. M. Joshi and R. Balasubramanian,
Microwave assisted sample preparation for determining

central

Muniategui-Lorenzo

water-soluble fraction of trace elements in urban airborne
particulate matter: evaluation of bioavailability, Anal. Chim.
Acta, 2006, 576(1), 23-30.
24 C. Marina-Montes, E. Abds, J. Buil-Garcia and J. Anzano,
single-particle seasonal
spectroscopic study of airborne particulate matter in
Zaragoza, Spain, Talanta, 2023, 259, 124550,

From multi to analysis: A

This journal is © The Royal Society of Chemistry 2025

Chapter 3. Scientific Publications

View Article Online

Analytical Methods

25 R. Milaci¢, H. Leskovsek, F. Dolinsek and D. Hrcek, 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, Ann. Chim, 1995, 85, 131-148.

26 D. Salcedo, J. P. Bernal, O. Pérez-Arvizu and E. Lounejeva,
Assessment of sample preparation methods for the
analysis of trace elements in airborne particulate matter, J.
Anal. At. Spectrom., 2014, 29(4), 753-761.

27 L. Samek, Z. Stegowski, K. Styszko, L. Furman and ]J. Fiedor,
Seasonal contribution of assessed sources to submicron and
fine particulate matter in a Central European urban area,
Environ. Pollut., 2018, 241, 406-411.

28 N. Ziola and K. Slaby, The Content of Selected Heavy Metals
and Polycyclic Aromatic Hydrocarbons (PAHs) in PM10 in
Urban-Industrial Area, Sustainability, 2020, 13, 5284.

29 L. H. Keith, The Source of U.S. EPA’s Sixteen PAH Priority
Pollutants, Polycyclic Aromat. Compd., 2015, 35(2-4), 147-
160.

30 US EPA, 2017, Polycyclic Aromatic Hydrocarbons (PAHS) -
Integrated Risk Information System (IRIS).

31 WHO, Non-heterocyclic  Polycyclic
Hydrocarbons and Some Related Exposures, Int. Agency
Res. Cancer, 2010, 92, 819.

32 International Agency for Research on Cancer. 2016, Outdoor
Air Pollution 109.

33 W. Insian, N. Yabueng, W. Wiriya and S. Chantara, Size-
fractionated PM-bound PAHs in wurban and rural
atmospheres of northern Thailand for respiratory health
risk assessment, Environ. Pollut., 2022, 293, 118488.

34 R. Shen, Y. Wang, W. Gao, X. Cong, L. Cheng and X. Li, Size-
segregated particulate matter bound polycyclic aromatic
hydrocarbons (PAHs) over China: Size distribution,
characteristics and health risk assessment, Sci. Total
Environ., 2019, 685, 116-123.

35 Q. Yu, X. Ding, Q. He, W. Yang, M. Zhu, S. Li, et al
Nationwide increase of polycyclic aromatic hydrocarbons
in ultrafine particles during winter over China revealed by
size-segregated measurements, Atmos. Chem. Phys., 2020,
20(23), 14581-14595.

36 K. W. Fomba, D. van Pinxteren, K. Miiller, G. Spindler and
H. Herrmann, Assessment of trace metal levels in size-
resolved particulate matter in the area of Leipzig, Atmos.
Environ., 2018, 176, 60-70.

37 Y. Gao and H. Ji, 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, Atmos. Res., 2018, 212,
213-226.

38 F. Oroumiyeh, M. Jerrett, 1. Del Rosario, J. Lipsitt, ]J. Liu,
S. E. Paulson, et al. Elemental composition of fine and
coarse particles across the greater Los Angeles area: Spatial
variation and contributing sources, Environ. Pollut., 2022,
292, 118356.

39 V. Evagelopoulos, N. D. Charisiou and S. Zoras, Dataset of
Polycyclic aromatic hydrocarbons and trace elements in

Some Aromatic

Anal. Methods, 2025, 17, 7184-7199 | 7197



Article 1: Innovative Sampling Device for Size-Fractionating Airborne Particulate Matter for

Improved Air Pollution Control of Metal(oid)s and Polycyclic Aromatic Hydrocarbons

[
o
b4l
=N
<
IS
v
ol
=}
a
g
el
N
&
=
=}
b=l
<
<
2
=}
ES
o
[a)
v
ol
1=}
ol
7
=
0
E)
<
=N
a
=
15}
=}
51
=
]
)
=
=
)
2
=
<
@
2
4
o
3
<
=
[
2.
]

$
8
=
w
2
-
=
g
=
=}
o
a
=]
2
[ag]
E
12
2
g
=1
g
=}
9
g
=}
%
=
g
3
=]
E
<
s
=1
c
g
g
=}
O
o
2
Z
g
8
o
«
it
5
=
=
=
=
o
2
=
it
2
P
»
e
E
=
=

Analytical Methods

PM2.5 and PM10 atmospheric particles from two locations
in North-Western Greece, Data Brief, 2022, 42, 108266.

40 Y. Tian, B. Jia, P. Zhao, D. Song, F. Huang and Y. Feng, 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,
Environ. Pollut., 2022, 312, 120004.

41 D. Jandacka, D. Durcanska and M. Bujdos, The contribution
of road traffic to particulate matter and metals in air
pollution in the vicinity of an urban road, Transp. Res. D:
Transp. Environ., 2017, 50, 397-408.

42 A. Teffahi, Y. Kerchich, Y. Moussaoui, P. Romagnoli,
C. Balducci, C. Malherbe, et al. Exposure levels and health
risk of PAHs associated with fine and ultrafine aerosols in
an urban site in northern Algeria, Air Qual., Atmos. Health,
2021, 14(9), 1375-1391.

43 F. Zereini, H. Alsenz, C. L. S. Wiseman, W. Pittmann,
E. Reimer, R. Schleyer, et al. Platinum group elements (Pt,
Pd, Rh) in airborne particulate matter in rural vs. urban
areas of Germany: Concentrations and spatial patterns of
distribution, Sci. Total Environ., 2012, 416, 261-268.

44 M. Malandrino, M. Casazza, O. Abollino, C. Minero and
V. Maurino, Size resolved metal distribution in the PM
matter of the city of Turin (Italy), Chemosphere, 2016, 147,
477-489.

45 V. Celo, E. Dabek, D. Mathieu and I. Okonskaia, 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, Open Chem. Biomed. Methods J., 2010, 3, 141-150.

46 E. Dabek-Zlotorzynska, 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, Open Chem.
Biomed. Methods ., 2010, 3(1), 143-152.

47 P. K. Hopke, Q. Dai, L. Liand Y. Feng, Global review of recent
source apportionments for airborne particulate matter, Sci.
Total Environ., 2020, 740, 140091.

48 S. A. Wise and R. L. Watters, 2020, Standard Reference
Material 1648a - Urban Particulate Matter, Certificate
Analysis, Gaithersburg.

49 P. Coufalik, P. Mikuska, T. Matousek and Z. Vecera,
Determination of the bioaccessible fraction of metals in
urban aerosol using simulated lung fluids, Atmos. Environ.,
2016, 140, 469-475.

50 R. Viskup, Comparison of Different Techniques for
Measurement of Soot and Particulate Matter Emissions
from Diesel Engine Introduction to Diesel Emissions,
IntechOpen, 2020, 1-19.

51 L. Zhang, Y. Wang, Y. Liu, Z. Li and X. Li, 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, Atmos. Environ., 2019,
198, 70-76.

52 SIST ISO 18287:2019, Soil Quality - Determination of Polycyclic
Aromatic Hydrocarbons (PAH) - Gas Chromatographic Method
with Mass Spectrometric Detection (GC-MS), 2019,

7198 | Anal. Methods, 2025, 17, 7184-7199

35

View Article Online

Paper

53 SIST EN 15527:2009, Characterization of Waste -
Determination of Polycyclic Aromatic Hydrocarbons (PAH) in
Waste Using Gas Chromatography Mass Spectrometry (GC/
MS), 2009.

54 EN 15549:2008, Air Quality - Standard Method for the
Measurement of the Concentration of Benzo[afpyrene in
Ambient Air, 2008.

55 ISO 28540:2011, Water Quality — Determination of 16
Polycyclic Aromatic Hydrocarbons (PAH) in Water — Method
Using Gas Chromatography with Mass Spectrometric
Detection (GC-MS), 2011.

56 K. Ravindra, R. Sokhi and R. Van Grieken, Atmospheric
polycyclic aromatic hydrocarbons: Source attribution,
emission factors and regulation, Atmoes. Environ., 2008,
42(13), 2895-2921.

57 R. Roy, R. Jan, G. Gunjal, R. Bhor, K. Pai and P. G. Satsangi,
Particulate matter bound polycyclic aromatic hydrocarbons:
Toxicity and health risk assessment of exposed inhabitants,
Atmos. Environ., 2019, 210, 47-57.

58 F. Usman, B. Zeb, K. Alam, Z. Huang, A. Shah, I. Ahmad,

et al. 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, 2022, 13(1), 124.

B. Zeb, K. Alam, A. Sorooshian, T. Blaschke, I. Ahmad and

1. Shahid, On the Morphology and Composition of

Particulate Matter in an Urban Environment, Aerosol Air

Qual. Res., 2018, 18(6), 1431-1447.

60 S. Romano, Bioaerosols: Composition, Meteorological
Impact, and Transport, Atmosphere, 2023, 14(3), 590.

61 G, Carabali, R. Mamani-Paco, T. Castro, O. Peralta,
E. Herrera and B. Trujillo, Optical properties, morphology
and elemental composition of atmospheric particles at T1
supersite on MILAGRO campaign, Atmos. Chem. Phys.,
2012, 12(5), 2747-2755.

62 C. A. Breed, J. M. Arocena and D. Sutherland, Possible
sources of PM10 in Prince George (Canada) as revealed by
morphology and in situ chemical composition of
particulate, A¢tmos. Environ., 2002, 36(10), 1721-1731.

63 L. T. Gonzdlez, F. E. Longoria-Rodriguez, M. Sanchez-
Dominguez, C. Leyva-Porras, K. Acuna-Askar,
B. I. Kharissov, et al. Seasonal variation and chemical
composition of particulate matter: A study by XPS, ICP-AES
and sequential microanalysis using Raman with SEM/EDS,
J. Environ. Sci., 2018, 74, 32-49.

64 W. Li and L. Shao, Transmission electron microscopy study
of aerosol particles from the brown hazes in northern China,
J. Geophys. Res.:Atmos., 2009, 114, D09302.

65 Z. Wang, L. Zhang, Y. Zhang, Z. Zhao and S. Zhang,
Morphology of single inhalable particle in the air polluted
city of Shijiazhuang, China, J. Environ. Sci,, 2008, 20(4),
429-435.

66 X. Liu, Y. Zhai, Y. Zhu, Y. Liu, H. Chen, P. Li, et al. Mass
concentration and health risk assessment of heavy metals
in size-segregated airborne particulate matter in Changsha,
Sci. Total Environ., 2015, 517, 215-221.

5

=}

This journal is © The Royal Society of Chemistry 2025



36

o
=
=2}
a
ol
wy
ol
=3
o
Q
o
o
>
=
=]
=
2
]
2
=
z
=]
a
Te)
ol
f=}
(3]
Z
=
=)
=
<
x
ol
=
=]
=
i3
=
z
=
=
~
2
=
=
<
-
2
o
9
o
<
=
|5
j=¥
Q

I3}
Q
=
o
2
s
=
L
=
Q
=
a
=]
<
lag]
I
o
2
v
=1
g
=]
Q
=]
=]
%
=1
£
E]
=
E
<
P
=}
=]
g
g
=3
)
o
Z
]
o
2
O
«
i
5
=
=
=
=]
2
2
=
b5
2
"y
2
B
E
=
&

Paper

67 M. Gabersek, M. J. Watts and M. Gosar, Attic dust: an archive
of historical air contamination of the urban environment
and potential hazard to health?, J. Hazard. Mater., 2022,
432, 128745.

68 N. Deabji, K. W. Fomba, E. ]J. dos Santos Souza, A. Mellouki
and H. Herrmann, Influence of anthropogenic activities on
metals, sugars and PAHs in PM10 in the city of Fez,
Morocco: Implications on air quality, Environ. Sci. Pollut.
Res., 2024, 31(17), 25238-25257.

69 F. Zereini, F. Alt, J. Messerschmidt, A. von Bohlen, K. Liebl
and W. Piittmann, Concentration and distribution of
platinum group elements (Pt, Pd, Rh) in airborne
particulate matter in Frankfurt am Main, Germany,
Environ. Sci. Technol., 2004, 15-38(6), 1686-1692.

70 E. Sarti, L. Pasti, M. Rossi, M. Ascanelli, A. Pagnoni,
M. Trombini, et al. The composition of PM1 and PM2.5
samples, metals and their water soluble fractions in the
Bologna area (Italy), Atmos. Pollut. Res., 2015, 6(4), 708-718.

This journal is © The Royal Society of Chemistry 2025

Chapter 3. Scientific Publications

View Article Online

Analytical Methods

71 L Jakovljevi¢, G. Pehnec, V. Vadi¢, M. Caékovi¢, V. Tomasié
and J. D. Jelini¢, Polycyclic aromatic hydrocarbons in
PM10, PM2.5 and PM1 particle fractions in an urban area,
Air Qual., Atmos. Health, 2018, 11(7), 843-854.

72 W. Xing, L. Zhang, L. Yang, Q. Zhou, X. Zhang, A. Toriba,
et al. Characteristics of PM2.5-Bound Polycyclic Aromatic
Hydrocarbons and Nitro-Polycyclic Aromatic Hydrocarbons
at A Roadside Air Pollution Monitoring Station in
Kanazawa, Japan, Int. J. Environ. Res. Public Health, 2020,
17(3), 805.

73 A. Jedynska, G. Hoek, M. Eeftens, ]J. Cyrys, M. Keuken,
C. Ampe, et al. Spatial variations of PAH, hopanes/steranes
and EC/OC concentrations within and between European
study areas, Atmos. Environ., 2014, 87, 239-248.

74 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, https://eur-lex.europa.eu/LexUriServ/
LexUriServ.do?uri=0]:L:2005:023:0003:0016:EN:PDF.

Anal. Methods, 2025, 17, 7184-7199 | 7199



Article 1: Innovative Sampling Device for Size-Fractionating Airborne Particulate Matter for
Improved Air Pollution Control of Metal(oid)s and Polycyclic Aromatic Hydrocarbons 37

Supplementary Information Article 1

Supplementary Information (SI) for Analytical Methods.
This journal is © The Royal Society of Chemistry 2025

Supplementary Information:

Innovative sampling device for size-fractionating airborne particulate
matter for improved air pollution control of metal(oid)s and polycyclic
aromatic hydrocarbons

Anja lleni¢,> Radmila Mila¢i¢ S€anéar,be Marija Burié¢,? Alenka Mauko Pranji¢e and Janez S¢anéar*be

@Department of Materials, Slovenian National Building and Civil Engineering Institute, Ljubljana, Slovenia
&Department of Environmental Sciences, Institute JoZef Stefan, Ljubljana, Slovenia

< JoZef Stefan International Postgraduate School, Ljubljana, Slovenia

* janez.scancar@ijs.si

Table S1 ICP-MS operating parameters for the analysis of metal(oid)s.

Parameter Type/Value Helium mode No gas mode
Sample introduction
Nebuliser Micromist
Spray chamber Scott
Skimmer and sampler Ni
Plasma conditions
Forward power 1550 W
Plasma gas flow 15.0 L min~t
Carrier gas flow 1.05 L min~t 1.05 L min~!
He gas flow 4.5 mL min™?
QP bias -15.0V -3.6V
Oct bias -18.0V -8.0V
Cell entrance —-40V —-40V
Cell exit —60V 50V
Deflect 2.2V 13.4V
Plate bias 60V —-40 V
Sample uptake rate 0.3 mL min™!
Data acquisition parameters
m/z isotopes monitored 51y, 52Cr, 59Co, 105pqd, 111cd, 137B3,
60N, 63Cu, $6Zn, 195p¢, 205T], 208py
SAs, Mo
my/z of isotopes of internal 72Ge, 103Rh, 193|r 72Ge, 103Rh, 193|r

standards
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Table $2 GC-MS operating parameters for the analysis of PAHs.

Parameter

Type/Value

Sample introduction
Injection ports
Injection volume

GC parameters
Carrier gas
Carrier gas flow
Carrier gas velocity

Oven parameters

MS parameters
MS Quadrupole temperature
MS Source temperature
Selected ions for monitoring PAHs and
retention times

BaA

BaP

BbF

BghiP

Ch

Fl

IP

P

Pulsed splitless mode
1pL

He

1.1 mLmin™?

38 cm sec™

First ramp: 50 °C (hold 1 min) to 120 °C at a rate of 30 °C min~?; Second
ramp: 120 "C to 250 °C at a rate of 10 °C min%; Third ramp: 250 "C to
300 °C at a rate 5 °C min!; Hold time 8 min

180 °C

280 °C

Target ion Qualifier Qualifier Qualifier Retention
(m/z) ion1(m/z) ion2(m/z) ion3(m/z) time (min)
228 151 153 76 17.87
252 21.93
252 154 152 76 20.99
276 26.01
228 17.97
202 14.39
138 25.29
202 200 203 101 14.89
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Table S3 Retention times of separated PAHs and PAHs-D compounds used as internal standards, applying the GC-MS

procedure.

PAH and PAH-D compound

Retention time (min)

Nap-D8
Nap
Acy-D8
Acy
Ace-D10
Ace
Fle-D10
Fle
Ph-D10
Ph
An-D10
An
FI-D10

Fl

P-D10

2]
BaA-D12
BaA
Ch-D12
Ch
BbF-D12
BbF
BkF-D12
BkF
BaP-D12
BaP
IP-D12
P
DahA-D14
DahA
BghiP-D12
BghiP

5,40
5,42

8,06

8,08

8,40

8,46

9,46

9,51

11,57
11,62
11,68
11,72
14,35
14,39
14,85
14,89
17,81
17,87
17,91
17,97
20,92
20,99
21,01
21,06
21,86
21,93
25,24
25,29
25,34
25,43
25,93
26,01
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Table S4 LODs and LOQs for the determination of metal(oid)s and PGEs in sample digests and in urban dust samples after
microwave-assisted digestion by ICP-MS.

Element Sample digest Urban dust sample
LOD Loa LOD LoQ
(ng mL™) (ng mL™) (mg kg™) (mg kg™)
As 0.003 0.010 0.002 0.007
Ba 0.017 0.057 0.013 0.042
cd 0.001 0.003 0.001 0.002
Co 0.002 0.007 0.002 0.005
Cr 0.003 0.010 0.002 0.007
Cu 0.023 0.077 0.017 0.057
Mo 0.003 0.010 0.002 0.007
Ni 0.010 0.033 0.008 0.025
Pb 0.023 0.077 0.017 0.057
Pd 0.002 0.007 0.002 0.005
Pt 0.007 0.023 0.005 0.017
Tl 0.007 0.023 0.005 0.017
\ 0.001 0.003 0.001 0.002

Zn 0.017 0.057 0.013 0.042
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Table S5 LODs and LOQs for the determination of metal(oid)s and PGEs in size-fractionated airborne PM after microwave-

assisted digestion by ICP-MS.

Element Size-fractionated airborne PM
LOD Loa
(ngm™) (ngm™)
As 0.000016 0.000052
Ba 0.000088 0.000294
cd 0.000005 0.000017
Co 0.000010 0.000035
Cr 0.000016 0.000052
Cu 0.000119 0.000398
Mo 0.000016 0.000052
Ni 0.000052 0.000173
Pb 0.000119 0.000398
Pd 0.000010 0.000035
Pt 0.000036 0.000121
Tl 0.000036 0.000027
\% 0.000005 0.000004
Zn 0.000088 0.000065
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Table S6 LODs and LOQs for the determination of PAHs in sample extracts and in urban dust samples after extraction in
acetone and petroleum ether by GC-MS.

PAH compound Sample extract Urban dust sample
LOD LoQ LOD LoQ
(ngmL™’) (ngmL™) (mg kg™) (mgke™)
BaA 4.50 15 0.090 0.300
BaP 4.50 15 0.090 0.300
BbF 4.50 15 0.090 0.300
BghiP 4.50 15 0.090 0.300
Ch 4.50 15 0.090 0.300
Fl 4.50 15 0.090 0.300
P 4.50 15 0.090 0.300
P 4.50 15 0.090 0.300

Table S7 LODs and LOQs for the determination of PAHs in size-fractionated airborne PM after extraction in acetone and
petroleum ether by GC-MS.

PAH compound Size-fractionated airborne PM
LOD LoQ

(ngm) (ng m™)

BaA 0.023 0.076
BaP 0.023 0.076
BbF 0.023 0.076
BghiP 0.023 0.076
Ch 0.023 0.076
Fl 0.023 0.076
P 0.023 0.076

P 0.023 0.076
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Table S8 Flow rates measured for low-volume pumps at the start of the experiment (day 0) and on days 14, 21, and 28 using
a sampling device for size-fractionating airborne PM.

Pump No.
1 2 3 4 5 6
Day (L min™) (Lmin™) (Lmin™) (L min™) (Lmin™) (L min™)
0 121 12+1 12+1 1241 12+1 12+1
14 1241 1241 12+1 1241 12+1 12+1
21 121 12+1 10+1 12+1 10+1 1241
28 1211 12+1 12+1 12+1 12+1 1241

Table S9 Results of semi-quantitative chemical analysis (EDS) of the most common particles found in this study, collected on
various PTFE filter fractions, related to SEM imaging (see Fig. 2).

Particle P1 Element [0} Na Mg Al Si K Au
(alumosilicates) Atomic % 69.12 122 1.18 9.50 15.76 172 1.50
Weight % 49.73 1.27 1.29 11.53 19.90 3.03 13.27

Particle P5 Element C (@)
(carbon-enriched particles)  Atomic % 58.56 41.44
Weight % 65.30 34.70

Particle P6 Element (& (o} Mg Ca
(carbonate particles) Atomic % 19.47 54.66 12.49 13.38
Weight % 27.55 58.05 8.73 5.67

Particle P7 Element (¢} (o] Mg Si
(magnesium silicates) Atomic % 57.49 27.19 8.39 6.93
Weight % 67.63 24.01 4.88 3.48

Particle P8 Element (0] F S Ca
(sulphates) Atomic % 48.19 6.08 21.33 24.41
Weight % 65.39 6.94 14.44 13.22

Particle P10 Element (o} S K Ca
(sulphates) Atomic % 44.42 25.19 10.86 19.53
Weight % 64.17 18.16 6.42 11.26
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Abundance Acy o — Aty
4200 Nap BaA= BaP =
4000 BbF = BghiP = ylene,
3800 BKF = benzo[k]fluoranthene, Ch = chrysene, DahA = dibenzofa,hjanthracene,
FI = fioranthene, Fle = fluorene, IP = indeno[1 2,3-cd]pyrene,
3600 Nap = naphthalene, P = pyrene, Ph = phenanthrene
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Fig. S1 Typical chromatogram showing the separation of a solution consisting of standard PAH-Mix 9 solution (16 PAHs, 500
ng mL‘1) and the deuterated PAH-Mix 9 (16 PAHs-D, 500 ng mL'l) used as an internal standard, applying the GC-MS
procedure. The PAHs analysed in the present manuscript are marked in red. The retention times for the separated PAHs
analogues are provided in Table S3.

Fig. S2 Sample collection device.
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Fig. S3 PM;,, PM, s and PMy, fractions collected on PTFE filters.
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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 Ileni¢, Radmila Mila¢i¢ S¢anc¢ar, Alenka Mauko Pranji¢, Nina Zupandic,
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Manuscript Initial Date Status
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Action Links 21607

Size-fractionated airborne particulate matter (PMio, PMys, PMyi, PMo1) 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 PM,, 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<o1. Among PAHs, BbF, BghiP and IP were the most abundant, with the total sum
of PAHs being the highest for PM,,, followed by PM,; and PM-,;. 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 PMyy, PMss, PMy; and PM.y, respectively, and the highest differences observed
for cobalt (Co), molybdenum (Mo) and thallium (T1), 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,
F1 and Pyr, along with As, Co, Cr, Mo and TIl). 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 PM;, were not exceeded.
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Abstract

Size-fractionated airborne particulate matter (PM1o, PM2s, PMo.1, PM< 1) was collected over
one year (2023-2024) at five urban pedestrian and cycling locations in Slovenia to assess
potential health risks from residential inhalation exposure to metal(oid)s and polycyclic
aromatic hydrocarbons (PAHs). At all locations, the highest concentrations among
metal(oid)s, in descending order, were observed for Zn, Ba, Cu and Cr, predominantly in
PMyo, while Ba, Cd, Cu, Ni, Pb and Zn were also significantly enriched in PM<_1. Among
PAHSs, BbF, BghiP and IP were most abundant, with the total PAH sum being the highest for
PM;,, followed by PMy 1 and PM,s. The elemental distribution was primarily influenced by
PM size, reflecting the enhanced size-selective adsorption potential of smaller PM due to
their larger specific surface area. In contrast, PAH levels were significantly affected by
seasonal variations, primarily due to increased atmospheric stability and limited vertical air
mixing in winter, along with particulate phase partitioning of low-volatile, high-molecular-
weight PAHs and intensified photochemical degradation during summer. Peak pollutant
concentrations occurred during the heating period, particularly in more densely populated
and high-traffic cities. Source apportionment revealed a dominance of pyrogenic sources,
including i) vehicular exhaust from diesel engines, ii) mineral dust and non-exhaust
emissions and iii) coal and biomass combustion. The calculated carcinogenic health risk was
negligible, except for As, Co and Cr, which exhibited a low potential risk through inhalation,
particularly for child cyclists. The European limit values for As, Cd and BaP in PM, were not

exceeded.

Keywords: Size-fractionation; Particulate matter; Metal(oid)s; Polycyclic aromatic

hydrocarbons; Sources; Health risk assessment
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1. Introduction

The health impacts of urban airborne particulate matter (PM) are significantly influenced by
its size and chemical composition, with the most detrimental effects associated with particles
smaller than 2.5 ym, which predominantly originate from anthropogenic sources (Fernandez
Camacho et al., 2012; Morawska et al., 2008; Raaschou Nielsen et al., 2013). Exposure to
fine and ultrafine particles, which can penetrate deep into the respiratory system, has been
linked to numerous adverse health effects, including chronic and acute respiratory and
cardiovascular diseases, such as stroke and lung cancer, ultimately leading to reduced life
expectancy (Chen et al., 2008; Cohen et al., 2017; Dominici et al., 2006). These health risks
are at least partially attributed to the toxic substances bound to PM, such as metal(oid)s and
polycyclic aromatic hydrocarbons (PAHs). These highly persistent compounds tend to
bioaccumulate and can induce oxidative stress, highlighting the importance of understanding
their environmental distribution (EEA, 2012; Gao and Ji, 2018). Certain metal(oid)s are
considered useful conservative indicators of particulate emission sources due to their high
atmospheric stability (Fomba et al., 2018; Morawska et al., 2008). In urban environments,
they are associated with high-temperature combustion processes, motor vehicle emissions,
tyre and break wear and road dust, with contributions varying depending on the location and
meteorological conditions (Fomba et al., 2018; Gao and Ji, 2018). PAHs are semi-volatile
organic compounds with fused ring structures containing at least two benzene rings
(Ravindra et al., 2008). They are formed through incomplete combustion processes or the
pyrolysis of organic matter such as wood, coal, natural gas or oil (Jakovljevi¢ et al., 2018;
Ravindra et al., 2008). In the atmosphere, PAHs partition into gaseous and particulate
phases based on their volatility, with low-molecular-weight (LMW) PAHs (2-3 rings) in the
gas phase and high-molecular-weight (HMW) PAHs (4 or more rings) in the particulate
phase (Ravindra et al., 2008). The carcinogenicity of PAHs increases with the molecular
weight (Ravindra et al., 2008). Understanding the relationship between the particle chemical
composition and size is essential, yet the available data remains limited. Sampling stations

are typically installed on buildings’ rooftops, and therefore do not accurately reflect the local

o1
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environments where commuters (e.g. pedestrians, cyclists) reside (Akhbarizadeh et al.,
2021; Chen et al.,, 2019; Fadel et al., 2021; Fomba et al., 2018; Gao and Ji, 2018).
Moreover, most studies have focused on a single pollutant type, either organic or inorganic,
in size-fractionated PMi, or PM,s (Fomba et al., 2018; Gao and Ji, 2018; Jedynska et al.,
2014); therefore, research on the multi-pollutant chemical composition of nanoparticles (PM;
or smaller) is limited (Jakovljevi¢ et al., 2018; Jandacka et al., 2017; Mbengue et al., 2014).
The aim of this study was to advance the understanding of urban airborne size-fractionated
PM and its association with the size-specific chemical composition, with particular emphasis
on the PM < 0.1 um. We present the results of one year monitoring analysis of selected
metal(oid)s and PAHs bound to PM1o, PM.s, PMo 1 and PM< 4 collected in urban pedestrian
and cyclist microenvironments. The objectives were to i) assess the seasonal and spatial
variability of pollutant concentrations, ii) apportion the potential sources and iii) evaluate the
toxic potential and possible health risk implications associated with exposure of pedestrians

and cyclists via inhalation.

2. Materials and methods

2.1. Sampling sites and sample collection

The airborne size-fractionated PM was collected over a one-year period, from 1 June 2023
to 31 June 2024, at five urban locations in Slovenia, distributed along a traverse from south-
west to north-west. The sampling sites included three distinctive urban locations — Maribor
(MB: 46.548294, 15.649047), Ljubljana (LJ: 46.033985, 14.518328) and Murska Sobota
(MS: 46.661490, 16.151619) — one residential area — Dobrova (DB: 46.067450, 14.409407)
— and one reference area, with minimal or negligible pollution, — Piran (PR: 45.517636,
13.568725) (Fig. 1). Dobrova (population: 100) is a roadside settlement situated on the
western outskirts of Ljubljana, the capital of Slovenia (population: 293,000). Both sampling

sites lie within the Sava River basin, surrounded by the hills of the Dinaric Alps. Maribor,
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Slovenia’s second largest city (population: 114,000), is located in the Drava River basin.
Murska Sobota (population: 19,000) is situated in the Pannonian-flat landscape, while Piran

(population: 18,000) is a coastal sampling location.

14.000°E 15.000°€ 16.000°E

1:250000
@ Sampling location

Sampling setup

14.000°E 15.000°E 16.000°E
Fig. 1 A map of the study area indicating sampling sites in Maribor (MB), Ljubljana (LJ),
Murska Sobota (MS), Dobrova (DB) and Piran (PR). MB, LJ and MS represent urban areas,

DB represents a residential area and PR a reference site.

The sampling setups were positioned at ground level, at an average human height (170 cm),
and they were located within one metre of bicycle lanes. Monthly samples were collected
using a low-volume sampling cascade system, consisting of two identical units, one for the
determination of PM-bound metal(oid)s and the other for the determination of PM-bound
PAHs. Each unit was equipped with a three-stage cascade polytetrafluoroethylene (PTFE)
membrane filter holding system (Innovation NILU, Norway), incorporating hydrophobic filters
with pore sizes of 10 pm, 2.5 ym and 0.1 ym (Mitex, Whatman, Omnipore; 47 mm diameter;
Merck, KGaA, Darmstadt, Germany). The system was connected to an ultrapure-water trap

(18.2 MQ cm; Direct-Q 5 Ultrapure water system, PURELAB Flex 3, ELGA LabWater, UK)
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inside a 2000 mL amber glass burette bottle, used for collecting nanosized PM (<0.1 pm).
The airflow (approximately 11 L min™") passing through the system was controlled by a low-
volume diaphragm pump (Vacuubrand ME 1C; 100mbar, 0.8 m*® h™") connected to a gas
meter (Dadolab Class G1.6 Laboratory dry gas meter, ltaly). The airflow was monitored
monthly throughout the entire sampling period, with an average airflow of 198 m*® month™,

making it possible to report metal(oid) and PAH concentrations in ng m™ of air.

2.2. Analytical methods for characterising PM size-fractionated samples

A total of 480 size-fractionated airborne PM samples (PM;o, PMys, PMy 4, PM<4) were
collected and analysed for metal(oid)s and PAHs (Tables S1-S9; Supplementary
Information). Each PTFE filter (PMi, PM.s, PMy4), along with PMs 4 retained in the
ultrapure aqueous phase, represented the average monthly PM concentrations. Prior to
sampling, PTFE filters were pre-desiccated for at least 24 h and weighed (Mettler AE 163
analytical balance, Zurich, Switzerland) before and after PM collection to determine the
precise proportion of PM. For analysis, two consecutive monthly filters from each location

were combined.

2.2.1. Determination of metal(oid)s in airborne size-fractionated PM

Arsenic (As), barium (Ba), cadmium (Cd), cerium (Ce), cobalt (Co), chromium (Cr), copper
(Cu), lanthanum (La), molybdenum (Mo), nickel (Ni), lead (Pb), thallium (TI), vanadium (V)
and zinc (Zn) were determined in size-fractionated airborne PM using microwave-assisted
acid digestion (Milestone Microwave Digestion System, Sorisole, Italy). A mixture of 3 mL
nitric (HNO3), 1 mL hydrochloric (HCI) and 0.2 mL hydrofluoric (HF) Suprapure acids was
used. Prior to the total digestion, PM<y 1 samples retained in the ultrapure aqueous phase
were evaporated to 20 mL at 200 °C. Samples were subjected to closed-vessel microwave-
assisted digestion using the following temperature programme: ramp to 140 °C for 15 min,

hold at 140 °C for 5 min, ramp to 200 °C for 20 min, hold at 200 °C for 60 min and cool down



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

144

145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

160

161

162

163

164

165

166

167

168

for 30 min. The clear digests were diluted to 30 mL with ultrapure water and the total
elemental concentrations were determined by inductively coupled plasma mass
spectrometry (ICP-MS, Agilent 7900 instrument, Agilent Technologies, Tokyo, Japan), using

external calibration for quantification.

2.2.2. Determination of PAHs in airborne size-fractionated PM

The United States Environmental Protection Agency (US EPA) has identified 16
unsubstituted PAHs as priority pollutants, among which benzo(a)anthracene (BaA),
benzo(a)pyrene (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 due to their carcinogenic,
teratogenic and mutagenic properties (US EPA, 2017; WHO, 2010). These compounds,
along with fluoranthene (Fl) and pyrene (P) were extracted from size-fractionated airborne
PM using an organic solvent mixture of acetone (C3HsO) and petroleum ether (CgH14) (1:1,
v:v), along with 2,2,4-Trimethylpentane (CsH4s) used as a retention agent. All samples were
spiked with 50 pL of an internal standard (PAH-Mix 9 deuterated 10 pg mL™" in
cyclohexane). Extraction was performed by mechanical shaking (Vibromix 40 orbital shaker,
Tehtnica, Zelezniki, Slovenia) at 180 rpm for 16 h. Extracts from PM< 4 retained in the
ultrapure aqueous phase were then subjected to liquid-liquid extraction (LLE), followed by
the removal of trace water with anhydrous sodium sulphate (Na,SO,, 550 °C, 6 h). The
organic phase from both the filter extracts and the PM., 4 retained in the ultrapure aqueous
phase was filtered through activated magnesium silicate (MgO;Si; Strata FL-PR Florisil; 170
pum, 80 A, 500 mg® mL™"; U.S. Silica Company) for sample clean-up and concentrated to
approximately 1 mL under a nitrogen stream (N, 40 °C) using a sample concentrator (Dri-
Block Heater DB100/3, Techne Inc., Vernon Hills, IL, USA). Finally, 1 pL of the concentrated

sample was injected onto the column for PAH determination through gas chromatography

55



56

169

170

171

172

173

174

175

176

177

178

179

180

181

182

183

184

185

186

187

188

189

190

191

192

193

194

Chapter 3. Scientific Publications

mass spectrometry (GC-MS, Agilent HP6890; Mass selective detector 5973, Agilent

Technologies, Tokyo, Japan), using external calibration for quantification.

2.2.3. Quality assurance and quality control

Prior to the analysis of size-fractionated airborne PM samples, the analytical procedures for
determining metal(oid)s and PAHs were optimised using Standard Reference Material
(SRM)® 1648a, Urban Particulate Matter, from the National Institute of Standards and
Technology (NIST, USA); it was chosen for its matrix similarity and certified values for both
analytes (Wise and Watters, 2020). The repeatability of extraction methods for metal(oid)s
(Gao and Ji, 2018; Jakovljevic et al., 2018; Mbengue et al., 2014) and PAHs (Akhbarizadeh
et al., 2021) is rarely reported. Optimisation experiments were conducted in duplicate to
evaluate the repeatability of measurements, limits of detection (LODs), limits of quantification
(LOQs), linearity and accuracy. Measurement repeatability, calculated as the relative
standard deviation (RSD), was evaluated using six analyses of SRM 1648a, while LODs and
LOQs were determined from eight blank sample measurements; they were calculated as the
concentration corresponding to signals equal to 3s or 10s of the blank sample. The
measurement repeatability and accuracy were 4% and 2% for selected metal(oid)s, and 3%
and 6% for selected HMW PAHs. Low LODs were achieved, ranging from 0.001-0.02 ng
mL™" for metal(oid)s and 4.5 ng mL™ for PAHs. The linearity of measurement for both
metal(oid)s and PAHSs ranged from the LOQ to 1000 ng mL™", with correlation coefficients (r)
for the calibration curves better than 0.998 and 0.997 for metal(oid)s and PAHS, respectively.
A spike recovery test was applied for elements not certified in SRM 1648a (Ba, Mo, Tl), with
the relative recoveries ranging from 92% to 107%.

Detailed and optimised analytical procedures along with quality assurance and quality

control parameters are provided in llenic et al. (2025).



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

195

196

197

198

199

200

201

202

203

204

205

206

207

208

209

210

211

212

213

214

215

216

217

218

219

220

2.3. Data analysis

The variability in the measured concentrations between different sampling sites (MB, LJ, MS,
DB, PR), sampling seasons — non-heating period (NHP; March—October) and heating period
(HP; November-February) — and PM size fractions (PM;,, PM.s, PMy4, PMs1) were
statistically analysed using parametric tests, including the t-test and analysis of variance
(ANOVA). Pearson'’s correlation coefficients were applied to assess the relationship between
variables, while cluster analysis using Ward’s method as an amalgamation rule, 1-Pearson r
as a distance measure for variables and the Euclidian distance for observations was used to

identify natural groupings of the data. Prior to the analysis, outliers were removed and values
below the LOD were replaced with % (Croghan and Egeghy, 2003). Data analysis was

conducted using TIBCO Statistica software (TIBCO Software Inc., 2017), and the results
were plotted using Origin (OriginLab Corporation, 2021). Potential sources were identified
through correlation analysis, diagnostic ratios (DRs) and source apportionment using
principal component analysis, hierarchical clustering, factor analysis and correlation
coefficients. Additionally, health risk assessment for residential exposure via inhalation was

conducted.

2.3.1. Diagnostic ratios

DRs are a common conventional qualitative method for identifying potential sources of PAH
pollution. The characteristic PAH ratios can be used to differentiate between contributions
from various sources and are indicative of pyrogenic and petrogenic origins, as well as
petroleum combustion sources (diesel or gasoline), biomass or coal burning and both traffic
and non-traffic-related emissions, as these ratios remain constant between different
emission sources (Akyuz and Cabuk, 2010; Caricchia et al., 1999; Katsoyiannis et al., 2007;
Khalili et al., 1995; Yunker et al., 2002). DRs were assessed for each sampling location and

PM size fraction.
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2.3.2. Health risk assessment

The residential exposure of adults (female and male; 18-70 years old) and children (6 years
old) to airborne PM-bound metal(oid)s and PAHs via inhalation was assessed through the
calculation of the average daily dose (ADD, mg kg™' day™"), the incremental lifetime cancer
risk (ILCR) and the hazard quotient (HQ). The assessment was conducted for each specific
sampling site (MB, LJ, MS, DB, PR), PM size fraction (PMi, PM,s, PMy 1, PMy 1), activity
type (cycling, walking), demographic group (male, female, child), sampling period (HP, NHP)
and exposure scenario (normal, worst). The ADD (Eq. 1) for the respiratory pathway of

metal(oid)s and PAHs was determined according to the following equation (US EPA, 2009):

Cair XIRXETXEFXED

ADD:= ATxBW

x 1073 Eq. 1

where c,; represents the average measured concentration of the selected metal(oid) or PAH
(in ng m™) bound to size-fractionated PM during a given sampling period at a specific
sampling site. ED represents the exposure duration, defined as 30 years for adults and 6
years for children, while ET refers to the average exposure time. In the normal-case
scenario, ET reflects the average time an individual spends outdoors in Slovenia (1.8 h
day™"), whereas the worst-case scenario represents continuous 24 h day™' exposure. EF is
the exposure frequency (350 days year™'), and AT is the total average exposure time over a
lifetime (ED x 365) (SURS, 2025). The inhalation rate (/R) varies by activity and
demographic group, where its respective values for men, women and children during cycling
are25m*h™, 1.6 m*h™ and 3.5 m® h™, respectively, and 0.8 m*h™", 0.5 m*h™" and 1 m®
h™', respectively, during walking (US EPA, 1997). The average body weight (BW) is
assumed to be 85 kg for male adults, 68 kg for female adults and 32 kg for children (SURS,

2025).
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The ILCR (Eq. 2) is defined as the incremental probability of an individual developing any
form of cancer over their lifetime as a result of exposure to pollutants. The ILCR was

determined according to the following:

ILCR = ADD X IUR Eq. 2

IUR is the inhalation unit risk and is set to the following values for different compounds: As -
43x102ugm™> Cd-1.8x102ugm™=,Co-9x 10> ugm=3, Cr(Vl) - 1.1 x 102 ug m™, Ni
-26x10*pugm=> Pb-12x10°ugm™>, BaA-6x10° uygm™, BaP -6 x 107* yg m™,
BbF -6 x 105 uygm™=,Ch-6x 107 uygm=>and IP - 6 x 10° ug m™ (US EPA, 2024). An
ILCR greater than 107 indicates a significant potential cancer risk, whereas an ILCR less
than 107® suggests that the cancer risk from carcinogen exposure can be considered
negligible. An ILCR value of 107® corresponds to the probability that 1 in 1,000,000
individuals may develop cancer due to exposure to carcinogenic compounds (US EPA,

2011).

The HQ (Eq. 3) reflects the probability of an individual experiencing an adverse effect and

was calculated as follows:

ADD
HQ = R_fC Eq. 3

where the chronic reference concentration (RfC) for metal(oid)s and PAHSs is set as follows:
As-15x102ugm> Ba-5x10"ugm™,Ce-9x10" uygm™,Cd-1x102pugm=, Co -
6x10° pgm=>,Cr(V)-3x102pugm=, Mo-2ugm= Ni-1x102pugm=3V-1x10" ug
m™ and BaP - 2 x 107 ug m™. If the calculated HQ exceeds 1, adverse health effects could

potentially be expected (US EPA, 1997).
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2.4. Meteorological conditions
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The meteorological conditions were derived from monthly data collected between 2010 and

2016 for selected sampling locations (Table 1) (ARSO, 2025). As the locations Dobrova and

Piran do not have national meteorological stations, data were sourced from the nearby

locations — Ljubljana and Portoroz (45.4753, 13.6160; see Fig. 1), respectively. The

temperature (T) and relative humidity (RH) remain relatively stable between all locations

during both the HP and NHP. Ljubljana experiences the most rainfall compared to the other

sampling locations, particularly during the HP. The wind speed (WS) and atmospheric

pressure (P) are highest in Piran, the coastal sampling location, where SE winds prevail. In

Maribor, P was not determined and is denoted as nd.

Table 1 The meteorological conditions at the various locations.

Location Maribor Ljubljana Murska Sobota Piran

HP
T(Cc)? 48+3.0 5127 38+33 83+21
RH (%)° 758 +45 79.3+3.9 81.8+4.9 78.0+3.2
TP (mmf 63.5+34.9 122 + 47 60.1 +26.3 89.0 + 36.8
P (hPa) nd 981 +4 993+ 4 1015+ 5
WS (ms™)° 20+02 1.1+01 17+03 26+03
wpD' NW, SE NE, N N, E SE

NHP
T.0°C) 164 +4.4 17.3+47 16.9+45 189+47
RH (%) 740+3.9 725+55 746+44 71337
TP (mm) 121 £ 67 181 + 87 86.0 +47.9 121 +76
P (hPa) nd 980 +3 993 + 2 1014 £ 2
WS (ms™) 22+01 14+04 19+03 29+03
WD NW NE N, E SE

2 Temperature (T)

® Relative humidity (RH)

° Total precipitation (TP)

4 Atmospheric pressure (P)
° Wind speed (WS)

fWind direction (WD) — NW (north-west), NE (north-east), N (north), E (east), SE (south-east)

nd = not determined
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3. Results and discussion

3.1. Composition and distribution of metal(oid)s in airborne size-fractionated PM

A total of 14 metal(oid)s were identified, including As, Ba, Ce, Cd, Co, Cr, Cu, La, Mo, Ni,
Pb, Tl, V and Zn. Across all locations, the trend of decreasing average values was: Zn > Ba
>Cu>Cr>Pb>Ni>Co>Mo>V>Ce>As >La>Cd > Tl. While most of the identified
elements were concentrated during the HP, Ce, La, Ni and V showed increased
concentrations during the NHP, typical of mineral dust resuspension and (non)exhaust
emissions on dry surfaces during summer (Fomba et al.,, 2018; Mbengue et al., 2014). A
similar trend was observed in Poland, where non-exhaust sources dominated in the NHP
(Jandacka et al., 2017). As shown in Fig. 2, the largest contents of metal(oid)s were primarily
concentrated in PM,o, with lower concentrations observed in PM,s and PMg 4. In the PM<g 4
fraction, Ba, Cd, Cu, Ni, Pb and Zn are primarily associated with vehicular exhaust and non-
exhaust emissions (Valavanidis et al., 2008), reaching levels similar to those observed in
PM;o. This indicates that the PM.,; fraction, which can penetrate the deepest into lung
tissue and poses potentially the highest health risks, plays a substantial role in overall
metal(oid) exposure. Concentrations were higher during the HP than during the NHP, with
average HP-to-NHP ratios of 1.8, 2.1, 3.4 and 1.5 for PMo, PM2s, PMo+ and PMo1,
respectively. The highest differences were observed for Co (ratio of 5.4), Mo (ratio of 3.1)
and TI (ratio of 6.5), with high correlations between Co and Mo, particularly in small PM
fractions (r = 0.9), all typically associated with high-temperature fossil fuel combustion
processes (Negral et al., 2020). Similar trends were observed in Poland and Germany,
where HP levels were 2-3 times higher, mainly due to coal heating and poor dispersion
conditions (Fomba et al., 2018). Generally, statistically significant differences (p <0.05) were
observed for all elements between different sampling locations, PM size fractions and

seasons, with the PM size predominantly contributing most to the overall variability.

Among the studied locations, the highest levels of metal(oid)s were observed in MB,

followed by LJ, MS, DB and PR (Fig. 2).
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Concentrations ranges of metal(oid)s were compared to other urban areas across the world
(Table 2). It was observed, that the metal(oid) concentrations in this study were significantly
lower than those reported for larger cities, such as Fez, Morocco (population: 1.1 million),
but similar to Zilina, Slovakia (population: 0.6 million), Leipzig, Germany (population: 0.6
million), reflecting similarities in population density, dominant influence of traffic-related
emission in Slovenian cities. Across them, similar order of metal(oid) abundances was

observed: Zn > Cu > Pb > Ba > Cr (Table 2).
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Similar trends across different cities confirm similar chemical fingerprinting results of size-
fractionated PM, attributed to more localised emission sources in Slovenian cities, a higher
traffic density per unit volume of air and the limited dispersion of air pollutants. Among the
analysed elements, As, Cd and Ni have established annual threshold levels, with annual
target values set for PM;, at 6 ng m™>, 5 ng m™ and 20 ng m™>, respectively (Directive
2004/107/EC). In this study, none of the target values were exceeded in any of the size-

fractionated PM samples.

3.2. Composition and distribution of PAHs in airborne size-fractionated PM

A total of eight HMW PAHs were identified, including BaA (4-ring), BaP (5-ring), BbF (5-ring),
BghiP (6-ring), Ch (4-ring), FI (4-ring), IP (6-ring) and P (4-ring). The highest concentrations
of PAHSs, in descending order, were observed for BbF, BghiP and IP, followed by Ch, BaP,
Fl, P and BaA. As shown in Fig. 3, the PAH concentrations were relatively low, ranging from

0.03-0.15ngm™.
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The highest concentrations of HMW PAHs were associated with PM;o, PM,s and PMg 4, with
total PAH sums of 3.4 ng m™, 1.1 ng m™ and 1.6 ng m>, respectively. This may be due to
the higher surface area and fresh combustion origins of PMg 4. The spatial distribution of
PAH concentrations exhibited a consistent trend across all locations, with the highest
concentrations observed in LJ (sum of PAHs equal to 2.9 ng m™), followed by MB (sum of
PAHs equal to 1.7 ng m™3), DB (sum of PAHs equal to 1.3 ng m™3) and MS (sum of PAHs
equal to 0.2 ng m™). No PAHs were detected in PR or during the NHP at all locations.
Generally, no statistically significant differences (p < 0.05) in HMW PAH concentrations were
observed between different locations and PM size fractions. Seasonal variations contributed
significantly to the overall variability. Similar distribution patterns were observed in Zagreb,
Croatia (population 0.8 million) (Table 2)., where the following PAHs were observed in PM;,
— BghiP, BaP, Chr, BbF and IP, in PM,s — BghiP, BaP, IP, BbF and Chr; and in PM; —
BghiP, BbF, Chr, IP and BaP, with the highest total PAH concentrations also observed
during the HP (Jakovljevié et al., 2018). Similarly low sums of PAHs (1-2.1 ng m™~) in PMyo
and PM,s were observed in Rome, Italy, Copenhagen, Denmark, London, United Kingdom,
and Oslo, Norway (Jedynska et al., 2014). 5- and 6-ring PAHs prevailed across all studied
locations, similar to Naples, Italy (Di Vaio et al., 2016). PAHs with 4-, 5- and 6-rings exhibit
lower vapour pressures, which favour their partitioning in PM (Bandowe et al., 2014). The
presence of HMW PAHs can be attributed to traffic emissions, as well as biomass burning
(Shen et al.,, 2019). Among the analysed compounds, BaP is recognised as the most
genotoxic carcinogen for humans, with an established annual threshold level for PM,, set at
1 ng m™2 (Directive 2004/107/EC). In this study, BaP did not exceed the regulatory target at
any location across all size-fractionated PM samples. The highest BaP concentrations, equal
to 0.11 ng m™, were measured in LJ and DB. Regarding other European cities, the highest
BaP values were recorded in Athens, Greece, and Copenhagen, Denmark, with values of
0.25 ng m™ and 0.21 ng m™3, respectively (Jedynska et al., 2014). In Zagreb, Croatia, BaP
values exceeded the regulatory threshold level of 1 ng m™ (Jakovljevié¢ et al., 2018). BaP

values in Porto, Portugal, varied between 0.01 ng m~ and 2.7 ng m™, with an average value
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0.37 ng m™>; meanwhile, the average BaP values were 0.25 ng m™ in Athens and 0.21 ng m~

% in Copenhagen (Jedynska et al., 2014).

3.3. Influence of meteorological conditions on PM air pollution levels
Precipitation is considered one of the major meteorological factors influencing PM
concentrations, primarily through wet deposition, which facilitates the removal of particles
from the entire atmospheric column (US EPA, 2019). In Slovenia, precipitation increases
from the coastal region (Piran) towards Ljubljana (NE), followed by a decrease towards the
NE (Zupancic¢, 2017). Another factor hindering effective air pollutant dispersion is a low wind
speed (approximately 2 m s™', with the lowest values observed in LJ and MB). Elevated
pollutant concentrations in LJ and MB during the HP, result from unfavourable
meteorological conditions, including a low WS, high RH and low T. Both locations are
surrounded by hills and are susceptible to frequent thermal inversions due to the presence of
a low planetary boundary layer level, a stable high-pressure system and the weak vertical
mixing of air masses in the winter months (Jiang et al., 2019; Schauer et al., 2003). The
presence of the surrounding wetlands in LJ can decrease the overall air pollution levels. Air
masses originating from high-PM areas can increase air pollution levels in low-PM areas
(Jiang et al., 2019), likely contributing to the higher metal(oid) and PAH concentrations in DB
due to pollutant transport from LJ, facilitated by NE winds (Table 1). Higher T during the
NHP enhances HMW PAH photodegradation, reducing PAH concentrations in summer (Di
Vaio et al., 2016; Elzein et al., 2020). Additionally, dry surfaces and low wind speeds
promote non-exhaust tracer resuspension, allowing submicronic particles to remain airborne
longer (Fomba et al., 2018). Although precipitation alleviates airborne pollutant levels, its
impact appears limited. LJ, despite receiving the highest rainfall (115 mm in the NHP, 208
mm in the HP), still experiences the most elevated pollution levels in comparison to the other
studied cities. High ozone concentrations, especially in summer, can also significantly affect

PAH levels and their degradation (Elzein et al., 2020). The average monthly ambient ozone
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levels during the NHP were approximately twice as high as those in the HP, with the highest
concentrations recorded at the coastal sampling site PR during the NHP, reaching 202 ug
m~ in June. Exceedances of the 120 ug m™ target for 8-hour observations were recorded at

all locations (ARSO, 2025; Directive 2008/50/EC).

3.4. Source apportionment

In this study, PCA, hierarchical clustering, factor analysis, ANOVA and Pearson correlation
coefficient, along with DRs were employed for the source apportionment of selected
metal(oid)s and HMW PAHs. The PCA explained 79.5% quality of representative and along
with hierarchical clustering along with factor analysis differentiating strongly between
metal(oid)s and PAHs. HMW PAHSs are, in comparison to LMW PAHs, more stable and less
reactive to ozone oxidation and photodegradation processes; therefore, they serve as a
reliable indicator of urban emission sources (Alam et al., 2013). While differences in PAH
reactivity, volatility and solubility may introduce biases, DRs with similar physiochemical
properties, derived from a specific formation mechanism, can serve as characteristic
markers of major PAH sources (Khalili et al., 1995; Ravindra et al., 2008). Table 3 shows the
DRs of the selected PAHs related to their respective sources. Certain isomeric PAH ratios in
MS and PR were not determined (denoted as nd) due to the PAH concentrations falling
below the LOD. The calculated DRs indicate a dominance of pyrogenic sources, connected
to exhaust and non-exhaust traffic emissions, primarily associated with the incomplete
combustion of fossil fuels such as coal, oil and natural gas. In MB and LJ, vehicular
emissions - particularly from diesel engines, which represent 51% of the vehicles in Slovenia
- appear to have a stronger influence compared to DB, where PAH diagnostic ratios indicate
non-traffic-related emission sources (Terzi¢, 2020). Diesel engines also emit significantly

higher levels of PM compared to gasoline engines (Ono Ogasawara and Smith, 2004).
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Table 3 PAH diagnostic ratios in size-fractionated PM at the various sampling locations with

typical characteristic values.

PAH ratio DB LJ MB MS PR Source Reference

Fl/(FI+P) 0.51 057 051 nd nd Petrogenic: <0.4 (Yunker et al., 2002)
Fossil fuel combustion: 0.4-0.5
Grass, wood, coal combustion: >0.5

BaA/(BaA+Ch) 0.33 0.30 0.36 nd nd Coal combustion: 0.2-0.35 (Akyuz and Cabuk,
2010; Yunker et al.,

Vehicul issions: >0.35
ehicular emissions 2002)

Petrogenic: <0.2
Combustion: >0.35

IP/(IP+BghiP) 0.43 047 046 047 nd Petrogenic: <0.2 (Yunker et al., 2002)
Petroleum combustion: 0.2-0.5
Grass, wood, coal combustion: >0.5

BaP/BghiP 0.47 061 066 nd nd Non-traffic emissions: <0.6 (Katsoyiannis et al.,
Traffic emissions: >0.6 2007)

IP/BghiP 0.75 089 086 0.89 nd Gasoline: <0.4 (Caricchia et al.,
Diesel: ~1 1999)

BaP/(BaP+Ch) 0.41 041 047 nd nd Gasoline: ~0.73 (Khalili et al., 1995)
Diesel: ~0.5

nd = not determined

The presence of HMW PAHSs is generally attributed to traffic emissions and biomass burning
(Jedynska et al., 2014). Consistent with findings from previous studies, the DR exhibited
minimal variations between different PM size fractions (Akyliz and Cabuk, 2010).
Additionally, the PAH ratio (3- and 4-ring PAHs)/(5- and 6-ring PAHs) serves as an indicator
of the pollutant transport distance, with higher values suggesting longer-range transport (Tan
et al., 2011). In this study, the highest ratio was observed in MB (1.0), followed by LJ (0.6),
DB (0.5) and MS (0.3), indicating that air pollution sources in MS are predominantly more

localised.

Additionally, elemental ratios are also used as fingerprints of specific anthropogenic
emission sources. The V/Ni ratio, typically reported in the range of 0.5-1.9, is indicative of
gasoline and diesel vehicle combustion sources (Qin et al., 1997). In this study, the V/Ni
ratios (r = 0.9) were below 2.0, ranging from 0.1 to1.2. The average values were 0.9 for

PM;o, 0.6 for PM, 5, 0.4 for PMp 4 and 0.2 for PM<y 4. Zn/Pb ratios (r = 0.9) exhibited higher
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values compared to those associated with traffic-related sources (<1) reported by Prati et al.
(2000). In this study, Zn/Pb ranged from 3.6 to 65.4, with average values of 6.7 for PM;q, 5.2
for PM.s, 9.1 for PMo 1 and 27.5 for PM< 4. Cu, along with Ba and Zn, is a well-established
marker of non-exhaust emissions, particularly from tyre and brake wear (Thorpe and
Harrison, 2008). These elements showed a strong linear relationship across all size-
fractionated PM. The Ba/Cu ratio (r = 0.9) varied between 0.6 and 9.2, with the highest
values observed for PMy4 (3.5) and PMy 4 (3.6). A similar pattern was observed for the
Zn/Cu ratio (r = 1.0), which varied between 0.7 and 6.9. The average values were 1.8 for
PM;o, 2.9 for PM,s, 3.8 for PMp 1 and 3.2 for PM<o 4. These ratios were higher than those in
the literature, suggesting a predominant contribution of Ba and Zn in fine PM fractions (Alves
et al., 2017; Pio et al., 2013). The La/Ce ratio (r = 1.0) in this study ranged from 0.485 to
0.496 across different PM fractions, aligning with the typical crustal material value of 0.492.
A decreasing trend of La/Ce was observed with decreasing particle size (0.27-0.15),
indicative of a crustal origin of these metal(oid)s, likely through soil resuspension (Pio et al.,
2013). The Pb/Cd ratio showed a wide range (1.1-95.2) and remained relatively constant
across sampling sites, with the exception of MB, where a higher average value was
recorded, indicating the localised enrichment of Pb sources connected to industrial activities
(Gabersek et al., 2022). The Zn/Pb ratios (r = 0.9), varying from 3.6-65.4, were substantially
elevated for PM< 1, further supporting a stronger influence of Zn sources in ultrafine
particles. The elemental ratios remained constant between the NHP and HP, except for
Pb/Cd. During the NHP, the average Pb/Cd ratio was 31.6, significantly higher than the
values of 13.5 observed in the HP, suggesting enhanced contributions from traffic emission
sources and resuspended dust outside the heating season.

A coefficient of variation (CV = 100 x standard deviation/mean) greater than 20% indicates a
heterogeneous distribution in the environment (Wilson et al., 2005). In this study, Ba, Cd,
Cu, Ni, Pb and Zn exhibited heterogeneous distributions across all locations, with the highest

CV observed in MB (145%), followed by DB (78%), MS (75%), LJ (73%) and PR (72%).
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Among the particle size fractions, the CV associated with PM4, was the highest, followed by
PMo.1, PMs 1 and PM,5s.

In LJ and MB, key industries include energy production (power and heating plants), chemical
manufacturing, metal processing and waste management. In MS and PR, key industries
include tourism, food production (particularly meat processing) and metal manufacturing,
with PR having significant contributions from logistics and port operations. Across Slovenia,
the primary contributors to PMo and PM, s are fuel use in households and the service sector
and industrial processes, followed by traffic emissions, agriculture and heat production
(Logar, 2023). In 2023, the majority of households (62%) had central heating (coal and wood
biomass), and the most common primary heating sources were wood logs (30%), natural or
propane gas (19%) and renewable sources (14%) (Ingli¢ et al., 2024). In this study, the
highest concentrations of 5- and 6-ring PAHSs, including BbF, BghiP and IP, were detected
across all locations. Typically, 3- and 4-ring PAHs are primarily emitted from coal
combustion (Harrison et al., 1996), and 4-, 5- and 6-ring PAHs are linked to vehicle
emissions (Ravindra et al., 2008); 5- and 6-ring PAHs are indicative of petroleum and oil
combustion (Harrison et al., 1996; Ravindra et al., 2008). BaA, Ch, Fl and P are commonly
used as tracers of coal combustion and biomass burning (Akhbarizadeh et al., 2021; Chen et
al., 2019), while BaP, IP and BghiP are vehicle exhaust markers (Chen et al., 2019). The
highest correlation between PAHs and metal(oid)s was found for As (r = 0.8), especially at
smaller PM sizes, indicating a similar origin, further also strongly connected with Co, Cr, Mo
and TI. Among the metal(oid)s, the highest concentrations, given in descending order, were
observed for Zn, Ba, Cu, Cr and Pb, while Ba, Cu, Cr and Zn are commonly associated with
brake and wear tracers, predominantly found in coarser PM (Fomba et al., 2018; Jandacka
et al.,, 2017; Li et al.,, 2019; Pant and Harrison, 2013; Thorpe and Harrison, 2008). In
contrast, tailpipe tracers (e.g. Ni, Pb) are more prevalent in finer PM fractions (Fernandez
Camacho et al., 2012; Fomba et al., 2018; Li et al., 2019; Mbengue et al., 2014). It has also

been reported that Co, Cd, Ni, Pb and Zn are linked to tyre wear, but Zn, Cr, Cu, Fe, Ba, Sb
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and Sn are more frequently connected with brake abrasion from road traffic (Thorpe and

Harrison, 2008).

3.5. Potential health risk implications

Potential health risks associated with As, Cd, Co, Cr, Mo, Pb, V, BaA, BaP, BbF, Ch and IP
(Tables S10-S13, Supplementary Information) were evaluated for both, typical exposure
conditions (1.8 h day™', representing the average outdoor time in Slovenia) (SURS, 2025)
and the worst-case scenario (24 h day™ exposure), across the NHP and HP and different
size-fractionated PM. In this study, no ILCR or HQ values for the specific groups exceeded
the recommended threshold levels (US EPA, 1997; US EPA, 2011). However, some ILCR
values for As, Co and Cr were above 107°, suggesting a minimal potential carcinogenic risk
through inhalation exposure (US EPA, 2011). The highest exposure risk was observed for Cr
in PM1o during cycling by children in the HP under 24 h day™ exposure (6.6 x 107°), while an
ILCR of 4.9 x 107° was observed under 1.8 h day™ exposure. Elevated ILCR values for
children were also noted for the ILCR values calculated for PM,s (4.5 x 10'5), PMop.1 (2.3 x
107%) and PM<1 (6.2 x 107°) during cycling in the HP under 24 h day™' exposure. Under
normal exposure conditions (1.8 h day™), Cr ILCR values exceeded the 1 x 107 threshold in
PM.s (3.3 x 107®) and PMo1 (1.7 x 107®). For adults, Cr-related ILCR values also exceeded
the threshold in both exposure scenarios during cycling. Co-related ILCR values were of
concern particularly under 24 h day™ exposure in PM, (2.0 x 107° = 3.3 x 107°), as well as in
the normal-case scenario for children cycling (2 x 107°). As-related ILCR values were
similarly elevated for children during cycling activities under 24 h day™ exposure in PMo (2 x
107%) and PM,5 (1 x 107°).

Overall, under both normal and high-exposure scenarios, the most concerning metal(oid)s in
PM,, were Cr, Co and As, with ILCR values of 2 x 10° and 2 x 107, 8 x 107 and 1 x 107°,
and 5 x 107 and 6 x 107, respectively. Among the PAHs, BaP (1 x 10° and 1 x 107,

respectively), BbF (2 x 107'° and 2 x 10°°, respectively) and P (8 x 107" and 1 x 107,
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respectively) were associated with the highest ILCR values. In PM;s, the highest ILCR
values were calculated for Pb (1 x 10 and 1 x 107°, respectively), Cd (2 x 10 and 3 x 107,
respectively) and Cr (2 x 1078 and 2 x 107°, respectively), as well as for P (5 x 10° and 7 x
1078, respectively) and BaA (4 x 107"° and 5 x 107°, respectively). In PMo 4, the highest ILCR
values were calculated for Ce (5 x 107 and 7 x 107%, respectively), Ni (1 x 10 and 1 x 107,
respectively) and Pb (9 x 107° and 1 x 1077, respectively). Among PAHs, P (9 x 107"° and 1 x
1078, respectively), BaP (1 x 107" and 1 x 10™°, respectively) and Ch (8 x 10" and 1 x 10™°,
respectively) exhibited the highest ILCR values. In PM< 4, the highest ILCR values were
calculated for As (2 x 107 and 2 x 1078, respectively), V (8 x 10™° and 1 x 1077, respectively)

and Ce (7 x 10° and 9 x 1078, respectively).

ILCR values were consistently higher during the HP compared to the NHP, ranging from 2 x
107" to 4 x 107 for the NHP, and from 1 x 107" to 5 x 10® for the HP. The highest average
ILCR values were observed in MB and LJ, with values of 1 x 10® and 8 x 1077, respectively.
Additionally, higher ILCR values were also observed during cycling activities (1 x 107°)
compared to walking (3 x 1077); this is primarily attributed to the increased respiratory rates
and greater volume of inhaled air associated with demanding physical activities. On average,
cyclists experience three-times-higher levels of exposure to air pollution than pedestrians
when subjected to the same exposure duration (Hofman et al., 2018; llenic et al., 2024; Int

Panis et al., 2010).

Additionally, the calculated HQ did not exceed the threshold level of 1, signifying minimal
exposure risks for the observed compounds (US EPA, 1997). Similar to the ILCR values, HQ
values were generally higher during the HP, with the highest levels observed in MB, followed
by LJ, DB, MS and PR. Under the worst-case conditions, carcinogenic risk factors were
markedly elevated, reflecting the same trend observed for ILCR values.

Based on both the calculated ILCR and HQ values, Cr exhibited the highest potential
carcinogenic risk among the assessed metal(oid)s, while BaP posed the greatest risk among

PAHs (Fig. 4, Fig. 5).
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For comparison, the ILCR values reported in Seoul, South Korea, were relatively low,
ranging from 5.6 x 107® to 7.5 x 107 (Choi et al., 2022). In Naples, ltaly, PAH-related ILCR
values for PM,, were negligible. The BaA-related ILCR was 2.1 x 107 for adults and 5.8 x
1078 for children, respectively. The Chr-related ILCR was 2.7 x 107'° for adults and 7.7 x
107" for children, while the BaP-related ILCR values were 4.8 x 107 for adults and 1.4 x
107® for children. The IP-related ILCR values were 1.6 x 1078 for adults and 4.6 x 107’ for
children (Di Vaio et al., 2016). In Zhengzhou and Beijing, China, elevated ILCR values and
high concentrations of BaA, BaP, BbF, Pb, As, Cr, Cd and Ni were observed, particularly

during the NHP (Gao and Ji, 2018; Jiang et al., 2019).

4. Conclusions

The data of size-fractionated airborne PM-bound metal(oid)s and PAHs in PMo, PM,5, PMo 4
and PM.,, collected over a one-year period at five different pedestrian and cycling urban
microenvironments in Slovenia, revealed that the highest concentrations of metal(oid)s
among different locations were observed for Zn (6.98 + 2.24 ng m™), Ba (4.46 + 0.89 ng
m™3), Cu (2.81 + 0.90 ng m™) and Cr (1.52 + 0.31 ng m™) in the HP, while Ce (0.15 + 0.04
ng m™), La (0.07 + 0.02 ng m™), V (0.25 + 0.04 ng m™) and Ni (0.47 + 0.05 ng m™)
dominated in the NHP. Metal(oid) levels were highest in PM,,, followed by PM,s and PMy 4,
with Ba, Cd, Cu, Ni, Pb and Zn significantly enriched in PM<4, indicating a strong
contribution from vehicular sources. Among PAHs, BbF (0.05 + 0.01 ng m™), BghiP (0.04 +
0.01 ng m™) and IP (0.04 + 0.01 ng m™) exhibited the highest concentrations, predominantly
found in PM,o, PM,s and PMy 4, with total PAH sums of 3.4 ng m=, 1.1 ng m= and 1.6 ng

m—3

, respectively. The elemental distribution was mainly influenced by the PM size, while
PAH levels were significantly affected by seasonal variations.
The highest concentrations, particularly in the HP, were recorded in more densely populated

cities of Ljubljana and Maribor, resulting from unfavourable meteorological conditions, with
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frequent thermal inversions, a low planetary boundary layer height and the weak vertical

mixing of air masses, allowing submicronic particles to remain airborne longer.

Source apportionment using PCA, DRs and elemental fingerprinting indicated a dominance
of pyrogenic sources, with elevated contributions from i) vehicular exhaust emissions,
primarily associated with diesel engines, and characterised by BbF, BghiP, Ch, IP, Ni and
Pb; ii) mineral dust resuspension and non-exhaust emission sources, such as tyre and brake
wear, marked by Ce, La, V, Ba, Cu and Zn; and iii) coal and biomass combustion during the

HP, indicated by BaA, BaP, Fl and P, along with As, Co, Cr, Mo and TI.

The carcinogenic risk assessment, observed for pedestrians and cyclist among different
demographic groups, indicated an overall negligible cancer risk, except for As (2 x 1077), Co
(1 x 10™®) and Cr (6 x 107°), which exhibited low potential risks through inhalation. The
highest exposure levels were identified for children engaged in cycling activities in the HP.
The calculated HQ values were below the threshold of 1, and the annual European threshold
limit values for As, Cd and BaP in PM,, were not exceeded, suggesting minimal exposure-

related health risks in the study area.
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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 PM,; 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 (R? >0.7, RMSE <7 pg m*) 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, R*
ranged from 0.81—0.99 and RMSE from 0.81—61.72 ug m, at an average concentration
of 21.5 pg m™*. In contrast, co-location assessment at an average concentration of 9 ng
m® resulted in R = 0.5 and RMSE = 6.82 pg m®. A strong RH dependence was
reflected in the underestimation or overestimation of PM,; 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 PM,; 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 PMss; 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 pg m™?), while the
highest occurred during the morning RHT (4.8 ng m™?), 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 PM, s measurements should be interpreted with caution.
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citation and DOL Abstract
Laboratory and field assessments of low-cost sensors (LCS) are essential for ensuring the accuracy of

PM, s measurements collected by citizens in air quality campaigns. Evaluation of Sensirion SPS30
(LCS SPS30) in controlled laboratory setting showed a coefficient of determination (R*) ranging from
0.81-0.99 and a root mean square error (RMSE) from 0.81-61.72 ug m™?, at average concentration of
21.5pg m ™. In contrast, co-location assessment atan average concentration of9 pg m ™ resulted in
R?0f0.5 and a RMSE 0f 6.82 ug m . The results demonstrated that the sensor met micro-
environmental monitoring standards (accuracy < 25%) and United States Environmental Protection
Agency's performance criteria (RMSE < 7 pg m ™2, R? > 0.7) only at relative humidity (RH) levels
below 60%, emphasising its strong sensitivity to RH and the need for RH-dependent data corrections.
The observed underestimation or overestimation of PM, 5 readings was primarily attributed to
variations in particle composition and concentration. Despite accuracy variations, LCSs can
effectively capture spatiotemporal urban air quality patterns and identify pollution hotspots in
community monitoring, particularly in low-pollution environments. In a citizen-led PM, 5
monitoring campaign in Maribor, Slovenia, the lowest concentrations were recorded at 15:00

(2.9 pg m ™), while the highest occurred during the morning rush-hour (4.8 ug m ™), likely
attributed to the planetary boundary layer’s impact on atmospheric particulate dispersion. Spatial
analysis revealed that hotspots clustered near intersections, where vehicle waiting time is the longest.

1. Introduction

The health and environmental hazards associated with airborne fine particulate matter (PM, 5, aecrodynamic
diameter < 2.5 pm) are prevalent in many European cities, surpassing the air quality threshold levels
established by the European Ambient Air Quality Directive (AQD) [1], and the interim targets defined in the
World Health Organization’s (WHO) air quality guidelines [2]. Exposure to even minimal PM, 5
concentrations can increase health risks, including chronic and acute respiratory as well as cardiovascular
diseases, such as stroke and lung cancer, leading to a reduced life expectancy. Therefore, systematic monitoring
of these atmospheric pollutants is essential [3—6].

In urban environments, air quality monitoring stations (AQMS) continuously monitor PM, 5 levels,
adhering to standardised quality assurance and control protocols. However, the data acquired is limited and
sparsely distributed across cities [7, 8]. Thus, in recent years, rapid development and deployment of light-
scattering low-cost sensors (LCS) for air quality monitoring has been observed [9]. These sensors offer great

© 2025 The Author(s). Published by IOP Publishing Ltd
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health and environmental applications with several inherent advantages, including affordability, portability,
improved spatial resolution and the ability to identify emission hot spots [ 10—12]. Various applications of these
sensors have been reported, including environmental awareness activities and citizen science campaigns,
monitoring both community and industrial emissions, assessment of personal indoor and outdoor exposure
and data collection in remote places [ 13]. However, in comparison to AQMS, LCS exhibit lower levels of
accuracy, sensitivity and limits of detection (LOD). Consequently, an evaluation of their dynamic response is
essential before considering widespread implementation as a supplementary source of air quality data
alongside AQMS [13—16]. LCS, utilising light scattering operating principle, are strongly affected by factors
such as particle composition and density, hygroscopicity, refraction index, relative humidity (RH), pollutant
concentration level and averaging time [17-20]. Consequently, it is imperative to evaluate these sensors using
co-location field assessment methods against reference instruments such as AQMS [7, 18, 20-26] orin
controlled laboratory settings [18, 20, 22, 27, 28]. Additionally, various methods, such aslinear regression
models [15, 29, 30], multiple linear regression [ 15, 29] and mechanistic models based on hygroscopic growth
correction [15, 22, 29] are also employed. More recently, multimodal data fusion methods have been applied,
combining ground monitoring data, satellite remote sensing data and also surveillance camera images at local,
regional and global scales to enhance the spatiotemporal accuracy of air quality predictions [31, 32]. Accurately
calibrated LCS offer real-time measurements at lower costs, enabling broader spatial coverage in densely
populated urban areas. Unfortunately, there is still a significant gap in regulatory frameworks, accreditation,
certification protocols and harmonised assessment protocols, both in laboratory and field settings, hindering
the widespread implementation of these sensors [14]. A recent publication by the United States Environmental
Protection Agency (US EPA) has outlined recommended target values for the performance metrics of such
sensors, which marks the beginning of efforts to address the challenges of standardisation and comparability of
these sensors [33].

The assessment of LCS is therefore essential for ensuring accurate data acquisition, necessary for PM, 5
personal exposure in citizen science campaigns. In this study, the performance of the Sensirion SPS30 (LCS
SPS30) was assessed under both, controlled laboratory conditions and real-world urban environment. The
research was focused on identifying the sensor’s limitations under varying environmental conditions,
including RH, temperature and PM, 5 concentrations. Additionally, the study examined the comparability of
LCS measurements with reference instruments and explored the potential applicability of LCS for widespread
community deployment in air quality monitoring networks.

2. Methods

LCS SPS30 (CanAirlO Sensirion SPS30), real-time optical particle counter, was evaluated under laboratory-
controlled conditions using the reference instrument Grimm 11d and in field settings through a co-location
evaluation. The LCS SPS30 continuously measures PM; 5 concentrations using the laser scattering technique,
with results reported in pg m ™. LCS SPS30 was introduced in 2018 and was initially calibrated by the
manufacturer during the laboratory testing. They reported PM, s measurement range of 0-1000 pg m >,
concentration resolution equal to 1 ig m™ > and particle diameter resolution equal to 0.3 pm. PM, s mass
concentration was calibrated to TSI Dust-TrakTM DRX 8533 Ambient Mode and PM, s number
concentration was calibrated to TSI OPS 3330 [34].

2.1. Laboratory assessment of LCS SPS30

The performance assessment of the LCS SPS30 under laboratory-controlled conditions (figure 1) was carried
out using an environmental-pollution chamber (Envilution™) with a capacity of 125 L [35]. The chamber
facilitates systematic control of specific environmental parameters, such as particulate matter emissions, RH
and temperature (T) over a predetermined time period. The Envilution™ chamber features a nebulizer
(utilising 0.5% Potassium Chloride [KCl] as a particulate matter emissions source), a humidifier/dehumidifier
system; flow controllers for accurate pollutant emission quantification; a heat pump for T regulation and
sensors to monitor the T, RH and pressure. Additionally, the chamber includes an adjustable platform for LCS
evaluation, a reference instrument (Grimm 11d) for monitoring PM levels and integrated software for
controlling diverse environmental conditions and recording data from reference instruments. Grimm 11d
measures PM while accounting for RH. The Grimm 11d (Dust Decoder—portable aerosol spectrometer)
operates on the principle of light scattering detection using a diode laser to analyse individual particles. It
measures particle sizes ranging from 0.253 to 35.15 um and dust mass concentrations from 0 pg m ™ to

100 mg m >, with a volume flow rate of 1.2 L min . It employs humidity compensation algorithms, heated
inlets, or drying systems to reduce RH effects, ensuring accurate readings. Additionally, real-time RH
monitoring and post-processing software further corrects the data. Digital Temperature and Humidity Sensor

2
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Figure 1. Laboratory assessment of LCS SPS30.

AM2320 was additionally used to control the atmospheric conditions within the chamber. To avoid
unintended reactions during assessment tests, all chamber components are made of, or coated with,
polytetrafluoroethylene materials [35]. The LCS SPS30 operates within a T range of —40 to +80 °Cand can
accommodate RH up to 99%. In contrast, the reference instrument, Grimm 11d, functions optimally between
+4 and +40 °C, with RH levels below 95%. To evaluate the comparability between both instruments,
scenario's parameters corresponded to the field test under Slovenian temperate continental climate conditions,
where three different scenarios were simulated. Scenario 1 maintained T between 6 and 8 °Cand RH from 50 to
60%. Scenario 2 encompassed T ranging from 15 to 18 °C with RH levels ranging from 60 to 80%. In Scenario 3,
T was between 18 and 22 °C with RH levels of 70 to 80%. The PM; 5 concentrations ranged from 0 to

367 ug m >, To minimise the risk of condensation events and potential overestimation of particle mass
concentrations [ 15,22, 35-38] deliberate measures were taken to avoid extremely high RH levels and elevated
T. No correction factors were applied on laboratory data assessment.

2.2. Air quality monitoring campaign with field co-location assessment of LCS SPS30

The PM, 5 air quality monitoring campaign, focusing on the impact of traffic congestions on PM; 5
concentrations in urban areas, was conducted in Maribor, Slovenia. Maribor is the second-largest city in
Slovenia with 94,370 inhabitants (in 2024). The city has a humid continental climate and lies in close proximity
to the Drava River. A citizen-led PM, 5 exposure campaign was conducted between 9 and 13 October 2023,
where volunteers conducted 72 bicycle trips (n = 38,803 data points) during four specific time intervals to
gather PM, 5 data: (i) 7:00-8:00, (ii) 12:00, (iii) 15:00 and (iv) 18:00—19:00. The LCS SPS30 sensors were
mounted perpendicularly to the cyclists’ travelling direction in order to minimise the wind effectand
consequently the overestimation of the PM, 5 concentrations (figure 2). However, since this approach was not
validated, wind-induced biases during sampling might have occurred. The 10.5 km-long cycling route
remained constant and was pre-determined utilising the Google Traffic feature on Google Maps. It included
areas in Maribor with the highest traffic density and formed a closed loop, comprising diverse road types such
as high-speed roads and 30 km h™! speed roads. It passed by key locations like the main city hospital, main
square and train station.

The initial co-location field assessment yielded 2,536 data points collected during four pre-determined time
intervals (7:00—8:00, 12:00, 15:00, 18:00-19:00), over five consecutive days (9—13 October 2023). The
assessment took place at the Slovenian Environment Agency AQMS (Maribor—Titova location; 46.558861,
15.651306) (figure 2). Continuous monitoring of PM, 5 and PM,, levels at AQMS is performed using HORIBA
model APDA-371 (measurement resolution of 0.1 pg m~%; LOD < 4.8 pg m ™~ ; flow rate of 16.7 L min "),
which automatically records hourly concentrations of airborne particulates. The instrument utilises '*C
(radioactivity: < 2.22 x 106 Beq, 60 = 15 pCi, half-life of 5730 years) as a beta source using a photomultiplier
tube with an organic plastic scintillator as a detector. Additionally, AQMS measurements include hourly and
monthly monitoring of carbon monoxide, ozone, nitrogen dioxide and benzene.

During each cycling trip, a volunteer stopped at the AQMS to collect PM, 5. The total co-location durations
were 42 min 19 s (9 October), 54 min 28 s (10 October), 55 min 26 s (11 October), 58 min 18 s (12 October) and
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Figure 2. Co-location field assessment of LCS SPS30.

37 min 35 5 (13 October). The data were averaged by time interval and day, and subsequently compared with
AQMS hourly data. AQMS reported valid PM, 5 values on 9 October (15:00, 18:00—19:00), 10 October (15:00,
18:00-19:00), 11 October (7:00-8:00, 12:00, 15:00, 18:00-19:00), 13 October (12:00, 15:00, 18:00-19:00),
yielding 1,543 usable data points.

2.3. Air quality monitoring campaign with field co-location assessment of LCS SPS30

LCS exhibit high sensitivity to RH levels, with numerous studies reporting that RH > 85% often results in LCS
overestimation of PM, s concentration. This overestimation occurs due to enhanced aerosol hygroscopic
growth from water vapour condensation on atmospheric particles [15, 22, 35-38]. Consequently, many studies
recommend incorporating the RH into calibration equation [22, 39, 40]. Therefore, a following RH dependent
correction was applied on field data, including co-location assessment:

oo )
—1 + -
Corrected = PM+WX5 @

The K value was applied based on Kohler theory [41], where it represents the degree of particle
hygroscopicity depending on particle composition. For simplification, 1.65 g cm ™~ was used as a bulk dry
particle density [22]. Previous studies observed that the dry particle mass of PM, 5 ranged from 0.38 to 0.44
[22], with an expected range for Europe of 0.36 = 0.16 [42], therefore, an average value of 0.41 was used as the K
constant. Water activity (a,,) was defined as RH/100, using an average relative humidity (74%) during the
monitoring campaign. § is defined as a percentage discrepancy between LCS and AQMS, and was equal to 0.37.
Temperature fluctuations have negligible to no impact on LCS PM sensors [36]. The LCS SPS30 is set to record
data at 5-s intervals, whereas Grimm 11d operates at 1 min intervals. Therefore, for analysis purposes, the
laboratory assessment data were averaged based on 1 and 5 min averaging times, while field co-location
assessment data on hourly averages. Data were statistically evaluated by analysis of variance (ANOVA), using
TIBCO Statistica software [43]. Furthermore, the spatial distribution of PM, 5 concentration was examined
using QGIS software [44].
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Table 1. Average (mean =+ standard error) values of selected
parameters within during laboratory assessment of LCS.

LCS SPS30 Grimm 11d
PM, 5 [ugm~’]
Avg. 215421 32+4.8
R? 0.83
Slope Grimm 11d = —8.8 + 1.9 *LCS SPS30
RH [%]
Avg. 61.2+1.0 67.5+£0.8
R’ 0.92
Slope Grimm 11d = 17.4 + 0.8 * LCS SPS30
T[°C]
Avg. 12.14+0.4 15.7+£0.5
R? 098
Slope Grimm 11d = 2.7 4 1.1 * LCS SPS30

3. Results and discussion

LCSs are being increasingly employed in environmental pollution campaigns to evaluate air quality in urban
areas. However, they are highly susceptible to systematic biases, time-dependent drifts and aging. Therefore, it
is crucial to assess them prior to the widespread use [13—16]. The AQD [1] established data quality objectives,
specifying that measurement uncertainty, including coefficient of determination (R?) and the regression slope,
should primarily be used to evaluate the air quality data from monitoring methods. Nevertheless, these metrics
are rarely incorporated in citizen science initiatives utilising LCSs [20]. Co-location field assessment is often
used to evaluate performance of LCSs [7, 18, 20-22, 24-26], however, due to meteorological and
environmental variations across the reported studies, direct comparison of LCS to reference instruments is
challenging. Consequently, it is advisable to perform laboratory evaluation, which provides higher levels of
reproducibility [13]. Laboratory comparability assessment ensures standardised and controlled testing
conditions, enabling the simulation of environmental conditions relevant to specific environment, such as the
Slovenian climate. Additionally, such assessment allows for the evaluation of unit-to-unit variability and the
independent verification of the manufacturer’s calibration results. Additionally, statistical indicators such as
the root mean square error (RMSE), standard deviation (SD) and the intercept of the linear regression between
LCS and AQMS data are commonly used. While RMSE and R? are considered as the most explicative measures
[13, 20], factors such as averaging time and the choice of the reference instrument can also significantly affect
the evaluation [19]. The US EPA publication ‘Performance Testing Protocols, Metrics and Target values for
Fine Particulate Matter Air Sensors’ recommends specific target values for assessing the suitability of LCSs for
micro-environmental air pollution monitoring campaigns. According to the publication, R? should remain
above 0.7 and the RMSE below 7 ug m™> for LCSs to be considered eligible for air pollution monitoring
campaigns [33].

3.1. Laboratory assessment results and comparative analysis of LCS SPS30 and reference instrument
Grimm 11d

The performance of the LCS SPS30 was evaluated simultaneously with two different LCS SPS30 under different
environmental conditions in relation to reference instrument Grimm 11d, corresponding to the Slovenian
moderate continental climate (Tables S1-S3). The Pearson’s correlation coefficients between two sensors
varied 0.995-0.998. The same sensors were used in all laboratory-based scenarios. The average accuracy error
was 9%, 21% and 33% for Scenario 1 Scenario 2 and Scenario 3, respectively, with R?values varying from
0.81-0.99. Scenario 1, with RH below 60%, was the only environmental condition in which the LCS SPS30 met
the criteria for micro-environmental monitoring.

The average values presented in table 1 were used to facilitate the comparison between LCS SPS 30 and
reference instrument Grimm 11d, allowing for the assessment of discrepancies across individual parameters
(PM concentration, RH and T). Averaging minimises the influence of random short-term variability, thereby
improving the correlation metrics. However, primarily suited for illustrating long-term trends, which are
particularly relevant for personal exposure evaluation of individuals in urban environments. The average
accuracy was 20.9% for PM, s measurements, 8.9% for RH and 28.6% for T, with accuracy declining as RH
increased.

In addition, the absolute difference between LCS SPS30 and Grimm 11d was 8% for PM, 5 concentrations
up to 50 pg m >, 32% for concentrations between 50 in 100 pg m™> and 142% for very high concentrations
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Figure 3. Susceptibility of laboratory-assessed PM 5 concentrations (LCS/AQMS) relative to RH variations.

above 100 pg m ™. These results suggest that LCS SPS3 is not recommended for precise quantification in highly
polluted environments, likely due to photodetector oversaturation causing a non-linear response. However,
the sensor can still serve as a useful indicator of hazardous conditions, providing practical value for protecting
exposed populations.

LCS SPS30 demonstrated an enhanced performance at longer averaging times, as evidenced by
progressively higher R? values and lower RMSE at a 5 min averaging time compared to 1 min averaging times in
all selected scenarios. Similar observations were found in the study, where both instrument and sampling
uncertainty with respect to the reference method decreased with increased averaging time [45]. Longer
averaging intervals (e.g., 1 h, 8 h,and 24 h) are primarily used for comparisons of LCS data to air quality
standard criteria; however, shorter timeframes of 1 min can be indicative for short-term emission spikes related
to specificlocal air pollution events [13].

3.2. Field co-location assessment results and comparative analysis of LCS SPS30 and reference instrument
HORIBA model APDA-371

In total, 1543 data points within pre-determined timeframes during 5 consecutive days (9—13 October 2023)
were used to assess the co-location field evaluation correspondence between LCS SPS30 and Slovenian
Environment Agency AQMS Maribor—Titova HORIBA model APDA-371 (Table S4). The same sensors used
in thelaboratory assessment were also employed in the field co-location tests. The co-location assessment was
carried out in stable atmospheric conditions without rain and at low wind speeds (<5 km h™ b, at the fixed
placement and negligible external influences. During each cycling lap, cyclists stopped at the AQMS to perform
co-location assessment. As Slovenian Environment Agency only reports hourly PM, 5 values, LCS SPS30 values
were averaged for comparison. Due to AQMS missing data for specific time intervals, some co-located LCS data
were excluded from further analysis. Ratio between LCS SPS30 and AQMS varied between 0.4 and 0.8, with an
average 0.6.

3.3.RH influence on PM, ;5 concentrations

The sensitivity of both laboratory- and field-based assessment protocols for PM; 5 assessment depends on RH
variations. In the controlled laboratory environment, PM, 5 concentrations exhibited downward trend relative
to RH (figure 3), indicating an underestimation of particle concentrations.

In contrast, field measurements revealed an overestimation of PM, 5 concentrations, attributed to
enhanced aerosol hygroscopic growth caused by water vapour condensation on particles. The correlation
between non-corrected LCS SPS30 values and the reference instrument was 0.70, which slightly improved to
0.71 following RH corrections (equations (1), (2)). Field co-located PM, s concentrations relative to RH
variations exhibited an upward trend (figure 4). The ratio between AQMS and LCS PM, 5 data was 0.56 and 0.7
for corrected and not-corrected data. Applying the RH-correction (equations (1), (2)) on the field data resulted
in average deviation of 24%. Across the entire sampling period, the mean PM, 5 concentration was 9.6 g m >
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Figure 4. Susceptibility of co-located PM 5 concentrations (LCS/AQMS) relative to RH variations.

(range: 2—126 pg m ) for the non-corrected data and 7.7 pg m > (range 1.6—101 pg m ™ >) for the RH-

corrected data.

The discrepancy between laboratory and field co-location assessment can be explained by the differences in

particle composition and environmental conditions. In the laboratory environment, solid or partially hydrated

KCl particles were used, while ambient particles consist of complex mixture of volatile and hygroscopic

particles whose number and composition vary more substantially. These particles absorb water and grow in size
under elevated RH, leading to increased light scattering and higher PM, 5 concentrations. In the controlled
setting, particle growth is more constrained and the refractive index of the KCl particles decreases, reducing the

scattering efficiency per unit mass.

3.4. Comparability of laboratory and field assessment results and micro-environmental monitoring

metrics

Laboratory comparability yielded moderate to strong correlation (0.81 < R? < 0.99) between the LCS SPS30
and the Grimm 11, which was also observed by Agrawal [46], who reported R? values equal to 0.9, It was
observed that when RH increased, it resulted in decrease of R”. RMSE values varied between 0.81 and

61.72 pg m >, with an average RMSE of 39 g m > at an average PM, s concentration of 21.5 pg m > (LCS
SPS30). The highest accuracy (8.6%), R value (0.99) and lowest RMSE (0.81 pg m ) were observed under
environmental conditions with a T range of 6 °C—8 °C and RH between 50% and 60%. Similar observations
were also reported by [28], who reported that LCS SPS30 did not adhere to the manufacturer’s specified
detection ranges. They observed very low cross-unit variability, approximately 1.3% for PM, s, and areported

R?value of 0.83 [28].

In comparison, the field co-location assessment results yielded R ? value equal to 0.50, while the RMSE was
6.82 pgm 7, atan average PM, 5 concentration 9 pg m . Vogt et al [26] reported R and RMSE values equal to
0.72 and 0.1-4.17 ug m >, respectively. Results obtained in this study are lower in comparison to previously

reported, where RMSE was equal to 6.7 pg m >

and 3.8 pg m? for non-corrected and corrected PM, 5 values,

respectively [47]. Additionally, R ?is below the average R? value of 0.8 reported in various LCS performance

evaluation studies [20].

The recommended error threshold for accuracy in micro-environmental monitoring is 25%, as proposed
by Schauer [48], and this criteria was met under both laboratory and field conditions. However, additional
comparability analyses of identical sensors, based on other micro-environmental monitoring criteria defined
by USEPA (R%, RMSE) [33], indicated that the LCS SPS30 did not meet the performance thresholds, except
under conditions where relative humidity (RH) was below 60%. Generally, the co-location field assessment
yielded lower R? and RMSE in comparison to laboratory test.

Additionally, data was subset into the low concentration range of PM, s from 0—29.8 pg m >, which was
the maximum value observed during co-location assessment. Across all laboratory and field scenarios, low
correlation values (R? < 0.04) were observed. The highest comparability was found between laboratory and
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Figure 5. Temporal pattern of PM, 5 concentrations across time intervals in Maribor, Slovenia.

Table 2. Performance overview and optimal operating conditions of the
LCS SPS30.

LCS SPS30 performance overview:

Laboratory Co-location Performance
settings settings criteria
Accuracy [%] 9.33 37 <25
R 0.81-0.99 0.5 >0.7
RMSE [pgm™] 0.81-61.72 6.82 <7

LCS SPS30 optimal conditions:

T[°Cl 6-8
RH [%)] 5060
PM_ 5 [igm~’] <50

field values, observed under environmental conditions with T ranging from 18 to 22 °Cand RH between 70%
and 80%, where conditions were most similar.

Based on the laboratory and field co-location assessments, we conclude that the LCS SPS30 provides the
most reliable PM; 5 measurement under conditions of RH < 60% and in low-pollution environments
(PM,.5 < 50 pg m ] [table 2].

3.5. Citizen-led PM, s monitoring campaign

Duringa one-week PM, s monitoring campaign, a total of 72 bicycle trips were conducted in Maribor,
Slovenia, resulting in 38,803 data points. After eliminating co-location data and errors, 35,642 remained (92%).
All data were corrected following equations (1) and (2), using RH dependent correction. The comparative
ANOVA indicated statistically significant differences at the 95% probability level between time intervals. The
lowest average PM, 5 concentrations were recorded at around 15:00 (2.9 pg m ™), while the highest were
observed during the morning rush hour between 7:00 and 8:00 (4.8 g m ™) (figure 5). A similar pattern was
observed in Ljubljana, Slovenia, during a citizen science campaign that utilised LCS SPS30 sensors from
September to December 2022 [24]. This trend can be attributed to the presence of the planetary boundary layer
(PBL). The PBL, besides other factors such as meteorology, topography, demography, transportation, fuel
quality, energy usage, and levels of industrialisation and urbanisation, plays an essential role in daily
fluctuations of PM, 5 concentrations. The PBL hinders the vertical mixing of air masses, limiting the dilution
and dispersion of pollutants. Consequently, PBL thickness at lower T and higher RH, trapping pollutants in
close proximity to the surface [49, 50]. The primary local source of PM; 5 in Slovenia are the individual wood-
burning fireplaces (74%) and traffic emissions (5%) [51].
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Figure 6. Spatial distribution of PM, 5 in Maribor, Slovenia.

Furthermore, the urban layout and proximity to pollution sources can significantly influence air pollution
levels, as revealed through the spatial analysis of PM, 5. Air pollution hot spots, represented by darker red
colour (figure 6), were predominantly concentrated around major intersections near highway entry points,
shopping malls and bus station. These areas experience heavier traffic and prolonged vehicle idling, particularly
during peak commute hours. Cyclists face higher risks of exposure at congested intersections, underpasses, and
roundabouts relative to well-ventilated open bike lanes and street intersections [8, 52, 53].

The corrected PM, 5 values were subsequently compared to the threshold value (25 pg m ) outlined in the
AQD [1] which serves as a regulatory framework for managing ambient air quality across Europe Union. AQD
only sets annual threshold targets, therefore lacks effective criteria for evaluating short-term PM, 5 pollution.
Analysis of the PM, 5 data collected by LCS SPS30 revealed that the threshold value was surpassed in 0.15% of
all cases. In a similar study conducted in Ljubljana, Slovenia [24], 21.2% of all data surpassed this limit,
indicating on a better air quality status in Maribor.

4. Conclusions

LCSs offer valuable insights into commuter’s personal air pollution exposure but are sensitive to humidity,
affecting PM, 5 accuracy. Without standardised calibration methods, data comparison across different LCSs
and monitoring campaigns is difficult. This study assessed the performance of the Sensirion SPS30 under
controlled laboratory and real-world urban conditions to evaluate its potential for widespread community
deployment.

The results showed that the sensor met micro-environmental monitoring standards and US EPA
performance criteria (R%, RMSE) only at RH levels below 60% and in low-pollution environments. A strong
humidity dependence was observed in both laboratory and field conditions, with the LCS SPS30 exhibiting
underestimation or overestimation of PM, s readings, respectively. These discrepancies are mainly attributed
to differences in particle composition and concentration. In ambient air, more hygroscopic and volatile
particles absorb water and grow at higher RH levels, increasing light scattering and PM, s reading. In contrast,
controlled settings limit particle growth and reduce refracting index lowering scattering efficiency per
unit mass.

Despite inconsistencies in sensor accuracy, LCSs can effectively capture spatiotemporal variations in urban
air quality and identify pollution hotspots in community-based monitoring campaign. However, RH
dependent correction remains essential for reliable interpretation of PM, 5 measurements. In this study, LCS
SPS30 were deployed by citizens during an air quality campaign in Maribor, Slovenia. Results indicated that
PM, 5 hotspots were clustered near intersections, where vehicle waiting times were longest. Elevated PM; 5
concentrations were observed during the morning rush hour, corresponding to peak traffic density and the
lowest levels of planetary boundary layer, limiting effective pollutant dispersion.

LCS SP30 sensors can serve as valuable supplementary tools for increasing public awareness or air pollution
challenges; however their absolute PM, s measurements should be interpreted with caution. Future work
should focus on evaluating the long-term stability of these sensors under both laboratory and field conditions,
assessing their performance in highly polluted environments and developing standardised assessment
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protocols. Such efforts will improve cross-study comparability and support the use of LCSs as reliable and cost-
effective tool exposure assessment.
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Supplementary Information Article 3

Table S1: Raw data laboratory assessment under Scenario 1

Scenario 1 PMas (pg m~) RH (%) T (°C)

Grimm1 | SPS30 | SPS30 | Grimml1 | SPS30 | SPS30 | Grimml | SPS30 | SPS30

1d —1 —2 1d —1 —2 1d —1 —2
09/08/2023 0.2 0.0 0.0 58.2 38.9 40.9 7.3 6.8 10.2
12:07:27
09/08/2023 0.2 0.0 0.0 54.5 37.6 40.1 7.3 6.2 9.5
12:08:27
09/08/2023 0.2 0.0 0.0 54.3 38.4 41.2 7.3 5.6 8.9
12:09:27
09/08/2023 0.2 0.0 0.0 54.5 39.5 42.3 7.2 5.1 8.4
12:10:27
09/08/2023 0.2 0.0 0.0 54.5 40.3 43.2 7.2 4.6 7.8
12:11:27
09/08/2023 0.1 0.0 0.0 54.2 40.9 43.8 7.1 4.2 7.5
12:12:27
09/08/2023 0.1 0.0 0.0 54.0 41.4 44.4 7.1 3.9 7.0
12:13:27
09/08/2023 0.7 3.4 3.2 53.7 41.9 44.9 7.1 3.6 6.7
12:14:27
09/08/2023 17.6 15.2 15.3 53.4 42.2 45.3 7.0 3.3 6.5
12:15:27
09/08/2023 22.9 21.3 21.3 53.2 42.5 45.6 6.9 3.1 6.2
12:16:27
09/08/2023 21.7 21.0 22.9 52.9 42.7 45.9 6.9 2.8 5.9
12:17:27
09/08/2023 18.7 19.3 21.6 52.6 42.9 46.1 6.8 2.6 5.8
12:18:27
09/08/2023 17.3 17.0 19.8 52.3 43.0 46.3 6.8 24 5.5
12:19:27
09/08/2023 15.0 15.4 18.1 52.0 43.0 46.3 6.8 2.3 5.3
12:20:27
09/08/2023 13.3 13.6 15.3 51.7 43.0 46.4 6.7 2.1 5.2
12:21:27
09/08/2023 12.2 12.5 13.8 51.4 43.0 46.4 6.7 2.0 5.0
12:22:27
09/08/2023 10.9 10.9 12.6 51.1 43.0 46.5 6.6 1.9 4.9
12:23:27
09/08/2023 9.7 9.9 10.8 50.8 42.9 46.4 6.6 1.8 4.8
12:24:27
09/08/2023 9.2 9.8 11.0 50.6 42.8 46.4 6.6 1.6 4.7
12:25:27
09/08/2023 9.0 10.6 10.8 50.3 42.7 46.4 6.5 1.5 4.5
12:26:27
09/08/2023 8.2 8.9 11.2 50.1 42.7 46.3 6.4 1.4 4.4
12:27:27
09/08/2023 7.7 8.2 9.3 49.9 42.7 46.4 6.4 1.3 4.4
12:28:27
09/08/2023 6.9 7.9 74 49.6 42.8 46.4 6.5 1.3 4.3
12:29:27
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09/08/2023 6.1 6.3 8.3 49.1 42.8 46.5 6.6 1.3 4.3
12:30:27

09/08/2023 5.1 52 6.0 49.8 43.3 47.2 6.7 1.2 4.2
12:32:27

09/08/2023 4.8 5.0 6.0 53.1 45.9 49.9 6.7 1.2 4.2
12:33:27

09/08/2023 4.3 4.7 5.8 54.5 47.5 51.1 6.6 1.2 4.2
12:34:27

09/08/2023 4.0 4.3 5.2 54.3 47.3 50.8 6.6 1.2 4.1
12:35:27

09/08/2023 3.7 4.0 4.8 53.8 46.8 50.4 6.5 1.1 4.1
12:36:27

09/08/2023 3.5 3.8 4.0 53.3 46.4 50.0 6.5 1.1 4.1
12:37:27

09/08/2023 3.0 4.0 3.8 52.7 46.0 49.7 6.5 1.0 4.1
12:38:27

09/08/2023 3.0 4.0 3.1 52.1 45.7 49.4 6.5 1.0 4.0
12:39:27

09/08/2023 2.7 3.3 3.0 51.3 45.4 49.1 6.6 1.0 4.1
12:40:27

09/08/2023 2.5 3.3 2.9 50.6 45.0 48.7 6.6 1.0 4.0
12:41:27

09/08/2023 2.3 2.6 3.0 49.9 44.6 48.3 6.7 1.1 4.0
12:42:27

09/08/2023 2.1 2.2 2.3 494 44.1 47.9 6.8 1.1 4.0
12:43:27

PM,5 = particulate matter smaller than 2.5
pm in pg 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 PMz;s (pg m=3) RH (%) T (°C)
Grimm1 | SPS30 | SPS30 | Grimml1 | SPS30 | SPS30 | Grimml | SPS30 | SPS30
1d —1 —2 1d —1 —2 1d —1 —2

09/08/2023 5.8 8.8 6.4 68.9 64.0 61.7 16.1 14.2 14.2
14:23:27

09/08/2023 26.9 16.4 14.6 69.2 64.8 62.2 16.0 14.2 14.2
14:24:27

09/08/2023 34.5 29.3 20.0 68.6 64.6 62.2 16.2 14.2 14.3
14:25:27

09/08/2023 41.0 29.1 23.8 70.6 64.9 62.3 16.3 14.2 14.4
14:26:27

09/08/2023 41.8 28.6 24.7 71.4 65.8 62.8 16.5 14.4 14.5
14:27:27

09/08/2023 38.8 25.8 24.6 71.5 66.3 63.1 16.5 14.5 14.7
14:28:27

09/08/2023 32.7 22.8 23.2 71.9 66.9 63.6 16.6 14.6 14.8
14:29:27

09/08/2023 25.0 17.3 18.6 70.5 67.8 64.4 17.1 14.8 15.0
14:30:27

09/08/2023 15.6 13.6 14.2 64.6 67.6 63.6 18.2 15.1 15.5
14:31:27

09/08/2023 13.7 13.4 12.8 60.9 65.3 61.0 18.9 15.5 15.8
14:32:27

09/08/2023 6.0 6.3 5.8 60.3 56.7 55.1 17.6 15.6 15.4
14:40:27

09/08/2023 5.4 5.7 5.5 62.1 57.7 56.3 17.3 15.5 15.2
14:41:27

09/08/2023 5.1 5.0 5.0 63.8 58.7 57.5 17.0 15.3 15.0
14:42:27

09/08/2023 5.3 4.9 5.0 65.4 59.8 58.6 16.7 15.1 14.8
14:43:27

09/08/2023 5.9 5.0 5.0 67.1 61.0 60.0 16.5 14.9 14.5
14:44:27

09/08/2023 6.6 5.3 4.1 68.6 62.1 61.3 16.2 14.7 14.3
14:45:27

09/08/2023 11.8 26.9 25.3 70.3 63.4 62.8 16.0 14.4 14.0
14:46:27

09/08/2023 93.6 69.6 62.7 71.2 64.5 64.1 15.7 14.3 13.8
14:47:27

09/08/2023 100.9 72.8 66.3 71.6 64.8 64.6 15.5 14.0 13.6
14:48:27

09/08/2023 86.6 65.6 59.5 71.9 65.1 65.1 15.3 13.8 13.3
14:49:27

09/08/2023 76.9 61.2 57.3 72.0 65.2 65.4 15.1 13.5 13.1
14:50:27

09/08/2023 21.3 22.4 20.3 77.9 83.8 85.5 17.1 13.6 13.6
14:55:27

09/08/2023 18.6 20.1 18.8 75.6 83.3 84.2 17.7 14.0 14.1
14:56:27

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 15.9 16.8 16.3 75.1 80.8 81.7 17.9 14.5 14.6
14:58:27

09/08/2023 15.4 17.5 15.4 74.9 79.0 80.1 17.7 14.6 14.6
14:59:27

09/08/2023 21.1 22.8 20.2 74.4 76.8 78.4 17.6 14.7 14.6
15:00:27

09/08/2023 26.9 / 22.5 73.7 / 76.7 17.3 / 14.6
15:01:27

09/08/2023 26.3 / 22.4 73.1 / 75.3 17.0 / 14.4
15:02:27

09/08,/2023 24.6 / 20.1 72.4 / 74.1 16.8 / 14.3
15:03:27

PM,; = particulate matter smaller than 2.5
pm in pg m—?

RH = relative humidity in %

T = temperature in °C
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Table S3: Raw data laboratory assessment under Scenario 3

Scenario 3 PMz;s (pg m=3) RH (%) T (°C)
Grimm1 | SPS30 | SPS30 | Grimml | SPS30 | SPS30 | Grimml | SPS30 | SPS30
1d -1 —2 1d -1 -2 1d -1 -2

10/08/2023 1.8 1.2 32.0 70.9 62.4 57.5 19.3 15.0 15.6
10:20:54

10/08/2023 27.3 29.5 43.8 73.2 63.9 58.6 19.1 14.8 15.7
10:21:54

10/08/2023 79.8 43.0 40.5 74.1 64.7 59.2 19.1 14.8 15.8
10:22:54

10/08/2023 79.3 43.8 39.3 74.0 65.1 59.9 19.2 14.9 16.0
10:23:54

10/08/2023 74.9 41.1 32.8 73.8 65.8 61.2 19.5 15.0 16.2
10:24:54

10/08/2023 70.1 39.8 21.3 75.1 66.5 63.5 19.7 15.2 16.5
10:25:54

10/08/2023 65.8 37.1 17.8 77.5 67.5 65.3 19.8 15.3 16.9
10:26:54

10/08/2023 58.3 31.6 14.8 78.5 68.4 65.6 19.9 15.5 17.3
10:27:54

10/08/2023 27.0 19.6 14.0 76.2 714 65.0 20.9 15.9 17.4
10:28:54

10/08/2023 23.0 18.8 15.5 73.7 71.9 64.1 21.7 16.3 17.4
10:29:54

10/08/2023 17.9 13.5 10.5 74.2 70.1 60.2 21.9 16.8 16.8
10:32:54

10/08/2023 20.4 16.6 7.8 74.4 69.3 58.7 21.6 16.8 16.5
10:33:54

10/08/2023 25.9 17.1 6.3 74.6 68.5 57.6 21.4 16.7 16.3
10:34:54

10/08,/2023 24.4 14.9 5.3 74.3 67.6 57.2 21.0 16.5 15.9
10:35:54

10/08/2023 21.5 13.3 4.0 73.5 66.4 57.0 20.8 16.3 15.5
10:36:54

10/08/2023 18.1 11.3 3.8 72.4 65.0 57.0 20.4 16.1 15.2
10:37:54

10/08/2023 15.0 10.6 5.0 71.5 63.9 60.0 20.1 15.9 14.9
10:38:54

10/08/2023 13.4 9.0 5.3 70.8 63.0 69.6 19.8 15.6 14.9
10:39:54

10/08,/2023 11.8 8.2 3.8 70.9 62.7 72.0 19.6 15.4 15.3
10:40:54

10/08/2023 10.3 7.5 3.3 70.9 62.6 714 19.3 15.1 15.7
10:41:54

10/08/2023 9.3 7.3 2.5 71.0 62.5 68.5 19.0 14.8 16.0
10:42:54

10/08/2023 8.5 5.9 2.0 71.0 62.4 65.5 18.8 14.6 16.1
10:43:54

10/08/2023 7.6 5.7 54.3 71.1 62.4 62.9 18.5 14.3 16.0
10:44:54

10/08,/2023 7.0 5.3 218.3 74.3 64.0 60.3 18.3 14.1 15.5
10:45:54
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10/08/2023 4.1 3.5 128.5 79.3 78.3 61.2 20.5 14.9 14.5
10:49:54

10/08,/2023 3.4 2.8 114.8 75.7 75.5 66.7 20.9 15.2 14.6
10:50:54

10/08/2023 2.8 2.7 54.0 73.8 72.7 65.3 21.0 15.4 15.4
10:51:54

10/08/2023 2.5 2.0 41.5 72.5 70.3 62.9 20.9 15.5 15.8
10:52:54

10/08,/2023 2.3 2.3 37.8 71.3 68.0 62.3 20.7 15.5 15.9
10:53:54

10/08/2023 2.4 2.5 49.0 70.4 66.2 62.3 20.4 15.4 15.9
10:54:54

10/08,/2023 2.7 2.3 49.3 71.2 65.6 62.3 20.1 15.3 15.8
10:55:54

10/08/2023 2.8 2.0 43.8 72.6 66.2 62.0 19.8 15.1 15.6
10:56:54

10/08/2023 51.7 131.2 37.0 73.0 66.2 61.2 19.5 14.9 15.4
10:57:54

10/08,/2023 366.6 240.8 34.8 72.6 65.4 61.2 19.2 14.7 15.3
10:58:54

10/08/2023 329.5 215.3 32.0 72.0 64.6 61.8 19.0 14.5 15.3
10:59:54

10/08/2023 270.3 184.3 30.8 71.6 63.9 62.6 18.7 14.3 15.6
11:00:54

10/08/2023 227.8 159.5 29.3 71.3 63.5 64.0 18.5 14.0 15.7
11:01:54

10/08/2023 193.2 145.4 25.8 72.1 63.8 65.6 18.2 13.8 15.9
11:02:54

10/08,/2023 173.5 134.8 14.5 74.5 65.5 69.2 18.1 13.7 16.3
11:03:54

PM,; = particulate matter smaller than 2.5
pm in pg m—?

RH = relative humidity in %

T = temperature in °C
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Table S4: Data from field co-location assessment

Date Time Number of | PM2s (ng | RH T Co-location time
interval points m—?) (%) (°C) (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 4.5 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 | 7:00-8:00 13 10.7 68.6 9.4 00:03:50

3

10.10.202 | 7:00-8:00 46 6.1 53.7 15.9 00:03:45

3

10.10.202 7:00-8:00 48 10.6 91.0 10.6 00:03:55

3

10.10.202 | 7:00-8:00 47 10.3 90.4 10.8 00:03:50

3

10.10.202 | 7:00-8:00 47 9.8 77.9 8.4 00:03:50

3

10.10.202 | =12:00 47 6.0 52.9 19.0 00:03:50

3

10.10.202 | =12:00 45 6.5 55.1 18.5 00:03:40

3

10.10.202 | =12:00 12 5.9 46.3 17.8 00:03:31

3

10.10.202 | =12:00 44 7.7 58.2 18.0 00:03:35

3

10.10.202 | =15:00 43 9.5 59.2 18.0 00:03:30

3

10.10.202 | =15:00 42 74 54.4 15.9 00:03:25

3

10.10.202 18:00-19:00 44 8.7 72.0 15.2 00:03:35

3

10.10.202 18:00-19:00 43 8.3 15.1 00:03:30

3

10.10.202 18:00-19:00 41 8.1 65.2 12.8 00:03:20

3

10.10.202 18:00-19:00 11 8.2 64.3 14.8 00:03:12

3

11.10.202 | 7:00-8:00 62 17.5 90.8 9.6 00:05:05

3

11.10.202 7:00-8:00 13 17.1 67.1 8.4 00:03:51

3

11.10.202 | 7:00-8:00 68 16.5 82.4 6.5 00:05:35

3
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11.10.202 7:00-8:00 67 18.3 93.1 9.2 00:05:30
3

11.10.202 7:00-8:00 35 8.5 56.3 20.2 00:02:50
3

11.10.202 =~12:00 33 8.7 57.0 19.8 00:02:40
3

11.10.202 =12:00 9 8.4 44.1 20.3 00:02:33
3

11.10.202 =~15:00 44 7.8 52.6 194 00:03:35
3

11.10.202 =15:00 45 8.1 56.5 21.5 00:03:40
3

11.10.202 =~15:00 43 7.8 54.6 21.8 00:03:29
3

11.10.202 =15:00 11 7.9 44.8 21.6 00:03:12
3

11.10.202 18:00-19:00 42 9.0 72.4 13.8 00:03:25
3

11.10.202 18:00-19:00 11 12.3 57.7 16.8 00:03:11
3

11.10.202 18:00-19:00 42 11.6 76.0 17.5 00:03:25
3

11.10.202 18:00-19:00 42 11.9 78.7 17.1 00:03:25
3

12.10.202 7:00—8:00 67 28.0 79.5 7.9 00:05:30
3

12.10.202 7:00—8:00 68 28.0 88.9 10.8 00:05:09
3

12.10.202 7:00—8:00 18 26.3 65.5 9.7 00:05:26
3

12.10.202 7:00—8:00 67 29.8 91.3 10.5 00:05:30
3

12.10.202 =12:00 47 7.0 48.9 17.9 00:03:50
3

12.10.202 =~12:00 12 7.3 38.8 21.9 00:03:30
3

12.10.202 =12:00 47 8.4 50.1 21.4 00:03:50
3

12.10.202 =12:00 47 7.6 48.0 22.1 00:03:50
3

12.10.202 ~12:00 34 7.4 45.0 20.3 00:02:45
3

12.10.202 =15:00 9 7.4 37.3 23.2 00:02:33
3

12.10.202 =15:00 35 7.3 44.7 23.1 00:02:50
3

12.10.202 =~15:00 34 7.3 46.9 22.8 00:02:45
3

12.10.202 18:00-19:00 45 114 69.8 17.0 00:03:40
3

12.10.202 18:00-19:00 12 11.3 55.0 16.2 00:03:30
3
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12.10.202 | 18:00-19:00 45 12.0 69.1 16.9 00:03:40
3
13.10.202 | 7:00-8:00 36 19.9 86.8 10.6 00:02:55
3
13.10.202 | 7:00-8:00 34 18.9 79.8 7.1 00:02:45
3
13.10.202 | 7:00-8:00 10 18.3 64.8 9.2 00:02:53
3
13.10.202 | =12:00 33 8.7 48.4 17.8 00:02:40
3
13.10.202 | =12:00 8 8.6 39.7 20.7 00:02:14
3
13.10.202 | =12:00 33 8.5 46.9 20.9 00:02:40
3
13.10.202 | =15:00 12 10.3 40.5 22.5 00:03:31
3
13.10.202 | =15:00 49 11.3 49.0 22.9 00:04:00
3
13.10.202 | =15:00 47 9.9 47.9 23.0 00:03:50
3
13.10.202 | 18:00-19:00 43 17.9 66.6 17.8 00:03:30
3
13.10.202 | 18:00-19:00 42 17.4 64.4 18.0 00:03:25
3
13.10.202 | 18:00-19:00 11 17.3 53.8 16.9 00:03:12
3

PM,; = particulate matter smaller than 2.5 num
in pg m3

RH = relative humidity in %

T = temperature in °C
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PM,; 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 PM,; 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 PM,;
concentrations varying between 5—32 pg m~>. Colder months exhibited higher PM;
concentrations due to frequent thermal inversions and weak wind circulation, which
hindered vertical air mixing and thus adequate pollutant dispersion. In addition, PMs;
concentrations in all sampling periods were lowest in the afternoon (12.09 pg m ) and
highest at night (61 pg m™*), 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 PMays sources, such as busy roads,
construction sites, bus and train station, industrial areas and the highway. The measured
PM, 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 PM,s 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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HIGHLIGHTS GRAPHICAL ABSTRACT

e PM,5 poses significant health risks at
limited exposure during commuting.

 Air quality monitoring stations and cit-
izens' initiatives data integration en-
hances air pollution assessment.

e Air quality monitoring stations co-
location validation of low-cost sensors
results yielded comparable outcomes.

e PM, 5 increased in cold months due to
thermal inversions hindering pollutant

Air pollution exposure risk assessment

dispersion. 2
o Cyclist had three times higher PMys Collaborative integration of official AQMS and LCS " Alr pollution hot spot identification and
exposure than pedestrians. citizens' initiatives PM2.5 data of efficient reg y
ARTICLE INFO ABSTRACT
Editor: Pavlos Kassomenos Fine particulate matter (PMys), a detrimental urban air pollutant primarily emitted by traffic and biomass
burning, poses disproportionately significant health risks at relatively limited exposure during commuting.
Keywords: Previous studies have mainly focused on fixed locations when assessing PMy 5 exposure, while neglecting pe-

Air pollution monitoring

PM; 5 exposure

Citizen science

Bicycle-mounted low-cost sensors

destrians and cyclists, who often experience higher pollution levels. In response, this research aimed to inde-
pendently validate the effectiveness of bicycle-mounted low-cost sensors (LCS) adopted by citizens, evaluate
temporal and spatial PM2 5 exposure, and assess associated health risks in Ljubljana, Slovenia. The LCS quality
assurance results, verified by co-location field tests by air quality monitoring stations (AQMS), showed com-
parable outcomes with an average percentage difference of 21.29 %, attributed to humidity-induced nucleation
effects. The colder months exhibited the highest air pollution levels (i = 32.31 pg/m?) due to frequent thermal
inversions and weak wind circulation, hindering vertical air mixing and the adequate dispersion of pollutants.
Additionally, PM2 5 levels in all sampling periods were lowest in the afternoon (4 = 12.09 |.|g/m3) and highest
during the night (4 = 61.00 pg/m®) when the planetary boundary layer thins, leading to the trapping of pol-
lutants near the surface, thus significantly affecting diurnal and seasonal patterns. Analysis of exposure factors
revealed that cyclists were approximately three times more exposed than pedestrians. However, the toxicological
risk indicated a minimal potential risk of PMy 5 exposure. The collaborative integration of data from
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official AQMS and LCS can enhance evidence-based policy-making processes and facilitates the realignment of
effective regulatory frameworks to reduce urban air pollution.

1. Introduction

Urban air pollution is a significant public health and environmental
issue in the European Union (EU) due to its high temporal and spatial
variability and its close association with citizens’ daily activities, be-
haviours and practices (Rodrigues et al., 2021). Despite making progress
towards cleaner air, many European cities still experience acute epi-
sodes of air pollution, with some areas frequently exceeding the air
quality levels permitted by the European legal standards defined within
the Furopean Ambient Air Quality Directive (AQD) 2008/50/EC
(Directive 2008/50/EC, n.d.) and the interim targets of the World
Health Organization's (WHO) Air Quality Guidelines (AQG) (European
Environmental Agency (EEA), 2022). Fine particulate matter (PMz s,
aerodynamic diameter < 2.5 pm) is a particularly harmful and detri-
mental air pollutant that poses significant health risks - including
chronic and acute respiratory and cardiovascular diseases, such as stroke
and lung cancer — and can ultimately lead to reduced life expectancy at
very low concentrations (Chen et al., 2008; Cohen et al., 2017; Dominici
etal., 2006; Russell and Bert, 2009). According to estimates, exposure to
PMs; 5 increases the risk of non-accidental mortality by 6 % per 10 pg/
m®, independently of age, gender and geographic location. Specifically,
exposure to PMz 5 increases the risk of mortality by 15-21 % per 10 pg/
m® and 12-14 % per 10 pg/m® from lung cancer and cardiovascular
diseases, respectively (Chen et al., 2008). In 2021, 30 European coun-
tries reported PMy 5 concentrations above the WHO’s annual and daily
guidelines (European Environmental Agency (EEA), 2022). Compared to
other EU countries, Slovenia has a moderate level of air pollution, with
an estimated 1238 premature deaths per year being attributed to par-
ticulate matter emissions (PM; and PMs5) (Slovenian Environmental
Agency, ARSO, 2023; European Environmental Agency (EEA), 2023).

Urban environments act as the source of the majority of anthropo-
genic particles, which primarily come from vehicle exhausts, road dust
resuspension and wear of vehicular components (e.g. tyres, brakes) as
well as fossil fuel combustion (Dahl et al., 2006; Kittelson, 1998; Kwalk
et al., 2013; Ramos et al., 2015). Even though most individuals spend
relatively little time commuting, travel exposure to PM; 5 concentra-
tions still accounts for a disproportionately large amount of their overall
exposure to air pollution (Gulliver and Briggs, 2004; Guzman et al.,
2023). Prior research has predominantly focused on assessing in-
dividuals® exposure to air pollutants at stationary locations such as
homes and workplaces, while rarely investigating the exposure of pe-
destrians and cyclists. Active commuters frequently encounter elevated
levels of air pollution compared to motorised transport users (Boogaard
et al., 2009; de Nazelle et al., 2012; Samad and Vogt, 2020). Accurate
dynamic exposure assessments and subsequent hazard mitigation mea-
sures are, despite their critical importance, often overlooked in envi-
ronmental studies.

In urban areas, assessments and analyses of air quality primarily rely
on stationary monitoring devices and a limited number of air quality
monitoring stations (AQMS) that are sparsely located and adhere to
standardised quality assurance and control protocols. Although tradi-
tional methods of retrieving air pollution data offer high temporal res-
olution information at specific micro-locations, they fail to provide a
comprehensive view of the overall situation and have limited ability to
capture the spatial distribution of measured parameters due to signifi-
cant variations of pollutants in urban areas (Kousis et al., 2022; Samad
and Vogt, 2020). Therefore, there is a need for radical changes in air
quality monitoring approaches that consider citizens’ daily activities
and behavioural patterns, which can enable a realignment of policy
processes and resilience planning at different levels of aggregation to
minimise urban air contaminants (Kousis et al., 2022; Rodrigues et al.,

2021). Low-cost sensors (LCS) are rapidly being adopted by citizens and
public authorities for air pollution monitoring, in order to provide a
detailed evaluation of each city's intra-urban characteristics. However,
LCS are sensitive to many factors including atmospheric and environ-
mental conditions such as relative humidity, pollutant concentration
levels, chemical interferences and different particle diameters, hygro-
scopicity, refraction index, composition and averaging time (Aleixandre
and Gerboles, 2012; Castell et al., 2017; Giordano et al., 2021; Kar-
agulian et al., 2019; Zhu et al., 2011). Therefore, their instability and
potential performance variations in different locations need to be
assessed and associated uncertainties must be considered before large-
scale deployment. Thus, many environmental campaigns test the data
acquired by LCS through co-location processes with reference to AQMS
(Bergmann et al., 2022; Castell et al., 2017; Karagulian et al., 2019;
Kousis et al., 2022; Kumar et al., 2015; Lewis and Edwards, 2016) to
further quantify the exposure of daily commuters (Bergmann et al.,
2021; Boogaard et al., 2009; Cole-Hunter et al., 2012; Huang et al.,
2012; Int Panis et al., 2010; Kaur et al., 2007; Ljubljana.info, 2021; de
Nazelle et al., 2012; Qiu et al., 2019; Salma et al., 2002; Samad and Vogt,
2020; Yang et al., 2021; Zuurbier et al., 2010). In so doing, it is possible
to provide greater spatial coverage and authorities and policy makers
can anticipate corresponding actions to better mitigate air pollution
risks. The affordability and large-scale deployment of such citizen sci-
ence campaigns, defined as scientific research conducted with partici-
pation from the general public, may introduce an extensive and cost-
effective monitoring approach, consequently affecting the social
behaviour to reduce air pollutant levels.

This study aimed to independently validate the effectiveness of
bicycle-mounted LCS as a complementary tool to AQMS in reducing air
pollution in urban miecroenvironments in Ljubljana, Slovenia. The focus
was to analyse temporal and spatial PMy 5 exposure and evaluate the
associated health risks for daily commuters. To the best of the authors’
knowledge, this study represented the first long-term air pollution
monitoring project involving citizens and LCS in Slovenia. Therefore,
the results of this study have the potential to make a valuable scholarly
contribution, establishing a strong basis for future research and regu-
latory alterations aimed at reducing air pollution in Slovenia. Further-
more, the study can serve as a model for similar research in other areas,
while also promoting citizens’ awareness and empowerment to tackle
pollution in urban areas.

2. Material and methods
2.1. Study area

Ljubljana, (Fig. 1) the capital of Slovenia with a population of
293,218, is located within the Sava River basin and is surrounded by the
hills of the Dinaric Alps. With its substantial presence of labour-intensive
industries (Ljubljana.info, 2021), high urban population density of
920.2 inhabitants per square kilometre, and heavy traffic due to 156,900
daily work migrants (Ljubljana.info, 2021; Ljubljana.si, 2023), Ljubljana
stands out as the largest and most developed city in Slovenia. As a result,
the city experiences regular thermal inversions and weak wind circu-
lation, which hinders adequate vertical mixing of air masses for
pollutant dispersion and thus favours the accumulation of air pollutants.
Hourly and monthly measurements of selected air pollutants such as
coarse particulate matter (PM;o, aerodynamic diameter < 10 pm), fine
particulate matter (PMas, aerodynamic diameter < 2.5 pm), carbon
monoxide (CO), ozone (Os3), nitrogen dioxide (NO3) and benzene are
conducted at two Slovenian Environment Agency (ARSO) AQMS:
Ljubljana—Bezigrad (46.06601, 14.51249) and Ljubljana—Celovska
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(46.07279, 14.48686). According to ARSO (2021), the primary local
sources of PMy 5 in the region are household fireplaces that use wood
biomass (74 %) and traffic emissions (5 %).

2.2. Case study sampling protocol

The PM3 5 monitoring campaign applying bicycle-mounted LCS was
conducted between September and December 2022. CanAirlO (di-
mensions: 57 x 24 x 101 mm; weight: 95 g), an open-source, open-
design and open-access mobile device that incorporates a real-time op-
tical counter (OPC) Sensirion SPS30 (hereafter referred to as LCS
SPS30), was used for this purpose. This mobile system is able to measure
PM, 5 continuously (programmable intervals of 5 s) and mark global
positioning system (GPS) data using Bluetooth Low Energy. PMy 5 sensor
was mounted perpendicularly to the cyclists’ travelling direction in
order to minimise the wind effect and consequently the overestimation
of the PM; 5 concentrations. A built-in fan draws air into the chamber;
particles pass through the laser beam and cause the incident light to
scatter. The scattered light is then detected by a photodiode and con-
verted to a mass/number concentration expressed in pg/m?>. In addition
to PMy 5 concentrations, LCS SPS30 provides information about the
ambient temperature (Temp in °C) and relative humidity (RH in %). The
sampling protocol for the case study aimed to capture the PMy 5 con-
centrations’ variability, accounting for seasonal, diurnal and spatial
differences as well as the influence of traffic density.

The study was divided into four sampling periods, during which 19
volunteers (31 % female) rode bicycles to obtain PM, 5 concentrations. A
total of 312 bicycle trips were made during the following periods:
September (12-24 September 2022; n = 80 bicycle trips), October (3-16
October 2022; n = 122 bicycle trips), November (31 October-13
November 2022; n = 72 bicycle trips) and December (5-18 December
2022; n = 38 bicycle trips). Each participant completed preliminary
instructed co-location calibration of the mobile sensor with one of the
two ARSO AQMS (Fig. 1) as well as answered a participatory ques-
tionnaire to assess their perceived behaviour regarding air pollution in
order to re-evaluate active mobility patterns and strategic designs of
urban areas. The collected data were categorised into eight distinct time
periods, specifically: 6:00-9:00, 9:00-12:00, 12:00-15:00, 15:00-18:00,
18:00-21:00, 21:00-00:00, 00:00-03:00 and 03:00-06:00. This classi-
fication aimed to examine the impacts’ of time of day and traffic density.
Rush hours were further divided into morning rush hour time (morning-
RHT; 6:00-9:00) and afternoon rush hour time (afternoon-RHT;
15:00-18:00). Previous studies have shown that humidity above 85 % is
likely to result in an increase in the nucleation rate of PMy 5 (Crilley
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et al., 2018; Liu et al., 2019; Malings et al., 2020). However, in this
particular study, the average humidity remained below this threshold,
as 11 % of the total RH data were measured above RH = 85 %. Addi-
tionally, the temperature has minimal to no effect on LCS PM sensors, as
reported by Liu et al. (2019). The data were statistically evaluated by
analysis of variance (ANOVA) to establish the differences between
sampling periods using TIBCO Statistica software (TIBCO, 2017).
Furthermore, spatial distributions of PM3 5 concentrations were exam-
ined using QGIS software.

2.3. Sensor quality assurance

LCS SPS30 (measurement range: 0-1000 pg/m3, concentration res-
olution: 1 pg/m®, particle diameter resolution: 0.3 pm) was introduced
in 2018 and was initially calibrated by the manufacturer during labo-
ratory testing, by PMays mass concentration calibrated to TSI Dust-
TrakTM DRX 8533 Ambient Mode and PM, s number concentration
calibrated to TSI OPS 3330 (Alfano et al., 2020). The particle size
selectivity of LCS SPS30, along with its coefficient of determination for
the PM, s measurement (R2 = 0.83), was compared to a mid-cost aerosol
size spectrometer Grimm 1.108, in 2020. The results indicated that LCS
SPS30 could provide independent responses for five size bins, while the
Grimm 1.108 spectrometer was capable of characterising responses for
up to 15 different size bins (Kuula et al., 2020).

In Slovenia, continuous monitoring of PMjo and PMy 5 is performed
with the HORIBA model APDA-371 (measurement resolution: 0.1 pg/
m% LOD < 4.8 pg/ms; flow rate: 16.7 L/min), which automatically
measures and records airborne particulate concentration levels hourly,
and utilises *C (radioactivity: < 2.22 x 106 Beq, 60 pCi + 15 pCi, half-
life 5730 years) as a beta source using a photomultiplier tube with an
organic plastic scintillator as a detector. A total of 456 and 574 mea-
surements were recorded at AQMS Ljubljana—Bezigrad and AQMS
Ljubljana—Celovska, respectively, over the course of 19 different sam-
pling days, ensuring multiple cross-daily device co-location validation.
To ensure that the results would be sufficiently accurate, any data with
intervals of <3 min were not considered in the subsequent analysis. The
results were based on the aggregation of the average data collected
during the same time period using both the mobile LCS SPS30 and sta-
tionary APDA-371 devices. The AQD (Directive 2008/50/EC, n.d.)
specifies Data Quality Objectives (DQO) with which monitoring
methods must comply and stipulates that measurement uncertainty with
principle metrics such as the coefficient of determination (R?) and the
slope of the regression curve should be principally used to evaluate the
data quality objective of air pollution measurement methods. However,

Fig. 1. Spatial distribution of PM2.5 in Ljubljana with two AQMS operated by Slovenian Environmental Agency.
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metrics are rarely included in studies that use LCS as a part of citizen
science campaigns (Karagulian et al., 2019). The interpolation of the
results showed good reliability, as evaluated by the metrics of adjusted
R? value (0.89; p > 0.05) between LCS SPS30 and AQMS APDA-371
(Fig. 2). Karagulian et al. (2019) have reported average calibration R*
values in different LCS performance evaluation studies equal to 0.8,
although they did not assess LCS SPS30. Overall, given these findings,
the data from the present study could be considered reliable and
therefore no further data iterations were conducted.

2.4. Human health risk assessment

In order to assess the exposure of daily commuters, two parameters
were calculated: lifetime average daily dose (LADD; nug/kg-day) and
toxicological risk (RQ) (U.S. Environmental Protection Agency, 1997).
LADD (Eq. (1)) represents the amount of PMys suspected of having
adverse health effects that a person is exposed to over a long period of
time. It is estimated using the following equation:

Cir % IR x EDy); x EF

BW x AT m

LADD =
where cg;-is the concentration of the pollutant in the air (mg/ma) during
a given sampling period, IR is the individual’s inhalation rate (m>/h)
during a specific activity, ED is the duration of exposure (years) for that
activity, EF is the exposure frequency (365 days/years), BW is the in-
dividual’s body weight (kg) and AT is the total averaging lifetime (days).
IR depends on several factors such as the subject’s size, physiology,
behaviour, metabolic rate and activity levels, and differs among cate-
gories, namely cycling and walking. IR was developed by the United
States Environmental Protection Agency (U.S. EPA) Office of Environ-
mental Criteria and Assessment and is categorised by light (walking) and
moderate (cycling) activity. Its respective values for light and moderate
activity for adult men and adult women are 0.8 m*/h and 2.5 m®/h, and
0.5 m°/h and 1.6 mg/'h, respectively (U.S. Environmental Protection
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Agency, 1997). The average commuting time for Slovenian citizens is 52
min/day (ED;), while the average time spent undertaking outdoor ac-
tivities is 106.2 min/day (ED2) (Statistical Office of the Republic of
Slovenia (SURS), 2023a). The life expectancy for adult men and women
in Slovenia is 78 and 84 years, respectively (Statistical Office of the
Republic of Slovenia (SURS), 2023b). In Slovenia the average BW is 85
kg for men and 68 kg for (Statistical Office of the Republic of Slovenia
(SURS), n.d.).
Individuals’ RQ (U.S. EPA 1997) (Eq. (2)) is estimated using the
following equation:
LADD

RQ=Rip

2)

where the RfD (reference dose) (U.S. EPA 1997) (Eq. (3)) is expressed as
the function of IR and BW. PMs 5 at 15 llg/ma was used as a reference
concentration (RfC), as stated in the WHO AQG, a set of evidence-based
recommendations for limit values affecting human health at low levels
(EEA 2022):

 RIC x IR

RfD
BW

3)

2.5. Participatory questionnaire

A participatory questionnaire was used to assess the social and socio-
economic impacts of air pollution and evaluate how it is perceived by
daily cyclists. Participants were presented with two documents: a
questionnaire and key facts about air pollution. The participatory
questionnaire consisted of 15 questions aimed at gathering information
on two primary aspects: (1) the participants’ understanding of air
pollution and (2) their cycling habits in relation to the existing
infrastructure.
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Fig. 2. Regression chart for PM2.5 acquired by LCS SPS30 and AQMS APDA-371.
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3. Results and discussion
3.1. LCS and AQMS comparability

In total, co-location calibration yielded 1024 recorded measuring
points within the timeframe of 1 h 35 min 35 s. These measurements
were carried out on both weekdays and weekends. Notably, the co-
location calibration was intentionally omitted during the summer
period, potentially introducing a constraint in terms of sensor quality
control under these seasonal conditions. The PMs 5 data acquired were
analysed based on different time periods as follows: at 6:00-9:00, the
mean values were 12.86 |.lg/1'n3 for LCS and 15.18 pg/m3 for AQMS; at
9:00-12:00, the mean values were 6.98 pg/m? for LCS and 9.31 pg/m®
for AQMS; at 12:00-15:00, the mean values were 12.55 pg/m3 for LCS
and 13.35 yg/m’ for AQMS; at 15:00-18.00, the mean values were
16.02 pg/m® for LCS and 12.20 pg/m? for AQMS; at 18:00-21:00, the
mean values were 30.71 pg/m® for LCS and 22.56 pg/m® for AQMS; and
at 3:00-6:00, the mean values were 22.24 pg/m3 for LCS and 21.13 pg/
m® for AQMS (Fig. 3). No co-location validation measurements were
conducted between 21:00-00:00 and 00:00-3:00. On average, the per-
centage difference in PM> 5 concentrations measured by LCS SPS30 and
AQMS Ljubljana—Bezigrad was 22.78 %, while for AQMS Ljublja-
na—Celovska, it was 19.80 %. This difference can be mainly attributed to
the nucleation effect caused by humidity levels as well as the possibility
of pollutants being suppressed near the ground, especially during colder
months due to more frequent thermal inversions, leading to inconsistent
PM; 5 concentrations in the air at different heights (Chen et al., 2020).
The co-location validation data produced favourable results in terms of
comparability. Subsequently, the discussion focuses solely on the data
obtained from the LCS.

3.2, Temporal and spatial variability of PMz 5 concentrations

The PM, 5 monitoring campaign yielded a total of 52,173 measuring
point data, of which 46,945 (89.98 %) remained across four sampling
periods once errors had been removed (GPS, false data, co-location data,
Fig. 4).
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The comparative ANOVA showed statistically significant differences
at the 95 % probability level between sampling periods, with the lowest
average PMys concentrations being observed in September and the
highest in December (Fig. 5, Table S1). Lower temperatures result in
decreased wind speed and precipitation, with precipitation being the
key factor influencing the heightened air pollution levels observed in
October. In Ljubljana, increased pollution concentrations during colder
months, when meteorological conditions promote surface-level
pollutant accumulation (Chen et al., 2020), are mainly attributed to
unfavourable micro-conditions caused by the city’s location in a valley
surrounded by mountains, frequent thermal inversions and weak verti-
cal mixing of air masses. These factors hinder the efficient dispersion of
pollutants.

Furthermore, the ANOVA revealed statistically significant differ-
ences at the 95 % probability level between different time periods.
Across all sampling periods, PM; 5 concentrations were highest during
the night (21:00-00:00), averaging at 61.00 pg/m°, and lowest during
the afternoon (12:00-15:00), averaging at 12.09 pg/m3 (Fig. 6),
attributed to the effects of the planetary boundary layer (PBL), which
modulates the local air pollution level near the surface (Pan et al., 2019).
The PBL, along with various factors like meteorology, topography,
demography, transportation, fuel quality, energy usage and levels of
industrialisation and urbanisation, plays a vital role in the vertical
mixing, dilution and dispersion of near-surface pollutants, thus signifi-
cantly affecting the diurnal and seasonal patterns of PMy 5 concentra-
tions (Miao et al., 2019; Su et al., 2018). A higher PBL usually
corresponds to stronger turbulence and potentially lower air pollution
(Miao et al., 2019; Pan et al., 2019). At night, the PBL thins, trapping
pollutants near the surface. As temperatures rise and relative humidity
drops, the PBL thickens, reaching its peak in the afternoon, gradually
reducing PM; 5 levels (Miao et al., 2019). The primary local sources of
PM3 5 in the area are wood-burning fireplaces (74 %) and traffic emis-
sions (5 %) (ARSO, 2021). The prevalence of diesel engines in Slovenia,
accounting for 51 % of the fleet, compared to 48 % gasoline engines
(Terzic, 2020), may also contribute to the higher average PM, 5 levels
due to the tendency of diesel engines to produce more PM (Ono-Oga-
sawara and Smith, 2004), Morning-RHT (6:00-9:00) and afternoon-RHT
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Fig. 3. Comparability of PM2.5 data points obtained by co-location validation measurements.
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Fig. 5. PM2.5 distribution across sampling periods.

(15:00-18:00) showed varying impacts on PM; 5 concentrations, with
the latter proving the more problematic, showing an average concen-
tration of 17.34 pg/m® across all sampling periods. Atmospheric pollu-
tion levels in urban areas vary spatially and temporally due to factors
like traffic volume, urban layout and proximity to pollution sources. It
was observed that daily and monthly variances contribute significantly
more to the overall variance than differences observed within different

parts of the day. Temporal variations include day-to-day fluctuations
influenced by weather conditions and urban changes as well as within-
day fluctuations caused by traffic dynamics and microscale variability
(Hofman et al., 2018).

In addition, the spatial distribution of PM3 5 concentrations analysed
by QGIS software revealed a higher number of air pollution hotspots in
December compared to in September. The spatial pattern was correlated
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Fig. 6. Hourly distribution of PM2.5.

with the distribution of average traffic density in Ljubljana as well as
proximity to major local sources of PMs s, such as busy roads (Celovska
Street and Dunajska Street), construction sites (Poljanska Street), bus
and train stations (Slovenska Street, Trg Osvobodilne fronte), industrial
zones (Celovika Street) and the motorway ring road junction (Podutiska
Street). Two significant PM; 5 pollution sources were identified, where
concentrations exceeded 100 pg/mz: (1) the junction of a railway track
and a busy road with high-density traffic during rush hours (Bleiweisova
Street); and (2) the combination of a busy road with high traffic density
during rush hours and an industrial zone (Celovska Street by Stegne)
(Fig. 1).

The PMy 5 values were then compared to the limit values defined in
the AQD (Directive 2008/50/EC, n.d.) and the WHO AQG daily interim
targets (EEA 2022) (Table $2). These limits define objectives to mini-
mise the adverse impacts of air pollution on human health and the
environment. The AQD establishes a standard for managing ambient air
quality in Europe, while the WHO's interim targets are steps towards
achieving guideline levels. Four daily interim target levels (75 pg/m®,
50 pg/m®, 37.5 pg/m®, 25 pg/m®) and an AQG level (15 pg/m®) indicate
different air quality levels, where the AQG level (15 pg/ma) indicates
good air quality with regard to fine particulate matter, interim target 4
(25 pg/m®) indicates fair air quality, interim target 3 (37.5 pg/m°) in-
dicates moderate air quality, interim target 2 (50 pg/m?) indicates poor
air quality and interim target 1 (75 pg/m®) indicates poor air quality.
The PM3 5 data measured by LCS SPS30 exceeded the annual WHO AQG
level in 45.21 % of all cases. Additionally, 11.69 % exceeded the WHO's
daily interim target 3 (37.5 pg/ma) and 0.61 % exceeded interim target 1
(75 pg/m?). AQD provides only an annual threshold target set at 25 pg/
m?, whereas lacks criteria for evaluating short-term PM, 5 pollution
levels effectively.

3.3. Personal travel PM> 5 exposure

Previous air pollution research in Ljubljana involving citizen science
activities (Bencina and Gorenc, 2021; Novak et al., 2020; Novak et al.,
2020; Robinson and Konti¢, 2016; Robinson et al., 2021; Robinson et al.,
2021) has remained limited, the focus being mainly on static monitoring
devices or a limited time frame to assess air pollutants such as particu-
late matter (PM;g, PMys), black carbon (BC), nitrogen oxides (NOy),
carbon monoxide (CO), ozone (O3), carbon dioxide (CO;) and volatile
organic compounds (VOC). Therefore, the results presented in this
paper, which incorporate dynamic, mobile and low-cost sensing tech-
niques, represent a significant contribution to the field of air pollution
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research in Ljubljana. Within the ICARUS Horizon 2020 project,
portable low-cost PM measuring units were deployed in February and
May 2019. The main objective was to collect data on external environ-
mental exposure as well as to evaluate the influence of individual
behaviour on personal exposure to air pollution and to determine the PM
intake dose (Novak et al., 2020; Robinson et al., 2021). In addition, a
smaller scale static monitoring campaign was conducted in Ljubljana in
2016, where 25 small air quality sensor units (AQMesh) were used to
determine various air quality parameters (NO,, O3, CO, PM, tempera-
ture, relative humidity, noise and pressure). The one-week study con-
ducted, indicated on poor air quality in the vicinity of heavily trafficked
roads, such as Trzaska Street, Dunajska Street and Celovska Street, close
to the main bus and train station. These findings of PM3s hotspots
identification are consistent with the results of present study (Robinson
and Kontic, 2016). Additionally, a three-week NO, measuring campaign
conducted in Ljubljana in 2021, which included six volunteers, identi-
fied 137 locations where NO; levels were elevated and exceeded the
harmful level of 20 pg/m?® on high-traffic roads such as Trzaska Street,
Dunajska Street, Zaloska Street, Celovska Street and Roska Street
(Bencina and Gorenc, 2021).

Urban microenvironments can pose significant air pollutant expo-
sure risk to many people, particularly daily active commuters such as
cyclists and pedestrians. Therefore, it is important to assess exposure
risks in order to ensure the safety and well-being of individuals. Most
studies assess the potential health risks of aerosol inhalation rates based
on the average concentrations obtained from AQMS or other fixed
monitoring stations, rather than personal exposure to ambient PMy 5
concentrations, resulting in an underestimation of the cumulative total
exposure during commutes. Consequently, it is crucial to consider
hourly activity levels in relation to specific inhalation activities in order
to accurately assess the health impact on commuters in urban micro-
environments. Although commuting may only account for a small pro-
portion of a person’s daily activity, it can still contribute significantly to
their total daily exposure to and inhalation doses of air pollutants
(Gulliver and Briggs, 2004; Guzman et al., 2023; de Nazelle et al., 2017).
Based on the evaluated personal exposure to PMj s, it was observed, that
commuting exposure exceeded the 24-h guideline values. According to
the exposure factors calculated (Table S3), pedestrians commuting in
September were found to experience the lowest exposure to PMa 5, while
cyclists commuting in December experienced the highest exposure.

3.4. Toxicological risk assessment

The toxicological risk calculated did not exceed 1 for any type of
commuter (ranging from 0.011 to 0.071, as shown in Table $4), indi-
cating minimal potential risk of PMa 5 exposure in Ljubljana. However, it
should also be noted that even short durations of commuting can pose a
significant threat to health due to the high levels of air pollution in
traffic and repeated exposure during daily commutes, particularly dur-
ing rush hours (Cole-Hunter et al., 2012; Kaur et al., 2007).

The average difference ratio between the pedestrians and the cyclists
involved in this study was 3.2, while the difference between adult men
and adult women daily commuters was 1.3. Other studies have also
reported significant differences in exposure between different modes of
transport. For instance, de Nazelle et al. (2012) and Bergmann et al.
(2021) reported an average difference ratio of 2-3 between cycling and
car transport, while Int Panis et al. (2010) found that cycling com-
muters’ exposure to traffic exhausts was 4.3 times higher than that of car
passengers. Qiu et al. (2019) also reported a 1.3 ratio difference between
adult women and adult men cyclists, mainly attributed to differences in
breathing frequency and volume of inhaled/exhaled air, as men (59.1 L/
min) inhale about 17 % more air than women (46.2 L/min) (Hofman
et al., 2018). Present research found that average travel exposure to
PMys varied from 1.66 pg/m® to 78.71 pg/m® depending on the
exposure duration, with an average value of 11.52 ug/m” for the average
commuting time of Slovenian citizens (52 min/day) and 23.72 pg/m? for
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the average time spent outdoors (106.2 min/day). These values did not
exceed the WHO's air quality guidelines. Average travel exposure was
highest in the evening and night for all sampling periods, ranging from
4.81 ug/m:’ to 78.71 ug/m:'. Compared to the results of other studies
conducted in the EU, present research founds that cyelists in Ljubljana
were found to be exposed to lower PM, 5 values. For example, a study in
three Belgian towns (Brussels, Louvain la Nueve and Mol) in June 2009
found higher average PMa 5 values of 27.2 pg/m3 for cyclists (Int Panis
et al., 2010), while cyclists in 11 Dutch cities between August and
October 2006 were found to be exposed to average PM3 5 values of 44.5
pg/m?® (Boogaard et al., 2009). Similarly, cyclists in Arnhem in the
Netherlands between June 2007 and June 2008 were exposed to an
average PM; 5 value of 68.7 ug/m3 (Zuurbier et al., 2010), while those in
Barcelona in May and June 2009 were exposed to an average of 35 pg/
m? (de Nazelle et al., 2012). The current study also found that personal
exposure to PMj 5 was lower than the dynamic mobile measurements
yielded in Stuttgart in Germany between February and July 2018, which
ranged between 15.1 pg/m® and 40 pg/m? during rush hour and be-
tween 10.1 pg/m® and 15 pg/m?® at other times (Samad and Vogt, 2020).
Among the main reasons why cyclists are exposed to relatively high
levels of air pollutants are their elevated inhalation rates and increased
physical exertion compared to sedentary modes of transport, such as
driving and taking the bus or train. Indeed, several studies (Bigazzi and
Figliozzi, 2014; Int Panis et al., 2010; de Nazelle et al., 2017; Salma
et al., 2002) have indicated that the mode of commuting can have a
significant impact on personal exposure PM, 5 concentrations in traffic
environments (Huang et al., 2012). Additionally, the higher deposition
rate observed during maximum exertion levels is partly due to the switch
from nose-only breathing to combined nose-and-mouth breathing
(Salma et al., 2002).

3.5. Perceived impact of air pollution

Cycling, an active mode of transport, is an effective means of
reducing traffic congestion and related air pollution, while also pro-
moting better health (Qiu et al., 2019). However, the benefits of cycling
can be negated by air pollution, which emphasises the need for personal
evaluations of PM3 5 exposure in order to determine safe urban micro-
environments with limited air pollution exposure. In Slovenia, where
80.5 % of adolescent individuals are active and thus very likely to
commute via active modes of transport (World Health Organization
(WHO), 2023), PM, 5 monitoring results showed elevated levels of PM; 5
pollution in Ljubljana and the existence of air pollution hotspots near
local pollution sources. The volunteers who participated in the moni-
toring study rode a bicycle four times a week or more during both
summer (76 %) and winter (70 %). The majority of participants (56 %)
rated the air quality in Ljubljana as poor and also incorrectly identified
the major sources of air pollution, indicating the importance of such
campaigns in raising awareness about air pollution challenges. Indeed,
the respondents tended to believe that traffic (65 %) represents the
primary source of air pollution in Ljubljana, followed by small individ-
ual fireplaces (9 %), construction sites (9 %), industrial and agricultural
emissions (9 %) and cigarette smoke (9 %). It is particularly concerning
that the majority of volunteers (81 %) had not received any information
about air pollution in previous years. Of utmost importance, nearly all of
the participants (94 %) expressed their willingness to modify their travel
patterns to minimise air pollution and avoid congested roads if infra-
structure allowed it. Previous studies have also reported cyclist would
adapt to more effective and less congested routes to lower their exposure
to pollutants (Cole-Hunter et al., 2015), and would deviate from their
most direct route by up to 10 % (Broach et al., 2012), Cyclists experience
lower levels of pollution when using open bike lanes and street in-
tersections with superior ventilation as well as when cycling infra-
structure is separated from the main road, resulting in decreased
exposure to pollutants (Cole-Hunter et al., 2013; Hofman et al., 2018;
Qiu et al., 2019; Samad et al, 2021). Heavy traffic intersections,
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underpasses, roundabouts and bus stops where vehicles start and
accelerate frequently tend to manifest the highest concentrations,
exposing cyclists to even greater risk due to long wait times (Qiu et al
2019). Additionally, vegetation acts as a buffer between cyclists and
vehicles, providing further protection against exposure (MacNaughton
et al., 2014).

4. Conclusions

Assessing exposure risk to air pollutants in urban microenvironments
is crucial to ensure the safety of groups that are vulnerable to traffic,
such as cyclists and pedestrians. Accurate evaluations of air pollution
exposure risks are important for hazard mitigation and potentially for
making alterations to regulatory management and infrastructure to
minimise and reduce PM; 5 health risks. Dynamic monitoring campaigns
accompanied by citizens’ initiatives deploying low-cost sensors can
supplement official AQMS and provide high temporal and spatial dis-
tribution air pollution data to enable more efficient regulatory frame-
works. While monitoring campaigns using validated LCS are effective
tools for self-regulated and self-assessed personal air pollution exposure
and hotspot identification, in the future, standardised evaluation
methods and mobile monitoring protocols to support policy makers and
decision makers should be addressed before large-scale deployment. In
addition, citizens' daily activities and behaviour patterns should be
included in air quality monitoring approaches to significantly reduce air
pollution levels in urban microenvironments. Based on the data ob-
tained through monitoring, citizens have the capacity to make more
health-conscious choices by selecting routes located at a greater distance
from high-traffic roads and outside the timeframes of higher PMa 5
levels, thereby reducing their exposure to PMs 5. Furthermore, such data
can serve as an instrument in enhancing urban planning processes, with
a specific focus on mitigating the exposure of active daily commuters
(cyclists and pedestrians), through the strategic development of cycling
infrastructure that is physically separated from roadways and inter-
spersed with green spaces. Additionally, due to the prevalent utilisation
of wood as a fuel source, resulting in elevated concentrations of PMy 5 in
Ljubljana, it is imperative to organise periodic public awareness cam-
paigns aimed at promoting proper maintenance for fireplaces, as well as
the adoption of high-quality and dry wood as fuel, with regular quality
standards and requirement verifications.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2023.169117.
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Supplementary Information Article 4

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

o September | October November | December
o Monitoring
Type of monitoring (n =|(n =|(n =|(n =
parameters
11,250) 18,230) | 9,295) 8,170)
PM, 5 18.40 4 | 17.16 + | 32.31 +
o 4.68 + 4.70
(ng/m®) 13.43 10.63 18.81
RH 50.71 + 16228 4 |67.36 4+ | 70.13 +
LCS SPS30
(%) 16.03 14.91 12.11 17.21
Temp 16.31 + [ 13.76 =+ | 8.66 + | 2.06 +
(°C) 5.00 4.76 3.82 4.56
PMs; 22.64 + | 18.02 + | 21.12 +
. 6.01 £+ 3.32
(ng/m?) 12.36 8.90 13.57
RH 74.38 + | 78.00 =+ | 76.00 + | 84.36 +
% 11.33 3.16 5.35 4.62
AQMS Ljubljana— (%)
v Temp 1477+ 1433 + | 1117  + 202 +
Bezigrad ~ (ARSO | |
2023) (°C) 3.94 0.89 2.72 2.66
Wind 0.54 +1]0.73 + 1 0.75 +
1.32 £ 0.90
(m/s) 0.39 0.61 0.39
Precipitation 20.67 + | 0.00 + | 2.64 + | 11.69 +
(mm) 48.52 0.00 4.89 16.33
AQMS - Ljubljana— | 20.95 + | 1554 + 1839 +
Celovika  (ARSO 2 528 +3.16 | ' '
2023) (ng/m?) 11.81 7.23 12.88

Mean + standard deviation

PM,; = particulate matter smaller than 2.5 pm in
ng/m?®, 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 | PMy5>15 pg/m? | PM.;>37.5 pg/m?® i;\;[i? =50 PM,;>75 pg/m?
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 pg/m® 50 ng/m? 37.5 pg/m? 25
ng/m?* and 15 pg/m? (EEA 2022).
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Table S3: LADD (ng/kg-day) per specific activity type.

Exposure duration g(;f;wty September | October | November | December
Men 0.005 0.020 0.016 0.032
Cycling
Average time Women | 0.004 0.016 0.013 0.025
commuting
(h = 52 min) Men 0.002 0.006 0.005 0.010
Walking
Women | 0.001 0.005 0.004 0.008
Men 0.010 0.041 0.034 0.065
Cycling
Average  outdoor Women | 0.008 0.032 0.027 0.051
activities
(h = 106.2 min) Men 0.003 0.013 0.011 0.021
Walking
Women | 0.003 0.010 0.008 0.016
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Table S4: Estimated reference dose (RfD) and toxicological risk (RQ).

Cycling Walking
R/D

Women Men Women Men
(ng/kg-day)

0.348 0.441 0.109 0.141

September October November December
RQ

0.011 0.045 0.037 0.071
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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 pm). Among the reviewed studies, 52% focused on the
characterisation of pollutants bound to PMa;, followed by PMi, (30%) and PM; (13%),
while only 5% investigated PM smaller than 0.1 pm, 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 BKkF 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
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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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20 ABSTRACT

21  This review highlights a significant gap in the simultaneous multi-pollutant characterisation of
22 ultrafine particulate matter (PM <0.1 um), particularly regarding metal(oid)s and polycyclic
23 aromatic hydrocarbons (PAHSs). Fractionation mechanisms, sampling protocols and
24  analytical methods are examined with an emphasis on integrating quality assurance
25 measures to ensure high-quality data and facilitate cross-study comparability. Studies
26  published between 2010 and 2025 demonstrated that research has largely focused on
27 chemical assessment of pollutants bound to PM,s or PMo. Only 5% of studies addressed
28 ultrafine particles (UFPs), which have the highest toxicological impacts. Simultaneous
29  characterisation of both pollutant groups was rare (14% of studies) and just 32% of studies
30 used certified reference materials for quality control and method validation. Microwave-
31 assisted digestion and ultrasound-assisted extraction were commonly used for sample
32  preparation prior to the determination of metal(oid)s and PAHs, by inductively coupled
33 plasma mass spectrometry and gas chromatography-mass spectrometry, respectively. Both
34 pollutant groups exhibited strong seasonal variability, with elevated concentrations observed
35 during heating periods. They were associated with fine PM and UFPs, fractions that exhibit
36 high bioaccessibility. Smaller PM fractions were mainly associated with anthropogenic
37  sources, including fossil fuel and biomass combustion, traffic emissions and industrial
38 processes, while coarse PM primarily reflected naturally-derived crustal material. Overall,
39 these findings highlight the importance of uniform and comprehensive chemical
40 characterisation protocols for UFPs, to ensure reliable data and support the development of
41  effective urban air quality control strategies aimed at mitigating emissions.

42

43  Keywords:

44  Particulate matter, Sampling protocol, Analytical method, Polycyclic aromatic hydrocarbons,

45 Metal(oid)s

46
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49 1. Introduction

50 Particulate matter (PM) is among the most prevalent primary airborne pollutants and
51 represents a significant health and environmental risk, particularly in urban and densely
52 populated areas [1-4]. Its toxicological and environmental implications are strongly
53  dependent on PM size, chemical composition, water affinity and optical properties, such as
54  light scattering and absorption [5]. Both atmospheric and biological behaviour primarily
55 depend on PM chemical composition and particle size [6-8]. Therefore, the systematic
56 classification of particles based on their aerodynamic diameter is considered one of the most
57 important parameters.

58  Total suspended particles (TSP with aerodynamic diameter 50-100 uym) and coarse particles
59  (PM;, with aerodynamic diameter <10 uym) tend to deposit in the upper respiratory tract, in
60 the nasopharynx, while fine particles (PM,s with aerodynamic diameter <2.5 ym and PM;
61  with aerodynamic diameter <1 ym) and ultrafine particles (UFP, PM with aerodynamic
62 diameter <0.1 um) behave similarly to gas molecules, enabling them to reach terminal
63 bronchioles and alveoli, cross the pulmonary blood-air barrier and translocate further into cell
64  tissue and possibly cause damage to the nervous system [9—12]. The accumulation of PM in
65 the respiratory system is associated with impaired pulmonary and cardiovascular functions,

66 including stroke and lung cancer, neuroinflammation, neurons apoptosis, induced oxidative
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67  stress and dopaminergic neurotoxicity, deterioration of cognitive function and altered brain
68 development [10,13—-17]. In addition, increased PM concentrations also disrupt aquatic and
69  terrestrial ecosystems, cause soil acidification, nutrient depletion, eutrophication, reduced
70  biodiversity, crop and forest damage and contribute to acid rain formation [1,4,9,18]. Outdoor
71 air pollution with PM is classified as a Group 1 carcinogen [19,20], with bound PM pollutants,
72 such as metal(oid)s and polycyclic aromatic hydrocarbons (PAHs) representing the greatest
73 risk [21,22].

74  Metal(oid)s, such as arsenic (As), cadmium (Cd), nickel (Ni) and lead (Pb) are persistent,
75 non-degradable and recognised as genotoxic carcinogens [23]. They accumulate in fatty
76  tissues, have high bioaccumulation potential, can impair organ and endocrine functions and
77  induce DNA mutations [24,25]. Due to their atmospheric stability, certain elemental ratios
78  serve as reliable tracers of emission sources from combustion, non-exhaust traffic emissions
79  and mineral dust re-suspension [7,20,26-31].

80 PAHs are semi-volatile organic pollutants that exhibit carcinogenic, mutagenic and
81 immunosuppressive properties [12,32,33]. They are formed mostly by incomplete
82  combustion of organic matter (e.g. coal, natural gas or oil) or pyrolysis, with main urban
83  sources associated with municipal and domestic emissions [12,33,34]. In the atmosphere,
84 PAHs partition based on volatility, with low-molecular-weight (LMW) PAHs (2-3 rings)
85  occurring predominantly in the gaseous phase, while high-molecular-weight (HMW) PAHSs (4
86 or more benzene rings) exhibiting lower vapour pressures, absorb to PM, with
87  carcinogenicity increasing with molecular weight [33,35]. More than 95% of HMW PAHSs are
88 bound to PM <3 pm [7,36,37]. The United States Environmental Protection Agency (US
89 EPA) has classified 16 unsubstituted PAHs as priority pollutants, of which
90 benzo(a)anthracene (BaA), benzo(a)pyrene (BaP), benzo(b)fluoranthene (BbF),
91 benzo(g,h,i)perylene (BghiP), chrysene (Ch) and indeno(1,2,3-cd)pyrene (IP) are of
92 particular concern [38,39]. HMW PAHs also serve as characteristic markers of local and

93  regional sources, as well as pollutant transport distances [33,40—42].
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94  Particulate aerosol samples in urban areas are typically collected by drawing ambient air
95 through filter materials or using inertial impaction with a pump, followed by the subsequent
96 quantification of particle mass and its chemical components by off-site laboratory analysis
97 [43]. Size-selective inlets in cascade sampling setups allow fractionation, with the most
98  common cut-off points of 10 ym, 2.5 ym and 1 pym [5,18]. Conventional monitoring rely on
99  high-volume samplers placed at fixed location, adhering to standardised quality protocols
100 (e.g. National Ambient Air Quality Standards) to achieve low limits of detection (LOD) [5,44].
101 However due to easier handling, good collection efficiency and lower costs, portable low-
102  cost and low-volume samplers are increasingly being deployed [12,43,45].

103  The review of past publications (Table 1) indicates that the majority of atmospheric research
104 focused on the determination of a single-pollutant bound to PM (either metals or PAHSs),
105 emphasising their sampling protocols, analytical procedures, potential sources and health
106 effects. However, these studies largely addressed PM;, and PM,s, leaving a gap in
107 knowledge on UFP. Moreover, quality assurance and control (QA/QC) were often
108 insufficiently reported, with very few studies routinely reporting the use of certified reference
109 materials (CRMs), raising concerns about data reliability and subsequent cross-study
110 comparability. Therefore, this review provides a comprehensive evaluation of existing
111 sampling protocols and analytical approaches for metal(oid)s and PAHSs in size-fractionated
112 PM, with particular emphasis on QA/QC. In addition, it highlights current trends and patterns
113  in their chemical composition, seasonal variations and spatial distribution as well as key
114 metrics for exposure assessment, all of which are essential for evidence-based urban
115 planning for air pollution mitigation.

116

117 Table 1: Summary of existing reviews on the sampling protocols and analytical methods for

118 chemical characterisation of size-fractionated PM.
Study focus and topic areas covered Reference
e Collection methods and analytical procedures for PM, s and [43]
UFP characterisation
e Sources, composition, transformation processes and [46]

environmental effects of major urban aerosols
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e Source apportionment of PMso and PM; s, including metals, [47]
water-soluble and carbonaceous components

e Toxicity and major sources of PM, highlighting traffic-related [48]
emissions

e Characteristics, sources, exposure risks and health impacts [49]
of heavy metals bound to PM in Asian cities

e Characterisation, sampling and analytical methods for organic  [50]
compounds in air PM samples

e Sampling, analytical and modelling approaches for health risk  [51]
evaluation of metals bound to PM

e Impacts of PM composition and sources on short-term [52]
cardiovascular and respiratory health outcomes

e Sources, exposure pathways, chemical characteristics, health  [53]
effects and assessment methods of PAHs bound to PM

2. Methodology

An initial search was conducted in the research database and citation indexing platform Web
of Science using the keywords urban air, particulate matter, metals, polycyclic aromatic
hydrocarbons. The search covered studies published from January 2010 onwards and
yielded a total of 3,948 studies, which selected on the basis of various exclusion criteria (Fig.
1).

The main focus of the review was to provide a comprehensive overview of different sampling
protocols, extraction methods and analytical techniques used to characterise the metal(oid)s
and PAHs bound to size-fractionated PM. Therefore, studies involving real-time monitoring
and receptor modelling were excluded, as well as epidemiological and toxicological studies
focusing on in vitro effects, oxidative stress and reactions on epithelial cells and DNA
changes. In addition, studies focusing exclusively on indoor pollution or using low-cost
optical sensors for PM determination were excluded. Another exclusion criteria was studies
focusing on phytomonitoring and PM accumulation in various green plants, trees or leaves.
Following the exclusion criteria, each individual article was examined for abstract
applicability and methodological suitability to fulfil the above requirements.

As a result, 81 research articles written in English were suitable for the discussion in this
review. In addition, cross-referenced articles and other relevant articles were included in the

manuscript.
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Database ] l Web of Science ‘

2010 - 2025
English articles

Initial criteria [

« Particulate matter « Particulate matter
o Metals « Polycyclic aromatic hydrocarbons
Search parameters e Urban air e Urban air
n = 2286 n = 1662

Real-time, online and receptor PM monitoring, including low-cost sensor
techniques, epidemiological and toxicological in-vitro PM studies, phytomonitoring,
indoor or non-urban PM monitoring, one-time events, industrial emission monitoring

Eligibility screening
based on exclusion
criteria

n =653

Title and_abstract n=181
review

Method review and n=281

final selection

Fig. 1: Flowchart illustrating the systematic literature review process.

3. Results and discussion

3.1. Scope of the study
A total of 81 published studies from 33 different countries were included in this study, of
which 62% were conducted in Asia, 32% in Europe, 4% in Africa and 2% in North America.
The countries represented were Algeria, China, Croatia, the Czech Republic, Denmark,
Egypt, France, Germany, Ghana, Greece, India, Iran, ltaly, Japan, Lebanon, Malaysia,
Mexico, Myanmar, the Netherlands, Norway, Pakistan, Poland, Portugal, Saudi Arabia,
Slovakia, Slovenia, Spain, Switzerland, Taiwan, Thailand, Turkey, the United Kingdom and
the United States of America (Fig. 2). The map was created using Map Chart online

software.
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154
155 Fig. 2: Map of sampling locations from the selected studies (n = 81).
156
157  The main focus of this study was to identify the mechanisms of PM fractionation, in particular
158 the PM fractions collected in different studies, sampling levels, sampler types and their
159 airflow rates, filters types, extraction methods and the analytical techniques used for
160 metal(oid)s and PAHs determination (Table 2).
161
162 Table 2: Overview of sampling and analytical techniques.
PM Locatio | Sam | Time Sam | Flow | Filter | Pollut | Analys | Method | QA/QC | CRM | Calc. | Ref.
n pler (sampl | pler | rate type | ant is
eleva | e type
tion numbe
r)
PM;o, | Beijing, | EL Sep. MVS | 100L | GFF Metal ICP- MAD Rec.: NIST | LADD | [22]
PMzs | China 2015—- min”' MS with 85-110 | SRM |, HQ,
Aug. HNO3, % 1648 | ILCR
2016 HCIO4 a
(572)
PMyo Agra, EL Mar. HVS | 16.7 QFF Metal ICP- HP with | nr nr EF, [25]
Iran 2016— L MS HNO; LADD
Mar. min”' ;
2017 DAD,
(nr) HQ,
ILCR,
HCA,
PCA
PM;5 Birming | nr Aug. HVS | 500L | QFF PAH GC-MS | UAE Prec.: NIST | DR [40]
ham, 2012, min”’' with <10% SRM
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United Jan. DCM Acc.: 1649
Kingdo 2014 6-25% | a
m (nr)
PMio— | Ljubljan | GL Dec. LVS |12L PTFE | Metal, | ICP- MAD RSD: NIST | nr [45]
PMsy+ | a, 2023 min™' PAHs MS, with 6% for | SRM
Dobrov (nr) GC-MS | HNO3, metals, | 1648
a, HF, 3%for | a
Maribor, HCI; PAHSs,
Sloveni MS with | Acc.:
a Pet Eth | 2% for
and Ace | metals,
6% for
PAHs;
Rec.:
96-103
%
PM,s | Agra, nr Dec. LVS | 16.6 QFF | Metal ICP- HP with | RSD: nr PCA, | [54]
India 2015— L OES HNO; 5-8% LADD
Feb. min~"' :
2017 ILCR,
(27) HQ
PM,5 | Bushehr | EL Dec. HVS | 1.4-1 | QFF | PAH GC-MS | ASE Rec.: Yes, DR, [55]
Port, 2016- em’ with 86-118 | not PMF,
Iran Sep. min”' DCM, % speci | BTA,
2017 Ace fied BaPeq
(46) i
LADD
, ILCR
PM,s | Florenc | nr Jan. LVS, |23 QFF PAH GC-MS | ASE Rec.: nr BaP., | [26,3
e, ltaly; 2013— HVS | m? with 57-154 ; 5,56]
Athens, Feb. h', DCM, % ILCR,
Greece; 2014 1113 Ace DR
Oporto, (nr) L
Portugal min”’'
PM,s | Gamhar | nr Jun. LVS | 16.5 PTFE | PAH GC-FID | SOE Rec.: nr DR, [57]
ia, 2018— L with >60% ILCR,
Bokaro May min”’ DCM RSD: LADD
Steel 2019 <14% ,
City, (140) BaP¢q
Ranchi, , BTA,
India PCA
PM;, | AUB, EL Jan. HVS | 500L | QFF | PAH GC-MS | SOE Rec.: nr COD, | [58]
Dora, 2015- s min”" with 65— DR
Zouk Jul. LVvS | ,nr Eth, Hx, | 128%
Mikael, 2015 ASE RSD:
Lebano (36) and MS | 1-8%
n with Tol
PMyo Kumasi, | GL Jun. LVS |30L | QFF |PAH GC-MS | SOE Rec.: nr BaP¢, | [59]
Ghana 2011- min~ with 85— ,
Sep. Ace, Hx | 102% ILCR,
2011 LADD
(32) i
CMB,
PCA
PMyq Manlleu | nr Winter | HVS [30m°® | nr Metal, | ICP- MAD Er: nr PMF [60,6
, Spain 2013— h' PAHs MS, with HF, | <10% 1]
Dec. ICP- HNO;,
2022 OES, HCIO,;
(122) GC-MS | SOE
with
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DCM,
MeOH
PM,s | Nanjing, | EL Jan. HVS | 1000 | QFF PAH GC-MS | ASE Rec.: nr DR, [62]
China 2015- L with >80% BaPeq
Dec. min~" DCM, ,
2015 MeOH LADD
, LLE
PM;o— | Beirut, GL Jul. LVS | 9L QFF, | PAHs, | nr nr nr nr nr [63]
PMo.25 | Lebano 2012— min™" | PTFE | metal
n Aug.
2012
(nr)
PM;, | Naples, | GL Oct. LVS (23 QFF | PAH GC-MS | UAE Rec.: nr DR, [64]
Italy 2012— m’ with 58-99 BaPe,
Jul. h™ DCM % ,
2013 LADD
(140) :
ILCR,
PCA
PM,s | Beijing, | EL May HVS [ 1.33 | QFF | PAH GC-Q- | ASE Rec.: nr DR, [65]
China; 2017- m® TOF- with 88-107 BaPeq
Delhi, Jun. min~' MS MeCN | % .
India 2018 RSD: ILCR,
(115) 3-14% RC
PMjq Riyadh, | EL Dec. HVS | 1.2 QFF PAH GC-MS | ASE Rec.: nr DR [66]
Saudi 2010— m® with >59%
Arabia Jan. min”* DCM
2011
(21)
PM,s | Zouk EL Dec. HVS [ 30m’ | QFF | PAH GC-MS | UAE R* nr DR [67]
Mikael, 2018- h' with 0.93-0.
Fiaa Oct. Ace, 99
village, 2019 DCM Prec.:
Lebano (193) <14%
n Rec.:
82%
Unc.:
9-30%
PM,s | Giza, EL Nov HVS [30m’ | QFF | PAHs | GC-MS | SOE Rec.: nr DR [68]
Egypt 2019— h' with 80-97
Feb. Ace, %
2020 DCM
(59)
PM,s | Beijing, | EL Nov. HVS [ 1m° | QFF | PAH TD- SOE RSD: NIST | DR, [69,7
China 2014— min”’ GC-MS | with <15% SRM | PMF, | 0]
Jun. DCM, Acc.: 1649 | ILCR
2015 MeOH +5% a
(227) Prec.:
<12%
PM;o— | Leipzig, | EL Winter HVS | 75L PF Metal TXRF HP with | RSD: nr EF, [27,7
PMoos | German 2013— min”’ HNO; +5% CMC | 1]
y Summe
r2015
(42)
TSP, Metropo | nr Jan. HVS | nr GFF | Metal XPS, MAD Rec.: nr nr [72]
PM;s | litan 2016- ICP- with 85-116
Area of Mar. OES HNO;3, %
Monterr 2016 HCI
ey, (nr)
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Mexico

PM;o, | Thessal | EL Jun. LVS | 2.3 PTFE | Metal ED- UAE Prec.: NIST | BTA, [73]

PM,5 | oniki, 2011- m® XRF with <5% SRM | CMB
Greece Apr. h' H,0, 2783

2012 C;Hg

(45)
PM;io— | Delhi, EL. Jul. LVS | 30L QFF, | Metal, ED- UAE Et nr PCA, [74]
PMos | India 2014— min”' | PTFE | PAH XRF, with <10% DR,

Jul. ,9L GC-MS | CH.Cl, | RSD: LADD

2015 min~' 75-86 , HQ,

(90) % HI

PM,s | Guting, | nr May LVS | 16.7 PTFE | Metal ICP- MAD Rec.: NIST | PMF, | [75]
Taipei, 2015— L MS with 75-125 | SRM | ILCR
Hualien, Apr. min”"' HNO3, % 2786
Chiayi, 2018 HF, Acc.:

Siaogan (nr) H3;BO; +20%
g,
Taiwan

PMo— | Chiang | nr May LVS | 28.3 | QFF | PAH GC-MS | UAE Rec.: NIST | BaPeq | [76]

PMo4s | Mai, 2019- L with 91-126 | SRM |, ILCR
Thailan Nov. min™' DCM, % 1649
d 2019 Hx RSD: b

(nr) 3-11%

PMio, | Zagreb, | GL Jan. LVS | nr QFF PAH HPLC UAE Acc.: NIST | FA, [77]

PM,s, | Croatia 2013— with Tol, | 73-110 | SRM | LRM

PM; Dec. Chx % 1649

2013 Rec.: b
(1095) >75%

PMi, | Kuala GL, Sep. LVS | 1.13 | GFF | PAH GC-MS | UAE Rec.: nr PCA, | [78]
Lumpur, | EL 2010- m® with 61-116 LADD
Petaling Apr. min”' DCM, % ,

Jaya, 2011 MeOH ILCR,
Bangi, (53) DR
Malaysi

a

PMyo, | Zilina, nr Oct. LVS |23 NCF | Metal ICP- MS with | nr nr PCA, | [79]

PM,s, | Slovaki 2010- m® MS HNO;, FA,

PM, |a Jun. h™ HF APCS

2012 , MRA
(324)

PM;o, | Oslo, nr Oct. LVS | 10L PTFE | PAH GC-MS | ASE nr nr nr [80]

PM,s | Finland; 2008- min”' | , GFF with Tol
Helsinki Apr.

, Turku, 2011
Norway; (nr)
Copenh

agen,

Denmar

k;

London,

Oxford,

United

Kingdo

m,

Rotterd

am,

Amsterd

am,

Groning
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en,
Amersfo
ort, The
Netherl
ands;
Munich,
Augsbur
g,
German
y; Paris,
France;
Rome,
Italy;
Cataloni
a,
Spain;
Athens;
Greece
PM,s | Zhengz | EL Dec. HVS | 1.13 | QFF | Metal, | ICP- MAD Rec.: nr LADD | [81]
hou, 2012— m® PAH MS, with 80-120 ;
China Jul. min™' GC-MS | HNO;, % for ILCR,
2015 HCI, metals, DAD,
(90) UAE 79-104 HQ,
with % for HI
DCM PAHs
PM,5s | Belluno, | nr Apr. LVS |23 QFF | PAH HPLC UAE Rec.: ERM- | CPF, | [82]
Conegli 2012— m® with 72-125 | CZ10 | DR,
ano, Mar. h™ MeCN | % 0 BaPe,
Vicenza 2013 PAHs | , ILCR
; (360)
Venezia
Mestre,
Padua,
Rovigo,
Italy
PM,s | Ankara, | nr Jul. HVS | 1.01- | QFF | PAH GC-MS | UAE nr NIST | DR, [83,8
Turkey 2014— 1.18 with SRM | CPF 4]
Sep. m® DCM 1649
2015 min™' b
(611)
PM;, | Volos, nr Jan. LVS |23 QFF | Metals | ICP- MAD Rec.: NIST | ILCR, | [85]
Greece 2014— m?® ;i MS, with 95-111 | SRM | LADD
Dec. h' PAHs | HPLC- | HNO;, % for 1648 |,
2015 FLD H,0,; metals, | a BAP¢q
(240) UAE 73-125 ; ;
with % for PCA
MeCN PAHs
PM;, | Ciudad | EL Nov. HVS |68 m’ | GFF | PAH GC- MAD Rec.: NIST | BaP., | [86]
Real, 2017- h™' MS/MS | with 52-134 | SRM |,
Spain Oct. DCM % 1649 | ILCR,
2018 Prec.: b DR
(42) <.’30%
R*:
>0.99
PM,s, | Gdynia, | EL Jan. LVS |23 QFF | PAH LC- UAE Rec.: NIST | nr [87]
PM; Poland 2012— m® FLD with 83% SRM
Dec. h™ MeCN, | Unc.: 2585
2012 MeOH <5%
(nr)
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PMqo- | Hangzh | EL Dec. nr nr nr Metal FAAS nr nr NIST | EF, [88]
PM; |ou, 2017-D SRM | BTA,
China ec. 981 PCA
2018
PM,s | Taiyuan | EL Jan. HVS [ 1.13 | QFF | PAH GC-MS | UAE RSD: nr DR, [89]
, China 2013 m? with <9% BaPgq
(nr) min”’ DCM Rec.:
63-128
%
PM;5 Beijing, EL Jan. HVS | 1.03 QFF PAH, GC- UAE Rec.: nr BTA, [90]
China 2014— m? metal MS, with >72% DR,
Feb. min~" ICP- DCM, PMF
2014 MS MeOH,
(98) MAD
with
HCI,
HNO;3,
HF
PM,s | Beijing, | EL Mar. HVS [ 1.13 | QFF | PAH GC-MS | SOE Rec.: nr PMF, | [91]
China 2012— m? with Hx, | 83+17 DR
Mar. min”’ Ace %
2013
(66)
PM.o— | Changs | nr Apr. LVS | 28.3 | GFF | Metal ICP- MAD nr nr LADD | [92]
PMy4 | ha, 2014— L OES with , HQ,
China May min”’ HCl, ILCR
2014 HNO;
(36)
PMio France, | nr 2013—- nr nr nr Metal ICP- nr nr nr nr [93]
Spain, 2022 MS,
Italy, (16864) ICP-
Switzerl MS/MS
and, , PIXE,
UK, XRF
Portugal
Greece
PM,s | Yuchen | nr Jun. MVS | 100 L | QFF PAH GC-MS | ASE Rec.: nr ILCR, | [94]
g, China 2013 min~ with 70-125 DR,
(nr) DCM, % PCA,
Hx BaPgq
, BTA
PM,5 | Hong EL Sep. HVS | 1.13 | QFF | PAH GC-MS | SOE Rec.: nr PMF, | [95]
Kong, 2011~ m® with 80-120 BaP,
China Aug. min”’ DCM, %
2012 Hx
(56)
PM,s | Harbin, EL Jun. HVS | 1005 | QFF PAH GC-MS | ASE Rec.: nr DR, [96]
China 2017—- L with Hx, | 87-105 PMF,
May min™* Ace % PSCF
2018 Prec.: :
(82) 9% ILCR,
BaPe,q
,LLE
PMq4— | Turin, EL Autumn | HVS | 28.3 QFF Metal SF- MAD Rec.: NIST | EF, [97]
PMgss | Italy 2011- L ICP- with 85-115 | SRM | PCA
Winter min™’ MS HNO;3, % 1648
2012 H,0, RSD: a
(nr) <5%
Acc.:
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<15%
PM;o, | Thessal | EL Jul. LVS |23 QFF | PAH HPLC/ | MAD Rec.: NIST | BaPe, | [98]
PM,5s | oniki, 2011- m® FLD with 87-108 | SRM |,
Greece Mar. h™' DCM, % 1647 | CMB,
2012 Hx Prec.: c PMF
(40) <10%
PM,s | Rome, nr Jul. MVS | 2.3 PTFE | Metal ICP- MAD Rec.: NIST | nr [99]
Italy 2013— m® , QFF MS, with 88-98 SRM
Feb. h' ICP- HNO;, % 1648
2014 OES H,0, a
(nr)
PM;jo— | Dunkrik, | EL Jan. HVS | 30L PF Metal ICP- MAD Rec.: NIST | EF [100]
PMoos | France 2012—- min”' OES, with 100+15 | SRM
Feb. ICP- HNO;, % 1648
2012 MS HF, a
(nr) H,O,
PM;, | Gijon, EL Jul. HVS |30 m® | GFF, | Metal ICP- MAD Er.: NIST | BTA [101]
Spain 2014 h™' QFF MS with HF, | <10% SRM
(nr) HNO3, 1648
HCIO, a
PM,s | Ostrava | GL Jan. HVS [30m’ | QFF | PAH GC-MS | UAE Rec.: nr BTA, [102]
- 2012— h™ with 66-93 DR
Radvani Feb. DCM, %
ce, 2012 Hx
Czech (26)
Republi
c
PMyo Hamad | EL Jan. HVS | 30L FGF | PAH GC-FID | UAE Rec.: nr BaP., | [103]
an, Iran 2019- min”’ with 75-105 ,DR
Dec. MeOH, %
2019 DCM
(30)
PM;o, | Los nr Sep. LVS | 5L PTFE | Metal SF- nr nr nr PCA, | [104]
PM,s | Angeles 2019— min™’ ICP- EF,
, USA Feb. MS RE,
2020 LRM
(nr)
PM;, | Shiraz, EL Sep. HVS | 1.42 FGF | Metal ICP- MAD Rec.: NIST | ILCR, | [105]
Iran 2018— m® OES with 92-105 | SRM | LADD
Dec. min™' HNOs, | % 1648 |, HQ,
2018 HCIO, RSD: HI,
(30) <5% PCA
R%:
0.998-
0.99
PM;o | Turin, nr Jan. LVS |23 QFF | Metal ICP- MAD Rec.: NIST | PCA, | [106]
Borgo 2011- m® MS with 80-120 | SRM | FA,
San Dec. h' HNO;, %, 1648 | HCA,
Dalmaz 2011 H,0, RSD: a EF
zo, (140) <5%
Salicent
o,
Druento
, Italy
PMi, | Jalgaon | EL Mar. nr nr nr Metal ICP- MAD RSD: nr LADD | [107]
, 2023 OES with <10%, ,
Bhusav (24) HNO3, Er.: ILCR,
al, HCI, <10% PCA
Pachora
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, India
PM;, | Beijing, | EL Apr. nr nr QFF | Metal ICP- MAD Rec.: SRM | LADD | [108]
Tianjin, 2014— MS with 78-113 | GSS |, HQ,
Jinzhon Mar. HNO;, % 16 HI,
g, 2015 HCI, ILCR,
Qingda (nr) HCIO, PCA
0, China
PM,s | Gdansk, | EL Jan. HVS | nr QFF | Metal, | ETAAS | MAD Rec.: NIST | BTA, [109]
Diabla 2010- , PAH , FAAS, | with 91-101 | SRM | EF
Gora, Dec. LVS ICP- HNO;3, % for 1648
Katowic 2010 OES, HF, metals, | a,
e, (1079) HPLC HCIO,, 92% for | NIST
Poland H,0, PAHs SRM
HCI; 1649
ASE b
with
DCM
PM;5 Karachi, | EL Nov. HVS | 16.7 PTFE | Metal ED- nr nr nr EF, [110,
Pakista 2010- I XRF PMF, | 111]
n Jun. min™* BTA
2011
(nr)
PM,5s | Delhi, EL Apr. LVS | 5L PTFE | PAH GS-MS | nr nr nr ILCR, | [112]
India 2013— s LLE
Mar.
2014
(nr)
PMg— | Shenya | nr Jan. LVS | 28.3 | QFF | PAH GC-MS | UAE Rec.: nr BaPeq | [113]
PMo4s | ng, 2013— L with 75-120 , ILCR
Xianghe Dec. min~"' DCM, %
, 2014 MeOH RSD:
Xinglon (52) <10%
g,
Yantai,
Fukang,
Yuchen
g,
Chongqi
ng,
Changs
ha,
Lhasa,
Dinghus
han,
China
PMio, | Chengd | nr 2011—- | MVS | 100L | QFF | PAH GC-MS | SOE Rec.: nr BaP., | [114]
PM,5 | u, China 2012 min~"' with Tol | 74-113 :
(192) % UNMI
X, DR
PM,s | Isfahan | nr Mar. HVS | 16.6 GFF | Metal ICP- HP with | nr nr PCA [115]
City, 2014— L MS HF,
Iran Mar. min~’' HCI,
2015 HNO;
(nr)
PMyo, | Algiers, | nr Jan. HVS | 1.1 GFF Metal XRF nr Rec.: nr PCA, [1186]
PM,s, | Algeria 2015— m® 92-109 BTA
PM, Nov. min”' %
2016 Prec.:
(186) <20%
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PM;5 Lanzho EL Dec. HVS | 1.13 QFF Metal, ICP- MAD Rec.: nr PMF, [117]
u, China 2012—- m® PAH MS, with 93-105 EF,
Jul. min™* ICP- HCI, %, BTA
2013 OES; HNO3; Prec.:
(68) GC-MS | UAE <5%,
with RSD:
DCM 5-10%
for
PAHs
PM,5 | Taipei, GL Jan. HVS | 1.13 QFF PAHs GC-MS | UAE Rec.: nr PMF, | [118]
Taiwan 2021- m® with 80-111 PSCF
Sep. min”’ DCM, % :
2021 Hx CWT,
(52) BTA,
BAP.,
,ILCR
PM,s | Thessal | EL Jun. LVS | 2.3 QFF Metal, ETAAS | UAE nr nr BaPeq | [119]
oniki, 2011- m® PAH , GC- with ,DR
Greece May h' MS DCM;
2012 MAD
(149) with
acids
PM,s | Athens, | nr Dec. HVS | 500 L | QFF PAH GC-MS | ASE Rec.: nr PMF, | [120]
Greece 2018- min”' with 96110 ILCR,
Jul. DCM, % DR,
2021 Hx BaPeq
(217)
PM,s | Yangon, | EL Dec. MVS | 0.3 nr PAH GC-MS | UAE Rec: nr DR, [121]
Myanm 2016— m® 70-110 ILCR,
ar Apr. h' % BAP,,
2017 , PMF
(72)
PM,s | Chendu | EL Jan. HVS | 16.7 PTFE | Metal XRF nr nr nr CMC, | [122]
, China 2023— L WRF-
Feb. min”’ Chem
2023 , BTA,
CWT,
PMF
PM,s | Tangsh | EL Apr. HVS | 100 L | QFF PAH HPLC UAE Rec.: nr BaPe, | [123]
an, 2014— min~"' with 58-105 .
China Feb. DCM, % ILCR,
2015 Hx PCA
(39)
PM,5s | Jinan, EL Jun. HVS | 100L | QFF PAH GC-MS | SOE Rec.: nr DR, [124]
China 2015—- min™" with 97115 BaP,
Jul.201 DCM % ,ILCR
5 (20)
PM,s | Beijing, | EL Aug. HVS | 100L | QFF PAH HPLC UAE Rec.: nr PMF, | [125]
China 2014— min™’ with 70-130 BaP¢q
Dec. MeCN %
2014
(74)
PM,s | Guangz | nr May HVS [1.05 |QFF |PAH | GC-MS | SOE R% nr DR [126]
hou, 2012— m? >0.99
China May min™' RSD:
2013 <15%
(24)
PM;o, | Xi'an, EL Dec. HVS | 100L | GFF PAH GC-FID | UAE Rec.: nr DR, [127]
PM,s | China 2016— min”' with Hx, | 75-111 PMF,
Nov. Ace % BaPeq
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2017 , ILCR
(132)
PM,s | Xi'an, nr Jun. LVS | 5L QFF | PAH TD- nr nr NIST | BaPeq | [128]
China 2013- min™' GC-MSs SRM |,
Dec. 1649 | ILCR,
2013 a DR,
(568) PMF
PM.,4 | Shangh | EL Aug. LVS |28.3 | QFF | PAH HPLC UAE Rec.: nr BaP., | [129]
, ai, 2013- L with 80-103 ,
PM.,; | China Jan. min™' NaOH, % ILCR,
2018 H,SO, DR,
(37) PCA,
BTA
PM;s | Kirishim | EL Jul. LVS | 3L QFF | PAH HPLC UAE nr nr BaPeq | [130]
a, 2017— min~" , PCA,
Japan Feb. DR
2018
(nr)
PM.o— | Beijing, | nr Oct. LVS | 28.3 | QFF | PAH GC-MS | UAE Rec.: NIST | BaPe, | [131]
PM.o4 | Dunhua 2012—- L with 67-138 | SRM |, DR,
ng, Sep. min”" DCM, % 1649 | ILCR,
Hefei, 2013 Hx b PMF
Hailun, (294)
Kunmin
g,
Qianyan
zhou,
Sanya,
Shapoto
u,
Taiyuan
Tongyu,
Wuxi,
Xishuan
gbanna,
China
PM;s | Wuhan, | EL Oct. MVS | 100L | QFF | Metal, | ICP- HP and | Rec.: nr BTA, [132]
China 2011— min~" PAH OES, UAE 88-95 CMB
Jul. GC-MS | with Y%for
2012 HNO3, metals,
(168) HCIO,; 80-112
UAE % for
with PAHs
DCM,
MeOH
PM,s | Xi'an, nr Jun. LVS |[5L QFF | PAH TD- nr RSD: nr COD, | [133]
China 2013 min™' GC-MS 6-20% DR,
(72) R%: ILCR,
>0.99 BaP.q
PM;o, | Hefei, EL Oct. MVS | nr PTFE | Metal XRF nr nr nr EF [134]
PM;s | China 2016—
Jan.
2017
(56)
163 Glossary: nr (not reported), EL - elevated level of the sampler; GL - ground level of the sampler, Calc.
164 (calculations), Ref. (reference), RSD (relative standard deviation), Rec. (recovery), Prec. (precision),
165 Acc. (accuracy), Er. (error), R? (coefficient of determination), Unc. (uncertainty).

166
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167 3.2. Sampling methods for PM collection

168  Most studies reported sampling of PM,s (52%), followed by PM;, (30%) and PM; (13%).
169  Only 5% of the 81 studies reported sampling of PM smaller than 0.1 ym (Fig. 3), despite
170  UFP being the most prevalent fraction, representing approximately 90% of the total PM
171  number, followed by fine particles (~9%) and coarse particles, which contribute less than 1%
172 [135].

173

mUFP mPM25 mPM10

PM (in % d in studies

174

175  Fig. 3: Comparison of PM fractions present in the atmosphere and those reported studies.
176

177  The majority of studies (87%) installed PM samplers at elevated levels (EL; above 2.5 m,
178  e.g. on building roofs), which are not representative of the area and breathing zones where
179  commuters reside. Due to the low mass that accumulates on filters, a constant flow is
180 required for longer periods of time [18]. Therefore, particulate aerosol samplers are
181  categorised as high-volume samplers (HVS; 1000 L min™"), medium-volume samplers (MVS;

182 100 L min™") and low-volume samplers (LVS; 20 L min™"). HVS are the most widely used
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183 (51%) as they allow adequate sample deposition on the filter media for detecting compounds
184  at lower LODs, but may reduce the adsorption capacity of filters and increase the likelihood
185  of filter clogging. LVS are therefore recognised as more suitable for quantifying personal
186 emission exposures as their flow rates are more in line with commuter inhalation rates (6 L
187 min™") [5,136—-141].

188 PAHs were analysed in 56% of the selected studies and metal(oid)s in 31%, while 14% of
189 the studies measured both pollutants simultaneously, indicating on a significant gap in
190 comprehensive PM chemical characterisation.

191

192 3.3. Analytical methods for airborne pollutant determination

193  Prior to PM sample collection, it is essential to identify the nature of the pollutants bound to
194 PM in order to select appropriate analytical procedure, including the types of filter, pollutant
195  extraction methods, solvents used and analytical techniques to obtain reliable data on the
196 chemical composition of size-fractionated PM samples. The main challenges of analytical
197  procedures include the identification and determination of species in the sample, separation
198 of the species, determination of low concentrations with adequate precision and accuracy,
199 and effective elimination of matrix effects [142]. Therefore, ensuring the accuracy of
200 analytical procedures and results by selecting high-resolution and sensitive techniques along
201 with the use of CRMs is essential [47,138,143,144].

202 Only 32% of studies reported their use, namely National Institute of Standards and
203  Technology (NIST) standard reference material (SRM) 1648a (10 studies), NIST SRM 1649b
204 (6 studies), NIST SRM 1649a (3 studies) and NIST SRM 2783, NIST SRM 2786, ERM-
205 CZ100 PAHs, NIST SRM 2585, NIST SRM 1647c, SRM GSS16, NIST SRM 981, with one
206  study reporting each. Although, the majority of studies included in this review were
207 conducted in Asia, CRMs were predominantly applied in European research, particularly
208 United Kingdom, Greece, Croatia, Spain, Poland, Slovenia, Italy and France. In Asia, CRMs

209  were reported in studies from Iran, China, Taiwan, Turkey and Thailand.
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210  Overall, 82% of studies included QA/QC in their methods. When selecting suitable filter
211 media for compliance measurements, several characteristics are important, including particle
212  sampling efficiency, mechanical, chemical and temperature stability, blank concentrations,
213  flow resistance and loading capacity to obtain the adequate PM deposits, as well as cost
214  efficiency and availability. Potential positive or negative artefacts due to gas adsorption or
215  particle volatilisation may also affect mass balance and chemical composition [5].

216 In general, membrane filters have a higher flow resistance and a lower loading capacity than
217  fiber filters [5]. The most common filters used are cellulose filters (CF; fibrous, hydrophobic),
218 glass fiber filters (GFF; fibrous, hydrophobic), mixed cellulose filters (MCE; membrane,
219  hydrophilic), polycarbonate filters (PF; membrane, hydrophobic), polyvinyl chloride filters
220 (PVC; membrane, hydrophobic), polytetrafluoroethylene filters (PTFE; membrane,
221 hydrophobic) and quartz fiber filters (QFF; fibrous, hydrophobic) [3].

222  The choice of filter depends on the nature of the pollutants (organic, inorganic), which in turn
223  determines the subsequent analysis. Overall, QFF were the most commonly used in all
224  selected studies (65%), followed by PTFE (16%) and GFF (12%). The use of PF and
225 fiberglass fabric filters (FGF) was reported in two studies, while nitrocellulose membrane
226 filters (NCF) were employed in a single study for PM filtration. Several studies reported on
227  the simultaneous use of QFF and PTFE or PTFE and GFF. GFF are often used with HVS
228  systems due to their high collection efficiency and low airflow resistance. However, due to
229 their poor chemical stability and relatively high content of certain trace element impurities,
230 their use is limited to areas with relatively high levels of air pollution [5,6,145—-147]. CF and
231 PF exhibit the lowest particle sample efficiency, with values below 50% [148,149]. Compared
232 to QFF and PTFE, GFF offer the highest mechanical strength and are the most cost-
233 effective, but also require pre-treatment (baking at >500 °“C) prior to sampling to remove
234  adsorbed organic vapours [5]. PTFE filters are the most chemically inert, exhibit minimal
235 blank values and low hygroscopicity, but are unsuitable for elemental and organic carbon
236 analysis (EC/OC) due to the high temperatures required. EC/OC is best performed on QFF

237  [150]. Based on the overall properties, PTFE outperforms GFF and QFF [5].
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238

239 3.3.1. Analytical methods for determination of metals bound to PM

240 Inductively coupled plasma mass spectrometry (ICP-MS; 68% of studies), X-ray analysis
241 (20%) and atomic absorption spectroscopy (AAS; 11%) were the most commonly used
242  spectroscopic techniques used to determine metals in the PM size-fractionated samples
243  (Table 3).

244 ICP-MS was used in 17 studies, including two that employed inductively coupled plasma
245 mass spectrometry with magnetic sector (SF-ICP-MS). Inductively coupled plasma optical
246  emission spectrometry (ICP-OES) was reported in 11 studies. Among the X-ray based
247  techniques, total reflection X-ray fluorescence spectroscopy (TXRF), X-ray photoelectron
248  spectroscopy (XPS), energy dispersive X-ray fluorescence (ED-XRF) and X-ray
249  fluorescence (XRF) were reported in one, one, three and four studies, respectively. In
250 addition, among the AAS techniques, electrothermal atomic absorption spectrometry
251 (ETAAS) and flame atomic absorption spectroscopy (FAAS) were each reported in two
252  studies, while proton induced x-ray emission (PIXE) was reported in one study.

253  The most common sample digestion technique for metal determination was microwave-
254  assisted digestion (MAD; 83% of studies). Total metal concentration was also determined in
255 sample digests after hot plate digestion (HP; 21%), ultrasound-assisted (UAE; 8%) and
256 mechanical shaking extraction (MS; 4%). For these procedures, nitric acid (HNO;; 51%),
257  hydrofluoric acid (HF; 18%), hydrochloric acid (HCI; 18%) and perchloric acid (HCIO4; 14%)
258 were most commonly applied. Some studies also reported the use of hydrogen peroxide
259  (H»Oy; 10%), boric acid (H;BO3; 2%) and isopropyl alcohol (C3HsO; 2%).

260

261 Table 3: Consolidated results from selected studies, with corresponding study count.

Metal(oid)s PAHs

Analytical technique:

ICP 30 n/a
AAS 4 n/a
X-ray 9 n/a
GC n/a 46

HPLC n/a 9
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Extraction technique:

HP 5 n/a

MAD 20 2

UAE 2 30

MS 1 2

ASE n/a 11

SOE n/a 10
262 Glossary: n/a (not applicable)
263
264 3.3.2. Analytical methods for determination of PAHs bound to PM

265 Among the analytical techniques for the determination of PAHs, gas chromatography (GC)
266  was predominately used for the separation of PAHs (84% of studies). Other techniques were
267 based on the high performance liquid chromatography (HPLC; 16%). When separated by
268 GC, PAHSs are detected with higher sensitivity, speed, selectivity and cost-efficiency. A total
269  of three studies reported the use of GC coupled with flame ionisation detector (GC-FID) and
270 35 studies used MS (GC-MS). In-injection port thermal desorption GC mass spectrometry
271  (TD-GC-MS) was used in three studies, while one study reported the determination of PAHs
272 using GC coupled with quadrupole time-of flight mass spectrometry system (GC-Q-TOF-MS)
273  and GC coupled to a triple quadrupole mass spectrometer (GC-MS/MS).

274 HPLC was reported to be used for the separation of PAHs in seven studies and reversed
275 phase HPLC with programmable fluorescence detection (HPLC/FLD) was reported in two
276 studies. Among the selected studies, the most common extraction method for PAHs was
277 UAE (64%), followed by accelerated solvent extraction (ASE; 23%), Soxhlet extraction
278 (SOE; 21%), MAD (4%) and MS (4%). The most commonly used solvents were
279  dichloromethane (DCM) (49%), followed by hexane (Hx; 20%), methanol (MeOH; 13%),
280 acetone (Ace; 12%), toluene (Tl; 6%) and acetonitrile (MeCN; 7%). Some studies (<5%)
281 reported the use of diethyl ether (Eth), methylene chloride (CH,Cl,), cyclohexane (Chx),
282  sulphuric acid (H.SO,), petroleum ether (Pet Eth) and sodium hydroxide (NaOH).

283

284 3.4. Assessment of health and environmental implications and potential

285 source modelling
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286 Health and environmental risks in the reviewed studies were commonly assessed using the
287 incremental lifetime cancer risk (ILCR; 33% of studies), carcinogenic equivalent
288  concentration of BaP (BaP.q,; 28%), lifetime daily exposure dose (LADD; 16%), enrichment
289  factor (EF; 10%), hazard quotient (HQ; 8%) and hazard index (HI; 4%). ILCR represents the
290 incremental probability of developing some form of cancer during a lifetime due to pollutant
291  exposure, while BaP., quantifies the toxicity of the complex PAH mixtures and their
292 mutagenic and carcinogenic potential. LADD estimates the lifetime exposure dose of a
293  chemical compound, while HQ and HI reflect the probability of experiencing adverse non-
294  cancer effects. For health risk assessment, studies also reported the use of loss of life
295  expectancy (LLE), dermal absorption dose (DAD) and relative abundance ratio of an
296 individual PAH to the carcinogenic marker BaP (RC).

297 The most commonly applied qualitative method for identifying potential sources of air
298  pollution include diagnostic ratios (DR; 43%), principal component analysis (PCA; 25%) and
299 the US EPA'’s positive matrix factorisation (PMF; 22%). PCA is a statistical technique that
300 reduces the dimensionality of complex data sets and identifies hidden patterns and
301 correlations between identified chemical species, while PMF is a receptor model that
302 quantitatively estimates source contributions [151]. Additionally, the characteristic PAH
303 diagnostic ratios (DRs) are commonly used to distinguish between pyrogenic and petrogenic
304 origins, such as petroleum combustion, biomass or coal combustion, since these ratios
305 remain relatively constant across emission sources [41,152—155]. Source apportionment
306 was addressed using chemical mass balance (CMB), crustal matter contribution (CMC),
307 conditional probability function (CPF), potential source contribution function (PSCF),
308 roadside enrichment (RE), UNMIX multivariate receptor model US EPA, concentration
309 weighted trajectory (CWT), self-organising maps (SOM) and weather research and forecast
310 model with chemistry (WRF-Chem).

311 Backward trajectory analysis (BTA) was also employed to trace aerosol transport pathways
312  and investigate transport mechanisms. Authors also reported on the use of further statistical

313  approaches, including factor analysis (FA), linear regression models (LRM), absolute
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314  principal component score (APCS), multivariate regression analysis (MRA), hierarchical
315 component analysis (HCA) and coefficient of divergence (COD).

316

317 3.5. Distribution and sources of metal(oid)s in urban environments

318 In China, concentrations of metal(oid)s bound to PM;, and PM,s showed pronounced
319 seasonal fluctuations, with winter peaks and PM,s concentrations consistently higher than
320 PMyo. A significant increase during haze events (1.5 to 11 times higher than on non-haze
321 days), particularly at high relative humidity (>70%), was observed due to enhanced
322 formation of secondary aerosol species and secondary organic compounds [22,156]. Among
323 the measured elements, aluminium (Al), barium (Ba), iron (Fe), magnesium (Mg),
324  manganese (Mn), strontium (Sr) and zinc (Zn) were the most abundant, while Cd, chromium
325  (Cr), Ni and Pb posed the greatest cancer risks [22,81]. Trace element concentrations often
326  exceeded World Health Organisation (WHO) limits, with the highest EFs observed for silver
327  (Ag), As, Cd, Pb, selenium (Se), thallium (TI) and Zn [117]. Total metal(oid)s concentration in
328 PM;o decreased in order: Zn>As>Pb>Mn>Cu>Cr>Ni>Cd>cobalt (Co), with the highest
329  bioaccessibility observed for Mn, Co and Ni. The concentrations of As, Cr, Co, Cd and Pb
330 surpassed precautionary cancer thresholds. The bioaccessibility of heavy metals depends
331 on the source and is higher for traffic-related metal(oid)s than for coal combustion, due to
332  metal(oid)s in vehicles occur in a free state or are adsorbed on the surface and are more
333 soluble in water or other extraction media [108]. Fossil fuel combustion, traffic emissions,
334  industrial emissions and re-suspended dust are considered to be the main sources of PM-
335 bound metal(oid)s in China [108].

336 In Taiwan, the most abundant elements were Al, Ba, Cr, potassium (K), Mg, Ni and Zn
337  (10-1000 ng m™3), followed by Cu, Mn, Mo, Pb, antimony (Sb), Se, Sr, titanium (Ti) and
338 vanadium (V) (1-10 ng m™). Elements detected at <1 ng m™ included As, Cd, cerium (Ce),
339  Co, lanthanum (La), neodymium (Nd), praseodymium (Pr), samarium (Sm) and ytterbium
340 (Yb). Five main sources were identified, including traffic, non-ferrous metallurgy, mineral

341  dust and coal [75].
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342 In India, similar to China, the highest levels of ILCR values were observed on foggy days,
343  with Cr showing the highest carcinogenic risks and the main sources attributed to industrial
344  processes, fossil fuel combustion, biomass and coal combustion, waste incineration and
345  brake wear [54]. The highest HQ were observed for Al, As, Se, silicon (Si) and Zn, all of
346  which were above the limit values [74]. In Iran, the highest PM;, bound metal concentrations
347 were observed at traffic intersections near brick kilns, in the decreasing order:
348 Fe>Zn>Cr>Mn>Pb>Ni>Cu>As>Cd. The highest EFs were observed for Co, Cd, As, Pb and
349  Zn [25]. The calculated cancer risks were the highest for Cr, Co, As and Cd [25,105]. Four
350 main sources were identified, including re-suspension of road dust due to vehicular activity
351 (Fe, Co, Ni, Cu), solid waste incineration (Cr, Mn, Cu), coal combustion and automobile
352  exhaust (Cd, As) and smelters/non-ferrous metal plants (Zn, Pb) [25]. In Pakistan, high
353 seasonal variability was observed, with the highest metal levels observed in winter and fall.
354  Potential non-carcinogenic and carcinogenic risks exhibited highest risks for Pb and Cr
355  through inhalation for children. [111].

356 In Europe, lower PM,s/PM;o ratios were observed in areas with dry climates or in close
357  proximity to deserts [157,158], while higher ratios were reported in urban areas with intense
358 traffic [159]. Crustal elements, such as Al, calcium (Ca), Fe, K, Mg, sodium (Na) and sulfur
359 (S), are predominantly associated with coarse PM, while traffic-related tracers (Ba, Cd, Cr,
360 Cu, Mo, Sb, Zn) indicate tire and brake wear. Diesel and gasoline emissions are
361 characterised by Cu, Mo, Ni, Pd, Co and Zn, which are typically enriched in fine fractions.
362 Additional source markers include V from marine emissions, La and Ce from mineral dust
363 and As, Cd, Pb and Sb from coal combustion [75,91,108,159-163]. Dominance of Zn, Ti and
364 Cu in Europe indicated diverse pollution sources [93]. In general, smaller PM fractions
365  exhibit a higher affinity for adsorption of toxic substances. Metal(oid)s from high-temperature
366 processes are preferentially bound to fine and UFP PM, while coarse particles are mainly
367 derived from natural sources and mechanical abrasion [100,164]. In Germany, the highest
368 metal concentrations occurred in winter, particularly for Ca, Fe, K, Pb and Zn and were

369 accompanied by a shift towards smaller particle fractions. Cr and Cu were mainly present in
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370 coarse PM fractions, largely attributed to brake wear, while Ni was enriched in fine PM
371  fraction, reflecting its link to fuel combustion. The highest EF were observed for Zn, Cu, tin
372 (Sn), Pb, As, Sb and Se, all attributed to traffic sources, with notably Zn emissions in
373  particular associated with tyre tread wear from rubber co-polymers [27,31,165,166]. In
374  Slovakia, the highest concentrations of selected metal(oid)s were found in PM;, primarily
375  originating from non-exhaust traffic emissions and re-suspended road dust [79].

376 In France, the highest concentrations of metals, including As, Cd, Cr, K, Mn, Pb, rubidium
377 (Rb), Sb, V and Zn, were also observed in PM;, with sources mainly attributed to local
378 combustion sources, traffic emissions and re-suspended road and brake-wear dust [100].
379 Combustion processes in domestic heating and traffic have been shown to contribute to
380  submicronic and UFP [6,167,168]. In Poland, PM, s levels were 2-3 times higher during the
381 heating period compared to non-heating period, with As, Cd and Pb dominating in winter,
382  while Ni prevailed in summer [109]. In Italy, PM,s bound Cd and Pb exhibited significant
383 leachability, although most trace elements remained below the threshold levels [99]. The
384  highest concentrations were observed for Cr, Zn and Cd, with Cd, Cr, Cu, Fe, Mn, Mo and
385 Sn predominantly associated with coarse PM and As, Co and Pb enriched in fine PM. Fine
386  particles were mainly emitted from fossil fuel combustion source, while coarse particles were
387 dominated by crustal elements from road dust [97]. The highest EFs were observed for V,
388 Ba, Cr, Ni Cu, As, Zn, Sb, Pb, Mo, Cd and mercury (Hg). Five main sources were identified,
389 including brake and tyre wear (Ba, Cu, Fe, Mo, Zn), non-exhaust vehicular emissions and
390 road dust re-suspension (Al, Mn, Sr, Ce, La), cement plants (Mg, Ca, Ti), industrial
391 emissions (As, Sb), and fossil fuel combustion and biomass burning (K, Ni, V) [106]. In
392  Slovenia, analysis revealed that metal(oid)s and platinum group elements (PGEs) were most
393 abundant in the PM,o, largely influenced by soil deposition and re-suspension processes,
394  while those metals (Ba, Cd, Cu, Ni, Pb, palladium (Pd), platinum (Pt), V, Zn) originating from
395 traffic-related sources as well as biomass combustion were also significantly elevated in the

396  PMuo; [45].
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397 In Algeria, the coarse PM fraction was prevalent due to the lack of vegetation and soil
398 erosion. Concentrations of Ba and Pb were the highest, with higher enrichment in PM; and
399 PM,s in comparison to PMj,. Two main sources contributed to elevated metal(oid)
400 concentrations, including exhaust emissions re-suspended road dust and oil combustion.
401  Concentrations were also affected by Saharan dust [116].

402 In Mexico, metal(oid) contamination was also more dominant in winter, with the highest
403  concentrations observed for Fe, Cu, Zn, As, Ni and Cd [72].

404  In general, the overview of metal(oid)s bound to PM in different global regions showed great
405  seasonal variations, particularly associated with fine and ultrafine PM fractions. The highest
406  concentrations were observed in winter, especially during haze events. The highest
407 concentrations were observed for As, Cd, Cr, Ni and Pb, with high bioaccessibility observed
408  for traffic-derived metal(oid)s bound to (ultra)fine PM due to their higher affinity for
409  adsorption of toxic substances, the occurrence of metals in the free state and high solubility
410 potential. Smaller PM fractions were associated with anthropogenic sources, such as fossil
411 fuel combustion, traffic emissions, industrial processes and waste incineration, while coarse
412  PM were associated with naturally-derived crustal material.

413

414 3.6. Distribution and sources of PAHs in urban environments

415 In Iran, the highest concentrations of PAHs bound to PM,s were observed in winter,
416  particularly HMW PAHSs [55]. BaP concentrations exceeded the WHO guideline value of 1 ng
417 m™ [23]. The most abundant PAHs in Iran were fluoranthene (Fl), BghiP, acenaphthene
418 (Ace) and IP [103]. A similar seasonal pattern was reported in Lebanon, where winter
419  concentrations were 3-5 times higher than in summer, mainly due to vehicle traffic, diesel
420 generators and nearby power plants [67].

421 PAHs are typically characterised by strong seasonal variations, primarily due to greater
422  atmospheric stability in winter, enhanced partitioning of HMW PAHSs into particulate phase
423  due to reduced volatility and more efficient volatilisation of LMW PAHSs into gaseous phase

424  combined with intensified photochemical degradation during summer [57,82,169—-174]. PAHs
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425 partitioning to gas phase generally exhibit lower carcinogenic potential [33,171,175].
426 Elevated temperatures can enhance the evaporation of PM,s-bound PAHs and accelerate
427  their transformation into nitro- and oxy-PAHSs, reducing particulate-bound PAHs [176,177].
428  Moreover, precipitation washout, reduced atmospheric boundary layer depth and stronger
429  winds further dilute and disperse pollutants [57,65,127,178].

430 In China, PAH concentrations in PM,s were highest in winter, with levels 14 times higher
431  than in spring, often exceeding the WHO annual limit of 5 ug m™ [123,125,179]. HMW PAH
432 (4-5 ring) bound to PM;, and PM, s were three times more abundant than LMW PAHs, which
433 can be attributed to pyrogenic sources such as fossil fuel combustion, biomass burning and
434  vehicle emissions [96,123,125,127]. Health risks were primarily associated with BaA, BaP,
435 Ch, benzo(b)fluoranthene (BbF), benzo(k)fluoranthene (BkF), IP, dibenzo(a,h)anthracene
436 (DahA) and Fl, with BaP concentrations and ILCR values often above safe levels
437 [62,65,81,89,125,127,180]. Source apportionment attributed PAHs to vehicle exhaust mixed
438  with soot and coke oven emissions, ship emissions, biomass burning and coal combustion
439 [62,81,95,125,127]. The highest concentrations of PAHs were observed in northern China
440 and the lowest in southern China [113]. In addition, the sources of PAH emissions were
441 more dispersed in the suburban areas and were commonly associated with residential
442  cooking using coal, wood and straw [127].

443  The distribution of PAHs reflects their sources, with specific tracers of BghiP for gasoline
444  vehicles, BbF and BkF for diesel vehicles, and BaA and Ch for natural gas combustion [184—
445 186]. In addition, 2-3 ring PAHs often originate from wood combustion [171,185], 3-4 ring
446 PAHs from coal [171,184], 4-6 ring PAHs from vehicle and petroleum combustion
447  [33,175,184]. The 4-6 ring PAHSs contribute to 95% of the total PM, s-bound PAHSs [65].

448 In India, PAH concentrations bound to PM were also highest in winter, with the combustion
449  of biomass, petroleum and coal making the largest contributions. DahA, BaP, BaA, BkKF and
450  Ch contributed most to health risks [57,112]. The highest concentrations were observed for
451  PAHs with 5- and 6-rings, which are predominantly associated with fine PM due to their

452 larger surface area and greater absorption capacity [74,112,187]. HMW PAHSs exhibit greater
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453  adsorption capacity than LMW PAHs due to their lower volatility and slower adaption to
454  adsorption equilibria. Their pronounced hydrophobicity further promotes association with
455  smaller particles, which provide greater surface area [76].

456  Similar to China, PAH levels in India were highest in the morning, attributed to morning
457  ftraffic, lower temperatures, lower atmospheric boundary layer height, weaker turbulence and
458  limited photodecomposition, all of which results in lower pollutant dispersion [65]. In Japan,
459  4-ring PAHs peaked in winter, with BaP, BaA, BbF, BKF and IP exhibiting the highest
460  concentrations, originating from traffic, coal and biomass combustion [129]. In Thailand, PAH
461 concentrations were significantly higher during the heating period than the non-heating
462 period, with BbF, indicative of biomass emissions, showing the highest concentrations. The
463 ratio of total PAHs to PM decreased with increasing PM size, which can be attributed to
464  ageing process, possible photooxidation of PAHs from secondary organic aerosols or
465  adsorption to pre-existing particles through self-nucleation of gaseous phase partitioning
466 [76]. In Taiwan, both PM,s and PAHs were elevated during winter, revealing potential
467 impacts of long-range transport and indicating on the dominance of petroleum and fuel
468 combustion [118]. Similarly, in Malaysia, BbF, BkF, BaP, IP and BghiP were the highest, with
469 80% of the PAHs detected being 5- and 6-ring PAHs. DR indicated on mixed sources of
470  incomplete combustion of petroleum fuel and vehicle emissions together with unburnt crude
471  oil and petroleum products such as gasoline, kerosene and diesel [78].

472 Similar to the observations in China, PAH concentrations in Europe showed a north-south
473  gradient, with the highest levels reported in southern regions [80]. In Italy, seasonal
474  differences were limited, with BaP, BKF and BbF dominating, mainly originating from engine
475 emissions [64]. In Spain, the highest PAH levels were observed in winter, with strong
476 seasonal variations, and diesel traffic being the main source of BaP, BbF, DahA, IP, BaA,
477 BkF and Ch [35,86]. In Greece, IP, BghiP and Ch were the most abundant, with wood
478  burning and traffic as major sources [98,120]. In Poland, BaP bound to PM; was 2.5 times
479 higher than in PM, s [87], while in Croatia, winter concentrations of BghiP, BaP, BbF and IP

480  were highest, with 80% of PAHs bound to PM. s, mostly from domestic heating [77].
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481 In Slovenia, HMW PAHs were distributed between PM;, and PM,s fractions, with 5- (BaP,
482 BbF) and 6-ring (BghiP, IP) PAH compounds associated more significantly with smaller PM
483  fractions. Contaminant levels were low, indicating minimal health risks for daily commuters
484  [45]. In Portugal, the concentrations were higher than in Italy or Greece, reflecting higher
485 utilisation of fossil fuels and biomass [26]. In the Czech Republic, Fl, Phe, Pyr, BaA and Ch
486 reached peak levels during smog episodes related to coal mining, metallurgy, coke
487  production and residential heating [102]. In the United Kingdom, PAH peaks occurred in the
488  morning and evening, with the evening peaks mainly caused by residential heating [40]. In
489  Turkey, the primary sources of particulate OM were identified as vehicular emissions, coal
490 combustion, and food cooking [84].

491 In Saudi Arabia, BghiP was the most abundant, mostly released by traffic emissions, with a
492 predominance of local sources [66]. In Ghana, high concentrations of BghiP, Pyr, Phe, IP
493 and BaP were reported, with Phe and Pyr serving as markers of emissions from diesel
494  vehicles and BaP as a marker of gasoline vehicle emissions [59,184,188]. The BaP values
495  remained below the regulatory limit values [59]. Monitoring of PAH concentrations in Egypt
496 revealed the highest levels of IP, BghiP and BaP, primarily originated from combustion
497  sources [68].

498 In general, the analysis of PAHs bound to PM showed strong seasonal variations,
499  characterised by HMW PAHs being more abundant in (ultra)fine PM during colder moths.
500 The trend is primarily governed by photochemical processes and increased atmospheric
501 stability, and, in certain cases, resulted in exceedances of regulatory limit values for BaP,
502 DahA, BaA, BbF, and BkF. HMW PAHs were more prevalent than LMW PAHSs, attributed to
503 their lower volatility corresponding to their higher adsorption capacity of toxic substances.
504 PAH concentrations were also the highest in the mornings, likely due to limited
505 photodecomposition rates, lower temperatures, lower atmospheric boundary layer and
506 weaker turbulence. Additionally, a global north-south gradient was observed, with the

507 highest PAH levels observed in southern regions. Elevated levels of HMW PAHSs indicate on
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508 a stronger influence of pyrogenic sources, including fossil fuel, biomass and vehicle
509 emissions.

510

511 4. Conclusions and future prospects

512 This review, which included 81 studies from 33 different countries, published between 2010
513  and 2025, evaluated the current state of sampling protocols and analytical methods for the
514 assessment of metal(oid)s and PAHSs in size-fractionated PM, with particular emphasis on
515 their characteristic chemical composition, seasonal variability and global spatial distribution,
516 emphasising the methods for its data quality assurance.

517 Prior to PM sample collection, it is essential to clearly define the target pollutants to enable
518 the selection of suitable and adequate analytical approaches, including filter material,
519  extraction procedures and high-resolution, sensitive analytical techniques, thereby ensuring
520 data reliability also through the use of CRMs. Nevertheless, only 32% of studies reported
521  employing CRMs, most commonly NIST SRM 1648a. The routine evaluation of analytical
522 method validation for PM determination is uncommon, largely due to the limited availability of
523  standards and their high costs.

524  Among the reviewed studies, 52% focused on the characterisation of pollutants bound to
525 PM, s, followed by PMyo (30%) and PM, (13%), while only 5% investigated PM smaller than
526 0.1 pm, a fraction which can penetrate the deepest into the cell tissues and circulatory
527  system, is highly prevalent in the atmosphere, and therefore exhibits the most pronounced
528 toxic effects due to high pollutant absorption capacity. In total, 56% of studies identified the
529  chemical composition of PAHs, 31% focused on metal(oid)s, and only 14% addressed both
530 pollutant groups concurrently.

531 ICP-MS was the most widely employed technique (68% of studies) for the determination of
532 metal(oid)s in PM size-fractionated samples, followed by X-ray analysis (20%) and AAS
533 (11%). MAD represented the predominant sample preparation method, used in 83% of
534  studies, followed by HP digestion (21%), UAE (8%) and MS (4%). For PAH analysis, GC-MS

535 was employed in 84% of studies, while HPLC was used in 16%. UAE was the predominant
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536 PAH extraction method, used in 64% of studies, followed by ASE (23%), SOE (21%), MAD
537  (4%) and MS (4%).

538  The most commonly used filter media were QFFs (65%), followed by PTFE (16% of studies)
539 and GFF (12%), differing in sampling efficiency, mechanical, chemical and temperature
540 stability, blank concentrations, flow resistance and artefacts formation, all relevant for
541  different analytical applications, with PTFE filter outperforming GFF and QFF.

542  Global PM-bound metal(oid) distribution showed strong seasonal variability, with winter
543  episodes exhibiting the highest concentrations, particularly in (ultra)fine PM. As, Cd, Cr, Ni
544 and Pb were most abundant and traffic-derived pollutants in (ultra)fine PM, showing high
545 bioaccessibility due to their high affinity for adsorption of toxic substances, the occurrence of
546  metals in the free state and their high solubility potential. Smaller PM fractions were mainly
547 associated with anthropogenic sources, such as fossil fuel combustion, traffic emissions,
548  industrial processes and waste incineration, while coarse PM primarily reflected naturally-
549  derived crustal material.

550 Similarly, PM-bound PAHs showed strong seasonal fluctuations, with fine and UFP enriched
551 in HMW PAHs emitted from fossil fuel combustion, biomass burning and traffic. Seasonal
552  and diurnal patterns were influenced by meteorological factors, atmospheric stability and
553  photochemical processes, with BaP, DahA, BaA, BbF and BkF often exceeding health
554  guideline limits, representing high carcinogenic risks. HMW PAHs were more prevalent than
555 LMW PAHSs due to their lower volatility corresponding to higher adsorption capacity of toxic
556  substances. A global north-south gradient was observed, with the highest PAH levels
557  observed in southern regions.

558 Most studies (87%) deployed PM samplers at elevated sites (above 2.5 m, e.g. rooftops),
559 distant from residential and commuter areas, which may limit the representativeness and
560 thereby reduce the accuracy of exposure assessments. Adequate health and environmental
561 risk assessment, typically based on ILCR (33% of studies), BaP.q (28%) and LADD (16%), is
562 essential for quantifying the potential adverse effects and ensuring public health protection

563 and pollution control. Additionally, the identification of pollutant sources enables more
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564  targeted mitigation and more effective regulation, with source apportionment commonly
565 conducted by DR (43% studies), PCA (25%) and the US EPA’s PMF (22%).

566  This review highlights a significant gap in the characterisation of the smallest PM fractions,
567  particularly regarding multi-pollutant analysis and the use of CRMs for validating analytical
568  protocols. Future research should prioritise the development and implementation of uniform
569 sampling protocols for UFP collection, with defined methods, instrumentation and extraction
570 procedures to ensure cross-study comparability. Expanding CRM availability will improve
571 data quality, while integrating multi-pollutant analyses into sampling protocols to better
572 capture the complex composition of UFP and their combined toxicological effects,
573  strengthening the scientific basis for environmental policy, regulatory standards and public
574  health protection.
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Chapter 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 PMiy or PM,s, 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 (PM,
PM.s, PMy.), connected to an ultrapure water trap that retains the nano-sized fraction
(PM<o.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 CsHsO and CgHyy, 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™*), Ba (4.46 ng m~*), Cu (2.81 ng m™*)
and Cr (1.52 ng m®) during the HP, while Ce (0.15 ng m?), La (0.07 ng m™®), V (0.25
ng m*) and Ni (0.47 ng m™*) dominated in the NHP. Metal(oid) levels were highest in
PM,y, with Ba, Cd, Cu, Ni, Pb and Zn also significantly enriched in PM.;, indicating a
strong contribution from vehicle sources. The largest differences between NHP and HP
were observed for Co, Mo and TI, all typically associated with high-temperature fossil
fuel combustion. Among PAHs, BbF (0.05 ng m™*), BghiP (0.04 ng m*) and IP (0.04 ng
m?) exhibited most elevated concentrations, with the total sum of PAHs being highest
for PMyy, followed by PMy; and PM,;. 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 1077), Co (1 x 10°°) and Cr
(6 x 107%), 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 PM,, 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 PM,; concentrations using a laser
scattering technique. Under controlled laboratory conditions, R? ranged from 0.81—0.99
and RMSE from 0.81—61.72 pg m™®, at an average concentration of 21.5 pg m™. In
contrast, co-location assessment at an average concentration of 9 pg m—? resulted in R* =
0.5 and RMSE = 6.82 pg m™ In addition, PMs; 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 ng m™*, R* >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 PMa; concentrations in Ljubljana ranged 5—32 pg m™?, increasing as
temperatures dropped and peaking in December, while in Maribor they ranged 2.9—4.8
pg m—2. In Maribor, the highest PMss 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, PM.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 PM,s 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.
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