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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Daily winter PM2.5 levels at Central Eu-
ropean urban site are well above WHO 
AQG. 

• Concentrations of trace elements (TEs) 
rise during episodes. 

• The most bioavailable fraction (F1) 
constitutes more than 50% of TEs 
concentration. 

• Bioavailability index rises during epi-
sodes for majority of TEs. 

• Concentrations of As might pose carci-
nogenic risk to urban population.  

A R T I C L E  I N F O   
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A B S T R A C T   

The analysis of bioavailability and potential risk to human health of trace and minor elements bound to atmo-
spheric PM2.5 was carried out at an urban background site in Warsaw, Poland during a 40-day winter period. The 
samples were sequentially extracted into four different fractions: water soluble (F1), reducible (F2), oxidizable 
(F3) and residual (F4) for the chemical fractionation of 8 elements: As, Cd, K, Mn, Pb, Sb, Ti and Zn, and further 
analyzed using inductively coupled plasma mass spectrometry in each fraction. The average PM2.5 mass con-
centration of 31.81 μg/m3 (±19.73 μg/m3) was exceeding daily WHO air quality guideline, while concentrations 
rose up to 50–70 μg/m3 during episode days. Total concentrations of all analyzed elements were higher during 
the episode periods, with the highest increases for K, Pb (2 times) and Cd (1.7 times). All elements exhibited high 
bioavailability, as well as very high (K, Ti, Zn) and high (As, Cd, Mn, Pb, Sb) risk assessment code, with both 
features rising in episodic days up to 20% and more than 60%, respectively. Cancer risk for adults resulted from 
inhalation exposure to the most bioavailable fractions (F1 and F2) of human carcinogen As. It was higher than 
the precautionary criterion (1 ⋅ 10− 6) and increased during the days with elevated PM2.5 levels.  
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1. Introduction 

Atmospheric particulate matter (PM), due to its broad spectrum of 
impacts, associated with atmospheric pollution, radiative balance, and 
thus climate change, as well as environmental impacts, is currently the 
subject of extensive research carried out by scientists from various dis-
ciplines worldwide. In the last decades, high concentrations of PM have 
caused great public concern due to the increasing awareness of their 
negative impact on human health (see e.g. Pope and Dockery, 2006; 
Pope et al., 2018; Manisalidis et al., 2020). The majority of recent 
studies concerning PM are focused especially on the so-called fine PM2.5 
particles (with aerodynamic diameter smaller than 2.5 μm), widely 
understood to be the most harmful, as, when inhaled, they can penetrate 
to the deep alveolar regions of the lungs and further migrate to the blood 
system, affecting the whole organism and, in particular, causing car-
diovascular, cerebrovascular and respiratory disorders. 

Due to the heterogeneity of PM, its impact on health in different 
areas might be diverse, as its features depend not only on the size, 
specific surface and shape of the grains, but also on chemical composi-
tion, speciation and bioavailability of components. Common chemical 
constituents of PM include crustal material, sea salt, organic carbon 
(OC), elemental carbon (EC), secondary inorganic aerosols (SIA, 
including sulphates, nitrates and ammonium), elements, including 
heavy metals, as well as particle-bound water and unspecified com-
pounds. Regarding elements that are bound to PM, there are minor ones, 
e.g. silicon (Si), aluminum (Al), calcium (Ca), magnesium (Mg), potas-
sium (K), titanium (Ti), as well as the trace elements (TEs). More than 
40 TEs are typically found in atmospheric PM (Seinfeld and Pandis, 
2016), with harmful heavy metals like arsenic (As), cadmium (Cd), 
chromium (Cr), copper (Cu), lead (Pb) and zinc (Zn) among them. On a 
global scale, mineral dust along with sea-salt aerosols are the major 
components of particulate matter mass in the atmosphere (Alastuey 
et al., 2016). In urban areas, the composition is different, with organic 
matter being a major component of PM (based on data from Europe, 
Putaud et al., 2004; Błaszczak et al., 2019). At rural background sites the 
share of SIA is typically higher, especially in North-Western Europe (see 
comparison given in Błaszczak et al., 2019), however in Central Eastern 
Europe, and particularly in Southern Poland, carbonaceous matter 
dominates, especially in winter (Rogula-Kozłowska et al., 2014; Kucbel 
et al., 2016; Błaszczak and Mathews, 2020; Juda-Rezler et al., 2020). 
The content of TEs is typically low and does not exceed a few percent of 
PM mass (see e.g. Moreno et al., 2019). The concentration of TEs may, 
however, vary significantly (as much as three order of magnitude) even 
for similar pollution levels, indicating the strong effect of local sources 
(Seinfeld and Pandis, 2016), with the highest values consistently asso-
ciated with urban–industrial sites. In general, Pb, Fe, Cu and Zn have the 
highest annual mean concentrations, while other trace metal concen-
trations lie typically within the range of 0.1–50 ng/m3 (Querol et al., 
2008). However, due to their no-degradability, high toxicity and high 
bioaccumulation (Nie et al., 2018), their impact on human health is 
essential. One of the most important mechanisms of air 
pollution-induced health effects involves oxidative stress and systemic 
inflammation. Some of TEs are able to generate reactive oxygen species 
(ROS) and lead to various biological processes such as inflammation and 
cell death (Lodovici and Bigagli, 2011). 

Bioavailability is defined as the degree and the rate at which a sub-
stance is absorbed into a living system or is made available at the site of 
physiological activity – as opposed to its total content (Nie et al., 2018). 
Elements in different chemical fractions vary in their bioavailabilities 
and behaviours in the environment. The highly soluble fractions are 
more readily bioactivated and bioavailable to the environmental re-
ceptors than the residual fraction (Li et al., 2016). Bioavailability is of 
key importance in environmental risk assessment of toxicity. It depends 
on the PM surface properties, the strength of the intrinsic PM properties 
and PM-element bonds, the properties of the solutions PM is in contact 
with, and on the biochemistries of the organisms at risk. Bioavailability 

may be influenced by environmental factors such as pH, temperature, 
redox potential, salinity and the nature of the organic fraction of PM 
(Smichowski et al., 2005). Therefore, to assess the toxicity of 
PM2.5-bound TEs as well as their health risks, it is crucial to estimate 
their chemical speciation and bioavailability. 

According to our knowledge, worldwide studies on bioavailability of 
PM-bound elements are very limited, especially in Europe where the 
only study was carried for Southern Poland (Zajusz-Zubek et al., 2018). 
In Central Eastern Europe, particulate air pollution is a serious envi-
ronmental problem. According to the latest WHO database of observed 
annual mean PM2.5 concentrations, Poland has some of the worst air 
quality in Europe, with 36 of the continent’s 50 most polluted cities 
being located in Poland (WHO, 2018). As it was shown in our previous 
studies (Juda-Rezler et al., 2011; Maciejewska et al., 2015; Reizer and 
Juda-Rezler, 2016), the characteristics of local sources, the transport of 
pollution from regional and remote areas as well as synoptic conditions 
and the atmospheric chemistry, including processes of aerosol ageing, 
are playing important roles in the PM2.5 pollution and govern formation 
mechanisms of PM pollution episodes, which happen regularly, espe-
cially in winter. 

The novelty of the present study is to combine the investigation of 
the chemical characteristics of PM2.5 during episode days (as well as 
days before and after peak levels) with the analyses of the speciation and 
the bioavailability of elements. Therefore, the research was aimed at 
conducting a measurement campaign of detailed chemical speciation of 
fine particulate matter with the focus on potential risk that selected 
minor and trace elements contained in PM2.5 pose to human health. 
Specifically, this work includes parameters necessary to quantitatively 
evaluate inhalation exposures, such as bioavailability index (BI), risk 
assessment code (RAC), as well as carcinogenic and non-carcinogenic 
risks posed by selected elements contained in PM2.5. 

The study is based on a part of measurement dataset obtained within 
a 15-month campaign, conducted in Warsaw, Poland from December 
2015 to March 2017. This was the first long-term continuous measure-
ment campaign of daily PM2.5 mass and chemical composition (ions, 
carbonaceous matter, minor and trace elements) in the country (see 
Juda-Rezler et al., 2020). The analyses presented in this study cover a 
40-day period from 3rd January to 4th March, 2017, constituting a 
significant part of the so-called heating season. 

In this study, concentrations and bioavailability of 8 elements: As, 
Cd, Mn, Pb, Sb, Ti, Zn and K have been determined. First 7 elements are 
belonging to Hazardous Trace Elements (HTE, see e.g. Zhu et al., 2020; 
U.S. EPA, 2020). In addition, K is a well-known tracer of biomass 
burning, while all HTEs are typical markers of coal combustion, mineral 
dust as well as exhaust and non-exhaust vehicle emissions (e.g. Belis 
et al., 2013). The number of analyzed HTEs has been imposed by the 
analytical possibilities. 

2. Material and methods 

2.1. Study area 

Warsaw is the biggest Polish city, with over 1.7 million inhabitants 
and 3372 pers./km2 population density, located in the lowlands of 
Central Poland. The city is split in the N–S direction by the valley of 
Vistula river, which constitutes the most important ventilation corridor. 
To the NW, Warsaw borders with a 240-km2 Kampinos Forest; more-
over, as much as 22% of the city itself are green areas. 

The climate of Warsaw is moderately warm, with average annual 
temperature of 8.2 ◦C and mean annual precipitation of 584 mm. Strong 
seasonal weather fluctuations are observed: in winter (December to 
February), mean temperature drops to − 2 ◦C, while in summer (June to 
August) it exceeds 18 ◦C. The highest precipitation occurs in June and 
July (around 80 mm/month), and the lowest in January and February 
(around 20 mm/month) (IMGW, 2016). 

Within the city, one of the most important sources of air pollution is 
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intensive road traffic, further strengthened by frequent congestions. 
Warsaw is not a substantially industrial city, but there are several 
important point emission sources, including two cogeneration plants, 
fueled by hard coal: Siekierki (heat capacity 2078 MWth, power gener-
ation capacity 620 MWe) and Żerań (1280 MWth, 373 MWe). Central 
heating supply system covers roughly 80% of the city’s heat demand. 
Warsaw suburban areas, however, are dominated by individual house-
hold heating appliances, mainly powered with solid fuels (coal, wood) 
and gas. Domestic combustion of very low-quality solid fuels, used en-
gine oil and even waste is a notorious problem in Poland (see Stove 
Summit, 2017). In Warsaw, combustion of such type of fuels in domestic 
furnaces has been confirmed by the Municipal Police, however the 
official data on fuel amounts are not available. 

Location of the sampling site was carefully chosen to represent urban 
background concentrations, based on the results of air pollution 
dispersion modelling conducted for Warsaw by the CALMET/CALPUFF 
system (see Maciejewska, 2020). The site was placed in the city center 
within a 34-ha area of the city’s main water treatment station. The 
selected location was not under direct influence of any particular local 
emission source nor traffic. The studied area is presented in Fig. 1. 

2.2. Chemical and fractionation analyses 

PM2.5 concentrations were determined in accordance with PN-EN 
12341:2014-07 standard: Ambient air – Standard gravimetric mea-
surement method for the determination of the PM10 or PM2.5 mass of 
suspended particulate matter. For PM2.5 sampling, low-flow PNS16/ 
18ST Comde-Derenda GmbH reference collectors were used, meeting 
the requirements of the abovementioned standard, with a flow rate of 
2.3 m3/h. 

Daily samples of PM2.5 were collected on QMA WhatmanTM quartz 
filters with 47 mm diameter. Separation heads, designed as described in 
the mentioned standard, were used for the PM2.5 fraction separation. 

Required standard PM2.5 measurement uncertainty for low-flow refer-
ence meters is 25%, with an extension of 11.6% for daily levels and 
10.1% for the annual average. 

Prior to the weighing process, the unloaded (before exposure) and 
loaded (after exposure) filters were conditioned for a minimum of 48 h 
in the weighing room, specifically in a laminar flow hood, at constant 
temperature and humidity conditions (relative humidity 50 ± 5%, air 
temperature 20 ± 1 ◦C). Each filter was weighed twice on a Mettler 
Toledo AT20 μm (range: 0.001 mg–0.1 mg). According to the PN-EN 
12341:2014-07 standard, a sample was removed from the analysis if 
the difference in filter mass between the first and the second weighing of 
such sample was greater than 40 μg and 60 μg for the blank and loaded 
filters, respectively. In order to reduce gravimetric bias due to the filter 
handling during and after sampling, field blank filters were collected. 
The reported concentrations of PM and its constituents were corrected 
by the mean field blank concentrations. 

Each daily PM2.5 sample consisted of two filters. One of the filters 
served for determination of the contents of elemental and organic car-
bon (EC and OC, respectively), as well as water-soluble inorganic ions 
(Cl− , NO3

− , SO4
2− , Na+, NH4

+, K+, Ca2+ and Mg2+). The second filter from 
each daily sample was used for chemical fractionation and concentra-
tion determination of 8 elements (As, Cd, K, Mn, Pb, Sb, Ti, Zn). The 
analyses were conducted by the laboratories in Zabrze (Polish Academy 
of Sciences), Gliwice (Silesian University of Technology) and Warsaw 
(University of Warsaw). 

Determination of ions content in the samples of PM2.5 was performed 
in accordance with a proprietary testing procedure, based on CEN/TR 
16269:2011 guidelines. The procedure consisted of the extraction of 
anions and cations from particulate matter samples in deionized water, 
using a shaker (12 h) in a cool room (≤18 ◦C) at 60 cycles per minute. 
The ion content in the obtained aqueous extracts was determined by ion 
chromatography (Dionex ICS 1100 ion chromatographs; Thermo Sci-
entific, USA) with double-piston serial pump, automatic electrolytic 

Fig. 1. Location of the measurement site in Warsaw.  
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damping, vacuum degassing of the eluent before the protective column 
and thermostating of the columns. Dedicated Chromeleon®SE software 
(version 7) was used to operate the chromatograph. During the analysis, 
only spectrally pure reagents were used, and solutions for the prepara-
tion of the calibration curves and control samples were prepared based 
on the LGC Standards with a known uncertainty and a concentration of 
1 g/L. 

EC and OC contents were determined from a 1.0-cm2 piece of a filter 
with the use of Sunset Laboratory Thermal-Optical Carbon Aerosol 
analyzer, equipped with flame ionization detector (FID), using 
“EUSAAR_2” protocol (Cavalli et al., 2010). The analysis consisted of 
gradual heating of the sample in pure helium, followed by the oxi-
dization in helium-oxygen mixture. After conversion to CO2, the 
released compounds were further reduced to methane for detection with 
FID. The measurement performance was controlled by systematic cali-
brating of the OC/EC analyzer within the range appropriate for the 
determined concentrations. 

The second filter was used for the chemical fractionation of the 
collected PM2.5. The analyses were preceded by literature studies on 
fractionation methodology, which revealed existing differences between 
the conditions of the process and the extractants used for various ma-
trixes. Among the variations of the speciation methodology for PM, one 
of constant interest is the analysis proposed by Tessier et al. (1979), 
involving division into selected fractions. This scheme, further modified 
by Fernández Espinosa et al. (2002), Sanchez-Rodas et al. (2012) and 
Schleicher et al. (2011), considers the occurrence of elements in 4 
chemical fractions (F1 – F4). The strength of binding to a fraction de-
termines the bioavailability of the elements and the risks posed to 
humans and other biota. Elements in F1, possibly adsorbed to particle 
surfaces, can be easily released into aqueous solutions, thus are highly 
bioavailable and pose the greatest risks to biota. Elements in F2, bound 
to carbonates and oxides, can be easily solubilized by changes in the pH 
of the environmental medium to acidic conditions (nearly 5–6 pH) 
causing serious threat to both aquatic and terrestrial environments. 
They are also thermodynamically unstable and can be bioavailable 
under anoxic conditions. Elements in F3, bound to organic matter are 
less mobile, however, they can be mobilized and move into F1 or F2 
under oxidizing conditions. Elements in F4 are mainly present as sili-
cates in cements and within the crystal structures of oxides and cannot 
be mobilized in normal environmental conditions, so this fraction can be 
considered as a stable or residual fraction (Schleicher et al., 2011; Sah 
et al., 2017). 

According to the adopted scheme, the chemical fractionation of 
PM2.5 by the method of sequential extraction with solutions character-
ized by an increasing leaching power has been carried out (Zajusz-Zubek 
et al., 2015, 2018). Extraction conditions for all 4 fractions are shown in 
Table 1. It should be noted that due to the adopted scheme, the obtained 

F4 fraction constitutes only a part of silicates, as in order to completely 
dissolve those compounds a hot HF reagent would be required. The 
sequential extraction was conducted in polypropylene tubes. 

The concentrations of 8 elements were measured for each fraction by 
an inductively coupled plasma mass spectrometer (NexION 300D ICP 
Mass Spectrometer, PerkinElmer SCIEX, USA). A conventional Main-
hardt nebulizer and a quartz cyclonic spray chamber were used for 
sample introduction. The ICP-MS conditions were as follows: plasma 
power 1100 W, plasma argon flow 15 L/min, auxiliary gas flow 1.21 L/ 
min, nebulizer gas flow 0.86 L/min. The following isotopes were 
determined: 75As, 111Cd, 39K, 55Mn, 208Pb, 121Sb, 48Ti and 68Zn. The ICP- 
MS equipment was calibrated (see Bulska and Wagner, 2016; Bulska and 
Ruszczyńska, 2017) with the external standard solutions of arsenic, 
cadmium, potassium, manganese, lead, antimony, titanium and zinc; all 
standard solutions were prepared in 1% nitric acid (HNO3). Rhodium 
was used as an internal standard. Moreover, the correctness of the 
measurements was monitored by the analysis of an external standard 
and reference material every tenth sample. The solutions, obtained from 
the four extraction steps (F1 – F4), were filtered using the DigiFILTER 
system (PerkinElmer, Inc., Waltham, MA, USA; 0.45 μm). Subsequently, 
for each fraction, the content of 8 elements was determined. The total 
content of each element in PM2.5 was calculated as the sum of its content 
in each of 4 fractions (Fernández Espinosa et al., 2002; Richter et al., 
2007). 

2.3. Health risk assessment 

Cancer risk characterization can be assessed both qualitatively, by 
providing a category of risk size, i.e. low, medium or high, as well as by 
quantifying its numerical value. 

Health risk assessment is used to estimate the possibility of occur-
rence of adverse health effects as a result of exposure to different frac-
tions of particulate matter (Li et al., 2015). Regarding PM2.5, the analysis 
of health risk assessment is very important, particularly around the 
harmful impact of bounded trace elements, including carcinogenic and 
toxic elements, occurring in various mobile forms. 

In this study, carcinogenic and non-carcinogenic risks posed by the 
analyzed elements via inhalation of atmospheric particles were calcu-
lated using the United States Environmental Protection Agency (U.S. 
EPA) health risk assessment model (U.S. EPA, 1989; 2009). The health 
risk assessment was conducted separately for adults and children based 
on the total element and bioavailable fraction (F1 + F2) concentrations. 

The exposure levels of each element via inhalation pathway were 
estimated in terms of the exposure concentrations (EC) according to Eq. 
(1): 

ECi =
Ci⋅ET⋅EF⋅ED

AT

[μg
m3

]
(1)  

where Ci is a given element concentration [μg/m3]; ET, EF, ED and AT 
are: exposure time [hours/day], exposure frequency [day/year], expo-
sure duration [years] and averaging time [hours], respectively. 

Cancer risk (CR) defined as the incremental probability of devel-
oping cancer over a lifetime as a result of exposure to the potential 
carcinogen (U.S. EPA, 1989) was calculated for each carcinogenic 
element using Eq. (2): 

CRi = ECi⋅IUR [ − ] (2)  

where IUR is the inhalation unit risk [(μg/m3)− 1]. 
For carcinogenic elements, the U.S. EPA set the acceptable cancer 

risk value in the range of 1⋅10− 6 to 1⋅10− 4. A risk below 1⋅10− 6 (a 
probability of 1 chance in 1 000 000 of an individual developing cancer) 
is considered negligible (U.S. EPA, 1989). 

The total cancer risk (TCR) posed by more than one carcinogenic 
element was calculated using Eq. (3): 

Table 1 
Speciation scheme according to Fernández Espinosa et al. (2002) and Schleicher 
et al. (2011).  

Fraction Mobility Reagent Operational conditions 

F1 (Water-soluble, 
exchangeable) 

Highly 
mobile 

15 cm3 H2O Milli-Q 3h shaking – at room 
temperature 

F2 (Reducible) Mobile 10 cm3 

NH2OH⋅HCl (0,25 
M) 

5h shaking – at room 
temperature 

F3 (Oxidizable) Less 
mobile 

7.5 cm3 H2O2 

(30%) 
First evaporation at 95 
◦C until near dryness 
Second evaporation at 
95 ◦C until near 
dryness 
90 min shaking – at 
room temperature 

+7.5 cm3 H2O2 

(30%) 
+15 cm3 NH4AcO 
(2.5 M) 

F4 (Stable) Not 
mobile 

10 cm3 (HNO3:HCl: 
HClO4) (6:2:5) 

5 h shaking – at room 
temperature  
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TCR =
∑n

i=1
CRi [ − ] (3) 

The non-carcinogenic health risk for each element was evaluated by 
the means of hazard quotient (HQ) using Eq. (4): 

HQi =
ECi

RfCi⋅1000
[ − ] (4)  

where RfCi, is the inhalation reference concentration [mg/m3]. 
The overall potential non-carcinogenic risk posed by more than one 

element was calculated as hazard index (HI) using Eq. (5): 

HI =
∑n

i=1
HQi [ − ] (5) 

If HQ and/or HI is less than 1, there is no significant risk of the non- 
carcinogenic effect. If HQ and/or HI equals or exceeds 1, the non- 
carcinogenic effects might occur. The greater the HQ/HI values, the 
higher the probability of the non-carcinogenic effects (U.S. EPA, 1989). 

The values of all parameters used in the exposure calculations are 
given in Table 5 in section 3.3. 

3. Results and discussion 

3.1. Time series of PM2.5 and its main constituents 

Mean PM2.5 mass concentration in Warsaw in the measurement 
period (3rd January – March 4, 2017) reached 31.81 μg/m3 (SD = 19.73 
μg/m3), with the highest value of 77.30 μg/m3 observed on January 28, 
2017. The time series of PM levels (see Fig. 2) reveals that within this 
period there were 4 episodes of elevated PM2.5. In this work, we assumed 
that an episode is a period in which (1) daily concentrations of PM2.5 
exceed 35 μg/m3 and (2) for at least one day within this period the 
concentration is higher than 50 μg/m3. As there is neither a daily limit 
value for PM2.5, nor one common definition of an episode, the 
mentioned values were selected arbitrarily, with respect to the yearly EU 
limit value and daily WHO air quality guideline for PM2.5 (both equal 25 
μg/m3), and they represent 140% and 200% of this threshold, respec-
tively. Such definition includes not only individual days characterized 
by the highest concentrations, but also the day(s) preceding the peak 
levels (episode build-up) and the day(s) following (episode breakdown). 
As seen in Fig. 2, most of the analyzed macro components (carbonaceous 
species and inorganic ions) follow the pattern of PM2.5 concentrations, 
except from Mg2+ and Ca2+. Most likely, these two components are 
therefore of different origin than the rest of the mentioned species. As 

Fig. 2. Time series of concentrations [μg/m3] of PM2.5 and its constituents: (a) OC, EC, NO3
− , SO4

2− , NH4
+, Cl− ; (b) Na+, K+, Ca2+, Mg2+ in Warsaw in the sampling 

period from 3rd January to 4th March, 2017. Grey bars indicate the occurrence of PM2.5 episodes. 
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presented in Juda-Rezler et al. (2020), the largest contributing source to 
PM2.5 levels during winter in Warsaw is residential heating – fresh and 
aged aerosol, originating mainly from peripheral districts of the city and 
from the suburbs. Calcium and magnesium are the constituents of pri-
marily crustal origin, but can also originate from dust resuspension, 
construction works and road salt, thus their pattern differs. It is 
confirmed by the analysis of correlation between the components and 
total PM2.5 mass: for carbonaceous species and most of the ions, corre-
lation coefficients are very high and statistically significant (r between 
0.785 [SO4

2− ] and 0.966 [OC], except from Na+: 0.446, p < 0.01), while 
the correlations between PM2.5 and Mg2+, as well as PM2.5 and Ca2+ are 
below 0.150 and statistically insignificant. The constituents with the 
largest share in PM mass are Secondary Inorganic Aerosol (SIA, 39.7%), 
with individual contributions of 19.6%, 15.3% and 4.8% for NO3

− , SO4
2−

and NH4
+, respectively, and OC (31.3%). The rest of the ions (Cl− , Na+, 

K+, Ca2+ and Mg2+) together account for 4.9% of PM2.5, while EC rep-
resents 5.9%. The sum of 8 investigated elements (As, Cd, K, Mn, Pb, Sb, 
Ti and Zn) equals to only 1.3% of PM2.5 mass. 

As presented in Table 2, the average PM2.5 concentration during 
episodes (54.75 μg/m3) was 2.8 times higher than in the non-episodic 
days (19.46 μg/m3). Similar ratio of concentration increase was 
observed for nitrate, chloride and potassium ions. For elemental carbon, 
sulphate, ammonium and sodium ions this ratio was lower (around 2.2 
÷ 2.4), while for organic carbon it was higher (3.2). Behavior of calcium 
and magnesium deviates from the abovementioned components, with 
the ratios of 1.1 and 0.8, respectively. The summary concentration of 
elements was almost 1.9 times higher during episodes, but the patterns 
for individual elements and their fractions exhibited a meaningful 
variability – see section 3.2. 

3.2. Concentration and bioavailability of minor and trace elements 

Mean total element concentrations of As, Cd, K, Mn, Pb, Sb, Ti and Zn 
during the measurement campaign reached 1.94 ng/m3, 0.67 ng/m3, 
274.34 ng/m3, 3.04 ng/m3, 15.46 ng/m3, 1.11 ng/m3, 3.33 ng/m3 and 
87.67 ng/m3, respectively. As mentioned in Section 3.1, several episodes 
of elevated PM2.5 concentrations were observed during the measure-
ment period. According to our classification, 14 out of 40 days of sam-
pling were qualified as “episodic”, and the rest as “non-episodic”. 
Average concentrations of all investigated elements in F1–F4 fractions 
and their total concentrations during episodes and in non-episodic days 
are presented in Table 3, while the percent distribution of each element 
in all fractions is presented in Fig. 3. 

During episodes, total concentrations of all elements were higher 
than during non-episodic periods, however, for As, Sb and Ti the 

differences were not statistically significant at p = 0.05. The biggest 
differences were observed for K (2.03 times higher), Pb (1.98) and Cd 
(1.72), moderate ones (1.24–1.45) for As, Zn, Mn and Sb, while for Ti the 
difference was miniscule. The analysis of correlations between total 
concentrations of elements and PM2.5 levels has confirmed that the 
strongest association was shown by K (r = 0.67), Pb (0.58), Cd (0.45) 
and Mn (0.40), while for the rest of elements the correlation coefficients 
were between 0.20 and 0.30. Nonetheless, the percentage share of ele-
ments in total PM2.5 mass was lower during episodes than during non- 
episodes, which is in accordance with the previous conclusion that 
mainly the macro components (rather than minor and trace elements) 
are responsible for substantial increase of PM2.5 levels during episodes. 
High correlations of K, Pb, Cd, Mn and PM2.5 indicate that these ele-
ments are most firmly associated with these sources of PM which are 
responsible to the greatest extent for the occurrence of episodes. It is in 
accordance with the PMF (Positive Matrix Factorization) source appor-
tionment results for PM2.5 in Warsaw, where K, Pb and Cd proved to be 
the markers of residential combustion, while Mn was the marker of 
exhaust and non-exhaust traffic emissions. These three sources 
contributed, on average, to over 80% of PM2.5 mass in winter in Warsaw 
(Juda-Rezler et al., 2020). 

In terms of particular mobility fractions, it has been demonstrated 
that the increase of total concentrations of elements during episodes was 
mainly driven by the increase of the levels of their most bioavailable F1 
fraction, with the biggest difference for Cd (2.69 times), K (2.11), As 
(1.93), Pb (1.86) and Zn (1.75). The F2 fraction, which is mobile and 
easily available for living organisms too, showed also up to 2 times 
higher concentrations in episodes for K, Pb, Mn, Cd, Zn and Sb, albeit not 
for Ti and As. The levels of elements in fractions F3 and F4 were quite 
similar during episodic and non-episodic days, with two exceptions: for 
F3 fraction of Pb the EPI concentration was over 5 times higher than 
NON-EPI, while for F3 fraction of Zn the EPI concentration was around 2 
times lower than NON-EPI. 

The results of the chemical fractionation scheme applied in this study 
showed diversity in both the total content of elements in PM2.5 and their 
distribution across individual mobility fractions (F1 – F4). Among the 
elements determined at the measurement site, on average the highest 
percentage in the most dangerous water-soluble fraction (F1) was 
recorded for K and Ti (above 60% each, both in episodic and non- 
episodic days). Conversely, the lowest F1 fraction shares were ob-
tained for Pb – around 30% in both EPI and NON-EPI (Fig. 3). As, Cd and 
Zn showed the largest F1 increase from non-episodic to episodic days 
(from 37.5% to 57.7% for As, 29.3%–47.4% for Cd and 52.2%–62.7% 
for Zn). Pb was present mainly in the reducible F2 fraction (around 60%) 
at both EPI and NON-EPI, indicating a large potential in transformation 
to exchangeable fraction. The highest share of the least mobile F3 and F4 
fractions were noted for Sb – 36% and 46.5% for EPI and NON-EPI, 
respectively. 

The elements considered as bioavailable are those that occur in the 
highly mobile F1 fraction and mobile F2 fraction. Hence, the potential 
mobility and bioavailability of a given element was assessed as the 
percent contribution of these two fractions to the total element con-
centration, referred to as a bioavailability index (BI), defined by the 
following equation: 

BI =
CF1 + CF2

Ctot
(6)  

where CF1, CF2 and Ctot are concentrations (ng/m3) of fraction F1, F2 and 
of total element, respectively. 

The elements with higher BIs are considered to be physiologically 
active and may pose more risks to humans than the elements with lower 
BIs. Based on BI values, elements might be categorized as having low 
bioavailability if BI < 30%, medium bioavailability if 30% < BI < 50%, 
and high bioavailability if BI > 50% (e.g. Sah et al., 2017). 

To analyze the environmental risk of a given element, the risk 

Table 2 
Average concentration, standard deviation (SD), and mean levels during epi-
sodes (EPI) and in non-episodic days (NON-EPI) and their ratios for PM2.5, OC, 
EC and inorganic water-soluble ions in Warsaw in the sampling period from 3rd 
January to 4th March, 2017. Significantly (p < 0.05) higher means during EPI 
days are marked in bold.   

Mean 
[μg/m3] 

SD [μg/ 
m3] 

Mean EPI 
[μg/m3] 

Mean NON- 
EPI [μg/m3] 

Ratio EPI/ 
NON-EPI [-] 

PM2.5 31.81 19.73 54.75 19.46 2.8 
OC 9.94 6.97 17.92 5.65 3.2 
EC 1.87 0.99 2.94 1.30 2.3 
NO3

− 6.23 4.47 10.75 3.79 2.8 
SO4

2− 4.87 3.28 7.71 3.35 2.3 
NH4

+ 1.53 0.81 2.36 1.08 2.2 
Cl− 1.01 0.75 1.76 0.60 2.9 
Na+ 0.11 0.12 0.17 0.07 2.4 
K+ 0.22 0.12 0.36 0.14 2.6 
Ca2+ 0.20 0.07 0.21 0.19 1.1 
Mg2+ 0.016 0.008 0.014 0.017 0.8 
Sum of 

elements 
0.39 0.21 0.56 0.31 1.9  
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assessment code (RAC), calculated as percentage contribution of the 
most bioavailable water-soluble F1 fraction in total element concen-
tration, was used: 

RAC =
CF1

Ctot
(7)  

where CF1 and Ctot are the concentrations (ng/m3) of fraction F1 and 
total element, respectively. 

The risk of a given element is negligible only when the RAC is below 
1%. When RAC is between 1 and 10%, the risk is classified as low; if RAC 
ranges from 11% to 30% the risk is classified as medium, for the values 
between 31% and 50% it is classified as high, and above 50% – as very 
high (e.g. Sah et al., 2017). 

The calculated values of BI and RAC for elements contained in PM2.5 
collected at the measurement site located in Warsaw are presented in 
Table 4 and Fig. 3. 

As shown in Table 4, the obtained BI values, exceeding 50%, indicate 
that all analyzed elements presented high bioavailability during both 
episodic and non-episodic days in Warsaw in the sampling period. 
Among them, K exhibited the highest bioavailability, exceeding 95% in 
both periods. The mean BI levels of the carcinogenic elements As and Cd 
reached 74.5% and 78.8%, respectively, while in the case of probably 
carcinogenic elements Pb and Sb, these values equalled 90.9% and 
57.6%, respectively. It is noteworthy that for all analyzed elements 
(except Pb), BI has increased during episodes with the most noticeable 
increments observed for Sb and Cd (by 20% and 16%, respectively), 

suggesting a higher risk to humans during the days of elevated air 
pollution levels. High bioavailability of As, Mn, Pb and Zn was also re-
ported for eastern China by Schleicher et al. (2011) and Li et al. (2015), 
however in these cases BI values for As exceeded those for Pb, in contrast 
to this study. Bioavailability of Cd was found to be high at Mt. Lushan in 
China (Li et al., 2015) and in Agra in India (Sah et al., 2019), while 
Schleicher et al. (2011) obtained medium BI level for this element in 
Beijing, China. 

The mean RAC values of As, Cd, Mn, Pb and Sb represent high health 
risk, while the mean RAC values of K, Ti and Zn are higher than 50% 
indicating very high risk related to large content of the most bioavailable 

Table 3 
Mean concentrations of F1–F4 fractions, as well as total concentrations of the analyzed elements during episodes (EPI) and non-episodic days (NON-EPI) in Warsaw in 
the sampling period from 3rd January to 4th March, 2017. Bold type denominates statistically significantly (p < 0.05) higher concentration during EPI than NON-EPI 
days.  

[ng/m3] F1 F2 F3 F4 TOTAL 

EPI NON-EPI EPI NON-EPI EPI NON-EPI EPI NON-EPI EPI NON-EPI 

As 1.29 0.67 0.39 0.65 0.27 0.27 0.29 0.19 2.24 1.78 
Cd 0.43 0.16 0.34 0.23 0.08 0.08 0.06 0.06 0.92 0.53 
K 312.96 148.22 87.46 43.72 5.44 5.62 3.76 3.95 409.61 201.51 
Mn 1.77 1.16 1.54 1.00 0.27 0.28 0.19 0.20 3.77 2.65 
Pb 6.70 3.61 13.23 7.27 2.74 0.53 0.09 0.10 22.77 11.52 
Sb 0.56 0.34 0.26 0.21 0.27 0.28 0.19 0.20 1.27 1.03 
Ti 2.06 2.00 0.36 0.37 0.54 0.56 0.38 0.40 3.34 3.33 
Zn 68.94 39.50 35.32 24.64 5.33 11.13 0.38 0.40 109.97 75.66  

Table 4 
Bioavailability index (BI) and risk assessment code (RAC) values for all deter-
mined elements during episodic (EPI), non-episodic (NON-EPI) days and the 
whole sampling period (AVG) in Warsaw from 3rd January to 4th March, 2017.  

Element BI [%] RAC [%] 

NON-EPI EPI AVG NON-EPI EPI AVG 

As 74.0 75.2 74.5 37.5 57.7 45.7 
Cd 73.1 85.0 78.8 29.3 47.4 38.0 
K 95.3 97.8 96.6 73.6 76.4 75.0 
Mn 81.9 87.8 84.5 44.0 47.0 45.3 
Pb 94.5 87.5 90.9 31.4 29.4 30.4 
Sb 53.5 63.9 57.6 33.5 43.6 37.6 
Ti 71.2 72.5 71.7 60.0 61.6 60.6 
Zn 84.8 94.8 89.2 52.2 62.7 56.8  

Fig. 3. Percent distribution of mass of each element across F1–F4 fractions during episodic (EPI) and non-episodic (NON-EPI) days in Warsaw in the sampling period 
from 3rd January to 4th 4th March, 2017. The share of F1 and F2 fractions is interpreted as bioavalability index (BI), while the share of F1 is equal to risk assessment 
code (RAC). The interpretation of BI and RAC intervals is explained in the right panel. 
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fraction of these elements. Similarly to the bioavailability index, for all 
analyzed elements (except Pb) RAC has increased during episodes, and 
the most noticeable increments were observed for Cd and As (by 62% 
and 54%, respectively), suggesting a substantial health risk during the 
days of elevated air pollution levels. Regarding health risk of As, it was 
found high in other urban locations as well: in Beijing (Schleicher et al., 
2011) and in the vicinity of coal-fired power plants located in Southern 
Poland (Zajusz-Zubek et al., 2018), but also in the rural mountain area in 
China (Li et al., 2015). In terms of Cd, high RAC was obtained for eastern 
China (Schleicher et al., 2011; Li et al., 2015), while very high for 
Southern Poland (Zajusz-Zubek et al., 2018) and northern India (Sah 
et al., 2019). Health risk posed by Pb seems to be elevated in Poland 
(RAC assessed as high in present study and as very high by Zajusz-Zubek 
et al., 2018), in comparison to China (Schleicher et al., 2011; Li et al., 
2015), India (Sah et al., 2019) and Nigeria (Anake et al., 2020), where 
this risk reached medium or low levels. 

3.3. Health risk assessment 

According to the classification of International Agency for Research 
on Cancer (IARC), As and Cd belong to group 1 (carcinogenic to 
humans), while Pb belongs to group 2B (possibly carcinogenic to 
humans) (IARC, 1993, 2012). Therefore, CR values were calculated only 
for these elements. Non-carcinogenic effects were estimated only for As, 
Cd and Mn, since for the rest of investigated elements reference con-
centrations for inhalation exposure were not evaluated (U.S. EPA, 
2014). 

In recent years (2013–2019), the average number of days with PM2.5 
levels exceeding 35 μg/m3 in Warsaw varied between 20 and 100 across 
different locations. In this study, a health risk assessment was conducted 
for two possible scenarios. In the first scenario (referred as SCENARIO 
1), it was assumed that episodes lasting for 60 days per year occur, while 
the second scenario (referred as SCENARIO 2) assumes no episodic days 
during the year. The concentration of the most bioavailable fractions (F1 
and F2) were used to calculate the exposure concentration, which for 
SCENARIO 1 was calculated as the weighted mean of the mean metal 
concentrations in F1 and F2 during EPI (CEPI) and NON-EPI (CNON-EPI) 
periods according to Eq. (8): 

C=
(CEPI ⋅60 + CNON− EPI ⋅351)

365
(8) 

The values of all parameters used in calculations are given in Table 5, 
while the estimated non-carcinogenic and cancerogenic risks are shown 
in Fig. 4. 

As shown in Fig. 4, the non-carcinogenic health risks for adults and 
children due to As, Cd and Mn exposure via inhalation were substan-
tially lower than the safe level of 1 for both scenarios. The HI values for 
analyzed 3 elements indicate that no non-carcinogenic risks were posed 
to either adults (TCR = 0.083 for SCENARIO 1 and TCR = 0.076 for 
SCENARIO 2) or children (TCR = 0.056 for SCENARIO 1 and TCR =

0.052 for SCENARIO 2). The highest non-carcinogenic health risks was 
posed by Mn (0.045 for SCENARIO 1 and 0.041 for SCENARIO 2). As and 
Cd exhibited risk that was more than 3 times higher for adults than for 
children. In general, HQ and HI values for SCENARIO 1 were slightly 
higher than for SCENARIO 2 (from 4.5% to 16%), which might imply an 
impact of PM episodes on human health. 

For children, both individual CR values and total cancer risk, lower 
than the internationally accepted limit of 1⋅10− 6 for both scenarios 
(Fig. 4), exhibited negligible risk posed by As, Cd and Pb. For adults, the 
carcinogenic risk for As exceeded the limit of 1⋅10− 6, however, it was 
well below the maximum acceptable limit of 1⋅10− 4, which may indicate 
the potential carcinogenic risks from As to residents of Warsaw. In terms 
of two other carcinogenic elements (Cd and Pb), the CR values did not 
exceed the threshold value of 1⋅10− 6. Similarly to the non-carcinogenic 
effects, when episode days were considered in health risk assessment, 
the CR values increased by almost 5%, 16% and 14% for As, Cd and Pb, 
respectively, indicating that PM episodes might influence the public 
health. 

According to our knowledge, cancer risk related to the exposure of 

Table 5 
Parameters used in the health risk assessment calculations.  

Parameter Acronym Unit Adult Child Reference 

Exposure duration ED year 20 6 U.S. EPA 
(2014) 

Exposure time ET hours/ 
day 

24 24 U.S. EPA 
(2014) 

Exposure 
frequency 

EF day/ 
year 

350 350 U.S. EPA 
(2014) 

Average exposure 
timea 

AT     

For carcinogens  hours 613 
200 

613 
200 

U.S. EPA 
(2014) 

For non- 
carcinogens  

hours 175 
200 

52 560 U.S. EPA 
(2014) 

Inhalation unit 
risk 

IUR     

As  (μg/ 
m3)− 1 

4.30 ⋅ 
10− 3 

4.30 ⋅ 
10− 3 

U.S. EPA 
(2019) 

Cd  (μg/ 
m3)− 1 

1.80 ⋅ 
10− 3 

1.80 ⋅ 
10− 3 

U.S. EPA 
(2019) 

Pb  (μg/ 
m3)− 1 

1.20 ⋅ 
10− 5 

1.20 ⋅ 
10− 5 

OEHHA 
(2015) 

Reference 
concentration 

RfC     

As  mg/ 
m− 3 

1.50 ⋅ 
10− 5 

1.50 ⋅ 
10− 5 

U.S. EPA 
(2019) 

Cd  mg/ 
m− 3 

1.00 ⋅ 
10− 5 

1.00 ⋅ 
10− 5 

U.S. EPA 
(2019) 

Mn  mg/ 
m− 3 

5.00 ⋅ 
10− 5 

5.00 ⋅ 
10− 5 

U.S. EPA 
(2019)  

a Averaging time for carcinogens was calculated as AT = 70 years ⋅ 365 days/ 
year ⋅ 24 h/day; while for non-carcinogens as AT = ED in years ⋅ 365 days/year ⋅ 
24 h/day. 

Fig. 4. Hazard quotients (HQ) (left panel) and cancer risks (CR) (right panel) for Warsaw inhabitants regarding inhalation exposure to the bioavailable fractions (F1 
+ F2) concentration of elements contained in PM2.5 including episodic days (SCENARIO 1) and without episodes (SCENARIO 2). Individual risks posed by each 
element are given in light colors, while hazard index (HI) and total cancer risk (TCR) are marked in dark colors. Red dotted line indicate the acceptable limit of CR (1 ⋅ 
10− 6). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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mobile fractions of PM-bound trace elements was previously studied in 
Poland only in one location during a summer period. Zajusz-Zubek et al. 
(2018) reported CR values of carcinogenic elements for the surroundings 
of four power plants located in an industrial area in Southern Poland. 
CRs obtained for Warsaw in this study were generally higher for As and 
lower for Cd and Pb for both children and adults, in comparison to the 
industrial area. It suggests that air quality deterioration in Warsaw 
during winter months is significant, which in turn leads to a substantial 
increase of carcinogenic risk. 

4. Conclusions 

This study focused on examining the characteristics of the atmo-
spheric fine aerosol occurring in the winter season at a Central Eastern 
European urban background site, with particular emphasis on the 
behavior of trace elements and their bioavailability. 

Average daily PM2.5 mass concentration in Warsaw during the study 
period of January–March 2017 equaled 31.81 μg/m3, with the highest 
value of 77.30 μg/m3. The average daily PM2.5 concentration during 
episodes (around 55 μg/m3) was 2.8 times higher than those recorded 
during non-episodes periods and more than 2 times higher than the 
WHO air quality guidelines. The contribution of elements in total PM2.5 
mass was lower during episodes than in non-episodes, indicating that 
mainly the macro components (rather than minor and trace elements) 
are responsible for substantial increase of PM2.5 levels during episodes. 
However, the total concentrations of all analyzed elements – As, Cd, Mn, 
Pb, Sb, Ti, Zn and K – were higher during episodes, mainly as a result of 
the increase of the levels of their most bioavailable F1 fraction. The 
concentrations of K and Pb during episodes were higher by around 2 
times than those during non-episodes. Similarly, the concentration of Cd 
was higher by c. 1.7 times. Moreover, all elements presented high 
bioavailability indices (expressed as a sum of the 2 most bioavailable F1 
+ F2 fractions) during both episodic and non-episodic days, with the 
highest bioavailability exhibited for elements associated with solid fuel 
combustion in residential sector (K and Zn) and the lowest for the crustal 
elements (Sb and Ti). During episodes, the bioavailability increased for 
all elements, except of Pb, with the biggest increases observed for Cd, Sb 
and Zn (by 20%, 16% and 12%, respectively). The risk assessment code 
(expressing the most bioavailable F1 fraction) showed a very high health 
risk for K, Ti and Zn (RAC exceeding 50%) and a high risk for the other 
elements. During episodes, the RACs increased again for all analyzed 
elements, except Pb, with the most noticeable increments observed for 
carcinogenic elements Cd and As (by 62% and 54%, respectively). 

This study showed that the highest cancer risk posed for adults in 
Warsaw is related to As. Our previous analyses (Juda-Rezler et al., 2011, 
2020) showed that As in Warsaw belongs to the aged aerosol transported 
both from the remote large point sources (power plants, non-ferrous 
metal smelting plants) as well as from the suburbs, where the heat de-
mand is primarily covered by small-scale boilers. The estimated CRs for 
As were high in both episodic and non-episodic periods, implying that 
approximately 2 out of every million adults living in Warsaw have a 
chance of developing cancer from exposure to As through inhalation of 
PM2.5 within their lifetime. During the days with elevated PM2.5 levels, 
the risk rises and this increase results from both total concentration, as 
well as a substantial increment of its most bioavailable fractions (F1 and 
F2). This suggests that the longer the episodes, the greater the cancer 
risk of the urban population. 

According to conducted analyses, it seems that elements released to 
the atmosphere from the combustion of solid fuels in residential sector 
may pose substantial risk to human health. Therefore, reducing air 
pollution emission in this sector is very urgent, as it would substantially 
reduce atmospheric PM2.5 concentrations and associated risks to human 
health from the exposure to PM-bound elements, including carcinogens. 

To our knowledge, there is an absence of studies on bioavailability of 
atmospheric minor and trace elements in Europe, except for Poland. In 
addition, there is also a limited number of such studies worldwide, 

specifically conducted for air pollution episodes. The results of this study 
demonstrate that a wider analysis of PM-bound trace elements, 
including their bioavailability, leads to broadening the knowledge about 
health threats posed by atmospheric particulate pollution. Such analyses 
should therefore be included in the measurement programs of dedicated 
sites belonging to the routine air quality monitoring networks. 
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