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Abstract: This study focusses on a short-term characterisation of atmospheric aerosols from three locations in south-
east of Poland with different land use characteristics, population density and sources of pollution (Katowice: urban-in-
dustrial; Strzyżowice near Lublin: rural; Kielce: urban). Twenty-four hour PM2.5 and PM10 samples were collected on the 
quartz filter and their chemical compositions were monitored and measured using OCEC thermo-optical analysis and 
scanning electron microscopy-energy dispersive X-ray spectrometry (SEM-EDS). The highest concentrations of PM2.5 
and PM10 were measured at the urban-industrial area in Katowice (29.6 µg ∙ m−3 and 31.0 µg ∙ m−3, respectively), whereas 
the highest organic carbon (OC) and elemental carbon (EC) levels were observed at the Kielce urban site (23.3 ± 4.2 µg 
and 3.6 ± 0.3 µg, respectively). The lowest values were obtained at the rural site for PM2.5 (10.4 ± 2.7 µg ∙ m−3) and PM10 
(11.8 ± 2.7 µg ∙ m−3) and for OC (17.8 ± 1.6 µg) and EC (1.0 ± 0.1 µg). SEM-EDS analysis of samples from Kielce allows 
identification of internal chemical mixtures of carbon, silicon, calcium, chlorine, sodium and aluminium.
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Introduction

Ambient air pollution is one of the basic threats 
to the natural environment and human health 
(Kampa, Castanas 2008, Peel et al. 2012, Eguiluz-
Gracia et al. 2020). Atmospheric aerosols consist 
of a complex mixture of different chemical com-
ponents including inorganic species (salts, met-
als) and carbonaceous compounds emitted by 
a variety of anthropogenic and natural sources 

(Seinfeld 2003, Mbengue et al. 2014, 2017, Szwed 
et al. 2020, Rybiński et al. 2021). Despite the sig-
nificant efforts made during recent years for the 
reduction of air pollutant emissions from most 
kinds of anthropogenic sources in the European 
Union, local and long-term exceedances of air 
quality limit values remain a major public health 
problem in urban areas (Cichowicz et al. 2017). 
Poor air quality in urban areas is mainly relat-
ed to the large variability of sources including 
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traffic (worn tyres, vehicle exhaust and road 
dust), avenues of economic activity (commercial 
establishments) and municipal-housing sectors 
(residential heating, construction, and industrial 
activities) (Paraschiv et al. 2019).

Carbonaceous aerosols, including particulate 
organic carbon (OC) and elemental carbon (EC), 
are the main components of atmospheric aero-
sols and play an important role in atmospheric 
chemistry, climate change and public health due 
to their physical and environmental properties 
(Mbengue et al. 2015). EC is the product of in-
complete combustion of fossil fuels in transport 
and energy production, as well as wood and bio-
mass burning from residential heating and agri-
cultural activities. Primary organic carbon (POC) 
can be emitted from anthropogenic or biogenic 
sources, while secondary organic carbon (SOC) 
can be produced as a result of atmospheric oxi-
dation of reactive organic gases and subsequent 
gas-to-particle conversion processes.

Among the filter-based measurement tech-
niques, the thermo-optical analysis has been 
widely used for determination of OC and EC in 
ambient aerosol (Cavalli et al. 2010, Mbenque 
et al. 2018). Scanning electron microscopy-en-
ergy dispersive X-ray spectrometry (SEM-EDS) 
is an efficient technique for the characterisation 
of properties (size, morphology and elemental 
composition) of individual particles (Arndt et al. 
2016). The present study aims to provide infor-
mation on the chemical properties and potential 
sources of atmospheric aerosols from urban and 
rural areas in Poland with different profiles of 
economic activity.

Materials and methods

Study areas

Air pollutants measurements were carried 
out in the first quarter of 2022, during the season 
that necessitates artificial, at three sites in south-
ern (Katowice) and south-eastern (Kielce and 
Strzyżowice) Poland (Fig. 1).

Katowice (289,200 inhabitants) is one of the 
cities that form the Silesian conurbation, in the 
most industrialised and most densely populated 
part of the country (1755.9 people  ∙ km−2) (GUS 
2022). The prevailing wind directions (Table 

1) are mostly SW with average wind speed of 
2.6 m ∙ s−1. Kielce, the capital of the Świętokrzyskie 
Voivodeship, is inhabited significantly sparser 
(193,400 inhabitants) with an average density of 
1764.7 people ∙ km2. The sampling site was most-
ly affected by NE, 0.9 winds (speed in m  ∙  s−1). 
Strzyżowice represents a rural site in an agricul-
tural landscape (255 inhabitants) mainly affected 
by SSW, 3.1 winds (speed in m  ∙  s−1). The field 
campaigns in selected locations were conducted 
in mild winter conditions, mostly characterised 
by positive daily average ambient temperatures 
(Turpin et al. 2000). The biggest daily tempera-
ture drop (Tmin = −4.4°C) was recorded in Kielce, 
during the influx of arctic air masses (Table 1). 
At Strzyżowice and Katowice, no temperatures 
below 0°C were measured.

Aerosol sampling

In this study, 24-h samples were collected at 
Katowice (25–26.01.2022), Kielce (9–10.02.2022) 
and Strzyżowice (9–10.03.2022) using a fine dust 
aerosol spectrometer (Palas Fidas 200S, Germany) 
(Table 1). The device is an optical aerosol spec-
trometer that determines the particle size of a 
single molecule using scattered light according 
to the Lorenz–Mie law. It operates in the meas-
uring range from 1 µg ∙ m−3 to 1000 µg ∙ m−3. The 
instrument is a part of the mobile measurement 
platform of the Research and Analysis Center of 
Jan Kochanowski University, and it is accredited 

Fig. 1. Location of the sampling sites (1 – Katowice, 
2 – Kielce, 3 - Strzyżowice).
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for suspended dust measurements by the Polish 
Accreditation Committee No. AB1622 (PCA 2021). 
The pneumatic system of the device operates with 
the flow 4.8 l ∙ min−1, and the sampling inlet pre-
vents the intake of particles larger than 20 µm. The 
measurement uncertainty was for PM2.5 was 13% 
for concentrations ≥18 µg ∙ m−3 and 12% for con-
centrations <18 µg ∙ m−3. For PM10, the uncertainty 
was 11% for concentrations ≥30 µg ∙ m−3 and 7% 
for concentrations <30 µg ∙ m−3. The measurement 
platform is equipped with the meteorological sta-
tion Vaisala WXT536 (Helsinki, Finland). Each 
sampling campaign lasted for 24 h; dates and pre-
cise sites’ locations are given in Figure 1.

Analysis of carbonaceous aerosols

The concentrations of carbonaceous aerosols 
were determined in PM collected on a 47  mm 
quartz fibre filter (Whatman®, Cytiva) installed 
in the dust monitor pneumatic system. Four sam-
ples (13  mm in diameter) were punched from 
each filter, and analysed for OC, EC and TC 
(OC + EC) with a semi-continuous OCEC aero-
sol thermal-optical analyser (Sunset Laboratories 
model 4, Tigard Oregon, USA), according to the 
shortened EUSAAR-2 protocol (Cavalli et al. 
2010, Mbengue et al. 2018). After introducing the 
sample into the instrument, the particulate lad-
en filter was heated in an ultra-pure helium at-
mosphere in four incremental temperature steps 
from 200°C to 650°C. The thermally desorbed OC 
fractions were converted to CO2 gas in a manga-
nese dioxide (MnO2) oxidation oven and meas-
ured directly in an independent, non-dispersive 
infrared detector (NDIR) system.

A second temperature ramp (500–850°C) 
was initiated in an oxygen and helium mixture, 
and both the original EC and the pyrolysed car-
bon (PC) produced from the OC during the first 
temperature increase were converted to CO2 
and detected by NDIR. Correction for PC was 
performed by monitoring laser absorbance (red 
660  nm) through the quartz fibre filter during 
sample analysis. A laboratory blank was meas-
ured, and control calibrations were performed 
with sucrose solution before and after each sam-
ple to check the stability of the instrument.

It is worth nothing that for OCEC field anal-
ysis, the instrument is equipped with a carbon 
parallel plate diffusion denuder (ex Sunset Lab., 
Tigard Oregon, USA) to remove volatile organic 
compounds that may be adsorbed on the quartz 
fibre filter, causing positive artefacts in OC meas-
urement (Turpin et al. 2000). Therefore, in the 
absence of a similar system during our sampling 
campaigns, the OC values could be overestimat-
ed (Table 1).

SEM-EDS characterisation

The EDS analysis of the surface of quartz fil-
ter in Kielce allowed determining the elemental 
composition (qualitative analysis) and the per-
centage of micro components (quantitative anal-
ysis) of deposited particles. The specificity and 
limitations of this analytical method should be 
considered when interpreting the results of the 
EDS analysis (Szwed et al. 2021). The graphical 
images resulting from this analysis are created in 
parallel with the SEM image of the tested sam-
ple surface. Information on the composition of 

Table 1. Meteorological conditions during aerosol sampling.

Site location Sampling 
period Aerosol measurements

Weather

Tempera-
ture

Relative 
humidity

Air
pressure

Prevaling 
wind direction 

and speed
[°C] [%] [hPa] [m s−1]

Katowice (urban-
industrial),
50°14'15.8"N, 
18°59'28.8"E

25–26.01.22 PM2.5, PM10, TC, Elemental 
carbon, Organic carbon 0.5±0.1 97.1±1.8 990.3±0.6 SW, 2.6

Strzyżowice (rural),
51°34'09.8"N, 
22°00'22.0"E

9–10.02.22 PM2.5, PM10, TC, Elemental 
carbon, Organic carbon 7.3±1.0 78.0±5.7 1004.6±1.1 SSW, 3.1

Kielce (urban), 
50°52'00.0"N, 
20°38'20.8"E

9–10.03.22
PM2.5, PM10, TC, Elemental 

carbon, Organic carbon, 
Elemental composition

1.2±3.9 64.4±13.11 991.2±9.6 NE, 0.9
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the surface and the arrangement of individual 
elements is the result of the measured intensity 
and X-ray energy, which depends on the excita-
tion of the core-shell electron of the sample. It 
should be remembered that the electrons used 
to create the SEM image (as well as obtain EDS 
data) penetrate the material to different depths 
depending on the type of matrix, but not more 
than a few micrometres. In addition, based on the 
raw data from the X spectrum assigned to each 
pixel of the SEM image, quantitative data can be 
obtained, allowing the comparison of the mass 
(or molar) fractions of elements in the subsurface 
layer of the scanned area. For this purpose, the 
area for this analysis is selected, delimited by a 
circle or a rectangle, and X-ray intensity for indi-
vidual wavelengths is integrated. Integration is 
calculated for the different elements (all detected 
or selected arbitrarily by the operator), and the 
results are normalised, so that the sum of shares 
is 100%. This method could provide information 
regarding the nature of the tested material, the 
particle morphology and the potential sources of 
individual components.

Auxiliary data

Meteorological parameters (temperature, 
RH, air pressure and wind speed and direction) 
were monitored by Vaisala WXT536 (Helsinki, 
Finland). The obtained results were controlled 
using a Lat CHOT-2BM thermohygrometer 
(Katowice, Poland) certified by an accredited cali-
bration laboratory (AP 053). The origins of the air 
masses affecting the different sampling sites have 
been investigated using Back Trajectory (BT) 
analysis (Stein et al. 2015, Rolph et al. 2017). The 
meteorological data used for BT calculation were 
downloaded from the Global Data Assimilation 
System (GDAS1) Archive Information. Forty-
eight hour backward trajectories of air masses ar-
riving every 6 h at 50 m above ground level (a.g.l.) 
were calculated using the HYSPLIT 4 model.

Results

During the campaigns, the permissible stand-
ards for the concentration of PM2.5 and PM10 were 
not exceeded at all three locations (Dziennik Ustaw 
2021, WHO 2021). The highest daily values were 
recorded at the urban-industrial site in Katowice 
(PM2.5, 29.6 µg ∙ m−3 and PM10, 31.0 µg ∙ m−3), where-
as the lowest values were observed at the rural 
site in Strzyżowice (10.4 µg ∙ m−3 and 11.8 µg ∙ m−3, 
respectively) (Table 2). At Kielce (urban) and 
Katowice, the diurnal pattern of PM2.5 and PM10 
concentrations was more visible (Fig. 2), with a 
peak in the morning (7.00–9.00) and the second 
peak in the evening (18.00–21.00). The highest 
concentrations were observed during night time 
at all sites (Figs 2 and 3). At the rural site, the di-
urnal variation is less pronounced.

In the case of carbonaceous aerosols, the high-
est values were measured in Kielce (EC, 3.6 µg; 
OC, 23.3  µg; and TC, 27.0  µg). The lowest con-
centrations were measured at the rural site (EC, 
1.0 µg; OC, 17.8 µg; and TC, 18.7 µg).

The SEM-EDS analysis provided information 
on the particle size and their chemical composi-
tion, both qualitatively and quantitatively. The 
analysis was carried out for two independent 
areas of the sample, where the dust concentra-
tion was the highest (A and B on Fig. 3A and 3B, 
respectively).

The analysis showed the presence of internal-
ly mixed particles. The biggest particles had an 
oval shape, and their largest size was 18.4 µm in 
the area A and 20.6 µm in the area B. There were 
also many smaller particles in the field of view of 
the camera, with an average size between 3 µm 
and 10 µm.

The EDS analysis (Fig. 4A and 4B for area A 
and area B, respectively) shows the automatical-
ly identified elements with individual colours, 
resulting from the presence of specific peaks in 
the energy spectrum of X-rays generated during 
the analysis. As could be expected, Si dominates 

Table 2. Total content of dust and carbon parameters (TC, OC and EC) for different samples.

Sites
Dust Total content of dust 

TC
Organic carbon 

OC
Elemental carbon 

ECPM2.5 PM10

[µg ∙ m−3] [µg]
Katowice (urban-industrial) 29.6±11.2 31.0±11.9 21.9±1.9 19.7±1.7 2.2±0.2
Strzyżowice (rural) 10.4±2.70 11.8±2.70 18.7±1.5 17.8±1.6 1.0±0.1
Kielce (urban) 13.3±4.90 20.8±8.60 27.0±4.1 23.3±4.2 3.6±0.3
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among the detected elements. In this case, the 
signal comes mainly from the filter material; 
therefore, this element was omitted in further 
qualitative and quantitative analysis to elim-
inate measurement uncertainties in the data 
interpretation.

A clear differentiation of the elemental com-
position of individual dust particles can be ob-
served. Figure 5A and 5B show the particles that 
clearly generate a signal from chlorine and so-
dium (x) and those that generate a signal from 
calcium (o). Subsequently, the observed filter 

Fig. 2. Diurnal variation of PM2.5 and PM10 concentrations against the background meteorological conditions at 
Kielce – A, Strzyżowice – B, and Katowice – C.

A

B

C
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fragments were subjected to quantitative ele-
mental analysis, focussing on selected particles 
of x and o type, as shown in the Figure 5A and 
5B. Examples of the results are available in the 
bardiagrams presented below the micrographs in 
Figure 5 . The chemical composition (50.8% Cl, 
32.8% Na) of the imaged particles and their shape 
(sharp-edged) indicate a significant proportion of 

salt particles (5x). Taking into account the loca-
tion in the vicinity of the street and the time of 
year, it can be assumed that it is road salt used to 
remove snow. Much larger calcium particles (5o) 
indicate the presence of limestone dust (13.5% 
Ca), quite common in the impact zone of the 
Białe Zagłębie in the Świętokrzyskie Mountains 
(Szwed et al. 2020).

Fig. 3. Micrographs of dust sample on quartz filter from Kielce indicating the size of particles (areas A and B).

Fig. 4. EDS analysis, the distribution of signals to the elements forming dust particles (areas A and B).

BA

A

B

A

B
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Fig. 5. Decomposition of signals into elements forming dust particles (areas A and B).

A

B

A

B
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Discussion

The obtained results indicate that the permis-
sible concentrations of PM2.5 for 24  h (Dziennik 
Ustaw 2021), namely the threshold of 15 µg ∙ m−3, 
were exceeded (WHO 2021). The highest PM2.5 

level was observed at the industrialised area in 
Katowice, where it was two and three time high-
er than those observed at the urban (Kielce) and 
rural (Strzyżowice) sites, respectively. It is worth 
noting that measurements were conducted dur-
ing different times in winter (Table 1). Katowice 

Fig. 6. Example of a HYSPLIT 48 h air mass back-
trajectory arriving at Kielce – A (9th–10th March), at 

Strzyżowice – B (9th–10th February), and at Katowice 
– C (25th–26th January). Arrival height: 50 m a.g.l.

A

C

B
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is influenced by industrial emissions, traffic and 
domestic activities, and measurements were con-
ducted during a colder period (0.5 ± 0.1°C) in 
winter when the planetary boundary layer height 
is lower compared to other seasons. These condi-
tions could lead to the worsening of atmospheric 
dilution as well as an atmospheric accumulation 
of pollutants having a local origin (Grivas et al. 
2012, Mbengue et al. 2018). The BT analysis re-
veals recirculation of air masses over south of 
Poland and east of Czech Republic, covering the 
Silesian industrialised areas (Fig. 6C. The high-
est values of EC and OC were observed at Kielce, 
where relatively low temperature was also re-
corded (1.2 ± 3.9°C). Beside traffic emissions, coal 
and wood combustion from residential heating 
could promote the higher levels of EC and OC 
in winter, as evidenced by earlier research in 
the Białka Tatrzańska (where internal artificial 
heating is mostly achieved through the burning 
of coal) (Szramowiat-Sala et al. 2016). Kim et al. 
(2004) have documented that EC values ranged 
from 1.0 µg to 4.2 µg and OC values ranged from 
2.2 µg to 13.5 µg in the 3 h campaign series situ-
ated in south-east of Asia. The diurnal patterns 
of PM2.5 and PM10 at the urban (Kielce) and ur-
ban-industrial (Katowice) sites show the influ-
ence of traffic rush hour during the morning (Fig. 
2A–2C). This is consistent with the higher con-
centrations of carbonaceous aerosols, especially 
EC (3.7 µg and 2.2 µg higher, respectively), associ-
ated with a lower OC/EC ratio observed at these 
sites compared to the rural site. In the evening 
and night time, the temperature is lower (Fig. 
2A–2C), which could lead to enhanced emission 
from residential heating in winter. Therefore, the 
low and stable planetary boundary layer during 
the evening could lead to the accumulation of 
pollutants from local sources, including traffic, 
domestic activities and industries (Grivas et al. 
2012, Mbengue et al. 2018).

The concentrations of carbonaceous aerosols 
were lowest at the rural site, and the higher OC/
EC ratio observed at this site suggests a relatively 
higher proportion of OC, which could be attrib-
uted to the potential influence of biomass burn-
ing from residential heating and/or to the en-
hanced contribution of SOC associated with the 
transport of aged aerosols to the rural site across 
long distances (Mbengue et al. 2018). This is con-
sistent with the result from BT analysis. Indeed, 

the air masses arriving at Kielce and Katowice 
were associated with lower altitude a.g.l. cov-
ering more local geographical areas (Fig. 6A 
and 6B), suggesting the influence of more local 
sources. Conversely, 48 h air masses arriving at 
Strzyżowice were characterised by stronger wind 
and higher altitude as well as a longer distance 
travelled commencing from north of France.

The SEM-EDS analysis of the sample from 
Kielce shows that the morphology and compo-
sition of the particles deposited on the quartz 
filters are heterogeneous. In terms of morpholo-
gy, two categories were observed. The first rep-
resents particles with regular, sharp edges (salt 
and gypsum crystals) of considerable size up to 
20 µm. Similar results were obtained in the area 
strongly influenced by cement and lime produc-
tion (Kozłowski et al. 2019, Szwed et al. 2021). 
Jóźwiak and Jóźwiak (2009) carried out imaging 
(magnification 4000×) of the gypsum crystal on 
the bioindicator lichen surface, and showed a cal-
careous rose characteristic of this type of struc-
tures. The second category with a much smaller 
size of 3–10  mm is characteristic of street dust 
composition (Liu et al. 2019). In a study conduct-
ed on dust fall in Asia (Liu et al. 2019), a third 
group of particles with spherical shapes charac-
teristic of high-temperature raw material trans-
formations was additionally considered. The lim-
itations of the applied research methods did not 
allow for the identification of this group; howev-
er, previous studies have confirmed the presence 
of ferro-silicate spheres in the Świętokrzyskie 
Mountains (Kozłowski 2013, Szwed et al. 2021).

Summary

In this pilot study, atmospheric aerosols have 
been characterised at urban and/or industrial, 
and rural, sites in Poland. The concentrations 
of PM2.5, PM10 and carbonaceous fractions (OC 
and EC) were significantly higher at Katowice 
and Kielce, likely a result of the influence of the 
proximity of the anthropogenic sources (traffic, 
domestic activities and industries), compared 
to the rural site (Strzyżowice). The meteorolog-
ical conditions in winter (cold weather and low 
and stable boundary layer) could promote the 
accumulation of air pollutants emitted from lo-
cal sources. SEM-EDS analysis of samples from 
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the urban site confirms the presence of internally 
mixed particles characteristic of anthropogenic 
pollutants during the heating season, including 
carbon and sodium chloride from winter road 
maintenance. Gypsum particles, typical for dust 
pollution, were also revealed by the examina-
tion, and are thought to have arisen consequent 
to transport from the area of the Białe Zagłębie, 
located about 30  km south-west of Kielce. This 
study was conducted based on 24  h measure-
ment data. Therefore, further field investigations 
based on long-term measurement covering dif-
ferent seasons are needed to better characterise 
the composition and sources of atmospheric aer-
osols from Katowice, Kielce and Strzyżowice.
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