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Abstract: It is well documented that Southern Poland is one of the most polluted areas in Europe due
to the highest airborne concentrations of particulate matter (PM). Concentrations of fine particles are
especially high in winter. Apart from detailed number concentrations, it is essential to accurately
identify and quantify specific particulate pollution sources. Only a few Polish research centers are
involved in such experiments—among them is Krakow research group. For the most part, research
focuses on collecting 24-h average samples from stationary PM samplers at ambient monitoring
sites and quantifying the specific elements and chemical constituents in PM. This approach includes
modeling methods that can use the variability in physical and chemical PM characteristics as an
input dataset to identify possible sources of the particles. The objective of this paper is to provide
research results based on data collected from June 2018 to May 2019 from a single monitoring station
at a central urban site. Careful comparison of data obtained prior to a 2019 law prohibiting solid
fuel burning in the city of Krakow with data (2019–2020) when a regulation went into effect should
indicate progress by noting lower PM levels. This work has shown that the method applied and
Krakow results might be of interest to the broader community in regions of high PM concentration.
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1. Introduction

The high concentration of airborne particulate matter (APM) is a global problem that is associated
with exacerbated human health risks. Airborne PM may be responsible for cardiovascular and
pulmonary diseases, but first of all, it is responsible for excessive mortality. In Europe alone, the excess
in annual mortality rate due to ambient air pollution is about 412,000 [1]. It is well-known that PM,
which is a chemically non-specific pollutant, can originate from varied emission sources and have
diverse chemical composition [2]. Also, the health effects of PM are thought to be strongly related
to particle size. Note that fine particles have more adverse effects, since they can penetrate deeper
into the respiratory tract than coarse particles [3,4]. PM2.5 (fine particles) refers to particles less than
2.5 micrometers in aerodynamic diameter. The primary source of PM2.5 is biomass and fossil fuel
combustion including the energy use and production in households [2,5].

PM2.5 is one of the most dangerous forms of particulate matter air pollution, due to its potential
for oxidative damage to the human body. Numerous studies link the PM2.5 exposure to the deaths
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from cardiovascular diseases. Furthermore, PM2.5-induced oxidative stress is conducive to vascular
(endothelial) dysfunction and inflammation, which can simplify the development of hypertension,
atherosclerosis, diabetes and other diseases [6–8].

Interestingly, the annual average limits in various countries are different. The annual average limit
for PM2.5 in the European Union countries (including Poland) is 20µg/m3. By comparison, the limit in
Canada is 10µg/m3, while in Australia, the annual PM2.5 limit is 8µg/m3 [9].

The problem of air pollution in Poland is important. Numerous studies indicate that the air
quality in Poland is one of the worst in the EU [10]. This may be connected with the fact that coal
combustion is the significant source of PM in Poland [3,11]. In Krakow, the annual PM2.5 limit is
regularly exceeded. In 2018 only, the average value of PM2.5 was 29 µg/m3 [12].

In order to improve air quality management, it is important to identify possible sources of
pollution. Several methods are available.

• Methods based on evaluating measuring data; to identify the sources, a basic numerical data
treatment is applied.

• Methods based on emission inventories and/or dispersion models to simulate aerosol emission,
formation, transport and deposition.

• Methods based on statistical evaluation of PM chemical data acquired at receptor sites
(receptor models). The fundamental principle of receptor modeling is that mass and species
conservation can be assumed and a mass balance analysis can be used to identify and apportion the
sources of airborne PM in the atmosphere [13]. Among them, there is Positive Matrix Factorization
(PMF), which is a result of the works of Paatero and Tapper [14], and is an advanced source-receptor
method of analysis. Owing to this technique, PM2.5 sources can be identified with a number of
factors and it is possible to estimate their contribution in each factor [14,15].

Some information about sources of PM particles can be derived from Scanning Electron Microscopy
with energy dispersive spectrometer measurements [16]. The air protection program for the Małopolskie
Voivodeship states that the main emission sources included in the Central Emission Base and their
shares are as follows: municipal and household sector 88% of PM2.5, industry 4% of PM2.5, transport
4% of PM2.5 and agriculture 4% of PM2.5 [17].

The aim of this study was to estimate concentrations of chemical elements and ions in fine
particulate matter (PM2.5). The results are presented in tables and graphs. This study is a continuation
of a research study on air pollution in Krakow, which was initiated a few years ago. Therefore,
we compared current results with the results obtained in the previous studies [18,19].

2. Experiments

2.1. Sampling

Krakow, the second big city in the country and the capital of Malopolska Province, is located in
South Poland and situated in the valley of the Vistula River (see map in Figure 1). Krakow has an
estimated population of 780,000 people, and together with the surrounding suburb towns, it constitutes
the 1.5 million Krakow Agglomeration [20]. The city with mean population density of 2371 inhabitants
per km2 is crossed by a network of railways and roads. There are several emission sources such as:
coal fired power plants (Elektrocieplownia Krakow S.A., Elektrownia CEZ Skawina S.A., Elektrownia
Siersza Trzebinia), a steel factory (ArcelorMittal Poland S.A., Krakow), chemical factories (Grupa Azoty
S.A. Tarnow, Synthos Dwory 7 S.A. Oswiecim), as well as a hard coal mine (Katowicki Holding Weglowy
S.A., Jastrzebska Spolka Weglowa), a steel factory (Arcelor Mittal Poland S.A., Silesia), the production
of metals and metal products, coking plants (Przyjazn, Bo-Carb, Kombinat Koksowniczy w Zabrzu)
and the production of building materials, cements, glass in the Silesia region [21].



Atmosphere 2020, 11, 1085 3 of 13

Atmosphere 2020, 11, x FOR PEER REVIEW 3 of 13 

 

The average annual temperature is about 8.7 °C, precipitation is 671.5 mm and the amount of 
rainy days is 175 [22]. From the year 2015 to 2019, when PM2.5 concentrations were monitored by the 
Environmental Protection Agency (EPA), average values at the urban background location were 
around 29–32 µg/m3. 

For the aims of the current work, PM2.5 samples were collected continuously during one year 
at the urban background site at the AGH University of Science and Technology (see map in Figure 
1). Twenty-four-hour samples were taken every 3rd day, from 7 June 2018 to 27 May 2019 by a low 
volume Sven Leckel PM sampler. The PM2.5 samples were collected on 46.2 mm diameter PTFE 
filters under an air flow rate of 2.3 m3/h. Altogether, 114 samples were acquired during this campaign. 

 

Figure 1. Sampling site. 

2.2. Chemical Analyses 

The filters were weighed according to PN-EN 12,341 standard before and after exposition 
(weighed five times). They are to be conditioned before at the temperature 20 ± 1 °C and relative 
humidity 50 ± 5% for 48 h. 

Particle samples deposited on the PTFE filters were analyzed for the elements: Si, P, S, Cl, K, Ca, 
Ti, V, Cr, Mn, Fe, Ni, Zn, Cu, Br, Sr, Rb, Pb, As and the element concentrations quantified by energy 
dispersive X-ray fluorescence (EDXRF). Elemental analysis was performed in the laboratory of X-ray 
fluorescence. The measurements were carried out under the following conditions: voltage of 55 kV, 
current of 30 mA and measuring time of 2400 s under atmospheric air. The spectrometer was 
calibrated using thin film standards (Micromatter, USA) and verified by the analysis of NIST 
standard SRM 2783 (Air Particulate Matter on Filter Media). 

Determination of ion concentrations (Na+, K+, Mg2+, Ca2+, NH4+, NO3−, Cl−, SO42−) was performed 
with isocratic ion chromatography on an ICS-1100 instrument (Thermo Scientific) equipped with an 
autosampler AS-DV. Separations were accomplished using an Ion Pac AS22 (4 × 250 mm) analytical 
column, (mobile phase: 4.5 mM Na2CO3 + 1.4 mM NaHCO3), and a CS16 (5 × 250 mm) analytical 
column (mobile phase: 12 mM MSA) for anions and cations, respectively. Samples (25 µL injection 
volume) were separated with a flow rate of 1.2 mL min−1 of mobile phase. The separated ions were 

Figure 1. Sampling site.

The average annual temperature is about 8.7 ◦C, precipitation is 671.5 mm and the amount of
rainy days is 175 [22]. From the year 2015 to 2019, when PM2.5 concentrations were monitored by
the Environmental Protection Agency (EPA), average values at the urban background location were
around 29–32 µg/m3.

For the aims of the current work, PM2.5 samples were collected continuously during one year at
the urban background site at the AGH University of Science and Technology (see map in Figure 1).
Twenty-four-hour samples were taken every 3rd day, from 7 June 2018 to 27 May 2019 by a low volume
Sven Leckel PM sampler. The PM2.5 samples were collected on 46.2 mm diameter PTFE filters under
an air flow rate of 2.3 m3/h. Altogether, 114 samples were acquired during this campaign.

2.2. Chemical Analyses

The filters were weighed according to PN-EN 12,341 standard before and after exposition (weighed
five times). They are to be conditioned before at the temperature 20 ± 1 ◦C and relative humidity
50 ± 5% for 48 h.

Particle samples deposited on the PTFE filters were analyzed for the elements: Si, P, S, Cl, K, Ca,
Ti, V, Cr, Mn, Fe, Ni, Zn, Cu, Br, Sr, Rb, Pb, As and the element concentrations quantified by energy
dispersive X-ray fluorescence (EDXRF). Elemental analysis was performed in the laboratory of X-ray
fluorescence. The measurements were carried out under the following conditions: voltage of 55 kV,
current of 30 mA and measuring time of 2400 s under atmospheric air. The spectrometer was calibrated
using thin film standards (Micromatter, USA) and verified by the analysis of NIST standard SRM 2783
(Air Particulate Matter on Filter Media).

Determination of ion concentrations (Na+, K+, Mg2+, Ca2+, NH4
+, NO3

−, Cl−, SO4
2−) was

performed with isocratic ion chromatography on an ICS-1100 instrument (Thermo Scientific) equipped
with an autosampler AS-DV. Separations were accomplished using an Ion Pac AS22 (4 × 250 mm)
analytical column, (mobile phase: 4.5 mM Na2CO3 + 1.4 mM NaHCO3), and a CS16 (5 × 250 mm)
analytical column (mobile phase: 12 mM MSA) for anions and cations, respectively. Samples (25 µL
injection volume) were separated with a flow rate of 1.2 mL min−1 of mobile phase. The separated
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ions were determined after electrochemical suppression using AERS 500 (4 mm) and CERS 500 (4 mm)
suppressors for anions and cations, respectively.

Calibration was performed against external standards diluted from stock solutions supplied by
Thermo Scientific. The limit of detection (defined as 3 × standard deviation for the field blank samples)
for the method for atmospheric samples is presented in another paper [18].

2.3. Source Apportionment

2.3.1. Enrichment Factors

Enrichment Factors (EF) analysis was performed, and the natural and anthropogenic origins of
the elements were assessed.

EFs were calculated from the formula presented by Belis, C.A. et al. [23]:

EF =

XPM
RPM

Xcrust
Rcrust

, (1)

where X and R are the concentrations of the element under consideration and the reference element,
respectively. PM and crust mean the concentrations in PM and in the Earth’s crust. Three groups of
element sources are presented: (1) EF < 10 indicates the crustal origin of the element; (2) 10 < EF < 100
indicates a mixed origin of the elements (natural and anthropogenic); (3) EF > 100 indicates an
anthropogenic origin of a given element. The calculations of EF were performed separately for Si and
Ti as reference elements (if Si is the reference element EFSi = 1, or else if Ti is taken as the reference
element EFTi = 1). The same conclusions about the natural or anthropogenic origin of the elements
were drawn on the base of both calculations. Abundances of elements in the Earth’s crust were taken
from the paper [24].

2.3.2. Positive Matrix Factorization Analysis

In addition to the chemical species, it is important to identify the sources of particulate matter origin.
Having at least several dozen particulate matter samples with the chemical species well determined,
the positive matrix factorization (PMF) method can be used to quantify their sources [18,19]. The PMF
method, on the basis of the matrix of chemical species of particulate matter samples, calculates the
matrix of participation of a given number of factors and profiles of these factors [25]. The profile
determines the share of individual components in a given factor and is the basis for the physical
assignment of a given factor to identify the sources of particulate matter. In this method, the number
of factors is set arbitrarily. In practice, calculations are made for a different number of factors and the
number for which the source of particulate matter can be clearly determined is selected. The EPA PMF
5.0 software, developed by the United States Environmental Protection Agency (US EPA), was used to
model the particulate matter sources.

In the presented study, four factors emerged based on the following chemical species: S, Cl, K, Ca,
Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Br, Rb, Sr, Pb, NO3−, CHOO−, NH4+ and Na+. Almost all these data
were classified as “strong,” which resulted in a high signal-to-noise ratio. Only Ti, V, Ni and Sr were
classified as “weak” species. “Strong” data are when the uncertainty of the measurement is small in
relation to the measured signal, and “weak” is when the uncertainty is large in relation to the signal.
“Weak” data are taken with less weight in PMF modeling [25].

Other element and ion concentrations, in many samples, were less than the detection limits and
they were not taken in PMF modeling. This selection allowed us to obtain the following values of the
model minimizing function: Q(robust) was 9701 and Q(True) was 14,679.
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3. Results and Discussion

3.1. Chemical Analyses

Table 1 contains PM2.5 elemental and ion concentrations for samples collected in 2018/2019 in
Krakow. The average annual PM2.5 concentration in Krakow in 2018/2019 was equal to 24 ± 13 µg/m3.
This value is comparable to the EU annual limit value 25 µg/m3 [26], and is higher than recommended
by the World Health Organization (WHO) value of 10 µg/m3 [27]. The lowest value was observed in
summer 2018. The PM2.5 concentration value for winter 2019 was 2.34 times higher than for summer
2018. They were equal to 34.8 ± 19 µg/m3 and 14.8 ± 4.1 µg/m3, respectively. In our previous studies
conducted in 2014/2015 and 2016/2017, for winter, the PM2.5 concentrations were equal to 57 µg/m3

and 60 µg/m3, respectively [18,19]. Such a strong decline of PM2.5 concentration during winter can be
connected with local authority regulations and activities lowering the number of houses heated by
low quality coal during cold seasons. In September 2019, a regulation went into effect according to
which the use of coal and wood for heating is forbidden in the city. However, a comparison of the level
of PM concentration in the longer time span is more complex. The value for summer in the recent
study does not much differ from the previous results—they were equal to 12.7 µg/m3 and 12 µg/m3 for
2014/2015 and 2016/2017, respectively [18,19]. The average annual contribution of measured elements
to PM2.5 mass was 11.7% (2.8 µg/m3); if the contribution of sulfur is subtracted, this number is equal
to 6.8% of PM2.5 mass. The average annual contribution of SIA (Secondary Inorganic Aerosols) was
equal to 27.9% (6.7 µg/m3). The highest value was observed in winter 23.3% (8.6 µg/m3))—and the
lowest in spring—35.2% (6.06 µg/m3) In our previous study [18] conducted in 2016/2017, the average
annual contribution of SIA was equal to 27% (9.0 µg/m3), and together with the average contribution
of measured elements at that time, it was 5.3% (1.8 µg/m3). Blaszczak et al. reports that SIA in Szczecin
was 5.42 µg/m3, and in Trzebinia 7.35 µg/m3 at urban background stations [28]. When compared
with other countries, similar values were observed in Kosetice (The Czech Republic—6.57 µg/m3),
Riso (Denmark—6.43 µg/m3) and Cabauw-Zijdeweg (the Netherlands—7.89 µg/m3) [28]. Shortly before
the current work, the EDXRF system was modified so that more elements could be detected (for example
Si, S, P). As a result, the average annual contribution of carbon and the rest of the chemical components
was about 68% of PM2.5 mass for the year 2016/2017. In the present work, SIA and all the elements
(without S) average annual contribution was 34.7%. The rest of the components and carbon have the
contribution of only 65.3% of PM2.5 mass. In the present study (2018/2019), the concentrations of the
following elements: Cl (630 ± 590 ng/m3), K (230 ± 140 ng/m3), Ca (50 ± 30 ng/m3), Fe (150 ± 120 ng/m3),
Cu (5.9 ± 5.0 ng/m3), Zn (75 ± 56 ng/m3), Br (7.5 ± 4.1 ng/m3) and Pb (12.5 ± 9.8 ng/m3) were
significantly lower than in our previous work conducted in 2016/2017 in Krakow. The concentration of
V (4.3 ± 2.6 ng/m3), Cr (5.1 ± 3.7 ng/m3), Mn (9.0 ± 6.0 ng/m3) and Ni (5.9 ± 8.0 ng/m3) in 2018/2019
were increased in comparison to 2016/2017. The concentration of NO3

−, SO4
2−, NH4

+, Na+ and
Cl− are definitely lower in the present study than in the year 2016/2017. Several elements and ion
concentrations show strong seasonal variations. Higher concentrations of Cl, K, Ti, Co, Ni, Br and Rb
were observed in winter 2019 than in summer 2018. The ratios of winter/summer were in the range of
2.33 to 13.7 for these elements. These elements are related to house heating during the cold season.
For the elements Si, Ca, Fe and Cu, higher concentrations were observed for summer in comparison
to winter. These elements originate in the Earth’s crust, and are connected with dust resuspension
and/or construction works. The ratios winter/summer were in the range 0.61–0.85. The concentrations
of NO3

−, NH4
+ and Cl− were definitely higher in winter than in summer. Ratios winter/summer were

2–5. On the contrary, concentrations of SO4
2− were on the same level during all seasons 2018/2019 and

it was equal to 3 µg/m3. Juda-Rezler et al. for Warsaw obtained 2.72 µg/m3 and 1.77 µg/m3 for winter
and summer, respectively [29]. In our previous study, concentrations of SO4

2− were 6.35 µg/m3 and
2.44 µg/m3 in winter and summer, respectively [18]. In winter SO4

2− originates from coal combustion,
but in summer, long-range transport of sulfates-rich aerosols and coal combustion in power plants
probably dominate [29]. This may be due to the stronger solar radiation in summer, increasing both
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temperature and the formation of OH radicals, therefore promoting the formation of secondary sulfate,
which is transported at longer distances than the gaseous precursors [30]. The correlation of the
equivalent concentration of cations with the equivalent concentration of anions is presented in Figure 2.

Table 1. PM2.5 (in µg/m3) elemental and ion concentrations (in ng/m3) in Krakow. (W/S is Winter/Summer).

Element/Ion Summer 2018 Autumn 2018 Winter 2019 Spring 2019 Annual W/S LLD

PM2.5 14.8 ± 4.1 28 ± 12 34,8 ± 19 17 ± 8 24 ± 13 2.34
Si 300 ± 92 <LLD 249 ± 94 <LLD 177 ± 43 0.83 300
P 103 ± 29 57 ± 24 120 ± 28 <LLD 39 ± 25 1.16 48
S 1122 ± 340 1303 ± 580 1344 ± 660 836 ± 340 1160 ± 500 1.20 60
Cl 102 ± 66 669 ± 540 1393 ± 710 358 ± 300 630 ± 590 13.7 21
K 130 ± 48 282 ± 120 318 ± 180 139 ± 68 230 ± 140 2.46 15
Ca 56 ± 25 150 ± 64 47 ± 17 30 ± 17 50 ± 30 0.85 8.6
Ti 7.0 ± 0.8 11 ± 7 20 ± 11 7.3 ± 3.6 7.1 ± 3.6 2.86 6.4
V 6.95 ± 2.80 <LLD 10.1 ± 4.9 <LLD 4.3 ± 2.6 1.45 5.4
Cr 7.51 ± 4.40 4.21 ± 1.50 10.20 ± 4.30 <LLD 5.1 ± 3.7 1.36 4.3
Mn 7.65 ± 3.20 13.14 ± 8.00 10.74 ± 4.50 4.81 ± 2.20 9.0 ± 6.0 1.40 1.2
Fe 154 ± 75 270 ± 210 94 ± 52 60 ± 37 150 ± 120 0.61 2.2
Co 1.70 ± 0.49 2.6 ± 1.1 3.5 ± 1.8 0.94 ± 0.46 2.4 ± 1.4 2.05 1.0
Ni 4.71 ± 2.50 2.18 ± 0.40 33 ± 40 <LLD 5.9 ± 8.0 7.07 1.0
Cu 9.8 ± 7.5 10.4 ± 6.1 7.4 ± 4.2 1.9 ± 1.0 5.9 ± 5.0 0.76 1.0
Zn 54 ± 32 136 ± 100 70 ± 36 31 ± 20 75 ± 56 1.30 1.0
Br 4.31 ± 1.30 7.64 ± 3.60 12.6 ± 4.70 4.8 ± 2.30 7.5 ± 4.1 2.92 0.8
Rb 1.11 ± 0.50 0.71 ± 0.25 2.6 ± 2.8 0.7 ± 0.2 1.2±1.0 2.33 0.8
Sr 1.15 ± 0.46 1.18 ± 0.86 2.07 ± 2.5 0.82 ± 0.76 1.0 ± 1.0 1.79 0.8
Pb 14.1 ± 4.2 21.9 ± 12.0 22.9 ± 9.3 <LLD 12.5 ± 9.8 1.62 0.8

NO3
− 670 ± 280 2450 ± 1800 3320 ± 2000 2330 ± 1400 2240 ± 1700 4.96 40

SO4
2− 3050 ± 1200 3330 ± 1500 3020 ± 1700 2500 ± 1100 2990 ± 1400 0.99 20

Cl− 230 ± 130 680 ± 360 1440 ± 780 1290 ± 900 920 ± 710 6.30 90
NH4

+ 960 ± 300 1640 ± 810 1890 ± 800 1220 ± 500 1450 ± 700 1.97 70
Na+ 290 ± 140 390 ± 170 410 ± 140 360 ± 130 370 ± 140 1.40 90

LLD Low Detection Limit; 2018-12-19 High Ni conc. 343 ng/m3.
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3.2. Source Apportionment

3.2.1. Enrichment Factors

Enrichment factors were calculated for two seasons (winter, summer), using Si and Ti as references.
Figure 3 presents EFs for the analyzed elements. For the following elements, EFs were lower than
10 for both Si and Ti as the reference elements: Si, K, Ca, Ti, Mn, Fe and Sr. This indicates natural
sources of the elements considered. However, K has not only a natural origin, but can be emitted
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from biomass burning as well. Similarly, Ca can also come from cement industry and construction
works. Mn, Fe may be related to the steel industry. Juda-Rezler at al. have a similar range of EFs for
K, Mn, Fe [29] Typically, the elements with enrichment factors higher than 100 indicate anthropogenic
origin. In this group of elements, S, Cl, Cu, Zn, As, Br and Pb were found. Juda-Rezler at al. have
EFs higher than 100 for Cu, Zn and Pb [29]. Cl, S, As, Br and Pb were related to coal combustion.
They present seasonal variations in concentration, with higher values in the heating season. Cu, Zn and
Pb were connected with industry and Cu, Zn with traffic (vehicle exhaust Cu, Zn, and non-exhaust Cu,
Zn). The rest of the analyzed elements had EFs between 10 and 100 and they can have both natural
and anthropogenic origins. To this group belongs P, V, Cr, Co, Ni and Rb. Juda-Rezler at al. have an EF
between 10 and 100 for Cr, Ni [29].
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3.2.2. Positive Matrix Factorization (PMF)

Figure 4 shows PMF factor profiles of the identified sources. Four factors were obtained from PMF
analysis. They were attributed to the following sources: Soil, Traffic/Industry, Fossil Fuel Combustion
and Secondary Inorganic Aerosols (SIA).

The first factor was characterized by Na+ (76% of mass), Sr (49% of mass), Ni (41% of mass),
Cr (43% of mass), V (50% of mass), Rb (35% of mass), Ti (33% of mass) and Ca (23% of mass). Ca, Ti and
Sr have EFs below 10, which suggests the natural origin of these elements. Ni, Cr, V and Rb have EFs
below 100, so these elements can originate from natural or anthropogenic sources. The above-mentioned
elements can originate from soil; thus, this factor was attributed to soil. Na+ was observed at regional
background monitoring stations in Poland with concentrations of about 0.212 µg/m3, and in this study
at 0.37 µg/m3 [30,31]. Ni is the 24th most abundant element in the Earth’s crust. The most Ni is used in
the production of stainless steel and other nickel alloys. It is a natural as well as an anthropogenic
element. The natural sources include: windblown dust derived from the weathering of rocks and soils,
volcanic emissions, forest fires and vegetation. Ni can also come from the combustion of coal, diesel
oil, fuel oil and the incineration of waste and sewage. Cr comes from the wind erosion of soil, and Sr is
from soil. Ti and Ca are crustal elements [32]. The contribution of this factor to PM2.5 was equal to
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4.1% (1.7–9.4%). In concentration units, it was 1.04 µg/m3 (0.9–1.4 µg/m3). The concentration of this
source is rather stable during the year.Atmosphere 2020, 11, x FOR PEER REVIEW 8 of 13 
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The second factor is represented by Pb (100% of mass), Fe (78% of mass), Cu (59% of mass),
Zn (59% of mass), Mn (55% of mass), Ca (49% of mass), Co (48% of mass), K (34% of mass) and
S (25% of mass). The industrial source is identified by the following elements: Pb, Fe, Zn, Cu and Mn.
The EF for Pb, Zn and Cu was higher than 100, demonstrating anthropogenic origin.
Co, Cu, Zn, Mn and S are traffic related elements (exhaust and non-exhaust). Ca can be attributed
to construction works [31,33]. Fe and Mn have an EF below 10 and can probably indicate natural
origin. These elements can originate from the steel industry as well as the ferrous and nonferrous
metal industry. Thus, this factor was attributed to Traffic/Industry. The contribution of this factor to
PM2.5 mass was equal to 24% (5–49%). In concentration units, it was 6.2 µg/m3 (0.89–18.34 µg/m3).
This source contribution is different for each season. In May, the lowest value 8.3% (0.89 µg/m3) was
observed, while in November, the highest value, equal to 48.6% (18.34 µg/m3), was observed.

The third factor is described by Cl (95% of mass), Br (50% of mass), NO3
− (72% of mass),

K (37% of mass), Cu (33% of mass) and NH4
+ (33% of mass). The above elements are anthropogenic.

Cl comes from the combustion of coal, and K is an indicator of biomass burning [33]. K is also present in
fly ash emitted from power plants in several types of industrial emissions. It is also present in numerous
minerals (e.g., clays, feldspars) and can be related to natural dust (e.g., from soil). Concentration of
these chemical species show seasonal variations. This factor is attributed to fossil fuel combustion.
The contribution of this source was equal to 36% (1.9–76%). In concentration units, it was 9.25 µg/m3

(0.26–28.45 µg/m3). The concentration of this source shows seasonal variations with the highest value
in winter. The lowest value was observed in June at 1.9% (0.26 µg/m3), and the highest in December at
76% (28.45 µg/m3).

The fourth factor is described by NH4
+ (56% of mass), S (53% of mass), Ni (47% of mass),

Ti (34% of mass), V (32% of mass), Cr (31% of mass), Rb (33% of mass), Sr (30% of mass) and NO3
−

(26% of mass). It is recognized as secondary inorganic aerosols [34]. The contribution of this source
to PM2.5 mass was equal to 20% (8–40%). In concentration units, it was 5.2 µg/m3 (3.7–10.58 µg/m3).
This source has the lowest contribution in June of 3.7 µg/m3 (28%), and the highest in January with
10.58 µg/m3 (18%).

The contribution of identified sources to PM2.5 mass is presented in Figures 5 and 6. Measured
versus modeled PM2.5 is presented in Figure 7.

Table 2 contains the results from this study and, for comparison, from our previous studies
performed in Krakow. What can be drawn from the table is that the PM2.5 concentration was lowered
by 28% in the last year. The contributions of traffic/industry and soil decreased by 1.44 µg/m3 (2.2%).
The contribution in percentage of fossil fuel for this study is higher than in the previous one (12%),
but in µg/m3, it is 0.91 µg/m3. The contribution of SIA in the present study was lower than in 2016/2017.
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Table 2. Comparative results of the source contributions to PM2.5.

Source
2014/2015 Krakow [19] 2016/2017 Krakow [18] 2018/2019 Krakow

Present Study
% µg/m3 % µg/m3 % µg/m3

PM2.5 - 34.4 - 33.5 - 24
Coal Combustion 22.9 7.88

30.5 10.21 43 9.3Biomass Burning 15.6 5.37
Secondary Sulphate 17.1 5.88

38.6 12.93 24 5.2Secondary Nitrate 19.3 6.63
Industry/Soil 2.5 0.86

25.8 8.64 28 7.2Traffic 8.3 2.86

4. Conclusions

The conclusions of the research carried out are as follows:

• During the summer period, secondary inorganic aerosols and particles from traffic and industry
have the dominant contribution to particulate matter. The contribution of these sources is over 80%
of PM. The contribution of secondary inorganic aerosols is slightly lower in relation to dust from
traffic and industry. As for the absolute values, it is on average about 4–5 µg/m3 for secondary
inorganic aerosols and 6 µg/m3 for traffic and industry.

• In winter, the dominant source for particulate matter is the combustion of solid fuels. In absolute
values, it is on average about 25 µg/m3, which is over 60% of the PM. In the second place, there are
secondary inorganic aerosols with a contribution of about 20%. The mean absolute value is slightly
higher than in summer, and amounts to 6 µg/m3. For autumn and spring, these are intermediate
values between summer and winter.
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• The large jump in the concentration of particulate matter from traffic and industry in the period to
November 2018 and from December 2018 remains to be explained. Until November, the average
concentration of PM from this source was about 8.5 µg/m3, and from December, the average was
about 3.4 µg/m3. In the PMF model, this source is characterized by such elements as Fe, Cu and
Zn, the concentrations of which in the periods considered are adequately different.

• These results will be the basis for assessing the effects of the introduction of the ban on solid fuel
combustion in Krakow from autumn 2019.
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