
Int. J. Environ. Res. Public Health 2015, 12, 13085-13103; doi:10.3390/ijerph121013085 

 
International Journal of 

Environmental Research and 
Public Health 

ISSN 1660-4601 
www.mdpi.com/journal/ijerph 

Article 

Trace Elements Speciation of Submicron Particulate Matter 
(PM1) Collected in the Surroundings of Power Plants 

Elwira Zajusz-Zubek 1,*, Konrad Kaczmarek 2 and Anna Mainka 1 

1 Department of Air Protection, Silesian University of Technology, 22B Konarskiego St.,  

Gliwice 44-100, Poland; E-Mail: Anna.Mainka@polsl.pl 
2 Institute of Mathematics, Silesian University of Technology, 23 Kaszubska St.,  

Gliwice 44-100, Poland; E-Mail: Konrad.Kaczmarek@polsl.pl 

* Author to whom correspondence should be addressed; E-Mail: Elwira.Zajusz-Zubek@polsl.pl;  

Tel.: +48-322-371-540; Fax: +48-322-371-290. 

Academic Editor: Michael Breen 

Received: 1 September 2015 / Accepted: 13 October 2015/ Published: 16 October 2015 

 

Abstract: This study reports the concentrations of PM1 trace elements (As, Cd, Co, Cr, 

Hg, Mn, Ni, Pb, Sb and Se) content in highly mobile (F1), mobile (F2), less mobile (F3) 

and not mobile (F4) fractions in samples that were collected in the surroundings of power 

plants in southern Poland. It also reports source identification by enrichment factors (EF) 

and a principal component analysis (PCA). There is limited availability of scientific data 

concerning the chemical composition of dust, including fractionation analyses of trace 

elements, in the surroundings of power plants. The present study offers important results in 

order to fill this data gap. The data collected in this study can be utilized to validate air 

quality models in this rapidly developing area. They are also crucial for comparisons with 

datasets from similar areas all over the world. Moreover, the identification of the 

bioavailability of selected carcinogenic and toxic elements in the future might be used as 

output data for potential biological and population research on risk assessment. This is 

important in the context of air pollution being hazardous to human health. 

Keywords: PM1; trace elements; power plants; chemical fractionation; enrichment factor 

(EF); principal component analysis (PCA) 
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1. Introduction 

One of the most dangerous pollutants in atmospheric air is the particulate matter (PM). Ambient 

particles significantly influence air quality due to their impact on visibility and climate change [1,2].  

The major anthropogenic sources of fine particles are the combustion processes of fossil fuels [3]. 

Scientists have become increasingly interested in the fate of potentially toxic trace elements in  

coal-fired power plants [4–6]. These elements, namely As, Be, Cl, Cr, Cd, Co, Hg, Mn, Ni, Pb, Sb  

and Se have been defined as being hazardous to humans (Hazardous Air Pollutants (HAPs) [7].  

The International Agency for Research on Cancer (IARC) classified these elements to one of the 

following categories. Group 1: agents carcinogenic to humans—As, Be, Cr, Cd and Ni; group 2: agents 

probably carcinogenic to humans—Cl, Co and Pb; and group 3: Not classifiable as to its 

carcinogenicity to humans—Se [8]. Hg, Mn [9] and Sb are toxic elements. Sb is also suspected to be 

carcinogenic [10]. 

All of the power plants in Poland are currently equipped with electrostatic precipitators with high 

retention efficiency (>99.9%). Fly ash escaping the electrostatic precipitators of the power plants is 

now a minor contributor to the ambient total suspended particulates (TSP) levels. The penetration of 

fine particles may still be as high as 15%, due to their low charging efficiency [11,12]. According to the 

high rate of coal, consumption problems that are connected with air quality in the vicinity of coal 

combustion sources will intensify [13,14]. 

Worldwide industry and energy production that are based on coal are substantial sources of air 

pollution. Other sources with significant contributions were found, namely municipal and traffic 

emissions, domestic coal burning, vegetative burning (wood combustion and agricultural burns),  

open-air burning of refuse and re-suspension of dust. 

In the coal combustion process, there are three streams of general tendencies in the distribution of 

trace elements: Solid waste, fly ash and waste gas. The streams are influenced by the properties of 

trace compounds and the efficiency of dust control systems [15]. Other studies [15–17] have revealed 

that, among the trace elements that are emitted in power plants, the fly ash that is formed during coal 

combustion processes mainly contains Cr, Cu, Mn, Ni, Pb and Zn. 

PM1 is deposited in the alveolar regions of the lungs. The efficiency of their adsorption is  

60%–80% [18]. Many epidemiological and toxicological studies have reported a link between PM 

exposure and decreased lung function, aggravation of respiratory diseases and increased 

hospitalization admissions for the elderly [5,19,20]. A chemical analysis of PM as the indicator of 

pollution sources may provide new insights into the underlying relationship between PM air pollution 

and health. Toxicological studies have suggested that the determination of the total trace element content 

of airborne particulate matter is a poor indicator of their bioavailability, mobility and toxicity [21]. 

Bioavailability is the prime consideration in environmental risk assessment of toxicity. An evaluation 

of the potential toxicities of trace elements is based on the distributions of their chemical forms. The 

bioavailability of elements depends on the characteristics of their surfaces, strength of their bonds and 

properties of solutions in contact with particulate matter [18]. The amount of potentially bioavailable 

trace elements in PM can be estimated from the water-soluble fraction and the fraction extracted by a 

dilute salt by extracting. Thus, investigations of the soluble or extractable elements in PM have 

attracted much more attention in this field of study. The chemical mobility of elements determined by 
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leaching procedures is a good indicator for their bioavailability, namely the degree and rate that a 

substance is absorbed into a living system or is made available at the site of physiological activity. 

Partial and sequential extractions are commonly used to determine elemental associations with 

various fractions. Some fractionation schemes for airborne particulate matter (APM) were summarized 

in a review of Smichowski et al. [18]. For our work, we derived a modified Tessier’s scheme of 

chemical extraction optimized by Fernandez-Espinosa et al. [22,23]. This extraction scheme was 

selected because it has been optimized for filter-collected fine urban particles and provides conditions 

that are more similar to the deposition and solubilization in the human lung. The scheme (Table 1) 

distinguishes four fractions depending on the element’s mobility. The first fraction (F1) is  

water-soluble—highly mobile; the second (F2) is bound to carbonates and oxides and reducible  

metals—mobile; the third (F3) is bound to organic matter, oxidizable metals and sulphides—less mobile; 

and the fourth (F4) is residual, permanently connected with minerals—not mobile. A quantitative 

evaluation of these forms—a fractionation analysis—is currently one of the most efficient methods to 

enable the prediction of the conditions in which ecosystem contamination can occur. 

The availability of scientific data concerning chemical composition of PM1, including fractionation 

analyses of trace elements, remains very limited. This is a result of the technical difficulties of an 

analysis, sample collection and also, more recently, a lack of detailed definition of the scientific aims 

of fractionation research. 

Specifically, this paper includes the following aspects: (1) a comparative analysis of the PM1 levels 

in the surroundings of four individual working power plants; (2) a chemical fractionation of the trace 

elements (As, Cd, Co, Cr, Hg, Mn, Ni, Pb, Sb and Se) in PM1, collected from areas near the selected 

power plants; (3) a statistical analysis of the correlation coefficients to illustrate the relationship among 

the trace elements, as well as the enrichment factors (EF); and (4) a principal component analysis 

(PCA) to identify the possible sources of these elements in this area. 

2. Material and Methods 

2.1. Sampling Sites 

In order to eliminate the influence of the heating season, especially domestic and municipal 

emissions, the sampling campaigns were only carried out during the summer season. Samples were 

collected from 28 May to 23 September 2014 (16 weeks) in the surroundings of four working power 

plants fired with hard coal. The sampling campaign was divided into four sessions, separately for every 

point. In order to collect sufficient amount of PM1, each session was performed continuously for seven 

days. Four sessions were conducted at each point. Totally there were 16 samples and 16 blank filters 

(stored in sampling area but not exposed). All of the sampling points were located in the north-east of 

the selected power plants, according to the dominant wind direction (207°) in the region. The distances 

of the points from the corresponding power plants were approx. 2 km. The choice of a certain location 

was dependent on the possibility of locating measuring apparatus at a particular estate with permission 

from the owners. 

The sampling points were located in southern Poland. Three of them (P1, P3, P4) are situated in the 

industrial macro-region of Upper Silesia, while P2 is situated approx. 70 km to the west from the 
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macro-region. Figure 1 shows the study area and the sampling locations in the surroundings of the 

selected four power plants. The first point, labelled P1 in Golejów (50°08ʹ37.87ʹʹ N; 18°32ʹ15.76ʹʹ E), 

is situated in a peri-urban area of Rybnik in the surroundings of a power plant with an installed 

capacity of 1775 MW. Location P1 is inhabited by 2300 residents. The second point, labelled P2 

(50°45ʹ35.41ʹʹ N; 17°56ʹ20.43ʹʹ E), is located at the rural site of Świerkle village in the surroundings of 

a power plant with a 1492 MW capacity. Świerkle is in the administrative district of Gmina Dobrzeń 

Wielki, within Opole County, Opole Voivodship. It is a village with 520 inhabitants. Point three, 

labelled P3 (50°12ʹ33.46ʹʹ N; 19°28ʹ28.77ʹʹ E), is situated in a rural site of Czyżówka village in the 

surroundings of a power plant with a capacity of 786 MW. Czyżówka is a village in the administrative 

district of Gmina Trzebinia, within Chrzanów County, Lesser Poland Voivodship. The village has a 

population of 702 inhabitants. Point four, labelled P4 (50°13ʹ48.90ʹʹ N; 19°13ʹ24.45ʹʹ E), is situated in 

the suburb of Jaworzno city near a power plant with an installed capacity of 1345 MW. Jaworzno is a 

city near Katowice with a population of 95,500 citizens. 

 

Figure 1. Localization of sampling sites in Southern Poland (Map data: ©2015  

Google, ORION-ME). 

In the studied area, a large amount of APM is generally associated with local pollutant sources. At 

all of the sampling sites, major pollutant sources are power plants including transportation and 

deposition of coal and fly ash, industrial activities, combustion of coal and wood for domestic cooking 

purposes and vehicle transport. Additionally, points P1 and P2 are under the influence of soil 

resuspension from agriculture activities and vehicle traffic on unpaved roads. Meanwhile, at points P3 

and P4, there is an impact of urban traffic from neighbouring cities (Katowice, Jaworzno). 
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2.2. Sampling Method 

The PM1 samples were collected at sites P1–P4 near four working power plants. The PM1 samples 

were collected using a three-stage impactor—Dekati® PM10 impactor (Finland) with a flow rate of  

30 dm3/min. The cut-off diameters of the impactor stages were 10, 2.5 and 1 µm. The samples with  

a diameter above 1 µm were collected on 25 mm Nuclepore membranes (Whatman International Ltd., 

Maidstone, UK). The PM1 was collected employing 47 mm Teflon filters (Pall International Ltd.,  

New York, NY, USA). The average volumes of air aspired by the filters was approx. 300 m3. Blank 

filters were stored in the sampling area. According to the manufacturer’s information, the impactor is 

characterized by uncertainties below 2.8%. The inlet tube was installed 1.5 m above the ground, which 

is important for human exposure. The membranes and filters were conditioned before and after 

sampling (temperature 20 ± 1 °C, relative humidity 50% ± 5%) for 48 h and weighted with a 

microbalance precision of 1 μg (MXA5/1, RADWAG, Poland). The separated submicron particles 

(PM1) were determined by dividing the mass by the air volume (µg/m3). 

2.3. Fractionation Analysis 

The evaluation of the chemical forms of the trace elements in the PM1 samples that were collected  

in the surroundings of individual four working power plants was determined by applying the sequential 

extraction scheme presented in Table 1. A chemical fractionation of the trace elements applied  

the procedure of leaching, based on the scheme of [24] and modified by [22,25]. 

Table 1. Fractionation scheme according to [22,23]. 

Fraction Reagent Experimental Conditions 

Fraction 1 (F1) 15 cm3 H2O Milli-Q 3 h shaking (room temperature) 

Fraction 2 (F2) 10 cm3 NH2OH·HCl (0.25 M) 5 h shaking (room temperature) 

Fraction 3 (F3) 
7.5 cm3 H2O2 (30%)  

+7.5 cm3 H2O2 (30%)  
+15 cm3 NH4AcO (2.5 M) 

First evaporation at 95 °C until near dryness. 
Second evaporation at 95 °C until near dryness. 

Shaking 90 min (room temperature). 

Fraction 4 (F4) 10 cm3 (HNO3:HCl:HClO4) (6:2:5) 5 h shaking (room temperature) 

The solutions that were obtained from the four extraction steps (F1–F4) of the PM1 samples were 

filtered by the DigiFILTER system, PerkinElmer (0.45 µm). Then, in every fraction, the contents of 

As, Cd, Co, Cr, Hg, Mn, Ni, Pb, Sb and Se were determined. The total content of each trace element 

was calculated as the sum of the four extraction steps [21,22]. 

Regarding the four sessions at each site (P1–P4), the four extracted fractions and the blank filters,  

the total number of samples was 280. In every sample, 10 trace elements (As, Cd, Co, Cr, Hg, Mn, Ni, 

Pb, Sb and Se) were quantified. 

2.4. Chemical Analysis and Quality Control 

The concentrations of the trace elements (As, Cd, Co, Cr, Hg, Mn, Ni, Pb, Sb and Se) for each 

sample were carried out by inductively coupled plasma mass spectrometry (ICP-MS NexION 300D, 

PerkinElmer, Inc. Waltham, MA, USA). 
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The instrument is equipped with a multiplier collector and a radio frequency power of 3 kW was 

applied to the plasma. The standard operational conditions of this instrument are a coolant Ar gas flow 

rate of 18 dm3/min, an auxiliary Ar gas flow rate of 1.2 dm3/min, and a nebulizer Ar gas flow rate of  

0.96 dm3/min. The sample flow rate is 0.5 cm3/min. The detection limits for all elements are based on 

three standard deviations of blanks (n = 10) which are listed in Table 2. 

Table 2. The detection limits of the analysed elements obtained by inductively coupled 

plasma mass spectrometry (ICP MS). 

Isotope Limit of Detection (LOD) (μg/dm3) 
75As 0.120 

111Cd 0.034 
59Co 0.102 
53Cr 0.245 

200Hg 0.083 
55Mn 0.057 
60Ni 0.325 

206Pb 0.083 
121Sb 0.032 
82Se 0.340 

All of the samples were measured in tenfold repeats. Certified multi-element standards 1000 µg/cm3 

(CertPUR ICP multi-element standard solution VI for ICP-MS) were used as the calibration solution to 

determine 75As, 111Cd, 59Co, 53Cr, 200Hg, 55Mn, 60Ni, 206Pb, 121Sb and 82Se. The concentrations of the 

trace elements that were contained in PM1 were presented as ng/m3 and µg/g. Furthermore, to check  

the accuracy and precision of the extraction protocol, the European Reference Material ERM®-CZ120 

and Standard Reference Material SRM 1648a (National Institute of Standards and Technology, USA) 

were used. The blank filters were also analysed and subtracted from the exposed filters. The sample 

results were corrected by the average of the blank concentrations. Blank reagents were also taken 

through each complete procedure. The recovery percentages obtained using the European Reference 

Material ERM®-CZ120 and Standard Reference Material SRM 1648a (National Institute of Standards 

and Technology, USA) were As (111% for ERM®-CZ120 and 96% for SRM 1648a), Cd (97% and 

105%), Co (108% and 97%), Cr (103% and 94%), Mn (106% and 100%), Ni (107% and 102%),  

Pb (107% and 105%), and Sb (99% and 91%). These results indicate a good agreement between the 

measured and the certified values. The chosen Reference Materials did not include two elements:  

Hg and Se. 

2.5. Statistical Analyses 

All of the statistical analyses, including a univariate and multivariate analysis, as well as a principal 

component analysis, were performed using the statistical package, Statistica 10 (StatSoft, Tulsa,  

OK, USA). Non-parametric tests were undertaken to confirm the parametric results—that is, the 

corresponding non-parametric tests led to the same conclusions of significance/non-significance as the 

parametric tests. Throughout the study, a p-value of <0.05 was considered to indicate  

statistical significance. 
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3. Results and Discussion 

3.1. PM1 Comparison between the Different Sampling Sites 

The variability of the PM1 was examined at the four locations in the surroundings of working 

power plants. In order to compare the concentrations of the trace elements, the results of the total 

content in PM1 are presented in Table 3. As can be seen (Table 3), the highest average concentration 

level of PM1 was 12.78 µg/m3 in P1. Meanwhile, in the other sampling points, the average PM1 

concentrations were at similar levels from 8.13 to 8.74 µg/m3. Table 3 contains the sum of the four 

fractions that represent the total metal concentration in the submicron particles. The range of minimum 

and maximum concentrations is also presented. The highest concentration among the trace elements 

collected at all of the sites revealed to be As and Cr (elements carcinogenic to humans) and Pb 

(probably carcinogenic to humans). In comparison to the average total content of carcinogenic, the 

probably carcinogenic and toxic elements decrease in the order of As > Cr > Pb > Mn > Se > Ni > Sb > 

Cd > Hg > Co. Nowadays, worldwide, there is no regulation concerning a submicron particulate PM1 

standard for ambient air. Atmospheric particles <1 µm are formed by primary particles resulting from 

combustion. This particle size fraction consists of a nucleation mode (from particles combustion 

engine vehicles) and accumulation mode (photochemical smog particles and combustion). Therefore, 

the existing ambient air quality standards that are restricted to PM2.5 and PM10 fractions, which are 

generated by mechanical processes, are unable to effectively control submicron particles [26]. The 

different impact of aerosol sources on PM2.5 and PM1 was also highlighted and show that PM1 can 

provide a better estimation of anthropogenic particles [27]. 

Table 3. The total mass concentration and concentration range of elements at P1–P4 sites. 

Elements 
Average Concentration, ng/m3 Concentration Range, ng/m3 

P1 SD P2 SD P3 SD P4 SD P1 P2 P3 P4 

As 28.27 0.40 28.38 0.17 18.54 0.44 18.96 0.23 27.72–28.65 28.15–28.57 17.91–18.91 18.64–19.12 

Cd 0.46 0.01 0.52 0.06 0.39 0.16 0.76 0.16 0.45–0.47 0.44–0.57 0.17–0.55 0.54–0.90 

Co 0.16 0.003 0.16 0.003 0.03 0.00 0.03 0.01 0.16–0.17 0.16–0.17 0.02–0.03 0.03–0.04 

Cr 21.47 0.23 21.49 0.09 8.47 0.19 8.60 0.04 21.29–21.80 21.37–21.58 8.20–8.61 8.56–8.64 

Hg 0.52 0.01 0.52 0.00 0.07 0.07 0.02 0.00 0.51–0.53 0.52–0.52 0.02–0.18 0.02–0.02 

Mn 4.74 0.96 5.08 0.73 3.27 0.82 5.71 1.52 3.73–6.03 4.43–6.10 2.14–4.07 4.21–7.80 

Ni 2.34 0.08 2.07 0.10 2.61 3.10 0.37 0.12 2.26–2.45 1.98–2.21 0.34–6.99 0.25–0.54 

Pb 7.25 0.36 9.91 0.73 11.21 2.69 18.09 5.93 6.78–7.64 9.19–10.92 7.41–13.20 13.10–26.42 

Sb 0.99 0.63 0.56 0.09 0.44 0.17 1.67 0.43 0.54–1.89 0.47–0.67 0.20–0.57 1.14–2.18 

Se 7.11 0.07 7.71 0.35 1.23 0.53 1.37 0.27 7.01–7.19 7.22–8.02 0.78–1.97 1.12–1.74 

PM1, µg/m3 12.78 3.16 8.68 4.18 8.74 1.62 8.13 4.77 8.80–17.56 4.24–13.96 6.03–10.29 4.31–11.62 

According to a cluster analysis that was obtained in STATISTICA environment, using Ward’s  

method (Figure 2), the sampling points located in the surroundings of the working power plants were 

grouped by the average PM1 concentrations. The first group obtains sites P3 and P4 and the second P1 

and P2, respectively. 
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In general terms, the grouping obtained with the cluster analysis points to similar emission sources. 

As mentioned in Section 2.1. (Sampling sites), the first group (points P1 and P2) is mainly under  

the influence of agriculture activities. Meanwhile, the second group (points P3 and P4) is mainly under 

the influence of urban sources. 
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Figure 2. Dendrogram obtained in a cluster analysis for the average PM1 concentration 

from four sites in the surroundings of working power plants. 

3.2. Distribution of the Elements by the Sequential Extraction in PM1 

Information about the mass and total content of the trace elements in PM1 is necessary but 

insufficient in order to evaluate the overall pollution and hazard levels. This is because the effect of the 

trace elements in the environment and humans depends on the chemical form in which the elements 

are bound. 

Fractionation data (Figure 3) for the elements in PM1 are shown as the percentage of the sum of 

concentrations found in the four steps by the sequential extraction procedure. These figures indicate 

how much of each trace element is present in each fraction. The distribution of trace elements (Figures 3) 

points to the similarity of locations P1 and P2, which confirms the hypothesis of the dendrogram  

(Figure 2). On the other hand locations P3 and P4 are characterized by a clearly different distribution 

for most of the elements and, particularly, for Se, Ni and Hg. This probably point to different sources 

of these trace elements in the selected area. 
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Figure 3. Cont.
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(d) 

Figure 3. Chemical form distribution of trace elements as a percentage of the elemental 

concentration in PM1 collected at site (a) P1; (b) P2; (c) P3; (d) P4. 

Generally, the environmentally highly mobile character of the elements (Fraction 1) in the PM1 

samples that were collected in the surroundings of the working power plants decreases in the following 

order: Sb > Cd > Pb > Mn > Se > Co > Ni > As > Cr = Hg. With regard to the mobile elements  

(Fraction 2), a decrease in the order: Pb > Cd = As > Mn > Sb > Co > Ni > Se = Hg = Cr was 

observed. For the less mobile Fraction 3, the elements decrease in the order of: Cr > Mn > Hg = Ni > 

Sb > Pb > Co > Cd > Se > As. While the elements in the not mobile Fraction 4 decrease in the order 

of: As > Hg > Se > Co > Ni > Cr > Mn > Cd > Sb > Pb. 

In our study, the highly mobile elements—and thus particularly harmful to humans (fraction F1)—were 

Cd, Mn, Sb and Pb, which also revealed the highest distribution in mobile fraction (F2). While As, Co, 

Cr, Hg, Ni and Se were mainly present in the not mobile fraction (F4). 

In the water-soluble fraction (F1), the average substantial percentage of Mn, Pb, Cd and Sb was  

39%–64%. Furthermore, 37% of Pb and 1%–12% of the other elements were in mobile fraction (F2). 

The less mobile (F3) were 1%–28% of all of the elements and 69%–85% of Cr, Ni, Co, Se, Hg and  

As were the most abundant in the not mobile fraction (F4). Currently, there are no data available to 

compare the chemical fractionation of trace elements in submicron particles (PM1) that were collected 

in the surroundings of power plants fired with hard coal. Similar studies were presented by  

Manousakas et al. [5,28]. However they only investigated the elemental composition of water-soluble 

and acid-soluble fractions of PM2.5 samples collected in a Greek city located closely to lignite power 

plants. According to different emission profiles of lignite-fired power plants and related higher adverse 

environmental effects of Greek power plants, the results cannot be compared with our study (hard  

coal-fired power plants). 
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In the study of Canepari et al. [29], which was conducted during a five-year field research in the  

peri-urban area of Ferrara, in northern Italy, a chemical fractionation procedure has shown that some of 

the toxic elements (As, Cd, Tl, V) are mostly present in fine fraction (PM2.5) and as soluble chemical 

species. Thus, they are particularly accessible to environmental and biological systems. In our study,  

the most abundant elements in water-soluble fractions of submicron particulate matter (PM1), which 

are particularly dangerous to the environment, were Cd (carcinogenic to humans), Pb (probably 

carcinogenic to humans) and Mn and Sb (toxic elements). Meanwhile, As (carcinogenic to humans) 

was mostly (85%) determined in the not mobile fraction (F4). A similar property of As was revealed in 

atmospheric aerosols (APM), collected in a Hungarian moderately polluted city and a regional 

background sampling site. Here, the percentages of As in the not mobile fraction (F4) was from 88% to 

94% [30]. Research on PM1 collected in a Hungarian meteorological background station [31] also 

revealed that as mainly occurs in environmentally immobile fractions (77%). 

In this study, fractionation data of the sequential extraction procedure show that Pb compounds in 

every location are present in the environmentally highly mobile and mobile fractions. The average  

sum of F1 and F2 was 83%. Precisely in P1, it was 39 and 36%, 33% and 44% in P2, 47 and 40% in 

P3 and 55% and 33% in P4, respectively. In another study [21], the sum of the first two mobile 

fractions for Pb fell in the interval 70%–94%, constituting a high source of environmental pollution in 

PM10. This behaviour indicates that likely diverse sources of Pb compounds are characterized by  

different solubility. 

3.3. Enrichment Factor (EF) Analysis 

Major and trace elements in particulate matter can be classified as natural (Na, Mg, K, Ca, Si, Al, 

Mn, etc.) or anthropogenic (V, Cr, Mn, Ni, Cu, Zn, Cd, Pb, etc.) [32]. In order to have a preliminary 

indication on the contribution of anthropogenic emissions, for each element, we calculated the average 

enrichment factor according to the following equation: 

crustrefx

PMrefx
x cc

cc
EF

)/(

)/(
1=  (1)

where cx and cref are the total content of the element x and the reference element, and (cx/cref)PM1  

and (cx/cref)crust are the proportions of these concentrations in the PM1 and in the upper continental  

crust [33,34], respectively. Si, Al, or Fe are generally used as the reference elements for the main source 

of the Earth’s crust composition. Other elements can be used such as Mn [35,36], Sr [37] or Ti [38].  

In this study, Mn has been used as the reference element for the Earth’s crust. Consequently, EFMn = 1. 

As an indication on the crustal and non-crustal sources of PM1 collected in the surroundings of power 

plants, the enrichment factor of each element was calculated (Figure 4). EFs can provide information 

that could be used for the discussion of the PCA results. However, the chemical composition of the 

geological environment of Upper Silesia in Poland does not necessarily have the same chemical 

composition as the average Upper Continental Crust as estimated by Wedepohl [34]. The origin of Mn 

is not only geogenic, thus the EFs values may be underestimated. 
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Figure 4. Enrichment factors of elements with Mn as the reference element. 

According to the results of the EF analysis, the trace elements in PM1 were divided into two groups. 

Group 1a with EFs ~1 includes Co (at all sites). This element is considered to originate from the crust. 

Group 1b includes Ni with EFs between 2 and 20. Ni can originate from soil or road dust 

resuspension and from mixed anthropogenic and geogenic sources. 

Group 2a with 10 < EFs < 100 (moderately enriched) includes Cr and Pb (at all sites), while Hg is 

only included at site P4. 

Group 2b with EFs > 100 (highly enriched) includes As, Cd, Sb and Se (at all sites), while Hg at 

sites P1, P2 and P3. 

The elements assigned to groups 1a, 1b as well as 2a, 2b are believed to have mixed (anthropogenic 

and geogenic) and anthropogenic origin, respectively. High enrichment factors show that, in our 

sampling sites, there are relevant emission sources that determine the metal loading in the ambient air. 

The average EFs of these elements in the surroundings of four individual working power plants 

indicate that traffic and coal combustion, as well as other industrial activities based on coal, might be 

responsible for a higher enrichment degree of anthropogenic elements. However, it should be 

mentioned that EFs are strongly dependent on particle size. In general, high EF values reveal elements 

that are mostly distributed in fine particles (PM2.5). This is a result of their long residence time in the 

atmosphere, as well as their enrichment with gas-phase components [39]. 

3.4. Principal Component Analysis (PCA) 

PCA with Varimax rotation was applied for the identification of the possible pollutant sources of 

trace elements in the PM1 samples that were determined in each fraction, namely Fraction 1, Fraction 2, 

Fraction 3 and Fraction 4. Although there are no well-defined rules for the number of factors to be 

retained, usually either factors that are meaningful or factors with eigenvalues larger than unity are 

retained. In this study, three principal components (PCs) were extracted. Component loadings lower 

than 0.20 are suppressed. Loadings larger than 0.5 (in absolute values) are considered to be important. 

For all of the fractions (F1–F4), the Pearson’s correlation matrix between the trace elements in PM1 

samples collected in the surroundings of four power plants (P1–P4) was calculated. Table 4 presents 

the exemplary correlation matrix for fraction 3 (F3). The possible sources around the sampling sites 
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can be qualitatively identified from the single correlation coefficients. Based on a strong correlation  

(r ≥ 0.75) two groups of variables can be distinguished: the first consisting of Cd, Mn, Pb, Sb and Se 

and the latter consisting of Co, Cr and Ni. Hence, it would hypothesize a different source for  

groups 1 and 2. 

Table 4. Correlation coefficients between the different trace elements for Fraction 3 

collected in the surroundings of four power plants. 

Element As Cd Co Cr Hg Mn Ni Pb Sb Se 

As 1.00 
Cd −0.23 1.00 
Co 0.46 −0.40 1.00 
Cr 0.51 −0.43 0.96 1.00 
Hg 0.11 −0.36 0.42 0.26 1.00 
Mn −0.16 0.88 −0.51 −0.45 −0.53 1.00 
Ni 0.23 −0.39 0.80 0.87 0.19 −0.36 1.00 
Pb −0.15 0.80 0.92 −0.26 −0.42 0.84 −0.30 1.00 
Sb −0.21 0.87 −0.36 −0.40 −0.42 0.87 −0.35 0.96 1.00 
Se −0.12 0.75 −0.20 −0.22 −0.23 0.77 −0.20 0.93 0.92 1.00 

r ≥ 0.75 is bold. 

The PCA analysis has been performed in three steps. The first step included the execution of four 

PCA analyses—separately for each fraction (Fractions 1–4). This step was applied to determine the 

associations between the elements generated by diverse emission sources (extracted in each fraction). 

The results of single PCA analysis are presented in supplementary material (Tables S1–S4). 

The second step included selection of the highest factor loadings as relevant factors (PC1, PC2 or 

PC3). For example, in Fraction 1 selenium (Se) had the highest factor loading for third principal 

component (PC3); for Fraction 2 the highest factor loading was for PC2, while for Fraction 3 and 

Fraction 4, it was PC1 (Table 5). 

Table 5. The total explained variance. 

Element Fraction 1 Fraction 2 Fraction 3 Fraction 4 * 

Number of PCs 3 3 3 2 

As PC2 PC1 PC2 PC1 
Cd PC1 PC2 PC1 PC1 
Co PC2 PC3 PC2 PC1 
Cr PC1 PC1 PC2 PC1 
Hg PC1 PC1 PC3 PC1 
Mn PC1 PC2 PC1 PC1 
Ni PC2 PC3 PC2 PC2 
Pb PC1 PC2 PC1 PC1 
Sb PC1 PC2 PC1 PC2 
Se PC3 PC2 PC1 PC1 

Sum of variance, % 82.1 84.0 86.1 92.8 

* correlation matrix is singular; Bold, italic and underlined entries indicate first, second and third  

factor, respectively. 
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The third step included grouping of elements, according to the highest similarity in classification 

performed in second step. For example Cd and Sb have been classified into one group because these 

elements have the similar series of PCs (PC1–PC2–PC1–PC1 and PC1–PC2–PC1-PC2, respectively). 

Mobile fractions F1–F3 were determined by three factors (PC1, PC2 and PC3) with a total variance 

of 82.1%, 84.0% and 86.1%, respectively. On the other hand, the immobile fraction (F4) was 

determined by two factors (PC1 and PC2) with a total variance of 92.8%. The dominant factor (with 

the highest PCA loading) of each element has been presented in Table 5. According to particular 

distribution of each element, three possible components were identified to assess the sources 

responsible for the observed pollution levels. 

The PCA analysis showed the accuracy of the clustering of elements for all of the fractions  

(Fraction 1, Fraction 2, Fraction 3 and Fraction 4). Bold, italic and underlined entries indicate the first, 

second and third component, respectively. 

The first component (bold entries), which is mainly classified for factor PC1, is loaded with Cd, Mn, 

Pb, Sb and Se, which represent vehicular emissions. Elements like Sb, Se, Cd and Pb occur in car  

exhaust and non-exhaust (brake wear) and Mn (tyre wear) [40–43]. Mn and Sb may represent the  

re-suspension of surface road dust that comes from vehicle exhaust emissions and abrasion of 

automobile tire [35,44,45]. Although Pb is no longer added to petrol, it is found as a trace element in 

various fuels. Moreover, it still persists in road dust from earlier vehicular exhaust emission due to its 

longer residence time in the environment [46]. The Manganese tricarbonyl compound is used as an 

additive in unleaded petrol to enhance automobile performance. These compounds contain organ 

manganese, which has toxicological significance [44,47]. Sb, Cd, and Pb occur in car exhausts [43]. 

Cd, Pb, Sb and Se also agree well with the group of elements with a high enrichment factor, which 

indicates different grades of enrichment due to anthropogenic sources. This relation had also been 

noted in the work [48]. While other research [49] has reported that the elements with high water 

solubility were also characterized by a large EF values. In our study, water-soluble elements, namely 

Cd, Mn, Pb and Sb, originate from the same group, according to PCA analysis. It should be underlined 

that the trace elements in soluble fractions are adsorbed on particle surfaces and are almost completely 

bioavailable [50]. Thus, our first source attributed to vehicular emission plays a decisive role for the 

assessment of atmospheric pollution and its hazards to human health at the examined sites. 

The second component (italic entries), which is mainly classified for factor PC2, is characterized by 

Ni and Co. Presence of these metals in one factor according to EF values <20 provides an indication of 

possibly mixed anthropogenic and crustal sources, namely emissions of biomass burning and waste 

incineration, as well as from soil or road dust resuspension. Oil combustion is the important source of 

Ni [13,50–52]. Meanwhile, soil dust is a characteristic source of Co [53]. 

The third component (underlined entries) that is mainly classified for factor PC3 includes As, Cr and 

Hg. This suggests the presence of anthropogenic sources, like coal combustion processes, in large 

power plants and fuel combustion to produce heat and electricity [13,52]. It can also be well associated 

with the domestic fossil fuel burning (oil and coal) [32], which is used for every day cooking. In these 

residential regions, this is the main source of these trace elements. 

Figure 5 is an exemplary visualization of the apportionment of the proposed emission sources 

according to the principle component analysis (PCA) of Fraction 3. Figure 5a shows the scatterplot of the 
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first and second principal components, while Figure 5b shows the scatterplot of the first and third 

principal components. 

 

Figure 5. The scatterplot of the loading factors for Fraction 3. (a) for the first and second 

principal components; (b) for the first and third principal components projection of 

variables according to the principle component analysis (PCA). 

4. Conclusions 

Globally, coal combustion is one of the main power supplies. The fate of trace elements in coal-fired 

power plants that are hazardous to humans requires scientific interest. This study investigated the 

characteristics of submicron particles, which were collected at the surroundings of hard coal-fired 

power plants in southern Poland. These included the concentration, trace elements composition and 

mobility. This study also investigated source identification. The average concentration levels of PM1 

were from 8.13 to 12.78 µg/m3. 

In order to evaluate the overall pollution and hazard levels the information on the total content of 

trace elements in PM1 is necessary but insufficient. Based on sequential chemical extraction, the  

four fractions were separated (highly mobile—F1; mobile—F2; less mobile—F3 and not mobile—F4). 

The highly mobile elements (F1), thus particularly harmful to human, were Cd, Mn and Sb. Only Pb 

revealed high distribution in highly mobile and mobile fractions (F1 and F2). While As, Co, Cr, Hg, Ni 

and Se were present mainly in not mobile fraction (F4). 

The enrichment factors for As, Cd, Sb and Se were above 100, which indicated their leading role in 

anthropogenic sources. Moderately enriched were Cr, Hg and Pb. According to EF < 20, Ni can 

originate from soil or road dust resuspension, as well as mixed anthropogenic and geogenic sources. 

Meanwhile, Co is considered to mainly originate from crust. 

Source identification through PCA was performed first separately for each fraction then for all 

fractions. Based on the highest PCA loading, three major sources of trace elements were identified: 

Vehicular emissions, mixed anthropogenic and crustal sources and fossil fuel combustion. 

The results also underscore the importance of future investigations into submicron and fine  

particle-bound elements in PM characteristic for industrial sources (e.g., power and coking plants) for 

improved exposure-related health-risk assessments. 



Int. J. Environ. Res. Public Health 2015, 12 13100 

 

 

Acknowledgments 

This study was funded by the National Science Centre Poland under grant 2012/05/B/ST10/00524. 

Author Contributions 

Elwira Zajusz-Zubek conceived the idea for the study and prepared the manuscript. Anna Mainka 

was responsible for paper review. Konrad Kaczmarek carried out statistical analysis. All authors read 

and approved the final manuscript. 

Conflicts of Interest 

The authors declare no conflict of interest. 

References 

1. Lyu, X.P.; Wang, Z.W.; Cheng, H.R.; Zhang, F.; Zhang, G.; Wang, X.M.; Ling, Z.H.; Wang, N. 

Chemical characteristics of submicron particulates (PM1.0) in Wuhan, Central China. Atmos. Res. 

2015, 161–162, 169–178. 

2. Shi, Y.; Chen, J.; Hu, D.; Wang, L.; Yang, X.; Wang, X. Airborne submicron particulate (PM1) 

pollution in Shanghai, China: Chemical variability, formation/dissociation of associated semi-volatile 

components and the impacts on visibility. Sci. Total Environ. 2014, 473–474, 199–206. 

3. Kwauk, M. Emerging particle science and technology in China. Powder Technol. 2003, 137, 2–28. 

4. Córdoba, P.; Font, O.; Izquierdo, M.; Querol, X.; Leiva, C.; López-Antón, M.A.; Díaz-Somoano, M.; 

Ochoa-González, R.; Rosa Martinez-Tarazona, M.; Gómez, P. The retention capacity for trace 

elements by the flue gas desulphurisation system under operational conditions of a co-combustion 

power plant. Fuel 2012, 102, 773–788. 

5. Manousakas, M.; Eleftheriadis, K.; Papaefthymiou, H. Characterization of PM10 sources and 

ambient air concentration levels at Megalopolis City (Southern Greece) located in the vicinity of 

lignite-fired plants. Aerosol Air Qual. Res. 2013, 13, 804–817. 

6. Saarnio, K.; Frey, A.; Niemi, J.V.; Timonen, H.; Rönkkö, T.; Karjalainen, P.; Vestenius, M.; 

Teinilä, K.; Pirjola, L.; Niemelä, V.; et al. Chemical composition and size of particles in emissions 

of a coal-fired power plant with flue gas desulfurization. J. Aerosol Sci. 2014, 73, 14–26. 

7. United States Environmental Protection Agency. Available online: http://www.epa.gov/ (accessed 

on 7 July 2015). 

8. IARC. International Agency for Research on Cancer: Monographs on the Evaluation of 

Carcinogenic Risks to Humans. Available online: http://monographs.iarc.fr/ENG/Classification/ 

index.php (accessed on 7 July 2015). 

9. ATSDR Agency for Toxic Substances and Disease Registry. Available online: 

http://www.atsdr.cdc.gov/substances/index.asp (accessed on 7 July 2015). 

10. Fu, Z.; Wu, F.; Mo, C.; Liu, B.; Zhu, J.; Deng, Q.; Liao, H.; Zhang, Y. Bioaccumulation of 

antimony, arsenic, and mercury in the vicinities of a large antimony mine, China. Microchem. J. 

2011, 97, 12–19. 



Int. J. Environ. Res. Public Health 2015, 12 13101 

 

 

11. Chen, H.; Luo, Z.; Jiang, J.; Zhou, D.; Lu, M.; Fang, M.; Cen, K. Effects of simultaneous acoustic 

and electric fi elds on removal of fi ne particles emitted from coal combustion. Powder Technol. 

2015, 281, 12–19. 

12. Mohr, M.; Ylätalo, S.; Klippel, N.; Kauppinen, E.I.; Riccius, O.; Burtscher, H. Submicron Fly Ash 

Penetration Through Electrostatic Precipitators at Two Coal Power Plants. Aerosol Sci. Technol. 

1996, 24, 191–204. 

13. Dragović, S.; Ćujić, M.; Slavković-Beškoski, L.; Gajić, B.; Bajat, B.; Kilibarda, M.; Onjia, A.  

Trace element distribution in surface soils from a coal burning power production area: A case 

study from the largest power plant site in Serbia. Catena 2013, 104, 288–296. 

14. Magiera, T.; Parzentny, H.; Róg, L.; Chybiorz, R. Spatial variation of soil magnetic susceptibility 

in relation to different emission sources in southern Poland. Geoderma 2015, 256, 94–103. 

15. Konieczyński, J.; Zajusz-Zubek, E. Distribution of selected trace elements in dust containment  

and flue gas desulphurisation products from coal-fired power plants. Arch. Environ. Prot. 2011, 

37, 3–14. 

16. Zajusz-Zubek, E.; Konieczyński, J. Coal Cleaning Versus the Reduction of Mercury and Other 

Trace Elements’ Emissions from Coal Combustion Processes. Arch. Environ. Prot. 2014, 40, 

115–127. 

17. Pastuszka, J.S.; Konieczyński, J.; Talik, E. Surface Properties of Particles Emitted from  

Selected Coal-Fired Heating Plants and Electric Power Stations in Poland: Preliminary Results. 

Arch. Environ. Prot. 2014, 40, 13–27. 

18. Smichowski, P.; Polla, G.; Gómez, D. Metal fractionation of atmospheric aerosols via sequential 

chemical extraction: A review. Anal. Bioanal. Chem. 2005, 381, 302–316. 

19. Di Ciaula, A. Emergency visits and hospital admissions in aged people living close to a gas-fired 

power plant. Eur. J. Intern. Med. 2012, 23, 53–58. 

20. Laden, F.; Neas, L.M.; Dockery, D.W.; Schwartz, J. Association of fine particulate matter  

from different sources with daily mortality in six U.S. cities. Environ. Health Perspect.2000, 108, 

941–947. 

21. Richter, P.; Griño, P.; Ahumada, I.; Giordano, A. Total element concentration and chemical 

fractionation in airborne particulate matter from Santiago, Chile. Atmos. Environ. 2007, 41,  

6729–6738. 

22. Fernández Espinosa, A.J.; Ternero Rodríguez, M.; Barragán de la Rosa, F.J.; Jiménez Sánchez, J.C. 

A chemical speciation of trace metals for fine urban particles. Atmos. Environ. 2002, 36, 773–780. 

23. Schleicher, N.J.; Norra, S.; Chai, F.; Chen, Y.; Wang, S.; Cen, K.; Yu, Y.; Stüben, D. Temporal 

variability of trace metal mobility of urban particulate matter from Beijing—A contribution to 

health impact assessments of aerosols. Atmos. Environ. 2011, 45, 7248–7265. 

24. Tessier, A.; Campbell, P.G.C.; Bisson, M. Sequential Extraction Procedure for the Speciation of 

Particulate Trace Metals. Anal. Chem. 1979, 51, 844–851. 

25. Sanchez-Rodas, D.; de la Campa, S.A.; Oliveira, V.; de la Rosa, J. Health implications of the 

distribution of arsenic species in airborne particulate matter. J. Inorg. Biochem. 2012, 108, 112–114. 

26. Agudelo-Castañeda, D.M.; Teixeira, E.C. Seasonal changes, identification and source 

apportionment of PAH in PM1.0. Atmos. Environ. 2014, 96, 186–200. 



Int. J. Environ. Res. Public Health 2015, 12 13102 

 

 

27. Perrone, M.R.; Becagli, S.; Garcia Orza, J.A.; Vecchi, R.; Dinoi, A.; Udisti, R.; Cabello, M.  

The impact of long-range-transport on PM1 and PM2.5 at a Central Mediterranean site. Atmos. 

Environ. 2013, 71, 176–186. 

28. Manousakas, M.; Papaefthymiou, H.; Eleftheriadis, K.; Katsanou, K. Determination of water-soluble 

and insoluble elements in PM2.5 by ICP-MS. Sci. Total Environ. 2014, 493, 694–700. 

29. Canepari, S.; Astolfi, M.L.; Farao, C.; Maretto, M.; Frasca, D.; Marcoccia, M.; Perrino, C. 

Seasonal variations in the chemical composition of particulate matter: A case study in the Po 

Valley. Part II: Concentration and solubility of micro- and trace-elements. Environ. Sci. Pollut. 

Res. 2014, 21, 4010–4022. 

30. Hlavay, J.; Polyák, K.; Bódog, I.; Molnár, Á.; Mészáros, E. Distribution of trace elements in  

filter-collected aerosol samples. Fresenius J. Anal. Chem. 1996, 354, 227–232. 

31. Bikkes, M.; Polyak, K.; Hlavay, J. Fractionation of elements by particle size and chemical 

bonding from aerosols followed by ETAAS determination. J. Anal. Atomic Spectrom. 2001, 16, 

74–81. 

32. Stortini, A.M.; Freda, A.; Cesari, D.; Cairns, W.R.L.; Contini, D.; Barbante, C.; Prodi, F.;  

Cescon, P.; Gambaro, A. An evaluation of the PM2.5 trace elemental composition in the Venice 

Lagoon area and an analysis of the possible sources. Atmos. Environ. 2009, 43, 6296–6304. 

33. Rudnick, R.L.; Gao, S. Composition of the Continental Crust. Treat. Geochem. Sec. Ed. 2013, 4,  

1–51. 

34. Wedepohl, K.H. Ingerson Lecture the composition of the continental crust. Geochim. Cosmochim. 

Acta 1995, 59, 1217–1232. 

35. Fabretti, J.F.; Sauret, N.; Gal, J.F.; Maria, P.C.; Schärer, U. Elemental characterization and source 

identification of PM2.5 using Positive Matrix Factorization: The Malraux road tunnel, Nice, 

France. Atmos. Res. 2009, 94, 320–329. 

36. Sakata, M.; Asakura, K. Atmospheric dry deposition of trace elements at a site on Asian-continent 

side of Japan. Atmos. Environ. 2011, 45, 1075–1083. 

37. Dongarrà, G.; Manno, E.; Varrica, D.; Vultaggio, M. Mass levels, crustal component and trace 

elements in PM10 in Palermo, Italy. Atmos. Environ. 2007, 41, 7977–7986. 

38. Teixeira, E.C.; Meira, L.; de Santana, E.R.R.; Wiegand, F. Chemical composition of PM10 and 

PM2.5 and seasonal variation in South Brazil. Water Air Soil Pollut. 2009, 199, 261–275. 

39. Petaloti, C.; Triantafyllou, A.; Kouimtzis, T.; Samara, C. Trace elements in atmospheric 

particulate matter over a coal burning power production area of western Macedonia, Greece. 

Chemosphere 2006, 65, 2233–2243. 

40. Rogula-Kozłowska, W.; Majewski, G.; Czechowski, P.O. The size distribution and origin of 

elements bound to ambient particles: A case study of a Polish urban area. Environ. Monit. Assess. 

2015, 187, 240. 

41. Rogula-Kozłowska, W.; Błaszczak, B.; Szopa, S.; Klejnowski, K.; Sówka, I.; Zwoździak, A.; 

Jabłońska, M.; Mathews, B. PM2.5 in the central part of Upper Silesia, Poland: Concentrations, 

elemental composition, and mobility of components. Environ. Monit. Assess. 2013, 185, 581–601. 

42. Strak, M.; Janssen, N.H.; Godri, K.J.; Gosens, I.; Mudway, I.S.; Cassee, F.R.; Lebret, E.; Kelly, F.J.; 

Harrison, R.M.; Brunekreef, B.; et al. Respiratory health effects of airborne particulate matter:  



Int. J. Environ. Res. Public Health 2015, 12 13103 

 

 

The role of particle size, composition, and oxidative potential-the RAPTES project.  

Environ. Health Perspect. 2012, 120, 1183–1189. 

43. Pant, P.; Harrison, R.M. Estimation of the contribution of road traffic emissions to particulate 

matter concentrations from field measurements: A review. Atmos. Environ. 2013, 77, 78–97. 

44. Kulshrestha, A.; Satsangi, P.G.; Masih, J.; Taneja, A. Metal concentration of PM2.5 and PM10 

particles and seasonal variations in urban and rural environment of Agra, India. Sci. Total 

Environ. 2009, 407, 6196–6204. 

45. Pey, J.; Querol, X.; Alastuey, A. Discriminating the regional and urban contributions in the  

North-Western Mediterranean: PM levels and composition. Atmos. Environ.2010, 44, 1587–1596. 

46. Zhai, Y.; Liu, X.; Chen, H.; Xu, B.; Zhu, L.; Li, C.; Zeng, G. Source identification and potential 

ecological risk assessment of heavy metals in PM2.5 from Changsha. Sci. Total Environ. 2014,  

493, 109–115. 

47. Karar, K.; Gupta, A.K.; Kumar, A.; Biswas, A.K. Characterization and identification of the 

sources of chromium, zinc, lead, cadmium, nickel, manganese and Iron in PM10 particulates at 

the two sites of Kolkata, India. Environ. Monit. Assess. 2006, 120, 347–360. 

48. Enamorado-Báez, S.M.; Gómez-Guzmán, J.M.; Chamizo, E.; Abril, J.M. Levels of 25 trace 

elements in high-volume air filter samples from Seville (2001–2002): Sources, enrichment factors 

and temporal variations. Atmos. Res. 2015, 155, 118–129. 

49. Sarti, E.; Pasti, L.; Rossi, M.; Ascanelli, M.; Pagnoni, A.; Trombini, M.; Remelli, M.  

The composition of PM1 and PM2.5 samples, metals and their water soluble fractions in the 

Bologna area (Italy). Atmos. Pollut. Res. 2015, 6, 708–718. 

50. Yadav, S.; Satsangi, P.G. Characterization of particulate matter and its related metal toxicity in  

an urban location in South West India. Environm. Monit. Assess. 2013, 185, 7365–7379. 

51. Wu, Y.; Fang, G.; Lee, W.; Lee, J.; Chang, C.; Lee, C. A review of atmospheric fine particulate 

matter and its associated trace metal pollutants in Asian countries during the period 1995–2005.  

J. Hazard. Mater. 2007, 143, 511–515. 

52. Pacyna, E.G.; Pacyna, J.M.; Fudala, J.; Strzelecka-Jastrzab, E.; Hlawiczka, S.; Panasiuk, D.;  

Nitter, S.; Pregger, T.; Pfeiffer, H.; Friedrich, R. Current and future emissions of selected  

heavy metals to the atmosphere from anthropogenic sources in Europe. Atmos. Environ. 2007, 41, 

8557–8566. 

53. Dai, Q.L. Characterization and Source Identification of Heavy Metals in Ambient PM10 and  

PM2.5 in an Integrated Iron and Steel Industry Zone Compared with a Background Site.  

Aerosol Air Qual. Res.2015, 2015, 875–887. 

© 2015 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article 

distributed under the terms and conditions of the Creative Commons Attribution license 

(http://creativecommons.org/licenses/by/4.0/). 


