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The amount of the soluble fraction of trace elements released from inhaled particulate matter seems to
be one of the key factors of the toxicity of these particles. This study reports the concentrations of PM10
and trace elements in total and water-soluble fractions (bioavailable form). Weekly samples were
collected at two rural sites in Upper Silesia, Poland. Measurements were carried out from April to August
2013, divided between heating and non-heating sessions. During heating sessions, the concentrations of
PM10 in selected sites varied in the range of 32.88—48.70 ug m—>, while for the non-heating sessions the
range was 16.14—27.89 ug m—>.

Selected PM10 samples (characteristic for both sessions) were determined by means of total and
water-soluble content of eight trace elements. The elements are characteristic of carcinogenic (As, Cr, Cd
and Ni), probably carcinogenic (Co and Pb) and toxic (Mn and Sb) groups. The analyses of the mineralized
samples as well as the water-soluble fractions were carried out by ICP-MS method using a Varian 810 MS.

The total concentration of carcinogenic Cd, Cr and Ni during non-heating sessions was 2.81, 7.97 and
4.82 ng m~3, respectively. While during heating sessions the total content was twice as high. Similar
relation was observed for the concentration of PM10. The concentration of the soluble fraction of these
elements in the atmospheric air in heating sessions was 1.62, 0.75, 2.20, 1.79, 1.85 ng m~ for As, Cr, Pb,
Mn, Sb, respectively and remained almost the same as in non-heating sessions. Lower levels of Ni and Cd
(0.15 and 0.11 ng m3) were determined during heating sessions. The obtained data indicate that during
heating periods these elements are probable present mainly in other fractions with lower mobility, so
less harmful to human health.

Copyright © 2015 Turkish National Committee for Air Pollution Research and Control. Production and
hosting by Elsevier B.V. All rights reserved.

1. Introduction

and resuspension processes from urban surfaces. On the one hand,
pollutants emitted from industrial coal combustion processes have

On a global scale, the hard and brown coal position is strong, and
reveals a clear increasing trend. Hence, problems connected with
air quality in the vicinity of coal combustion sources will intensify.

One of the most contaminated pollutants in atmospheric air is
the particulate matter (PM). A considerable part of particulate
matter comes from anthropogenic sources such as production
processes, and coal-based power generation and heat generation
industries, processes of coal coking, iron and steel industries, traffic
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been seriously reduced; on the other, the emissions from prepa-
ratory processes in power and coking plants have not yet been
determined. Less is known about emissions from small-scale
combustion utilities for example domestic boilers and re-
suspended dust. The issue is that of domestic sources cause a low
emission problem. Domestic sources are particularly dangerous
during winter because they use for heating the coal of low quality
or other fuels: biomass, culm or even refuse. PM emitted from
domestic sources according to its chemical composition, especially
trace elements is a threat to the human population, particularly in
terms of their toxic impact (Konieczynski and Zajusz-Zubek, 2011;
Konieczynski et al., 2012). Those problems are not confined only
Poland, but are characteristic too for other countries in which en-
ergy production is based on coal and domestic sources utilizing
low-quality fuels.
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Particulate matter is an important subject of studies (Domanska
and Wojtylak, 2012; Wei et al., 2012), with urban air quality being
of special interest to scientists. Some examples (Wrobel et al., 2000;
Grynkiewicz-Bylina et al., 2005) indicate elevated concentrations of
PM10 and PM2.5, which since the early 1990s have been connected
with the growing significance of the vehicular emission of partic-
ulate matter. Publications addressing the problem of air pollution
are mainly focused on the presentation of data concerning air
quality in urban and industrialized areas (Karar et al., 2006;
Kulshrestha et al., 2009; Yadav and Satsangi, 2013; Melaniuk-
Wolny et al, 2014) as well as the impact of road transport
(Pastuszka et al., 2010). The studies on urban particulate matter
PM10 and PM2.5 (crossroads) have revealed the presence of seven
trace elements (Cd, Cr, Cu, Fe, Mn, Ni and Pb) at the elevated level
according to the background sites in Zabrze, Poland (Pastuszka
et al., 2010). The problem of urban air quality, considering partic-
ulate matter, is an important issue for the majority of cities all over
the world. However the research on rural areas are uncommon.
Generally, there is a shortage of publications concerning suspended
dust (PM10) and respirable fraction (PM2.5) concentrations in rural
areas where domestic sources are predominant (Kulshrestha et al.,
2009; Perrone et al., 2012). In Poland air quality in rural areas is
practically unstudied (Konarski et al., 2006; Rogula-Kozlowska
et al, 2013). So far, only a few examples concerning rural air
pollution in Poland have been reported in the literature (Konarski
et al.,, 2006) and no study concerning air pollution at rural sites in
Upper Silesia, Region has been carried out. The reason is a very
limited number of rural monitoring stations. As shown in the work
of Hlawiczka (2008), the proportion of non-urban (but not neces-
sarily typically rural) monitoring stations to all stations in Poland is
approximately 8%.

During the last few years, interest in PM composition as well as
its impact on human health has grown. Special attention is put on
the influence of trace elements. Several trace elements have been
defined as hazardous to humans. The most harmful among trace
elements, according to their toxicity, are the following 12 elements:
As, Be, Cl, Cr, Cd, Co, Hg, Mn, Ni, Pb, Sb and Se (Hazardous Air
Pollutants (HAPs), U.S. EPA, 1998. According to the International
Agency for Research on Cancer (IARC), these elements can be
classified to one of the following categories: group 1: the agent is
carcinogenic to humans — As, Be, Cr, Cd and Ni (IARC, 2012): group
2: the agent is probably carcinogenic to humans — Cl, Co and Pb
(IARC, 2006a, b); while Hg, Mn (ATSDR, 2012) and Sb
(Amarasiriwardena and Wu, 2011) are toxic elements.

Recently, the scientific interest in the negative impact of respi-
rable dust on human health has increased (Schleicher et al., 2011;
Kim et al, 2012; Sughis et al., 2012). Within environment and
dust exposure research conducted thus far, the concern has mainly
been with the total content of trace elements in suspended dust
and dust deposition, without distinguishing their specific chemical
forms. While those forms impact on the heavy metal threat to
environment and human health. A selected sample can, for
example, contain significant amounts of element, but the most
crucial question is what part of its total content will be released
from the selected material to the environment, and can be
dangerous to human health. Tessier's derived general scheme of
chemical speciation which was optimised by Fernandez-Espinosa
et al. (2002). The speciation scheme distinguishes four fractions
depending on element's mobility. There are fractions: soluble —
highly mobile; bound to carbonates and oxides and reducible metals
— mobile; bound to organic matter, oxidizable metals and sulphides
— less mobile; and residual, permanently connected with minerals
— not mobile.

The availability of scientific data concerning chemical compo-
sition of dust, including speciation analyses of trace elements,

remains very limited. This is a result of technical difficulties of
analysis, sample collection, and also more recently a lack of detailed
definition of the scientific aims of speciation research. The authors
of one publication (Sanchez-Rodas et al., 2012) presented results of
arsenic speciation analysis in respirable dust near copper smelter.
They sited out that As(V) is the dominant form and that the more
toxic form of As(Ill) is linked mainly to the PM2.5 fraction,
compared with the less toxic form of As(V). This, according to the
authors, poses an additional health risk to the local human popu-
lation. Other authors (Wang et al., 2012) have considered speciation
of cadmium in PM2.5 and PM10 during the heating period. The
samples were collected on the terrain of one Chinese university
campus. A higher concentration of Cd in PM10 (3.642 ng m>) than
in PM2.5 (1.964 ng m~>) was found. However, the bioavailability of
Cd was higher in PM2.5 than in PM10.

The purpose of present study is to outline the levels of PM10 and
to preliminary recognise chemical speciation of PM10 samples
collected at two rural sites as a possible background locations.
Besides assessing the PM10 and trace elements levels in the
selected study areas, the identification of water solubility of trace
elements was conducted. The significance of present study obtains
the bioavailability of carcinogenic, probably carcinogenic and toxic
trace elements. The data collected in this study can not only be
utilized to validate air quality models in this rapidly developing
area, but may be crucial for comparing with datasets from other
similar parts of Poland or 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 for different forms of trace
elements contained in suspended particulate matter. This is
important in the context of air pollution hazardous to human
health.

2. Experimental
2.1. Sampling

Fig. 1 shows the study area and the sampling locations in Zie-
miecice (site 1: 50°22’07.57”N; 18°42’12.59”E) and Tworog Maly
(site 2: 50°15’22.84""N; 18°28'2.85"E) situated, respectively, 10 km
and 20 km from Gliwice, Upper Silesia, Poland. Site 1 is a rural site
in the suburbs of Gliwice. Site 2 is a rural site located on the ter-
ritory of Cysterski Landscape Park. According to categories of
sampling sites proposed by the European Environment Agency
(Putaud et al.,, 2010), the rural background should be located
10—-50 km from large pollution sources. Both sites meet this
condition.

The major pollutant sources at site 1 are combustion of coal and
wood for domestic heating and cooking purposes as well as
resuspension from agriculture activities (decreased during winter).
Site 2 in addition to site 1 is influenced by dispersion of traffic and
industrial pollutants originated in Gliwice city.

The PM10 samples were collected from 29 March to 23 August
2013.In order to gather sufficient amount of PM10 each sample was
collected during 7-days sessions and totally it was 21 samples and
21 blank filters stored in sampling area. The samples have been
collected with a low-volume PM10 sampler type PNS-15 (Atmos-
ervice) at flow rate 2.3 m> h~', compatible with PN-EN 12341:2006.
The inlet tube was installed 1.5 m above the ground, which is
important for human exposure. PM10 samples were collected
continuously each week on high-purity quartz (SiO;) microfiber
filters (QM-A Whatman).

The research has been divided into: heating sessions with
combustion of various materials in domestic furnaces (the re-
searchers were informed about combustion episodes), and non-
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Fig. 1. Localization of two rural sites in Upper Silesia Region, Poland, 1 — Ziemiecice, 2 — Twordg Maty and Air Monitoring Stations in Gliwice, Rybnik and Zabrze.

heating sessions without combustion in domestic furnaces. The
total and water soluble fraction the four samples with four blank
filters from April (heating) and four samples with four blank filters
from June (non-heating) were selected for recognition of bioavail-
ability of PM10 samples collected at rural side.

2.2. Chemical analysis

First, the concentration of PM10 during both sessions has been
measured at sites 1 and 2, as well as at Air Monitoring Stations in
Gliwice, Zabrze and Rybnik. Then, in the selected PM10 samples
(characteristic for both sessions), eight trace elements were
determined by means of a total content of As, Cd, Co, Cr, Mn, Ni, Pb
and Sb in PM10.

The next step entailed the determination of bioavailable forms
of the enumerated trace elements. The bioavailable form is defined
as a highly mobile fraction (fraction 1), which is soluble and
exchangeable and, therefore, most dangerous to the environment.

The procedure to determine the total content of selected trace
elements in PM10 proceeded in the following way. One half of the
QM-A filter was mineralized under high pressure and high tem-
perature in a system for microwave mineralization (Candela) in
8 mL HNOs3 and 2 mL H»0; (according to PN-EN 14902:2010). Ul-
trapure acid and hydrogen peroxide for trace analysis from Sigma
Aldrich TraceSELECTultra® were used, which allowed a clear solu-
tion to be obtained.

Trace elements are adsorbed on particle matter surfaces and
some are easily released to aqueous solutions as soluble fraction.
This fraction of the trace elements is readily bioavailable; hence, it
is the most dangerous to human health. In order to evaluate the
content of selected trace elements in highly mobile (soluble) frac-
tion, the procedure of leaching, based on the scheme of Tessier et al.
(1979) and modified by Fernandez-Espinoza et al. (2002); Sanchez-
Rodas et al. (2012) with single-stage extraction, was as follows: the

second half of the QM-A filter was extracted by 15 mL of ultrapure
deionized water (Mili-Q Fisher) in polypropylene tubes, then the
tubes were shaken for 3 h at room temperature and then filtrated
(DigiFilter System 0.45 pm).

2.3. Quality control

Elemental concentrations of eight elements (As, Cd, Co, Cr, Mn,
Ni, Pb, Sb) were analysed for each sample by plasma mass spec-
trometry (ICP-MS, Varian 810). The instrument is equipped with a
multiplier collector and a radio frequency power of 1.4 kW was
applied to the plasma. The standard operational conditions of this
instrument are a coolant Ar gas flow rate of 17 L min~ !, an auxiliary
Ar gas flow rate of 1.7 L min~!, and a nebulizer Ar flow rate of
1 L min~ . The sample flow rate is 1 mL min~. Detection limits for
all elements are listed in Table 1. All samples were measured in
tenfold repeats.

Certified multi-element standards 1000 pg mL~! (CPI Interna-
tional Peak Performance™ Standards, USA) were used as calibra-
tion solution to determine 7°As, 14Cd, >°Co, 52Cr, °>Mn, °Ni, 298pb
and 1%spb.

Furthermore, quality control was performed by additional ac-
curacy analysis of the As, Cd, Ni and Pb contents using the European
Reference Material ERM®-CZ120 (Fine Dust PM10-LIKE) from the
Institute for Reference Materials and Measurements.

3. Results and discussion
3.1. Concentrations of PM10

In the statistical analysis of PM10 samples collected at two rural
sites, Ziemiecice (site 1) and Tworog Maly (site 2), average posi-

tional measures were chosen. Thus, the minimal PM10 concentra-
tion value for site 1 is Xpmin = 16.14 pg m—>, the maximal value
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Table 1
The detection and quantification limits of analysed elements.

Isotope Limit of detection (LOD) [ug L™1] Limit of quantification (LOQ) [ug L]
7>As 0.20 0.60
114¢q 0.01 0.04
59¢Co 0.01 0.03
52cr 0.04 0.14
55Mn 0.03 0.09
5ONi 0.05 0.15
208p} 0.01 0.03
121gp 0.01 0.03

Xmax = 48.70 pg m~3 (so the empirical area variation equals
Oy = 32.56 pg m~3), the median M, = 25.16 ug m—> and the vari-
ation coefficient V(x) = 39.9%.

In the case of site 2, the average positional measures are:
Xmin = 11.05 pg m~3, Xpmax = 2216 pg m—>, Oy = 11.11 pg m>,
M, = 16.45 pg m~3 and V(x) = 23.6%.

Due to the heterogeneity of the obtained PM10 concentration
values, dominants and skewness coefficients were not calculated.

Considering the levels of PM10 concentrations collected for the
period from April to June 2013 and from July to August 2013,
respectively, at site 1 (during 14 sampling weeks), and site 2 (during
seven sampling weeks), and the results reported by selected Polish
Air Monitoring Stations in Gliwice, Rybnik and Zabrze during the
same period of time (21 weeks), we can conclude:

o there is a strong positive correlation between the results ob-
tained at site 1 and at the monitoring station in Rybnik or Gli-
wice (Pearson's correlation coefficients ryy = 0.85 and ryy = 0.74,
respectively);

there is a moderate positive correlation between site 2 and the
monitoring station in Zabrze, Rybnik or Gliwice (Pearson's cor-
relation coefficients ryx = 0.52, ryx = 0.51 and ryx = 0.45,
respectively);

there is a weak correlation between site 1 and the monitoring
station in Zabrze (Pearson's correlation coefficient equals 0.28).

The authors conclude that relation between the monitoring
station and the sampling sites in this study can be a consequence of
the closer distance between site 1 and Gliwice downtown
(approximately 10 km, while the distance between site 2 and Gli-
wice is about 20 km), as well as the localization of industry and the
dominant wind direction (for the period of measurement the wind
direction fluctuated in the range of 135—225°).

The selected sites, given the good localizations as well as the
lower concentrations of PM10 observed at both sites in comparison
with the nearest monitoring stations in Gliwice (36.31 pg m—3),
Rybnik (25.04 pg m~3) and Zabrze (37.39 pg m—3), can preliminary
indicate both localizations as future background (reference) sites
for evaluating the impact of power and coking plants on their
surrounding areas. To confirm the suitability of both locations, it
will be reasonable to perform a complete analysis comparing the
selected sites and monitoring stations by conducting parallel
measurements in both sites during shorter averaging time.

In order to compare the concentrations of trace elements during
heating and non-heating sessions the results of total content and
highly mobile fraction (soluble fraction) for PM10 collected in April
and June have been presented. As it can be seen in Table 2 the
average concentration level of PM10 was 40.81 pg m~> in April but
in June only 20.57 pg m~>. Since June is a summer month while
April belongs to spring, i.e. to the heating season, the almost twice
as high level of PM10 in April compared to June agrees well with the
general, seasonal pattern of the concentration of atmospheric
particles in Poland. The obtained data confirm the seasonal pattern

of the concentration of airborne particles in Poland reported pre-
viously in a number of papers (example: Pastuszka et al., 1993;
Pastuszka and Okada, 1995 and Klejnowski et al., 2012). Generally,
the highest particulate concentrations have been recorded in
winter, and next, in spring and are attributed to the use of local
coal-based heating sources during that time.

3.2. Heavy metals in PM10

The seasonal changes of the concentration levels of heavy
metals contained in the airborne particles are different than the
changes of PM levels because they depend on the contributions of
main emission sources of these metals. For example, although in
1989 in Katowice, the coal combustion was partially responsible for
the emission of all the monitored heavy metals, it was not the main
source of airborne Pb, Cd, and Ni. It was estimated that apart from
the metallurgical plants, cars and trucks contributed significantly to
the emission of Cd in this area. Trucks also appeared to be impor-
tant sources of Ni. Only Mn, present in ambient air, originated
mainly from coal combustion (Pastuszka et al., 1993). Knowing
these results and respecting also other factors (example: meteo-
rological factors and seasonal traffic density) it was possible to
explain that the ratio of the concentration of the heavy metal in
winter to the concentration in summer in 1989 was >1 for Mn and
was <1 for Pb, Cd, and Ni, while the ratio Cspring/Csummer Was >1
for Pb, Cd and Mn.

Our previous research (Konieczynski and Zajusz-Zubek, 2011)
revealed that in power plants, the fly ash formed during coal
combustion processes contains the highest concentrations of Cr, Cu,
Mn, Ni, Pb and Zn. The results obtained in those investigations are
in agreement with the present study and confirm the crucial
contribution of hard coal used for consumption and heating in rural
areas.

Comparing the total content of carcinogenic and toxic elements
between two sessions conducted in site 1, the following order of
average concentration of eight trace elements was found: for
heating sessions, Pb > Cr > Ni > As > Sb > Cd > Mn > Co; and for
non-heating sessions, Pb > As > Cr > Sb > Ni > Mn > Cd > Co. The
denoted decreasing order of the total average concentrations of
trace elements was similar to the order presented by Klejnowski
(2011). Results presented in the cited publication considered data
for the total content of As, Cd, Ni and Pb in PM10 samples collected
at a monitoring station in Katowice, Upper Silesia, that indicate the
highest concentrations of Pb and the lowest of Cd.

As it is explained above, in Poland, in eighties in the last century,
the high emission from the heating sources, mainly from the
heating plants, significantly elevated the concentration level of few
trace elements, for examples Mn. On the other hand, in these years
the number of cars driven, rapidly decreased in winter, which
certainly can explain the measured decrease in the concentration
level of most heavy metals during that period (Pastuszka et al.,
1993). During the last twenty — thirty years the traffic emission
has increased significantly while the emission from the heating
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Table 2
Results of trace element concentrations (ng m~>) for PM10 samples.
Total Soluble fraction (F1)
Group 1 — carcinogenic Group 2 — probably  Toxic Group 1 — carcinogenic Group 2 — probably  Toxic
carcinogenic carcinogenic
Parameters PM10 (ug m~3) As Ccd Cr Ni Co Pb Mn Sb As Ccd Cr Ni Co Pb Mn Sb
Concentrations of trace elements (ng m~>) during heating sessions
Average 40.81 8.45 635 1495 11.88 0.79 93.48 221 795 162 0.11 075 0.15 0.06 2.20 179 1.85
Max 48.70 1149 1151 2162 1818 1.43 163.49 387 11.75 244 0.8 1.05 033 0.09 2.89 333 3.26
Min 32.88 7.21 278 1136 7.84 045 42.19 085 432 123 006 019 0.04 <LOD 1.04 0.74 0.71
SD 7.57 2.04 3.69 456 471 044 52.94 142 413 056 0.05 038 014 0.04 0.87 127 1.26
Concentrations of trace elements (ng m—3) during non-heating sessions
Average 20.57 8.52 281 797 482 055 64.10 352 485 170 026 0.83 019 007 1.77 1.71 1.72
Max 27.89 9.54 290 981 4.89 0.75 87.75 368 521 182 046 098 039 0.10 2.09 2.09 1.95
Min 16.14 7.89 269 624 472 034 38.05 339 435 159 0.12 0.69 0.06 0.04 1.42 1.09 1.51
SD 6.39 0.89 011 179 0.09 0.21 24.94 015 045 012 0.18 0.15 0.17 0.03 0.34 054 0.22

<LOD — below limit of detection.

source has been reduced. Knowing that the traffic density remains
at the same, high level in all seasons, the emission from the heating
sources can only slightly increase the total amount of all trace el-
ements in the ambient air. Therefore, 1.5—-2.5 increase in the con-
centration level of elements in ambient air in April compared to
June (Table 2) certainly agrees with this process and with previous
reports. There are only two exceptions: the concentration of As in
atmospheric air was almost the same in both months, and the
concentration of Mn was clearly smaller in April compared to June.

3.3. Soluble fractions in PM10

The concentration of the soluble fraction of these elements in
the atmospheric air in April remained almost the same as in June
(As, Cr, Pb, Mn, Sb), or was lower (Ni, Co), even significantly (Cd).
Since the pathway of exposure of human organisms to airborne
particles is mostly through air/lung fluid interface during breath-
ing, the amount of the soluble fraction of elements released from
inhaled particulate matter seems to be one of the key factors of the
toxicity of these particles. Actually there is common agreement that
the soluble fractions are almost completely bioavailable (Vousta
and Samara, 2002; Yadav and Satsangi, 2013). Therefore, the ob-
tained data indicate that the prognosis of the adverse health effects
resulting from the exposure to increased concentrations of ele-
ments in the heating season should be corrected into more positive
scenarios. Trying to explain this important result it should be noted
first that although the amount of the studied trace elements in
ambient air (in pg of the element per cubic meter of air) increased
in April compared to June (Table 2), the content of these elements

Table 3
Results of trace element content (ug g~ ') for PM10 samples.

in the total mass of particulate matter (in pg of the element per g of
the suspended dust) decreased (Table 3).

The highest ratio of the content of trace elements in PM10 in
April to June was observed for Ni (0.81), while the lowest was for
Mn (0.27). Although the trace elements from heating systems may
have contributed to the levels of atmospheric particles in spring
(and especially in winter), due to the fact that the heating in Poland
is still based on the coal combustion which gives also a high
emission of sulfates, nitrates and other compounds, the particulate
emission from heating could be, paradoxically, the reason for the
decrease in relative contribution of trace elements to the winter
and spring airborne particles. Surprisingly, this ratio of the soluble
fraction of these elements was lower ranging from 0.47 (Pb) to 0.17
(Co). Recent study of Yadav and Satsangi (2013) can cast some light
on this problem. They found that trace elements in soluble fraction
are possibly adsorbed on particle surfaces and are easily released to
aqueous solutions. On the other hand, Rogula-Kozlowska et al.
(2011) studying the surface layer of sampled respirable particles
(PM2.5) in Upper Silesia, Poland, using the X-ray Photoelectron
Spectroscopy (XPS) showed that in heating season the influence of
traffic emission on the chemical composition of the surface layer of
airborne particles is partially masked by the municipal and heating
emission. This phenomenon seems to be responsible for the results
presented in Tables 2 and 3 but their precise explanation needs
additional studies. Besides, it should be mentioned that the ob-
tained data are closely related with the coal combustion used for
the heating in Poland. In other countries producing heat from
different sources or located in different climatic zone the contri-
bution of soluble fraction in total amount of trace elements will be

Total Soluble fraction (F1)
Group 1 — carcinogenic Group 2 — probably Toxic Group 1 — carcinogenic Group 2 — probably Toxic
carcinogenic carcinogenic

Parameters  As Cd Cr Ni Co Pb Mn Sb As cd Cr Ni Co Pb Mn Sb
Concentrations of trace elements (ug g~ ') during heating sessions
Average 419 269 6.72 508 042 45.71 123 433 082 0.05 0.44 0.06 0.02 1.01 1.01 1.04
Max 719  3.65 855 577 0.90 102.39 242 744 153 0.11 0.66 0.11 0.04 1.81 2.09 2.07
Min 229 173 425 412 014 21.14 028 137 039 0.02 0.25 0.01 <LOD 0.65 023 0.23
SD 234  1.09 1.80 0.72 035 38.07 1.06 338 0.54 0.04 0.20 0.05 0.02 0.55 093 093
Concentrations of trace elements (ug g~!) during non-heating sessions
Average 1132 3.65 1059 628 072 86.29 459 630 230 0.28 1.03 0.17 0.10 2.15 221 231
Max 12.09 372 1200 634 0.88 104.37 471 658 239 043 1.15 0.34 0.14 2.40 250 249
Min 1083  3.56 927 6.21 0.56 66.38 449 592 221 0.17 0.93 0.05 0.05 1.88 173 215
SD 0.68  0.08 137 0.07 0.16 19.06 0.11 034 0.09 0.13 0.11 0.15 0.04 0.26 041 0.17

<LOD — below limit of detection.
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certainly different. For example, Heal et al. (2005) showed that
water-soluble form is the dominant fraction of PM2.5-bound heavy
metals in urban atmosphere of developed countries where auto-
mobile emission is a major source of PM2.5.

Taking carcinogenesis and toxicity into consideration, particular
attention should be directed to arsenic. Comparing the content of
selected trace elements in mobile fraction with the total content in
PM10, arsenic contributed up to 20%, while the average total con-
centration of As independent of heating period is about 8 ng m~3.
Thus, it negligibly exceeds the acceptable value for As in PM10 of
6 ng m~> given by the European Directive on Air Quality (European
Commission Directive, 2004/107/CE).

The results reported by Spangler and Reid (2010) site to the
crucial character of Mn as a surrogate marker for other confounding
carcinogens, such as As. Following the proposed assumption in our
research, Pearson's coefficients between Mn and other trace ele-
ments during heating sessions have been calculated. The most
meaningful correlations between the content of Mn (pg g~!) and
the researched trace elements in the total content, as well as in the
content of soluble fraction, were found between Mn and As
(TyxTotal = 0.981 and ryxp; = 0.982), Mn and Co (ryx7otar = 0.952 and
ryxr1 = 0.981), Mn and Cr (ryxtotat = 0.817 and ryxp; = 0.995) and
between Mn and Sb (ryxrotal = 0.962 and ryxr; = 0.887). These cor-
relations indicated the important role of Mn. However, concerning
the amount of examined samples, the above conclusion should be
treated as a preliminary estimation, requiring further long-term
research.

Table 4 gives comparative data on results for PM10 samples
collected in the rural and urban atmosphere of different locations of
Europe, India as well as other sites in Poland. Total concentrations
of trace elements in our study are found to be similar to results

Table 4
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of (Karar et al., 2006 and Klejnowski, 2011). Other results were in
general higher (Kulshrestha et al., 2009) or lower (Tyagi et al., 2012)
than in the present study.

Assuming that the soluble fractions are labile and completely
bioavailable, a bioavailability index (BI) can be calculated according
to Eq. (1):

_G
Bl=¢ (1)
where
3

Cs — mass concentration of soluble fraction sample, ng m—>,
Cr — total concentration of separate trace element, ng m—>.

The calculated BI values are presented in Fig. 2 for eight trace
elements. From the results, it is clear that toxic Mn had the highest
bioavailability index, reaching 0.8 during heating sessions and 0.5
during non-heating sessions. Carcinogenic As and toxic Sb had in-
termediate BI (in the range 0.2—0.4). The carcinogenic Cd, Cr, Ni and
probably carcinogenic Co and Pb had BI values below 0.1. It is most
likely indicative of the fact that these elements are present mainly
in other fractions with lower mobility. For example, research on TSP
(Schleicher et al., 2011) found Pb to be dominantly bound to frac-
tion 2 (bond to carbonates — defined as mobile) and Ni to fraction 3
(bond to organic matter — defined as less mobile).

Since there are very few studies based on soluble fractions and
almost no studies focusing on Poland, a comparison of trace ele-
ments' solubility is quite difficult. Our results were consistent with
Yadav and Satsangi (2013) for Mn, Co and Cr; while for Ni, Pb and

Comparison of PM10 (ug m~3) and trace elements' concentration (ng m~3) in the ambient air of different rural and urban sites in the world.

Localization Concentration Fraction Concentration (ng m~>)
?:gprll% Group 1 — carcinogenic Group 2 — probably Toxic
carcinogenic
As Cd Cr Ni Co Pb Mn Sb
Rural
Present study Upper 11.50—48.70  Total 6.35-1149 2.62-11.51 6.24-21.62 4.39-18.18 0.34—1.43 38.05-163.49 0.85-8.65 4.32—11.75
Silesia, Poland Soluble F1 1.23-244 0.06—1.03 0.19-1.65 0.04-0.33 0.0004—0.09 1.00—4.00 0.74—3.70 0.71-3.26
Montagney, France® - Total 0.24-130 0.09-0.56 0.83-2.23 0.84-2.75 0,02-0,05 3.79-22.03 2.45-7.71 0.68-2.00
Roorkee, India” 37-959 Total 0.27-1.48 0.004—-0.01 — 0.08-0,15 — — 0.27-0.56 —
Agra, India“ 29.8—293 Total - - 1300 1700 - 2200 900 -
Kolkata rural Kasba, India®  135.1-166.7  Total - 1.8-4.8 3.2-13.7 4.5-95 - 18.5-66.9 1.2-3.8 -
Oporto, Portugal® 1-20 Total - - 7.64 5.64 - 5.83 4.38 -
Urban
Katowice, Poland' traffic 28.23—-110.43 Total 1.13-6.22 0.08-5.13 — 1.69-522 — 23.12-129.30 — -
Zabrze, Poland® 65.82—512.89 Total - 0.002—0.02 0.02—0.09 0.005-0.05 — 0.09-0.58 0.01-0.19 —
background (SE)
Zabrze, Poland® traffic(SE)  91.14-531.2  Total - 0.04-0.15 0.68—2.02 0.03-0.55 — 0.46—3.31 0.24-064 -
Gdarisk, Poland' 16.20-55.97  Total 0.27-1.81 0.05-2.53 — 0.46-3.71 — 6.38—56.16 - -
background
Montagney, France® - Total 1.99-3.03 0.77-191 3.40-6.92 5.76-13.24 0.26—0.35 24.5-39.9 80—-122 1.34-2.99
Agra, India“ 33.2—295.3  Total - - 300 200 - 1100 900 -
Pune, India" 13.8-236.1 Total - 2429 789.0 1315.1 530 69.1 140 -
Soluble F1 — 195.5 113.0 319.9 90 27.6 60 —
Kolkata urban Kasba, India® 154.3-291.9  Total - 2.5-6.5 44.-83 6.4—104 - 41.5-244.4 2.1-3.7 -
Oporto, Portugal® traffic 20-110 Total - - 8.69 8.29 - 55.5 134 -

SE-smog episode.
2 Gaudry et al. (2008).
b Tyagi et al. (2012).
¢ Kulshrestha et al. (2009).
d Karar et al. (2006).
€ Slezakova et al. (2007).
f Klejnowski (2011).
& Pastuszka et al. (2010).
b yadav and Satsangi (2013).
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Fig. 2. Bioavailability index of different trace elements in PM10 samples collected
at site 1.

Cd, the values are relatively higher than those observed in our study
(Table 4).

4. Significance

The concentration of PM10 at the studied sites ranged from
11.05 to 48.70 ug m>. These levels were lower than the PM10
concentration values obtained from the nearest monitoring sta-
tions in Gliwice, Rybnik and Zabrze.

The average concentration level of PM10 was 40.81 ug m~= in
heating session but in non-heating session only 20.57 pg m—>.

Chemical composition of PM10 in the rural areas (Ziemiecice,
Upper Silesia, Poland) demonstrates minor differences between
heating and non-heating sessions. The highest average concentra-
tion of selected carcinogenic elements revealed Cr (14.95 ng m~3).
For the second group — probably carcinogenic elements — the
highest average concentration was found for Pb (93.48 ng m—>3). The
highest average concentration of toxic elements was found for Sb
(7.95 ng m~3). The total concentrations of carcinogenic and toxic
elements divided between the two sessions fell in the following
order: for heating sessions, Pb > Cr > Ni > As > Sb > Cd > Mn > Co;
and for non-heating sessions, Pb > As > Cr > Sb > Ni >
Mn > Cd > Co.

The concentration of highly mobile fraction of trace elements in
the atmospheric air in heating session remained almost the same as
in non-heating session (As, Cr, Pb, Mn, Sb), or was lower (Ni, Co),
even significantly (Cd). Probably, during heating periods these el-
ements are present mainly in other fractions with lower mobility,
so less harmful to the human health.

From this research, it appears that the highly mobile trace ele-
ments, rather than the total content, of trace elements should be
used in order to more precisely assess environmental and health
risks. Chemical speciation of trace elements in PM10 is, therefore,
important, and should become a routine analysis in the future
study of air monitoring in the assessment of toxicological aspects.
The bioavailability of carcinogenic and toxic elements in the future
might be used as output data for potential biological and popula-
tion research on risk assessment. It seems clear that the next step
should be the biological study of cytotoxicity and genotoxicity of
different fractions of particulate matter.
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