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Abstract: This work was conducted to focus on pollutant transmission between Poland and Czechia
at the most polluted area in the Czech Republic, the Moravian Silesian region. Instrumental neutron
activation analysis (INAA) and multivariate statistical analyses were used to determine the mass
fractions of inorganic air pollutants accumulated on filters. Particle matters of sizes smaller than
10 um (PM;g) were collected using a high-volume sampler (SAM Hi 30 AUTO WIND). Pollutants
PM;y were collected on Whatman QM-A Quartz Microfiber Filters of 150 mm in diameter based on
various wind conditions. These filters were irradiated by neutron flux at the experimental reactor
IBR-2 at the Joint Institute of Nuclear Research in Dubna, RF. Irradiated samples were measured by
gamma spectrometry techniques using HPGe detectors. In total, results are shown for 49 samples
(from March to July 2021) and five field blank filters. The mass fractions of 24 elements (Sc, Cr, Fe, Ni,
Co, Zn, Se, As, Br, Rb, Mo, Sb, Ba, Cs, La, Ce, Sm, Eu, Tb, Yb, Hf, Au, Th, and U) were determined. The
sources of pollution were specified using correlation and exploratory factor analyses and including
meteorological conditions. A strong positive correlation was shown between the elements Cr, As,
Br, Co, Fe, Sc, Se, Sm, Th, La, and Ce. Elemental exposure to PMj( can be divided based on the
factor loadings of common chemical components into three main pollution sources. According to
the wind rose, the pollution came from the southeast/west direction; therefore, we can assume that
the pollution most likely originated from the metallurgic complex (steel and iron production in the
southeast, and a coking plant, metal foundry, and generation plant in the west).

Keywords: air pollution; PM;y; neutron activation analysis; multivariate statistics; filters

1. Introduction

The northeast transboundary Czech-Polish region is one of the most polluted areas in
the Czech Republic (Figure 1). It is a part of the Upper Silesian Basin—a black coal basin
that has always been a coal-mining region with heavy industry, with high agglomeration
density, a local heating, and dense traffic infrastructure [1]. Air pollution concentrations in
this area are strongly influenced by meteorological conditions, a long-range transmission of
pollution, and geographical conditions [2]. Even though ambient air quality has improved
vastly in the northeast of the Czech Republic, the levels for PMy, PM; 5, and benzo[a]pyrene
pollutants are still not acceptable, especially under unfavorable meteorological conditions.
Pollutant concentrations exceed the annual limit value for human health protection of
40 pg/m?3, 20 pg/m3, 0.001 pg/m3 respectively, in the Czech Republic [3]. While there
is not much that can be done about the cross-border emissions from Poland and the
geomorphology of the Ostrava basin, the impacts of other influences are gradually being
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reduced by the Air Quality Improvement Program. It addresses actions taken at the
international and national levels [4]. The improvement of air quality reflects both the
development of the national economy, as well as the impact of introducing more efficient
technology and production processes, reducing material and energy intensity, and the
obligation to meet specific legislative requirements.
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Figure 1. The annual mean of particulate matter PM;j( in 2019 in the area of interest (Northeast Czech
Republic) [5].

Suspended particles are considered to be a major air pollution problem in this area,
similarly to elsewhere. PM is the most relevant pollutant linked to health problems. The
chemical composition of particulate matter depends on many factors such as the location,
topography and surface, and meteorological conditions, as well as the season or day of
the week. The harmfulness of particles is directly linked to their size [6]. Atmospheric
particles commonly occur in two distinct modes, the coarse mode (2.5-10 pm), which can
penetrate and settle deep inside the lungs, and the fine or accumulation mode (<2.5 um), a
respiratory fraction which is even more health-damaging, as it can penetrate the pulmonary
barrier and enter the bloodstream [7]. Fine mode particles coagulate quickly and grow
due to the condensation of vapor species. These particles can include sulfate, nitrate, and
ammonia, as well as combustion forms of carbon, organic aerosols, metals, and other
combustion products. Coarse particles normally consist of finely divided minerals such as
oxides of aluminum silicate, iron, calcium, and potassium [8]. Major anthropogenic sources
of primary particles are industry, road traffic, power plants, combustion processes and
domestic combustion, resuspension of road dust, and construction dust. Particles can be
removed from the atmosphere by wet or dry deposition [9].

The aims of the study are to (a) analyze the data obtained by instrumental neutron
activation analysis of PM;q collected on quartz filters, and (b) specify the pollution sources
in the Czech-Polish border area.

2. Materials and Methods
2.1. Features of the Studied Area

The sampling was performed at the industrial area located in the northeast trans-
boundary area between the Czech and the Polish Republic, in the city of Horni Sucha
[49.8051619° N, 18.4706889° E]. A predominant airflow from the southwest direction is
typical there; it is related to the orographic influence of the Moravian Gate (the valley



Atmosphere 2022, 13, 479

30f13

between the Beskydy and Jeseniky Mountains). The predominant steady southwest airflow
is associated with the cyclonic (low pressure) weather type, with higher wind speeds
accompanied by good dispersion conditions. During this airflow, relatively cleaner air
from the Czech Republic is transported to the transboundary area of Czechia and Poland.
Reversely, airflow from the northeast is more variable, reaches lower wind speeds, and is
associated with anticyclonic situations (high-pressure), often accompanied by worsened
dispersion conditions, especially during the cold season [10].

2.2. Sampling Strategy

The sampling device is located at the top of an inactive mining tower, 86 m above the
ground level in the area of interest. A high-volume (hi-vol) sampler (SAM Hi 30 AUTO
WIND) was used, which samples PM;j, (particulate matter with a diameter < 10 pm),
depending on wind conditions. In general, a high-volume sampler is the recommended
instrument for sampling large volumes of air for suspended particulate matter according to
the Compendium of Methods for the Determination of Inorganic Compounds in Ambient
Air by the US EPA. The device uses a PMjg pre-separator (DIGITEL DPM10/30/00) for
airflow of 30 m®/h. The device is equipped with a cassette that accommodates 15 quartz
filters (Whatman QM-A, & 150 mm). Quartz filters may be used for air sampling where
non-destructive organic or inorganic analyses are utilized [11]. Based on the results from
the previous analysis, quartz filters are the most suitable for INAA (see Discussion). Among
other filters commonly used for high-volume sampling are cellulose fiber, glass fiber, mixed
fiber, and membrane filters [12]. Filter holders are automatically changed to the sampling
position according to the actually evaluated wind conditions. Thus, the sampler was able to
collect PMy particles from eight basic wind directions (N, NE, E, SE, S, SW, W, NW), during
CALM (wind speed is lower than 0.2 m/s) and during episodes with extreme air pollution,
defined as three successive average hourly PMjq concentrations exceeding 100 g/m?3, using
10 min data from continuous ground monitoring. Other filters are held in reserve in case a
specific situation arises (the pressure loss on the filter is greater than 200 hPa, or it is not
possible to reach a flow of 30 m3/h). All filters are changed manually once per month. Both
wind speed and wind direction are measured via an anemometer (WindSonic™ SDI-12).
The wind direction and wind speed for selecting a particular sampling filter from the
cassette are determined according to one-hour moving averages calculated from 10 min.
The sampling device and its scheme are shown in Figures 2 and 3.

filter holders

sampling position

Figure 2. The high-volume sampler SAM Hi 30 AUTO WIND.
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Figure 3. Scheme of PM standard sampler [13].

For this study, samples from March to July 2022 were used and processed by the
NAA group of the IREN research facility of the Frank Laboratory of Neutron Physics,
JINR, Russia.

2.3. Sample Preparation for NAA

The gravimetric technique was used for the determination of the particulate matter in
the atmosphere, according to the European standard 12341 [14]. All filters were visually
checked before use for defects (pinholes, loose material, discoloration, nonuniformity).
Unsampled filters were identified in the weighing room at the Czech Hydrometeorological
Institute and stabilized at 20 °C + 1 °C and 50% RH = 5% RH for more than 48 h, followed
by a first weighing. After additional conditioning for more than 12 h, filters were weighed
for the second time. The required mass of the filter was calculated as the average of these
two results; a mass of each filter was approximately 0.9 g. Those conditioned filters were
then loaded into filter holders in a clean environment and were inserted into the filter
cassette in the high-volume sampler. There, the filters were sampled for the required
sampling period. Blank filters were treated the same way as regular samples. Sampled
filters were conditioned in the weighing room for more than 48 h, followed by the first
weighing and then weighed again after additional conditioning for 24 to 72 h. The mass
was given by the average of these two results. The weight of the collected PM;y was given
by the difference in the weight of the filter before and after sampling. After sampling, the
filters were folded into halves and four 16 mm diameter circles were punched from each
one. These circles were layered so that one sample consists of eight layers of the filter. For
cutting, a special automatic punching head was used, made from stainless steel, Teflon,
and synthetic rubber (finish surface). Blanks were prepared in the same way as the samples.
These prepared samples and blanks were packed into a foil and sent to the Laboratory of
Neutron Physics in JINR, as shown in Figure 4.

(a) (b)

Figure 4. (a) A packed set of exposed filter samples, and (b) the preparation of samples using the

special automatic punching head.
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The mass of each unpacked sample was approximately 0.05 g. For subsequent irradia-
tion, samples and standards (needed for the calculation of the mass fractions of the elements
in the samples) were packed into aluminum capsules. Neutron activation analysis was
used to investigate the inorganic composition of the air-deposited elements on the filters.
This method is based on the conversion of stable nuclei into radioactive nuclei via nuclear
reactions, followed by a measurement of the reaction products. The nuclear reactions are
initiated by bombarding the samples with neutrons. The NAA is not matrix-dependent;
therefore, there is a possibility of wide application for different types of samples. Each
radionuclide is characterized by its probability for nuclear decay in unit time and the type
and energy of the emitted radiation. Gamma-radiation offers the best characteristics for the
selective and simultaneous detection of radionuclides and thus, of elements [15].

The samples were irradiated in channel No. 3 installed at the IBR-2 pulsed nuclear
reactor. Immediately after irradiation, the samples and standards from the aluminum
capsules were repacked into clean plastic containers, and the first measurements of the
spectra of induced activity were carried out five days after the end of irradiation. The
second measurement started 22 days after the end of the irradiation. For the measurement, a
Canberra HPGe detector was used. Spectra were processed using the Canberra Genie-2000
software program, and mass fractions were calculated by the CalcCon program created at
FLNP JINR [16].

The use of quartz fiber filters can provide accurate mass values that neither paper nor
glass fiber filters can yield, although extra care must be taken in handling them because
they tend to be fragile. A large standard deviation may be unacceptable if the element of
environmental interest has concentrations in the same range as the blank element. Trace
contaminants can also arise in the field blanks as a result of improper handling, unclean
bags or containers used in transportation, and the condition of the sampling apparatus itself.
Analytical problems may also arise from trace constituents in vials. Trace elements such as
Al, Br, CI, Mn, Na, Se, V, and Zn are present in many types of irradiation containers [17,18].

The quality control of the NAA results was ensured by the following standard refer-
ence materials, made at the National Institute of Standards and Technology, Gaithersburg,
MD, USA: 50c (Tungsten-Chromium-Vanadium Steel), 2709a (San Joaquin Soil Baseline
Trace Element Concentrations), 1633c (Trace Elements in Coal Fly Ash), 2710a (Montana I
Soil Highly Elevated Trace Element Concentrations), 1632¢ (Trace Elements in Coal (Bitumi-
nous)), 2782 (Industrial Sludge), and 1944 (New York/New Jersey Waterway Sediment).

2.4. Statistical Data Analysis

All the statistical analyses of data and graphs were performed using R-programming
statistical software (RStudio). Data were handled using MS Office Excel. With 95% proba-
bility (p < 0.05), the Shapiro-Wilk test of normality was calculated to investigate whether
the concentrations of the elements are normally distributed. The relationships between
the elements were tested by Pearson correlation analysis and exploratory factor analysis
using minimum residuals. The varimax rotation was used to simplify and clarify the data
structure. The default in most statistical software packages is to retain all factors with
eigenvalues greater than one. The number of factors was determined by the scree test [19].

3. Results
3.1. Meteorological Conditions

The basic statistics shown in Table 1 were calculated from the 10 min data measured
by hi-vol (above-described device) 86 m above the ground level. The data of wind speed
(WS) and temperature (T) were processed. The average temperature during the measured
season (March to July) was 12.38 °C. Minus temperature values were measured during
March, and the lowest was —4.2 °C; the highest temperature, 32.2 °C, was measured in the
second half of June. The wind speed did not change significantly during the measuring
period. The lowest value of 0.1 ms~! was recorded in March, and the highest value of
18 ms~! in April.
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Table 1. Basic statistics for data (wind speed WS [ms~1]and temperature T [°C]) were measured by
hi-vol during the period of time from March to July 2021.

Variables WS T
Min 0.1 —4.3

1st Qu. 25 5.6
Median 4.1 12.1
Mean 44 12.38
3rd Qu. 5.9 19.2
Max 18 322

Meteorological conditions are an important factor affecting the transportation of
particulate matter suspended in the atmosphere. The wind rose from March to July is
plotted in Figure 5. The predominant airflow is from the southeast direction.

Wind rose

N

20%

15%

0to2 2to4 4to6 61018
(ms™)
Frequency of counts by wind direction (%)
igure 5. ind roses for September an ecember , values were measured a m above the
F 5. Wind for Septemb dD ber 2019; val d at 86 b th
ground level.

3.2. Elemental Abundances

Instrumental neutron activation analysis was used to determine the elemental compo-
sition of sampled PMjy. A total of 42 samples (9 samples each for March, April, and June
and 11 samples for May and July) and 5 field blank filters were analyzed, and a total of
24 elements were determined. A total of 6 (Ni, Mo, Ba, Tb, Yb, and U) elements out of 24
show negative values, as their mass fractions are lower than the corresponding values of
the background. The results show that the mass fraction in [mg/kg] was calculated to be
high for zinc, with a mean value of 1183.06 and a standard error of 8855.57 mg/kg, while
the minimum values were measured for gold, with a mean value of 0.0001 and a standard
error of 0.06.

The descending order of the elements in terms of mass fractions are as follows:
Zn>>Rb>Cr>Fe>Br>Sb>As>S5e>Ce>Co>Cs>La>Sc>Hf>Th>S5m>Eu>Au.
The results show, based on its statistical significance level (p-value > 0.05), that the el-
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ements are not normally distributed, except for La, Ce, Sm, and Hf, as clearly shown in

Table 2.

Table 2. Descriptive statistics of the obtained mass fractions mg/kg, n = 49.

Element Mean + SD * Median + Mad  Skew  Kurtosis w p-Value
Sc 0.028 £ 0.03 0.018 £ 0.01 1.67 2.62 0.8088 0.0000
Cr 929.67 & 6522.88 0.70 = 3.47 6.58 42.12 0.1278 0.0000
Fe 313.3 £311.74 251.20 £+ 221.65 1.71 4.10 0.8583 0.00003
Co 0.094 £ 0.15 0.084 £ 0.15 0.82 0.62 0.9457 0.02496
Zn 1843.06 £ 8855.57 30.80 £ 22.39 4.50 18.63 0.2032 0.00000
Se 0.557 £ 0.46 0.442 +0.40 1.33 2.08 0.8800  0.00013
As 0.932 +1.20 0.553 £ 0.82 1.49 2.23 0.8142  0.000002
Br 298 £2.72 2.018 = 1.69 1.68 3.46 0.8453 0.00001
Rb 932.29 £ 6522.50 0.49 £0.73 6.58 42.12 0.1273 0.0000
Sb 1.869 £ 6.65 0.832 + 0.58 6.42 40.74 0.2027 0.0000
Cs 0.045 £ 0.06 0.000 £ 0.00 1.55 2.29 0.7594 0.0000
La 0.042 £0.15 0.068 £ 0.17 —0.57 0.43 0.9631 0.1275
Ce 0.145 £ 0.42 0.082 £ 0.28 0.28 0.13 0.9689 0.2196
Sm 0.015 4 0.02 0.015 £ 0.01 —0.08 —0.53 0.9785 0.5058
Eu 0.0023 £ 0.02 0.000 + 0.00 1.57 5.14 0.7545 0.0000
Hf 0.025 £+ 0.03 0.021 £ 0.04 0.40 —0.59 0.9708 0.2624
Au 0.0001 £ 0.00 0.000 £ 0.00 1.78 2.46 0.7117 0.0000
Th 0.018 £+ 0.03 0.018 £ 0.02 1.24 3.42 0.9208 0.00284

* Ni, Mo, Ba, Tb, Yb, and U reveal negative values because their mass fractions are lower than the background
values. These elements were eliminated from the table of results; however, they were statistically treated prior to
the implementation of statistical analysis.

3.3. Correlation Analyses

The relationships between the elements in PM;; were tested by Pearson correlation
analysis. Correlation matrices were created to assess the strength of the linear dependence
between the concentrations of elements. Positive correlations are shown in blue and
negative correlations in red. The color intensity and brand size are proportional to the
correlation coefficients. The correlation matrix of elements (Figure 6) shows a strong
positive correlation between the elements Br, As, Co, Fe, Se, Sc, Sm, Th, La, and Ce. A
positive correlation indicates the similar behavior of elements or a similar source of origin.
Correlations are ordered by hierarchical clustering with a cluster outline; therefore, similar
variables are grouped together.

3.4. Exploratory Factor Analyses

Chemical elements in PM;( emitted from the same or similar sources are believed to
be intrinsically correlated. Correlated elements were identified to represent the main source
contributors to PM;g exposures using exploratory factor analysis. Factor analysis may
explore the hidden multivariate structure of the data and may clarify the links between
the elements that have similar origin or that subsequently develop similar associations of
elements extracted from the correlation matrix. Prior factor analysis and the scree test of
eigenvalues was used to extract main factors; three main factors were chosen for the factor
analysis (Figure 7).



Atmosphere 2022, 13, 479 80of 13

1
Mo
Tb
Hf | @ 08
@®u ®
Sb 0.6
Zn
Eu
o Fo04
Au
Rb Fo02
Cs .
Cr |
IS LI ) ’
® . B @ ®® . ®
0000 ® r 02
o 000-00-000
0000::02000 | o4
000002000
@ sm| @
o000 0O e
200020 -0
900 ®®c- 08
Ni
Ba
-1

Figure 6. The correlation matrix of elements measured from the September filters.
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Figure 7. Scree test of eigenvalues.

Exploratory factor analysis using MinRes (minimum residuals) with varimax rotation
was used [20]. The factor diagram (Figure 8) shows three factors; the elements vary
in how much they load (correlate) with each factor. The first factor is associated with
concentrations of Se, Sc, Fe, La, Co, Ce, Br, Th, As, Sm, and Cs. The concentration values
of these elements were higher during the low wind speed. Elements such as As, Br, or Se
may indicate coal combustion; its concentrations were measured as higher during March,
when the temperature is lower and the effects of the local heating plants are reflected in
the total concentrations. On the other hand, this factor may also indicate the effects of
iron and steelwork. The second factor was characterized by U, Hf, Tb, Sb, Th, and Mo.
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Concentrations of almost all elements were measured as higher in filters collecting particles
from the southeast direction, except for Tb; its highest concentration was measured from
the filter collecting particles from the north direction. This result may represent a mixture
of the effects of metallurgy and power or heat plants. The third factor is represented by
Yb, Eu, Au, Zn, Rb, Cs, Ce, and U. The concentration values of almost all elements were
measured as the highest from the filter from the southeast direction, except for Zn, Rb,
and Ce, which were measured as higher during low wind speed. This may represent a
combination of the effects of iron and steelwork factories and power plants [21-23]. The
results of the three factors are given in Table 3.

Factor Analysis

Figure 8. The exploratory factor analysis of samples of elemental exposure to PM10 divided based
on the factor loadings. All variables were analyzed as mass fractions (ug/kg).

3.5. Discussion

The collection of PMj on filters in the area of interest using a high-volume sampler
began in 2017, and was previously carried out within the Air Border project, focused on
cross-border pollution transport [24]. The fact that the facility is located at an altitude
of 86 m above ground level allows for special monitoring to characterize the transfer
of PMyq particles from different groups of air pollution sources specific to the region,
excluding the influence of local sources of pollution, such as transport, construction, or
residential emissions [25,26]. However, in the previous study, particles were collected on
glass microfiber filters. Analysis showed that this filter selection was not appropriate; the
glass fiber filters have high blank values, and for that reason, many elements cannot be
used for further analyses. For future measurements, the material of the filters was changed
from glass fiber to quartz, which provides more accurate mass values than those provided
by either paper or glass fiber (Table 4). Trace contaminants can also arise in field blanks as
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a result of improper handling, unclean bags or containers used in transportation, and the
condition of the sampling apparatus itself. Analytical problems may also arise from trace
constituents in the vials.

Table 3. The factor loadings based on the correlation matrix.

Element Factor 1 Factor 2 Factor 3
Sc 0.96 0.11 0.02
Cr 0.18 0.17 0.02
Fe 091 0.01 0.10
Ni -0.16 —0.13 —0.16
Co 0.67 —-0.21 —0.04
Zn -0.13 —0.08 0.11
Se 0.92 —0.06 —-0.18
As 0.53 -0.19 —0.56
Br 0.54 —-0.41 —0.52
Rb 0.21 —0.04 0.25
Mo —-0.13 0.25 —0.10
Sb -0.12 0.30 —0.15
Ba 0.06 —0.16 —-0.11
Cs 0.50 0.03 0.25
La 0.73 —0.16 0.17
Ce 0.73 0.02 0.34
Sm 0.46 -0.09 —0.06
Eu 0.08 0.33 0.51
Tb —0.07 0.38 —-0.18
Yb 0.25 —-0.31 0.82
Hf 0.16 0.80 —-0.29
Au 0.06 —0.08 0.33
Th 0.75 0.51 0.00
U —0.08 0.83 0.12

Table 4. The mass fractions [mg/kg] of elements determined from the filters made of quartz or glass
fibers. The field blank, unlike the other filters, undergoes the entire process of a sample, except it is
not exposed to the sampling position.

Elements Quartz Filters Fiberglass Filters Field Blanks (Fiberglass Filters)

Na 501.7 115,066.7 77,550.0

K 28.6 25,866.7 26,450.0

Sc 0.01 0.15 0.31

Cr 11.3 12.1 14.9

Fe 51.2 - -

Ni 3.9 - -

Co 0.07 0.77 0.60

Zn 7.2 24,900.0 34,850.0

As 0.05 4.92 4.94
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Table 4. Cont.

Elements Quartz Filters Fiberglass Filters Field Blanks (Fiberglass Filters)
Br 0.07 - -
Rb 0.1 15.0 222
Sr - 622.0 913.0
Zr 9.5 154.7 272.0
Mo 27.6 - -
Sb 0.06 0.87 0.60
Ba 17.8 36,866.7 52,600.0
Cs - 0.2 0.2
La 0.2 1.3 13
Ce 0.6 2.8 22
Nd 0.2 - 72.5
Sm 0.14 0.45 0.14
Eu 0.01 0.13 0.29
Tb 0.04 0.08 0.09
Yb 0.07 0.40 0.55
Hf 0.29 3.31 5.98
4 0.1 2.7 6.1
Au 0.0002 - -
Th 0.26 0.23 0.40
8) 0.46 - 1.72
Hg - - 12.8

The study confirmed that the region possesses pollution sources, including two metal-
lurgical complexes (located west and southeast of the sampling site), which increase the
pollution in the region, especially during the warmer part of the year, and contribute to
the pollution transfer in the higher atmospheric levels. On the contrary, during the winter
season, the other specific type of pollution occurring in the region is connected to the
transboundary transfer from Poland, which has been confirmed by other studies [27-29].

4. Conclusions

The present study was designed to determine the relationship between emissions
and pollution transport based on the elemental composition of PM;jj. Therefore, in the
research industrial area, quartz filters were used to collect PMy for a period of five months.
The exposed filters were analyzed for inorganic metal content by subjecting the filters to
neutron activation analysis. The mass fractions in mg/kg of 24 elements were determined.
A total of 6 out of 24 elements had negative values, as their amounts were lower than the
background. Significant values (mg/kg) were noticed for Zn (1843), Rb (932), Cr (929),
and Fe (313). The results of the multivariate statistical analysis distinguished the obtained
elements on the basis of common geochemical features and classified them among potential
sources of pollution—metallurgy, power or heat plants, and coal combustion operations.
Therefore, the pollution most likely originated from the metallurgic complex (steel and
iron production located in the southeast, and a coking plant, metal foundry, and generation
plant located west of the sampling point). These results significantly contribute to the
understanding of the ecological situation and air quality in the studied area. This study can
serve as a follow-up tool for possible monitoring of the dynamics of the content of metals
in the air, which can pose a significant risk to humans and the environment.
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