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Abstract: The aims of this study were to determine the concentrations and elemental composition
of PM10 in the village of Kotérz Maty (Poland), to analyse their seasonal variability, to determine
the sources of pollutant emissions and to compare the consistency of the results obtained using
different methods. Sampling and weather condition measurements were carried out in the winter
(January—February) and spring (April) of 2019. Two combinations of different techniques were used
to examine PM10 concentrations and their chemical composition: gravimetric method + atomic
absorption spectrometry (GM+AAS) and continuous particle monitor + energy dispersive X-ray
fluorescence (CPM+EDXREF). In winter, the average concentrations of PM10 measured by the GM and
CPM were similar (GM 44.3 ug/m3; CPM 34.0 ug/m3), while in spring they were clearly different
(GM 49.5 ng/ m3; CPM 29.8 ug/ m3). Both AAS and EDXREF proved that in both seasons, Ca, K and
Fe had the highest shares in the PM10 mass. In the case of the lowest shares, the indications of the
two methods were slightly different. Factor analysis indicated that air quality in the receptor was
determined by soil erosion, coal and burning biomass, and the combustion of fuels in car engines; in
the spring, air quality was also affected by gardening activities.

Keywords: continuous particle monitor; reference method; PX-365; EDXRF; AAS; factor analysis

1. Introduction

Particulate matter (PM) released from primary sources or generated and transformed
in the atmosphere by reactions can be toxic and may contribute to adverse environmental
effects [1,2]. It is well recognised that the presence of above-normal amounts of aerosol in
the air is associated with morbidity and mortality as well as annoyance and psychological
stress [3,4]. The current research looked at specific locations, seasonal trends, dust prop-
erties and relevant control factors [5-11]. Most research is conducted in highly urbanised
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areas, mainly cities and agglomerations; the amount of air quality recognition work in rural
settlement areas is much less [12].

Particulate matter is a mixture of solid and liquid particles, suspended in the air,
originating from both natural and anthropogenic sources [13,14]. The sources of PM in the
atmosphere which are then enriched with toxic elements or compounds have been widely
investigated in many works, including Rodriguez et al. [15], Majewski et al. [16], Rogula-
Koztowska et al. [17] and Mach et al. [18]. Over the last decade, the number of papers
reporting results of studies conducted in the areas of compact rural buildings and small
villages has increased. In several papers [19-25] it was remarked that, in the cold season,
the principal source of PM emission is associated with the combustion of conventional
fuels in domestic heating systems. Concentrations of aerosol particles within local air sheds
are affected also by meteorological parameters [19]. An occasional increase in rural aerosol
concentrations was mostly attributed to the transportation of particles from polluted urban
or industrial areas and remote natural sources [18,26].

Many methods are used in aerosol testing, including direct measurements, indi-
rect measurements or mathematical modelling [18]. For the study of the mass concen-
tration of particulate matter and its constituents, the reference methods should be the
gravimetric method (GM) followed by an analysis by atomic absorption spectrometry
(AAS), while other methods may be used if their equivalence to the reference method has
been demonstrated [27].

In addition to the AAS technique (and the equivalent ICP-MS technique (Inductively
Coupled Plasma Mass Spectrometry)), non-destructive techniques are applicable and are
generally referred to as X-ray fluorescence (XRF) [28-32]. The detailed characterisation and
application of AAS and XRF were presented in a paper by Galvao et al. [33]. There are
many works which confirm the usefulness of XRF as an effective technique to determine
the elements in various research materials, for example, soil, mollusc tissues and fish
tissues [4,34-36]. In addition, authors often focus their attention on studies which compare
XRF indications with AAS. Comparative XRF and AAS studies of the same samples (first
using non-destructive techniques and then those that require mineralisation of the test
material) are usually carried out under laboratory conditions, including an analysis of the
Pb content in the same dust samples [37,38], the measurement of metals in ash following
the combustion of petroleum oil [39], the detection of metal content in soils [34,36] and a
determination of the elements in the previously mentioned animal tissues [4,35]. The results
of Bizo et al. [34] clearly showed that there were no statistically significant differences in the
elemental concentrations determined by AAS and XREF, noting that AAS had a lower limit
of detection (LOD) and limit of quantification (LOQ). Gerboles et al. [40] has also presented
interesting research. The authors described the results of inter-laboratory measurements
on five samples of identical composition. The measurements used for comparison were
graphite furnace atomic absorption spectrometry (GF-AAS), inductively coupled plasma
with mass spectrometry (ICP-MS), energy dispersive X-ray fluorescence (EDXRF) and
inductively coupled plasma-atomic emission spectrometry (ICP-AES). The results of this
research indicated significant agreement between EDXRF and the other techniques. The
results of inter-laboratory comparative studies using XRE, ICP-MS and PIXE (particle-
induced X-ray emission) to measure elemental loads of Al, K, Ca, Ti, V, Cu, Sr, Fe, Zn and
Pb, among others, in PM10 samples were also presented [41]. With the exception of Fe and
Zn, the authors showed consistency of results (also between laboratories). Gupta et al. [42]
also used AAS and XREF to carry out a comparative study of the metal concentrations of
Zn, Ca, Fe, K, Mn, Nj, Pb, Al, Na and Cr in PM2.5 retained on quartz filters. The authors
obtained a high correlation coefficient for Al, K and Na.

Portable, fully automatic XRF analysers are also increasingly used in field studies [43,44].
The previously mentioned authors point to the functionality of these instruments, the impor-
tant compatibility with reference or reference-equivalent methodologies and the possibility
to carry out in situ measurements, even for short periods of time. However, it seems
that there is still a need to improve knowledge on non-destructive techniques, despite the
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considerable amount of research work dedicated to their verification that has been carried
out with various environmental components. The need for such studies is particularly
apparent with regard to the determination of air quality in terms of dust and trace elements
present in dust, especially in areas that are hardly monitored. Such areas include dense
rural development where, for example, significant anthropogenic emissions take place in
the cold season and thus significant local degradation of aero-sanitary parameters occurs.
So far, only a few measurement campaigns of particulate matter PM in rural areas have been
carried out in Poland [18,19,45-48]. At the same time, automatic on-line XRF measurement
was used only once in a study by Mach et al. [18].

This paper presents and analyses data on PM10 concentrations and their chemical
composition. The data were obtained in two measurement campaigns carried out in the
winter and spring. The concentration and elemental composition of PM10 were determined
using two methods (techniques), that is, GM+AAS and CPM+EDXRE. In addition to
checking the air quality in the rural area, the main aim of the study was to compare the
aforementioned methods in terms of the possible compatibility of the results. In addition,
potential differences in air quality over the two seasons were checked and an attempt to
determine the contribution of individual emission sources was made.

The scope, type, place, apparatus and conditions of observation enabled the verifica-
tion of the following hypotheses:

1.  Concentration levels of PM10 are identical regardless of the method of sampling and
analysis;

2. Concentration levels of PM10-bound elements are identical regardless of the method
of analysis; and

3. Concentration levels of PM10 and PM10-bound elements are identical regardless of
the season (winter-spring relation).

2. Materials and Methods
2.1. Observation Site Description
2.1.1. Characteristic of the Village—Location and Sources of Air Pollution

The study was conducted in the village of Kotérz Maty, Opole Voievodeship, Poland
(50°73'66.02" N; 18°05'06.80” E, 162 m.a.s.l.). Kotorz Maty is a small settlement (with a
population of approx. 1100). The location of the sampling point is shown in Figure 1. There
are more than 300 buildings within the village, of which 295 are permanently inhabited. The
village is characterised by compact development, consisting mainly of storey buildings, and
within its boundaries, new buildings (located mainly in the western part) and old buildings
(in the eastern part) can be distinguished. The houses are heated individually. A railroad
and a district road pass through the village. In close proximity (<10 km), there are two
national roads, DK45 and DK46, with a traffic density of approx. 8000 and 9500 vehicles per
day, respectively [18]. The village has an agricultural character, although several businesses
prosper within its borders, including two carpenter’s shops, two locksmith’s shops, two car
painting shops and three motor vehicle workshops. All of these plants are equipped with
highly efficient dedusting equipment. There are several significant emitters associated with
the cement, food, mining and metals industries in the region where the village is located.
Emitters from plants located in the voivodeship’s capital of Opole, which is also the largest
city in the region (with 122,000 inhabitants), are also significant. Opole is located 15 km
southwest of the village.

During the warm season, the main source of tropospheric organic and inorganic matter
is connected with natural emissions from surrounding areas and anthropogenic emissions
from agriculture, traffic, hard coal, wood, biomass, waste and garbage burning in small-
scale installations, for example, domestic stoves and local boiler houses [18]. During the
cold season, the main local source of air pollution is associated with domestic heating [19].
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Figure 1. Location of sampling point with arrangement of point emission sources within a radius of
300 m from the sampling point (without a Renewable Energy Systems-RES; n = 11).

2.1.2. Characteristics of the Village—Emitters and Fuel Consumption

The sampling point was situated in the dense building area and close to the district
road in the old part of the village. As previously mentioned, the study area was char-
acterised by storey rural houses, which predominantly used obsolete individual heating
systems (IHS). Coal was mainly used throughout Kotérz Maty in a proportionate share
equal to 81% (Table 1). All IHS are usually used during the cold season (form October
until April). In the summer, local peoples also use IHS for hot water supply and food
preparation, but the number of IHS in use is significantly lower. In the neighbourhood
of the sampling point during the measurement campaigns, 86 individual point emitters
(IPE) from 97 IHS were active in the winter and 71 in the spring. The location of IPE is
shown in Figure 1. The exact number of specific emission sources was determined based
on the results of surveys conducted among the residents. The activity of emission sources
was indicated on the basis of individual responses of IHS owners and the authors” own
observations. The activity of emitters was periodic and dependent on the needs of users.
The average daily time of IPE activity was 17 h in the winter and 14 h in the spring.

Table 1. Characteristics of Individual Point Emitters (IPE) related to the individual hot water supply
and energy for cooking.

No of IPE = 86, Total Energy Sources = 97 Heating Systems Share (%); (Number in the Bracket)

coal fuel gas wood RES eco-coal pellets
Active during winter campaign 55 (52) 4(4) 2(2) 11 (11) 24 (23) 5(5)
Active during spring campaign 50 (41) 4(3) 1(1) 13 (11) 27 (22) 5 (4)

A large number of old stoves were in use. More than 80% of heating systems were
connected with the burning of fossil fuels or wood. Only 11 items were emission free.
Comparing winter and spring fuel consumption, no significant differences were observed
related to a single day (Table 2). The large differences in fuel consumption between the
winter and spring were related to the different periods of sampling. The relatively high
fuel consumption also corresponds to inefficient stoves and the low energy efficiency of the
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buildings themselves. Of course, the quantity of burned fuel and the relatively long daily
use times of fuel source exploitation seems to have influenced local air quality.

Table 2. Average fuel consumption (Mg) in the single village households during periods of sampling.

Season Hard Coal Eco-Coal Wood Pellets Gas
Winter 0.87 0.56 0.94 0.61 2.74
Single day in winter 0.018 0.011 0.019 0.012 0.06
Spring 0.27 0.17 0.28 0.21 1.17
Single day in spring 0.018 0.011 0.018 0.14 0.06
Year 2019 6.9 4.2 5.8 3.6 4.08

Apart from that and agricultural activity typical for rural areas, the local sources of
anthropogenic emission were smaller economic activities with services in the fields of
woodwork (2 items), vehicle mechanics (2 items) and metal surface varnishing (2 items).
These activities were located less than 1 km from the sampling point.

2.2. Sampling and Analysis

The measuring point was equipped with two instruments which realised two different
methods of PM10 data collection. First, a reference gravimetric method (GM) with LVS
aspirator was used. Samples were collected at 24 h intervals. Second, PM10 mass concen-
tration was measured hourly with an online continuous particle monitor (CPM) which
applies reel-to-reel filter tape sampling with beta ray attenuation analysis to determine the
total PM10 mass. Both methods were applied at the same time, that is, for 49 consecutive
days during the winter period (January—February 2019) and 15 consecutive days during the
spring period (April 2019). Because of the need to meet technical conditions, apparatuses
were located at a distance of 18 m from each other, with PM10 sampling heads all at the
same height above the ground (2.4 m).

2.2.1. PM10 Mass Concentration

In the case of the reference gravimetric method, the mass concentration of PM10 was
determined in accordance with the European Standard [49]. The aspiration of the PM10 from
the air was provided using low-volume automatic dust sampler Atmoservice PNS-15 aspi-
rator (produced in Poland under the licence for the low-volume sampler LVS 3.1, Comde-
Derenda GmbH, Stahnsdorf, Germany). The airflow rate passed filters was 2.3 m3/h. The
PM separator applied Whatman QMA quartz air filters with a diameter of 47 mm. Prior
to and after aspiration, the filters were seasoned for a minimum 24 h under conditions of
constant temperature and humidity and, subsequently, their weight was determined using
a differential scale RADWAG XA 52/2X ® (Radwag Balances and Scales, Radom, Poland).
The expanded concentration measurement uncertainty, which was calculated on the basis
of the guidebook [50], did not exceed 15.2%.

The PX-375 monitor CPM+EDXRF (PX-375 Horiba, Osaka, Japan) was applied for
CPM assessment. A two-layer nonwoven Polytetrafluoroethylene (PTFE) fabric filter was
used as a filter tape during PM10 collection. The air samples acquisition was achieved by
a flow rate equal to 1.002 m3/h. The beta ray attenuation analysis was conducted every
60 min, assessing the exact mass quantity which was based on a rule that absorbed radiation
is exponentially dependent only on the mass of filtered material [51]. At the beginning, beta
radiation was emitted at an empty filter which gave enough time for sample acquisition
and for adsorption of particles on the filter tape. Taking into account the difference between
these two measurements, the collected PM10 was given as a result, and then the filter
tape was moved to allow for the new measurement. The conditions of the analysis were
as follows: 500 s at 15 kV or 50 kV voltage (depending on the element). Samples were
collected continuously. For further data comparison, the average daily mass concentration
was adopted.
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2.2.2. Elements

All samples obtained by GM were analysed by AAS in the laboratory. A microwave
oven was used (Start D, Millestone) to digest the quartz filters in Teflon vessels containing
a mixture of 8 mL of nitric acid (65%, Merck, Darmstadt, Germany) and 2 mL of hydrogen
peroxide (30%, Avantor, Gliwice, Poland). The temperature programme for sample diges-
tion was: 20 min of linearly increasing temperature between ambient and 220 °C, 25 min of
constant temperature (220 °C) and 20 min of cooling with 1000 W of power. As suggested
by Gerboles et al. [40], this process was performed twice to ensure full digestion of all the
dust samples. The mass concentration of metals (Cu, Zn, Cr, Ni, Fe, Mn, K and Ca) was
determined by the AAS method, whereas Pb was determined by the GF-AAS method using
the Solaar 6M spectrometer (Waltham, MA, USA). The samples after digestion were filtered
through a cellulose filter into 25 mL graduated flasks. For high concentrations of metals,
the samples were diluted.

Certified material (ERM-CZ120) was prepared and analysed as samples, in triplicate.
The recovery (%) from the ERM analysis and LOQ and LOD are presented in Table 3.

Table 3. Results of the analysis of certified material ‘Fine Dust (PM10-LIKE)’ No. ERM-CZ120 and
detection limits for dust with mass from 0.1 g and volume 25 mL.

Material Pb Cu Zn Ni Cr Mn Fe Ca K
Certified 113 462 1240 58 201 611 38,144 63,043 10,998
[mg/kg] +17 +nd +nd +7 +nd +nd +nd +nd +nd
Analysed 103 425 1216 63 169 506 37,339 56,410 9388
[mg/kg] +4 +19 +100 +7 +4 +24 +3160 +3115 +331
recovery [%] 91 92 98 108 84 83 98 89 85
GO mg/kg DM LOQ 1 10 10 10 10 10 10 50 30
GW mg/kg DM LOD 0.3 3 3 3 3 3 3 17 10

The same CPM with the EDXRF apparatus (PX-375 Horiba analyser) was applied to
obtain the results for PM10 mass concentration and the data of the elemental composition
of PM10. Nine elements (Cu, Zn, Cr, Ni, Fe, Mn, K, Ca and Pb) were selected for analysis.
Their concentrations were determined with the non-destructive energy-dispersive X-ray
fluorescence spectroscopy (EDXRF). The EDXRF unit has a complementary metal-oxide
semiconductor (CMOS) camera for sample images.

We used a standard reference material SRM 2738 (air particulate on filter media)
certified by NIST for quality control and to assess the elemental quantification of X-ray
spectra. The blank tape was checked three times to derive the average value. The calibration
of the CPM was performed at the beginning and end of the experiment by the qualified
Horiba workers. Additionally, we checked it during the sampling by DryCal Defender
530 to assure that the flow did not change. The lowest detection limits (LLD), expressed
as double standard deviations of blank samples, were as follows: Cr (2.05 ng/m?), Ca
11 ng/m3), Cu (1.85 ng/m3), Fe (7.00 ng/m3), K (4.8 ng/m3), Mn (1.45 ng/m3), Ni
(0.9 ng/m?3), Pb (1.05 ng/m?) and Zn (1.25 ng/m?3). The repeatability of the results ranged
within +2% of the equivalent film value. Furthermore, according to manufacturer-provided
information, a strong correlation was revealed among metal concentrations determined by
CPM EDXRF (Horiba, PX-375) and conventional methods including ICP-MS.

2.3. Weather Conditions

A Davis Vantage® portable automatic weather station (Davis Instruments, Hayward,
CA, USA) equipped with a data logger was installed at the sampling point to record weather
conditions. The following parameters that characterised the weather were recorded simul-
taneously with the PM10 measurements: temperature (T), wind speed (Ws), wind direction
(Wd), atmospheric pressure (Ap) and precipitation (P). Portable stations are usually used
in tests to register the weather conditions [19,52]. The weather station was installed 10 m
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from the PM aspirators. The sensors, similar to the case of the PM10 aspiration headers,
were installed 2.4 m above the ground. The standard measurement uncertainty was equal
to RH 0.5%, T 0.5 °C, Ap 0.06 hPa, Ws 0.06 m/s and Wd 1°, respectively.

2.4. Statistics

TIBCO STATISTICA version 13.3 was used to prepare charts and perform statistical
analyses. The result of the Shapiro-Wilk test indicated that none of the recorded cases
were found to correspond to a normal distribution of data; therefore, non-parametric tests
were used to assess differences between the concentrations as determined by two different
methods (Wilcoxon). The winter-spring relation was checked by using the Mann-Whitney U
test. For comparison of elements, EDXRF-AAS relation in the selected season, the Wilcoxon
test was used. The relationships between variables were examined using Spearman’s rank
correlation coefficient. A significance level of 0.05 was adopted.

Factor analysis (FA) was applied to the data derived from field measurements to justify
the sources of emission.

3. Results
3.1. Concentration of PM10

Figure 2 shows the distribution of PM10 mass concentrations determined using both
methods. The average concentration of PM10 for the whole measurement period in January-
February was 34 and 44.3 ug/m3 for CPM and GM, respectively. It was below the daily
PM10 limit value determined by the European Commission (50 ng/m?) [53], which must
not be exceeded for more than 35 days a year. Days which exceeded the daily limit value
were also observed, that is, days 1-6, 9, 10, 12, 20, 21 and 1-6, 9-15 19-21 in the CPM and
GM measurements, respectively. Despite the observed fluctuations, it can be concluded
that the PM10 concentrations measured with CPM and GM were similar only during the
winter period. The coefficient of variation was at a similar level, that is, 51% for CPM and
65% for GM.

The variability of PM10 concentration during the observation period in spring is
presented in Figure 3. In contrast to the winter period and especially at the beginning of
the observation period (early April), the concentrations determined by the two methods
were clearly different. A significant difference was also observed in the average values for
the whole period. The average concentration of PM10 for the whole measurement period
was 29.8 and 49.5 pg/m3 for CPM and GM, respectively. In addition, only two days with
exceedances of CPM were recorded, while there were four such days in the case of GM.
For both CPM and GM, the coefficient of variation was at almost the same level as it was
during the winter period—52% and 67%, respectively. Furthermore, in the case of GM,
the relation of PM10 concentration—values of meteorological parameters (Ws, T, P)—was
identical to that observed for winter. Such a relationship did not occur for concentrations
determined using CPM.
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Figure 2. Average 24 h PM10 mass concentration obtained by two methods in winter campaign.
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Figure 3. Average 24 h PM10 mass concentration obtained by two methods in spring campaign.

3.2. Concentration of Elements

Figure 4 shows the full measurement data for PM10-bound elements for the winter
period. The mean concentrations of selected elements associated with PM10 ranged widely,
with values from 0.61 ng/ m?> (Ni) to 219 ng/ m? (Ca) for EDXRF and 1.46 ng/ m? (Ni) to
250 ng/ m?> (Ca) for AAS. The masses of the nine elements represented almost 1.6% of
the total PM10 mass for EDXRF and 2.0% for AAS. For both techniques, Ca, K and Fe
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were the most abundant among the determining elements. Toxic trace elements were
present in very low concentrations (Ni, Cr, Mn) not exceeding 10 ng/m? (mean daily value)
or low (Pb). The mean concentrations of Ni and Pb in Kotérz Maty did not exceed the
permissible values of annual concentrations established by the European Commission
(20 ng/m? and 0.5 ug/m?, respectively; [53]). When considering the position of the median,
it may appear that for both methods, the concentrations of Mn, Ni, Zn and Ca can be taken
as equivalent. On average over the whole measurement period, the elements associated
with the PM10 particulate matter under observation for EDXRF can be ranked as follows:
Ca>K>Fe>Zn>Pb>Mn>Cu>Cr > Ni, while for AAS, the order was almost identical:
K> Ca>Fe>Zn>Mn > Cu>Cr>Pb>Ni. In the case of EDXRF, two groups of elements
can be distinguished because they were characterised by similar coefficients of variation
(CV); CV ranging from 52% to 70% (Zn, Cr, Ca, Mn) and CV ranging from 70% to 88% (Pb,
K, Fe). Two extreme CVs were also recorded: 39% and 115% for Ni and Cu, respectively.
There was much more variability in the elements determined by the AAS method. With
the exception of Cr in which the CV was 47%, the concentrations of the other elements
showed a significant quartile range, with CVs for Ca, K, Pb, Zn, Cu, Mn, Fe and Ni ranging
from 104% to 167%. Significant discrepancies were observed between the results of the two
techniques, particularly in the mass concentration of Cr (more than 4 times the median
value for AAS) and Cu (more than 3 times the median value for AAS).

—=Cr10' HMn  EEFe 10’
EINi10' Hcu  Hzn1o!
=Pb EK10' Hca10"

XRF data AAS data

S EzaT éiééégi

Figure 4. PM10-bound elements data for winter period. Boxes show the range between the 25th and
75th percentiles. The whiskers extend from the edge of the box to the 5th and 95th percentiles of data.
The horizontal line inside indicates the median value.

The full measurement data of PM10-bound elements for the spring period is presented
in Figure 5. The mean concentrations of selected elements associated with PM10 ranged
widely, with values from 0.82 ng/m3 (Ni) to 472 ng/m? (Ca) for EDXRF and 1.68 ng/m3
(Pb) to 1718 ng/m?3 (Ca) for AAS. The masses of the nine elements represented almost 3.4%
of the total PM10 mass for EDXRF and 5.2% for AAS. For both techniques, Ca, K and Fe
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were the most abundant among the determining elements. From EDXRF data, the mean
daily values of toxic trace elements were present in very low concentrations (Ni, Cr, Mn,
Pb), not exceeding 10 ng/m3>. From AAS data, the mean daily values of toxic trace elements
were present in very low concentrations (Ni, Pb), not exceeding 11 ng/ m?3 or low (Cr, Mn).
The mean concentrations of Ni and Pb in Kotérz Maly did not exceed the permissible
values of annual concentrations established by the European Commission (20 ng/m? and
0.5 pug/m3, respectively; European Parliament; European Council, 2008). The position of
the median may suggest that for both methods, the Fe and Zn concentrations can be taken
as equivalent. Based on an average over the entire measurement period, the PM10-bound
elements for EDXRF are ranked as: Ca > Fe > K> Zn > Pb > Mn > Cu > Cr > Ni. In contrast,
the order of the elements for AAS is ranked as: Ca > Fe > K> Cu > Zn > Mn > Cr > Ni > Pb.
In the case of EDXREF, three groups of elements characterised by a similar coefficient of
variation can be distinguished: CV 45% and 53% (Cr, Mn); CV between 62% and 70% (Cu,
Zn, Fe); and CV between 79% and 92% (Pb, K, Ca). The maximum variation was in Ni
concentration (112%). For the concentrations determined by AAS, in addition to Ca and
K (CV 16% and 23%, respectively), more balanced values were observed for Mn, Cu, Nij,
Cr and Fe; CV ranged from 51% (Mn) to 65% (Fe). Zn and Pb were in the last group, with
CVs of 82% and 84%, respectively. Very significant discrepancies were observed between
the results of the two techniques, especially in the mass concentrations of Cu (more than
20-fold higher median value for AAS), Ni (more than 13-fold higher median value for AAS),
Cr (more than 8-fold higher median value for AAS), Ca (more than 5-fold higher median
value for AAS) and Pb (more than 5-fold higher median value for EDXREF).

~Cr10" HMn
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M Fe 107
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Figure 5. Data for PM10-bound elements for spring period. Boxes show the range between the 25th
and 75th percentiles. The whiskers extend from the edge of the box to the 5th and 95th percentiles of
data. The horizontal line inside indicates the median value.
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3.3. Meteorological Data

Meteorological data were recorded simultaneously with PM10 and elemental measure-
ments. During the winter campaign, the average temperature was 2 °C, reaching min and
max values of —6.9 °C and 9.3 °C, respectively. With the exception of a few days associated
with the impact of the cyclone, the pressure was stable and ranged between 996-1046 hPa
(mean 1017.6 hPa). The measurement period was dominated by days with very low winds.
The movement of air masses was mainly from the NW, S and W directions. The maximum
wind velocity was 10.7 m/s, with an average of 4.4 m/s. The total precipitation of 38 mm
was lower than the multi-year average. There was no precipitation for 71% of the measure-
ment days. The maximum rainfall was 8.6 mm/h, but the daily average was only 0.8 mm.
The average temperature was 6.5 °C during 15 days of measurements in April, reaching
daily minimum and maximum values of 1.9 °C and 11.4 °C, respectively. Atmospheric
pressure was stable and ranged between 995 and 1015 hPa (mean 1001.3 hPa). Days with
very light winds dominated during the measurement period. Air masses moved mainly
from the S, SE and NW directions. The maximum wind velocity was 7.4 m/s and the mean
was 3.6 m/s. The total precipitation of 13.6 mm was lower than the multi-year average. No
precipitation was recorded on 12 of the 15 measurement days. The maximum precipitation
was 7.1 mm/h, but the daily average was only 0.9 mm.

4. Discussion
4.1. Comparison of GM and CPM—Concentration of PM10

PM10 concentration values in the vicinity of receptors are determined not only by
emission sources but also by the impact of meteorological parameters. Differences in
PM10 values may also result from changes in the boundary layer of the atmosphere, which
are expressed in different values for temperature, wind speed or precipitation. The analysis
of the basic meteorological parameters (Mann-Whitney U test, « = 0.05) registered in
the winter as well as spring indicated that there were considerable statistical differences
between seasons with regard to the values of T, Ap and Wd (p-value: 0.00; 0.00 and 0.04,
respectively) and no considerable statistical differences between seasons with regard to the
values of Ws and P (p-value: 0.12; 0.00 and 0.54, respectively).

Table 4 shows the results of the Spearman correlation between PM10 concentration
determined with CPM and GM and between PM10 concentration values and recorded
meteorological parameters.

Table 4. Spearman correlation. Relationship between the PM10 concentration and meteorological
parameters. Bold values are statistically significant with p = 0.05. Normal font relates to winter data
and italic font to spring data.

CPMPM10  GM PM10 T Ap Ws wd P
CPM PM10 0.94 —061 021  —040 002  —0.40
GM PM10 0.68 —058 014  —028 004  —045
T 0.32 ~0.17
Ap —0.46 ~0.38
Ws —0.28 —0.40
wd ~0.18 ~0.30
P —0.53 —0.48

For both winter and spring periods, a statistically significant, high (spring) and almost
full (winter), correlation was obtained between PM10 concentrations determined by both
methods. The result of the Wilcoxon test (for p < 0.05) confirmed the consistency of the
results from both methods only for the winter period. The p-values of the Wilcoxon test for
winter and spring sessions were 0.08 and 0.01, respectively. Thus, hypothesis #1 can only
be considered true for the winter campaign period. In the season-to-season comparison
(Mann-Whitney U test, p < 0.05), no statistically significant differences were found. In the
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winter-spring relationship for PM10 concentrations determined by CPM, the test probability
was 0.40 and by GM, 0.86.

For both methods, the highest daily PM10 concentration values were obtained in
January, which corresponded to negative air temperature, very weak advection and lack
of precipitation. Such meteorological conditions significantly did not favour dilution and
deposition of pollutants. On the other hand, both in the winter and spring seasons, the
lowest PM10 concentrations were observed during days characterised by opposite values
of the above meteorological parameters. This may suggest that in the so-called ‘heating
season’, local emissions are responsible for air quality in terms of dustiness [19,54].

During the second campaign, significant differences became evident in PM10 con-
centration values determined by the two methods. It is difficult to explain the reason for
a significant disproportion during the first five days of spring measurements. Although
there is no correlation between PM10 concentration and wind direction and velocity, the
movement of air masses from the S direction (the least numerous buildings—Figure 1) was
observed at this time. The CPM aspiration head was distant from the GM head by 18 m
to the east. Perhaps this distance was sufficient for the two receptors to be in different
air streams, the ‘purer’ (CPM) and more ‘polluted’ (GM). The following facts were also
of importance: ideally to the south of the GM aspirator head, there was an outlet of a
cyclone serving exhaust from a production hall in a nearby woodwork business; and the
GM aspirator was located closer to buildings with active emitters and to home gardens
where field work (digging and fertilising beds) was initiated at the end of March. These
facts may also have influenced a slightly higher value of PM10 concentration determined
by the gravimetric method in the spring campaign compared to the winter one.

For the January-February period, a significant statistical relationship was found in
both cases between PM10 concentration and T and P. Similar results regarding the mutual
relationship between aerosol concentration and temperature were found in a study in a
Czech village [55]. The increase in PM10 concentration corresponded to the intensification
of the use of domestic emission sources forced by a decrease in outdoor temperature. At the
same time, the occurrence of precipitation (regardless of temperature) effectively reduced
the mass of aerosol reaching the receptors. During the spring observations, a clear lack
of correlation between PM10 and T is noticeable, which may be due to the fact that the
variability of T values during the spring campaign was more than three times lower than in
winter. For both full observations, no correlation was found between PM10 concentration
and Ap and Wd and Ws. In the last case, there was an exception in winter for GM aspiration.

In comparison with the data received during winter and spring measurement cam-
paigns in different places, results from Kotorz Maly were similar to other small villages,
namely Przezchlebie, PL; 67 pug/ m3 (winter) and 24 ug/ m3 (spring) [45]; Zloukovice, CZ;
38 ug/ m3 (spring) [54]; and Brzezina, PL; 80 pg/ m? (winter) [48].

4.2. Comparison of EDXRF and AAS—PM10-Bound Elements

Figure 6 presents the results of the cluster analysis in the form of dendrograms. The
clusters were separately created for winter and spring data. Dendrograms were constructed
to assess the multidimensional structure of the elemental concentration [56]. The assembled
Euclidean distances between the compositional points with clr-transformed coordinates
were used to create a dissimilarity matrix. The dendrograms were constructed using Ward’s
clustering method. For the winter campaign, there were two clearly distinguished clusters
in the dendrogram, with the structure predominantly defined by groups of metals, namely
Ca, Fe and K in the first group and Zn, Pb, Cu, Mn, Cr and Ni in the second group. The
elements in the first group mainly come from natural sources, including form surface
erosion of soils and from plants [18,55,57-59]. Elements in the second group are associated
with anthropogenic sources, mainly from coal and biomass burning [54,60-64] and from
the exploitation of motor vehicles [65-69].
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Figure 6. Dendrograms of the elemental composition of PM10 in relation to the analytical method
EDXRF and AAS (winter on the left and spring on the right).

For spring observations, three main clusters were found. At first glance, two of them
would be known as winter clusters, but the situation with AAS Ca is interesting and
definitely stands out. This is most likely the result of human activity and represents an
isolated incident related to local gardening. As mentioned earlier, the GM sampler was
located close to domestic gardens where the inhabitants very often fertilised with ground
eggshells to enrich the soil.

Table 5 presents a summary of the results of Spearman correlations between elements
determined using EDXRF and AAS. Excluding correlations between PM10 concentrations
and elements determined in PM10, the winter period data showed a higher number of
statistically significant correlations between variables than did the spring data (143 vs. 40,
respectively). For the winter period, a statistically significant high correlation (>0.7) was
found for seven pairs of variables determined by the EDXRF technique and for 11 pairs
of variables determined by the AAS technique. However, for the elements determined by
EDXRE, Fe—Mn and Zn—Pb correlations can be described by a linear relationship. For the
elements determined by AAS, a linear relationship was found for Zn—Mn and Ca—Mn
pairs. In the remaining cases, there were no linear relationships or they were described by a
non-monotonic function. For the spring period, statistically significant high correlation was
found for 10 pairs of variables determined by the EDXRF technique and for only 1 pair of
variables determined by the AAS technique. For the elements determined here by EDXRE,
the correlations Fe—Mn, Cr—Ni, K—Mn, Fe—K, Ca—Fe and Ca—K can be described by a
linear relationship. In the case of elements determined by the AAS technique, no linear
relationships occurred. In other cases, there were no linear relationships or they were
described by a non-monotonic function. Considering the correlations of the same elements
that were determined by different methods, 6 pairs in the winter period (Cu—Ni, Cu—Cu,
Fe—Zn, Zn—7n, Ni—Pb and K—Ni) had statistically significant high correlations. For the
spring period, no statistically significant high correlations were found. In other cases, for
example, for statistically significant compounds with respect to elemental composition,
some correlations may explain the origin of the aerosol, but it does not seem appropriate to
draw specific conclusions from such an analysis.

In general, statistically significant correlations of individual element concentrations
with PM10 concentrations became apparent in the studies conducted in the winter. High
correlations (>0.7) for non-destructive techniques occurred for Fe, Zn, Pb and K. In the case
of AAS, such correlations did not occur other than for Cu and Pb. In the spring campaign,
for EDXREF, such situations were observed only for Fe, while for AAS, they were observed
for Cr, Fe and Ni.
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Table 5. Spearman correlation. Relationship between the PM10 concentration and meteorological
parameters. Bold values are statistically significant with p = 0.05. Normal font relates to winter data
and italic font to spring data.
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CPM PM10 023 063 070 045 069 089 077 079 056
XRF Cr 0.32 060 062 049 046 031 020 021 046 043 031 029 027 020 028 017 023 031
XRFMn 058 0.7 089 054 063 054 036 043 074 049 057 059 041 041 047 033 048 0.55
XRF Fe 069 076 0.93 0.66 072 0.61 045 047 0.82 0.60 059 067 052 058 050 035 054 0.6l
XRF Ni 0.28 084 065 0.69 0.64 038 039 037 0.58 040 045 0.60 0.63 044 039 029 034 0.50
XRF Cu 019 018 028 025 035 0.68 060 063 056 0.65 0.60 0.68 070 075 054 042 053 0.63
XRF Zn 051 036 057 056 033 012 081 079 042 064 068 070 058 059 074 061 067 0.61
XRF Pb 025 —004 027 018 013 012 0.72 090 0.19 0.58 0.63 0.63 070 052 061 061 065 0.55
XRFK 0.74 065 087 095 056 016 054 019 0.25 0.61 0.67 060 070 050 0.66 0.63 0.68 0.58
XRF Ca 059 071 088 097 067 017 050 011 0.94 038 047 049 036 049 045 025 034 0.62
GM PM10 073 080 082 073 0.63 076 0.68 075 0.72
AASCr 0.61 023 036 046 028 016 029 024 047 043 085 068 068 074 074 068 065 058 0.64
AASMn 023 —0.I1 008 —0.08 —010 —0.05 0.06 0.4 —0.08 —0.16 042 035 073 071 057 082 064 059 082
AAS Fe 064 036 055 059 036 035 045 013 061 055 080 070 026 078 0.66 0.64 057 0.66 0.71
AASNi 055 016 036 038 —002 —031 015 —012 046 035 077 056 019 055 0.60 0.66 0.69 059 0.71
AASCu ~029 006 017 —020 007 —012 —016 —0.04 —040 —021 —0.27 —0.22 016 —029 —0.39 0.55 052 050 0.65
AAS Zn —017 036 029 022 043 018 038 018 011 028 029 030 —0.05 048 006 0.08 075 058 0.74
AASTPb —021 032 001 002 044 022 029 —029 —011 002 012 026 —0.08 028 017 007 052 0.65 0.59
AASK 03¢ 014 028 024 003 009 006 —015 023 024 048 014 015 055 027 003 022 011 0.48
AASCa ~0.28 —0.55 —0.50 —0.52 —0.23 005 —025 014 —054 —047 —044 —037 007 —043 —0.66 036 —023 —024 0.10
For the purpose of comparison, Table 6 presents the average values of element con-
centrations in particulate matter determined at different locations. Due to differences in
concentration values of particular elements determined by the two different methods, the
analytical techniques used by the quoted authors are also given. Attention is drawn by
significantly higher concentration values of most analytes compared to the results obtained
in rural areas in the Czech Republic and France. The differences most probably result from
lower ecological awareness of the Polish rural population and their use of much older and
outdated heating systems.
Table 6. The mean concentration of PM10-bound elements at various sites in the rural area.
. . Cr Mn Fe Ni Cu Zn Pb 3 Ca
Place; Country Season  Technique ng/m® ng/m® ng/m® ng/m® ng/m® ng/m® ng/m® K ng/m ng/m® References
Kotérz Maty, PL winter  AAS 484 9.07 222 1.46 6.49 68.6 3.36 306 251 this study
Kotérz Maty, PL spring AAS 18.0 229 421 11.0 53.3 29.3 1.68 318 1719 this study
Kot6rz Maty, PL winter ~ EDXRF 1.28 421 114 0.61 2.44 384 129 148 220 this study
Kotérz Maty, PL spring EDXRF 2.03 8.48 324 0.82 2.22 322 10.0 164 472 this study
Grajow, PL spring  SSMS 8.0 280 19.0 120 80.0 [46]
Przezchlebie, PL winter  GFAAS 239 168 443 495 111 135 53.4 [45]
Przezchlebie, PL spring  GFAAS 239.4 123 217 6.20 2.60 727 204 [45]
Montagney, FR winter IICI\IFXE; 12 38 105 1.50 450 233 9.70 267 234 [25]
Zloukovice, CZ spring ICP-MS 0.5 0.5 16.8 13.1 [54]
Brzezina, PL winter ~ EDXRF 30 40 500 32.0 188 85.0 648 376 [48]

Table 7 summarises the results of the Wilcoxon test, which aims to verify the hy-
potheses stating that: #2—the concentration levels of PM10-bound elements are identical
regardless of the method of sampling and analysis; and #3—the concentration levels of
PM10 and PM10-bound elements are identical regardless of the season (winter-spring
relation). It was suggested in Section 3.2 that the position of the median in Figures 4 and 5
indicates equivalence in concentrations of Mn, Ni, Zn and Ca in winter and Fe and Zn in
spring. The results of the Wilcoxon test clearly indicate that these suggestions were true
for the observations from the second measurement campaign (in spring) and only for Ca
in winter. For the winter campaign, only the contributions of Mn, Ni and Zn to PM10 are
equivalent for both techniques. Thus, hypothesis #2 can be considered true only for a very
limited range.
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Table 7. EDXRF-AAS p-values of Wilcoxon test for winter and spring sessions. Bold values indicate
that the results are significant with p < 0.05.

Relation Mass Concentration Elements Share in PM10

Winter session

EDXRF-AAS Cr 0.000 0.000
EDXRF-AAS Mn 0.001 0.368
EDXREF-AAS Fe 0.000 0.000
EDXRF-AAS Ni 0.000 0.250
EDXRF-AAS Cu 0.000 0.000
EDXRF-AAS Zn 0.000 0.082
EDXRF-AAS Pb 0.000 0.000
EDXRF-AAS K 0.000 0.000
EDXRF-AAS Ca 0.238 0.001
Spring session

EDXRF-AAS Cr 0.000 0.001
EDXRF-AAS Mn 0.001 0.035
EDXRF-AAS Fe 0.099 0.609
EDXRF-AAS Ni 0.000 0.001
EDXRF-AAS Cu 0.000 0.001
EDXRF-AAS Zn 0.820 0.023
EDXRF-AAS Pb 0.001 0.001
EDXRF-AAS K 0.005 0.035
EDXRF-AAS Ca 0.000 0.003

Hypothesis #3 (Table 8) may be considered true for a much larger range. The levels
of PM10 concentrations determined by the compared methods for the winter-spring re-
lationship are very similar. As far as elements are concerned, the comparison of winter
and spring results from the EDXRF technique did not provide different results with the
exception of chromium and elements of mainly natural origin. In the case of AAS, the
hypothesis is true only for potassium.

Table 8. EDXRF-AAS p-values of Mann-Whitney U test for season-to-season data. Bold values
indicate that the results are significant with p < 0.05.

CPM PM10 GM PM10 Cr Mn Fe Ni Cu Zn Pb K Ca
CPM-EDXRF 0.400 0.002  0.000 0.000 0.824 0.267  0.178 0.281 0.787  0.006
GM-AAS 0.862 0.000  0.000 0.000 0.000 0.000 0.005 0.000 0.055  0.000

4.3. Identification of Sources of PM10 and PM10-Bound Elements

As previously mentioned, the order of elements during the winter measurement cam-
paign as determined by EDXRF was as follows: Ca > K > Fe > Zn > Pb > Mn > Cu > Cr > Ni.
The order was almost identical for AAS: K> Ca > Fe >Zn>Mn >Cu> Cr>Pb > Ni. In
spring, the order for EDXRF was Ca > Fe > K> Zn > Pb > Mn > Cu > Cr > Nji; for AAS, it
was Ca > Fe > K> Cu > Zn > Mn > Cr > Ni > Pb. Mach et al. [18] presented results from
the same receptor and the same apparatus (EDXRF) but they were obtained during the
summer campaign. During the summer season, the order of elements in Kotorz Maly was
Ca>Fe>K>Zn>Cu>Mn>Cr>Pb > Ni. Comparing only the data from the device
(PX-375 Horiba, Osaka, Japan) both in the summer and the spring, the order of the first
four and the last place elements was identical (in the winter, the sequence differed slightly).
Significant differences appeared in the order of Pb, Mn, Cr and Cu, which may indicate dif-
ferences in the contribution of individual sources in relation to the warm and cold seasons.
In Mach et al. [18], the authors identified five significant sources based on records with an
interval of 1 h which determined aero-sanitary conditions in the village in the summer:
mineral matter emission, traffic emission, remote low-stack emission, industrial (local and
regional) sources and fossil fuel and/or biomass combustion in local households.
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Factor analysis (FA) was used to determine the types of sources which were affecting
air quality within the receptor. Factor analysis, such as PCA, is a frequently used statistical
tool to determine the sources of PM [70,71].

Factor analysis was performed according to the method described by Pohlmann [72].
This was performed by utilising the orthogonal transformation method with Varimax
rotation and retention of principal components for which the eigenvalues were close to
the unit. The selection of factors was mainly based on Cattell’s scree test [73], whereas
the ultimate verification was undertaken by an analysis of residual correlations. Factor
loadings indicate the correlation of each element with each component and are related to
the source emission composition. In order to avoid the trap of too few variables in relation
to the cases, only those elements that showed a high correlation for each method were
selected for analysis, that is, Ca, Cu, Fe, Mn and Zn. Elements considered to be derived
from both natural and anthropogenic emissions were represented in the tested group.

The eigenvalues of the correlation matrix (Table 9) reflect the significance of the princi-
pal components in explaining the information resources of the input variables (percentage
share of variation in the dataset). The higher the correlation coefficient of a variable with a
component, the more relevant this variable is to the component. In the analysed cases, the
first two principal components were decisive for winter (both methods) and spring (EDXRF)
and describe 88%, 93.5% and 88.2% of the variability of the original data, respectively. For
the analysis of the spring data (AAS), three main factors were identified that explain almost
85% of the variability.

Table 9. Eigenvalues of the correlation matrix.

No. of Factor Eigenvalues % of Total Accumulated Cumulative % of

) 8 Variance Eigenvalues Explained Variance
. 1 3.58 71.68 3.58 71.7
EDXRF winter 2 0.82 16.45 441 88.1
. 1 3.86 77.39 3.86 77.4
AAS winter 2 0.8 16.07 4.67 93.5
. 1 3.38 67.53 3.38 67.5
EDXRE spring 2 1.03 20.65 441 88.2
1 1.97 39.43 1.97 39.4
AAS spring 2 1.38 27.54 3.35 67.0
3 0.89 17.76 4.24 84.7

The principal components obtained are interpreted on the basis of the values of their
coefficients, which are also the coefficients of the linear correlation between the input
variables and the principal components. For winter (EDXRF), the first principal compo-
nent carried almost 72% of the information contained primarily in variables representing
elements from natural sources, while the second principal component explained more
than 16% of the variation in the data through a variable identified with elements from
anthropogenic sources (Table 10). During 49 days of observations, there was no snow cover
in Kotorz Maty, indicating that the main source of Mn, Fe and Ca was resuspension from
the surface of the fields surrounding the village. Local energy sources of conventional fuel
combustion and transport were responsible for Cu and Zn emissions. As for data obtained
from AAS analysis, the first principal component carried almost 78% and the second 16%
of the information. Here, as in the case from EDXRF data, the same main emission sources
can be distinguished, with additional emphasis on the impact of industrial influx emissions,
most probably from the Opole cement plant (Cu) [74].
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Table 10. Factor loadings matrix for the PM10 chemical composition obtained after applying the

factor analysis.

EDXRF Winter AAS Winter EDXRF Spring AAS Spring

F1 F2 F1 F2 F1 F2 F1 F2 F3
Mn 0.868 0.362 0.846 0.479 0.536 0.814 0.446 —0.615 0.362
Fe 0.833 0.489 0.958 0.210 0.667 0.702 0.954 0.063 —0.133
Cu 0.218 0.895 0.180 0.966 0.875 —0.022 —0.091 —0.051 0.970
Zn 0.342 0.853 0.808 0.520 —0.041 0.926 0.889 0.051 0.023
Ca 0.933 0.154 0.934 0.078 0.871 0.371 —0.244 —0.890 —0.041

For spring (EDXREF), the first principal component carried 67.5% and the second 20%
of the information. The main sources of emission were transport, surface erosion and low-
stack emission from rural household heating. In the case of data collected by AAS analysis,
the cumulative explained variance reached almost 85%, with three factors contributing
39.4%, 27.5% and 17.8%, respectively. Here, the same sources as identified for the EDXRF
results were responsible for the emissions, with the additional influence of an atypical
anthropogenic source, namely fertilisation of soils with ground eggshells (Ca).

5. Conclusions

The results of monitoring PM10 concentrations in a typical rural area during the winter
and spring season using two measurement methods (GM and CPM) indicate that:

- The concentrations of PM10 measured by both methods in the winter were equivalent.
In the case of the spring season, only after the fifth day of measurements was it ob-
served that the PM10 concentrations were comparable, with both methods indicating
the same trend of increase and decrease in PM10 concentrations.

- Thelack of significant seasonal differences in PM10 concentrations probably results
from the fact that April in Poland is also included in the heating season. Significant
changes in PM concentrations were noticeable with the beginning and end of the
heating season, which is conventionally assumed to last from 15 October to 25 April.

- Atmospheric conditions had a significant impact on PM10 concentrations. The
highest concentrations were recorded at weak advection, lack of precipitation and
temperature drop.

Conclusions on the elemental composition analysis of PM10 using two methods
(destructive AAS and non-destructive EDXRF) are as follows:

- Both methods showed that Ca, Fe and K had the highest mass shares in PM10 mass
both in winter and spring.

- The indications of both methods slightly differed in the case of elements with the
lowest share in PM10 mass. In winter, the order for AAS was Cr > Pb > Ni, while in
spring, it was Cr > Ni > Pb. For EDXRE, the order was the same for the elements with
the lowest concentrations: Cu > Cr > Ni.

- Clear discrepancies were observed in the concentrations of PM10-bound elements in
individual seasons. Higher concentrations of PM-bound elements and, thus, higher
shares in PM mass were observed in the spring (3.2% for EDXRF; 5.2% for AAS)
compared to the winter (1.6% for EDXRF; 2.0% for AAS).

The assessment of the origin of PM10 through factor analysis and the analysis of the
correlation between the examined factors showed:

- In winter, the concentration of PM10 and its elemental composition were deter-
mined by two components: natural sources (erosion from soil that was not covered
with snow at the time of measurement, erosion from plants) and anthropogenic
sources, that is, combustion of coal and biomass in home furnaces and combustion
of fuel in car engines. In spring, the concentration and elemental composition of
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PM10 was determined by the two sources indicated above as well as by the local
horticultural activity.

- The amount of variance explained by factor analysis varies in both seasons, which
suggests a variability in the impact of different emission sources. With the simulta-
neous influence of several sources or the presence of one dominant source, precise
determination of the origin of PM is difficult and requires further analysis.

Comparing the results using different methods (GM vs. CPM and AAS vs. EDXRF)
showed that:

- Hypothesis 1 is only true for the winter campaign period.

- Hypothesis 2 can be considered true only for the second measurement campaign in
the case of spring measurements and only for Ca in the winter.

- Hypothesis 3 may be considered true for PM10 and PM10-bound elements with the
exception of chromium and crustal elements for EDXRF. For AAS, the hypothesis is
true only for potassium.

In order to compare the results obtained with different methods, it is necessary to
ensure that both types of measuring and sampling equipment are located directly next to
each other. The conducted research indicated that even a small distance (18 m in this study)
may influence the variability of the results.

The conducted measurements and analysis of the results indicate a plan for further
research, which should also include the fine PM fraction, for example, PM2.5. The fine
particles are more enriched in trace elements (Cr, Ni, Pb, Cu) than in coarse. Analysis of fine
PM could provide additional information on the origin of the PM at the receptor as well as
the equivalence of the methods. The results obtained in this study do not exclude any of the
proposed methods for the determination of concentrations and elemental composition, as
both provided similar conclusions regarding the origin of PM10 in the receptor. Although
the measurement method and its equivalence to the reference method prove the reliability
of the results, an important source of information about the factors influencing these results
requires a detailed correlation analysis, for example, between concentrations of elements
and atmospheric conditions as well as the source apportionment using the methods of
factor analysis (FA), principal components analysis (PCA) or positive matrix factorisation
(PME). A limitation for a complete analysis of the problem was the low number of records
collected (for the spring season). The authors plan further research in this area, devoted to
improving the accuracy of the quantitative analysis. A dedicated calibration procedure will
be further developed to obtain accurate and more precise results.
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