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Abstract. The scientific interest in air pollution comes from its influence on human health, the condition of
cultural heritage and climate. The PM2.5 fraction (particles of a diameter of 2.5 mm or below), indirectly, has a
significant impact on health which is associated with respiratory tract and blood vessel related diseases. However,
not only the size, but also the content of the particles has a significant meaning. To determine the particulate
matter contents, elemental analysis can be performed using numerous techniques, the most important of which
is X-ray fluorescence. In this study, samples of PM2.5 fraction collected in Krakow, Poland were analyzed. The
X-ray fluorescence method was used to perform elemental analysis. The gravimetric method was applied to
determine the concentration of the PM2.5 fraction. Low detection limits of individual elements and precision
of the X-ray fluorescence method were determined. The concentrations of the following elements: Cl, K, Ca,
Cr, Mn, Fe, Cu, Zn, Br, Rb, Sr and Pb in the PM2.5 fraction samples collected in Krakow were evaluated. The
homogeneity of the samples was also estimated. The concentrations of PM2.5 fraction collected in the summer
of 2013 were in the range of 6-23 ng/m®. The concentrations of PM2.5 fraction collected in the winter of 2013
were in the range of 26-171 ng/m?. The precision of the method was found to be below 1% for elements with
high concentration in the sample and 6-8 % for trace elements.

Key words: air pollution ¢ energy dispersive X-ray fluorescence (EDXRF) ¢ elemental analysis ¢ particulate matter

Introduction

Air pollution, especially particulate matter (PM),
can influence human health, the condition of cul-
tural heritage and climate. Initial studies of air pol-
lution involved the analysis of the PM10 fraction
(particulate matter with particle diameter less or
equal to 10 ym). The PM10 fraction was broadly
characterized from the perspective of several physi-
cochemical aspects [1-3]. Currently an increasing
amount of research is being conducted focusing on
the characterization of the PM2.5 fraction [4-6].
This is due to the fact that small particles can much
more easily penetrate the human respiratory tract.
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ments, is of great importance when proposing possi-
ble mechanisms of negative health effects and when
performing source apportionment studies. Several
physiochemical methods are used to determine el-
emental concentrations in the PM2.5 fraction. In
order to perform atomic emission spectrometry with
inductively coupled plasma (ICP-AES), optical emis-
sion spectrometry with inductively coupled plasma
(ICP-OES) or atomic absorption spectrometry
(AAS) analysis, it is required to follow appropri-
ate preparation steps prior to analyzing collected
samples. This requires dissolving the PM2.5 samples
in an acid solution. Contrary to these techniques,
using the XRF (X-ray fluorescence) method does not
involve any preparation of the samples for analysis.
As aresult the samples are not destroyed and can be
further used for other purposes. For this reason, XRF
analysis is suitable and preferred for PM2.5 analysis.

In this work, samples of PM2.5 fraction were col-
lected in Krakow, Poland and extensively analyzed.
The X-ray fluorescence method was used in order to
perform elemental analysis of the PM2.5 fraction. The
gravimetric method was applied to determine the con-
centration of the PM2.5 fraction. Low detection limits
of elements and precision of the X-ray fluorescence
method were further determined. Additionally, the
homogeneousness of the PM2.5 samples was assessed.
Subsequently, the concentrations of elements in the
PM2.5 fraction collected in Krakow were evaluated.
The results obtained for two different seasons, sum-
mer and winter, were compared.

Experimental
Sampling

The site selected for the experiment was an area of
an urban background in Krakow [9]. It was located
in the district of Krowodrza in the western part of
the city (Krakow; 50°04'01"N; 19°54'47"E). It was
a build-up area in the vicinity of a park. PM con-
centrations at the site are considered representative
of the concentrations in the residential area of the
city. The main local source of pollution is municipal
combustion, industry and traffic. Traffic density
in the city is very high with frequent traffic jams.
In the eastern part of the city, industry is a major
contributor to air pollution. This includes the steel
and ferrous, ceramics and building industries and
heat and power plants. Industrial factories are lo-
cated at a distance of about 10 km from sampling
site. There is also a power plant in the southern
area of the city. The Upper Silesian industry area
is located approx. 80 km to the west from Kra-
kow. Moreover, the zinc industry is situated about
50 km to the north of the city. PM2.5 fraction
samples were collected in 24-hour periods from the
14th to the 25th of January 2013 and from the 12th
June to the 4th of July 2013 with the use of a Low
Volume LVS-3 Sampler with a flow rate of 2.3 m3/h.
Samples were collected on teflon PTFE (46.2 mm,
2 um for PM2.5) filters. A total of 30 samples were
collected during the summer and winter of 2013.

Chemical analysis

Filters were weighed on a micro-balance (A
and D INSTRUMENTS HM-202-EC, accuracy
0.01 mg) in a clean room (temperature: 20 + 1°C,
RH: 50 = 5%) to evaluate the mass of the PM2.5
fraction following procedures outlined in literature
[10, 11]. Filter weight before and after sampling was
recorded and the average of three separate weight-
ings was reported. PM2.5 concentrations were cal-
culated using the mass values of collected dust and
volumes of air that passed through the sampler. The
substrates were conditioned for 48 h in a weighing
room before and after sampling. Concentrations of
the following elements were determined: Cl, K, Ca,
Cr, Mn, Fe, Cu, Zn, Br, Sr, Rb and Pb. Samples of
PM2.5 were analyzed with the use of a multifunc-
tional energy dispersive X-ray fluorescence spec-
trometer as thin samples. The instrument is a micro-
beam X-ray fluorescence spectrometer with capillary
X-ray optics, a broad X-ray beam from Mo secondary
target for XRF analysis of bulk samples and a total
reflection X-ray technique. The Mo tube is the source
of the X-rays. The tube has a power of 2 kW. The
excited X-rays were detected by a Si(Li) detector
with a resolution of 170 eV at an energy of 5.9 keV.
Data collection was completed using the Canberra
system. The measurements were carried out under
the following conditions: voltage of 55 kV, current of
30 mA, measuring time of 10 000 s, under atmo-
spheric air. In order to calculate the concentrations
of different elements in the filters, the spectrometer
was calibrated using thin-film standards (Micromat-
ter, U.S.A.). Calibration was verified by the analysis
of the NIST Standard Reference Material (SRM)
2783 (Table 1 — Air particulate matter on filter me-
dia). The XRF spectra were quantitatively analyzed
with the use of the QXAS package [12].

Results and discussion

The calibration of the spectrometer was performed
and yielded satisfactory results (Table 1). Measured
values were equal to certified values within mea-
sured uncertainties for most of the elements with
the exception of Ca and Zn, for which the measured
values were within extended uncertainties. Subse-

Table 1. Air particulate matter on filter media in NIST
SRM2783

Measured values Certified values

Element [ng] [ng]

K 6100 = 710 5280 + 520
Ca 18 400 + 2 000 13200 = 1 700
Ti 1230 + 35 1490 = 240
Cr 169 + 70 135 = 25
Mn 294 + 35 320 = 12
Fe 28 230 + 940 26 500 = 1 600
Ni 80 + 20 68 =12
Cu 393 + 15 404 + 42
Zn 2052 + 110 1790 = 130
Pb 364 + 5 317 + 54
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quently, the SRM standard was measured ten times
and the precision of the method was determined. The
results of the precision calculations are presented
in Table 2. The table shows mean mass values from
ten measurements, standard deviations in ng and
relative standard deviations in percentages. The
detection limits for SRM 2783 were also calculated
and can be seen in the last column of Table 2. The
obtained precision of the EDXRF method was about
1% for elements with high concentration in the
sample and 6-8% for trace elements. The highest
precision value was obtained for Cr; it was equal
to 18%. An improvement in the precision value
for this element can be achieved by extending the
measurement time. It is stated that the precision
of an analytical method should be below 5% for
elements present in high concentrations and below
15% for trace elements. This allows the conclusion
that the obtained precision results were accurate.
The EDXRF method can thus be successfully used
for elemental analysis of PM2.5 fraction.

The homogeneity of one representative PM2.5
sample was determined. Measurements were per-
formed using eleven data points from the sample.
The concentrations of elements were calculated for
each individual point. The y2 test was performed on
the basis of elemental concentrations. A hypothesis
stating that the sample has a uniform distribution
was established. The %2 test was carried out for every
element using the following formula:

n -E
(1) x2 = Zk:l%
k

where: Q, — measured value — concentration of
measurement k; E — expected value — mean value
of the element’s concentration; o — uncertainty of
measurement k.

The degrees of freedom value was determined
based on the subsequent equation:

) d=n-c-1

where: d — degrees of freedom; n» — number of mea-
surements, ¢ — number of parameters of theoretical
model evaluated on the basis of measured data .

The parameter p was read from a statistical table
after the computations were completed. The results
are shown in Table 3. The y2 test confirmed that the
sample was homogenous on a confidence level of
above 90% for most elements. In the case of Fe and
Pb, the sample was homogenous on a confidence
level of above 80%. It was impossible to conclude
whether Cu was homogenously distributed within
the sample based on the obtained results. However,
it is worth mentioning that the concentration of Cu
was equal to the detection limit.

Concentrations of the PM2.5 fraction during
two different seasons (winter and summer 2013)
are shown in Fig. 1. The observed concentration
values of PM2.5 were determined to be higher in
winter than in summer. The maximum value was
reported on January 24th, 2013 (171 pg/m?) and
the minimum value was noted on June 25th, 2013
(6 pg/m®). Mean values were equal to 74 pg/m’ and

Table 2. Precision (in ng)

[%] LLD

SD
454

10 Mean

4303
18 356

1
4 860
18 028

Element

166
340
393

7.8
12
4.4

18

5813
18 557

4 860 5717 5717 8197 4293 5568 6 315
18 715 20 079 18 446 17 828 18 097 18 914

18 028

8297
19 083

K

213

Ca

1554 1544 1763 1524 1793 1494 1932 1116 1581 69
309 <LLD
418
28 864
<LLD

1534

1554

Ti

22.5
81

20

158
337
28 827

219
359
29 063

169
249
28 695

149
359
28 784
<LLD

110
349
28 525

120
388
28 735

50
259
28 884

249
309
28 934

50
259
28 884

Cr

20

418
28 904
<LLD

Mn

89
68

0.2

47

Fe

5.6

85
372
2122

90
408
2 141

90
378
2161

100
369
2 092

100
349
2 082

70
408
2 141

80
339
2131

70
408
2 141

Ni

2.7 50

10
17

388
2 002

339
2191

329
2 141

Cu

44

0.8

Zn

LLD - low limit of detection.

SD - standard deviation.
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Table 3. Test y2

Element E [ng/m?] %2 d p
K 519 0.697 9 >0.999
Ca 227 0.569 9 >0.999
Fe 104 4.207 9 0.897
Cu 8.2 9.286 9 0.411
Zn 42.6 3.576 9 0.937
Br 6.7 3.636 9 0.934
Pb 15.9 4.616 9 0.820
Winter 2013 average concentrations for several cities in Europe
- and found them to be in the range of 3-35 pg/m’. It
T 180 can be seen that the results obtained during summer
2160 in Krakow were in fact in the range stated by Putaud
S et al. and those attained during winter exceeded
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Fig. 1. Concentrations of PM2.5 fraction for winter and
summer 2013.

16 pg/m?® for winter and summer, respectively. Values
obtained for other Polish cities — annual in Katowice,
Zabrze and winter—spring in Wroclaw, were lower
than those found in winter in Krakow. The numbers
reported for the above mentioned Polish cities were
higher than those observed in summer in Krakow
[13]. Putaud et al. presented data on PM2.5 annual

the average annual concentrations [14]. These high
values of PM2.5 concentrations may be associated
with the fact that combustion due to heating is more
common in Krakow than in other European cities
during winter months.

The results of elemental analysis of PM2.5 are
presented in Table 4. The table contains the mini-
mum, maximum and mean values for both, winter
and summer times. Additionally, Table 4 shows the
low limits of detection (LLD) for the analyzed ele-
ments. Concentrations of the following elements
were determined: Cl, K, Ca, Mn, Fe, Cu, Zn, Br,
Sr, Rb and Pb. Chlorine was present only in the
samples collected during winter with a maximum
value equal to 10.314 ng/m* and a mean value of
2.116 ng/m’. The mean concentration of potassium
in winter significantly exceeded the one obtained in
summer. The mean concentration of calcium was
three times higher in winter than in summer. The
mean concentrations of Zn, Br and Pb were twice as
high in winter than in summer. However, opposite
results were determined for Fe and Cu. In winter,
the mean concentrations of Fe and Cu were two
times lower than in summer. Mean concentrations
of Zn, Br and Pb in winter in Krakow were lower
than annual in Katowice and winter—spring in Wro-
claw. But they were higher than annual in Zabrze.
However, mean concentrations of Zn, Br and Pb in
summer in Krakow were lower than in the above

Table 4. PM2.5 concentrations (in ng/m?) and elemental concentrations of PM2.5 (in ng/m®) in Krakow

Winter 2013 Summer 2013
Element LLD
Min Max Mean + SD Min Max Mean + SD

PM2.5 26 171 74 + 38 6 25 16 = 4
Cl <LLD 10 314 2116 + 3510 <LLD <LLD <LLD 250
K 91 4 867 1666 + 897 <LLD 311 123 + 68 30
Ca <LLD 1227 440 + 326 <LLD 288 146 = 73 20
Mn <LLD 75 7.5 14 <LLD 23 6.7x5 35
Fe <LLD 356 130 = 101 51 778 234 + 133 2.5
Cu <LLD 15 2+8 2 27 63 1.8
Zn 45 302 151 £ 77 16 198 67 £ 35 1.5
Br <LLD 28 8 +11 1 7 4+1 1.0
Rb <LLD 45 20+ 9 <LLD 1.3 0.6 1.0
Sr <LLD 1.1 <LLD <LLD 0.9 0.3 1.0
Pb <LLD 86 30 + 31 3.7 29 13+ 5 2.0

Note: SD represents the variability of elemental concentrations in all collected samples.
LLD - low limit of detection.
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Fig. 2. Elemental concentrations in PM2.5 fraction for
winter 2013.

mentioned cities [13]. Mean concentration of Fe in
summer in Krakow was higher than annual in Ka-
towice, Zabrze and winter-spring in Wroclaw. Mean
concentration of Fe in winter in Krakow was lower
than annual in Katowice and Zabrze and higher in
winter—spring in Wroclaw [13]. The daily elemental
concentrations in winter and summer are shown in
Figs. 2 and 3, respectively. The highest concentra-
tions of the following elements: Cl, K, Ca, Fe, Zn,
Rb and Pb, were observed on January 16th. The
highest concentrations of Cu and Pb were noted on
June 13th. Whereas, the highest concentrations of
K, Ca, Fe and Zn were detected on June 20th. The
results obtained during this study will serve as a
reference for future work focusing on the investi-
gation of air pollution. Few studies, which include
data relevant to the same time of the year, have been
previously completed. Therefore, it is currently dif-
ficult to perform comparisons which would allow for
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Fig. 3. Elemental concentrations in PM2.5 fraction for
summer 2013.

a meaningful analysis of air pollution. This work and
future studies may lead to a better understanding of
the constituents of air pollution and their dependence
on the time of year which will allow for an essential
determination of the sources of air pollution. The
correlations between concentrations of elements were
calculated for winter and summer and are shown in
Tables 5 and 6, respectively. In winter a high correla-
tion was observed between K, Ca, Fe, Rb and CI, Zn,
Pb. A high correlation coefficient was also calculated
for Zn and Fe, Br, Rb and Pb. The element which did
not correlate with others was Cu. In the summer, K
was correlated with Ca and Rb. Fe was correlated with
Mn, Zn and Pb. Additionally, Cu was correlated with
Pb. The sources of fine fraction could be the mixture
of combustion processes of coal, waste, biomass and
emission from vehicles and industry. The ratio Pb/Br
equal to 3.75 in winter and 3.25 in summer suggested
that one of the sources of PM2.5 can be combustion of
fossil fuel. The ratio Zn/Pb equal to 5.03 in winter and
5.15 in summer suggested that the source of PM2.5
can be combustion in homes or/and fossil fuel [15].

Conclusions

EDXRF has been described as significant, very
useful and convenient when determining concentra-

Table 5. Correlation between concentrations of elements — winter 2013

Element Cl K Ca Fe Cu 7Zn Br Rb Pb
Cl 1.00 0.63 0.35 0.28 0.25 0.15 -0.42 0.61 0.30
K 0.63 1.00 0.89 0.68 -0.16 0.64 0.21 0.77 0.60
Ca 0.35 0.89 1.00 0.59 -0.23 0.56 0.29 0.47 0.40
Fe 0.28 0.68 0.59 1.00 -0.68 0.90 0.61 0.70 0.47
Cu 0.25 -0.16 -0.23 -0.68 1.00 -0.53 -0.47 -0.15 0.14
7Zn 0.15 0.64 0.56 0.90 -0.53 1.00 0.79 0.73 0.73
Br -0.42 0.21 0.29 0.61 -0.47 0.79 1.00 0.30 0.57
Rb 0.61 0.77 0.47 0.70 -0.15 0.73 0.30 1.00 0.77
Pb 0.30 0.60 0.40 0.47 0.14 0.73 0.57 0.77 1.00
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Table 6. Correlation between concentrations of elements — summer 2013

Element K Ca Mn Fe Cu Zn Br Rb Pb
K 1.00 0.64 0.38 0.47 0.09 0.40 0.49 0.64 0.37
Ca 0.64 1.00 0.27 0.32 -0.07 0.17 0.10 0.48 0.06
Mn 0.38 0.27 1.00 0.82 0.30 0.77 0.37 0.04 0.69
Fe 0.47 0.32 0.82 1.00 0.38 0.88 0.46 0.15 0.82
Cu 0.09 -0.07 0.30 0.38 1.00 0.26 0.46 -0.12 0.65
Zn 0.40 0.17 0.77 0.88 0.26 1.00 0.30 0.03 0.71
Br 0.49 0.10 0.37 0.46 0.46 0.30 1.00 0.06 0.52
Rb 0.64 0.48 0.04 0.15 -0.12 0.03 0.06 1.00 0.20
Pb 0.37 0.06 0.69 0.82 0.65 0.71 0.52 0.20 1.00

tions of elements in the PM2.5 fraction. The crucial
characteristic of this method is that the analyzed
samples are not destroyed and can be further used
for other purposes. The precision values of EDXRF
in this study were low, up to 1% for elements which
appeared in high concentrations in the sample and
6-8% for trace elements. It was determined that for
almost all of the elements the analyzed samples were
homogeneous on the level of confidence exceeding
90%. The seasonal variation of elemental concentra-
tions showed that higher concentrations of elements
such as Cl, K, Ca, Br and Pb were observed in winter
season than in summer. However, concentrations of
Fe and Cu were higher in summer than in winter. The
obtained elemental concentrations were compared
to the data available in literature and it was deter-
mined that the values were similar to those reported
for other Polish and European cities.
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