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A B S T R A C T

European countries have made progress in reducing particulate air pollution in recent decades being concerned
about their heath and climate effect. In addition to determining particulate number size distributions, it is crucial
to have a methodology to determine size distribution of elemental concentrations down to the ultrafine size
fraction. The present study shows capabilities for combination of May-type cascade impactor sampling and
laboratory total-reflection X-ray fluorescence analysis on ambient aerosol samples taken in urban areas of
Budapest (Hungary) and Cassino (Italy). In addition, results for a sample collected in Budapest during the
fireworks provided for the Hungarian National Day are discussed.

The combined novel method is suitable for determining size distributions for major and trace elemental
concentrations form ultrafine to coarse particles (70 nm up to 10 μm) in seven size fractions. Moreover, short
sampling times (1–4 h) are sufficient for reaching detection limits in the range of 100 pg/m3 for transition
metals. The size and time resolution were found to be optimal for identifying pollution episodes with elevated
elemental concentrations. The in-the-field analytical applicability of the proposed method for major and trace
elements is demonstrated by comparison to elemental size distributions resulted from destructive analytical
techniques.

1. Introduction

Ambient aerosol particles (particulate matter – PM) are among the
most harmful atmospheric pollutants in highly populated areas. Origin
of these particles is human, industrial and natural processes. Large
fraction of anthropogenic particles come from combustion of fossil fuels
for domestic heating, traffic and industrial purposes. Concentration of
aerosols is highest in the northern hemisphere with industrial activity.
Impact of PM pollution in urban areas exceeds in many countries the
World Health Organization (WHO) air quality guideline concentrations.
In Europe, population of Southern, Central and Eastern Europe is suf-
fering most of the exceedances [1]. Many Italian cities mostly in the Po
valley have very high PM concentrations, while Warsaw, Sofia and Is-
tanbul were European cities with the highest PM pollution level in
2017. Many previous studies concentrated in defining the sources and
their contribution to the PM concentrations to find efficient tools to

reduce emissions [2]. Most approaches that are frequently used for
source profiling need long sampling times, an extended set of analytical
techniques that include measurement of major and trace elements as
well as special organic marker components in the aerosol. A recent
epidemiological study has shown that short term exposure to elevated
concentration of ambient PM might trigger acute effects like hart rate
variability [3], especially fine (PM2.5) and ultrafine (PM0.1) particles,
where PMx denotes particulate matter with equivalent aerodynamic
diameter less than x μm. Submicron particles got special attention re-
cently due to the evidence of their detrimental health effect. For epi-
demiological studies analytical techniques based on table-top non-
portable instrumentation having very low time resolution (daily) do not
result in suitable data for exposure-response function since human ac-
tivity changes more rapidly. The daily average of monitoring stations is
not a representative input value for such studies since people usually
spend much less time (ground travel, recreation in city parks) outdoors
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where the emission sources and atmospheric conditions are rapidly
changing. Emission of submicron particles can be very short-term and
can relate to the traffic flow [4]. It is well known that the size dis-
tribution of elemental concentrations has a time variation dependent on
sources and meteorological conditions. In order to have a reliable es-
timation of health effects of the inhaled particles and their source
contributions, information on size-resolved chemical composition of
aerosol particles with sufficient time resolution is imperative.

With the emergence of particle spectrometers capable of de-
termining size distribution of submicron particles with a high counting
efficiency for ultrafine particles, several groups have studied the
number size distribution using scanning mobility particle sizers (SMPS)
to attribute ultrafine particle sources. Although SMPS has a very high
size and time resolution, it does not provide information on the che-
mical composition of particles.

Quantitative analysis of elements present in ng/m3 in aerosol size
fractions poses difficult task for routine measurement of large sample
numbers related to short sampling times that are necessary for epide-
miologically relevant time resolution. On line real time measurement
resulting in simultaneous size and composition data is only possible by
single particle analysis by various mass spectrometry (single-particle
aerosol mass spectrometry - SPAMS or aerosol time-of-flight mass
spectrometry - ATOFMS) [5]. Since the first of such commercial in-
struments a lot of technical improvements happened, the analytical
technique became very useful for organic compounds in particles larger
than 200 nm up to 2.5 μm, with an inherently high size resolution [6].
Detection limits allow determination of major and minor compounds in
individual particles. Real-time measurement has the advantage to avoid
sampling artifacts, degradation or reaction of analytes during storage.

Off-line sampling with impactors allows cost-effective pre-con-
centration of the analytes and enables real trace analysis with various
techniques. Typical approach for mass size distribution of chemical
elements or compounds consists of sampling onto filters or Al plates in
cascade impactors, followed by leaching or digestion and ion chroma-
tography (IC), atomic absorption spectrometry (AAS) or inductively
coupled plasma optical emission spectrometry / mass spectrometry ICP-
OES / ICP-MS) analysis. A wide range of cascade impactors of different
size resolution (3 to 14 stages) and different deposition pattern was
applied for this task. With these techniques a maximum time resolution
of 12 h was reached [7,8], but typically 24 h–72 h sampling was per-
formed, resulting in 10–100m3 aerosol collected per sample. For a ty-
pical 24-h (24m3) sample on one single impactor stage, detection limits
in the ng/m3 range were reported for IC for major water soluble ions
[9,10], and for ICP-OES for metallic elements [11]. Using ICP-MS, de-
tection limits of 1–10 pg/m3 or even below could be reached [12,13].
Applications of non-destructive X-ray fluorescence (XRF) techniques on
analysis of filters loaded to impactor stages were also reported, with
detection limits of 1–30 ng/m3 for both energy-dispersive [14,15], and
wavelength-dispersive XRF [16] for 24-h samples. Elemental size dis-
tributions obtained by XRF should be considered carefully due to the
non-homogeneous deposition of particles on the impactor plates.

An increased time resolution of a few hours can be reached when a
limited size resolution (only 3 stages) is applied as typically used in
rotating drum impactors (RDI) or streaker samplers, but due to the
sharp and close-lying strips of deposited particles a method with small
beam size and high efficiency (particle-induced X-ray emission - PIXE or
synchrotron radiation XRF - SRXRF) is necessary [17,18]. Applying RDI
with high size resolution (8 stages covering the range of 0.07 to 10 μm)
a continuous sampling at a 3-h time resolution became possible but the
elemental analysis requires orders of magnitude higher X-ray fluxes
available only at SR sources [19]. SRXRF was recently applied to cas-
cade impactor samples with 6-h time resolution with special emphasis
on quasi-ultrafine particles [20]. Work of users at such research infra-
structure is available for twice a few days per year at best.

A promising alternative for elemental analysis of aerosol samples is
total-reflection X-ray fluorescence analysis (TXRF). This technique is

well suited for analysis of dried residues of solutions pipetted onto flat,
totally reflecting surfaces. The most common way for TXRF analysis of
airborne PM samples of filters is acid digestion and measurement as a
liquid sample [21]. A small portion of the deposited filter area can also
be transferred to the center of the reflector followed by removal of the
filter material by cold plasma ashing [22]. If reflectors are used as
collection surfaces in cascade impactors, the deposited particles can be
analyzed by TXRF directly [23] or after cold plasma ashing depending
on the pre-treatment of collection substrates [24,25]. However, the
usually inhomogeneous deposition pattern on the impactor plates
should be carefully considered. To date, studies reported on combina-
tion cascade impactor sampling and laboratory TXRF analysis involve
low time [22] or size [24] resolution.

This paper aims to demonstrate capabilities of combination of May
impactor sampling and laboratory TXRF for determination of size dis-
tribution of selected elements in a wide diameter range involving part
of ultrafine particles. Sampling on Si wafers enables further non-de-
structive analysis by scanning electron microscopy (SEM), Raman
spectroscopy or X-ray absorption spectrometry (XAS) [26]. Results for
two European locations in different atmospheric pollution episodes are
discussed as application examples. Size distributions of major and trace
elements obtained in the present study are compared to those de-
termined using IC and ICP-MS / ICP-OES after leaching or digestion of
aerosol particles collected onto filters by different cascade impactors.

2. Materials and methods

2.1. Sampling and on-site monitoring

Sample sets selected for the present study were collected from three
campaigns at two cities, Cassino, Central Italy, 20–27 September 2018;
and Budapest, Hungary, 31 July – 09 August 2019 and 20 August 2019.

2.1.1. Cassino, 20–27 September 2018
The sampling site is a covered balcony (floor surface 3.9 m×7.5m)

on the second floor of a building owned by the University of Cassino
and Southern Lazio. The building is placed in the urban area of Cassino
(Central Italy, 30 km from the Tyrrhenian Sea, resident population
33,000 inhabitants; surface area 83 km2) and flanks a two-ways single-
lane street with free flow traffic conditions characterized by a traffic
density of 24 ± 3 vehicles min−1 with a mean velocity of about
30–40 km h−1 [27]. The street can be considered a wide canyon char-
acterized by large openings on the walls. The sampling site (covered
balcony) is placed at a distance of< 20m from the street. The sampling
point is at about 400m from the fixed sampling monitoring station of
the regional Environmental Protection Agency.

The weather conditions in Cassino during the measurement cam-
paign were obtained from the fixed sampling monitoring station of
regional Environmental Protection Agency. During the campaign the
precipitations were negligible, but slightly different meteo-climatic
conditions were detected before and after 25 September 2018 as a cold
front was moving through the area at that time. In particular, in the
period 21–24 Sept 2018 the average temperature and relative humidity
were equal to 24.9 °C and 72.2%, respectively, and the wind prevalent
direction was South with a median speed of 0.7 m/s. On the contrary,
on period 25–27 Sept 2018, lower average temperature and relative
humidity values were measured (19.5 °C and 47.1%, respectively) as
well as the wind condition changed, indeed, different prevalent direc-
tions were recognized (S, NW, E) with a slightly higher median speed
(about 1.0m/s). Due to this variation in the meteo-climatic conditions,
a decrease in the 24-h average PM10 concentrations measured by the
Environmental Protection Agency at the fixed sampling point was de-
tected in the period 25–27 Sept 2018 (average value of 12.3 μg/m3 with
respect to 22.4 μg/m3 measured on 21–24 Sept 2018).
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2.1.2. Budapest, 31 July – 09 August 2019
The sampling site is a covered balcony (floor surface 3m×1.5m)

on the first floor of a building not far from a traffic center in Budapest,
Hungary (47°28′46″N, 19°02′37″E). The measurement site is located in
a green belt residential area, 15m far from a one-way side street which
serves little traffic (1500 cars·day−1). However, it is situated 300m
close to a double-lane street with approximately 7000 cars on week-
days. A monitoring station of Hungarian Air Quality Network operates
about 500m far from sampling point.

During the measurement campaign, mostly variable moisture con-
tent and unstable air mass determined the weather of the Carpathian
Basin. However, only traceable amount of precipitation was detected at
measurement site on the 2 and 6 August. Warmer air mass arrived over
the Carpathian Basin from 5 to 7 August from Western Europe, but on
the night of 7 August, a cold front crossed over. The daily average
temperature was 20–26 °C and the maximum temperature was 26–31 °C
in Budapest in this period. During the overall campaign, the median of
wind speed was 2.4ms−1, light breeze periods were detected only on 1
and 3 August. Prevailing wind direction was NW nearly in the entire
period, except on 7 August, when due to the cold front, the char-
acteristic wind direction was SW.

2.1.3. Budapest, 20 August 2019, firework sampling
The sampling site is at the heart of Budapest, close to the Széchenyi

Chain Bridge on Pest side. Samples were collected from a window at
ground floor looking in the direction of Danube from the main building
of Hungarian Academy of Sciences. The fireworks were launched from
the Széchenyi Chain Bridge and from boats on river Danube, which
were at a distance less than 400m. This area is the most popular for
observing the 20th August firework between roughly half a million
people who attends the riverside every year for admiring the 30min
long event. On 20 August 2019, a front approached the Carpathian
Basin from Western Europe. The weather was sunny and warm without
precipitation.

2.1.4. Size-fractionated sampling
A 9-stage extension of the May-type cascade impactor [28] was used

for size-fractionated sampling of aerosol particles. At a flow rate of
16.7 L/min, the 9-stage May-impactor has aerodynamic cut-off dia-
meters of 17.9, 8.9, 4.5, 2.25, 1.13, 0.57, 0.29, 0.18 and 0.07 μm, for
stages 1 to 9, respectively. In order to cover close to the whole PM10

range, samples were collected on stages 3 to 9, on 20×20mm2 Si
wafers. In the May-type cascade impactor, the jets are slits of 50mm
length and widths decreasing with increasing stage number, resulting in
deposition pattern of aerosol particles as thin stripes of 0.1mm (stage 9)
to 1mm (stage 3) width.

As the collected samples were intended to be available for different
(micro)analytical investigations, no pre-treatment of the Si surfaces was
performed, however, the sample collection time was kept short in order
to minimize bounce-off of particles. Samples presented in this study
were typically collected for 4 h, ranging from 1 to 6 h.

2.1.5. On-site monitoring
During the campaigns except the firework sampling, airborne par-

ticulate monitoring devices were operated on-site. The total PM10 mass
concentration was measured using a Tapered Element Oscillating
Microbalance (TEOM, Series 1400a, Thermo Fisher, Franklin, MA, USA)
at a 30-min resolution.

The black carbon (BC) content of aerosol particles was determined
with a portable aethalometer (AE42–7, Magee Scientific, USA), in a 2-
min time resolution. The instrument collects aerosol particles on a filter
continuously by drawing air through the filter. A light source irradiates
the filter at seven different wavelengths (370 to 950 nm) and two de-
tectors measure the transmission of light through the filter tape con-
taining the sample and through an unloaded reference area of the filter.
BC concentration is calculated using internal calibration based on

attenuation measurements at 880 nm wavelength. Concentrations are
recorded as BC-equivalent for all seven wavelengths, giving opportunity
to study the wavelength dependence of optical attenuation of aerosol
particles. Attenuation in the near-ultraviolet at 370 nm has a great
sensitivity to aromatic organic species such as are found in tobacco
smoke, wood fire smoke. A compensation correction was executed
based on the model of Weingartner et al. [29] to avoid the systematic
errors caused by loading effects.

2.2. Total-reflection X-ray fluorescence (TXRF)

A compact TXRF system [30] comprising a low-power X-ray tube, a
multilayer monochromator and a modified WOBI-module attachment
[31] was applied for the present study. The sample plane is defined by
three steel balls with arrangement allowing measurement of
20× 20mm2 reflectors in addition to standard 30-mm diameter discs.
A 50-W microfocus Mo-anode X-ray tube (Petrick, Bad Blankenburg,
Germany) was operated at 50 kV and 1mA, and Mo-Kα X-rays were
selected for excitation using a Mo/Si multilayer monochromator (AXO,
Dresden, Germany). The beam profile was defined by two slits of
100 μm×10mm, the first one mounted directly in front of the beam
exit of the X-ray tube, while the second, adjustable one after the mul-
tilayer monochromator [32,33]. A 7-mm2 silicon drift detector (KETEK,
Munich, Germany) with a round Zr collimator and an analogue signal
processing unit (PGT, Princeton, USA) were used to record X-ray
spectra. Typically 3000 s counting time was used for Si wafers with
moderate load of aerosol particles. Measurements were performed in
air.

Si wafer squares were analyzed with aerosol deposit stripes hor-
izontally, perpendicular to the beam direction and parallel to the slit
defining the line-shaped beam. X-ray spectra were evaluated using the
AXIL software [34]. Due to the fact that the aerosol particles are de-
posited as a stripe, the usual internal standardization using a droplet
from single-element solution (Ga or Y) is not straightforward and would
cause disturbances for the other non-destructive techniques. For this
reason, quantification of elemental content in ng/sample (i.e. ng of
elemental mass along the total 20mm stripe) was performed using
calibration based on external standards. Calibration standards were
prepared on Si wafers from a multielemental standard solution (Merck
IV, 23 elements). Linear arrays of droplets were deposited with a 1-mm
spacing on the centerline of the wafers along the full length of 20mm
by a nanoliter injector (WPI, USA). These standard samples were used
for determining the sensitivities relative to chromium, listed in Table 1.
The absolute mass was calibrated using standard Si chips of identical
dimensions to samples, containing 4 ng and 8 ng (± 5%) Cr in the form
of 2.7 μm diameter pads of respectively 50 nm and 100 nm height ar-
ranged in seven rows along the centerline of the square in a 350 μm
wide stripe [35,36]. As the pads are horizontally microscopic in di-
mension, they are suitable for quantitation of coarser micron-size par-
ticles as well. Angular scans on the Cr chips with structures of 50 nm
and 100 nm height showed profiles similar to those for microparticles
sitting on a flat surface (nearly constant double Cr-Kα intensity below
the critical angle with respect to the Cr-Kα intensity above the critical
angle) proving their suitability as standards in a wide particulate dia-
meter range [35,36]. Since the Si wafers are placed in the impactor in
a ± 100 μm precision, the geometry of the deposited aerosol particles
can be considered as the same. The homogeneity of the particulate
deposit along the stripe was previously tested using synchrotron-ra-
diation TXRF [37] and found to be within 3%. The respective atmo-
spheric concentrations were calculated for each size fraction of each
sample considering the total length of deposited stripes (50mm for each
impactor stage) and the collected air volume.
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3. Results and discussion

3.1. Analytical capabilities of TXRF for May-impactor samples

Detection limits for elements KeSr, Ba and Pb determined for one
particle size fraction collected onto a Si wafer from 1 m3 air measured
by TXRF for 3000 s are shown in Table 1, along with elemental sensi-
tivities relative to chromium. For transition metals and Pb, detection
limits lower than 1 ng/m3 can be reached that are well below the limit
values (as yearly averages) for Ni (20 ng/m3), As (6 ng/m3) and Pb
(500 ng/m3) as stated in EU regulations. According to US EPA NAAQS
Tables, however, the limit value for lead (as 3month rolling average) is
lower, 150 ng/m3. The detection limits for a single stage (size fraction)
are three times higher than those reported by Prost et al. [25], mainly
due to the different detector solid angle (7mm2 vs 80mm2). It should
also be noted that the higher size resolution (9 stages vs 3 stages) results
in a lower mass of aerosol collected from a unit air volume at an in-
dividual stage.

Since internal standardization using liquid droplets is inconvenient
for stripe-like deposition, a quantification approach based on external
standards was used. However, without internal standard the repeat-
ability of the measurement geometry is of high importance and ac-
counts for a major part of the uncertainty burden in addition to the
uncertainty of the calibration itself.

In order to test the repeatability, four samples loaded with parti-
culate matter containing different elements (from S to Bi) at different
mass levels were measured ten times by two operators (five times at the
same position and five times rotated by 180°, but always unloaded and
reinserted again). Results are presented as relative standard deviation
of peak areas from the 10 measurements, plotted versus the peak area
itself (Fig. 1a) as well as peak-to-background ratio (Fig. 1b).

It can be seen in Fig. 1a that the overall repeatability precision is
always worse than the counting statistics and remains between 3 and
5% for peak areas greater than 10,000 counts. For peaks with more than
1000 counts, the repeatability precision is better than 8%. The precision
worsens to around 15% for peak areas down to 250 counts. Smaller area
peaks with peak-to-background ratios less than one (see Fig. 1b) en-
counter the highest relative standard deviation, 20–31%.

The long-time stability of the system (beam profile, sample and
detector geometry) was also tested by measurements of a wafer with a
linear arrays of droplet residues of multielement standard (containing
20 ng of each element along the 20mm width of the square) in regular

intervals. The variation of the X-ray intensity was within 3–5% in a one-
year period monitored.

These findings indicate that a moderate precision of< 15% can be
reached with quantification without using internal standardization.
This precision is sufficient to show differences in elemental size dis-
tributions based on concentrations determined by TXRF for each size
fraction.

3.2. Elemental size distributions

In order to show the capability of the developed impactor TXRF
elemental analysis for aerosol research, analytical data are discussed for
ambient aerosol sampling campaigns at Cassino and in Budapest.
Finally the potential for an event with a short time emission (< 0.5 h)
as a proxy of forensic study is shown during fireworks of Budapest
National Day. Although all sample sets (several hundreds of Si wafers)
were analyzed by TXRF, results for seven sample sets related to dif-
ferent pollution episodes and meteorological circumstances are dis-
cussed (Table 2). Samples were selected for interesting events showing
applicability of the method for aerosol chemistry.

In line with the expected lognormal distribution, size distributions
of atmospheric elemental masses are presented as ΔC/Δlogd in ng/m3,
calculated from air concentrations C for each size fraction determined
by TXRF. Since the argument of the log function must be dimensionless,
d denotes relative particle diameter (d= dp/dref, where dp is the particle
diameter and dref=1 μm). The discrete values for the cascade impactor
stages are plotted at the representative diameter, i.e. geometrical
average of the lower and upper cut-off diameters for each stage. The
size distribution of elemental concentrations for the selected samples
collected at Cassino and in Budapest are shown in Figs. 2 and 3.

3.2.1. Pollution episodes at Cassino and in Budapest
At Cassino, the ambient air mass with high concentration of PM

including carbonaceous aerosols present before the meteorological
front was removed from the sampling site and replaced by air mass of
mainly marine origin. In the sample from Cassino after meteorological
front (25 September 2018, sample CM08), the total chlorine con-
centration (in PM9, sum for May impactor stages 3–9) was 340 (± 20)
ng/m3 and the size distribution (Fig. 2) shows that Cl was present in the
coarse mode (main diameter range 2–10 μm) as expected for sea salt
aerosols. The size distribution obtained by cascade impactor sampling
and TXRF is consistent with IC measurements for Cl− from 160-h size-
fractionated samples influenced by marine air masses [10], showing
that the combined method provides realistic results for impactor stages
covering the coarse fraction.

Sulfur is the representative element for secondary sulfate aerosols
that are formed from gaseous pollutants through nucleation and accu-
mulation, consisting mainly of ammonium sulfate and secondary or-
ganic sulfate particles. These particles are in the fine fraction that can
be subdivided to ultrafine, condensation (main diameter range
0.15–0.6 μm) and droplet modes (main diameter range 0.5–2 μm). The
modal diameter of sulfate has seasonal and geographical variation be-
tween 0.2 and 0.7 μm, as obtained through IC measurements of SO4

2−

in size fractionated samples for long collection times [10,38]. It was
found to be generally the smallest for summertime rural aerosols [38].
The air mass at Cassino before the meteorological front (21 September
2018, sample CM03) had high concentration of traffic and long-range
transport related particles. It can be highlighted from Fig. 2 that the two
Cassino sample sets before and after meteorological front (CM03 and
CM08, respectively) have not only different concentration level of
sulfur but also the size distribution is different. Sulfur is present in
sample CM03 dominantly in the fine fraction with modal diameter close
to 0.4 μm (typical for urban aerosols), with total concentration of
1350 ± 70 ng/m3 in PM9. It means that the combination of May-im-
pactor sampling and TXRF elemental analysis provides realistic results
for impactor stages covering the fine fraction. Sample CM08 has much

Table 1
Relative sensitivities and detection limits for elements KeSr (based on Kα X-
rays), Ba and Pb (based on Lα line) from a deposited particulate stripe of a
single impactor stage from 1 m3 sampled air measured by TXRF (50 kV, 1 mA,
3000 s, Mo-Kα excitation).

Element Analytical line Relative sensitivity
(SCr= 1)

Detection limit (ng/
m3)

S Kα 0.12 7.2
Cl Kα 0.26 2.9
K Kα 0.43 1.9
Ca Kα 0.50 1.7
Ti Kα 0.69 1.2
Cr Kα 1.00 0.69
Mn Kα 1.22 0.70
Fe Kα 1.48 0.39
Ni Kα 2.11 0.24
Cu Kα 2.47 0.19
Zn Kα 2.84 0.15
As Kα 3.83 0.09
Se Kα 4.05 0.09
Br Kα 4.17 0.09
Sr Kα 3.59 0.11
Ba Lα 0.22 3.8
Pb Lα 1.69 0.20
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Fig. 1. Repeatability as a function of (a) peak area and (b) peak-to-background ratio.

Table 2
Description and monitoring results of selected samples collected at Cassino and in Budapest. PM10 (TEOM), BC (aethalometer at 880 nm) and UVC (BC-equivalent
measured by aethalometer at 370 nm) are averages for the sampling periods.

Sample Location Date, time PM10 (μg/m3) BC (μg/m3) UVC (μg/m3) Note

CM03 Cassino 21 September 2018 13:07–17:07 17 1.42 1.65 Before cold front
CM08 Cassino 25 September 2018 9:45–15:45 13 0.77 0.88 After cold front
M106 Budapest 01 August 2019 6:00–10:00 12 0.43 0.47 High-sulfate episode
M110 Budapest 02 August 2019 6:00–10:00 29 1.65 1.71 BC and resuspension
M126 Budapest 06 August 2019 6:00–10:00 13 0.95 0.94 High‑bromine episode
M134 Budapest 08 August 2019 11:00–15:00 11 0.32 0.37 Elevated lead episode
M137 Budapest 20 August 2019 21:00–22:00 174a n.a. n.a. Central fireworks

a Erzsébet tér (air quality network station), 300m from the sampling site.
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less total concentration of sulfur (110 ± 10 ng/m3) with a bimodal size
distribution. The coarse mode contribution is due to the sea salt aerosol,
a different source of sulfate. Sea-salt related sulfate is usually calculated
from [SO4

2−]/[Na+] ratio in seawater [39], [SO4
2−]/[Cl−] ratio is

expected to be higher in sea-salt aerosol than in seawater because of
chloride depletion due to reaction with atmospheric reactive gases.

In samples collected in Budapest, sulfur was dominating in the fine
fraction (Fig. 2). The modal diameter for samples M106 (sulfate epi-
sode, 860 ± 50 ng/m3 in PM9) and M126 (bromine episode) was close
to that of Cassino samples, around 0.4 μm. The modal diameter was
shifted to lower diameters for samples with lower total (PM9) con-
centrations, as it was also observed in the literature [40].

Calcium was selected as a major representative element for crustal
erosion originated particles expected in the coarse mode having the best
statistics in the TXRF spectra. Both samples collected at Cassino (CM03
and CM08) contain Ca in high concentration (300 ± 20 and
200 ± 15 ng/m3 in PM9, respectively) with similar size distribution
confirming its occurrence in the coarse mode (Fig. 2). Crustal erosion
particles are also re-suspended from soil due to traffic in urban areas.
The size distribution of Ca concentrations in sample M110 from Bu-
dapest related to “BC and resuspension” episode clearly shows that Ca
was dominant in the coarse fraction (Fig. 2). The total Ca concentration
in PM9 was the highest, 540 ± 30 ng/m3. Although there is a major
contribution of coarse particles in samples of the other three episodes,
smaller peak appears in the submicrometer diameter range below
0.8 μm, which is the most pronounced for the “high‑bromine” episode
(sample M126). Similar bimodal distributions of Ca were observed in
the literature based on IC measurements [40] indicating the presence of
Ca sulfate or Ca nitrate in droplet mode.

Since strontium can chemically substitute Ca in compounds, its size
distribution generally follows the distribution of Ca (see Fig. 2, in-
cluding DL as well for Sr since concentrations are small, with maximum
1.1 ± 0.2 ng/m3 in PM9 for sample M110). The [Sr]/[Ca] ratio in the
coarse fraction is similar in Cassino and in Budapest, although it de-
pends on the composition of local soil.

Potassium has a bimodal distribution for all samples studied, the
contribution of soil resuspension (coarse mode) and anthropogenic
activities (mainly condensation mode) as well (see Fig. 2). Soil-forming
aluminosilicate minerals such as clay minerals and feldspars contain
potassium at the percentage level. Biogenic particles with K content
such as pollens are also dominant in the coarse fraction [41]. Minor
amount of K can also be present in secondary ammonium sulfate par-
ticles in the condensation mode. Ratio of the two main modes changes
for the different pollution episodes. The total K concentration in PM9

ranges from 16 to 170 ng/m3 for the selected samples. At Cassino before
the meteorological front, the total K concentration in PM9 was the
highest and the condensation mode was dominant in the distribution.
Among anthropogenic activities, combustion cannot be excluded since
the ratio between UVC and BC as measured by aethalometer was 1.16
(see Table 2) in contrast to 1.00 for morning samples where traffic was
the dominant source. After the meteorological front, overall K con-
centration decreased and the contribution of the coarse mode (soil re-
suspension) was dominant over the condensation mode. The shape of
the potassium size distribution is also very different for the pollution
episodes in Budapest. The most striking is the intense peak in the
condensation mode around 0.4 μm for the “bromine” event (M126),
where the fine fraction dominates in the K concentrations. Sample
collected during the other three episodes shows a distribution similar to
the Cassino sample after meteorological front, with slight changes of
the position of the condensation mode peak, the modal diameter is si-
milar to that of sulfur for each sample.

Iron can originate from diverse natural and anthropogenic sources.
According to the measured size distribution (Fig. 2), the highest con-
tribution is in the coarse fraction related to crustal erosion and traffic-
generated resuspension as main sources. Similarly to Ca, coarse mode
Fe has the highest concentration in traffic-affected pollution episodes at
both sites (CM03 and M110). Smaller peaks appear in the fine fraction,
mainly in the condensation and in the droplet mode indicating the
contribution of anthropogenic sources. The highest contribution in the
droplet mode was observed for the “high‑bromine” episode (sample
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M126).
Among minor and trace elements, bromine showed striking differ-

ences between the selected samples both in the total PM9 concentra-
tions and in the size distribution. For Cassino, although the total Br
concentration in PM9 is similar for the two selected samples (around
1 ng/m3), there is a huge difference in the size distribution (see Fig. 3).
While Br in CM03 sampled before the meteorological front was dom-
inating in the fine mode indicating combustion origin, Br had a bimodal
distribution in sample CM08 with higher contribution in the coarse
mode indicating sea-salt origin. A [Br]/[Cl] ratio of 0.003 was observed
in the coarse mode that is close to the value of 0.0035 reported for
seawater [42]. Samples collected in Budapest usually contained Br at a
concentration level similar to or lower than those collected at Cassino
(0.2–1 ng/m3 in PM9), dominating in the fine fraction. The modal
diameter for Br was observed the same as that of S in all samples.
However, a more than 20-times higher Br concentration was observed
in a morning sample collected in Budapest (M126), and decreased back
to the 1 ng/m3 level after the event. The modal diameter for the
“high‑bromine” episode sample was similar to lower Br concentration
samples, but the size distribution had a tail towards higher diameters.
The possible reason is that condensation of the originally emitted vo-
latile Br could occur onto particles of a wide size range. Most probably
Br originated from a local source either from combustion of waste (Br is
used as flame retardant in plastics) or temporary use of pesticides in the
neighborhood.

It is therefore a highly important result that the combined method of
cascade impactor sampling and TXRF analysis can provide realistic size
distributions elemental concentrations from short sampling time since
short-term pollution episodes can occur with elevated concentrations of
specific elements. The detailed study of the elemental size distributions
of pollution episodes could lead to a more accurate source apportion-
ment.

Among trace elements, selenium shows a unimodal size distribution
with modal diameter similar to that of sulfur. Similar unimodal size
distributions peaking at around 0.4 μm were reported based on ICP-MS
measurements of digested filter samples collected for at least 24 h by
cascade impactors at urban areas of Rome and Ferrara (Italy) [13] and
Raleigh (NC, USA) [12]. The ratio between Se and S concentrations is
different for Cassino and Budapest, but similar for samples collected at
the same site, with exception of sample M126 (“bromine” episode). In
general, the [Se]/[S] concentration ratio in PM9 was found as 0.0002 at
Cassino and 0.0005 in Budapest. For the “bromine” episode, the ratio
was even higher, 0.0008. Although some stages contained Se under the
detection limit of TXRF but the size distribution is clearly visible
(Fig. 3).

Due to the most typical origin of resuspension and brake wear, the
size distribution of copper shows a main peak in the coarse fraction
[12,13]. The highest contribution of coarse mode Cu was found for

sample M110 (“BC and resuspension” episode). However, a high con-
tribution of Cu in the fine fraction was detected for the “bromine”
episode (sample M126), with a total concentration in PM9 3.6 times
higher than that of sample M110 (36 vs 10 ng/m3). The similarity in the
size distribution of Cu and Br in sample M126 indicates that the major
source of the two elements is the same. Having diverse sources such as
metal industry, additive for lubricant in motor vehicles and soil re-
suspension, zinc concentrations usually show a wide size distribution
which is different in the studied samples. Similar to Cu, Zn also shows
enrichment in the fine fraction for the “bromine” episode (sample
M126). For the “traffic” episode in Budapest (sample M110) the Zn
distribution shows a bimodal structure similar to that of K (see Figs. 2
and 3), since both end-of-pipe (lubricant additive) and non-end-of-pipe
(roadside dust resuspension, tire wear) traffic sources contribute. At
Cassino, Zn was found mainly in the fine fraction. At Cassino, arsenic
and lead were mainly found in the fine fraction in the sample collected
before the meteorological front (sample CM03), likewise to the results
reported for Rome and Ferrara [13]. After the front (sample CM08), the
concentrations for both elements were below detection limit of TXRF
(Fig. 3). Similarly to other trace elements as Se and Br, there is a main
mode of the Pb distribution peaking at 0.3 μm. For the “high sulfate”
and “elevated lead” episodes in Budapest (samples M106 and M134,
respectively), another peak appeared around 2 μm. The same unimodal
and bimodal Pb distributions were observed in cascade impactor sam-
ples collected at Raleigh on different days [12]. Nickel was found above
detection limit only for sample M106 (“high sulfate” episode) stages 7
and 8 (0.18–0.6 μm), indicating a size distribution similar to that of S.

3.2.2. PM related to the central firework in Budapest (20 August 2019)
A sampling as short as 1 h was sufficient for characterizing the

elemental size distribution of the firework-related aerosol particles. The
sampling location was just 1–5 km away from the places on the shores
of the Danube, the Chain Bridge and the ships in the Danube where the
fireworks were launched between 21:00 and 21:30. The hourly average
PM10 mass concentration showed a peak at 22:00 at Erzsébet tér (just
300m from the sampling site), 174 μg/m3 being 2.7 times higher than
the previous and following hours, and 8 times higher than in the
afternoon before or at the night after. Since there are orders of mag-
nitude differences in the elemental concentrations, the size distribu-
tions are plotted in three subfigures presenting groups of elements
(Fig. 4). K was found to be at the highest concentration level among
elements detectable by TXRF (37.5 μg/m3 in PM9), followed by S
(15.4 μg/m3), Cl (3.8 μg/m3) and Ba (3.0 μg/m3). These values are an
order of magnitude higher than 12-24 h averages reported for Girona,
Spain [43] and Yanshui, Taiwan [44]. In a recent study of firework
festival in Varanasi, India [45], reports a multifold mass increment of
firework-specific ions (K+: 527%; Mg2+: 175%; NO3−: 57%; Cl−,
291%) in PM2.5 aerosol fraction as compared to the background
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concentration observed two days before the event.
The main components of fireworks are the fuel (black powder) and

the coloring agents. Black powder is a mixture of potassium nitrate,
sulfur and organic matter such as charcoal or termite. KNO3 is used as
an oxidizing agent and charcoal (next to sulfur) is the reducing agent.
The role of sulfur is to lower the ignition temperature and functions as a
reaction speed controller. Coloring agents (strontium, calcium, sodium,
barium and copper compounds) are required to achieve the brilliant
and colorful nature of fireworks. Chemical elements in the additives
provide different flame colors, i.e. red, orange, yellow, yellowish green,
green and violet flame colors result from Sr, Ca, Na, Ba, Cu and K,
respectively.

The mass distribution of K as measured by TXRF is close to log-
normal centered at around 0.4 μm, but wider than detected during a
firework event in Göteborg, Sweden [23], meanwhile it shares simila-
rities with the K mass distribution observed in Yanshui, Taiwan [44].

Peak maxima of coloring agents as Sr, Ba are coincident just like in
Yanshui [44]. The median of Sr mass distribution takes place around
0.5 μm, which is smaller than that measured in Yanshui [44] but looks
similar to the Göteborg sample [23]. Cu, Pb and Bi show similar dis-
tribution to Sr, but Bi has a strong maximum at 0.8 μm. The mass dis-
tribution of Ti has a slight increase towards the coarse size range in-
dicating that it has a crustal contribution as well. Ca and Fe shows a
mass distribution completely different from that of the other elements
measured, they are mainly present in the coarse fraction related to soil
resuspension (see Fig. 2). Their total PM9 concentration (670 ng/m3 for
both elements) is not elevated compared to the traffic related samples
from the Budapest and Cassino campaigns. Therefore these elements
can be considered as non-firework-related, although Ca might be used
as flame colorant.

Summing the concentrations for all elements detected by TXRF and
added oxygen by stoichiometry, 95 μg/m3 of the total mass of PM9

could be explained. If we consider that additional major elements as C,
N, Na, Mg, Al and Si are not detected by TXRF, the explained mass is
quite close to the PM10 concentration observed at the nearest air quality
monitoring station (174 μg/m3).

4. Conclusions

The combination of May-impactor sampling and laboratory TXRF
analysis provides a simple non-destructive technique to determine mass
size distributions of major to trace elements in atmospheric particulate
matter. Comparison to literature results using conventional destructive
techniques (IC for major ions and ICP-MS/OES for trace elements) de-
monstrated the acceptable analytical performance and the applicability
of the proposed method. The novel technique enables contamination-
free sampling and analysis of sub-microgram amounts of particulate
matter for major and trace metals as well as S, Cl and Br with high
throughput. An optimal size and time resolution can be reached that is
harmonized with the analytical capabilities of TXRF and minimizing
sample collection artifacts. The possibility of sampling and analysis of
large number of size-fractionated samples with 1–4 h collection time is
relevant for atmospheric studies where both the sources and the me-
teorological conditions change in short times. This is principally true for
the ultrafine fraction where particle emission, chemical transformation
due to aging are vague processes. Elemental mass size distribution
provides rich information compared to number size distribution for
submicrometer PM even if the technique is not efficient for particles
smaller than 70 nm. Moreover, samples collected on Si wafers being
semiconductor substrates are readily available for further investigations
(Raman, SEM, SRXRF and XAS). It is expected that the on-site use of
portable TXRF will extend the in-the-field capabilities of the method,
providing fast analytical results for short time pollution episodes.
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