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Abstract
This study, conducted in Debrecen, Hungary, aimed to analyse atmospheric particulate matter (APM or PM) through radiocar-
bon and PIXE analyses during the winter smog (23–25 January) and spring (15–18 May) seasons. The information presented 
in this pilot study aims to provide insight into the importance of utilising detailed characteristics of the mass size distributions 
of fossil carbon (ff) and contemporary carbon (fC) content. Additionally, it seeks to compare these characteristics with the 
size distributions of various elements to enable even more accurate PM source identification. In winter, APM concentrations 
were 86.27 μg/m3 (total), 17.07 μg/m3 (fC) and 10.4 μg/m3 (ff). In spring, these values changed to 29.5 μg/m3, 2.64 μg/m3 
and 7.01 μg/m3, respectively. Notably, differences in mass size distribution patterns were observed between the two seasons, 
suggesting varied sources for contemporary carbon. Biomass burning emerged as a crucial source during the smog period, 
supported by similar MMAD (Mass Median Aerodynamic Diameter) values and a strong correlation (r = 0.95, p < 0.01) 
between potassium and fC. In spring, a significant change in the concentration and distribution of fC occurred, with a broad, 
coarse mode and a less prominent accumulation mode. Ff was found to have similar distributions as PM, with nearly the same 
MMADs, during both periods. Finally, a comprehensive comparison of modal characteristics identified specific sources for 
the various components, including biomass burning, vehicle exhaust, coal and oil combustion, vehicle non-exhaust, road 
dust, tyre abrasion, mineral dust and biogenic emission. This study showcases how using radiocarbon and PIXE analysis in 
size distribution data can enhance our understanding of the sources of PM and their effects on different size fractions of PM.
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Introduction

PM is a well-documented pollutant with adverse effects on 
human health, the environment and climate. Despite numer-
ous published studies on PM effects, we still lack informa-
tion about the specific components and mechanisms respon-
sible for these impacts. The intricate effects of PM are linked 
to its chemical composition and size fraction, and while 
there are many studies that focus on either aspect of PM, 
studies that take both into account simultaneously are lim-
ited. A comprehensive exploration of the intricate interplay 
between PM composition, size and their diverse aerosol-
related effects is essential for advancing our understanding 
of atmospheric processes and informing effective strategies 
for air quality management.

Ambient particle size distributions exhibit pronounced 
temporal and spatial variability, reflecting local and regional 
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disparities in emission sources, transport and ambient chem-
ical and physical processes (Gini et al. 2022). Despite the 
existence of various size classifications for ambient aero-
sols in the literature, the nucleation (Aitken) mode (particle 
size < 0.1 μm, commonly referred to as ultrafine) and accu-
mulation modes (ranging between ∼ 0.1 and ∼ 2 μm) are 
generally collectively defined as “fine” particles (Seinfeld 
et al. 1998). In many instances, the accumulation mode is 
further subdivided into two sub-modes: the condensation 
mode (∼ 0.1–0.5 μm), resulting from primary particle emis-
sion and the growth of smaller particles through coagulation 
and gas condensation, and the droplet mode (∼0.5–2.0 μm), 
likely stemming from the aqueous-phase processing of con-
densation mode particles. Morbidity and mortality associ-
ated with air pollution are primarily linked to fine particulate 
matter (PM2.5, i.e., particulate matter with an aerodynamic 
diameter < 2.5 μm), as the small size of these particles ena-
bles them to penetrate deeply into the lungs (Xing et al. 
2016). Coarse mode material (particle size > 2.5 μm) pri-
marily originates from primary emissions and/or natural 
sources.

PM composition can be varied, mainly comprised of 
organic compounds, metals, ions and other constituents 
(Achilleos et al. 2017). One significant subset deserving of 
attention is carbonaceous aerosols, which encompass both 
organic carbon (OC) and elemental carbon (EC). The dis-
tinct properties of carbonaceous aerosols not only influence 
the overall composition of PM but also hold specific implica-
tions for atmospheric processes and environmental impacts. 
Organic carbon, originating from sources like biomass burn-
ing and vehicle emissions, contributes to secondary organic 
aerosol formation and influences air quality. Elemental car-
bon, often associated with combustion processes, has direct 
implications for radiative forcing. Recognising carbonaceous 
particles as emerging pollutants underscores the need for tar-
geted policies and strategies within the EU to mitigate their 
sources, understand their atmospheric behaviour, and protect 
public health and the environment. Addressing carbonaceous 
aerosols as a priority in the EU’s air quality management 
efforts is considered crucial for achieving sustainable and 
healthy urban environments. In Europe, the carbonaceous 
fraction of PM2.5 usually ranges between 30 and 60% of the 
total mass (Rogge et al. 1993; Temesi et al. 2003; Dusek 
et al. 2017). They can be emitted as primary components 
or formed by secondary processes from their precursors, 
e.g. incomplete burning of biomass and fossil fuels (EC), 
combustion and bioaerosol emissions (OC). Identifying 
the relative contribution of the different emission sources 
is important for understanding the formation processes and 
implementing effective mitigation measures.

Even though numerous studies are focused on apportion-
ing the sources of carbonaceous aerosols (mostly organic), 
the distinction between different sources (e.g. liquid and 

solid fuel combustion) is still very challenging. One very 
important tool that can assist in achieving more reliable 
results is radiocarbon analysis, which is a relatively under-
used method due to its very challenging implementation. 
This analytical technique measures the ratio of carbon iso-
topes, particularly the abundance of radioactive 14C, which 
is produced in the atmosphere and incorporated into living 
organisms. It enables the crucial distinction between car-
bonaceous particles derived from fossil fuel combustion, 
lacking measurable 14C, and those originating from contem-
porary, biogenic sources containing measurable 14C, which 
is essential for accurately attributing contributions from 
sources like vehicular emissions, industrial processes and 
biomass burning. Incorporating radiocarbon data into source 
apportionment models improves their accuracy by offering 
precise information about the isotopic composition of car-
bonaceous particles, aiding in identifying and quantifying 
different sources (Vlachou et al. 2018). It also contributes 
to the understanding of secondary organic aerosol formation 
by distinguishing between fossil and contemporary sources 
of carbon, shedding light on the atmospheric processes 
involved (Szidat et al. 2004). The isotopic signature of car-
bonaceous aerosols can be used as an indicative metric for 
the success of fossil fuel mitigation policies.

Radiocarbon analysis has been successfully used in the 
past as a standalone method or as a supplementary tool for 
the source apportionment of carbonaceous particles (Handa 
et al. 2010; Szidat et al. 2004; Vlachou et al. 2018; Zhang 
et al. 2012, 2010; Salma et al. 2017). By implementing this 
approach, it is possible to get information about particle for-
mation, accumulation and deposition processes for biogenic 
and anthropogenic emission sources. Biogenic OC depends 
on the activity of plants to emit reactive volatile species 
like monoterpenes and atmospheric oxidants that promote 
secondary organic aerosol formation, while anthropogenic 
OC correlates with black carbon or elemental carbon (Szi-
dat et al. 2004). Radiocarbon analysis has been used for the 
study of haze events in China. It has been found that dur-
ing high pollution events, fossil and non-fossil OC and EC 
concentrations did not increase in the smaller-sized particles 
(aerodynamic diameter < 0.25 μm), but highly increased in 
the larger size ranges. This indicates that local primary emis-
sions did not increase during such events, and secondary for-
mation was the driving force behind the high concentrations 
of particulate matter in the region (Ni et al. 2022). So far, 
14C measurements on ambient PM samples have been made 
only on bulk samples (e.g. PM10, PM2.5 or PM1.5) in Europe. 
A few locations around Europe where this approach has been 
used in the past include different environments, such as an 
industrial harbour (Bonvalot et al. 2019), an urban site (Titos 
et al. 2017), an urban and coastal environment (Dusek et al. 
2017), an urban background site (Major et al. 2015, 2021) 
and urban, coastal and forest sites (Masalaite et al. 2020). 
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Even though size-segregated radiocarbon analysis data could 
provide even more information on organic aerosols’ sources 
and formation pathways, this information is still scarce.

Debrecen, located in eastern Hungary, boasts a popula-
tion of over 220,000 residents. The city is surrounded by 
agricultural areas and features a mixed-fire power plant and 
an airport. According to the Regional Environment Agency 
(GOHBCH 2020), the majority of threshold exceedances, 
ranging from 92 to 95%, occur during the autumn–winter 
heating season. This is attributed partially to adverse atmos-
pheric dilution and partly to significant air pollution result-
ing from the burning of solid fuels by residents. A previous 
study focusing on PM2.5 identified biomass burning and traf-
fic as the main sources during smog periods, contributing to 
a combined total of 70% (Angyal et al. 2021). Furthermore, 
an extensive study covering PM2.5, radio and stable carbon 
isotopes was conducted from December 2011 to July 2014. 
The findings indicated that wood and biomass fuel combus-
tion prevailed over coal or oil during the heating season, 
while biogenic emissions and transport played a major role 
during the non-heating period (Major et al. 2021).

Following the results of previous studies, we investi-
gate the size distribution characteristics of radiocarbon 
components and compare them with the size distribution 
of elements to better identify the sources of PM and gain 
a deeper understanding of fossil and non-fossil-related 
source emissions. Due to the high cost and limited avail-
ability of radiocarbon measurements, we selected two 
sampling campaigns for this purpose: one during a smog 
episode (extreme PM pollution) and the other during the 
vegetation (i.e. non-heating) season. This study serves as a 

pilot study, showcasing the advantages of using techniques 
such as PIXE and radiocarbon data together on size-seg-
regated PM samples to achieve a better understanding of 
PM sources.

To the best of our knowledge, this marks the first com-
prehensive pilot study examining the elemental composi-
tion of size-segregated atmospheric aerosols, coupled with 
an analysis of their radiocarbon content. The concurrent 
evaluation of these parameters enhances our understand-
ing of distinct aerosol emission sources and formation 
processes.

Methodology

Receptor site

The measurement campaigns took place at the aerosol 
sampling station of ATOMKI in Debrecen, Hungary. The 
site is located at a height of about 5 m above street level 
on the roof of building VIII. The distance from the sur-
rounding buildings is 4 m and approximately 20 m from 
vegetation. The map of Debrecen with the sampling site 
(ATOMKI) and the 3 official monitoring stations operated 
by the Hungarian Air Quality Network (HAQN) is shown 
in Fig. 1. Near or immediately surrounding the receptor 
site is a main road to the west, national road No. 33 to the 
south, and streets with tramways to the east and west. The 
sampling location can be considered an urban background 
site (Larssen 1999).

Fig. 1   Left: the city of Debrecen with the sampling site (ATOMKI) and the locations of the monitoring stations (HAQN1, suburban background; 
HAQN2, urban background; HAQN3, traffic site). Right: expanded view of the sampling area
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Aerosol sampling

The haze event in January 2017 was selected because it rep-
resents the longest event recorded since 2011. On January 
23, 2017, a smog alert was issued, prompting us to initi-
ate the sampling campaign with the MOUDI impactor on 
that date to investigate the size distribution of PM. Haze 
events are infrequent and short-lived, making it impossible 
to conduct long sampling campaigns. To provide insight 
into the representativeness of the study events compared to 
other similar ones in the region, we have included size dis-
tribution data from three-day campaigns that took place in 
2016 and 2018 in the supporting material (Figure S1, Sup-
plementary Material). This inclusion demonstrates that the 

size distributions during haze events are comparable across 
different years. This consistency suggests that the results 
of this study are representative of typical conditions dur-
ing such events. The sampling was carried out by a micro-
orifice uniform deposit impactor nano-MOUDI II, model 
122R, (MSP Corp.) (Marple et al. 2014) at a 30 L min−1 flow 
rate. The device separates the aerosol particles into 14-size 
fractions. The equivalent cut-off diameters at 50% efficiency 
of the impaction stages at a flow rate of 30 L min−1 are pre-
sented in Table 1.

Based on our former experiment, a 72-h sampling time 
was needed to collect a sufficient amount (at least 10 μg) of 
particulate carbon at each impactor stage to ensure proper 
analysis. Since the impactor stages continuously rotate dur-
ing sampling (except for the last three nano-stages), PM 
deposits are circular and concentric (Fig. 2). Quartz-fibre 
filters were used as collection substrates (47-mm diameter 
for stages 1–11 and 90-mm diameter for stages 12–14). 
Before sampling, the filters were baked for at least 12 h in a 
muffle furnace oven at 850 °C to remove all carbonaceous 
contamination. The mass of the samples was determined by 
gravimetric analysis using a microbalance (Sartorius LE26P; 
accuracy 1 μg). The filters were conditioned at 26 °C and 
36% relative humidity in a conditioning room for at least 
24 h before weighting. A big segment of a sample (7/8) was 
used for the C-14 analysis, and PIXE measurements were 
performed on the tiny remnants of the filters. Aerosol sam-
ples were collected between 23–25 January and 15–18 May 
2017. The meteorological conditions of the periods studied 
are described in detail later in the text.

Chemical analysis

The elemental composition (for atomic number Z ≥ 6) 
of the aerosol samples was determined by PIXE analysis 

Table 1   List of stages with the corresponding collected diameter 
range and cutting diameter

Stage Diameter range (μm) Cut-off point 
diameter 
(μm)

S1  > 18 18
S2 10–18 10
S3 5.6–10 5.6
S4 3.2–5.6 3.2
S5 1.8–3.2 1.8
S6 1–1.8 1
S7 0.56–1 0.56
S8 0.32–0.56 0.32
S9 0.18–0.32 0.18
S10 0.1–0.18 0.1
Spacer 0.056–0.1 0.056
11 0.032–0.056 0.032
12 0.018–0.032 0.018
13 0.01–0.018 0.01

Fig. 2   Examples of PM deposits 
on quartz-fibre filters collected 
by the nano-MOUDI-II impac-
tor (stages from S4 to Spacer) in 
January 2017
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(particle-induced X-ray emission) (Maenhaut and Malmqvist 
2002). The measurements were performed at the macro-
PIXE chamber installed on the left 45° beamline of the 5 
MV Van de Graaff accelerator of ATOMKI (Borbély-Kiss 
et al. 1985). A homogenous beam of 2 MeV protons was 
used for the irradiation. The beam spot had a diameter of 
5 mm. The beam intensity was typically 20 nA, and the 
accumulated charge on each sample was 40 μC. A Canberra-
type Si(Li) X-ray detector with a 30 mm2 active area and 
a 20 μm Be window was used, which was placed in 135° 
geometry to the incident beam. During the PIXE analysis, an 
additional 14.1 μm thick Al-absorbent was applied besides 
the usual 24 μm mylar absorber in order to get rid of the 
high Si X-ray background of the quartz filters. Although 
quartz substrate is not ideal for PIXE (or XRF) analysis, the 
determination of the elemental composition of the depos-
ited aerosol layer is possible and is done in other laborato-
ries too (Žitnik et al. 2005; Chiari et al. 2015). The analysis 
was performed on all size fractions. However, in the case 
of the nanosize fractions that were collected on the filters 
with a 90-mm diameter, the elemental concentrations were 
under or close to the detection limits. In addition, the mass 
measurement of these filters was also inadequate due to 
their size; therefore, these results are not presented in this 
paper. A blank correction was performed for each filter. The 
obtained X-ray spectra were evaluated with the GUPIXWIN 
software package (Campbell et al. 2010). The accuracy of 
the elemental analysis was checked by analysing National 
Institute of Standards and Technology (NIST) standard refer-
ence materials SRM610 (trace elements in glass) and SRM 
2783 (APM on filter media). This latter aerosol standard 
represents a PM2.5 material with elemental concentrations 
typical of those of an urban industrial area.

For the C-14 analyses, samples were prepared using the 
sealed tube combustion technique, which was designed 
for offline combustion and CO2 purification of aerosol 
samples at the ICER Laboratory (Janovics et al. 2018). 
Sample combustion was performed within sealed test tubes 
(ø9 mm, 120 mm) made of borosilicate glass. Test tubes 
were loaded with the aerosol filters (3/4 section from each) 
and were evacuated to vacuum (< 10−4 mbar) before being 
sealed with a gas torch. Beside the sample, ~ 15 mg MnO2 
and ~ 5 mg Ag wool reagents were also placed into the 
tubes in order to oxidise and catalytically clean the car-
bonaceous material (at 550 °C for 3 days). A dedicated 
vacuum line with water- and CO2 traps and a calibrated 
known-volume reservoir with a pressure gauge were 
applied to cryogenically extract and clean the produced 
CO2 gas. The quantity of CO2 was determined by high-
precision pressure measurement, and finally, the yield 
was calculated based on the initial and final masses of the 
samples. The amount of the generated CO2 gas and, thus, 
the carbon content can be calculated from the ideal gas 

law. This carbon amount produced by the combustion of 
the filter sections was used to calculate the total carbon 
content (TC) of the aerosol samples (Major et al. 2018).

The radiocarbon measurement of the small aerosol 
samples (10–300 μg C in CO2) was performed on the 
EnviroMICADAS accelerator mass spectrometer (AMS) 
of HEKAL Laboratory using its dedicated gas ion source 
interface (GIS). Purified CO2 samples from aerosols were 
cryogenically transferred and sealed into glass tubes (out-
side diameter (OD) = 4 mm and 60 mm long) under vac-
uum. Those small glass ampoules are handled by GIS con-
nected directly to the C-14 analyzer AMS system (Molnár 
et al. 2021).

Besides the actual aerosol samples, several sample 
blanks using fossil CO2 gas blank samples (Linde, Rép-
celak, Hungary) were also prepared under the same con-
ditions as the aerosol samples (including the combustion 
step by MnO2) and measured for 14C to qualify the prepa-
ration. Based on the measurement of background samples, 
1.0 ± 0.1 μg of modern carbon contamination per prepared 
filter section was used in the blank correction. Normalisa-
tion of the 14C measurements was performed by measuring 
similar sized (50–100 μg C) gas targets made from NIST 
SRM 4990C oxalic acid II C-14 standards. The average 
relative 1 sigma error achieved this way for modern sam-
ples was ± 1.0 rel. %. The 14C/12C ratios of the samples are 
given in units of the internationally used fM (fraction Mod-
ern) value (Burr et al. 2009). MICADAS AMS measures 
the 13C/12C ratio for isotope fractionation correction online 
during 14C analyses, and it is used in the data correction 
and reduction process (Wacker et al. 2010).

In the case of fossil fuels, all of their total 14C content 
has already decayed during their very long geological stor-
age; therefore, their fM value is 0. However, in biological 
aerosols, which are formed by recent biological sources, fM 
values are the same as for the atmosphere and the current 
biological materials (fM ~ 1). As the majority of the currently 
combusted firewood was growing during the period of the 
14C bomb peak due to the nuclear weapon tests (between 
1960 and 2000) (Currie et al. 1989), the aerosol particles 
containing carbon from wood combustion have a radiocar-
bon activity slightly higher than that of the present atmos-
phere. The 14C level of the materials from the combustion 
of this bomb-effected wood is on average 1.08 times higher 
than that before the bomb-effect (Szidat et al. 2006, 2009).

Therefore, the fraction of fC in the atmospheric aero-
sol samples can be calculated using the following formula 
(Heal et al. 2011):

The fraction of ff is the remaining fraction of the total 
carbon since the main sources of TC in aerosols are recent 

(1)fC = fM∕1.08
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biological emissions, wood/biomass burning, fossil fuel 
burning and atmospheric oxidation of VOCs (volatile 
organic compounds):

By definition, fC is between 0 and 1, where 0 means that 
the entire aerosol is fossil-derived without any recent bio-
logical carbon content, and 1 means that the whole carbon 
content is recent.

Data analysis

Enrichment factor calculation

In order to have an indication of the types of sources of PM, 
the crustal enrichment factor (EF) of each element was cal-
culated according to the following equation:

where X is the concentration of the element of interest and 
Si is the concentration of a reference element, which is pre-
dominately of natural origin and whose mass is conserved. 
By convention, an EF < 10 is indicative of the elements’ 
crustal origin, due to some uncertainty related to the natu-
ral variation of crustal composition, while elements with 
an EF > 10 are attributed as having originated from anthro-
pogenic sources. The EFs were calculated on the basis of 
the elemental concentrations in Earth’s upper crust (Mason 
1952).

Multi‑modal analysis of mass size distributions

The size-fractionated mass size distributions obtained with 
the MOUDI cascade impactor were inverted into smooth 
size distributions using the MICRON inversion algorithm 
(Wolfenbarger and Seinfeld 1990). The inversion algo-
rithm takes into account the collection characteristics of 
each impaction stage, as reflected by the impactor collec-
tion efficiency curves, while assuming that each mass size 
distribution can be reproduced by the sum of unimodal log-
normal distributions. Then, the inverted size distributions 
were fitted by the sum of up to six log-normal distributions, 
employing the minimum Root Mean Square Error (RMSE%) 
to assess the goodness of fit. Each mode was characterised 
by the MMAD (characteristic parameter to define the mean 
size of aerosol particles for each size mode), the geomet-
ric standard deviation (GSD) and the mass concentration. 
The fitting methodology applied in the present study has 
already been described in previous studies (Hussain et al. 
2011; Zwozdziak et al. 2017). In total, 14 datasets (mass 

(2)ff = 1 − fC

(3)EF =

XPM

SiPM

XCrust

SiCrust

size distributions) were analysed, which correspond to the 
mass size distributions of ambient particulate matter and its 
specific chemical components (i.e. major and trace elements, 
contemporary and fossil-derived carbon).

Results and discussion

PM2.5, PM10, CO and NOx concentrations

To accurately depict the air quality of the city during the 
campaigns, concentration levels of all air pollutants, such 
as PM10, CO and NOx, served as valuable indicators. Since 
only PM is monitored at our institute, the CO and NOx levels 
were taken from official monitoring station (HAQN) data. 
Firstly, the PM10 concentrations measured at ATOMKI were 
compared with the PM10 concentrations measured at the 3 
HAQN stations in Debrecen in 2017, and the time series 
are presented in Fig. 3. PM2.5, PM10 and PMcoarse have been 
monitored regularly at the ATOMKI station since 1998 by 
collecting 24-h PM2.5 and PM2.5–10 samples two times a 
week (Furu et al. 2015; Kertész et al. 2024).

In general, PM10 concentrations measured at ATOMKI 
were lower than those reported by the HAQN stations. The 
differences between automatic (as in HAQN stations) and 
standard offline PM mass concentration measurements 
were discussed in our previous study (Angyal et al. 2021). 
Automated measurements are based on the β-ray absorption 
method (BAM), which has been shown to be affected by 
water uptake in conditions of high relative humidity (Shin 
et al. 2011), with greater deviations occurring at higher 
ambient RH (Chang and Tsai 2003). Therefore, it is neces-
sary to perform a comparison between offline and online PM 
mass concentration methods for validation. In 2017, PM10 
concentrations at ATOMKI correlated well with the PM10 
(r = 0.76, p < 0.01) values of HAQN1 and HAQN2 (r = 0.72, 
p < 0.01) (Table S1, Supplementary Material). Therefore, 
for this study, the hourly data from the monitoring station 
HAQN1 were utilised for the sampling periods, as this sub-
urban background station is closest (~ 900 m) to the sam-
pling point and has the same characteristics.

Meteorological parameters, PM10, CO and NOx levels 
recorded at HAQN1 during January and May 2017 are pre-
sented in Fig. 4. The average PM10 concentration during the 
investigated smog period at HAQN1 was 103.1 ± 29.5 μgm−3 
with a maximum of 194.0 μgm−3 on January 24, 2 a.m., 
associated with north-east (NE) wind direction.

During the sampling period from 15 to 18 May, the aver-
age PM10 concentration was 16.8 ± 7.4 μgm−3.

In this work, the APM pollution is described in two peri-
ods, which can be characterised by different meteorological 
and air quality conditions. Concentration levels of the main 
air pollutants were observed to be 3–7 times higher during 
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the smog period (sp) compared to the vegetation period (vp), 
with the most significant difference—a factor of 6.5—seen 
in the concentration of particulate matter. Concerning the 
different air pollutants, a moderate correlation was observed 

between PM10 and NOx in both sampling campaigns, while 
PM10 was strongly and moderately correlated with CO dur-
ing winter and spring, respectively (Table S2, Supplemetary 
Material).

Fig. 3   Daily (24 h) PM10, PM2.5 
and PM2.5–10 mass concentra-
tions measured at ATOMKI and 
PM10 concentrations measured 
at the Hungarian Air Quality 
Network stations in 2017. The 
grey bars indicate the investi-
gated periods
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Mass size distributions of PM, fossil 
and contemporary carbon

The mass concentration (summarised for size fractions 
from 0.1  μm to > 18  μm) measured at ATOMKI was 
86.3 ± 29 μgm−3 during the 72-h-long campaign in the 
smog and 29.5 ± 2.6 μgm−3 in the vegetation period. 
The mass concentration of the total PM for the smog 
period was almost three times as high as in the vegetation 
period. The total contemporary carbon concentration was 
17.1 ± 6.3 μgm−3 during smog and was markedly lower 
(2.6 ± 0.4 μgm−3) in May. In contrast to this, the values of 
the total fossil-derived carbon concentration were quite 
similar (for winter: 10.4 ± 1.5 μgm−3, for spring: 7 ± 0.3 
μgm−3) in both campaigns.

The size distribution patterns of PM mass, ff and fC 
from both sampling campaigns are shown in Fig. 5. As 
mentioned earlier, the ultrafine fraction of all components 
could not be measured; therefore, only the modes with 
MMAD > 0.1 μm were investigated. The accumulation 
mode could be divided into two sub-modes: condensation 
and droplet modes. The MMAD of fC in the condensa-
tion mode was 0.24 and 0.25 μm, and for ff, it was 0.2 
and 0.3 μm, whereas the MMAD of the droplet mode 
was 0.85 and 0.67 μm for fC and 0.96 and 1.41 μm for ff 
during the winter and spring campaigns, respectively. A 
major fraction of the aerosol mass (~ 80%) was found in 

the droplet mode in the smog period, likely formed from 
aqueous-phase processing of condensation mode particles. 
The stable weather conditions and especially the high rela-
tive humidity (average RH: ~ 86%) facilitated the growth 
of condensation mode particles, leading to the formation 
of droplets. This process was probably followed by the 
dissolution of some atmospheric gases into droplets and 
by aqueous-phase chemical reactions. The phenomenon 
is well described in aerosol studies, and it was observed 
earlier for inorganic ions (e.g. SO4

2−) (Hering 1982; Her-
ing et al. 1997; Plaza et al. 2011; Wang et al. 2021) and 
elemental components (Salma et al. 2005) under high rela-
tive humidity conditions.

The two main modes (accumulation, from 0.1 to ∼ 2 μm, 
and coarse, above 2 μm) are observed in both campaigns for 
all main components (Fig. 5).

As shown in Fig. 5, as well as in Table 2, the mass size 
distribution of carbon components follows that of PM, with 
nearly the same MMADs in condensation and droplet mode 
during the winter campaign. The droplet mode was the 
major contributor to PM mass, fC and ff, with MMADs of 
0.92, 0.85 and 0.96 μm, respectively (Table 2). The similar 
size distributions of the measured species (PM mass, fC, ff) 
indicate that they were internally mixed within this mode. 
Together, these suggest a common evolution and ageing 
mechanism.

During the vegetation period, the droplet mode accounted 
for 26% of the total PM mass, while the coarse mode reached 
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45%. As for the carbon components, the concentrations did 
not change strongly in the smallest size range (aerodynamic 
diameter < 0.35 μm), while they decreased significantly in 
the droplet mode. Furthermore, the distribution patterns of 
the two carbon components are quite different in spring, 
which can be attributed to the different formation pathways.

Among the measured constituents, contemporary carbon 
showed the highest mass contribution (20%) to the PM mass 
during smog. The modal characteristics of the contempo-
rary carbon mass size distributions were similar to the ones 
for the PM mass size distributions in the condensation and 
droplet size ranges (Table 1). This behaviour underlines the 
fact that a major part of the aerosol mass was associated with 
contemporary carbon sources. According to the size distri-
bution patterns and the fitted MMADs (Table 2), potassium 
exhibited the greatest similarity with contemporary carbon 
(Fig. 6). The MMAD values of the two constituents were 
identical for both the condensation mode (fC: 0.24, K: 0.23) 
and the droplet mode (fC: 0.85, K: 0.80 μm). This similar-
ity and the strong correlation (r = 0.95, p < 0.01) between 
these two components throughout the size ranges indicate 
unambiguously that these components had common sources, 
most probably biomass burning (BB) from residential heat-
ing. This is not an unexpected result since both constituents 
are markers of BB (Andreae et al. 1998). Aerosol studies 
dealing with BB have presented both unimodal and bimodal 
size distributions with patterns depending on several factors 
(e.g. fuel type, combustion environment, burning conditions, 
measurement technologies and atmospheric ageing) (Chen 
et al. 2017a). The presence of condensation mode could be 
attributed to the freshly emitted wood burning particles. This 
is supported by other aerosol studies in which freshly emit-
ted wood smoke particles were observed in the 0.05–0.2 μm 
size range (Li et al. 2007; Chen et al. 2017b). Concerning 
wood burning, the Aitken mode was also detected by Ber-
nardoni et al. (2017). They found a very similar MMAD 
value for the condensation mode (0.21 μm) compared to the 
results of this study.

Several papers presented BB-related size distributions 
(Hays et al. 2005; Reid et al. 2005; Lin et al. 2010; Salma 
et al. 2013). In a previous study conducted in Southern 
China, the highly resolved mass size distributions of HULIS-
C (carbon in humic-like substances) were presented (Lin 
et al. 2010). It is known that BB emits a large amount of 
HULIS (Salma et al. 2010); thus, it would be relevant to 
compare it with the mass size distributions reported here. 
The structure of the HULIS-C size distribution and the 
corresponding MMADs showed good agreement with our 
findings in the case of contemporary carbon. Those distri-
butions also consisted of condensation, droplet and coarse 
modes with MMADs in the size ranges of 0.23–0.28 μm, 
0.63–0.87 μm and 4.0–5.7 μm, respectively. In our study, 
the droplet mode represents 85% of the total contemporary Ta
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Fig. 6   Mass size distributions of elemental composition in aerosols from an urban background site in Debrecen, Hungary, during the smog and 
vegetation period, 2017
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carbon, while the condensation mode is 12% during the 
smog period. These results are close to those reported by Lin 
et al. (2010); they found that the droplet mode dominated the 
concentration of HULIS (81%), and the condensation mode 
accounted for 12%.

For the vegetation period, the structure of the distribu-
tion of contemporary carbon was quite different from both 
PM and ff mass size distributions. Although three modes 
were resolved, they appeared much broader and, therefore, 
merged, with smaller diameters and larger GSD, especially 
for the coarse and droplet modes, differing from those of ff 
and PM for this campaign (Table 2).

The mass size distribution of the fossil fraction was the 
most complicated, reflecting the impact of multiple fossil 
carbon emission sources. The structure of the size distri-
bution also indicated condensation, a droplet and a coarse 
mode during both campaigns. In an urban area, fossil car-
bon derives from several sources: diesel fuel, gasoline fuel, 
lubricating oils, oil and coal combustion, etc. (Sanderson 
et al. 2014). For these reasons, the size distribution of ff is 
discussed together with the elemental distributions to better 
identify sources.

Possible sources based on the mass size distribution 
of the elemental components

The size distribution patterns of the elemental components 
for each campaign are shown in Fig. 6; their modal char-
acteristics can be found in Table 3. Among the measured 
elemental components, potassium presented the highest con-
centration during the smog period. To assess the impact of 
anthropogenic emissions on the observed concentrations of 
elements, enrichment factors (EFs) were estimated for sum-
marised size fractions. EFs ranged from 1 to 10 for mineral 
dust elements such as Ca, Ti, Mn and Fe, indicating their 
natural origin from soil resuspension (Salma et al. 2001). 
Furthermore, based on their estimated EF values (> 10), the 
elements generally associated with anthropogenic emissions 
(S, Cu, Zn and Pb) were predominantly found in the fine 
fraction during both campaigns. However, their concentra-
tions were six times higher in the smog period. For potas-
sium, EF shows that anthropogenic emissions dominated 
during the smog period, while natural emissions dominated 
during the warmer period.

Concerning the mass size distributions, several elements 
exhibited similarities with each other and with the carbona-
ceous components, suggesting identical sources or similar 
formation pathways. In general, the peak in the fine mode is 
attributed to a combination of different combustion sources 
(transport engine emissions, biomass burning, coal combus-
tion, etc.), some of which are more obvious in winter, while 
the peak in the coarse mode is mainly due to road dust or 
soil.

In the following paragraphs, the three size modes—con-
densation, droplet and coarse—are discussed separately.

(1)  Condensation mode: Most of the detected elements 
(K, Ca, Mn, Fe, Cu, Zn and Pb) and carbon components 
(fC and ff) showed a small peak in the condensation mode 
(Fig. 6) during smog, suggesting that these were compo-
nents of freshly emitted aerosol particles and probably origi-
nated from gas-to-particles transformation or combustion 
processes. The MMAD values of these components were 
approximately 0.20 μm, indicating that they originate from 
high-temperature processes. In the case of Fe and Ca, there 
was a small mode with MMAD of ~ 0.23 μm, which supports 
our assumption that this peak was associated with vehicle 
emissions. Using a MOUDI impactor, Schauer et al. (2006) 
also observed similar submicron peaks in the Fe and Ca mass 
size distributions in a roadway tunnel, which were attributed 
to tailpipe emissions of lubricating oils. The MMAD of Mn 
and Cu in the condensation mode was 0.18 μm, which can 
be attributed to the effect of the evaporation of brake materi-
als. In addition, Pb and Zn showed similar MMAD at con-
densation (Zn: 0.24 and Pb: 0.22 μm), suggesting that they 
are from a common source. According to the size distribu-
tion patterns and the fitted MMADs (Table 2), potassium 
exhibited the greatest similarity with contemporary carbon 
(Fig. 6).

During the vegetation period, PM and ff showed concen-
trations similar to those in the condensation mode as in the 
smog period. For the other components (fC, K, Ca, Mn, Fe, 
Cu and Zn), only slight peaks were observed, while concen-
trations of some elements (e.g. S, Ti, Br and Pb) were below 
the detection limit. This is due to the lower emissions from 
high-temperature processes, in particular the cessation of 
emissions from various combustion processes, which are 
enhanced by the accelerated condensation of semi-volatile 
organic compounds. For example, K and fC did not show the 
same MMAD values, confirming that biomass combustion, 
one of the high-temperature processes, was not observed 
during this time. However, the concentration of ff was higher 
than in the cold period. The MMAD values for PM and ff 
were similar (PM: 0.34, ff: 0.30), indicating that traffic was 
still mainly responsible for this peak.

(2) Droplet mode: The majority of the mass of most 
elemental components (S, Cl, K, Mn, Cu, Zn, Br and Pb) 
and carbon components (fC and ff) were found in the drop-
let mode (MMADs ~ 1 μm) during the smog campaign. 
The MMAD values of most elements (S, Cl, Br, Mn, Cu, 
Zn and Pb) were similar to that of fossil-derived carbon 
(MMAD = 0.96 μm), suggesting that these elements were 
derived from fossil sources. Sulphur is usually present in 
atmospheric aerosols in the form of sulphates, and they are 
almost solely of secondary origin (Viana et al. 2008). The 
mass size distribution of sulphates usually contains the three 
modes (Plaza et al. 2011): ultrafine, accumulation and coarse 
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mode. Most of the condensation mode sulphate arises from 
gas-phase photochemical oxidation of SO2, followed by 
gas-to-particles transformation (Seinfeld et al. 1998), while 
droplet mode sulphate could be formed through aqueous 
oxidation of SO2 in fog/cloud droplets (Meng and Seinfeld 
1994). Since sulphate (as a secondary aerosol) can mix with 
primary and secondary particles, discriminating between the 
possible sources is a challenge. The sulphur mass was con-
centrated in the droplet mode, which can be explained by 
the growth of condensation mode particles through water 
accretion.

The modal structures of lead and zinc were very similar 
during the smog period. Both elements had similar MMADs 
at the droplet mode (Zn: 0.97 and Pb: 1.01). A peak with 
a similar MMAD in the droplet mode was also present in 
the size distribution of sulphur and fossil-derived carbon. 
This suggests that these components were mixed in the drop-
phase reactions. Zn and Pb are typical compounds of vehicle 
emissions and coal combustion (Viana et al. 2008; Ondráček 
et al. 2011; Duan and Tan 2013; Bernardoni et al. 2017). In 
the case of vehicle emissions, their source can be lubricat-
ing oil additives and fuel additives (Sanderson et al. 2014). 
Both sources are of fossil origin, which explains the similar 
MMADs of Zn, Pb and fossil carbon in the droplet mode. 
It is likely that aerosol particles from both coal combustion 
and vehicle emission sources are mixed; therefore, the pres-
ence of other signature elements can distinguish between 
these two sources. The typical traffic-related fossil fuels are 
diesel and gasoline. In the literature, only a limited number 
of data are available concerning the tracers of diesel and 
gasoline engine exhaust. Values of Zn/Pb between 0.8 and 
1.8 indicate gasoline and diesel emissions (Arditsoglou and 
Samara 2005); values around 1.2 represent combustion of oil 
(Herut et al. 2001) and values around 1.8 have been reported 
for municipal incinerator emissions (Polissar et al. 2001). In 
our case, the Zn/Pb ratio was 1.6 during the smog period in 
the droplet mode and is in the range of 0.8–1.8, which still 
suggests a mixed origin of the tracers.

Cu and Mn are also typical traffic-related elements in the 
aerosol literature (Viana et al. 2008; Sanderson et al. 2014). 
In the urban environment, both elements could be associated 
with exhaust and with non-exhaust traffic sources. Neverthe-
less, fly ash particles from coal burning can also contain 
a minor amount of Mn (Zhang et al. 2017). In the case of 
exhaust sources, both diesel and gasoline fuels could contain 
Cu and Mn (Sanderson et al. 2014). Lin et al. (2005) found 
that gasoline vehicles were stronger emitters of Cu and Mn 
than diesel vehicles due to the metallic additives. Using a 
three-way source apportionment method, Bernardoni et al. 
(2017) could identify two traffic factors in the accumulation 
mode: (1) factor (characterised by a high relative contribu-
tion of Zn) was associated with diesel vehicles, while the 
(2) factor (characterised by high contributions of Cu and 

Mn) was related to gasoline vehicles. In our case, the modal 
structure of these elements showed high similarities, and 
their elemental ratio remained constant (Mn/Cu = 0.67–0.80) 
in almost the whole size range, implying that they originated 
from the same source during the smog period. Since their 
size distribution differed from that of the fossil-derived car-
bon, it was inferred that their emission were not related to 
fossil sources. This was supported by the fact that the addi-
tion of Mn to gasoline was restricted in Hungary to 6 mg l−1 
from June 2011 by Hungarian laws (Law LXXVII/2011, 
Decrees 30/2011); therefore, gasoline cannot be a signifi-
cant source of ambient Mn in Hungary. Hence, Cu and Mn 
most probably originated from non-exhaust sources, namely 
brake abrasion. These elements from brake wear can origi-
nate either from abrasive processes or from the volatilisation 
of metals due to heating (Sanderson et al. 2014). Since these 
are different processes, it is likely that their products are in 
two separate modes.

Biomass burning is a potential source of accumulation 
mode Cl since KCl is a typical constituent of the BB smoke 
particles (Chen et al. 2017a), and BB emission was signifi-
cant during the investigated period. However, the size dis-
tribution of K, fC and Cl showed only a slight similarity, 
which means that Cl had additional important sources. For 
example, at that time, we detected several emission episodes 
in the PM2.5 fraction when Cl was associated with metals 
(such as Zn, Cu and Pb), the origin of which was presumably 
industry or waste incineration (Angyal et al. 2011). Never-
theless, Cl is a very reactive element; therefore, it is difficult 
to connect it to its proper emission source. Further investiga-
tion is needed to answer this problem.

In the vegetation period, the MMAD values and size dis-
tributions of most components (fC, S, K, Mn, Br and Pb) 
shifted in the droplet mode towards a smaller size, and the 
concentrations were quite lower. This can be attributed to 
higher temperatures (av 18 °C in spring) and the lower rela-
tive humidity (< 70%), which reduced heterogeneous aque-
ous reactions. As mentioned above, the lack of combustion 
of fuels such as coal, oil and biomass can be observed in 
warmer seasons. The size distributions of S remained similar 
to those detected during the smog period, while a shift was 
observed for Pb and Zn. The MMAD values of Cu and Zn 
were also similar, suggesting that vehicle emissions were 
also detectable during this campaign. This is confirmed 
by the fact that the concentration of fossil carbon did not 
decrease to the same ratio as the other components did in 
this mode. Besides, the MMAD values of PM and ff shifted 
towards a larger size together with soil-derived elements 
such as Ca and Fe. It is assumed that the result of the resus-
pension of fossil carbon soot particles attached to dust is 
already present in the droplet mode. The MMAD values of 
biogenic emission markers (K and fC) were also identical for 
the droplet (fC: 0.67, K: 0.69), and their concentrations were 
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much lower than during the smog period. Based on these 
results, it is assumed that the natural emission of biogenic-
derived carbonaceous aerosols dominated during this period.

(3) Coarse mode: Ca, Fe and Ti appeared to have most of 
their mass in the coarse mode, pointing out the significant 
role of the local road and/or soil resuspension processes in 
their mass concentration levels. The similarity in size distri-
bution patterns observed in this study indicates that probably 
common sources contribute to the PM mass concentrations 
for both sampling campaigns. It is worth mentioning that 
Cl showed another dominant peak in the coarse mode dur-
ing the cold period. The bimodal shape of Cl indicates that 
it had additional important sources. In our previous study 
(Angyal et al. 2010), we found that in the coarse fraction, 
Cl is mainly derived from the winter salting of the streets. 
This can be confirmed by the fact that there was snowfall 
the week before the sampling campaign. Except for S, all 
other elements appeared with smaller contributions at higher 
MMAD values. In the vegetation period, the mass size dis-
tribution of potassium was characterised by a coarse mode 
with similar MMADs as for Ca and Fe, indicating that the 
potassium could originate from soil and soil resuspension. 
In addition, fC also appeared in the coarse mode, with a simi-
lar MMAD value. This mode contained 56% of the total fC 
concentration. It implies that the coarse mode fC definitely 
represents a non-negligible and important share of atmos-
pheric fC in the city. The main source can be attributed to the 
bigenic emission, which is high during the vegetation period 
in Debrecen (Kertész et al. 2024).

Furthermore, in comparison, the content of transition 
metals (Mn and Cu) was also higher in the coarse mode. 
These metals are primarily associated with traffic-related 
coarse particles during warm periods and are usually iden-
tified as “road dust” in urban environments (Kertész et al. 
2010; Angyal et al. 2011). Moreover, Cu, Zn and Pb could 
be generated either from brake wear or tyre wear, whereas 
Mn is mainly related to tyre wear (Sanderson et al. 2014). 
Besides metals, fossil-derived carbon also showed peaks in 
the coarse mode in both periods. Glaser et al. (2005) found 
that a significant amount of black carbon from tyre abrasion 
and diesel exhaust contributed to highway-influenced soils. 
Consequently, the fossil-derived carbon peak in the coarse 
mode is more likely the result of the resuspension of fossil 
carbon soot particles attached to dust or tyre abrasion.

Summary and conclusions

In this pilot study, the mass size distribution of atmospheric 
aerosol pollution, along with the investigation of its elemen-
tal components, fossil carbon and contemporary carbon con-
tent, was conducted during periods of high and low pollution 
levels in Debrecen, Hungary, in 2017. By comparing the 

mass size distribution of carbon with the mass size distri-
butions of trace elements (determined by PIXE), we could 
acquire new insights into the potential formation, evolution 
and sources of aerosol particles during both the smog and 
vegetation periods.

To the best of our knowledge, this is the first study where 
a detailed mass size distribution of fossil carbon and con-
temporary carbon has been presented in Europe. The recent 
developments in the 14C analysis with EnvironMICADAS 
AMS in Debrecen made it possible to measure the two car-
bonaceous fractions in the size-segregated samples collected 
by a nano-MOUDI-II type cascade impactor.

The advantage of radiocarbon analysis is that it is the 
most reliable method for separating the fossil and modern 
fractions of carbon-emitting aerosols. The uncertainty of 
the measurement itself is less than 1%. Ten micrograms of 
carbon in the sample is sufficient for the measurement. This 
method is well suited for source identification studies.

However, the disadvantage of this method is that it is 
expensive, and access to measurement is limited. Further-
more, within the modern fraction, it is very difficult to distin-
guish between biomass burning and biological emissions. In 
the present study, it was not possible to measure the ultrafine 
fraction of all components. In order to reliably analyse the 
ultrafine fraction by both methods, the sampling needs to be 
improved in the future.

Utilising the results obtained by combining the two meth-
ods makes it possible to get information about the sources 
of PM and their components. The mass size distributions 
of contemporary carbon and potassium were similar in the 
whole size range (0.1–10 μm), which unambiguously indi-
cated that a remarkable part of the carbon emission was 
associated with biomass burning in the smog period. In con-
trast, the structure of the distribution of potassium for the 
vegetation period was different from that of contemporary 
carbon, indicating different sources.

Comparing the mass size distribution of fossil carbon and 
fingerprint elements, three types of aerosol sources could 
be distinguished in the droplet mode: fuel-related particles 
from exhaust emission (tracers: Zn and Pb), coal combustion 
(tracer: S) and tyre abrasion (tracer: Zn). A relatively high 
amount of fossil carbon appeared in the coarse mode due 
to the resuspension of soot particles (from vehicle exhaust) 
attached to road dust (together with Zn, Pb, Mn and Ni, 
MMAD > 5 μm).

On the basis of the modal characteristics of tracers, the 
following sources were also identified: brake abrasion (trac-
ers: Cu and Mn), road dust (Mn, Ni, Cu, Zn and Pb) and 
mineral dust (tracers: Ca, Ti and Fe) in coarse mode.

The examination of the mass size distribution of carbona-
ceous fractions, coupled with fingerprint trace elements of 
urban aerosol pollution, has proven to be a powerful tool for 
identifying and characterising pollution sources. Building 
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upon this foundation, we plan to conduct further investi-
gations, including the analysis of the elemental (EC) and 
organic (OC) fractions of carbonaceous aerosol as well.

The main advantage of combining radiocarbon and PIXE 
analysis in size distribution data is that it can enhance our 
understanding of the sources of PM and their effects on dif-
ferent size fractions of PM. Compared to other source appor-
tionment approaches (e.g. receptor models) that rely on sta-
tistical methods to retrieve source profiles, our approach uses 
information about the physical characteristics of PM and the 
radiocarbon content. This allows for source attribution, par-
ticularly between fossil and non-fossil sources, with reduced 
uncertainty. This pilot study can serve as an example of how 
to utilise these techniques, either as standalone methods or 
as supportive tools, to achieve better source identification.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s11356-​024-​34215-8.

Author contribution  The study conception and design was prepared by 
AA, ZSz and ZsK; supervision, conceptualization, methodology, writ-
ing—original draft, visualisation, investigation, formal analysis was 
performed by AA. Investigation, formal analysis, writing—reviewing 
and editing was carried out ZsK, ZSz, IM and MG; investigation, writ-
ing—reviewing and editing EP; investigation, validation was performed 
by MM; writing—reviewing and editing were carried out by ZSz, TV, 
EF, ZsT and MIM. All authors read and approved the final manuscript.

Funding  Open access funding provided by HUN-REN Institute for 
Nuclear Research. The research was supported by the European Union 
and the State of Hungary, co-financed by the European Regional Devel-
opment Fund in the project of GINOP-2.3.4–15-2020–00007 “INTER-
ACT” and Bolyai Scholarship of the Hungarian Academy of Sciences 
(BO/00710/23/10).

Data availability  Data is available upon request.

Declarations 

Ethical approval  Not applicable.

Consent to participate  Not applicable.

Consent to publish  Not applicable.

Competing interest  The authors declare no competing interests.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Achilleos S, Kioumourtzoglou M-A, Wu C-D et al (2017) Acute effects 
of fine particulate matter constituents on mortality: a systematic 
review and meta-regression analysis. Environ Int 109:89–100. 
https://​doi.​org/​10.​1016/j.​envint.​2017.​09.​010

Andreae MO, Andreae TW, Annegarn H et al (1998) Airborne studies 
of aerosol emissions from savanna fires in southern Africa: 2. Aer-
osol chemical composition. J Geophys Res: Atmos 103:32119–
32128. https://​doi.​org/​10.​1029/​98JD0​2280

Angyal A, Zs Kertész, Szikszai Z, Szoboszlai Z (2010) Study of 
Cl-containing urban aerosol particles by ion beam analytical 
methods. Nucl Instrum Methods Phys Res B 268:2211–2215. 
https://​doi.​org/​10.​1016/j.​nimb.​2010.​02.​090

Angyal A, Zs Kertész, Szikszai Z et al (2011) Study of emission 
episodes of urban aerosols by ion beam analytical techniques. 
Nucl Instrum Methods Phys Res B 269:2399–2403. https://​doi.​
org/​10.​1016/j.​nimb.​2011.​02.​057

Angyal A, Ferenczi Z, Manousakas M et al (2021) Source identifica-
tion of fine and coarse aerosol during smog episodes in Debre-
cen, Hungary. Air Qual Atmos Health 14:1017–1032. https://​
doi.​org/​10.​1007/​s11869-​021-​01008-8

Arditsoglou A, Samara C (2005) Levels of total suspended particu-
late matter and major trace elements in Kosovo: a source iden-
tification and apportionment study. Chemosphere 59:669–678. 
https://​doi.​org/​10.​1016/j.​chemo​sphere.​2004.​10.​056

Bernardoni V, Elser M, Valli G et al (2017) Size-segregated aero-
sol in a hot-spot pollution urban area: chemical composition 
and three-way source apportionment. Environmental Pollution 
231:601–611. https://​doi.​org/​10.​1016/j.​envpol.​2017.​08.​040

Bonvalot L, Tuna T, Fagault Y et al (2019) Source apportionment 
of carbonaceous aerosols in the vicinity of a Mediterranean 
industrial harbor: a coupled approach based on radiocarbon and 
molecular tracers. Atmos Environ 212:250–261. https://​doi.​org/​
10.​1016/j.​atmos​env.​2019.​04.​008

Borbély-Kiss I, Koltay E, László S et al (1985) Experimental and 
theoretical calibration of a PIXE setup for K and L X-rays. Nucl 
Instrum Methods Phys Res B 12:496–504. https://​doi.​org/​10.​
1016/​0168-​583X(85)​90506-3

Burr GS, Jull AJT, Gross ML, Caprioli R (2009) Accelerator mass 
spectrometry for radiocarbon research. Encycl Mass Spectrom 
5:656–669

Campbell JL, Boyd NI, Grassi N et al (2010) The Guelph PIXE soft-
ware package IV. Nucl Instrum Methods Phys Res B 268:3356–
3363. https://​doi.​org/​10.​1016/j.​nimb.​2010.​07.​012

Chang CT, Tsai CJ (2003) A model for the relative humidity effect 
on the readings of the PM10 beta-gauge monitor. J Aerosol Sci 
34:1685–1697. https://​doi.​org/​10.​1016/​S0021-​8502(03)​00356-2

Chen J, Li C, Ristovski Z et al (2017) A review of biomass burn-
ing: emissions and impacts on air quality, health and climate 
in China. Sci Total Environ 579:1000–1034. https://​doi.​org/​10.​
1016/j.​scito​tenv.​2016.​11.​025

Chen J, Li C, Ristovski Z et al (2017) A review of biomass burn-
ing: emissions and impacts on air quality, health and climate 
in China. Sci Total Environ 579:1000–1034. https://​doi.​org/​10.​
1016/j.​scito​tenv.​2016.​11.​025

Chiari M, Calzolai G, Giannoni M et al (2015) Use of proton elastic 
scattering techniques to determine carbonaceous fractions in 
atmospheric aerosols collected on Teflon filters. J Aerosol Sci 
89:85–95. https://​doi.​org/​10.​1016/j.​jaero​sci.​2015.​07.​006

Currie A, Timothy AJ, Citation Currie TW et al (1989) Microchemi-
cal and molecular dating. Radiocarbon 31:448–463. https://​doi.​
org/​10.​1017/​S0033​82220​00120​30

https://doi.org/10.1007/s11356-024-34215-8
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.envint.2017.09.010
https://doi.org/10.1029/98JD02280
https://doi.org/10.1016/j.nimb.2010.02.090
https://doi.org/10.1016/j.nimb.2011.02.057
https://doi.org/10.1016/j.nimb.2011.02.057
https://doi.org/10.1007/s11869-021-01008-8
https://doi.org/10.1007/s11869-021-01008-8
https://doi.org/10.1016/j.chemosphere.2004.10.056
https://doi.org/10.1016/j.envpol.2017.08.040
https://doi.org/10.1016/j.atmosenv.2019.04.008
https://doi.org/10.1016/j.atmosenv.2019.04.008
https://doi.org/10.1016/0168-583X(85)90506-3
https://doi.org/10.1016/0168-583X(85)90506-3
https://doi.org/10.1016/j.nimb.2010.07.012
https://doi.org/10.1016/S0021-8502(03)00356-2
https://doi.org/10.1016/j.scitotenv.2016.11.025
https://doi.org/10.1016/j.scitotenv.2016.11.025
https://doi.org/10.1016/j.scitotenv.2016.11.025
https://doi.org/10.1016/j.scitotenv.2016.11.025
https://doi.org/10.1016/j.jaerosci.2015.07.006
https://doi.org/10.1017/S0033822200012030
https://doi.org/10.1017/S0033822200012030


47273Environmental Science and Pollution Research (2024) 31:47258–47274	

Duan J C, Tan J H (2013) Atmospheric heavy metals and arsenic in 
China: situation, sources and control policies. Atmos Environ 
74:93–101. https://​doi.​org/​10.​1016/j.​atmos​env.​2013.​03.​031 

Dusek U, Hitzenberger R, Kasper-Giebl A et al (2017) Sources and 
formation mechanisms of carbonaceous aerosol at a regional 
background site in the Netherlands: insights from a year-long 
radiocarbon study. Atmos Chem Phys 17:3233–3251. https://​
doi.​org/​10.​5194/​acp-​17-​3233-​2017

Furu E, Katona-Szabo I, Angyal A et al (2015) The effect of the 
tramway track construction on the aerosol pollution in Debre-
cen, Hungary. Nucl Instrum Methods Phys Res B 363:124–130. 
https://​doi.​org/​10.​1016/j.​nimb.​2015.​08.​014

Gini M, Manousakas M, Karydas AG, Eleftheriadis K (2022) Mass 
size distributions, composition and dose estimates of particulate 
matter in Saharan dust outbreaks. Environ Pollut 298:. https://​
doi.​org/​10.​1016/j.​envpol.​2021.​118768

GOHBCH (2020) Air quality plan for the reduction of air pollution in 
the Debrecen region zone group 2014–2020. Debrecen. Hungary. 
https://​www.​korma​nyhu/​downl​oad/7/​92/​e0000/​Debre​cen2p​df. (in 
Hungarian). Accessed 4 Apr 2020

Handa D, Nakajima H, Arakaki T et al (2010) Radiocarbon analysis of 
BC and OC in PM10 aerosols at Cape Hedo, Okinawa, Japan, dur-
ing long-range transport events from East Asian countries. Nucl 
Instrum Methods Phys Res B 268:1125–1128. https://​doi.​org/​10.​
1016/j.​nimb.​2009.​10.​115

Hays MD, Fine PM, Geron CD et al (2005) Open burning of agricul-
tural biomass: physical and chemical properties of particle-phase 
emissions. Atmos Environ 39:6747–6764. https://​doi.​org/​10.​
1016/j.​atmos​env.​2005.​07.​072

Heal MR, Naysmith P, Cook GT et al (2011) Application of 14C analy-
ses to source apportionment of carbonaceous PM2.5 in the UK. 
Atmos Environ 45:2341–2348. https://​doi.​org/​10.​1016/j.​atmos​
env.​2011.​02.​029

Hering SV, Friedlander SK (1982) Origins of aerosol sulfur size dis-
tributions in the Los Angeles basin. Atmospheric Environment 
(1967) 16:2647–2656. https://​doi.​org/​10.​1016/​0004-​6981(82)​
90346-8

Hering S, Eldering A, Seinfeld JH (1997) Bimodal character of accu-
mulation mode aerosol mass distributions in Southern California. 
Atmos Environ 31:1–11. https://​doi.​org/​10.​1016/​S1352-​2310(96)​
00175-6

Herut B, Nimmo M, Medway A et al (2001) Dry atmospheric inputs 
of trace metals at the Mediterranean coast of Israel (SE Mediter-
ranean): sources and fluxes. Atmos Environ 35:803–813. https://​
doi.​org/​10.​1016/​S1352-​2310(00)​00216-8

Hussain M, Madl P, Alam K, Khan A (2011) Lung deposition predic-
tions of airborne particles and the emergence of contemporary 
diseases – Part I. 2:51–59

Janovics R, Futó I, Molnár M (2018) Sealed tube combustion method 
with MnO2 for AMS 14C Measurement. In: Radiocarbon. Cam-
bridge University Press, pp 1347–1355. https://​doi.​org/​10.​1017/​
RDC.​2018.​110

Kertész ZS, Szoboszlai Z, Angyal A et al (2010) Identification and 
characterization of fine and coarse particulate matter sources in 
a middle-European urban environment. Nucl Instrum Methods 
Phys Res B 268:1924–1928. https://​doi.​org/​10.​1016/j.​nimb.​2010.​
02.​103

Kertész Z, Aljboor S, Angyal A et al (2024) Characterization of urban 
aerosol pollution before and during the COVID-19 crisis in a 
central-eastern European urban environment. Atmos Environ 
318:120267. https://​doi.​org/​10.​1016/j.​atmos​env.​2023.​120267

Larssen S (1999) Criteria for EUROAIRNET The EEA air quality 
monitoring and information network. https://​www.​eea.​europa.​eu/​
publi​catio​ns/​TEC12 

Li X, Wang S, Duan L et al (2007) Particulate and trace gas emis-
sions from open burning of wheat straw and corn stover in China. 

Environ Sci Technol 41:6052–6058. https://​doi.​org/​10.​1021/​es070​
5137

Lin C-C, Chen S-J, Huang K-L, Hwang W-I et al (2005) Characteristics 
of metals in nano/ultrafine/fine/coarse particles collected beside 
a heavily Trafficked road. Environ Sci Technol 39:8113–8122. 
https://​doi.​org/​10.​1021/​es048​182a

Lin P, Huang X-F, He L-Y, Zhen YuJ (2010) Abundance and size dis-
tribution of HULIS in ambient aerosols at a rural site in South 
China. J Aerosol Sci 41:74–87. https://​doi.​org/​10.​1016/j.​jaero​sci.​
2009.​09.​001

Maenhaut W, Malmqvist K (2002) Particle-induced X-ray emission 
analysis. In: Van Grieken R, Markowicz A (eds) Handbook of 
X-ray spectrometry – methods and techniques. Marcel Dekker, 
United States. http://​hdl.​handle.​net/​1854/​LU-​138452

Major I, Furu EE, Haszpra L et al (2015) One-year-long continuous and 
synchronous data set of fossil carbon in atmospheric PM2.5 and 
carbon dioxide in Debrecen. Hungary Radiocarbon 57:991–1002

Major I, Gyökös B, Túri M et al (2018) Evaluation of an automated 
EA-IRMS method for total carbon analysis of atmospheric aero-
sol at HEKAL. J Atmos Chem 75:85–96. https://​doi.​org/​10.​1007/​
s10874-​017-​9363-y

Major I, Furu E, Varga T et al (2021) Source identification of PM2.5 
carbonaceous aerosol using combined carbon fraction, radiocar-
bon and stable carbon isotope analyses in Debrecen. Hungary. 
Science of The Total Environment 782:146520. https://​doi.​org/​
10.​1016/j.​scito​tenv.​2021.​146520

Marple V, Olson B, Romay F, Hudak G, Geerts SM, Lundgren D 
(2014) Second generation micro-orifice uniform deposit impactor, 
120 MOUDI-II: design, evaluation, and application to long-term 
ambient sampling. Aerosol Sci Technol 48:427–433. https://​doi.​
org/​10.​1080/​02786​826.​2014.​884274

Masalaite A, Remeikis V, Zenker K et al (2020) Seasonal changes of 
sources and volatility of carbonaceous aerosol at urban, coastal 
and forest sites in Eastern Europe (Lithuania). Atmos Environ 
225:117374. https://​doi.​org/​10.​1016/j.​atmos​env.​2020.​117374

Mason B (1952) Principles of geochemistry. Soil Sci 74(3):262
Meng Z, Seinfeld JH (1994) On the source of the submicrometer drop-

let mode of urban and regional aerosols. Aerosol Sci Technol 
20:253–265. https://​doi.​org/​10.​1080/​02786​82940​89596​81

Molnár M, Mészáros M, Janovics R et al (2021) Gas ion performance 
of the ENVIRONMICADAS at HEKAL Laboratory Debrecen, 
Hungary. Radiocarbon 63(2):499–511. https://​doi.​org/​10.​1017/​
RDC.​2020.​109 

Ni H, Huang R-J, Yao P et al (2022) Organic aerosol formation and 
aging processes in Beijing constrained by size-resolved meas-
urements of radiocarbon and stable isotopic 13C. Environ Int 
158:106890. https://​doi.​org/​10.​1016/j.​envint.​2021.​106890

Ondráček J, Schwarz J, Ždímal V et al (2011) Contribution of the 
road traffic to air pollution in the Prague city (busy speedway and 
suburban crossroads). Atmos Environ 45(29):5090–5100. https://​
doi.​org/​10.​1016/j.​atmos​env.​2011.​06.​036

Plaza J, Pujadas M, Gómez-Moreno FJ et al (2011) Mass size distri-
butions of soluble sulfate, nitrate and ammonium in the Madrid 
urban aerosol. Atmos Environ 45:4966–4976. https://​doi.​org/​10.​
1016/j.​atmos​env.​2011.​05.​075

Polissar AV, Hopke PK, Poirot RL (2001) Atmospheric aerosol over 
Vermont: chemical composition and sources. Environ Sci Technol 
35:4604–4621. https://​doi.​org/​10.​1021/​es010​5865

Reid JS, Koppmann R, Eck TF et al (2005) A review of biomass burn-
ing emissions part II: intensive physical properties of biomass 
burning particles. Atmos Chem Phys 5:799–825. https://​doi.​org/​
10.​5194/​acp-5-​799-​2005

Rogge WF, Hildemann LM, Mazurek MA et al (1993) Sources of fine 
organic aerosol. 4. Particulate abrasion products from leaf sur-
faces of urban plants. Environ Sci Technol 27:2700–2711

https://doi.org/10.1016/j.atmosenv.2013.03.031
https://doi.org/10.5194/acp-17-3233-2017
https://doi.org/10.5194/acp-17-3233-2017
https://doi.org/10.1016/j.nimb.2015.08.014
https://doi.org/10.1016/j.envpol.2021.118768
https://doi.org/10.1016/j.envpol.2021.118768
https://www.kormanyhu/download/7/92/e0000/Debrecen2pdf
https://doi.org/10.1016/j.nimb.2009.10.115
https://doi.org/10.1016/j.nimb.2009.10.115
https://doi.org/10.1016/j.atmosenv.2005.07.072
https://doi.org/10.1016/j.atmosenv.2005.07.072
https://doi.org/10.1016/j.atmosenv.2011.02.029
https://doi.org/10.1016/j.atmosenv.2011.02.029
https://doi.org/10.1016/0004-6981(82)90346-8
https://doi.org/10.1016/0004-6981(82)90346-8
https://doi.org/10.1016/S1352-2310(96)00175-6
https://doi.org/10.1016/S1352-2310(96)00175-6
https://doi.org/10.1016/S1352-2310(00)00216-8
https://doi.org/10.1016/S1352-2310(00)00216-8
https://doi.org/10.1017/RDC.2018.110
https://doi.org/10.1017/RDC.2018.110
https://doi.org/10.1016/j.nimb.2010.02.103
https://doi.org/10.1016/j.nimb.2010.02.103
https://doi.org/10.1016/j.atmosenv.2023.120267
https://www.eea.europa.eu/publications/TEC12
https://www.eea.europa.eu/publications/TEC12
https://doi.org/10.1021/es0705137
https://doi.org/10.1021/es0705137
https://doi.org/10.1021/es048182a
https://doi.org/10.1016/j.jaerosci.2009.09.001
https://doi.org/10.1016/j.jaerosci.2009.09.001
http://hdl.handle.net/1854/LU-138452
https://doi.org/10.1007/s10874-017-9363-y
https://doi.org/10.1007/s10874-017-9363-y
https://doi.org/10.1016/j.scitotenv.2021.146520
https://doi.org/10.1016/j.scitotenv.2021.146520
https://doi.org/10.1080/02786826.2014.884274
https://doi.org/10.1080/02786826.2014.884274
https://doi.org/10.1016/j.atmosenv.2020.117374
https://doi.org/10.1080/02786829408959681
https://doi.org/10.1017/RDC.2020.109
https://doi.org/10.1017/RDC.2020.109
https://doi.org/10.1016/j.envint.2021.106890
https://doi.org/10.1016/j.atmosenv.2011.06.036
https://doi.org/10.1016/j.atmosenv.2011.06.036
https://doi.org/10.1016/j.atmosenv.2011.05.075
https://doi.org/10.1016/j.atmosenv.2011.05.075
https://doi.org/10.1021/es0105865
https://doi.org/10.5194/acp-5-799-2005
https://doi.org/10.5194/acp-5-799-2005


47274	 Environmental Science and Pollution Research (2024) 31:47258–47274

Salma I, Maenhaut W, Zemplén-Papp É, Záray G (2001) Comprehen-
sive characterisation of atmospheric aerosols in Budapest, Hun-
gary: physicochemical properties of inorganic species. Atmos 
Environ 35:4367–4378. https://​doi.​org/​10.​1016/​S1352-​2310(01)​
00204-7

Salma I, Ocskay R, Raes N, Maenhaut W (2005) Fine structure of 
mass size distributions in an urban environment. Atmos Environ 
39:5363–5374. https://​doi.​org/​10.​1016/j.​atmos​env.​2005.​05.​021

Salma I, Mészáros T, Maenhaut W et al (2010) Chirality and the ori-
gin of atmospheric humic-like substances. Atmos Chem Phys 
10:1315–1327. https://​doi.​org/​10.​5194/​acp-​10-​1315-​2010

Salma I, Mészáros T, Maenhaut W (2013) Mass size distribution of 
carbon in atmospheric humic-like substances and water soluble 
organic carbon for an urban environment. J Aerosol Sci 56:53–60. 
https://​doi.​org/​10.​1016/j.​jaero​sci.​2012.​06.​006

Salma I, Németh Z, Weidinger T et al (2017) Source apportionment of 
carbonaceous chemical species to fossil fuel combustion, biomass 
burning and biogenic emissions by a coupled radiocarbon–levo-
glucosan marker method. Atmos Chem Phys 17:13767–13781. 
https://​doi.​org/​10.​5194/​acp-​17-​13767-​2017

Sanderson P, Delgado-Saborit JM, Harrison RM (2014) A review of 
chemical and physical characterisation of atmospheric metallic 
nanoparticles. Atmos Environ 94:353–365. https://​doi.​org/​10.​
1016/j.​atmos​env.​2014.​05.​023

Schauer JJ, Lough GC, Shafer MM, Christensen WF et al (2006) 
Characterization of metals emitted from motor vehicles. Res Rep 
Health Eff Inst (133):1–76; discussion 77–88

Seinfeld JH, Pandis SN, Noone KJ (1998) Atmospheric chemistry 
and physics: from air pollution to climate change. Phys Today 
51:88–90

Shin SE, Jung CH, Kim YP (2011) Analysis of the measurement dif-
ference for the PM10 concentrations between beta-ray absorp-
tion and gravimetric methods at Gosan. Aerosol Air Qual Res 
11:846–853. https://​doi.​org/​10.​4209/​aaqr.​2011.​04.​0041

Szidat S, Jenk TM, Gäggeler HW et al (2004) Radiocarbon (14C)-
deduced biogenic and anthropogenic contributions to organic 
carbon (OC) of urban aerosols from Zürich, Switzerland. Atmos 
Environ 38:4035–4044. https://​doi.​org/​10.​1016/j.​atmos​env.​2004.​
03.​066

Szidat S, Jenk TM, Synal H-A, et al (2006) Contributions of fossil 
fuel, biomass-burning, and biogenic emissions to carbonaceous 
aerosols in Zurich as traced by 14C. J Geophys Res: Atmos 111. 
https://​doi.​org/​10.​1029/​2005J​D0065​90

Szidat S, Ruff M, Perron N et al (2009) Fossil and non-fossil sources 
of organic carbon (OC) and elemental carbon (EC) in Göteborg, 
Sweden. Atmos Chem Phys 9:1521–1535. https://​doi.​org/​10.​5194/​
acp-9-​1521-​2009

Temesi D, Molnár A, Mészáros E, Feczkó T (2003) Seasonal and diur-
nal variation in the size distribution of fine carbonaceous particles 
over rural Hungary. Atmos Environ 37:139–146. https://​doi.​org/​
10.​1016/​S1352-​2310(02)​00773-2

Titos G, del Águila A, Cazorla A et al (2017) Spatial and temporal vari-
ability of carbonaceous aerosols: assessing the impact of biomass 

burning in the urban environment. Sci Total Environ 578:613–
625. https://​doi.​org/​10.​1016/j.​scito​tenv.​2016.​11.​007

Viana M, Kuhlbusch TAJ, Querol X et al (2008) Source apportion-
ment of particulate matter in Europe: a review of methods and 
results. J Aerosol Sci 39:827–849. https://​doi.​org/​10.​1016/j.​jaero​
sci.​2008.​05.​007

Vlachou A, Daellenbach KR, Bozzetti C et al (2018) Advanced source 
apportionment of carbonaceous aerosols by coupling offline AMS 
and radiocarbon size-segregated measurements over a nearly 
2-year period. Atmos Chem Phys 18:6187–6206. https://​doi.​org/​
10.​5194/​acp-​18-​6187-​2018

Wacker L, Christl M, Synal H-A (2010) Bats: a new tool for AMS 
data reduction. Nucl Instrum Methods Phys Res B 268:976–979. 
https://​doi.​org/​10.​1016/j.​nimb.​2009.​10.​078

Wang S, Wang L, Wang N et al (2021) Formation of droplet-mode 
secondary inorganic aerosol dominated the increased PM2.5 dur-
ing both local and transport haze episodes in Zhengzhou. China. 
Chemosphere 269:128744. https://​doi.​org/​10.​1016/j.​chemo​sphere.​
2020.​128744

Wolfenbarger JK, Seinfeld JH (1990) Inversion of aerosol size distribu-
tion data. J Aerosol Sci 21:227–247

Xing Y-F, Xu Y-H, Shi M-H, Lian Y-X (2016) The impact of PM2.5 
on the human respiratory system. J Thorac Dis 8:E69-74. https://​
doi.​org/​10.​3978/j.​issn.​2072-​1439.​2016.​01.​19

Žitnik M, Jakomin M, Pelicon P, et al (2005) Port of Koper - elemental 
concentrations in aerosols by PIXE. In: X-Ray Spectrometry. John 
Wiley and Sons Ltd, pp 330–334. https://​doi.​org/​10.​1002/​xrs.​828

Zhang YL, Liu D, Shen CD et al (2010) Development of a preparation 
system for the radiocarbon analysis of organic carbon in carbo-
naceous aerosols in China. Nucl Instrum Methods Phys Res B 
268:2831–2834. https://​doi.​org/​10.​1016/j.​nimb.​2010.​06.​032

Zhang YL, Perron N, Ciobanu VG et al (2012) On the isolation of 
OC and EC and the optimal strategy of radiocarbon-based source 
apportionment of carbonaceous aerosols. Atmos Chem Phys 
12:10841–10856. https://​doi.​org/​10.​5194/​acp-​12-​10841-​2012

Zhang G, Lin Q, Peng L et al (2017) The single-particle mixing state 
and cloud scavenging of black carbon: a case study at a high-
altitude mountain site in southern China. Atmos Chem Phys 
17:14975–14985. https://​doi.​org/​10.​5194/​acp-​17-​14975-​2017

Zwozdziak A, Gini MI, Samek L et al (2017) Implications of the aero-
sol size distribution modal structure of trace and major elements 
on human exposure, inhaled dose and relevance to the PM2.5 and 
PM10 metrics in a European pollution hotspot urban area. J Aero-
sol Sci 103:38–52. https://​doi.​org/​10.​1016/j.​jaero​sci.​2016.​10.​004

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1016/S1352-2310(01)00204-7
https://doi.org/10.1016/S1352-2310(01)00204-7
https://doi.org/10.1016/j.atmosenv.2005.05.021
https://doi.org/10.5194/acp-10-1315-2010
https://doi.org/10.1016/j.jaerosci.2012.06.006
https://doi.org/10.5194/acp-17-13767-2017
https://doi.org/10.1016/j.atmosenv.2014.05.023
https://doi.org/10.1016/j.atmosenv.2014.05.023
https://doi.org/10.4209/aaqr.2011.04.0041
https://doi.org/10.1016/j.atmosenv.2004.03.066
https://doi.org/10.1016/j.atmosenv.2004.03.066
https://doi.org/10.1029/2005JD006590
https://doi.org/10.5194/acp-9-1521-2009
https://doi.org/10.5194/acp-9-1521-2009
https://doi.org/10.1016/S1352-2310(02)00773-2
https://doi.org/10.1016/S1352-2310(02)00773-2
https://doi.org/10.1016/j.scitotenv.2016.11.007
https://doi.org/10.1016/j.jaerosci.2008.05.007
https://doi.org/10.1016/j.jaerosci.2008.05.007
https://doi.org/10.5194/acp-18-6187-2018
https://doi.org/10.5194/acp-18-6187-2018
https://doi.org/10.1016/j.nimb.2009.10.078
https://doi.org/10.1016/j.chemosphere.2020.128744
https://doi.org/10.1016/j.chemosphere.2020.128744
https://doi.org/10.3978/j.issn.2072-1439.2016.01.19
https://doi.org/10.3978/j.issn.2072-1439.2016.01.19
https://doi.org/10.1002/xrs.828
https://doi.org/10.1016/j.nimb.2010.06.032
https://doi.org/10.5194/acp-12-10841-2012
https://doi.org/10.5194/acp-17-14975-2017
https://doi.org/10.1016/j.jaerosci.2016.10.004

	Characterisation of urban aerosol size distribution by radiocarbon and PIXE analyses in a middle-European urban environment for source identification: a pilot study
	Abstract
	Introduction
	Methodology
	Receptor site
	Aerosol sampling
	Chemical analysis
	Data analysis
	Enrichment factor calculation
	Multi-modal analysis of mass size distributions


	Results and discussion
	PM2.5, PM10, CO and NOx concentrations

	Mass size distributions of PM, fossil and contemporary carbon
	Possible sources based on the mass size distribution of the elemental components

	Summary and conclusions
	References


