www.nature.com/scientificreports

scientific reports

OPEN

W) Check for updates

Source attribution of carbonaceous
fraction of particulate matter

in the urban atmosphere based

on chemical and carbon isotope
composition

Alicja Skiba?, Katarzyna Styszko?*?, Anna Tobler?“, Roberto Casotto?, Zbigniew Gorczyca?,
Przemystaw Furman?, Lucyna Samek?, Dariusz Widet®, Mirostaw Zimnoch?,

Anne Kasper-Giebl®, Jay G. Slowik3, Kaspar R. Daellenbach?, Andre S. H. Prevot? &
Kazimierz Rozanski?

Air quality is of large concern in the city of Krakow, southern Poland. A comprehensive study was
launched by us in which two PM fractions (PM; and PM,,) were sampled during 1-year campaign,
lasting from April 21, 2018 to March 19, 2019. A suite of modern analytical methods was used to
characterize the chemical composition of the collected samples. The contents of 14 sugars, sugar
alcohols and anhydrosugars, 16 polycyclic aromatic hydrocarbons, selected metals and non-metals
and ions were analyzed, in addition to organic and elemental carbon content. The carbon isotope
composition in both analysed PM fractions, combined with an isotope-mass balance method, allowed
to distinguish three main components of carbonaceous emissions in the city: (1) emissions related

to combustion of hard coal, (2) emissions related to road transport, and (3) biogenic emissions. The
heating season emissions from coal combustion had the biggest contribution to the reservoir of
carbonaceous aerosols in the PM,, fraction (44%) and, together with the biogenic emission, they were
the biggest contributors to the PM, fraction (41% and 44%, respectively). In the non-heating season,
the dominant source of carbon in PMy, and PM; fraction were the biogenic emissions (48 and 54%,
respectively).

The general population is increasingly aware of the dangers associated with breathing the air in which they live.
It has been proven that exposure to poor quality air can lead to numerous health problems'~”. Krakow is the 2nd
largest city in Poland, with almost 1 million inhabitants. The levels of PM, ; and PM, in the urban atmosphere
of Krakow, in contrast to other large European cities, are regularly exceeding the air quality standards set up
by the World Health Organization®, mainly in the autumn and winter season. To improve the air quality in the
city, the Krakow City Council introduced a total ban on solid fuels combustion from September 1st, 2019°. The
key objective from the perspective of city residents and policymakers is to identify the sources of particulate
matter emissions and their contribution to the overall pollution load of the local atmosphere. There are several
approaches aimed at source allocation of suspended particulate matter based on the statistical analysis of the
chemical and elemental composition of the given PM fraction. Some of them have been already applied in
Krakow (see e.g.!%"1%).

The carbonaceous fraction of particulate matter, besides inorganic carbon (carbonate), mostly consist of
organic (OC) and elemental (EC) carbon'*. EC is considered as a primary contaminant. It is usually emitted
in incomplete combustion processes of different materials (biomass, coal, oil, petrol, etc.). Organic carbon is a
mixture of different organic compounds with various functional groups incl. polycyclic aromatic hydrocarbons
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and saccharides (including anhydrosugars, e.g., levoglucosan, mannosan)'>!¢. The OC can be further divided
into two groups, depending on its origin: (1) primary organic carbon (POC) considered as primary contami-
nant emitted directly to the atmosphere through the combustion of liquid and solid fuels, and (2) the secondary
organic carbon (SOC), which is formed in the atmosphere through oxidation processes of organic precursors'”'s.
The OC carbon reservoir considered together with EC is called total carbon (TC). Typically, the carbonaceous
fraction constitutes about 30-40% of the total urban particulate mass'®. In previous studies conducted in Krakow
in 2013 and 2017, the carbonaceous fraction constituted from 27 to 47% of PM, depending on the season of the
year and the considered PM fraction?®?!.

Particulate matter associated with local heating is represented by a wide range of elements, e.g. Cl, S, Cd,
Cr, Br, As, Pb, Hg, Se—connected mostly with coal burning?-%°. On the other hand, PM matter associated road
emissions come from two main types of sources: which are (1) the exhaust processes (combustion of fuels),
and (2) the non-exhaust processes (eg. abrasion of car elements like brakes and tires, resuspension of soil). The
particles emitted by the first group consist of, among others, organic and elemental carbon, gases (eg. SO,, NO,),
and elements like: Ni, V; Fe, Pb, Br, Al, Cd, Cu, Mg?**-3!. While the particles emitted by the second group are
mostly linked to the presence of Zn, but also Fe, Cu, Co and Ca (when we consider tire abrasion)?”?*31-33 In case
of the resuspension of soil we can consider several elements like: Al, Ca, K, Ce, Fe, Mg, Mn, Tj, Si, S, V, Co**%.

The carbon isotope composition and the isotope-mass balance was already applied in Krakow to quantify the
share of different carbonaceous particulate matter emission sources present in the city atmosphere®-*°. The pilot
study focusing on the total suspended particles (TSP), covering the period 2004-2010%, revealed large seasonal
variability of carbonaceous fraction of the analysed TSP reflecting in diverse strength of different sources of
carbonaceous aerosols to the local atmosphere. Two other studies were focusing on the PM, ; fraction collected
during the summer 2017 and winter 2018 seasons® and the PM,, fraction collected during the summer 2018
and winter 2018/2019 seasons*’—the results of these studies will be discussed further in Sect. 3.2.

We report here the results of carbon isotope analyses of carbonaceous fraction in the suspended particulate
matter (PM,,, PM,) from 1-year sampling campaign conducted in Krakow from April 2018 to March 2019. Both
14C/12C and *C/"C isotope ratios were quantified in the collected PM,, and PM, samples. The results of carbon
isotope analyses, combined with isotope-mass balance approach, were used to quantify the contribution of three
sources of carbon in the analyzed PM,, and PM, samples and their seasonal variability. The isotope analyses
were complemented by concentration measurements of ions (cations and anions), selected elements, as well as
polycyclic aromatic hydrocarbons (PAHs) and carbohydrates such as sugar alcohols and anhydrosugars which
are part of the carbon reservoir in the analyzed PM fractions. Anhydrosugars are formed as a result of pyrolysis
of materials containing cellulose or hemicellulose**~*. The most important among them is levoglucosan, which
is a recognized marker of biomass combustion***.

So far, such a long (approx. 1 year) measurement campaign covering two PM fractions (PM, and PM,,) has
not been carried out in Krakow. It is worth to notice that such comprehensive analysis of the PM, fraction, which
is so far less characterized and studied PM fraction, than the fraction of larger diameter, has never been con-
ducted in Krakow. Additionally, as far as authors know, PM, was never used in Poland before, to provide isotope
mass-balance. The timing of the research is also unique (just before the introduction of the above-mentioned ban
on solid fuels combustion in the city). Hence, this work is the last such in-depth characterization of particulate
matter and source attribution of its carbonaceous fraction before this period.

Sampling and methods

Sampling campaign

Daily samples of two particulate matter fractions (PM, and PM,,) were collected from April 21, 2018 to March
19, 2019, except for the period from September 28, till October 25, 2018. Two high-volume samplers (DHA-80,
Digitel, Elektronik AG, Hegnau, Switzerland, air flow 720 m?® day™') were placed on the rooftop of the Faculty of
Physics and Applied Computer Science building, AGH University of Krakow (50° 04’ N 19° 55' E, 220 m a.s.l.)
at the height of about 20 m above the local ground (Fig. 1). Daily samples of PM, and PM,, were collected on
Pallflex® quartz filters (diameter of 15 cm). Sampling was carried out according to the procedure which was
further explained in the “Supplementary Information” (section A). From the collected material, every fourth
sample was further analysed.

Carbonaceous fraction measurements

Organic and elemental carbon concentration (OC, EC) was analysed in the circular punches of individual filters
(o 10 mm) by thermal-optical method using Sunset Laboratory OCEC Lab Aerosol Analyzer (USA) using the
EUSAAR? (European Supersites for Atmospheric Aerosol Research) protocol. More information about the
method is presented in the Supplementary Information.

Carbon isotope analyses and isotope-mass balance approach

The analysed filters were aggregated into sets representing approximately monthly periods, to obtain a sufficient
amount of carbon for isotope analyses (> 1 mg). The obtained results were then assigned to the heating or non-
heating season. Aggregation periods and the corresponding weighted averages of the total carbon present in the
aggregated samples representing both fractions are presented in Table 1S (Supplementary Information). The
total carbon (TC) reservoir in the analysed aggregated samples was transformed into gaseous form (CO,) which
was later subjected to cryogenic purification. The method is presented in detail in®***. The *C/**C ratios of the
obtained carbon dioxide were quantified using isotope ratio mass spectrometry (IRMS). The radiocarbon content
was measured with accelerator mass spectrometry (AMS) on the 1.5 SDH-Pelletron Model Compact Carbon
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Figure 1. Sampling site. The red arrows inside the figure indicate the exact location of the high-volume
samplers in each picture included (sources: www.google.com/maps, www.geoportal.gov.pl, authors’
photographs, the picture was edited using MS Office tools).

AMS*. The accelerator mass spectrometry analyses were done after the IRMS analysis (CO, was recovered after
isotope ratio mass spectrometry).

The measured '*C/'*C ratios are expressed as 3 values defined as per mille deviations from the internation-
ally accepted reference standard***°, whereas the radiocarbon contents in the analysed samples are expressed as
percent of modern carbon (pMC) defined as®'~:

14RSN
pMC = N

102 1
Row X (1)

where "R gy and R ,y are "C/>C isotope ratios measured in the analysed samples and the reference standard
(Oxalic Acid II), respectively. The measured isotope ratios were then used to calculate the contribution of pre-
defined emission sources of carbon using isotope-mass balance approach®:

1 = Fpio + Feoal + Ftraﬂ (2)
813CTC = 813Cbio X Fpip + 813Ccoal X Feoal + 513Ctmﬁ X thﬁ (3)
PMCrc = pMCy;, X Fpip + pMC_ ;) X Feoal +pMCtmﬁ X Fraf (4)

where: Fy, Feoq, Fypap stand for mass fractions of carbon originating from biogenic emissions, coal combustion
and road transport emissions, respectively. 8'*Cy is the 1*C isotope composition of the measured PM, or PM;,
samples. 8°C, coa, g Stands for the assigned *C isotope signatures of biogenic emissions, coal combustion and
road transport emissions, respectively. pMCr signifies percent of Modern Carbon of the analysed PM, or PM,
samples, whereas pMC;,, coq, 1y Stands for assigned percent of modern carbon values for biogenic emissions, coal
combustion and road transport emissions, respectively. The mass fractions (Fyp Froa, Fiya) of the total carbon
reservoir present in the monthly composite samples of PM; and PM, can be calculated from Egs. (2-4) above,
provided that all other variables are either measured or derived from other sources.

A first step in calculating the contributions of the pre-defined emission sources of carbon (biogenic emis-
sions, coal combustion and road transport) to the overall carbon budget of the analysed PM fractions of par-
ticulate matter is the appropriate assessment of 1>C and C isotope signatures of those sources. For example,
the 8"*C,, values related to coal combustion emission can differ significantly on a global scale, depending on
the geographical origin and age of the burned coal (from —30.1 to —23.3%o, as reported in Ref.>*). The §"*C_,
values of hard coal mined in Poland were thoroughly characterized. They are in a relatively narrow range, from
—24.5to — 23.3%0. The 81°C_,, value of —23.3%o was chosen for this work. The 8°C,, values reported for road
transport emissions have the range between —28.3 and —24.5%0***. For this study, the average §"*C, ¢ value equal
—27.6%o, derived from the data reported in>* was adopted. This value is comparable with the results obtained by
the authors in road tunnel in Krakow, where this signature was in the range from —27.1 to — 27.8%o, depending
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on the PM fraction analysed®®. The emissions of carbon associated with the road transport are mainly related to
combustion of liquid fuels, but also to the wear of car tires and asphalt pavement.

If only petroleum would be considered, which is a fossil fuel devoid of radiocarbon, the pMC,,, value of
the particles associated with combustion of such fuel would be zero, as is the case with hard coal combustion
(pMC,,.;). However, considering additional factors included in road emissions, such as the use of natural rubber
in the automotive industry to produce car tires (approx. 15-20%), as well as the use of biofuels (the regulations
in force in Poland and the European Union state that at least 10% of the petrol must be a biocomponent, for
diesel fuel it is 7%°7), it was assumed that *C content in the carbon emissions from road transport is constant
and equal 10 pMC?>.

The ‘biogenic emissions’ category includes pollen/plant spores (emitted mainly during the growing season)
and secondary organic aerosol (SOA), as well as wood and biomass combustion, which is mostly present during
colder months of a year. According to previous studies®, the §'*Cy,, values range in Krakow from — 28 to —24%o.
Constant 8"°C,;, value equal — 25%o was adopted in this work. Due to the fact that pollen and plant spores, as
well as volatile organic compounds (VOCs) emitted by living plants should have the *C contents resembling
those in the local atmosphere (after accounting for isotope fractionation steps involved in the photosynthesis
process), we adopted in the isotope-mass balance calculations the constant pMC,,;, value equal 105% for non-
heating season. This choice was guided by the fact that radiocarbon levels in the local atmosphere (atmospheric
CO,) fluctuate nowadays between 100 and 117% (unpublished data). For heating season, a slightly higher pMC
value equal 115% was adopted due to the fact that burning of wood is the major source of carbonaceous aerosols
in the city atmosphere during this time period of a year and the mean age of wood (time elapsed from its time
of formation) is in the order of 10-15 years. At that time period the pMC levels in the city atmosphere were in
the order of 115-120%%.

Due to the fact that carbon is present also in the mineral fraction of the analysed PM, and PM,, fractions
of suspended particulate matter, appropriate corrections of the measured 6”°Cy¢c and pMCy values need to be
applied to account for the presence of calcium carbonate. Details of the correction procedure are presented in*-
The corrections derived for 19 analysed samples of PM, and PM,, fractions resulted in 0.3% and 0.2%o for pMCrc
and 8"*Cyy, respectively. As they are comparable with the measurement uncertainties of isotope analyses (ca.
0.2-0.3% for AMS and 0.1-0.2%o for IRMS), no adjustment of the measured 6”°Cy¢ and pMCrp values was made.

Chemical analysis

Inorganic anions (F~, CI-, NO,~, Br, NO;~, PO, SO,*) and cations (Na*, K*, Mg?*, Ca®*, NH,*) concentrations
were analysed with isocratic ion chromatography (IC) performed with ICS-1100 instrument (Thermo Scientific),
equipped with Thermo Scientific (Dionex) AS-DV autosampler and ion-exchange columns. The details of the
method are presented in the Supplementary Information.

Sixteen polycyclic aromatic hydrocarbons (acenaphthene (Acn), acenaphthylene (Acy), anthracene (Ant),
benzo[b]fluoranthene (BbF), benzo[a]anthracene (BaA), benzo[a]pyrene (BaP), benzo[ghi]perylene (BghiP),
benzo(k]fluoranthene (BKF), chrysene (Chry), dibenzo[ah]anthracene (DahA), fluoranthene (Flt), fluorene (Flu),
indeno[1,2,3-cd]pyrene (IP), naphthalene (Nap), phenanthrene (Phen) and pyrene (Pyr) were analysed with gas
chromatography coupled with mass spectrometry system (GC/MS). Model Clarus 600/600T from Perkin Elmer
(USA) was used. Polycyclic aromatic hydrocarbons were separated on the Elite-5MS (30 m x 0.25 mm x 0.25
um) capillary column. Altogether 48 aggregated samples (2, 3 or 4 days—see Table 2S, Supplementary Infor-
mation) were analysed for PM, and PM,, fractions (24 samples for each fraction). The details of the procedure
are described in*, the method was slightly modified in order to analyse polycyclic aromatic hydrocarbons. The
retention times, characteristic ions of tested analytes and validation parameters of the method are shown in
Table 3S (Supplementary Information).

The high-performance anion-exchange chromatography with pulsed amperometric detection (HPAE-PAD)
was used to analyse 14 sugars, sugar alcohols and anhydrosugars including: inositol, erythritol, xylitol, levoglu-
cosan, arabitol, mannosan, trehalose, mannitol, galactosan, glucose, fructose, galactose, cellobiose and sucrose.
Altogether 81 samples (with a diameter of 10 mm) of each fraction (PM, and PM,,) were extracted in 3 ml of
Milli-Q water, ultrasonicated for 30 min, and centrifuged at 4000 rpm for 10 min. The extracts were analyzed
with a Dionex™ ICS3000 (Thermo Scientific™), equipped with a CarboPac™ MA1 column, utilizing a sodium
hydroxide gradient of 480-650 mM and a flow rate of 0.4 ml-min~". The method is described in detail in Ref.®".
The limit of detection (LOD) was determined as the minimum concentration that was visible on the chroma-
togram and produced a peak height at least three times the signal to noise ratio. The LOD values were in the
range of 0.004-0.05 pg-m™.

The elemental analysis of the filter material comprised 17 elements: CI, K, Ca, Ti, V, Cr, Mn, Fe, Co, Ni, Zn,
Cu, Br, Rb, Sr, As and Pb. The concentrations of the measured elements were quantified by the energy dispersive
X-ray fluorescence (EDXRF) method. Details of elemental analysis are presented in the Supplementary Informa-
tion. Detection limits and detailed description of the method is presented elsewhere!>?°.

Chemical mass closure method

The mass closure method is a semi-quantitative method based on comparison of the gravimetrically determined
mass concentration of a TSP (or each fraction of PM), with the sum of the measured concentrations of indi-
vidual components of TSP or chosen PM fraction, respectively®'. The mass closure method is useful to perform
preliminary qualitative analysis of possible emission sources of particulate matter based on temporal and spatial
variability of chemical composition of the analysed PM fraction'®¢'-%°. The reconstructed chemical composition
of particulate matter usually consists of about seven representative chemical components. Frequently considered
components are as follows: the secondary inorganic ions, elemental carbon, organic matter, crustal matter (also
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referred to as soil dust), salt (road salt or sea salt, depending on the location), trace elements and the last group
generally referred to as not-identified matter (other, etc.). The emission categories adopted in this work are
presented in Table 4S (Supplementary Information).

Results and discussion

Carbonaceous fraction characteristics, concentrations of polycyclic aromatic hydrocarbons
and carbohydrates

The PM samples collected in the framework of this study were characterized by a high content of organic carbon
in total carbon reservoir (from 75 to 88%, depending on the considered PM fraction and the month, as deter-
mined by the thermal-optical method). PM weight average during each month of the campaign is presented in
Table 1. For PM, it was in the range of 17-43.1 ug-m™ and for PM,, in the range of 38.3-107.4 ug-m™, respec-
tively. As expected, higher PM averages were noticed during months representing heating season in Krakow.

The analysed sugars and PAHs constituted from 0.5 to 4% of the OC concentration depending on the month.
The highest share (4%) was determined in November 2018 for the PM,, fraction, while the lowest (0.5%) in
October 2018 for the PM, fraction. In the same month (October 2018) the ratio OC/TC was also the lowest in
the entire measurement period (75%). Depending on the month, from 1 to 4 saccharides and from 1 to 14 PAHs
were identified in the PM, fraction, to be compared with 3-8 saccharides and from 8 to 15 PAHs for PM,, frac-
tion (cf. Table 1). The largest number of individual types of organic compounds identified in both fractions was
for the period from November 2018 to February 2019, i.e., during the heating season in Krakow.

The results of carbohydrates and polycyclic aromatic hydrocarbons analyses are summarized in Tables 5S and
6S (Supplementary Information). The PAHs results are presented in Fig. 2a—d. Levoglucosan is presented in Fig. 3
as the only carbohydrate detected in the vast majority of samples (74 out of 81 for the PM, fraction and 78 out
of 81 for the PM,, fraction) among the 14 analysed. As seen in Figs. 2 and 3, the concentrations of all measured
PAHs and levoglucosan are higher during the heating season in Krakow (autumn and winter), which is char-
acterized by intensified combustion of coal and wood for heating purposes. Among sixteen analysed PAHs, the
highest maximum concentrations in aggregated samples were recorded for Fluoranthene, Pyrene and Benzo[b]
fluoranthene (17.64 ng m3, 15.31 ng m™3, 21.94 ng m™?) in PM,, (aggregated dates: 19.02, 23.02 and 27.02.2019)
and (4.85 ng m~, 4.38 ng m~>, 5.35 ng m™) in PM, (aggregated dates: 17.12, 21.12, 25.12 and 29.12.2018). The
maximum concentration of levoglucosan was 0.9 ug m™ (in PM, fraction) and 1.95 pg m™ (in PM,, fraction),
both values measured on December 17, 2018.

The observed average concentrations of PAHs in the PM,, fraction are approximately 4 times lower than
those observed in Krakow in winter 20147°. This may indicate an improvement in air quality over a period of ca.
5 years in Krakow. PAHs average concentrations determined in this study are usually lower than those recorded
in other European cities in previous years (the exception is the result from Athens)”'-">. The results from this
study for PM, fraction are similar to those obtained in Brazil’*. This study was similar in terms of the duration.
Table 6S (Supplementary Information) shows the comparison of average concentrations of PAHs obtained in
this study and those reported by other research teams for different areas around the world.

Source attribution of carbonaceous aerosols based on isotope-mass balance approach

The numerical results of §°C and pMCy analyses of the aggregated monthly samples and the data used in
isotope-mass balance equations are shown in Fig. 1S and presented in Table 7S, respectively (Supplementary
Information).

The measured §"*Cy values ranged from —26.1%o (April 2018) to —24.2%o (December 2018) for the PM,;
fraction and from —25.5%o (October 2018) to —24.2%o (February 2019) for the PM,, fraction. Higher §"*Cy¢
values were recorded in both fractions in the period from December 2018 to March 2019. Lower values of §*Cy
indicate the dominance of biogenic sources while higher values indicate enhanced contribution of hard coal
combustion. The measured radiocarbon content in the aggregated samples, expressed in pMC, ranged from 37.8%
(December 2018) to 57.9% (July 2018) for the PM,, fraction, and for PM, from 46.5% (December 2018) to 62.4%
(April 2018). As expected, lower levels of radiocarbon were recorded in cooler months, reflecting enhanced emis-
sions of carbonaceous aerosols devoid of radiocarbon, associated with combustion of coal in the city for heating
purposes. Figure 4 shows scatter plots illustrating mutual relations between the isotope parameters (8"°C;c and
PpMCrc) measured in both analysed PM fractions, for the 8 months for which both isotope parameters were
measured (see list in Table 1S in Supplementary Information).

As seen in Fig. 4a, the data points cluster below the 1:1 line, indicating generally higher level of radiocarbon
content in PM, fraction when compared to the PM, fraction which can be linked to higher contribution of
biogenic carbonaceous aerosols characterized by high pMC values in the fine fraction (PM,), or higher contri-
bution of carbonaceous aerosols associated with burning of fossil fuels devoid of radiocarbon, accumulating
in the PM,, fraction. On the other hand, in Fig. 4b §"*Cy(. values do not provide clear seasonal information,
compared to the pMC results.

The set of isotope-mass balance equations (Eqs. 2-4) was solved for F;, Fyq, Firqg mass fractions, separately
for heating and non-heating season and for both PM fractions. Heating season contained 6 aggregated monthly
samples (for both fractions of PM), while non-heating season 3—in case of PM,, and 4—in case of PM, (see list
in Table 1S in Supplementary Information). The results are presented in Fig. 5a,b. During the non-heating season,
the biogenic emissions were a dominant carbon source in the PM, fraction with a share of 54%. These emissions
are related to the combustion of biomass, as well as to emissions from the biosphere (emissions of pollen, spores
and VOCs and subsequent oxidation during the vegetation period). The results of the analyses of the sources of
organic aerosols contained in the PM, fraction, carried out in Krakow with the use of the Q-ACSM (quadrupole
aerosol chemical speciation monitor), showed that the presence of sources related to biomass combustion in the
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Figure 2. (a-d) Seasonal variability of PAHs concentrations in PM, (a, b) and PM, (c, d) fractions during the
study period.
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Figure 3. Seasonal variability of levoglucosan concentrations in PM,, and PM, fractions, with ambient air
temperature during the study period shown in the background.

summer can reach up to 11% ". This would point to a dominant role of living biosphere in the biogenic emissions
of carbon during spring and summer season. Emissions of carbon associated with road transport were second
in the importance (approx. 32%). The lowest share was attributed to emissions related to coal combustion (ca.
14%). Partitioning of the emission sources of carbon present in the PM, fraction varies substantially during the
heating season (autumn and winter). The biogenic emissions, which are mostly associated during this period
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Figure 5. (a, b). Seasonal variability of the mass fractions of carbon originating from biogenic emissions,

from coal combustion and emissions related to road transport (Fy;, Feoa Fram respectively), present in the
carbonaceous fraction of the analysed PM,, (a) and PM, (b) samples collected in Krakow in the period April 21,

2018-March 19, 2019, derived from the isotope-mass balance approach (Egs. 2-4).

with biomass combustion, decrease to about 44%. The share of emissions related to coal combustion increases to
approximately 41% during the heating season, while the share of emissions associated with the road transporta-
tion drops to ca. 15%. However, the lower emission shares obtained for road transportation in the colder seasons
do not indicate a reduction car traffic in Krakow in autumn and winter. Rather, they result from an increase in the
carbon reservoir in the PM, fraction associated with dominant emissions from the biomass and coal combustion
for heating purposes in the city during this period (average concentration of PM, increases from 11.9 to 19.0
pg m~3, to be compared with an increase from 34.0 to 47.2 pg m= for PM,, fraction).

Similar relations between emission sources are observed for the PM,, fraction of the suspended particulate
matter. During the heating season, the mass fractions of carbon derived from the isotope-mass balance approach
amounts to 44% (coal combustion), 37% (biogenic emissions) and 19% (road transport). For the non-heating
season the biogenic emissions dominate, with approx. 48%, while the share of carbon emissions associated with
road transportation is around 24%. However, the calculated mass fractions of combustion of coal during the
non-heating season appear unexpectedly high (approximately 28%), when compared to the PM,, fraction in
similar studies carried out in Krakow (cf. Table 2) (where the contribution of the coal combustion during summer
ranges from 5 to 10%), and to the PM, fraction in this study (14%). Thus, the results from different studies are
comparable to the results of PM,*”*%. However, the comparison between PM; collected during winter 2018/2019
season in urban background site and presented in*’, as well as PM,, from this study during heating-season
2018/2019 shows very similar values (discrepancy of up to 2%) (Table 2).

To sum up, the above-presented results show that during the heating season emissions from coal combustion
had the biggest contribution to the PM,, carbonaceous aerosol reservoir (44%), and together with the biogenic
emissions they were the biggest contributors to PM, (41% and 44%, respectively). In the non-heating season,
the dominant source of carbon were biogenic emissions (48% of PM,,, 54% of PM,).

Table 3 shows the comparison of the signatures used in the previous studies conducted in Krakow and the
signatures used for this work. We can see that most of the signatures are comparable to each other (at least in
terms of the assumed uncertainties), the only exception is §'*Cy,,4 where the value assumed in previous studies
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Winter Non-heating Heating season
Summer 2018* 2018/2019* Summer 2017° | Winter 2018 | season 2018° 2018/2019¢
Traffic | Urban | Traffic | Urban | Urban Urban Urban | Urban | Urban | Urban
Source PM,, PM,, PM,, PM,, PM, 5 PM, 5 PM,, PM, PM,, PM,
Biogenic 33 47 32 39 52.5 37.1 48 54 37 44
Coal 10 5 35 42 7.2 54.3 28 14 44 41
Traffic/road transport 57 48 33 19 40.3 8.6 24 32 19 15

Table 2. Comparison of the percentage shares of emission sources obtained in this work with the shares of the
same sources obtained in other studies for the atmosphere of Krakow. *Samek et al.””. ®Zimnoch et al.*®. “This

work.
This work

Signature | Unit | Samek et al.’”* Zimnoch et al.*® Non-heating | Heating

8Cio [%0] | (-24.0%15) (-26£2) -25 -25

S8BCeoul [%o] | (—23.3 to —24.5) range** | (—23.3 to —24.5) range** | -23.3 -23.3

8"Crragr [%0] | (-30+1) (-30+1) -276 -276

PMCy, (%] |110%5 110£5 105 115

PMC [%] no data 10+1 10 10

PMC.q %] |0 0 0 0

Table 3. Comparison of values of the signatures used in the isotope-mass balance in different studies

conducted in Krakow. *The study does not provide isotopic signatures, there is a reference to the
publications®®*, so to not duplicate the results from?®, we present®. **No exact value in the provided range is
given.

(—30+1%o) differs from that adopted for this publication (—27.6%o), which might indicate one of the reasons
for the differences between the results in previous researches conducted in Krakow and the results obtained in
this work.

To assess the uncertainties associated with the contribution of three emission sources discussed above, the
sensitivity analysis was used (see Fig. 2S, Supplementary Information). The maximum influence parameter
was defined which is the ratio of the calculated change of the given component of the emissions derived from
the isotope mass balance to the assumed range of the given parameters (pMC and *C value). The calculated
biogenic component of the emissions was the most sensitive function of the assumed radiocarbon signature of
this component. The maximum influence parameter was equal 0.4% per 1 pMC. The road transport component
of the emissions appeared to be less sensitive to the assumed pMC signature of this component (Fig. 2S Sup-
plementary Information).

For the 1*C isotope composition, the assumed isotopic signature of the coal combustion source in heating
season has the highest influence on the calculated coal combustion contribution reaching up to 14.9% per 1%o,
this translates to ca. 3% uncertainty of the derived component of the balance (assuming the measurement uncer-
tainty of §"°C values 0.2%o). In conclusion, the sensitivity analysis showed that the uncertainty of the estimated
carbon balance components for the analysed period is in the order of a few percent. Details of the method are
presented in’®.

Attribution of PM; and PM,, sources based on mass closure method
The seasonal attribution of sources of the analysed PM, and PM,, fractions, based on the chemical mass closure
approach, is presented in Fig. 6a,b.

Organic matter constituted the largest share of all the components of the analysed samples of particulate mat-
ter. In PM it was in the range from 27% (spring) to 57% (autumn), while in PM, from 44% (summer) to 64%
(winter). Furthermore, the method showed seasonal variability of elemental carbon concentration: an increase
from 3.1% in spring to 5.1% in winter for PM,, and from 6.1% in spring to 6.8% in winter for PM,, with the
highest percentage of EC for this fraction recorded in autumn (7.3%). For SIA, an increase was observed from
11% in spring to 19% in winter for PM,, with the highest share of SIA (22%) occurring in autumn. On the other
hand, SIA within the PM, fraction increased from 15% in spring to 22% in winter. A noticeable increase in salt
concentration (NaCl) was found during winter. In the case of PM,, the total concentration in the warm months
(spring + summer) was 10 ug m~, while during the cold period (autumn + winter) it raised to 28 pg m=. In the
case of PM, the seasonal differences are correspondingly smaller, the total NaCl concentration amounts to 6.1
pg m~* (warm months) and 13 pg m (cold months). The elevated concentrations of NaCl during cold season can
be linked to the use of road salt to prevent icing on the streets. The percentage of trace elements varies slightly,
depending on the fraction, from 0.2 to 0.4%. On the other hand, the percentage of crustal matter is higher in
the warm season (spring + summer), compared to the cold season (autumn + winter). In the case of PM,, it is on
average 2.1% (spring + summer) and 1.6% (autumn + winter), and in the case of PM,: 6.2% and 4.5%, respectively.
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Figure 6. (a, b) Chemical mass closure results of PM,, and PM, fractions for 4 different seasons, expressed in
concentration units and percentages by weight (OM—organic matter, EC—elemental carbon, CM—soil/crustal
matter, SIA—secondary inorganic ions, NaCl—salt, TE—trace elements, U—unidentified matter).

This is probably related to soil resuspension processes active during spring and summer. Unidentified matter
constituted from 1.5 to 27% in case of PM,, and from 8.0 to 52% in case of PM,,. It is noticeable that for both
fractions the biggest share of unidentified matter was observed during warm period (spring and summer).

Conclusions

This is the first 1-year study dedicated to the fine (PM,) and coarse (PM,,) particulate matter, collected simultane-
ously from April 21, 2018 to March 19, 2019 in Krakow, southern Poland. The chemical analyses carried out (incl.
ion chromatography (IC), anion exchange chromatography with pulsed amperometric detection (HPAE-PAD),
thermal-optical OC/EC method, energy dispersive X-ray fluorescence (EDXRF) and gas chromatography-mass
spectrometry (GC/MS) allowed to explore the chemical characteristics of both PM fractions. Other authors also
tried to analyse these two fractions (PM, and PM, ) of particulate matter in the urban environment”>-’%. However,
the number of analytical methods used was smaller. In addition, this is the first time when PM, fraction was
used to provide isotope mass-balance in Poland. Application of the mass closure method, based on performed
analyses, allowed to obtain seasonal variability of the chemical composition of two particulate matter fractions.
The dominant revealed component was the organic matter (from 27 to 64% depending on the season of the year
and the analysed fraction). The results from HPAE-PAD and GC/MS demonstrated that carbohydrates and PAHs
had no significant share in organic carbon reservoir. The HPAE-PAD technique showed high concentrations
of levoglucosan (marker of biomass combustion) during the heating-season. Its average concentrations for the
entire measurement period were 0.16 pg-m~ and 0.33 pg-m~ for PM, and PM,, fractions, respectively. Both of
analyses (HPAE-PAD and GC/MS) provided valuable data on the presence of sugars and PAHs in the samples.
In this work, we focused on the analysis of the carbonaceous fraction, but further work on the obtained data is
highly recommended and planned in the future. They may provide valuable information in aspects other than
those discussed in this work (e.g. the use of levoglucosan as a marker of biomass combustion using other data
processing methods, or health aspects in the case of PAHs). The application of the carbon isotope-mass balance
method to identify the sources of PM, and PM,, fractions of suspended particulate matter emissions allowed to
distinguish three main emission sources: (1) the emissions from coal combustion, (2) the emissions related to
road transport, and (3) the biogenic emissions. The results presented here clearly show that during the heating
season emissions from coal combustion had the biggest contribution to the PM,, carbonaceous aerosol reser-
voir (44%), and together with the biogenic emissions they were the biggest contributors to PM, (41% and 44%,
respectively). In the non-heating season, the dominant source of carbon were biogenic emissions (48% of PM,,,
54% of PM,). Since the research was conducted just before the Krakow City Council introduced a total ban on
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combustion of solid fuels (starting from September 1, 2019), it would be recommended to conduct similar stud-
ies in the coming years to check whether the introduced regulations resulted in any noticeable improvement in
air quality in Krakow.

Data availability
The datasets used and/or analysed during the current study available from the corresponding author on reason-
able request.

Received: 10 October 2023; Accepted: 21 March 2024
Published online: 27 March 2024

References

1.

Zhu, C., Maharajan, K., Liu, K. & Zhang, Y. Role of atmospheric particulate matter exposure in COVID-19 and other health risks
in human: A review. Environ. Res. 198, 111281 (2021).

2. Li, H. et al. Long-term exposure to particulate matter and roadway proximity with age at natural menopause in the Nurses > Health
Study II Cohort *. Environ. Pollution 269, 116216 (2021).
3. Oh, ], Ye, S., Kang, D.-H. & Ha, E. Association between exposure to fine particulate matter and kidney function: Results from the
Korea National Health and Nutrition Examination Survey. Environ. Res. 212, (2022).
4. Sochacka-Tatara, E. et al. Urinary polycyclic aromatic hydrocarbon metabolites among 3-year-old children from Krakow, Poland.
Environ. Res. 164, 212-220 (2018).
5. Jedrychowski, W. et al. Effects of prenatal exposure to mercury on cognitive and psychomotor function in one-year-old infants:
Epidemiologic cohort study in Poland. Ann. Epidemiol. 16, 439-447 (2006).
6. Jedrychowski, W. et al. Personal exposure to fine particles and benzo[a]pyrene. Relation with indoor and outdoor concentrations
of these pollutants in Krakow. Int. J. Occup. Med. Environ. Health. 20, 339-348 (2007).
7. Kozielska, B., Rogula-Kozlowska, W. & Klejnowski, K. Seasonal variations in health hazards from polycyclic aromatic hydrocarbons
bound to submicrometer particles at three characteristic sites in the heavily polluted polish region. Atmosphere 6, 1-20 (2015).
8. World Health Organization. WHO global air quality guidelines. Particulate matter (PM2.5 and PM10), ozone, nitrogen dioxide,
sulfur dioxide and carbon monoxide. (2021).
9. Parliament of the Lesser Poland Voivodeship. Uchwata Nr XVII1/243/16 w sprawie wprowadzenia na obszarze Gminy Miejskiej
Krakéw ograniczeri w zakresie eksploatacji instalacji, w ktorych nastepuje spalanie paliw. 1-7 (2016).
10. Furman, P. et al. Seasonal variability of PM10 chemical composition including 1,3,5-triphenylbenzene, marker of plastic combus-
tion and toxicity in wadowice, south poland. Aerosol Air Qual. Res. 21, 1-12 (2021).
11. Casotto, R. et al. Organic aerosol sources in Krakow, Poland, before implementation of a solid fuel residential heating ban. Sci.
Total Environ. 855, 1-12 (2022).
12. Samek, L., Stegowski, Z., Styszko, K., Furman, L. & Fiedor, J. Seasonal contribution of assessed sources to submicron and fine
particulate matter in a Central European urban area. Environ. Pollut. 241, 406-411 (2018).
13. Tobler, A. K. et al. Characterization of non-refractory (NR) PM1 and source apportionment of organic aerosol in Krakéw, Poland.
Atmos. Chem. Phys. 21, 14893-14906 (2021).
14. Morera-Gomez, Y., Cong, Z. & Widory, D. Carbonaceous fractions contents and carbon stable isotope compositions of aerosols
collected in the atmosphere of montreal (Canada): Seasonality, sources, and implications. Front. Environ. Sci. 9, 1-18 (2021).
15. Rajput, P, Sarin, M. & Kundu, S. S. Atmospheric particulate matter (PM2.5), EC, OC, WSOC and PAHs from NE-Himalaya:
Abundances and chemical characteristics. Atmos. Pollut. Res. 4, 214-221 (2013).
16. Shahid, I. et al. Chemical composition of particles from traditional burning of Pakistani wood species. Atmos. Environ. 121, 35-41
(2014).
17. Castro, L. M., Pio, C. A., Harrison, R. M. & Smith, D. ]. T. Carbonaceous aerosol in urban and rural European atmospheres: Esti-
mation of secondary organic carbon concentrations. Atmos. Environ. 33, 2771-2781 (1999).
18. Satsangi, A., Pachauri, T, Singla, V., Lakhani, A. & Kumari, K. M. Organic and elemental carbon aerosols at a suburban site. Atmos.
Res. 113, 13-21 (2012).
19. Bautista, A. T., Pabroa, P. C. B., Santos, E. L., Racho, J. M. D. & Quirit, L. L. Carbonaceous particulate matter characterization in
an urban and a rural site in the Philippines. Atmos. Pollut. Res. 5, 245-252 (2014).
20. Samek, L. et al. Seasonal variations of chemical composition of PM2.5 fraction in the urban area of Krakow, Poland: PMF source
attribution. Air Qual. Atmos. Health 13, 89-96 (2020).
21. Szramowiat, K., Styszko, K., Kistler, M., Kasper-Giebl, A. & Gotas, J. (2016) Carbonaceous species in atmospheric aerosols from
the Krakow area (Malopolska District): Carbonaceous species dry deposition analysis. E3S Web Conf. 10, 4-11.
22. Yatkin, S. & Bayram, A. Elemental composition and sources of particulate matter in the ambient air of a Metropolitan City. Atmos.
Res. 85, 126-139 (2007).
23. Saarikoski, S. et al. Sources of organic carbon in fine particulate matter in northern European urban air. Atmospheric Chemistry
and Physics 8, 6281-6295 (2008).
24. Good, K. D. & VanBriesen, J. M. Current and potential future bromide loads from coal-fired power plants in the allegheny river
basin and their effects on downstream concentrations. Environ. Sci. Technol. 50, 9078-9088 (2016).
25. Nalbandian, H. Trace Element Emissions from Coal (IEA Clean Coal Centre, 2012).
26. Agarwal, A., Satsangi, A., Lakhani, A. & Kumari, K. M. Seasonal and spatial variability of secondary inorganic aerosols in PM2.5
at Agra: Source apportionment through receptor models. Chemosphere 242, 125132 (2020).
27. Imperato, M. et al. Spatial distribution of heavy metals in urban soils of Naples city (Italy). Environ. Pollut. 124, 247-256 (2003).
28. Jandacka, D., Durcanska, D. & Cibula, R. Concentration and inorganic elemental analysis of particulate matter in a road tunnel
environment (Zilina, Slovakia): Contribution of non-exhaust sources. Front. Environ. Sci. 10, 1-17 (2022).
29. Jandacka, D., Durcanska, D. & Bujdos, M. The contribution of road traffic to particulate matter and metals in air pollution in the
vicinity of an urban road. Transp. Res. Part D 50, 397-408 (2017).
30. Lammel, G., Rohrl, A. & Schreiber, H. Atmospheric lead and bromine in Germany: Post-abatement levels, variabilities and trends.
Environ. Sci. Pollut. Res. 9, 397-404 (2002).
31. Querol, X. et al. Source origin of trace elements in PM from regional background, urban and industrial sites of Spain. Atmos.
Environ. 41, 7219-7231 (2007).
32. Adachi, K. & Tainosho, Y. Characterization of heavy metal particles embedded in tire dust. Environ. Int. 30, 1009-1017 (2004).
33. Szramowiat, K. et al. Engine-generated solid particles—A case study. Combust. Engines 174, 33-39 (2018).
34. Arditsoglou, A. & Samara, C. Levels of total suspended particulate matter and major trace elements in Kosovo: A source identifica-
tion and apportionment study. Chemosphere 59, 669-678 (2005).
35. Cesari, D. et al. Analysis of raw soils and their resuspended PM10 fractions: Characterisation of source profiles and enrichment
factors. Appl. Geochem. 27, 1238-1246 (2012).
Scientific Reports|  (2024) 14:7234 | https://doi.org/10.1038/s41598-024-57829-x nature portfolio



www.nature.com/scientificreports/

37.

38.

39.

40.

41.

42,
43.

44.
45.

46.

47.
48.

49.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

. Sternbeck, J., Sjodin, A. & Andréasson, K. Metal emissions from road traffic and the influence of resuspension—Results from two
tunnel studies. Atmos. Environ. 36, 4735-4744 (2002).

Samek, L. et al. Comparison of PM10 sources at traffic and urban background sites based on elemental, chemical and isotopic
composition: Case study from Krakow, Southern Poland. Atmosphere 12, 1-19 (2021).

Zimnoch, M. et al. Application of natural carbon isotopes for emission source apportionment of carbonaceous particulate matter
in urban atmosphere: A case study from Krakow, Southern Poland. Sustainability 12, 1-9 (2020).

Zimnoch, M. et al. Summer-winter contrast in carbon isotope and elemental composition of total suspended particulate matter
in the urban atmosphere of Krakow, Southern Poland. Nukleonika 65, 181-191 (2020).

Simoneit, B. R. T. ef al. Levoglucosan, a tracer for cellulose in biomass burning and atmospheric particles. Atmos. Environ. 33,
173-182 (1999).

Simoneit, B. R. T. Biomass burning—A review of organic tracers for smoke from incomplete combustion. Appl. Geochem. 17,
(2002).

Yoshida, T. Synthesis of polysaccharides having specific biological activities. Progress Polym. Sci. 26, 379-441 (2001).

Chen, L. et al. Ring-locking enables selective anhydrosugar synthesis from carbohydrate pyrolysis. Green Chem. 18, 5438-5447
(2016).

Bhattarai, H. et al. Levoglucosan as a tracer of biomass burning: Recent progress and perspectives. Atmos. Res. 220, 20-33 (2019).
Puxbaum, H. et al. Levoglucosan levels at background sites in Europe for assessing the impact of biomass combustion on the
European aerosol background. J. Geophys. Res. Atmos. 112, 1-11 (2007).

Cavalli, F, Viana, M., Yttri, K. E., Genberg, ]. & Putaud, J. P. Toward a standardised thermal-optical protocol for measuring atmos-
pheric organic and elemental carbon: The EUSAAR protocol. Atmos. Meas. Tech. 3, 79-89 (2010).

Major, 1. et al. Method development for the 14C measurement of atmospheric aerosols. Acta Physica Debrecina 83, 83-95 (2012).
Czernik, J. & Goslar, T. Preparation of graphite targets in the Gliwice Radiocarbon Laboratory for AMS 14C dating. Radiocarbon
43,283-291 (2001).

Assonov, S., Groening, M., Fajgelj, A., Hélie, J.-F. & Claude, H.-M. Preparation and characterisation of IAEA-603, a new primary
reference material aimed at the VPDB scale realisation for § 13 C and § 18 O determination. Rapid. Commun. Mass Spectrom. 34,
1-16 (2020).

. Coplen, T. B. et al. New guidelines for deltal3C measurements. Analyt. Chem. 78, 2439-2441 (2006).

. Mook, W. G. & Van Der Plicht, J. Reporting 14C activities and concentrations. Radiocarbon 41, 227-239 (1999).

. Van Der Plicht, J. & Hogg, A. Short communication A note on reporting radiocarbon. Quat. Geochronol. 1, 237-240 (2006).

. Stenstrom, K. E., Skog, G., Georgiadou, E., Genberg, J. & Mellstrom, A. A guide to radiocarbon units and calculations. (2011).

. Aguilera, J. & Whigham, L. D. Using the 13C/12C carbon isotope ratio to characterise the emission sources of airborne particulate
matter: A review of literature. Isotopes Environ. Health Stud. 54, 573-587 (2018).

Lewan, M. D. & Kotarba, M. J. Thermal-maturity limit for primary thermogenic-gas generation from humic coals as determined
by hydrous pyrolysis. AAPG Bull. 98, 2581-2610 (2014).

Skiba, A. et al. Source apportionment of suspended particulate matter—(PM1, PM2.5 and PM10) collected in road and tram
tunnels in Krakow, Poland. Environ. Sci. Pollut. Res. 2019, (2024).

The Parliament of the Republic of Poland. Act of August 25, 2006 on biocomponents and liquid biofuels. Dz.U.2019.1155. 1-123
(2006).

Kuc, T. et al. Two decades of regular observations of 14CO2 and 13CO2 content in atmospheric carbon dioxide in central Europe:
Long-term changes of regional anthropogenic fossil CO2 emissions. Radiocarbon 49, 807-816 (2007).

Widet, D., Jedynak, K. & Witkiewicz, Z. Application of ordered micro-mesoporous carbon materials activated by steam and CO2
or KOH in solid-phase extraction of selected phthalates from aqueous samples. Desalination Water Treatment 232, 91-104 (2021).
linuma, Y., Engling, G., Puxbaum, H. & Herrmann, H. A highly resolved anion-exchange chromatographic method for deter-
mination of saccharidic tracers for biomass combustion and primary bio-particles in atmospheric aerosol. Atmos. Environ. 43,
1367-1371 (2009).

Chow, J. C., Lowenthal, D. H., Chen, L. W. A., Wang, X. & Watson, J. G. Mass reconstruction methods for PM25: A review. Air
Qual. Atmos. Health 8, 243-263 (2015).

Harrison, R. M., Jones, A. M. & Lawrence, R. G. A pragmatic mass closure model for airborne particulate matter at urban back-
ground and roadside sites. Atmos. Environ. 37, 4927-4933 (2003).

Hueglin, C. et al. Chemical characterisation of PM2.5, PM10 and coarse particles at urban, near-city and rural sites in Switzerland.
Atmos. Environ. 39, 637-651 (2005).

Ho, K. E. et al. Seasonal variations and mass closure analysis of particulate matter in Hong Kong. Sci. Total Environ. 355, 276-287
(2006).

Sillanpai, M. et al. Chemical composition and mass closure of particulate matter at six urban sites in Europe. Atmos. Environ. 40,
212-223 (2006).

Yin, J. & Harrison, R. M. Pragmatic mass closure study for PM1.0, PM2.5 and PM10 at roadside, urban background and rural
sites. Atmos. Environ. 42, 980-988 (2008).

Rogula-Koztowska, W. et al. Spatial and seasonal variability of the mass concentration and chemical composition of PM2.5 in
Poland. Air Qual. Atmos. Health 7, 41-58 (2014).

Genga, A., Ielpo, P, Siciliano, T. & Siciliano, M. Carbonaceous particles and aerosol mass closure in PM2.5 collected in a port city.
Atmos. Res. 183, 245-254 (2017).

Masiol, M. et al. Hybrid multiple-site mass closure and source apportionment of PM 2.5 and aerosol acidity at major cities in the
Po Valley. Sci. Total Environ. 704, 1-14 (2020).

Styszko, K. et al. Polycyclic aromatic hydrocarbons and their nitrated derivatives associated with PM10 from Krakow city during
heating season. E3S Web Conf. 10, (2016).

Kliucininkas, L. et al. Indoor-outdoor levels of size segregated particulate matter and mono/polycyclic aromatic hydrocarbons
among urban areas using solid fuels for heating. Atmos. Environ. 97, 83-93 (2014).

Manoli, E., Kouras, A. & Samara, C. Profile analysis of ambient and source emitted particle-bound polycyclic aromatic hydrocar-
bons from three sites in northern Greece. Chemosphere 56, 867-878 (2004).

Alves, C. A. et al. Polycyclic aromatic hydrocarbons and their derivatives (nitro-PAHs, oxygenated PAHs, and azaarenes) in PM
2.5 from Southern European cities. Sci. Total Environ. 595, 494-504 (2017).

Agudelo-Castafieda, D. M. & Teixeira, E. C. Seasonal changes, identification and source apportionment of PAH in PM1.0. Atmos.
Environment. 96, 186-200 (2014).

Galindo, N., Yubero, E., Nicolas, J. F., Varea, M. & Crespo, J. Characterization of metals in PM1 and PM10 and health risk evalu-
ation at an urban site in the western Mediterranean. Chemosphere 201, 243-250 (2018).

Pérez, N. et al. Variability of particle number, black carbon, and PM10, PM2.5, and PM1 levels and speciation: Influence of road
traffic emissions on urban air quality. Aerosol Sci. Technol. 44, 487-499 (2010).

Titos, G., Lyamani, H., Pandol, M., Alastuey, A. & Alados-arboledas, L. Identification of fine (PM1) and coarse (PM10-1) sources
of particulate matter in an urban environment. Atmos. Environ. 89, 593-602 (2014).

Chauhan, P. K., Kumar, A., Pratap, V. & Kumar, S. A. Seasonal characteristics of PM1, PM2.5, and PM10 over Varanasi during
during 2019-2020. Front. Sustain. Cities 4, 1-16 (2022).

Scientific Reports |

(2024) 147234 | https://doi.org/10.1038/s41598-024-57829-x nature portfolio



www.nature.com/scientificreports/

Acknowledgements
The project was financed by the Polish National Science Centre (Grant no. 2019/33/N/ST10/02925). Thank you
Anna Ry$ for EDXRF measurements.

Author contributions

Conceptualization: AS, KS, KR; Methodology and Validation: AS, KS, PE, LS, ZG, DW, AKG, MZ, KR; Formal
analysis: AS; Investigation: AS, PF, LS, ZG, DW; Resources: AS, KS, AT, RC, LS, ZG, DW, AKG, JGS, KRD, AHP;
Data Curation: AS, KS. Writing—Original Draft: AS, KR; Writing—Review & Editing: KS, AT, RC, ZG, PE LS,
DW, MZ, AKG, JGS, KRD, AHP; Visualization: KS, AS; Supervision: KS, KR, AHP; Project administration: AS,
KS; Funding acquisition: AS, KS, AHP. All authors have read and agreed to the published version of manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-024-57829-x.

Correspondence and requests for materials should be addressed to K.S.
Reprints and permissions information is available at www.nature.com/reprints.

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

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, 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/.

© The Author(s) 2024

Scientific Reports |

(2024) 147234 | https://doi.org/10.1038/s41598-024-57829-x nature portfolio


https://doi.org/10.1038/s41598-024-57829-x
https://doi.org/10.1038/s41598-024-57829-x
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Source attribution of carbonaceous fraction of particulate matter in the urban atmosphere based on chemical and carbon isotope composition
	Sampling and methods
	Sampling campaign
	Carbonaceous fraction measurements
	Carbon isotope analyses and isotope-mass balance approach
	Chemical analysis
	Chemical mass closure method

	Results and discussion
	Carbonaceous fraction characteristics, concentrations of polycyclic aromatic hydrocarbons and carbohydrates
	Source attribution of carbonaceous aerosols based on isotope-mass balance approach
	Attribution of PM1 and PM10 sources based on mass closure method

	Conclusions
	References
	Acknowledgements


