Atmospheric Pollution Research 8 (2017) 930—939

HOSTED BY

Atmospheric Pollution Research

journal homepage: http://www.journals.elsevier.com/locate/apr

Contents lists available at ScienceDirect

Characterization of organic compounds in winter PM1 aerosols in a
small industrial town

@ CrossMark

K. Kiumal', P. Mikuska, Z. Veceia

Institute of Analytical Chemistry of the Czech Academy of Sciences, v. v. i., Veveii 97, 602 00, Brno, Czech Republic

ARTICLE INFO

Article history:

Received 9 January 2017
Accepted 16 March 2017
Available online 27 March 2017

Keywords:

Monosaccharide anhydrides
Sugars

Resin acids

Polycyclic aromatic hydrocarbons
Toxic equivalent factor
Carcinogenic risk

ABSTRACT

PM1 aerosol, collected during winter campaign in urban area situated close to a large automobile factory,
was analysed on content of selected organic compounds, namely monosaccharide anhydrides, diterpe-
noids (including retene and resin acids), n-alkanes (including pristane and phytane), polycyclic aromatic
hydrocarbons (including picene), monosaccharides, disaccharides, polyols, hopanes and steranes.

Monosaccharide anhydrides (MAs, markers for biomass burning) were the most abundant organic
compounds (the mean sum of concentration of 513 ng m~3). The sum of MAs constituted in average
70.0% of the mass of all analysed organic compounds and 1.91% of the PM1 mass. Diterpenoids, markers
for softwood combustion, were the second most abundant analysed organic compounds (the mean
concentration of 119 ng m~3). The mean concentrations of other studied organic compounds were
smaller, namely saccharides 31.6 ng m—>, n-alkanes, including isoprenoids 35.3 ng m~>, PAHs 15.6 ng m >
and hopanes, including one sterane 1.54 ng m—>.

Combustion of solid fuels (coal and wood) for household heating was the dominant emission source of
carbonaceous aerosols sampled during the campaign. The composition of aerosols collected in the
studied locality was affected by local emissions and also by regional transport of polluted air from small
villages nearby Mlad4a Boleslav.

Two unit risks (WHO and CalEPA) were applied for the estimation of carcinogenic risk of PAHs
exposure. The computed lifetime cancer risk at the studied locality during the campaign period was
193 x 10°* (WHO unit risk) and 2.43 x 10°% (CalEPA unit risk) on average. However, the real cancer risk
for the lifetime exposure (70 years) is lower at the studied locality because our measurement lasted only
2 weeks in winter when the concentrations of PAHs were higher than in other seasons of the year.

© 2017 Turkish National Committee for Air Pollution Research and Control. Production and hosting by
Elsevier B.V. All rights reserved.

1. Introduction

terrestrial and solar radiation (Poschl, 2005; and references
therein). Moreover, airborne particles play an important role in

Many large cities around the world have problems with smog
formation and worse air quality, which is a result of high concen-
trations of atmospheric aerosols. The effects of aerosols on the at-
mosphere, public health and climate are among the main topics in
current environmental research. Aerosols are involved in the for-
mation of clouds and they also affect the abundance and distribu-
tion of atmospheric trace gases by chemical reactions and other
multiphase processes. Aerosol particles absorb and also scatter
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spreading of biological organisms, pathogens and reproductive
materials (viruses, bacteria, spores, pollen etc.), and they can cause
or enhance cardiovascular, respiratory, infectious and allergic dis-
eases (Poschl, 2005; and references therein).

The effects of atmospheric aerosols depend on their chemical
composition and particle size. Numbers of epidemiological studies
demonstrate that fine air particulate matter (i.e., PM2.5, particles
smaller than 2.5 pm in diameter) is correlated with severe health
effects (Poschl, 2005). The WHO 24-h mean limit for PM2.5 and
PM10 is 25 pg m—> and 50 pg m 3, respectively (Kuklinska et al.,
2015; WHO, 2005), however, the limit value for PM2.5 should be
decreased in the EU to the 20 ug m~3 by 2020 (Directive 2008/50/
EC, ANNEX XIV). No limit for PM1 particles has been established in
the Czech Republic or in the EU.
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Aerosols contain enormous amount of both organic and inor-
ganic compounds emitted from various sources (Alves, 2008). A
detailed characterization of chemical composition of aerosol par-
ticles is required to reveal major aerosol emission sources. Detailed
characterization of particulate organic compounds in urban areas
has been a subject of a number of studies in Europe, e.g., Barcelona
(Spain; van Drooge et al., 2012), Madrid (Spain; Mirante et al.,
2013), Ostrava (Czech Republic; Mikuska et al., 2015), Oporto and
Coimbra (Portugal; Alves et al, 2014), Augsburg (Germany;
Pietrogrande et al., 2011), Bologna (Italy; Pietrogrande et al., 2015),
Munich (Germany; Qadir et al., 2013).

The aim of the presented article is to study organic compounds
in PM1 aerosols collected in an urban area situated close to a large
automobile factory in Central Europe in winter campaign 2013. The
studied organic compounds include monosaccharide anhydrides
(MAs), diterpenoids, saccharides, hopanes, steranes, aliphatic hy-
drocarbons, acyclic isoprenoids and polycyclic aromatic hydrocar-
bons (PAHs). The identification of emission sources of PMI1
carbonaceous aerosols in the studied area was performed on the
basis of calculated diagnostic ratios of the selected organic markers
(i.e., MAs and hopanes), PAHs and n-alkanes.

2. Experimental
2.1. Collection of aerosol and details of the sampling site

PM1 aerosols were sampled daily for 24-h over two weeks in
winter 2013 (15—28 February) in a football stadium in Mlada
Boleslav. The sampling site was located inside a residential district
at a distance of about 500 m from a large automobile factory (Fig. 1).
The town Mlada Boleslav (over 44 thousand inhabitants and about
64 km northeast of Prague) has been a center of the Czech auto-
mobile industry for more than 110 years. The collection of aerosols
was carried out by means of a high-volume sampler (DHA-80,
Digitel, 30 m® h™') equipped with a PM1 size selective inlet on
quartz fibre filters (150 mm diameter, Whatman QM-A). Before
sampling, the quartz filters were baked at 500 °C for 24 h. Filters
with collected aerosols were then analysed to detect present
organic compounds: 3 monosaccharide anhydrides, 3 diterpenoids
(including 2 resin acids), 7 monosaccharides, 3 disaccharides, 4
polyols, 4 hopanes, 1 sterane, 27 n-alkanes, 2 acyclic isoprenoids,
and 16 polycyclic aromatic hydrocarbons.

2.2. Sample preparation

Determination of mass concentration of the collected aerosols
and detailed description of the sample preparation (including
fractionation and derivatization) can be found in our previous pa-
pers (Krumal et al., 2010, 2013; Mikuska et al., 2015; Mikuska et al.,
2017).

In short, exposed filters were cut into pieces and each of them
was analysed for the presence of organic compounds. PAHs
(including retene and picene), n-alkanes, hopanes and cholestane
were extracted with mixture of dichloromethane and hexane (v/v
1:1) under ultrasonic agitation, and then the extracts were frac-
tionated by flash chromatography on a column filled with silicagel.
Monosaccharide anhydrides, resin acids, monosaccharides, di-
saccharides and polyols were extracted using a mixture of
dichloromethane and methanol (v/v 1:1) under ultrasonic agita-
tion, and then the extracts were derivatized with a silylation
mixture containing MSTFA + 1% TMCS and pyridine. Prior to the
extraction, recovery standards (deuterated PAHSs, ao0(20R)-cho-
lestane-D2 and methyl-g-L-arabinopyranoside) were added to the
filters.

The extraction recoveries were determined by evaluating

recovery standards spiked to the exposed filters. The mean
extraction recovery was 86% for aaa(20R)-cholestane-D2, 89% for
methyl-g-L-arabinopyranoside, 78% for phenanthrene-D10, 72% for
chrysene-D12, and 76% for perylene-D12.

2.3. GC-MS analysis

Organic compounds were quantified by GC-MS (Agilent, 7890-
A, 5975C). The separation was carried out with a capillary column
HP5-MS, 1 um film thickness, 0.32 mm i.d., 30 m length. More
details can be found in our previous papers (Kiumal et al., 2010,
2013; Mikuska et al., 2015; Mikuska et al., 2017). Concentrations
of benzo[b]fluoranthene and benzo[k]fluoranthene, and galactose
and mannose, are given as a sum because of their poor separation.
The limits of detection (LODs, three times the standard deviation of
a blank signal) of each analysed organic compound are shown in
Table 1.

The identification of all organic compounds and recovery stan-
dards was based on the comparison with retention times and mass
spectra of analytical standards. All organic compounds were
quantified according to calibration curves with 5 concentrations of
each standard. Field blank filters were also analysed with the
exposed samples, however, the concentrations of all organic com-
pounds in the blank filters were under the LODs (Table 1) due to
baking all filters at 500 °C for 24 h.

2.4. Calculation of air trajectories

The analysis of air mass transported towards the sampling site
(Mlada Boleslav) was performed using the Hysplit model (Stein
et al., 2015; Rolph, 2017), by calculation of 1-day backward trajec-
tories at 300, 750 and 1500 m a.g.l. (see Supplementary file).

3. Results and discussion

All filters with PM1 aerosol collected in Mlada Boleslav in winter
season were analysed for the presence of 3 monosaccharide an-
hydrides, 3 diterpenoids (including 2 resin acids), 7 mono-
saccharides, 3 disaccharides, 4 polyols, 16 polycyclic aromatic
hydrocarbons, 4 hopanes, 1 sterane, 27 n-alkanes and 2 acyclic
isoprenoids.

For identification and quantification of the aerosol sources, we
tried to use various statistical methods (Tauler et al., 2009). How-
ever, statistical methods require a large number of samples,
therefore, the application of receptor models in this study was not
successful. That is why, the identification of emission sources of
PM1 carbonaceous aerosols was performed on the basis of diag-
nostic ratios of the selected organic markers (i.e., MAs and
hopanes), PAHs and n-alkanes (Mikuska et al., 2015).

3.1. PM1 concentrations

Mass concentrations of the PM1 aerosols were in the range of
11.2—45.2 pg m > (Table 1) during the whole campaign. Currently,
there are no prescribed standard limits for PM1 particles ambient
concentrations in the Czech Republic or EU. However, the concen-
trations of PM1 in Mlada Boleslav exceeded the WHO 24-h mean
limit for PM2.5 (25 pg m~3; Kuklinska et al., 2015; WHO, 2005) in
half of the days of the winter campaign.

The temporal variation of concentrations of PM1 aerosols during
the campaign is shown in Fig. 2. The temperature ranged
from —4.5 °C to +4.9 °C, and eastern or northern wind predomi-
nated during the campaign. The western wind was observed only
during a single day (19 February) when a local minimum in the
concentrations of PM1 and a local maximum in the concentrations
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Fig. 1. Location of the sampling site on the map of the Czech Republic.

of sum of analysed organic compounds was identified. 1-Day
backward trajectories ending at sampling site during the whole
campaign are shown in Supplementary file.

The mean concentrations of PM1 aerosol (26.0 pg m—>) found
during the campaign in Mlad4 Boleslav correspond to winter con-
centrations of PM1 in other urban areas in Europe, e.g. Zagreb in
Croatia (27.3 pg m—>; Godec et al., 2012), Brno in the Czech Republic
(19.9-33.4 pg m~3; Kitimal et al., 2013, 2015), urban background in
Zurich in Switzerland (17 pg m~3; Minguillén et al., 2012), urban
background in Barcelona in Spain under temperature inversion
(41—42 pg m~3 for night and daytime; van Drooge et al., 2012),
urban background in Zabrze in Poland (25.6—33.7 pg m~>; Rogula-
Koztowska et al., 2013).

3.2. Monosaccharide anhydrides

Monosaccharide anhydrides (MAs) are emitted into the atmo-
sphere during biomass burning, thus they are considered to be

organic markers for biomass combustion (Simoneit, 2002). Levo-
glucosan, the most known representative of MAs, is a product of
cellulose combustion and is accompanied with other stereoiso-
meric monosaccharide anhydrides, i.e. mannosan and galactosan,
resulting from the pyrolysis of hemicellulose (Kiumal et al., 2015).

The average concentrations and ranges of monosaccharide an-
hydrides in PM1 aerosol, the most abundant class of analysed
organic compounds in all samples, are summarized in Table 1.
Levoglucosan was the most abundant MA with the concentrations
ranging between 106 and 988 ng m~ in winter season in Mlad4
Boleslav. The average contribution of levoglucosan was 83% to the
total amount of MAs. The concentrations of mannosan and gal-
actosan were considerably lower in all samples and the average
contributions to the total concentrations of MAs were 13% (man-
nosan) and 4% (galactosan). The levoglucosan was highly correlated
with mannosan and galactosan with correlation coefficients (R) of
0.98—0.99. The correlation coefficients of other MAs were in the
same range, i.e. 0.98—0.99.
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Table 1
Concentrations of PM1 (pg m~3) and organic compounds (ng m~>3) and limits of
detection (LOD) of organic compounds (pg m~>) in Mlada Boleslav in winter 2013.

Mean Range LOD
PM1 26.0 (11.2—45.2)
Galactosan 20.1 (5.76—47.9) 10.0
Mannosan 69.4 (16.9-177) 26.3
Levoglucosan 423 (106—988) 24.6
Sum of MAs 513 (131-1212)
Dehydroabietic acid 114 (27.2—307) 713
Abietic acid 2.69 (0.326—8.54) 188
Retene 2.19 (0.864—-4.17) 16.2
Sum of diterpenoids 119 (28.4—320)
Lyxose nd (nd—nd) 142
Arabinose 4.04 (1.30-9.72) 222
Xylose 10.8 (3.20—24.7) 314
Mannose + Galactose 0.632 (0.150-1.76) 115
Fructose 2.10 (0.780-9.11) 39.6
Glucose 5.82 (1.30—-13.4) 8.68
Sum of monosaccharides 234 (6.99—-50.9)
Saccharose (Sucrose) 3.66 (1.04-7.17) 323
Maltose 1.99 (0.642—5.07) 713
Trehalose 0.704 (0.183—-1.90) 23.6
Sum of disaccharides 6.35 (2.03—13.9)
Arabitol 0.807 (0.155—-1.72) 44.6
Mannitol 0.340 (0.031-1.66) 18.6
Sorbitol 0.140 (0.019—-0.340) 131
Inositol 0.512 (0.184—-1.03) 25.5
Sum of polyols 1.80 (0.45—4.42)
17«a(H),218(H)-norhopane 0.390 (0.095—-0.888) 4.86
17a(H),218(H)-hopane 0.122 (0.015-0.226) 411
225-17a(H),216(H)-homohopane 0.051 (nd—0.107) 8.59
22R-17a(H),216(H)-homohopane 0.960 (0.153-2.53) 16.3
aaw (20R)-cholestane 0.019 (0.008—0.032) 5.85
Sum of hopanes + cholestane 1.54 (0.271-3.78)
Cy4H30 0.282 (0.013-0.515) 6.96
Cy5H32 0.102 (0.028—0.188) 7.44
Cy6H34 0.234 (0.091-0.359) 7.79
Cy7H36 0.120 (0.072—0.205) 8.26
CygHss 0.206 (0.159—-0.283) 9.17
Cy9Ha0 0.229 (0.125-0.337) 10.2
CyoHan 0.614 (0.380—1.06) 10.7
Ca1Hag 1.53 (0.624—2.74) 11.5
CaoHag 3.17 (1.42—6.60) 12.3
Ca3Has 4.24 (1.56—8.96) 13.5
Ca4Hs0 4.51 (1.50-9.67) 14.9
CasHso 4.49 (1.27-9.66) 16.9
CaeHsa 3.68 (0.922—-8.27) 19.2
Ca7Hs6 3.20 (0.793-7.24) 23.8
CagHsg 2.09 (0.422—-5.32) 28.9
Ca9Hgo 2.11 (0.420-5.27) 34.6
C30Hg2 1.11 (0.290—-2.45) 45.1
C31Hga 1.52 (0.390—-3.39) 58.5
CszHes 0.583 (0.120—-1.26) 73.1
Cs3Hgs 0.622 (0.172—-1.23) 83.9
Cs34H79 0332 (nd—0.838) 95
Cs35H72 0.222 (nd—0.726) 102
C3gH74 0.157 (nd—0.411) 115
C37H76 nd (nd—nd) 137
C3sH7g nd (l’ld*l’ld) 152
C39Hgo nd (nd—nd) 173
C4oHsg2 nd (nd—nd) 190
Sum of n-alkanes 353 (12.4-74.2)
Pristane 0.193 (0.125-0.291) 103
Phytane 0.194 (0.144-0.265) 8.89
Fluorene 0.028 (nd—0.059) 2.38
Phenanthrene 0.831 (0.246—-1.27) 1.59
Anthracene 0.094 (0.024—0.146) 2.03
Fluoranthene 2.01 (0.510-3.27) 1.85
Pyrene 1.83 (0.508-3.02) 1.72
Benz[a]anthracene 4.25 (0.563—-12.3) 15.6
Chrysene 2.14 (0.543—-4.10) 1.84

Table 1 (continued )

Mean Range LOD
Benzo[b+k]|fluoranthene 0430 (0.056—0.904) 1.25
Benzo[e]|pyrene 0.737 (0.120-1.31) 8.20
Benzo[a]pyrene 0.784 (0.103—-1.73) 6.86
Perylene 0.401 (0.121-0.680) 4.06
Indeno[1,2,3-cd]pyrene 1.26 (0.206—2.86) 33.0
Dibenz[a,h]anthracene 0.159 (nd—0.310) 38.7
Picene 0.057 (nd—0.103) 25.7
Benzolgh,i]perylene 0.644 (0.117-1.33) 123
Sum of PAHs 15.6 (3.30—30.6)

The average sum of concentrations of MAs in PM1 in Mlada
Boleslav were 513 ng m 3 (Table 1), which corresponds to data from
other Czech cities in winter (Kiumal et al., 2015), i.e. Brno
(273 ng m~3 in 2009 and 646 ng m~> in 2010) and Slapanice
(513 ng m~> in 2009 and 547 ng m> in 2010). The average con-
centrations were in the same range as those found in European
urban and rural areas in PM1 aerosol in winter (e.g. Fontal et al.,
2015; Saarikoski et al., 2012; Sanchez-Soberén et al., 2016; van
Drooge et al., 2014).

However, recently another source of MAs was reported, when
levoglucosan (L), mannosan (M) and galactosan (G) were found
among the products of lignite burning. To distinguish biomass and
lignite burning as emission sources of MAs, two diagnostic ratios
were advised (Fabbri et al., 2009). Values of ratios L/M and L/
(M + G) calculated for all aerosol samples from Mladd Boleslav
were in the ranges of 5.4—6.8 and 4.1-5.3, respectively, which
corresponds to values stated for burning of wood, and were much
smaller than those reported for lignite burning (i.e., 31—92 for both
ratios; Fabbri et al., 2009). Therefore, we can eliminate lignite
burning as a possible source of MAs and we can assume the
biomass (especially wood) burning as a prevailing source of MAs in
the PM1 samples collected at the sampling site.

The diagnostic ratio of levoglucosan to mannosan concentra-
tions (L/M) was suggested to distinguish between the burning of
hardwood and softwood (Schmidl et al., 2008). A range from 14.4 to
14.8 was observed during the combustion of oak and beech (i.e.,
hardwood) whereas the range of 3.6—3.9 was found during the
burning of spruce and larch (i.e., softwood). Average ratio of L/M for
PM1 aerosol sampled in the ambient air at Mlada Boleslav in winter
season ranged from 5.4 to 6.8. These values indicate that MAs
originate predominantly from softwood burning used for residen-
tial heating. The contribution of spruce smoke to ambient wood
smoke level was estimated by an application of equation [%
spruce = (14.8 — L/M)/0.112] (Schmidl et al., 2008). The obtained
percent amounts (mean 77%, range of 72—84%) are close to data
about supply of fuelwood in 2013 for domestic consumption in the
whole of Czech Republic, comprising 58% of softwood and 42% of
hardwood (Ministry of Agriculture (2014)).

3.3. Diterpenoids

Diterpenoid components (i.e., resin acids and retene) derive
from the steroid skeletons of abietane and pimarane, which are the
major constituents produced by conifers, and are used as a biogenic
source indicator for conifer resin (Alves, 2008). High concentrations
(Table 1) of dehydroabietic acid, the second most abundant com-
pound from analysed organic compounds, suggest that softwood
combustion was a big source of the PM1 aerosols during the study
period.

Retene is a completely dehydrogenated resin diterpenoid and
was proposed as a molecular tracer for coniferous wood combus-
tion (Alves, 2008). Retene is sometimes classified as a polycyclic
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aromatic hydrocarbon (PAH) and its concentrations in the samples
were higher than the corresponding concentrations of other PAHs
(with exception of benz[a]anthracene). The mean ratio of concen-
trations of retene and SPAHs in Mlada Boleslav (0.123) was higher
than those in other urban areas in the Czech Republic, namely in
Brno (0.077 in 2009 and 0.084 in 2010; Krumal et al., 2013),
Slapanice (0.113 in 2009 and 0.065 in 2010; Kitumal et al., 2013) and
Ostrava (0.041 during smog period and 0.064 after smog; Mikuska
et al.,, 2015). This fact demonstrates higher contribution of wood
burning to PM composition in Mlad4 Boleslav than in those cities.
Combustion of softwood as an important emission source in Mlada
Boleslav is also confirmed by similar daily variations of dehy-
droabietic acid and retene during the campaign with a correlation
coefficient of 0.71.

3.4. Sugars (monosaccharides, disaccharides, polyols)

Saccharides are basic structural units of plant tissues — cellulose
(glucose) and hemicellulose (xylose, arabinose, mannose and
galactose) and sources of energy for living organisms (Ek et al.,
2009). Saccharides are present in biological aerosol particles (e.g.
pollens, bacteria, spores, viruses, fungi, algae, protozoa, fragments
of plants and animals) (Jia et al., 2010) and can be emitted during
combustion of biomass, resuspension of soil particles and wind
abrasion of leaf surfaces into the atmosphere (Wan and Yu, 2007).
Plants, microorganisms and animals release primary saccharides
into the atmosphere (i.e., monosaccharides glucose, fructose and
xylose and disaccharides sucrose and trehalose), while saccharidic
polyols (or sugar alcohols; arabitol, mannitol and sorbitol) are
produced by bacteria, fungi and lichens (Caseiro et al., 2007,
Mikuska et al., 2017).

The concentrations of saccharides in the samples were mostly
low, only xylose, glucose, arabinose and sucrose were found at
enhanced concentrations (Table 1). Xylose, glucose and arabinose
can be emitted during biomass combustion (constituents of cellu-
lose or hemicellulose). Significant correlations of levoglucosan (or
mannosan) with xylose, R = 0.96 (or 0.97), with glucose, R = 0.84
(or 0.85) and with arabinose, R = 0.87 (or 0.87) indicate biomass
(especially wood) burning as a source of saccharides during the
campaign. Presence of other saccharides, such as trehalose, inositol,
sorbitol or mannitol that are used as tracers for soil input into at-
mospheric particles (Simoneit et al., 2004) or are metabolic prod-
ucts of various microorganisms (Carvalho et al., 2003), could
indicate soil resuspension or soil microorganisms as another source
contributing to aerosol composition during the campaign.

Nevertheless, the contribution of soil resuspension due to a low
concentration of soil tracers and prevailing meteorological condi-
tions during the campaign (low temperatures, higher humidity,
thin snow layer) was probably negligible.

3.5. Hopanes and steranes

Hopanes with configuration 17«(H),213(H) and steranes (only
aaa(20R)-cholestane) were the least abundant class among organic
compounds analysed in the samples. Their sum ranged between
0.271 and 3.78 ng m> (Table 1). Both hopanes and steranes are
considered to be tracers for traffic emissions (they are present in
lubricating oils), while only hopanes are also present in smoke from
coal combustion (Alves, 2008).

22R-17a(H),216(H)-Homohopane was the most abundant
hopane with the mean concentration of 0.960 ng m~>. The mean
sum of concentrations of hopanes and steranes in PM1 during
winter in the samples was 1.54 ng m> (Table 1), which is less than
the corresponding concentrations reported from other Czech cities
in winter (Kitmal et al,, 2013), i.e. Brno (4.74 ng m~3 in 2009 and
2.93 ng m~> in 2010) and Slapanice (5.17 ng m~> in 2009 and
3.10 ng m~2 in 2010).

Disproportion between the concentrations of R- and S- isomer of
17a(H),216(H)-homohopane points to different emission sources.
The similar concentrations of R and S isomers indicate traffic
emissions, while much higher concentrations of R isomer than S
isomer indicate coal combustion (Kiumal et al., 2013). The homo-
hopane index (i.e., the ratio of R- and S-homohopane, S/(S + R))
ranged between 0.012 and 0.074, suggesting combustion of lignite
or brown coal to be the main emission source of hopanes. We also
identified but not quantified other hopanes in GC-MS chromato-
grams, i.e. 178(H),21a(H)-norhopane and 17((H),21«(H)-hopane,
which are emitted mainly from the combustion of moderately
mature coal (Oros and Simoneit, 2000).

3.6. n-Alkanes and acyclic isoprenoids

n-Alkanes can be emitted into the atmosphere from many
sources; combustion of fossil fuel and biomass, vehicle emissions,
and by resuspension of vegetative detritus. The higher molecular
weight n-alkanes, especially the odd carbon numbered (Cy7, Co9 and
Cs31), are related to vegetation detritus, while the lower molecular
weight n-alkanes (Cy3 — Cy5) are more referred to traffic emissions
(van Drooge et al., 2012). The homologous n-alkanes (Ci4 — C33)
were found in all samples (Table 1). Short chain n-alkanes (<Cj3)
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were not quantified because of their high volatility and loss both
during sample collection on filters and volatilization during sample
preparation (evaporation of samples under a stream of nitrogen).
Higher n-alkanes (C34 — C3g) were found only in a few samples.

The carbon preference index (CPI) of n-alkanes, another diag-
nostic ratio, is useful for identification of emission sources. High
values indicate higher plant contributions (vegetation detritus) and
low values correspond to traffic emissions (van Drooge et al., 2012).
The CPI value was calculated as the sum of concentrations of the
odd carbon numbered n-alkanes divided by the sum of concen-
trations of the even carbon numbered n-alkanes: CPI = 3(Cy5—Cs1)/
3(C4—C32). The CPI index of 1.05 on average (0.93—1.11) indicates
vehicular exhaust as a specific emission source of n-alkanes in
Mlada Boleslav.

The most abundant congeners were Cy3, Co4 and Cy5 with mean
concentrations above 4 ng m >, suggesting gasoline to be a pre-
vailing vehicle emission source (Mikuska et al., 2015; and refer-
ences therein). However, the correlation between n-alkanes and
aaw(20R)-cholestane (marker for traffic) was not strong (R = 0.56),
which indicates that traffic was not the predominant source of n-
alkanes. Much stronger correlations were found between alkanes
and compounds originated from wood or biomass burning and coal
combustion, i.e. MAs (R = 0.89), resin acids (R = 0.79), retene
(R = 0.79), picene (R = 0.75) and hopanes (R = 0.96), which sug-
gests combustion of wood and coal to be the dominant emission
sources of n-alkanes in the samples.

Acyclic isoprenoids (i.e., pristane and phytane) were detected in
all the samples at an average Pr/Ph ratio of 0.99 (ranging from 0.74
to 1.30). Most biological sources have a Pr/Ph ratio much higher
than 1.0 because phytane is rarely found in biological material
(except for some bacteria), while low ratios indicate petroleum
origin of isoprenoids (Alves et al., 2014; Oliveira et al., 2007). Hence,
the value of Pr/Ph ratio indicates traffic to be the main source of
isoprenoids in Mlada Boleslav.

3.7. Polycyclic aromatic hydrocarbons

Polycyclic aromatic hydrocarbons (PAHs) represent a class of
organic compounds, which is more investigated than any other
because some of them are considered to be carcinogenic and/or
mutagenic (Alves, 2008). PAHs react with atmospheric oxidants,
such as hydroxyl and nitrate radical, ozone, and nitrogen dioxide.
The atmospheric reactions of PAHs with oxidants lead to the for-
mation of nitro and oxy (mostly quinones) derivatives. Some PAH
derivatives are strong mutagens and carcinogens (Keyte et al.,
2013). PAHs are formed during all types of combustion, especially
the incomplete combustion. The major anthropogenic emission
sources of PAHs in the air include fossil fuel burning power plants,
domestic burning (wood and coal), road transport, cooking and
others (Keyte et al., 2013).

Sixteen PAHs present in the aerosol samples (including picene)
were quantified, their concentrations are given in Table 1. The list of
analysed PAHs does not contain low molecular weight PAHs
because they are very volatile and their losses during sample
preparation were significant. The concentrations of benzo[b]fluo-
ranthene and benzo[k]fluoranthene are summarized in Table 1 due
to their poor separation on the GC column. The most abundant
PAHs present in the samples were fluoranthene, pyrene, retene,
benzo[a]anthracene, chrysene and indeno[1,2,3-cd]pyrene. The
mean sum of total PAH concentrations in PM1 was 15.6 ng m—>
(Table 1), which is lower than the concentrations found in other
Czech cities in winter (Kitimal et al., 2013), i.e. Brno (22.2 ng m > in
2009 and 39.8 ng m 3 in 2010) and Slapanice (21.0 ng m > in 2009
and 38.7 ng m~3 in 2010).

Some individual PAHs or groups of PAHs are used as source

markers, e.g. retene (correlation with resin acids, R = 0.70) as a
tracer for combustion of conifers or picene (correlation with
hopanes, R = 0.81) as a marker for coal combustion (Alves, 2008).
Lighter PAHs, phenanthrene, fluoranthene and pyrene, are pre-
vailing in emissions from combustion of conifers, angiosperm and
graminenae (Simoneit, 2002).

Many researchers have used specific values of PAH diagnostic
ratios for a source identification (e.g. Alves, 2008; Ravindra et al.,
2008; Yadav et al., 2013). However, it is often difficult to distin-
guish emission sources with them (Ravindra et al., 2008) because
many ratios often overlap for different sources (Dvorska et al.,
2011). In addition, the diagnostic PAH ratios can be affected by
PAHs degradation in atmosphere in the presence of air oxidants as
well as by the PAHs decomposition due to reaction of air oxidants
during the aerosol sampling on filters (Ravindra et al.,, 2008;
Tsapakis and Stephanou, 2003). In this study, the diagnostic ratios
of PAHs point to combustion as a dominant source of PAHs, but
distinguishing the exact type of organic material, which was
combusted, is very difficult. The values for ratio of indeno[1,2,3-cd]
pyrene/(indeno[1,2,3-cd]pyrene + benzo[gh,i]perylene) show to
wood burning (0.658) and ratio of benzo|a]pyrene/benzo[g,h,i]
perylene to combustion of brown coal (1.243). The diagnostic ratios
for identification of emissions from traffic are inconclusive.

Benzo[a]pyrene is often used as a marker for the carcinogenicity
of PAHs in the environment (Ravindra et al., 2008), but it is strongly
reactive in atmosphere (Alves, 2008). Concentrations of benzo|a]
pyrene in this investigation exceeded the recommended concen-
tration limit (1 ng m~3) for the Czech Republic and EU in five
samples. Fresh exhausts have usually similar contents of benzo|a]
pyrene (BaP) and benzo[e]pyrene (BeP), however BaP is less stable
in the air than BeP, so the increasing ratio of BeP/(BeP + BaP) can be
considered as an index of the aging of particles (Alves, 2008). The
values of the BeP/(BeP + BaP) ratio were a bit less than 0.5 during
sampling (15—28 February) in the samples, which indicates fresh
emissions of particles from local or nearby regional emission
source.

To hypothesize the suspected sources of PAHs detected in PM1
samples and to determine relationships between the concentra-
tions of PAHs and organic markers, relevant correlations were
calculated. A strong correlation of the concentrations of PAHs with
the concentrations of MAs (R = 0.86), monosaccharides (R = 0.81),
resin acids (R = 0.75) and retene (R = 0.81) shows that emissions of
PAHs arise from wood combustion. In addition, a strong correlation
with hopanes (R = 0.95) and picene (R = 0.83) indicates that
emissions also arise from coal combustion. Traffic is supposed to be
a less important source of PAHSs, as indicated by a lower correlation
of concentrations of PAHs with the concentrations of aaa(20R)-
cholestane (marker for traffic, R = 0.61). To summarize, PAHs were
emitted mainly from combustion of wood and coal.

3.8. Toxicity and carcinogenic risk assessment of PAHs

Because of the potential carcinogenic and mutagenic properties
of PAHs, health effects have been widely studied. The carcinogenic
properties increase with the number of aromatic rings of PAHs.
Benzo[a]pyrene has been the most extensively studied PAH
(Ramirez et al., 2011). Benzo[a]pyrene is classified as the agent
carcinogenic to humans (Group 1) according to IARC (International
Agency for Research on Cancer). Dibenz[a,h]anthracene is classified
as the agent probably carcinogenic to humans (Group 2A). Other 5
investigated PAHs, namely benz[a]anthracene, chrysene, benzo[b]
fluoranthene, benzo[k|fluoranthene and indeno[1,2,3-cd|pyrene,
are classified as agents possibly carcinogenic to humans (Group 2B)
(IARC, 2015; Lerda, 2011; Ramirez et al., 2011). While the US Envi-
ronmental Protection Agency (US EPA) considers all 7 PAHs as
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probable human carcinogens (ATSDR, 2009). Moreover, chemical
reactions in atmosphere between PAHs and nitrogen oxides can
produce nitro-PAHs that are considered to be 100,000 times more
mutagenic and 10 times more carcinogenic (Schneider et al., 2016).

The mean concentrations of 7 carcinogenic PAHs (cPAHs) in PM1
during the winter campaign in Mladd Boleslav was 9.02 ng m~3
(1.47—-22.2), which suggests that 47.5% (34.6—63.8) of total ana-
lysed PAHs had carcinogenic potential. The day-to-day trend of
concentrations of cPAHs and total PAHs during the campaign was
very similar (Fig. 3) with a strong correlation (R = 0.98). Thus, the
main emission sources of cPAHs were the same as for other ana-
lysed PAHs (i.e., combustion of wood and coal).

To evaluate health risk of PAHs to humans, the benzo[a]pyrene
equivalent concentration (BaP-eq) was introduced instead of the
sole benzo[a]pyrene. The BaP-eq is an index that expresses the
health risk related to the exposure of ambient carcinogenic PAHs to
humans. The index is calculated by multiplication of each individ-
ual PAH concentration by its corresponding toxic equivalent factor
(TEF) for cancer potency relative to BaP (Alves et al., 2014; Bian
et al.,, 2016). The inhalation cancer risk for the PAHs was calcu-
lated by multiplication of the sum of the individual BaP-eq con-
centrations by the unit risk (UR) of exposure to BaP (URggp). The
URpgp is the estimated theoretical upper limit of possibility of
causing cancer when humans are exposed to BaP at a concentra-
tions of 1 pg m > for a 70-year lifetime (Jia et al., 2011). The World
Health Organization (WHO) calculated URggp at 8.7 x 107> (ng
m~3)"! based on an epidemiology study on coke-oven workers
(WHO, 2000; Jia et al., 2011), whereas the California Environmental
Protection Agency (CalEPA) estimated a URggp at 11 x 1076 (ng
m—3)~! according to the data of inhalation exposure of hamsters
(OEHHA, 2005; Jia et al., 2011). The WHO proposed URggp for life-
time (70 years) means that 8.7 per 100,000 people with chronic
inhalational exposure to 1 ng m~> BaP may develop a lung cancer
(Bian et al., 2016; Ramirez et al., 2011). In this study, both URpp
values were used to calculate excess PAH-induced inhalation cancer
risk. The equation for lifetime lung cancer risk is as follows:

CancerRisk = URpap x BaPeq = URpap x > _ (Cpan, x TEF;)

1

TEF estimates from the literature (Nisbet and LaGoy, 1992) were
used in this study. The average of calculated BaP-eq was
221 ng m~> (0.194—4.94). Applying the suggested unit risk of
8.7 x 107° (ng m3)"! for lifetime (70 years) PAH exposure, the
corresponding lifetime lung cancer risk is 1.93 x 10~ on average
(range of 1.69 x 10~ — 4.30 x 10~%). Thus, if 1,000,000 people are
exposed to 2.21 ng m—> of ambient (BaP-eq)=16PAH for 70 years,
then lung cancer may develop in 193 people. However, if the CalEPA
unit risk is used, the calculated lifetime lung cancer risk is much
lower (2.43 x 107%). If other toxic equivalent factors found in
literature (i.e., Bian et al., 2016; Jia et al., 2011; Ramirez et al., 2011;
Sanchez-Soberon et al., 2016) were applied, the computed lifetime
lung cancer risks for WHO unit risk were lower (i.e., 1.37 x 1074
Bian et al., 2016; Sanchez-Soberon et al., 2016), almost twice lower
(i.e., 114 x 10~%; Ramirez et al., 2011) or almost twice higher (i.e.,
3.51 x 1074 Jia et al, 2011). The lower level was influenced by
lower TEF values of some carcinogenic PAHs (especially for dibenz
[a,h]anthracene, TEF = 1) and the higher level was affected by
higher RPF (relative potency factor, instead of TEF) values for some
carcinogenic PAHs, especially for dibenz[a,h]anthracene (RPF = 10).
The real lifetime lung cancer risk values are probably a little higher
because we analysed PAHs only in PM1 aerosol fraction. On the
other hand, PM1 aerosol is more dangerous than PM10 aerosol,
because it can penetrate more deeply into lung. The WHO unit risk
and TEFs from Nisbet and LaGoy (1992) for calculation of lifetime
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Fig. 3. Temporal variations of concentrations of PM1, saccharides, MAs, diterpenoids,
n-alkanes, hopanes + steranes, PAHs and 7 carcinogenic PAHs during the campaign in
Mlada Boleslav in winter 2013.

lung cancer risk were also applied for data from our previous
studies in the Czech Republic. The computed risks (winter/summer
values) in the city of Brno (4.67—7.60 x 1074/0.39—2.76 x 10~%) and
a small town of Slapanice (5.18—8.06 x 1074/0.31-2.68 x 107%)
(Krumal et al., 2013) were a little higher for winter period and a
little lower or comparable for summer period than those in Mlada
Boleslav. However, the computed risks in the industrial city of
Ostrava in winter were more than 10 times higher; i.e. 8.92 x 107>
on an average in smog episode and 2.34 x 10> after smog episode
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(Mikuska et al., 2015).

It is also important to note that the response among various
subpopulations to the carcinogenic potential of PAHs is not uni-
form. The different response can be the result of genetic factors
(susceptibility of individuals to tumor development) or other fac-
tors, such as smoking. Occupation can be another important factor
for an individual cancer risk due to PAHs exposure (Jia et al., 2011).
Finally, the inhalation cancer risk models assume a lifetime expo-
sure, whereas our measurement was realized for a relatively short
duration (only two weeks in winter) when the combustion of solid
fuels for household heating is a dominant emission source of air
pollution. The concentrations of PAHs and carcinogenic PAHs are
mostly smaller in other seasons, therefore the overall cancer risk for
the whole year will also be smaller. We estimated the inhalation
cancer risk of PAHs in the studied locality for the entire year, using
PM10 data of the Czech Hydrometeorological Institute (CHMI). The
CHMI measures PM10 in Mlada Boleslav throughout the year. The
average of PM10 concentrations related to the studied period
(15—28 February) was 41.2 pg m~—>, while the annual mean (2013)
of PM10 concentrations was 25.7 pug m~> (CHMI, 2013). The ratio
between the annual mean PM10 concentrations in the whole of
2013 and the concentrations of PM10 within the studied period was
0.624. If we suppose the similar ratios also for the concentrations of
PM1 and PAHs, the recalculated lifetime lung cancer risk for PAHs in
PM1 in Mladd Boleslav for the entire 2013 was estimated to be
1.21 x 10~% (WHO unit risk) and 1.52 x 10~® (CalEPA unit risk) on
average.

3.9. Localization of emission sources

We applied the alternative way for the identification of emission
sources (i.e., diagnostic ratios and content of selected organic
markers in the collected samples) because the total amount of 14
samples collected during the winter campaign in Mlada Boleslav is
too small for a successful application of multivariate receptor
models (PCA, PMF) (Viana et al., 2008).

Temporal day-to-day variations of sum of analysed organic
compounds given in Fig. 2 show a similar trend with PM1 aerosols
for most days of the campaign (correlation coefficient R = 0.85).
Majority of the analysed organic compounds highly correlated with
the PM1 mass. Opposite trend was found only on 19 and 27
February. Similar temporal trend with the concentrations of PM1
over most days of the campaign can also be observed for all ana-
lysed classes of organic compounds (Fig. 3). However, on 19 and 27
February 2013, MAs, alkanes, hopanes (including cholestane) and
PAHs provide different course when these organic compounds
show a one-day increase, while PM1 decreases in comparison with
the previous day. On 19 February, there was a local maximum for all
organic compounds (with the exception of resin acids) and a local
minimum for concentration of PM1. The concentrations of all
organic compounds were, on that day, at least twice higher than the
day before. 19 February was the only day when the western wind
blew and brought the regional pollution from a few fossil fuel
(brown coal) based power plants situated west of Mlada Boleslav
(at a distance of 85 km approximately). On 23, 24 and 25 February,
the wind blew from south-east direction and brought the air
pollution from the automobile factory (see the backward trajec-
tories in Supplementary file). The concentrations of PAHs, MAs,
alkanes and hopanes slightly increased. A heating plant, located
inside the automobile factory, is equipped with 5 boilers for the
combustion of brown and black coal with an addition of biomass.
The heating plant supplies heat also to about 12 thousand of flats in
the neighbouring housing estate, which represents approximately
two thirds of a total number of households in Mlada Boleslav.
Within 27 February, there was the second local maximum for all

organic compounds (without saccharides). However, the wind di-
rection (north-east) on that day was the same as the day before (see
the backward trajectories in Supplementary file). We assume that
the increase of concentrations of organic compounds (especially n-
alkanes, PAHs and hopanes) was caused by an accidental emission
from unidentified local source (probably combustion of coal). The
concentrations of all organic compounds (with the exception of
saccharides) decreased on 28 February, while the concentrations of
PM1 and saccharides slightly increased. The wind direction
changed to south-east and east on that day and brought the air
pollution from both automobile factory and the older part of Mlada
Boleslav, where a big portion of houses still use combustion of
wood or coal for household heating. It was impossible to distin-
guish emissions from factory and residential heating.

According to data of the Czech Statistical Office (CSO) from the
last census in 2011, only 1.44% of households with own boiler in the
town of Mlada Boleslav used solid fuels (coal or wood) for house-
hold heating (CSO, 2011). Houses in Mlada Boleslav, that utilize
combustion of wood or coal, are located mainly in the older part of
the town, representing thus local emission sources. However,
plenty of small villages around Mladd Boleslav (the district of Mlada
Boleslav) increase the portion of houses (own boiler) with wood/
coal combustion to 22.2% (CSO, 2011). Thus, the composition of
PM1 aerosols sampled in Mlada Boleslav was probably affected by
local emission sources and also by regional transport of polluted air
from villages both nearby Mlada Boleslav and at larger distances
from Mlada Boleslav (see the backward trajectories in Supple-
mentary file).

3.10. Relative contribution of compounds to PM1

The mean total concentrations of monosaccharide anhydrides,
diterpenoids (including retene and resin acids), n-alkanes
(including pristane and phytane), PAHs (including picene), mono-
saccharides, disaccharides, polyols, hopanes and aaa(20R)-choles-
tane, as well as the mean contribution of individual groups to the
total amount of analysed organic compounds and to PM1 mass
during the campaign in Mlada Boleslav, are shown in Table 2. The
analysed organic compounds formed in average 2.76% of PM1 mass.
It is evident that monosaccharide anhydrides (MAs, markers for
biomass burning) formed the biggest portion of all analysed organic
compounds in the aerosol samples. The sum of MAs constituted
70.0% of the mass of all analysed organic compounds and 1.91% of
the PM1 mass. Diterpenoids, markers for softwood combustion,
were the second most abundant analysed organic compounds
(0.48% in PM1). The contribution of MAs and diterpenoids to PM in
Mlada Boleslav was, thus, about twice higher than corresponding
contributions in another Czech city, Ostrava, i.e. 1.18% and 0.18%;
Mikuska et al., 2015). Conversely, the contribution of PAHs, the
group of analysed organic compounds with probably the most toxic
properties, was only 0.07% in Mlada Boleslav, which is less than in
other Czech cities, i.e., 0.69% in Ostrava (Mikuska et al., 2015) and
0.11-0.12% in Brno and Slapanice (Kitimal et al., 2013, 2015). The
contribution of hopanes (markers for coal combustion) to PM in
Mladd Boleslav was also smaller than in those Czech cities. Thus,
the contribution of biomass burning (especially wood burning)
seems to be a more dominant emission source in Mlada Boleslav
than in other monitored Czech cities. Moreover, the combustion of
solid fuels (coal and wood) for household heating was the domi-
nant emission source of aerosols sampled during the campaign in
Mladd Boleslav in winter 2013. The same result was obtained in
other paper dealing with the identification of emission sources of
fine aerosols in Mlada Boleslav during the same campaign in winter
2013, namely wood burning and coal combustion (Hovorka et al.,
2015).
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Table 2

The mean total concentrations of analysed organic compounds (ng m~>) and the mean contribution of individual groups to the total amount of analysed organic compounds

and PM1 during the campaign in Mladd Boleslav.

Compounds Mean sum of Contribution to the sum of analysed Contribution
concentrations (ng m~—>) organic compounds (%) to PM1 mass (%)

Monosaccharide anhydrides 513 70.0 1.91
Diterpenoids (resin acids and retene) 119 174 0.478
n-Alkanes (+pristane and phytane) 353 5.48 0.145
Polycyclic aromatic hydrocarbons (+picene) 15.6 2.28 0.063

7 carcinogenic polycyclic aromatic hydrocarbons 9.02 1.24 0.035
Monosaccharides 234 3.30 0.089
Disaccharides 6.35 1.05 0.024
Polyols 1.80 0.25 0.007
Hopanes + cholestane 1.54 0.22 0.006

4. Conclusion

Atmospheric aerosols in the size fraction PM1 were sampled in
winter 2013 in Mlada Boleslav at a site located in an urban district
situated approximately 500 m from a large automobile factory.

Mass concentrations of the PM1 aerosols were in the range of
11.2—45.2 pg m > during the campaign and exceeded the WHO 24-
h limit for PM2.5 in half of the days of the winter campaign. The
mass concentration of PM1 highly correlated with the sum of
analysed organic compounds, especially with the compounds
originating from combustion of wood/biomass and coal. Mono-
saccharide anhydrides were the most abundant group of analysed
organic compounds in all samples, followed by diterpenoids, n-al-
kanes, monosaccharides, PAHs and disaccharides. The concentra-
tions of polyols and hopanes with cholestane were the smallest.
The analysed organic compounds formed in average 2.76% of PM1
mass. A significant portion (34.6—63.8%) of analysed PAHs had a
carcinogenic potential.

We applied the combination of diagnostic ratios and amount of
selected organic markers in the collected aerosol samples for the
identification of emission sources because we collected only 14
aerosol samples in the winter campaign in Mlada Boleslav, which is
too little for the successful application of statistical methods.

The air pollution in the studied locality was mainly influenced
by combustion of solid fuels (coal and wood) from household
heating in residential houses in the older part of Mlada Boleslav,
and especially from small villages nearby Mlada Boleslav, and also
by combustion of solid fuels originating from the heating plant
located inside the automobile factory.
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