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Composition and source of polycyclic aromatic compounds in deposited dust
from selected sites around the Upper Silesia, Poland
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Marynowski L., Pigta M. and Janeczek J. (2004) — Composition and source of polycyclic aromatic compounds in deposited dust from
selected sites around the Upper Silesia, Poland. Geol. Quart., 48 (2): 169-180. Warszawa.

About 300 polycyclic aromatic compounds were identified using the GC-MS method in deposited dust collected in sites located outside
the industrial belt of the Upper Silesia agglomeration. Concentrations of selected polycyclic aromatic hydrocarbons (PAH) range from
6.8 ng/g dust for anthracene to 142 pg/g dust for fluoranthene. Concentrations of highly carcinogenic PAH e.g. benzo(a)pyrene,
benzofluoranthenes and benzo(a)anthracene range from 49 to 145.5 pg/g of dust. Significant concentrations (up to 35 pg/g of dust) of
carcinogenic Cy,H 4 PAHs (m/z 278) and CysH,4 PAHs (m/z 302) were determined in all samples. Aromatic ketones and quinones as
well as aromatic nitrogen and sulphur compounds with concentrations ranging from 2 to 45 pg/g of dust, were found in the polar NSO
fraction. Molecular composition of hydrocarbons in the deposited dust is characteristic of the terrestrial organic matter, as suggested by
the presence of long chain n-alkanes with odd carbon skeleton predominance. However, relatively high concentrations of steranes and
distribution of homohopanes different from terrestrial organic matter suggest that part of extractable organic matter may be from diesel
engine exhausts and/or paved road dust. The origin of the organic compounds adsorbed on the deposited dust is related to not complete
coal combustion and possibly to other sources, such as automobile exhaust. The occurrence of phenyl-polyaromatic hydrocarbons and
polyphenyls such as terphenyls, phenylnaphthalenes and their methyl derivatives, phenylphenanthrenes, phenylfluoranthenes and/or
phenylpyrenes results from the free radical phenylation of aromatics during organic matter combustion.
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INTRODUCTION carcinogenic and mutagenic, causing irreversible changes in
the structure and functioning of living organisms (Bodzek et

al., 1993, 1998). One of the most toxic group of compounds

Dust emitted into the atmosphere from natural and
anthropogenic sources constitutes a substantial, and in some
regions prevailing, pollutant of the troposphere. Some of the
dust particles are of a size that enables them to be inhaled by
humans (the so-called respirable dust). Therefore, they pose a
real health-hazard to inhabitants of heavily dusted regions. Not
only the concentration of atmospheric dust, but also its chemi-
cal and phase compositions play an important role in health
hazard.

Anthropogenic air pollution in the urban and industrial ag-
glomeration within the Silesian province has been a key eco-
logical problem in that region and has been a subject of many
studies (e.g. Warzecha, 1993; Bodzek et al., 1998; Luks-Betlej
and Bodzek, 2000; Wawros et al., 2001).

Special attention was paid to the identification of
polycyclic aromatic compounds, because many of them are

are polycyclic aromatic hydrocarbons (PAH) together with
their oxygen, nitrogen and sulphur derivatives which naturally
occur in geological environments (Killops and Massoud,
1992; Simoneit, 1993; Marynowski et al., 2000, 2001;
Bojakowska and Sokotowska, 2001) and are also released due
to human activity (e.g. Oros and Simoneit, 2000). The prob-
lem of PAH toxicity has been studied for many years (see
Zedeck, 1980; Pickering, 1999 for review), yet many prob-
lems remain unsolved. For example, it is still unknown why
carcinogenic and mutagenic impact of a single PAH is signifi-
cantly stronger than the impact of the same PAH, occurring at
the same concentration in a mixture (Pickering, 2000).
Organic compounds formed through anthropogenic pro-
cesses (e.g. combustion of coal and wastes, combustion of en-
gine exhausts ezc.) are adsorbed on dust particles smaller than
5 um in diameter and can be transported over long distances by
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Fig. 1. Sampling locations of the Upper Silesia region

wind. Dust particles smaller than 1 pm with — adsorbed PAH
can remain in the air from 4 to 40 days, whereas particles ranging
from 1 to 10 pum in size reside in the atmosphere from 0.4 to 4
days (Brandys, 1990). Tropospheric dust in Upper Silesia con-
sists of minerals characterised by high adsorption capabilities for
organic phases (Manecki, 1976; Rietmeijer and Janeczek, 1997;
Jabtonska, 1999; Jablonska et al., 2001). This paper character-
ises organic compounds adsorbed on deposited dust particles
collected in three sites located outside the urban and industrial
agglomeration of Upper Silesia (Fig. 1). The origin of organic
matter (OM) is discussed. Particular attention is paid to poorly
known phenylpolyaromatic hydrocarbons and polyphenyls.

SAMPLES AND METHODS

Samples. Dust collection sites were selected to avoid a di-
rect impact of both industrial and urban influences of the Upper
Silesia agglomeration. Sampling locations included (Fig. 1):

— Ustron, a town located in the foothills of the
Carpathians (Beskidy Mts.) some 80 km south of the Upper
Silesia agglomeration.

— Wielowies, a village located NW of the Upper Silesia
agglomeration. Wielowies is considered by the local health au-
thorities as a “clean-air” reference site for the province.

— Saczoéw, a village adjacent to the Upper Silesia
agglomeration.

Prevailing winds in that part of Poland are from western di-
rections, therefore both Ustron and Wielowie$ do not have sig-
nificant air pollution from the Upper Silesia agglomeration for
most of the year. In all of the selected locations, coal-fired do-
mestic furnances and coal-fired heat-generating plants are ma-
jor dust emitters. This was clearly shown in Wielowie$, where
the amount of gypsum and barite in dust increases dramatically
in winter, during the heating period. Both those sulfates are
formed as a result of increased emission of SO, from the local
heat-generating power plant (Jabtonska et al., 2001).

Samples were collected between January and March 2000 by
the method described by Jabtonska et al. (2001). Fourteen dust
samples were analysed in this study, including 5 samples from
Wielowies, 5 samples from Ustron and 4 samples from Saczow.

Methods. The deposited dusts were Soxhlet-extracted in
pre-extracted thimbles with dichloromethane. Extracts were
further separated using preparative pre-washed TLC plates
coated with silica gel (Merck, 20 x 20 x 0.25 cm). Prior to sepa-
ration, the TLC plates were activated at 120°C for one hour.
The plates were loaded with the n-hexane soluble fraction and
developed with n-hexane. Bands comprising aliphatic (Ry —
0.4-1.0), aromatic (Rr— 0.05-0.4) and polar (R— 0.0-0.05)
fractions were collected. Furthermore, polar fractions were
again developed with n-hexane/benzene mixture (V:V; 6:4) on
the second TLC plates coated with silica gel (Merck, 20 x 20 x
0.25 cm). Four sub-fractions were obtained. The aromatic oxy-
gen and nitrogen compounds occurred in the 23 fractions (R
— 0.05-0.5). The aliphatic and aromatic fractions as well as
sub-fractions 2 and 3 were analysed in detail.

GC-MS analysis was carried out with a HP5890 II gas
chromatograph, equipped with a fused silica capillary column
(60 m x 0.25 mm i.d.), coated with 95% methyl/5%pheny-
Isilicone phase (HP-5, 0.25 m film thickness). Helium was the
carrier gas used. The GC oven was programmed from 35 to
300°C at a rate of 3°C min™'. The gas chromatograph was cou-
pled with a HP 59714 mass selective detector (MSD). The MS
was operated with an ion source temperature of 200°C, an ion-
isation energy of 70 eV, and a cycle time of 1 sec in the mass
range 40-600 Daltons.

Authentic standards. Most of the used standards are com-
mercially available compounds. We gratefully acknowledge Dr.
R. Meyer zu Reckendorf for providing the authentic standards of
1-phenylpyrene, 2-phenylfluoranthene, benzonaphthofurans,
benzoanthrone, cyclopenta(def)phenanthrenone and xanthone.
We also acknowledge Prof. J. Andersson for the kind gift of the
standards: benzo[b]naphtho[2,1-d]thiophene and
benzo[b]naphtho[1,2-d]thiophene. The results of the synthesis
of 1-phenylnaphthalene, o-terphenyl and 1,1°-binaphthalene,
and of the thermal experiment with montmorillonite showing all
possible isomers of the above mentioned compounds was pub-
lished elsewhere (Marynowski et al, 2001). 9-phenyl-
phenanthrene was synthesized by Grignard reaction of 9-bromo-
phenanthrene (4/drich) with phenylmagnesium bromide.

Quantitation and identification. Abundances of selected
PAH were calculated by comparing the peak area of the inter-
nal standard (IS; 9-phenylanthracene) with peak area of the in-
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Table 1
Content of soluble organic matter in selected deposited dusts
Samples Deposited dust Soluble organic matter | Soluble organic matter Fractions
[g] [mg] [%] [%]
Al Ar Pol
SACZOW (SACZ-I-II1/2000) 0.07212 1.95 2.70 16 10 74
WIELOWIES (WIE-I-I11/2000) 0.07854 1.69 2.16 22 30 48
USTRON (UST-I-II1/2000) 0.05106 0.52 1.02 16 25 59
dividual polycyclic aromatic hydrocarbons obtained from the
GC-FID chromatograms. k- A
Identification of individual structures was performed by: M 29
— comparison of retention times of the standards with re-
tention times of the identified substances; - 25 27 S
— comparison of mass spectra of the identified compounds 18 apAncene
with mass spectra from Wiley’s MS library; e 2071 s a1
— comparison of retention indices and chromatograms of s 22| 24| 26| 28 5, 5533
PAH as well as polycyclic aromatic compounds published by 6 ). | I [ v P
Lee et al. (1979); White and Lee (1980); Radke et al. (1982,
1986, 1990); Grimmer et al. (1985); Wise et al. (1986, 1988);
Alexander et al. (1991); Simoneit and Fetzer (1996), Meyer zu USTRON
Reckendorf (1997, 2000); Clegg et al. (1997); Bodzek et al.
(1997); Allen et al. (1998); Kang et al. (1998); Mardrignac et
al. (1998); Wilkes et al. (1998a, b); Marynowski et al. (2001). ’ I I I
A .d 11[. ALk A AJJ—“L.J«.\A_

RESULTS

Fractionation. The soluble organic matter (SOM) was sep-
arated into three fractions: aliphatic — Al, aromatic — Ar and
polar + asphaltenes — Pol.

The percentage of soluble organic matter in deposited dust
samples was estimated (Table 1), and after separation of sam-
ples, the percentage of individual fractions was calculated (Table
1). Most of the samples show the highest percentage in the polar
fraction (48-74%), whereas, both aliphatic and aromatic frac-
tions occur at comparable percentages of 10-30% (Table 1).

Aliphatic fraction. All samples analysed contain a homolo-
gous series of n-alkanes in the range of n-C,4 to n-Cs (the maxi-
mum range was noted in the sample UST-I-I11/2000) showing a
clearly bimodal distribution with the maximum at #-C;9 and
n-Cy (Fig. 2A). Two characteristic isoprenoids: pristane (Pr)
and phytane (Ph), which are common in sedimentary organic
matter e.g. petroleum, hard coal and brown coal, are also present
in all samples. The distribution of n-alkanes shows predomi-
nance of the concentration of high molecular weight n-alkanes
with an odd number of carbon atoms in the chain (especially
n-Cys, n-Coo, n-Cs1) over the concentrations of n-alkanes with an
even number of carbon atoms (Fig. 2A). This is a characteristic
feature for immature terrestrial organic matter (Tissot and Welte,
1984), and was also observed in products of terrestrial organic
matter incomplete combustion (for review see Simoneit, 2002).

Samples from Ustron (UST-I-I11/2000), Wielowies (WIE-
I-111/2000) and Saczéw (SACZ-I-111/2000) contain hopane
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Fig. 2. GC-MS ion chromatograms showing distribution. A: m/z 71 — n-alkanes
from Saczow and Ustron samples; numbers above the peaks represent the number
of carbon atoms in the molecule, Pr — pristane, Ph — phytane; B: m/z 191 —
hopanes from sample Ustron; Ts — 18[1,21[}22,29,30-trisnorneohopane, Tm —
170,21322,29,30-trisnorhopane, CyH — 1700,21330-norhopane, CyTs —
180J,-30-norneohopane, CyyM — 170210-30-normoretane, C3;)H —
170,21 Fhopane, 30-nor — 170,21 Cnor-30-hopane, CM —
170210moretane, C;—Css — 170,210 homohopanes with 20S and 20R
stereoisomeric configuration, and m/z 217 — steranes from sample Ustron with
C,s-diasteranes and C,;, Cpg and Cyo-steranes
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Table 2

Concentrations of selected PAH identified in the deposited dusts from Ustron (UST-I-111/2000),
Wielowie$ (WIE-I-111/2000) and Saczéw (SACZ-I-111/2000) samples

Compound Concentration
[Ce/g]
Ustrof Saczow Wielowie$

IS 9-phenylanthracene - - -

P phenanthrene 66.6 40.1 79.5
A anthracene 6.9 1.7 3.8
Fl fluoranthene 142.4 115.9 167.9
Py pyrene 121.6 101.3 147.4
B[c]P benzo[c]phenanthrene 14.5 11.5 17.9
Bla]A benzo[a]anthracene 49.0 30.6 52.6
Ch+Tr chrysene + triphenylene 78.9 64.0 94.6
BF1 benzofluoranthenes 109.8 81.8 145.5
B[e]P benzo[e]pyrene 52.0 37.2 61.6
B[a]P benzo[a]pyrene 64.3 56.4 75.0
widctlparlPy indeno(1,2,3-cd)pyrene 459 332 53.6
BPe benzo(ghi)perylene 50.5 38.9 58.9

group compounds (characteristic ion trace — m/z 191), the bio-
logical precursors, of which were prokaryotic organisms and
steranes (m/z 217) originating from eucariota (Fig. 2B). Or-
ganic connections of that kind are commonly described for sed-
imentary organic matter (Peters and Moldowan, 1993). There
are two compounds with an odd number of carbon atoms, i.e.
n-alk-1-enes-Cj9 and -C,; that are particularly interesting. They
were identified in all of the samples. Only trace amounts of
tricyclic diterpanes, specific for terrestrial OM, were detected
in one sample (WIE-I-111/2000).

Aromatic fraction and polar NSO compounds.
Polycyclic aromatic hydrocarbons, including strongly carcino-
genic compounds, were found in all samples examined (Ap-
pendix 1). Oxygen and nitrogen compounds found in the sam-
ples investigated are listed in (Appendix 2). Concentrations of
selected PAH in samples UST-I-111/2000 and WIE —I-111/2000
are shown in Table 2. Concentrations of individual compounds
vary from sample to sample. The highest concentration levels
of polycyclic aromatic hydrocarbons were found in samples
collected in Wielowies (WIE-I-111/2000); slightly lower con-
centrations were observed in the dust samples collected in
Ustron (UST-I-111/2000) and Saczow (SACZ-I-111/2000). The
TICs (total ion chromatograms) of the aromatic fractions are
shown in Figure 3.

Unsubstituted PAH prevalil in the aromatic fraction of all
samples. Those mainly are: fluoranthene, pyrene, phenanthrene,
chrysene and triphenylene, benzofluoranthenes,
benzo(a)pyrene, benzo(e)pyrene, indeno(1,2,3-cd)pyrene and
benzo(ghi)perylene (Table 2, Appendix | and Fig. 3). Addition-
ally, significant concentrations of carcinogenic C;H;4 PAH (m/z
278) (see Table 2) and CosHi4 PAH (m/z 302) (up to 35 pg/g of

dust for naphtho[2,3-k]fluoranthene) were found together with
numerous aromatic hydrocarbons. They include rarely identified
compounds, which contribute to an anthropogenic pollution of
the environment and are of unknown toxicity (Appendix 1), e.g.:
polyphenyls and phenyl-polyaromatic hydrocarbons, i.e.:
terphenyls, phenylnaphthalenes, phenylphenanthrenes,
phenylpyrenes and/or phenylfluoranthene (see Appendix | and
Fig. 4). Aromatic sulphur compounds are represented by:
dibenzothiophene and their methyl derivatives, benzonaphtho-
thiophenes and their methyl derivatives, as well as phenan-
thro[4,5-bcd|thiophene and four unidentified isomers of dina-
phthothiophene (Appendix 1).

The highest concentrations of dibenzofuran and its methyl
derivatives (up to 45 pg per g of dust) and dinaphthofurans (up
to 25 ug per g of dust) were observed in sub-fractions 3-5.
Lower quantities of aromatic ketones and quinones (up to 15
pg per 1 g of dust), compounds of higher polarity found in
sub-fractions 67, were also identified (Appendix 2). The high-
est concentrations measured were of benzanthrone, a highly
carcinogenic and mutagenic ketone. Benzanthrone is the major
polycyclic aromatic ketone found in the emission from all com-
bustion sources (Spitzer and Takeuchi, 1995).

The most frequently occurring nitrogen compounds in the
sub-fractions 5-7 include carbazole and their methyl deriva-
tives, benzocarbazoles and their methyl derivatives (up to 5 pg
per g of dust) as well as acridine and benzochinoline (about 2
ng per g of dust) (Appendix 2).

No occurrence of polychlorinated biphenyls, polychlo-
rinated terphenyls as well as polychlorinated dibenzofurans and
dioxins, highly toxic anthropogenic pollutants (Lang, 1992;
Grochowalski and Chrzaszcz, 1997), was observed.
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Fig. 3. GC-MS chromatograms (TIC) of aromatic fractions from Wielowie$ and Ustron sites with identification

of the most abundant compounds

Additionally, ion chromatograms of Cy,H;4 PAHSs (m/z 278) and C,4H,4 PAHs (m/z 302) are shown in the selected frames; carcino-

genic compounds are marked as shaded peaks; IS — internal standard

DISCUSSION

The odd-to-even carbon number predominance in the high
molecular weight n-alkanes (especially n-Cys, n-Cyy, n-Cs)
suggests significant input of terrestrial organic matter from in-
complete combustion of coals and/or from the recent plant ma-
terial (especially Saczow sample — Fig. 2A). Two even carbon
numbered n-ak-1-enes: Cj9 and C, are probably products of in-
complete coal combustion. The n-alk-1-enes are form primarily
by thermal dehydration of n-alkanols (not detected) and from
n-alkanes by oxidation during incomplete combustion (Oros
and Simoneit, 2000). Relatively high concentrations of steranes
(m/z 217) in the aliphatic fraction of the analysed samples (Fig.
2B) suggest that part of extractable organic matter may be ge-
netically related to a diesel engine exhaust and/or paved road
dust, (for comparison see: Schauer et al., 1996; Fraser et al.,
1999; Briker ef al., 2001). The distribution of the hopanes se-
ries (m/z 191) is not typical for coals, because the Cs3 to C;5 car-
bon atoms homohopanes occur in relatively high concentra-
tions (Fig. 2B). Those homohopanes are usually detected in
crude oils generated from the source rocks deposited under
highly anoxic conditions (e.g. Peters and Moldowan, 1993;
Koster et al., 1997).

The molecular composition of aliphatic hydrocarbons sug-
gests that the investigated pollutants were emitted from various
sources, mainly due to incomplete combustion of coals, recent

terrestrial plants and diesel engine exhausts and/or asphalt
(sensu Takada et al., 1990).

Distribution of PAH in samples from Wielowie$ and Ustron
shows striking similarity to the PAH distribution described from
the air particulate materials of St. Louis and Washington (Wise
et al., 1986). For example, fluoranthene, pyrene, phenanthrene,
chrysene and/or triphenylene, benzofluoranthenes,
benzo(a)pyrene, benzo(e)pyrene, indeno(1,2,3-cd)pyrene and
benzo(ghi)perylene are predominant compounds in the aromatic
fraction of the investigated air particulate samples described by
Wise et. al. op. cit., and in our samples (Fig. 3).

Distribution and concentration of PAHs in our samples is
also similar to the PAH levels in coal-fired residential furnaces
(Grimmer ef al., 1985), where fluoranthene and pyrene reach
the highest concentrations (compare with Table 2).

Highly carcinogenic PAH, including benzanthracene,
benzo(c)phenanthrene, benzofluoranthenes, benzo(a)pyrene,
dibenz(a,)anthracene (Pickering ef al., 1999) were observed
in all of the samples we investigated. The latest studies show
that a large part of PAH with CyH;4 molecular formula (m/z
302), including dibenz(a,e)pyrene, dibenz(a,i)pyrene,
dibenz(a, h)pyrene, naphtho(2,1-a)pyrene, are compounds of
high mutagenicity (probable exceeding that of benzo(a)pyrene)
and must be considered during monitoring of environmental
pollution (Allen ef al., 1998). The presence of the above men-
tioned compounds was observed in the dust samples examined
during this study (Fig. 3 and Appendix 1). However, their con-
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Fig. 4. Partial summed mass chromatogram (m/z 192 + m/z 254 + m/z 278) of the aromatic fraction isolated from Wielowie$ sample revealing the distribu-
tion of MP — methylphenanthrenes, PhP — phenylphenanthrenes and PhF1 — phenylfluoranthenes and/or PhPy — phenylpyrenes; more stable isomers
of the methyl- and phenylphenanthrenes are shaded in black, less stable isomers — in grey; note the reverse distribution of individual isomers of
methylphenanthrenes in relation to phenylphenanthrenes on the HP-5 stationary phase

centrations are 10 to 20 times lower than concentrations of
benzo(a)pyrene or benzofluoranthenes.

We observed the presence of numerous phenyl-PAH deriv-
atives and polyphenyls (Fig. 4 and Appendix 1) occurring in
various but relatively low concentrations, which do not exceed
30 pg per g of dust. Phenylphenanthrenes and binaphthyls are
the prevailing phenylpolyaromatic hydrocarbons. They were
previously identified in geological samples (Marynowski et al.,
2001). Genesis of phenylpolyaromatic hydrocarbons may be
related to free radical phenylation of PAH. Processes of that
kind occur during combustion of sedimentary organic matter
(Meyer zu Reckendorf, 1997, 2000), but they are also possible
in geological systems (Marynowski et al., 2002).

The observed oxygen compounds can be divided into the
following two main groups:

— compounds genetically related to the primary organic
matter, i.e. dibenzofuran and its methyl derivatives, and dina-
phthofurans;

— secondary compounds formed by oxidation of PAH dur-
ing combustion and photo-oxidation processes, mainly ketones
and quinones, (e.g. fluorenone and phenanthroquinone). They
were formed in the phenanthrene oxidation processes, or
benzofluorenones — products of benzofluorene oxidation
(Allen et al., 1997). However, aromatic aldehydes and ketones
e.g. fluoren-9-ones, benzofluoren-9-ones, naphtho-
fluoren-9-ones, naphthaldehydes, alkylnaphthylketones, benzal-
dehydes, alkylphenylketones, 1-indanones and 1-tetralones have
also been identified in geological samples (Posidonia Shale, Hils
Syncline, Germany). They may be formed by inter- and/or
intramolecular acylations and formylations, cyclisation reactions
of functionalised biphenyls and phenylnaphthalenes as well as
oxidation of aromatic hydrocarbons (Wilkes ef al., 1998a, b).

Nitrogen compounds of the carbazole and azaarene groups
(Appendix 2) are probably directly related to the source organic

matter, as they are commonly known from sedimentary organic
matter (e.g. Bakel and Philp, 1990; Clegg et al., 1997). Most of
the organic compounds occurring in the samples examined
containing heteroatoms are highly toxic (e.g. Allen et al., 1997;
Bleeker et al., 1998, 1999).

CONCLUSIONS

Organic matter adsorbed on deposited dusts in places located
outside the urban and industrial agglomeration of the Upper
Silesia region results from several unrelated emission sources.
High concentrations of carcinogenic PAH in the dust samples
from Wielowie$ and Ustron localities are mainly due to emis-
sions caused by incomplete coal combustion in the residential
furnaces. The terrestrial origin of the source organic matter is
proved by predominance of long-chain, odd carbon numbered
n-alkanes in the investigated samples, especially in Saczow.

Relatively high concentrations of steranes and, untypical
for coals, high concentrations of Cs; to C;s carbon atoms
homohopanes in the aliphatic fraction of the samples suggest
that part of the extractable organic matter may be genetically
related to the diesel engine exhaust and/or paved road dust.

Aromatic compounds of sulphur, nitrogen and oxygen were
identified in the dusts in addition to PAH. Most of those com-
pounds are carcinogenic and/or mutagenic. The most dangerous
of them are those, which are formed during the coal combustion
processes (i.e. high molecular weight C,sH;s PAHs e.g.:
dibenz(a,e)pyrene,  dibenz(a,i)pyrene,  dibenz(a,h)pyrene,
naphtho(2,1-a)pyrene) and during photo-oxidative decomposi-
tion of PAH (i.e. aromatic ketones and quinines). The occur-
rence of polyphenyls and phenyl-polyaromatic hydrocarbons
such as terphenyls, phenylnaphthalenes, phenylphenanthrenes,
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phenylfluoranthenes and/or phenylpyrenes is related to free-rad-
ical phenylation of aromatics during coal combustion.
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APPENDIX 1

Polycyclic aromatic hydrocarbons and their methyl- and phenyl- derivatives as well as aromatic sullphur compounds

identified in the samples analyzed (with the elution order on the HP-5, 60m capillary column)
m/z Identified compounds Relative I(Rt) 1D References
intensity
128 naphthalene + 200.00 u
142 2-methylnaphthalenes + 220.22 u
142 I-methylnaphthalenes + 223.01 u
154 biphenyl ++ 236.39 u
168 2-methylbiphenyl traces 239.57 ms Troilio et al., 1999
156 dimethylnaphthalenes (the most of isomers) + - u, ms
154 acenaphthene + 243.16 u
168 diphenylmethane + 249.09 ms Troilio et al., 1999
170 trimethylnaphthalenes (the most of isomers) + - ms Strachan et al., 1988
166 fluorene ++ 269.94 u
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m/z Identified compounds Relative I(Rt) 1D References
intensity

168 3- and 4-methylbiphenyls ++ - ms Troilio et al., 1999
182 dimethylbiphenyls (the most of isomers) + - ms Troilio et al., 1999
184 tetramethylnaphthalenes (the most of isomers) + - ms van Aarssen et al., 1999
180 methylfluorenes (4 isomers) ++ - ms

196 trimethylbiphenyls (the most of isomers) + - ms Alexander et al., 1991
184 dibenzothiophene ++ 295.59 u

178 phenanthrene -+ 300.00 u

178 anthracene ++ 301.38 u
210 tetramethylbiphenyls (the most of isomers) + - ms

198 1-methyldibenzothiophene + 310.67 u Radke et al., 1986
204 1-phenylnaphthalene ++ 312.59 ms Marynowski et al., 2001
198 2- + 3-methyldibenzothiophenes + 313.83 u Radke et al., 1986
230 o-terphenyl + 317.42 u Marynowski et al., 2001
192 3-methylphenanthrene 4+ 317.58 u Radke et al., 1982
198 4-methyldibenzothiophene + 317.78 u Radke et al., 1986
192 2-methylphenanthrene +4++ 319.03 ms Radke et al., 1982
192 2-methylanthracene ++ 321.14 ms

190 4H-cyclopenta[del/]phenanthrene +++ 321.96 ms

192 4- and/or 9-methylphenanthrene +++ 322.78 ms Radke et al., 1982
192 1-methylphenanthrene +4++ 323.52 ms Radke et al., 1982
204 2-phenylnaphthalene 4+ 330.45 u Marynowski et al., 2001
206 dimethylphenanthrenes (the most of isomers) ++ - ms Radke et al., 1990
202 fluoranthene -+ 344.49 u
218 methyl derivatives of 1-phenylnaphthalene ++ - ms
208 phenanthro[4,5-bcd]thiophene ++ 349.17 ms
202 pyrene -+ 35191 u
220 trimethylphenanthrenes (the most of isomers) + - ms Radke et al., 1990
216 methylfluoranthenes + benzofluorenes ++(+) - u,ms
216 methylpyrenes + benzofluorenes +H(+) - u,ms
218 methyl derivatives of 2-phenylnaphthalene ++ - ms
232 dimethylphenylnaphthalenes + - ms
242 9-phenylfluorene + 256.00 u
230 m-terphenyl +(+) 356.74 u Marynowski et al., 2001
230 p-terphenyl +(+) 362.40 u Marynowski et al., 2001
242 phenylfluorene (unknown isomer) +(+) 370.67 ms
230 dimethyl derivatives of m/z 202 ++ - ms
234 benzo[b]naphtho[2,1-d]thiophene +(+) 389.16 u Mossner and Wise, 1999
226 benzo[ghi]fluoranthene 4+ 390.28 ms Wise et al., 1986
228 benzo[c]phenanthrene* +++ 391.07 u Wise et al., 1986
234 benzo[b]naphtho[1,2-d]thiophene + 392.51 u Mossner and Wise, 1999
254 IS (9-phenylantracene) +HH(+) 394.37 u
234 benzo[b]naphtho [2,3-d]thiophene + 395.59 ms Mossner and Wise, 1999
228 benz[a]anthracene* +++H(+) 398.69 u
228 chrysene + triphenylene +HH(+) 400.00 u,ms
228 naphthacene + 402.86 u
242 methyl derivatives of m/z 228 ++ — ms
254 1,2°- bmaphthyl + 403.93 u Marynowski etal., 2001
240 methyl derivatives of m/z 226 ++ - ms
254 9-phenylphenanthrene +(+) 405.36 u

254 phenylphenanthrene (unknown isomer) +(+) 407.50 ms

256 dimethyl derivatives of m/z 228 + - ms

254 phenylphenanthrene (unknown isomer) +(+) 422.50 ms

254 2,2’-binaphthyl + 425.00 u Marynowski et al., 2001
254 phenylphenanthrene (unknown isomer) +(+) 427.50 ms

256 dimethyl derivatives of m/z 228 + - ms

278 phenylpyrene or phenylfluoranthene + 441.42 ms

252 benzo[b]fluoranthene +H(+) 443.11 u Wise et al., 1986
252 benzo[j]fluoranthene + benzo[k]fluoranthene* +HH(+) 444.06 u Wise et al., 1986
252 benzo[a]fluoranten* +(+) 446.88 u Wise et al., 1986
252 benzo[e]pyrene +HH(+) 452.70 u Wise et al., 1986
252 benzo[a]pyrene* +HH(+) 454.57 u Wise et al., 1986
278 phenylpyrene or phenylfluoranthene + 455.36 ms

278 phenylpyrene or phenylfluoranthene + 457.14 ms

252 perylene ++ 457.63 u Wise et al., 1986
278 1-phenylpyrene + 457.93 u

266 methyl derivatives of m/z 252 ++ — ms
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m/z Identified compounds Relative I(Rt) ID References
intensity

278 2-phenylfluoranthene +(+) 463.43 u
266 methyl derivatives of m/z 252 +(+) - ms
278 phenylpyrene or phenylfluoranthene +(+) 463.43 ms
266 methyl derivatives of m/z 252 +(+) - ms
278 phenylpyrene or phenylfluoranthene +(+) 467.68 ms
266 methyl derivatives of m/z 252 + - ms
278 phenylpyrene or phenylfluoranthene +(+) 473.75 ms
284 dinaphthothiophene + 482.46 ms Grimmer et al., 1985
276 indeno[1,2,3-cd]fluoranthene +(+) 484.67 ms Grimmer et al., 1985
278 naphtho[ 1,2-a]anthracene +(+) 485.71 ms Grimmer et al., 1985
264 n.i. ++ - -
278 n.i. + — —

128 naphthalene + 200.00 u

142 2-methylnaphthalenes + 220.22 u

142 1-methylnaphthalenes + 223.01 u

154 biphenyl ++ 236.39 u

168 2-methylbiphenyl traces 239.57 ms Troilio et al., 1999
156 dimethylnaphthalenes (the most of isomers) + - u,ms

154 acenaphthene + 243.16 u

168 diphenylmethane + 249.09 ms Troilio et al., 1999
170 trimethylnaphthalenes (the most of isomers) + - ms Strachan et al., 1988
166 fluorene ++ 269.94 u

168 3- and 4-methylbiphenyls ++ - ms Troilio et al., 1999
182 dimethylbiphenyls (the most of isomers) + - ms Troilio et al., 1999
184 tetramethylnaphthalenes (the most of isomers) + - ms van Aarssen et al., 1999
180 methylfluorenes (4 isomers) ++ - ms

196 trimethylbiphenyls (the most of isomers) + - ms Alexander et al., 1991
184 dibenzothiophene ++ 295.59 u

178 phenanthrene ++++ 300.00 u

178 anthracene ++ 301.38 u
210 tetramethylbiphenyls (the most of isomers) + - ms

198 I-methyldibenzothiophene + 310.67 u Radke et al., 1986
204 1-phenylnaphthalene ++ 312.59 ms Marynowski et al., 2001
198 2- + 3-methyldibenzothiophenes + 313.83 u Radke et al., 1986
284 dinaphthothiophene + 486.76 ms Grimmer et al., 1985
276 dibenz[k,mno]fluoranthene ++ 489.20 ms Grimmer et al., 1985
278 n.i. ++ 489.60 -
284 dinaphthothiophene + 490.59 ms Grimmer et al., 1985
276 indeno(1,2,3-cd)pyrene* +++(+) 493.82 ms Wise et al., 1986
278 dibenz[aclanthracene + dibenz[ah]anthracene® ++ 495.92 ms Wise et al., 1986
278 pentaphene + 496.83 ms Wise et al., 1986
278 benzo[b]chrysene +(+) 498.84 ms Wise et al., 1986
278 picene + benzo[a]naphthacene ++ 500.00 u,ms Wise et al., 1986
276 benzo[ghi]perylene* +++(+) 501.38 u Wise et al., 1986
278 n.i. + _ _
276 anthanthrene ++ 505.29 ms Wise et al., 1986
292 methyl derivatives of m/z 278, (about 30 isomers) ++ - ms
290 methyl derivatives of m/z 276, (about. 13 isomers) ++ - ms
300 coronene ++ 529.07 u
302 n.i. + _ _
302 n.i. + - -
302 naphtho[1,2-b]fluoranthene + naphtho[1,2-k]fluoranthene * +++ 536.50 ms Allen et al., 1998
302 naphtho[2,3-b]fluoranthene + dibenzo[bk]fluoranthene * ++ 538.50 — Allen et al., 1998
302 n.i. ++ _ _
302 naphtho[2,3-k]fluoranthene * + 543.09 — Allen et al., 1998
302 naphtho[2,3-e]pyrene\ +(+) 547.69 ms Allen et al., 1998
302 dibenz[a,e]pyrene ++ 551.53 ms Allen et al., 1998
302 dibenz[a,/]pyrene + naphtho[2,3-e]pyrene * ++ 553.00 ms Allen et al., 1998
302 naphtho[2,3-a]pyrene + 555.50 ms Allen et al., 1998
302 dibenz[a,i]pyrene * + 556.47 ms Allen et al., 1998
326 unknown PAHs (at least 8 isomers) + — ms

I(Rt) — retention index for selected compounds; ID — identification by means of mass spectrum (ms), original standard (u); * — star denotes compounds
of well known carcinogenic activity (after Brandys, 1994; Pickering et al., 1999 and Pickering et al., 2000 ); n.i. — not identified; I.S.— internal stan-
dard; references — helpful in identification of some compounds



Composition and source of polycyclic aromatic compounds in deposited dust from selected sites around the Upper Silesia

APPENDIX 2

Aromatic nitrogen and oxygen compounds identified in the samples investigated

(with the elution order on the HP-5, 60 m capillary column)

s Identified compounds Relative intensity ID References
(regarding to IS)
139 4-nitrophenol +(+) u
153 methyl derivatives of 4-nitrophenol (at least 2 isomers) + ms
168 dibenzofuran + u
180 fluorenone + u
i +(+
182 methyld%benzofuran (+) ms Radke ef al., 2000
182 methyldibenzofuran +(+) ms
. Radke et al., 2000
182 methyldibenzofuran + ms
L. Radke et al., 2000
179 benzo(/#)chinoline + u
. Bodzek et al., 1997
179 acridine + u
. Bodzek et al., 1997
179 benzo(f)chinoline + u
Bodzek et al., 1997
194 anthrone + ms
167 carbazole ++ u
- +
181 1-methylcarbazole ms Clegg et al., 1997
181 3-methylcarbazole + ms
Clegg et al., 1997
181 2-methylcarbazole + ms al tal. 1997
196 xanthone + u cgg et at,
181 4-methylcarbazole + ms
208 9,10-anthracenedione + ms Clegg et al., 1997
195 dimethylcarbazoles (the most of isomers) + ms
1 1
204 cyclopenta(def)phenanthrenone + u Clegg et al., 1997
222 methyl derivatives of m/z 208 (at least 3 isomers) + ms
203 azapyrenes/azafluoranthenes (5 compounds) + ms
218 benzo[b]naphtho[2,1-d]furan +++ u
218 benzo[b]naphtho[1,2-d]furan ++ ms
218 benzo[b]naphtho[2,3-d]furan ++ u
218 benzo[k]xanthene ++ ms
232 methyl derivatives of m/z 218 +(+) ms
- -11- +
230 11H-benzo[a]fluorene-11-one ms Wilkes ef al.. 19984
230 7H-benzo[c]fluorene-7-one + ms .
L Wilkes et al., 1998a
229 benzacridine and/or azachrysene + ms .
Motohashi et al., 1995
230 11H-benzo[b]fluorene-11-one + ms .
. Wilkes et al., 1998a
229 benzacridine and/or azachrysene + ms .
. Motohashi ef al., 1995
229 benzacridine and/or azachrysene + ms .
Motohashi et al., 1995
217 benzo[a]carbazole + ms
. Clegg et al., 1997
229 benzacridine and/or azachrysene + ms .
Motohashi et al., 1995
230 benzanthrone ++ u . .
Spitzer and Takeuchi, 1995
217 benzo[b]carbazole + ms
Clegg et al., 1997
217 benzo[c]carbazole + ms cl al. 1997
244 methy! derivatives of m/z 230 + ms ces et a,
231 methylbenzocarbazoles + ms
258 benz[a]anthracene-7,12-dione + ms
258 naphthacene-5,12-dione + ms
268 dinaphthofuranes (about 4 isomers) ++ ms
253 aza-m/z 252 + ms
241 dibenzocarbazoles (?) + ms
279 dibenzacridines (at least 3 isomers) + ms
280 dibenzanthracenones and/or benzochrysenones + ms

ID — identification by means of mass spectrum (ms); original standard (u); references — helpful in identification of some compounds




