DOI: 10.2478/v10216-011-0041-8 ECOL CHEM ENG S. 208(4):585-595

Tomasz CIESIELCZUK, Tomasz OLSZOWSK| Marcin PROKOP and Andrzej KLO$

APPLICATION OF MOSSES TO IDENTIFICATION OF EMISSION
SOURCES OF POLYCYCLIC AROMATIC HYDROCARBONS

WYKORZYSTANIE MCHOW DO IDENTYFIKACJI ZRODEL EMISJI
WIELOPIER SCIENIOWYCH W EGLOWODOROW AROMATYCZNYCH

Abstract: The mosdleurozium schrebemvas used to evaluate the emission of polycyclicratic hydrocarbons
(PAHSs) at Polish cemeteries on the All Saints' Dalyen Poles traditionally light candles and carldtaps in
memory of the deceased. Moss samples were exposéddays at 4 cemeteries and, for comparison, ditya
centre and in a rural area. During exposition,rtiean content of 16 monitored PAHSs in the samplesased by
455 nglg at the cemeteries and by 689 Ryiy the city centre. In the rural area, the sampleswed no
statistically significant changes. PAHs whose conticreased only in the moss samples exposed eat th
cemeteries included naphthalene, pyrene, benzofisfhthene together with benzo[k]fluoranthene,
benzo[g,h,i]perylene, indeno[1,2,3-cd]pyrene anbedizo[a,h]anthracene. The concentrations of otiAdisP
increased in samples exposed in the city centreaamdo cemeteries located in the suburban ardes.rdsults
presented confirm the possibility of using mosselsiomonitoring of PAHs.

Keywords: PAH, environmental pollution, biomonitoring, mdsag method

Introduction

Polycyclic aromatic hydrocarbons (PAHs) are numsrcompounds that contain from
two (naphthalene) up to more than ten aromaticsrimgtheir molecular structures. They
occur naturally or are produced in the environnaum to volcanic eruptions and forest
fires. However, the main sources of PAHs, which prgely anthropogenic, include
incomplete combustion of fuels, and industrial pssing of coal and oil. PAHs of low
molecular masses (128+178 g/mol) occur in the ghimexe in the gaseous form and can be
transported over long distances. On the other hhedyier PAHs (228+278 g/mol) are
solids adsorbed on particlesy on soot particles, and are transported over velgtsmaller
distances [1-3]. In the environment, PAHs usualtgw in multicomponent mixtures, the
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exact qualitative and quantitative composition diickt depend on their sources. PAHs are
toxic and carcinogenic to higher organisms, inecigdiumans.

Already for many years, the biomonitoring methodspport the instrumental
monitoring techniques [4-7]. Mosses and lichens aseally applied to evaluate the
contamination of atmospheric aerosol. The biomaeimitpstudies include, for instance, the
analyses of chemical composition of lichens andfwsses collected in their natural
environment [8-10]. Often, the exposition technigjaee used, which involve the relocation
of biological materials from little contaminatedeas to the urbanised or industrialised ones
[11-13]. The moss-bag method was introduced by Gmadand Roberts in 1971 [14].

The research on using mosses to evaluate the emamtal pollution with PAH
compounds started in the last decades of tffec2@tury. One of the first internationally
circulated papers was published in 1992 and destrib study in which six PAH
compounds were determined in peat-mosSpeagnumsp. exposed for 1 month in the
vicinity of aluminium works in Rotterdam (NL) [15].

The moss exposition techniques were often useddesa PAHSs in traffic emissions.
For instance, mosses were exposed in the Laaeri{Beng! close to Vienna [16], close to
highways [17, 18], and along local roads [18]. #etimoss-based biomonitoring was
carried out in urban areas [19-21] and within hbotds,egin the Makwampur district of
Nepal [22].

PAH pollution was also assessed using mosses tigtgrawing in the monitored
areas - a technique that belongs to passive bidororg. Several studies were carried out
close to industrial facilities in Czech Republi@J2in Swietokrzyskie province of Poland
[24-27], in Hungary [28], in Spanish provinces Lar@nia and Lugo [21], and in China
[29].

Another interesting study revealed the historidadrgges of PAH concentrations in
atmospheric aerosol based on the analyses of mansgles stored in a herbarium of the
University of Navarra in Spain [30].

Our research aimed to evaluate the influence ofjtiaditative and quantitative content
of PAHs in atmospheric aerosol on the qualitatieatent of PAHs absorbed by mosses
exposed to the aerosol for 7-day periods. Theioslatbserved justified the application of
mosses in monitoring the PAH pollution of the atpitere, especially in the vicinity of
emitters with characteristic PAH profiles.

Materials and methods

Main sources of PAH emission in the area seleatedhie present study included fuel
combustion in municipal and household facilitiesg aoad traffic. The area was influenced
by emissions from a coke plant located 40 km awamfOpole (Fig. 1) and by emissions
from the Upper Silesia region. The air quality egst carried out in 2010 in urban centres
of the Opole province showed the year-avearge curat®on of benzo[a]pyrene in air
exceeded the target threshold of 1 rig/and reached 7.5 ngfrim the city of Opole [31].

Collection and exposure of mosses

Samples of the mosRBleurozium schrebenisedfor exposition had been collectéu
forests locate@0 km north to Opole. Green parts of the moss wetached, cleaned from
mechanical impurities, mixed together and usedrépgre 25 packets, each weighing 8 g,
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which were wrapped in nylon net bags. The baggetbks were exposed for 7 days, from
29" November to % December, at the heights ranging from 1.8 to 2bamva the ground
level. Before exposition, the samples were sprihkiéth demineralised water. Figure 1
shows the localization of the exposition sites.
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Fig. 1. Localisation of the exposition sites

Moss samples were exposed in: (1) an area in thteecef the Opole city covered with
low buildings only; (2) an old forested part of aimitipal cemetery located 4 km away
from the Opole centre; (3) a new forested parthef latter cemetery; (4) a cemetery in
a district town Grodkow, 40 km away from Opole; a&) a cemetery in Kotorz village
15 km away from the Opole centre. Control moss $asnwere exposed on a site located
2 km away from the Kotorz village. A blank moss g&nwas stored in the laboratory in
a tight plastic container. The samples were expasé&dpoints on each cemetery site, and at
3 points on the city and the village sites.

Analysis

In order to isolate the PAHs, moss samples wereegldor 5 hours into a fexIKA®
vario control extractor. The extraction solvent teamed hexane and dichloromethane
(Loba-Chemie) in a volumetric proportion of 1:1,rasommended in the literature. For the
chromatographic analysis, reagents of the chromapdgc purity were used.

The extract obtained was inspissated with a streBmeutral gas, and purified with
aluminium oxide (AJOs, Fluka) on a glass column 12 cm high and 0.5 caiameter. The
column was stoppered at the bottom with a glass|wmcking and filled with
dichloromethane. Then, the column was packed wittayar of dry sodium sulphate
(POCH) 0.5 cm high, followed by a layer of 5 g eutral aluminium oxide preactivated at
130°C, and another 0.5 cm layer of dry sodium sath

After packing, dichloromethane was drained anddblemn was flushed three times
with 1 cn? aliquots of hexane. Then, the column was fillethwiexane up to the level of
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2-3 mm above the upper sodium sulphate bed. A saaf@xtract was put on the column so
prepared. The column was flushed four times witbnf aliquots of hexane, the eluates
being discarded. Then, a fraction containing theHRAvas eluted with 40% solution of
dichloromethane in hexane.

The eluate obtained was inspissated to 340+408 @anu subjected to the gas
chromatographic analysis. The latter was carriedusing a Varian GC 3800 instrument
equipped with an autosampler and a Varian VF 5rhamao (30 m x 0.25 mm x 0.25 rijn
The flow of a carrier gas He was set to 2*/onin. The GC injector and the FID detector
were operated at 300 and 310°C, respectively. €hgerature programme was set as
follows: an isothermal hold at 105°C for 2 min ldated by a temperature ramp of 4°C per
minute up to 300°C, and an isothermal hold at 30f%C10 min. Sixteen polycyclic
aromatic hydrocarbons were determined in the sanpkccording to US EPA
recommendation. Table 1 shows names and acronynteesé compounds as well as
correspondingquantification limits (LOQ), recovery ratesRR and standard deviations

(SDkA.

Table 1
Names and acronyms of analysed PAHs as well asspwnding quantification limitd 0Q), recovery ratesRR

and standard deviationSDgrg)

LO RR +SDgrr
PAH Acronym Ing /g] (%] (%]
Naphthalene NAP 0.22 82.5 13.2
Acenaphtylene ACY 0.24 83.2 11.7
Acenaphtene ACE 0.21 86.7 9.6
Fluorene FLU 0.21 92.1 12.3
Phenanthrene PHE 0.17 88.6 154
Anthracene ANT 0.18 87.9 14.8
Fluoranthene FLA 0.23 93.4 13.6
Pyrene PYR 0.26 90.6 16.1
Benzo[a]anthracene BAA 0.97 91.1 11.2
Chrysene CHR 0.98 97.5 12.5
Benzo[b]fluoranthene BBF 0.99 86.8 14.8
Benzol[k]fluoranthene BKF 1.00 88.5 175
Benzo[a]pyrene BAP 1.24 92.4 10.4
Benzo[g,h,i]perylene BGP 1.72 94.2 12.3
Indeno[1,2,3-cd]pyrene INP 1.75 91.6 11.6
Dibenzo[a,h]anthracene DAH 1.79 88.3] 13.2

Statistical analysis

For statistical computations, the R language (Rdlmment Core Team 2009) was
utilized. R is a free software environment for istatal computing and graphics. The

capabilities of R can be extended through packagl#h allow specialised statistical

techniques, graphical devices, programming inteaand import/export capabilities to
many external data formats.

Results and discussion

Table 2 shows the increase of the total PAH comatah in the exposed moss
samples, corrected basing on data in Table 1.
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Table 2
The increase of the total PAH concentration ingkigosed moss samples [ng/g]
Exposition site 1 2 3 4 5 6
SPAH 6.91C° 6.510° 2.910 4.710° 412 99
+SD 1.910° 2.910° 1.610° 1510 35 17

The increase of the total PAH concentrati@RAH, in moss samples exposed for 7
days in Opole (site 1) was comparable with the n¥RAH of 793 ng/g determined in the
moss Pseudoscleropodium purumxposed for 2 month in the Santa Cruz city on the
Tenerife island [21], and to the meaPAH of 827 ng/g determined in the moss
Hylocomium splendensxposed for 3 weeks in Trieste [20]. Much higheamealues of
YPAH were determined in the mobkkylocomium splendensxposed for 4 weeks in the
Laaer Berg tunnel on the A23 road close to VierB290 ng/g) and by the international
roads A10 and A13 (1840 ng/g) [16]; as well ashimmmoss exposed for 4 weeks in Warsaw
(2130 ng/g) [19]. For the cemetery sites, the sestlinearEPAH was observed in mosses
exposed in the forested part of the cemetery inl®©p@90 ng/g. The aforementioned data
were obtained for different moss species which diterent properties and sorption
preferences [25]. Moreover, the moss-bag methoddiesp differed in the time of
exposition, shape and packing density of the bags, in the placement of samples.
Therefore, the comparison presented is only apprate.

Figure 2 shows the average PAH composition of obaind blank samples.
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Fig. 2. Mean PAH composition in control and blaaknples; nd. means ‘below the detection limit’

Average total concentrations of PAHs in the consamples (6) and in the blank
sample are comparable with those in blank samplanasses collected for research in
several little polluted areas: 120 ng/g in mossemfpine forests close to Untertauern in
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Austrian Alps [16]; 139 ng/g in mosses collectedtlie vicinity of Kuopio in Eastern
Finland [17]; and 172 ng/g in mosses from &enorio de Bertipreserve in Spain [30].

Comparison of quantitative content of individual HPApollutants in the samples
revealed the information on their sources. A ptoFigure 3 shows the percent increase of
PAHs in samples exposed in the Opole centre (sjteThe percentage values are
concentration increases of individual PAHSs in rielato the total concentration increase of
PAHs,ZPAH (Table 2).
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Fig. 3. Percent increase of PAH concentrationgmpes exposed in the Opole centre (site 1)

The ratios PHE/ANT < 10 [27] and ANT/(ANT + PHE) &1 [32] indicated the
combustion of solid fuels. Coal combustion was atgticated by FLA/PYR > 1 [32] and
by the ratio of 3- and 4-ring PAHs to total PAHStH{JEXPAH < 0.7 [26]. For moss
samples exposed in the centre of Opole, where rabgthe buildings were family
houses heated by coal-fired systems, the valugheofndicators were: PHE/ANT = 2.4;
ANT/(ANT+PHE) = 0.29; FLA/PYR = 2.2; and (3+ZPAH = 0.52.

Figure 4 shows the percent increase of PAHSs in Bmmgxposed at the cemeteries
(sites 2-5).

Unlike the samples exposed in the city centre, dlegosed at the cemeteries absorbed
more NAP, BGP, INP and DAH; relatively more PYR asignificantly more BBF+BKF
(samples from the city centre contained less tHi# BBF+BKF). Box plots in Figure 5
show the distribution of the absolute concentratimrements of NAP, PYR, BGP, INP,
DAH and (BBF+BKF) accumulated in mosses exposdbeatt cemeteries. The distribution
of variables was described by the maximal and mahwalues, upper and lower quartiles,
Q3 and Q1, and medians [33].
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Fig. 4. Percent increase of PAH concentrationsaines exposed at the cemeteries (sites 2-5)
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Fig. 5. Statistical parameters describing the ithistion of PAH concentrations in moss samples eggos
at the cemeteries

Comparably large concentrations of BBF+BKF werenfibin moss samples collected
in the vicinity of chemical works DEZA a.s. in Vakke Mezirici - mean value 564 ng/g
[23]; and in moss samples exposed for 4 weeksearl_gaer Berg tunnel close to Vienna -
mean value 400 ng/g [16]. In both cases, the sbRBBF+BKF in ZPAH was less than
20%. Large values of absolute concentration incrésnef BBF+BKF (Fig. 5) along with
BBF+BKF share exceeding 50% determined in samptpssed at the cemeteries can be
characteristic of emission from burning candles aaddle lamps. This was confirmed by
a laboratory experiment in which moss samples weposed for 12 hours to smoke from
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randomly selected candles and candle lamps. Thé d¢ohcentration of PAHs in mosses,
¥PAH, increased by 5430 ng/g, and 73% of this amwaist BBF+BKF.

One should keep in mind that the qualitative andntjtative composition of PAHs
emitted from burning candles and candle lamps dkmenthe type of paraffin used by
various makers, impurities thereof, additives saghlyes, and material of flammable plastic
containers, if used. This is evidenced by the tesnibtained for samples exposed in the
randomly chosen areas of the cemeteries (Figs $and

An interesting conclusion stems from the compariebi?AH increments in samples
exposed in the Opole centre (site 1) and at tharbaln cemeteries (sites 2 and 3). The only
PAHSs considered were those whose concentrationsaaed in samples exposed in the city
but not in samples exposed at the cemeteries (tRésts were not included in Fig. 5).
Figure 6 shows the correlations obtained.
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Fig. 6. Increments of PAH concentrations in mossgmsed in the centre of Opole (site 1) and at the
cemeteries (sites 2 and 3)

The correlations in Figure 6 indicate one commoures® of PAHs absorbed in all
samples. The PAH concentrations determined deateiaséhe following order: the city
centre (site 1); the non-forested cemetery (siteaPd the forested cemetery (site 3).
Apparently, the pollutants originated in the citgntre only and dispersed to the city
suburbs. A forest cover on site 3 reduced theiodiépn. Similar role of a forest canopy
was demonstrated in a study on sorption of stablé &nd S isotopes in mosses [34].

Data for gaseous PAHSs in Figure 6, the null valliseegarded, could be approximated
with logarithmic functions (dashed lines). The etation coefficient R was: 0.978 for
ANT, FLU, FLA (which can also occur in the solidgse), PHE, ACY and ACE, on sites 1
and 2; and 0.987 for FLU, ACY and ACE on sites d 8n

At the present state of knowledge, the proposestpnétation of results presented in
Figure 6 is only a supposition. Further studiesrarpiired to fully explain the correlations
obtained.
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Conclusions

The results presented indicate that thess-bagmethod can be an effective and
inexpensive tool for evaluating the sources of P&hissions. Up to now, the moss-based
studies of the environmental pollution with PAH qooands were rather small by scale,
compared with similar studies of heavy-metal padlit The proper research procedures
have not been developed yet. Researchers utilisedus moss species which had different
sorption properties. The particular moss-bag methayplied differed in the exposition
time, shape and packing density of the bags, amdvidy the samples were placed. All the
differences given, the results obtained providedchminformation on PAHs in the
environment. For instance, the percent composiifoRAHs determined was characteristic
of a particular type of emission involved, and aaded the respective sources of the PAHs.
Our results showed that burning candles and cafatigps resulted in emission of
BBF+BKF, DAH, NAP, PYR, INP and BGP (the order @sponds to decreasing percent
share in the total emission), while PAHs normatlyiteed during combustion of coal stayed
at the background level.

For the sake of further research, the relationaiden absolute concentrations of PAHs
contained in atmospheric aerosols and accumulatewsses still remain unknown.
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WYKORZYSTANIE MCHOW DO IDENTYFIKACJI ZRODEL EMISJI
WIELOPIER SCIENIOWYCH W EGLOWODOROW AROMATYCZNYCH
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Abstrakt: Mchy Pleurozium schrebenivykorzystano do oceny emisji WWA na cmentarzachcgasSwicta
WszystkichSwictych. W Polsce jest to tradycyjny okres peonio zmarlych, dla ktérych uczczenia spalane s
duze ilosci $wiec i zniczy. Mchy eksponowano przez 7 dni na 4starzach oraz, dla poréwnania, w centrum
miasta i na terenie wiejskim. W prébkach mchéw @zaao 16 zwizkéw z grupy WWA. Po okresie ekspozycji
sredni przyrostZtWWA wyniést: na cmentarzach 455 ng/g i w centrumaste 689 ng/g. Nie stwierdzono
statystycznie istotnych zmian w prébkach ekspongelama terenie wiejskim. W prébkach eksponowanyah n
cmentarzach wykazano charakterystyczne przyrosgyerst naftalenu, pirenu, sumy benzo[b]fluorantrenu
i benzo[k]fluorantrenu, benzo[g,h,i]perylenu, indgh?2,3-cd]pirenu i dibenzo[a,h]antracenu. Stwiertz take
proporcjonalne przyrosty gfen pozostatych WWA w prébkach eksponowanych w centmimsta oraz na
2 cmentarzach patonych na jego peryferiach. Zaprezentowane wynikidaba potwierdzaa opinig

o maziwosciach zastosowania mchéw w biomonitoringu emisji YWW

Stowa kluczowe:WWA, zanieczyszczenigodowiska, metoda woreczkowa



