
Science of the Total Environment 580 (2017) 920–935

Contents lists available at ScienceDirect

Science of the Total Environment

j ourna l homepage: www.e lsev ie r .com/ locate /sc i totenv
Spatial and seasonal variations, sources, air-soil exchange, and
carcinogenic risk assessment for PAHs and PCBs in air and soil of Kutahya,
Turkey, the province of thermal power plants
Yetkin Dumanoglu a, Eftade O. Gaga b, Elif Gungormus c, Sait C. Sofuoglu c,d, Mustafa Odabasi a,⁎
a Department of Environmental Engineering, Faculty of Engineering, Dokuz Eylul University, Tinaztepe Campus, 35160 Buca, Izmir, Turkey
b Department of Environmental Engineering, Faculty of Engineering, Anadolu University, Iki Eylul Campus, 26555 Eskisehir, Turkey
c Department of Chemical Engineering, Izmir Institute of Technology, 35430 Gulbahce-Urla, Izmir, Turkey
d Department of Environmental Engineering, Izmir Institute of Technology, 35430 Gulbahce-Urla, Izmir, Turkey
H I G H L I G H T S G R A P H I C A L A B S T R A C T
• Air and soil PAH and PCB levels were
investigated around coal-fired power
plants

• It was shown that power plants are ma-
jor sources for PAHs and weak sources
for PCBs

• PAHs mainly deposited to soil in winter
while in summer they mostly volatilized

• For PCBs, volatilization was higher com-
pared to deposition in both seasons

• Generally, estimated carcinogenic risks
were below the acceptable risk level of
10−6
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Atmospheric and concurrent soil sampleswere collected duringwinter and summer of 2014 at 41 sites inKutahya,
Turkey to investigate spatial and seasonal variations, sources, air-soil exchange, and associated carcinogenic risks
of polycyclic aromatic hydrocarbons (PAHs) and polychlorinated biphenyls (PCBs). The highest atmospheric and
soil concentrations were observed near power plants and residential areas, and the wintertime concentrations
were generally higher than ones measured in summer. Spatial distribution of measured ambient concentrations
and results of the factor analysis showed that the major contributing PAH sources in Kutahya region were the
coal combustion for power generation and residential heating (48.9%), and diesel and gasoline exhaust emissions
(47.3%) while the major PCB sources were the coal (thermal power plants and residential heating) and wood
combustion (residential heating) (45.4%), and evaporative emissions from previously used technical PCB
mixtures (34.7%). Results of fugacity fraction calculations indicated that the soil and atmosphere were not in
equilibrium for most of the PAHs (88.0% in winter, 87.4% in summer) and PCBs (76.8% in winter, 83.8% in sum-
mer). For PAHs, deposition to the soil was the dominant mechanism in winter while in summer volatilization
was equally important. For PCBs, volatilization dominated in summer while deposition was higher in winter.
Cancer risks associated with inhalation and accidental soil ingestion of soil were also estimated. Generally, the
estimated carcinogenic risks were below the acceptable risk level of 10−6. The percentage of the population
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exceeding the acceptable risk level ranged from b1% to 16%, except, 32% of the inhalation risk levels due to PAH
exposure in winter at urban/industrial sites were N10−6.

© 2016 Elsevier B.V. All rights reserved.
1. Introduction

Polycyclic aromatic hydrocarbons (PAHs) are organic pollutants
having two or more fused aromatic rings. PAHs are prevalent in envi-
ronmental compartments like atmosphere, surface waters, sediment
and soil (Motelay-Massei et al., 2003; Kaya et al., 2012), which are car-
cinogenic and mutagenic even at low levels (Ravindra et al., 2008;
Wang et al., 2009). PAHs have natural (forest fires and volcanic activi-
ties) and anthropogenic sources (traffic, fossil fuel combustion, and
industrial processes) (Aydin et al., 2014; Wang et al., 2015). Anthropo-
genic PAHs have either pyrogenic or petrogenic origins. Petrogenic
sources are crude oil and petroleum products while pyrogenic PAHs
emitted from incomplete combustion of fuels like coal and wood in in-
dustries and power plants (Okedeyi et al., 2013).

Polychlorinated biphenyls (PCBs) are anthropogenic persistent or-
ganic pollutants (POPs) that are widespread, toxic, and persistent in
the environment, and could be transported to large distances (Biterna
and Voutsa, 2005). PCBs were extensively used in various industrial ap-
plications like capacitors, transformers, and paints over the period of
1930–1975 (Dyke et al., 2003; Badawy et al., 2010; Gueguen et al.,
2011). However, their production was discontinued and their use was
banned in many countries several decades ago. PCBs are emitted into
the environment from PCB containing wastes, open burning, waste in-
cineration, evaporation from PCB containing products and contaminat-
ed surfaces, and accidental spills to soil (Vallack et al., 1998; UNEP,
1999; Breivik et al., 2002). PCBs could also form during the combustion
of organic matter if chlorine is present (Weber et al., 2001). It was re-
ported that PCB emissions from the combustion of different fuels
(coal, wood, crude oil, gasoline/diesel) for industrial activities and
power generation contribute to their atmospheric levels (Dyke et al.,
2003; Biterna and Voutsa, 2005).

Coal is an important fuel for power generation in Turkey. Coal-fired
thermal power plants are potentially the main air pollution source in
Kutahya, Turkey, a province having two coal-fired power plants operat-
ing at their full capacities. PAHs already exist in coal but can also be
formed during the combustion processes. Coal combustion also leads
to the formation of PCBs (Lee et al., 2005). Therefore, it is important to
explore the levels and profiles of PAHs and PCBs in the vicinity of coal-
fired power plants (Sahu et al., 2009).

The public perception about poor air quality in Kutahya and associ-
ated health effects is that the thermal power plants are the source of
these problems. Since the air quality measurement studies are very lim-
ited even on conventional pollutants, and there has been no study in-
vestigating POP levels, an extensive sampling study covering the
whole province was planned to investigate the PAH and PCB levels in
the region. The specific objectives of this study were (1) to explore the
spatial distributions and seasonal variations of PAH and PCB levels in
air and soil, (2) to identify their possible sources, (3) to investigate
their air-soil exchange, and (4) to determine the exposure to PAHs
and PCBs and associated carcinogenic risks in Kutahya region, Turkey.

2. Materials and methods

2.1. Study region

The study area is Kutahya, a province in the Aegean region of Turkey,
located in the inner western part of the country (N 38°70′–39°80′; S
29°00′–30°30′). The province has a population of 571,554, of which
232,123 living in the City of Kutahya. The topography is characterized
with mountains and hills and lowlands lying in the Northwest-South-
east direction. The main pollutant sources in the region are traffic, resi-
dential heating and industrial activities (especially power plants and
mining). Coal is the primarily used fuel for residential heating and in-
dustrial activities due to its abundance aswell as proximity of the lignite
reserves around the city. Kutahya is characterized as a thermal power
plant city because of the presence of two thermal power plants within
the province (and within the sampling domain): Seyitomer Thermal
Power Plant (600 MW), 20 km; Tuncbilek Thermal Power Plant
(365MW), 50 km; and Orhaneli Thermal Power Plant (210MW), with-
in a neighboring province, 105 km away from the city center. Tuncbilek
Thermal Power Plant is also located in the close vicinity of the second
largest city of the province, Tavsanli. Other potential industrial sources
located within the study area are sugar, ceramic, food, transportation,
construction materials, boron mining and magnesite industries. All
sampling sites, industries, and residential areas within the studied re-
gion are shown in Fig. 1.
2.2. Sampling

Ambient air (n=82) and soil (n=82) samples were collected dur-
ing summer and winter periods at 41 sites (22 industrial/urban and 19
rural, Fig. 1). The sampling periods were: January 20–March 19, 2014
(winter) and June 02–August 05, 2014 (summer). Average air tempera-
tures were 6.2 and 21.5 °C for winter and summer samplings,
respectively.

Atmospheric samples were taken via polyurethane foam (PUF) disk
passive air samplers (PAS). PUF disks (14 cm diameter, 1.35 cm thick,
365 cm2 surface area, 0.0213 g/cm3 density, 4.40 g mass, and 207 cm3

volume) were placed in a stainless steel chamber made of two stain-
less-steel domes (top dome diameter 30 cm, bottom dome diameter
20 cm). Prior to sampling, depuration compounds (DCs) (13C-PCB 3,
13C-PCB 9, 13C-PCB 15, PCB 30, PCB 107, and PCB 198), 17.5–20 ng per
sample (dissolved in 10 mL hexane) were spiked into PUF disks to de-
termine the compound-specific sampling rates. Then, hexanewas evap-
orated using an N2 stream and PUFs were stored for ~1 week in their
containers (pre-cleaned glass jars) in a freezer.

Surface soil sampleswere taken from the top 5 cm. Equivalent quan-
tities of 10 sub-samples taken from an ~100m2 areawere integrated for
each site. Then, the samples were passed through a 2.0 mmmesh sieve.
About 10 g of soil sampleswas used formoisture content determination
while 5 g of soil samples was used for PAH and PCB analysis. Soil total
organic carbon (TOC) amounts were measured with a Total Organic
Carbon Analyzer (Shimadzu, TOC-VCPN).
2.3. Sample processing

Before extraction, PAH and PCB surrogate standards dissolved in
0.5 mL hexane were added to all samples. Soxhlet extraction was ap-
plied for 12 h with 1:1 acetone:hexane (ACE:HEX) to ambient air
PUFs. Soil samples (5 g) were soaked in 20 mL of 1:1 ACE:HEX over-
night. Then, they were extracted for 30 min in an ultrasonic bath. The
extract volumes were concentrated to 2 mL and they were exchanged
into HEX utilizing a rotary evaporator and a stream of N2. Samples
were cleaned up and divided into two fractions using an alumina-silicic
acid column packed with 3 g silicic acid (4.5% water) and 2 g alumina
(6% water). PCBs were eluted with 35 mL petroleum ether (Fraction
1) while PAHs were eluted with 20 mL dichloromethane (Fraction 2).



Fig. 1. Locations of the sampling sites (n = 41), industrial activities, and residential areas in the study region.
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Extract solvents were switched into HEX and their volumewas concen-
trated to 1 mL under a stream of N2.

2.4. Instrumental analysis

All samples were analyzed for 16 PAHs and 41 PCBs (see the Supple-
mentary data for the analyzed compounds/congeners) using an Agilent
6890N gas chromatograph (GC)-mass spectrometer (Agilent 5973 inert
MSD) at electron impact ionization and selected ion monitoring mode
(SIM). An HP5-MS capillary column (30 m, 0.25 mm, 0.25 μm)was uti-
lized for the analysis and heliumwas the carrier gas. Fraction 1 was an-
alyzed for PCBs. Then, for PAH analysis equal volumes of Fraction 1 and
2weremixed and analyzed as lighter PAHs are eluted in part with Frac-
tion 1. The identification of PAH compounds and PCB congeners was
based on their retention times, target and qualifier ions, and their quan-
tificationwas performedusing internal standard calibration. Further de-
tails on sample processing and analysis have been reported previously
(Cetin et al., 2007; Bozlaker et al., 2008a; Bozlaker et al., 2008b;
Odabasi et al., 2009).

2.5. Quality assurance/quality control

Following surrogate standard recoveries (average ± SD) were ob-
served for air and soil samples: 71.6 ± 11.4% (soil)-73.3 ± 12.4% (air)
for acenaphthene-d10, 74.3 ± 10.6% (soil)-80.6 ± 14.9% (air) for phen-
anthrene-d10, 78.9 ± 13.9% (air)-82.4 ± 14.9% (soil) for chrysene-d12,
78.3 ± 13.7% (air)-80.6 ± 17.9% (soil) for perylene-d12, 65.7 ± 10.5%
(soil)-80.7 ± 13.4% (air) for PCB-14, 67.5 ± 12.0% (soil) 82.9 ± 13.0%
(air) for PCB-65, 64.7 ± 14.5% (soil)-73.9 ± 13.4% (air) for PCB-166.
For 1 μL injection, instrumental detection limits (IDL) were 0.15 and
0.10 pg for PAHs and PCBs, respectively. PAH and PCB levels in blank
samples (n=3 for each sample type) were also determined. Definition
of the method detection limit (MDL) was: MDL = Mean blank
value + 3SD. For the compounds that could not be detected in blank
samples, IDLs were substituted. The mean analyte quantities in blanks
were generally b5% of the sample quantities. Sample amounts above
theMDLwere quantified and theywere corrected by subtracting the av-
erage blank levels from those in samples.

Sampling rates (R, m3 day−1) for air samples determined using the
loss of spiked DC amounts varied from 0.73 to 5.15 m3 day−1 (2.20 ±
0.80 m3 day−1, average ± SD) for winter, 2.54 to 5.72 m3 day−1

(3.56 ± 0.72 m3 day−1, average ± SD) for summer. The effective air
sampling volumes (Vair, m3) for individual PAHs and PCBs for the sam-
pling periods were estimated using the method developed by Shoeib
and Harner (2002). Sampling rate and effective sampling volume calcu-
lations were detailed by Kaya et al. (2012). For the calculation of Vair, it
was assumed that the sampling rates for both gas-phase and particle-
phase compoundswere similar (Harner et al., 2014;Harner et al., 2013).
2.6. Estimation of gas-phase concentrations

PUF disk passive air samplers mainly target gas-phase compounds.
However, recent studies have implied that they also collect particles,
the sampling rates are typically in the range 4 ± 2 m3 day−1 both for
gas-and particle-phase compounds, and consequently these samplers
measure total (gas + particle phase) concentrations (Markovic et al.,
2015; Harner et al., 2014; Harner et al., 2013). Since gas-phase concen-
trations are needed to assess air-soil gas exchange of pollutants, atmo-
spheric total (gas + particle phase) PAH and PCB levels measured
with passive samplers were used to estimate the gas-phase concentra-
tions in the present study.
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Distribution of semivolatile organic compounds between the gas
and particle phases is explained using the gas-particle partition coeffi-
cient, Kp (m3 μg−1) (Harner and Bidleman, 1998):

Kp ¼ Cp=CTSP
� �

=Cg ð1Þ

where Cp and Cg are the concentrations in the particle and gas-phases,
respectively (ngm−3), and CTSP is the atmospheric total suspended par-
ticulate concentration (μg m−3).

The octanol-air partition coefficient (KOA) and organic matter
fraction of particles (fOM) were used to estimate Kp assuming that the
major distribution route is absorption (Harner and Bidleman, 1998):

logKp ¼ logKOA þ log f OM−11:91 ð2Þ

Gas-phase concentrations were estimated as:

Cg ¼ Ct 1− Kp CTSP
� �

= 1þ Kp CTSP
� �� �� � ð3Þ

where Ct is the total (gas + particle phase) concentration measured
with the PUF disk passive air sampler.

Temperature (T) dependent KOA values of the PAHs and PCBs (log
KOA = A+ B/T) were calculated using the constants (A and B) reported
by Odabasi et al. (2006a), Odabasi et al. (2006b), Harner and Bidleman
(1996), Chen et al. (2002), Zhang et al. (1999). Recently measured
PM10 concentrations at two sites (urban and rural) in Kutahya and
their organic carbon (OC) content was used for the calculation of Kp

and gas-phase fractions at different sites based on their classification
(i.e., urban/industrial, rural). PM10 concentrations were 34.8 ±
30.3 μg m−3 and 52.7 ± 36.6 μg m−3 while OM fractions were
0.39 ± 0.20% and 0.53 ± 0.19% at the urban and rural sites, respective-
ly (Gaga, 2016). OM fraction was assumed to be 1.5 times the OC
fraction.

2.7. Calculation of fugacity fractions

Air-soil gas exchange of PAHs and PCBs is an important transport
mechanism since some compounds partition substantially to gas-
phase. Fugacity is a quantity of chemical potential of a pollutant in a spe-
cific compartment that drives its transfer between media (Meijer et al.,
2001). The equilibriumpartitioning of a pollutant between air and soil is
described by the soil-air partition coefficient, KSA (dimensionless) as
follows (Meijer et al., 2003):

KSA ¼ Cs ρs

Cg
ð4Þ

where CS is the soil concentration (ng kg−1, dry weight), ρs is the soil
solid density (kg m−3), and Cg is the atmospheric gas-phase concentra-
tion (ng m−3).

KSA depends on temperature, physicochemical properties of pollut-
ant, and soil properties (i.e., humidity, organic carbon content) (Meijer
et al., 2003). Absorption to the organic carbon fraction is the primary
mechanism for partitioning of POPs to soil (Harner et al., 2000).
Hippelein and McLachlan (1998) derived a linear relationship that
correlates KSA to octanol-air partition coefficient (KOA) and the organic
carbon fraction of the soil:

KSA ¼ 0:411 ρs ∅OC KOA ð5Þ

where ρs is the soil solid density (kg L−1) and ϕOC is the fraction of or-
ganic carbon on a dry soil basis. In the calculation of KSA, it is assumed
that the soil fugacity capacity results fully from the organic carbon frac-
tion (Bidleman and Leone, 2004; Meijer et al., 2001).
Soil fugacity fractions [fS/(fS + fA)] were calculated to assess the di-
rection of exchange of individual PAHs and PCBs between the soil and
air interface as:

f S= f S þ f Að Þ ¼ Cs ρs=KSAð Þ= Cs ρs=KSAð Þ þ Cg

h i
ð6Þ

Fugacity fractions for individual PAHs and PCBs were calculated
using Eqs. (3)–(6) to determine their direction of air-soil exchange.
Temperature (T) dependent KOA values of the PAHs and PCBs (log
KOA = A + B/T) were determined using the parameters (A and B)
given by Odabasi et al. (2006a), Odabasi et al. (2006b), Harner and
Bidleman (1996), Chen et al. (2002), Zhang et al. (1999). The average
organic carbon content of soil samples was measured as 3.50 ± 1.81%
(average±SD, in drymass). Themeasured average density of soil solids
(2.0 ± 0.1 g cm−3, n = 6) was used for fugacity fraction estimations.

2.8. Factor analysis

Factor analysis was used to explore the sources of PAHs and PCBs
(SPSS version 20.0 for Windows, SPSS Inc.). The input variables were
the atmospheric PAH and PCB levels determined by the passive sam-
pling. All the PAH compounds were detected almost in every sample
and theywere included in the analysiswhile 21 PCBs thatwere detected
in majority of the samples (N70%) were included. Below detection limit
values were replaced with 1/2 of the MDL. The extraction method was
principal component analysis while Varimaxwith Kaiser Normalization
was the rotation method. Only major principal components (PCs) were
retainedwith eigenvalues N1.0 and significant clusters defined by factor
loading coefficients N0.5.

2.9. Exposure and risk assessment

Exposure for the routes of inhalation and accidental soil ingestion
was assessed, and carcinogenic health risk assessment was conducted.
As an estimation of inhalation exposure, the following equation recom-
mended by USEPA (2011) was used:

∑
J

j
iCDI ¼ Cj � IR � ED� EF

BW� AT
ð7Þ

where Cj is the BaP equivalents (BaPeq) for each PAH compound concen-
tration or concentration of eachnon-dioxin like PCB congener or 2,3,7,8-
tetrachlorodibenzo-p-dioxin toxic equivalents for each dioxin-like PCB
congener (ngm−3), IR is inhalation rate (m3 day−1), ED is exposure du-
ration (yr), EF is exposure frequency (days yr−1), BW is body weight
(kg), AT is averaging time (ED × 365 days yr−1), and iCDI is inhalation
chronic daily intake (ng kg−1 day−1). Concentrations of targeted
PAHs and dioxin-like PCBs (PCB 105, 118, 156, and 169)were converted
to BaPeq and 2,3,7,8-tetrachlorodibenzo-p-dioxin toxic equivalents, re-
spectively, by using toxic equivalent factors (TEFs) proposed by Nisbet
and LaGoy (1992), Larsen and Larsen (1998), USEPA (2002a), and
USEPA (2010), shown in Table S1. Although some data for Turkish peo-
ple living in urban settings are available in the literature, no time bud-
gets have been determined for people living in rural areas. Therefore,
time spent daily indoors at home, other indoor locations, outdoors,
and in vehicles for the urban and rural adult population was taken
from literature (Matz et al., 2015). Average hours per day spent in
each microenvironment by different activity levels (resting, light, mod-
erate, and heavy) for all age groups were taken from USEPA (2011).
These two data sets were combined to obtain daily time spent by rest-
ing, light, moderate, and heavy activities in indoor, outdoor, and in vehi-
cle environments. The intake rates as a function of activity, reported in
EPA Exposure Factor Handbook (USEPA, 2011), were multiplied with
the calculated daily time spent by different activity levels in eachmicro-
environment. Finally, the inhalation rate for adults living in rural and
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urban/industrial sites were estimated as 16.63 and 15.71 m3 day−1, re-
spectively. Distribution of BW (lognormal distribution; mean =
65.56 kg, standard deviation = 13.02 kg) was taken from Kavcar et al.
(2006). ED was assumed as 70 years for lifetime exposure and EF was
180 days yr−1 for both winter and summer.

CDI was also calculated as an estimate of accidental soil ingestion
exposure for Σ16PAHs and Σ41PCBs (ATSDR, 2005):

∑
K

k
siCDI ¼ Ck � IR� AF� ED� EF� CF

BW� AT
ð8Þ

where Ck is the BaP equivalents (BaPeq) for each PAH compound in soil
or concentration of each nondioxin like PCB congener in soil or 2,3,7,8-
tetrachlorodibenzo-p-dioxin toxic equivalents for each dioxin-like PCB
congener in soil (μg kg−1), IR is soil ingestion rate (mg day−1), AF is
absorption factor for the gastrointestinal tract (dimensionless), ED is
exposure duration (yr), EF is exposure frequency (days yr−1), CF is con-
version factor (10−6 kg mg−1), BW is body weight (kg), AT is averaging
time (ED × 365 days yr−1), siCDI is accidental soil ingestion chronic
daily intake (μg kg−1 day−1). Similar to the calculation of inhalation ex-
posure, the concentrations of the targeted PAH compounds and dioxin-
like PCBs were converted to BaPeq and dioxin toxic equivalent by using
their individual TEF values. Distribution of soil ingestion rate for adults
(uniform distribution; minimum = 0 mg/day, maximum =
130 mg day−1) was taken from USEPA (2002b). AF was assumed as 1
as recommended by Health Canada (2004). EF, ED, BW, and AT are the
same as used in the calculation of inhalation exposure.

Cancer risks associated with inhalation and accidental ingestion ex-
posure to Σ16PAHs and Σ41PCBs were calculated by using Eq. (9)
(USEPA, 2005; USEPA, 1996). The total carcinogenic risk for PCBs was
calculated as the summation of risk levels due to dioxin-like andnon-di-
oxin-like PCBs.

R ¼ CDI� SF ð9Þ

where R is excess cancer risk, SF is slope factor of the contaminants. All
SF values were taken from CalEPA (2015) and USEPA (2007), tabulated
in Table S2.

Monte Carlo simulationwas carried out for the population exposure/
risk assessment by using Crystal Ball software (v 4.0e). Statistical sam-
pling techniques are used in this simulation to approximate output of
a model or a mathematical equation probabilistically. A probability dis-
tributionwasfitted to each input variable of the exposure-riskmodel by
testing eight continuous distributions, and ranking them by goodness-
of-fit tests (Kolmogorov-Smirnov (KS) and Anderson-Darling (AD)).
The simulationwas run 10,000 times, creating a sample of estimated ex-
posure/risks, for which a probability distribution is fitted as explained
above. The simulation software was also used to estimate uncertainty
associated with the Monte-Carlo process by using bootstrap analysis
with 200 simulations of 1000 trials each.

3. Results and discussion

3.1. Spatial distribution and seasonal variations of atmospheric PAHs and
PCBs

Atmospheric PAH and PCB levels are presented in Tables S3 and S4.
Σ16PAH levels observed in the present study were greatly variable
(9.71–1164.5 ng m−3) in winter and (3.04–131.7 ng m−3) in summer.
Fig. 2 shows the spatial variation of atmospheric PAH levels (ng m−3)
for summer and winter periods. Atmospheric total PAH concentrations
were comparable to those measured in other industrial areas in Turkey
(Odabasi et al., 2015; Odabasi et al., 2016). PAH concentrations were
significantly higher in winter (p b 0.01) especially at residential sites,
suggesting that concentrations observed inwinterweremainly contrib-
uted by residential heating emissions (Odabasi et al., 2006a; Vardar et
al., 2008; Aydin et al., 2014). For all periods, site-average Σ16PAH con-
centrations were approximately 10 times higher near power plants
and residential sites compared to non-residential sites. Similar observa-
tions have been reported by recent studies (Okedeyi et al., 2013; Wang
et al., 2015).

Low to medium molecular weight compounds (i.e., phenanthrene,
fluorene, fluoranthene, and pyrene) dominated the Σ16PAH concentra-
tions measured in ambient air (Table S3). Those low molecular PAH
compounds have been found as dominant PAHs in Turkey and all
around the world (Bozlaker et al., 2008a; Sahu et al., 2009; Kaya et al.,
2012; Demircioglu et al., 2011; Okedeyi et al., 2013; Wang et al., 2015).

Σ41PCB concentrations were also highly variable and ranged be-
tween 19.6 and 675.1 pgm−3 inwinter and 31.6–230.2 pgm−3 in sum-
mer. On the average, atmospheric PCB concentrations were 1.5 times
higher in winter compared to those measured in summer (Fig. 3). This
suggests that increased coal combustion due to residential heating
may have contributed to wintertime PCB levels (Biterna and Voutsa,
2005). However, it should also be noted that decreasing mixing height
during winter may cause increasing pollutant concentrations. The
highest concentrations were observed at sites which are impacted by
both residential areas and power plants whereas the lowest ones were
measured in rural sites. The concentrations of PCBs in this study were
within the range reported for urban and power plant areas (Biterna
and Voutsa, 2005; Bozlaker et al., 2008b; Odabasi et al., 2008) while
they were lower than those observed in industrial areas (Odabasi et
al., 2015; Odabasi et al., 2016). Low molecular weight congeners (PCB-
17, 18, 28, 31, 33, 44, 49, and 52) dominated the Σ41PCB concentrations
in both seasons (Table S4).

3.2. Spatial distribution and seasonal variations of soil PAH and PCB
concentrations

PAH and PCB levels determined in soil samples are presented in Ta-
bles S5 and S6. Σ16PAH concentrations in soil ranged between 56 and
3114.2 μg kg−1 in winter, 36.47 to 1435.4 μg kg−1 (dryweight) in sum-
mer. Similar to wintertime and summertime atmospheric levels, the
highest soil PAH levels were measured near the power plants and resi-
dential areas (Fig. 4). On the average, soil PAH concentrations were 2.3
times higher in winter compared to those measured in summer. Lower
soil PAH concentrationsmeasured in summer could be attributed to loss
of PAHs from soil via volatilization under substantially lower atmo-
spheric concentrations and higher temperatures during summer (see
Section 3.4). Other possible loss mechanisms from soil are biodegrada-
tion, photolysis, and chemical degradation that are more effective dur-
ing summer (Ayris and Harrad, 1999; Ukiwe et al., 2013). However, in
the present study it is not possible to assess the extent of PAH loss
from soil due to these mechanisms. Total PAH concentrations in soil
samples taken from the surroundings of power plants were higher
than those measured in a recent study conducted in a South Africa
power plant area (Okedeyi et al., 2013) and comparable to those
measured in other industrial areas in Turkey (Odabasi et al., 2010;
Odabasi et al., 2015; Odabasi et al., 2016). Medium to high molecular
weight compounds (phenanthrene, fluoranthene, pyrene, chrysene,
benzo[b]fluoranthene, benzo[k]fluoranthene) were prevalent for soil
Σ16PAHs.

Σ41PCBs in soil varied from 0.50 to 8.30 μg kg−1 in winter, 1.20 to
9.90 μg kg−1 (dry weight) in summer. The seasonal variation of soil
Σ41PCB concentrations in the study area was not substantial with an
overall winter/summer ratio of 1.16. Soil PCB levels were similar to pre-
viouslymeasured values in this area (Gedik and Imamoglu, 2011) while
they were lower than the mean PCB levels observed in other industrial
areas of Turkey (Odabasi et al., 2010; Kaya et al., 2012). Generally,
higher values were measured around power plants and residential
areas (Fig. 5). Unlike the air concentrations, there were not any
dominant PCB congeners measured in soil samples during winter and
summer periods.



Fig. 2. Spatial distribution of atmospheric Σ16PAH concentrations (ng m−3) in Kutahya region.
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Fig. 3. Spatial distribution of atmospheric Σ41PCB concentrations (pg m−3) in Kutahya region.
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Fig. 4. Spatial distribution of soil Σ16PAH concentrations (μg kg−1) in Kutahya region.
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Fig. 5. Spatial distribution of soil Σ41PCB concentrations (μg kg−1) in Kutahya region.
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3.3. Sources

The spatial distribution of atmospheric and soil PAH and PCB con-
centrations points out that the primary sources of these pollutants in
Kutahya region were power plants and residential areas. Possible PAH
and PCB sources further explored by factor analysis.

Two factors were obtained for PAHs explaining 96.2% of the total
variance. The first factor (48.9% of the variance) was highly loaded on
acenaphthylene, acenaphthene, fluorene, phenanthrene, anthracene,
carbazole, fluoranthene, and pyrene, and moderately loaded on
benzo[a]anthracene, chrysene, and benzo[k]fluoranthene (Fig. 6). Car-
bazole is a nitrogen containing compound found in fossil fuels (i.e.,
coal, and crude oil) and it is mainly released from coal combustion
(Odabasi et al., 2006b; Okedeyi et al., 2013; Pergal et al., 2013; Aydin
et al., 2014;Wang et al., 2015). Fluoranthene, acenaphthene and pyrene
have been used as coal combustion markers (Tian et al., 2009; Wang et
al., 2009; Sahu et al., 2009; Lin et al., 2013). Chrysene was also reported
as a marker for coke ovens and biomass/coal combustion (Wang et al.,
2013; Yang et al., 2013). Anthracene, phenanthrene, fluoranthene,
pyrene, and chrysene were identified as source fingerprints of wood
combustion (Khalili et al., 1995). Therefore, this factor represents indus-
trial (i.e., powerplants) and residential biomass and coal combustion
emissions. The second factor (47.3% of the variance) was dominated
by high molecular weight PAHs, i.e., benz[a]anthracene, chrysene,
benzo[b]fluoranthene, benzo[k]fluoranthene, benzo[a]pyrene, indeno
[1,2,3-cd]pyrene, dibenz[a,h]anthracene, and benzo[g,h,i]perylene.
Motelay-Massei et al. (2003) suggested that indeno[1,2,3-cd]pyrene
and dibenz[a,h]anthracene are markers for vehicular exhausts. Low
volatility PAHs such as indeno[1,2,3-cd]pyrene, dibenz[a,h]anthracene,
and benzo[g,h,i]perylene are mainly emitted from diesel exhaust
(Callen et al., 2012). Benzo[a]pyrene, indeno[1,2,3-cd]pyrene,
dibenz[a,h]anthracene, and benzo[g,h,i]perylene were also reported as
Fig. 6. Results of factor analysis for
markers of gasoline exhaust emissions (Tian et al., 2013; Aydin et al.,
2014). Therefore, this factor was attributed to diesel and gasoline ex-
haust emissions.

Three principal components were obtained for PCBs explaining
80.1% of the total variance (Fig. 6). The first factor (45.4% of the vari-
ance) had high loadings on PCB-17, PCB-18, PCB-28, PCB-31, PCB-33,
PCB-49 and PCB-52 while it was moderately loaded on PCB-70, PCB-
95, PCB-101, PCB-99 and PCB-110. Lee et al. (2005) have reported that
coal and hardwood combustion emissions are dominated by PCB-49,
PCB-52, PCB-28, PCB-44, PCB-101, PCB-110, and PCB-118. Also consid-
ering that the highest PCB levels were observed at sites near the
power plants and residential areas, this factor was attributed to coal
(thermal power plants and residential heating) and wood combustion
(residential heating).

The second factor (25.5% of the variance) was primarily associated
with highly chlorinated biphenyls (PCB-101, PCB-110, PCB-118, PCB-
138, PCB-149, PCB-151, PCB-156 PCB-180, and PCB-187) while the
third factor (9.2% of the variance) indicated high correlations for PCB-
44, PCB-74 and PCB-156. These compounds are the main components
of technical PCB mixtures (Aroclor 1254, 1260 and Kanechlor 600)
(Takasuga et al., 2005; Takasuga et al., 2006; Jin et al., 2012). Therefore,
factors 2 and 3 were ascribed to evaporative emissions from previously
used technical PCB mixtures. In a previous study around Seyitomer
power plant in Kutahya, technical mixtures were also identified as pos-
sible sources of PCBs based on soil sampling and Chemical Mass Balance
modeling (Gedik and Imamoglu, 2011).

3.4. Air-soil exchange

The soil fugacity fraction [fS/(fS + fA)] N0.5 implies net contaminant
volatilization from soil, values b0.5 indicate net gas-phase deposition
from air while in case of equilibrium, fS/(fS + fA) value is ~0.5. The
atmospheric PAHs and PCBs.



Fig. 7. Soil fugacity fractions of PAHs at different sampling sites. The solid horizontal line
represents equilibrium and dashed lines indicate the uncertainty range.
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uncertainty of the calculated fugacity fractions was estimated using a
propagated error analysis. Uncertainty in KSA values was estimated as
b25%. The uncertainties of Cg and CS were taken as 15% (Bozlaker et
al., 2008a; Bozlaker et al., 2008b). It should be noted that the estimation
of gas-phase concentrations as described in Section 2.7 introduces
additional errors that could not be assessed easily. Previously collected
atmospheric concentration data in Izmir region based on active
sampling (Odabasi et al., 2008; Bozlaker et al., 2008a; Bozlaker et al.,
2008b; Demircioglu et al., 2011) was evaluated in terms of the
partitioning model used in the present study. It was found that the
modeling errors are variable for different compounds having different
volatilities and for sample sets collected at different locations (i.e., sub-
urban, urban). Model performs well (errors 1.0–20%) for compounds
with log KOA values b9.0 while errors increase up to ~50% for those
with log KOA values N12.0. Variability based on site characteristics does
not allow assigning certain values for modeling errors associated with
Cg. If a conservative modeling error of 50% is taken into account, error
propagation related to estimation of fS/(fS+ fA) implies that the equilib-
rium is denoted by a fraction of 0.5 ± 0.14 (a range of 0.36–0.64).

The fugacity fractions ofmajority of the PAHs (88.0% inwinter, 87.4%
in summer) and PCBs (76.8% in winter, 83.8% in summer) fell outside
this uncertainty range showing that for these compounds the soil and
ambient air were not in equilibrium (Figs. 7 and 8). For PAHs, the num-
ber of the cases implying deposition in winter (65.6%) was higher than
volatilization (22.3%). However, in summer there was not a dominant
mechanism for PAHs (43.2% volatilization, 44.3% deposition). For PCBs,
number of cases implying volatilization in summer (59.1%) was higher
compared to those for winter (35.3%) while deposition was higher in
winter (41.5%) compared to summer (24.7%).

During summer, fugacity fractions for acenaphthylene, acenaphthene,
fluorene, phenanthrene, anthracene and carbazole were generally N0.64
showing net volatilization while the fractions for fluoranthene and
pyrene implied volatilization at some sites and deposition for the
others. The rest of the PAHs deposited to soil (Fig. 7). During winter,
acenaphthylene, acenaphthene, and fluorene were generally N0.64
showing net volatilizationwhile the fractions for phenanthrene, anthra-
cene, and carbazole showed volatilization at some sites and deposition
for the others, while the remaining PAHs deposited to soil.

Fugacity fractions for low molecular weight PCBs (i.e., PCB-17, 18,
28, 33, 52, 49, 44, and 70) were in general N0.64 during summer show-
ing net volatilization while the fractions for a few higher chlorinated
congeners (i.e., PCB-118, 138, 187, and 180) indicated deposition
(Fig. 8). Most of the low molecular weight PCBs continued to volatilize
in winter. On the other hand, the number of congeners indicating
deposition only increased from four to seven (i.e., PCB-95, 101, 149,
118, 138, 187, and 180). Results of the fugacity calculations indicated
that during the year local soils generally act as a sink for medium to
low volatility PAHs and PCBs and as a source for high volatility ones.
Soil also becomes a source during summer for some medium to high
volatility compounds.

3.5. Population exposure and carcinogenic risks

Monte Carlo simulation was implemented to estimate population
carcinogenic risks associated with inhalation and accidental soil inges-
tion exposure routes. Exposure and risks were estimated for rural and
urban/industrial sites separately, and for the whole dataset (rural +
urban/industrial sites) in winter and summer. Fitted distributions for
each input variable to the two exposure models, the estimated expo-
sures, and their parameter values are presented in Table S7.

The estimated 95th percentile inhalation and accidental soil inges-
tion exposure for Σ16PAHs varied from 0.04 to 0.99 ng kg−1 day−1

and from 5.71 × 10−6 to 3.19 × 10−4 μg kg−1 day−1, respectively,
among the sampling sites (Table 1). The ranges were 0.03 to
0.06 ng kg−1 day−1 and 3.15 × 10−6 to 5.66 × 10−6 μg kg−1 day−1

for Σ41PCBs, respectively. The median and 95th percentile inhalation
and accidental soil ingestion exposure to Σ16PAHs and Σ41PCBs were
mostly found at higher levels in colder period compared to the warmer
period, and in urban/industrial sites compared to rural sites, especially
for Σ16PAHs. Estimated risk frequency histograms due to inhalation
and accidental soil ingestion risks of Σ16PAHs and Σ41PCBs are given in
Figs. 9, 10, S1 and S2 for each period (summer and winter) and each
site (rural, urban/industrial, rural + urban/industrial). The calculated
cancer risks associatedwith the two exposure routes, inhalation and in-
gestion of soil for Σ16PAHs at the 95th percentile ranged from
1.62 × 10−7 to 4.03 × 10−6 and from 6.85 × 10−8 to 3.52 × 10−6, re-
spectively. The seasonal differences showed that all the estimated
risks due to both of the routes in winter are higher than those in sum-
mer. The estimated median and 95th percentile risks for Ʃ16PAHs



Fig. 8. Soil fugacity fractions of PCBs at different sampling sites. The solid horizontal line
represents equilibrium and dashed lines indicate the uncertainty range.
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were found at higher levels in urban/industrial sites compared to rural
sites, except the 95th percentile inhalation risks for summer
(1.90 × 10−7 in rural sites and 1.62 × 10−7 in urban/industrial sites).
In five Asian countries (China, India, Japan, Korea, and Vietnam), a
large-scale monitoring program was established in 2012–2013, and
lung cancer risks associated with inhalation exposure to PAHs were es-
timated (Hong et al., 2016). The mean estimated lifetime excess inhala-
tion cancer riskswere reported as 27.8 × 10−6 for China, 1.36× 10−6 for
Japan, 2.45 × 10−6 for South Korea, 21.8 × 10−6 for Vietnam, and
9.10 × 10−6 for India, by using a unit risk of 1.1 × 10−6 per ng m−3.
All of the average lung cancer risk levels were higher than those report-
ed in the present study. There are only three studies conducted in
Turkey, estimating the carcinogenic inhalation risk due to PAHs (Gaga
et al., 2012; Gungormus et al., 2014; Ugranli et al., 2016). Gungormus
et al. (2014) assessed inhalation and dermal risk levels of PAH exposure
during a heating period at a site in the city of Balikesir, Turkey. The inha-
lation risk level was recorded in the range from 1.32 × 10−7 to
2.23 × 10−4. Ugranli et al. (2016) analyzed the air samples collected
throughout a year (May 2003–April 2004) in a suburban site in Izmir.
The 95th percentile carcinogenic risks due to PAH exposure was found
as 3.66× 10−6 in heating period and 9.08 × 10−7 in non-heating period.
The SF values used in these studies were the same as one used in the
present study. The risk levels reported in this study show similarities
with those reported by Ugranli et al. (2016), while they are lower
than those reported by Gungormus et al. (2014), and much more
lower than those by Gaga et al. (2012) who employed a BaP unit risk
value of 8.7 × 10−5 per ng m−3. Yu et al. (2014) determined PAHs in
69 surface soil samples collected from Hangzhou urban districts in
China. Similar to this study, the risk levels associated with exposure to
soil borne PAHs were found in the range of 4.62 × 10−8 to
2.97 × 10−6 with a mean of 3.75 × 10−7.

The estimated 95th percentile risk levels for Σ41PCBs ranged from
5.37 × 10−8 to 3.47 × 10−6 due to inhalation exposure and from
6.60 × 10−9 to 1.16× 10−8 due to accidental soil ingestion exposure, re-
spectively. The estimated inhalation risk levels in colder period are
higher than those in warmer period especially at the 95th percentile,
whereas they were similar for accidental soil ingestion. The inhalation
risk due to Ʃ41PCBs were found at similar levels at rural and urban/in-
dustrial sites when medians are considered, whereas higher 95th per-
centile risk levels were calculated at rural sites due to much higher
total dioxin-like PCB concentrations in air at three of the 18 rural sites
inwinter, skewing the concentration, exposure, and distributions. How-
ever, comparison of the dioxin-like PCB air concentrations between
rural and urban/industrial sites indicate that themedians are not signif-
icantly different (Mann-Whitney test, p = 0.30). Zhang et al. (2013)
have investigated the spatial distribution of Ʃ6PCBs in the atmosphere
of urban, urban–rural transition, and rural sites in Yangtze River Delta,
China. Lifetime cancer risks for PCBs associated with inhalation expo-
sure were found as 0.127 × 10−6, 0.129 × 10−6, and 0.070 × 10−6 for
urban, urban–rural transition, and rural dwellers, respectively. Thus,
the spatial differences were in the order of urban≈ urban-rural transi-
tion N rural sites. The carcinogenic risk levels due to PCB inhalation ex-
posure route was estimated in only one study conducted in Turkey by
Ugranli et al. (2016). The 95th percentile carcinogenic inhalation risks
in heating and non-heating periods were reported as 9.64 × 10−8 and
1.81 × 10−7, respectively. Lu and Liu (2015) collected surface soil sam-
ples from 23 city parks (8 urban and 15 suburban) in Xi'An, China. The
reported 95th percentile cancer risks due to inhalation and ingestion
of PCBs in soil were 0.025 × 10−9 and 0.011 × 10−6, respectively. Sim-
ilarly, the most of the estimated carcinogenic risks in the present study
were lower than the acceptable risk level of 10−6. The percentage of the
population exceeding the acceptable risk level ranged from b1% to 16%.
As an exception, the 32% of the inhalation risk levels due to PAH expo-
sure in winter in urban/industrial sites were found as N10−6, with the
maximum risk level of 6 × 10−6, not reaching 10−5, the acceptable
risk level preferred for some pollutants or by some countries (Kavcar
et al., 2006).

Uncertainties arising from the Monte Carlo process were estimated
using bootstrap analysis. The estimated uncertainties for each period
in rural+ urban/industrial sites are given in Table S8. Coefficient of var-
iation (CV) for inhalation PAH and PCB exposure for both of the sam-
pling periods were calculated as b6% for the median and mean, while
this value was in the range from 3% to 7% for ingestion exposure, indi-
cating the uncertaintieswere low. As an exception, CV for PAH ingestion
exposure in winter was calculated as 27% for the mean.

4. Conclusions

Atmospheric and concurrent soil samples were collected during two
seasons in 2014 (winter and summer) at 41 sites in Kutahya, Turkey to



Table 1
The estimated mean and 95th percentile inhalation and accidentally soil ingestion exposure and risk for Ʃ16PAHs and Ʃ41PCBs.

Inhalation Route Accidental Soil Ingestion Route

Median 95th percentile Median 95th percentile

Pollutant (Sampling Site/Period) CDI Risk CDI Risk CDI Risk CDI Risk

Σ16PAHsa (Rural/Winter) 0.03 1.21 × 10−7 0.12 4.66 × 10−7 1.65 × 10−6 1.98 × 10−8 1.27 × 10−5 1.53 × 10−7

Σ16PAHs (Rural/Summer) 0.01 3.92 × 10−8 0.04 1.90 × 10−7 1.81 × 10−6 2.18 × 10−8 5.71 × 10−6 6.85 × 10−8

Σ16PAHs (Urban + Industrial/Winter) 0.16 6.34 × 10−7 0.99 4.03 × 10−6 1.25 × 10−5 1.50 × 10−7 2.29 × 10−4 2.75 × 10−6

Σ16PAHs (Urban + Industrial/Summer) 0.02 7.41 × 10−8 0.05 1.62 × 10−7 6.78 × 10−6 8.14 × 10−8 9.48 × 10−5 1.14 × 10−6

Σ16PAHs (Rural + Urban + Industrial/Winter) 0.08 3.21 × 10−7 0.67 2.29 × 10−6 2.71 × 10−6 3.27 × 10−8 3.19 × 10−4 3.52 × 10−6

Σ16PAHs (Rural + Urban + Industrial/Summer) 0.01 5.62 × 10−8 0.05 2.09 × 10−7 3.61 × 10−6 4.55 × 10−8 5.16 × 10−5 7.58 × 10−7

Σ41PCBsb (Rural/Winter) 0.02 5.84 × 10−8 0.04 3.47 × 10−6 1.08 × 10−6 2.24 × 10−9 4.35 × 10−6 9.03 × 10−9

Σ41PCBs (Rural/Summer) 0.01 3.30 × 10−8 0.03 5.69 × 10−8 1.15 × 10−6 2.30 × 10−9 3.15 × 10−6 6.60 × 10−9

Σ41PCBs (Urban + Industrial/Winter) 0.02 4.77 × 10−8 0.06 1.39 × 10−7 1.62 × 10−6 3.23 × 10−9 5.66 × 10−6 1.16 × 10−8

Σ41PCBs (Urban + Industrial/Summer) 0.01 3.27 × 10−8 0.03 5.37 × 10−8 1.43 × 10−6 3.02 × 10−9 4.52 × 10−6 9.80 × 10−9

Σ41PCBs (Rural + Urban + Industrial/Winter) 0.02 4.29 × 10−8 0.05 2.02 × 10−7 1.35 × 10−6 2.63 × 10−9 5.09 × 10−6 1.02 × 10−8

Σ41PCBs (Rural + Urban + Industrial/Summer) 0.02 3.36 × 10−8 0.03 5.39 × 10−8 1.31 × 10−6 2.56 × 10−9 3.99 × 10−6 8.03 × 10−9

a Unit of CDI of Σ16PAHs: ng kg−1 day−1.
b Unit of CDI of Σ41PCBs: μg kg−1 day−1.
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determine the spatial and seasonal variations, sources, air-soil ex-
change, and associated carcinogenic risks of polycyclic aromatic hydro-
carbons (PAHs) and polychlorinated biphenyls (PCBs).

The highest air and soil concentrations were observed near the
power plants and residential sites and the wintertime concentrations
were generally higher than those measured in summer. Low molecular
weight compounds i.e., phenanthrene, fluorene, fluoranthene, and
pyrene dominated the Σ16PAH concentration measured in ambient air
while soil concentrations were dominated by medium to high molecu-
lar weight compounds (phenanthrene, fluoranthene, pyrene, chrysene,
benzo[b]fluoranthene, benzo[k]fluoranthene). Low molecular weight
Fig. 9. Fitted probability distributions of cancer risk due to inhalation exposure of Σ16PAHs for r
and (d) summer, and for rural + urban/industrial sites during (e) winter and (f) summer.
congeners (PCB-17, 18, 28, 31, 33, 44, 49, and 52) dominated the atmo-
spheric Σ41PCB concentrations while there were no largely dominating
congeners in soil.

The spatial distribution of measured ambient concentrations and re-
sults of the factor analysis showed that the major contributing PAH
sources in the region were the coal combustion for power generation
and residential heating (48.9%) and diesel and gasoline exhaust emis-
sions (47.3%) while the major PCB sources were coal (thermal power
plants and residential heating) and wood combustion (residential
heating) (45.4%) and evaporative emissions from previously used tech-
nical PCB mixtures (34.7%).
ural sites during (a) winter and (b) summer, for urban+ industrial sites during (c) winter



Fig. 10. Fitted probability distributions of cancer risk due to inhalation exposure of Σ41PCBs for rural sites during (a) winter and (b) summer, for urban+ industrial site during (c) winter
and (d) summer, and for rural + urban/industrial sites during (e) winter and (f) summer.
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Results of fugacity fraction calculations indicated that the soil and at-
mosphere were not in equilibrium for most of the PAHs (83.4% in win-
ter, 77.9% in summer) and PCBs (66.8% in winter, 72.0% in summer). For
PAHs, deposition to the soil was the dominant mechanism in winter
while in summer they mostly volatilized. However, for PCBs number
of cases implying volatilization was higher compared to deposition in
both seasons.

Cancer risks associated with inhalation and accidental soil ingestion
of soil were also estimated. Generally, the estimated carcinogenic risks
were below the acceptable risk level of 10−6. The percentage of the pop-
ulation exceeding the acceptable risk level ranged from b1% to 16%, ex-
cept, 32% of the inhalation risk levels due to PAH exposure in winter in
urban/industrial sites were N10−6.
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