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h i g h l i g h t s
� Spatial and temporal variations of PCBs were monitored in ambient air of Bursa-Turkey using PUF disk passive samplers.
� A clear rural-agricultural-semi-urban-urban-industrial PCBs concentration gradient was observed.
� Principal component analysis (PCA) related possible sources and observed homologue group profiles.
� Calculated inhalation risk levels of PCBs at sampling sites did not pose serious adverse health effects.
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a b s t r a c t

Polyurethane foam (PUF) passive samplers were employed to assess air concentrations of poly-
chlorinated biphenyls (PCBs) in background, agricultural, semi-urban, urban and industrial sites in Bursa,
Turkey. Samplers were deployed for approximately 2-month periods from February to December 2014 in
five sampling campaign. Results showed a clear rural-agricultural-semi-urban-urban-industrial PCBs
concentration gradient. Considering all sampling periods, ambient air concentrations of S43PCBs ranged
from 9.6 to 1240 pg/m3 at all sites with an average of 24.1 ± 8.2, 43.8 ± 24.4, 140 ± 190, 42.8 ± 24.6,
160 ± 280, 84.1 ± 105, 170 ± 150 and 280 ± 540 pg/m3 for Mount Uludag, Uludag University Campus,
Camlica, Bursa Technical University Osmangazi Campus, Hamitler, Agakoy, Kestel Organised Industrial
District and Demirtas Organised Industrial District sampling sites, respectively. The ambient air PCB
concentrations increased along a gradient from background to industrial areas by a factor of 1.7e11.4. 4-
Cl PCBs (31.50e81.60%) was the most dominant homologue group at all sampling sites followed by 3-Cl,
7-Cl, 6-Cl and 5-Cl homologue groups. Sampling locations and potential sources grouped in principal
component analysis. Results of PCA plots highlighted a large variability of the PCB mixture in air, hence
possible related sources, in Bursa area. Calculated inhalation risk levels in this study indicated no serious
adverse health effects. This study is one of few efforts to characterize PCB composition in ambient air
seasonally and spatially for urban and industrial areas of Turkey by using passive samplers as an alter-
native sampling method for concurrent monitoring at multiple sites.

© 2016 Elsevier Ltd. All rights reserved.
-Karakus).
1. Introduction

Polychlorinated biphenyls (PCBs) are a well-known class of
ubiquitous pollutants in the environment. Owing to their chemical
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and thermal stability they have widely accumulated in soil, sedi-
ments and aquatic fauna, as well as being transported long dis-
tances in the atmosphere. From their first production in the 1930s,
until their ban in the 1990s, approximately 1.3 million tons of PCBs
have been produced, of which tens of thousands of tons are known
to have been released into the environment, causing widespread
pollution (Kim et al., 2011; Breivik et al., 2007). Typical sources of
PCBs in the environment are past open/partially open and uncon-
trolled uses, past disposal activities, illegal disposal and accidental
releases (Erickson, 2001).

International efforts, such as the Stockholm Convention on
Persistent Organic Pollutants (POPs), enable coordination among
countries for the phasing out of chemicals that remain in the
environment for a long period of time and become widely
distributed both in environmental media and in living organisms.
The Stockholm Convention was adopted in 2001 and entered into
force in 2004. In the case of Turkey, the decision to be a party was
taken in the Grand National Assembly of Turkey in April 2009
(Official Gazette No: 27200) and accepted by the Council of Min-
isters in July 2009 (Official Gazette No: 27304). The legal procedure
was completed as of January 2010 and Turkey is currently under the
obligations of the Stockholm Convention. As is the case for many
countries which are a part of the Stockholm Convention, PCBs were
not produced in Turkey. Contrary to the PCB timeline over the
world, the situation in Turkey is unclear.

Atmospheric monitoring for PCBs traditionally relies on high
volume air samplers but the cost, dependence on electricity, and
relative complexity of these samplers limits their use to sites with
access to electricity and tomonitoring networks with relatively few
sites (Xiao et al., 2008). In recent years, various types of passive air
samplers (PAS) have been developed and used for monitoring PCBs
(Shoeib and Harner, 2002). Passive air samplers which absorb at-
mospheric PCBs on polyurethane foam (PUF) (Shoeib and Harner,
2002; Harner et al., 2004), semipermeable membrane (SPMD)
(Bartkow et al., 2004), or XAD resins (Wania et al., 2003) have been
developed in recent years as complementary tools for monitoring
of atmospheric PCBs around the globe. Compared to conventional
high volume air samplers, they are economical and do not require
electricity. PASs can be deployed at many sites and for long periods
(over several months) and, therefore, are suitable for investigating
the spatial and temporal distributions of pollutants (Motelay-
Massei et al., 2005; Wang et al., 2010) and to assess their source
receptor relationships (Baek et al., 2008). Passive air samplers have
been successfully used in Asia (Jaward et al., 2005), Europe (Jaward
et al., 2004), Turkey (Esen, 2013; Gaga et al., 2012; Lee et al., 2007)
and other continental areas (Pozo et al., 2006; Gouin et al., 2005).

The analysis of pollutants in a PUF provides merely the amount
sequestered in the PUF during the deployment period. Only after
dividing the amount of chemicals (e.g., expressed in pg) by the
corresponding air sampling volume (e.g., expressed in m3) is the
concentration of POPs in air obtained (e.g., expressed in pg/m3). The
determination of the sampling volume requires extensive calibra-
tion exercises. Uptake rates of POPs (e.g., PCB) can vary from 2 to
8m3/day (Shoeib and Harner, 2002) and typically lie between 3 and
4 m3/day (Kl�anov�a et al., 2008; Pozo et al., 2006, 2009; Shoeib and
Harner, 2002).

Since concentrations of PCBs are reported at higher concentra-
tions in some animals, dietary PCBs exposure (especially con-
sumption of contaminated fish) has historically been ranked in
significance over dermal and inhalation exposure (Humphrey,
1983; Chiu et al., 2004). Although many studies clearly show that
diet is a dominant exposure source for many individuals, in some
cases airborne PCBs from new/recent sources and legacy sources
may lead to inhalation exposure at levels comparable and even
sometimes higher than dietary exposure to these chemicals
(Ampleman et al., 2015; Currado and Harrad, 1998; Norstr€om et al.,
2010). Studies on PCB congener patterns in human serum showed
indications of exposure to PCBs of atmospheric origin (DeCaprio
et al., 2005), indicating that dermal and inhalation exposure
cannot be always neglected.

Bursa city, with a population over 2.5 million has 13 large in-
dustrial zones (including Turkey's first industrial zone) in addition
to 19 small-scale industrial zones, one free-trade zone and also a
technology development center which provides services to in-
dustry. In Bursa, home to Turkey's second largest Export Union,
production has been focused on the textile, automotive, automotive
spare parts, ready-to-wear garments, machinery and metal in-
dustries, dry-fresh and frozen foods, agriculture and service sectors.
The high population growth and rapid industrialization and ur-
banization during the last decades have resulted in significant
environmental problems, including severe PCB contamination
(Tasdemir et al., 2012; Birgul and Tasdemir, 2011, 2012; Salihoglu
and Tasdemir, 2009). To determine ambient air quality of Bursa
Metropolitan City with regards to POPs, a few studies were con-
ducted using active high volume air samplers. However, these
studies were limited to one or two locations to measure the sea-
sonality of contaminants at these sites. There have been no studies
to measure concentrations of semi-volatile organic compounds
simultaneously at multiple sampling sites to investigate spatial
variations as well as temporal changes. There are studies where
passive samplers were employed to monitor PCBs and other POPs
in ambient air in industrial/urban sites such as Aliaga (Aydin et al.,
2014; Kaya et al., 2012; Odabasi et al., 2015) and Iskenderun
(Odabasi et al., 2016) in Turkey. However, to our knowledge, this
study is the first report on the employment of PUF disk based
passive air samplers at multiple locations for simultaneous moni-
toring of PCBs in Bursa.

The aim of this study was to exploit the advantages of passive
sampling (1) to determine atmospheric concentrations of PCBs at
the eight different sampling sites in Bursa, (2) to examine spatial
and seasonal variations of PCBs, and (3) to identify the possible
sources of atmospheric PCBs in the study area.

2. Materials and methods

2.1. Study area and sampling program

The target compounds in ambient air were monitored at 8 sites.
These were one rural site (Mount Uludag (#1, MU)), two urban sites
(Bursa Technical University Osmangazi Campus (#2, BTU) and
Hamitler Area (#3, HMT)), two semiurban sites (Uludag University
Campus (#4, UUC) and Camlica Area (#5, CAM)), two industrial
sites (Kestel Organised Industrial District (#6, KOID) and Demirtas
Organised Industrial District (#7, DOID)) and an agricultural site
(A�gak€oy Village (#8, AGK)) (Fig. 1). Five sampling campaigns were
carried out between February and December 2014. During the
sampling campaigns, average ambient temperature was between
range of 9.2 �C and 24 �C, at the sampling stations depending on the
sampling period.

2.2. Chemicals and reagents

All chromatography-grade solvents, anhydrous sodium sulfate
(granulated for trace organic analysis), and neutral alumina (90
active neutral, 0.063e0.2 mm particulate size) were purchased
from Merck (Merck EMD Millipore, USA). 13C12-labelled PCB
congenermixture (PCB-28, -52, -101, -138, -153, -180 and -209) was
purchased from Cambridge Isotope Laboratories (MA, USA). A
mixture of 45 PCB congeners (Protocol Analytical LLC, New Jersey,
USA) (PCB -18, -22, -28, -31, -41/64, -44, 49, -52, -54, -56, -60, -70,



Fig. 1. Sampling sites.
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-74, -87, -90/101, -95, -99, -104, -105, -110, -114, -118, -123, -132,
-138, -141, -149, -151, -153, -156, -157, -158, -167, -170, -174, -180,
-183, -187, -188, -189, -194, -199 and -203) was from Protocol
Analytical LLC (New Jersey, USA). Individual solutions of PCB-34,
-62 and -204 were purchased from Accustandard (CT, USA). All
stock solutions and calibration solutions were prepared in isooc-
tane (Puriss p.a. �99.5% (GC), Sigma Aldrich, MO, USA). SPE car-
tridges (Supelco Supelclean ENVI Florisil SPE Tubes with Teflon
Frits. 3 mL 500 mg) were from Sigma Aldrich (MO, USA).

2.3. Analytical procedure

2.3.1. Sampler preparation and deployment
In order to remove any probable organic residues completely, all

equipment used for the analysis in the laboratory was rinsed with
solvent before their first usage. Before being used in the air sam-
pling, PUF disks (14 cm diameter; 1.35 cm thick; surface area,
365 cm2; mass, 4.40 g; volume, 207 cm3; density, 0.0213 g/cm3;
Tisch Environmental, Cleaves Ohio, USA) were soaked in warm tap
water overnight followed by a soaking period of 4 h in distilled
water. After removal of excess water by hand squeezing, they were
subject to Soxhlet extraction using acetone (ACE), acetone:hexane
mixture (ACE:HEX 1:1 v/v) and hexane (HEX) for at least 18 h each
in sequence. Then, they were dried in a desiccator under vacuum
and wrapped in aluminum foil, preserved in sealed plastic bags and
kept in the freezer until deployment for sampling.

PUF disks were spiked with a depuration mixture consisting of
three PCB congeners (PCB-34, 62 and 204) at least 3 days prior to
deployment. Spiked PUFs were wrapped with aluminum foil,
placed in solvent-cleaned tin cans having Teflon-lined lips, and
stored in the refrigerator until deployment to the sampling loca-
tions. Passive air samples were collected using apparatus designed
by Shoeib and Harner (2002) and Harner et al. (2004) and used in
other field investigations (Gouin et al., 2005; Jaward et al., 2004;
Motelay-Massei et al., 2005; Pozo et al., 2004; Wang et al., 2009,
2010). PUF disks were suspended inside two stainless steel bowls,
the upper inverted one being slightly larger to allow airflow be-
tween the two bowls. Samplers were exposed for 43e75 days
(Table 1). Three field blanks in each sampling period were exposed
to air about 10 s at the selected sampling points and then analyzed
as a regular sample. When the sampling was finished, the PUF disks
were transferred to laboratory and stored at �4 �C until analysis.

2.3.2. Extraction
A mixture of 13C12PCB-28, -52, -101, -138, -153, -180 and 209

(5 ng each) was added to PUF disks before extraction. The PUF disks
were subjected to Soxhlet extraction for 18 h using approx. 250 mL
of 1:1 (v/v) HEX:ACEmixture. The volume of extract was reduced to
5 mL by using a rotary evaporator and then to 1 mL under a gentle
nitrogen gas stream. The extracts were cleaned up for PCBs using
Florisil SPE cartridges. The cartridge was cleaned with 8 mL
methanol followed by 4mL hexane, the samplewas added in a 1mL
volume and the cartridge was eluted with 8 mL hexane followed by
10 mL ethyl acetate. Extracts were combined, reduced to 1 mL and
transferred to isooctane by nitrogen blow-down, and 50 ng of
13C12PCB- 105 was added as an internal standard.



Table 1
Air concentrations of S43PCBs in rural, agricultural, semi-urban, urban and industrial sites in Bursa and comparison from diverse PAS-PUF sampling studies.

Number of >MDL
congeners

Sampling duration
(Days)

Sampling rate (R,
m3/day)

Range (Individual
congeners)/S43PCBs

Site avg±SD of S43PCBs
(Range)

Median of
S43PCBs

GM of
S43PCBs

Site: MU (Type: Rural)
FebruaryeApril

2014
4 67 9.06 3.30e11.2/22.80 24.1 ± 8.20 (12.6e35.5) 23.4 22.9

AprileJune 2014 6 63 7.57 3.4e13.3/35.5
JuneeAugust 2014 3 68 5.01 3.50e5.30/12.60
AugusteOctober

2014
3 66 3.33 3.70e15.3/23.40

October
eDecember
2014

3 51 5.72 4.12e14.6/26.30

Site: UUC (Type: Semiurban)
FebruaryeApril

2014
13 66 5.08 2.80e18.0/80 43.8 ± 24.4 (15.6e80) 45.4 38.1

AprileJune 2014 7 61 7.64 3.10e14.6/45
JuneeAugust 2014 3 71 5.08 3.10e8.80/15.60
AugusteOctober

2014
8 64 5.03 2.30e11.5/50

October
eDecember
2014

3 44 6.63 3.60e18.9/28.60

Site: CAM (Type: Semiurban)
FebruaryeApril

2014
25 67 5.98 3.70e10.7/146 180 ± 210 (<MDL-480) 95.5 110

AprileJune 2014 5 63 7.79 3.50e14.9/45.30
JuneeAugust 2014 9 68 3.63 3.60e160/480
AugusteOctober

2014
0 66 6.08 <MDL

October
eDecember
2014

5 51 7.44 3.40e16.4/44.20

Site: BTU (Type: Urban)
FebruaryeApril

2014
7 67 6.25 3.90e21.1/62.80 42.90 ± 24.60 (19.6

e74.1)
36.7 37.2

AprileJune 2014 3 63 5.92 5.60e9.60/21.30
JuneeAugust 2014 5 68 11.2 2.80e13.4/36.70
AugusteOctober

2014
4 66 3.77 2.60e9.50/19.60

October
eDecember
2014

4 51 6.13 7.10e32.5/74.10

Site: HMT (Type: Urban)
FebruaryeApril

2014
7 67 5.50 6.40e600/660 160 ± 280 (21.2e660) 31.6 60.0

AprileJune 2014 4 63 8.03 4.00e12.4/27.80
JuneeAugust 2014 3 68 4.35 3.80e13.1/21.20
AugusteOctober

2014
8 66 7.19 2.80e16.9/58.90

October
eDecember
2014

4 51 5.69 4.04e11.5/31.60

Site: AGK (Type: Agricultural)
FebruaryeApril

2014
7 66 4.39 4.30e197/248 84.2 ± 105 (9.6e248) 22.7 37

AprileJune 2014 3 62 5.33 2.50e15.9/22.7
JuneeAugust 2014 3 70 7.53 2.16e4.42/9.84
AugusteOctober

2014
2 66 5.05 3.86e127/131

October
eDecember
2014

2 51 6.31 4.36e5.24/9.60

Site: KOID (Type: Industrial)
FebruaryeApril

2014
11 63 11.1 3.50e25.1/118 170 ± 150 (21e340) 120 110

AprileJune 2014 4 61 6.26 4.10e320/340
JuneeAugust 2014 7 65 5.15 3.0e290/320
AugusteOctober

2014
4 65 5.78 3.60e9.40/21

October
eDecember
2014

6 62 5.41 3.30e20.1/58
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Table 1 (continued )

Number of >MDL
congeners

Sampling duration
(Days)

Sampling rate (R,
m3/day)

Range (Individual
congeners)/S43PCBs

Site avg±SD of S43PCBs
(Range)

Median of
S43PCBs

GM of
S43PCBs

Site: DOID (Type: Industrial)
FebruaryeApril

2014
15 66 5.66 4.10e490/1240 280 ± 540 (22.9e1240) 40.9 71.6

AprileJune 2014 2 62 5.64 5.76e17.1/22.9
JuneeAugust 2014 4 70 6.38 3.20e18.2/40.9
AugusteOctober

2014
4 66 5.77 3.70e14.7/36.6

October
eDecember
2014

4 51 7.56 3.60e24.0/44.4

Region Sampling Site Type Sites (N) Congeners Avg (pg/m3) Range (pg/m3) Reference

Argentina Rural 7 (31) S42 10 BDL-35 Astoviza et al. (2016)
Canada Rural 1 (3) S13 152 66e239 Motelay-Massei et al.

(2005)
Japan Rural 37 (37) S142 322 41e7279 Hogarh et al. (2012)
Turkey Rural 1 (5) S43 24.1 12.60e35.50 This Study
Argentina Suburban/semirural 3 (13) S42 48 3e146 Astoviza et al. (2016)
Canada Suburban/semirural 2 (5) S13 96 67e129 Motelay-Massei et al.

(2005)
Japan Suburban/semirural 4 (4) S142 291 59e696 Hogarh et al. (2012)
Turkey Suburban/semirural 2 (10) S43 104 <MDL-480 This study
Spain Urban 6 (6) S21 117 33e259 Pozo et al. (2009)
Argentina Urban 15 S42 146 2e937 Astoviza et al. (2016)
India Urban 1 (8) S48 278 133e390 Pozo et al. (2011)
Turkey Urban 2 (10) S43 100 19.60e660 This study
Chile Industrial 6 (6) S48 160 40e350 Pozo et al. (2012)
Turkey Industrial 2 (10) S43 223 21e1240 This study
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2.3.3. Instrumental analysis
Analysis of PCBs congeners was conducted on a GC (Agilent

7890B) coupled with an MSD (Agilent 5977 MSD) operated on EI
(electron impact)-selective ion monitoring (SIM) mode. Separation
of congeners was performed on a capillary DB-5 column (60 m,
0.25 mm i.d., 0.25 mm film thickness, J&W Scientific) (coeluting
congeners (PCB-41/64 and PCB-90/101) were quantified together.
Sample volumes of 2 mL were injected splitless (split opened after
1.25 min). Heliumwas used as carrier gas (1.1 mL/min). Injector, ion
source (70 eV), quadrupole, and auxiliary were operated at 200 �C,
230 �C, 150 �C, and 310 �C, respectively. Temperature program for
PCBswas 1min at 90 �C,15 �C/min to 160 �C, 3 �C/min to 210 �C, and
10 �C/min to 310 �C (wait 10 min).

2.3.4. Deriving air concentrations based on estimated air volumes
Concentrations of target congeners in air were derived from the

chemical amount accumulated in PUF disk (ng/sampler) divided by
the effective air volume (VAIR, m3). Site-specific effective air volume
(VAIR) which is based on siteespecific linear phase sampling rates
(Rsampling ¼m3/day) was calculated using the equation proposed by
Shoeib and Harner (2002). Details on the derivation air volumes
based on the loss of depuration compounds are given elsewhere
(Pozo et al., 2004; Gouin et al., 2005). GAPS template (Harner, 2016;
Parnis et al., 2016) was used for calculations. Resulting VAIR and R-
values are summarized in Table S1 (see Supporting Information) for
PCBs. R values ranged from 3.33 to 11.15 m3/d with a mean of
6.21 ± 1.69 m3/d, which is similar to those reported by Gouin et al.
(2005), 3.1 m3/d, for samplers deployed in Eastern Canada and
4.78 ± 2.3 m3/d by Pozo et al. (2004) for samplers deployed in Chile.

2.4. Quality control (QC)/quality assurance (QA)

The quality of analytical procedures was checked via recoveries
and reproducibility. Method recovery efficiencies (%) of 13C12PCB-
28, -52, -101, -138, -153, -180 and 209 (5 ng each) were found as
follows: 89.5 ± 15.0, 100 ± 17.6, 90.2 ± 14.0, 87.7 ± 14.9, 105 ± 19.9,
96.2 ± 14.9 and 92.6 ± 14.5, respectively. Blank levels were assessed
through field (clean PUF disc was exposed to air in the field for
approx. 10 s, n ¼ 5) and laboratory (clean PUF disc, n ¼ 10) blanks.
Instrumental detection limits (IDLs) were estimated by injecting
low concentrations of target analytes until a small peak at ~3:1
signal:noise ratio was obtained. These IDLs are expressed in pg/m3

air and calculation was done assuming extract volumes of 1.0 mL
and 350 m3 air. Method detection limits (MDL) in air samples were
defined as the average blank (by combining field and laboratory
blanks, n ¼ 15) plus three standard deviations (SD). Sample
amounts were compared to MDLs and IDLs and if a peak was
observed for a sample constituent but the quantity was <MDL, ½ of
IDL was used for statistical purposes. Peaks were only integrated if
the signal to noise ratio was ~3:1, otherwise, they were considered
not detected. Target congeners were not detected in blank samples
except PCB-54. The MDL value for all target congeners was 0.30 pg/
m3 except for PCB-54 whose MDL value was 3.0 pg/m3. The con-
centration values for PCB-54 was corrected with blanks in order to
eliminate the background contamination and artifacts by sub-
tracting its average blank concentration from concentration of
congener in the sample.

3. Results and discussion

3.1. Ambient air concentrations

A summary of data of ambient air concentrations is presented in
Table 1. Considering all sampling periods, the atmospheric con-
centrations of S43PCBs ranged from 9.6 to 1240 pg/m3 with an
average of 24.1 ± 8.2, 43.8 ± 24.4, 140 ± 190, 42.8 ± 24.6, 160 ± 280,
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84.1 ± 105, 170 ± 150 and 280 ± 540 pg/m3 for MU, UUC, CAM, BTU,
HMT, AGK, KOID and DOID sampling sites, respectively.

PCBs were used intensively in Turkey, mainly in electrical
equipment such as transformers. It is reported in the updated
version of National Implementation Plan (NIP, 2015) of Turkey on
POPs that there is a total of 1080 tonnes of pure PCBs containing
materials and equipment present in the country. However, it should
be noted that this figure was only reached based on answers of the
surveys listing PCB-contaminated equipment with other equip-
ment and site visits made in September 2013. There might be PCBs
or PCBs-contaminated equipment in the facilities that did not
answer the surveys. Additionally, many items of PCBs by use cate-
gory including semi closed/open applications (e.g. hydraulic,
lubricant, plastic, sealant, printing ink) have the potential to
contain small amounts of PCBs. It is well known that sources of
PCBs in urban areas include offegassing from PCB-treated con-
struction material and leakage from closed systems such as older
electrical equipment (Breivik et al., 2007).

Turkey signed and executed the Stockholm Convention in 2001
and became a State Party to the Convention in 2010 (MoEU, 2016).
Therefore, use of PCBs has been prohibited in Turkey. Turkish
Legislation on Control of Air Pollution Originating from Industrial
Activities (Official Gazzette, 2013) sets a limit value of <0.1 ng/Nm3

(Nm3 ¼ volume of 1 m3 of air under normal conditions of pressure
(101.330 kPa) and temperature (273 K)) to control air pollution
originating from emissions of industrial activities. Results of the
current study shows that ambient air concentration values deter-
mined in Bursa metropolitan city are lower than the legal limits.
However, considering the potential carcinogenic properties of
these pollutants, they still may constitute a risk for the human and
environmental health in the area.

Fig. 2 presents the annual average total concentration values of
the PCBs at each sampling site. As is seen from the figure, the
ambient air PCB concentrations are increasing along a gradient
from background to industrial areas by a factor of 1.7e11.4. A clear
5e10 fold increase along a rural to urban (Harner et al., 2004;
Motelay-Massei et al., 2005) and an increase by a factor of 2e5
along a rural to industrial (Pozo et al., 2012) transect have been
reported in previous research. Increase in air concentrations at sites
follow the trend:
MU < UUC < BTU < AGK < CAM < HMT < KOID < DOID. Greater
concentrations at industrial sites points to the role of industrial
areas in Bursa as potential sources of such pollutants. Research in
other parts of the world have also reported the role of industrial
(Pozo et al., 2012) and urban areas (Motelay-Massei et al., 2005;
Persoon et al., 2010) as sources of PCBs 3- to 5-Cl homologue
groups represented between 61% and 99% of total PCB amount in
the atmosphere of Bursa. The contribution of some homologue
groups had a quite similar variation throughout sampling
campaign. The more volatile 3-, 4- and 5-Cl congeners were most
0

50

100

150

200

250

300

MU UUC CAM BTU HMT DIODDIOKKGA

ƩPCBs

A
ir

 C
on

ce
nt

ra
tio

n 
(p

g/
m

3 )

Backg. Agric. Semi-urban Urban Industrial

Fig. 2. Annual average air concentrations of S43PCBs across sampling sites in Bursa.
abundant from February to April, accounting for 50e60% of the
total amount of PCBs in the Bursa atmosphere. In contrast, the
contribution of 6-, 7- and 8-Cl congeners was at the minimum
during the sampling campaign. It is worth noting that PUF-disk
sampler collects mainly gas-phase chemicals via diffusion and
therefore this may be the reason why heavier PCBs were at the
minimum in the current study. However, although such a disad-
vantage of passive samplers, they are still useful to have a quick
snap shot of semi-volatile organics concentrations in air at multiple
sites concurrently for a given area.

In this study, all sites showed similar patterns of PCBs homo-
logue groups. The PCB profile at all sampling sites was dominated
by 4-Cl PCBs (31.5e81.6%). 3-Cl PCBs were the second dominant
homologue group followed by 7-Cl, 6-Cl and 5-Cl homologue
groups. Dominance of 3-Cl and 4-Cl PCBs was observed in indus-
trial, rural and urban (Zhang et al., 2008) areas in other parts of the
world. On the other hand, Pozo et al. (2012) reported dominance of
5-Cl to 7-Cl homologue groups in air samples in industrial areas of
Chile. In a study conducted by Kaya et al. (2012), low molecular
weight congeners (3- and 4-Cl) dominated the S41PCB concentra-
tions in Aliaga industrial region in Turkey. Bozlaker et al. (2008)
also reported dominance of 3-Cl to 5-Cl PCBs in Aliaga industrial
region of the country. Cindoruk and Tasdemir (2007) reported that
PCBs were often found as 3-Cl and 4-Cl (65.7% and 25.1%) for BOID
(Bursa Organised Industrial District) site of Bursa, while 5-Cl, 6-Cl
and 7-Cl PCBs were at low levels. Esen (2013) reported higher
percent contribution of 7-Cl PCBs in Bursa compared to values re-
ported by Cindoruk and Tasdemir (2007).

In general, the concentration of the congeners decreased with
the increasing number of chlorine atoms. Based on the results of
the current study, we suggest that the main factors controlling
congener composition of PCBs in our sampling areas are local
sources such as coal combustion, sintering (i.e. cement clinker),
waste disposal/waste incineration (EEA, 2005) rather than long
range atmospheric transport which was for the case for Izmir
(Mulder et al., 2015), which is another industrial city in the west
coast of Turkey. Results of temporal variability plot (Fig. 3) also
supports this hypothesis. Birgul and Tasdemir (2012) conducted a
study to determine the effect of different factors on the deposition
fluxes of the polychlorinated biphenyls measured at an urban site
namely Yavuzselim which is located in Yıldırım district of Bursa.
They reported that 5-Cl, 6-Cl, and 8-Cl PCBs had higher deposition
velocity in rainy periods while 7-Cl and 8-Cl PCBs were more
dominant in dry periods. In addition, different parameters such as
sampler type, atmospheric concentrations, meteorological param-
eters, sampling site characteristics, and sampling periods had ef-
fects on deposition mechanisms of the PCBs.

3.2. Temporal and spatial variability

Temporal variations of PCBs concentration and ambient average
temperature at each sampling site are shown in Fig. 3. S43PCBs
generally showed a uniform distribution in different sampling
seasons at AGK and UUC. HMT and DOID also showed a uniform
distribution of S43PCBs except for FebruaryeApril period where a
spring pulse has been observed. MU showed pulses in concentra-
tion of S43PCBs in FebruaryeApril and in AugusteOctober. KOID
and CAM showed a clear temperature dependent gradient, prob-
ably due to air-surface exchange. A PCB concentration peak in the
air in spring has been reported by Backe et al. (2000) and Gouin
et al. (2005). This spring pulse was attributed to the rising tem-
perature that causes volatilization of compounds that have
deposited to surfaces during the colder months. It may favor lighter
congeners as they are more likely to have approached equilibrium
between the air and top litter layer material. If passive samplers
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Fig. 3. Temporal variations of the PCB concentration values (line above the bars represent average ambient temperature).
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approach equilibrium for lighter compounds at the end of the
sampling period, compounds taken up earlier may re-volatilize
from the sampler when burdens in the air decrease after such a
pulse. Different factors such as sampling site characteristics,
meteorological conditions, local sources and atmospheric trans-
portationmechanismsmight effect measured concentration values.

It is well known that fresh emissions from technical mixtures of
commercial PCBs are enriched in the heavier homologue groups
while emissions from secondary sources and long-range transport/
global background signatures are enriched in lower molecular
weight congeners. Thus, this approach can be used to track po-
tential emission sources. Principal Component Analysis (PCA)
(XLSTAT Free Trial Version, https://www.xlstat.com) was applied to
assess potential sources in Bursa (Fig. 4(A) and (B)). One-year
average concentrations of PCBs congeners were composed as the
active variables at different sampling sites. Loading plot of the PCA
showed differences in the pattern of congeners at all sites. In
Fig. 4(A), X and Yaxis show F1 and F2 that explain 37.58% and 31% of
the total variance, respectively. Low to middle chlorinated PCBs
influenced the first component while second component was
mainly influenced by the higher chlorinated PCBs congeners. Based
on F1 and F2; MU, AGK and BTU are grouped together while KOID
and HMTwere at the border of this group. However, DOID, UUC and
CAM were grouped separately. An analysis was performed to
compare homologue profiles observed at sampling sites to different
known sources such as transformers, landfill sites, capacitors,
combustion etc. Since a detailed emission characterization of
different PCBs sources in Turkeywas not available, data reported for
the U.K. by Conolly (2001) was used in this analysis. In the current
study, variability of 3-Cl to 7-Cl homologue groups detected in
samples is explained by 2 components. The first (F1) and second
(F2) factors accounted for 57.48% and 26.23% of the variance,
respectively and the relationships among the variables are pre-
sented in the loading plot (Fig. 4(B)). Potential sources and
grouping of the sampling sites displayed similarities. For example,
KOIDwas groupedwith cement plant and as stated above, a cement
production plant is located in Kestel area. HMT grouped with
landfill site. BTU, AGK, CAM and MU grouped with domestic wood
and coal combustion, fragmentisers and capacitors. DOID grouped
with coal combustion at industrial facilities and electric arc fur-
naces. There are various industrial facilities in DOID, especially in
the textile industry which needs hot water for textile treatment,
and coal burning is probably one of the methods to heat up the
water. There is also a thriving automotive industry in DOID and
iron/steel processing and applications in high temperatures are
present in this area. Imamo�glu et al. (2010) reported that Aroclors
1242,1248,1254 and 1260were possibly used in Turkey before they
were banned. Aroclor mixtures compositions reported by Frame
et al. (1996) were also plotted on PCA analysis. Results of PCA
plots highlighted a large variability of the PCB mixture in air, hence
possible related sources, in Bursa area.
3.3. Back trajectory and air masses

Back-trajectory analysis was applied by using Hybrid-Single
Particle Lagrangian Integrated Trajectory (HYSPLIT) model related
to atmospheric transport and dispersion to evaluate whether origin
of dominant air masses for sampling locations are similar or not.
This model was developed by the National Oceanic and Atmo-
spheric Administration's (NOAA) Air Resources Laboratory (ARL)
(Draxler and Hess, 2005). Some input parameters such as receptor
coordinates, meteorological data, starting height must be defined

https://www.xlstat.com
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to the HYSPLIT model program in order to begin the back trajectory
analysis. Use of multiple trajectories is the key point to increase
sensitivity of the analysis. Meteorological datasets are supplied
from global data assimilation system (GDAS) which includes all of
the world. Trajectory starting height was chosen as 300 m as it is
within the boundary layer also high enough to prevent effects of
surface features. Cluster analysis was applied to merge trajectories
which are near each other by their mean trajectory, and then the
dominant wind directions during the sampling periods were ob-
tained for each station, as shown in Figs. S1eS5 (Supplementary
Material). The results of cluster analysis show that the dominant
flow regimes for the sampling stations were similar during the
same period, but variable for each sampling period. This result also
supports that observed concentrations of PCBs are from “local
emission sources” in Bursa rather than long range transport. Air
masses travelled to the sampling stations from predominantly N-
NE between FebruaryeApril 2014, JuneeAugust 2014, and
AugusteOctober 2014 while the dominant flow regime was W-NW
for AprileJune 2014, and S followed by W for OctobereDecember
2014. Cindoruk and Tasdemir (2007) conducted a study to deter-
mine concentration and gas/particle partitioning of PCBs at an in-
dustrial site in Bursa and they plotted back trajectories of the
pollutants. They applied the ClausiuseClapeyron equation which
yielded a low slope value indicating possible emissions from local
and regional sources originating mainly from urban/industrial
areas, landfill and waste incineration plant.

3.4. Exposure and risk assessment

Since people often prefer living in urban/industrialized areas
due to economic reasons, it is important to assess the risk of
chemicals to human health associated with exposure to these
chemicals in such areas. EPA (2014) states that short- or medium-
term average exposure concentrations may be important for
assessing acute or subchronic health effects, while long-term
average concentrations are important for assessing the risk of
chronic health effects such as cancer. In order to measure long-term
average concentrations, passive sampling is a useful, convenient
and cheap technique. As has been stated in previous studies, human
exposure to POPs via inhalation is rather complicated and is
controlled by many factors, such as gas-particle partitioning
(Harrad et al., 2006; Wang et al., 2012) and exposure duration
(Domingo et al., 2002; Zhang et al., 2009). Nevertheless, efforts to
estimate cancer risk are important, particularly for people working
outdoors, and such efforts must account for inhalation and dermal
exposure. Overall, cancer risk is calculated in the current manu-
script to give a preliminary evaluation of human exposure to
chemicals of interest via inhalation in Bursa.

PCBs have been investigated for cancer risk factors due to their
potential to act as direct and indirect carcinogens and their estro-
genic and anti-estrogenic properties (Petrik et al., 2006). Malignant
melanoma, non-Hodgkin lymphoma, and cancer of the breast,
brain, and liver are linked with PCBs (ATSDR, 2000; IARC, 2016).
They have been classified as carcinogenic to humans (Group 1) by
the International Agency for Research on Cancer due to sufficient
evidence of PCB carcinogenicity in humans/animals. Inhalation
exposure due to S43PCBs was conducted by using the following
equation (USEPA, 1997).

CDI ¼ C � IR� ED� EF
BW � AT

(1)

where C is the concentration of S34PCBs (pg/m3), IR is inhalation
rate (m3/day), ED is exposure duration (yr), EF is exposure fre-
quency (days/yr), BW is body weight (kg), AT is averaging time
which was assumed as lifetime and calculated as ED � 365 day/yr,
and CDI is inhalation chronic daily intake (pg/kg/day).

USEPA (2010) recommended toxic equivalency factors (TEFs) to
convert the concentration of dioxin-like PCBs (DL PCBs) to dioxin
(2,3,7,8-tetrachlorodibenzo-p-dioxin) toxic equivalence (TEQ). The
concentration of targeted DL PCBs (PCB 105, 114, 118, 123, 156, 157,
167, and 189) (Supplementary Material Table S1) in this study were
multiplied with the proposed TEF value of 0.00003. Yılmaz Civan
(2010) collected time-activity budgets and demographic informa-
tion from 197 participants in Bursa by administering a question-
naire. Distribution of IR (lognormal distribution; mean ¼ 21.6 m3/
day, SD ¼ 8.85 m3/day) and distribution of BW (beta distribution;
alpha ¼ 3.68, beta ¼ 3.05, scale ¼ 119) were reported in the study.
The mean ± SD values of IR and BW taken from Yılmaz Civan (2010)
were 21.6 ± 8.85 m3/day and 65.0 ± 21.8 kg, respectively. ED was
taken as 70 years for lifetime exposure, and EF was 60 days/yr
because samples were collected at intervals of two months.

Cancer risk related to S34PCBs inhalation exposure was calcu-
lated for each sampling station/period by using the following
equation (USEPA, 1996, 2005).

R ¼ CDI � SF (2)



Table 2
The calculated mean inhalation exposure (CDI, pg/kg/day) and risk for S43PCBs.

Sampling station Sampling period

FebruaryeApril 2014 AprileJune 2014 JuneeAugust 2014 AugusteOctober 2014 OctobereDecember
2014

CDI Risk CDI Risk CDI Risk CDI Risk CDI Risk

AGK 13.5 2.70 � 10�8 1.24 2.48 � 10�9 0.42 1.37 � 10�9 0.21 3.16 � 10�8 0.52 1.05 � 10�9

BTU 3.42 6.84 � 10�9 1.16 2.32 � 10�9 1.66 4.85 � 10�9 1.07 2.13 � 10�9 4.04 8.08 � 10�9

CAM 6.78 1.88 � 10�8 2.47 4.94 � 10�9 25.8 5.26 � 10�8 na na 2.41 4.82 � 10�9

DOID 67.4 1.35 � 10�7 1.25 2.49 � 10�9 2.23 4.46 � 10�9 1.63 4.90 � 10�9 2.42 4.84 � 10�9

HMT 35.9 7.17 � 10�8 1.52 3.04 � 10�9 0.95 2.83 � 10�9 3.21 6.42 � 10�9 1.72 3.45 � 10�9

KOID 6.26 1.34 � 10�8 18.5 3.70 � 10�8 17.4 3.47 � 10�8 1.15 2.29 � 10�9 3.15 6.30 � 10�9

MU 1.25 2.49 � 10�9 1.94 3.87 � 10�9 0.69 1.38 � 10�9 1.27 2.55 � 10�9 1.44 2.87 � 10�9

UUC 4.38 8.75 � 10�9 2.26 5.48 � 10�9 0.85 1.70 � 10�9 2.70 5.41 � 10�9 1.56 3.12 � 10�9
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R ¼ R
�X

8

DL PCBs
�
þ R

�X
35

non� DL PCBs
�

(3)

where R is the cancer risk, SF is the slope factor of the PCB conge-
ners (pg/kg/day)�1. The SF values for nondioxin-like PCBs (non-DL
PCBs) and DL PCBs were 2.0 � 10�9 and 1.5 � 10�4 (pg/kg/day)�1,
respectively (USEPA, 2007).

The calculated mean CDIs and risks for different sampling sta-
tion and period combinations were tabulated in Table 2 and
Supplementary Material Table S2. The CDI reached to 35.9 and
67.4 pg/kg/day in the period of FebruaryeApril 2014 in HMT and
DOSIB, while the minimum CDI was found in the period of
AugusteOctober 2014 AGK (0.21 pg/kg/day). Lifetime cancer risks
also ranged between 7.17 � 10�8 (in HMT in the period of Febru-
aryeApril 2014) and 1.35 � 10�7 (in DOSIB in the period of Feb-
ruaryeApril 2014). The acceptable carcinogenic risk is defined as
one million chance of additional human cancer over a 70 year
lifetime (10�6) by USEPA. Thus, all the calculated inhalation risk
levels in this study are lower than the general acceptable risk level,
indicating no serious adverse health effects. A similar result was
recorded in the study conducted by Zhang et al. (2013) in the
Yangtze River Delta. The air sampling of PCBs were carried out at 31
sites including three area groups: urban, urbanerural transition,
and rural. The lifetime cancer risks due to PCBs exposure were
calculated as 0.127 � 10�6, 0.129 � 10�6, and 0.070 � 10�6 for ur-
ban, urbanerural transition, and rural dwellers, respectively (Zhang
et al., 2013). There is only one study conducted in Turkey, investi-
gating the carcinogenic inhalation risk due to PCBs (Ugranli et al.,
2016). The air samples were collected throughout a year (May
2003eApril 2004) in a suburban site in Izmir. The overall
(heating þ non-heating period) 95th percentile carcinogenic risks
for inhalation routewas recorded as 2.49� 10�7 in the study, below
the acceptable level, similar to findings of this study.
4. Conclusions

This study is the first effort to evaluate occurrence and distri-
bution of PCBs concurrently in at multiple locations with different
characteristics in Bursa using PAS samplers as previous researches
were basically at single location and mostly by using high-vol
samplers. The results show the important role and contribution
of industrial sites as well as waste disposal site and urban areas as
potential sources of PCBs. The spatial distribution of ambient air
concentrations of PCBs in the current study indicates that the major
sources of these chemical in Bursa region are industrial sites, waste
disposal areas and urban areas. However, ambient air concentration
values determined in Bursa metropolitan city were lower than the
legal limits. PCB concentrations increased along a gradient from
background to industrial areas by a factor of 1.7e11.4. 3- to 5-Cl
homologue groups represented between 61% and 99% of total PCB
amount in the atmosphere of Bursa. The PCB profile at all sampling
sites was dominated by 4-Cl PCBs (31.50e81.60%). S43PCBs gener-
ally showed a uniform distribution in different sampling seasons.
However, MU showed concentration pulses of S43PCBs in Febru-
aryeApril and in AugusteOctober whereas KOID and CAM showed
a clear temperature dependent gradient of PCBs concentration
which is probably result of air-surface exchange in local sources.
Loading plot of potential sources and grouping of the sampling sites
displayed similarities. Results of PCA plots highlighted a large
variability of the PCB mixture in air, hence possible related sources,
in Bursa area. Calculated inhalation risk levels in this study are
lower than the general acceptable risk level, indicating no serious
adverse health effects.

In addition to providing new data for POPs in Turkish atmo-
spheric environment, the study has also helped to contribute
importance of passive sampling studies to Turkish environmental
scientists and policy makers and to demonstrate its applicability as
an affordable and hands-on technique for concurrent monitoring
POPs at multiple sites to assess effectiveness of chemicals man-
agement and control activities.
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