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Abstract
Introduction Ambient air and bulk deposition samples were
collected between June 2008 and June 2009. Eighty-three
polychlorinated biphenyl (PCB) congeners were targeted in
the samples.
Discussion The average gas and particle PCB concentrations
were found as 393±278 and 70±102 pg/m3, respectively, and
85% of the atmospheric PCBs were in the gas phase. Bulk
deposition samples were collected by using a sampler made of
stainless steel. The average PCB bulk deposition flux value was
determined as 6,020±4,350 pg/m2 day. The seasonal bulk
deposition fluxes were not statistically different from each other,
but the summer flux had higher values. Flux values differed
depending on the precipitation levels. The average flux value in
the rainy periods was 7,480±4,080 pg/m2 day while the
average flux value in dry periods was 5,550±4,420 pg/m2 day.
The obtained deposition values were lower than the reported
values given for the urban and industrialized areas, yet close to
the ones for the rural sites. The reported deposition values were
also influenced by the type of the instruments used. The
average dry deposition and total deposition velocity values
calculated based on deposition and concentration values were
found as 0.23±0.21 and 0.13±0.13 cm/s, respectively.
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1 Introduction

Atmospheric deposition plays an important role for the
toxic materials to reach surface waters and the other
environments. Besides heavy metals such as As, Cd, Pb,
and Hg, some of the organic materials are also counted as
toxics. Because these materials have negative effects on
human health and environmental risks, the investigation of
the atmospheric deposition of toxic materials has been
studied widely (Eisenreich and Strachan 1992; Rojas et al.
1993; Buehler and Hites 2002; Landis and Keeler 2002;
Rolfhus et al. 2003).

Semi-volatile organic compounds (SVOCs) are found
in the atmosphere in both particulate and gas forms. As a
result of this global scale transport mechanism, SVOCs
are carried long distances from the source, deposit in
pristine sites, and cause pollution in those environments.
Atmospheric transport modeling of the SVOCs and
determination of the deposition characteristics become
more of an issue (Simcik et al. 1997).

Photolytic and oxidative reactions as well as wet and dry
deposition mechanisms are among the atmospheric removal
mechanisms of the SVOCs including polychlorinated
biphenyls (PCBs; Dickhut and Gustafson 1995; Hillery et
al. 1998; Garban et al. 2002; Fang et al. 2004).

Atmospheric deposition occurs in two ways such as wet
and dry deposition. Pollutants deposit either by dry
deposition or by precipitation. Different measurement
methods are used in the literature in order to determine
wet and dry deposition amounts and fluxes of the SVOCs.
Determination of the flux values are very important to build

Responsible editor: Euripides Stephanou

A. Birgül
Department of Environmental Engineering,
Faculty of Engineering and Architecture,
Uludag University,
Gorukle, 16059 Bursa, Turkey

Y. Tasdemir (*)
Department of Environmental Engineering,
Faculty of Civil Engineering, Yildiz Technical University,
Esenler, 34220 İstanbul, Turkey
e-mail: tasdemir@yildiz.edu.tr

Environ Sci Pollut Res (2011) 18:396–406
DOI 10.1007/s11356-010-0383-2



up global and regional model simulations of the air
pollutants. More sensitive, easier, and more reliable
measurements are needed to reach this goal. In the recent
years, a number of studies have been carried out in various
countries and sites in order to determine the mechanism of
the atmospheric deposition (Arndt et al. 1998; Walker et al.
2000; Irwin et al. 2002; Sakata et al. 2006).

Bulk deposition is a sampling technique in which dry and/
or wet depositions are collected at the same time. Different
shaped samplers are used in collecting atmospheric bulk
deposition samples. The sampling devices made of stainless
steel are used as well as bottles made of borosilicate glass or
dark color glasses (Grünhage et al. 1993; Manoli et al. 2000;
Garban et al. 2002; Gocht et al. 2007; Motelay-Massei et al.
2007).

The aims of this study include (a) determination of the
atmospheric concentrations and bulk deposition fluxes of
the PCBs in a semi-rural area, (b) assessment of the
temporal changes of bulk deposition fluxes, (c) comparison
of the measured values with the previously measured data
obtained from a water surface sampler (WSS) and a bulk
deposition sampler, and (d) determination of the bulk
deposition velocities of the PCBs.

2 Material and method

2.1 Sampling program

In order to determine the PCB concentrations and the bulk
deposition fluxes, 70 airborne samples and 25 bulk
deposition samples were collected from a sampling point
(40°13′40.66″ N–28°52′35.11″ E) in the Uludag University
Campus (UUC). The sampling was carried out between
June 2008 and June 2009. The sampling site was assumed
to be semi-rural region, located 1.5 km to the Bursa–İzmir
highway and the UUC has over 40,000 students (Tasdemir
and Günez 2006).

Ambient air samples were collected using a high-volume
air sampler (HVAS; Thermo Andersen GPS 11 Model,
USA) and bulk deposition sampler (BDS). The samplers
were placed on a 1-m high platform placed on the roof a
building with four floors. The sampling site is shown in
Fig. 1. The meteorological data measured during the
sampling period is summarized in Table 1.

2.2 Sample collection

When there was no precipitation, HVAS was activated in
the sampling site and air samples were collected. In order to
provide the particulate and gas phases, 10.2 cm glass fiber
filter (GFF) and two polyurethane foams (PUFs) with 5 cm
length and 5.5 cm diameter were used in the sampler. The

average air volume during the period was 165.78±
62.08 m3. Four samples were collected for each bulk
deposition sample if there were no rain.

The bulk deposition samples were collected by using a
BDS made up of stainless steel, with 60.5 cm diameter and
19 cm height. In order to prevent the negative effects of the
turbulence, a leading edge with 20 cm width was placed
around the BDS (Cindoruk et al. 2008). The schematic
figure of the BDS is presented in Fig. 2. The BDS was
exposed to under the atmosphere for 15 days, and bulk
deposition samples were collected.

2.3 Analytical procedure

All glass equipment used in the laboratory was rinsed with
hot tap water, distilled water, methanol (MeOH), and
acetone (ACE; Cindoruk et al. 2007; Cindoruk et al. 2008).

In order to remove the probable organic residues com-
pletely, GFFs used in the HVAS were loosely covered with
aluminum foil, kept in the 450°C oven overnight, and then
cooled and kept in the freezer until usage (Cindoruk et al.
2007, 2008; Cindoruk and Tasdemir 2007).

Before their first usage, the PUFs used in the HVAS
were extracted with distilled water, MeOH, acetone/hexane
(ACE/HEX 1:1), and dichloromethane (DCM) in Soxhlet
extractor for 24 h and then dried under 60°C (Esen et al.
2006; Cindoruk and Tasdemir 2007). After the GFFs and
cartridges reach to the room temperature, GFFs were kept
in aluminum foil and PUF cartridges were kept in glass jars
with Teflon covers until usage (Cindoruk and Tasdemir
2007).

After sampling, the PUF cartridges were extracted for 24 h
in the Soxhlet extractor with 1:4 (v/v) DCM/petroleum ether
(PE) mixture (Esen et al. 2006). On the other hand, the GFFs
were extracted with the ultrasonic bath (Elmasonic, S 80 H
Model, Germany) with 25 mL DCM/PE (1:4) mixture for
30 min. This procedure was repeated once more. Then, the
bottle with the sample was rinsed with 5 mL same solvent
mixture and added to the other solvent mixture.

BDS samples (if there was water on them) were filtered
through XAD-2 resin, and then, the resin was extracted in the
ultrasonic bath for 30 min twice with 100 mLACE/HEX (1:1)
mixture. The samples were filtered through sodium sulfate
(Na2SO4) to remove any water exist. For the samples taken
in dry periods, the surface of the BDS was rinsed with ACE/
HEX (1:1) mixture. This procedure was repeated several
times and the solvents were kept in Teflon-covered jars.
Finally, the BDS surface was cleaned with tissue to remove
the pollutants on it and the tissues were also kept for
analysis.

After the samples were extracted, their volumes were
reduced to 5 mL by using a rotary evaporator (Heidolp,
Laborota 4001 Model, Germany) working under 22°C and
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Table 1 Measured meteorological data during the sampling period

No Sampling period Wind speed (m/s) Wind directiona Temperature (°C) Humidity (%) Rain volume (L)

1 2 June–18 June 2008 1.1±1.4 N 20.9±5.0 59.8±18.4 0

2 18 June–30 June 2009 1.9±1.8 N 25.8±4.8 52.4±15.3 0

3 30 June–16 July 2009 2.0±2.0 N 24.6±4.8 47.9±14.3 0

4 16 July–1 August 2008 1.6±1.7 N 24.6±4.6 57.5±16.5 0

5 1 August–15 August 2008 2.2±2.0 N 25.0±4.7 53.5±14.3 0

6 15 August–1 September 2008 1.8±1.8 N 26.3±4.5 60.0±15.7 0

7 1 September–16 September 2008 1.4±1.6 N 23.5±4.9 57.0±15.6 0

8 16 September–16 October 2008 1.1±1.3 N 16.4±4.1 74.5±15.4 1.95

9 16 October–3 November 2008 0.7±0.9 N 15.1±3.7 76.3±12.7 0

10 3 November–17 November 2008 0.5±0.8 N 11.7±3.8 80.3±11.0 0

11 17 November–1 December 2008 1.8±2.3 SSW 11.0±4.6 74.4±15.7 3.8

12 1 December–16 December 2008 1.9±1.8 ENE 10.0±4.8 66.2±15.3 0.16

13 16 December–2 January 2009 1.4±1.5 N 4.3±3.9 79.6±10.4 3.75

14 2 January–17 January 2009 1.3±1.2 ENE 3.9±3.2 76.6±14.0 5.4

15 17 January–31 January 2009 1.7±1.8 ENE 9.4±5.0 68.5±14.4 1.45

16 31 January–17 February 2009 1.7±1.8 SSW 8.9±4.9 74.0±15.8 30

17 17 February–2 March 2009 1.4±1.2 N 4.4±2.8 78.5±11.0 10.5

18 2 March–16 March 2009 1.8±2.1 SW 9.0±4.8 74.1±16.4 10

19 16 March–1 April 2009 1.5±1.7 NNW 8.3±5.1 69.7±17.0 7.25

20 1 April–17 April 2009 1.0±1.2 W 10.9±3.9 75.1±15.6 0.6

21 17 April–1 May 2009 0.9±1.1 NNW 12.0±5.1 69.9±16.3 0

22 1 May–16 May 2009 1.0±1.2 N 16.2±5.8 64.8±18.7 0

23 16 May–1 June 2009 1.4±1.4 N 19.3±4.8 64.1±16.3 0

24 1 June–16 June 2009 1.3±1.5 N 22.0±5.2 61.0±18.4 0

25 16 June–1 July 2009 1.3±1.5 N 23.4±5.3 54.8±16.0 0

a Dominant wind direction

Fig. 1 The sampling site,
the Uludag University Campus
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20 rpm. Then, 15 mL of HEX was added to the sample, and
the volume was reduced to 5 mL again. After that, the
volume was reduced to 2 mL by using pure nitrogen flow.

Two milliliters samples were passed through a column
containing 3 g of silicic acid, 2 g of alumina, and 2 g of
Na2SO4 to separate PCBs (Esen et al. 2006; Cindoruk et al.
2007). Twenty milliliters DCM and 20 mL PE were used to
rinse the column, respectively, in order to clean column; after
that, 2 mL sample and 25 mL PE were added to the column
to collect the PCB fractions (Tasdemir et al. 2004, 2005).
The sample volume was reduced to 5 mL with a rotary
evaporator, and the volume was reduced to 2 mL again after
15 mL HEX addition. The samples including PCBs were
acid-washed to remove the probable pollutants before the
chromatographic analyses. Two milliliters sample was placed
in glass centrifuge tube with Teflon cover. One milliliter of
sulfuric acid (98% purity, Merck, Germany) was added, and
the sample was centrifuged (Sigma, 1-15P Model, Germany)
under 3,000 rpm for 2 min. After this, the supernatant
including PCB was obtained. In order to collect any PCB
residuals in acid, 0.5 mL HEX was poured into the glass tube
and centrifuged again. Then, 0.5 mL HEX on the top of the
tube was taken to the sample bottle (Cindoruk et al. 2008).
After the processes of extraction, volume reduction, and
fractionation, the samples were ready for the chromatographic
analyses and they were put in 2 mL vials and kept in the −20°C
freezer until being analyzed.

Gas chromatography analyses were done by using HP
7890A-μECD (Micro-Electron Capture Detector; Hewlett-
Packard, USA) instrument. The oven temperature program
used in the PCB analyses was 70°C (2 min), increasing with
25°C/min to 150°C, then 3°C/min to 200°C, then 8°C/min to
280°C, followed by 8 min of holding under 280°C, increasing
with 10°C/min to 300°C, and holding for 2 min. The final
program time was 41.87 min. The inlet temperature was kept
for 250°C and the detector temperature was 320°C. The
carrying gas was helium and the makeup gas was nitrogen.
HP5-MS, 30 m×0.32 mm×0.25 μm, was used as a capillary
column.

Eighty-three PCB congeners were targeted in the
samples, and they were PCB#4/10, PCB#9/7, PCB#6,
PCB#8/5, PCB#19, PCB#12/13, PCB#15/17, PCB#16/32,
PCB#26, PCB#31, PCB#28, PCB#21, PCB#53, PCB#22,
PCB#45, PCB#52, PCB#47, PCB#49/48, PCB#44,
PCB#37/42, PCB#71/41/64, PCB#100, PCB#74, PCB#70/
61, PCB#66/95, PCB#91, PCB#56/60, PCB#92, PCB#84,
PCB#89/101, PCB#99, PCB#119, PCB#83, PCB#81/87,
PCB#86, PCB#85, PCB#77/110, PCB#135/144, PCB#114/
149, PCB#118, PCB#123, PCB#131, PCB#153, PCB#132/
105, PCB#163/138, PCB#126, PCB#128, PCB#167,
PCB#174, PCB#202/171/156, PCB#172, PCB#180,
PCB#200, PCB#170/190, PCB#169, PCB#199, PCB#207,
PCB#194, PCB#205, and PCB#206. For the calibration of
the instrument, five standards were prepared with the
concentrations between 0.05 and 25 ng/mL. After each 25
samples injection, the medium standard (18 ng/mL) was
injected to check the stability. Instrument detection limit
was determined as 0.1 pg for 1 μL injection.

2.4 Quality control/quality assurance

In order to prevent the probable organic contamination,
only the materials made of glass, stainless steel, and Teflon
were used in the sampling, extraction, and analysis.

To determine the losses during the extraction and
analysis of the collected samples, surrogate standards were
used. This standard had a concentration of 4 ng/mL and
contained the congeners of PCB#14, PCB#65, and
PCB#166. PCB#30 and PCB#204 congeners were used
for the volume corrections. The recovery efficiencies
obtained in PCB#14, PCB#65, and PCB#166 congeners
for the HVAS and BDS samples were given in Table 2.

In order to determine the probable contamination
generated during sampling, extraction, and analysis, blank
samples were collected and analyzed. They were at the
amount of 15% of the total number of samples. The ratios
of the total PCB mass in the blank samples to the PCB
mass in the samples were found as 5.9±8.0% and 2.5±
3.5% for GFFs and PUF cartridges, respectively. The blank
ratio was found as 1.74±1.55% for the BDS. Limit of

Fig. 2 Schematic display of bulk deposition sampler (Esen et al.
2008)
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detection (LOD) values were calculated for each congener
as blank average concentration plus three times standard
deviation (average±3σ; Yeo et al. 2003; Gambaro et al.
2004; Biterna and Voutsa 2005; Kim and Masunaga 2005).
The obtained LOD values for individual PCB congeners
ranged from 0 to 1.5 ng for the HVAS GFF, 0 to 1.4 ng for
the HVAS PUF cartridge, and 0 to 1.6 ng for the BDS.
Congener values under the LODs in the samples were
neglected. All results in this study were blank corrected.
The concentration and flux values were corrected with the
field blanks in order to eliminate the background contamina-
tion and artifacts by subtracting the average blank amount
from the sample values.

3 Results and discussion

3.1 Ambient air concentrations

Atmospheric PCB concentration samples were collected by
using a HVAS. The average gas and particulate PCB
concentrations were 393±278 and 70±102 pg/m3, respec-
tively. It was found that the 85% of the total PCB
concentration was in the gas form. Figure 3 presents the
average distribution of the gas and particulate concentra-
tions of the PCB congeners. When the distribution of the
PCB congeners is assessed, it is observed that congeners
with the low molecular weights are dominant.

The measured gas and particulate phase concentrations
are higher than rural area values yet lower than the urban
area values (Mandalakis et al. 2002; Tasdemir et al. 2004).
Some results of the various literature studies about
atmospheric concentrations of PCBs are given in Table 3.
The average gas and particulate PCB concentrations
measured at the same site in the previous years were 328±
284 and 86±128 pg/m3, respectively (Cindoruk and Tasdemir
2007). However, the previous study included 41 PCB
congeners.

When the seasonal fluctuations of the PCB concentra-
tions are assessed, it is seen that the highest PCB
concentrations are observed in the summer. This is because
of the higher evaporation rates from various surfaces (soil,
water, plant surfaces) in the summer (Biterna and Voutsa

2005; Tasdemir et al. 2005). Moreover, different emission
sources including primary emissions from buildings can be
important air contaminants in urban sites. No statistical
difference is determined among the other seasons. Total
PCB concentrations depending on seasonal changes are
shown in Fig. 4.

3.2 Bulk deposition fluxes

In this study, it was aimed to determine the bulk deposition
fluxes of the PCBs employing a BDS in the UUC
considered as a semi-rural site. The average bulk deposition
flux of PCBs is 6,020±4,348 pg/m2 day changing from
1,342 to 20,362 pg/m2 day. The average value determined
in this study is lower than industrial/urban areas, but it is
close to the ones reported from the rural sites. Temporal
variation of bulk deposition flux values and PCB congener
distributions from the samples are shown in Figs. 5 and 6.

Table 4 summarizes the bulk deposition flux values from
various sites, and there are high oscillations among the
values. The big differences depend on the sampling sites,
meteorological conditions, atmospheric levels, sampler
types, and targeted PCB numbers. Generally stainless steel
samplers were used; moreover, Pyrex and glass were also
employed as the sampler construction materials. There are
some sampling artifacts for PCB bulk sampling in general.
For example, specially volatile PCBs can evaporate from
the collection surface during the long sampling periods.
PCBs are also subject of photo-degradation. Moreover,
deposited particle phase PCBs can be re-suspended due to
wind effects. All these reasons cause underestimation of
PCB fluxes. On the other hand, after precipitation, there
will be some water volume on the collection surface. In this
case, when the particles reach the water surface they do not
bounce off to the atmosphere and dissolve in the water.
Therefore, particle collection efficiency of the sampler
increases.

Cindoruk (2007) employed a similar bulk deposition
sampler, but targeted PCB congener number was 41 while
in our study the targeted congener number was increased to
83. Moreover, the sampling sites were different between
this study and the studies conducted by Cindoruk (2007)
and Cindoruk et al. (2008). For example, in one of the
studies achieved by Cindoruk et al. (2008), the samples
were collected from the Bursa organized industrial district
(BOID), and its average value was 15.4±14.3 ng/m2 day. In
the second study, the average bulk deposition value was
36.2±21.4 ng/m2 day measured in an urban site, Gülbahce,
where plastics and other wastes were partially combusted
for heating (Cindoruk 2007). Therefore, the difference
among the bulk deposition values was mainly due to the
sampling site characteristics and sources affecting the
atmospheric levels.

Table 2 Recovery efficiencies for the HVAS and BDS samplers

Congeners HVAS BDS

Filter PUF

PCB#14 53.93±12.04 61.36±34.68 53.58±10.70

PCB#65 61.12±14.18 67.27±57.27 64.08±13.39

PCB#166 74.54±20.65 72.47±31.08 69.92±47.74
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Table 3 Atmospheric concentrations of PCBs at various locations

Sampling site Period n Concentration (pg/m3) Reference

Athens, Greece (urban; coastal) July 2000 38 344.9 Mandalakis et al. 2002
181.1

Ontario. Canada (rural) 24–27 April 2000 47 96–950 Gouin et al. 2002

Thessaloniki, Greece
(rural; semi-rural)

March–October 1999 6 0.5–29.2 Kouimtzis et al. 2002
0.5–15.6

Crete, Greece (Mediterranean coast) April 1999–March 2001 47 35–163.8 (gas) Mandalakis and Staphanou 2002
0.7–9.4 (particle)

King George Island, Antarctic
(semi-rural)

December 1995–February 1996 10 37.4 Montone et al. 2003

Madrid, Spain (urban) February 1998–June 1998 31 120–4,300 Alonso and Pastor 2003

Kap Arkona, Baltic Sea, Germany March–June 1999 8 8.99 (gas + particle) Bruhn et al. 2003

Stockholm, Sweden (urban) 1991–1996 63 3,300–6,800 Ishaq et al. 2003

Ansung, South Korea (rural) July 1999–June 2000 38 6.13–71.9 Yeo et al. 2003

Kattegat Sea, Sweden (rural) May 1991–June 1996 19 3,300 Sundqvist et al. 2004
6,800

Venice Lagoon (urban) August–September 2002 54 421 (gas) Gambaro et al. 2004
11 (particle)

Birmingham, England (urban) April 1999–July 2000 35 252 (gas + particle) Harrad and Mao 2004

Holland–South Africa (ocean) January 2001–February 2001 29 12–360 (gas + particle) Jaward et al. 2004

Chicago, IL, USA (urban) June 1995–October 1995 50 1,820 (gas) Tasdemir et al. 2004
90 (particle)

Eordea, Greece (industrial) January 2001–June 2001 8 0.04–103 (particle) Biterna and Voutsa 2005

Yokohama, Japan (urban) March 2002–February 2003 12 62–250 (gas + particle) Kim and Masunaga 2005

Atlantic Ocean (ocean air sample) November 1995 11 52.6–985 (gas + particle) Montone et al. 2005

Uludag University Campus, Turkey
(semi-rural)

July 2004–May 2005 24 328±284 (gas) Cindoruk and Tasdemir 2007
86±128 (particle)

Uludag University Campus, Turkey
(semi-rural)

June 2008–June 2009 83 393±278 (gas) This study
70±102 (particle)
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When the seasonal variation in the deposition fluxes of
the PCBs are assessed, no statistical differences are
observed among the seasonal averages but higher deposi-
tion fluxes are obtained in summer and winter seasons. In
the summer, the atmospheric concentrations are high;
however, in the winter, rainy periods are dominant. The
seasonal changes of bulk deposition flux values are shown
in Fig. 7.

The correlations between the bulk deposition fluxes of
the PCBs and the ambient air temperature and wind speed
were analyzed, but no statistically significant relationship
was found among these three parameters (for the temper-
ature–flux relationship r2<0.01, p>0.05; for the wind
speed–flux relationship r2=0.10, p>0.05). This is likely

due to the fact that wet and dry deposition of pollutants
from the atmosphere is a complex process dependent on the
wide spectra of parameters including height of clouds, type
and intensity of precipitation, quality of surface, and many
others.

Transport of the particulates with the rain and the
dissolution of the gas phase PCBs into the rain drops
according to the Henry’s law were reported in the literature
for SVOCs (Duinker and Bouchertall 1989; Poster and
Baker 1996a, b; Offenberg and Baker 2002). In the scope of
this study, the deposition flux values obtained in dry
weather periods (5.55±4.42 ng/m2 day) were lower than
the values determined for the rainy periods (7.48±4.08 ng/
m2 day). Not only precipitation but also the accumulated
rain water on the BDS was responsible for this result. The
accumulated water on the BDS sampler captures particulates,
and particulates containing PCBs do not bounce off when they
hit the water surface (Taşdemir and Holsen 2005). Moreover,
accumulated rain water attempts to get equilibrium with the
gas phase PCBs in the air; thus, some sort of transportation
takes place.

When the homolog distributions of the PCBs were
analyzed in rainy and dry period samples, it was determined
that 8-chlorinated biphenyls were dominant in dry periods;
otherwise, in rainy periods, 6-chlorinated biphenyls (6-
CBs) showed more dominant characters. PCB homolog
distributions of PCBs in wet and dry period samples were
shown in Fig. 8.

We tried to demonstrate the influence of the rain
volumes on the flux values. Figure 9 presents the
relationship between both of these variables. The correla-
tion between the rainfall and the deposition fluxes was
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calculated, but no statistically significant relationship
between these two variables was obtained (p>0.050).

In order to show the effect of our sampler on the
collected flux values, our data were compared with the
values obtained by a WSS. The WSS, which has been
described in detail elsewhere (Tasdemir et al. 2005;
Cindoruk and Tasdemir 2007; Cindoruk et al. 2008), is
briefly described here. Water entered the water surface from
its center and overflowed from the weirs located along its
sides. The retention time of the water on the surface was 2
to 3 min in order to minimize evaporative losses of
deposited PCBs. The recycled water was passed through a
filter and a XAD-2 resin column before completing a cycle.

The filter collects the particle phase PCBs while the resin
column, located after the filter, captures the dissolved
PCBs. In a study by Cindoruk and Tasdemir (2007), the
same site was sampled between the dates of June 2004 and
May 2005. The WSS was used in that study and dry
deposition flux was found as 46±40 ng/m2 day and air–
water gas exchange flux was determined to be 79±41 ng/
m2 day. Since the WSS study conducted when there was no
precipitation, it would be fair to compare them with the
BDS samples which were taken under dry atmospheric
conditions. Deposition fluxes obtained with the BDS
sampler were lower than the values obtained by the WSS.
This was because particle phase pollutants collected on the
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Table 4 Bulk deposition flux values obtained at different sampling sites

Sampling site Period n Flux (ng/m2day) Sampler type Reference

P. Marghera, Italy (industrial) 1998–1999 – 7.3 Pyrex funnel Rossini et al. 2005

Valle Figeri, Italy (far-clean) 1998–1999 – 1.5 Pyrex funnel Rossini et al. 2005

Tokyo, Japan (urban) 1996–1998 12 134 Stainless steel vessel Ogura et al. 2001

Tsukuba, Japan (semi-rural) 1997–1998 12 0.3 Stainless steel vessel Ogura et al. 2001

Tanzawa, Japan (far-clean) 1996–1998 12 0.2 Stainless steel vessel Ogura et al. 2001

Galveston Bay, TX, USA
(coastal)

February 1995–August 1996 22 17.5 Wet deposition
and calculation

Park et al. 2002

BOID Bursa, Turkey
(urban/industrial)

July 2004–May 2005 41 15.4±14.3 Stainless steel vessel Cindoruk et al. 2008

Gülbahce, Bursa, Turkey
(urban)

July 2004–May 2005 41 36.1±21.3 Stainless steel vessel Cindoruk 2007

UU Campus, Bursa, Turkey
(semi-rural)

June 2008–June 2009 83 6.02±4.3 Stainless steel vessel This study

n PCB congener number
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WSS do not re-suspend to the atmosphere again. Moreover,
gas phase pollutants dissolved in water are captured in the
resin and do not volatilize to the atmosphere from the WSS
either. Therefore, the WSSs were employed in the dry
deposition of the gas and particle SVOCs in the literature
(Seyfioglu and Odabasi 2006; Cindoruk and Tasdemir 2007).
For the BDS, in the dry periods, settled particulate phase
contaminants re-suspend to the atmosphere with the turbu-
lence caused by winds and gas phase is not captured. On the
other hand, in the rainy periods, the SVOCs dissolved in
the accumulated water in the BDS may re-volatilize back to
the atmosphere depending on the Henry’s law because BDS
does not have a resin column to capture the dissolved phases.

3.3 Bulk deposition velocities

Atmospheric samples were collected with a HVAS during
the sampling period for the determination of PCB concen-
tration levels. Deposition velocity values were calculated

by dividing the bulk deposition fluxes to the concentration
values. Only dry deposition was observed for some of the
samples. In this situation, the deposition velocity (vd=Fp/
Cp) was calculated by dividing the flux value (Fp) to the
particle phase concentration (Cp). On the other hand, both
wet and dry depositions were observed for some samples.
In these samples, bulk deposition velocity was calculated
by dividing the bulk deposition flux to the total (gas +
particle) concentration. Bulk deposition velocities were
0.23±0.21 cm/s for dry period samples and 0.13±
0.13 cm/s for samples obtained in the rainy periods. Lower
deposition velocities were calculated in the rainy period
because not only particulate but also gas phase deposition
occur simultaneously, and the gas phase deposition velocity
was about ten times lower than particulate phase (Wethington
and Hornbuckle 2005).

In the rainy period samples, higher deposition velocities
were calculated for the 2-chlorinated biphenyls (2-CBs) and
3-chlorinated biphenyls (3-CBs). These values were 0.31
and 0.11 cm/s for 2-CBs and 3-CBs, respectively. This
result points out that PCB congeners with low molecular
weights dissolve in the rain. On the other hand, 4-
chlorinated biphenyls (4-CBs) and 6-CBs have higher
deposition velocities in the dry period samples and they
were 0.12 and 0.10 cm/s, respectively.

4 Conclusions

Bulk deposition fluxes and concentrations of the PCBs were
measured between June 2008 and June 2009. The measured
gas and particulate phase concentrations were higher than the
values reported for the rural areas but lower than the values
given for the urban areas. In order to have more reliable data
set from the ambient air samples, the number of ambient air
samples should be increased and some ambient air samples
should be taken during the precipitation.
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The flux values of the samples collected in the rainy
periods were higher than the ones determined in the dry
periods. On the other hand, higher deposition fluxes are
observed in the summer season probably due to higher
atmospheric concentrations.

Deposition velocities of the samples collected in the
rainy period were lower than the values determined in the
dry periods. When the homolog distributions of the PCBs
were analyzed, it was determined that bulk deposition
velocities of 2-CBs and 3-CBs in the rainy period samples
and 4-CBs and 6-CBs in the dry period samples were
dominant.

It should be also noted that site characteristics, atmospheric
concentrations, and meteorological parameters have signifi-
cant effects on the deposition mechanisms of the PCBs.
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