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� Levels and distribution of atmospheric and water PAHs were studied in Lake Chaohu.
� The monthly diffusive air–water exchange flux were estimated by a two-film model.
� PAH16 levels in atmosphere and water were significantly correlated with temperature.
� Significant correlations between gas-particle partition and log PO

L and LogKoa.
� PAH levels in water and gas were the most important factors for air–water exchange.
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a b s t r a c t

The residual levels of polycyclic aromatic hydrocarbons (PAHs) in the atmosphere and in dissolved phase
from Lake Chaohu were measured by (GC–MS). The composition and seasonal variation were investi-
gated. The diffusive air–water exchange flux was estimated by a two-film model, and the uncertainty
in the flux calculations and the sensitivity of the parameters were evaluated. The following results were
obtained: (1) the average residual levels of all PAHs (PAH16) in the atmosphere from Lake Chaohu were
60.85 ± 46.17 ng m�3 in the gaseous phase and 14.32 ± 23.82 ng m�3 in the particulate phase. The dis-
solved PAH16 level was 173.46 ± 132.89 ng L�1. (2) The seasonal variation of average PAH16 contents
ranged from 43.09 ± 33.20 ng m�3 (summer) to 137.47 ± 41.69 ng m�3 (winter) in gaseous phase, from
6.62 ± 2.72 ng m�3 (summer) to 56.13 ± 22.99 ng m�3 (winter) in particulate phase, and
142.68 ± 74.68 ng L�1 (winter) to 360.00 ± 176.60 ng L�1 (summer) in water samples. Obvious seasonal
trends of PAH16 concentrations were found in the atmosphere and water. The values of PAH16 for both
the atmosphere and the water were significantly correlated with temperature. (3) The monthly diffusive
air–water exchange flux of total PAH16 ranged from �1.77 � 104 ng m�2 d�1 to 1.11 � 105 ng m�2 d�1,
with an average value of 3.45 � 104 ng m�2 d�1. (4) The results of a Monte Carlo simulation showed that
the monthly average PAH fluxes ranged from �3.4 � 103 ng m�2 d�1 to 1.6 � 104 ng m�2 d�1 throughout
the year, and the uncertainties for individual PAHs were compared. (5) According to the sensitivity anal-
ysis, the concentrations of dissolved and gaseous phase PAHs were the two most important factors affect-
ing the results of the flux calculations.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Polycyclic aromatic hydrocarbons (PAHs) are a group of com-
pounds composed of two or more fused aromatic rings (Menzie
et al., 1992). PAHs occur in the environment as complex mixtures
of many components (Petry et al., 1996). They mainly originate
from coal combustion, vehicle emissions, the coking industry,
and the burning of biomass (Rogge et al., 1993; Kavouras et al.,
2001; Xu et al., 2006). They have been a topic of concern because
of their potentially toxic, mutagenic, and carcinogenic properties
(Khalili et al., 1995; Fernandes et al., 1997; Larsen and Baker,
2003). Therefore, 16 PAHs are included in the priority pollutants
list of the US EPA. During last decades, the PAH emissions in China
have been increasing greatly with the rapid population growth and
economic development (Xu et al., 2006; Zhang et al., 2007b). China
is suffering from severe contamination of PAHs from various
sources, which poses a serious threat to ecosystems and human
health (Xu et al., 2011, 2013). The emissions of 16 priority PAHs
in China was estimated as 25300 tons in 2003, and among various
emission sources, biomass burning, domestic coal combustion, and
coking industry contributed 60%, 20%, and 16% of the total
e shal-
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emission, respectively (Xu et al., 2006). The higher PAHs emission
density was found in the southeastern provinces, while the higher
PAHs emission intensity and population-normalized emission
were found in western and northern China (Xu et al., 2006).

A body of water can act either as a sink (Lohmann et al., 2006)
or as a source (Zhang et al., 2007a) for PAHs in the environment.
The atmosphere plays an important role in PAH contamination of
water bodies (Simonich and Hites, 1995; Simcik et al., 1999).
Wet deposition, dry deposition, and gas exchange across the air–
water interface are the three major transport pathways for atmo-
spheric inputs of organic pollutants into the Great Lakes (Franz
et al., 1998). Unlike wet and dry deposition, gas exchange is a
‘‘two-way street’’ (McConnell et al., 1993). Therefore, gas exchange
appears to be an important process that controls the concentra-
tions and residence times of PAHs in natural water bodies (Pandit
et al., 2006). Air–water exchange is a complex process controlled
by many factors. In recent decades, much work has been done on
the estimation of the air–water exchange of POPs (Nelson et al.,
1998; Wania et al., 1998; Totten et al., 2001; Tsapakis et al.,
2006). Two-film models were usually employed to estimate the ex-
change flux quantitatively. However, model uncertainty and the
impact of parameters were seldom discussed.

Lake Chaohu (30�580–32�060N/116�240–118�000E), which is
located in Anhui Province, is the fifth largest freshwater lake in
China. It is the primary source of drinking water for the provincial
capital city, Hefei and for a medium city, Chaohu. Lake Chaohu
covers an area of 753 km2 and is located in one of the most devel-
oped areas in China, the Yangtze River Delta Economic Zone. The
local sources of PAHs emission in the Lake Chaohu area are of
complexity, due to the effects from the northwest Hefei city
and eastern Chaohu City, the southern and northern rural areas,
as well as from the lake tourism. The primary PAHs source in
the urban areas is vehicle emission, while that in the rural areas
is the combustion of biomass fuels (e.g. straw, firewood). The coal
combustion in the nearby power plants is also an important PAHs
source. In addition, the long distance transportation from the
adjacent provinces is the secondary PAHs sources in Lake Chaohu
area.

Some studies have examined the air–water exchange in China
(Fang et al., 2008; Qiu et al., 2008, 2010; Li et al., 2009; Devi
et al., 2011), but diffusive fluxes vary according to meteorological
and geographical conditions (Bidleman, 1999). To understand the
atmospheric influence of the Lake Chaohu aquatic system, it is nec-
essary to study the specific pollution characteristics of atmospheric
PAHs, identify the partitioning characteristics and to evaluate the
exchange fluxes through the air–water interface. The aim of this
study included the following: (1) to investigate the residual levels,
composition characteristics and seasonal variation of PAHs in
atmospheric samples and lake water; (2) to elucidate the partition-
ing of PAHs in gaseous and particulate phases; and (3) to investi-
gate the uncertainty of estimates of the air–water exchange and
the sensitivity of the parameters.

2. Materials and methods

2.1. Sample collection and pretreatment

Atmosphere samples and water samples were collected once a
month from May 2010 to April 2011. The sampling sites are
shown in Fig. S1 in the Supporting information. High-volume
samplers were placed on the roofs of residential buildings on
the island and on the Environmental Protection Agency building.
Polyurethane foam (PUF) disks and glass fiber filters (GFFs) were
used to collect gaseous-phase PAHs and particulate-phase PAHs.
The average flow rate was 0.31 m3 min�1. After sampling, both
the PUF and the GFF were packed in aluminum foil and stored
Please cite this article in press as: Qin, N., et al. Atmospheric partitioning and th
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at 20 �C. Twenty liters of water was collected from each sampling
site. After shaking and mixing, a 1-L aliquot of each collected
water sample was filtered through a 0.45-lm glass fiber filter
(burned at 450 �C for 4 h) using a filtration device consisting of
a peristaltic pump (80EL005, Millipore Co., USA) and a filter plate
with a diameter of 142 mm. Surrogate standards of 2-fluoro-1, 10-
biphenyl and p-terphenyl-d14 (J&K Chemical, USA, 2.0 mg mL�1)
were added to the water samples to indicate the recovery before
extraction.

In the laboratory, the PUF was Soxhlet extracted with a 150 mL
1:1 mixture of n-hexane and acetone for 8 h. The GFF was ex-
tracted with a 25 mL hexane/acetone mixture (1:1) using a micro-
wave accelerated reaction system (CEM Corporation, Matthews,
NC, USA). The microwave power was set at 1200 W, and the tem-
perature was ramped to 100 �C over 10 min and then held at
100 �C for another 10 min. Both PUF and GFF extracts were concen-
trated to 1 mL by rotary evaporation at a temperature below 38 �C
and then transferred to a silica/alumina chromatograph column for
cleanup. The elution solution was collected, concentrated, con-
versed to hexane solution, and then added with internal standards
(Nap-d8?Ace-d10?Ant-d10?Chr-d12 and Perylene-d12, J&K Chem-
ical Ltd., USA).

The water samples were extracted using a solid phase extrac-
tion (SPE) system (Supelco). C18 cartridges (500 mg, 6 ml, Supelco)
were prewashed with dichloromethane (DCM) and conditioned
with methanol and de-ionized water. A 1-L water sample passed
through the SPE system and was extracted. The cartridges were
eluted with 10 mL of dichloromethane. The volume of the extracts
was reduced by a vacuum rotary evaporator (R-201, Shanghai Shen
Sheng Technology Co., Ltd., Shanghai, China) in a water bath and
was adjusted to a volume of 1 ml with hexane. Internal standards
(Nap-d8, Ace-d10, Ant-d10, Chr-d12 and Perylene-d12) were
added for the GC analysis.
2.2. Sample analysis and quality control

All samples were analyzed on a GC–MS (Agilent 6890GC/
5973MSD). A 30 m � 0.25 mm i.d. with a 0.25-lm film thickness
HP-5MS capillary column (Agilent Technology) was used. The col-
umn temperature was programmed to increase from 60 �C to
280 �C at 5 �C min�1 and was then held constant for 20 min. The
MSD was operated in the electron impact mode at 70 eV, and the
ion source temperature was 230 �C. The mass spectra were re-
corded using the selected ion monitoring mode. The concentra-
tions of 16 PAHs were determined: naphthalene (Nap),
acenaphthene (Ace), acenaphthylene (Acy), fluorine (Flo), phenan-
threne (Phe), anthracene (Ant), fluoranthene (Fla), pyrene (Pyr),
benz(a)anthracene (BaA), chrysene (Chr), benzo(b)fluoranthene
(BbF), benzo(k)fluoranthene (BkF), benzo(a)pyrene (Bap), dibenz(a,
h) anthracene (DahA), indeno(1,2,3-cd)pyrene (IcdP) and benzo(g,
h, i) perylene (BghiP).

The quantification was performed by the internal standard
method using Nap-d8, Ace-d10, Ant-d10, Chr-d12 and Perylene-
d12 (J&K Chemical, Beijing, China). All of the solvents used were
HPLC-grade pure (J&K Chemical, Beijing, China). All of the glass-
ware was cleaned using an ultrasonic cleaner (KQ-500B, Kunshan,
China) and heated to 400 �C for 6 h. In the sampling process, three
replicate samples were collected from each sample site. Laboratory
blanks were analyzed with the true samples. The recovery methods
and detection limits are shown in Table S1 in the Supporting infor-
mation. The detection limits were in the range of 0.64–1.85 ng L�1.
The PAH recoveries for gaseous phase, particulate phase and water
varied from 46% to 124%; 47% to 119% and 21% to 122%,
respectively.
e air–water exchange of polycyclic aromatic hydrocarbons in a large shal-
6/j.chemosphere.2013.05.038

http://dx.doi.org/10.1016/j.chemosphere.2013.05.038


N. Qin et al. / Chemosphere xxx (2013) xxx–xxx 3
3. Results and discussion

3.1. PAH residue levels in atmosphere and water samples at Lake
Chaohu

In total, 16 PAHs in gas-phase, particulate-phase and water
samples from May, 2010 to April, 2011 were analyzed. The PAH
residue levels are summarized in Table 1. The concentration of
gas-phase PAH16 ranged from 16.49 to 184.63 ng m�3 with an
average value of 60.85 ± 46.17 ng m�3. Phe had the highest value
(24.06 ± 23.88 ng m�3), followed by Fla (14.88 ± 10.39 ng m�3)
and Pyr (8.59 ± 4.00 ng m�3). DahA had the lowest concentration
of 0.01 ± 0.01 ng m�3. PAH16 was dominated by the low-molecu-
lar-weight (LMW) PAH, which accounted for 81.9% of the total
PAH16 concentration. Moderate-molecular-weight (MMW) PAH
and high-molecular-weight (HMW) PAHs accounted for 17.9%
and 0.02% of total PAH16, respectively. A one-way ANOVA was em-
ployed to analyze the statistical differences among sampling sites,
and no significant differences were observed (p = 0.195).

Particulate-phase PAH16 concentrations during the sampling
period were in the range of 3.49–75.90 ng m�3 with an average va-
lue of 14.32 ± 23.82 ng m�3. These values were much lower than
the gas-phase PAH16 concentrations. Compared with gas samples,
LMW PAHs in particles represented a smaller proportion of the to-
tal, 22.7%. MMW and HMW PAHs contributed 49.9% and 27.4%,
respectively, of the total particulate-phase PAH16. Bbf had the
highest residual level in particle phase (2.58 ± 4.10 ng m�3), fol-
lowed by IcdP (1.51 ± 2.47 ng m�3). Acy had the lowest concentra-
tion of 0.02 ± 0.04 ng m�3. No significant statistical differences
were observed between the two sampling sites (one-way ANOVA,
p = 0.981).

The hydrophilicity of PAHs decreases with increasing molecular
weight, and thus, the detection rates of PAHs followed the order
HMW < MMW < LMW in water samples. LMW PAHs were 100% de-
tected. Two kinds of MMW PAHs (Bbf, Bkf) were 50% detected. The
detection rates for HMW PAHs were as follows: Bap (25.0%), IcdP
(16.7%), DahA (8.3%) and BghiP (16.7%). The concentration ranged
from 69.92 to 515.62 ng L�1 with a mean of 173.46 ± 132.89 ng L�1.
Because of the low detection of MMW and HMW PAHs, the contri-
Table 1
Contents of PAHs in air and water.

Gaseous phase (ng m�3) Particulate phas

Range GM SD Range

Nap 0.27–4.53 1.36 1.40 0.06–0.31
Acy 0.05–5.14 0.75 1.70 0.00–0.12
Ace 0.12–1.25 0.40 0.39 0.01–0.08
Flo 1.10–17.22 4.54 5.28 0.04–0.36
Phe 5.86–88.95 24.06 23.88 0.20–4.40
Ant 0.19–9.81 1.86 2.51 0.04–0.23
Fla 3.70–39.94 14.88 10.39 0.39–8.79
Pyr 3.72–17.82 8.59 4.00 0.31–10.25
Baa 0.09–0.59 0.33 0.15 0.13–6.01
Chr 0.37–1.76 1.07 0.39 0.20–10.97
Bbf 0.02–0.54 0.20 0.16 0.65–13.70
Bkf 0.02–0.41 0.12 0.10 0.24–4.41
Bap ND–0.25 0.05 0.07 0.20–5.22
IcdP ND–0.23 0.02 0.07 0.40–8.51
DahA ND–0.03 0.01 0.01 0.05–0.99
BghiP ND–0.26 0.02 0.08 0.46–5.59
LMW 12.14–166.84 49.10 44.06 0.79–14.17
MMW 4.35–19.28 10.50 4.24 1.58–43.34
HMW 0–0.77 0.08 0.21 1.12–20.32
PAH16 16.49–184.63 60.85 46.71 3.49–75.90

GM: Geometric mean; SD: standard deviation.
PAH16: the sum of 16 PAH components; LMW-PAH: low-molecular-weight PAHs inc
molecular-weight PAHs including 4-ring PAHs (Pyr, Baa, Chr, Bbf, Bkf); HMW-PAH: high
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bution of the LMW PAHs was dominant, at 92.9%, and MMW and
HMW accounted for only 7% and 0.08% of the dissolved PAHs,
respectively. Statistical analysis was applied to test for differences
among the three sampling sites, and no significant difference was
found (one-way ANOVA, p = 0.989).

The atmospheric residual levels (particulate + gas) of PAHs in
Chaohu (60.85 ng m�3 + 14.32 ng m�3) were significantly lower
than the 313 ng m�3 + 23.7 ng m�3 reported for Guangzhou (Li
et al., 2006), which belongs to the Pearl River Delta Economic
Development Zone in southern China and is lower than that of
Tianjin (485 ng m�3 + 267 ng m�3), which belongs to the Bei-
jing–Tianjin–Tangshan Economic Development Zone in eastern
China (Liu et al., 2008). These comparisons showed that the
PAH residual levels in the atmospheric samples in this study
were lower than those found in the previous studies in big Chi-
nese cites, which may be attributed to the difference in the eco-
nomic development levels and population sizes. It was reported
that the atmospheric emission of PAHs was positively correlated
to the local gross domestic product (GDP) and population (Zhang
and Tao, 2009). The population in Hefei (4.5 million) was much
lower than that in the big Chinese cities such as Beijing (20 mil-
lion), Guangzhou (17 million) and Tianjin (10 million); and the
GDP in 2011 in Hefei City (270.250 billion Chinese Yuan
(RMB)) was also much lower than that in Beijing (1377.790 bil-
lion RMB), Guangzhou (1060.448 billion RMB) and Tianjin
(910.883 billion RMB).

Compared with studies outside of China, the results in the pres-
ent study were comparable to the levels reported in Izmir, Turkey
(PAH15 average 25.2–44.1 ng m�3 in winter) (Demircioglu et al.,
2011), in the Southern Chesapeake Bay (total 5.3–71.6 ng m�3)
(Gustafson and Dickhut, 1997b) and in Athens, Greece (4.8–
76 ng m�3) (Mandalakis et al., 2002). The concentrations in Lake
Chaohu were also lower than those reported for samples from Lake
Michigan near Chicago (PAH14, 92.3–244.9 ng m�3) (Vardar et al.,
2004). The concentration of dissolved-phase

P
PAH16 in Lake

Chaohu (173.46 ± 132.89 ng L�1)was a bit higher than that re-
ported in Lake Taihu (134.5 ± 54.8 ng L�1) (Qiao et al., 2008), but
much lower than the levels in Lake Victoria (3.32–55.8 lg L�1)
(Kwach and Lalah, 2009).
e (ng m�3) Dissolved phase (ng L�1)

GM SD Range GM SD

0.18 0.08 27.28–145.83 58.04 30.91
0.02 0.04 2.04–48.66 7.17 17.35
0.04 0.02 7.16–153.42 22.50 49.26
0.14 0.12 8.07–75.41 20.02 19.40
0.89 1.33 7.13–128.40 29.36 33.69
0.10 0.07 0.82–9.75 3.39 2.67
1.39 2.89 1.74–11.50 5.61 2.95
1.43 3.60 3.13–19.71 5.99 4.65
0.67 1.92 0.33–2.42 1.09 0.67
1.27 3.63 0.39–4.73 1.72 1.22
2.58 4.10 ND–1.45 0.81 0.54
0.92 1.25 ND–2.15 0.73 0.67
0.86 1.57 ND–0.92 0.22 0.26
1.51 2.47 ND–0.34 0.13 0.10
0.18 0.30 ND–0.06 0.06 0.02
1.39 1.52 ND–0.52 0.48 0.19
2.91 4.42 59.82–491.07 161.00 129.83
7.17 13.93 5.28–24.54 10.13 5.57
3.99 5.82 0–1.42 0.46 0.49

14.32 23.82 69.92–515.62 173.46 132.89

luding 2–3-ring PAHs (Nap, Acy, Ace, Flo, Phe, Ant, Fla); MMW-PAH: moderate-
-molecular-weight PAHs including 5–6-ring PAHs (Bap, IcdP, DahA, BghiP).
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3.2. Seasonal variation of PAH levels

The PAH16 concentrations for different seasons and in various
air temperatures are illustrated in Fig. 1. The average concentra-
tions of PAH16 in the gaseous phase for each season were ordered
as follows: winter (137.47 ± 41.69 ng m�3) > autumn (65.80 ±
10.12 ng m�3) > summer (47.62 ± 20.94 ng m�3) > spring (43.09 ±
33.20 ng m�3). The values for particulate samples according to sea-
son were the following: winter (56.13 ± 22.99 ng m�3) > spring
(19.02 ± 12.14 ng m�3) > autumn (11.89 ± 13.48 ng m�3) > summer
(6.62 ± 2.72 ng m�3). The PAH16 residual levels in dissolved sam-
ples also varied by season as follows: summer (360.00 ±
176.60 ng L�1) > autumn (174.33 ± 104.13 ng L�1) > spring
(142.73 ± 20.70 ng L�1) > winter (142.68 ± 74.68 ng L�1). The PAHs
in the gaseous and particulate phases followed similar seasonal
trends with regard to temperature; however, the trend in water
samples was different. The monthly averaged temperature in Cha-
ohu ranged from 272.6 K (January) to 301.8 K (August). The highest
concentration of gaseous- and particulate-phase PAHs were both in
winter samples; the values were 184.63 ng m�3 for the gaseous
and 75.90 ng m�3 for the particulate phase in December. The low-
est levels were 16.49 ng m�3 (April) and 3.50 ng m�3 (August). The
highest level for the dissolved phase was 396.33 ng L�1 in July, and
the lowest level was 69.92 ng L�1 in November.

Correlation analysis was applied to test the relationship be-
tween temperature and PAH16 concentrations in different media.
A positive correlation (p < 0.05) was found between temperature
and dissolved PAH content, whereas there was a negative correla-
tion between temperature and PAH concentration in the gas-phase
(p < 0.05) and particulate-phase samples (p < 0.01). The results of
the correlation analysis suggest that temperature was an impor-
tant factor in determining the PAH levels in both the atmosphere
and in bodies of water. It can be found from the Fig. 1 that, the
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Fig. 1. Average monthly temperature and PAH16 levels in atmospheric and water
samples from Lake Chaohu.
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temperature observed on January was the lowest; however, the
content of the aquatic PAHs was higher than December and Febru-
ary. It was mainly due to the impact of atmospheric deposition.
Meteorological data showed that, a total of 7.6 mm snow precipita-
tion was found during the sampling period in January 2011. This
atmospheric deposition might have a significant influence on the
PAHs contents in water. Atmospheric particulate PAHs entered
the water system in the form of wet deposition, which might in-
crease the dissolved PAHs concentration through the repartition
between water and suspended particle materials.

3.3. Gas-particle partitioning

The partitioning of PAHs between vapor and solid phase can be
described by both the particle-gas partition ratio (P/G) and the gas-
particle partition coefficient (Kp) (Simcik et al., 1998; Odabasi et al.,
2006; Ma et al., 2011). The following Eqs. (1) and (2) were used to
calculate the P/G and Kp of PAHs:

P=G ¼ Cparticle

Cgas
ð1Þ

Kp ¼
Cparticle

CgasTSP
ð2Þ

where Cparticle (ng m�3) and Cgas (ng m�3) are the PAHs concentra-
tions in the particle phase and in the gas phase, respectively. TSP
(lg m�3) is the total suspended particulate concentration. P/G and
Kp are the particle-gas partition ratio and the gas-particle partition
coefficient, respectively.

The statistical characteristics and the temporal–spatial varia-
tions of PAHs’ P/G in Lake Chaohu are presented in Table S2 and
Fig. S2, respectively. The geometric mean of PAHs’ P/G ranged from
0.03 ± 0.15 (Flo) to 159.66 ± 294.96 (IcdP), with the average value
of 0.24 ± 0.33. The geometric mean of P/G ratios for the LMW,
MMW and HMW PAHs were 0.07, 6.01 and 88.56, respectively.
This indicates that the P/G ratios are increased with the increase
of molecular weight of PAHs, and that the HMW PAHs are more
easily distributed in the particulate phase. It can be seen from
Fig. S2 that, during May–December 2010, the P/G ratios of PAH16
were with very similar values and variation trends. From May to
August 2010, the P/G ratios had a decreasing trend; however, from
August to December 2010, the P/G ratios had an increasing trend.

The gas-particle partitioning of PAHs might be influenced by the
weather condition and the TSP content. The relationships between
the P/G ratios of PAHs and the ambient air temperature and humid-
ity as well as TSP concentrations in the sampling period were pre-
sented in Table S3. The significant negative correlations were
found between the P/G ratios of PAH16 and the air temperature
at the site HB (R = �0.631, p < 0.05), and between the P/G ratios
and the air humidity at the site MS (R = �0.650, p < 0.05); while
The significant positive correlations were found between the P/G
ratios and the TSP concentrations at both sites HB and MS
(R = 0.597 and 0.606, p < 0.05). There were significant correlations
between the P/G ratios of medium molecular weight PAHs and
the ambient air temperature and humidity as well as TSP concen-
trations. This is largely determined by the physical and chemical
properties of PAHs. The low molecular weight PAHs with lower
boiling point mainly present in the gaseous phase, and easily vol-
atilize from the solid phase; while the high molecular weight PAHs
are primarily enriched in particulate phase, and are hardly desorp-
ted from particulate phase. However, the medium molecular
weight PAHs can easily be influenced by weather condition, and
re-partition between the particulate phase and the gaseous phase.

The statistical characteristics of particulate-gas partition coeffi-
cients (Kp) of PAHs in Lake Chaohu are presented in Table S4. The
e air–water exchange of polycyclic aromatic hydrocarbons in a large shal-
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geometric mean of PAHs’ P/G ranged from 0.0003 (Acy, Flo, Phe) to
1.165 ± 0.174 (IcdP), with the average value of 0.002 ± 0.0018. The
Kp geometric mean for the LMW, MMW and HMW PAHs were
0.00059, 0.0456 and 0.7932, respectively. This means that the Kp

values are increased with the increase of molecular weight of
PAHs, which is in accordance with the results from the P/G.

In order to explain the partition coefficients, two proposed
models for the partitioning mechanism, the sub-cooled liquid va-
por pressure based model and the octanol–air partition coeffi-
cient-based model (Odabasi et al., 2006) were applied in the
present study. Their s model equations are as follows:

log Kp ¼ mr log PO
L þ br ð3Þ

log Kp ¼ m log Koa þ b ð4Þ

where log PO
L is the sub-cooled liquid vapor pressure; mr and m are

the slope constants; br and b are the intercept constants; and Koa is
the octanol–air partition coefficient.

Correlation analysis and linear regression were used to detect
the relationship between gas-particle partition coefficients of PAHs
(Kp) and Koa and PO

L , as shown in Fig. 2. The significant positive cor-
relation was found between Kp and Koa (p < 0.01); and the signifi-
cant negative correlation was observed between Kp and PO

L

(p < 0.01). The relationships can be summarized as follows:

log Kp ¼ 0:35 log Koa � 7:68 ð5Þ

log Kp ¼ �0:34 log PO
L � 3:46 ð6Þ

The results suggested that Koa and PO
L values have a significant

influence on the partitioning of PAHs between the gas and particle
phases. PAHs with higher Koa but lower PO

L values are more easily
absorbed onto particles.

3.4. Air–water exchange

3.4.1. Two-film transport model
The two-film transport model was applied to calculate fluxes of

semi-volatile organic contaminants (Whitman, 1923). The overall
flux is defined by

F ¼ KolðCdiss �
Cgas

H0
Þ ð7Þ

where F is the overall mass flux (ng m�2 d�1) and Kol (m d�1) is the
overall mass transfer coefficient. (Cdiss � Cgas/H0) describes the con-
centration gradient (ng m�3), and Cdiss and Cgas are the dissolved
phase concentration of the compound in water (ng m�3) and the
gas phase concentration of the compound in air (ng m�3), respec-
tively. The H0 value is calculated as H/RT, where H is the tempera-
ture and salinity-corrected Henry’s law constant (Pa m�3 mol�1), R
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is the universal gas constant (8.314 Pa m�3 K�1 mol�1), and T is
the absolute temperature at the air–water interface (K).

Eq. (8) was applied to estimate the temperature-corrected H
values for PAHs:

ln HT ¼ ln H298 þ 26:39� 7868=T ð8Þ

where HT and H298 are the Henry’s Law constants at temperature T
and 298 K, respectively.

The overall mass transfer coefficient Kol is defined as

1
Kol
¼ 1

Kwater
þ 1

KairH
0 ð9Þ

where Kwater and Kair are the mass transfer coefficients through
stagnant layers of water and air (m d�1), respectively.

The mass transfer coefficient for PAHs through the air layers
was estimated by

KA;PAH ¼ KA;H2O½DA;PAH=DA;H2O�0:61 ð10Þ

where KA,H2O is the mass transfer coefficient of water through the
air layers and DA,PAH and DA,H2O are diffusive coefficients for PAHs
and H2O in the water, respectively. KA, H20 was estimated by

KA;H2O ¼ 0:2U10 þ 0:3 ð11Þ

where U10 is the wind speed in m s�1 at 10 m.
KW,PAH was estimated by

KW;PAH ¼ KW;CO2½SC;PAH=SC;CO2��0:5 ð12Þ

where KW,CO2 is the mass transfer coefficient for CO2 across the
water layers and SC,PAH and SC,CO2 are the Schmidt numbers of the
PAHs and CO2, respectively.

KW,CO2 was calculated by:

KW;CO2 ¼ 0:45U1:64
10 ð13Þ

The Schmidt numbers and diffusive coefficients used in this
study are temperature corrected.

3.4.2. Air–water exchange fluxes
The fluxes of PAH16 in the air–water interface at Chaohu were

calculated, and monthly PAH16 fluxes and temperature are shown
in Fig. 3A and B. Negative values for the flux indicate that PAH
absorption into the water column was the dominant exchange pro-
cess. The diffusive air–water exchange flux of total PAH16 ranged
from �1.77 � 104 ng m�2 d�1 to 1.11 � 105 ng m�2 d�1 with an
average value of 3.45 � 104 ng m�2 d�1. The highest positive value
was observed in August (1.11 � 105 ng m�2 d�1) and followed by
that in July (8.67 � 104 ng m�2 d�1) and September (6.71 � 104 -
ng m�2 d�1). The greatest negative flux was observed in December
(�1.77 � 104 ng m�2 d�1) and followed by that in November
(�3.62 � 103 ng m�2 d�1). The PAH16 flux for the entire year was
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4.18 � 105 ng m�2 d�1. From Fig. 3A, we can also see that the
PAH16 flux and temperature have the same trend and that the
PAH16 flux has a close relationship with the variation of tempera-
ture. Correlation analysis was applied, and the result is shown in
Fig. 3. PAH16 fluxes and temperature were significantly correlated
(Pearson, p < 0.01). Therefore, the air–water exchange of PAHs was
usually negative in winter (November and December) or small po-
sitive flux (February) owing to the low temperature. However, it
can be found from Fig. 3 that January with the lowest temperature
had a positive flux from water to air. This might be attributed to
the following two reasons. First, the PAHs concentration in the
water in January was much higher than that in November and
December, due to wet deposition. High PAHs content in the water
might cause the positive diffusive exchange flux from the water to
the atmosphere. Second, the LMW PAHs in January accounted for
97.3% of total PAHs, which was much higher than the percentages
of LMW PAHs in December (88.2%) and November (93.8%). The
LMW PAHs are more easily volatilized from the water. From the
above analysis, it can be seen that the contents and composition
of PAHs in the water and air, as well as the temperature have their
impact on the flux direction and value of air–water exchange. The
influences of different parameters on the air–water exchange flux
were discussed in the Section 3.4.3 ‘‘Uncertainty and sensitivity
analysis’’.

The exchange fluxes of the 16 individual PAHs are illustrated
in Fig. 4. The differences among the PAH compounds were
very large. The annual PAH flux varied from �4.80 � 104

(Fla) ng m�2 d�1 to 2.36 � 105 (Nap) ng m�2 d�1 with a mean of
2.59 � 104 ng m�2 d�1. Nap had the highest positive flux from
water to atmosphere, followed by Ace with the value of
1.44 � 105 ng m�2 d�1, and Fla had the greatest negative flux, fol-
lowed by Pyr with a value of 2.01 � 105 ng m�2 d�1. Gustafson
and Dickhut (Gustafson and Dickhut, 1997a) found that fluxes of
the volatile two-ring PAHs were always from surface waters into
the atmosphere, while fluxes of the heavier more non-volatile
five-ring PAHs were always from the atmosphere into surface
water. A similar conclusion was obtained in this study. The LMW
PAHs Nap, Acy, Ace, and Flo have a positive flux from water into
the air, but the MMW PAHs and HMW PAHs have a negative flux.

For four important PAHs, the fluxes of the diffusive gas ex-
change across the air–water interface were compared to values
for the Chesapeake Bay in the US and for Lake Luhu in Guangdong,
China. The results are shown in Table S5 in the Supporting
information.

Fla and Pyr had negative fluxes in all of the studies, but the
fluxes documented in China were much higher than those in Ches-
apeake Bay. This may be attributed to the difference between
freshwater and sea water. Flo and Phe in our study had positive
average fluxes, whereas they had negative fluxes in the Chesapeake
Bay study. The data from Lake Luhu had the most negative values
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for each of the PAHs, which indicates that the PAHs were moving
from air into the water for the entire year.
3.4.3. Uncertainty and sensitivity analysis
The air–water exchange flux was calculated based on monitor-

ing data and the theory of the two-film transport model. However,
there is great uncertainty in the monitoring data and in the process
of calculating the model. The uncertainty in monitoring data might
be mainly from the sampling and analytical errors. It was found
that there were some sampling artifacts for the filter-adsorbent
samplers in the gas-particle partition of many compounds such
as n-alkanes, PAHs, OCPs, PCBs, PFCAs (Cotham and Bidleman,
1992; Simcik et al., 1998; Ahrens et al., 2012). The PAHs exchange
between the gaseous and particulate phases could cause both po-
sitive and negative sampling artifacts (Hart and Pankow, 1994).
Sampling bias caused by the volatilization from the particles is
usually referred as the negative particulate-phase artifacts, and
the bias caused by the vapor-phase molecule adsorption on the fil-
ter or on the collected particles is usually referred as positive par-
ticulate-phase artifact (Hart and Pankow, 1994). In addition, the
other possible bias can be caused by reaction of NO2, nitrous acid
with several PAHs (Sanderson and Farant, 2005). Some methods
have been reported to solve the artifacts. The extent of gas adsorp-
tion is often assessed using a second filter method. New sampling
systems, for instance diffusion denuders (Tsapakis and Stephanou,
2003; Ahrens et al., 2011) were also developed to avoid the sam-
pling artifacts. However, the filter-adsorbent samplers were em-
ployed without artifacts correction in our research, based on the
following two reasons. (1) Some previous studies showed that
the sampling artifacts had little influence on PAHs gas-particle par-
tition (e.g. Krieger and Hites, 1994; Goss and Schwarzenbach,
1998; Simcik et al., 1998). Simcik and his colleagues used back-
up filter and PUF to correct the artifacts of gas absorption, and
the results showed that the greatest change in Kp for the PAHs
caused by gas absorption was lower than 0.5 log units (Simcik
et al., 1998). Goss and Schwarzenbach also suggested that the arti-
facts in PAHs gas-particle partition caused by gas absorption could
be negligible (Goss and Schwarzenbach, 1998). The comparison of
the high-volume samplers and the diffusion denuders found that
there were no significant sampling artifacts (Krieger and Hites,
1994). (2) During last decades, the development on the diffusive
denuders were widely investigated and reported, and the great
progress has been made in minimizing the atmosphere particle
sampling artifacts of many chemicals. However, the filter-adsor-
bent system sampler is still the most widely used atmosphere sam-
pling method. Most atmospheric PAHs samples were collected by
the high volume active sampler equipped with filter-adsorbent
system (GFF-PUF). In order to compare with the large number of
existing data, the GFF-PUF was selected in the present study.
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Model uncertainty may be introduced through the use of empir-
ical and semi-empirical relationships during the research. For
example, diffusive coefficients for PAHs in the air were estimated
by the semi-empirical relationship proposed by Fuller, and diffu-
sive coefficients for PAHs in the water were estimated by another
empirical relationship proposed by Stokes and Einstein and then
modified by Hayduk and Laudie.

In this study, a Monte Carlo simulation was run 3000 times to
estimate the uncertainties in the calculations of the fluxes. First
the Kolmogorov–Smirnov test was applied to the data and to the
log-transformed data to test the distribution type, and then, the
distribution parameters were calculated. The results are shown
in Table S6 in the Supporting information. The distribution param-
eters P1 and P2 varied by distribution type. For a normal distribu-
tion, P1 is the mean value and P2 is the standard deviation; for the
lognormal distribution, P1 is the mean of log-transformed data and
P2 is the standard deviation of log-transformed data. The concen-
trations of Bap, IcdP, DahA, and BghiP were not detected in the dis-
solved phase. They are considered to fit a uniform distribution with
the value 0.

The results of the Monte Carlo simulation are shown in Fig. S3 in
the Supporting information. The average fluxes (median ± SD) for
individual PAHs ranged from (�3.4 ± 3.1) � 103 ng m�2 d�1 to
(1.6 ± 1.0) � 104 ng m�2 d�1. Nap has the highest positive flux,
and BghiP has the greatest negative flux. Coefficients of variance
(CVs) as defined by Eq. (14) are usually used to represent the
uncertainty of the fluxes. However, CVs cannot be applied in this
research because the fluxes included negative values. Therefore, a
modified CV0 was applied to measure the uncertainty of the data,
as defined in Eq. (15).

CV ¼ r
�x

ð14Þ
CV 0 ¼ r
max�min

ð15Þ

Among the 16 PAHs, the CVs varied from 0.027 to 0.118. Chr had
the highest CV value, followed by Pyr (0.114), DahA (0.11), Nap
(0.107), Baa (0.102), Fla (0.090), Bkf (0.084), Flo (0.076), Ace
(0.073), Ant (0.060), Bbf (0.051), Acy (0.042), Phe (0.041), IcdP
Please cite this article in press as: Qin, N., et al. Atmospheric partitioning and th
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(0.039), and BghiP (0.029). Bap had the lowest value. The result re-
vealed that the Chr flux had the greatest uncertainty. Bap had the
lowest uncertainty.

The contributions of the five parameters (concentration in dis-
solved phase, concentration in gaseous phase, wind speed, temper-
ature and atmospheric pressure) were evaluated by sensitivity
analysis, and the results are shown in Fig. S4 in the Supporting
information. For Nap, Ace, Acy, Flo, Phe and Ant, the dissolved
PAH concentration was the parameter that contributed most of
the total variance of the exchange flux. For Nap and Ace, wind
speed was the second most important factor affecting the results.
Temperature also had an influence on the flux of Nap, likely be-
cause Nap and Ace have low molecular weights and low boiling
points. Therefore, they are easily affected by the physical parame-
ters of wind speed and temperature. For Flo, Phe and Ant, the gas-
eous PAH concentration was the second most important factor. For
MMW and HMW PAHs (Fla, Pyr, Baa, Chr, Bbf, Bkf, Bap, IcdP, DahA,
and BghiP), the value of the air–water exchange flux was predom-
inantly determined by the gaseous concentration because their
concentrations were very low in the dissolved phase.
4. Conclusions

This study examined the residual levels and the compositional
characteristics of PAHs in the gas and particulate phases and in
water samples from Lake Chaohu. The partitioning between gas
and particle phases and the factors that influence the partition
were also investigated. Finally, diffusive air–water exchange fluxes
were estimated by a two-film model, and the flux uncertainty and
parameter sensitivity were analyzed. It could be concluded that the
PAH16 residual levels in atmospheric samples were lower than
those found in previous studies in China. A significant correlation
can be observed between temperature and the concentration of
PAHs in the three phases. Similarly, significant correlations were
established between gas-particle partition coefficients and the
sub-cooled liquid vapor pressure and octanol–air partition coeffi-
cient. There were large differences in air–water exchange fluxes
for different PAHs. LMW PAHs have a positive flux from water to
air, but MMW PAH and HMW PAH have a negative flux. Tempera-
ture has a significant effect on the flux. The concentration of dis-
e air–water exchange of polycyclic aromatic hydrocarbons in a large shal-
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solved PAHs and the concentration of the gaseous phase PAHS
were the two most important factors affecting the calculations.
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