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a b s t r a c t

Atmospheric polybrominated diphenyl ethers (PBDEs) were monitored monthly from 2010 to 2013 at
rural and urban sites near a large shallow Chinese lake (Lake Chaohu). The urban areas had higher air
PBDEs than the rural areas because of endogenic pollution. The highest and lowest concentrations of
S13BDEs were observed in the winter and in the summer, respectively. A weak temperature dependence
and significant positive correlations between certain PBDE congeners and the PM10 (p < 0.01) suggest
transport with particulate matter. Using air-mass back-trajectories, we determined that the main sources
of the PBDEs were the areas to the north, such as Shandong Province, and to the east, such as Zhejiang
Province. PBDEs did not pose an appreciable risk to human health based on the inhalation exposure
assessment. The residents in urban areas were exposed to higher levels of PBDEs, and wintertime ex-
posures posed the greatest human health risk.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Polybrominated diphenyl ethers (PBDEs), particularly tetra-,
penta-, hexa-, and hepta-BDEs, were approved as newly listed
persistent organic pollutants (POPs) in May 2009 after an investi-
gation of their persistence, long-distance transport, bio-
accumulation, and toxicity over recent decades (SCPOP, 2009;
Wania and Dugani, 2003; Yu et al., 2011a). Because of the semi-
volatility of PBDEs, these pollutants are easily released into the
air due to manufacturing, daily production of polymers, waste
combustion, municipal solid waste incinerators, electronic waste
recycling sites, waste water treatment plants, and landfills (Deng
et al., 2007; Martellini et al., 2012; Tian et al., 2011; Wang et al.,
2010a; Weinberg et al., 2011a,b; Wyrzykowska-Ceradini et al.,
2011). In addition to “product-use-treatment” emissions, some
other daily combustion sources, including mobile sources, such as
diesel engines of vehicles (Chang et al., 2014; Shi et al., 2012; Wang
et al., 2011), and stationary sources, such as power plants (Wang
et al., 2010b), are also non-negligible in urban and rural areas.

Due to their adsorption and absorption onto or into airborne
particles, PBDEs will be present as a particle-bound phase (Chen
et al., 2006; Strandberg et al., 2001). Certain particles are the
primary constituents of atmospheric dust and constitute the major
pathways of PBDE exposure, accounting for 56%e77% of the total
daily intake (TDI) (Johnson-Restrepo and Kannan, 2009). However,
direct exposure via outdoor air inhalation is quite small (Besis and
Samara, 2012).

Because of the significant role that the atmosphere plays in
transporting PBDEs from emission sources to uncontaminated
areas, numerous studies of atmospheric PBDEs have been per-
formed worldwide (Harrad et al., 2004; Hayakawa et al., 2004; Lee
et al., 2004; Mandalakis et al., 2009; Strandberg et al., 2001). During
the past 30 years, China’s economy has grown rapidly, becoming
the world’s second largest economy in 2010. However, the envi-
ronmental cost of this high-speed development has included
serious contamination of atmospheric PBDEs in both urban and
rural areas (Chen et al., 2006; Wang et al., 2012; Yu et al., 2011b;
Zhang et al., 2009). To investigate the residual levels and trans-
port mechanism of PBDEs in the atmosphere, Chinese researchers
have conducted studies from southern to northern China (Deng
et al., 2007; Wang et al., 2012), from the known source areas (i.e.,
e-waste plants and landfills) of PBDEs to remote rural areas (Tian
et al., 2011; Wang et al., 2012) and from the coast to inland areas
(Deng et al., 2007; Wang et al., 2012). Thus far, all of these studies
were conducted based on only one year of monitoring, and it is
unreasonable and unverified to deduce environmental occurrences
and temporal variations based on a short-term study. For example,
Tian et al. (2011) deduced seasonal variations from only a one year
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study; however, it is incredible to consider that seasonal variations
in other years were similar to the investigated year. One or two
more years of monitoring should be conducted to verify the sea-
sonal variations. Sometimes, we found that seasonal variations
were unclear from long-term air monitoring of PBDEs, for example,
the seasonal variations of S14BDE at Point Petre (Su et al., 2009).
Moreover, multi-year measurements provided us with seasonal
cycles and with multi-year trends. Source directions based on the
multi-year monitoring of PBDE concentrations and air-mass back-
trajectory models, such as the hybrid single-particle Lagrangian
integrated trajectory (HYSPLIT) model, can also be determined
(Draxler, 1999; Draxler and Hess, 1997; Hoh and Hites, 2005; Kong
et al., 2013; Su et al., 2009). Additionally, few datawere available for
urban and rural areas in central China, where large electronic waste
recycling plants are absent.

In this study, a program of long-term (40-month) atmospheric
measurements in urban and rural areas extended our knowledge of
residual PBDE levels near a large, shallow lake, Lake Chaohu, which
is in central China. The objectives of this study were to (1) inves-
tigate urbanerural variations in the concentrations and congener
profiles of PBDEs in central China, (2) identify the influence of
meteorological factors on seasonal variations and on gas/particle
partitioning, (3) identify the potential source regions during
various seasons, and (4) assess the human exposure to urban and
rural residents based on long-term monitoring.

2. Materials and methods

2.1. Sample collection

The sampling sites are shown in Fig. S1. The details of the sampling technology
included in the Text S1 in the Supplementary materials (SM) have been reported
elsewhere (Ouyang et al., 2012; Wang et al., 2012). Briefly, the monthly atmospheric
measurements of PBDEs from May 2010 to July 2013 were performed to investigate
the occurrence and temporal variations in the levels of PBDEs. The urban sampling
site (117�5301600 E, 31�3702200 N) was at the government center of Chaohu City. The
rural sampling site (117�2705600 E, 31�3405500 N) was on the lake shore in the town of
Zhongmiao, which is 40 km west of the urban site. To obtain both particulate and
gaseous samples, a medium-volume (w300 L/min) cascade impactor (PM10-PUF-
300, Guangzhou, China) was used to draw air through glass-fiber filters (GFF) and
through two polyurethane foam (PUF) plugs over a period of 48 h. Two PUF plugs
were used to reduce the possibilities of breakthroughs of the more volatile conge-
ners, particularly in summer when the temperatures exceed 25 �C over a 48-h
sampling period. In total, 40 pairs of samples (particles and gas) from each site
were collected. We noticed that most researchers employed conventional air
collection devices similar to ours because of these devices are widely used and are
commercially available products with low costs (Birgul et al., 2012; Tian et al., 2011;
Wang et al., 2012). However, this device might overestimate or underestimate
particulate concentrations of some chemicals in comparison with an annular
diffusion denuder sampler (Ahrens et al., 2012). The comparison study of conven-
tional devices and annular diffusion denuder samplers for atmospheric PBDEs will
be investigated in a future study. The meteorological data obtained during the
sampling period are summarized in Table S1. The average daily temperature, wind
speeds, and relative humidity, ranged from �1.1e31.5 �C, from 1.2 to 5.7 m/s, and
from 40.7% to 92.3%, respectively.

2.2. Sample extraction and cleanup

Before the extraction, 50 ng of 13C-PCB 141 was added as a surrogate standard
(SS) to determine the procedural recoveries. Samples were extracted from the PUF
plugs using 150 mL of a 1:1 hexane/acetone mixture in a Soxhlet extractor for 12 h.
Samples were extracted from the GFFs using microwaves in a Teflon microware
extraction tank with 25 mL of a hexane/acetone (1:1) mixture. This tank was placed
in a microwave-assisted extraction (MAE) system MARS 5 (CEM Corp., Matthews,
NC, USA) under the following conditions: the working power was 1200 W, and the
temperature was increased to 100 �C within 10 min, held at 100 �C for 10 min, and
decreased to the ambient temperature within 30 min. After concentrated to a vol-
ume of 1 mL, the PUF and GFF extracts were transferred to chromatograph columns
packed with neutral aluminum oxide (6 cm); neutral silica gel (2 cm); alkaline silica
gel (5 cm); neutral silica gel (2 cm); acidic silica gel (6 cm); and anhydrous sodium
sulfate (1 cm), listed from bottom to top. In total, 70 mL of a solvent mixture of
hexane and dichloromethane (1:1) was used to elute the column. The eluate was
collected and concentrated to 1 mL before 50 ng of an internal standard (13C-PCB
208, Cambridge, USA) was added. The eluate with IS was further concentrated to
0.1 mL under a gentle stream of nitrogen and stored at �18 �C pending the GCeMS
analysis. All of the glassware was cleaned in an ultrasonic cleaner and heated at
450 �C for 6 h.

2.3. Instrument analysis

The samples were analyzed using an Agilent 7890 gas chromatograph that was
equipped with an Agilent 5975Cmass spectrometer (GCeMS) (Agilent Technologies,
Avondale, PA, US), which was operated in negative chemical ionization (NCI) and
selective ion monitoring (SIM) modes, and an HP-5MS column (15 m � 0.25 mm
internal diameter; 0.1 mm film thickness). The samples were injected by auto-
sampling in splitless mode, with a venting time of 1 min. The oven temperature
was programmed to an initial temperature of 110 �C for 5 min and then increased at
a rate of 20 �C/min to 200 �C, where the temperature was maintained for 5 min;
increased at a rate of 10 �C/min to 280 �C; and finally increased at a rate of 20 �C/min
to 305 �C, where the temperature was maintained for 10 min. Helium was used as
both the carrier (2 mL/min) and the makeup gas (20 mL/min). The temperatures of
the inlet, quadrupole, and ion source were 265 �C, 150 �C and 230 �C, respectively.
The quantitative ion fragment m/z 79 or 81 was used for individual PBDEs, with the
exception of BDE 209. The quantitative ion fragment of BDE 209 was m/z 487.
Quantitation was performed using the internal calibration method based on a six-
point calibration curve for individual PBDEs. The order of the PBDE congeners in
the rest of the study followed the eluting sequence on the GC column. The total
organic carbon (TOC) of the PM10 particulate matter was analyzed using a TOC
5000A coupled with an SSM-5000A sampler (Shimadzu Corp., Japan). TOC analysis
and correction were performed on a sub-sample of the filter from the sample used
for the PBDE analysis.

2.4. Quality assurance and quality control

Field blanks (cleaned first and obtained by transporting PUF plugs and GFFs) and
procedural blanks were analyzed along with each batch of samples. BDE-28, -47, and
-209 were detected in the field blanks but were below the limit of quantity (LOQ).
Accordingly, the reported concentrations in the samples were blank corrected. The
amounts of PBDEs in the field blanks were not significantly higher than those
amounts of the procedural blanks. The mean values of individual congeners’ re-
coveries were 88%e105% for the spiked PUF plugs and 76%e103% for the spiked
GFFs. Samples were added with SS for the method performance and for the matrix
effect, and these average rates of recoveries were 72%e98% for the PUF plugs and
85%e93% for the GFFs. The reported data were not corrected using the SS values
because most of the analytical results of the SSs were within an acceptable range of
70%e130%. The limits of detection (LOD, signal/noise ratio of 3) of BDE-209 and of
other congeners were 0.30 pg/m3 and 0.06 pg/m3, respectively, and the limits of
quantification (signal/noise ratio of 10) of BDE-209 and of other congeners were
1.0 pg/m3 and 0.2 pg/m3, respectively, based on an average volume of 800 m3. The
thermal degradation of BDE 209 was likely to occur in the GC injector (265 �C).
Therefore, before analyzing the samples, we first analyzed standard PBDE mixtures
to investigate the degradation of BDE-209. The samples were analyzed using GCeMS
when the degradation rate of BDE-209 in the mixtures was less than 10%.

2.5. Statistical analysis

The data compilation was performed using Microsoft Excel 2010 software, and
the statistical analyses, including a normal or log-normal distribution test;
Spearman correlation analysis; linear regression analysis; cluster analysis (CA); and
principal component analysis (PCA), were performed using SPSS v. 20 software. A
level of significance of 0.05 was assigned. Because the multiple congener contri-
butions to the total PBDEs in conventional two- and three-dimensional graphs were
not sufficiently clear to provide for multivariate data analysis, CA and PCAwere used
to further evaluate the relations among the PBDE congeners and sampling events. To
meet the requirements of CA and PCA, the “none-detected” analytical results were
assigned a value of 1/2 of the LOD, and the data were log-transformed to conform to
a normal distribution. The similarity coefficient was set as the classification criterion
for CA. The varimax rotation method with Kaiser Normalization was employed to
rotate the component matrix in the PCA, which made values positive in the
component 1 (PC 1) column. This method helps to clarify the meaning of PC 1.

3. Results and discussion

3.1. Concentrations and congener profiles

3.1.1. Residual levels
The total atmospheric concentrations (gaseous and particle-

bound phases) of the PBDEs are listed in Table 1. The arithmetic
mean (AM) of S13PBDEs (excluding BDE-209) and BDE-209
measured at the urban site were 27.6 pg/m3, with a range of 3.5e
201.0 pg/m3, and 58.5 pg/m3, with a range of 3.9e262.3 pg/m3,
respectively. High levels of S13PBDEs and BDE-209 were also found
at the rural site, although the concentrations were significantly



Table 1
Summary of concentrations (pg/m3) of PBDEs in the atmosphere (gaseous þ particle-bound) at the urban and rural sites near Lake Chaohu.a

Chemicals Urban site Rural site

DR Range AM GM Median DR Range AM GM Median

BDE-17 40.0 nde6.0 1.0 0.5 0.4 45.0 nde2.4 0.7 0.5 0.4
BDE-28 87.5 nde10.3 4.4 3.3 3.9 87.5 nde8.5 3.0 2.3 2.2
BDE-71 77.5 nde34.2 4.4 2.1 2.0 82.5 nde16.5 2.7 1.6 1.7
BDE-47 95.0 nde70.5 3.9 1.9 1.9 87.5 nde3.8 1.5 1.1 1.1
BDE-66 67.5 nde8.9 1.9 0.9 0.7 60.0 nde16.6 1.9 1.1 1.1
BDE-100 42.5 nde15.3 3.1 1.6 1.4 30.0 nde10.7 1.7 0.9 0.7
BDE-99 55.0 nde69.9 4.6 1.2 1.0 42.5 nde5.3 1.7 1.1 1.0
BDE-85 32.5 nde3.7 1.0 0.7 0.6 42.5 nde5.5 1.4 0.9 0.7
BDE-154 37.5 nde8.1 2.1 1.3 1.2 30.0 nde4.9 1.1 0.7 0.7
BDE-153 75.0 nde28.7 4.9 2.1 2.5 65.0 nde13.3 3.5 1.9 1.8
BDE-138 40.0 nde13.3 6.2 4.4 6.5 40.0 nde13.9 5.3 3.0 5.1
BDE-183 75.0 nde31.9 4.0 1.8 1.1 50.0 nde12.7 1.8 1.3 1.2
BDE-190 25.0 nde9.1 3.4 2.5 1.9 25.0 nde2.9 1.4 1.1 0.9
BDE-209 100.0 3.9e262.3 58.5 37.7 38.1 97.5 nde233.9 34.2 20.6 18.5
Tri-BDEs 90.0 nde10.3 4.7 3.8 4.4 90.0 nde8.5 3.3 2.6 2.4
Tetra-BDEs 97.5 nde77.9 8.6 5.1 4.2 97.5 nde19.1 4.8 3.5 3.9
Penta-BDEs 60.0 nde87.8 7.0 2.6 2.2 60.0 nde16.0 3.1 1.5 1.3
Hexa-BDEs 95.0 nde38.8 7.4 3.1 4.9 87.5 nde21.5 5.4 2.7 4.2
Hepta-BDEs 75.0 nde41.0 5.1 2.1 1.2 52.5 nde15.6 2.4 1.6 1.6
Deca-BDEs 100.0 3.9e262.3 58.5 37.7 38.1 100.0 nde233.9 34.2 20.6 18.5

S13BDEs 100.0 3.5e201.1 27.6 17.9 15.5 100.0 2.2e72.0 15.4 12.1 12.4
S14BDEs 100.0 15.1e291.5 86.2 62.2 59.4 100.0 8.2e247.1 48.7 36.6 33.5

a DR: detection ratio; AM: arithmetic mean; GM: geometric mean; nd: not detectable.
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lower than those concentrations at the urban site (p ¼ 0.029,
0.005), ranging from 2.2 to 72.0 pg/m3 (AM of 15.4 pg/m3) and from
not detectable to 233.9 pg/m3 (AM of 34.2 pg/m3), respectively.
Based on the independent t-test analysis results shown in Table S2,
there were no significant differences for most of the congeners
(p¼ 0.059e0.906) between the urban and the rural sites, except for
BDE-190 (p ¼ 0.029) in the gaseous phase. No significant differ-
ences were found for most of the congeners (p ¼ 0.077e0.802)
between the urban and the rural sites, except for BDE-183
(p ¼ 0.009) and BDE-209 (p ¼ 0.002) in the particle-bound phase.
The difference test results between the total atmospheric concen-
trations at the urban and the rural sites were in accordancewith the
particle-bound phase because of the predominant fraction of par-
ticulate PBDEs, accounting for over 60% of the total atmospheric
concentrations.

The monthly variations in the total atmospheric levels of
S13BDEs and BDE-209 at the urban and the rural sites are shown in
Fig. 1. The S13BDEs concentration was found to be low in the
summer (May, June, and July) and high in the winter (November,
December, and January) at both of the sites. However, the seasonal
patterns in the BDE-209 levels differed between the urban and the
rural sites. The BDE-209 level at the urban site displayed an obvious
pattern similar to that of S13BDEs, whereas there was no regularity
in the BDE-209 levels at rural sites, such as those levels at Point
Petre in the Great Lakes, USA and at the Canadian High Arctic (Su
et al., 2007, 2009). The differences in these seasonal variations
may have resulted from variations in the source, gaseous/particle-
bound fraction and in the behavior of atmospheric PBDE conge-
ners at the two sites (Tian et al., 2011).

Overall, the concentrations of atmospheric PBDEs in Asia,
particularly in China, were the highest, followed by USA and Europe
based on Table 2. The total concentrations of SPBDEs (BDE-209 is
excluded in SPBDEs) were 0.2e5.0 pg/m3 at the rural/remote sites
and 2.2e37.0 pg/m3 at the urban sites in Europe (Cetin and Odabasi,
2008; Lee et al., 2004; Mandalakis et al., 2009). Even at a solid
waste treatment plant (SWTP), the total concentration of SPBDEs
was below 21.3 pg/m3 (Agrell et al., 2004). The total concentration
of BDE-209 at the SWTP was 10.4 pg/m3, which was much lower
than that at urban and semirural sites in Europe (Agrell et al., 2004;
Cetin and Odabasi, 2008). The AM concentration of SPBDEs at the
urban site near Lake Chaohu approached that (31.4 pg/m3)
measured in Izmir, Turkey (Cetin and Odabasi, 2008) but was much
higher than other urban areas (11.0e20.5 pg/m3) (Lee et al., 2004;
Mandalakis et al., 2009). The AM concentration of SPBDEs at the
rural site near Lake Chaohu was higher than that at the semirural
site in Europe. The AM concentrations of BDE-209 at both the urban
and the rural sites were much higher than those concentrations in
Europe. In North America, the AM concentrations at urban, semi-
rural, rural, and remote sites were, respectively, up to 52.0, 15.9,
19.2, and 14.4 pg/m3 for SPBDEs and 68.4, 3.1, 10.9, and 3.8 for BDE-
209 (Hoh and Hites, 2005; Strandberg et al., 2001; Su et al., 2007,
2009). Although the AM concentrations of SPBDEs near Lake
Chaohu were lower than those concentrations in urban areas and
approached those concentrations in rural areas in North America,
its maximum level was up to 201.0 pg/m3, which is much higher
than that in North America. In contrast, the AM concentration of
BDE-209 near Lake Chaohu was higher than that in North America;
however, the maximum level of BDE-209 (956.0 pg/m3) was found
in Chicago (Hoh and Hites, 2005). The maximum levels of BDE-209
measured in most areas of North America were much lower than
that near Lake Chaohu because seventy-two percent of the world’s
e-waste is exported to China (Tian et al., 2011). Moreover, China’s e-
waste recycling sites lack controls concerning the emission of vol-
atile substances, which results in the highest atmospheric PBDE
concentrations around these sites, i.e., up to 11,500.0 pg/m3 of
SPBDEs and 9700.0 pg/m3 of BDE-209, in the world (Chen et al.,
2009; Han et al., 2009; Zhang et al., 2009). The emissions of
PBDEs at these sites increased the surrounding concentrations in
both urban areas, such as Guangzhou, in southern China, and
Taizhou, in eastern China, and rural areas in Shunde and Dongguan
(Chen et al., 2006; Tian et al., 2011; Zhang et al., 2009). In general,
atmospheric PBDE concentrations in China were higher in the
south and lower in the north (Shi et al., 2013; Wang et al., 2012;
Yang et al., 2012); higher on the seacoast and lower inland (Chen
et al., 2006; Wang et al., 2012; Yang et al., 2012); and higher in
urban areas and lower in rural areas (Han et al., 2009; Wang et al.,



Fig. 1. The monthly (a) and seasonal (b) variations in total atmospheric S13BDEs, BDE-209, and ambient temperature at the urban site (1) and at the rural site (2). Sp., Su., Au., and
Wi. are abbreviations for Spring, Summer, Autumn, and Winter, respectively.
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2012). Lake Chaohu, which is in central China, also exhibited a
moderate level of PBDEs. Compared with Lake Taihu, the rural area
near Lake Chaohu displayed a lower concentration of PBDEs (Qiu
et al., 2010). Notably, it might be inappropriate to compare a
study performed between the years 2010e2013 in China and
studies from 2002, 2003 and so on because the concentrations of
PBDEs globally have declined, e.g., in the UK (Birgul et al., 2012), as a
result of global awareness, of the reductions in emissions and of the
fact that some PBDEs were recognized as new POPs. However, we
still could conclude that atmospheric PBDEs in the rural and urban
areas near Lake Chaohuwere higher than those levels in the US and
in Europe a decade ago. Thus, currently, Lake Chaohu confronts
much more serious air pollution of PBDEs than the US and Europe.

3.1.2. Congener profiles
Although the PBDE concentrations differed between the urban

and rural settings, their congener profiles were similar, indicating a
similar source. BDE-209 dominated the congeners in most of the
samples, as shown in Fig. 2a and b. Based on the variations in the
congener profiles summarized in Fig. 3a and b, we found that BDE-
209 contributed 65 � 20% and 59 � 24% of the total (gaseous phase
plus particle-bound phase) PBDEs at the urban and rural sites,
respectively. BED-209 was also associated with the atmospheric
particle-bound phase, as reported in other areas (Hoh and Hites,
2005; Wang et al., 2012). Due to the widespread use of deca-BDE,
whose main constituent is BDE-209, throughout the world, high
proportions of BDE-209were also found in atmospheric PBDEs at e-
waste processing sites, such as those sites in Taizhou, Guiyu, and
Qingyuan, in China (Chen et al., 2009; Han et al., 2009; Tian et al.,
2011); in urban areas, such as Izmir, Turkey (Cetin and Odabasi,
2008), Chicago, USA (Hoh and Hites, 2005), and in urban areas in
China (Chen et al., 2006; Han et al., 2009; Shi et al., 2013; Wang
et al., 2012; Yang et al., 2012); in semirural/rural/remote areas in
Izmir, Turkey (Cetin and Odabasi, 2008) and in rural/remote sites in



Table 2
Comparison of atmospheric PBDE concentrations (gaseous þ particle-bound) in Lake Chaohu with other studies (pg/m3).

Location Type (congener) Year SPBDEsa BDE-209 References

Malmo, Sweden Solid waste treatment plant (9) 2001e2002 2.2e21.3 (6.3b) nde118.7 (10.4b) Agrell et al., 2004
Athens, Greece Urban (12) 2006e2007 21e30 (13c) Mandalakis et al., 2009
MaceHead, Ireland Remote (22) 2001 0.22e5.0 (2.6c) Lee et al., 2004
Hazelrigg, UK Semirural (22) 2001 2.8e37 (12c) Lee et al., 2004
Chilton, UK Urban (22) 2001 2.4e33 (11c) Lee et al., 2004
Birmingham, UK Urban (5) 2002e2003 10e33 (17.5b, 20.5c) Harrad et al., 2004
Izmir, Turkey Urban (7) 2004e2005 31.4c 30.7c Cetin and Odabasi, 2008

Semirural (7) 2004e2005 7.1c 22.5c

Nunavut, Canada Remote (15) 2002e2004 0.40e47 (7.7c) 0.091e9.8 (1.6c) Su et al., 2007
Point Petre, USA Rural (15) 2002e2004 0.78e75 (7.0c) 0.14e6.4 (1.8c) Su et al., 2009
Chicago, USA Urban (19) 2002e2003 9.6e68 (30.3b, 31.6c) 2.6e956 (11.5b, 68.4c) Hoh and Hites, 2005
Indiana, USA Semirural (19) 2002e2003 4.6e42 (15.9b,c) nde25 (1.2b, 3.1c) Hoh and Hites, 2005
Arkansas, USA Rural (19) 2002e2003 2.7e100.3 (9.5b, 19.2c) nde156 (1.3b, 10.9c) Hoh and Hites, 2005
Michigan, USA Remote (19) 2002e2003 1.1e61 (7.6b, 14.4c) nde25.5 (0.2b, 1.8c) Hoh and Hites, 2005
Louisiana, USA Remote (19) 2002e2003 4.1e42 (9.0b, 12.6c) nde19 (0.6b, 3.8c) Hoh and Hites, 2005
Great Lake, USA Urban (7) 1997e1999 33e77 (52c) nde0.35 Strandberg et al., 2001

Rural (7) 1997e1999 4.8e21 (11.1c) nd
Remote (7) 1997e1999 4.4e7.6 (5.5c) nd

Kyoto, Japan Urban (11) 2000e2001 4.5e65 nde48 Hayakawa et al., 2004
Dalian, China Urban (12) 2008e2009 11e338 (41c) 6e443 (62c) Yang et al., 2012
Beijing, China Urban (8) 2009e2010 nde23.6 (6.2c) 30.7e454 (164c) Shi et al., 2013
Northern China Urban, rural, and remote (14) 2010 0.48e50 (16c) 12e170 (41c) Wang et al., 2012

Urban (14) 2010 18.8 � 11.8d 75.8 � 111.4d

Rural (14) 2010 14.4 � 9.9d 28.7 � 24.6d

Remote (14) 2010 15.6 � 13.2d 17.3 � 16.8d

Lake Taihu, China Rural (33) 2004e2005 40.2e204 52e127 Qiu et al., 2010
Taizhou, China E-waste site (13) 2006e2007 135e678 (331.6c) 138e2087 (752.7c) Han et al., 2009

Urban (13) 2006e2007 17e165 (79.4c) 86e439 (210.5c)
Guiyu, China E-waste site (11) 2005 9579c 2164c Chen et al., 2009
Guangzhou, China Urban (11) 2004 42e6594 (1024c) 100e11,464 (1423c) Chen et al., 2006
Shunde, China Rural (15) 2006e2007 109c 583c Zhang et al., 2009
Dongguan, China Rural (15) 2006e2007 70c 139c Zhang et al., 2009
Southern China E-waste site (37) 2007e2008 29e11,500 (1856c) 72.2e9700 (1410c) Tian et al., 2011

Rural (37) 2007e2008 5.5e341.9 (73.1c) 18.6e804 (142c)
Lake Chaohu, China (this study) Urban (14) 2010e2013 3.5e201 (27.6c) 3.9e262.3 (58.5c)

Rural (14) 2010e2013 2.2e72.0 (15.4c) nde233.9 (34.2c) Agrell et al., 2004

a BDE-209 was not included in the concentrations of
P

PBDEs.
b Median concentration.
c Arithmetic mean concentration.
d Concentrations are showed in arithmetic mean � one standard deviation mode.
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northern China (Wang et al., 2012) and Dongguan, in southern
China (Zhang et al., 2009). Tri-BDE (BDE-17 and -28), tetra-BDE
(BDE-47, -66, and -71), and hexa-BDE (BDE-138, -153, and -154)
contributed, respectively, 7.5 � 7.3%, 11.3 � 10.4%, and 10.1 � 13.5%
of the total PBDEs in the urban areas and 8.3 � 7.6%, 13.3 � 13.3%,
and 13.7 � 16.3% in the rural areas. These compounds were also
associated with the atmospheric gaseous phase. However, as the
dominant compounds in two technical mixtures (commercial
penta-BDE and octa-BDE), penta-BDE (BDE-99 and -100) and
hepta-BDE (BDE-183 and -190) contributed little to the total PBDEs,
indicating that these mixtures were not in widespread use near
Lake Chaohu. Penta-BDE and hepta-BDE were associated with the
gaseous and particle-bound phases, respectively, because of their
octanol-air partition coefficients (Koa) (Harner and Shoeib, 2002).

PCA and CAwere used to further investigate the PBDE congener
profiles in the urban and rural sites (Figs. 4 and S2). The PCA
indicated three major associations (loading > 0.60) for both the
urban and rural sites. Principal PC 1, accounting for 42% of the
variance in the urban data and 36% of the variance in the rural data,
included the levels of BDE-99, -100, -153, -154, -183, and -190. The
CA results also indicated that these congeners belonged to one
cluster when four cluster classifications were assigned. The results
indicated that PC 1 might be related to commercial PBDEs, such as
penta-BDE and octa-BDE (Wang et al., 2012). Although BDE-47 is
one of the dominant components of commercial penta-BDE, BDE-
47 did not correlate with BDE-99 and -100 in our study areas.
Commercial deca-BDE was the dominant technical BDE in China,
whereas commercial penta-BDE was not widely used. The low
concentrations of BDE-99 and -100 also proved that commercial
penta-BDE was not widely used in urban and rural areas near Lake
Chaohu. Therefore, BDE-47 near Lake Chaohu might come from the
degradation of more highly brominated congeners, such as BDE-
209 (Fang et al., 2008). The levels of BDE-99, -153, and -183 were
significantly correlated with one another, as indicated by the cor-
relation coefficients p < 0.05 (Tables S3 and S4), indicating that
these compounds may have a similar source. PC 2 and PC 3 dis-
played similar loading and included most of the volatile congeners
(i.e., tri-BDE and tetra-BDE). These PCs appeared to measure the
degradative congeners, which were largely found in the gaseous
phase (Fig. 3) (Su et al., 2009). The CA also indicated the dominance
of BDE-209. BDE-138 plotted as discrete points belonging to one
cluster because this congener was seldom detected from August
2010 to July 2011 at either the urban or rural sites, whereas other
congeners were detected during this period. According to the
Spearman correlation analysis (Tables S5eS8), the S14BDE data
were significantly correlated with those data of the highly volatile
congeners, such as tri- and tetra-BDEs in the gaseous phase
(p < 0.05), whereas these congeners were significantly correlated
with low-volatile congeners, such as penta-, hexa-, hepta-, and
deca-BDEs in the particle-bound phase (p < 0.05). The Koa was the
primary intrinsic factor determining the distribution of these
congeners between the gaseous and particle-bound phases (Chen



Fig. 2. Variations in PBDE profiles of total (gaseous phase plus particle-bound phase) atmospheric PBDEs at the urban site (a) and at the rural site (b).
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et al., 2006; Harner and Shoeib, 2002). An interesting finding is that
more significant Spearman correlation coefficients (SSCCs) were
found among the congeners at the urban sites (42 SSCCs) than at
the rural sites (28 SSCCs), indicating that the potential changing of
the congener patterns at the urban and rural sites may differ
because of degradation, such as OH radical breakdown and
photolysis. More significant Spearman correlation coefficients were
also found among congeners in the particle-bound phase (52 SSCCs
at the urban sites and 44 SSCCs at the rural sites), indicating that
the PBDEs absorbed into or onto the particles may be much more
stable than those PBDEs in the gaseous phase (22 SSCCs at the ur-
ban sites and 27 SSCCs at the rural sites), in which the photo-
chemical degradation effects on the various congeners differ
greatly (Fang et al., 2008). According to the PCA and CA results
showed in Figs. 4 and S2, most of the sampling events were
generally clustered together in time, except for the samples
collected in December 2011 at the urban site and those samples
collected in December 2010 and in October 2011 at the rural site. All
of the fourteen PBDE congeners were detected, with the highest
concentrations measured in December 2011 at the urban site and in
December 2010 at the rural site. The highest concentration of BDE-
209 was found in October 2011 at the rural site.

The ratios between the dominant congeners have often been
used to explain the potential transformation of specific PBDE
Fig. 3. Congener profiles of the gaseous phase, particle-bound phase, and total PBDEs at the
and standard deviations, respectively.
congeners (Chen et al., 2006; Hoh and Hites, 2005; Lee et al., 2004;
Strandberg et al., 2001; Su et al., 2007;Wang et al., 2012). The ratios
of total atmospheric BDE-47/99, BDE-99/100, and Rpenta/octa at the
urban and rural sites near Lake Chaohu are summarized in Table 3.
The AM of the BDE-47/99 and BDE-99/100 ratios were 2.6 and 1.4
for the urban site and 2.2 and 3.5 for the rural site near Lake
Chaohu, respectively. The ratio of BDE-47/99 approached corre-
sponding values in east-central USA (1.4e2.4) (Hoh and Hites,
2005); the Great Lakes region (USA) (1.4e2.1) (Strandberg et al.,
2001); western Europe (1.5e1.9) (Lee et al., 2004); and in south-
ern China (0.8e2.0) (Chen et al., 2006). However, this ratio was
much lower than values reported in northern China (9.1) (Wang
et al., 2012) and higher than values reported in the Canadian
High Arctic (1.1) (Su et al., 2007). The ratio of BDE-99/100was lower
than that reported in the Canadian High Arctic (5.4) (Su et al.,
2007); east-central USA (4.1e5.1) (Hoh and Hites, 2005); the
Great Lakes region (3.6e3.8) (Strandberg et al., 2001); western
Europe (6.6e8.0) (Lee et al., 2004); and in southern China (4.1e6.6)
(Chen et al., 2006). However, the ratio of BDE-99/100 approached
that reported in northern China (2.4) (Wang et al., 2012). Due to the
higher degradation rates of BDE-47 and -100 than BDE-99, the ra-
tios of BDE-47/99 and BDE-99/100 are expected to decrease and
increase, respectively, when technical PBDE mixtures are trans-
ported to the target regions from the source areas (Su et al., 2007).
urban (a) and rural (b) sites. The columns and error bars denote the arithmetic means



Fig. 4. Factor loadings and scores of PCA for total atmospheric PBDEs at the urban site (a and c) and at the rural site (b and d). The data points are projected onto PC2ePC3, PC1ePC3,
and PC1ePC2 planes with blue, green and red drop lines, respectively. The connecting lines or closed lines with various colors among data points denote that these points belong to
one cluster, similar to “a constellation in the starry sky”. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Therefore, the high ratios of BDE-47/99 and low ratios of BDE-99/
100 could not be explained by the different degradation rates in
air, and this finding may be the result of the degradation of more
highly brominated congeners, such as BDE-209 (Fang et al., 2008).
The value of Rpenta/octa at Lake Chaohuwasmuch lower than in east-
central USA (62e259) (Hoh and Hites, 2005) and in northern China
(29) (Wang et al., 2012), and penta- and octa-BDEs accounted for
minor fractions of the total PBDEs, which indicates that the penta-
and octa-BDEs were most likely present due to transport from
source regions or due to degradation from technical deca-BDE.
3.1.3. Effect factors of PBDE concentrations and congener profiles
Meteorological conditions, including the ambient temperature,

relative humidity, wind speed, and pressure, were considered
important factors influencing the characteristics of the atmospheric
concentrations of PBDEs and their congener profiles. The Spearman
correlation analysis of the PBDE and meteorological data, as shown
in Tables S5eS8, generally indicated no significant relations be-
tween an overwhelming majority of the PBDE congeners (individ-
ual or total PBDEs in gaseous phase, particle-bound phase, and total
atmosphere) and the relative humidity or wind speed. The one
exception involved the gaseous concentrations of BDE-66 and -85
at the rural site, similar to an earlier study (Tian et al., 2011).
Because a significant negative correlation was found between the
temperature and pressure at Lake Chaohu (p < 0.01), many PBDE
congeners, such as BDE-99 and -153, were significantly correlated
with both the temperature and pressure (p < 0.05). The
temperature has been found to be a major factor controlling the
levels of semivolatile organic compounds (SOCs) in the laboratory
and in the field. Generally, there is a positive relation between the
temperature and gaseous SOCs and a negative relation between the
temperature and particle-bound SOCs (Chen et al., 2006; Harner
and Shoeib, 2002; Qiu et al., 2010; Su et al., 2009; Tian et al.,
2011; Wang et al., 2012). Our results indicated that gaseous, high-
ly volatile PBDE congeners, such as BDE-47 and -66, positively
correlated with the temperature, whereas the low-volatile conge-
ners, such as BDE-153 and -190, negatively correlated with the
temperature. In the particle-bound phase, most of the congeners,
such as BDE-28, -99, -100, -153, -154, and -183, negatively corre-
lated with the temperature at both the urban and rural sites. Due to
the predominance of particle-bound PBDEs, the total atmospheric
concentrations of these congeners also negatively correlated with
the temperature. To further analyze the temperature dependence
of the individual gaseous PBDEs, we used the ClausiuseClapeyron
(CC) equation:

ln P ¼ mð1000=TÞ þ b; (1)

where P is the partial pressure (Pa); T is the temperature (K); andm
and b are fitting parameters (Hoff et al., 1998). Based on the linear
regression results shown in Table 4, we found that only the levels of
BDE-99, -100, and -153 were significantly dependent on the tem-
perature at the urban site, and only those levels of BDE-47, -85, -99,
-153, and -190 were significantly dependent on the temperature at



Table 3
Ratios of total atmospheric BDE-47/99, BDE-99/100, and Rpenta/octa at the urban and
rural sites near Lake Chaohu.a

The urban site The rural site

BDE-47/99 BDE-99/100 Rpenta/octa BDE-47/99 BDE-99/100 Rpenta/octa

Rang nce10.15b nce4.58 nce10.67 nce5.67 nce23.56 nce15.60
AM 2.60 1.40 2.65 2.20 3.45 2.09
SD 2.58 1.32 2.83 1.91 6.74 3.36
GM 1.76 0.99 1.59 1.40 1.40 1.00
Median 1.57 0.87 1.60 1.06 1.06 1.05

a AM: arithmetic mean; SD: standard deviance; GM: geometric mean; nc: not
calculable; Rpenta/octa: ratio of the sum of BDE-47, -99, and -100 to the sum of BDE-
153 and -154.
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the rural site. However, the temperature accounted for only a small
fraction of the variability (18%e44%). The slope m of the CC plot for
BDE-47 was �5.11 �1.14, which approached the values reported in
the studies of remote/rural areas near the Great Lakes (�5.53
to �6.50) (Su et al., 2009; Venier and Hites, 2008); remote/rural
areas in the east-central USA (�8.54 to �7.70) (Hoh and Hites,
2005); remote areas in Europe (5.81 � 4.88) (Lee et al., 2004);
and rural areas near e-waste sites in southern China (�8.63 � 1.39)
(Tian et al., 2011). This result indicated that the atmospheric
behavior of BDE-47 at the rural site near Lake Chaohu is similar to
that observed in remote/rural areas elsewhere in the world (Hoh
and Hites, 2005). Significant correlations were not observed for
most of the gaseous PBDE congeners, as shown in Tables S5 and S6,
and positive curvature was found for certain significant
temperature-dependent congeners, such as BDE-99, -153, and -190.
These findings indicate that the advection of air, which is known to
be a mechanism of the long-range transport of these contaminants
from outside the target regions, maintained the gaseous concen-
trations of PBDEs at the urban and rural sites near Lake Chaohu
(Hoff et al., 1998).

A significant correlation between the low-volatility particle-
bound PBDEs, such as BDE-183 and -209, and the PM10was found at
the urban site, suggesting that the source of these congeners cor-
responded to that of the PM10. In the rural area, only BDE-183 was
found to have a source associated with that of the PM10.
Table 4
Slopes (m), intercepts (b), R2, and p-value of linear regression of lnP (Pa) versus 1000/T (

Chemicals Urban

m � SE b � SE R2 p-Va

BDE-17 �0.13 � 1.49 �27.04 � 5.15 0.00 0.928
BDE-28 �0.42 � 2.18 �23.98 � 7.54 0.00 0.848
BDE-71 �0.23 � 2.22 �25.82 � 7.68 0.00 0.918
BDE-47 �1.98 � 1.74 �20.03 � 6.01 0.03 0.262
BDE-66 �1.15 � 1.83 �23.22 � 6.33 0.01 0.535
BDE-100 L2.97 ± 1.03 L17.91 ± 3.55 0.18 0.006
BDE-99 4.40 ± 1.27 L42.91 ± 4.38 0.24 0.001
BDE-85 0.83 � 1.37 �30.79 � 4.74 0.01 0.549
BDE-154 �0.69 � 0.78 �26.04 � 2.70 0.02 0.381
BDE-153 7.12 ± 1.39 L51.88 ± 4.80 0.41 0.000
BDE-138 �1.15 � 2.05 �24.05 � 7.07 0.01 0.577
BDE-183 �0.77 � 0.57 �26.05 � 1.99 0.05 0.188
BDE-190 �0.25 � 0.38 �27.88 � 1.32 0.01 0.513
BDE-209 2.93 � 1.78 �36.48 � 6.17 0.07 0.109
Tri-BDE �0.96 � 1.74 �21.79 � 6.01 0.01 0.583
Tetra-BDE 0.23 � 1.69 �26.17 � 5.83 0.00 0.894
Penta-BDE 2.22 � 1.16 �34.29 � 4.01 0.09 0.064
Hexa-BDE 3.73 ± 1.25 L39.16 ± 4.32 0.19 0.005
Hepta-BDE �0.61 � 0.49 �25.91 � 1.68 0.04 0.214
Deca-BDE 2.93 � 1.78 �36.48 � 6.17 0.07 0.109

a SE denotes Standard error. Bold numbers denote significant at p < 0.05.
No significant correlations between most of the congeners and
TOC were found at either of the sites, which indicates that the
PBDEs may have been transported from a source such as the e-
waste dismantling area and originated from a source different from
that of the local TOC (Han et al., 2009). Socioeconomic factors, such
as the gross domestic product and population density, were also
factors that influenced the distribution of the various PBDEs be-
tween the urban and rural sites near Lake Chaohu (Wang et al.,
2012).

3.2. Potential source identification

The potential source regions of PBDEs at the urban and rural
sites near Lake Chaohu were further identified by calculating the
three-day (72-h) back-trajectories of air masses at altitudes above
500m once every 6 h in 2010e2013 using the HYSPLITmodel (Kong
et al., 2013). These air-mass back-trajectories at the urban and rural
sites are shown in Fig. S3 and were assigned to six clusters, as
shown in Fig. 5a and b, by applying a K-mean clustering algorithm.
At the urban site, the six back-trajectory clusters consisted of (1)
34.4% from a short distance from the east-northeast (ENE:S); (2)
17.3% from a long distance from the east-northeast (ENE:L); (3)
14.2% from the north (N); (4) 13.5% from the east (E); (5) 13.3% from
the west (W); and (6) 7.3% from the southwest (SW). At the rural
site, the six back-trajectory clusters consisted of (1) 26.7% from a
short distance from the east-northeast (ENE:S); (2) 16.9% from a
long distance from the east-northeast (ENE:L); (3) 10.6% from the
north (N); (4) 11.7% from the east (E); (5) 22.5% from the east-
southeast (ESE); and (6) 21.7% from the west (W). Based on the
box-and-whisker plots of PBDE congeners in each cluster in Figs. S4
and S5, we found that the median concentration of BDE-209 was
higher when the air mass came from the ENE:S, ENE:L, W, and N
and lower when from the SW, whereas the median concentrations
of S13BDEs in the six clusters approached one another at the urban
site. At the rural site, the median concentrations of several of the
congeners, such as BDE-66, -99, -138, -153, -183, and -209, were
higher when from the ENE, E or N, and the median concentrations
of S13BDEs in the six clusters also approached one another, indi-
cating that the area east of the urban site may be a potential source
location of the contamination at the rural site. To our knowledge,
K) of gaseous phase PBDE congeners at the urban and rural sites.a

Rural

lue m � SE b � SE R2 p-Value

�1.40 � 1.19 �22.74 � 4.13 0.04 0.248
�2.82 � 1.89 �15.98 � 6.55 0.06 0.144
�1.15 � 1.89 �22.53 � 6.53 0.01 0.547
L5.11 ± 1.14 L9.61 ± 3.93 0.35 0.000
�3.72 � 1.61 �14.52 � 5.58 0.12 0.027
�1.07 � 0.88 �24.52 � 3.04 0.04 0.231
5.81 ± 1.59 L47.77 ± 5.51 0.26 0.001
4.91 ± 1.72 L44.55 ± 5.97 0.18 0.007

�0.67 � 0.81 �26.03 � 2.82 0.02 0.414
9.55 ± 1.74 L60.32 ± 6.02 0.44 0.000
0.70 � 2.09 �30.27 � 7.24 0.00 0.738
0.68 � 0.40 �30.99 � 1.39 0.07 0.100
2.10 ± 0.67 L35.83 ± 2.32 0.21 0.003

�1.49 � 1.71 �21.18 � 5.92 0.02 0.390
�2.53 � 1.47 �16.68 � 5.08 0.07 0.092
�2.63 � 1.33 �16.53 � 4.62 0.09 0.056
4.71 ± 1.40 L42.83 ± 4.83 0.23 0.002
5.33 ± 1.51 L44.60 ± 5.24 0.25 0.001
1.79 ± 0.51 L34.09 ± 1.78 0.24 0.001

�1.49 � 1.71 �21.18 � 5.92 0.02 0.390



Fig. 5. Average air mass back-trajectories of six clusters and the percentage of trajectories found in each cluster at the urban (a) and rural (b) sites from 2010 to 2013; relative
contributions (RC) of each cluster to atmospheric PBDEs at the urban (c) and rural (d) sites; and clustered air mass back-trajectories of the top 10% of sampling events with the
highest atmospheric S14PBDEs at the urban (e) and rural (f) sites. At most, there were two clustered back-trajectories with percentages in the brackets after the sampling date for a
specific sampling event in chart e and in chart f.



Table 5
Human daily exposure dose (DED, pg/kg-bw/day) of gaseous phase (G), particle-bound phase (P), and total atmospheric (gaseous þ particle-bound, T) PBDEs for various age
groups at the urban and rural sites near Lake Chaohu.a

Infants Toddlers Children Teenagers Adults Worst season

The urban site
G 1.00 (0.00e5.52) 0.92 (0.00e5.10) 0.73 (0.00e4.04) 0.30 (0.00e1.65) 0.23 (0.00e1.30) Winter
P 5.23 (0.56e30.30) 4.83 (0.52e27.99) 3.82 (0.41e22.15) 1.56 (0.17e9.06) 1.23 (0.13e7.11) Winter
T 6.42 (1.63e31.48) 5.93 (1.50e29.07) 4.69 (1.19e23.00) 1.92 (0.49e9.42) 1.51 (0.38e7.38) Winter
The rural site
G 0.97 (0.17e3.24) 0.90 (0.15e2.99) 0.71 (0.12e2.37) 0.29 (0.05e0.97) 0.23 (0.04e0.76) Summer
P 2.93 (0.36e26.07) 2.71 (0.33e24.08) 2.14 (0.26e19.06) 0.88 (0.11e7.80) 0.69 (0.08e6.12) Winter
T 3.62 (0.89e26.69) 3.34 (0.82e24.65) 2.64 (0.65e19.51) 1.08 (0.27e7.98) 0.85 (0.21e6.26) Winter

a Numbers in the table denote median values plus (minimum to maximum).
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there were several technical deca-BDE plants in Shandong Province
to the ENE:S andmany large e-waste dismantling sites in areas such
as Taizhou and Guiyu to the E, ESE and SW (Deng et al., 2007; Han
et al., 2009; Hoh and Hites, 2005; Jin et al., 2009). The relative
contributions (RCi) of specific back-trajectory clusters were calcu-
lated by combining the back-trajectory percentage (Pi) and the at-
mospheric concentration (Ci) using the following relation:

RCi ¼ CiPi
.X

CiPiði ¼ 1;.;6Þ; (2)

and the relative contributions (RC) of each cluster to the atmo-
spheric PBDEs are shown in Fig. 5c and d. These findings indicate
that the greatest contribution was from the ENE and N (63%e85%,
sum of N, ENE:S, and ENE:L) at the urban site and from the ESE, ENE,
and E (65%e71%, sum of E, ESE, ENE:S, and ENE:L) at the rural site.
We also found that neighboring provinces to the west, such as
Henan and Hubei, contributed 8%e14% and 13%e24% to the
contamination at the urban and rural sites near Lake Chaohu,
respectively. Air-mass back-trajectory analyses of the sampling
events with the uppermost 10% of levels of atmospheric S14PBDEs
were conducted to identify the pollution source on these worst
days (Figs. S6, 5e and f), indicating that the PBDEs originated from
the north, e.g., Shandong Province, during the cold seasons and
from the east or south, e.g., Zhejiang Province, during the warm
seasons.

The back-trajectories of air masses told us the potential source
regions of PBDEs surrounding the urban and rural areas near Lake
Chaohu. The results showed that potential source regions for the
two sites are similar but that the RCs were slightly different. We
also noticed that the urban areas confronted more pollution than
the rural areas because the urban areas have more endogenic
pollution sources, including stationary sources, such as waste
combustion, municipal solid waste incinerators (Wang et al., 2010a,
2010b; Wyrzykowska-Ceradini et al., 2011), and power plants, and
Fig. 6. Seasonal exposure estimation via gaseous and particle-bound S14PBDEs f
mobile sources, such as diesel engines of vehicles (Chang et al.,
2014; Shi et al., 2012; Wang et al., 2011).

3.3. Human inhalation exposure assessment

The daily human exposure doses (DED, pg/kg-bw/day) of PBDEs,
such as BDE-47, -99, -153, -183, and -209, via inhalation were
estimated for various age groups and are shown in Tables 5 and S9
and in Figs. 4, S7, and S8. These estimates were based on forty
months of exposure data and on the use of the following equation
recommended by the US EPA:

DED ¼ C$IR$EF=BW ; (3)

where C is the concentration (pg/m3); IR is the inhalation rate (m3/
day); EF is the exposure fraction; and BW is body weight (kg). The
IR, EF, and BW for various age groups are shown in Table S9. The
DEDs of the total atmospheric PBDEs for various age groups ranged
from 1.51 to 6.42 at the urban site and from 0.85 to 3.62 at the rural
site (Table 5). The risks to various age groups were ranked by their
DEDs as follows: infants > toddlers > children >

teenagers > adults. The particle-bound individual PBDEs, such as
BDE-47, -99, -153, -183, and -209, dominated the DED, accounting
for 65%e91% at the urban site and for 57%e84% at the rural site
(Figs. 6, S11, and S12). However, the risks posed by gaseous PBDEs
increased with the rise in global temperatures. Overall, the winter
poses the greatest risk to residents near Lake Chaohu because the
DEDs were the highest during this season. Compared with the in-
door inhalation exposure of PBDEs in Shenzhen, China, the DEDs of
BDE-47, -99, -153, and -183weremuch larger than the indoor DEDs,
whereas the DED associated with BDE-209 was much smaller than
that of the indoor DEDs (Ni et al., 2011). The levels of PBDEs did not
pose an appreciable risk to human health because their DEDs were
much smaller than those levels due to direct indoor inhalation,
which accounted for <5% of the total exposure in the US (Johnson-
Restrepo and Kannan, 2009).
or various age groups at the urban (a) and rural (b) sites near Lake Chaohu.
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4. Conclusions

The average air concentrations of S13BDEs (excluding BDE 209)
and BDE 209 were, respectively, 27.6 pg/m3, with a range of 3.5e
201.0 pg/m3, and 58.5 pg/m3, with a range of 3.9e262.3 pg/m3 at
the urban site, and 15.39 pg/m3, with a range of 2.2e72.0 pg/m3,
and 34.2 pg/m3, with a range of not detectable to 233.9 pg/m3 at the
rural site. The atmospheric contamination at the urban site was
much higher than that observed at the rural site because of endo-
genic pollution in urban areas, such as mobile sources. The highest
and lowest concentrations of S13BDEs were observed in the winter
and summer, respectively. A weak temperature dependence, as
indicated by a poor fit based on the ClausiuseClapeyron equation
and by significant positive correlations between certain BDE con-
geners (-99, -153, -183, -209) and the PM10 (p < 0.01), suggests
transport with particulate matter. Using air-mass back-trajectories,
we determined that the main sources of the PBDEs were the areas
to the north, such as Shandong Province, and to the east, such as
Zhejiang Province. The levels of five of the PBDEs (BDE-47, -99,
-153, -183, and -209) did not pose an appreciable risk to human
health based on the inhalation exposure assessment. The residents
in the urban areawere exposed to higher levels of PBDEs than those
residents in the rural area, and wintertime exposures pose the
greatest human health risk.
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