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• BDE-209 was dominated in total PBDEs
in both gas and particle phases over
the YRE.

• A strongly seasonal variation of the oc-
currence and gas-particle partitioning
of PBDEs was observed.

• Gas-particle partitioning of PBDEs was
in the non-equilibrium state, particu-
larly prominent for BDE-209.

• BDE-209 over the YRE was influenced
by atmospheric transport from land
emissions in both phases.
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To investigate the occurrence, gas–particle partitioning, and potential sources of polybrominated diphenyl ethers
(PBDEs) in the atmosphere over the Yangtze River Estuary, gas and particle samples were collected at the remote
Huaniao Island, East China Sea, during a whole year from 2013 to 2014. Nine PBDEs, with total atmospheric con-
centration of Σ9BDEs of 20.3± 26.5 pg/m3, were found in both the gas and particle phases inmost samples. BDE-
209 dominated both the gas and particle phases, which is consistent with the PBDE usage record in China. Sea-
sonal variation of particle-phase Σ9BDEs was observed, with the highest concentration in winter and the lowest
in summer; however, a reversed seasonal trendwas observed in the gas phase. Correlation analysis between log
Kp and log KOA suggested that the gas–particle (G/P) partitioning was in a non-equilibrium state, particularly for
BDE-209 throughout the year. The KOA-based adsorption model prediction performed relatively well for the
particle-phase fraction of Brb10-BDEs, but largely overestimated BDE-209. A steady-statemodel could be superior
to predict G/P partitioning of BDE-209 based on annual values, thoughwith the exception of summer samples. A
relatively higher gas-phase distribution for BDE-209 than high-brominated BDEs was observed, especially in
summer, when it reached 73%, implying a sustained input of gas-phase BDE-209. The potential source
Keywords:
PBDEs
BDE-209
Gas–particle partitioning
Phase distribution
Source
f Atmospheric Particle Pollution and Prevention, Department of Environmental Science and Engineering, Fudan University,

http://crossmark.crossref.org/dialog/?doi=10.1016/j.scitotenv.2019.07.344&domain=pdf
https://doi.org/10.1016/j.scitotenv.2019.07.344
guozgg@fudan.edu.cn
Journal logo
https://doi.org/10.1016/j.scitotenv.2019.07.344
http://www.sciencedirect.com/science/journal/
www.elsevier.com/locate/scitotenv


Fig. 1.Map of the sampling site. The red site is the sampli
colour in this figure legend, the reader is referred to the w

2 T. Guo et al. / Science of the Total Environment 693 (2019) 133538
contribution function showed that the possible source regions for BDE-209 included Shandong and Jiangsu Prov-
inces (the main BDE-209 production regions in China), the Yangtze River Delta region, and the southeastern
coastal areas (which hosts intensive electronic waste recycling activities).

© 2019 Elsevier B.V. All rights reserved.
1. Introduction

Polybrominated diphenyl ethers (PBDEs), organic compounds con-
taining as many as ten bromine atoms, have been used as additive
flame retardants since the 1970s in a wide range of consumer products
and articles (Bergman et al., 2012). PBDEs are commercially produced in
three forms: penta-BDE (composed of ~33% BDE-47, ∼47% BDE-99, and
~8% BDE-100), octa-BDE (∼25% BDE-183, ∼31% BDE-197, and ∼24% BDE-
207), and deca-BDE (∼93% BDE-209) (Darnerud et al., 2001). Due to
their bioaccumulation potential, toxicity, persistence, and potential for
atmospheric transport over long distances, the manufacture and use of
PBDEs have been strictly regulated and partially prohibited in recent
years. For example, components of the penta- and octa-BDE mixtures
were included in the Stockholm Convention on Persistent Organic Pol-
lutants (POPs) in 2009 (www.pops.int). In China, commercial mixtures
of penta-BDE were banned from production in 2004, and octa-BDEs
were never produced. However, China remains the largest producer
and supplier of deca-BDE mixtures (Ni et al., 2013).

The manufacture, use, and disposal of items containing PBDEs are
the major sources of PBDE emissions into the ambient environment.
ng site (Huaniao Island), the green tr
eb version of this article.)
Primary sources of PBDEs includemanufacturing sites, waste-related fa-
cilities, andwastewater treatment plants (Ma et al., 2012). In China, do-
mestic deca-BDE manufacturing facilities are primarily located in
Laizhou Bay, Shandong Province, as well as in Jiangsu Province (Ma
et al., 2012; Yu et al., 2016). In addition, there are a considerable number
of electronic waste (e-waste) recycling regions, especially in southern
and southeastern China, i.e., Taizhou (Zhejiang Province), Guiyu
(Guangdong Province), and Qingyuan (Guangdong Province) (Bi et al.,
2007; Tian et al., 2011; Xu et al., 2015a, 2015b). Aside from these
point sources, urban regions with high industries and dense population
densities are also regarded as significant atmospheric sources. Due to
the widespread distribution and application of daily-use products in
above urban regions, PBDEs can be released by volatilization (Li et al.,
2016a, 2016b).

Series of field observations for PBDEs have been conducted over var-
ious regions worldwide (Wang et al., 2010; Li et al., 2016a, 2016b; Liu
et al., 2016; Yu et al., 2016; Ji et al., 2017). The sampling site of this
study, Huaniao Island (HNI), is located in the Yangtze River Estuary
(YRE) on the coast of the East China Sea (ECS), adjacent to the Yangtze
River Delta (YRD) (Fig. 1), themost urbanized and industrialized region
iangles represent e-waste recycling sites in China. (For interpretation of the references to
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in China. The site is downwind of the YRD region and is largely influ-
enced by the East Asian Monsoon. Due to its rapid industrialization
and urbanization, the YRD, which covers only 1.1% of the area of
China, is home to 108 million people (8.1% of the total population of
China) (Wang et al., 2015); in 2011, it represented 17.4% of the entire
Chinese economy (www.hktdc.com). The atmosphere at HNI could be
influenced by both ambient emissions and long-range transport. Be-
cause there is almost no industrial activity, the site is ideal for monitor-
ing background/rural pollution and the transport of pollutants such as
polycyclic aromatic hydrocarbons (Jiang et al., 2018) and organochlo-
rine pesticides (Li et al., 2017). Li et al. (2015a) reported the seasonal
variation of PBDEs in fine particulate matter (PM2.5) over the YRE.
PBDEs in gas and particle phases differ in terms of concentration, sea-
sonal variation, and removal from the atmosphere. In addition, the
gas–particle (G/P) partitioning of PBDEs over the estuary remains
poorly explored.

In this study, 95 pairs of total suspended particulate and polyure-
thane foam (PUF) atmospheric samples were collected at Huaniao Is-
land, YRE, from October 2013 to July 2014 and analyzed for PBDEs.
The objectives of this study were to (1) determine the concentration
and seasonal variation of PBDEs in the atmosphere over the YRE,
(2) calculate the phase distribution and gas–particle partitioning of
PBDEs over the YRE, and (3) identify the potential sources of the
dominant congener BDE-209 based on the potential source contribu-
tion function.

2. Materials and methods

2.1. Sampling

Sampling was performed as described previously (Li et al., 2017;
Jiang et al., 2018). In brief, the gas and aerosol samples were collected
from October 2013 to August 2014 at HNI (30.86°N, 122.67°E) in the
YRE, ECS. Approximately 66 km off the coast of mainland China, HNI is
a small rural island in the ECS. It has a population of b1000 and has no
local industrial activity. Gas- and aerosol-phase samples were collected
simultaneously using a high-volume air sampler (300 L/min; Guang-
zhou Mingye Technology Company, Guangzhou, China), which was de-
ployed on the roof of a three-story building at the northernmost point of
HNI (50 m above sea level) for about 24 h. Particle-phase PBDEs were
trapped using a pre-combusted quartz filter (20 × 25 cm, 2600QAT;
Pall Gelman, Port Washington, NY, USA), while gas-phase PBDEs were
collected using a solvent-cleaned PUF plug (8.0 cm length, 6.25 cm di-
ameter, 0.035 g/cm3 density). In total, 95 pairs of air and aerosol sam-
ples were collected. Two field blank samples were employed for each
season to assess potential contamination during sampling. Break-
through of the PUF samples was tested using two consecutive PUF
plugs. All samples were stored at −20 °C until further analysis.

2.2. Chemical analysis

Sample extraction, clean-up, and analysis were performed using the
methods described in our previous work (Li et al., 2015a, 2015b; Jiang
et al., 2018). Briefly, the samples were Soxhlet-extracted for 48 h
using dichloromethane (DCM) after spiking with known amounts of a
mixture of 13C-labled PBDE standards (BDE-28, 47, 99, 100, 153, 154,
183, and 209; Cambridge Isotope Laboratories, Andover, MA, USA) as
surrogates. Then, the extracts were concentrated using a rotary evapo-
rator and solvent-exchanged with n-hexane. The concentrated extracts
were then purified using amixed-layer chromatography column (8mm
diameter), consisting of 3 cm deactivated alumina, 3 cm deactivated sil-
ica gel, and 1 cm anhydrous sodium sulfate (from bottom to top), and
eluted with 50mL of amixture of DCM and hexane (1:1 by volume). Fi-
nally, the extracts were concentrated to 0.5 mL, and then spiked with
a known quantity of BDE-77 as an internal standard prior to instru-
mental analysis. PBDEs were analyzed by gas chromatography–
mass spectrometry (GC–MS; GC7890 coupled with 5975C MSD;
Agilent, Santa Clara, CA, USA), using negative chemical ionization
(NCI) in selected ion monitoring (SIM) mode. Chromatographic sepa-
ration was achieved using a DB-5MS capillary column (9m× 0.25mm×
0.1 μm) and a longer column (30 m × 0.25 mm × 0.25 μm) for BDE-209
and Brb10-PBDE congeners, respectively.

2.3. Quality assurance and quality control

Strict procedures were implemented during the sampling and pro-
cessing stages. Field blanks, laboratory blanks (solvent), and spiked
blanks (nine standard PBDE congeners spiked into the solvent) were
analyzed in the same manner as the samples. Samples containing
PBDE concentrations below the method detection limit (MDL;
0.04 pg/m3 for BDE-209 and 0.01 pg/m3 for other individual PBDE con-
geners) were considered as not detected. The field and laboratory blank
samples contained target compound concentrations lower than their
MDLs. Breakthrough testing of the PUF samples using two consecutive
PUF plugs showed that the target compound concentrations in the sec-
ond PUF plug were lower than their MDLs.

For each batch of ten samples, a spiked blankwas processed for qual-
ity assurance and control. The average standard recovery for the spiked
blanks was 88.0 ± 8.5%. Though a mixture13C-labeled PBDE standards
was spiked, only 13C-labeled BDE-47 and 13C-labeled BDE-209were cal-
culated to indicate their recovery for Brb10-BDEs and BDE-209, respec-
tively. The recovery of 13C-labeled BDE-47 for Brb10-BDEs was in the
range of 55.6–89.3% (72 ± 25%); the value of 13C-labeled BDE-209 for
BDE-209 was in the range of 48.5–98.2% (76± 30%). The concentration
of Brb10-BDEs and BDE-209 in each sample were corrected based on the
corresponding surrogate recovery of the distinct sample.

2.4. Gas–particle partitioning

Partitioning of atmospheric semi-volatile organic compounds
(SVOCs) between the gas and particle phases was defined by the
particle–gas partition coefficient, Kp (m3/μg):

Kp ¼
Cp
�
TSP

Cg
ð1Þ

where Cp and Cg are the SVOC concentrations in the gas and particle
phases (pg/m3 of air), respectively, and TSP is the concentration of
total suspended particulate matter in air (μg/m3).

According to Pankow (1994), PBDE gas–particle partitioning can be
driven by twomechanisms: adsorption onto the particle surface and ab-
sorption into particle organic matter. These two mechanisms can both
lead to a similar linear relationship between log Kp and the logarithm
of the subcooled liquid vapor pressure (PLο, Pa) of the compound,
which can be expressed as follows:

logKp ¼ mp � logP0
L þ bp ð2Þ

where slopemp and intercept bp are fitting constants obtained using the
regression of log Kp against log PL

ο.
The values of PLο are temperature dependent and can be calculated

using the following equation (Tittlemier et al., 2002):

logP0
L ¼ Ap þ Bp=T ð3Þ

The octanol–air partition coefficient (KOA)-based absorption model
is usually used to predict the values of Kp and is a better descriptor of
gas–particle partitioning (Finizio et al., 1997). The relationship between
log Kp and log KOA can be described as follows:

logKp ¼ mo � logKOA þ bo ð4Þ

http://www.hktdc.com
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where slopem0 and intercept b0 are fitting constants obtained using the
regression of log KP against log KOA.KOA is given by an empirical equation
(Harner and Shoeib, 2002; Li et al., 2016a, 2016b):

logKOA ¼ A0 þ B0=T ð5Þ

In addition, a steady-state model recently suggested by Li et al.
(2015b) was also occupied in this study (details in Supplementary Ma-
terial Text S1), which has been proved to be a better predictor for gas–
particle partitioning of BDE-209 (Besis et al., 2017).

2.5. Potential source contribution function

Air mass back-trajectories were calculated starting at 20:00 local
standard time for 48 h at a height of 500 m above ground level by run-
ning the NOAA Air Resource Lab HYSPLIT model (http://www.arl.
noagov/ready/hysplit4.html). The potential source contribution func-
tion (PSCF) (Ashbaugh et al., 1985; Hsu et al., 2003; Wang et al., 2016)
was calculated to infer the potential source regions that caused elevated
concentrations of PBDEs at the receptor site. The particle-phase BDE-
209 concentrations of each sample were used as input data for the
PSCF analysis. The detailed calculation method is described in the Sup-
plementary Material (Text S2).
Table 1
Atmospheric PBDE levels from studies reported worldwide (unit: pg/m3). The * indicted conce

Area Date Congeners Device

Land
China Spring and Fall 2008 8 PASs
South Korea Spring and Fall 2008 8 PASs
Japan Spring and Fall 2018 8 PASs
Across China September 2008 to August 2009 12 PUF

Guangzhou September 2008 to August 2009 12 PUF
Beijing September 2008 to August 2009 12 PUF
Dalian September 2008 to August 2009 12 PUF
E-waste dismantling site
(Guiyu)

September 13–21, 2005 11 PUF

Laizhou Bay 2007 11 PUF

Lake Chaohu May 2010 to July 2013 14 PUF

Taihu Lake 2004 33
Great Lakes region April to November 2012 7 PEs

Shanghai rural regions June 2012 to May 2013 12 PUF

Alert, Nunavut October 2006 to February 2008 14 FTS
Nam Co, Tibet Weekly since 1992 28 PUF
HN Island October 25,2011 to August 14,

2012
12

HN Island October 2013 to August 2014 9 PUF

Ocean
East and South China Seas Jan 16 to Mar 14, 2008 PUF/XAD-2
Bay of Bengal and the Andaman
Sea

Jan 16 to Mar 14, 2008

Indian Ocean Jan 16 to Mar 14, 2008
Atlantic Ocean Jan 16 to Mar 14, 2008
Atlantic and the Southern Ocean November and December 2008 9 PUF/XAD-2

East China Sea to the high Arctic June to September 2010 10 PUF/
XAD-2

North Sea 2010 6
East Greenland Sea August and September 2009 10 PUF/

XAD-2
3. Results and discussion

3.1. Occurrence

Nine PBDEs (BDE-28, −47,−99, −100, −153, −154,−138,−183,
and−209)were detected in both the gas and particle phases inmost at-
mospheric samples (N 90%), with a mean total atmospheric concentra-
tion (particle phase plus gas phase) Σ9BDEs of 20.3 ± 26.5 pg/m3. As
reported by Yang et al. (2013), total atmospheric concentrations of
∑12BDEs in China followed as the order urban (306 ± 20.0 pg/m3)
N suburban (67.0 ± 14.0 pg/m3) N background/rural (14.0 ±
1.0 pg/m3). Additionally, around the Great Lakes in the United States,
total atmospheric ∑12BDEs concentrations were highest at two urban
sites (65 ± 4 and 87 ± 8 pg/m3, respectively) and lowest at a remote
site (5.8± 0.4 pg/m3) (Venier and Hites, 2008). Atmospheric PBDE con-
centrations over the global oceans, influenced by the distance to possi-
ble source regions, emissions, environmental parameters, as well as
temperature-related effects, have generally been recorded in the hun-
dreds of femtograms to the picograms per cubic meter range (Möller
et al., 2011a, 2012b). For examples, total atmospheric concentrations
(∑10BDEs) ranged from 0.07 to 8.1 pg/m3 during a cruise from East
Asia to the Pacific Ocean and then further to the Arctic (Möller et al.,
2011a) and from undetected to 6.6 pg/m3 from the East Indian
ntration with ng/m3 unit.

Phase BDE-209 Brb10-PBDEs ΣBDEs Reference

Gas 15.4 ± 13.8 (Li et al., 2014)
Gas 7.05 ± 6.36
Gas 2.47 ± 1.12
Gas&TSP 232 ± 72 (Yang et al., 2013)
Gas nd-77.0
TSP 1.06–728
Gas&TSP 838 ± 126
Gas&TSP 781 ± 107
Gas&TSP 104 ± 95 (Yang et al., 2012)
Gas&TSP 2164 9579 11,742

(Day)
(Chen et al., 2009)

1649 3182 4830
(Night)

Gas 0.017–1.17* (Jin et al., 2011)
TSP 0.5–161.1*
Gas&TSP 3.9–262.3

(58.5)
3.5–201 (27.6) (He et al., 2014)

220 (Qiu et al., 2010)
Gas 0.1–11 (McDonough et al.,

2016)
Gas 8.07–77.5

(Summer)
(Zhu et al., 2017)

4.49–35.31
(Winter)
1.2–55 (Xiao et al., 2012)

Gas&TSP 0.83–5.2 (Xiao et al., 2012)
PM2.5 7.1 ± 6.8 0.97 ± 0.52 (Li et al. (2015a,

2015b))
TSP 12.8 ± 23.7 1.2 ± 2.3 14.0 ± 25.5 This study
Gas 5.4 ± 8.0 0.9 ± 0.7 6.3 ± 8.0

Gas&TSP 10.8 ± 6.13 (Li et al., 2011)
3.22 ± 1.57

5.12 ± 3.56
2.87 ± 1.81

Gas 0.32–2.85 (Xie et al., 2011)
TSP b0.04–2.16
Gas&TSP nd-4.0 0.07–8.1 (Möller et al., 2012a)

Gas&TSP 0.31–10.7 (Möller et al., 2012a)
Gas 0.09–1.8 (Möller et al., 2011b)

TSP 0.03–0.64

http://www.arl.noagov/ready/hysplit4.html
http://www.arl.noagov/ready/hysplit4.html


Fig. 3.Relative gas-phase distributions of individual PBDEs over the Yangtze River Estuary.

Fig. 2. Concentrations of PBDE congeners in atmospheric samples (gas and particle phases), as well as ambient temperature and wind speed at Huaniao Island, Yangtze River Estuary, in
2013–2014.
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Archipelago toward the Indian Ocean and then to the Southern Ocean
(Möller et al., 2012b). The PBDE concentrations in our study were in
the range of those observed at background andurban sites (Table 1). Be-
cause there was almost no industrial activity on the island (Li et al.,
2015a), the relative PBDEs level should have been under the influence
of continental outflow.

For Brb10-BDEs, the legacy flame retardants, the annual average con-
centrations of Σ8BDEs were 0.9 ± 0.7 pg/m3 and 1.2 ± 2.2 pg/m3 in the
gas and particle phases, respectively. Although various sampling
methods were applied, the concentrations of Σ8BDEs over the YRE
were similar to those over remote sites and open seas (Table 1), consis-
tent with the limited usage and recent prohibition of penta- and octa-
BDE technical products in China. As reported previously, the phasing
out of penta-BDE and octa-BDEmixtures in China has helped reduce at-
mospheric PBDE concentrations in China (Liu et al., 2016).

Among these PBDE congeners, BDE-209was dominant in both the
gas (5.4 ± 8.0 pg/m3) and particle (12.8 ± 26.7 pg/m3) phases. This
was in good agreement with observations in surrounding areas of
the ECS and consistent with the fact that high BDE-209 concentra-
tions have been detected widely in China (Rahman et al., 2001).
The China-POPs SAMP-II data showed that concentrations of BDE-
209 in the gas phase were in the range of 10.2–77.0 pg/m3 for
urban sites, 8.3 pg/m3 for suburban sites, and below the detection
limit for remote/rural sites, whereas concentrations in the particle
phase were in the range of 10.7–728 pg/m3, 46.4 pg/m3, and
1.0–6.2 pg/m3, respectively (Li et al., 2016b). The concentrations of
BDE-209 over the YRE were in the range of those detected over sub-
urban and background sites in China (Table 1). High BDE-209 con-
centrations, with contributions of 86% and 92% to the total PBDEs



Fig. 4. Correlation analysis between gas-phase concentrations of PBDEs and reciprocal
temperature (K).
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measured in gas and particle phase, respectively, were observed,
consistent with the BDE-209 usage record in China (Li et al., 2016a,
2016b). Therefore, like most areas in China, the YRE region can be
Fig. 5. Correlations between log Kp and log KOA in samples during the four seasons. Red represe
is referred to the web version of this article.)
regarded as relatively uncontaminated with Brb10-BDEs but more
dominantly contaminated with BDE-209.

3.2. Seasonal variation

Seasonal variation of particle phase PBDEs was observed, with the
highest concentration inwinter (25.2 pg/m3) and the lowest in summer
(3.3 pg/m3), as shown in Fig. 2. As shown by the backward trajectory in
Fig. S1, northwesterly and northerly winds were dominant in winter,
carrying atmospheric pollutants from North China. In other seasons,
the wind direction varied and often transported cleaner air masses
from the ocean. In addition, good correlations were found among all
particle-phase PBDE congeners, with Pearson's r ranging from 0.33 to
0.95 (p b 0.05), suggesting that these congeners could be emitted
from a common source or could exhibit a common environmental be-
havior, e.g., long-range transport over land. These results indicated
that atmospheric transport was an important influencing factor of
particle-phase PBDE concentrations in the YRE region.

In the gas phase, total PBDEs showed the inverse seasonal trend,
with the highest concentration in summer (8.8 pg/m3) and the lowest
in winter (2.3 pg/m3). A similar seasonal variation was observed for
gas-phase BDE-209, where summer (8.2 pg/m3) N autumn
(6.1 pg/m3) N spring (5.3 pg/m3) N winter (1.7 pg/m3). However,
Brb10-BDEs showed no significant seasonal trend, although concentra-
tions were higher in spring.

The seasonal gas-phase concentration variations seemed to be sig-
nificantly associated with the phase distribution of PBDEs in different
seasons. For instance, low-brominated BDE congeners were prone to
distribution mainly in the gas phase due to their higher vapor pressure
values (Fig. 3). Low-brominated PBDEs may occur in the atmosphere as
secondary emissions via the air–surface exchange process. However,
high-brominated BDEs were mainly associated with the particle
phase, particularly in the cold season. Notably, the distribution of all
BDE congeners, except for BDE-28, shifted to being particle-phase dom-
inant in winter, possibly due to temperature-influenced phase distribu-
tion. Thus, to assess the influence of the temperature-influenced phase
distribution of PBDEs, correlation analysis between the logarithms of
nts BDE-209. (For interpretation of the references to colour in this figure legend, the reader



Fig. 6. Comparison of the measured particulate fractions of PBDEs (Φ) with the Junge–
Pankow adsorption model (c = 17.2 and 13.3 Pa cm), the KOA-based absorption model
and a steady-state absorption model (C = 5 and G = 2.09 × 10−10 fom KOA) (Li et al.,
2016a, 2016b; Besis et al., 2017).
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gas-phase PBDE congener concentrations and reciprocal temperature
(1/T) was performed (Fig. 4). Ambient temperature is considered to
be an important control of the seasonality of SVOCs in air due to its
marked effect on the chemical partitioning between air and surface
media (e.g., soil and water) (Cousins et al., 1999; Nizzetto et al., 2010).
The logarithms of gas-phase concentrations of SVOCs should generally
be well regressed with reciprocal temperature (Wania et al., 1998).
However, in our study, no significant correlation was found between
the logarithm of gas-phase Brb10-BDE concentrations and reciprocal
temperature (Pearson's r = −0.32, p N 0.05), possibly corresponding
to their low residual level in the environment, while a weak correlation
was observed between the logarithms of gas-phase BDE-209 concentra-
tions and reciprocal temperature (Pearson's r = −0.52, p b 0.05). That
is, other parameters aside from ambient temperature likely affect the
phase distribution of PBDEs, which is possibly influenced by the sea-
sonal variation of sources.

3.3. Gas–particle partition

HNI is in the atmospheric pathway of continental outflow, and is in-
fluenced by the prevailing winds of the East Asian Monsoon. The fate,
transport, and removal of PBDEs from the atmosphere are strongly in-
fluenced by gas–particle partitioning (Lohmann et al., 2000). In addi-
tion, the equilibrium or non-equilibrium condition of the gas–particle
partitioning could provide information about the occurrence of inputs
of atmospheric PBDEs.

3.3.1. Comparison between PL
ο and Kp

The relationship between the logarithms of the seasonal mean Kp

and PLο of the BDE compounds (excluding BDE-138 and -209 due to
data unavailability) was calculated. The values of PLο were temperature
dependent and calculated from the equation reported by Tittlemier
et al. (2002). Good correlation between the logarithms of seasonal
mean Kp and PLο was found for spring and autumn atmospheric samples
(R2 N 0.76, p b 0.01) (Fig. S2). Moderate correlation was observed for
summer (R2= 0.45, p N 0.05) and winter (R2= 0.62, p b 0.05) samples,
along with shallower slopes (mp, −0.27 and −0.30, respectively). The
slope of the regression plots derived from the air samplingdata deviated
largely from −1, possibly because of sampling artifacts, non-
equilibrium conditions, varying activity coefficients in organic matter
in a compound class, or thermodynamic factors (Cetin and Odabasi,
2008; Yang et al., 2013). Experimental field data on gas–particle
partitioning often may not represent the true partitioning equilibrium
(Pankow and Bidleman, 1992). The regression slope in our study in
summer and winter was within the range of values reported for urban
and background sites (Chen et al., 2006; Cetin and Odabasi, 2008;
Besis et al., 2016) and close to the whole-year observation in a north-
eastern urban city in China (−0.3) (Yang et al., 2012). Themr values de-
rived from log–log plots of Kp versus PLο can provide insights into the
mechanisms governing gas–particle partitioning. The slope values
from log–log plots of Kp versus PLο can be used to classify the type of
sorption process: mp b −1, surface adsorption; mp N −0.6, absorption
by organic matter; and − 1 b mp b −0.6, coexistence of both mecha-
nisms (Goss and Schwarzenbach, 1998). The values of mp in this study
exceeded −0.6, suggesting that absorption was the dominant
mechanism.

3.3.2. Comparison between KOA and Kp

KOAwas used to describe gas–particle partitioning,with the assump-
tion that absorption was the dominant process of the SVOCs (Harner
and Bidleman, 1998; Harner and Shoeib, 2002; Cetin and Odabasi,
2008). The KOA values of the PBDEs were calculated using reported
temperature-dependent KOA values, excluding BDE-138 (data unavail-
able) (Harner and Shoeib, 2002; Li et al., 2016a, 2016b).

Like the slope mp, the slope mo between log Kp and log KOA com-
monly deviates from 1 (i.e., equilibrium state) in field observations;
such deviations were also observed in the present study. Generally,
the correlation between log Kp and log KOA is used to indicate the equi-
librium state of gas–particle partitioning of PBDEs. There was an obvi-
ously seasonal variation in the correlation between log Kp and log KOA,
as shown in Fig. 5. Good correlation was found for Brb10-BDEs in spring
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and autumn (R2 = 0.73 and 0.73, respectively, p b 0.05). Moderate cor-
relation was found in winter (R2 = 0.66, p b 0.05), whereas relatively
weak correlation occurred in summer (R2 = 0.33, p N 0.05). These
were similar to the correlation results between log Kp and log PLο, indi-
cating that the aerosol organic matter has sorption properties differed
from the case in the model solvent octanol or that phase equilibrium
was not established, especially in summer (Goss and Schwarzenbach,
1998).
Fig. 7. Potential source regions of BDE-209 based on summer and winte
Furthermore, when BDE-209 was included in the correlation analy-
sis between log Kp and log KOA, the correlation got worsen in all four
seasons, and the slopes became shallower. One possible reason is the
slow re-equilibration process between reemitted POPs in the environ-
ment and freshly emitted particulate matter in the atmosphere
(Lohmann et al., 2000). In particular, higher-molecular-weight species
attain equilibriummore slowly than low-molecular-weight compounds
(Kamens et al., 1995; Simcik et al., 1998). Second, continuous gas-phase
r samples collected in 2013–2014 over the Yangtze River Estuary.
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pollutant emissions should be expected in the ambient environment.
This speculation was further evidenced by the gas-phase distribution
of BDE-209. Generally, the gas-phase distribution of individual BDE con-
geners decreased markedly with increasing bromine substitution
(Fig. 3). An exception was observed for BDE-209, with a relatively
higher gas-phase distribution than other high-brominated BDEs (BDE-
153,−154, −138, and−183). The gas-phase distribution reached 73%
in summer. A similar phase distribution was reported by Agrell et al.
(2004), who found that BDE-209 was mainly in the gas phase (N 90%)
at an urban site, and almost entirely in the gas phase at a rural site, pos-
sibly due to adjacency to nearby emissions. These results could indicate
the input of gas-phase BDE-209 in the study area, i.e., due to volatiliza-
tion or gas-phase transmission from land emission in summer (see
Section 3.4).

3.3.3. Model prediction
The particle-phase fractionΦ of SVOCs can be predicted convention-

ally by the Junge–Pankow adsorption (PLο-based) model, the KOA-based
absorption model as well as a steady-state absorption model including
an equilibrium and a non-equilibrium term (Cincinelli et al., 2014;
Besis et al., 2016; Li et al., 2015a, 2016b). The details of these three
models are described in the Supplementary Material. The KOA-based
model appeared to predict the measured Φ relatively better than the
Junge–Pankow adsorption model, especially for Brb10-BDEs, highlight-
ing the absorptive role of the organic content of particles (Fig. 6)
(Samara et al., 2014; Besis et al., 2015). However, the KOA-based adsorp-
tionmodel seemed to largely overestimate theparticle-phase fraction of
BDE-209.While the steady-statemodel proved to be superior to predict
G/P partitioning of BDE-209 based on annual values (Li et al., 2016b;
Besis et al., 2017), though with the exception of summer samples. The
overestimation of the particle-phase fraction of BDE-209, consistent
with the above correlation analysis, indicated the input of gas-phase
BDE-209, especially during warmer seasons.

3.4. Potential sources of BDE-209 from atmospheric long-range transport

The PSCF was used to identify the possible source regions for atmo-
spheric BDE-209 in different seasons. The YRE is located in the atmo-
spheric route of continental outflow triggered by the prevailing winds
of the East AsianMonsoon. The densely populated northern and eastern
areas of China, especially the YRD region, were clear high-pollution
source regions of particle-phase BDE-209 in winter (Fig. 7b). Under
the driving force of the prevailing northwesterly and northerly winds,
winter air masses passed through the aforementioned source regions
of PBDEs, leading to relatively high abundances of BDE-209 in the
downwind YRE area.

In summer, due to variations in wind direction, the potential source
regions of atmospheric BDE-209weremore diverse (Fig. 7a) andmainly
included Shandong and Jiangsu Provinces, the YRD region, and the
southeastern coastal areas with intensive e-waste recycling activities
(e.g., Taizhou in Zhejiang Province). As discussed above, PBDE re-
emission from various environmental matrices potentially enhanced
the atmospheric burden in summer (Gevao et al., 2013; Besis et al.,
2015; Xu et al., 2015a, 2015b). Domestic deca-BDEmanufacturing facil-
ities are primarily located in the Shandong Peninsula and Jiangsu Prov-
ince (Zhang and Lu, 2011); for example, Σ11PBDEs reached levels as
high as 0.4 and 40 ng/m3 in the gas and particle phases in Laizhou Bay
in summer, respectively (Jin et al., 2011). In addition, the YRD region
and southeastern coastal areas, which are characterized by intensive in-
dustrial activities and urban development, are host to thousands of rap-
idly growing factories, including those for textiles, furniture, electrical
and electronic devices, and toys, which can contain PBDEs (Li et al.,
2012). For instance, gas- and particle-phase BDE-209 concentrations
reached 800–1200 pg/m3 in three cities (Suzhou, Wuxi and Nantong)
in the Yangtze River Delta (Zhang et al., 2013). More importantly, the
coast of Taizhou (Zhejiang Province) has become a growing center for
e-waste recycling and receives both domestic and foreign e-wastes (Li
et al., 2016a, 2016b). High concentrations of PBDEs have been found
in the air and soil of typical e-waste dismantling areas in Taizhou (Yu
et al., 2016). Zhang et al. (2012) reported increased atmospheric con-
centrations of more highly brominated PBDEs in summer (average:
165 pg/m3) over Taizhou, and Han et al. (2009) reported that BDE-
209 was a major component of all collected atmospheric samples
(70%) over Taizhou. Thus, it can be inferred from Fig. 7 that gas-phase
BDE-209would be volatilized and transported alongwith the airmasses
under the high-temperature conditions during summer, causing rela-
tively high gas-phase BDE-209 levels over coastal regions of the ECS,
as well as further east.

4. Conclusion

This work reported, for the first time, the annual occurrence of both
gas- and particle-phase PBDEs over the YRE and analyzed their gas–
particle partitioning. Among PBDE congeners, BDE-209 was dominant
in both the gas and particle phases, consistent with the BDE-209 usage
record in China. Comparisons between both KOA and PL0 with Kp indi-
cated that the gas–particle partitioning of PBDEs was in a non-
equilibrium state. The slope mp as well as mo was generally deviated
from the equilibrium state in filed observations, including our study. In-
stead, we use the correlation between log Kp and log KOA to indicate the
equilibrium state of gas-particle partitioning of PBDEs. The correlation
between KOA and Kp worsened and the slopes became shallower when
BDE-209 was included in above correlation analysis, possibly due to
fresh emissions of gas-phase BDE-209, especially in summer. In addi-
tion, the KOA-based adsorption model prediction greatly overestimated
the particle-phase fraction of BDE-209. The steady-state model
reproduced well for G/P partitioning of BDE-209 based on annual
values; but large prediction still existed in summer samples. Together,
these combined results emphasize the significance of atmospheric
transport of BDE-209 from land emissions in both phases, which may
originate from various highly BDE-contaminated regions. For these
SVOCs, additional observations of both gas- and particle-phase pollution
level should be conducted in source regions, given the importance of
gas-phase transport.
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