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a b s t r a c t

The distribution characteristics and potential sources of polybrominated diphenyl ethers (PBDEs) and
alternative brominated flame retardants (aBFRs) were investigated in 54 surface sediment samples from
four bays (Taozi Bay, Sishili Bay, Dalian Bay, and Jiaozhou Bay) of North China's Yellow Sea. Of the 54
samples studied, 51 were collected from within the four bays and 3 were from rivers emptying into
Jiaozhou Bay. Decabromodiphenylethane (DBDPE) was the predominant flame retardant found, and
concentration ranged from 0.16 to 39.7 ng g�1 dw and 1.13e49.9 ng g�1 dw in coastal and riverine
sediments, respectively; these levels were followed by those of BDE 209, and its concentrations ranged
from n.d. to 10.2 ng g�1 dw and 0.05e7.82 ng g�1 dw in coastal and riverine sediments, respectively. The
levels of DBDPE exceeded those of decabromodiphenyl ether (BDE 209) in most of the samples in the
study region, whereas the ratio of DBDPE/BDE 209 varied among the four bays. This is indicative of
different usage patterns of brominated flame retardants (BFRs) and also different hydrodynamic con-
ditions among these bay areas. The spatial distribution and composition profile analysis indicated that
BFRs in Jiaozhou Bay and Dalian Bay were mainly from local sources, whereas transport from Laizhou Bay
by coastal currents was the major source of BFRs in Taozi Bay and Sishili Bay. Both the

P
PBDEs and

P
aBFRs (sum of pentabromotoluene (PBT), 2,3-diphenylpropyl-2,4,6-tribromophenyl ether (DPTE),

pentabromoethylbenzene (PBEB), and hexabromobenzene (HBB)) were at low concentrations in all the
sediments. This is probably attributable to a combination of factors such as low regional usage of these
products, atmospheric deposition patterns, coastal currents transportation patterns, and degradation
processes for higher BDE congeners. This paper is the first study that has investigated the levels of DBDPE
in the coastal sediments of China's Yellow Sea.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

There were at least 75 brominated flame retardants (BFRs) that
are used extensively in electronic appliances, plastics, textiles, and
furniture as addictives to prevent fire (Li et al., 2011). In 2011, 390
e by Maria Cristina Fossi.
thousand tons of BFRs were sold, which represents 19.7% of the
flame retardant markets globally (Wikipedia, 2015). Most studies
on BFRs have focused on the following three groups of products:
polybrominateddiphenyl ethers (PBDEs) and biphenyls (PBBs),
hexabromocyclododecanes (HBCDs), and tetrabromobisphenol A
(TBBP‒A) (Covaci et al., 2011).

Polybrominateddiphenyl ethers (including BDE 209) are the
most widely used BFRs. Because of concern over their toxicological
effects, bans and restrictions on the production and use of three
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commercial PBDE mixtures (penta-BDE, octa-BDE and deca-BDE)
have recently been implemented in some regions, such as Europe
and the USA (BSEF, 2015). In addition, penta-BDE and octa-BDE
formulations have been listed as persistent organic pollutants
(POPs) under Annex A of the Stockholm Convention (UNEP, 2009).
However, deca-BDE is still used in many countries including China.
Meanwhile, some alternative brominated flame retardants (aBFRs)
have been produced extensively by manufacturers. For instance,
the annual production volume of decabromodiphenylethane
(DBDPE), which is a replacement for deca-BDE, have been esti-
mated at 12,000 tons in China (Chen et al., 2013). Recently, some
studies have also reported that the levels of DBDPE were compa-
rable to those of BDE 209 in many types of environmental media
from different countries (Lee et al., 2014c; Robson et al., 2013; Zhu
et al., 2013). Mixtures of bis-(2-ethylhexyl)-tetrabromophthalate
(TBPH or BEHTBP) and 2-ethylhexyl-2,3,4,5-tetrabromobenzonate
(TBB or EHTBB), and 1,2-bis(2,4,6-tribromophenoxy)ethane
(BTBPE or TBE) have been reported as viable replacements for
penta-BDE and octa-BDE, respectively (Covaci et al., 2011). Mean-
while, other aBFRs, such as pentabromotoluene (PBT), pentabro-
moethylbenzene (PBEB), hexabromobenzene (HBB), and 2,3-
diphenylpropyl-2,4,5-tribromophenyl ether (DPTE) have been
detected in air and seawater samples from the European Arctic
(Moller et al., 2011), because of their similar long‒range atmo-
spheric transport (LRAT) potentials to these of PBDEs.

Previous studies have investigated the spatial distribution of
BFRs in background forest soils of China and DBDPEwas found to be
the most abundant contaminant (Zheng et al., 2015). High con-
centrations of DBDPE (3100 ng g�1 dw) and BDE 209
(48,000 ng g�1 dw) were found in sludge samples from industrial
wastewater treatment plants (WWTPs) in Korea (Lee et al., 2014c),
and DBDPE (with a mean concentration of 52.2 ng g�1 dw) was also
detected as the most dominant contaminant in sewage sludge
samples from 62WWTPs in China among the 20 halogenated flame
retardants and dehalogenated products detected (Zeng et al., 2014);
this supports the hypothesis that WWTPs are an important source
of these compounds. Wang et al. (2011) investigated flame re-
tardants in the Dalian coastal area and concluded that the effluent
of sewage outlets was the major source of these compounds. Ac-
cording to the ‘China Marine Environment Quality Bulletin 2014’,
pollutants from 48% of the land-based outlets in China are not in
full compliance with regulatory standards (SOA, 2014a), and
WWTPs remain a significant source of pollution to the sea. During
the flood season, the

P
PBDEs (including BDE 209) input to Lake

Chaohu from rivers was estimated at 344 kg yr�1, thus suggesting
that river runoff was also an important pathway for the transport of
anthropogenic pollutants (Wang et al., 2013).

The concentration of DBDPE ranged from 1.7 to 270 ng sample�1

in the atmosphere of North China, and the main source of the
DBDPE was the BFRs manufacturing base (Zhao et al., 2013a). The
majority of BFR manufacturing facilities are concentrated around
the Laizhou Bay area in the Shandong Province, and these com-
pounds maybe released to the environment unintentionally (Pan
et al., 2007). Besides the terrestrial sources mentioned above,
black carbon (BC) (Fang et al., 2015), atmospheric deposition, and
regional hydrodynamic conditions can affect the distribution of
BFRs in coastal sediments.

Sediment is a main sink and potential secondary source of POPs
and contaminated sediments can produce both direct and indirect
effects on the benthos and higher level trophic level organisms via
food chain transfers. The coast serves as a transitional and buffering
zone between the land and ocean, and high levels of POPs are often
detected in such region. The bioaccumulation and transfer behavior
of PBDEs has been investigated in marine food webs of Liaodong
Bay (Ma et al., 2013) and the Korean coast (Moon et al., 2007b).
aBFRs have similar physicalechemical properties to PBDEs, and
they have been observed in fish, sharks, whales, seals, and bird eggs
(Covaci et al., 2011). In China, there have been many reports about
the concentrations, distributions, and composition patterns of
PBDEs in sediments (Lee et al., 2014c; Li et al., 2010; Pan et al., 2010,
2011), but few studies (Chen et al., 2013; Wang et al., 2011, 2015a)
have focused on aBFRs, especially in the Yellow Sea. In North China,
PBDEs and aBFRs have been reported in the atmosphere (Lin et al.,
2013; Zhao et al., 2013a), but very limited data are available about
their status in coastal and marine environments in this region.

The Yellow Sea is a marginal sea in theWest Pacific Ocean that is
situated between China and the Korean Peninsula, and the majority
of pollutants here originated from land-based inputs. In 2012, the
load from industrial effluents to the Yellow Sea from seven main
coastal cities (including Dalian, Qingdao, Yantai, Weifang, Weihai,
Rizhao, and Lianyungang) was 305,520,000 tons (SOA, 2014b).
Meanwhile, the sea area with a water quality ranking below the
standard of grade I in the Yellow Sea accounted for 10.6% of the total
sea area (NBS and MEP, 2013). The near-shore pollution status is
very serious, and routine monitoring in the estuary and bay eco-
systems has shown that these areas are impacted by pollution, i.e.,
in 2014, these ecosystemswere ranked as unhealthy or sub‒healthy
(SOA, 2014a). This study investigated four bays, namely Taozi Bay,
Sishili Bay, Dalian Bay, and Jiaozhou Bay, of the Yellow Sea, all of
which are surrounded by heavily industrialized and densely
populated cities (Yantai, Dalian, and Qingdao). Taozi Bay and Sishili
Bay are close to Laizhou Bay (around 200 km), which is where the
largest manufacturing base of BFRs in Asia is located. These four
bays can be classified into three categories according to their
relative capacities for seawater exchange with the Yellow Sea in
descending order: Taozi Bay ~ Sishili Bay > Dalian Bay > Jiaozhou
Bay.

For the present work, surface sediments from four bays in the
Yellow Sea were collected and analyzed for PBDEs and aBFRs. The
objectives of this study were: (1) to explore the occurrence and
spatial distribution of BFRs in coastal surface sediments from the
Yellow Sea; (2) to estimate the probable sources of BFRs in the
sediments, and (3) to compare the factors that control the spatial
distribution of contaminants in these bays, which have different
hydrodynamic conditions and terrestrial inputs. To the best of our
knowledge, this is the first study to investigate the levels of DBDPE
in the coastal sediments of China's Yellow Sea.

2. Material and methods

2.1. Study area

The geographical locations of the four bays are shown in Fig. 1.
Taozi Bay and Sishili Bay are both surrounded by the city of Yantai,
which has a population of 1.8 million people in an urban area of
650 km2. Compared to Dalian Bay and Jiaozhou Bay, Taozi Bay and
Sishili Bay are relatively open and mainly influenced by coastal
currents. The mean water depths of these two bays are <20 m.
Sishili Bay receives nutrients from marine aquaculture operations,
wastewater inputs, and harbor pollution (Han and Liu, 2014).
Dalian is a major industrial and harbor city with a population of 2.7
million people in an urban area of 2400 km2. Dalian Bay is shallow
with a water depth <30 m. Jiaozhou Bay has a meanwater depth of
about 7 m and an area of 438 km2; it is surrounded by Qingdao,
which has a population of 4.9 million people in an urban area of
1400 km2. The bay mouth is very narrow (about 2.5 km); therefore,
it has the lowest capacity for seawater exchange among the four
bays. In addition, there are more than 10 small rivers that enter the
bay andmost of the rivers pass through the urban areas of Qingdao.
The largest river entering Jiaozhou Bay is the Dagu River. There is a



Fig. 1. Spatial distributions of DBDPE, BDE 209, and
P

PBDEs in the surface sediments in four bays; A: Dalian Bay near Dalian; B: Taozi Bay and Sishili Bay near Yantai; C: Jiaozhou
Bay near Qingdao; D: The arrows represent the coastal currents (Zhao et al., 2011).
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sewage outlet near the mouth of the Haipo River (Fig. 1C).
2.2. Sample collection

Samples were collected from 54 stations (Fig. 1). Of these sam-
ples, 36 were collected from Jiaozhou Bay, Taozi Bay, and Sishili Bay
in April 2010 (Zhao et al., 2011) and 15 were collected from Dalian
Bay in July 2014. Three of the sediment samples collected in April
2010 were obtained from two rivers emptying into Jiaozhou Bay,
namely, the Dagu River (site H1) and the Qingdao River (sites H2
and H3). About 500 g surface sediments (0e5 cm) were collected
with a stainless steel grade sampler, and then sealed in clean
polyethylene (PE) bags. All sediment samples were stored in a
freezer at �20 �C until further analysis.
2.3. Extraction and analysis

All the samples were freeze-dried, pulverized, homogenized,
and Soxhlet extracted by dichloromethane (DCM) extraction for
24 h. Prior to extraction, 20 ng of PCB 209were added as a surrogate
standard, and activated copper and zeolite and were added to the
flasks to prevent violent boiling and remove elemental sulfur from
the sediment, respectively. The extracts were concentrated to about
2e3 mL by a rotary evaporator. Briefly, concentrated extracts were
purified through a 1 g sodium sulfate and 2.5 g (10% deactivated)
silica gel column (M€oller et al., 2012). The eluting solution consisted
of 20 mL of hexane, and the final extracts were concentrated to
approximately 200 mL in iso-octane. Before instrumental analysis,
20 ng of an internal standard (PCB 208) were added to the samples.
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Eight aBFRs (PBT, PBEB, HBB, DPTE, TBB, BTBPE, TBPH, and DBDPE),
as well as a PBDE standards mixture (BDE 28, 47, 66, 99, 100, 153,
154, 183, and 209), were all purchased from Wellington Labora-
tories (Guelph, Ontario, Canada). PCB 208 was purchased from
AccuStandard (New Haven, CT). All solvents used were redistilled.
Neutral silica gel (80e100 mesh) was extracted with DCM for 24 h
and sodium sulfate was baked at 450 �C for 4 h. The deactivated
silica gel and sodium sulfate were sealed in hexane before use.

An Agilent 7890 gas chromatograph (GC) coupled with a 5975C
mass selective detector (MSD) in electron capture negative ion
chemical ionization mode (ECNICI) was used to identify and
quantify the PBDEs and aBFRs. A DB-5MS (30 m � 0.25 mm i.d.,
0.25 mm film thickness) capillary column was used for the deter-
mination of PBDE congeners and aBFRs, except for BDE 209 and
DBDPE. A DB-5HT (15 m � 0.25 mm ID, 0.1 mm film thickness)
capillary column was used for separating the BDE 209 and DBDPE.
The GC temperature program was set as follows: initially 80 �C for
2min, then increased to 200 �C at 10 �Cmin�1 (held for 5min), then
to 260 �C at 10 �C min�1 (held for 5 min), and finally to 310 �C at
5 �C min�1 (held for 5 min). The injection temperature was 280 �C
and the posting run temperaturewas 320 �C for 10min. The sample
injection volume was 1 mL and the splitless injection mode was
used. The ions 79 and 81weremonitored for BDE 28, 47, 66, 99,100,
153,154, and 183; ionsm/z 463.7, 429.7, and 359.8 for PCB 208; ions
m/z 497.8, 463.7, and 429.7 for PCB 209; and ions m/z 485 and 487
for BDE 209.

Prior to the detection of sediment total organic carbon (TOC),
carbonates were removed by hydrochloric acid (HCl), and then the
TOC concentration was determined with an elemental analyzer
(CHNS Vario Ei Ⅲ, Elementar). The grain size of the surface sedi-
ments was analyzed by a laser particle characterization system
(Mastersizer 2000, Malvern Instruments, Malvern, UK).
2.4. Statistical analysis

The software SPSS 20.0 was used for statistical analyses.
Analytical results that were below detection limit were reported as
BDL. Correlation analyses were tested by Spearman's rank co-
efficients. A value of p < 0.05 was considered significant.
2.5. Quality assurance and quality control (QA/QC)

The mean recoveries were 63.5e133.7% for PCB 209 in the 54
samples. Eleven procedural blanks were analyzed during the ex-
tractions, inwhich BDE 47, BDE 99, and PBTwere all detected at low
concentrations. The mean recoveries of PCB 209 were 85.3e102.1%
in the solvent blanks. The method detection limits (MDL) were
calculated based on the average of the solvent blanks plus three
standard deviations of the blanks. The MDLs for PBDEs ranged from
0.004 to 0.44 pg g�1. The MDLs for PBT, PBEB, DPTE, HBB, and
DBDPE ranged from 0.004 to 0.03 ng g�1, 0.038e0.24 ng g�1,
0.001e0.2 ng g�1, 0.57e2.82 ng g�1, and 0.18e3.15 ng g�1, respec-
tively. All the concentrations of PBDEs and aBFRs were not cor-
rected for recovery. For this study, if the values were below the
MDL, there were considered not detected (n.d.). In the following
sections,

P
PBDEs represents the sum of BDE 28, 47, 66, 99,100,153,

154, and 183, and the
P

aBFRs is the sum of PBT, PBEB, DPTE, and
HBB. The

P
PBDEs values of all the samples were above the MDL

(except for site Y7) and the three remaining aBFRs (TBB, TBE, and
TBPH) were not detected in any coastal sediment samples.
3. Results and discussion

3.1. Concentrations and comparisons with other studies

Previous studies of BFRs in northern China focused mainly on
PBDEs in sediments (Lv et al., 2015; Pan et al., 2011; Wang et al.,
2011, 2009; Yang et al., 2004), and no data on levels of aBFRs
were found in this area. Table 1 and Table S1 shows the BFRs
concentrations in Dalian Bay, Jiaozhou Bay, Taozi Bay, and Sishili
Bay along with the concentrations in the two Rivers (Qingdao River
and Dagu River) around Jiaozhou Bay. Table 2 compares the levels of
BFRs in this study with the values found in other studies. The
chemical DBDPE, which is used as a replacement for BDE 209, was
detected in all the sediment samples, thus indicating that this
contaminant was prevalent in river and marine sediments in
northern China. It is note worthy that concentrations of DBDPE in
most of the sediments were higher than levels of BDE 209 in this
study, and this phenomenon was also seen in other studies of
marine, sludge, and sediment samples (Baron et al., 2013; Lee et al.,
2014c; Zheng et al., 2015). The concentrations of DBDPE in 51
coastal and 3 river sediment samples ranged from 1.13 to
49.9 ng g�1 dw (mean: 29.4 ng g�1 dw) and from 0.16 to
39.7 ng g�1 dw (mean: 2.09 ng g�1 dw), respectively. The highest
level was found in the Qingdao River. In comparison, DBDPE con-
centrations (1.13 ng g�1 dw at site H1, 37.2 ng g�1 dw at site H2, and
49.9 ng g�1 dw at site H3) in the three river sediment samples were
one to two orders of magnitude lower than those in the Dongjiang
River (n.d. e 1728 ng g�1 dw) (Chen et al., 2013), which runs across
the major electronic/electrical manufacturing base of the Pearl
River Delta (PRD) (Zhang et al., 2015). The DBDPE concentrations
(0.16e39.7 ng g�1 dw) in all coastal sediments in this study were
similar to those in the Pearl River estuary (PRE) (n.d. e

30.5 ng g�1 dw) (Chen et al., 2013) and Ebro and Llobregat River
basins (n.d e 31.5 ng g�1 dw) (Baron et al., 2014), but higher than
those in marine sediments, such as those from the Yangtze River
Delta (0.18e1.57 ng g�1 dw) (Zhu et al., 2013), Stockholm coast in
Sweden (n.d. e 11 ng g�1 dw) (Ricklund et al., 2010), three bays in
South America (n.d. e 2.26 ng g�1 dw) (Baron et al., 2013), and the
western Arctic Ocean (n.d. e 0.45 ng g�1 dw) (Cai et al., 2012). The
DBDPE concentrations in marine sediments of northern Chinawere
at a moderate level, comparatively.

There was no doubt that BDE 209 was the predominate
congener of PBDEs found in the samples similar to the data re-
ported in other studies (Kwan et al., 2013; Moon et al., 2012), and it
accounted for 90.1 ± 11.3% of all the PBDEs congeners detected in all
the sediments (except those from site Y8 where BDE 209 was not
detected). The detection frequency of BDE 209 in all sediments was
98.0%. Concentrations of BDE 209 in the three river sediment
samples (0.05 ng g�1 dw in site H1, 1.94 ng g�1 dw in site H2 and
7.82 ng g�1 dw in site H3) weremuch lower than those reported for
the Dongjiang River (3.83e2517 ng g�1 dw) (Chen et al., 2013),
Shanghai River (n.d. e 189 ng g�1 dw) (Wang et al., 2015b), and
Korea' s industrialized bay (2.0e2253 ng g�1 dw) (Moon et al.,
2007a). The mean BDE 209 concentration in all the coastal sedi-
ments was 0.68 ng g�1 dw in this study, which was lower than the
levels found in other marine sediments of China, such as in the
Bohai Sea (2.29 ng g�1 dw) (Wang et al., 2009), East China Sea
(6.4 ng g�1 dw) (Li et al., 2012), PRE (14.2 ng g�1 dw) (Chen et al.,
2013) and Xiamen offshore area (14.94 ng g�1 dw) (Li et al.,
2010); however, the concentration detected in this study was
similar to the levels found in the Yangtze River Delta
(0.41 ng g�1 dw) (Zhu et al., 2013). High levels of BDE 209 were
frequently detected around BFR manufacturing areas, more ur-
banized cities, and regionswithmore electrical factories. Compared
to coastal sediments in other countries, the ranges of BDE 209 in the



Table 1
Statistic of concentration of BFRs (ng g�1 dw) in superficial sediments of four bays, Yellow Sea.

Sites N DBDPE
P

aBFRsa BDE 209
P

PBDEs2

Range Mean Range Mean Range Mean Range Mean

Dalian Bay 15 0.25e39.7 2.13c 0.002e0.074 0.03 0.10e10.2 0.76c 0.02e0.22 0.10
Jiaozhou Bay 16 0.16e4.10 1.74 n.d.de0.033 0.014 0.03e1.99 0.57 0.002e0.35 0.064
Taozi Bay 8 0.53e4.15 2.43 n.d.de0.03 0.01 n.d.de0.62 0.27 n.d.ce0.03 0.02
Sishili Bay 12 0.96e6.49 4.00 n.d.de0.09 0.02 0.25e1.18 0.47 0.004e0.02 0.01
River 3 1.13e49.9 29.4 0.02e1.05 0.61 0.05e7.82 3.27 0.03e1.85 0.65

a Sum of PBT, PBEB, DPTE, and HBB.
b Sum of BDE 28, 47, 66, 99, 100, 153, 154, and 183.
c Average concentrations of DBDPE or BDE 209 in Dalian Bay (excluding site B1).
d Not detected.

Table 2
Comparison BFR concentrations (ng g�1 dw) in surface sediments of this study with concentrations measured in other studies.

Sites Sampling year DBDPE
P

aBFRsa BDE 209
P

PBDEsb Reference

Four baysd, Yellow Sea in North China 2010e2014 n.d.‒39.7 (2.96) n.d‒0.85 (0.02) n.d.‒10.2 (0.64) n.d.‒0.35 (0.05) This study
River, Jaozhou Bay in North China 2010 1.13e49.9 (29.4) 0.02e1.05 (3.27) 0.05e7.82 (0.65) 0.03e1.85 (0.37) This study
Dalian coastal area, North China 2008 0.073e1.9 (0.33) 3.94e103 (25.0) 0.016e1.33 (0.29) (Wang et al., 2011)
Bo Sea, North China 2006 0.30e2776 (2.29)c 0.07e5.24 (0.16)c (Wang et al., 2009)
Laizhou Bay, North China 2009 0.66e12 (5.1) n.d.‒0.60 (0.32) (Pan et al., 2011)
Jiaozhou Bay, North China 1997e1999 0.12e5.51 (1.38)e (Yang et al., 2004)
Yangtze River Delta, East China 2011 0.18e1.6 (0.47) (<0.98) 0.04e1.26 (0.41) 0.94e0.96 (0.96) (Zhu et al., 2013)
The coastal East China Sea (ECS) 2006e2007 0.30e44.6 (6.4) n.d.‒8.0 (Li et al., 2012)
Pearl River Estuary (PRE), South China 2009e2010 n.d.‒30.5 (10.2) 0.09e1.98 (0.47) (14.2) 3.67e45.6 (17.1)e (Chen et al., 2013)
Xiamen Offshore Areas, South China 2007 0.10e70.11 (14.9) 0.17e6.43 (1.37) (Li et al., 2010)
Hong Kong, South China 2004 n.d.‒2.92 1.7e53.6e (Liu et al., 2005)
Tokyo Bay, Japan 2002 0.89e18 0.06e0.78 (Minh et al., 2007)
Goseong Bay, Korea 2011 0.03e11.4 0.02e2.65 (Lee et al., 2014a)
San Francisco Bay, USA 2007 0.01e0.02 (1.00e5.00) 2‒8 (4) (Klosterhaus et al., 2012)
Three baysf, South America 2009e2010 n.d.‒2.26 n.d.‒0.11 n.d.‒1.72 n.d.‒1.57 (Baron et al., 2013)
Western Arctic Ocean 2008 n.d.‒0.45 n.d.‒0.80 (0.11) 0.004e0.15 (0.04) (Cai et al., 2012)
Stockholm coast, Sweden 2008 n.d.‒11 n.d.‒88 (Ricklund et al., 2010)

n.d. Not detect.
a Sum of all the aBFRs concentrations, including PBT, PBEB, DPTE, and HBB.
b Sum of all the PBDE congeners (excluding BDE 209).
c Median concentration.
d Dalian Bay, Jaozhou Bay, Taozi Bay, and Sishili Bay.
e Sum of all the PBDE congener concentrations (including BDE 209).
f San Vicenta bay, Coronel Bay, and Conceci�On Bay.
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four bays of this study (n.d. e 10.2 ng g�1 dw) were lower than
those in Tokyo Bay (0.89e18 ng g�1 dw) (Minh et al., 2007) and the
Stockholm coast in Sweden (n.d. e 88 ng g�1 dw) (Ricklund et al.,
2010). In addition, Goseong Bay, which is located in a rural area
of Korea, showed similar BDE 209 concentrations to the ones found
in the study region of this work (Lee et al., 2014b). The ranges of
BDE 209 concentrations in this study were higher than those
detected in three bays from South America and in the western
Arctic Ocean (Table 2). However, the concentrations of BDE 209 in
this study were lower than those detected in other coastal areas of
China during previous studies (Wang et al., 2011; Yang et al., 2004).

Compared with other studies on coastal and marine sediments
in China (Table 2), relatively low concentrations of

P
PBDEs (mean

0.09 ng g�1 dw) and
P

aBFRs (mean 0.02 ng g�1 dw) were observed
in this study. Among the aBFRs, PBT and DPTE were the most
common compounds, and the corresponding detection frequencies
were over 60% in all the marine sediments. The compounds TBE,
TBB, and TBPH were observed only at low concentration in the
Qindao River and Dagu River sediments. The concentrations of
P

PBDEs and
P

aBFRs ranged from 0.03 to 1.85 ng g�1 dw and from
0.02 to 1.05 ng g�1 dw in river sediments, respectively. Syed et al.
(2013) reported levels of PBDEs in Pakistan's Ravi River ranging
from n.d. to 15 ng g�1 dw. Moreover, Chen et al. (2013) reported the
ranges of three BFRs (PBT, PBEB, and HBB) in the Dongjiang River
and Zhujiang River, and both sites had higher levels than those
detected in the two rivers evaluated in this study. As for coastal
sediments, concentrations varied from n.d. to 0.35 ng g�1 dw for
P

PBDEs and from n.d. to 0.09 ng g�1 dw for
P

aBFRs. The levels of
P

PBDEs and PBEB in this study were similar to those in the Dalian
coastal area (Wang et al., 2011), three bays from South America
(Baron et al., 2013) and the western Arctic Ocean (Cai et al., 2012).

3.2. Spatial distribution of BFRs in the four bays

As the DBDPE concentration in site B1 (39.7 ng g�1 dw) was
higher than the sum of the remaining 14 sites in Dalian Bay
(29.8 ng g�1 dw), the average DBDPE level (2.13 ng g�1 dw) re-
ported for Dalian Bay represents only the 14 samples (excluding site
B1). Relative mean DBDPE concentrations at the study sites, in
descending order, were as follows: rivers > Sishili Bay > Taozi
Bay > Dalian Bay (excluding site B1) > Jiaozhou Bay (Table 1).

Jiaozhou Bay is a nearly enclosed bay relative to the other three
bays, and the capacity of seawater exchange with the outside Yel-
low Sea is weak in this region; hence, direct discharge from human
activities might be an important factor controlling the DBDPE dis-
tributions in Jiaozhou Bay. The concentrations of DBDPE together
with BDE 209 and

P
PBDEs in eastern Jiaozhou Bay were higher

than those in the western and northern parts of this bay, and the
highest level of DBDPE was found at site H1, which is close to the
estuary of the Qingdao River (Fig. 1C). First, in eastern Jiaozhou Bay,



Fig. 2. Correlations between BDE 209 and DBDPE concentrations in four bays,
including Dalian Bay, Jiaozhou Bay, Sishili Bay, and Taozi Bay; Dash line represents the
correlation between DBDPE and BDE 209 in all the coastal sediments.
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several rivers (including the Qingdao River, Baisha River, and Haipo
River) run through industrial and residential regions, and this likely
leads to contaminant discharge into the bay via the rivers. However,
the Dagu River is located in northwestern Jiaozhou Bay and the
water discharge volume of this river into Jiaozhou Bay is higher
than that for the other rivers mentioned above. The relative DBDPE
concentrations of the three sediment samples from the Dagu River
estuary in descending order were as follows: H3 > H2 > J12. This
indicates that the Dagu River was not a major contributor of BFRs to
Jiaozhou Bay. This is reasonable as the western Dagu River flows
mainly through agricultural areas.

There are WWTPs in east Jiaozhou Bay and northeast Sishili Bay.
The concentrations of DBDPE decreased with increases in the dis-
tance from the outlets of the WWTPs in these two bays, and the
value of DBDPE at site J14 was higher than that detected at sites J10
and J12 in Jiaozhou Bay (Fig. 1C). Yang et al. (2004) also reported
that the highest level of PBDEs was observed near site J14. Dalian
Bay is a semi‒closed bay where the distributions of DBDPE are
complex. Wang et al. (2011) stated that there are approximately 50
sewage outlets distributed evenly around Dalian Bay and these
sewage outlets play an important role in the PBDEs pollution of this
area. The highest level of DBDPEwas observed at site B1, which is in
the lower reaches of a sewage outlet area, and the DBDPE con-
centrations decreased with increases in the distances from shore
for most of the stations in Dalian Bay (Fig. 1A), thus implying that
the sewage outlets might be sources for the DBDPE. This is coin-
cident with the fact that DBDPE was the most dominant BFR in the
sewage sludge samples from 62WWTPs in China (Zeng et al., 2014).

Both Taozi Bay and Sishili Bay are surrounded by the city of
Yantai. While there are WWTPs and harbors in all four bays, higher
levels of DBDPE were detected in Taozi Bay and Sishili Bay. The
reasons for this may be ascribed to the hydrodynamics of seawater
and the regional sources. Generally, Sishili Bay and Taozi Bay are
both open bays inwhich ocean currents likely play a significant role
in the spatial distribution of DBDPE, and notably the biggest
manufacturing base of BFRs in China is located around Laizhou Bay,
which is close to these two bays (Pan et al., 2011). Higher levels of
DBDPE compared to BDE 209 were found during a gridded passive
air sampling project in Laizhou Bay and its neighboring region
(Zhao et al., 2013b). It was stated that suspended sediment origi-
nated from the Yellow River can transport through the Laizhou Bay,
Bohai Strait, and Northern Shandong Peninsula to the South Yellow
Sea by alongshore current (Yang and Liu, 2007); Zhao et al. (2011)
reported that Dechlorane Plus, a polychlorinated flame retardant,
fromwithin Laizhou Bay (around the BFRs manufacturing base) can
be transported to Sishili Bay and Taozi Bay through coastal currents.
In addition, the ranges of BDE 209 concentrations
(0.30e2776 ng g�1 dw, with a median of 2.29 ng g�1 dw) in the
coastal sediments of Bohai Sea (Wang et al., 2009) were one mag-
nitudes higher than those in Sishili Bay (0.25e1.18 ng g�1 dw, with a
mean of 0.47 ng g�1 dw) and Taozi Bay sediments (n.d. ‒

0.62 ng g�1 dw, with a mean of 0.47 ng g�1 dw). This is additional
evidence that the currents affect the BDE 209 distribution in the
sediments of these two bays. Furthermore, the relative standard
deviations of DBDPE in the two bays (0.48 and 0.44 in Taozi Bay and
Sishili Bay, respectively) were lower than those in the other two
bays (1.04 and 0.64 in Dalian Bay and Jiaozhou Bay, respectively),
and this was likely because the good level of seawater exchange
gave the contaminants a chance to mix well.

Previous studies have demonstrated that TOC and grain size can
affect the distribution of POPs (Zhao et al., 2010; Zheng et al., 2011).
Among the investigated areas, a good correlation between TOC and
DBDPE (r¼ 0.61; p < 0.05, Table S2aed) was only found in Jiaozhou
Bay. Furthermore, a very weak correlation was found between the
median diameter (MD) of the grain size and DBDPE in all the
sediments. Hence, the TOC might have affected the DBDPE distri-
bution in this bay. In the other three bays where poor correlations
between DBDPE and TOC were detected, a combination of factors
such as local sources, atmospheric deposition, and tide-induced
water exchange may have played a key role in the contaminant
distribution.

The highest levels of BDE 209 were observed in Dalian Bay,
followed in order by Jiaozhou Bay, Sishili Bay, and Taozi Bay
(Table 1). In Dalian City, the electronics industry was booming in
the 1980s and this is when BDE 209 was the predominant flame
retardant in use. In addition, the population of Dalian is about 6.7
million people and a variety of industrial, port related, and shipping
activities take place in this bay. The ranges of concentrations of BDE
209 (3.94e103 ng g�1 dw) reported by Wang et al. (2011) were one
order of magnitude higher than those from this study in the same
area. Higher usage of DecaBDE in this region in the past and his-
torical residuesmight be significant factors for the highmean levels
of BDE 209 and PBDEs found in Dalian Bay. The highest level of BDE
209 in coastal sediments was observed at site B1 (10.2 ng g�1 dw),
which coincided with the distribution of DBDPE. Fig. 2 shows the
correlations between DBDPE and BDE 209 concentrations in each
bay, and the distributions of DBDPE were similar to those of BDE
209. These compounds likely displayed similar environmental be-
haviors because of their structural similarities.

P
PBDEs distributions are shown in Fig. 1. A good correlation

was observed between
P

PBDEs and BDE 209 in Dalian Bay
(r ¼ 0.53, p < 0.05, Table S2a) and Jiaozhou Bay (r ¼ 0.66, p < 0.01,
Table S2b), but the results were not significant in Taozi Bay and
Sishili Bay. This finding could have been due to more complex
source contributions for PBDEs in the latter two bays. Wang et al.
(2011) demonstrated that direct input of effluent from sewage
outlets was the source of BFRs in Dalian Bay. Hence, local inputs
might have influenced the distribution of

P
PBDEs in this coastal

bay.
In summary, BFRs concentrations were highest near the river

mouths, WWTPs, and sewage outlets in Jiaozhou Bay and Dalian
Bay. As for the distribution of BFRs in Sishili Bay and Taozi Bay, the
coastal currents had a large influence on the contaminant distri-
bution. Other factors such as regional usage variability, TOC, and
atmospheric deposition might have also played a significant role in
the BFR distributions in these study areas.
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3.3. Compositional features of BFRs among the four bays

Fig. 3 shows the composition of BFRs in coastal sediments of the
four bays. In the study area, DBDPE was the predominant com-
pound detected, with mean contributions of 89.1%, 88.7%, 70.7%
and 72.7% for Taozi Bay, Sishili Bay, Dalian Bay, and Jiaozhou Bay,
respectively. BDE 209 also contributed relatively large proportions
to the total BFRs (8.5e29.1% on average). This chemical, BDE 209,
was the predominant congener of the eight PBDEs analyzed in this
study, which is consistent with results from other studies on soil,
sediment, and air samples in China (Chen et al., 2012; Hu et al.,
2010; Zhao et al., 2013a). This could be due to the fact that com-
mercial deca‒BDE accounts for most of the total PBDE mixture
production and usage in China (Chen et al., 2012). The contributions
of

P
PBDEs (0e22.2%) and

P
aBFRs (0e1.0%) to the total BFRs in the

four bays weremuch lower than those of DBDPE and BDE 209. Chen
et al. (2013) mentioned that the production volume of commercial
DBDPE in China was estimated to be 12,000 tons in 2006, while the
production volume of commercial decaBDE was 15,000 tons in
2006 (Zhao et al., 2013a). Presently, these numbers are likely much
higher because of the phase out of deca-BDE in Europe and North
America, which shifted the production to China. Hence, extensive
production of DBDPE and BDE 209 could have been responsible for
the profile patterns detected in this study.

The average ratios of DBDPE/BDE209 in sediments from Dalian
Bay, Jiaozhou Bay, Taozi Bay, the two river sites, and Sishili Baywere
3.4, 4.1, 7.8 (excluding site Y7), 9.0, and 9.2, respectively. This
finding is likely a result of the regional variability in BFRs usage.
Except for sediments, similar high ratios have been observed in
other environmental media in China, for example, 4.0 (on average)
for soil samples (Zheng et al., 2015) and 2.8 (on average) for air
samples (Zhao et al., 2013a). Therefore, contamination of DBDPE
exceeding that of BDE 209 in some environmental matrices in
China appears to be a common occurrence.

As shown in Fig. 4, percentages of
P

PBDEs varied at all sampling
sites except site Y7, where the

P
PBDEs were below the detection

limit. The compounds BDE 28 and BDE 47 were the dominant
congeners in Taozi Bay (59.1 ± 29.2% and 27.3 ± 20.4%, respectively)
and Sishili Bay (46.9 ± 25.2% and 55.6 ± 24.2%, respectively).
Furthermore, at sites Y5, Y8, and Y21 (all are very close to the
Fig. 3. Composition ratio of BFRs (DBDPE, BDE 209,
P

PBDEs, and
P

aBFRs) in all
shoreline), BDE 28 was the only congener above the detection limit.
Some heavier BDE congeners (BDE 100, 153, and 154) were below
the detection limit in Taozi Bay and Sishili Bay. This was likely
because the heavier BDE congeners degraded to BDE 47 and BDE 28
after they were released to the environment. Meanwhile, both BDE
28 and BDE 47 are more volatile than the heavier congeners;
therefore, their high proportions in Taozi Bay and Sishili Bay may
have also stemmed from coastal current transport, LRAT, and air
deposition.

Compared with the two bays mentioned above, the composition
pattern of

P
PBDEs in Dalian Bay was more complicated (Fig. 4), as

all the target BDE congeners were detected in this area. The relative
abundance of

P
PBDEs decreased in the following order: BDE

99 > BDE 47 > BDE 183 > BDE 153 > BDE 28 > BDE 154 > BDE
100 ~ BDE 66. This pattern was similar to those found in the Zhu-
jiang and Dongjiang Rivers (except for BDE 28) (Mai et al., 2005),
where the environment is greatly influenced by electronic indus-
trial activities. The compounds BDE 99 (45.8 ± 14.8%) and BDE 47
(21.4 ± 7.0%) were the two most abundant BDE congeners found in
Dalian Bay. The mean ratio of BDE 47/(BDE 47 þ BDE 99) in sedi-
ments (0.32) of Dalian Bay was lower than the value for DE‒71
(0.44) and 70‒5DE (0.49) (La guardia et al., 2006), which are both
commercial penta-BDE products; this implies that the different
formulas of BDE products are used in Dalian (i.e., not DE-71 or 70-
5DE). By comparison, BDE153 and BDE 154 comprised 1.2e26.2% of
P

PBDEs in sediments of Dalian Bay, with amean value of 11.7%. The
compounds BDE 183, which is a major component of octa-BDE
mixtures, accounted for 0e33.5% of

P
PBDEs, with a mean value

of 14.8%.
In Jiaozhou Bay, the predominant BDE congeners were BDE 47

(41.2 ± 33.6%) and BDE 99 (26.1 ± 22.4%). However, in the riverine
samples, BDE 47 was detected only at site H1 (Qingdao River) at a
low proportion of 3.4%. BDE 153was detected at higher proportions
in the rivers (16.2 ± 14.4%) than in Jiaozhou Bay (5.0 ± 11.8%). The
P

PBDEs congener pattern in Jiaozhou Bay was significantly
different (p > 0.05) from those in the two rivers, thus implying that
the rivers were not a notable source for the lower brominated BDE
congeners.

In this study, the seven BDE congeners were well correlated
(r2> 0.24 between six BDE congeners excluding BDE 100) with each
sediments in four bays (Taozi Bay, Sishili Bay, Dalian Bay, and Jiaozhou Bay).



Fig. 4. Mean congener contributions of
P

PBDEs in sediments of the four bays and rivers.
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other in all the sediments. The correlation was especially good
between BDE 209 and

P
PBDEs, thus demonstrating that the

degradation of highly brominated BDE congeners might be the
source for the lower brominated BDE congeners in this study area.
4. Conclusion

This study determined the levels of BFRs, such as DBDPE, BDE
209,

P
PBDEs, and

P
aBFRs, in four typical coastal bays in the Yel-

low Sea of China. The DBDPE concentration exceeded that of BDE
209 in nearly all the sediment samples (excluding site J13) and was
at a moderate level compared to the levels measured in other
studies of marine sediments from China. The ratios of DBDPE/BDE
209 varied slightly within, but largely among, the four bays. The
levels of BFRs in Jiaozhou Bay decreased with increasing distances
from the river mouths and sewage outlets, which drain pollution
from the urban area of Qingdao. Meanwhile, the highest levels of
DBDPE and BDE 209 were found around the sewage outlets in
Dalian Bay. These findings suggest that point sources from rivers
and sewage outlets might be themain sources for BFRs in these two
bays. For the relatively open bays, Sishili Bay and Taozi Bay, higher
levels of DBDPE and BDE 209 were found in the outer bay areas
rather than in the inner bay areas. Transportation by coastal cur-
rents from the nearby Laizhou Bay area combined with local source
inputs were deemed to be the major sources of BFRs in these two
bays. Degradation of higher brominated BDE congeners, atmo-
spheric transport, and deposition might have been responsible for
the distribution of low brominated BDE congeners in these bays.
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