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a b s t r a c t

A total of 21 surface sediments collected from the Yellow River Estuary, China were analyzed for 40 kinds
of polybrominated diphenyl ethers (PBDEs) using gas chromatography-mass spectrometry (GCeMS).
Their levels, spatial distribution, congener profiles and possible sources were investigated. Only ten
congeners were detected in the sediments. The total concentrations of the lower brominated BDEs
(
P

PBDEslow, PBDEs excluding BDE 209) and BDE 209 ranged from 0.482 ng/g to 1.07 ng/g and 1.16
e5.40 ng/g, with an average value of 0.690 and 2.79 ng/g, respectively, which were both at the low end of
the global contamination level. The congener profiles were dominated by BDE 209, with the average
value accounting for 79.2% of the total PBDEs in the sediment samples. Among the nine lower bromi-
nated BDE congeners, BDE 47, 99 and 183 had high abundances. Although the commercial Penta/Octa-
BDE products have been banned in most countries, the residual commercial Penta/Octa/Deca-BDE
products and the debromination of highly brominated BDE compounds such as BDE 209 were still
found to be the possible sources for the trace level of PBDEs in the present study area. In spite of the
gradual removal of the commercial PBDEs in the world, the present research results further suggested
that scientific attention should not be reduced on the issue of environmental contamination caused by
these outdated chemical compounds.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Polybrominated diphenyl ethers (PBDEs) are a group of widely
used brominated flame retardants (BFRs) in the world since 1960s
and the production of PBDEs has increased quickly, leading to the
cumulative production of over 2 million tons (Rayne et al., 2003;
Shaw and Kannan, 2009; Wiseman et al., 2011). Pentabromodi-
phenyl ether (Penta-BDE), octabromodiphenyl ether (Octa-BDE)
and decabromodiphenyl ether (Deca-BDE) were the three major
commercial formulations of PBDEs (La Guardia et al., 2006). How-
ever, owing to their persistence, potential for endocrine disruption

and bioaccumulation, and long-range transport ability, PBDEs were
of great environmental concern in the past few years and the
production of the Penta- and Octa-PBDE technical mixtures were
banned in the European Union and North America in 2004,
resulting in the gradual removal of PBDEs (Hale et al., 2006; Moon
et al., 2007; Su et al., 2014). Nevertheless, the use of Deca-BDE is not
subject to any regulatory restrictions in most countries and the
Deca-BDE commercial mixture is still the dominant BFRs used in
China (Mai et al., 2005; Ni et al., 2013; Zou et al., 2007). BDE 209 is
the main component of Deca-BDE commercial mixture and it can
degrade or metabolize into lower brominated congeners, which are
more bioavailable, persist and toxic than BDE 209 (La Guardia et al.,
2007; Lagalante et al., 2011; S€oderstr€om et al., 2004; Van den Steen
et al., 2007). In recent years, despite the gradual removal of com-
mercial PBDEs, they have been widely detected in air (Li et al.,
2015), water (Yang et al., 2015), sediments (Nouira et al., 2013),
soil (Parolini et al., 2013), plant (Wang et al., 2011), marine mammal
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(Zhu et al., 2014a), birds (Erratico et al., 2015), and human tissues
(Bramwell et al., 2014; Fromme et al., 2015; Kr�ol et al., 2014).
Therefore, it is of great significance to continuously study the cur-
rent contamination level of PBDEs in various environmental media,
thus obtaining the action effect of PBDE restrictions and developing
effective counter measures to reduce their adverse effects on the
environment.

The Yellow River, with a main stream 5464 km long and
drainage area of 795 thousand km2, is the second largest river in
China and one of the largest rivers in the world (Xu et al., 2007). It
flows across nine Provinces in North China and ultimately run into
the Bohai Sea through the present Yellow River Estuary in the city
of Dongying in Shandong Province. Hydrophobic organic contam-
inants such as PBDEs are prone to be trapped in estuarine sediment
through riverine inputs and atmospheric deposition (Zhao et al.,
2011). Considering the rapid economic development in the adja-
cent Laizhou Bay area in the south of the estuary, where the largest
BFR-manufacturing center in China located (Pan et al., 2011; Zhu
et al., 2014b), the contamination caused by flame retardants such
as PBDEs was expected to be serious in the Yellow River Estuary.
The objectives of the present research work were to investigate the
contamination level, spatial distribution, congener profile and
possible potential sources of PBDEs in surface sediments collected
from the Yellow River Estuary, further helping environmental re-
searchers understand the global tendency of PBDE pollution under
the situation of global restriction to this kind of contaminants, thus
developing effective counter measures to control their adverse ef-
fects. To the best of our knowledge, this is the first study concen-
trating specifically on PBDEs in the Yellow River Estuary, China,
which is a typical estuary area in the world.

2. Materials and methods

2.1. Study area and sample collection

A total of 21 surface sediments were collected using a stainless
steel grab from the Yellow River Estuary in August, 2013 (Fig.1). The
investigated area covers approximately 100 km of shoreline from
the estuarymouth and holds the sampling locations both in and out
of the Yellow River Delta Natural Reserve (YRDNR). The Yellow
River Delta has been reported as a typical petrochemical area (Xie
et al., 2012): Shengli Oilfield, the second largest oilfield in China,
is located here and many branch oilfields of Shengli are spread over
the study area due to the abundant oil and gas resources in this
region. In addition, Laizhou Bay area, which holds the famous

chemical industrial base Weifang Binhai Economic Development
Zone and the largest BFR-manufacturing center in China, is located
in the south of the estuary area (Pan et al., 2011; Zhu et al., 2014b).
The detailed sampling sites in this study were similar to our pre-
viously published paper (Yuan et al., 2015). After collection, all the
samples were individually wrapped in clean aluminum foil, which
were pre-combusted under 450 �C to remove organic influence,
and were transported to the laboratory immediately. Sediment
samples were kept in a freezer at �20 �C until further analysis.

2.2. Reagents and materials

PBDE standard solutions BDE-AAP-A-15X, which contains 39
PBDE congeners including 2-BDE (BDE 1), 3-BDE (BDE 2), 4-BDE
(BDE 3), 2,6-di-BDE (BDE 10), 2,4-di-BDE (BDE 7), 3,30-di-BDE
(BDE 11), 2,40-di-BDE (BDE 8), 3,40-di-BDE (BDE 13), 3,4-di-BDE
(BDE 12), 4,40-di-BDE (BDE 15), 2,4,6-tri-BDE (BDE 30), 2,40,6-tri-
BDE (BDE 32), 2,20,4-tri-BDE (BDE 17), 2,30,4-tri-BDE (BDE 25),
2,4,40-tri-BDE (BDE 28), 203,4-tri-BDE (BDE 33), 3304-tri-BDE (BDE
35), 3,4,40-tri-BDE (BDE 37), 2,4,406-tetra-BDE (BDE 75), 220450-
tetra-BDE (BDE 49), 2,30,40,6-tetra-BDE (BDE 71), 2,204,40-tetra-BDE
(BDE 47), 2,30,4,40-tetra-BDE (BDE 66), 3,304,40-tetra-BDE (BDE 77),
2,204,40,6-penta-BDE (BDE 100), 2,304,406-penta-BDE (BDE119),
2,204,40,5-penta-BDE (BDE99), 2,304,405-penta-BDE (BDE 118),
2,3,4,5,6-penta-BDE (BDE 116), 2,20,3,4,40-penta-BDE (BDE 85),
3,304,405-penta-BDE (BDE126), 2,20,4,40,6,60-hexa-BDE (BDE155),
2,204,405,60-hexa-BDE (BDE 154), 2,204,405,50-hexa-BDE (BDE 153),
2,203,4,4050-hexa-BDE (BDE 138), 2,3,4,40,5,6-hexa-BDE (BDE 166),
2,20,3,4,40,506-hepta-BDE (BDE 183), 2,203, 4,40,5,6-hepta-BDE (BDE
181), 2,3,30,4,40,5,6-hepta-BDE (BDE 190), and individual standard
of 2,20,3,30,4,40,5,50,6,60-deca-BDE (BDE 209), were purchased from
AccuStandard, Inc. (NewHaven, CT, USA). PBDE surrogate standards
MBDEeMXA (containing 13C12-BDE 47, 13C12-BDE 99 and 13C12-BDE
153) were purchased from Wellington Laboratories (Guelph,
Ontario, Canada). Silica gel (230e400 Mesh) was purchased from
Riedel de Haen (Seelze, Lower Saxony, Germany). The internal
standard m-terphenyl (99%) was purchased from J&K Chemical,
China. Activated neutral alumina (75e300 Mesh) was purchased
from International Laboratory, USA. Anhydrous sodium sulfate and
copper were purchased from Sinopharm Chemical Reagent
Co.(Shanghai, China). Before use, silica gel and anhydrous sodium
sulfate were activated for more than 6 h at 500 �C. Acidified silica
gel was prepared by adding 27 mL concentrated sulfuric acid
dropwise to 50 g activated silica gel with stirring (Covaci et al.,
2002). Activated copper powder was prepared by mixing copper

Fig. 1. Sampling locations in the Yellow River Estuary, China (Yuan et al., 2015).
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