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ABSTRACT: Both decabromodiphenyl ether (BDE 209) and decabromo-
diphenyl ethane (DBDPE) are still produced in large quantities in China,
especially in the Shandong Province closed to the Bohai Sea (BS). This study
conducted a comprehensive investigation of the distribution and budget of
brominated flame retardants (BFRs) in the BS. BDE 209 was the
predominant BFR in most of the investigated rivers flowing into the BS,
although DBDPE exceeded BDE 209 in certain rivers as a result of the
replacement of BDE 209 with DBDPE in North China. The spatial
distributions of BFRs in the rivers were controlled by the proximity of the
BFR manufacturing base and the extent of urbanization. BFRs’ spatial
distribution in the BS was influenced by a combination of land-based
pollution sources, environmental parameters (e.g., suspended particulate
matter, particulate organic carbon, and particulate black carbon), and
hydrodynamic conditions. The spatial variation trend of BDE 209/DBDPE
ratios in various environmental media provided useful information. Vertically, the BDE 209/DBDPE ratio decreased from the
seawater surface layer to the sediment, indicating their differential transport in the BS. A multi-box mass balance model and analysis
of BDE 209 showed that degradation was the primary sink of BFRs in seawater (∼68%) and surface sediment (∼72%) in the BS.

KEYWORDS: brominated flame retardants, source and sink, multi-box mass balance model, river discharge, atmospheric deposition,
BDE 209/DBDPE ratio, Bohai Sea

1. INTRODUCTION

Brominated flame retardants (BFRs), which contain bromine
atoms, are added to plastics, wires, cables, textiles, and
electronics to reduce the flammability of these products.1−3

At least 75 chemicals are classified as BFRs.4 Among them,
polybrominated diphenyl ethers (PBDEs) have been widely
detected in various environments and were listed as persistent
organic pollutants (POPs) in 2009 and 2017 under the
Stockholm Convention.5 Some alternatives or novel BFRs
(NBFRs), such as decabromodiphenyl ethane (DBDPE),
pentabromoethylbenzene (PBEB), pentabromotoluene
(PBT), 1,2-bis(2,4,6-tribromophenoxy) ethane (BTBPE),
hexabromobenzene (HBB), 2-ethylhexyl,2,3,4,5-tetrabromo-
benzoate (EHTBB), and 2,3-dibromopropyl-2,4,6-tribromo-
phenyl ether (DPTE), have been produced and widely used
owing to the restrictions on the use of PBDEs.6,7 As a principal
alternative for deca-BDE, DBDPE is structurally similar to
BDE 209 and reached a production capacity of 11,000 tons in
China in 2006.1 Numerous studies have detected BFRs in the
air, soil, water, sediment, and biota.8−11

The coastal region is the most productive region in terms of
preliminary production12 and fishery resources13 but is also
usually regarded as a major reservoir and sink for POPs.14,15

Generally, atmospheric deposition and riverine discharge are
the two predominant input pathways for POPs to the sea.16−19

For instance, Wang et al.19 reported that 69 and 31% of annual
PBDEs in the southern Yellow Sea were attributed to riverine
discharge and atmospheric deposition, respectively. In
addition, atmospheric deposition was a significant source of
BFRs for the BS.20 However, little is known about the
discharge of BFRs via rivers into the BS. Previous studies also
calculated the budget of black carbon (BC) and polycyclic
aromatic hydrocarbons (PAHs) by using a box model of the
BS; however, these studies did not account for fate processes
(e.g., degradation, diffusion, and resuspension).19,21 Instead, a
multi-box mass balance model can be used to estimate the
relative importance of various fate processes and compound
concentration trends.22 Overall, studies of the BFR fluxes and
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budget contribute significantly toward our understanding of
the regional POP cycle.
The Bohai Sea (BS) is a semi-enclosed shallow marginal sea

along the northern coast of China. The BS receives huge inputs
of domestic sewage and industrial wastewater from the Tianjin
metropolis and surrounding provinces (Liaoning, Hebei, and
Shandong).17,23 More than 40 rivers discharge into the BS,
with an approximate total annual discharge of 60 billion cubic
meters of water that brings organic pollutants into the BS.17

The largest BFR manufacturing base in China is located
around Laizhou Bay (LZB) in the BS, which results in high
BFR levels in the atmosphere, water, and sediment in this
region.1,24,25 However, a systematic and comprehensive survey
of BFRs in the BS and its estuaries has not been conducted to
date.
The present study has three major objectives: (1) to explore

the concentrations, spatial patterns, and influencing factors of
BFR concentrations in the BS and its river estuaries; (2) to
determine and assess the BDE 209/DBDPE ratio in different
environmental media; and (3) to quantify the sources and
sinks of BFRs under a steady-state scenario based on a multi-
box model of the BS.

2. MATERIALS AND METHOD
2.1. Sampling. During 2013−2014, a total of 143 surface

sediment samples (river and marine) were collected using a
grab sampler or stainless-steel box corer. The sediment samples
included 32 samples from rivers discharging into the BS, 3
samples from rivers discharging into the northern Yellow Sea
(NYS), 96 samples from the BS, and 12 samples from the NYS
(Figure 1). All sediments were wrapped in precombusted
aluminum foil and then kept in a refrigerator at −20 °C prior
to extraction.

In addition, a total of 138 water samples were collected, and
the water samples included 33 surface river water (freshwater)
samples (30 rivers discharging into the BS and 3 rivers
discharging into the NYS), 69 surface seawater samples, and 35
bottom seawater samples (Figure 1). All surface seawater
samples were collected by hand using a stainless-steel barrel at
about 5 cm below the water surface. Meanwhile, bottom
seawater samples were collected using a Van Dorn sampler
about 2 m above the bottom sediment. Water samples were
stored in a 50 L stainless-steel barrel and then pumped through
a glass fiber filter (0.7 μm, Whatman) housed in a stainless
steel holder to trap particulates and through an Amberlite
XAD-2 resin glass column for the dissolved phase within 24 h
of sampling.26,27 Filters and columns were stored at −20 and 4
°C, respectively, until extraction. The sampling method was
the same as that in our previous studies.11,24

2.2. Extraction and Analysis. Extraction and analysis
were based on methods used in previous studies.6,24 All
samples were spiked with 10 ng of hexabromobenzene (13C-
HBB) and 20 ng of polychlorinated biphenyl (PCB 209) as
surrogate standards before extraction. Filters and sediments
were Soxhlet-extracted using dichloromethane (DCM) for 24
h, and water columns were extracted in a modified Soxhlet
apparatus with DCM for 24 h. After extraction, the extracts
were concentrated to ∼2 mL, and the solvent was then
exchanged with hexane (HEX). In short, all concentrated
extracts were further cleaned in a 2.5 g silica column (10%
water deactivated) over 3 g of anhydrous sodium sulfate. All
columns were eluted with 20 mL of HEX and then
concentrated to ∼50 μL. Before analysis, 20 ng of PCB 208
(AccuStandard) was added to each sample as an injection
standard.

Figure 1. Map of sampling sites in the BS.
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Seven NBFRs (i.e., PBT, PBEB, DPTE, HBB, EHTBB,
BTBPE, and DBDPE) and eight PBDE congeners (BDE 28,
BDE 47, BDE 99, BDE 100, BDE 153, BDE 154, BDE 183,
and BDE 209) were purchased from Wellington Laboratories.
All BFRs were measured using an Agilent 7890A gas
chromatograph coupled to an Agilent 5975C mass spectrom-
eter (GC−MS) in an electron capture negative-ion chemical
ionization mode with a DB-5HT (15 m, 0.25 mm, 0.1 μm,
Agilent) capillary column. The quantification method was
based on our previous studies.11,24 The oven program was set
as follows: an initial temperature of 80 °C held for 2 min
before being increased at a rate of 10 °C min−1 to (i) 200 °C
(held for 5 min), (ii) 260 °C (held for 5 min), and (iii) 310 °C
(held for 5 min). The transfer line and injector temperatures
were 310 and 280 °C, respectively.
2.3. Quality Assurance and Quality Control. All

glassware was baked for 5 h at 450 °C and then rinsed with
DCM prior to use. The DCM used in this study was distilled.
HEX and acetone were purchased from Merck (Germany).
Laboratory blanks were monitored throughout the sampling
and analysis. In sediments, the recoveries of 3C-HBB and PCB
209 were 69 ± 14 and 73 ± 15%, respectively. In water filters,
their recoveries were 109 ± 45 and 106 ± 43%, respectively. In
water columns, their recoveries were 92 ± 33 and 88 ± 29%,
respectively. The method detection limits (MDLs) were
calculated based on mean-field/lab blank values plus 3
standard deviations of the blanks. The MDLs of the sediments
for individual PBDEs and individual NBFRs ranged from 0.002
ng g−1 (dry weight, dw) to 0.013 ng g−1 dw and from 0.008 ng
g−1 dw to 0.16 ng g−1 dw, respectively. The MDLs of the filters
for individual PBDEs and individual NBFRs ranged from
0.0007 to 0.021 ng L−1 and from 0.0003 to 0.022 ng L−1,
respectively. Finally, the MDLs of the columns for individual
PBDEs and individual NBFRs ranged from 0.0007 to 0.021 ng
L−1 and from 0.0003 to 0.022 ng L−1, respectively.
In the following discussion, all data were not corrected for

recoveries. If the values were below the MDLs, they were
considered not detected (n.d.). However, flux calculations
were based on 1/2 MDLs for BFR concentrations below their
MDLs. The ∑7PBDEs concentration represents the sum of
BDE 28, BDE 47, BDE 99, BDE 100, BDE 153, BDE 154, and
BDE 183, and the∑4NBFRs concentration represents the sum
of PBT, PBEB, HBB, and BTBPE. The ∑BFRs concentration
is the sum of ∑7PBDEs, BDE 209, ∑4NBFRs, and DBDPE.
The concentrations of particulate organic carbon (POC) and
particulate BC (PBC) in surface seawater were measured in

our previous study.28 The samples for analyzing POC and PBC
are the same batch as those for analyzing BFRs. The suspended
particulate matter (SPM) concentration and total organic
carbon (TOC) content were measured in this study. The
detailed analytical methods of TOC and SPM are described in
the Supporting Information (Text S1.1).

2.4. Multi-Box Mass Balance Model. The concentration
trends and budgets of BFRs under a steady-state scenario were
simulated using an improved multi-box mass balance model.22

This model included two input processes [riverine discharge
(Er) and atmospheric deposition (Ea)] and seven output
processes [volatilization (k1), outflow to the NYS (k2),
degradation in water (k3), water to sediment transformation
(k4), sediment to water transformation (k5), degradation in
sediment (k6), and burial to deep sediment (k7)]. In the
model, the inputs were kept constant and the concentration
trends and budgets of BFRs were simulated under steady-state
conditions. The amounts of BFRs in water (Mw, kg) and
sediment (Ms, kg) can be expressed by eqs 1 and 2,
respectively.

= + + − + + +
M

E E M k M k k k k
d

d
( )

t

w
r a s 5 w 1 2 3 4

(1)

= − + +
M

M k M k k k
d

d
( )

t

s
w 4 s 5 6 7

(2)

where t is the time (d−1). Detailed equations for the calculation
of k1−k7 (d−1) are described in Text S1.2. The result values are
listed in Tables S1 and S2.

3. RESULTS AND DISCUSSION
3.1. BFR Concentrations in Surface Freshwater and

River Sediment. Table 1 summarizes the concentrations of
target BFRs in freshwater and river sediment. Only EHTBB
and DPTE were not detected in freshwater and river sediment
samples, suggesting that there was no significant source for
these compounds in the study area. The mean ∑BFRs
concentrations in the dissolved phase and particulate phase in
freshwater accounted for 0.5 and 99.5% of ∑BFRs
concentration in freshwater, respectively. This finding corre-
sponds to the relatively high hydrophobicity (log Kow > 5.87)
and low solubility (0.0001−0.78 mg L−1) of BFRs.29−32 Eleven
freshwater column samples were damaged during the experi-
ment. As the particulate ∑BFRs concentration was the
dominant component, it could almost represent the ∑BFRs
concentration in freshwater; hence, we only discuss the

Table 1. Range and Mean BFR Concentrations in Water (Dissolved and Particulate Phases) and Sediment Samplesa

dissolved phase (ng L−1) particulate phase (ng L−1) sediment (ng g−1 dw)

compounds freshwater surface sea bottom sea freshwater surface sea bottom sea river marine

BDE 209 range n.d. to 0.61 n.d. to 0.093 n.d. to 0.18 0.052−501 n.d. to 11.3 n.d. to 0.94 n.d. to 274 n.d. to 17.7

mean 0.040 ± 0.11 0.010 ± 0.033 0.006 ± 0.02 18.3 ± 85.6 0.42 ± 0.61 0.23 ± 0.19 11.1 ± 45.4 2.56 ± 3.04

∑7PBDEs range n.d. to 1.50 n.d. to 0.004 n.d. to 0.020 0.0002−17.8 n.d. to 0.089 n.d. to 0.031 0.001−4.00 n.d. to 1.84

mean 0.056 ± 0.28 0.001 ± 0.003 0.0002 ± 0.001 0.59 ± 3.05 0.007 ± 0.013 0.018 ± 0.006 0.16 ± 0.66 0.015 ± 0.031

DBDPE range n.d. to 0.16 n.d. to 0.052 n.d. to 0.11 0.048−14.4 n.d. to 1.45 n.d. to 0.33 0.18−203 n.d. to 11.2

mean 0.009 ± 0.030 0.004 ± 0.019 0.002 ± 0.008 1.88 ± 3.62 0.15 ± 0.23 0.085 ± 0.074 14.1 ± 35.6 2.74 ± 2.65

∑4NBFRs range n.d. to 0.034 n.d. to 0.014 n.d. to 0.052 0.0001−3.48 n.d. to 0.019 n.d. to 0.025 0.001−3.25 n.d. to 0.23

mean 0.003 ± 0.007 0.002 ± 0.009 0.0002 ± 0.002 0.20 ± 0.74 0.002 ± 0.003 0.018 ± 0.005 0.14 ± 0.54 0.033 ± 0.044

∑BFRs range 0.001−1.54 n.d. to 0.26 n.d. to 0.16 0.15−530 n.d. to 11.5 n.d. to 1.22 0.19−483 5.08 ± 5.50

mean 0.11 ± 0.31 0.017 ± 0.056 0.009 ± 0.028 21.0 ± 90.1 0.71 ± 1.52 0.30 ± 0.25 25.5 ± 81.3 0.007 ± 29.3
a∑7PBDEs: sum of BDE 28, 47, 99, 100, 153, 154, and 183; ∑4NBFRs: sum of PBT, PBEB, HBB, and BTBPE; ∑BFRs: sum of BDE 209,
∑7PBDEs, DBDPE, and ∑4NBFRs.
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particulate phase hereinafter. The mean ∑7PBDEs and BDE
209 concentrations were 0.60 ± 3.05 and 18.3 ± 85.6 ng L−1,
respectively. The minor contributions of BDE 99 (<6.0%) and
BDE 183 (<1.9%) in this study area suggested minor
contributions of penta-BDE and octa-BDE, which were
completely phased out in 2004 in China.33 Therefore, BDE
209 was the main component of the ∑PBDEs concentration
(the sum of ∑7PBDEs and BDE 209), which agrees with the
fact that deca-BDE is the most widely used commercial
product among the three PBDE products in China32 and was
not restricted in China until very recently.5 In terms of NBFRs,
∑4NBFR and DBDPE concentrations ranged from 0.0001 to
3.48 ng L−1 and from 0.048 to 14.4 ng L−1, respectively. The
DBDPE concentration was the second highest after that of
BDE 209. In fact, DBDPE, as a replacement for BDE 209, was
the second-highest currently used additive BFR in China.31,33

The highest BDE 209 concentration was observed in the Mi
River (501 ng L−1) (Table S3), which exceeded that reported
for other water bodies worldwide (Table S4).24,34−36 More-
over, the BDE 209 concentrations in 10 of the 33 rivers and in
22 of the 33 rivers in the present study exceeded those
reported for the Dongjiang River in South China (3.67 ng
L−1)34 and the San Francisco Estuary in the United States
(0.51 ng L−1),26,35 respectively. The data for DBDPE in fresh
water bodies worldwide is limited; the DBDPE concentrations
in 24 of the 33 rivers sampled in this study were higher or
comparable to that reported for the Dongjiang River (Table
S4).35 Hence, our results reveal high levels of BDE 209 and
DBDPE contaminations in the rivers, which indicated the huge
and recent use/emission of these chemicals in North
China.37,52

In river sediment, the ∑NBFRs concentration contributed
between 70 and 99.5% to the ∑BFRs concentration and
ranged from 0.018 ng g−1 dw to 206 ng g−1 dw (mean: 14.3 ng
g−1 dw ± 36.1 ng g−1 dw, Table S5). BDE 209 and DBDPE
were also the two major compounds. Extremely high
sedimentary concentrations of DBDPE and BDE 209 were
both observed in the Mi River, which were all 1−3 orders of
magnitude greater than those in the remaining rivers (Table
S3). Besides, the DBDPE and BDE 209 concentrations in
sediment from the Mi River were both relatively high in
comparison to those reported in previous studies.39 However,
the sedimentary DBDPE concentrations in 28 of the 35 rivers
(<18 ng g−1 dw) were lower than those of a previous study
(Table S6). In addition, the BDE 209 concentrations in 23 of
35 rivers in this study (<2.79 ng g−1 dw) were considerably
lower than that found in previous studies (Table S6). This
suggests that sporadic historical emission sources of DBDPE
and BDE 209 may exist around many rivers in North China.
3.2. BFR Concentrations in Surface Seawater, Bottom

Seawater, and Marine Sediment. Like the river samples,
EHTBB and DPTE were not detected in any of the marine
samples. We only discuss particulate BFR concentrations due
to the low proportions of dissolved BFR concentrations in the
surface (<4.0%) seawater and bottom seawater (<4.0%)
samples. The ∑PBDE concentrations in surface seawater
and bottom seawater ranged from n.d. to 11.3 ng L−1 (mean:
0.42 ± 0.61 ng L−1) and from n.d. to 0.94 ng L−1 (mean: 0.23
± 0.19 ng L−1), respectively. BDE 209 accounted for 89−100
and 80−100% of the ∑PBDE concentrations in surface
seawater and bottom seawater, respectively, which was
consistent with the results for the river samples. The
DBDPE concentrations in surface seawater and bottom

seawater ranged from n.d. to 1.45 ng L−1 (mean: 0.15 ±
0.23 ng L−1) and from n.d. to 0.33 ng L−1 (mean: 0.085 ±
0.074 ng L−1), respectively (Tables 1 and S7). DBDPE was the
dominant compound, with proportions of 73−100 and 78−
100% of the ∑NBFR concentrations in surface seawater and
bottom seawater, respectively. For the same site, the BDE 209
concentration of surface seawater samples (mean: 0.63 ng L−1)
was ∼3 times higher than that of bottom seawater samples
(mean: 0.22 ng L−1). In comparison to other studies, the level
of BDE 209 in seawater was at a high level (Table S4).27,40,41

China is the biggest producer and supplier of deca-BDE
worldwide.33,42 In addition, the Shandong Province, which is
neighboring the BS, has been the largest manufacturing base of
deca-BDE since 1995 in China.34 Therefore, a large amount of
surface runoff with a relatively high BDE 209 concentration has
been discharged into the BS. In fact, some rivers discharging
into the BS had relatively high concentrations of BDE 209 in
this study (Table S3). Wang et al.15 illustrated that the
relatively low water exchange in the BS results in inefficient
diffusion of pollutants in this region. Hence, historical usage,
recent emission, and hydrodynamics had contributed to the
relatively high BDE 209 in the BS. DBDPE concentration of
surface seawater samples (mean: 0.089 ng L−1) was also
slightly higher than that of bottom seawater samples (mean:
0.063 ng L−1). DBDPE concentration was ∼10 times higher
than that measured in Lake Ontario in North America (Table
S4).27

The BDE 209 and DBDPE concentrations of marine
sediments ranged from n.d. to 17.7 ng g−1 dw and from n.d.
to 11.2 ng g−1 dw, respectively (Tables 1 and S8). BDE 209
and DBDPE in marine sediment accounted for 50−100% of
the ∑PBDE concentration and 82−100% of ∑NBFR
concentration, respectively. The BDE 209 concentration of
marine sediment samples in this study was approximately 2 to
4 times lower than that of samples collected in 2006 (mean:
7.00 ng g−1 dw) and 2009 (mean: 5.10 ng g−1 dw) in the
BS.25,43 Chen et al.38 found that a substantial decline in the
release of PBDEs into rivers had occurred over recent years
following the declaration of China’s Restriction of Certain
Hazardous Substances (RoHS) in 2006. In addition, the
annual production and emission of deca-BDE in China have
decreased since 2005.33 Meanwhile, BDE 209 is known to
easily degrade to lower PBDE congeners.44 Therefore, the
decrease in BDE 209 levels might be ascribed both to a
reduction in the production and use of PBDEs in
manufacturing industries and to its degradation (Section 3.4).

3.3. Spatial Distribution and Tentative Exploration of
BFR Sources. Figure S1 shows the distribution of ∑2BFR
(the sum of DBDPE and BDE 209) in the 33 rivers discharging
into the BS and NYS. The mean ∑2BFR concentrations in the
rivers exhibited the following trend: production area > urban
area > urban−rural area > rural area. The top five rivers with
the highest ∑2BFR concentrations (water and sediment) were
the Majia, Tuhai, Zimai, Mi, and Yu rivers, which are all
located in Shandong Province. Shandong Province is the
largest BFR manufacturing base in North China,33 where
DBDPE and BDE 209 have been in mass production up until
recently.45,46 Furthermore, the top two highest ∑2BFR
concentrations in water and sediment were observed in the
Mi River, where there is a large BFR manufacturing factory45

(Figure S2). Therefore, these manufacturing bases are likely
the most important sources of BFRs to rivers located in the
production area. The sediment of the Tang, Chaobai, and Hai
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rivers all had relatively high ∑2BFR concentrations. The
Chaobai River flows through Beijing, Heibei, and Tianjin,
whereas the Hai and Tang rivers flow through Tianjin and
Qinghuangdao cities, respectively. These are all industrial cities
with more than one million inhabitants, who inevitably use
electronics, foams (building), furnishing materials, plastics, and
textiles containing BFRs.6,47 In addition, Lin et al.48 pointed
out that an e-waste recycling site is in southern Tianjin. Hence,
the high levels of DBDPE and BDE 209 in these three rivers

are, to some extent, the result of emissions related to the use
and disposal of products containing BFRs.
In surface seawater, DBDPE was positively correlated with

BDE 209 (Table S9), and these two BFRs also exhibited the
same distribution characteristics (Figures 2 and S4), which
indicated a similar source and fate. The BDE 209
concentration of seawater decreased with increasing distance
from the coastal area to the offshore area (Figure 2a). A strong
negative correlation was also determined between BDE 209
and salinity (Table S10), suggesting the contribution of

Figure 2. Distribution pattern of BDE 209 in surface water (freshwater and seawater) (a) and sediment (river sediment and marine sediment) (b)
in the BS.
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terrigenous inputs and dilution by open seawater. Another
important observation was that a relatively high BDE 209
concentration was found in LZB, which corresponded to
relatively high ∑2BFR concentrations in most of the rivers
discharging into LZB. In our previous study, we suggested that
the Xiaoqing River is an important source of BFRs to LZB
because it is impacted by a large BFR manufacturing base.24

Atmospheric transport and deposition may also input POPs to
the sea.49,50 Zhao et al.1 reported that the highest atmospheric
concentrations of BDE 209 and DBDPE occurred around LZB,
which was affected by the BFR manufacturing base. Our
previous study also reported that relatively high BFR
concentrations were observed in both seawater and low
atmosphere of the LZB.20 Thus, riverine and atmosphere
inputs might affect the distribution of BFRs in the BS.
Moreover, SPM, POC, and PBC could provide adsorption
surfaces for hydrophobic organic compounds,20,50,51 especially
for BDE 209 and DBDPE. The results showed that SPM,
POC, and PBC concentrations were significantly correlated
with BDE 209 (or DBDPE) in seawater (Table S11),
suggesting a strong impact of environmental parameters on
BFR distributions. These two BFR distribution characteristics
in bottom seawater were also similar to those in surface
seawater (Figure S4). In addition, similar PBDE compositions
(except for BDE 209, Figure S5) were obtained in the bottom
and surface seawater, with the predominant congener being
BDE 183. Another study found that SPM was mostly
concentrated during the summer season in the BS.53 Thus,
the BDE 209 distribution in the bottom water was mostly
affected by sedimentation.
In marine sediments, high BDE 209 (Figure 2b) and

DBDPE concentrations (Figure S4b) were both found in LZB
and the northern part of the Yellow River Delta (NYRD). First,
river estuaries discharging into LZB had relatively high BDE
209 and DBDPE concentrations. Second, sediment derived
from the Yellow River is a dominant source of sediment to the
BS.53 These two regions had relatively high SPM concen-
trations and sedimentation rates (Figure S6). The water
column exhibited high stratification; thus, vertical mixing was
remarkably weakened.20 Such hydrodynamic processes con-
tributed to the rapid deposition of river-derived sediments in
the river mouth. Wang et al.53 suggested that the Yellow River
Delta is a major sink for terrestrial sediment during the
summer. Hence, fine suspended particles with high BFR
concentrations became trapped in the current and were
transported from the shore to these two regions before finally
settling out in LZB and the NYRD. In addition, both the TOC
content and median diameters (MD) of sediments (Figure S6)
were significantly correlated with BDE 209 (or DBDPE).
These findings imply that the physicochemical properties of
sediment could also affect the BFR distribution.
3.4. Characteristics of BDE209/DBDPE Ratios in

Various Environmental Media: Indicators of Their
Usage Pattern in North China and Differential Trans-
port Patterns. As mentioned, BDE 209 and DBDPE were
predominant in all samples. The physicochemical properties of
DBDPE are similar to those of BDE 209 due to its structural
resemblance to BDE 209.31,54 As the best replacement of deca-
BDE, DBDPE has similar applications. The results revealed
significant correlations between BDE 209 and DBDPE in
different environmental media (Table S9), indicating their
common sources and fates. A total of 33 rivers flow through
major provinces in North China, including Liaoning, Beijing,

Tianjin, Hebei, and Shandong provinces, and collectively
account for more than 90% of the total riverine input into the
BS.21 The pollutant levels in freshwater reflect the current
contaminant status; hence, the characteristics of BDE 209/
DBDPE ratios in various environmental media could provide
information on their usage patterns in North China and
differential transport patterns.
The BDE 209/DBDPE ratios in 12 out of 33 rivers (water)

were ≤1.0. In contrast, He et al.35 reported BDE 209/DBDPE
ratios of 1.32−2.94 for the Dongjiang River in South China. In
particular, the proportion of rivers with BDE 209/DBDPE
ratios below or comparable to 1.0 in the total of 33 rivers was
decreased significantly from rural areas (3 out of 4) to urban−
rural (4 out of 10), urban (4 out of 13), and BFR production
area (1 out of 6) (Figure S3). Besides, the same decreasing
trend was observed in the mean BDE 209/DBDPE ratio from
the production area (13.1 ± 19.2) to rural areas (0.89 ± 0.73).
DBDPE became a commercially important formulation in the
early 1990s. Most of the rivers in the production area are
located in the Shandong Province. In fact, the annual
production of BDE 209 (8000 tons) by Haiwang Chemical
Co. Ltd. in the Shandong Province was higher than that of
DBDPE (6000 tons).45 In this paper, BDE 209 is the major
component in most rivers affected by BFR production as well
as most urban rivers. However, low BDE 209/DBDPE ratios in
most rural rivers with low BFR concentrations and in certain
urban rivers (e.g., the Majia and Tuhai rivers) indicate that a
shift in the contamination patterns of these two BFRs has
occurred in North China. Similarly, this shift also reflects a
change in their usage patterns in North China.
Figure 3 shows BDE 209/DBDPE ratios of five environ-

mental media in the present study. The most noteworthy

feature is that the ratios in water (river and marine) were all
higher than those in sediment. Moreover, the BDE 209/
DBDPE ratio decreased between the surface seawater (5.13 ±
4.55) and bottom seawater (4.13 ± 2.73) and then decreased
further in sediment (0.93 ± 1.14). Compared to water,
sediment could reflect POPs contamination over many years.
The different ratios in water and sediment reflect their
differential transport patterns. Compared to BDE 209 (log
Kow: 9.97), DBDPE has a relatively higher log Kow (11.1) and
low water solubility.55,56 In water-dissolved phase, BDE 209
concentrations were higher than DBDPE concentrations

Figure 3. BDE 209/DBDPE ratios in surface seawater, bottom
seawater, marine sediment, freshwater, and river sediment.
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(Table 1). BDE 209/DBDPE ratios in dolphin and porpoise
were both >1 in the South China Sea.57 Compared to DBDPE,
there was a significant correlation between chlorophyll a and
BDE 209 in surface seawater (Table S11). Zhu et al.57 also
considered that DBDPE had a relatively lower bioavailability
and bioaccumulation potential than BDE 209 due to the larger
molecular weight of DBDPE, though there was no assured
information on the bioaccumulation/biomagnification of
DBDPE in a marine environment. Besides, photodegradation
of BDE 209 was faster than that of DBDPE in natural
sunlight.54 Tokarz et al.44 demonstrated that BDE 209 could
dehalogenate to nona-, octa-, hepta-, and hexa-PBDEs by
microbial degradation in sediments. Bezares-Cruz et al.58

reported that BDE 209 dehalogenated from deca- to tri-PBDEs
by photodegradation in a solvent.58 Considering the global
restriction of penta-BDE and octa-BDE after 2009, only deca-
BDE was used in China.59 Thus, low-brominated PBDEs were
mainly derived from the degradation of higher brominated
PBDEs. In addition, strong correlations between BDE 209 and
seven low brominated PBDEs were found in five environ-
mental media in this study (Table S12). Meanwhile, there was
a relatively strong correlation between the MD of sediments
and BDE 209 compared to DBDPE (Table S13), indicating
that DBDPE had a relatively higher affinity to fine sediment
particles. Therefore, for water, the higher degradation and
bioavailability of BDE 209 may contribute to the decreased
BDE 209/DBDPE ratio from surface water to bottom water.
For sediment, the lowest BDE 209/DBDPE ratio was
dominated by differential degradation of these two BFRs and
their different affinities to fine sediment particles.
3.5. River Flux and Budget of BFRs Using a Multi-Box

Mass Balance Model. 3.5.1. River Flux of BFRs into the BS.
The calculation method for river discharge and the results are
given in Text S1.1 and Table S3, respectively. The total inputs
of BDE 209 and DBDPE through the inflow of 30 rivers to the
BS were 263 and 35.4 kg yr−1 (Figure 4a), respectively. When
compared with the atmospheric deposition of BDE 209 (∼102
kg yr−1) and DBDPE (∼145 kg yr−1) during 2016−2017 from
our previous study (Text S1.3, Table S14),20 riverine inputs
contributed ∼72 and ∼20% of the total BDE 209 and DBDPE
inputs, respectively. In addition, riverine inputs to LZB (10
rivers) (Figure S7) accounted for ∼90 and ∼51% of the total
BDE 209 and DBDPE riverine input, respectively. The Mi

River alone contributed ∼80% (212 kg yr−1) of the total
riverine BDE 209 input. Hence, there is concern regarding the
rivers around the BFR manufacturing base.

3.5.2. Concentrations and Budget of BDE 209 under
Steady-State Conditions Using a Multi-Box Mass Balance
Model.We used a multi-box mass balance model to predict the
concentrations and fate of BDE 209 by assuming a constant
input of BDE 209 to the BS. The results showed that the BDE
209 concentration in water decreased rapidly in the first year
and then decreased slightly until reaching nearly stable state
values (dM/dt ≤ −10−5) after 18 years of simulation (Figure
S8). The simulated BDE 209 concentration during 2016−2017
ranged from 0.12 to 0.14 ng L−1, which was ∼2 times higher
than the observation mean BDE 209 concentration (0.057 ±
0.060 ng L−1).20 In fact, the riverine input of BDE 209 into the
BS varied and had a great influence on the BDE 209
concentration in seawater. The measured BDE 209 concen-
trations in sediments collected in 2006, 2009, and 2013 were
7.00 ng g−1 dw,43 5.10 ng g−1 dw,25 and 2.47 ng g−1 dw,
respectively, thus presenting a decreasing temporal trend of
BDE 209 concentration in the BS. The simulated BDE 209
concentration in sediment decreased over time until reaching
the steady-state scenario after 25 years. The only difference was
that the simulated BDE 209 concentration decreased more
slowly over time in comparison to the measured concentration.
The multi-box mass balance model was run for seawater and

sediment to calculate the contributions of transport and
transformation processes under steady-state conditions. The
model results showed that degradation was the primary sink of
BDE 209 (∼68%) in seawater of the BS, followed by outflow
to the NYS (∼24%), water to sediment transformation (the
sum of sedimentation and diffusion, ∼7.3%), and volatilization
(<0.1%) (Figure 4b). This finding differed from previous BC
and PAH budgets, which reveal that deposition to sediment
was the main sink in the BS.15,21 The difference between these
budgets is because degradation was included in our model and
the target compound was different. Schenker et al.60 also
reported that the degradation of heavier PBDEs (from hexa-
BDE to deca-BDE) in the atmosphere of the emission zone
contributed 45% of the loss processes, which was higher than
deposition (30%), highlighting the importance of degradation.
Besides, degradation of BDE 209 occurred widely in seawater
and marine sediment in the BS (Section 3.4). When removing

Figure 4. Budget of BDE 209 using a multi-box mass balance model of the BS (a); proportions of BDE 209 sinks in BS water (b); proportions of
BDE 209 sinks in BS sediment (c).
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the degradation process in the model (Figure S9), the BDE
209 concentration during 2016−2017 ranged from 0.43 to
0.55 ng L−1, which was 10 times higher than the observed BDE
209 concentration; hence, degradation was the primary output
process of BDE 209 in the BS. Highly hydrophobic BDE 209
tends to adsorb onto SPM, which is then transported and
deposited. Qiao et al.61 found that sediment trapped in the BS
(>30% of the total sediment inflowing into the BS) was higher
than that escaping to the NYS (20%). Thus, outflow to the
NYS could also be another significant output process. In terms
of surface sediment, the results showed that ∼78, ∼13, and
∼9.0% of the sink were ascribed to degradation, burial to deep
sediment, and sediment to water transformation (the sum of
resuspension and diffusion) (Figure 4c), respectively. Degra-
dation was also the primary output process for BDE 209 in
sediment. Significantly, the uncertainty of outcome (BDE 209
concentration at steady state) of the model was thus based on
the errors in Ea, k1, k3, and k6 (Text S1.6). Therefore, the
uncertainty was ranged from −74 to 113%, which was
determined based on the error in these four individual
parameters.
Although BDE 209 is a persistent environmental pollutant,

results suggested that degradation plays a significant role in the
removal process of BDE 209 in water and sediment. It is
undeniable that the simulation results had some limitations,
such as the lack of a biological removal process for BDE 209
and continuous observation of BDE 209 values of freshwater
and seawater. In addition, the half-life values of BDE 209 in
water and sediment played a predominant role in the
sensitivity of the model (Text S1.5) and were both obtained
by EPIWIN62 due to a lack of field-measured data in the BS.
However, the multi-box model provided a nice way to
understand the BFRs’ environmental behavior and fate. Future
studies should focus on obtaining more field-measured data to
accurately simulate the fate of BDE 209.
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