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A B S T R A C T

This paper presented the historical data on the temporal trends of polybrominated diphenyl ethers (PBDEs) in
the sediment cores collected from the Huaihe River, Yellow River and Chaohu Lake, China. Among the 40
targeted PBDE congeners, only 10, 6, and 9 of them were detected respectively in the samples from the Huaihe
River, Yellow River and Chaohu Lake. On average, the total PBDEs concentrations in sediments were highest in
Chaohu Lake followed by the Huaihe River and the Yellow River. As compared to other PBDE congeners, BDE-
209 had higher concentrations and detection rates. The similar down core variation between PBDEs and total
organic carbon (TOC) suggests that TOC is an important factor influencing PBDEs distribution in the sediments.
The total PBDEs concentrations showed an increasing trend from bottom to upper sediments before a decreasing
trend in the topmost sediments. The rapid urbanization and industrialization of these regions in recent decades
may cause the historically increasing concentrations of sedimentary PBDEs, especially BDE-209. The decreasing
PBDEs concentrations in topmost sediments was probably related to the strict environmental policies at present.

1. Introduction

Polybrominated diphenyl ethers (PBDEs) have been extensively
used as brominated flame retardants (BFRs) in electronics, paints, tex-
tiles and furnishings and building materials to reduce flammability (Shi
et al., 2016). PBDEs have caused great concern due to their potential
bioaccumulation, persistence, and the detrimental health effects (Yuan
et al., 2016). Of more than 200 kinds of PBDEs, penta-bromodiphenyl
ether (penta-BDE: including 70% of BDE-47 and BDE-99), octa-bro-
modiphenyl ether (octa-BDE: including 40% of BDE-183) and deca-
bromodiphenyl ether (deca-BDE: including 98% of BDE-209) are the
three major technical products. In addition, BDE-209 was the dominant
component of deca-BDE commercial mixture and it could degrade into
lower brominated congeners, which have much more bioaccumulation,
persistence and toxicity than the parent BDE-209 (Abdallah, Harrad,
2014; Jiang et al., 2011). Although the production and use of PBDEs
(e.g., penta-BDE, octa-BDE and deca-BDE) have been forbidden in
Europe and United States since 2004, the deca-BDE is now still the
primary BFRs products used in the developing countries, especially in
Asian countries (e.g., China, India and Pakistan) PBDEs are heavily

demanded in the manufacturing industries. It was reported that China,
where the production of deca-BDE technical mixture increased from
10,000 to 30,000 metric tons from 2000 to 2005 (Zhou, 2006; Chen
et al., 2009), has become the largest consumers of BFRs nowadays in
the world (He et al., 2013). Consequently, the presence of PBDEs in
various environmental media in China has been reported, which gra-
dually become an important issue in recent years (Mai et al., 2005;
Kang et al., 2011; Wang et al., 2012; Li,. et al., 2016). Moreover, PBDEs
can accumulate in aquatic sediments after entering the water column
through urban domestic/industrial sewage discharges and atmospheric
fallout (Moon et al., 2012). Moreover, PBDE preserved in well-lami-
nated and undisturbed sediment cores could be a useful method to re-
cord the sedimentary history of PBDEs and assess the impact of miti-
gation strategies (Drage et al., 2015). In recent decades, the occurrence
of PBDEs have been studied in Great Lakes of North American, Sydney
estuary of Australia, marine environment of Hong Kong, Tokyo Bay of
Japan and the other Asian areas, etc (Thomas et al., 2004, Li et al.,
2016; Goto et al., 2017; Cheng et al., 2018). Moreover, the investiga-
tions of PBDEs in sediments from China mainly focus on the Pearl River
Delta (PRD) region, where many electronic and telecommunication
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equipments were produced. The concentrations of BDE-209 and the low
congeners were detected up to 7340 and 94.7 ng/g (d.w.) (Mai et al.,
2005; Chen et al., 2007; Shi et al., 2009; Zhang et al., 2009).

The Yellow River and the Huaihe River are among two of the largest
rivers in China. Chaohu Lake is one of the largest five fresh lakes in
China (Fig. 1). These river and lake have become increasingly vulner-
able to contamination in recent years (Da et al., 2017a, 2014). In-
creased man-induced pollutants, including discharges of industrial,
domestic wastewater and agriculture garbage have significantly con-
tributed to the elevated PBDEs contamination of the water in these river
and lake. Our previous studies have investigated the spatial and tem-
poral characteristics of organochlorine pesticides (OCPs), n-Alkanes
and heavy metals in surface sediments and sediment core from the
offshore of Yellow River, Huaihe River and Chaohu Lake (Da et al.,
2014, 2017a, 2017b; Wang et al., 2017, 2018; Wu et al., 2018). How-
ever, the historical PBDEs deposition has not been recorded. Therefore,
it is important to conduct studies to further understand the historical
contamination trends of PBDEs in these rivers and lake. In this study,
three sediment cores collected from Huaihe River, Chaohu Lake and
Yellow River were analyzed for PBDEs. The contamination residue,
vertical distribution and influencing factor of PBDEs were investigated.
The regional PBDE pollution history was reconstructed based on the
core analyses, and the historical variation characteristics of PBDEs were

analyzed in the past years in these rivers and lake, China.

2. Materials and methods

2.1. Sampling

Sediment core samples were collected at three different stations
using a stainless steel static gravity corer (80mm i.d.), which were
located at the middle reach of Huaihe River in Anhui Province (denoted
as S1, 32°40'31''N, 116°59'10''E), the intersection of Yellow River and
Bohai (denoted as S2, 37°50'17.11''N, 119°14'31.48''E), and the en-
trance of Pai River and half west Lake of Chaohu (denoted as S3,
31°40'4''N, 117°17'44''E), respectively (Fig. 1). These cores were sec-
tioned into 1.0 cm increments immediately from top to down. Each
segment was wrapped in an aluminum foil after sampling. The segment
samples were promptly put into pre-combusted aluminum foil and
stored in a cool box. After brought back to the lab, the samples were
freeze-fried and stored at −20 °C before analyses.

2.2. Chemicals and materials

Standard mixtures of 40 PBDEs, as follows: BDE-1 (10 μg/ml), BDE-
2 (10 μg/ml), BDE-3 (50 μg/ml), BDE-10 (10 μg/ml), BDE-7 (10 μg/ml),

Fig. 1. Map of sampling locations of the sediment cores.
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BDE-1 (10 μg/ml), BDE-8 (10 μg/ml), BDE-13 (10 μg/ml), BDE-12
(10 μg/ml), BDE-15 (10 μg/ml), BDE-30 (10 μg/ml), BDE-32 (10 μg/
ml), BDE-17 (10 μg/ml), BDE-25 (10 μg/ml), BDE-28 (50 μg/ml), BDE-
33 (10 μg/ml), BDE-35 (10 μg/ml), BDE-37 (10 μg/ml), BDE-75 (10 μg/
ml), BDE-49 (10 μg/ml), BDE-71 (10 μg/ml), BDE-47 (50 μg/ml), BDE-
66 (10 μg/ml), BDE-77 (10 μg/ml), BDE-100 (10 μg/ml), BDE-119
(10 μg/ml), BDE-99 (10 μg/ml), BDE-118 (10 μg/ml), BDE-116 (10 μg/
ml), BDE-85 (10 μg/ml), BDE-126 (10 μg/ml), BDE-155 (10 μg/ml),
BDE-154 (10 μg/ml), BDE-153(10 μg/ml), BDE-138 (10 μg/ml), BDE-
166 (10 μg/ml), BDE-183 (10 μg/ml), BDE-181 (10 μg/ml), BDE-190
(10 μg/ml), BDE-209 (10 μg/ml) were accomplished by injection of
corresponding external standards of each of the congeners
(AccuStandards Inc., New Haven, USA). Anhydrous sodium sulfate
(Sinopharm Chemical Reagent Co. Shanghai, China) was activated at
500 °C for about 6 h. Neutral 200–400mesh silica gel (Riedel de Haen,
Germany) was activated for 6 h at 500 °C before use. The copper
(Sinopharm Chemical Reagent Co. Shanghai, China) was cut into a
square of one centimeter and soaked in a beaker filled with hydro-
chloric acid for about ten minutes. Subsequently, water, methanol and
dichloromethane were washed the copper in turn to remove the re-
sidual hydrochloric acid and organic compound.

2.3. Dating of the sedimentary core and TOC analysis

The sediment core date was determined using the 210Pb dating
techniques (half-life of 22.3 year). Details of the dating methods were
described in our previous study (Da et al., 2017b; Liu et al., 2018).
Briefly, the sediment samples were put into sealed containers for 20
days before 210Pb determination. 20 g of each freeze-dried sample was
mixed and put into individual air-sealed polyethylene vessels and
analyzed by an Ortec GWL HPGe gamma spectrometer. Ages of the
samples were calculated by a continuous rate of supply dating pattern.
The sedimentation length of 38 cm was from 1956 to 2015 in the
Huaihe River, the sedimentation length of 42 cm was from 1935 to
2017 in the Yellow River, the sedimentation length of 35 cm was from
1925 to 2016 in Chaohu Lake.

For the analysis of the total organic carbon (TOC), carbonate was
removed, and ca. 10 mg of the sample was put into the cup for analysis
with a Thermo Flash 2000 elemental analyzer.

2.4. Extraction and analysis

Sample preparation and extraction of the PBDEs was performed
according to our previous study (Da et al., 2018). Briefly, the sediment
samples were freeze-dried for 48 h and then homogenized by grinding
and pestle before analysis. Prior to extraction, Activated copper was put
into the extraction flask to remove sulphur. The samples (10 g) spiked
with 13C labelled recovery indicator (13C-PBDE) extracted for 48 h in
the Soxhlet Apparatus. After the extraction, the extraction fluid in the
flask was condensed to 1ml on the rotary evaporator, and then purified
in an alumina/silica gel column (Safi et al., 2002). The compounds
were eluted with 35ml n-hexane and 70ml hexane-dichloromethane
(v: v= 1:1). The leaching solution was evaporated to 1ml and transfer
into the cell bottle for instrumental analysis.

2.5. Analysis

The sample extracts were analyzed for PBDEs using an Aglient 7890
gas chromatograph and 5975 mass spectrometer on a DB-5MS capillary
column (30m×0.25mm×0.1 µm) and helium as carrier gas (El-
Nahhal et al., 1998). The oven temperature set at 60 °C for 2min,
ramped at 10 °C/min to 200 °C for 2min, then ramped at 20 °C/min to
300 °C for 10min. BDE209 was measured by a Thermo Trace Ultra GC
system coupled to Thermo DSQ II mass selective detector. The ion
source was operated in the electron impact (70 eV) selected ion mon-
itoring (SIM). A DB-5HT capillary column (15m×0.25mm×0.1 µm)

was used for BDE-209. The heating program was as follows: The
starting temperature was 120 °C holding for about 2min, ramped at
20 °C/min to 300 °C for about 12min. The temperature of ion source
and interface was 150 °C and 280 °C, respectively. Selected ions were 79
and 81.

2.6. Method validation, quality assurance and statistics analysis

The method validation in the present study is similar to that used in
El-Nahhal (2018). Briefly, the instrument was calibrated by analyzing
the calibration standard solutions at five concentration levels of tested
compounds. The target compounds were quantified using the internal-
standard method, and were only performed when their standard curves
had high linearity (r2> 0.99). To confirm whether the unknown sam-
ples are really free of the target residue, the peak area of the unknown
samples with a known concentration from the standard curve was
compared. The instrumental detection limits, ranging from 1 to 4 pg,
were quantified as a signal-to-noise ratio of 3.

For each batch of 5 samples, one procedural blank sample (whether
there was interference from external factors in the test process), one
additional matrix samples (test reliability of the method) and five
parallel samples (the error of test method) were processed. The re-
covery rate of the sample is 98.6–106%, and the target substance was
not detected in the blank sample. The relative standard deviation range
of the parallel samples was 0.3–8%, and all the quality assurance and
quality control were in the acceptable range.

Statistical treatment of data was carried out using the SPSS 11.0
(Inc., Chicago, IL, USA), with a p < 0.05 and 0.01 taken to indicate
statistical significance. Analyses of variance (ANOVA) test was used for
mean comparison in PBDEs concentrations between different sites.

3. Results and discussion

3.1. Concentrations of PBDEs in the sediment core

The concentrations (ng/g) of individual PBDEs in the three sediment
cores are presented in Table 1. There are totally ten, six and nine de-
tectable PBDEs in the sediment cores from the Huaihe (S1), Yellow
River (S2) and Chaohu (S3), respectively. It was reported that BDE-209
in the environment originate only from deca-BDE technical mixtures,
and its concentrations and detection rates were higher than those of the
other brominated congeners in this work, indicating the wide occur-
rence of BDE-209 in the sediments. The highest concentration of
ΣPBDEs (total concentration of PBDEs excluding BDE-209, 1.615 ng/g)
and BDE-209 (3.89 ng/g) in the sediment cores was Chaohu Lake, fol-
lowed by the Huaihe (1.007 ng/g for ΣPBDEs, 2.35 ng/g for BDE-209)
and the Yellow River (0.333 ng/g for ΣPBDEs, 1.331 ng/g for BDE-209),
respectively, indicating that Chaohu Lake was more polluted than the
Huaihe River and the Yellow River. This is not surprising because
Chaohu Lake is adjacent to Hefei city, which is the capital and the
largest city of Anhui province, thus receiving abundant of local pollu-
tion sources of urban runoff and sewage discharge. Moreover, the
higher detection rate of PBDEs from the Huaihe River indicated more
recent input and less degradation in the sediment.

Environmental safety standards of PBDEs in sediments has not been
established in China. In this work, we used the Canadian environmental
safety standard to assess the environmental safety of PBDEs to the
subaqueous creature. In addition, toxicological data reported in pre-
vious study (G.G. Wang et al., 2015; X. Wang et al., 2015) was also
referred for the risk assessment. The Federal Environmental Quality
Guidelines (FEQGs) for PBDEs were 44 ng/g, 39 ng/g, 64 ng/g, 0.4 ng/g
and 19 ng/g for the Tri-BDEs, Tetra-BDEs, Penta-BDEs, Hexa-BDEs and
Deca-BDEs, respectively (Wu et al., 2017). Table 1 revealed the con-
centrations of PBDEs were all less than the FEQGs, posing no adverse
impacts on aquatic life.
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3.2. Comparison of residual levels of PBDEs from other regions over the
world

The PBDEs concentrations in the sediments were compared with
other regions in the world (Table 2). Compared with other areas across
China, the residual levels of ∑lowPBDEs in the Huaihe River and Chaohu
Lake were close to those of Southwest Taiwan, China (Jiang et al.,
2011), but less than those of East China Sea, China (Yuan et al., 2016),
Laizhou Bay, China (Pan et al., 2011), far above those of Yellow River
Estuary (Yuan et al., 2016), Chaohu Lake (He et al., 2013) and Southern
Yellow Sea (G.G. Wang et al., 2016; J. Wang et al., 2016; P. Wang et al.,
2016). Compared with the other countries, the residual levels of
∑lowPBDEs in the Huaihe River and Chaohu Lake were more than those

of Shiawassee River, USA (Yun et al., 2008), and less than those of
Sydney estuary sediment, Australia (Drage et al., 2015), coastal waters
of Korea (Ramu et al., 2010), Tokyo Bay, Japan (Haraguchi et al., 2016)
and Ebro River, Spain (Eljarrat et al., 2004).

The residual levels of BDE209 in the Huaihe River and Chaohu Lake
were higher than those of Chaohu Lake (He et al., 2013) and Southern
Yellow Sea, China (G.G. Wang et al., 2016; J. Wang et al., 2016; P.
Wang et al., 2016), similar to those of Yellow River Estuary (Yuan et al.,
2016), but lower than that of East China Sea, China (Yuan et al., 2016),
Laizhou Bay, China (Pan et al., 2011) and Southwest Taiwan, China
(Jiang et al., 2011). Compared with the study areas of other countries,
the residual levels of BDE-209 were close or less than those of other
locations (Table 2). The residual levels of BDE209 in the Yellow River

Table 1
Concentration of PBDEs (ng/g, dw) in the sediment core.

Locations Compounds Range Mean Detection rate (%)

Huaihe River (S1) BDE-28 (tri-BDEs) 0.002–0.251 0.02 48.24
BDE-37 (tri-BDEs) 0.009–0.214 0.012 59.24
BDE-47 (tetra-BDEs) 0.051–0.365 0.162 94.15
BDE-85 (penta-BDEs) 0.001–0.71 0.012 59.28
BDE-99 (penta-BDEs) 0.071–0.297 0.124 91.41
BDE-100 (penta-BDEs) 0.005–0.325 0.243 91.81
BDE-153 (hexa-BDEs) 0.011–0.188 0.019 61.31
BDE-154 (hexa-BDEs) 0.012–0.361 0.132 60.17
BDE-183 (hepta-BDEs) 0.029–0.417 0.283 97.47
∑9PBDEs 0.273–2.628 1.007 73.68
BDE-209(deca-BDE) 1.13–4.85 2.35 98.1
∑PBDEs 0.273–4.85 3.357 82.89

Yellow River (S2) BDE-47 (tetra-BDEs) 0.012–0.102 0.0183 14.15
BDE-99 (penta-BDEs) 0.011–0.491 0.141 81.42
BDE-153 (hexa-BDEs) 0.001–0.134 0.021 11.39
BDE-154 (hexa-BDEs) 0.002–0.162 0.041 31.27
BDE-183 (hepta-BDEs) 0.029–0.217 0.112 57.47
∑5PBDEs 0.061–0.912 0.333 39.14
BDE-209 (deca-BDE) 0.781–2.725 1.331 74.21
∑PBDEs 0.061–2.725 1.664 52.18

Chaohu Lake (S3) BDE-37 (tri-BDEs) 0.002–0.159 0.088 49.21
BDE- 47 (tetra-BDEs) 0.031–0.299 0.262 54.18
BDE- 85 (penta-BDEs) 0.001–0.241 0.041 49.21
BDE- 99 (penta-BDEs) 0.039–0.391 0.117 31.42
BDE-100 (penta-BDEs) 0.001–0.529 0.216 71.45
BDE- 153 (hexa-BDEs) 0.015–0.281 0.079 51.28
BDE- 154 (hexa-BDEs) 0.022–0.541 0.231 47.19
BDE- 183 (hepta-BDEs) 0.019–0.911 0.581 77.41
∑8PBDEs 0.167–2.101 1.615 53.919
BDE- 209 (deca-BDE) 0.99–8.95 3.89 90.23
∑PBDEs 0.167–8.95 5.505 71.49

Table 2
A comparison of PBDE concentrations (ng/g, dry weight) in sediments between this study and other studies from the literature.

Country Locations Sample description ∑lowPBDEs BDE-209, range (mean value) References

USA Shiawassee River Core sediment 0.03–3.57 (0.56) 0.11–12.7 (2.28) Yun et al. (2008)
Korea Masan Bay Core sediment 0.08–72 (9.3) – Hong et al. (2010)
Australia Sydney estuary Core sediment 8.1 5.7 Drage et al. (2015)
Japan Tokyo Bay Core sediment 0.051–3.6 0.89–85 Minh et al. (2007)
Korea Coastal waters Surface sediment 0.05–32 0.4–98 Ramu et al. (2010)
Spain Ebro River Surface sediment 0.3–34.1 2.1–39.9 Eljarrat et al. (2004)
China Southwest Taiwan Surface sediment nd-1.82 nd-6.26 Jiang et al. (2011)
China Nansha mangrove, South Core sediment 5.7 129.9 Wu et al. (2017)
China Deep Bay, South China Core sediment 0.68 – Qiu et al. (2010)
China Laizhou Bay Surface sediment 0.01–53 (4.5) 0.74–280 (54) Pan et al. (2011)
China Southern Yellow Sea Surface sediment 0.064–0.807 (0.245) (0.067–1.961) 0.652 G.G. Wang et al. (2016); J. Wang et al. (2016); P. Wang et al.

(2016)
China East China Sea Core sediment 36.9–233.6 (128.4) 62.3–1758 (544.6) Yuan et al. (2016)
China Yellow River Estuary Surface sediment 0.482–1.07 (0.69) 1.16–5.40 (2.79) Yuan et al. (2016)
China Chaohu Lake Surface sediment 0.237–1.373 (0.638) 0.0042–0.691 (0.176) He et al. (2013)
China Huaihe River Core sediment 0.273–2.628 (1.007) 1.13–4.85 (2.35) This study
China Chaohu Lake Core sediment 0.167–2.101 (1.615) 0.99–8.95 (3.89) This study
China Yellow River Core sediment 0.061–0.912 (0.333) 0.781–2.725 (1.331) This study

Note: ∑lowPBDEs is defined as the sum of the detectable congeners, excluding BDE− 209. ∑lowPBDEs is equal to ∑9PBDEs in this study.
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was less than those of the other locations, excluding Chaohu Lake,
China (He et al., 2013) and Southern Yellow Sea, China (G.G. Wang
et al., 2016; J. Wang et al., 2016; P. Wang et al., 2016).

3.3. The temporal tendency of PBDEs

The temporal tendency of the PBDEs residue distribution in the
three cores were listed in Figs. 2(a)-4(a). The PBDEs residue distribu-
tion varied obviously in the different sediment years in the sediment
cores from the different areas. The three sediment core sections re-
vealed that the trends were likely to decrease in the coming years.
Overall, the concentration spikes and trends correlated well with the
historical usage of PBDEs and policy and measures for environmental
protection in China. As seen from Figs. 2(a)-3(a), the recorded PBDEs
concentrations varied significantly by sediment years. The two sample
sites from the Huaihe River and Chaohu Lake were located in Anhui
Province. Industrialization began lately (1980s) in Anhui Province,
China and Environmental pollution has been gradually exposed with
the development of industry (Shi et al., 2014), therefore there was a

great possibility for PBDEs products waste from the effluents in the
factory, urban surface runoff and the direct deposition through the at-
mosphere (Chen et al., 2009), which perhaps could result in the gradual
increase residuals of PBDEs from 1980s to the recent years in the two
cores from the Huaihe River and Chaohu Lake. There were noticeable
increase levels of PBDEs since 1990s period in the sediment core. To our
knowledge, the trade has increased greatly since the early 1990s to-
wards household appliances and computers in China. China became the
global processing factory for electronic and telecommunication equip-
ment from the late 1990s, such as refrigerator, air conditioner, televi-
sion and phone. The household consumption expenditure increased
about eighteen times from the 1990s to 2013 in China (Deng et al.,
2007; G.G. Wang et al., 2016; J. Wang et al., 2016; P. Wang et al., 2016;
Shang et al., 2016). Therefore, we speculated that the increase trend of
PBDEs from the 1990s in the cores could be related to the development
of the electronic and telecommunication equipment activities in China
(Li et al., 2016) The PBDEs concentration approached zero in 1988 in
the sediment core from the Huaihe River, which might relate with the
catastrophic flooding of the Huaihe River in 1988, as PBDEs might have

Table 3
PBDE concentrations in sediment and HQ of two commercial PBDE congeners.

PBDEs Concentration (ng/g dw) HQ Ecological impact

Huaihe River Chaohu Yellow River Huaihe River Chaohu Yellow River

Penta-BDE 0.379 0.374 0.141 0.012 0.012 0.0040 no hazard
Deca-BDE 2.35 3.89 1.331 0.00032 0.00053 0.00018 no hazard

Fig. 2. Time trends of (a) PBDEs concentrations (ng/g) and (b) TOC (%) in the sediment core from the Huaihe River.
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been washed away by water (Da et al., 2017b). PBDEs content in the
bottom core also approached zero before 1980s in the Huaihe River,
which might relate with the usage of less household appliances and
computers products during the period. It was noticeable that PBDEs
residues were found before the 1980s from Chaohu Lake could be at-
tributed to the migration of PBDEs to deeper sediments. Our previous
study showed that organic compounds in surface sediments can migrate
downward (Da et al., 2014). However, it was very interesting that there
were two peaks, one for PBDEs in early 90 s and one for PBDEs in about
2010s in the two cores from the Huaihe River and Chaohu Lake. As we
know, large-scale electronic products and appliances were used during
1990s in China (Guo et al., 2015). Thus, it could infer that the historical
usage of PBDEs had an influence on the concentration in the core
during the 1990s. In addition, it can be seen that there was a sharp
increase of PBDEs from 2010s followed by a gradual decrease trend in
the recent years (Figs. 2a-4a). This is mainly because the Chinese
government begun to vigorously control the increasing use of electronic
and household appliances to reduce pollutant emissions since 2010.

Moreover, the temporal profile of the PBDEs concentrations in the
sediment core from Yellow River (Fig. 4a) is similar to that of OCPs in
our previous study (Da et al., 2014), which is mainly related with their
historical usage, emission and soil residues in the Yellow River. More-
over, the residue levels of PBDEs in the cores from Yellow River were
less than those in the cores from the Huaihe River and Chaohu Lake,
which is mainly because pollutants were more difficult to discharge
since the establishment of Nature Reserve in the Yellow River Delta in
1992.

Figs. 2(a)-4(a) showed the temporal variation trend of ∑lowPBDEs
and BDE-209 are highly consistent in the sediment core, indicating the
same pollution source for both ∑lowPBDEs and BDE-209 in this region.
Similar variation trend of PBDE concentrations was also observed in
sediment cores from Masan Bay, Korea (Hong et al., 2010). It was worth

noting that the residues of BDE-209, which was the main component of
Deca-BDE commercial mixture (G.G. Wang et al., 2015; X. Wang et al.,
2015), were much higher than those of ∑lowPBDEs. The industrial
compounds of Deca-BDE were the primary brominated flame retardants
(Yang et al., 2015), whereas there are not relevant laws and regulations
to restrict the use of Deca-BDE all over the world at present. Therefore,
higher residue level of BDE-209 in the sediment cores coincided well
with the intensive use of brominated flame retardants products. As can
be seen in Figs. 2(a)-4(a), BDE-209 increased faster than ∑lowPBDEs
since 1980s, indicating that Deca-BDE compounds was much more
widely applied than Penta-BDE and Octa-BDE compounds, because
Penta-BDE and Octa-BDE technical mixtures were banned in 2007 in
China because of the growing environment problem and human health
concerns (Li et al., 2015).

3.4. Co-variation of PBDEs with TOC

Due to the sorption capacity of PBDEs, TOC plays an important role
in controlling fate and environmental behaviors of PBDEs (Fan et al.,
2017). As shown in Figs. 2(b)-4(b), there were similar historical var-
iation trends between ΣPBDEs and TOC content in their respective se-
diment core. Similar results were also reported in the East China Sea
and Masan Bay, Korea (Fan et al., 2017; Hong et al., 2010). According
to the previous study (G.G. Wang et al., 2016; J. Wang et al., 2016; P.
Wang et al., 2016), TOC content in sediment cores was influenced by
the discharge of untreated domestic sewage, the hydraulic and miner-
alogical particulate fraction. Tables 4a–4c showed significantly positive
correlations between most of the individual PBDEs and TOC, indicating
that TOC in the sediment cores made a strong contribution on PBDEs
enrichments in the aquatic environment.

Fig. 3. Time trends of (a) PBDEs concentrations (ng/g) and (b) TOC (%) in the sediment core from Chaohu Lake.
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Fig. 4. Time trends of PBDEs concentrations and TOC in the sediment core from the Yellow River.

Table 4a
Pearson correlation coefficients between TOC and PBDEs in the Huaihe River.

TOC BDE-28 BDE-37 BDE-47 BDE-85 BDE-99 BDE-100 BDE-153 BDE-154 BDE-183 BDE-209

TOC 1
BDE-28 0.465* 1
BDE-37 0.674** − 0.021* 1
BDE-47 − 0.778** 0.574 0.782* 1
BDE-85 0.456* 0.381** 0.481 0.587* 1
BDE-99 0.674* − 0.289 0.712* − 0.689** 0.444 1
BDE-100 0.559* 0.879** − 0.222* 0.470 0.587** 0.574* 1
BDE-153 0.764 0.578 0.389* 0.941* − 0.612 0.368 0.874 1
BDE-154 0.589* 0.789** 0.714 0.742* 0.541* − 0.851** 0.645** − 0.612* 1
BDE-183 0.494 0.841 0.684 0.534 0.369* 0.641* 0.587* 0.781* − 0.376* 1
BDE-209 0.687* 0.358* 0.741* 0.654** 0.478** 0.571* 0.634* 0.614* 0.641* 0.476** 1

* Correlation is significant at the 0.01 level.
** Correlation is significant at the 0.05.

Table 4b
B. Pearson correlation coefficients between TOC and PBDEs in the Yellow River.

TOC BDE-47 BDE-99 BDE-183 BDE-153 BDE-154 BDE-209

TOC 1
BDE-47 0.678* 1
BDE-99 0.571* 0.709** 1
BDE-183 − 0.459 − 0.678* 0.821* 1
BDE-153 0.464* 0.738 0.539 0.771 1
BDE-154 − 0.681* 0.551* − 0.627** − 0.721** 0.703* 1
BDE-209 0.591* 0.741* 0.712* 0.881* 0.645* 0.523* 1

* Correlation is significant at the 0.01 level.
** Correlation is significant at the 0.05.
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3.5. Ecological impact and potential risk

Organic pollutants (e.g., PBDEs, pesticides, and antibiotics) could be
transferred to organisms at higher trophic levels through food chains
(El-Nahhal, 2018). Toxicological effects of various organic con-
taminants on aquatic organic organisms, including fish, cyanobacterial
mats and plants, have been investigated by El-Nahhal and colleagues
(El-Nahhal et al., 1998; El-Nahahl et al., 2015a, 2015b, 2016; El-Nahahl
and Hamms, 2017). In this work, ecological impacts of PBDEs on se-
diment-dwelling organisms in the watersheds were quantified based on
the toxicological data of PBDEs and the estimation of hazard quotients
(HQs). The HQ is defined as a ratio of PBDEs concentrations in sedi-
ments to the critical effect concentration below which no adverse effect
is expected (PNECs), which is determined by Environment Canada
(2006) to be 0.031 μg/kg and 73 μg/kg for penta-BDE and deca-BDE,
respectively. HQ< 0.1 indicates no hazard; 0.1≤HQ< 1 low hazard;
1≤HQ< 10 moderate hazard; HQ ≥ 10 high hazard (Chen et al.,
2010). The HQ values for the two commercial PBDEs were all less than
0.1 in the sediments from the three different areas (Table 3), implying
that there was no hazard to the organisms in the studied areas.

4. Conclusions

PBDEs components of different levels were detected in the three
sediment cores from the studied aquatic systems in China. Sediments
from the Chaohu Lake are higher than those from the Huaihe River and
the Yellow River in total PBDEs concentrations. The concentrations and
the detection rates of BDE-209 were highest compared to other PBDEs
congeners. TOC was an important factor influencing the content of
PBDEs in the sediment cores. The recorded PBDEs concentrations
varied significantly from the bottom to top sediment layers, correlating
well with the historical usage of PBDEs and recent strict regulation on
PBDEs usage in China. Compared with the other areas, the PBDEs
contamination levels in studied aquatic system were relatively low,
posing no adverse impacts on aquatic life.
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