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a b s t r a c t

Hexabromocyclododecanes (HBCDs) are the subject of recent interest and potential risk assessment
particularly in China due to its ubiquitous existence in a variety of environmental media. This paper
reviews the recent studies conducted on HBCDs in different environmental media (air, soil, water, river
sediment, sewage sludge, biota and daily food) in China. At the same time, human health risks via food
and occupational exposure of HBCDs in production plants, expanded polystyrene (EPS) and extruded
polystyrene (XPS) plants were assessed. The review reveals that HBCDs levels of air, soil, sediment,
sewage sludge, biota and food presented a geographical variation in the eastern coastal regions of China.
There were many factors resulting in the variation, such as sampling sites, climate and analytical method.
In terms of diastereoisomer, a-HBCD and g-HBCD were the predominant diastereoisomers in air, soil,
sediment, and sewage sludge. In the water, a-HBCD and g-HBCD shared the major proportion to the total
HBCDs. However, only a-HBCD was the predominant diastereoisomer in biota. With regard to human
exposure pathway to HBCDs, food was the major route for human exposure to HBCDs, especially meat. In
addition, soil and road dust were also important exposure pathways. Furthermore, workers and resi-
dents, especially infants in and around waste dumping sites and industrial areas are exposed to the
highest HBCDs levels among all the populations studied thus far. HBCDs posed a potential threat to the
environment and human health. Therefore, risk assessment and management have an important role to
play in preventing and mitigating HBCDs risks.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Hexabromocyclododecanes (HBCDs) are non-aromatic bromi-
nated flame retardant (BFRs) compounds (Alaee et al., 2003; Zhang
et al., 2016). HBCDs have been used for decades in flame-retarded
(FR), expanded polystyrene (EPS) and extruded polystyrene (XPS)
insulation boards, building materials, upholstery textiles, electrical
household equipment, plastic and other organic material (UNEP,
2015). The global production of HBCDs has increased from
16,700t to 31,000t from 2001 to 2011 (POPRC, 2011a, 2012). China
as a leading producer and consumer of HBCDs, its production
d Regional Ecology, Research
Academy of Sciences, 18
increased from 500 t to 18,000 t from 2001 to 2011 despite the
restriction on the production and use of penta-and octa-bromodi-
phenyl ethers in 2009 (Li et al., 2016). Currently in China, HBCDs
may be used in some applications as a main alternative for poly-
brominated diphenyl ethers (PBDEs). HBCDs are ubiquitous organic
contaminants with the characteristics of persistent organic pol-
lutants (POPs) through bioaccumulation, long-range transport and
toxicity (Covaci et al., 2006; Zhang et al., 2016). HBCDs have been
found practically in all environmental media including air, water,
sediment, human blood, mother's milk, and biota (Yu et al., 2008;
Eljarrat et al., 2009; He et al., 2013; Wu et al., 2014; Zhang et al.,
2018). In some European countries, corresponding measures have
been taken to limit the production or use of HBCDs. In May 2013,
HBCDs were listed in Annex A of the Stockholm Convention on
Persistent Organic Pollutants. However, to date, there are no rele-
vant laws and regulations that restrict the production or use of
HBCDs in China.
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According to industrial surveys, there are 14 HBCDs production
plants and approximately 65 EPS and 520 XPS plants in China (BIT,
2011; Wang et al., 2011), and the production and use of HBCDs
show gradual increase due to improved energy efficiency and
strengthened fire safety standards in China. Therefore, a large
amount of HBCDs enter into the environment through various
pathways, such as emission during production of BFRs or the
manufacture of flame-retarded products, leaching from consumer
products, or following disposal (Covaci et al., 2006). At present,
exposure of HBCDs to the environment and human body has not
caused enough attention because of small threat in short term in
China. However, to control the environmental loads of HBCDs,
appropriate mitigation actions will be essential for the life cycle
management of HBCDs production and applications in the long
term.

To date, only a few site-specific studies have provided knowl-
edge of HBCDs contamination in a few hot spot areas, but the
environmental exposure levels and associated risks remain un-
known in the rest of China. This paper aims to review the current
state of knowledge about the distribution and levels of HBCDs in
Chinese environmental compartments, and present a general pro-
file of HBCDs pollution and ecological and health risks in China.

2. Methodology

The data were extracted from the literature published from
2004 to 2017 using the keywords: HBCDs and China. We reviewed a
total of almost 50 publications related to HBCDs studies conducted
in China.

All the 50 publications were selected in which the environ-
mental samples were analyzed for HBCDs using Agilent 1200 series
liquid chromatography (LC) coupled to an Agilent 5975 mass
spectrometery and Agilent 6410 electrospray triple quadruple mass
spectrometery (LC-MS/MS). The data presented in this paper were
converted to a uniform format of units: pg/m3 for air; ng/L for
water; ng/g dry weight for soil, sediment and sewage sludge; ng/g
lipid weight for biota; pg/g lipid weight for human milk and daily
diet, and pg/kg body wt/d for Estimation of Daily Intake (EDI). The
data were classified according to different environment media and
regions in China, and the processed data were further analyzed
using Sigmaplot12.5 (Systat international software company) and
ARC-GIS 9.3 (Esri company).

2.1. HBCDs in air

The high levels of HBCDs in indoor and outdoor air were mainly
concentrated in Beijing and Guangdong (Fig. 1). The total atmo-
spheric concentrations of HBCDs (

P
HBCDs) including a-, b- and g-

HBCD ranged from 96.09 to 639.17 pg/m3 with a mean value
341.87 pg/m3 in Beijing during four seasons. The total HBCDs con-
centration in autumnwas noted (639.17 pg/m3), higher than that in
spring, summer and winter. In total HBCDs, g-HBCD was found to
be predominant (40%e80%) (Hu et al., 2011). The HBCDs in indoor
(home, office, workplace) air and outdoor environment were also
studied in Guangdong. Total HBCDs concentrations at homes, of-
fices and workplaces were 5.43, 8.21 and 48.2 pg/m3, respectively
(Hong et al., 2016). However, the total HBCDs concentrations in the
air of downtown, Baiyun Mountain and industrial area were 3.09,
1.64 and 0.88 pg/m3 respectively, lower than the average level in
Guangzhou city (Yu et al., 2008). The total HBCDs concentrations
were measured higher in the air of Beijing (341.87 pg/m3) and
Shenzhen (1505.4 pg/m3) (Yu et al., 2008; Hu et al., 2011; Hong
et al., 2013; Ni and Zeng, 2013). The ratio (or relative dominance)
of isomers is different among cities or regions, which was affected
by such factors as industrial development level, atmospheric
circulation, and weather condition.
From the diastereoisomer- and enantiomer-specific profiles of

HBCDs, a-HBCD was predominant in Foshan and Guangzhou.
However, g-HBCD was predominant in Shenzhen, which was the
same with Beijing (Yu et al., 2008; Hong et al., 2013; Ni and Zeng,
2013). At the same time, it was also reported that g-HBCD domi-
nated the diastereoisomer profiles in the working environment in
the Scandinavian plant manufacturing XPS foam (Thomsen et al.,
2007). The previous studies indicated that g-HBCD might be con-
verted to a-HBCD above 160 �C, and incorporating HBCD into goods
sometimes requires this temperature (Barotini et al., 2001), and
thus the occurrence of HBCDs in air is likely a consequence of
volatilization in technical processes (Abdallah et al., 2008).

Fig. 2 shows the comparison of
P

HBCDs concentration in out-
door and indoor atmospheric environment in China and some other
countries. The outdoor HBCDs levels of Beijing were in comparable
with those in Stockholm (610 pg/m3) (Remberger et al., 2004),
however, they were significantly higher than those in Foshan
(33.3 pg/m3) (Hong et al., 2013), Guangzhou (3.09 pg/m3) (Yu et al.,
2008), Chicago (4.5 pg/m3), Arkansas (1.6 pg/m3), Indiana (1.0 pg/
m3) (Hoh and Hites, 2005). The indoor HBCDs levels in Foshan,
China were significantly lower than those in some European
countries such as Sweden (up to1.07 mg/m3) and Norway (up to 12.2
mg/m3) (Covaci et al., 2006; Thomsen et al., 2007; Hong et al., 2013).
Moreover, the overall indoor and outdoor HBCDs concentrations in
China were lower than those in the European atmosphere.

Previous studies mainly focused on typical regions in a short
time, while no single study has been performed on inter-annual
trend of HBCDs by long-term monitoring. Therefore, typical re-
gions should be given long-term concern despite many difficulties.

2.2. HBCDs in surface soil, river sediment, sewage sludge and water

Due to their hydrophobic characters, HBCDs are strongly bound
to solid particles such as soil, sediment, and sewage sludge. HBCDs
could be detected in almost all studies, and distributions of total
HBCDs and corresponding stereoisomers are shown in Fig. 3, Fig. 4
and Fig. 5 based on the studies in recent years.

The total HBCDs (sum of a-, b-, and g-HBCD) levels in the surface
soils ranged from 0.88 to 6901 ng/g dw with a mean value of
122.57 ng/g dw, whereas the HBCDs concentrations in the soil near
the manufacturing facility showed the highest level (6901 ng/g
dw). However, the highest level was significantly lower than those
reported from HBCD-processing plants in Sweden and Belgium/
Germany (23200 ng/g dw) (Covaci et al., 2006). In addition, relevant
research showed that there also existed significant differences
among different types of soils. Tang et al. (2014) carried out a study
in six types of soils including waste dumping sites, industrial areas,
residential areas, traffic areas, vegetable soils, and farmland soils in
Ningbo, Zhejiang. It could be expected that higher HBCDs concen-
trations occurred in the waste dumping sites (60.74 ng/g dw) and
industrial area (37.9 ng/g dw), which could be derived from local
sources in those areas (Tang et al., 2014). The mean concentrations
of total HBCDs in traffic areas was 31.8 ng/g dw, which showed a
higher trend than those in residential areas (14.1 ng/g dw), vege-
table soils (11.0 ng/g dw) and farmland soils (7.75 ng/g dw) (Tang
et al., 2014). It is highly possible that the contamination with
HBCDs in vegetable soils and farmland soils was mainly caused by
diffuse sources. However, except for Qingyuan in Guangdong
(106 ng/g dw), comparison with Weifang and Ningbo, HBCDs con-
centrations in typical industrial areas and e-waste recycling sites
were lower than that in Guangdong. The mean value of total HBCDs
concentrations in the industrial areas and e-waste recycling sites
ranged from 0.31 to 9.99 ng/g dwand 0.22e2.34 ng/g dw (Gao et al.,
2011), comparable with those from soils from open dumping sites



Fig. 1. Concentrations and distribution of HBCDs in air in Beijing and Guangdong (U: Urban; B: Baiyun Mountain; I: Industrial area), China (Data source: Supplementary Material).

Fig. 2. Comparison between China and other countries in terms of
P

HBCDs concen-
tration in air.
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in India, Vietnam, Malaysia, Indonesia, and Cambodia (from not
detected to 2.4 ng/g dw) (Eguchi et al., 2009). The reason why
HBCDs concentration was at a lower level in South China possibly
lies in the sampling location. Li et al. (2012) reported that HBCD
concentration showed a decreasing trend from manufacturing fa-
cility (Li et al., 2012). Similar spatial distribution of HBCD around
potential point sources was also observed in soil samples collected
near an XPS-producing facility in Sweden (Remberger et al., 2004).

The diastereoisomer profiles in surface soils are shown in Fig. 3.
The HBCD diastereoisomer profiles were similar in soils of Shan-
dong, Zhejiang and Guangdong, in which the predominant diaste-
reoisomer was g-HBCD, followed by a-HBCD and b-HBCD (Gao
et al., 2011; Tang et al., 2014; Yi et al., 2016). However, a-HBCD
(56e57%) was the dominant isomer in Guiyu, Guangdong (Gao
et al., 2011). Variations in isomer profiles have also frequently
been reported in sediment samples (Morris et al., 2004; Marvin
et al., 2006). Marvin et al. (2006) reported variable profiles in
suspended sediment samples from the Detroit River, with two-
thirds of the samples dominated by g-HBCD, while one-third
exhibited relatively higher concentrations of a-HBCD. Morris et al.
(2004) reported that a higher percentage of a-HBCD was
frequently found in sediments of rivers around the North Sea. This
may be mainly due to correlation between diastereoisomer profiles



Fig. 3. Overall distribution of total HBCDs and corresponding stereoisomer in the surface soil of Chinese coastal cities (Data source: Supplementary Material).
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and industrial activities (Zhang et al., 2016). However, the mecha-
nism responsible for the significant variations in HBCD diastereo-
isomer profiles remains unclear. In general, the ratio of soil HBCD
diastereoisomers could be affected by their thermal isomerization
during the processing of HBCDs, and by abiotic/biotic trans-
formation in the environmental media. According to previous
studies (Heeb et al., 2008), isomeric interconversion rather than
selective degradation processes were responsible for the observed
changes of diastereoisomers of HBCDs exposed to expanded and
extruded polystyrenes at temperature of 140e160 �C (Heeb et al.,
2010). In addition to thermal interconversion, variations in diaste-
reoisomer profiles can also be caused by abiotic and biotic pro-
cesses. The possible cause of variability in concentrations and
diastereoisomer profiles of HBCDs was that a rapid photolytically
mediated shift from g-HBCD to a-HBCD occurred after 1 week of
exposure to natural light, while a slower degradative loss of HBCDs
occurred via elimination of HBr (Harrad et al., 2009a). Davis et al.
(2006) found that the apparent half-life of a-HBCD tended to be
longer than that of b- and g-HBCDs (Davis et al., 2006). This result
was supported by Gerecke et al. (2006), who reported slower
degradation kinetics for a-HBCD (30~50%) in digester sludge, but
no difference between b- and g-HBCD(Gerecke et al., 2006). A wide
range of factors that can affect HBCD diastereoisomer profiles
means that the mechanisms responsible for the variable diaste-
reoisomer profiles in this study remain unexplained, and further
enantiomeric analysis is required.

The geographical distribution and concentration of total HBCDs
in sediments from drainage basins, Hunhe River, Taihu Laker, Rivers
in Shanghai and Pearl River Delta were presented in Fig. 4. In
general, HBCD concentrations in sediment samples showed
decreasing trends from Southeast China to North China and from
East China to West China. The concentrations of total HBCDs were
higher in the Dagu River, Tianjin (with a mean value of 83.7 ng/g
dw) followed by the Tianjin Harbor (60.8 ng/g dw) and Yangtze
River (23.28 ng/g dw) among the river drainage basins (Li et al.,
2013; Zhang et al., 2013). The possible contributors to the higher
total HBCDs concentration in Dagu River and Tianjin Harbor, Tianjin
could be municipal and heavy industrial activities. However, in
comparison with Tianjin area, the concentrations of total HBCDs
were lower in the Ertix River (0.116 ng/g dw) and Tarim River
(0.435 ng/g dw) (Li et al., 2013). The possible reason for this low
HBCDs concentration in Ertix River and Tarim River is that these
areas are less affected by industrial activities, where the possible
sources are the deposition from atmosphere and domestic waste.
The concentrations of HBCDs ranged from 0.05 to 1.42 and
0.10e25.8 ng/g dw for the samples from the upstream portion of
the Hunhe River and the downstream portion of the Hunhe River,
respectively, with corresponding mean values of 0.27 and 3.74 ng/g
dw, respectively (Su et al., 2015). The downstream portion of the
Hunhe River is impacted by numerous industrial factories and ur-
ban activities from Fushun and Shenyang.

The distribution of hexabromocyclododecane concentrations
was investigated in 28 sediment samples collected from Taihu Lake.
The total HBCDs concentrations in sediments ranged from 0.336 to



Fig. 4. Overall distribution of total HBCDs level and corresponding stereoisomer in the surface sediment of Chinese rivers and lakes and their comparison with rest of the globe
(Data source: Supplementary Material).
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1.220 ng/g dw, with corresponding mean value of 0.719 ng/g dw
(Xu et al., 2013; Wang et al., 2016). Wu et al. (2014) reported that
HBCDs are ubiquitous environmental contaminants in rivers in
Shanghai. The levels of total HBCDs ranged from 0.77 to 2.61 ng/g
dw. Overall, the highest mean concentration was observed in the
Suzhou Creek (2.10 ng/g dw), followed by the mean concentrations
in the Huangpu River (1.58 ng/g dw) and in the Yunzao Creek
(0.77 ng/g dw) (Wang et al., 2016). Distribution appears to corre-
spond with most highly-populated and industrialized areas in
Shanghai. HBCDs levels in these sites were similar to those reported
in surface sediments from Dutch North Sea (Klamer et al., 2005).
HBCDs were also measured in surface sediments of the major rivers
and estuary in the Pearl River Delta (PRD), a highly urbanized and
industrialized region of China. The concentration of HBCDs ranged
from 0.45 to 8.95 ng/g dw. The highest and lowest mean concen-
trations of HBCDs were found in sediments from the Dongjiang
River (64.7 ng/g dw) and Pearl River Estuary (0.45 ng/g dw) (Feng
et al., 2012). From a national comparison, total HBCDs concentra-
tions in Tianjin, Yangtze River and Guangdong are higher than
those of other regions in China, which is mainly due to dense
population, intensive industrial activity and relatively high market
demand for HBCDs in these areas.

The occurrence of HBCDs in sediments has been well docu-
mented in different regions in the world. The levels of

P
HBCDs in

sediments in China were higher than those in Korea, Japan,
Indonesia andmost regions of Canada and USA (Marvin et al., 2006;
Minh et al., 2007; Ramu et al., 2010; Ilyas et al., 2011), and were
similar to those found in Belgium (Harrad et al., 2009b), but were
lower than those reported in Spain and England (Harrad et al.,
2009b; Guerra et al., 2010).

Municipal wastewater treatment plants (WWTPs) have been
regarded as an important sink for organic pollutants in urban
environments (Bradley and Nichola, 2010). HBCDs may enter
WWTPs via municipal waste collection systems. Due to their strong
hydrophobicity (logKow of 5.4e5.8) (Marvin et al., 2011), HBCDs
tend to adsorb on suspended particulate matter and accumulate in
dewatered sludge during wastewater treatment processes (Byrns,
2001). At present, the pollution status of HBCDs in sewage sludge
in China is unknown, and only Xiang et al. (2015) collected 27
sludge samples from Shanghai. HBCDs were ubiquitous in sludge
with a mean concentration of 4.72 ng/g dw (range: 0.10e37.2 ng/g
dw) of the three HBCDs diastereoisomers, as shown in Fig. 5, a-
HBCD and g-HBCD were the two main components with the cor-
responding contributions of 47.9% and 48.0% (Xiang et al., 2015).

The concentrations of HBCDs in sewage sludge (samples
collected in 2010) from Shanghai were generally at the lower level.
In comparison, extremely high concentrations of HBCDs were
detected from sewage sludge samples from two European coun-
tries, including Englandwith amean concentration of 1401 ng/g dw
(531e2683 ng/g dw) and Ireland with a mean concentration of
3322 ng/g dw (153e9120 ng/g dw) (Rani et al., 2014). The reason
why total HBCDs were higher in Europe is that large amounts of
HBCDs have been used in Europe in the past two decades. Since the
HBCDs production in China has been increasing from 2001 and
reached 18000 tons in 2011 (POPRC, 2011b; Li et al., 2016), the
concentrations of HBCDs were expected to be increasing in various
environment compartments of China, including sewage sludge.

In addition to soil, river sediment and sewage sludge, water is
also an important environmental medium. But the research on
HBCDs in the water is scarce with only a few studies published
(Harrad et al., 2009a; He et al., 2013; Oh et al., 2014; Zhang et al.,
2018). In the Pearl River in China, the ranges of a-, b- and g-HBCD
in the dissolved phase were 0.0075e0.0276 ng/L,
0.0018e0.0071 ng/L and 0.0041e0.0545 ng/L respectively, while



Fig. 5. Distribution of total HBCDs concentrations in the sewage sludge from Shanghai, China, and their global comparison (Data source: Supplementary Material).
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the ranges of the three diastereoisomers in the particulate phase
were nd~3.9 pg/g, nd~0.87 pg/g and 4.6e11.3 pg/g (He et al., 2013).
In the southern coast of the Bohai Sea of China, the total HBCDs
ranged from 3.28 to 5080 ng/L in the unfiltered water, and a-, b-
and g-HBCD ranged from 1.23 to 1800 ng/L, from 0.85 to 1120 ng/L,
and from 1.10 to 2150 ng/L respectively (Zhang et al., 2018). In the
water, a-HBCD and g-HBCD shared the major proportion to the
total HBCDs (Harrad et al., 2009a; Oh et al., 2014; Zhang et al.,
2018). Compared with other countries, without any direct emis-
sion, the level of HBCDs (sum of particulate and dissolved phases)
in thewater from nine English freshwater lakes ranged from 0.08 to
0.27 ng/L (Harrad et al., 2009a). Receiving textile industry effluents,
the HBCDs level in Kuzuryu River (180e2100 ng/L) in Japanwas two
orders of magnitude higher than another two rivers (2.5e57 ng/L)
receiving only municipal wastewater (Oh et al., 2014). Comparing
these studies, the highest concentration in the southern coast of the
Bohai Sea of Chinawas also the highest one in theworld, which was
not surprising because of the proximity to the production capacity.
2.3. HBCDs in aquatic and terrestrial biota

Due to elevated exposure in the aquatic environment, biota
often exhibits high residues of HBCDs contaminants. Overall con-
centrations and distribution of HBCDs in various types of biota from
eastern coastline and Yangtze River in China were shown in Fig. 6.
Total HBCDs in mollusks ranged from 25.1 to 148.87 ng/g lw, with
mean value of 58.76 ng/g lw around Bohai Sea, China (Zhu et al.,
2012). The HBCDs concentrations in biota of Bohai Sea were com-
parable to those in the Yangtze River with an average concentration
of 70.37 ng/g lw (range from 15.27 to 323.6 ng/g lw) (Xian et al.,
2008). However, the total HBCDs concentrations were lower in
some cities of East China and South China. The ranges of total
HBCDs concentrations in Silver pomfrets of East China Sea and
Bluntsnout bream and Trachinotus blochii of Guangdong were
0.64e10.1 ng/g lw and 0.471e0.665 ng/g lw, respectively, with
mean value of 3.09 ng/g lw and 0.57 ng/g lw, respectively (Xia et al.,
2011; Meng et al., 2012). In general, total HBCD concentrations in
Silver pomfrets showed an increasing trend from the south to north
in East China Sea. Major reasons for the difference in geographical
distribution are probably due to difference in species types (located
in different trophic levels of food chain), sampling time, population
density, and industrial activities. In comparison with other coun-
tries, the HBCDs concentrations were comparable to mollusks in
Japan (Ueno et al., 2010) and UK (Fernandes et al., 2008), while
10e100 times higher than those in Korea (Ramu et al., 2007),
Philippines and Indonesia (Ueno et al., 2006), and 2e3 times lower
than Sweden (Remberger et al., 2004) and Netherlands (Janak et al.,
2005).

In general, the diastereoisomeric pattern of HBCDs showed a
remarkable predominance of a-isomer (from 87.5% to 100% of total
contribution) in biota in the present studies, with a very low
contribution of b-isomer and g-isomer. The dominance of a-HBCD
has been observed in the vast majority of aquatic organisms (Morris
et al., 2004; Janak et al., 2005). This pattern indicates the higher
bioaccumulative potential of a-HBCD compared with g-HBCD,
likely because g-HBCD is metabolized more quickly than a-HBCD,
resulting in an enrichment of the a-isomer (K. Law et al., 2004).
Zegers et al. (2005) also reported that b- and g-HBCD were



Fig. 6. Concentrations and diastereoisomer patterns of HBCDs in biological samples from East China Ocean (marine fish and shellfish) and Yangtze River (freshwater fish).
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metabolized more readily than a-HBCD in harbor seal (Phoca
vitulina) liver microsomes (Zegers et al., 2005). Biotransformation
is therefore likely to be the major factor determining the HBCD
isomer composition in the sampled fish. It is also possible that
physicochemical differences among the isomers contribute to this
pattern. a-HBCD has a relatively higher aqueous solubility than g-
HBCD, which may result in some preferential uptake of a-HBCD in
the aquatic environment via transfer from particles through the
water phase into organisms as suggested by Morris et al. (2004).

To date, only a few studies have investigated the occurrence of
HBCDs in terrestrial biota, and most of them focused on birds and
mammals (He et al., 2010; Sun et al., 2012; Wu et al., 2012; Yu et al.,
2013; Zhu et al., 2017). In the Pearl River Delta, South China, con-
centrations of total HBCDs in muscle of birds from e-waste, urban
and rural sites ranged from 5.1 to 73 ng/g lw, 15e380 ng/g lw, and
2.8e16 ng/g lw in three terrestrial birds, respectively (Sun et al.,
2012). He et al. (2010) also reported that birds from an e-waste
recycling site in South China harbored very high levels of HBCDs,
with concentrations of <3.0e200 ng/g lw. Compared with reports
for birds in Europe, North America and South Africa (Jaspers et al.,
2005; Gauthier et al., 2007; Polder et al., 2008), the HBCDs in China
are at the high end of the worldwide figures, suggesting the
possible contamination of HBCDs in the e-waste recycling site. In-
formation on biomagnication of a- and g-HBCD in terrestrial food
webs was reported from grain to spotted dove (Streptopelia chi-
nensis) (He et al., 2010), while biodilution of a-HBCD was observed
in the rateowl and sparrowekestrel food chain (Yu et al., 2013).
Further systematic studies on the trophic transfer should be con-
ducted due to these inconsistent results.

2.4. HBCDs in human milk and food

Shi et al. (2009) was the first to report the levels of HBCDs in
human milk in China. Unlike the constitution in environmental
samples andmanufactured products, a-HBCDwas the predominant
diastereoisomer in human milk samples, probably due to selective
metabolism or biotransformation process (Zegers et al., 2005; Law
et al., 2006). As shown in Fig. 7, a-HBCD was found in 80% of the



Fig. 7. a-HBCD concentrations (pg/g lw) in Chinese human milk and daily food.
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pooled humanmilk samples with concentrations ranging from <nd
to 2776 pg/g lw in rural region and nd to 1543 pg/g lw in urban
region respectively. Relatively high concentrations were found in
several samples including the rural samples from Heilongjiang and
Hebei and the urban samples from Jiangxi and Heilongjiang (Shi
et al., 2009). In comparison with China, more data for HBCDs in
human milk have been reported in other countries. Kakimoto et al.
(2008) investigated the temporal trend of the stereoisomer-specific
concentrations of HBCDs in human milk samples collected from
Japanese women from 1973 to 2006, and found that a-HBCD was
detected from 430 pg/g lw to 1900 pg/g lw, similar to the Chinese
study (Kakimoto et al., 2008). Schecter et al. (2008) measured levels
of HBCDs in 40 humanmilk samples collected from the U.S. in 2002
and 2004, where only a-HBCD was found (160e1200 pg/g lw)
(Schecter et al., 2008). HBCDs were also detected in Norwegian
human milk at concentrations between 250 and 20 000 pg/g lw
(Thomsen et al., 2005). In contrast, in 10 individual human milk
samples from northern Norway collected in 2000e2001, HBCDs
were only detected in one sample (130 pg/g lw) (Polder et al.,
2008).

Studies on HBCDs in food are rather rare. Levels of HBCDs in food
were measured as shown in Fig. 7. Overall, the HBCDs concentra-
tions ranged from <nd to 2224 pg/g lw. Similar to the pattern of
HBCDs in human milk, a-HBCD was the predominant diastereo-
isomer, and b-HBCD and g-HBCD were found in only a few aquatic
food samples (Shi et al., 2009). a-HBCD was detected in all the
aquatic food samples except the sample from Hebei province. In
general, the highest level was found in Hebei and the lowest con-
centration occurred in Ningxia. Driffield et al. (2008) performed a
similar total diet study (TDS) in UK and the HBCD concentrations
were low (ranged from <LOD to 240 pg/g wet weight) (Driffield
et al., 2008). In Sweden, HBCDs were measured in several
commercially purchased Swedish food samples collected in 1999
and the highest levels were detected in the samples of mixed fish
and wild Baltic salmon (48 000 and 51000 pg/g lw), with the
lowest in fat from lamb, pork, and veal (varied from <1000 to
51000 pg/g lw) (Remberger et al., 2004). More recent reports on
HBCDs are mainly focused on wild animals, especially fish and
other aquatic organisms and marine mammals (Law et al., 2006;
Xian et al., 2008). This may be due to the difference in sample
processing. When the animal samples were analyzed, most ana-
lyses were done on fresh unprocessed samples. But the food sam-
ples in TDS were cooked. Other processes that occur during food
preparation can also reduce the pollutant load of food, such as
decomposition, volatilization, and extraction into the cooking oil
(Zabik et al., 1996). It can be assumed that similar losses of HBCDs
will also occur after cooking.
3. Health risk assessment of hexabromocyclododecanes

3.1. Health risk assessment of food chain pathway

HBCDs are lipophilic, bioaccumulative and potentially toxic to
humans and biota (Darnerud, 2003). Ingestion of contaminated
food, breathing and drinking water are three important routes for
human exposure to HBCDs. Dietary intake, especially through fish
consumption, is one of the main routes for human exposure to
HBCDs. At present, there are no uniform international standards or
thresholds to determine whether HBCDs will pose a risk to human
health. Most researches used estimated daily intake (EDI) to
calculate the human exposure dose to HBCDs using the following
equation:

EDI (pg/kg body wt/d)¼ CiQi/BW (1)

Where Ci is the average concentration of HBCDs in daily diet sam-
ples (pg/g wet wt), Qi is the amount of food (g/d) based on a survey
conducted in the study areas or relevant statistics (Guo et al., 2010),



Fig. 8. Estimated daily intake (pg/kg body wt/d) of hexabromocyclododecane via fish consumption (a), other food (b) and dust (c) in China. R&C: Residential area and commercial
area; R&I: Residential area and industrial area; A&I: Agricultural area and industrial area; R&A: Residential area and agricultural area.
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and BW is the average body weight for a given specific age group
(kg).

According to equation (1), Meng et al. (2012) carried out a study
on human daily intake of HBCDs at different age groups via fish
consumption in South China (Fig. 8a). As shown in Fig. 8a, the mean
EDI of

P
HBCDs via fish consumption ranged from 12.5 to 16.0 pg/

kg body weight/d for residents of South China and the intake of
P

HBCDs of 6e18 years was lower than that of the other age groups.
There was no significant difference between male and female
groups. At the same time, a-HBCD was predominant in male and
female groups. In addition, Shi et al. (2009) also collected TDS
samples from the fourth Chinese total diet studies (TDS) from 12
provinces of China (Fig. 8b). From Fig. 8b, a large difference in EDI
pattern among provinces was found. For the EDISHBCD, with the
highest contamination level and relatively high consumption, the
contribution from the aquatic food group (42%) was the greatest in
Shanghai City. If the value of aquatic food in Shanghai City was
excluded from the discussion, the contribution from meat is
greatest (44%), followed by aquatic food (24%), eggs (17%), and milk
(15%). In a word, meat and meat products account for a major
fraction of daily intake because of high consumption in China
except for Shanghai and Fujian. This was in contrast to similar
studies performed in Europe. A study performed on Swedish food
samples suggested that fish was a major source of dietary HBCDs
intake due to the high proportion of fish in the Swedish diet and
high HBCDs levels in fish (Lind et al., 2002; Remberger et al., 2004).
In a similar TDS in U.K., green vegetable and animal origin food
were found to be the major source of dietary HBCDs intake
(Driffield et al., 2008). In contrast, our results were considerably
lower than those from Sweden (2500 pg/kg body wt/d) (Lind et al.,
2002), Japan (1300e3700 pg/kg body wt/d) (Nakagawa et al., 2010),
the United Kingdom (5900e7900 pg/kg body wt/d) (Driffield et al.,
2008) except for Shanghai, and were similar to the results obtained
in The Netherlands (120 pg/kg body wt/d) (van Leeuwen and de
Boer, 2008). This is due to differences in food habits, culture, and
economic development level between regions in China.
3.2. Health risk assessment of HBCDs via soil and road dust

In addition to diet, soil and road dusts are also important routes
for human exposure to HBCDs. Due to the large retention capacity
for hydrophobic compounds, soil is considered as a sink for POPs.
Humans could be exposed to POPs via food chain transfer from
soileplanteanimal to humans, and some researches focusing on
human exposure to POPs indicated that road dust is not a negligible
factor either (Kang et al., 2015; Soltani et al., 2015). Therefore, Wu
et al. (2016) estimated the exposure characteristics of humans to
HBCDs via soil and road dust for all age groups (infants, toddlers,
children, teenagers and adults) in the mixed-land-use areas
(Shanghai, China) by the following formulas based on those
developed by the United States Environmental Protection Agency
(USEPA) (USEPA, 1989, 2011, 2012, 2014):

EDIingestion¼(C� CF1� IRingestion� EF� ED)/(BW�AT) (2)
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EDIdermal¼(C� CF1� EF� ED�ABS� SA� AF)/(BW�AT) (3)

EDIinhalation¼(C� IRinhalation� ED)/(PEF� BW�AT) (4)

Where D is the average daily dose from ingestion, dermal and
inhalation of the contaminated soil or road dust (ng kg�1 d�1); C is
the concentration of HBCDs in soil or road dust (ng g�1); CF1 is the
conversion factor of 0.001 gmg�1; CF2 is the conversion factor of
1000 g kg�1; IRingestion is the ingestion rate of soil or road dust (mg
d�1); IRinhalation is the inhalation rate (m3 d�1); EF is the exposure
frequency (d yr�1); ED is the exposure duration (yr); BW is the
average body weight (kg); AT is the average time (d); ABS is the
absorption fraction (unitless); SA is the surface area of that contacts
the soil or road dust (cm2); AF is the adherence factor for soil or
road dust (mg (cm2)�1 d�1); PEF is the particle emission factor (m3

kg�1).
As shown in Fig. 8c, the EDI of SHBCDs through soil and road

dust intakes decreased with age, except for adults. The exposure
doses of SHBCDs for infants were higher than those for other age
groups (Wu et al., 2016). The result was consistent with previous
studies, which suggested that the highest intake of HBCDs could be
found during infancy (Fromme et al., 2016). The EDI of SHBCDs
through soil and road dust intake ranged from 1.01� 10�2 ng kg�1

d�1 for teenagers in A&I to 0.229 ng kg�1 d�1 for infants in R&I. As
the human exposure to HBCDs in soil and road dust was mainly by
ingestion and dermal contact, and the most influential parameter
for the exposure model was concentration, body weight, IRingestion

and SA, good health habits such as washing hands before eating
food and wearing gloves for outdoor activities so on, may
contribute to reducing human exposure to HBCDs in soil and road
dust.

3.3. Occupational and residential exposure assessment of HBCDs

Existing risk assessments indicate that HBCDs risk exists pri-
marily in occupational settings, occurring during the production of
HBCDs and flame retarded EPS and XPS(Managaki et al., 2009;
USEPA, 2013). One hour of occupational HBCDs exposure is equiv-
alent to that experienced by the general population over a period of
1e3 months (Kuo et al., 2014). In addition, higher HBCDs concen-
trations are observed in the areas surrounding HBCDs production
and processing plants, which may result in local environmental
risks (Remberger et al., 2004). Yi et al. (2016) used specific occu-
pational exposure assessment modeling tools to explore occupa-
tional exposure to HBCDs (Zhang et al., 2012), along with
environmental monitoring data from areas surrounding factories in
China. Occupational HBCDs exposure and characterizing occupa-
tional risk was calculated by the following formulas (Zhang et al.,
2012; Yi et al., 2016):

IELI(mg kg�1 d�1)¼(C� V� t)/BW (5)

IELD(mg kg�1 d�1)¼(Cdermal�A� IED)/BW (6)

MOS¼ POD / (IELI þ IELD) (7)

Where IELI is internal exposure level due to inhalation (mg kg�1

d�1); IELD is internal exposure level due to dermal absorption (mg
kg�1 d�1); C is concentration of HBCD in the particle phase of air
sample collected in the workshop (mg m�3), based on the
assumption that 100% of particles collected could be absorbed via
inhalation due to their small size (�PM10); Cdermal is dermal con-
centration of HBCDs estimated using the EASE model (mg cm�2); V
is individual breathing rate (m3 h�1); t is exposure time in the
workplace (h d�1); BW is average body weight of workers (kg); A is
dermal area potentially in daily contact with HBCDs (cm2 d�1); IED
is the weighted internal exposure proportion via dermal exposure;
MOS is the margin of safety, a non-threshold-based parameter
(describing the relationship between a selected reference or
exposure dose and the degree of absorption or internal exposure to
the toxicant) (SCA, 2008; Aylward and Hays, 2011); POD is point of
departure for a given toxicity parameter, which can be represented
by a number of effect measures, including the median lethal dose
(LD50), the no observed adverse effect level (NOAEL), the lowest
observed adverse effect level (LOAEL), the benchmark dose level
(BMDL), or other toxicity parameters.

With the occupational exposure assessment modeling tools, Yi
et al. (2016) summarized that occupational internal exposure
levels for HBCDs in China were estimated to range from 0.61 to
840 mg kg�1 d�1, which suggest that approximately 453e840
workers, or 72% of all workers in the studied plants, have occupa-
tional exposure risks. As such, the occupational risks of HBCDs
should not be ignored.

4. Conclusion and future perspectives

HBCDs have been found in different environmental media such
as air, soil, water, sediment, sewage sludge, dust, and biota in China.
The total HBCDs concentrations of indoor air in autumn were
higher than that of outdoor air compared with other three seasons.
High HBCDs concentrations (122.57 ng/g dw) were found in the
surface soils of Weifang, Shandong with known point sources. At
the same time, relevant studies showed that higher HBCDs con-
centrations occurred in the waste dumping sites and industrial
areas. On a national scale, total HBCDs concentrations of river
sediment in Tianjin, Yangtze River and Guangdong were higher
than that of other regions in China. At present, the pollution of
HBCDs in sewage sludge from China is unknown, and only 27
sludge samples were collected from Shanghai with a mean con-
centration of 4.72 ng/g dw. The HBCDs concentrations in biota of
Bohai Sea and Yangtze River were higher than those of other re-
gions in East China Sea and South China Sea. For human milk and
food, the highest HBCDs level was found in Hebei and the lowest
concentration occurred in Ningxia. In terms of diastereoisomer, a-
HBCD and g-HBCD were predominant in air, soil, sediment, and
sewage sludge. However, only a-HBCD was the predominant dia-
stereoisomer in biota. In many areas of China, food was the major
route for human exposure to HBCDs, especially meat. At the same
time, therewas no significant difference in different gender and age
groups. In addition, soil and road dusts were also important
exposure pathways. The exposure doses of SHBCDs for infants were
higher than those for other age groups, and residential area and
industrial area were high risk areas.

Despite the availability of considerable amount of information
on HBCDs, there is still a paucity of data to make an overall
assessment of human exposure to HBCDs in China. For example,
data about human blood and landfill site is scarce. It is difficult to
evaluate the total HBCDs exposure in China. Moreover, even for
those areas where the monitoring data exist, there is a significant
inconsistency in time, types of samples surveyed, and analytical
methods.

Future studies should be designed to focus on the human
exposure to HBCDs, not only via diet and dust, but also drinking
water, dermal and breathing air-a comprehensive exposure
assessment. Besides, the bioavailability of HBCDs in food is gener-
ally assumed to be 100% for all congeners, representing a worst-
case exposure scenario. This may result in overestimation of hu-
man exposure to HBCDs in diet. Further studies are needed to
investigate HBCDs in Chinese diets as well as the bioavailability and
metabolism of HBCDs in humans. Thewide range of factors that can



X. Cao et al. / Environmental Pollution 236 (2018) 283e295 293
affect HBCDs diastereoisomer profiles means that the mechanisms
responsible for the variable diastereoisomer profiles in present
studies remain unexplained, and further enantiomeric analysis is
required.

Industrial and domestic sources are the two important routes
that discharge HBCDs into the environment. It is meaningful to
explore the relationship of HBCDs emission and urbanization in the
future, and more research is needed on the industry itself that
produces HBCDs, which will provide basis for regional and indus-
trial management of HBCDs emission.
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