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is mainly produced in the coastal area of China. This study collected soil samples from a
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HBCD production plant and its surrounding area in Weifang, Shandong Province, China, and
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analyzed the temporal–spatial distribution of HBCD and its diastereoisomers in soil. The
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analysis results showed that the concentration of HBCD in soil near the plant was much
higher than normal values, with an annual average concentration reaching 5405 ng/g. Soils 1,
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2 and 4 km away from the plant were also analyzed, showing that the concentration of HBCD

Hexabromocyclododecane (HBCD)

in soil decreased accordingly with the distance from the pollution sources. In order to

Temporal–spatial distribution

investigate the effect of the season on HBCD content, the soil samples were collected in all

Diastereoisomers

four seasons of the year 2017–2018. According to variations in the wind direction, the

Seasonal variation

concentration of HBCD in soil was also changed. The distribution trend showed that the

Soil

concentration of HBCD in soil in the downwind direction of the prevailing wind was higher
than that in the upwind direction. In addition, this work analyzed the distribution of HBCD in
vertical soil sections. It was found that the concentration of HBCD decreased with depth in
the soil vertical profile. Finally, the various diastereoisomer patterns in the soil compartments
were examined, finding that α-HBCD and γ-HBCD were the predominant diastereoisomers in
the soil of the study area.
© 2019 The Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences.
Published by Elsevier B.V.

Introduction
Hexabromocyclododecane (HBCD) is a cycloaliphatic flameretardant additive with high bromine content. It is mainly
used as an additive in expanded polystyrene (EPS) and extruded
polystyrene (XPS) foam in buildings, vehicles and textiles for
thermal insulation. Moreover, lower amounts of HBCD are also
used in electrical and electronic equipment (Oh et al., 2014;

Zhang et al., 2018). HBCD is produced by bromination of
cyclododecatriene (COT). HBCD has 6 stereogenic centers and
is composed of 16 possible stereoisomers (6 enantiomeric pairs
and 4 meso forms) (Wang et al., 2013). The three most common
forms of HBCD found in technical blends, environmental and
biotic samples are the α-, β-, γ-diastereomers (approximately
10%–13% α-HBCD, 1%–12% β-HBCD, 75%–89% γ-HBCD) (Tang et
al., 2015). The three main diastereomers have different values of
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polarity, dipole moment and water solubility, which may cause
different stabilities and biological uptake rates in the environment (Oh et al., 2014).
Because of the worldwide ban on polybrominated biphenyl
ethers (PBDEs), the production and use of HBCD has risen
dramatically as a major substitute (Chen et al., 2011). The
global market demand for HBCD increased from 16,500 tons in
2001 to 31,000 tons in 2011 (POPRC, 2011). It has been reported
that, in Japan, 80% of HBCD is used for polystyrene foam and
the remainder is used in textiles (Oh et al., 2014). Due to the
extensive use of HBCD, the severity of its environmental
problems is gradually being exposed. There have been
widespread concerns about the potentially toxic effects of
HBCD toward humans and the ecosystem (Anim et al., 2017).
Research on the toxicology of HBCD has shown that the
presence of HBCD in living organisms could damage the
operation of the thyroid system, cause oxidative destruction
of lipids, proteins and DNA, and affect neurodevelopment and
endocrine systems (Darnerud, 2003; Miller-Rhodes et al., 2014;
Roze et al., 2009; Shaw et al., 2010). HBCD was also identified
as a persistent, bioaccumulative and toxic pollutant amenable
to long-range atmospheric transport (Garcia-Valcarcel and
Tadeo, 2009). Because of these reasons, HBCD has recently
determined to merit listing for global elimination after the
sixth meeting of the Conference of the Parties to the
Stockholm Convention on the Persistent Organic Pollutants
(POPs) (UNEP, 2013).
According to the report of the Persistent Organic Pollutants
Review Committee of Stockholm Convention, China is the
main HBCD producing country and the plants are mainly
concentrated in Laizhou Bay in Bohai, Lianyungang in Jiangsu,
Suzhou and other coastal areas (POPRC, 2012; Tang et al.,
2015). In 2011, the production of HBCD in China was 18,000
tons, more than half of the global HBCD production (POPRC,
2012). Weifang, a coastal city in northern China, is the largest
brominated flame retardant production base. There are many
plants producing chemical products like HBCD (Yi et al., 2016).
As HBCD was listed as a persistent organic pollutant by the
Stockholm convention, the Chinese government banned the
production, use, import and export of HBCD at the end of 2016
(Zhang et al., 2018). It was widely known that the concentration range of HBCD used as an additive to polystyrene foam
was from 0.8% to 4% of total polymer product in the past
(Mullin et al., 2015; Poma et al., 2014). However, it could easily
be released into the environment during the production, use,
transportation and disposal of products, as it is not covalently
bound with the materials (Zhang et al., 2009). HBCD has been
detected in a wide variety of matrices, such as the atmosphere, water, soil and even biological matrixes in many
previous studies (Eljarrat et al., 2009; Harrad et al., 2009; Hoh
and Hites, 2005; Jo et al., 2017; Managaki et al., 2012). Because
of its hydrophobic character, HBCD often accumulates in
adipose tissue of biota and it also strongly binds to solid
particles such as soil, sediment and sewage sludge. Zhao et al.
(2017)) observed that the concentration of HBCD varied in the
range of 0.4–58.52 ng/g in sediments from the Haihe River in
China, showing a decreasing trend along the flow direction.
Wang et al. (2016) analyzed the concentration of HBCD in
the sediments of Jiaozhou Bay wetland in China, where the
three isomers of HBCD (α-, β-, γ-HBCD) were in the range of

1.03–5.69, 1.13–5.46, 1.18–15.04 ng/g respectively. The levels of
HBCD found in sludge samples of Madrid were 5.8–24.9 ng/g
(Garcia-Valcarcel and Tadeo, 2009). With the changes occurring in the natural environment, such as atmospheric
deposition and precipitation, a large amount of HBCD will
eventually enter the soil environment from surface water
runoff (Gomez-Nubla et al., 2017; Petrova et al., 2017; Su et al.,
2015). Soil is the final destination and important sink for most
organic contaminants, including HBCD; therefore, it is very
important to analyze the concentration and distribution of
HBCD in soil (Zhang et al., 2017).
In recent years, the monitoring of the distribution of
HBCD in various environmental matrices has been extensive;
however, to the best of our knowledge, most studies have
concentrated on water and sediments, and most involved
monitoring at a single point in time. There has been less
monitoring of the concentration and distribution of HBCD in
soil of a particular area, and especially a lack of data on longterm monitoring. In this work, soil samples were collected
from 23 sampling sites around an HBCD production plant and
its surrounding area in Weifang. The objective of this study
was not only to observe the occurrence, temporal–spatial
distribution and diastereoisomer pattern of HBCD in the soil
of this area, but also to analyze the transformation of the
target analyte with seasonal variation. Furthermore, longterm monitoring data of HBCD in soil was obtained. Finally, in
order to determine the longitudinal migration rule of HBCD
in soil, the vertical distribution of HBCD in soil was also
analyzed.

1. Materials and methods
1.1. Sample collection
Fig. 1 shows the sampling locations used in this study. The
soil samples were collected around an HBCD manufacturing
plant in Weifang, Shandong Province, China from August
2017 to May 2018. The samples were collected four times, in
spring, summer, autumn and winter, respectively (August
2017, November 2017, February 2018 and May 2018). The
plant, about 10 km from the coastline, is located on the east
side of the Mihe River and the southwest side of the Bohai
Sea. Twenty-three soil samples were collected around this
plant (including three sampling points inside the plant) in
eight directions at the distances of 1, 2 and 4 km. Each
sample consisted of five sub-samples within a 5 m × 5 m
area and was collected by spade at a depth of 10 cm. The
weight of each sub-sample was about 20 g. After horizontal
sampling, a sampling point with a relatively higher HBCD
concentration was selected as a vertical sampling point with
a 1 m × 1 m sampling area. The vertical sampling was
divided into five layers 10, 30, 50, 70 and 90 cm. The soil
samples were collected from the bottom to the top of the
central part of each layer. After collection, the soil samples
were wrapped in aluminum foil, sealed in polyethylene bags,
and immediately brought to the laboratory and stored at 4°C.
In the laboratory, the samples were freeze-dried, homogenized with a mill, sieved to 0.096 mm and stored at − 4°C
prior to use.
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Fig. 1 – Research area and sampling sites of this study.

1.2. Reagents and standards
Solvents used in extraction and analysis procedures were
purchased from Ocean Chemical Factory of Qingdao (China).
All solvents were Chromatographic grade. Standard materials
of HBCD and 13C-labeled α-, β-, γ-HBCD were obtained from
the China Standard Certification Center (CSC) and stored at
4°C, in PTFE bottles. The purities of all standards were 97.5%.
Silica gel was purchased from Fisher Scientific and used for
cleanup in the experiment. The supercritical grade carbon
dioxide (99.99%) was supplied by Jinan Gas Factory of
Shandong Province in China. Ultrapure water (18 MΩ) used
throughout the experiment was obtained by using a Milli-Q
water purification system (Millipore, USA). All glassware was
cleaned by 10% (V/V) nitric acid (Merck KGaA, Germany)
followed by multiple rinses with ultrapure water.

1.3. Extraction and cleanup
The treated soil samples were extracted using previously
established analytical methods (Wang et al., 2018). Soil samples
(1 g) were extracted using supercritical fluid extraction instruments (Spe-ed SFE-2, Universal Analytical & Testing Instruments Ltd., USA). The solvent was supercritical CO2 with 20%
(V/V) modified ethanol and 2% Triton X-114. The optimum
extraction conditions were 50°C, 25 MPa, 6 min static and
18 min dynamic extraction. The flow rate of CO2 was 1.0 mL/
min. The extract was dissolved in dichloromethane. Then
50 ng 13C-labeled-HBCD was added to the dichloromethane as

an internal standard and the solution was concentrated to
5 mL. The concentrated extracted was then loaded onto a
multi-layer silica gel column (1-cm internal diameter) for
purification and cleanup following a previously described
method with some modification (Tang et al., 2015). The column
was filled from bottom to top with 2 cm of anhydrous sodium
sulfate, 2 cm of neutral silica gel, 6 cm of basic silica gel, 12 cm
of acid silica gel and 2 cm of anhydrous sodium sulfate in
sequence. The column was eluted with 120 mL dichloromethane/n-hexane (1:1, V/V). Finally, the eluate was concentrated to
near dryness under a gentle N2 stream, and then diluted with
acetone to 1.0 mL for analysis. Experiments using accelerated
solvent extraction (ASE) to extract HBCD from soil were also
studied. The optimized conditions were as follows: Samples
were extracted twice with a dichloromethane and hexane
mixture (3:1, V/V) at a temperature of 100 °C and pressure of
1400 psi. Under these conditions, the recovery of HBCD reached
88.6%, which was lower than that for supercritical fluid
extraction (98.9%). In addition, supercritical fluid extraction
was efficient, environmentally friendly and had high selectivity
in comparison with ASE. So, we chose supercritical fluid
extraction to extract the HBCD from soil.

1.4. Instrumental analysis
The analysis of HBCD was performed using a liquid chromatography system equipped with a triple quadrupole mass
spectrometer (TSQ Quantiva, Thermo Co., USA). A sample of
extract (2 μL) was injected into a Hypersil GOLD C18 column
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(100 × 2.1 mm i.d., 1.9 μm particle size, Thermo Co., USA), and
the column temperature was set to 30°C during sample
analysis. The gradient mobile phase consisted of 10 mmol/L
ammonium acetate in water (A) and acetonitrile (B). The flow
rate was set at 0.35 mL/min. The gradient program started at
an initial composition of 20:80 A/B (V/V), then changed to
10:90 A/B (V/V) over 1 min, where it was held for 6 min before
reverting to the initial conditions. The LC–MS analysis was
performed using negative electrospray ionization (ESI) with
multiple reaction monitoring (MRM). The quantities of the
three diastereoisomers of HBCD were determined using a
scheduled multiple reaction monitoring mode based on m/z
640.7 → 78.8/640.7 → 80.8, m/z 652.7 → 78.8/652.7 → 80.8 for
HBCD and 13C-HBCD respectively. The parameters of MS for
detection of HBCD were as follows. Source temperature was
set at 317°C. Interface temperature was set at 333°C. Capillary
voltage was 2.5 kV. Collision energy was 15 V. The flow rates
of sheath gas and auxiliary gas were 40 and 12 L/min.

1.5. Quality assurance and quality control
Quantification was carried out by the isotopic dilution
technique. 13C-labled HBCD (α, β, γ) was used as a surrogate
standard for HBCD quantification. For all the soil samples, the
internal standards were spiked into each soil sample before
extraction. One procedural blank was analyzed concurrently
with every batch of six samples to monitor interferences and
contamination, and the background level of the blank was
below the detection limits. Spiking-recovery tests were
conducted using a pre-treatment soil sample spiked with
50 ng of each native HBCD before extraction. The recoveries of
individual HBCD isomers were 94.51% ± 0.10% for α-HBCD,
99.64% ± 0.04% for β-HBCD and 92.23% ± 0.08% for γ-HBCD.
The limits of detection (LOD) and the limits of quantification
(LOQ) of the method were calculated as the minimum amount
of HBCD that produced peaks with a signal-to-noise ratio of 3
and 10 respectively. In order to confirm the linearity of MS
response, HBCD standard mixtures at 5 concentration levels
were used to obtain a calibration curve.

2. Result and discussion
2.1. Concentration and distribution of HBCD in soil
2.1.1. Concentration of HBCD in soil
In this research, the concentration of HBCD in soil was
detected in four seasons. The experimental results showed
that the concentration ranges of HBCD in winter, spring,
summer and autumn were 25.14–5931, 21.36–6327, 28.77–6266
and 22.37–6412 ng/g respectively. All concentrations are
presented per dry weight of soil. The concentration at each
sampling point can be seen in Fig. 2. According to the
experimental results, the annual average concentration of
HBCD reached 5405 ng/g in the plant soil, and in general the
concentrations of HBCD in summer and autumn were higher
than in winter and spring. A previous study showed that the
emission rates of HBCDs from additive products increased
with increasing test temperature (Kajiwara and Takigami,
2013; Wu et al., 2014). The result indicated that HBCD

emission from industrial building materials, electrical and
electronic equipment and appliances could be expected to
accelerate with increasing temperature. The plentiful rainfall
in the summer and autumn could also cause HBCD in the
atmosphere to enter the soil environment by atmospheric
deposition (Elena et al., 2004).
In fact, the concentrations of HBCD in soil in this work
were relatively higher compared with other previous studies.
For instance, a study at an expanded polystyrene material
manufacturing plant in Tianjin revealed that the concentration range of HBCD was 2.91–1730 ng/g in soil (Zhu et al.,
2017). At the largest BFR-manufacturing plant in Shouguang,
the concentration of HBCD in soil was 0.30–280 ng/g (Zhu
et al., 2014). At an e-waste recycling area and industrial areas
in southern China, the concentration of HBCD in soil was
0.03–284 ng/g (Gao et al., 2011). In a densely populated area,
the concentration of HBCD in soil was 0.02–102.6 ng/g (Tang et
al., 2014). However, the concentration of HBCD in this study
area was similar to that near the manufacturing facilities of
Laizhou Bay in China (0.88–6901 ng/g) (Li et al., 2012).
Moreover, it was relatively low compared with the analysis
of HBCD in soil (4.20–11,700 ng/g) at an HBCD production plant
in northern China (Zhang et al., 2018). There have also been
many foreign reports; for example, the HBCD levels from soils
near an XPS manufacturing plant in Sweden ranged from 140
to 1300 ng/g (Roosens et al., 2010). It can be seen that the
concentration of HBCD in soil is typically at a higher level
when approaching industrial and densely populated areas.
The reason why HBCD was at a relatively high level in the soil
of this site was because this chemical plant had produced
HBCD for many years. The HBCD may be absorbed onto
material during the manufacture of flame-retardant-treated
consumer products and transferred to soil through the
process of production, transportation and disposition. It is
known that Weifang was the largest brominated flameretardant production base, and it was also an important
pollution source of HBCD. Moreover, with dry and wet
deposition from the atmosphere, HBCD in the air also could
deposit in soil. Therefore, the soil concentrations of HBCD in
this study area were relatively higher than in other areas.

2.1.2. The distribution of HBCD in soil
In order to analyze the trend of HBCD in soil with distance
from the plant, 23 soil samples (including three sampling
points in the plant) were collected at distances of 1, 2 and
4 km in eight directions (Fig. 1). Among the 23 sampling sites,
20 were covered with weeds. In addition, there was a large sea
salt drying area around the industrial district. Due to the fact
that the research area was in a heavily industrial district,
there was little farmland.
The distribution of HBCD in soil is shown in Fig. 3. In the
four seasons, as the distance increased, the concentration of
HBCD showed a decreasing trend in soil. From the center to
the distance of 2 km, the concentration of HBCD decreased
significantly; it decreased from 4452 to 109.3 ng/g in winter,
from 5278 to 144.1 ng/g in spring, from 6097 to 153.4 ng/g in
summer, and from 5793 to 135.7 ng/g in autumn (average
values). From the distance of 2 to 4 km, the concentration
decrease slowed down, and at 4 km the detected HBCD
concentrations were all around 20 ng/g in the four seasons.

J O U RN A L OF E N V I RO N M EN TA L S CI EN CE S 82 (2 0 1 9 ) 2 0 3–2 1 2

207

Fig. 2 – The concentration distributions of HBCD in each sampling site.

Through investigation of the sampling sites, it was found that
HBCD was not used in any agricultural chemicals in farmland
irrigation. From the chemical plant, the nearest residential
area was 5 km away. Therefore, atmospheric deposition and
production leakage could be considered to be the major
sources of HBCD in soil. Marvin et al. (2011) determined that
the half-life of HBCD was 5.2 days in the atmosphere by an
airtight laboratory experiment, and that it was higher than
that of the standards of POPs (2 days). Thus, HBCD had
enough time to deposit in soil or long-range atmospheric
transport. Moreover, HBCD has a high soil-water partition
coefficient (logkoc = 4.66 for HBCD by applying the QSAR
equation), high logkow (5.6), and low water solubility (65.6 μg/
L), so it can easily combine with soil and become abundant in
the soil environment (Covaci et al., 2006; Zhu et al., 2017).
From Henry's law, HBCD could easily volatilize and migrate
from moist soil, but its strong adsorption to the soil inhibited
this process (Oh et al., 2014).
According to the analysis, negative correlations were
found between the HBCD concentration and sampling distance from the point sources. Many reports have reached

similar experimental conclusions. For example, it was noted
that the HBCD concentration in soil ranged from 96.1 to
560 ng/g at HBCD-related production and processing plants
and their surrounding areas in Weifang, while the concentrations were < 10 ng/g at a distance ≥5 km (Yi et al., 2016). In
another study, the HBCD concentration in the investigated
area decreased greatly with distance from the chemical plant,
and the soil concentration became stable at a distance of 6 km
from the plant (Zhu et al., 2017). At an e-waste recycling site, a
significant decreasing trend of HBCD in soil was observed,
from 5.82 ng/g in the plant to 0.01 ng/g at a distance of 30 km
(Gao et al., 2011). At a HBCD-manufacturing plant in the
Laizhou Bay area, East China, HBCD in soil fell from 2295 ng/g
in the plant to 13 ng/g at a distance > 4 km (Li et al., 2012).
Moreover, soil samples collected near an XPS-producing
facility in Sweden and HBCD processing plants in European
countries had similar spatial distributions of HBCD around
potential point sources (Petersen et al., 2004; Reistad et al.,
2006). HBCD has a low vapor pressure (6.27 × 10−5 Pa at 21°C)
which is lower than the those of the standards of POPs
(1000 Pa), and it could also be detected in remote areas (Oh et
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Fig. 3 – Decreasing trend with distance of HBCD deposition into the soil. The dots stand for average concentration of
measurements in different directions at the same distance.

al., 2014). For example, Vorkamp et al. (2011) detected HBCD in
ringed seals from East Greenland. HBCD has been detected in
the adipose tissue of polar bears (Zhao et al., 2017). All these
findings showed the long-range temporal–spatial transport
characteristics of HBCD.
In the current study area, it is known that the prevailing
wind in the summer and autumn is south wind, and the
northwest wind prevails in winter and spring in Weifang City
(Zhang et al., 2018). As the samples were collected from in the
surface layer of the soil at a depth of 10 cm, the annual
prevailing wind direction would have some influence on the
distribution of HBCD in soil. From the analysis results, in
the winter and spring, the soil concentrations of HBCD at the
southeast direction sampling sites (S4, S11, S10, S12, S18, S19)
were higher than those at the northwest direction sampling
sites (S6, S7, S8, S14, S15, S16) at the same distance from the
point sources (Appendix A Figs. S1 and S4). In summer and
autumn, the soil concentrations of HBCD at the north
direction sampling sites (S7, S8, S9, S15, S16, S17) were higher
than at the south direction sampling sites (S4, S5, S11, S12,
S13, S19) at the same distance from the point sources
(Appendix A Figs. S2 and S3). The distribution trend showed

that the soil concentration of HBCD at the downwind
direction of the prevailing wind direction was higher than
that at the upwind direction. Previous analysis has shown
that HBCD is stable in the soil environment, and atmospheric
transmission is its main form of migration. Therefore, due to
the seasonal variations, the distribution of HBCD in soil would
change with changes in the prevailing wind. To the best of our
knowledge, seasonal monitoring data of HBCD in soil has been
rare. In particular, data on the impact of climate change on
the concentration distribution of HBCD is lacking; therefore,
the establishment of a regional long-term pollutant monitoring system is very necessary.

2.2. The vertical profiles of HBCD in soil
The sampling sites of S8, S16, and S22 were selected according
to Appendix A Fig. S1-S4, which also show that the concentration ranges of HBCD at selected sampling sites were
21.36–1077 ng/g in spring, 41.52–1658 ng/g in summer,
26.37–1391 ng/g in autumn and 25.14–676.4 ng/g in winter
respectively. Based on the analysis of the horizontal distribution of HBCD in soil, the HBCD concentration was higher in
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summer. Therefore, during the summer sampling, sampling
sites with a relatively higher level of HBCD were selected to
analyze the vertical distribution of HBCD. The distribution of
HBCD at different depths in each site is shown in Fig. 4. As the
sampling depth increased, the HBCD concentration dropped
rapidly. At sampling site S8, the HBCD concentration increased from the depth segment 40–50 cm to the top layer. At
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sampling site S16, the HBCD concentration consistently
increased from segment 40–50 cm to the top layer. At
sampling site S22, the HBCD concentration increased from
segment 60–70 cm to the top layer. Below the segment 80 cm
from the surface, the HBCD concentration in soil remained
almost constant with increasing depth. The vertical distribution of HBCD in soil generally followed the rule that the
concentration of HBCD decreased with the distance from the
surface, and finally remained stable. It could be seen that
the HBCD was mainly concentrated from segment 60 cm to
the top layer in soil at the selected sampling sites (S8, S16, and
S22). With increasing depth, a dramatic fall of HBCD concentration was observed. Therefore, the soil pollution by HBCD
was mainly concentrated in shallow soil, which may be
caused by atmospheric deposition and surface water runoff.
However, at 2 km away from the plant and 70 cm depth,
HBCD could still be detected, which indicated that HBCD
underwent long-distance transmission and would flow into
deep soil with groundwater or by means of other activities.
Moreover, HBCD could easily combine with soil and was
abundant in the soil environment. This plant has produced
HBCD for many years, and it is located in the major industrial
district in Weifang, so this plant area should be the main
source of pollution here. Minh et al. (2007) analyzed the
vertical distribution of HBCD in the sediments of Tokyo bay
and reached similar conclusions. For the vertical distribution
of HBCD in soil, there have been very few previous reports.

2.3. Profiles of HBCD diastereoisomers

Fig. 4 – Vertical profiles of concentration of HBCD in soil.

In this research, the distribution trends of the diastereoisomers of HBCD were basically the same as that for ΣHBCD (Fig.
3). The content of each HBCD diastereoisomer is shown in Fig.
5. In winter, the average proportion of each HBCD diastereoisomer was 34.63% for α-HBCD (range 16.47%–47.44%), 8.89%
for β-HBCD (range 6.80%–12.57%), and 56.49% for γ-HBCD
(range 44.57%–74.56%). In spring, the average proportion was
25.62% for α-HBCD (range 15.62%–35.57%), 9.01% for β-HBCD
(range 5.15%–12.56%) and 65.47% for γ-HBCD (range 53.80%–
76.44%). In summer, the average proportion was 25.25% for αHBCD (range 19.83%–32.39%), 11.84% for β-HBCD (range 6.61%–
17.21%) and 62.91% for γ-HBCD (range 60.83%–65.77%). In
autumn, the average proportion was 30.59% for α-HBCD
(range 19.67%–45.46%), 9.88% for β-HBCD (range 6.54%–
12.45%) and 59.54% for γ-HBCD (range 48.00%–71.49%). It can
be seen that among the three diastereoisomers, γ-HBCD was
predominant in all soil samples followed by α-HBCD and βHBCD, which is consistent with the previous studies. According to the research of Jo et al. (2017), the predominant
diastereomer in soil was γ-HBCD (62.7%–86.5%) followed by
α-HBCD (9.1%–29.9%) and β-HBCD (4.0%–12.0%). Sediment
samples from the downstream of the Hunhe River also
showed variable diastereoisomeric profiles (11%–16% αHBCD, 7%–18% β-HBCD, 20%–82% γ-HBCD) (Su et al., 2015).
The dominance of γ-HBCD in soil might be linked to the
composition of the technical mixture typically utilized, and
the fact that γ-HBCD is the most hydrophobic substance of the
three HBCD diastereomers.
The HBCD pollution in soil of our study area was mainly
caused by the production emissions of plants, but there were
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generally higher proportions of α-HBCD in soil compared to
those reported in commercial HBCD products, where γ-HBCD
predominated (75%–89%) and α-HBCD was ≤ 13% of total HBCD
(Wu et al., 2014). To the best of our knowledge, a high
proportion of α-HBCD in soil or sediment samples has also
reported in previous studies. For example, a study in surface
sediments from river drainage basins of China showed high
proportions of α-HBCD, which accounted for 40.1% in at least
one third of samples (Tang et al., 2015). The level of α-HBCD in
paddy soils was higher than that of β- and γ-HBCD (Li et al.,
2016). A potential factor influencing the ratio of HBCD
diastereoisomers in environmental matrices is thermal isomerization occurring during processing of HBCD-containing
products. It is well known that thermal rearrangement
from γ-HBCD to α-HBCD takes place above 160°C during
industrial application of technical mixtures (Ichihara et al.,
2014). γ-HBCD might be prone to convert into α-HBCD because

of photolysis. Furthermore, quicker degradation of γ-HBCD
under anaerobic conditions compared to α-HBCD could play
another key role. In addition, α-HBCD, with high water
solubility, could be more easily introduced into soil than βand γ-HBCD through surface water runoff (Heeb et al., 2010;
Kajiwara et al., 2009; Marvin et al., 2011). However, it is not
clear which factor caused this difference in the composition of
HBCD diastereomers between soil samples in the environment and commercial HBCD. Therefore, further study is also
needed on the environmental fate of HBCD diastereomers.

3. Conclusions
In this study, the occurrence, transport, temporal–spatial
distribution and HBCD diastereoisomer distribution in soil
around a plant and its surrounding area in Weifang were

Fig. 5 – Percentage of HBCD diastereoisomer in each sampling site.
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analyzed and evaluated. The analytical results showed that
the HBCD soil concentration in this area was very high, and
the annual average concentration of HBCD around the plant
reached 5405 ng/g. As the distance increased from the plant,
the concentration of HBCD showed a decreasing trend, and
fell rapidly within 2 km from the point sources. The HBCD
concentration remained relatively stable after about 4 km. In
general, the average concentration of HBCD in soil was higher
in summer and autumn and lower in winter and spring, but
the specific reason for the difference was not clear. Due to the
seasonal variation, different prevailing wind directions in
different seasons would have some impacts on the distribution of HBCD in soil. The main distribution trend was that the
concentration of HBCD in soil in the downwind direction of
the prevailing wind direction was higher than that in the
upwind direction. According to a study of the vertical
distribution of HBCD in soil, the concentration of HBCD
showed a decreasing trend with the increase of the distance
from the surface. Finally, the HBCD diastereoisomers were
analyzed and the distribution trends of α-, β- and γ-HBCD
were the same as ΣHBCD in soil, but there was a difference in
the content of diastereoisomers. In the study area, γ-HBCD
was the predominant diastereoisomer, with an average
annual content of 60.44% (range 44.57%–76.44%) followed by
α-HBCD and β-HBCD. The amount of α-HBCD was significantly higher than its content in the production process, and
possible reasons were given. This study monitored the
distribution of HBCD in soil for one year, which provided
strong support for subsequent effective treatment of HBCD.
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