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Hexabromocyclododecanes in the
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and implications of human
inhalation exposure
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Abstract
Indoor and outdoor air samples were collected from two industrialized cities (Guangzhou and Foshan)
in Southern China to determine the concentrations and diastereoisomer profiles of hexabromocyclo-
dodecanes (HBCDs) in built environments. The mean concentrations of total HBCDs in air were 5.43 pg
m�3 in homes, 8.21 pg m�3 in offices, 48.2 pg m�3 in other workplaces and 33.3 pg m�3 in the air
outdoors. These HBCD levels are slightly higher than or comparable with those at the remote or
urban sites in the United States, but are significantly lower than those in the European atmosphere.
Diastereoisomer profiles of the samples indicated that �-HBCD was the dominant isomer, with a relative
abundance ranging from 53.2% to 83.0%, which is notably different from its fractions in the air samples
from the UK and the domestic technical-grade mixtures. Analysis of the gas-particle distribution
showed that HBCDs were present predominantly (87.6–99.9%) in the particle phase. The estimated
average daily human exposure to HBCDs via inhalation was 0.39 ng day�1 for adults, which is one
order of magnitude lower than the values (5.0 and 5.47 ng day�1) for the UK adults reported in two
other studies. Further air and dust sampling and continued monitoring are needed to improve our
understanding of human exposure to HBCDs.
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Introduction

As an additive flame retardant, hexabromocyclodode-
canes (HBCDs) are considered to be an alternative to
the banned polybrominated diphenyl ether (PBDE) for-
mulations, and are used primarily in extruded (XPS)
and expanded polystyrene (EPS) for thermal insulation
of buildings, in upholstery textiles, and, to a minor
extent, in electrical household equipment.1 Like
PBDEs, HBCDs are not chemically bound to the
flame-retarded materials, and thus can enter the envir-
onment during the manufacturing process of HBCD-
containing products, during their use and service life,
and after they have been disposed of as waste.2 These
migration routes combined with the widespread use of
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and increasing demand for HBCDs make these chem-
icals ubiquitous in the environment. As a result,
HBCDs are frequently detected in various environmen-
tal matrices and biota samples, such as air/dust, soil,
sediment, fish, marine mammals and human tis-
sues.1,3–4 At present, HBCDs are under the European
chemicals management regulations (REACH) as sub-
stances of very high concern, and are currently under
assessment for inclusion in the Stockholm Convention
and in the United Nations Economic Commission for
Europe Protocol on Persistent Organic Pollutants
owing to their adverse health impacts in aquatic/terres-
trial organisms and in humans.2,5

Recent studies have indicated that release to the air is
an important pathway by which HBCDs can enter the
environment.6,7 However, to date, relatively few studies
have been conducted on HBCDs in indoor air. The
majority of previous studies have mainly focused on
outdoor air from background locations in northern
European countries8 and the United States,9 urban loca-
tions in European countries8,10 and China11 and indus-
trial locations.12 The only available data for indoor
environment were reported from UK10 and Japan.13

In 2010, the US Environmental Protection Agency
initiated an exposure assessment of PBDEs and sug-
gested that contact with house dust accounts for between
80%and 90%of total exposures, with the remainder due
primarily to food ingestion.14 Because HBCDs and
higher brominated diphenyl ethers have similar physico-
chemical properties, inhalation and ingestion might be
critical routes for human exposure to indoor HBCDs.15

Roosens et al.16 also reported that positive correlations
were found betweenHBCD concentrations in serum and
indoor dust, whereas no correlation was observed with
dietary exposure. Furthermore, some recent studies indi-
cated that the role of dermal exposure via airborne (both
gaseous and particle-bound) semi-volatile organic com-
pounds (SVOCs) might have been previously
underestimated.17,18

In China, there is little information about the distri-
bution and levels of HBCDs in the environmental
matrices, in spite of the huge production capacity of
HBCDs – an estimated 7500 tonnes in 2007.19 To
date, only a few studies have reported concentration
levels of HBCDs: in outdoor air,11 sediment20,21 and
soil.22,23 To our knowledge, no data have been pub-
lished for the occurrence of HBCDs in the indoor envir-
onment, where most inhalation exposure takes place.
The aim of this study was to investigate the concentra-
tions and diastereoisomer profiles of HBCDs in indoor
and outdoor air samples collected from a number of
locations in two industrialized cities (Guangzhou and
Foshan) in Southern China. Furthermore, the inhal-
ation exposure to HBCDs was also preliminarily
estimated.

Both cities are densely populated and have been
undergoing rapid economic growths. Guangzhou is
well known for the manufacture of electronics, auto-
mobiles and petrochemicals, while Foshan is well-
known for its plastics industry, electronic and electrical
equipment and indoor decorating and refurnishing
materials.

Materials and methods

Sample collection

A total of 37 air samples (including gas and particle)
were collected from Guangzhou and Foshan cities
between October 2004 and April 2005. Detailed infor-
mation about the sampling sites was described in our
previous study.24 To minimize the dilution effect
caused by air sampling, the air sampling duration
was controlled such that the sampling volume is
equivalent to one home volume. The home was then
allowed to re-equilibrate before another sample was
taken. In brief, 12 homes (H1-H12), 16 workplaces
(including 6 offices (O1-O6) and 10 other indoor
workplaces (IN1-IN10)) and 9 outdoor sites were
included for comparison in this study. Gas-phase
HBCDs were sampled by using a high-volume sam-
pler (Tianhong Intelligent Instrument Plant of
Wuhan, China) with a 20.3 cm� 25.4 cm glass fibre
filters (GFF; Whatman, EPM2000); particle-
phase samples were collected with a 6.5 cm diam-
eter� 7.5 cm thickness (with a density of
0.030 g cm�3) polyurethane foam (PUF) plugs.
Indoor air samples were drawn at the floor level
with total air volumes of ca. 175–385m3 at a flow
rate of 0.4–0.7m3min�1 for 8–10 h. Outdoor air sam-
ples were drawn at 1.5m height above ground for
about 20 h with total air sample volumes of ca.
300–840m3. At least one set of duplicate samples
were collected for each home and analysed together
with other field samples.

Materials

Non-labelled and 13C-labelled �-, �- and �-HBCD were
purchased from Cambridge Isotope Laboratories
(Andover, MA). Commercial HBCDs were purchased
from the marketplace in China. HPLC-grade methanol
and acetonitrile were obtained from Merck
(Darmstadt, Germany). Ammonium acetate was
obtained from J.T. Baker (Phillipsburg, NJ). All of
the solvents used for the extraction and cleanup were
of analytical grade and were redistilled using a glass
system. Prior to use, neutral silica gel (80–100 mesh)
and alumina (100–200 mesh) were Soxhlet extracted
with methanol and methylene chloride for
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48 h, respectively. Sodium sulphate was baked at 450�C
and stored in sealed containers.

Sample preparation and cleanup

Prior to use, the GFFs were baked at 450�C for 12 h to
remove any organic contaminants, and PUF plugs were
Soxhlet extracted for 48 h with methanol and a mixture
of acetone/hexane (1:1, v:v). The procedures used for
sample extraction and cleanup have been described in
detail in our previous study.25 In brief, the GFF filters
and PUF plugs were spiked with PCB-209 and
13C-PCB-141 and then Soxhlet extracted for 72 h with
a mixture of acetone:n-hexane mixture (1:1, v:v).
Activated copper was added to remove elemental sul-
phur. Concentrated extracts were cleaned on multilayer
silica/alumina columns (1-cm internal diameter) that
had been wet-loaded sequentially with 6 cm of alumin-
ium, 2 cm of silica gel, 5 cm of basic silica gel (3:1 silica
gel:1MNaOH, w/w), 2 cm of silica gel, 8 cm of acid
silica gel (1:1 silica gel:sulphuric acid, w/w) and 2 cm
of anhydrous Na2SO4 from the bottom to the top.
Seventy millilitres of methylene chloride:n-hexane
(1:1) was used as the eluent. The eluent was then con-
centrated to near dryness under a gentle nitrogen
stream and redissolved in 200 mL of methanol. Ten
millilitres of 500 mgL�1 13C-labelled �-, �- and
�-HBCD were added as an internal standard prior to
diastereoisomer determination by liquid chromatogra-
phy-tandem mass spectrometry (LC–MS/MS).

Instrumental analysis

Sample analysis was performed with an Agilent 1100
series liquid chromatograph (Agilent Technologies,
Palo Alto, CA) coupled with an Applied Biosystems/
Sciex API 4000 triple quadrupole mass spectrometer
(Applied Biosystems, Foster City, CA) in electrospray
ionization negative ion mode with multiple reaction
monitoring. The injection volume was set at 10 mL
and the flow rate at 0.5mLmin�1. The [M–
H]�!Br� transitions at m/z 640.8! 79 and
652.8! 79 were monitored for the three native and
13C-labelled HBCD isomers, respectively. MS/MS-
optimized parameters for the three HBCD isomers
have been described previously.26

HBCD diastereoisomers were separated using a
Zorbax SB-C18 reversed-phase column (4.6� 250mm,
5 mm, Agilent). The gradient mobile phase consisted of
methanol (A)/acetonitrile (B)/water with 10mM
ammonium acetate in water (C). The flow rate was
set at 0.5mL min�1. The gradient program started at
an initial composition of 80:10:10A/B/C (v/v) and was
ramped to 50:40:10A/B/C in 18min, followed by
30:70A/B at 23min, held for 7min, and then returned

to 80:10:10A/B/C in 8min. The column was equili-
brated for a further 6 min.

Quality assurance/quality control

Field blanks were prepared by loading a PUF plug and
a GFF filter to the sampler for 24 h during the sampling
period with no air drawing through. The procedure
blanks were also analysed sequentially with the sam-
ples. No analyte was detected in either the field
blanks or the procedure blanks. Recovery experiments
were performed at three concentration levels of 1, 4 and
10 ng by spiking nine clean GFF filters and nine PUF
plugs with three 13C-labelled diastereoisomers. The
recoveries were 75.0� 6.1%, 73.5� 5.3% and
75.6� 4.8% for �-, �- and �-HBCD, respectively. All
the samples were analysed in triplicate by LC-MS/MS.
Concentrations were calculated using a six-point cali-
bration standard curve with a concentration range of
2–100 mgL�1. One 25 mgL�1 HBCD standard mixture
was injected to control instrumental sensitivity for each
batch of 10 sample injections. Reported concentrations
were not surrogate recovery corrected.

The differences in the diastereoisomer profiles of
HBCDs between indoor and outdoor air samples
were determined using one-way analysis of variance
and least significant difference post hoc tests by SPSS
13.0 software, and statistical significance was defined as
p< 0.05.

Results and discussion

Concentrations of HBCDs in indoor and
outdoor air

The gas- and particle-phase concentrations of �-, �-
and �-HBCDs in indoor and outdoor air samples
were all determined by LC-MS/MS, in this study.
Table 1 summarizes the concentrations of �-, �- and
�-HBCD and total HBCDs (�HBCDs, including gas-
and particle-phase) in indoor (including homes, offices
and other workplaces) and outdoor air samples. As
shown in Table 1, for indoor air, the �HBCDs mean
concentrations were 5.43 and 8.21 pgm�3 for homes
and offices, respectively, which are significantly lower
than those in other workplaces with a mean value of
48.2 pgm�3. The highest concentration (246 pgm�3) of
�HBCDs was detected in an office (O2) located in a
large electrical appliances shop. This was probably due
to the strong emissions from unknown sources of
HBCDs in the office. Abdallah et al.10 and Takigami
et al.13 have reported significantly higher levels of
HBCDs in indoor air than in outdoor air. However,
the opposite result was obtained in this study, whereby
the mean concentration of �HBCDs in outdoor air was
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33.3 pgm�3, slightly lower than that in other work-
places, but significantly higher than those in homes
and offices.

To date, information on the levels of HBCDs in
indoor and outdoor air is scarce. In this study, the con-
centrations of �HBCDs in indoor air in homes and
offices were significantly lower than those reported in
homes (67–1300 pgm�3) and offices (70–460 pgm�3) in
Birmingham, UK,10 but comparable with those from
two homes (6.7–280 pgm�3) in Japan.13 The concentra-
tion levels of �HBCDs in other workplaces (mean
value 48.2 pgm�3) in this study were also one order
of magnitude lower than those in the public microenvir-
onments (mean value 900 pgm�3) in Birmingham,
UK.10 In the outdoor air, the mean concentration of
�HBCDs in this study was 33.3 pgm�3, comparable
with those from Birmingham, UK (37 pgm�3).10

Remberger et al. reported atmospheric HBCDs concen-
trations ranging from 2 to 280 pgm�3 at remote sites in
northern Sweden and Finland, and 76 to 610 pgm�3 in
urban air in Stockholm, Sweden.8 In addition, HBCDs
concentrations of up to 150,000,000 pgm�3 were
detected in plants manufacturing XPS foam in
Norway.12 In summary, the concentration levels of
HBCDs in indoor and outdoor air in this study were

noticeably lower than those in the European atmos-
phere. This may be due to the fact that HBCDs were
used to replace the penta- and octa-BDE flame retard-
ant products in Europe much earlier than in other
countries elsewhere in the world, and also because the
HBCD consumption in Europe accounted for more
than half of the world market demand, according to a
technical report.27

Diastereoisomer profiles

Table 2 summarizes the diastereoisomer profiles of
HBCDs in indoor and outdoor air samples in this
study. As shown in Table 2, there are noticeably differ-
ences in the diastereoisomer profiles of HBCDs
observed in indoor and outdoor air samples. To exam-
ine whether this difference was statistically significant,
the relative abundances (%) of �-, �- and �-HBCD as
fractions of �HBCDs were compared. The results
showed that �-HBCD was the dominant isomer in
indoor air samples, with a relative abundance ranging
from 56.3% to 83.0% (mean value 73.6%), much
higher than its abundance (53.2–70.4%, mean value
62.3%) in outdoor air samples (p< 0.01). However,
the reverse trend was exhibited for �-HBCD, which

Table 1. HBCD concentrations in indoor and outdoor air samples in this study.

Sampling type

Concentration (pg m�3)

P
HBCDs�-HBCD �-HBCD �-HBCD

Homes, n¼ 12 Mean 3.89 0.58 0.96 5.43

Standard deviation 1.86 0.30 0.78 2.73

Median 4.78 0.73 0.92 6.65

Minimum 0.72 0.07 0.10 0.89

Maximum 6.03 0.87 2.83 8.47

Officesa, n¼ 5 Mean 5.45 1.05 1.72 8.21

Standard deviation 2.22 0.85 1.92 4.64

Median 4.31 0.63 0.97 6.43

Minimum 3.15 0.44 0.45 4.05

Maximum 8.39 2.52 5.05 16.0

Other workplaces,

n¼ 10

Mean 35.0 5.62 7.57 48.2

Standard deviation 24.8 4.74 5.99 34.8

Median 29.4 4.75 5.72 39.6

Minimum 7.73 1.13 1.15 10.0

Maximum 87.5 17.4 19.9 125

Outdoor, n¼ 9 Mean 20.6 4.23 8.40 33.3

Standard deviation 16.7 3.74 8.24 28.1

Median 16.1 2.90 5.21 24.2

Minimum 4.84 1.06 2.79 8.69

Maximum 54.4 11.5 25.7 85.3

HBCD: hexabromocyclododecane.
aThe highest concentration (up to 246 pgm�3) of �HBCDs was not included.
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had a mean relative abundance of 15.2% (ranging from
6.4% to 33.4%) in indoor air samples, as compared
with the mean value 25.2% (ranging from 18.5% to
34.2%) in outdoor air samples. The difference is statis-
tically significant (p< 0.01). For �-HBCD, similar rela-
tive abundances were observed in both indoor and
outdoor air samples.

HBCDs diastereoisomer profiles, in this study, were
also compared with those in commercial products in
China and reported data in the literature.9–11 As
shown in Figure 1, the HBCDs diastereoisomer profiles
were dominated by �-HBCD in both indoor and out-
door air samples. This was noticeably different from the
profiles of domestic commercial products, in which
�-HBCD was the dominant isomer with a relative
abundance ranging from 77% to 80%. We have previ-
ously reported higher percentages of �-HBCD (59–
68%) in urban air samples from Guangzhou, China,11

and this same result was found again in outdoor air in
this study. Contrary to our results, Thomsen et al.
reported that �-HBCD dominated the diastereoisomer
profiles in the working environment in the plant man-
ufacturing XPS foam.12 In indoor air samples from
Birmingham, UK, Abdallah et al. found elevated rela-
tive abundances of a-HBCD relative to those in the
technical neat products, even though �-HBCD was

still the predominant isomer.10 In US outdoor air sam-
ples, variable HBCDs diastereoisomer profiles were
found, with three of the seven samples dominated by
�-HBCD, one with a comparable proportion of �-
HBCD and the other three dominated by �-HBCD.9

In general, the occurrence of HBCDs in air seems to
be the consequence of volatilization from HBCD-
containing products, and thus the profile in air would
likely reflect that present in HBCD-containing goods.10

As previous studies indicated, thermal isomeric inter-
conversion of HBCDs (dominated by transformation
of �-HBCD to �-HBCD) can occur and may result in
the enrichment of �-HBCD when exposed to elevated
temperatures (140–160�C) during the manufacturing
process of HBCD-containing products such as EPS
and XPS.28 Similarly, a rapid photolytically mediated
shift from �-HBCD to �-HBCD has been illustrated in
light-exposed indoor dust by Harrad et al.29

Furthermore, Davis et al. reported that the degradation
rate of �-HBCD was much faster than that of �-
HBCD.30,31 In addition, vapour pressures of individual
HBCDs might be another important factor to affect the
diastereoisomer profiles. Kuramochi and Sakai reported
vapour pressures of HBCD diastereoisomers have sig-
nificant difference, with 1.05� 10�8, 5.82� 10�9,
8.39� 10�11 for �-, �- and �-HBCD, respectively.32

Table 2. Diastereoisomer profiles of HBCD in indoor and outdoor air samples in this study.

Sampling type

Relative abandance (%)

�-HBCD �-HBCD �-HBCD

Homes, n¼ 12 Mean 73.8 10.4 15.3

Standard deviation 7.1 1.4 6.9

Median 73.5 10.6 14.3

Minimum 56.3 8.2 7.2

Maximum 83.0 12.7 33.4

Offices, n¼ 6 Mean 73.7 11.6 14.7

Standard deviation 10.6 1.3 10.1

Median 79.5 11.4 9.8

Minimum 56.6 10.1 6.4

Maximum 81.3 13.8 29.6

Other workplaces, n¼ 10 Mean 73.2 11.5 15.4

Standard deviation 6.8 2.3 5.4

Median 74.2 11.9 14.0

Minimum 56.5 7.5 9.1

Maximum 79.8 14.4 29.1

Outdoor, n¼ 9 Mean 62.3 12.6 25.2

Standard deviation 6.0 1.8 5.9

Median 63.7 12.6 22.8

Minimum 53.2 9.0 18.5

Maximum 70.4 14.7 34.2

HBCD: hexabromocyclododecane.
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Because many factors mentioned above could affect
HBCD diastereoisomer profiles, it remains unclear
what mechanism might be responsible for the variable
diastereoisomer profiles in this study.

Gas-particle distribution

Like other persistent organic pollutants, the partition-
ing behaviour between the gas and particle phases
greatly affects the deposition, degradation, transport
and subsequent fate of HBCDs. Figure 2 shows the
relative distribution of total HBCDs in the gas and
particle phases in this study. As shown in Figure 2,
airborne HBCDs were predominantly present in the
particulate phase. In outdoor air samples, the HBCDs
were almost exclusively present in the particle phase
(98.7–99.6%), except for samples OU1 and OU8
(94.4% and 96.3% particle phase, respectively). This
may suggest that the distribution of HBCDs between
the gas- and particle-phases at these sampling sites is
closer to equilibrium than at other sites. These results
were also similar to the partitioning of HBCDs/PBDEs
between the gas and particle phases in our previous
studies11,25 of an urban sampling site (U-1) in
Guangzhou, China. In the indoor air samples, the rela-
tive abundance of HBCDs present in the particle phase
ranged from 87.6% to 99.9%. It was obvious that the
variation in HBCDs distribution in the gas and particle
phases was greater in indoor air samples than in out-
door air samples. This may imply that fresh HBCDs
were being continuously emitted into the indoor air, so

that an equilibrium state could not be established.
Another possible explanation for the differences in
HBCDs distributions in the gas and particle phases in
indoor and outdoor air is that the outdoor air samples
were all (except for OU8) collected from highly popu-
lated areas with heavy traffic flows in Guangzhou and
Foshan, China; the total suspended particulate con-
tents in these sampling sites should be enriched with
soot-type particulates, which have a strong sorption
capacity for SVOCs including HBCDs. Obviously, it
is necessary to further explore the effects of soot
carbon or other types organic carbon on the HBCDs
distribution between the gas and particle phases.

Human inhalation exposure to HBCDs

The concentration values determined in this study were
used to estimate the inhalation exposure of HBCDs by
adults (assuming 100% absorption of intake, and no
selective absorption of HBCD diastereoisomers). The
inhalation exposure of HBCDs was estimated using
equation (1) of the following algorithm24:

�exposure ¼ CwFwð Þ þ ChFhð Þ þ CoFoð Þ½ �RR ð1Þ

where �exposure is the daily human exposure via inhal-
ation (ng day�1), Cw/h/o are the HBCDs concentrations
in the workplace/house/outdoor air (ng m�3), RR is the
adult respiration rate (20 m3 day�1),33 and Fw/h/o is the
fraction of the day spent in the workplace/house/out-
doors. Due to the absence of data to describe the

Figure 1. The legend of Figure 1 was not showed correctly; it should be a, b, and g from top to bottom.
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time-activity patterns of the Chinese population, we
estimated that average adults would spend 63.8% of
their time at home, 27.4% at the workplace and the
remainder outdoors.34 Under these conditions, the esti-
mated average daily human exposure to HBCDs via
inhalation was 0.39 ng day�1 for adults. Table 3 sum-
marizes the estimates of average, median, 5th percentile
and 95th percentile values. According to Harrad’s
research group, the estimated average daily inhalation
exposure to HBCDs was 5.0–5.47 ng day�1 for adults in
the UK.10,35 In another study of two Japanese houses,
the corresponding value was 0.73 ng day�1.13 The aver-
age value (0.39 ng day�1) of human inhalation exposure
in this study was therefore one order of magnitude
lower than that of UK adults,10,35 but comparable to
that of Japanese adults.13 This geographic difference in
human exposure to HBCDs is consistent with the avail-
able data on world market demand for HBCDs.27 In an

earlier study by our group, we estimated human expos-
ure to PBDEs and found that the mean value of expos-
ure via inhalation was 77.1 ng day�1.24 This is
approximately 200 times larger than that of the total
HBCDs inhalation estimated in the present study. The
new data also support our earlier suggestion that
HBCDs might not be the main BFR contaminants in
the Pearl River Delta regions.23

A previous study indicated that inhalation exposure
accounted only for 0.9% of total daily exposure of
HBCDs for adults while dietary and indoor dust inges-
tion contributed 75% and 24% of the total exposure,
respectively.10 However, the contribution of inhalation
exposure (0.9%) appears too small, when considering
ventilation between outdoor and indoor air.
Unfortunately, we cannot further discuss the relative
contribution of indoor air and dust to total human
exposure because we were unable to collect indoor

Figure 2. Relative distribution of HBCDs between gas- and particle-phase in indoor and outdoor air samples. O1 to O6:
office samples; IN1 to IN10: samples from other indoor workplaces; OU1 to OU9: outdoor samples. HBCD:
hexabromocyclododecane.

Hong et al. 47



dust samples during the sampling campaign. Further
air and dust sampling and continued monitoring will
be helpful in gaining a better understanding of human
exposure to HBCDs.

Conclusions

Inhalation and ingestion are potentially important
exposure routes for human exposure to HBCDs in the
indoor environment. In this study, the concentration
levels of HBCDs in indoor and outdoor air from two
cities were lower than those in the European atmos-
phere. The average daily human exposure to HBCDs
via inhalation was estimated to be 0.39 ng day�1 for
adults, which is one order of magnitude lower than
that the values (5.0 and 5.47 ng day�1) for UK adults
reported in previous studies. However, the patterns of
the diastereoisomer profiles and the gas-particle distri-
bution in both indoor and outdoor samples from this
study are significantly different from those in the
reported UK samples. Our study showed that
�-HBCD was the dominant isomer (53.2–83.0%), and
that 87.6–99.9% of the total HBCDs were adsorbed
onto airborne particles. Although these might be
explained by the abiotic transformation (such as therm-
olysis and photolysis) and higher PM2.5 in the air, more
air sampling, laboratory experiments and mathematical
modelling are still needed in further investigations.
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