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h i g h l i g h t s

�Mean annual HBCDs detected in river water in Japan ranged from 0.19 to 14 ng L�1.
� HBCDs detected in sewage influent ranged from 16 to 400 ng L�1.
� HBCDs detected in sewage effluent ranged from 0.39 to 12 ng L�1.
� Over 90% of HBCDs were removed from wastewater in the sewage treatment plant.
� Approximately 15 kg year�1 of HBCDs flows into Osaka Bay from the study area.
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a b s t r a c t

Hexabromocyclododecane diastereoisomers (a-, b-, c-, d-, and e-HBCD) were investigated in river water,
sewage influent, and sewage effluent from the Yodo River basin, Japan. The mean annual values of HBCDs
ranged from 0.19 to 14 ng L�1 in river water. We observed that the concentrations of HBCDs in the brack-
ish water area were low compared with that in the fresh water area. It was implied that, when the flow of
the river stagnated in the estuarine area, HBCDs settled with suspended matter because of their hydro-
phobic character. In the sewage treatment plants, HBCDs ranged from 16 to 400 ng L�1 in sewage influ-
ent, whereas they ranged from 0.39 to 12 ng L�1 in sewage effluent. Over 90% of HBCDs were removed
from the wastewater in the sewage treatment plants. By using these results, we estimated the pollutant
load of HBCDs that flows into Osaka Bay from the study area. It was estimated that approximately 15 kg
of HBCDs flow into Osaka Bay from the study area in a year. This value is five orders of magnitude lower
than the 2010 market demand for HBCDs (3019 metric tons) in Japan.

� 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Hexabromocyclododecane (HBCD) is the principal brominated
flame retardant used to inhibit flammability in combustible
products. HBCD is applied primarily in extruded and expanded
polystyrene foams that are used as thermal insulation in buildings,
and secondarily in upholstery textiles in Japan (Managaki et al.,
2012). Although recent global annual production estimates for
HBCD are not available (Marvin et al., 2011), the world market
demand for HBCD was 16700 metric tons in 2001; 57% of the
amount was consumed in Europe, followed by Asia (23%) and
North America (17%) (Ueno et al., 2006). In Japan, HBCD was used
as an alternative for penta- and octa-brominated diphenyl ethers

(PBDEs) because of the voluntary limitations on the use of PBDEs
in the 1990s. Therefore, until recently, its usage has increased
(Managaki et al., 2012) and the 2010 market demand for HBCD
in Japan was estimated to be 3019 metric tons (Ministry of
Economy, Trade and Industry, Japan, 2012).

At present, HBCD has been detected worldwide in various envi-
ronmental media and biota, such as air, water, river sediments,
wildlife, foodstuffs, house dust, and so on (Remberger et al.,
2004; Covaci et al., 2006; Marvin et al., 2006; Minh et al., 2007;
Harrad et al., 2009; Takigami et al., 2009; Nakagawa et al., 2010).
Recently, the occurrence of HBCDs in the environment has drawn
increasing public attention due to their persistency, bioaccumula-
tion, and toxic effects on humans and wildlife (Arnot et al., 2009;
Marvin et al., 2011). In 2013, HBCD was designated as Persistent
Organic Pollutants (POPs) under the United Nations Environmental
Policies (UNEP) Stockholm Convention. In Japan, some industry
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organizations such as the Extruded Polystyrene Foam Industry
Association and the Japan Textile Federation have already started
to voluntarily decrease its usage (Ministry of Economy, Trade and
Industry, Japan, 2010). However, HBCD is used in long lifetime
products. Furthermore, this compound is an additive flame retar-
dant, and is not covalently bonded to the material. Therefore, HBCD
may migrate out of products into the environment during use or
after disposal (Managaki et al., 2012). Thus, environmental moni-
toring data is necessary for adequate risk assessment and manage-
ment. In particular, it is noted that little is known about HBCDs in
fresh water environments worldwide (Harrad et al., 2009).

Therefore, in this study, we have investigated the occurrence
and spatial distribution of HBCD in water from the Yodo River
Basin, Japan. We have also investigated the occurrence of HBCD
in sewage treatment plants (STPs) in the study area. Our specific
objectives were to reveal the abundance of HBCDs in Japanese riv-
ers, and estimate the pollutant load of HBCD in water from an
urban area. The annual discharge amounts of HBCD into the water
environment were calculated using required monitoring data and
flow rate. We analyzed water samples by LC-MS/MS for the relative
distribution of a-, b-, c-, d-, and e-HBCD. To our knowledge, this
study represents the first report on HBCD levels in river water in
Japan.

2. Materials and methods

2.1. Sampling

The study area and sampling sites are shown in Fig. 1. The Yodo
River Basin is located in western Japan. Its watershed includes the
metropolitan areas of Osaka, Kyoto, and Shiga Prefectures with an
associated combined population of roughly sixteen million people.
Forests, paddy fields, and city areas spread in the upper reach of
the Yodo River Basin. In contrast, the watershed of the lower reach
is highly urbanized and industrialized. Approximately 100% of the
population is served by sewer systems, with 12 STPs in the study
area (Construction Bureau of Osaka City, Japan, 2013), and we
investigated the sewage influent and effluent in these STPs. The
water quality of the study areas is affected by urban and industrial
activities along the upper reach of the river. Therefore, the study
area has various problems associated with water contamination

by chemicals such as polychlorinated dibenzodioxins and perflu-
orooctanoic acid (Sakiyama et al., 2005; Takagi et al., 2008).

Water flow in the study area is dominated by tidal action.
Therefore, water was sampled at ebb tide, when water flow is in
the downstream direction, every couple of months during July
2012–May 2013. The amounts of rainfall within 2 days before sam-
pling were over 20 mm in September 2012 and November 2012.
Except on these days, water flow was ordinary water discharge.
The concentrations of a-, b-, c-, d-, and e-HBCD, suspended solids
(SS), and chloride ions of the samples were measured. Sewage
influent and sewage effluent from 12 STPs (STP1–12) were
sampled in December 2012. These samples were taken as 24-h
flow proportional samples.

2.2. Chemicals

Native (a and b) HBCD were purchased from Accu Standard, Inc.
(New Haven, CT, USA). Native (c) HBCD and 13C-labeled (a, b, and
c) HBCD were purchased from Cambridge Isotope Laboratories, Inc.
(Tewksbury, MA, USA). Native (d and e) HBCD and deuterated
(d18-c) HBCD were purchased from Wellington Laboratories Inc.
(Ontario, Canada). Dichloromethane, n-hexane, and methanol were
purchased from Wako Pure Chemical Industries, Ltd. (Osaka,
Japan). Acetone was purchased from Kanto Chemical Co. Inc.
(Tokyo, Japan).

2.3. Sample preparation

The sample volumes of the river water, sewage influent, and
sewage effluent used in the experiments were 5 L, 500 mL, and
5 L, respectively. A water sample was spiked prior to extraction
with 25 ng each of 13C-labeled (a, b, and c) HBCD as a clean-up
spike. Sewage influent was spiked with 100 ng each of these. The
spiked sample was simultaneously passed through a solid extrac-
tion disk (Empore Disk C18; 3 M, USA) and a glass fiber filter
(1 lm pore size, GA100; Advantec Co. Ltd., Japan) of 90 mm diam-
eter at a flow rate of approximately 150 mL min�1. The disk and fil-
ter were washed with 20 mL of methanol and 200 mL of reverse
osmosis (RO) water prior to extraction. After extraction, the glass
sample bottle and glass funnel were washed with 60% methanol
and the wash solution was also passed through the disk and filter.

Fig. 1. Locations of sampling sites.
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