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Introduction

Polybrominated diphenyl ethers (PBDEs) are flame retardants that are added to plastics to prevent
fires. The estimated demand for decabromo diphenyl ether (deca-BDE) products in Japan1,2 was 10000
t in 1990 and 2800 t in 2000. PBDEs have been known to cause environmental pollution since the
1980s3-6. Polybrominated dioxins/furans (PBDD/Fs) forms by thermolysis or combustion of PBDEs7.
In 1998, Norén and Meironyté8-10 reported that the PBDEs level in human milk of Swedish women
increased exponentially from 1972 to 1997. Recently, numerous studies on environmental pollution
from PBDEs and PBDE toxicity have been published1,7,11-14, but there is little information on PBDEs in
the atmosphere and their bulk deposition. The purpose of this study was to determine PBDE levels in
the atmospheric environment.

Methods and Materials

Sampling
Samples were collected at Kyoto University. Atmospheric samples were collected with a high-

volume air sampler equipped with a glass fiber filter (GFF) and three polyurethane foam plugs (PUF).
Bulk deposition samples were collected with a glass funnel and a glass bottle. Rain samples were
collected with a glass funnel and an amber-colored glass bottle by an automatic rain sampler (a device
that detects rainfall and then opens the cover of the funnel). Surface soil (0~5cm) sample was collected
at the same sampling point as the air samples.

Analysis
An apparatus made of amber-colored glass or covered with aluminum foil to prevent photolysis of

brominated compounds was used for the analysis. Solid samples (GFF, PUF and soil) were Soxhlet
extracted. The bulk deposition samples (which consisted of rainwater containing a small amount of
solid material) and rain samples were filtered, the residue was Soxhlet extracted with toluene, and the
filtrate was liquid-liquid extracted with dichloromethane. The cleanup procedure was conducted as
specified for PCDD/Fs15. The extracts were concentrated and cleaned up by using multilayer silica gel
column chromatography (AgNO3-silica / H2SO4-silica / KOH-silica). The final extracts were
concentrated and analyzed by using HRGC/HRMS.
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Results and Discussion

Concentrations are shown in Table 1.

Homologue profiles of PBDEs
BDE-209 was predominant in bulk deposition and soil samples, where it accounted for more than

75 % of all PBDEs (SPBDEs). In the atmosphere, BDE-209 was detected in 3 of 5 samples, and the
ratio of BDE-209 to SPBDEs was smaller than those in the bulk deposition and soil samples. This
result is different from those of studies conducted in North America. Strandberg et al.16 reported that
BDE-47 and -99 were detected and BDE-209 was scarcely detected in the atmosphere near the Great
Lakes. Alaee et al.17 reported that in the atmosphere over the Arctic or the Great Lakes, tetra- to hexa-
BDEs were observed, whereas octa- to deca-BDEs were not detected. The differences in atmospheric
PBDE profiles may reflect differences in the demand for PBDE products in the respective regions. For
example, penta-BDE products are more in demand in the Americas than in Asia18 (Table 2).

Homologue profiles of PBDD/Fs and MoBPXDD/Fs
In all samples, PBDFs were predominant and PBDDs were detected only at trace levels.

Heptabromo- and octabromo-DD/Fs were not detected in any samples. Monobromo-polychlorinated
dioxins and furans (MoBPXDDs and MoBPXDFs, respectively) were present at the same levels in the
atmosphere. Watanabe et al.19 reported PBDD/Fs and MoBPXDD/Fs in airborne dust in Osaka, Japan.
Homologue profiles in the present study were similar to those found by Watanabe et al.19

Atmospheric gas-particle partitioning
The proportion of the atmospheric particulate phase of PCDD/Fs is known to increase with

increasing chlorine number and to be higher in winter than in summer.20 In the present study of the
brominated compounds (Table 3), as with PCDD/Fs, the proportion of the atmospheric particulate
phase increased with increasing halogen number, and the proportion was higher in samples collected in
winter than in those collected in summer. Furthermore, the proportion in PBDFs was higher than in
PCDFs with the same halogen number. Also, the proportion in PBDEs was lower than in PBDFs with
the same bromine number.
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Correlation between bulk depositions and atmospheric concentrations
Bulk depositions correlate positively with atmospheric concentrations except in the case of the sum

of octa- to deca-BDEs (Figure 1).

Correlations among brominated compounds in the atmosphere
The relationships among atmospheric concentrations of PBDEs, PBDD/Fs, MoBPXDD/Fs, and

PCDD/Fs are shown in Figure 2. The MoBPXDD/F level correlates positively with that of PCDD/Fs,
and PBDD/F levels correlate positively with the sum of di- to hepta-BDE levels. This relationship
between MoBPXDD/Fs and PCDD/Fs has been previously observed in waste incineration samples. For
example, Yoneda et al.21 investigated the emission of brominated dioxins during municipal and
industrial solid waste incineration in Japan and reported that the MoBPXDD/F level was correlated
with the PCDD/F level in emission gas and that MoBPXDD/Fs levels were about 10 %~20 % PCDD/F
levels. In addition, we22 previously combusted waste television casings and resin pellets containing
brominated flame retardants in a rotary kiln furnace and found a correlation between MoBPXDD/F
levels and PCDD/F levels in the waste gas before gas treatment.
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