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Abstract

Polybrominated diphenyl ethers (PBDEs), polybrominated dibenzo-p-dioxins/dibenzofurans (PBDD/Fs) and

" monobromo-pelychlorinated dibenzo-p-dioxins/dibenzofurans (MoBPXDID/Fs) in atmosphere, bulk atmospheric

deposition and soil in Kyoto, which is an urban city in Japan, were measured. Decabromodiphenyl ether (DBDE,
BDE-209) was detected in relatively high concentrations compared to other PBDE congeners in most samples. Similar
results, in which D1¢BDE was predominantly detected, were reported in other studies in Japan. However, these homo-
logue profiles differ from those of studies conducted in North America. The partitioning of semivolatile organic com-
pounds between atmospheric gas phase and particulate-associated phase is an important factor in their environmental
behavior. In this study, atmospheric particulate phase fraction (/) of the brominated compounds increased with
increasing bromine number, and fp was higher in samples collected in winter than in those collected in summer. More-
ovet, fp of PBDFs and MoBPXDFs was higher than that of PCDFs with the same halogen number. These resulis agree
well with expectations from the vapor pressure of the brominated compounds and PCDD/Fs. Among the brominated
compounds in the atmosphere, the level of MoBPXDD/Fs correlates positively with that of PCDD/Fs. This relation-
ship has been previously observed in waste incimeration samples. These results suggest that one of the sources of
MoBPXDD/Fs in the atmosphere is incineration byproduct. The level of PBDD/Fs seems to correlate positively with
that of PBDESs. This relationship suggest that the PBDD/Fs in the atmosphere relate to PBDEs, which is an impurity of
PBDE products, or formed by the manufacture or combustion of plastics containing PBDEs.
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1. Introduction

Polybrominated diphenyl ethers (PBDES) are flame
retardants added to plastics to prevent fires. The esti-
mated demand for decabromodiphenyl ether products
in Japan was 4500 tons in 1986, and this amount increased
every year until it reached 12000 tons in 1990. At that
point the trend reversed and in 2000 the demand was
2800 tons (Watanabe and Kawano, 1997; Kagaku Kogyo
Nippo Co. Ltd., 2001). Since the 1980s it has been known
that PBDEs cause environmental pollution; PBDEs in
fish (Andersson and Blomkvist, 1981; Watanabe et al.,
1987), sediment (Watanabe et al., 1986, 1987) and birds
(Jansson et al., 1987) have been reported. In 1998, Norén
and Meironyté reported that the concentrations of

PBDEs in human breast milk of Swedish women had in-

creased exponentially from 1972 to 1997, whereas other
organochlorine compounds had decreased to various ex-
tents (Norén and Meironyté, 1998, 2000; Meironyté and
Worén, 2001). Their reports attracted much attention to
PBDEs environmental pollution. Recently, numerous
studies on environmental pollution and toxicity on
PBDEs have been published (WHO, 1994; Pijnenburg
et al, 1995; Watanabe and Kawano, 1997, Darnerud
et al., 2001; Rahman et al., 2001; de Wit, 2002). Much re-
search hag been reported on the pollution in sediment,
fish, birds, marine mammals and humans. However, there
is relatively little information on PBDEs in the atmo-
spheric environment.

Polybrominated  dibenzo-p-dioxins/dibenzofurans
(PBDD/Fs) are PCDIXF analogues in which all of the
chlorine atoms are substituted with bromine atoms.
PBDD/Fs are known to form by thermolysis of bromi-

nated flame retardants through the manufacture and -

combustion of plastics contdining brominated flame
retardants (WHQ, 1994, 1998). Polybromo-polychlori-
nated dibenzo-p-dioxins/dibenzofurans (PXIDD/Fs) are
also PCDD/F analogues in which some of the chlo-
rine atoms of PCDD/Fs are substituted with bromine
atoms. Monobromo-polychlorinated dibenzo-p-dioxins/
di-benzofurans (MoBPXDDY/Fs), in which one chlorine
atom is substituted with bromine, are found in residues
and gases (Schifer and Balischmiter, 1986; Schwind
et al,, 1988; Sovocool et al, 1989; Chatkittikunwong
and Creaser, 1994; Vehlow et al., 2000; Sakai et al.,
2001). As with PBDEs, there is little information on these
brominated dioxins in the atmospheric environment,

The purpose of this study was to determine the Jevels
of PBDEs, PBDD/Fs and MoBPXDD/Fs in the atmo-
spheric environment.

2. Materials and methods
2.1. Sampling

Samples were collected at Kyoto University, which is
located in the urban and north-eastern area of Kyoto
City in Japan. Atmospheric samples were collected using
a high-volume air sampler equipped with a glass fiber fil-
ter (GFF) and three polyurethane foam plugs (PUF) at
a flow rate of 0.7 m*min~". Sampling periods were one
week (in Aug. 2000 and Jan. 2001) and three days (in
Sept. 2001). The GFF and PUF were exchanged every
day to prevent breakthrough of the analyte. Due to an
experimental complication, only atmospheric samples
of Aug. 2000 for PBDEs analysis were collected with a
low-volume air sampler. Bulk deposition samples were
collected using a glass funnel with a cross section of
0.069 m* connected to a glass bottle covered with alumi-
num foil. Rain samples were collected using a stainless
steel funnel with a cross section of 0.10 m? connecied
to an amber-colored glass bottle and an automatic rain
sampler (a device that detects rainfall and then opens the
lid of the fonnel, MODEL W-2B, SHIBATA, Tokyo,

. Japan). Sampling periods for bulk deposition and rain

were two weeks. Surface soil (0-5 cm depth) samples
were collected at the same sampling point as the atmo-
spheric samples.

2.2. Chemicals

Standard compounds used in this study are shown in
Table 1. Solutions of standard compounds were pur-

chased from Cambridge Isotope Laboratories (Andover,

USA) and Wellington Laboratories (Guelph, Canada),
Unlabeled standard  solutions of PBDEs, PBDD/Fs
and MoBPXDI)/Fs were used as calibration standards.
3¢ -labeled standard  solutions of PBDEs and
PBDD/Fs were used as internal standards. *C,,-labeled
PCDD/Fs were used as internal standards for MoB-
PXDD/Fs analysis due to the lack of '>Cisy-labeled
MoBPXDD/Fs standards.

2.3. Extraction and cleanup

An apparatus made of amber-colored glass or cov-
ered with aluminum foil to prevent photolysis of the
brominated compounds was used for the analysis. The
soil samples and GFF samples were Soxhlet-extracted
with toluene. PUF samples were Soxhlet-extracted with
acetone. Bulk deposition samples, which consisted of
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Standard compounds used in this ﬁtudy
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Analyte Unlabeled standards Internal standards
PBDEs :

244" (BDDE-28) 244'-(BDE-28) 13¢0,,-244' (BRDE-28)
22/45-(BDE-49) 2245'-(RDE-49) 3¢ ,-22/44'.(BRDE-47)
22/44'(BDE-4T) 22'44’-(BDE-47) 13C,,-22'44'-(BDE-4T)
23'44' (BRDE-66) 23'44'-(BDE-66) 130,,-22744-(BDE-47)
33'44/.(BDE-77) 33'44'(BDE-77) 130,,-22'44° (BDE-47)
22'44'6-(BDE-100) 22'44'6-(BDE-100) 13C,,-22°44'5-(BDE-99)
22/44'5-(BDDE-99) 22'44’5-(BDE-99) 130, ,-22/44'5 (BDE-99)

22/44'56"-(BDE-154)
2244'55’-(BDE-153)
22/344'5'6-(BDE-183)

M,BDEs
D,BDEs
T;BDEs
T4BDEs
PsBDES
HBDEs
H,BDEs
0gBDEs
N,BDEs
D,,BDE (BDE-209)

PBDDs
M;BDDs
D,BDDs
T,BDDs
T,BDDs
PsBDDs
HGBD Ds
H,BDDs
0zBDD

PBDFs
M,BDFs
D,BDFs
T,RDFs -
TsBDFs
P.BDFs
H¢BDFs
H,BDFs
0sBDF

MoBPXDDs
Br;CliDDs
Br,CLLDDs
Br,ClsDDs
Brl CIGDDS
Br;Cl;DDs

MoBPXDFs
Br,Cl;DFs
Brl C]4DFS
Bl'] C]sDFS
BI’I C]GDFS
B[’[ Cl','DFS

22144’ 56'-(BDE-154)
22744755"-(BDE-153)
22"344'56-(BDE-183)

4(BDE-3).
44'(BDE-15)

244' (BDE-28)

22'44!.(BDE-47)

22'44'5(BDE-99), 22'44'6-(BDE-100)
22'44'56-(BDE-154), 224455’ (RDE-153)
22'344'5'6-(RDB-183)
22'344'5'6-(BDE-183)
22!344'5'6-(BDE-183)

D1oBDE (BDE-209)

1-M,;BDD
27128-1,BDD
237-T;BDD
2378-TBDD
12378-PsBDD

123478-H4BDD, 123678-HBDD, 123789-H;BDD

1234678-H,BDF
OsBDD

'1-M;BDD

27-D.BDF
238-T;BDF

2378-T,BDF

12378-PsBDF, 23478-P;BDF
123478-H,BDF

© 1234678-H;BDF

OgBDD

2-Br-378-T5;CDD
1-Br-2378-T,CDD
2-Br-36789-P;CDD
1-Br-236789-HsCDD
1-Br-2346789-H,CDD

3-Br-278-T;CIDF
1-Br-2378-T,CDF
2-Br-36789-PsCDD
1-Br-236789-H;CDD
1-Br-2346789-H,CDD

130,,-22'44'56'-(BDE-154)
13, TAAtEt

C12-22'44'55'-(BDE-153)
P(12-22/344'5'6-(BDE-183)

13C,5-4-(BDE-3)
B3¢,,-44'-(BDE-15)

130, 2-244'-(BDE-28)
13C,,-22"44'(BDE-47)
13C,,-22'44'5-(BDE-99)
13¢,5-22"44/56'-(BDE-154)
13¢422"344'5'6-(BDE-183)
3¢ -22'344°5'6-(RDE-183)
13¢2-22"344'5'6-(BDE-183)
13C,5-DsBDE (BDE-209)

13¢,,-2378-T,BDD
3¢ ,-2378-T,BDD
13¢315-2378-T,BDD
13¢,2-2378-T,BDD
13¢,,-12378-P;BDD
13¢,5-123478-HgBDD
13¢,,-123478-HBDD
3¢ ,-123478-HBDD

13,,:2378-T,RDF
B -2378-T,BDF
13¢,,2378-T,BRDF
3¢, ,-2378-T,BDF
13¢,,-23478-P.BDF
13¢,,-123478-H,BDD
13¢,,:123478-HBDD
13¢,5-123478-HBDD

13¢,-2378-T,CDD
13¢,,-12378-P,CDD
13¢1,-123478-H,CDD
13C,,-1234678-H,CDD
13C,5-05CDD

130, ,-2378-T,CDF
13¢,5-12378-PsCDF
13¢,,-123478-H,CDF
13¢,2-1234678-H,CDF
13¢C,,-04CDF :
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rainwater and 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
PCDIV/Fs (JIS, 1999). The extracts were concentrated
and cleaned up by using multilayer silica gel column
chromatography (AgNO;-silicalH,S0,-silica/K.OH-sil-
ica). For samples for PBDD/Fs and MoBPXDD/Fs
analysis, fractionation was conducted using activated-
carbon-impregnated silica gel column chromatography.
The final extracts were concentrated for analysis.

2.4, Quantification

The final extracts were quantified by a gas chromato-
graph {GC) equipped with a high-resehution mass spec-
trometer (HRMS). The GC column was a DB-5ms
capillary column (JW Scientific, Folson, USA). MS
was operated in the electron impact (EI) mode with
selected-ion monitoring (SIM). The GC/MS chromato-
grams those isotope ratios of the two ions monitored
for each compounds were within +15% of the theoretical
value were identified and quantified by internal standard
method.

3. Results and discussion
3.1. Concentrations of PBDEs

Concentrations are shown in Table 2. Atmospheric
concentrations of the sum of mono- to nona-BDEs were
4.5-65 pgm™ and that of D,gBDE were ND—48 pgm .
In earlier Japanese studies of atmospheric PBDEs,
Watanabe et al. (1995) reported PBDE levels in airborne
dust collected between 1993 and 1994 from Qsaka
(urban site). They showed that levels of tetra- to hexa-
BDE congeners ranged from a few to several tens of
pgm Z-air and those of DyoBDE were 83-3060
pgm~3-air. Ohta et al. (2002) analyzed PBDEs in the
atmosphere from samples collected in 2001 from the
Osaka district. They reported-that the sum of tri- to
hepta-BDEs was 2.0-6.6 pgm™ and D;;BDE was
100-340 pgm ™. ‘

For data on North America, Strandberg et al. (2001)
analyzed PBDEs in the atmosphere from samples col-
lected between 1997 and 1999 from urban, rural and re-
mote sites in the Great Lakes region. They reported only
on samples taken when the atmospheric temperature
was 20 £ 3 °C. PBDEs levels (sum of seven congeners)
were 4.4-21 pgm™> at rural and remote sites, and 33—
77 pgm > at urban site, Alaes et al. (2001) reported that
PBDEs in the atmosphere from. samples collected in
1994 from Alert (the Arctic) ranged between 10 and

700 pgm~>. Gouin et al. (2002) reported that PBDEs
in the atmosphere from samples collected in 2000 from
a rural site in southern Ontario, Canada ranged between
88 and 1250 pgm . For data on the UK, Lee et al.
(2002) reported that PBDEs {sum of 21 congeners) in
the atmosphere from samples collected in Hazelrigg
and Chilton in 2001 ranged between 2.8 and 37 pgm ™3,
and that from remote site ranged between 0.2 and 11
pem.

Greenpeace Netherlands (Greenpeace Netherlands,
2003; Peters, 2003) reported PBDE congeners in rain-
water collected in the Netherlands. They collected pre-
cipitation samples (using a bulk deposition sampler)
and analyzed brominated flame retardants and other
compounds (alkylphenol, phthalates, etc.). They re-
ported that BDE-47, -99, -154 were detected in about
10% of the 50 samples and their levels were a few ngl™'.
Concentrations in rainwater in our study agree with the
results of their study.

3.2. Homologue profiles of PBDEs

In general, I BDE (BDE-209) was detected in rela-
tively high concentrations compared to other PBDE
congeners in most samples. D;BDE was predominant
in bulk deposition and soil samples, where it accounted
for more than 75% of total PBDEs. In atmosphere, Dy,
BDE was detected in three of five samples, and the ratio
of DgBDE to total PBDEs was smaller than that in the
bulk deposition and soil samples. Similar results, in
which DsBDE was predominantly detected, were re-
ported in other studies in Japan (Watanabe et al.,
1995; Ohta et al., 2002). . '

However, these homologue profiles differ from those
of -studies conducted in North America. Strandberg
et al. (2001) measured PBDE congeners in the atmo-
sphere at sites near the Great Lakes and reported that
BDE-47 and -99 were predominantly detected but
D oBDE was scarcely detected (only detected at trace
levels (sub-pgm™3) in the filter samples from Chicago).
They pointed out that this congener composition resem-
bles the penta-BDE commercial product. Alace et al.
(2001) measured PBDEs in the atmosphere in Arctic
and Great Lakes air. They reported that PsBDEs had
the highest concentration followed by T,;BDEs; H;BDFEs
had. the third highest concentration; and OzBDEs,
NgBDEs and D4BDE were not detected. In Euro-
pean studies, Greenpeace Netherlands (Greenpeace
Netherlands, 2003; Peters, 2003) measured PBDEs in
rainwater collected in the Netherlands and reported that
D (BDE was not detected,

It is not well known why D(BDE was detected only
in Japanese samples. However, these differences in
atmospheric PBDE prefiles between Japan and North
America may reflect differences in the demand for
PBDE products in the respective regions. For example,
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penta-BDE products are more in demand in North
America than in Asia (BSEF, 2000).

3.3. Concentrations and homologue profiles of PBDDIFs
and MoBPXDD/Fs

In all samples, PBDFs were predominant and
PBDDs were detected only at trace levels. Hepta- and
octa-BDD/Fs were not detected in almost all samples.
MoBPXDDs and MoBPXDFs were present at the same
levels in the atmosphere. Watanabe et al. (1995) mea-~
sured PBDD/Fs and MoBPXDD/Fs in airborne dust
in Osaka, Japan. They reported that the concentrations
of PBDFs (sum of tetra- to hexa-BDFs) were 4.2-17
pem *-air and that PBDDs were not detected. They
also reported that semiquantitative values (due to the
lack of standards) of MoBPXDDs and MoBPXDFs
(sum of tetra- to octa-halogenated homologues) were
422 pgm air and 2-23 pgm > -air, respectively.
Homologue profiles in the present study were similar
to those found by Watanabe et al. (1995). Ohta et al.
(2002) reported that PBDD/Fs (sum of 11 congeners)
and MoBPXDD/Fs (sum of eight congeners) in the
atmosphere from the Osaka district were 0.036 and
0.0023 pgm™2, respectively.

Dissol
<20
<50

<100

27

NA
NA

Sept. 4-18, 2001, 0.4 1°

Part.
<20
<50

<100

ND

NA?

NA

3.4. Atmospheric gas—particle partitioning

Sernivolatile organic compounds in the atmosphere -
exist in the gas phase or particulate-associated phase.
The partitioning of compounds between these atmo-
spheric phases is an important factor in their subsequent
fate, transport and degradation, Gas-to-particulate parti-
tioning is controlled by vapor pressure (VP) of the com-
pounds (Bidleman, 1988). VP depends on temperature;
VP increases with increasing temperature. Itis also known
that VP of PCDIV/Fs decreases with increasing chlorine
number (Shin and Ma, 2000). From observing the gas-
to-particulate partitioning of atmospheric PCDD/Fs, it
is known that particulate phase fraction (fp) of PCDD/
Fs increases with increasing chlorine number and with
decreasing temperature (Lohmann and Jones, 1998).

For the physico-chemical properties of the bromi-
nated compounds, VP of PBDEs (Tittlemier and Tomy,
2000; Wong et al., 2001) and PBDD/Fs (Rordorf et al.,
1990) are known to decrease with increasing bromine
number. For the relationship of VP among these bromi-
nated compounds, Rordorf et al. (1990} reported that
VP of PBDD/Fs was lower than that of PCDD/Fs with
the same halogen number, Subcooled liquid vapor pres-
sure of PBDEs (Tittlemier and Tomy, 2000; Wong et al.,
2001) seems to be lower than that of PCDD/Fs (Shiu
and Ma, 2000} with the same halogen mumber. From
the physical-chemical properties of these brominated
compounds, fp of PBDEs, PBDD/Fs and MoBPXDD/
Fs is expected to increase with increasing halogen

63

ND

Dissol.
<4
<4

<10

ND

<4
<4
350

3.8

Jan. 26-Feb. 5°, 2001,

5310
Part.
<10

Dissol.
<4
<4
ND

<10
ND
380

5.0

Rain fpgm~2d~'
Aug. 17-31, 2000,

18P

Part.
<4
<4

<10

ND
47
© Converted unit from {pgl™"] to [pgm~>d "] with values of rainwater volume and cross section of rain sampler.

4.1
® The value that homologue concentration was below the quantification limit was regarded as 0.

b Rainwater volume.
¢ Sampling period was 10 days, because of experimental problem.

9 Not analysed.

Total MoBPXDD/Fs"
Total (sum of 4-8 Cl)

Table 2 (continued)
TEQ

Br1C15DFs
BnClaDFs
Bf[C]qDFS

PCDDIFs
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number and with decreasing temperature, It is also ex-
pected that /5 of these brominated compounds is higher
than that of PCDD/Fs.

The fp of the brominated compounds measured in
this study is shown in Table 3. As expected, fp of

Table 3
Fraction of particulate phase in the atmosphere (/p)

353

PBDEs, PBDFs and MoBPXDD/Fs increased with
increasing halogen number, and was higher in samples
collected in winter than in those collected in summer.
Moreover, fp of PBDFs and MoBPXDFs was higher
than that of PCDFs with the same halogen number,

Aug. 17-24, 2000 Aug, 24-31, 2000

Jan. 22-29, 2001

Jan. 29—Feb. 5, 2001 Sept. 47, 2001

BDE-28 <2 <
BDE-49 < <
BDEA47 < <
BDE-66 < <
BDE-77 b <
BDE-100 < <
BDE-9% 4.3 <
BDE-154 < <
BDE-153 41 <
BDE-183 »° 19
T3BDEs =< <
T,.BDEs < <
BsBDEs 3.8 <
H;BDEs 26 <
H;BDEs > 19
M;BDFs 0.91 0.87
D.BDFs 1.3 1.4
T3;BDFs 53 5.9
T4BDFs 25 34
PsBDFs 70 83
H;BDFs 72 >
Bl'] CI3DDS < <
Br,C3,DDs < <
Br,Cl;DDs 63 52
Br,ClsDDs b >
Br,Cl;DDs > >
BI’[C13DFS < <
Br,Cl4DFs 23 <
Br,ClsDFs 63

Br,Ci;DFs > >
Br,Cl;DFs > >
TiCDDs 55 52
PsCDDs 23 22
HCDDs 47 43
H,CDDs 85 80
O CDD 96 95
T4CDFs 6.2 4.8
PsCDFs 20 14
HsCDFs 43 38
H,CDFs 76 73
0O,CDF 92 85

<
25
36
44
>
81
87
>
>
>

3.0
34
86
>
=

0.76

15
78
98
=
>

14
68
96
99.2
>

8.5 <
48 <
56 <
65 <
>

89 <
92 13
>

-3

>

5.1 <
55 18
92 12
3

> >
1.6 <
2.1 <
42 <
96 27
> >
>

44

>

> >
>

-4

44

93

-

-

p-d

12 7.1
72 25
98 68
> 94
> >
15 6.3
70 22
97 &0
90.6 91
> >

8 < Particulate phase concentration was below the quantification limit.
® blank: Concentrations of both phase were below the quantification limit.,
¢ >: Gaseous phase concentration was below the quantification limit.
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and fp of PBDEs was lower than that of PBDFs with the
same bromine number.

The same results were observed in the study of
Strandberg et al. (2001); they reported that the percent-
ages of the gas phase were about 80% for BDE-47, about
55-65% for BDE-100 and -99, and about 30% for BDE-
154 and -153. Similar results were also observed in the
study of Hariess et al. (1992). They conducted experi-
ments for evaluating air samplers and an analytical
method for PBDD/Fs, MoBPXDD/Fs and PCDD/Fs
in the atmosphere. In their study, air samplers equipped
with quartz fiber filter (QFF) and polyurethane foam
(PUF) were operated to load atmospheric particulate
matter to the QFF. Then, the QFF containing particu-
late matter loadings was spiked with a solution of
PBDD/Fs, moncbromo-trichloro DD/Fs and PCDDY/
Fs, and the air samplers were operated for another
24 h, QFF and PUF were then analyzed and the fraction
of spiked compounds retained by the QFF was deter-
mined. In the results, the fraction retained by the QFF
was higher for PBDD/Fs than that of PCDD/Fs with
the same halogen number. '

3.5. Correlation between bulk depositions and atmospheric
concentrations

Deposition of PCDD/Fs can occur in dry gaseous
form {gas phase PCDD/Fs adsorption at the air—surface
interface), dry particulate form (sedimentation of parti-
cles that associate with PCDD/Fs) and wet form (scav-
enging of particles and’ gas phase PCDD/Fs by
raindrops). Horstmann and McLachlan (1997) showed
experimentally that the bulk deposition sampler of a
glass funnel collected almost exclusively PCDD/Fs asso-
ciated with sedimenting particles and wet deposition,
with little contribution from dry gaseous deposition or
impacting/diffusing particles. From this, it is expected
that values of bulk deposition of brominated com-
pounds also correlate positively with atmospheric partic-
ulate phase concentrations.

- Atmospheric particulate phase concentration and
bulk deposition of each homologue of the brominated
compounds measured in this study are plotted in Fig.
1. As seen in the figure, bulk depositions correlate posi-
tively with atmospheric particulate phase concentrations.

On the other hand, there was very weak correlation
between atmospheric gaseous phase concentration and
bulk deposition (Fig. 2).

3.6. Correlations among brominated compounds in the
atmosphere

In this section the relationships among atmospheric
concentrations of PBDEs, PRDID/Fs, MoBPXDD/Fs,
and PCDDY/Fs are discussed.

10000
1000 1 —_
f:.‘d 100 Dy,BDE
8 (ND <0.5 pg o)
B L=mmmommmy,
g 10 =
£ ' D
E‘ 1¢ ALgOurmn 08
—aA
% o1l a—a0-%® |4 pRDEs (2-4Bp
4 &4 %% | e PRDFs (5-7B1)
&b = D BDE ]
001 F- a2 A PBDFs (1-3Bt)
o PBDFs (4-6Br) |
o.ml ] L 1 1.
0001 001 0.1 1 - 10 100

Atmospheric particulate phase concentration [pg m3]

Fig. 1. Plot of bulk deposition and atmospheric particulate
concentration of PBDEs and PBDFs. An open square means
the value that atmospheric particulate phase concentration was
ND (0.5 pgm ™) and bulk deposition was 24 ngm™>d ™.

10000
4 PBDEs (2-4B1)
1000 |-| ® PBDEs (5-7Br)
= = D1BDE
k=] A PBDFs (1-3Br)
g 17| o PBDFs @4-6B)
A r a
o 10
Zg, .’
o
8 1 " - -: A0k —A
§ A4 A—h
e -
2 o1t o0 o= ° A AAL -
R e
0.01 P el
0.001 - t . — .
0.001 0.01 0.1 1 10 100

Atmospheric gaseous phase concentration [pg m?)

Fig. 2. Plot of bulk deposition and atmospheric gasecus
concentration of PBDEs and PBDFs.

The atmospheric concentrations of PBDEs, PRDD/
Fs, MoBPXDD/Fs, and PCDD/Fs are plotted in Fig.
3. In Fig. 3 the levels of MoBPXDD/Fs increases with
increasing PCDD/Fs levels. From this tendency, it seems
to be that the level of MoBPXDD/Fs correlates posi-
tively with that of PCDD/Fs. There would be a large de-
gree of uncertainty because of the very limited data
however, this relationship has been previously observed
in waste incineration samples. Yoneda et al. (2001)
investigated the emission of brominated dioxins during
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o x ° o X2-7BDEs
K=Y x D1gBDE

5 0l ° % & PBDD/Fs

§ o 5 | mMoBPXDD/Fs
= X

8 A » 2

[=]

s .
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ﬁ 0.1 L )

< 1 10 100

Atmospheric PCDD/Fs concentration [pg m3]

%7 100 | ¥ DgBDE
g 4 PBDD/Fs X
& o MoBPXDD/Fs
8 © PCDD/Fs %
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Atmospheric Z2-7BDEs concentration [pg m™]

Fig. 3. Relationship between PBDEs, PBDD/Fs, MoBPXDD/
Fs and PCDI/Fs in the atmosphere. 3"2~7PBDEs: the sum of
di- to hepta-brominated homologues. PBDD/Fs: the sum of
mono- to hexa-brominated homologues. MoBPXDD/Fs and
PCDD/{Fs: the sum of tetra- to octa-halogenated homologues.

municipal and industrial solid waste incineration in
Japan and reported that MoBPXDDV/F levels correlated
with PCDD/F levels in emission gas and that MoB-
PXDD/F levels were about 10-20% of PCDD/F levels.
Watanabe and Kawano (1997) reported that the level

of MoBPXDDs in airborne dust correlates positively

with that of PCDDs. In addition, we (Sakai et al.,
2001) previously combusted waste television casings
and resin pellets containing brominated flame retardants
in a rotary kiln furnace and found a cotrelation between
the level of MoBPXDD/Fs and PCDD/Fs in the waste
gas before gas treatment. These results suggest that
one of the sources of MoBPXDD/Fs in the atmosphere
is the same as that of PCDD/Fs, which is incineration
byproduct.

Fig. 3 also shows that the PBDD/Fs level seems to
correlate positively with the sum of D;BDEs to H;BDEs
level. As mentioned before, PBDFs were predominant in
PBDD/Fs in the atmosphere. For homologue profiles of
PBDD/Fs, it is known that PBDFs are predominant in
incineration byproducts of polymeric matrices contain-
ing D|(BDE (Lenoir et al., 1994). Similar profiles are

known for PBDD/Fs in PBDDE products (as an impurity)
and in PBDD/Fs formed during the production processes
of plastics containing PBDEs (WHO, 1998). These rela-
tionships suggest that the PBDD/Fs in the atmosphere
relate to PBDEs, which is an impurity of PBDE prod-
ucts, or formed by the manufacture or combustion of
plastics containing PBDEs. Fig. 3 also shows that the
level of PBDFs does not correlate with that of PCDD/
Fs. This suggests that the contribution of waste inciner-
ation emission gas to atmospheric PBDD/Fs is small.

Concentrations of .atmospheric PBDEs were higher
in the samples collected in summer than those collected
in winter. This suggests that the level of atmospheric
PRBRDEs is controlled by partitioning of PBDES between
the air and environmental surface (e.g. soil). This agrees
well with the study of Gouin et al. (2002). They suggest
that at warmer temperatures PBDEs are driven from the
surface to the air due to the temperature dependence of
physico-chemical properties, as determined from the
result of Clausius—Clapeyron plots.

There is no known plant that manufactures BFRs
near the sampling site of the present study. Details of
the source of atmospheric PBDEs are still unknown
and further investigation is necessary.
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