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Abstract

Background, aim, and scope Decabromodiphenyl ether
(DecaBDE) is used as an additive flame retardant in
polymers. It has become a ubiquitous environmental
contaminant, particularly abundant in abiotic media, such
as sediments, air, and dust, and also present in wildlife and
in humans. The main DecaBDE constituent, perbrominated
diphenyl ether (BDE-209), is susceptible to transformations
as observed in experimental work. This work is aimed at
identifying and assessing the relative amounts of products
formed after UV irradiation of BDE-209.

Materials and methods BDE-209, dissolved in tetrahydro-
furan (THF), methanol, or combinations of methanol/water,
was exposed to UV light for 100 or 200 min. Samples were
analyzed by gas chromatography/mass spectrometry (elec-
tron ionization) for polybrominated diphenyl ethers
(PBDEs), dibenzofurans (PBDFs), methoxylated PBDEs,
and phenolic PBDE products.

Results The products formed were hexaBDEs to nona-
BDEs, monoBDFs to pentaBDFs, and methoxylated
tetraBDFs to pentaBDFs. The products found in the
fraction containing halogenated phenols were assigned to
be pentabromophenol, dihydroxytetrabromobenzene, di-
hydroxydibromodibenzofuran, dihydroxytribromodibenzo-
furan, and dihydroxytetrabromodibenzofuran. The PBDEs
accounted for approximately 90% of the total amount of
substances in each sample and the PBDFs for about 10%.
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Discussion BDE-209 is a source of PBDEs primarily
present in OctaBDEs but also to some extent in PentaBDEs,
both being commercial products now banned within the EU
and in several states within the USA. It is notable that OH-
PBDFs have not been identified or indicated in any of the
photolysis studies performed to date. Formation of OH-
PBDFs, however, may occur as pure radical reactions in the
atmosphere.

Conclusions Photolysis of decaBDE yields a wide span of
products, from nonaBDEs to hydroxylated bromobenzenes.
It is evident that irradiation of decaBDE in water and
methanol yields OH-PBDFs and MeO-PBDFs, respectively.
BDE-202 (2,2',3,3',5,5',6,6'-octabromodiphenyl ether) is
identified as a marker of BDE-209 photolysis.
Recommendations and perspectives BDE-209, the main
constituent of DecaBDE, is primarily forming debrom-
inated diphenyl ethers with higher persistence which are
more bioaccumulative than the starting material when
subjected to UV light. Hence, DecaBDE should be
considered as a source of these PBDE congeners in the
environment.

Keywords Chemical reactivity - Photolysis -
Polybrominated dibenzofurans - PBDFs - Polybrominated
diphenyl ethers - PBDEs - UV degradation

1 Background, aim, and scope

Polybrominated diphenyl ethers (PBDEs) have been a
dominating type of brominated flame retardants (BFRs)
during the last few decades (Alaee et al. 2003). The world
production of the commercial perbrominated diphenyl
ether, DecaBDE, reached 56,000 tons in 2003 (Andersson
et al. 2006), while the lower brominated, PentaBDE and
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OctaBDE, have been banned by the European Union (EU)
(Cox and Efthymiou 2003) and their commercial production
have been ceased in the U.S. (Great Lakes Flame Retardants
2005). The environmental occurrence of PBDEs is dominated
by tetraBDEs—hexaBDEs as a primary consequence of
PentaBDE uses and due to their unfavorable physicochemical
characteristics (Law et al. 2003; Hites 2004; de Wit et al.
2006; Law et al. 2006). Both OctaBDE and DecaBDE
products are discussed as potential sources of the lower
brominated dipheny! ethers (He et al. 2006; Gaul et al. 2006).

BDE-209, making up as much as 92-98% of the PBDE
congeners in DecaBDE (Alaee et al. 2003; La Guardia et al.
2000), is a significant contaminant in some river estuaries
(Chen et al. 2007b), in sediments (Moon et al. 2007), and in
air (ter Schure et al. 2004; Gouin et al. 2006). BDE-209 has
been shown in rather high concentrations in window films
(Butt et al. 2004) and in dust from homes (Wilford et al.
2005; Stapleton et al. 2005; Gevao et al. 2006; Karlsson et
al. 2007; Tan et al. 2007). The compound is less frequently
reported in biota but still found in high levels in terrestrial
birds of prey (Lindberg et al. 2004; Chen et al. 2007a), and
in variable concentrations in terrestrial mammals (de Wit et
al. 2006; Voorspoels et al. 2006), but rarely in marine
mammals (Verreault et al. 2005; Thomas et al. 2005).

The perbromination of BDE-209 makes it vulnerable to a
range of chemical reactions, such as substitution, reduction,
and photolysis (Eriksson et al. 2004b; Rahm et al. 2005; Ahn
et al. 2006a; Li et al. 2007). The latter two reaction pathways
are leading to, among other products being formed, lower
brominated diphenyl ether congeners (Soderstrom et al. 2004;
Ahn et al. 2006a; Ahn et al. 2006b; Li et al. 2007). Anaerobic
reductive debromination of decaBDE has been shown in
sediment (Parsons et al. 2004), sewage sludge (Gerecke et al.
2005) and by anaerobic bacteria (He et al. 20006).

The present study should be related to few previous
studies on photolysis of DecaBDE and/or BDE-209
(Watanabe and Tatsukawa 1987; Ohta et al. 2001; Hua et
al. 2003; Soderstrom et al. 2004; Bezares-Cruz et al. 2004,
Palm et al. 2004; Eriksson et al. 2004b; Hagberg et al.
2006; Olsman et al. 2006; Ahn et al. 2006b). The first,
performed in the late 1980s by Watanabe and Tatsukawa
(Watanabe and Tatsukawa 1987), indicated the formation of
debrominated diphenyl ethers. OctaBDEs down to triBDEs
were reported as major products. Further, also monoBDFs
to hexaBDFs were reported as products in their study as
well as tetra- and pentabromobenzenes. A solvent mixture
of hexane/benzene/acetone (8:1:1) was applied. Ohta et al.
(2001) dissolved DecaBDE in toluene to detect a large
number of lower brominated diphenyl ethers, mainly
monoBDEs—nonaBDEs. DecaBDE dissolved in toluene
or adsorbed to silica gel, sand, sediment or to soil and
subjected to UV light reported similar transformations
without matrix-related effects on the product profile

(PBDEs and PBDFs) but with effects on BDE-209
degradation rate (Soderstrdm et al. 2004). Similarly, it has
been shown that sand particles coated with humic acid may
decrease degradation rates of DecaBDE when irradiated
with UV light (Hua et al. 2003). In contrast, Ahn et al.
(2006b) showed increased photolytic transformation rates
when decaBDE was adsorbed to clay minerals (mont-
morillonite and kaolinte). Palm et al. (2004) showed
consecutive debromination of BDE-209 when subjected to
UV light and adsorbed to silica in an aqueous suspension.
Also, the formation of PBDFs was confirmed under their
photolytic experiment. Another few studies showed similar
products being formed from BDE-209 (Bezares-Cruz et al.
2004; Hagberg et al. 2006; Olsman et al. 2006). Degrada-
tion rates of 15 PBDE congeners, dissolved in 80%
methanol exposed to UV light, were determined by
Eriksson et al. (2004b) showing decreasing rates with
decreased bromination degree of the diphenyl ethers.
HexaBDEs to octaBDEs and diBDFs to pentaBDFs were
shown. One product was also identified as a methoxylated
tetraBDF.

Photolysis of decaBDE have accordingly been investigated
in numerous different studies (Watanabe and Tatsukawa 1987,
Ohta et al. 2001; Hua et al. 2003; Soderstrom et al. 2004;
Bezares-Cruz et al. 2004; Palm et al. 2004; Eriksson et al.
2004b; Hagberg et al. 2006; Olsman et al. 2006; Ahn et al.
2006b), but there is still a gap of knowledge regarding
structural identities of products being formed. Hitherto, the
most extensive product information has been reported by
Soderstrom et al. (2004) and by Bezares-Cruz et al. (2004),
while other studies have only reported the general occurrence
of PBDE and PBDF transformation products (Watanabe and
Tatsukawa 1987; Ohta et al. 2001; Hua et al. 2003; Palm et
al. 2004; Eriksson et al. 2004b; Hagberg et al. 2006; Olsman
et al. 2006; Ahn et al. 2006b). The aim of this work was to
identify and to assess the relative amounts of products
formed after UV irradiation of BDE-209 dissolved in
tetrahydrofuran, methanol-water, or methanol, and further,
if possible, to identify markers of BDE-209 photolysis.

The present study is relying on methodology previously
presented in detail by Eriksson et al. (2004a, b). DecaBDE,
dissolved in different solvent mixtures, was exposed to UV
light, and the products were identified and quantified using
Gas chromatography-mass spectrometry (GC/MS).

2 Materials and methods
2.1 Instruments
GC/MS with electron ionization (EI) was performed by

an ion trap GCQ Finnigan Mat instrument equipped with
a fused silica capillary column, DB-5HT, 15 mx0.25 mm
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i.d., 0.1 um film thickness, J&W Scientific (Folsom,
USA). The temperature program was 80°C for 1 min,
raised with 15°C min~' to 300°C and finally increased by
2°C min ' to 320°C. The injections were made in the
splitless mode using an autosampler, the injector temperature
was 220°C, and the injection volume was 1.0 pl. Helium was
used as carrier gas. For identification of compounds formed
from BDE-209, mass spectra were recorded at m/z 150—1000,
between 5 and 24 min at an ion source temperature of 180°C,
an electron energy of 70 eV, and a transferline temperature at
275°C. For quantification purposes, mass spectra were
recorded at m/z 240-420, between 5.00 and 11.10 min, at
m/z 470-650 between 11.10 and 17.20 min, at m/z 640-820
between 17.20 and 20.00 min, and at m/z 300—1000 between
20.00 and 22.00 min.

2.2 Chemicals

Authentic reference standards 2,7-diBDF, 2,3,8-triBDF, BDE-
196, BDE-197, BDE-198, BDE-201, BDE-204, and BDE-
205 were purchased from Campro Scientific (Veenendaal, The
Netherlands) and 2,8-diBDF, 2,4,8-triBDF, 2,3,7,8-tetraBDF,
2,4,6,8-tetraBDF, 2,3,4,7,8-pentaBDF were purchased from
Cambridge Isotope Laboratories (Andover, USA). BDE-153,
BDE-154, BDE-155, BDE-169, BDE-181, BDE-183, BDE-
194, BDE-202, BDE-203, BDE-206, BDE-207, BDE -208,
and CI-BDE-208 were synthesized in house as reported
elsewhere (Marsh et al. 1999; Christiansson et al. 2006;
Teclechiel et al. 2007). Decabromodiphenyl ether was
purchased from Fluka Chemie AG (Buchs, Switzerland).

n-Hexane for pesticide residue analysis, and toluene
analytical grade, were bought from Scharlau Chemie
(Barcelona, Spain). n-Hexane, for gas chromatography
and methanol, for high performance liquid chromatography
(HPLC), were purchased from Merck KGaA, (Darmstadt,
Germany). Tetrahydrofuran, for HPLC, was purchased from
Acros Organics, (New Jersey, USA). Water for HPLC was
bought from VWR International (Poole, England), hydro-
chloric acid from VWR International (Fontenary Sous Bois,
France), ethanol 99.5% from Kemetyl AB (Haninge,
Sweden), and potassium hydroxide from Eka Chemicals
AB (Bohus, Sweden).

2.3 Experimental section
2.3.1 Method

All glass equipment used was carefully washed prior to the
experimental work. A decaBDE stock solution of 2 mM
was prepared by dissolving decaBDE (19.2 mg) in THF
(10 mL) in a pyrex glass test tube.

The experimental procedure is based on the work
previously described by Eriksson et al. (2004a, b).

@ Springer

One milliliter of the decaBDE stock solution was taken
out and diluted to 2.0 L with the appropriate solvent as
described in Table 1, giving a final solution of 1 uM. The
experimental container was a cylindrical glass vessel with a
UV-lamp (fluorescent tube TL 20 W/09N from Philips
(Holland)) placed in the middle of the vessel (Eriksson et
al. 2004a; Eriksson et al. 2004b). The experimental
container was filled up (1.7 L) with the 1 uM decaBDE
solution, and nitrogen was bubbled through the solution.
The solution was illuminated for either 100 or 200 min, as
described in Table 1. A portion of the solution (500 mL) was
taken out into a measuring glass before being transferred
to a round bottle. The measuring glass was rinsed with
the respective solvent used (30-50 mL) and added to the
round bottle. The solvent was evaporated to a residue of
5-10 mL under reduced pressure at room temperature.
The residue was then transferred to a pyrex glass test
tube. The round bottle was rinsed with the appropriate
solvent used (5-10 mL) for the experiment and transferred
to the test tube. The solvent was finally evaporated to
dryness using a gentle stream of nitrogen at 40°C.

n-Hexane (4 mL) was added before analysis. Identifica-
tion and quantification of products formed through UV-
induced reactions of decaBDE were performed by GC/MS.
The analyses were performed by applying authentic
standard mixtures of PBDEs and PBDFs. CI-BDE-208
and BDE-77 were used for comparing the relative retention
times (Table 2). Identification was done by both compar-
ing relative retention times and by comparison of mass
fragmentation pattern. For the quantification, a portion of
the sample (0.2 mL) was added to a vial spiked with Cl-
BDE-208 (17.10 png) and BDE-77 (1.56 pg). The
unknown monoBDFs and the diBDFs were quantified
using the response factor of 2,8-diBDF, the triBDFs

Table 1 Experimental conditions

Solvent Time  Sample Concentration  Corresponding
(min) of decaBDE to x half-lives®

THF 100 I 1 uM 7

THF 100 Blank -

100% MeOH 100 I 1 uM 6

100%MeOH 100 Blank -

90% MeOH 100 I a 1 uM

90% MeOH 200 b 1 uM

90% MeOH 200 Blank -

80% MeOH 100 IVa 1 uM

80% MeOH 200 IVDb 1 uM

80% MeOH 200 Blank -

80% MeOH - Control 1 uM

 Eriksson et al. (2004b)
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Table 2 Relative retention times versus BDE-77 (3,3',4,4"-tetrabromo-
diphenyl ether) for the PBDFs and against CI-BDE-208 (4-chloro-
2,2'3,3'.4'5,5',6,6'-nonabromodiphenyl ether) for the PBDEs used as
standards

RRT BDE-77
2,8-Dibromidibenzofuran (2,8-diBDF) 0.764
2,4,8-Tribromodibenzofuran (2,4,8-triBDF) 0.913
2,3,8-Tribromodibenzofuran (2,3,8-triBDF) 0.928
2,4,6,8-Tetrabromodibenzofuran (2,4,6,8-tetraBDF) 1.040
2,3,7,8-Tetrabromodibenzofuran (2,3,7,8-tetraBDF) 1.085

2,3,4,7,8-Pentabromodibenzofuran (2,3,4,7,8-pentaBDF) 1.231
RRT CI-BDE-208

2,2',4,4',6,6'-Hexabromodiphenyl ether (BDE-155) 0.659
2,2',4,4',5,6'-Hexabromodiphenyl ether (BDE-154) 0.669
2,2',4,4'5,5'-Hexabromodiphenyl ether (BDE-153) 0.690
3,3',4,4',5,5'-Hexabromodiphenyl ether (BDE-169) 0.726
2,2'.3,4,4',5,'6-Heptabromodiphenyl ether (BDE-183) 0.749
2,2'.3,4,4',5,6-Heptabromodiphenyl ether (BDE-181) 0.778
2,2'.3,3',5,5',6,6’-Octabromodiphenyl ether (BDE-202) 0.806
2,2'.3,3',4,5',6,6’-Octabromodiphenyl ether (BDE-201) 0.810
2,2'.3,4,4',5,6,6'-Octabromodiphenyl ether (BDE-204) 0.815
2,2'.3,3',4,4',6,6’-Octabromodiphenyl ether (BDE-197) 0.817
2,2'.3,3",4,5,5',6-Octabromodiphenyl ether (BDE-198) 0.823
2,2'3,4,4',5,5',6-Octabromodiphenyl ether (BDE-203) 0.825
2,2'3,3",4,4',5,6'-Octabromodiphenyl ether (BDE-196) 0.830
2,3,3',4,4',5,5',6-Octabromodiphenyl ether (BDE-205) 0.842
2,2'.3,3",4,4",5,5'-Octabromodiphenyl ether (BDE-194) 0.856
2,2'3,3',4,5,5'6,6'-Nonabromodiphenyl ether (BDE-208) 0.905
2,2',3,3",4,4',5,6,6'-Nonabromodiphenyl ether (BDE-207) 0.915
2,2',3,3',4,4',5,5',6-Nonabromodiphenyl ether (BDE-206) 0.936
2,2'.3,3'.4,4'5,5',6,6'-Decabromodiphenyl ether (BDE-209)  1.066

From GC/MS chromatogram recorded in the EI mode on a non-polar
GC-column (DB-5HT, 15 mx0.25 mm i.d., 0.1 wm film thickness)

against 2,4,8-triBDF, the tetraBDFs and the MeO-
tetraBDFs against 2,4,6,8-tetraBDF, the pentaBDFs and
the MeO-pentaBDF against 2,3,4,7,8-pentaBDF. The
unknown hexaBDEs were quantified relative to BDE-153
or BDE-154. The unknown heptaBDEs were quantified
using the response factor of either BDE-183 or BDE-181.
The octa-decaBDEs were all quantified relative to their
respective authentic standard except for BDE-202 that was
quantified by comparison to BDE-201.

2.3.2 Separation of neutral and phenolic PBDE products

Separation of phenolic and neutral compounds was done
for the samples with water—methanol mixtures as follows.
Potassium hydroxide in 50% ethanol (2 mL, 1 M) was
added to the sample diluted in n-hexane (10 mL). After
rocking and centrifugation, the organic phase was trans-

ferred to a new test tube. The alkaline solution was re-
extracted with n-hexane (2x4 mL), and the organic phases,
containing the neutral substances, were combined. The
solvent was evaporated to dryness, and n-hexane (4 mL)
was added.

The alkaline solution was acidified with hydrochloric
acid (2 M, 2 mL) and extracted with 10% diethyl ether in n-
hexane (2x4 mL). The organic phases, containing the
phenolic compounds, were transferred to a new test tube,
and the solvent was evaporated. The potential phenols
dissolved in n-hexane (0.5 mL) were methylated by adding
a solution of diazomethane in diethyl ether (0.5 ml). The
samples were analyzed by GC/MS.

3 Results

The quantities of hexa- to nonabrominated diphenyl ethers,
mono- to pentabrominated dibenzofurans, and methoxy-
lated tetra- to pentabrominated dibenzofurans were estimat-
ed after UV irradiation of dissolved BDE-209. The
percentage relative to the total amount in each sample for
the PBDE, PBDF, and MeO-PBDF congeners formed in
each experiment were calculated and are listed in Tables 3,
4, and 5 for the actual solvents and irradiation times
applied. The product profiles of BDE-209 irradiated by UV
light in THF and in 80% methanol, as determined by GC/MS,
are shown in Fig. la, b, respectively. Acidic products were
detected in a separate fraction of UV-irradiated decaBDE
mixture when dissolved in diluted methanol. The product
profile as determined by GC/MS is shown in Fig. 2. The
major products were assigned to be pentabromophenol,
dihydroxytetrabromobenzene, dihydroxydibromodibenzo-
furan, dihydroxytribromodibenzofuran, and dihydroxytetra-
bromodibenzofuran according to GC/MS. Mass spectra of
the assigned products are shown in Fig. 3 in supplementary
information.

Photolysis of BDE-209 is well known to lead to PBDE
and PBDF congeners with variable number of bromines
(Watanabe and Tatsukawa 1987; Ohta et al. 2001; Hua et al.
2003; Soderstrom et al. 2004; Bezares-Cruz et al. 2004;
Palm et al. 2004; Eriksson et al. 2004b; Hagberg et al.
2006; Olsman et al. 2006; Ahn et al. 2006b), but little has
been done in relation to their structural identities earlier.
The photolysis of BDE-209 is fastest in THF, while
considerably slower in diluted methanol (Eriksson et al.
2004b). Illumination for 200 min in 80% MeOH and
100 min in pure THF corresponds to almost seven half-
lives for BDE-209 (Eriksson et al. 2004b). Since the
reactions are consecutive, longer radiation times lead to
increased relative amounts of heptaBDEs and octaBDEs
and decreased amounts of nonaBDEs and decaBDE itself.
This is also true for the PBDFs. The more highly
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Table 3 Percentage of total amount of substances in each sample for the brominated diphenyl ethers

Identified RRT THF 100% MeOH  90% MeOH  90% MeOH  80% MeOH  80% MeOH
substances 100min I~ 100min II 100min [lla  200min Il b 100min [Va  200min IV b
Yield percent 104 105 65 33 54 42
HexaBDE 0.669 0.4
HexaBDE BDE-154 0.672 0.09 0.09
HexaBDE 0.674 0.01
HexaBDE 0.677 0.1
HexaBDE 0.681 0.4
HexaBDE BDE-153 0.691 0.5 0.1 0.1
HexaBDE 0.694 0.07 0.06
HexaBDE 0.698 0.1
HexaBDE 0.703 0.1
HexaBDE 0.707 0.04
HexaBDE 0.716 0.1
Sum hexaBDE 1.9 0.13 0.29
HeptaBDE 0.733 0.5
HeptaBDE 0.739 0.5 0.1 0.08 0.3 0.05 0.2
HeptaBDE 0.745 10 3 1 7 0.6 4
HeptaBDE BDE-183 0.749 12 5 2 9 0.9 6
HeptaBDE 0.754 0.2 0.1 0.08 0.4 0.03 0.2
HeptaBDE 0.760 0.2 0.05 0.02 0.2 0.1
HeptaBDE 0.764 0.6 0.08 0.04 0.3 0.03 0.2
HeptaBDE 0.773 1 0.4 0.2 1 0.1 0.5
HeptaBDE BDE-181 0.780 0.6 0.2 0.08 0.4 0.03 0.3
HeptaBDE 0.784 0.5 0.2 0.08 0.5 0.03 0.3
Sum heptaBDE 26 9.3 3.6 20 1.9 6.0
OctaBDE BDE-202 0.805 4 2 2 3 1 3
OctaBDE BDE-201 0.810 10 7 5 10 4 9
OctaBDE BDE-197, BDE-204  0.816 6 5 4 7 3 7
OctaBDE BDE-198, BDE-203  0.825 17 13 10 19 7 18
OctaBDE BDE-196 0.830 10 8 7 11 5 11
OctaBDE BDE-205 0.843 0.2 0.1 0.2
OctaBDE BDE-194 0.856 0.5 0.4 0.6 0.2 0.5
Sum octaBDE 46 36 28 50 21 48
NonaBDE BDE-208 0.904 2 5 7 2 8
NonaBDE BDE-207 0.913 2 9 12 3 14 6
NonaBDE BDE-206 0.935 10 28 31 17 30 27
Sum nonaBDE 15 42 51 21 51 37
DecaBDE BDE-209 1.065 0.34 2.8 8.7 1.6 15 2.6
Sum PBDEs 90 90 91 93 88 93

The yield is calculated as total amount of substance formed/start amount of decaBDE. Relative retention times (RRT) versus CI-BDE-208

brominated PBDFs, like pentaBDFs, decreases on the
benefit of less brominated ones, like di- and monoBDFs.
It is well known that highly halogenated dibenzofurans are
very photosensitive with high quantum yields and high
absorption coefficients (Lenoir et al. 1991; Watanabe et al.
1994). 1t is therefore difficult to say whether the pentaBDFs
are a product of the hexaBDEs or if they are products from
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hepta to nonaBDEs. It is in principal a possibility that
BDE-206 can form an octabrominated BDF. MeO-
tetraBDFs and MeO-pentaBDFs are formed in trace
amounts and only when methanol is used as a solvent.
When diluted methanol is used as a solvent, it is possible to
also detect phenolic transformation products. Hence, photo-
chemically induced reactions between methanol or water on
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Table 4 Percentage of total amount of substances in each sample for the brominated dibenzofuranes
Identified RRT  THF 100% MeOH  90% MeOH 90% MeOH 80% MeOH 80% MeOH
substances 100 min I~ 100 min II 100 min llla 200 min [l b 100 min IVa 200 min IV b
MonoBDF 0.588 2 0.07
MonoBDF 0.597 0.09
Sum monoBDF 2.4 0.068
DiBDF 0.749 0.01 0.04
DiBDF 0.753 0.5 0.4 0.1
DiBDF 2,8-DiBDF 0.765 3 2 0.1 0.4 0.1
DiBDF 0.770 2 2 0.1 0.4 0.1
Sum diBDF 6.1 43 0.24 0.94 0.20
TriBDF 0.896 0.04
TriBDF 0.899 0.09 0.4 0.5 0.7 0.5 0.4
TriBDF 0.904 0.03 0.1
TriBDF 0.907 0.5 2 3 3 3 2
TriBDF 0911 0.02
TriBDF 2,4,8-TriBDF 0914 0.6 1 2 2 3 2
TriBDF 0.930 0.02
TriBDF 0.939 0.06 0.05
Sum triBDF 1.3 3.8 53 52 6.0 4.7
TetraBDF 1.029 0.05 0.4 0.8 0.2 1.4 0.6
TetraBDF 2,4,6,8-TetraBDF  1.039 0.2 0.5 1 0.2 2 0.6
TetraBDF 1.052 0.02 0.06 0.09 0.1 0.02
TetraBDF 1.056 0.03 0.03 0.03 0.03
TetraBDF 1.065 0.2 0.4 0.001 0.6 0.1
Sum tetraBDF 0.25 1.1 2.3 0.37 43 1.3
PentaBDF 1.164 0.2 0.3 0.1 0.5 0.2
PentaBDF 1.189 0.1 0.4 0.1
PentaBDF 1.191 0.1 0.1 0.07
PentaBDF 1.202 0.01 0.03 0.04
Sum pentaBDF 0.28 0.5 0.19 0.94 0.31
Sum PBDFs 10 9.6 8.4 6.7 11 6.3

Relative retention times (RRT) versus BDE-77

one side and PBDFs or PBDEs on the other, are indicated.
The formation of MeO-PBDFs under natural conditions is
highly unlikely, while OH-PBDFs, pentabromophenol, and
other polybrominated phenols are expected products in the
environment. However, OH-PBDEs that have been reported
in environmental samples (Marsh et al. 2004; Verreault et
al. 2005; Malmvérn et al. 2005; Mas et al. 2007) were not
indicated in this study.

The most abundant nonaBDEs is #206 (see Table 3 and
Fig. 1), but also the other two isomers are formed. This is in
accordance with previous observations (Sdderstrom et al.
2004; Bezares-Cruz et al. 2004; Eriksson et al. 2004b; Ahn
et al. 2006b). In microbial reductive debromination of
decaBDE, it seems like BDE-206 are formed in minor
amounts compared to BDE-207 and BDE-208 (Gerecke et
al. 2005). A group of seven to nine octaBDEs are formed

by UV light (see Table 3). The uncertainty is due to co-
elution of the BDEs #197/#204 and #198/#203. BDE-202,
a hitherto unknown compound in any of the commercial
PBDE products, is detected and identified in the present
study. A GC peak, most likely corresponding to BDE-202,
can also be seen in other previous studies where BDE-209
has been subjected to UV light. Stapleton et al. found BDE-
202 when decaBDE-spiked house dust was exposed to
sunlight (Stapleton and Dodder 2008). Hence, the BDE-202
may be a marker for UV induced degradation of BDE-209
when analyzing environmental samples. BDE-202 is also
formed via reductive debromination as shown by Konstantinov
et al. (2007), and according to data from Gerecke et al.
(2005), it seems likely that BDE-202 is also formed via
anaerobic degradation of decaBDE. BDE-202 was also found
in fish exposed to decaBDE (Stapleton et al. 2006) and in fish
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Table 5 Percentage of total amount of substances in each sample for the methoxylated brominated dibenzofuranes formed in each experiment

Substance

RRT 100% MeOH 90% MeOH 90% MeOH 80% MeOH 80% MeOH
100min II 100min III a 200min III b 100min IV a 200min IV b

MeO-tetraBDF 1.120 0.001 0.001 0.001 0.005
MeO-tetraBDF 1.132 0.06 0.1 0.2 0.1 0.3
Sum MeO-tetraBDF 0.056 0.10 0.16 0.14 0.29
MeO-pentaBDF 1.251 0.07 0.05 0.2 0.03 0.1
Sum MeOpenta-BDF 0.068 0.049 0.18 0.028 0.12
Sum MeO-PBDFs 0.12 0.15 0.34 0.16 0.40

Relative retention times (RRT) versus BDE-77.

living downstream of a waste water treatment plant for a
plastic goods factory (La Guardia et al. 2007). Interestingly,
BDE-183 is the major debrominated product identified
among the ten heptaBDE isomers indicated in this study.
BDE-153, one of the more persistent PBDE congeners, was
formed from BDE-209 as indicated herein. Even if as little as
10 ppm (0.01%0) of BDE-209 is transformed to BDE-153,
hundreds of kilograms of this persistent hexaBDE is formed
abiotically, since DecaBDE is produced in amounts above 56

million kg per year (Andersson et al. 2006). A similar
calculation including heptaBDEs to nonaBDEs indicates
photolysis of BDE-209 as a significant source thereof.

A large number of PBDFs, 23 or more, are formed under
the experimental conditions applied in this study. This is
approximately as many PBDFs as reported by Hagberg et
al. (2006). The identified PBDF products were 2,4,6,8-
tetraBDF, 2,4,8-triBDF, and 2,7-/2,8-diBDF (see Table 4),
among which the latter were also identified in the study by
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Fig. 1 a GC/MS chromatogram recorded in the EI mode on a
nonpolar GC-column (DB-5HT, 15 mx0.25 mm i.d., 0.1 pm film
thickness) of decaBDE dissolved in 100% THF and exposed to UV
light for 100 min. b GC/MS chromatogram recorded in the EI mode
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on a nonpolar GC-column (DB-5HT, 15 mx0.25 mm i.d., 0.1 pm film
thickness) of decaBDE dissolved in 80% MeOH:20% water and
exposed to UV light for 200 min
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Fig. 2 GC/MS chromatogram recorded in the EI mode on a nonpolar GC-column (DB-5HT, 15 mx0.25 mm i.d., 0.1 um film thickness) of the
hydroxy fraction from decaBDE dissolved in 80% MeOH:20% water and exposed to UV light for 100 min

Hagberg et al. (2006). The overall transformation to PBDFs
are estimated to be 6-10% of the products formed (see
Table 4). Since the PBDFs may be formed via entirely
different routes, not involving BDE-209, it is not possible
to identify any of the PBDFs as characteristic of photolysis
of decaBDE. On the other hand, PBDFs are photolysis
products of decaBDE (BDE-209) as shown herein and in
other previous studies, see Section 1.

4 Discussion

It is obvious, based on previous and the present studies,
that BDE-209 is a source of lower brominated diphenyl
ether congeners and of PBDFs. It is still difficult to
calculate the importance of photolysis, since BDE-209
transformations can either be catalyzed or inhibited
depending on what the compound is adsorbed to. BDE-
209 is at least long-lasting when adsorbed to window
surfaces (Butt et al. 2004) that indeed are subjected to sun
light, but on the contrary, rapidly transformed if it is in a
solution and inside a window (Herrmann et al. 2003). BDE-
209 is a source of PBDEs primarily present in OctaBDEs,
but also to some extent in PentaBDEs, both being
commercial products now banned within EU (Cox and

Efthymiou 2003) and in several states within the U.S.
(Great Lakes Flame Retardants 2005).

It may be worth stressing that protic solvents, i.e.
methanol and water, may lead to the formation of
methoxylated or hydroxylated products such as MeO-
PBDEs and OH-PBDEs. But neither of those products
was found in these experiments. It is a possibility that an
excited PBDE undergoes intramolecular reaction to form a
PBDF instead of reacting with the surrounding solvent.
PBDESs may also fragment to form phenols. Because highly
brominated PBDFs are very photosensitive, they could
easily react with the surrounding solvent molecules. It is
notable that OH-PBDFs have not been identified or
indicated in any of the photolysis studies performed up
until now. Formation of OH-PBDFs may occur as pure
radical reactions in the atmosphere as reported elsewhere
(Ueno et al. 2008).

5 Conclusions
Photolysis of decaBDE, dissolved or adsorbed, is yielding a
large number of PBDE and PBDF products. The primary

individual products are a few heptaBDEs to nonaBDEs
with BDE-202 as a possible indicator of environmental
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transformations of BDE-209, since it is not present in
commercial PBDE products. The present study is indicating
that environmental photolysis of BDE-209 may lead to
formation of both BDE-183 and BDE-153, both being
important environmental PBDE congeners. Both hydroxylated
and methoxylated products may be formed from BDE-209
when studied under experimental conditions in methanol and
methanol/water.

6 Recommendations and perspectives

DecaBDE or BDE-209 has been shown in a large number
of studies by now to be converted to lower brominated
diphenyl ethers and to low brominated dibenzofurans.
DecaBDE is accordingly a source of these more readily
bioaccumulative and more persistent PBDEs. It is thus
reasonable to limit the production of DecaBDE to promote
a cleaner environment.
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