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Abstract: Brominated flame retardants (BFRs) are chemical compounds that inhibit the combustion of organic
materials by scavenging free radicals that would otherwise encourage the spread of flames. These compounds
are found in a wide variety of materials including paints, plastics, textiles, furniture and electronics. Mounting
evidence, however, suggests that the non-reactive BFRs can easily leach into the environment and pose significant
environmental and health concerns. PBDDs/PBDFs are often formed in the process of manufacturing brominated
flame retardants and from the combustion of waste products containing flame retardants BFR. Therefore, this
paper describes the general characteristics, management status, residual concentration in environments and
analytical method.
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B E313A A (brominated flame retardants,
Aol AFetaL 7HA | Hlste] Aol 5
Fate] 71 BELIEA AREEA TR 2y B
E3ldAA T PBBs (polybrominated biphenyls)=
olw] 70t HHH wWeHdo] o] AHEFAHE
e olw, PBBsell Hl&to] Hlw 2 P st 4
A FAAEE flsidel ER1Eo] F7PEE penta-
BDE (pentabrominated ~ diphenylether), octa-BDEs (octa-
brominated diphenylether), TBBPA (tetrabromobisphenol
A) ol tiste] ARE-S Algtela = AA ot o]
o Syl M = 20060 2¥€HE penta-, octa-
BDEsE HFASaAEZR A5 Ax, %, AF
| 52 A AT 22y AAE 2 sl 2
FIFAAE AT = e 25 2] o1
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(TBBPA) (HBCD)

Fig. 1. Structure of Brominated Flame Retardants (BFRs).

Table 1. Estimated world market demand for brominated flame retardants (unit : tons)

BFRs Europe USA Asia Others Total

TBBPA 11,600 18,000 89,400 600 119,600 (59%)

deca-BDE 7,600 24,500 23,000 1,050 56,150 (27%)

octa-BDE 610 1,500 1,500 180 3,790 (2%)

penta-BDE 150 7,100 150 100 7,500 (4%)

HBCD 9,500 2,800 3,900 500 16,700 (8%)

29,460 53,900 117,950 2,430
Total (11%) (27%) (61%) (1%) 203,790

*TBBPA : Tetrabromobisphenol A, deca-, octa-, penta-BDE : deca-, octa-, pentabromo-diphenyl ether, HBCD : Hexabromocyclododecane

Table 2. The amount of domestic used for brominated flame retardants

2002 2006
BFRs
products (ton) Import (ton) uses (ton) products (ton) Import (ton) uses (ton)
deca-BDE 243 8,925 12,697 61 5,013 6,566
TBBPA 133 15,965 29,295 7 23,603 32,687
HBCD 453 452 1,452 0 1,951 2,686
TBP 0 230 323 0 5,034 5,153

*deca-BDE : decabromo-diphenyl ether, TBBPA : Tetrabromobisphenol A, HBCD : Hexabromocyclododecane, TBP : Tribromophenol

GAAE Fig 2, 33 7ol 2 TV, WAL 5 7H4
& A7AAZ ] 56%2 7P el A, 1 9] fiber/others transport

o,
o) A4, AEF 5ol thF AREH T YTk 7% ..\‘

building | :
22 HES|IClo|SMF e ;gﬁ/:omc

1%
221. & 9
PBDDs) ¥ 3 H(polybrominated dibenzofurans, PBDFs) Fig. 2. Appliances of BFRs.

B & 3}t}o] 22l (polybrominated  dibenzo-p-dioxins,
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Fig. 3. Electric and electronic appliances of BFRs.

£ ¥ 3}t}o] =4 (polychlorinated dibenzo-p-dioxins,
PCDDs) ¥ 3 2H(polychlorinated dibenzofurans, PCDFs)
3} 7o) 210%2] 52 A (congenen)E 7HA I U= H
Heo| 213l vlekE FSE R Oﬂ:g]_\:].o]s)_}\]“,]. AR
548 7S QMO B Esto]| Sl R ouﬂ-@r‘:]'
o] &4l o] oo AskE EHo] ofuy, B

&3} A (brominated flame retardants, BFRs)Sl &

1 0 9
L)
3 d1

Brx/g/ 0 E\Br,,

Polybrominate dibenzo-p-dioxins

go] A &g Aol v =A<
RO AdHA AT

BE3lttol $A1 R/ Fig 494 iz nie} gro] #
HEzo A% vpekEslelE 2 1-gU)le] HEo] X3}
Fsstne BB AT et 247} ghe] XA
(homologue)7t 129, o] &4 o =2 7}7} PBDDs &4
A (congener) 7571 ¢} PBDFs & & A 135717} 7453}
o] F 21059 SAA 7} EA S

FAER MiE]t

222. 22| - 5™ Y
BEsIe| AR B2, B3 5 =8 - 58
2 E4QAFE Table 39| YERM A TE. PBDDs/PBDFs

1 g9
2( N | ﬁ 8
3 A1
Brx/q_/ 0 6 \Bry

Polybrominate dibenzofurans

(PBDDs) (PBDFs)
Fig 4. Structural formular of PBDDs and PBDFs.
Table 3. Physical and chemical properties of PBDDs/PBDFs
. . - . Water Solubility>  Octanol/Water ~ Sorption Coefficient*
Compound Melté? Cg)]Pomt Boﬂz?(gj)fomt [log S] partition coefficient? [log K]
(mole/L) [log Kow] (mole/L)
MoBDD 90~106 338.2 -6.12 4.3~4.6 4.39
DiBDD 145~207 375 -6.90~-7.99 4.9~53 4.74~5.22
TriBDD - - - 5.5~5.9 -
PBDD TetraBDD 334~336 438.3 -8.72 5.6~6.5 5.54
®  PentaBDD - - -9.45 62~6.5 5.87
HexaBDD - - - 6.7~7.3 -
HeptaBDD - - -10.89 6.7~7.0 6.50
OctaBDD 376 523.2 -11.69 7.1 6.82
MoBDF - - -5.42 5.05 4.08
DiBDF - - -6.25 5.58~6.09 4.47
TriBDF 144~148 - -7.26 6.49~6.79 4.90
PBDE TetraBDF 240~302 - -7.99 6.20~8.72 522
®  PentaBDF - - -8.71 7.73 5.22
HexaBDF - - -9.43 8.31 5.54
HeptaBDF - - - - 5.86
OctaBDF - - - - -

1 : observed , 2 : predicted
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Table 4. PBDDs/PBDFs and PBDEs concentrations in the emission gas of manufacture process and waste incinerators

T 57 PBDDs/PBDFs PBDEs Remarks
—-0.001~0.23 pg/Nm?
gl Eehay ~0.011-4,903 ng/Nm*  —DeBDE (67-98%) _
e — TeBDDs (98.9~100%) ~— OBDES (0~25%) 2.3,78-TeBDD : N.D

— NoBDEs (0~10%)

~ND~12.1 ng/Nm®
— TeBDDs (1~100%)
— OBDF (10~54%)

— HpBDFs (26~30%)

— PeBDFs (4~22%)

~0.004~1.43 pg/Nm’

— DeBDE (36~98%)
— MoBDEs (0~32%)
— DiBDEs (0~21%)

-2,3,7,8-TeBDD : N.D
(major isomer 1,2,3,4,6,7,8-HpBDF)
-1,2,3,7,8-, 2,3,4,7,8-PeBDF : ND

~ OBDEs (0~11%)

—ND~7,131 ng/Nm?
— HpBDFs (2~92%)
s P — OBDF (5~55%)

— PeBDFs (5~28%)

~0.016~2,098 pg/Nm®

— DeBDE (51~96%)
~ NoBDEs (2~14%)

— major isomer 1,2,3,4,6,7,8-HpBDF
-1,2,3,7,8-, 2,3,4,7,8-PeBDF : 1~6%

— OBDEs (0~10%)

— 0.45~5.46 pg/Nm’

A& 7] & — HxBDDs (14~77%) P .

27bA — TeBDF (6-23%) - major isomer : 1,2,3,4,7,8/1,2,3,6,7,8-HxBDD
— PeBDF (9~57%)
-4.5~773 pg/Nm®

A A H 7 & — HxBDDs (1~24%) o .

27p A1 — TeBDF (11~59%) - major isomer : 2,3,7,8-TeBDF, 2,3.4,7,8-PeBDF

— PeBDF (23~84%)

Table 5. Residual status of PBDDs/PBDFs and PBDEs by environmental materials

Sample type Unit PBDDs/PBDFs PBDEs
30~34(tri)
L . 7.1~23 48~55(tetra)
3
Atmospheric air (Taiwan) pg/m (tri~hexa) 13~34(penta)
5.6~81(hexa)
0.59~23(BDE-47)
" (Kyoto) " 0.25~2.3 0.38~20(BDE-99)
4 (tetra~hexa) <0.3~1.9(BDE-153)
<1.5~48(BDE-209)
1.2~7.1(tetra)
. " 1.4~17 1.7~6.1(penta)
Airbone dust (Japan, urban) (tetra~hexa) 2.1~46(hexa)
83~3,100(deca)
. 0.03~0.37 2.1~10
Sediment (Japan) ng/g dry (tetra~hexa) (tetra~octa)
0.044~0.35(tetra)
Sediment (Osaka) ng/g dry 0.004~0.077 0.023~0.55(penta)

0.020~0.055(hexa)
7.8~350(deca)

(11 congeners)*

* 1 2,3,7,8-substituted congeners
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Table 6. Formation of PBDDs/PBDFs during production of plastic materials

. . Maximum temperature PBDDs/PBDFs
Flame retardant Plastic materials o
(“0) (mgkg)
PBT/AT 254 713
Decab dipheny! ether (DeBDE rs 270 3
ecabromo diphenyl ether (De ) PS 250-300 |
PS/AT 275 1,310
Octab divhenvl ether (OBDE ABS/AT 245 136
ctabromo diphenyl ether ( ) ABS no specification described 85
Mixture of PBDE TBBP-A ABS " 0.04
TBBP-A Oli b PBT/AT 240 0.17
-4 Oligo carbonate PBT/AT 250 0.007
TBBPA/Bisphenol A copolycarbonate PC 240 0.14
Hexabromo cyclododecane PS no specification described 0.003
1,2--Bis-(tribromophenoxy)ethane ABS no specification described 0.028
Brominated styrene ABS no specification described 0.084

TBBP-A : tetrabromo bisphenol A, ABS : acrylonitrile-butadiene-styrene-copolymer, PBT : polybutylene terephthalate, PC : polycarbonate,

AT : antimony trioxide, PS : polystyrene

A (log Kow)?7F ZEE 24, AW, f7]-&mfel 2
=& XA A (lipophilic)e] ¥ Zt}? =3 &, t)7],
EY FolA dslriol 2l Fe vlste] FEsvt &
dojur] wlEol ol & SIFES] A FFE 7E
o A BZAHATE AA7A R st FFS

F as}stefof gt

(¢}
L3 A ES AT AGA DM P BEstE
WEEAS FAZRA 235 EUE o2 Table 49
AT 3t o] 2A wlEE BESES S
A 838ty 540l wpe B AE o] F, )
Holg 31 84 Fo Fehe BESES] v

Table 59 7t}h!

3. HESIClOISATE MY o b

T

31 BESClo|SMR wagl 3 wyH=
BEsSIGAA = 7P Bol A= dAAEA o
9 Azl QA F EE9 ol oF 50~
85%= vt wom,"? HEShIAA 7L Wol EFHE
ANARAEFS] 2701 2 g he] Sl 720 A
o] oA 4 glom, AHA| Tasaki 5'% 9J&tH =

AN 71 E(BE 38~68 mg/kgdHi)ol #H A7 AAAF

bl 2ztadls Ay %
E9 FEE 300~2,700 mgkgo] A oH,
& &S STk Fo dEs
NFe] FE7tol iAol 5 AR Bis

St Table 63} 7o) Fet2ES @3t A
349 FAEE AF Fol BEsittolsalRrt A4
2 4 Jom AF S| PBDEsE H|I &3 BFRs>
O] 5& AMEEE A FoA AAE] F7] FOE WEY
37 Foll A SR8, WHO E.aLA o]
28 AFE 7 A= AHEAA S 7] F PBDEs
(tetra~deca) = 97~969 pg/m3o] ™, AFF-A W] F &
=5 507~2,939 ug/kg-dust 91 ALZE YEGTE HHA
AME-A d)7] F PBDFs(tetra~hepta)= 0.23~1.27 pg/
m?o] ™, AFF-A o] HX] ZF PBDFs(tetra~hepta)2] &%=
£ 2.43~5.48 pg/kg-dust ©]JTh.

o BESIEAAVE AHRE ARS 9], A
= A4 F 3, ¢HEITA 5 T o] o=
BE3ltto]| SAIF7E Bol wiEE > a7bx e A
AN E Asfrto]SA {7} o] HES o] S A/ 7}
A= Qe BEsirto]l ARl A 9wl

Table 73+ 7},

S

3.2. HEsIClo|=LFe| MMMFILIE
PBDDs/PBDFs= PCDDs/PCDFs&} 7ro] & =)&) 3}
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Table 7. Formation and source of PBDDs/PBDFs

Formation and Source

— sysnthesis and use of flame retardants

— by-products or brominated organic chemicals(including
flame retardants)

— formation from the photochemical degradation of bromi-
nated organic chemicals

— formation from the laboratory thermolysis of bromine-con-
taining flame retardants

— formation during production of plastic materials

— emission from flame-retarded consumer products

— presence in fire residues(experimental and accidental fires)

— formation from incineration of fuels

— formation during waste disposal and treatment
- incineration, disposal, plastics and metals recyclings

— presence in automotive exhaust

— formation during textile processing

oM AEH, o]5<] YA YUF L3 PCDDs/
PCDFs®| Al AYE At 22y, BFRs®

BE3jTo) 4159l AT

449

<l PBDEs:= PBDDs/PBDFs9} -3 2 22 A}
ste]  Zheket A 2] $ik-S-S(intra-molecular

cyclization) %3}%] PBDDs/PBDFsE A}/d 3}™, BFRs
o] @is] FANA B Fol APEE BEFsuE
2 o|3HA132 5 3te PBDDs/PBDFsE AAse 5,
eH R RTE A oste AEE e
R E2 Aoz HuHd) 49 BEo] &3
¥ PXDDs/PXDFs H3F o]E3} FAS WAYUSS 5
ato] A E = Zo = defA Aok
dxe #HAHolA A== PBDDs/PBDFs
PXDDs/PXDFs®] A4 72 Fig 58 7ro] B-3&}
A5h, A A7 AR AAHAUF SR g ok
ZZ(1)2 BFRso] &4 @is|=o] BE9o 54
?1 HBr/Br, ® H]4HA]l Y §-9] & EF3E 3 &a
Al EohdALrE eV AEH O] =18 F

712 PBDDs/PBDFs % PXDDs/PXDFso] 2§43

T

o]

l-J
o

%3}# o 4] PBDEs, PBB,

"complete" thermal destruction

» HBr/ Bl'z

metabromides in fly ash

Pathway [
Pathway II
PBDE y —
\\ \~\
2112 \
E |V
s\|5| 7 +HCVCl,/metachifrides
SEAG N y,
o "”a
TBBP-A & iy
and analogs .E L] PXDF _ bromination 'CPF
= B PXDD—PCDD
, 0 Bry A
E PBDD
other BFR "
condefsation
Pathway 111

PBP
PBBz

\\

chlorination PXP

PXBz

Fig. 5. Formation pathways of PBDDs/PBDFs in thermal processes.*
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"'steric crowding"
| \ | ~ Br;, - abstraction
______________________________________________________________ -
/ P~ ¢ (enhancde by Sb,0O3) —
Br, © Brs The yeild of PBDFs ; / \
decaBDE lower brominated DEs >higher brominated DEs e \ D%
Debromination v Br{ = 77 Bry
H-donors/Br-acceptor o
®plastic matrix ‘-\o“ OBIDF
*H,0 s“‘bcx“"
Sb,03, Fe, Oy, Fe etc. PR et Debromination
‘\Q’ aul ! H
P ! H
H it ¥
Q » T I
G >< | &
Br5/ o Bry BrX/ o /\B
PBDE PBDF "y

Degradation
enhancde by metals (Cu, Fe, Zn etc.)

o,

PBBz

B BB

X \/

absuacf“’“

3

PBDD

Fig. 6. Formation pathways of PBDDs/PBDFs from deca-BDE during thermal degradation.*

TBBPA & BFRs¢] A2 2-8-3t¢] BFRs2| #| A
dhg W =328 7% PBDDs/PBDFs7} A4 =™,
3% ¥ PBDDs/PBDFs©] @243k w48 E3lo
PXDDs/PXDFs7} A4 €T},

7dZ(3)2 PBDEs 53 72 BFRs©| PBP (polybro-
minated phenols)2} PBBz (polybrominated benzene)-2-
2 Hal® 3 PBP ¥ PBBz2| o|¢HA|3} ¥H3-(dimeri-
zation)2 7% PBDDs/PBDFs°©] A4 =™, PBP %
PBBz7} 944%]%F W3S A X PXP, PXBzZ} A H
g PXP, PXBz¢] o] g3} o
% PXDDs/PXDFs7} AJA] €t}

3+-8-(dimerization) S 7]

32.1. PBDEsS| Y& EHthermal converson)of 2|5t
PBDFs 484
PBDEs7} €3 =o] PBDFs7} A= & WAUS

< Fig. 63} 7L°] A A, Br, &2 HBro] PBDEs?| &
A A ARk &3kl A=A PBDFs7} A3 &
< ™ 74L]%_O_i oluj A B 23} PBDEs7} L HEE3}
PBDEs XU} PBDFsE T ®o] AAsl= 302 e
WUtk ole QEE X9 Fav) g = AE

AT

&3} PBDEs #4914 HBro] A7 5 & 7o), &
3} PBDEs Aol A F7H o] HE{Ax7E Al AR =
AR e oURE R Z 3l o R ZHA]
Frelslr] WEoln, & T olfre i Aol
A o gAA o) 7t LAY (steric hindrance)3}7]
uj Folth, &A=, PBDEsS] AW 2k4 4FQ(intra-
molecular oxygen insertion)°l] 2]t PBDDs AJ/d 2} Al
A, PBDEs7} 1A 3] =] o] PBP9} PBBzo| AJ/d ¥
Th2 PBPE] o] &Astel ¢]ste] PBDDs7F 478 ¥ =
i o] Agt F AT,

322 PBBsQ| YXMEHthermal conversion)of 2|5t
PBDFs AHA4
PBBs7} €83 =" = PBDFs7} A E T o8]

A AF-AFe| W2 PBBse & E3](700~900°C,
380~400°C)°ll J3te] A1/3€ PBDFs= 2000 pg/gl =
02%°] o2& Ao g ByErh ZepiE e &4
atoll PBDFs®| A4 &2 S7tstn 53] AEEF3}
PBDFs 524 9] A4 o) %7}6}@ PBBs?] &A%k
9]t PBDFs9] A &) =2 22 A4 WAYSF]
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Br

B Ho Br. (o)
r Br Smiles
rearrangement
—_—
-HBr (0] Br

Br. Br x\*\
/ 0 Br Br
T>ca. 250°C Br -HBr °
or \
Br (o) Br

Br HO
&) "e,:'les
“ \Q’:, Br o Br
3 -HBr (0] Br -HBr
A
[
Br
(0]
-HB)
Br OH Br. {0)
» » » Irimers/ :@\
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Table 8. The regulated PBDDs/PBDFs through the Chemical Banning Ordinance in Germany

Congeners Limit Value Congeners Limit Value
-2,3,7,8-TBDD 2 4 congeners -2,3,7,8-TBDD 2 8 congeners
-2,3,7,8-TBDF <1 pgkg —2,3,7,8-TBDF <5 pg/kg
—1,2,3,7,8-PeBDD —1,2,3,7,8-PeBDD
—2.3,4.7,8-PeBDF —2,3,4.7,8-PeBDF

—1,2,3,7,8-PeBDF
-1,2,3,4,7,8-HxBDD
-1,2,3,7,8,9-HxBDD
-1,2,3,6,7,8-HxBDD
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Table 9. Comparison of analytical method in each standard method
KS M 1061
Item USEPA Test Method 1614 IEC 111/2/NP JIS C 0950 KS M 1066
. Water, Soil, Sediment, Electrotechnical sediment, waste TV Electrotechnical
media . .
Tissue Products case, Tissue Products
. Dissolution/Precipitate, ~Soxhlet, ASE Dissolution/Precipitate,
Extraction SPE, SFE, CLLE Soxhlet Soxhlet Alkali treatment Soxhlet
Sulfuric acid treatment,  Sulfuric acid treatment DMSO treatment Sulfuric acid treatment
Clean-up GPC, Silca gel, Florisil, Acid modified silica . L Acid modified silica
. Multi-layer silica gel
Alumina column gel column gel column
Instrumental >Resolution 5,000 HRGC/LRMS >Resolution 12,000 HRGC/LRMS
Analysis HRGC/HRMS. HPLC/UV HRGC/HRMS HPLC/UV
BDE-52L, 138L, 139L BDE-139L no mentioned but BDE-139L

Labeled Standard PCB-52L., 138L.

Phenanthrene D

recommendation

Phenanthrene Dy

Isotope dilution

Quantification Isotope dilution Standard External Standard External Standard
Standard
Table 10. Analytical methods of PBDDs/PBDFs
Analytical EPA TO-9A MOE, Japan S. Sakai, et al. J.Onodera, et al. J. Ebert, et al.
Method (1999) (1998) (2001) (2003) (1999)
—-LLE
Extraction — Soxhlet - SPE ~ Soxhlet . ~ Soxhlet -
— Supersonic waves
— Soxhlet
— H,SO, wash, — Copper granule : xfgf‘;ﬁ;ﬁ?a
— Acid/base cleanup — Multi-layered silica gel- Multi-layered — Multi-layered silica gel
. .. o Mixed acid
Cleanup — Alumina — Florisil silica gel — Florisil
. . . . — alkaline silica gel
— Activated carbon — Alumina — Alumina — Alumina o
. . — Charcoal/silica gel
— Activated carbon — Activated carbon ..
— Florisil
HRGC/HRMS HRGC/HRMS HRGC/LRMS HRGC/LRMS
Instrument 1,5 shis _DB-5MS, DB-17  RGC/HRMS — DB-SHT —DB-5
Sample amount - - - 10 g(dry) -
... 0.01~0.2 pg/Nm’ 0.1 (TeBDF)
Detection limit (1 Br-8 Br) - - 4 pafe (HXBDF/D)
Recovery - - - 80~94%(4Br~6Br) 30~120%(4Br~7Br)
Sample Ambient air Environmental Matrix Flue gas Sediment Standards
FEo] Bon, S golu AlFAIFoluel] wet A BA 5 oFe EAEH W A7AAT SR
A2 #Ao] AA Debd & Ak Tuble 991 PBDEs I Yoy
RAS vl wstel Lieh)giet E9, FYBAA AL AE W E7}2, BT,
K, FAAE 3 HESTISAF % Fatrhol A
52. EESICI0ISMF T SAEA ] 7Hed A AR HEHE Fig 99
A AxAA ez GF7)8 o) Aoz A o] AAEATEHS A5 B FEUHS dsit
A e U B340 TOA@AU S 4 oS AR BN Sdsh) BEso) S AFE
£ #7344 9] PBDDs/PBDFs A ZAPLH(ME k2, sltiol SA Rl Hlste] FRaes] 490, AR
AW, 4, EY, H4E, %“*@*&‘%)3 o] 3lom, AF Y B ARG FA A A 57 Hol| =EEHA
2 9ol Table 103} o] HESIho] S NEFSE, REF CFUEIYE AFSFEF vk A
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Fig. 9. Procedure for the analysis of PBDDs/PBDFs in environmental matrix.

Table 11. Analytical condition of PBDDs/PBDFs using HRGC/HRMS

GC Condition

MS Condition

e HP 6890

e Injector temp : 280°C

e Injection mode : Splitless

e Injection volume : 1 puL

e Flow rate : 1 mL/min (He 99.999%)

e Autospec Ultima Premier

® Source temp : 280°C

e [on energy : 36eV

® Resolution : above 10,000

e MS mode : SIM (5 Function, Magnet Switching)

e Column : Dioxin 2 (30 mx0.25 mm [.D.x0.25 um film thickness)

e Oven temp :
® 4 Br~6 Br (481.6974~699.5495)

100°C (2 min) — 5°C/min — 310°C(10 min)

e Column : DB5-MS (10 m»0.32 mm 1.D.x 0.25 um film thickness)

e Oven temp :
e 7 Br ~ 8 Br (719.4248~827.3685)

150°C (2 min) = 15°C/min — 190°C — 5°C/min—280°C(10 min) — 10°C/min — 310°C(5 min)

BA)
2,3 7,8-74@'&% PBDDs/
PBDFs 711 %élxﬂ%.— GCZ fa 317] 959 GC &
A# Agoz v]=4 DB5-MS (10 mx032 mm
ILD.x0.25 pum film thickness)2} 7+=* Dioxin 2
(30 m x 0.25 mm L.D.x0.25 pum film thickness)E 1€
o, z4zke] AHEAS 918t 4-BrollA 8-Br7k
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2] 5709 R skl 450, 4-Brofl A 6-
Br7bA] 2418 98lo] Dioxin 2 2H L2, 7-Br} 8-
Brs 913te] DB5-MS A2 vpro] #4331t
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Table 12. Scan descriptors, levels of bromine, m/z information and substance monitored by HRGC/HRMS

Function and

bromine level m/z Isotope type Chemical formula Substance

481.6974 M+2 12C,H,Br,0 Br-4 PBDF
483.6954 M+4 12C\,H,Br,0 Br-4 PBDF
492.9696 Lock CyiFyo PFK
493.7377 M+2 3C,H,Br,0 13C,, Br-4 PBDF

(FBrr‘_';) 4957357 M4 5C,oH,Br,0 3C,, Br-4 PBDF
497.6923 M+2 12C,,H,Br,0, Br-4 PBDD
499.6903 M+4 12C,,H,Br,0, Br-4 PBDD
509.7326 M+2 3C,H,Br,0, 13C,, Br-4 PBDD
511.7306 M+4 3C,H,Br,0, 13C,, Br-4 PBDD
561.6059 M+4 12C,H;Brs0 Br-5 PBDF
563.6039 M+6 12C,,H;Brs0 Br-5 PBDF
573.6462 M+4 13C,,H;Brs0 13Cy, Br-5 PBDF
575.6442 M+6 13Cy,H;Brs0 13Cy, Br-5 PBDF

(FB‘;_?) 577.6008 M+4 C,,H;BrsO, Br-5 PBDD
579.5988 M+6 12C,,H;Br50, Br-5 PBDD
580.9633 Lock CioFxs PFK
589.6411 M+4 13C,H;Br50, 13C, Br-5 PBDD
591.6391 M+6 13C,H;Br50, 13C, Br-5 PBDD
639.5164 M+4 12C,,H,Brs0 Br-6 PBDF
641.5144 M+6 12C,,H,Bre0 Br-6 PBDF
651.5566 M+4 13Cy,H,BreO 13Cy, Br-6 PBDF
653.5546 M+6 13C,H,BreO 13C,, Br-6 PBDF

(FB‘;_'E) 654.9601 Lock CisFas PFK
655.5113 M+4 12C,H,Br0, Br-6 PBDD
657.5093 M+6 12C,H,Br0, Br-6 PBDD
667.5515 M+4 13C,H,Br0, 13C, Br-6 PBDD
669.5495 M+6 13C,H,Br0, 13C, Br-6 PBDD
704.95680 LOCK CioFy PFK
719.4248 M+6 12C,,HBr,0 Br-7 PBDF
721.4228 M+8 12C,HBr,0 Br-7 PBDF

(FB ‘:_';‘) 731.4651 M6 13C,,HBHO 3C,, Br-7 PBDF
733.4631 M+8 13C,HBr;,0 13C, Br-7 PBDF
735.4198 M+6 12C,HBr,0, Br-7 PBDD
737.4178 M+8 12C\,HBr;0, Br-7 PBDD
797.3353 M+6 12C,,BrgO Br-8 PBDF
799.3333 M+8 12C,Br;0 Br-8 PBDF
804.95045 LOCK CisF5 PFK
809.7356 M+6 53C,,BrgO 13C,, Br-8 PBDF

(FBrr‘_'g) 811.3736 M+8 3C,Br;0 13C, Br-8 PBDF
813.3302 M+6 12C1,Brs0, Br-8 PBDD
815.3282 M+8 12C,,Brg0, Br-8 PBDD
8253705 M+6 13C,Br;0, 13C, Br-8 PBDD
827.3685 M+8 13C,Br;0, 13C, Br-8 PBDD
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