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Abstract : Of all the brominated flame retardants (BFRs), TBBPA has the largest production volume (50% of the BFRs in current
use). It is interest to investigate how they may degrade, because of it can pose an environmental hazard. By using UV-A (A =352
nm), we have found that the UV-A irradiation increased the photodecomposition reaction rate of TBBPA in an intensity-dependent
manner. We also observed 2,6-dibromo-p-benzosemiquinone radical (a;y=2.36 G, g=2.0056) generated from TBBPA by reaction
with singlet oxygen ('O,). On the other hand, when an aqueous preparation of HA was irradiated in the presence of TBBPA, the
typical spectrum of semiquinone radical was detected by electron spin resonance (ESR). And then, we have found that the photo-
decomposition rate of TBBPA is decreased in depend on HA concentration. Radical formation and the reactive rate of TBBPA
were inhibited by sodium azide used as a singlet oxygen quencher. Therefore we report that a similar 'Os-induced oxidation can
be initiate in aqueous solutions of TBBPA dissolved in humic acid (HA) by the UV-A irradiation (A =352 nm). From these results,
we suggest that the reaction rate of HA with 'O, is faster than that of TBBPA with 'O,.
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29 nE HEINGAA F 7P o] ARREHI e AL TBBPACITHAESIE I Qe BEIAAER F 50%S ZX).
TBBPA= 27 FolA falist7] wiio] &4 FolMY 259 Ealivr-g7de] digh A+7F SujEth £ dFoA= UV-A
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2,6-dibromo-p-benzosemiquinone radical (am =2.36G, g=2.0056)°] AAE 1 1 AAJH-So| singlet oxygen (‘0,)© ] ZFQ "k 9]
A2 A G ujx]= Ao Z YETh 3, HAQ} TBBPAS] &£3H-8-91-8 3 AL semiquinone radical®] A3 % ¢l ESR 2
s|=glo] AYEIYL el HAL TBBPAS] BEANSHES FEIAEHOE FoAslt 02 ebde E3 ehd 2 4
e Eus J*—‘E'—BHHP 4= singlet oxygen (* Oz) 27 A91 sodium azideE FUsIH HAE ATt o3 AR EE, UV-A AL
olst HA®} '0,9] ¥HS 4T = TBBPAS} '0,9] ZAXCT} o wack= HL A Astc)

FEXNIO : TBBPA, UV-A, AA7| 2, BRI, FAAbs

o2 A & AEe aFer: U aE d 5 e =

Zo] 223} tedA)(brominated flame retardants, ©]3} BFRs)

= ATFH, TV oltk.®” E3} BFRs: 7}Ao] Aty 2o 4ol avta A

AeAb LAl A W SR ES 9R gAoR g g AR E, qE4Ql FREE PBBs

x
Hu
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Table 1, GC/MS conditions to determine of tetrabromobisphenal

A (TBBPA)
GC/MS Model Shimadzu QP5050A
J&W DB-5, (5%-Phenyl)-methylpolysiloxane
Column
0.32 mm | D, x30 mx0.25 um film thickness
Carrier gas He (99.999%)
Flow 1.0 mL/min
GC conditions
Injector temp. 280°C
Interface temp., 230°C

Oven temp. program 100°C (1 min) — 10°C/min — 300°C (15 min)
splitless, 3 min for purge off time
2mL

30 min

Injection mode
Injection volume
Program time

MS conditions

lonization mode Electron Impact (El mode)

Solvent cut time 3 min
Acquisition mode SIM mode
Quantification ion m/z 557

Confirmation ion m/z 307, 572, 673

2.3. UV-A AL

UV-A zAto]| AM8-E UV lamp+= Sankyo Denki Ao
320~400 nm HH ] AupA; 2FL]AQ] UV-A FH 9] lampE
AMgetgon, 28 TS 352 nmo] I, 20 W, 60 W, 100
W 8472 FEs vk ddS AT
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ol g5t0] 23Lgct UV-A 247} o] %0]% TBBPA &
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vy Fa]5} dichloromethane 8902 A% Ek.J glass wool,
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Danish concentrator(©]3}, K.D. =&7))2 39 =3¢ ch
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Ang oz stgow, BaE GEA WY F Trime-
thylsilyl Diazomethane(©]3}, TMSD, Aldrich A|%)2 ©o]-&
3l Silylationa 243tk A HAoz 2z golo] |
mL7} =] n-Hexane©o]] TMSD 1 mL, methanol 0.5 mLE 2 7}f

5 60C 9] water bathol| A} 2A|7F WS- AJATh WS & A
HAow FHote] 2F &Ho] 1 mL7t A kL GC/
MS= EA5kec)
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2.7. ESR(electronic spin resonance) A&
X-band ESRQ] AL 24+ 1CoA Fstgon 1

EXI

54
microwave power : 5 mW, modulation frequency :
100 kHz, modulation field : 0.1 mT, center field : 348 =5 mT,
microwave frequency : 9.745 GHzo|it}h. A& A2 500 uL
L3F9] capillaryo]] ¥-2 & ESR cavityo]] A A|7]1L 352
nmo] mhgejelo] A ZARSHEA ESRS Z4otgich 24
spectrum-2 EFA|E DPPHE] spectrum HZH|Q} W] 5}o]
Aot Tt Tt fremy's salts AME-SFe] 25 ESR sp-
ectrum®] g-valueE Z %3}t
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UV-A (A =352 nm) ZAMA|7|of| w2 TBBPAS| FE3] vt
EAE PEs7] 9lske] 20 W, 60 W, 100 WOl A
B2 2T RAA] F =AM AAske] GC/MSRE 74
AIE Fig. 10 Uepyllch AdofA o] &8 HE A
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W, 12 hro] ZALZZA o)A TBBPAS] %= 98%7tA] A7t
QAL ZAA719] F7F= TBBPAS] HallE 314171 A
© 2 yEpgth B3 ZF 2AR 7] w2 TBBPAS] H-3)|<
TX=20 W, 60 W, 100 Woll A Z+z} 2.25 x 107/sec, 4.69 x
10”/sec, 8.83 x 107/sec@A] ZAIA|7] 2]%2 0 2 TBBPAS]
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Fig. 1. Effect of UV-A intensity on the photodecomposition of

TBBPA (TBBPA 50 mg/L, UV-A A =352 nm),
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Fig. 2. Photodecomposition rate of TBBPA by UV-A irradia-

tion intensity (TBBPA 50 mg/L, UV-A A =352 nm).
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SjFTh ®asldrk™ et B dqel4 o] GOMS £
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3.2. TBBPA 22 5H
ESR¥& }shikg &

HE20j| A 2] Free Radical E&F

etz W3t 22 whE whg-9] v
AYUZS 8ol At oA o=, oFst ZopojlA
2] o] g3r? H Lo A TBBPAS] FxAlo] o3 &
g7 S 0}71 9]5to] ESRHS #l-8sto] HESH
th(Fig. 3).

Fig. 3(b)= TBBPAZ UV-AZ ZA}3t & 7abe ESR &
sEgolch, of AMEFL 1:2:19) W &R 34L /AT
91tk Fig. 3% (9] A9 =S A gelol st AutzA
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Fig. 3. (@) EPR spectrum observed during 60 min of the ir-
radiation (UV-A 100 W) in the absence of TBBPA in
phosphate buffer (pH 9). (b) EPR spectrum observed
during the irradiation (UV-A 100 W) in the presence
of TBBPA (50 mg/L) in phosphate buffer (pH 9). (c)
Better simulation spectrum of B with an hfc of axy=
2.36 G, and g-value of 20056,
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Fig. 4, Effect of UV-A irradiation intensity on the amount of
2,6-dibromo-p-benzosemiquinone radical, The irradiated
solution contained 100 mM DMPO and TBBPA 50 mg/L
in phosphate buffer,

31H, superoxide anion radical (-O>)3} hydroxyl radical
(*OH)I 22 free radical 50] Haxot HEA B Tz
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A7golek?” aheba] 2 ¢iel Al TBBPAS] FHH W3 &
2,6-dibromo-p-semiquinone radical®] YA HF--o] hydroxyl

|
(a) \

D

il

20 Gauss

()

A e B S A v

e

Fig. 5. (@) EPR spectrum observed during 60 min of the ir-
radiation (UV-A 100 W) in the presence of TBBPA (50
mg/L) in phosphate buffer (pH 9) (hfc of axn=2.36 G,
and g-value of 2.0056), (b) same as A in the presence
of thiourea (100 mM), (c) same as A in the presence
of NaNs (20 mM),

radical ¥ singlet oxygen ('02)T} 7+ radicalSo] Toiala
A=A HESF

Fig. 5(a)= TBBPAQ| LA A= 2,6-dibromo-p-
benzosemiquinone tt]Zre] A& F ol AHMEHo|T) o] A
HEHO AW hydroxyl radical scavengerQl thiourea
2 whstel HaAle Anh AsEe) A7) Wk ek
2] 9k9kth(Fig. 5(b)). L&} '0,2] scavenger?] sodium azide
(NaN3)& d71st & F2ARSE A1}, 2,6-dibromo-p-benzose-
miquinone 2}T]ZH9] ESR A# Eg o] yH2hE#] oFQITh(Fig.
5(c)). 3+ TBBPA, TBBPA + sodium azide, TBBPA + thio-
ureal] SN UV-AR ZASES 11 Bul-g&£EE GC/MS
22X B35 Aah, 7bz) 8.83 x 107/sec, 3.36 x 107/sec,
7.57 x 10°/sec2 LFEFJTHFig. 6). Hydroxyl radical scavenger
H7bol o3t Ba&E Msk- o]u]skgA e 0, scavenger
A7t ot Eall4 = 3= radical scavengerE 713}
> 2ET oF 28 ol Eai&ErE = Al) o]t
ESR ¥ GC/MSeof 9J3t TBBPAS] FE39H-571 S 1
3t A3}, TBBPA FE3)| HH2-A] 2,6-dibromo-p-benzosemi-
quinone 2}t]Z+e] AJAJHE-S-o] hydroxyl radical 2 Th= '0,2)]
ozl Fagh Ao W, ol Al -OHY =
Aoisol] Akelo] TBBPAZL UVel of3) Hajeich 71 5
o] A ATokE AT TS Lehfodct ueta Uv-a
Z Yol ©]3k TBBPA FE3) WH-g T3] '00] 2]3t radical
whgo] Yl JFE vAE Ao woE,
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Fig. 6. Effect of radical scavengers on photodecomposition
rate of TBBPA (UV-A 100 W, TBBPA 50 mg/L, NaNs
20 mM, thiourea 100 mM).

Table 2. Effect of HA concentration on photodegradation rate
of TBBPA (TBBPA 50 mg/L, UV-A irradiation intensity

100 W)
HA Concentration (mg/L) k
0 8.83x107/s
1 7.42x10%/s
10 6.75x10%/s
50 6.01x10%/s

3.3. TBBPAL| &E5lHI=20f| O| X|= humic acid &&F
Sandvik ¥ Paul 52 Ao o5t AAA F oo
L} 275} humic acid (HA)<] 353 3140 '0, & -OH
o] AYH o Fojgirty BusYct™ ) 3 Hand 4
%9 HAZ} ol o3t 243} vh-gofl 2|34 semiquinone
radical 2 A493tal 11 AT 10,9 B 7540l &
tha Haustgoh” ek B g A= TBBPAQ Fi
auk-gol m 2= HAC] 3% I E3HSIth. TBBPAE HA
o] = F7ket A 2 Bell&=TE A itk (Table 2).
HA7Z} ZA)5}#] ¢k 243} wjwshd HAZL 1, 10, 50 mg/L
A o, 2 BEa&EE ZH2) 16.0%, 23.6%, 31.9%2 A=
ek olger Avbs WIS siehEe] FEd §HSAl HA
FES S-S A AAIA HAE H7I8HA]
ZJo Rtk Khan 5-9] A A}
ot AAFTE EF Fig. 7.2 TBBPA S| FE-35k-g-of 1|
A= HA®| 93-S ESRZ E43t Astolt}. Fig. 7(a)= Han
o] AoflA FEAA] HARFE AY/d == semiquinone ra-
dical®] A& =9l AxEHo|t}t."” Fig. 7(b)= HAS} TBBPA
7b 3&2F wf UV-AZRA] oJste] A4 E ESR A ER o]
™ g-value (2.0048)2} % ©](5.59 G)7} semiquinone radical
o] A3} Ax|sIATt Fig. 7(b)e] A 'O, scavengerdl
NaN;& F¢5Fo] ZARSE A3, semiquinone radical&] A3
Edo] AAE=JHFig. 7(c)). E3F U RO TBBPA9)
Hajule s GOMSE s Al k=336x 10752
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o
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Fig. 7. (a) EPR spectrum observed during 60 min of the irra-
diation (UV-A 100 W) in the presence of HA (50
mg/L) in phosphate buffer (pH 9) (spectrum width =
559 G, and g-value =20048). (b) same as A in the
presence of TBBPA (50 mg/L). (c) same as B in the
presence of NaNz (20 mM),

LFER o m NaNs7h EASHA] b= 2ol A 9] k=742 x
107/s0] BSIA] 1 Eafl&E 54.7% A ATk, o] et
ESR&} GC/MS Q] ZAut2HEl HAZ} ZA5}= TBBPAQ]
B HH-2 % singlet oxygeno] FQ HFE-0lxjo|n o] & E3
Al HA 52 9] semiquinone radical7} AJAI =] A9t TBBPAO]
o)A A== 2,6-dibromo-benzosemiquinone radical-2> A3
A ok Ao BT et A F F2A
o84 HAEE 10, TBBPASIS] WHS-HH= HAM|
go] WA w7 AWElo] ATjH o2 TBBPAS] ol
£ A7 AeR ddEn
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=

HEIhFAA § 2 AREEFol 71 W& TBBPA (tetrab-
rombisphenol A)7} A=A Fof| F-E= o] &7 Fofl F3F
= 13 5 &S 18sto] 5 TBBPAE UV-A (A =352
nm) 2 FAFste] TBBPA S| F-E a3 ¥Hahstqlar o =gt
FEsfu-eoll #oidh= radical F3t P23 =
BAEAS s B3 AAdpA F YubR e EAst
+ HA (humic acid)”} TBBPAQ] H-Ea||Ht-3-of u|x]=
of thsto] AT A, oy TS AEE =Eshih
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2
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i
%
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1) UV-A (=352 nm)e] ZAH7]7} TBBPA -3 w0
P A 2AA7)7F S7FE5 TBBPA £3j5h-3-<%
7t g wEA JAYPdS & 5 ook

2) TBBPA Q] ZE & HF-S-of 2|5} 2,6-dibromo-p-benzo-
semiquinone radical®] AJAJ = o]2]gt AAIHLS-7] Ao sing-

let oxygeno] FAF ©FE Frhs AHLS Fstsch
3) SANA HAS] ZA1 TBBPAS] LA LS
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