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W OE ORI TR AL LR (2,4-DBP B 2,4, 6-TBP) A= i3 HEAb £ IR I 5t ( HO-PBDEs ) AV AL —
WEYL (PBDD/Fs) YW BEVE. S5 SR A, &1k m™ mT DUTE & IR AN T K2R 45 1F T A 3 fi A0 % AL TR B Tk 5 4 2
HO-PBDEs il PBDD/Fs. )i 16 d,97.3%1#) 2,4-DBP #4t- 2k Ak %4k, Horp 2.4% 98 %% 165 2’-OH-BDE-68,
2.8% WAk 2,2'-OH-BB-80,0.2% W 554k, 1,3 ,8-TrBDD, 0.4% ¥ 554k 2,46, 8-TeBDF. [F] 4 14 2 I i) 6] P
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Formation of hydroxylated polybrominated diphenyl ethers and
polychlorinated dibenzo-p-dioxins via goethite-catalyzed
oxidation of bromophenols
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Abstract: The formation of hydroxylated polybrominated diphenyl ethers ( HO-PBDEs) and
brominated dibenzo-p-dioxins, dibenzofurans ( PBDD/Fs) from goethite-catalyzed oxidation of
bromophenols ( BPs, e.g., 2,4-DBP and 2,4, 6-TBP) was investigated. Results showed that
goethite readily catalyzed the conversion of 2,4-DBP and 2,4 ,6-TBP to HO-PBDEs and PBDD/Fs
under dry conditions and at ambient temperature. In 16 d, 97.3% of 2,4-DBP was converted and the
yields of 2'-OH-BDE-68, 2,2'-OH-BB-80, 1,3,8-TrBDD and 2,4,6,8-TeBDF were 2.4% , 2.8%,
0.2% and 0.4% , respectively. Similarly, 98.7% of 2,4,6-TBP was transformed and the possible
reaction products were 2'-OH-BDE-121, 4'-OH-BDE-121, 1,3,6,8-TeBDD and 1,3,7,9-TeBDD.
The possible formation pathways for the goethite-catalyzed oxidation of bromophenols were proposed.

Keywords : goethite, HO-PBDEs, PBDD/Fs, coupling reaction.
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EX ik (HO-PBDESs) , 3X AT A W17 Z2 Fh R 55 A AN DOAR Y Mo oK RS PR 2R (20 8 15 3 Tl
01y 528 ELE B ARG S AR AR AR D6 T HO-PBDEs AR IR, £ 40N A HOK [ PBDEs 78
SR PY (BN . 2 B, ) BRI B 4 A P R R 0 BRI R g R A, BB (BPs) 7E A
SR TN AE W AR A 5 Rl v] LAZE 1 HO-PBDEs. Lin 251 BF58 1A, 2'-OH-BDE-121 #1 4'-OH-BDE-121

2015 4 4 A 13 HUkH.
« [E 5 H IRBL 34 (21277124 ,21477115) % B).
w IR A, Tel ; 0592-2184860 ; E-mail ; link@ xmu.edu.cn



1582 B2 5% 1k 2 34 %

A HESR VAT I AR N vz A B BRAR I AR B ( Bromoperoxidase ) AL AL 2,4- IR ZEH (2,4-DBP)
12,4,6-=1R7EM (2,4,6-TBP) /L . Lin 25" % 3 ,2,4-DBP H12,4,6-TBP 592 0 4i T+ 3 K 35T
T 5K BNAR BT (8-MnO, ) 2 AEA% 2E 1 2 Flh HO-PBDEs , Ul [ 4R S 732 #1746 (1) 2'-OH-BDE-68.
I A4 KSR 4 s AL AL IR ) ( BPs) 1] fEJ&: HO-PBDEs [ SR A ALYk I 2 —. 7 —Fhist 1t ik
B ZEROR 23R 2R IR 0K (PBDD/Fs ) ] {2 AF1E T A PRS- T v, 2900 0 S 3 IR AR B AR
FU B9 A RS2 PG R v T A B AR, B PP BRI ) = S A AR T 1 AR Bk AR i 2, 8-DCDD Y
W98 H AR 5 PBDD/Fs A E3K [ T HO-PBDEs (9> TN LR L T2 %1

HZAAERZERL, S R IR TR S RS ALY R A I R b AR R R
TR B AL B R SR LA (0.67 V) |, 38 B AR i BAL M TR A o 1Y) H R T
T EME AW 12 A A AE U b 0, e OB S T Rk 3690 pg kg .

AR F RS AT AL AL IR (2, 4-DBP 5% 2,4, 6-TBP ) 4= i, HO-PBDEs 1 PBDD/Fs [ 7] fig
P 6 BT AE LY HO-PBDESs #1 PBDD/Fs #4125 48 % 2 JE- 42 T RE A 2E Bl 12
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1.1 SEbrRt

2,4-DBP (4liJ¥>98%) ,2,4,6-TBP (4% >99%) , £ 0" (a-FeOOH , >35% 8% ) 10 T 3 S A fb B
(1 mol- L™ FEEATR ) W T35 [ Sigma Aldrich 23], Hrp T I A MLt n] 2% pi i ge 7 i 3
AR L FF e (403 >99.5% ) W T T SRRk 2A 80570 A FR 2 B) AR ERE 5 2'-HO-BDE-68 1,3, 8-TrBDD
F12,4,6,8-TeBDFI) T3 [H AccuStandard 23] ,2,2'-OH-BB-80 H45 SCHR[ 1214 1. FEE N R4 A DL
FINE T3 [E Tedia A7), HAM s B 26 TCALER N T rp [ = 25 48 AR A R (R ) |, S28 K R 4ok (R
FH>% 18.2 MQ-cm).
1.2 SEEk

FREC1.0 g M0 T B0 BNV TN B A9VR 8 (2,4-DBP 5% 2,4 ,6-TBP) , i 15 1R 1 (9] 4f
WeREN 15.5 pmol - kg™, RENERIE & 58 J5 b B O B B 8 T s, THEIE (251 C) FlG &I T
JVEE B EURE AT HC R 9:1 A IE O bt/ FE B0 T JEEmEAE I, 250000 85, VR4 2 25 )5 LA GC-MS 43 Hr. B
AN ]SS HEAT 3 A TATRE.
1.3 HRALTE

B R SE Ak 3 B 2 BR Hopper! ™ 1Y 05 6.8 B 28 BB BE 7 T 3 mL TR R, B S A B R
(120 pL) PO TR ZE AL ER (60 wL) ,7E 40 CK N 1.5 haB it BAWCGEZAZ 1 mL, A 3 mL IECEE
A2 mL 0.5 mol - L™ B AR 50 B AT HLAA , AKAH FH A ARBIE L BEFFAE B 1 Uk, A I AT HLAR, BRK , e 4 15 F 2
TEAE .
1.4 Wk

FEM L GC-MS 1245 (€ Agilent 23 ]) 44T, FEAN A 50 M7 7 I A0 e i 5 Tkt M 8 i A
HP-5 B4 (30 m x 0.25 mm x 0.25 wm, Agilent 23 &) , PERE I IELEE 250 °C, 8 0 M a4 < (R
1.0 mL-min™") , K& M 80°C LA 10 Comin™' F+ & 300 C , {445 20 min, HFERF 2.0 pL, ¥ U6 &+
fbfigtt 70 eV ARHIAIREE | B VLR ARSI g JRLEE 43531 /2 280 °C \230 °C Rl 150 °C , MS U £ BT 45
L 50 — 700 amu.

2 R 55

2.1 RBF=Y5rHr

WL GC-MS Xt 2,4-DBP 0 AE S AT =953 B, 55 R AR it (%) O B ] | J5T 35 11 bl e 0F 42 s i
TN T REE ST AE 2,4-DBP FUEHERET 0 R T &3 T 2'-OH-BDE-68 .2, 2'-OH-BB-80., 1,3, 8-
TrBDD F12,4,6,8-TeBDF 5§ 4 Ffi =2 7=y [6]#f il i GC-MS Xf 2,4,6-TBP [FE S FE AT 1] 7= 4 Al i
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LW o BT , Ao P K R A T A A B R B AL R M A HO-PBDEs AT TeBDDs.
JIAT LR U™ W R A A 2 2 DR B I T LR R A R BE S 3R 1 v,

R R SR AL R 7 ) SRR A Ik
Table 1 The reaction products and their maximum detected concentrations for the transformation of bromophenols by goethite

AR/
(pmol-kg™")

Br OH
O Br
2,4-DBP 2'-OH-BDE-68 23.391 0.18
Bf
Br
Br, OH Br
2,2'-diOH-BB-80 23.302 0.21
Br HO Br

Br. O.
1,3,8-TrBDD \@ j@\ 21.347 0.017
O Br

O.
2,4,6,8-TeBDF 23.196 0.029
Br
O T
2,4,6-TBP 2'-OH-BDE-121 24.600 —
Br Br

0. Br
4’-OH-BDE-121 24.699 —
Br OH

Br

Br. O
1,3,6,8-TeBDD 23.571 —
O Br

Br Br

o)
1,3,7,9-TeBDD /@ j@\ 23.616 —
(6) B

Br T

SR 7Y R 7T PRBH I ]/ min

T =" R B bR T AR AT A2 34T

2,4-DBP FIEFZAT (1K) 50 P2 1 AR ERE S HEATHA X B A B EOR P2 B S5 M) S 5 A 2,4, 6-
TBP FVEHA B SR 3855 Lin" AR5 7 Y 5610 T I A0 SR 3 Tl o LU R A AT 2 B, 3 B s 1] 3 5]
4 24.600 min F1 24.699 min [ HO-PBDEs , /35|48 %2 4 2'-OH-BDE-121 F1 4’-OH-BDE-121, 3 %
b4 FR AR 5 —OH #i—OCH, BB i (i 33 141 528638 % 30 53 SN B AL & 4, 14 1 st
] 435114 23.571 min F1 23.616 min. 3X FFHRACIL G P80 A7 55 R B I 19 [F) 7 2 6% 7 BSF 496,498 500
502 i1 504, Hix Se[alfi K & 08 F 0= B LU (B 23 518 16:67:100:69:13 i1 19:65:100:76:16, 5 3T Br
A Br “FEEHAEZ92 1:1 Bt R A B [ M]: [ M+2]:[ M+4]:[ M+6]:[ M+8] = 1:4:6:4:1 Iy LU {8 T
SEARIE (M J2ELAES Y Br (R BT 79 It o1t ) , DAHERTIX AL 65 4 73 F 5 R 496,
HREA 4 ATRIR T AR BRUE T (09 TR ZARAE LA B B T AR T, R0 G [] 0 SR A 32 B
BT m/z g 421 W g [ M-Br+4 17,393 A] fE & [ M-Br-CO+4 ]*,340 mJ B[ M-2Br+2 ", $£ LK 1.
P& 1A] L 53 ANk A B R 1 FR B B 114 5 HO-PBDES Y W 8 X 31 A 7746 — 4> [ M-Br-CO ] * Ay fit
H B F.HO-PBDEs KA H A —A™ ks i HGERE 22— CO™) 1 FLIE R B [ M-Br-CO ] * JEPBDD/Fs Jift
T ] A AR 2 — R I N A T RE SR B 1,3,6,8-TeBDD Al 1,3,7,9-TeBDD, [ 4
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1,3,7,9-TeBDD EA W finfa 2 i 25, D i B M A0 T8 8 750 /0 AR Y Haglund 25"V OBFZE 60, 1,
3,6,8-TeBDD f{£¢ B I [H] 2L L 1,3,7,9-TeBDD %5, F ME 4 K7 A7 B8 1 B] 28 23.571 min /& 1,3,6, 8-
TeBDD , &4 ] 247 23.616 min H)J& 1,3,7,9-TeBDD.{H i T- B/ X HiF PBDDs HUARFE , BIF LUK T-1X P4
Ty I s L A ).

:23. i
(A) RT:23.571 min Br Br

100 . 499.7
Br O Br
2 62 1,3,7,9-TeBDD 017
= 4977
*H.
'
= 50k
124
169 248.8 339.8
283.9
392.7 4958
503.8
3122 4206
0
100 200 300 400 500
m/z
(B) RT:23.616 min Br Br
100 - 0;@ 499.7
(0) Br
Br 5018
1,3,6,8-TeBDD
S 497.6
‘%-“Tf 61
= 50| 124 269
o
= 209 339.8
123. 250
283.9 392.8 495.7 |1,
3124 o, 99.7
0
100 200 300 400 500

m/z

1 1,3,6,8-TeBDD #11,3,7,9-TeBDD A{ %[~
Fig.1 Mass spectra of the detected 1,3,6,8-TeBDD and 1,3,7,9-TeBDD

FIHARHERE ST 2 ,4-DBP #9774 2'-OH-BDE-68 .2 ,2'-OH-BB-80 1,3 ,8-TrBDD .2,4,6,8-TeBDF j#
1T BB H T = FRvERES, X 2,4,6-TBP A 4k7=%) 2’-OH-BDE-121 4’-OH-BDE-121 .1,3,6, 8-
TeBDD #11,3,7,9-TeBDD H AR (o ki AR A T 12 /400 (&1 2) .l B 2 AT FE WY 16 d N
Wi SN 1Y3FEAT ,2,4-DBP 1 2,4, 6-TBP ¥k JE 2 i/, 76 RO 47 3568 16 KR IFE L350 ik 3 1
97.3% M1 98% L) I ; =¥ HO-PBDEs Fl HO-PBBs Bl K W ()47 H BLAEHE K5 Jk /N #4321l PBDD/
Fs HI{EAKBE 0, X 7T 68 J& 1 T 42 LAY HO-PBDEs F1 HO-PBBs #F— 2 5 41 80 & A= S i i A4 i, 1
PBDD/Fs. N 2( A) FrA[%1,2,4-DBP (724 2'-OH-BDE-68 F12,2'-OH-BB-80 At ¢  Fifi i [] ) 28 1k 5
BT HYR BT 2 d SR BB KAE, A3 53R 2.4% F1 2.8% . Bl 5 X PIFIE &S W itk — 20 Bl 2k
WAL AE K 1,3,8-TrBDD 12,4 ,6,8-TeBDF , —- & 7343 5k 0.2% 1 0.4%.

2.2 RNt

HRHE e RIS, FE 3 A0k T LU R AL S A A LY, 1 e e MU A 72 S SR A ik 3 1 e A= e Tk
FCIEA 1 R 3 SR 5 A R 3 AR A SO PR R DG AR AR ST R, BPs MR T AT R A 2 0
I R A BUR B A 5L Fe (D) #2040 N Fe( 1) it BRI TE 20T 52K
W) IR BRI ST, B REAG I S Fe (11 ) B2 A" T8 [ Fh 35 22 a) A S 07 38 A 35 i BRI & (C—O) R ik
FRA (C—C) MR L) S S8 1L 1L 2,4-DBP #1 2,4, 6-TBP WY iEAR, NIl 3 s 76 5% i
£ 11,2,4-DBP 1 96 R AR EATE ORI H 2 (R FIR2).
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Fig.2 Detected products for the transformation of 2,4-DBP and 2,4
2,4-DBP and 2,4,6-TBP was 15.5 wmol-kg™".
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The reaction was conducted in the dark and at 25+1 °C.
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Fig.3 Reaction pathways for the transformation of bromophenols by goethite
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R [ RS AR IR TR 2R (RI+R2) &4 C¢—O0 FA SO it AR i =4 2-OH-BDE-68,
T PGB, PR 2k (R2+R2) Z 8] 1Y C—C FA2E 124 2,2/ -OH-BB-80. fifi J5 2'-OH-BDE-68
F12,2'-OH-BB-80 A RE4RLL 5 5T 2Rk A A E ALY SO PR A2 B E FR S SR 5 R A o0 F IR AR 1,3,
8-TrBDD #12,4,6,8-TeBDF.[RIFE , 76 X M4 I 2,4 ,6-TBP KA N, 1 SE S Bl EH k™ S 1b A 1 19
HHE(R3) ,JERA 2,4,6-TBP JREY A 3L 20E 1K 2,4 ,6-TBP & HL T &R 7 FIXF v (R3+2,4,6-TBP) ,
B R 4 1 27-OH-BDE-121 #1 4'-OH-BDE-121, 1iii 2'-OH-BDE-121 A] L4k — 4 51k 5 8 Ak A4 B
I i [ B R EME RN, BIEEEE 9 1 4802 Y Br 5 —OH KU, T i Smiles B HE A 8] 445 ; [ i [ ¢
B2 )25 K A ARG R A I Smiles FEHEH A (R3+R3) ;485 Smiles H [R]85 7R 2E % 1,3,6,8-
TeBDD #11,3,7,9-TeBDD"'*' . E A UM FE KW ,2,4,6-TBP 7] LIl i 94 C 1ok S AL g AL 56 4k, I3 i
Smiles THHE W A& IfA2 0 1,3,6,8-TeBDD Fl 1,3,7,9-TeBDD Z4k49 17 A, B8k AL A4k
BPs E: J§ HO-PBDEs #l PBDD/Fs 1YW i 458 SRR IH S5 i A0 . 45 —20 | BPs BB ik fb 4 S g VE
W BTy 2 T, R I H R RS A — A E R I W — A B TS PR M B A 5 TP
TR [ i 322 A A 8RR AR AR I B4 HO-PBDEs 1 HO-PBBs, 42 i) HO-PBDEs 11 HO-PBBs 1] i/
— P WA BUAH R Y PBDD/ Fs.

3 4L

TEE I TR 5T, 51 ER 0 fig A &80 45 Ak % AL VR 193 25 4k & 4 4= i HO-PBDESs , HO-PBBs Fil
PBDD/Fs. 540 GEH+ 2,4-DBP 4 i, 2'-OH-BDE-68 .2,2'-OH-BB-80 . 1,3, 8-TrBDD #12,4,6,8-TeBDF,
HHE¥s 2,4, 6-TBP A fk#E k4= 1, 2'-OH-BDE-121 .4'-OH-BDE-121.1,3,6,8-TeBDD #1 1,3,7,9-TeBDD.
Y TAHR R B FE AR 1) I AR RN BT S A A V5 3 ] 82 11 SRR Th IR B 25 i e 1k
HO-PBDEs #l PBDD/Fs H—Frikiz.
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