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Contamination and bioremediation of Hexabromocyclododecane(HBCD) in agricultural soils: A review

YANG Zhao"*’, WANG Yingying'**

(1. College of Environmental Science and Engineering, Nankai University, Tianjin 300350, China; 2. Key Laboratory Processes and
Environmental Criteria (Ministry of Education), Tianjin 300350, China; 3. Tianjin Key Laboratory of Environmental Remediation and
Pollution Control, Tianjin 300350, China)

Abstract: Hexabromocyclododecane (HBCD) is a widely used additive in brominated flame retardants (BFRs) and is known to be
persistent, bio—accumulable, toxic to ecosystems, and capable of being transported over long distances. Although HBCD is not applied
directly to agricultural soils, it can enter soil via a series of environmental routes and be adsorbed by soil organic matters. It could also pose
a threat to human health via bioaccumulation through the food chain. Bioremediation has increasingly been applied as a soil remediation
technique because it is low cost, easy to use, highly efficient, highly safe in the environment, and supports the goal of developing
agricultural soil in a green manner. This study summarized and analyzed the process by which HBCD pollutes agricultural soil, including
via its sources and environmental behaviors, and the bioremediation methods to mitigate it, aiming to provide a useful reference for the
effective control of HBCD in agricultural soils and the green remediation of soil pollution.
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NIRFA 5w ( Hexabromocyclododecane , HBCD)
2 SRS P e )2 A i R BELASR R = 1
2011 43K B HBCD A9 AR 7 5 ik #) 18 000 t, 7 A 5
R 64% , R 4Bk R ) HBCD A= 77 [P, Tk
2% HBCD 1 F %4 a~HBCD .-HBCD .y-HBCD 3
Fib [] 43 S F 44, Horp y=HBCD 19 5 e fie R (— ey
75%~89%) , Ho vk 1 a—HBCD (5 H 10%~13% ) Fil B -
HBCD (7 19%~12%)", | F HBCD HAT 51 FEA
PE AEY R R AT R B RS SRR, 7E 2014 4F
11 A 26 H , HBCD 1E by 87 B 5 A M W5 G« 9
(POPs) B 91| A BT Bf IR BE S 2y i 5 AP, RAEFRIE 7R
2016 4FE 7 H 2 H # WAL HEC O FHREA A BTG G4
T AERE R BE N 29) HE B 7S TR IR T e B IE 6 ) -
A% 1 HBCD My 2E 7™ R A H e (E R A I A 5L AT
TE H F SR, 0 R YR KR A5 S0
PETG UG Z R IRBEA 0T, DL RS [ A i {720
2 BRI ARG I AN [ v B2 /K SF- B9 HBCD.. HBCD
LA B0 e w2 L RB A X ph & (5 5 i 1%
LR TT I R ORI 0 i R R R B
IAEF] . HBCD 3823 X6F 20 Jfd 7= A= 2 38 2 1 52 i), %ok
AR N R I G TR, FETE TS RN TR A XL
5120, HBCD A% Bl S5 ) 44 15 XoF W 5 ) A A A= 4 1K
A Y 35 FEURIA I RUON A 7E 22 57, RERE XA [R] 2R 7 A= 9y
A, EL 28 A0 [ 24 7 A A 1 S () 4 23 38 AN ) 7 52
u[’,ﬂlﬂlo

HBCD A2l H 0t T 3% (B i T HAER SR
oP )RR PRI AT S R B AL RE T AR S e IR
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X SRR N RS2, I A oA R AR AR A
ARG, WU NS R 5D S A AR A
Yy 1E 23R EAR AL U RGOS E 2 A S AR
GRS IR U R AR H R OGP AR R
AR NARAEERREDT & Xk A B - 58 v HBCD 1)
WEEAT VA AE 2 T5 B 5T, BEAE X AUk A4 H -+
) HBCD 47 BHA% , % 32 3 HBCD V5 4 i A H + 35
WATE RSB, P4 B L3RBT o, PR 12 4
4. HHTC AR ZH AN FFH45H HBCD /9 LBk,
AL 35 40 PG BAF 208 R AT IS 0 G R A Tk A
RR A 10519 A2 SRR A W R 1% . BRIk
2R T T B A R R AR B R, [ A L
FF ) BREE R S 0 B B 5 LA R 7 A B R A R ) T e 4
X PR 7 A R e i A B i R R R AR )
XA AL W AT, XoF BRI R Y5 e P adE A 7 R A

1% WHART]

sl L wg, BAT S IR etk A ERAIG, BB S A 7
JRAAE 5 HOIREE 2548 R SR /N R AE -3 i
HHA B RIILHFNE T,

A SC EBLER X HBCD #F A 4338, R 512 A H 4
Y75 Y B PR A T RS ANTE I, X HBCD 7E 4 3 5%
Fil 2 A 52 2 I8 v AT o EA T LB AN 3 T, DA
Xt H Hir 43 s HBCD 19 4= 901 &2 Jy i A0 6 H
G NG A AL TR SR SR B B S Tk A T
R,

1 KRHELTZEHRHBCD HTLEITTE

1.1 HBCD i5#tiR
L1 AR 85T L

FEXTHBCD A7 T (-1 A A i 3ok Tl 735
M i3 S5 LR Y e 1 3RS Y B 1S £ SCER I
T8, 275 YL R A - SRR i A R (R
1), 5 H A S A5 YL Al i 4 H 38 EE , HBCD ik
FEEE I 12 MRS, FERR I —ZC HBCD A7) [y
i 3 HBCD B B ik 23 200 ng- g™ 75 11 AR K
HBCD A= 77=) Jil il 32 v HBCD (5 = e 4 11 700
ng- g™, JH 4 H 4 3 b HBCD ¥ Ji 0 38.54~232.65
ng - ¢ ' [ b 5 R A ORE B 3% Lk 3 b - 8 rh
HBCD Y #& K 11.0~624.0 ng- ™', J& 31 K 8 4k H -
1% rh HBCD A HRJ¥ 4 8.69~55.50 ng- g '¥, BT E
), BEE 20 M 38 HBCD 4% K&, - BE % KB
B AU AT, 287 G A i Y 3 2 A )
YR HEA TR AR R R R A ks TR

LI 25050 5 0 e N 925 HBCD AE 77 1) Bt -+ 48 v
a-HBCD .B-HBCD .y-HBCD 3 Fl FH {4 14 5 H 4351
4 20.4% . 12.3% .67.3% — 5% [ AR Tl X
#)Z TP HBCD YA & B, yv-HBCD J& fx £ Z 1)
SRR, H b a—~HBCD A B-HBCDP", 275 YL i
T3 AR 550, 15 Y 38 HBCD 3 Fl S A 44 i) o L
5Tk 2% HBCD Hr 3 F S b (19 o AL, Rttt A7
NN ) y-HBCD A] LI A 575 YL b A
A AR >
1.1.2 ZEiE g 5o

1 T HBCD HAT #5 5  B/K 43 e 3 8%, R I s
S HBCD AR 25 5 Bl W A 25 S0k 2R 1™, B
BRI LA B TR, X6 4% A 39 PR 455 338 Bl i)
(1), MENG 880%f 2 B 5 1- 8 3045 b i) HBCD 3
AR e 3R, RS S5 B B WA AR AT ki 8, AR L ep
AT5 G H — 2 B 9 HBCD (¥ Y8 [l < n.d.~29.1 pg-
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Table 1 Concentrations of HBCDs in agricultural soils from different regions in China

HIX B o RS A TR AP 4 Concentration range/Average concentration/(ng-g™') Sz i

Area Number Description SHBCD «—HBCD B-HBCD y-HBCD Reference
7R 2 HBCD ffill & ) R 14 38.54~232.65 7.35~27.67 3.43~13.48 27.76~191.50 [48]
WL 8 WURFRIR T T Ak 8.69~55.58 n.d.~4.23 0.93~51.00 4.58~13.50 [49]
WL T I 18 PR R S8R H n.d.~35.70 n.d~13.10 n.d.~3.16 n.d.~21.60 [51]
W T % 26 e n.d.~47.70 n.d.~8.65 n.d.~3.16 n.d.~37.80 [51]
SR 9 A H n.d.~0.03 n.d.~0.01 n.d. n.d.~0.02 [54]
JTRITM 15 R 5% S Ak n.d.~7.50 n.d.~1.52 n.d.~1.30 1.95~9.98 [57]
TRk 21 PR R AR H n.d.~1.65 n.d.~0.12 1.96~5.06 1.96~5.57 [57]
IR M 15 FIREBE S Ak H n.d.~8.69 n.d.~1.90 0.07~0.99 0.99~18.40 [57]
JUARILT] 9 FIFE R AR H 0.28~1.96 n.d.~0.13 0.07~0.32 1.44~13.00 [57]
Y48 RH 3 A H n.d.~0.04 n.d. n.d. n.d.~0.04 [58]
VU] A 20 I T VG Ik 1) Ak 0.02~0.04 n.d. n.d. 0.02~0.04 [58]
Kt 7 TS I T X A 9.33~44.60 — — — [66]
b5 7 gl kiR A s A X 0.60~5.83 0.21~2.21 0.05~0.58 0.31~3.04 [72]
b 7 Al JE ARG 1A X 0.30~8.28 0.16~6.32 0.03~0.72 0.11~2.33 [72]
JT AR Mk 60 A n.d.~3.69 0.26 0.05 0.46 [108]
IR N 60 A H n.d.~3.85 0.36 0.06 0.55 [108]
IRERIIIPS 60 A n.d.~4.64 0.42 0.10 0.47 [108]
JTARHHL 60 A n.d.~3.84 0.24 0.09 0.39 [108]
JTAREER 60 e n.d.~1.44 0.10 0.03 0.21 [108]
JTARHR R 60 A H n.d.~0.89 0.08 0.04 0.16 [108]

. R ARE

Note: n.d. means not detected.

g'), T HBCD 7E 55 W & Z2 F + b R FH 2 AU 1) 1 18
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A L7 i R A DX B HBCD ¥R S R
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HBCD P Ei54% (F 1) 15 KA ih 75 K DA K 1%
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B AR R H R, 15 TS U A AR O 2T R it
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HBCD 4 HERC = 1 T35, 290 1.5 kg, Hoip a-HBCD
5 ~y-HBCD ¥/ 0.7 kg, B~-HBCD 4 0.1 kg, #F 4
IV B HBCD 99 14 75 Ve 72 4 I A 38 v % S FH 10
a, T3P AR B (1) HBCD ¥ B 15 31 800 pg - ¢!, RN
LE T

[ Al S50 % b T Y5 K b BTG M S U
HBCD B2 B (Fe 27 e ), A 17 A5 AR i
thy—HBCD /5 H B i (44.7%~76.3%) , 5 48 10 1 EE i
i a—HBCD & 5 % 5 (49.6%~90.6% ) o 1E— 3 %F I
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SEANE U 3 2 X 2 - A 2SR I A T R A

éié,
Y
| KAF R

BB, AE R AR DA Tl X R A R Y XA B2k
WA B R B HBCD (4.11~382.00 ., 8.46~508.00
ngeg)  JRE AR XA T X JE A X AR X GE
28 v B9 HBCD ¥ JE AH XF 441K (6.36~61.90, 5.14~
32.00 ng-g™") , {HIZ MR JE HL [R) L X 4= 338 5 HBCD Rk
J# (0.60~5.83.0.30~8.28 ng- g™ ) B — R A
fio A SR N FEITIE AR H Y 322 HBCD 15
YU, A HH -4t sz (&1 1) o

X E PR X TE 47 21 FR HBCD S5 K4 44 149 43 A1
HERETXA FEEX B ALK X AR
FA RS Ml X T8 [ 4 22 B i o —HBCD Sy 3 % 5 A4 4
(>60%) , ¥t 7 F HoAE Tl %% HBCD 1 A9 5 L 3 il
(10%~13%)"™, WU SE7%F I ifg #b X 38 #% 4 20 5
P AR R PR A B R T AR 252, a—HBCD h 2 5
My iA 5 N 66%, T y—HBCD 5 LAY K 22%. a-
HBCD A7 B 5 B 9 K MRS, B 275 5 E A 22 Soh
B igk, HOG B IE BT 4 42 JURL b W B Y y -
HBCD fig i 9 SA 4k H a—HBCD™, i i f& 322 v -
HBCD 9 L B 427t
1.2 +1Eh HBCD BIIRIEIT A
1.2.1 HBCD HJ4% % ik

5 A5 R A AL S P25, HBCD RE %8
TR AR 3 Y RS 1 s SR Y
RS UM UE A+ HEAREE, 1 X £ )2 35 KRR 2 a7
FEA 15 Y 1) 58 e il BT, P AR PR BE A 5 Y HBCD
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RAAHT B

é

1| RELTEHBCD TR
Figure 1 The pollution process of HBCD in agricultural soil
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Figure 2 Environmental behaviors and biodegradation methods of HBCD in agricultural soils
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ols) \ = HLAL = IR 1 — ki (TrBCD—-triols ) %72 34k
PR DL KR R AL T MR AR 2 T (Epoxy—
cyclodecadiene, ECDD) Z£°%1 | M 1) 52 81 X HBCD A9
BEA . HUANG SE"s 39 v 7 B i 2 HH 9 HBCD Ff
fife T PR S B BB T HSO 1% FH 1 HBCD IR fige , 2
PRAEWSTE 14 d PURF MR 1.7 mg - L' B HBCD £ BR
69% LA I~ LUSEURF 5T R -+ SR BF RE RS /6 4 d Pyt
HBCD A5 51 60% LA I, 3 B2 A R AL o i
AL .

o1 TR Y0 HBCD HAT R 3R BE 1, )
1652 B9k I 7E - 38 b HBCD MREff 24 . LE %)
(O F 55 2% W1 - 42 op (1 HBCD RERS B 1 3 ik W i
DA R R AR I A R W S R, IR AR, & A
PR ) HR PR B BERE U 76 21 d PR L3P i HBCD &L i
W0 34% , AR PR G A BE SR 13 P ) HBCD /b

1% WHART]

35% s FEUFAR AT, 5 T R R 19 AR o 1 BB 0% 75 40
d P - P B HBCD Bk 2D 29%, 1 -IE AR s 12
fE % 45 + 3 P (9 HBCD 370 57%~60% , 3 H 521 id
K BUAESMINERIRE TS O , 3 rp 25 B e A SR A
Fh A0 22 3, DT (5 = 43 v HBCD B R BRACR 3
& - DEMIRTEPE Z£°8F 5% 1 A= ¥ 1 1 (Biostimula-
tion) LA} A= W % 0 ( Bioaugmentation ) X JiE Y& H 19
v—HBCD 2 B B A/E TSR, 25 5% 26 B S 35 R i i 7
DF-1 B s HBCD 9 32 08 I 3% A e B4 i 1E T
F R 4 R 2 T ) U 0 R A% Sy 88 fie ool R 2 1 v B
A, {1 HBCD P R RICR 3 35U

MAYIERE R —E R R . kR A
K Z T AR A K, B I 4 R 5 (R TR (pHL.
K DL S HBCD 1Y) 46 W B 408 23 52 i 26 4 Xt
HBCD A R AR L 20 B 40 0 A9 A i
FUA R S DR A W e o — e LB X B — 5 e
2 J)RE = RO D T AR B T 2 R e (i i A
e A s P IR R B 2 T AP R RITER .
LA AH A T 4 DA RE A I 2 S s X R 45, O L
A AR S 1 v AR A D R A T, ELAT A R B I
F1o R e A Y4 N5 Ye IR 35 v 2 bR A w75
Yyak B M PR - S R — R AR T
B DL B R AR AR M AE £ X 52 HBCD 75
e HEEE MR EHA RS . HTE
HBCD P& fff o #2 vp , 3 2B 90 %) HBCD (3R B AL EE X
Al X L S R AR DA R T S R 1 2 S A B S A SR L
PR S — 2 AR .
22 HEYEE

FEYIME R TE B SR I AME & TR Hp AR Bl A N J2
B 58S e i AT RO R, HE 6T HBCD 15 4
A T EREE A AR TS Y i L R AL
W, IR 38 HBCD AR EEY . /N2 RS 38 1ok
I R 28 P i A2 IR s A0 A B 3 R 1 HBCD
AT REARG 8 i Yok B, 3 i S A AR A /N A2 AR R
A A E AR RBEY R - a-HBCD>B-HBCD>y—
HBCD, AI &5 3 Fl S 4 1A 11 o B /K R EAEAE 1 22 57
AR, 5N I ZE R HBCD S 44 1A 25 S A 4%
AL, T AR AN ZE AT X 3 Fh S AR Y & S RE 147
TE22 5, H A AR 27 4 : B-HBCD>a-HBCD>
vy-HBCD, ZE#F L R J¥ 4 : B-HBCD>y-HBCD>a -
HBCD"™, [H b7+ Pe 2 T RE v, T AR s 1 43¢
SRR B A A o S R R 25T, LUK B fe £
R AR . HUANG S5 T oK Hpodl 21 iR s -+ —
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W 4 (PBCDe ) Al U L 34+ — % 5 (TBCDe) 2 HBCD
FIARIEE™= W , 156 B FOK REAE X HBCD HEA TR S A4 i
EEAY, S2I TR R IR K o HBCD SR AR A A ik 22 %
St HBCD S AR A CYP71C3v2 i i 375 437 5
PEAT 25 B A e 2 B2 B AR TR) , AT 5280 (+) a—HBCD .
(=)B-HBCD . (-)y—HBCD A% T H: X} e S5 44y {4 B 25
Gy Kt o ZHU SE7%) HE S B g i 8% ik + 46 o HBCD
HEA PR 3, A (g R RIS A R X - 3 vy
Ye My 1T I 25 0.566%~3.150%, 1M -+ 3 55 k7 %F
HBCD F W W50 A [ 7 VR T i 96.9%0~99.4% , i 13 B T
FEIFAR R B 3 HBCD (MY . BB i
8 & BTG 2 P 5 A 2 &M 1) 4 1l 40 R 4% 3 2o
IR IR R AR R RS S T A
YIBi R 50, %P HBCD Jirad 515 i A Ak s, X
kY5 5 -3 b ) HBCD $243E 7 35 1 JEL g0 [
AF, G Pl 2 mp o 4 o A s ER L T S R D AR R 43 )
) R PR SRS R AL AR S A PR RE S
BTN XoF A5 A A AL B R O, I X A o T
EEF GEFEVE T, T3k LE TR AR A 70 Wb — SEI R R Sk 4
AT R i 398 v 1475 e B TR U AR 2R BB A K o 40 0k
W) 5T AR A EE X 4 R ) HBCD V5 Y 647
BEE . AN, 2SR R, B DR SR PR TR
FRAGRE LT, I 4 ZE 80 X HBCD B g (14 Wi S AR 22
AE 15, R 22 (6] 1) 5 4 1T BE 2 U8 AR 28 40 06 0 1) 7
A T M AT AT e BT T AR AL R T BB A ek

A NeF - AR 1) R 56 B8 3 5 e Sl A A AR 1) 2
AT P 1 [ 25 A A HBCD 7 - 33 J0RE_E f4 W B, I i
& G+ R TP HBCD Bk A8tk . A SRR
Hh R AR S PR SR AR DL R AL
I 22 Pk P TR A 7E 1+ 38 v HBCD 5 446 52 5 1t 5
A E RN T

EW YR S B R T RS AR B %
HBCD 75 44 i - e A7 i fig i . LE 5" ] Pd/Fe
&0 K FIURE RN I A B A 1 338 R 9 HBCD , B iR B
5 35 51 41% , BF 55 06 J BV 0 g A R S, AR R X 2
HBCD 75 3¢ H IR MY B R A — & 3T (N 13%
TR 15%) , 1 Pd/Fe 94 K EURL AR B (B A8 2
2% 58 R ST R AR 2 27%, I R R BE 05 1 0F 4 3
HBCD M4 8% 5t , $2 71 H A ml A R | (HBE % %
1K 4 Ja8 40 A AR %) S5 17 i P AR P RS sl | DR I e e
Wk B B A 5 28 B I B R AR O AR 22 ) R )
HUANG %5 F i 15 53 2545 21 i) HBCD R fff: 127 ] 2
i FRLHL B HS9 5 FOKER G R 45 i HBCD, RS
I - 3Erh HBCD & R IR T 87.5% , B bk HS9 BEfS i
TS AR ER TR B A YA g5 A AR Rk
PEEF R A AE AR, DT -+ 8 HBCD MR BRI

HT HBCD & MY R A G 5 | 5 X
WA R ) SR A TR (AR G S A
T HEHBCD &5 R B RN T . 7540, &
£E HBCD MR AN REAS B IE A AL B, o 25 B A BT Y

FR2 HBCD ST EMEMIEE FERYE

Table 2 Bioremediation methods and efficiency of soils contaminated with HBCD

1B 51k EYLiES VEff et WS e HBCD ¥ & R A% S35 3k
Remediation method Type of organisms Conditions Time/d Concentration of HBCD Efficiency/% Reference
WEEYME SR R 4 4 1 mg-kg 60 [92]
VST ES AR J 1) AR AR o A A RE, 21 60 mg-kg! 34 [95]
NN ESAE IR (10 1 MR b T 1 K& 21 60 mg-kg! 35 [95]
VNI ES AT J 1) AR AR o A A 5 40 60 mg-kg 29 [95]
VI REIR 5 i AR AR B B R g 40 60 mg-kg™! 57~60 [95]
o3 L TR — 36 1000 ng-g"! 37 [96]
RINE pi B DF-1 1 3% H — 36 1000 ng-g"! 35 [96]
IR RE CH RRAN R Z ) — 36 1000 ng-g' 86 [96]
HEE BA — 56 118.0~159.9 ng-g™! 0.566~3.150 [78]
JHFE — 35 100 mg-kg™! 13 [103]
SR CHS T RS AR ) — 35 100 mg-kg™! 15 [103]
e BE LR A B HS9 5 ok — 21 4.66 mg-g”! 87.6 [94]
Pd/Fe 24 K R0RLFIAR £ — 35 100 mg-kg™! 41 [103]
Pd/Fe 4 K STORL AR B (AR I BS AR R ) — 35 100 mg-kg™! 27 [103]
T A AR DA R S e e A
Note :— indicates the anaerobic and aerobiotic degradation conditions are uncontrolled.
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15 YR AR R AR G B i B R D RE AR A
AL R REAR 18 v (1 HBCD , [RIRE RE % K (AR B
HBCD 19 ¥ £, B ARG W18 52 0T BB A7 76 19 PR 58 XL
B , DR ARZE ) S AR IR S A8 52 0 i B AR i B ISR
AN FHAME
2.3 HEE

Hay, £ h HBCD 1 sh & 5 Jr i e Il
I Hi 8 T 38 L b 5]k #E 47 4 € o HBCD 1 B
(F2) o LIAE % B, b ] m] DL ) 45 A A 38 80k
TEVR N XT HBCD #1754 T R A% 138 Hh HBCD 1Y
Wers R EEE HEMER . X 3 %) HBCD
SRR R FEAAAE S B R S A , % (-)a—HBCD |
(=)B-HBCD . (-)y-HBCD £ 5 3 i 4 V) & HE ik
WFFE N BRAE & B, AR W R AR it A& S8+
e rp HBCD 14 A= 9 m ) A B ARR DT ik 355 e s o)+
erf HBCD MM IS AT 41 5 A1, Mz is] Be a8 45 AT
FET T35 HBCD W3R8 M IR UKL , DT X
HBCD #1715 4, H & 8RR 7 i T LT[R &5 5 YL f i
b HBCD (& 4268 7, Ui B LUk 451 4 5 1) 1 48 5
Y& 52y 138 mT AR AL I L 2R 1 HBCD V5 4 XL
510, HBCD X - 38 v 28 o i 5 0N A K AH G L
il £ i i, (8 H A AT SC Rk G 2 e
#|3Z HBCD {5 44 8 s v .

3 BREERE

HBCD REf% 18 52k HBCD A= = 1.) Fl oy F 47 S 4f
fiff b S5 MR T e R B YRR L& HBCD 1975
IR VAR M5 e it F L B4 2R B DR SRR AR E A
KHEESRS ., dEALEIREEH A HBCD &k A1
RN W B AR R SR R 5517 R, B T HBCD 5+
PR Z (A1 B AL 2 M ST AR A 22 57, IR BRA T 0 A A B
BAAE ], S EOR S R 0 AR S e A A8, i
A L HEEREE (%) HBCD fE %38 1 #l W ok A i A 2 75
ARG, E N fd ik, Nk BT A KEd e
P F 3 HBCD R, AU E s 2 h
WEE KSR . Hob  fUEEE 2@t
NIk R 15 HBCD 1o 85 R e T B A H SR R 5
BB RUE Y R I 0 B R ek
PN BRI (E A TR B R LA % TR AR o S W A 14 A it D
UFPEAETE 2S5 5 W T HBCD 75 4 + 38 53 i A ) &=
B K BN DU SR, DL B A R B
X HBCD A4 450 4 , AN [RIAE P9 2 0 LA K AH [RIAE 0 1)
AN 28 BN S AL AR 1) e AR B DA AE DX 3 R4S H I

1% WHART]

WA S E 0 T - 58 HBCD 9 LBk (HE A 5K
IS WFFEE B 1 8 b 4 HBCD BE % 1 i 151 75 £ DA T A
bR £t L3R HBCD B BREEF T R DL % AR
YIS T BN

(1) B 5 7K R 35 Y8 it FR A1, HAth 5 e 5 1F
A A5 1 Je 2R 48 R KA DLRE, A EL S5
HBCD [a) 4 AR RGEH T A, S SRR,
A 3R A X S Af B 1 e il B KUy [ Rl HBCD
o AN A ) R DA R, HE 2 HBCD ZE 4% H v
FOPGERIERE , NI A R0 25 BT 8 i HBCD

(2) HEAFREE Hh Y HBCD ¥ J3 A1 SR A 2H il 2 %
AR TE A SR IR HBCD 77 A= (RS 7 oy vl RE 2>
Xof PRI T B R ) SR, 25 B B 0 A XU 25 R
ARG A H IR BREE T O T AR B 4 IR A
X A A H - 38 W HBCD i i 174 B0 458 JRURS: 107 328 1 7 4
T 43 BT, IR o PR A, g 37 3 1 T
Bl

(3)FESZBRAR - HEFRBE v, Wl G [R] B A7 7E 2 Fil
TRACBEAA T (1] 41 . HBCD . PBDEs \ TBBPA) LA % F 4>
JBE AT Y G, Z RS Y 2 RAFAE A EAE
DRI, 7 X6 5 V5 % ) 4 4 R LA B Kot oL 5 0
1652 07 s SHLERIE TR A 5T

(4)HBCD 7E + 3 2 Fh A i Je £ A- FLiH E B 3R 5
150, DA B NS T 103t s i A FH A 3 Bl A 6 A 2 Jot
(A5 A X HBCD U= 119 52 Wi ML i) S04 5 Ry A St 5%
FTE A o

(5) HAT4EXT 3% vh HBCD 75 YL RO BRS 16 42 7 v
it AT i IE , fb2e B R 5B E RS MIEE
0T DA I B 2 PR S AY  fE HBCD V5 - 3fe 7
T E AR LT, Bt o XA A 5 FNA
PREE AL 7 i 3Lt

Sk

[I]ZHANG Y Q, LU Y L, WANG P, et al. Biomagnification of hexabromo-
cyclododecane (HBCD) in a coastal ecosystem near a large producer in
China: Human exposure implication through food web transfer{J]. Sci-
ence of the Total Environment, 2018, 624:1213-1220.

[2] CAO X H, LU Y L, ZHANG Y Q, et al. An overview of hexabromocy-
clododecane (HBCDs) in environmental media with focus on their po-
tential risk and management in Chinall]]. Environmental Pollution,
2018, 236:283-295.

[3] KOCH C, SCHMIDT-KOTTERS T, RUPP R, et al. Review of hexabro-
mocyclododecane (HBCD) with a focus on legislation and recent publi-
cations concerning toxicokinetics and dynamics[J]. Environmental Pol-

lution, 2015, 199:26-34.



IR, 45 A H RPN IRFR - e 5 Y A LS Y SO A DR I 1847

[4] COVACI A, GERECKE A C, LAW R J, et al. Hexabromocyclododec-
anes (HBCDs) in the environment and humans: A review[J]. Environ-
mental Science & Technology, 2006, 40(12) :3679-3688.

[5] SINDIKU O, BABAYEMI J, OSIBANJO O, et al. Polybrominated di-
phenyl ethers listed as Stockholm Convention POPs, other brominated
flame retardants and heavy metals in e—waste polymers in Nigeria[J].
Environmental Science and Pollution Research, 2015, 22(19) : 14489—
14501.

[6] 42 [l A H 7222 6 THLHEC O TR A A HLTS Y Wy 19 30 8 RF IR g
N2 ) BHE A SIRR T e iB IE R ) D EN]. AR H 4, 2016
07-03(4). Decision of the Standing Committee of the National Peo-
ple’s Congresson ratification of the new regulations on the hexabromo-
cyclododecane in the Stockholm Convention on persistent organic pol-
lutants[N]. People’s Daily, 2016-07-03(4).

[71LI'Y, CHANG Q M, DUAN H B, et al. Occurrence, levels and profiles
of brominated flame retardants in daily—use consumer products on the
Chinese market[J]. Environmental Science Processes and Impacts, 2019,
21(3):446-455.

[8] OKONSKI K, MELYMUK L, KOHOUTEK J, et al. Hexabromocyclodo-
decane : Concentrations and isomer profiles from sources to environmen-
tal sinks[J]. Environmental Science and Pollution Research, 2018, 25
(36) :36624-36635.

[9] JEON J W, KIM C S, KIM L, et al. Distribution and diastereoisomeric
profiles of hexabromocyclododecanes in air, water, soil, and sediment
samples in South Korea: Application of an optimized analytical method
[J]. Ecotoxicology and Environmental Safety, 2019, 181:321-329.

[10] R 2%, INF M, AT, A% . AR L b 7SR BR -+ e ik iz
PAFE KA AR AR LA (D], Wi VL2 2 i (LA ), 2018, 45(4)
476-483. CHENG X, SUN X M, JIN Y J, et al. Concentration levels
and compositional characteristics of hexabromocyclododecane in soils
of different areas[J]. Journal of Zhejiang University (Science Edition ),
2018, 45(4) :476-483.

[11] ICHIHARA M, YAMAMOTO A, KAKUTANI N, et al. Hexabromocy-
clododecane in riverine and estuarine sediments from Osaka, Japan:
Spatial distribution and concentration variability within identical sam-
ples[J]. Environmental Science and Pollution Research, 2020, 27(28) :
35782-35791.

[12] WANG X L, YUAN X Y, YANG S K, et al. Concentrations, distribu-
tions, and risk assessment of HBCD in sediment in the Weihe river
basin in northwest ChinalJ|. International Journal of Environmental
Research and Public Health, 2018, 15(11) :2340-2351.

[13] WANG W T, CHOO G J, CHO H S, et al. The occurrence and distri-
bution of hexabromocyclododecanes in freshwater systems, focusing
on tissue—specific bioaccumulation in crucian carp[J]. Science of the
Total Environment, 2018, 635:470-478.

[14] 1Y, ZHU X H, WANG L X, et al. Levels and gas—particle partition-
ing of hexabromocyclododecanes in the urban air of Dalian, ChinalJ].
Environmental Science and Pollution Research, 2018, 25(27):27514—
27523.

[15] RUAN Y F, ZHANG K, LAM J C W, et al. Stereoisomer—specific oc-
currence, distribution, and fate of chiral brominated flame retardants

in different wastewater treatment systems in Hong Kong[J]. Journal of

Hazardous Materials, 2019, 374:211-218.

[16] GORGA M, MARTINEZ E, GINEBREDA A, et al. Determination of
PBDEs, HBB, PBEB, DBDPE, HBCD, TBBPA and related com-
pounds in sewage sludge from Catalonia (Spain)[J]. Science of the To-
tal Environment, 2013, 444 .51-59.

[17] DREYER A, NICKEL S, SCHROEDER W. (Persistent) Organic pol-
lutants in Germany: Results from a pilot study within the 2015 moss
survey[J]. Environmental Sciences Europe, 2018, 30:43.

[18] JANAK K, SELLSTROM U, JOHANSSON A K, et al. Enantiomer—
specific accumulation of hexabromocyclododecanes in eggs of predato-
ry birds[J]. Chemosphere, 2008, 73(1) : 193-200.

[19] SON M H, KIM ], SHIN E S, et al. Diastereoisomer— and species—spe-
cific distribution of hexabromocyclododecane (HBCD) in fish and ma-
rine invertebrates|J]. Journal of Hazardous Materials, 2015, 300: 114~
120.

[20] VALENZUELA-SANCHEZ 1 S, ZAPATA-PEREZ O, GARZA-
GISHOLT E, et al. Polybrominated diphenyl ethers (PBDE) and
hexabromocyclododecane (HBCD) in liver of checkered puffer (Spho-
eroides testudineus) from Ria Lagartos, Yucatan, Mexico[]]. Marine
Pollution Bulletin, 2019, 146:488-492.

[21] HUANG M R, LI J, XIAO Z X, et al. Tetrabromobisphenol A and
hexabromocyclododecane isomers in breast milk from the general pop-
ulation in Beijing, China: Contamination levels, temporal trends, nurs-
ing infant’ s daily intake, and risk assessment[J]. Chemosphere, 2020,
244:125524.

[22] FUJIT 'Y, KATO Y, MASUDA N, et al. Contamination trends and fac-
tors affecting the transfer of hexabromocyclododecane diastereomers,
tetrabromobisphenol A, and 2,4,6—tribromophenol to breast milk in Ja-
pan[J]. Environmental Pollution, 2018, 237:936-943.

[23] AL-MOUSA F, MICHELANGELI F. The sarcoplasmic—endoplasmic
reticulum Ca**~ATPase(SERCA) is the likely molecular target for the
acute toxicity of the brominated flame retardant hexabromocyclodo-
decane(HBCD) [J]. Chemico—Biological Interactions, 2014, 207 : 1-6.

[24] AL-MOUSA F, MICHELANGELI F. Some commonly used brominat-
ed flame retardants cause Ca**~ATPase inhibition, beta—amyloid pep-
tide release and apoptosis in SH=SY5Y neuronal cells[]]. PLoS One,
2012, 7(4):e33059.

[25] SAEGUSA Y, FUJIMOTO H, WOO G H, et al. Transient aberration of
neuronal development in the hippocampal dentate gyrus after develop-
mental exposure to brominated flame retardants in rats[J]. Archives of
Toxicology, 2012, 86(9) : 1431-1442.

[26] IBHAZEHIEBO K, IWASAKI T, SHIMOKAWA N, et al. 1,2,5,6,9,
10-alpha hexabromocyclododecane (HBCD) impairs thyroid hor-
mone—induced dendrite arborization of purkinje cells and suppresses
thyroid hormone receptor-mediated transcription[J]. Cerebellum, 2011,
10(1):22-31.

[27] IBHAZEHIEBO K, IWASAKI T, XU M, et al. Brain—derived neuro-
trophic factor (BDNF) ameliorates the suppression of thyroid hor-
mone—induced granule cell neurite extension by hexabromocyclodo-
decane(HBCD)[J]. Neuroscience Letters, 2011, 493(1/2) : 1-7.

[28] DOROSH A, DED L, ELZEINOVA F, et al. Assessing oestrogenic ef-

fects of brominated flame retardants hexabromocyclododecane and tet-

WWW.Qes.019.CN




m@g 1848

URETRR Rt Y F 4055 9

rabromobisphenol A on MCF-7 cells|J]. Folia Biologica, 2011, 57
(1):35-39.

[29] ZHEN G, ZHANG L J, LIU X Y, et al. The enrichment and purifica-
tion of hexabromocyclododecanes and its effects on thyroid in zebraf-
ish[J]. Ecotoxicology and Environmental Safety, 2019, 185.

[30] YANAGISAWA R, KOIKE E, WIN-SHWE T T, et al. Impaired lipid
and glucose homeostasis in hexabromocyclododecane—exposed mice
fed a high—fat diet[J]. Environmental Health Perspectives, 2014, 122
(3):277-283.

[31] k43, 3252 . P IR IR o8 S A 1A F) 24 A0, B LA AR 1A
VRS AR A R T 5 0 R (). 3R 85 1K 47,2017, 36(12) - 2558 -
2566. GENG J Y,WANG Y Y. Toxicological effects and metabolic
transformation of hexabromocyclodo decane isomers in organisms: A
review[]]. Environmental Chemistry, 2017, 36(12):2558-2566.

[32] LI Y N, ZHOU Q X, WANG Y Y, et al. Fate of tetrabromobisphenol A
and hexabromocyclododecane brominated flame retardants in soil and
uptake by plants[J]. Chemosphere, 2011, 82(2) :204-209.

[33] VAUGHN L J S, TORN M S. C-14 evidence that millennial and fast—
cycling soil carbon are equally sensitive to warming[J]. Nature Cli-
mate Change, 2019, 9(6) : 467-471.

[34] JIANG M K, MEDLYN B E, DRAKE ] E, et al. The fate of carbon in
a mature forest under carbon dioxide enrichment[]J]. Nature, 2020, 580
(7802):227-231.

[35] DONG S K, LI'Y, GANJURJAV H, et al. Grazing promoted soil micro-
bial functional genes for regulating C and N cycling in alpine meadow
of the Qinghai-Tibetan PlateaulJ]. Agriculture Ecosystems and Envi-
ronment, 2020, 303:107111.

[36] NOTTINGHAM A T, MEIR P, VELASQUEZ E, et al. Soil carbon loss
by experimental warming in a tropical forest[J]. Nature, 2020, 584
(7820):234-237.

[37] ZHAO F J, WANG P. Arsenic and cadmium accumulation in rice and
mitigation strategies[J]. Plant and Soil, 2020, 446(1/2) :1-21.

[38] LI X, LIU H L, JIA X S, et al. Novel approach for removing brominat-
ed flame retardant from aquatic environments using Cu/Fe—based met-
al-organic frameworks: A case of hexabromocyclododecane (HBCD)
[J]. Science of the Total Environment, 2018, 621:1533-1541.

[39] ZHANG K L, HUANG J, WANG H Z, et al. Mechanochemical degra-
dation of hexabromocyclododecane and approaches for the remedia-
tion of its contaminated soil[J]. Chemosphere, 2014, 116:40-45.

[407 X135 7 . ST R A CRELIA 0 400 S5 F) S R Ak B AR B 52 (D] BT < iV
K2, 2014:22-32.  LIU Q Q. Study on the photodegradation of se-
lected brominated flame retardants[D]. Hangzhou : Zhejiang Universi-
ty, 2014:22-32.

[41]ZHOU D N, WU Y, FENG X N, et al. Photodegradation of hexabromo-
cyclododecane (HBCD) by Fe (I ) complexes/H0, under simulated
sunlight[J]. Environmental Science and Pollution Research, 2014, 21
(9):6228-6233.

[42] XSG, ARV, R 2%, 45 . R AT S8 AH B BR B AR S IR —
Le B9 )5 1 : CN111644131A[P]. 2020-09-11.  LIU W B, NI T T,LEI
R R, et al. Degradation of hexabromocyclododecane by graphite phase
carbon nitride : CN111644131A[P]. 2020-09-11.

[43] BARONTINI F, COZZANI V, PETARCA L. Thermal stability and de-

1% WHART]

composition products of hexabromocyclododecane[J]. Industrial & En-
gineering Chemistry Research, 2001, 40(15) :3270-3280.

[44] UKISU Y. Complete catalytic debromination of hexabromocyclododec-
ane using a silica—supported palladium catalyst in alkaline 2-propa-
nol[J]. Chemosphere, 2017, 179:179-184.

[45] HUANG L, SHAH S B, HU H Y, et al. Pollution and biodegradation
of hexabromocyclododecanes: A review[]]. Frontiers of Environmental
Science & Engineering, 2020, 14(1) :34-41.

[46] PENG Y H, CHEN Y J, CHANG M, et al. The effect of zerovalent iron
on the microbial degradation of hexabromocyclododecane[J]. Chemo-
sphere, 2018, 200:419-426.

[47) REMBERGER M, STERNBECK J, PALM A, et al. The environmental
occurrence of hexabromocyclododecane in Sweden[J]. Chemosphere,
2004, 54(1):9-21.

[48] ZHANG Y Q, LU Y L, WANG P, et al. Transport of hexabromocy-
clododecane (HBCD) into the soil, water and sediment from a large
producer in China[]]. Science of the Total Environment, 2018, 610:
94-100.

[49] HUANG H L, WANG D, WAN W N, et al. Hexabromocyclododec-
anes in soils and plants from a plastic waste treatment area in north
China: Occurrence, diastereomer— and enantiomer—specific profiles,
and metabolization[]J]. Environmental Science Pollution Research,
2017, 24(27):21625-21635.

[50] LI H H, ZHANG Q H, WANG P, et al. Levels and distribution of
hexabromocyclododecane (HBCD) in environmental samples near
manufacturing facilities in Laizhou Bay area, east China[J]. Journal of
Environmental Monitoring, 2012, 14(10) :2591-2597.

[51] TANG J F, FENG J Y, LIA X H, et al. Levels of flame retardants
HBCD, TBBPA and TBC in surface soils from an industrialized region
of east Chinal]]. Environmental Science Processes and Impacts, 2014,
16(5):1015-1021.

[52] ZHANG Y W, RUAN Y F, SUN H W, et al. Hexabromocyclododec-
anes in surface sediments and a sediment core from rivers and harbor
in the northern Chinese city of Tianjin[J]. Chemosphere, 2013, 90(5) :
1610-1616.

[53]1JO H, SON M H, SEO S H, et al. Matrix—specific distribution and dia-
stereomeric profiles of hexabromocyclododecane (HBCD) in a multi-
media environment: Air, soil, sludge, sediment, and fish[J]. Environ-
mental Pollution, 2017, 226:515-522.

[54] MENG X Z, DUAN Y P, YANG C, et al. Occurrence, sources, and in-
ventory of hexabromocyclododecanes (HBCDs) in soils from Chong-
ming Island, the Yangtze River Delta (YRD)[J]. Chemosphere, 2011,
82(5):725-731.

[55]ZHU N L, SCHRAMM K W, WANG T, et al. Lichen, moss and soil in
resolving the occurrence of semi—volatile organic compounds on the
southeastern Tibetan Plateau, China[]]. Science of the Total Environ-
ment, 2015, 518:328-336.

[56] LI F, JIN J, TAN D Q, et al. Hexabromocyclododecane and tetrabro-
mobisphenol A in sediments and paddy soils from Liaohe River Basin,
China: Levels, distribution and mass inventory[J]. Journal of Environ-
mental Sciences, 2016, 48:209-217.

[57]1 LU H X, MA X J, HUANG X J, et al. Distribution, diastereomer—spe-



IR, 45 A H RPN IRFR - e 5 Y A LS Y SO A DR I 1849

cific accumulation and associated health risks of hexabromocyclodo-
decanes (HBCDs) in soil-vegetable system of the Pearl River Delta
region, south ChinalJ]. Journal of Environmental Management, 2019,
248:109321.

(58] A=£T 48, RILTVE, B, 4 . U148 # o0 o IX L S v 7S R - — ke
[ 43 A FFAE[)). R EE L%, 2014, 33(9) : 1439-1444. LI H H,
SHANG H T,WANG P, et al. Distribution of hexabromocyclododecane
(HBCD) in surface soils from some regions of Sichuan Province in
Chinal[J]. Environmental Chemistry, 2014, 33(9) : 1439-1444.

[S91 DUAN H, YU D F, ZUO ], et al. Characterization of brominated flame
retardants in construction and demolition waste components: HBCD
and PBDEs|[J]. Science of the Total Environment, 2016, 572:77-85.

[60] NIE Z Q, YANG Z L, FANG Y Y, et al. Environmental risks of
HBCDD from construction and demolition waste: A contemporary and
future issue[J]. Environmental Science and Pollution Research, 2015,
22(21):17249-17252.

[61] GAO C J, XIA L L, WU C C, et al. The effects of prosperity indices
and land use indicators of an urban conurbation on the occurrence of
hexabromocyclododecanes and tetrabromobisphenol A in surface soil
in south China[J]. Environmental Pollution, 2019, 252:1810-1818.

[62] ROOSENS L, ABDALLAH M A E, HARRAD 8, et al. Exposure to
hexabromocyclododecanes (HBCDs) via dust ingestion, but not diet,
correlates with concentrations in human serum: Preliminary results|J].
Environmental Health Perspectives, 2009, 117(11):1707-1712.

[63] DAVIS J W, GONSIOR S J, MARKHAM D A, et al. Biodegradation
and product identification of C~14 hexabromocyclododecane in waste-
water sludge and freshwater aquatic sediment[J]. Environmental Sci-
ence & Technology, 2006, 40(17):5395-5401.

[64] GERECKE A C, GIGER W, HARTMANN P C, et al. Anaerobic deg-
radation of brominated flame retardants in sewage sludge[J]]. Chemo-
sphere, 2006, 64(2) :311-317.

[65] ZHAO Y Y, ZHANG X H, SOJINU O S S. Thermodynamics and pho-
tochemical properties of alpha, beta, and gamma—hexabromocyclodo-
decanes: A theoretical study[J]. Chemosphere, 2010, 80(2) : 150-156.

[66] sk, Brid e, o As, &5 . 7SR T e A R & 3 b iy
15 QFAE)]. AR PRI 22 4R, 2013, 32(1) :63-68.  ZHANG Y
W, RUAN Y F, ZHAO L ], et al. Distribution of hexabromocyclodo-
decanes in soils for different uses: Concentration, diastereomeric and
enantiomeric profiles[J]. Journal of Agro—Environment Science, 2013,
32(1):63-68.

[67] RUAN Y F, ZHANG K, WU C X, et al. A preliminary screening of
HBCD enantiomers transported by microplastics in wastewater treat-
ment plants[J]. Science of the Total Environment, 2019, 674:171-178.

[68] GALLEN C, DRAGE D, KASERZON 8, et al. Occurrence and distri-
bution of brominated flame retardants and perfluoroalkyl substances
in Australian landfill leachate and biosolids[J]. Journal of Hazardous
Materials, 2016, 312:55-64.

[69] 14, wtfJel, BR¥e . g5 Je i HBCD (149 BE K 4l it 1] 22
BUKSEI. 457K HEZK, 2012, 28(5) :88-92. XTANG N, MENG
X Z,CHEN L. Concentration distribution of HBCD in sewage sludge
and accumulative effect of land application in Shanghai[J]. China Wa-
ter & Wastewater, 2012, 28(5) : 88-92.

[70] 5kAs, Wi, XL A5 FiE Sl T 44 3 v h PAHs 23 RRAE K
WA o E R B RL A%, 2019, 39(2) : 741-749.  ZHANG X,
YANG J, LIU M, et al. Distribution characteristics and source analy-
sis of PAHs in farmland soils along Shanghai traffic artery[J]. China
Environmental Science, 2019, 39(2) : 741-749.

[711 LU J F, HE M J, YANG Z H, et al. Occurrence of tetrabromobisphe-
nol a (TBBPA) and hexabromocyclododecane (HBCD) in soil and
road dust in Chongqing, western China, with emphasis on diastereoiso-
mer profiles, particle size distribution, and human exposure[J]. Envi-
ronmental Pollution, 2018, 242:219-228.

[72] WU M H, HAN T, XU G, et al. Occurrence of hexabromocyclododec-
ane in soil and road dust from mixed-land—use areas of Shanghai,
China, and its implications for human exposure[J]. Science of the Total
Environment, 2016, 559 :282-290.

[73] ABDALLAH M A E, IBARRA C, NEELS H, et al. Comparative evalu-
ation of liquid chromatography—mass spectrometry versus gas chroma-
tography—mass spectrometry for the determination of hexabromocy-
clododecanes and their degradation products in indoor dust[J]. Jour-
nal of Chromatography A, 2008, 1190(1/2) :333-341.

[74] 2530k . SN T S AN A iR AR BELA 0 A I 25 534 1 e L
(D). MR /R EE Tolk K2, 2016:53-63. LI'W L. Spatiotem-
poral variations and human health risks of brominated flame retar-
dants in soil and air of five Asian countries[D]. Harbin: Harbin Insti-
tute of Technology, 2016:53-63.

[75] WANG X L, SUN R R, CHEN Y D, et al. Temporal-spatial distribu-
tion and diastereoisomer pattern of hexabromocyclododecane in the vi-
cinity of a chemical plant|J]. Journal of Environmental Sciences, 2019,
82:203-212.

[76] NI H G, ZENG H. HBCD and TBBPA in particulate phase of indoor
air in Shenzhen, Chinal]]. Science of the Total Environment, 2013,
458:15-19.

[771ZHU H K, SUN H W, ZHANG Y W, et al. Uptake pathway, transloca-
tion, and isomerization of hexabromocyclododecane diastereoisomers
by wheat in closed chambers[]]. Environmental Science & Technology,
2016, 50(5) :2652-2659.

[78] ZHU H K, SUN H W, YAO Y M, et al. Fate and adverse effects of
hexabromocyclododecane diastereoisomers (HBCDDs) in a soil-tye-
grass pot system[J]. Chemosphere, 2017, 184:452-459.

[791 WU S C, GSCHWEND P M. Sorption kinetics of hydrophobic organic
compounds to natural sediments and soils[J]. Environmental Science &
Technology, 1986, 20(7) : 717-725.

[80] HEEB N V, GRAF H, SCHWEIZER W B, et al. Thermally—induced
transformation of hexabromocyclododecanes and isobutoxypenta bro-
mocyclododecanes in flame—proofed polystyrene materials[J]. Chemo-
sphere, 2010, 80(7) :701-708.

[811 PENG X X, WEI D Y, HUANG Q Y, et al. Debromination of hexabro-
mocyclododecane by anaerobic consortium and characterization of
functional bacterialJ]. Frontiers in Microbiology, 2018, 9:1515.

[82] JANAK K, COVACI A, VOORSPOELS 8, et al. Hexabromocyclodo-
decane in marine species from the Western Scheldt Estuary : Diaste-
reoisomer — and enantiomer—specific accumulation|]]. Environmental

Science & Technology, 2005, 39(7) : 1987-1994.

WWW.Qes.019.CN




m@g 1850

URETRR Rt Y F 4055 9

[83] HUANG H L, ZHANG S Z, LV J T, et al. Experimental and theoreti-
cal evidence for diastereomer— and enantiomer—specific accumulation
and biotransformation of HBCD in maize roots[J]. Environmental Sci-
ence & Technology, 2016, 50(22) : 12205-12213.

[84] CHANG T H, WANG R B, PENG Y H, et al. Biodegradation of
hexabromocyclododecane by  Rhodopseudomonas  palustris  YSC3
strain: A free=living nitrogen—fixing bacterium isolated in Taiwan[J].
Chemosphere, 2020, 246:125621.

[85] ZHONG Y, WANG H L, YU Z Q, et al. Diastereoisomer—specific bio-
transformation of hexabromocyclododecanes by a mixed culture con-
taining Dehalococcoides mecartyi Strain 195[]]. Frontiers in Microbiol-
ogy, 2018, 9:1713.

[86] 224, YUIEH . A= WM& I HORAE T35 Y B g i D). AR S
R, 2019(7) : 109-110. LI D, FAN X L. Application of bioreme-
diation technology in soil pollution control[J]. Energy Conservation &
Environmental Protection, 2019(7) :109-110.

[87] PENG X X, HUANG X Y, JING F, et al. Study of novel pure culture
HBCD-1, effectively degrading hexabromocyclododecane, isolated
from an anaerobic reactor{]]. Bioresource Technology, 2015, 185:218~
224.

[88] DAVIS J W, GONSIOR S, MARTY G, et al. The transformation of
hexabromocyclododecane in aerobic and anaerobic soils and aquatic
sediments|J]. Water Research, 2005, 39(6) : 1075-1084.

[89] SHAH S B, HUANG L, HU H Y, et al. Characterization of environ-
mentally friendly degradation of hexabromocyclododecane by a Bacil-
lus strain HBCD=sjtulJ]. International Biodeterioration & Biodegrada-
tion, 2019, 145:104794.

[90] GENG J Y, HAN M, YANG X, et al. Different biotransformation of
three hexabromocyclododecane diastereoisomers by Pseudomonas sp.
under aerobic conditions[J]. Chemical Engineering Journal, 2019,
374:870-879.

[91] EA257, Tk &%, sk, 55 . —PRIR TR GIY S HLAE7STRIA |
Tt 5 g A B b0 ST < CN109456923B[P]. 2021 - 04 - 20.
WANG Y Y, GENG J Y, ZHANG Y D, et al. The degradation of
hexabromocyclodode cane isomers by a strain of Pseudomonas GJY :
CN109456923B[P]. 2021-04-20.

[92] LI Y J, LI M H, SHIH Y H. Aerobic degradation and the effect of
hexabromocyclododecane by soil microbial communities in Taiwan[J].
Environment International, 2020, 145:106128.

[93] JE Mgk, $€ SCHE - LU L - vh i, Vi, 45 — R REfd SR IR T e iy
TR O 18 5 1 B L T : CN109652343A[P]. 2019-04-19.  TANG
H Z, SAIYIDE B S, XU P, et al. A hexabromocyclododecane degrad-
ing strains isolate method and its application: CN109652343A[P].
2019-04-19.

[94] HUANG L, WANG W W, SHAH S B, et al. The HBCDs biodegrada-
tion using a Pseudomonas strain and its application in soil phytoreme-
diation[J]. Journal of Hazardous Materials, 2019, 380:120833.

[95S]LE T T, SON M H, NAM I H, et al. Transformation of hexabromocy-
clododecane in contaminated soil in association with microbial diver-
sity[J]. Journal of Hazardous Materials, 2017, 325 :82-89.

[96] DEMIRTEPE H, IMAMOGLU I. Biostimulation enhanced the biotic

1% WHART]

degradation of hexabromocyclododecane in sediments[J]. Journal of
Soils and Sediments, 2019, 19(6) : 2859-2868.

[97] ANASONYE F, WINQUIST E, KLUCZEK-TURPEINEN B, et al.
Fungal enzyme production and biodegradation of polychlorinated
dibenzo—p~-dioxins and dibenzofurans in contaminated sawmill soil[J].
Chemosphere, 2014, 110:85-90.

[98] A7, i, b, 4. RIERUEY S T @D b E R
AR MRRE, 2020, 50:1-11. ZHU Y G, PENG J J, WEL Z, et al.
Linking the soil microbiome to soil health[J]. Scientia Sinica Vitae,
2020, 50:1-11.

[99] LUNNEY A I, ZEEB B A, REINER K J. Uptake of weathered DDT in
vascular plants: Potential for phytoremediation[J]. Environmental Sci-
ence & Technology, 2004, 38(22) :6147-6154.

[100] WU T, WANG S, HUANG H L, et al. Diastereomer—specific uptake,
translocation, and toxicity of hexabromocyclododecane diastereoiso-
mers to maize[J]. Journal of Agricultural and Food Chemistry, 2012,
60(34) :8528-8534.

[101] ZHANG X, HERGER A G, REN Z, et al. Resistance effect of flavo-
nols and toxicology analysis of hexabromocyclododecane based on
soil-microbe-plant system[J]. Chemosphere, 2020, 257 : 127248.

[102] WHITE J C, KOTTLER B D. Citrate-mediated increase in the up-
take of weathered 2,2-his (p—chlorophenyl) 1, 1-dichloroethylene
residues by plants[J]. Environmental Toxicology and Chemistry,
2002, 21(3) :550-556.

[T03] LE T T, YOON H, SON M H, et al. Treatability of hexabromocy-
clododecane using Pd/Fe nanoparticles in the soil-plant system : Ef-
fects of humic acids[J]. Science of the Total Environment, 2019, 689:
444-450.

[104] LI B, CHEN H, SUN H W, et al. Distribution, isomerization and en-
antiomer selectivity of hexabromocyclododecane (HBCD) diastereo-
isomers in different tissue and subcellular fractions of earthworms[J].
Ecotoxicology Environmental Safety, 2017, 139:326-334.

[105] LI B, ZHU H K, SUN H W, et al. Effects of the amendment of bio-
chars and carbon nanotubes on the bioavailability of hexabromocy-
clododecanes (HBCDs) in soil to ecologically different species of
earthworms|J]. Environmental Pollution, 2017, 222:191-200.

[106] LI B, LAN Z H, WANG L, et al. The release and earthworm bioaccu-
mulation of endogenous hexabromocyclododecanes (HBCDDs) from
expanded polystyrene foam microparticles|J]. Environmental Pollu-
tion, 2019, 255:113163.

[107] WANG X L, YANG J, LI H, et al. Chronic toxicity of hexabromocy-
clododecane (HBCD) induced by oxidative stress and cell apoptosis
on nematode Caenorhabditis elegans|]]. Chemosphere, 2018, 208:
31-39.

[108] E 48, Shfbar, W28, /R A A 1 e v PO RO A L5 7SR R
T I A R BUKCE A B BRR AR, 2017, 36
(6):1328-1334. XIA Y, HAN W L, MA A D. Contents, distribu-
tion and composition of tetrabromobisphenol A and hexabromocy-
clododecane in agricultural soils of Guangdong[J]. Environmental

Chemistry, 2017, 36(6) : 1328-1334.



