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Transformation of hydroxylation polybrominateddiphenyl ethers
in laccase-ABTS system

ZHANG Siyu' DONG Shipeng GAO Shixiang® LU Kun* ™

(1. School of Computer Science and Information Engineering, Hefei University of Technology, Hefei, 230601, China; 2. State
Key Laboratory of Pollution Control and Resource, School of the Environment, Nanjing University, Nanjing, 210023, China)

Abstract In this study, the transformation kinetics of 3-OH-BDE-7, a typical kind of hydroxylation
polybrominateddiphenyl ethers (OH-PBDEs), in laccase-mediator-system (LMS) based on 2,2'-azino-
bis [3-ethyl-benzothiazoline-6-sulfonic acid] diammonium salt (ABTS) was systematically investi-
gated. The influence of ABTS dosage, laccase dosage, solution pH, temperature and natural organism
matter (NOM) on the transformation of 3-OH-BDE-7 was studied. The results showed the removal of
3-OH-BDE-7 in the system containing only laccase was very low, while with the presence of ABTS,
the removal of 3-OH-BDE-7 increased about 20 times. Moreover, the removal of 3-OH-BDE-7
followed pseudo-first-order kinetics, and the first-order rate constant was proportional to the dosage
of ABTS and laccase, respectively. The optimal pH was between 3 and 8, and the optimal

temperature was between 25 C and 35 °C. In addition, the presence of natural organic matter
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significantly inhibited the removal of 3-OH-BDE-7. This was mainly because NOM acted as the
quenching agent of the radical intermediates and converted the intermediates back to their original
forms. Taken together, this study is not only of key importance in understanding the significance of
LMS catalyzed oxidation in the conversion of phenolic compounds in natural environment, but also
of great value in the design of treatment processes based on LMS.

Keywords OH-PBDEs, laccase, mediator, kinetics, environmental factors.
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A T 0 AR B BN & AR AR 7 b, R TR S AR A SO R 8 A - B ML AR, TRt
TE H SR 58 Ak o) 2 v 7 e 2 J B A 40108 FEARZ AL D, R — S T 2R i R
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() A AR B RN SRR X AT LTS e e IR B T e | (b B 4 B A

R WA AR SR, AT DL B A TS ey (H R T H B AR 5 A A B AR G R A
0.5—0.8 V), FEUOLXT T4 AR I H o7 155 9 ) ot S8 AL SR AN S JARLO {5 4, A ASUAR 5 S oy AR & v B —
IR B TCTE TE AR LR | 2516 R 0 AL B, w58 & 30— 28 /N T & W vl LA 78 54
I, AR BN R B E AR, Bt A T i T 0 5 A b 1, AR i EL AT A AR AR A S S, A 0 P
Fofr, 98 7 S % At A B S e A fl AR T 12 BRI, B R AR BB RN T A A, 2, 2-
BRA - (3-LFE R WE -6 12 ) —#7EE (ABTS) | 1-52 383 = (HBT) . ¥ /KR (VIO) . N-£FE-N-
LRS- (NHA) A5, Hort ABTS J2& H Fi N &) 12 A A R0 140 1R 5 35k 26 A R4 1) R e
-1 1K 2R 45 (1accase-mediator-system, LMS ), fE#5 52 B =5 84 . DRI B [ A o 80 Ak a8 JE e A7 ol A RE
BB PO IR 43 .

RUE SR B AL B 2R B R s 1 R E & T8GR, (H Rk B A 8 32 24 v 7 P —
B A AL R 9 0, B WSS HGE T DU A, =& ST R EAR | MR S e e e —i%
B A R AR R T 15 A ) ) 2 B0 7L BRI, AR SCBRIREE Y, TCit B N T A A AR IE S KR A 1A
O B BEIE B LMS! Y. A, HoAlSEAE Y BT, QiR AR AL, (KA o] kit g 2 5 i 2 Y5 e iy 1) 5 Ak ad
FEUS 190 PR, BRI TS Y IAE LMS w5 8 2 BE R AR AR B2 A AR IRES T (556 it # 1 d B
SR, H TG T 3X —J7 1 TR R ik =

AT 5% BEHL 3-OH-BDE-7 Ay #1741 iy OH-PBDEs, &4t #£%% T 3-OH-BDE-7 #£ % T ABTS /i) LMS H
(FEAL B 12t B, 58T ABTS $0in  REEn& . pH B AN X LMS /5 3-OH-BDE-7 #1bid
FERIFZIR . Bk, ARG T KIRA HLE (natural organic matter, NOM) Xf LMS 445 3-OH-BDE-7 1k 5 11
R RIS, R T NOM # LMS #% 4k 3-OH-BDE-7 (1) N ZEAL . W5 45 AR IR R 24k
2 IR IREEAE [ SR IR B % Aad A B SRR S, T EOA A PRI T LMS R KA HE T 2 B
HESHMA.

| 9 Experimental section)

1.1 AR5 IEGH

%M (Laccase, 4355 H Trametes versicolor) . 2, 2-BE R - (3-2, 3 -7 IF HE Mk -6-1 1% ) — 44k (ABTS,
4li [ >98%) . 3-OH-BDE-7( 4l [ >97%) 4 H 32 [E Sigma-Aldrich 2 7. Suwannee K X 4 #L 5 ( natural
organic matter, NOM I [ [ b5 Ji 78 T Bip 2% (THSS) . B R & — 40 . B e — &80 H m mtfb il R A BR A
AL AN (B L1R) ¥ k@ ikal, W H Tedia 24 Al HAR ST % 5 F R #r il 5256 i K34
K A Milli-Q 2lifk REe 12 5 17K (18.25 MQ-cm).
1.2 BB R A I

V% Tt (%) il % M 38 2k ABTS 920000 5 10, e v 1 A3 i il 37 M PR (U) o8 SR B3 A A 44K 1 umol
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ABTS JIr 5 2 A0 14 i I ot EL AR5 S i K 2R 40 F 2 2.8 mL B 152 40 2% o i (10 mmol- L', pH = 5.0).
1 mL ABTS (20 mmol-L ™) %, VA X 0.1 mL % BB B 6if 2578 W, IOV Bl )5, 8 i 54N e G BE T
(Cary 100, Varian, USA) W7 W& 7E 420 nm 1Y WO B2 7E 3 min PN B B[] A9 28 4k, BE 52 3 Wk, UL
k BSF- YA s M e A 2 (D) TR ] 4520,

BEEEFETE(U-mL™") = k(cm™ - min™") x 30/36((mmol - L™)™" - min™") (D
1.3 LMS R %iXF 3-OH-BDE-7 FY [ fift 52 56

LMS R Gififb AL 3-OH-BDE-7 [ 5V 1 8 mL Bl B 5 0 4 rh b A7, SO W AR SR BB 40« SR &
MAFRA 2.0 mL, Hrh 3-OH-BDE-7 B B g 2.0 wmol-L™", ) #5728 B % 3% & 4 0.02, 0.04, 0.08., 0.1,
0.2, 03,04, 05U-mL", ABTS M E 255N 0, 1.0, 1.5, 2.0, 4.0 pmol-L™". JZ WA 10 mmol-L™!
) R ) 2% P R TR (pH=6.0) . J B 45 B T 1E L IR 1% 15 3 40 b (5538 150 romin™), 76 A [A] i 52 07 Fisf Ji]
(0. 1.5, 10, 20, 30, 60 min) F¥f S48 MAIEFRFE TP B, JF m = in A 2 mL (49 P28 0k S 7. B
1 mL A9 RV BT B DL T B0, B0 A5 R E R : %3 20000 rmin', BB E] 10 min. B0 )5, B
VW E T AR RO /N, = OO 3 3 AT T R I ) 3-OH-BDE-7 Mk B A LI
Ha 2D WE 3N EE.

RRFTIERIR pH (AR BE X LMS &R Gi ik 54k 3-OH-BDE-7 FFZ I, {5 FH [R)RE R 2 0 2% B gk A7 52
B S AR B R N AR R SRR 2 mL, Hid 3-OH-BDE-7 BJ%E & 4 2.0 umol- L, 417 4 8 B 1
0.1 U-mL"', ABTS FJ & & & 2.0 umol-L™". ¥ pH 1% &~ 3.0, 4.0, 5.0, 6.0, 7.0, 8.0, 9.0 1 10.0. )<
IO 3 s W E 25 °C, K2R B A] A 60 min. X TR AR MR, SEEG SRR BN IOV AR R AR EUR 2 mL,
Hivh 3-OH-BDE-7 ¥ £ A 2 umol- L', W URE B G PE 4 0.1 U'mL™", ABTS B9¥& 4 2.0 pmol-L ™', ¥
pH il 7E 6.0, S iR FE ¥ HI7E 4. 10, 25, 35, 45, 55, 65 °C, L[] R 60 min. JZ 1 25 9, 44 B8 LA
L BRERE, I FH = O 3 43 AT I 0 S S R Y 3-OH-BDE-7 Ve B BN SE IR AR S 2 DR
HI3INEL.

JHRFE NOM X LMS £ Gk A AL 3-OH-BDE-7 (520, fi FH [A)RE 14 5 07 255 8 R A7 50 6. 206 2%
PR g OV B AT 2 mL, Hirh 3-OH-BDE-7 AU JE Jy 2.0 pmol- L™, ¥ HAEERHE 4 0.1 U-mL™,
ABTS f¥€ 4 2.0 pmol-L™', NOM AY#kJE 2.0, 4.0, 6.0, 8.0, 10.0 mg-L™, ¥& ¥k pH i% & N 6.0, IR J¥
FEHITE 25 °C. FEASR 9 B B B IE] 550, 1. 5, 10, 20, 30, 60 min) 4% 5 i 85 3% 7240 HH B, 3% BE DL
A BREORE, I FH S SORAE € 5  BT I A 5 U )y 3-OH-BDE-7 B MR . BN SLIRAE B DI E
3ANEA.

1.4 Mk

GHEAS B AR G154 (HPLC, Agilent 1200) FH DA 43 85 B f A U e Hf 3-OH-BDE-7 [k . B
PRI R 2 E G0« S S R B/ (85 2 15, ¥ 2 1), Hii i 3 5€ 4 1 mL-min™'; Eclipse XDB-C18 #F
(250 mmx4 mm, 5 um) (CZHEAR, SEED) 5 R &8 A ] 28 K A2 S 25 (VWD) Rz 4 230 nm,
PERER RN 20 uL, AEIRR 25 °C. B PP (3 B 5 (liquid chromatograph mass spectrometer,
LC/MS) 73 # 25%: & Thermo LCQ Fri#iill## (Quest LCQ Duo, USA), jfiid XDB C18 (i1 (150 mmx
4.6 mm, 5 pm) PEAT 28BS VR AHZE N B BRI K (85 < 15, V 2 V), Wi i% E M 0.2 mL-min”', JEEE K
10 pL. EST VRS 800% 8 : B 40 AR s R 53 i B 4.5 kV 1 25V, R0 500 RN 2 U5 B i o
300 °C Al 120 °C. N, YE A ZALSFE B, Wk 43520 350 L-h™' F1 50 L-h .

2 25 545718 (Results and discussion)

2.1 ABTS fi i Z B ff k. % {k 3-OH-BDE-7

T SER5Y 3-OH-BDE-7 78 H AT R B AEE T n Bt 72, &5 SR an &l 1A Fros. INIEL 1 AT RLE Y, B
et i 4k, 3-OH-BDE-7, H.Fifi #5 8 BN & i34 1, 3-OH-BDE-7 At 25 B Rt AN W4 fin . {HJ2, B 2438
fif v A N ) 0.5 U-mL™" B, 25 B RAK R KA ~40%. ILAE, 2SS\ 0.4 U-mL™ 840 %) 0.5 U-mL™!
i, W 60 min J5, 3-OH-BDE-7 i 2B R HEIN T 2% 247, X Al RE 2 T A B A AR 5 L 5%
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I G # #£ 0.5—0.8V), FHUH X F 3-OH-BDE-7 AL AR 4 221", 3-OH-BDE-7 fE /1 1& ABTS f£4£ F
1 FEAR 3 127 a1 1A s, 78 BAA EERE (0.1 U-mL™) B9 iR &, [ 60 min J&, HA 8.5% 1Y 3-
OH-BDE-7 # Z:B%. Mifim A& ABTS (2 pmol-L™") i, 3-OH-BDE-7 A9 25 B 1 % i 3 46 i 9 4, S g
30 min 7, 62.5% fY 3-OH-BDE-7 #% %%, 11 5 )% 60 min Ji7, 3-OH-BDE-7 25 [ R i1k 84.7%. {HAS &
(42, 76 R & A iR ABTS 192544 F, 3-OH-BDE-7 JLF- AN &4 5Bk, LI E#Fo 45 L/ 1k ABTS fE
%\ 3502 U R Wl A4 {k 450 fk 3-OH-BDE-7.

oy & 1201 B 20F ¢ Wl§Laccase
i [ 5. i+ ABTS A
| ¢ 1 o 100 BA—A—A 2 —A Laccase+ABTS ‘
80 A u n 1.5
1 4 80
£ 60 Laccase X *%Pﬂéi e
) 7 -1 e | b accase = 7
S 0.1 UmL! S 60 B EREABTS S0 I
© 4or 0.2 LEmb © Laccase+ABTS = 5
A 03U-mL™! 401 E
2k 0.4 U-mL™! 0.5
0.5 U-mL™! 20 B
0 | Il | Il 1 | 0 | | 1 | | | ’d I L Il L L |
0 10 20 30 40 50 60 0 10 20 30 40 50 60 10 20 30 40 50 60
t/min t/min t/min
B 1 (A)3-OH-BDE-7 7EA[R]¥k B2 (JC ABTS) F 9263 %; (B)3-OH-BDE-7 7EA Al S B 44 (4 ABTS, H

A RN ER B+ ABTS) (9256835 (C) B EHTEA T ABTS A& T itk 44k 3-OH-BDE-7 fiE— 243 J1 A4l 5 i 2%
SL8G 254 [Laccase]y=0.1 U-mL™', [ABTS]=2.0 pumol-L"’

Fig.1 (A)The removal of 3-OH-BDE-7 mediated by Laccase with different dosage; (B)3-OH-BDE-7 removal efficiencies
at various reaction conditions (only ABTS, only Laccase and Laccase-ABTS); (C)Pseudo first-order rate plots for 3-OH-
BDE-7 removal mediated by Laccase with and without the presence of ABTS
Experimental condition: [Laccase]y=0.1 U-mL"', [ABTS]=2.0 umol-L""

BEAh, I 1A K B, B S0 B9 64T, ¥ WP Y 3-OH-BDE-7 Ay ik B2 H7 22 AR AR 4R A 50(2), LU
In( Cy/C,) XF BRI TRV, AP 1B Bz . 4553 & K, TCIB 2 R AF7E ABTS, # 2 2k HEC &, X B 3-OH-
BDE-7 1 LR B4 A R — BB W 3 g2 MU, Z BT ATt A B 1 200 Tl T BNy A8 .

(2)

Co
In— = kst
nC, bs

T, ks P — N Bl 124 5 B, Co MIRYIR RV BE, C, S RN ¢ B 20 o V5 8 v 380 4 1) IS 4 vk
JE, ¢ o0 OS] G A AT, A R A AR B SRR AR — 2 h 2w B 0.0016 min'; il A
ABTS J&, 5 —2sh J122 5 800 0.0318 min™'. (K IL, A ABTS 435 B 1A Z i 1L S 1k 3-OH-BDE-7 [
R E AR A R T Y 20 1.

ABTS {i¢ #k328 BHfit b %81k 3-OH-BDE-7 AUAE HALERANIE 2 Fs. 78 HA BRI R A R R, S
ARG TE A AR I, SR 5 SR A AR B P R kA T AL, T IR ARG DL T, A IR e i
it S AT B M v HLBLAT — s e PR S A A, AL S A R AR R A AR BRI, 7R AR
BF5E T, EHE-ABTS A1k R 4t i1k A 1k 3-OH-BDE-7 R L J9: ABTS 116 F 3-OH-BDE-7 i1 55 4 iy
KRN, PR ABTS M ABTS™, SR 5 ABTS FI ABTS ™ H =5 2 fi 1k % 1k 3-OH-BDE-7, 5 It [ It (1 &
B ) ABTS!,

22 ABTS WKEEXT LMS R Ge LA 1k 3-OH-BDE-7 By 50

Sy itt— 20 WIHf ABTS 78 5 AR 2 A AR R, AR SCER Y T AN TRk B ABTS X 3 fiff A 1k 80 k. 30H-
BDE-7 W52 0. 4N E 3A iR, B ABTS & A4 38 i, 3-OH-BDE-7 A9 2% B AN W 384 . 1], 24
ABTS 14 1 pmol-L ' i}, 2 W 60 min J&5, 3-OH-BDE-7 it 25 [ 5 4 46%; 1M 24 ABTS 5% Al 2 14 i
£ 4 pmol-L™' B, i 60 min Ji7, 3-OH-BDE-7 [ 2 BR %R =ik 97%. RGN R LR C LUEH T ABTS
B % . 35 2 0 % il A4 fk %0 fk 3-OH-BDE-7, {H 235K % 22 1 114 3-OH-BDE-7 #£ 5 ifi-ATBS /i &
RY LRSSyt . K 3B W] LU i, 3-OH-BDE-7 By £ [ i F2 76 A 7] ABTS 4% b2 18 4148
WIRTF A B — S8 Iy 2 B R 00T, R AR — sl 2 A, AE MR S — 2 15 L T, 3-OH-
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BDE-7 (1) 5 o 3R 38 {ORTH: [ B v BE ARG, 155 10 A I ok B T O, K A% WA Ay e A7) g LA, []
0 UE BT S P AR B R AR AR e . (HJR AR IR B - /R R8T, 3-OH-BDE-7 1) [ fiff i B AR SR A
Ak —FUHE, X UL ABTS B9 A A e AR g £k 50 fk 3-OH-BDE-7 BYFRAE AL, ILAb, AR SCtk—25 41
MET kg 5 ABTS ¥RJE 2 [ AUAHICSE 22, 25 AR 2C I/ . 76 78 B B [ 52 (0 46 1F T, kops -5 ABTS &
2 [ AR IEM R, B IR R R -ABTS MMA RSN T 3-OH-BDE-7 4 b il 38 R g it e 148
fifty B 45 fk 3-OH-BDE-7 M3 (K] 1), PRIbHEMIAE ABTS 275 T, R HE-ABTS 4L 1 47 (A Ak T 1
Hts, B ABTS #5156 5 Bl & 2E ) % 77 4= ABTSHI ABTS™, 9k J5 ABTS I ABTS™F- /i & 3-OH-
BDE-7 AL 2.

A 0, TR HIRY
Laccase(red) Substrate (0x)
FA BTG
H,0 Laccase(ox) &
Substrate
B
0, A Bl ABTS'/ABTS" &
Laccase(red) Substrate
50 LR ABTS AL
Laccase(ox) Substrate (ox)

B2 B (A) A (B) fHE AL S S 17 A

Fig.2 Schematic diagram of direct and indirect catalytic oxidation reaction by laccase

A --1.0 umol-L7! A B ¢ 1.0 pmol-L7! 0081 C
& 1.5 umol-L™’ -3- 1.5 pmol-L™!
2.0 umol-L7! B 2.0 umol-L! 0.06 F R?=0.9844 .3
R 40umolL! ~ 4.0 pmol-L™! o
= @] R=
=) T £
y& $2F <,£0 04 -
&) .= g ‘0,.
1+ B 002 g
i e © 5
] ] ] ] ] ] 0 nﬂ"":'?' o ] ] ] 0 ] ] )
10 20 30 40 50 60 0 10 20 30 40 50 60 1 2 3 4
t/min t/min ABTS concentration/(pumol-L ™)
3 (A)ABTS X LMS RS A1k 3-OH-BDE-7 H520. (B)LMS 76 A ] ABTS FEhIE 41 F LR
1t 3-OH-BDE-7 i — 4 sl 11 2= A M2k, (Ot —Hsh 1% 55 ABTS #hnid Z M1 E &R
Fig.3 (A)Influence of ABTS dosage on the removal of 3-OH-BDE-7. (B)Pseudo first-order rate plots for 3-OH-BDE-7

removal at different ABTS dosages. (C)Relationship between pseudo first-order rate constants and ABTS dosage

BRI X LMS R G816 4 1k 3-OH-BDE-7 Y520
h T Y UE LA A, AR SCHE— 25T T AE ABTS $ [F 2 fE LT, BRI X LMS RGi#
fb %84k 3-OH-BDE-7 HU52 . MKl 4A W] LIFE i, 78 ABTS [ F TS 00, B % 3 B 45 2 i 384, 3-
OH-BDE-7 i 2 3R B Wi Ain. 140, 43 Bk o~ 0.02 U-mL ™" I, ks 4 0.006 min™'5 177 2448 fifF ik J3 184
HNE) 0.5 UmL™ i, kype 34 H1F) 0.040 min'. t4h, 3-OH-BDE-7 (1) 22 (5 it B AT AR5 A — 4 3 Sy 24 40
4, XA UE T 2 A A3

A SCHE— 2G0T T ks 3 B IE PR Z IR A AR DG OC R . A&l 4B FT s, 7F 5% /> 8 i 4% 6 3 [ Y
(0.02—0.5 U-mL™), ko 5 BEIE 1 2 18] AN AEFEIEAH SE 6 R, 33X B B AN 4R 10 5 1o A R AIE . 361
XF LMS Z 48 A E LB 538, AR SCHEMI R 6 5 A 1k ABTS Z A7 — AR L. i T ABTS L2
R — ANV AR RN, TRt ABTS (45 i AN bk 22 8 47, 3O R it 219 ABTS SERIEYIE
BLSE A R, I BUR Y 22 B R B, A SCHE— 25 X S8 64T 17 o0 B LG, 45 SR &l 4B iR,
BB BN AE 0—0.1 U-mL™" A1 0.1—0.5 U-mL™ W NI, kqys 53000 SR B AOIE PR B0 T 34519
BV R TR — W B, BRI 7E 0—0.1 U-mL™" S [ I, % 2 it J& 3-OH-BDE-7 [/ 0 3

23
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BIREEN 2, 1T ABTS AR G A5 Y &A= O, P I B 5 vk B2 (14 3% Jin 3-OH-BDE-7 1 2% bk R ekt
BN T S A BN R AE 0.1—0.5 U-mL™" Ju B N, ABTS A9 i & 3-OH-BDE-7 [ fiff 1) 32 22 FR 1 A
2, B R S RS 2, (FUR TR E A S0 SA R R R AR, B #E S 3-OH-BDE-7 X
IO P S A, I L B P R R AR N £, 3-OH-BDE-7 (R R AN 231N K 22, 25 | ik, i ek
At — 2 UE B T A SCHT I B 5, B ABTS 56 T 3-OH-BDE-7 iVl 53 il 4 A ) 1, =4 ABTS I
ABTS", JE BUBT AL TE AR A SR 0 K B ad Fe.

A Laccase R2:0.9785
23 4002 UmL" 4 02 UmL™! 0041 B 1, =0.0203
50 *0.04UmLT -0 03 UmL™! e -
: 0.08 U'mL™" & 0.4 UsmL™ 4 _003F a
~15 k010 UmL™T A 0.5 Urmbt 's
= £ o0}
O Fhe S
T10 R & Ok
Fo ° 001 F NS
% 01 F + a,
0.5 ",\ . s l— Y %
0 W £ s -, f I I ) 0 ! I I I )
0 10 20 30 40 50 60 0 0.1 02 03 04 05
t/min Laccase/(U-mL™")
Bl 4 (A)LMS 1A RIEEHL I 5 T ik 8 4L 3-OH-BDE-7 B — 23l Ji 2+ & # £k (B —Z3h 12w 50S
BB = 2Z R A OC R

Fig.4 (A)Pseudo first-order rate plots for 3-OH-BDE-7 removal at different Laccase dosages; (B)Relationship between
pseudo first-order rate constants and ABTS dosage
2.4 pH FIREEXT LMS R Gefi# kA {k 3-OH-BDE-7 HY5%1

H &l SA FTLAE H, 78 pH A 4—7 [l N, LMS /& &%} 3-OH-BDE-7 1 B R B AT 1k 80% LA I, f
B T8 mi K. Y pH {E 8% K 8l 98/, 3-OH-BDE-7 425 [ 38047 i FAAR . 491 N £ pH i 3 1 10 f4
ZAF R, I8 60 min J&, 3-OH-BDE-7 1Y 2B 5843 51l A 63% Fl 35%. pH £ 52 Wil B i 1) 175 14 2 PR o I
I A A pH RS2 M 8 il 2% 11 ) F A2 R PR s S H s, AS TR %) pHL {H RE % 5% M) 148 1 P A e 1, DA T
— LSRR B TS VR B S OL T, B AN A B B Y pH (AL B 5B W LUE Hh, ARSI T
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