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 E LZEM (PDA) BUMERESE £ MM, RS FEH A SRR E MR (it
@PDA@Fe/Ni ) JAT TRAE, WF58 T A& 5544 T &2 A 6L XT BDE209 19 2 BRakRE, IR e fE il &
FAE, b TRTRI A L 5 YRR R BE A pH 25 R 2 A MRS BDE209 19K BRBCR il i 3 b AN [
N B A) S5 B R A 7, IR A% 25 SRR, Fe/Ni W4 @ & A M RE A S LR 45 25 14 R ik o £ -
PDA W 1:1.1, TR Fg8K Fe AR LR 1:2, NifULHLEIR 5%. B8RS 12 L7, ¥IIhH
& Smg L', W pH M 5BF, BDE209 M RBRFE S, H 99.23%. MRV S IR BREE - 2E, BRI
R IR B ZE T 10, [RIB 14 2 o Brfd 7= 4 i 5 BDE209 19 B i [F1 25, 32 W] Fe/Ni W4 8 & & b kL% fig
BDE209 (i 5 BB 45 iR, IR 45 TS, VS Fe¥'. Fed il Nk BEAR 5 /K 25 & HE b viE bR, A
SRR T R TS e ) B
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Preparation of Fe/Ni bimetallic composites for degradation of BDE209

LI Zhiying' LI Yan® WANG Yangin® YIN Zidie' JIA Cunzhen' CHAI Chao' ™
(1. College of Resource and Environment, Qingdao Agricultural University, Qingdao, 266109, China; 2. Institute of Agricultural

Resource and Environment, Shandong Academy of Agricultural Sciences, Jinan , 250100, China)

Abstract Fe/Ni bimetallic composites (diatomite@PDA@Fe/Ni) were prepared by liquid phase
reduction method with dopamine (PDA) modified diatomite as a carrier and characterized. The
removal effects of composite materials on BDE209 under different conditions of preparation were
analyzes, and the optimum preparation conditions were obtained. Under different conditions of
dosage, initial concentration of pollutants and pH, the removal effects were also analyzed. Through
the analysis of the degradation products of different reaction time, the degradation pathway was
clarified. The results showed that the optimum preparation conditions of Fe/Ni bimetallic composites
were as follows: 1:1.1 of the ratio of diatomite to PDA, 1:2 of the mass ratio of the carrier to nano-
iron, and 5% of the proportion of Ni in the composites. When the dosage of composite material was
12 g-L™, the initial concentration was 5 mg-L™', and the pH of solution was 5, the removal rate of
BDE209 was high (99.23%). Highly brominated polybrominated diphenyl ethers were produced in
the initial stage of degradation and low brominated polybrominated diphenyl ethers appeared in the

later stage. At the same time, the production of Br in the system was synchronized with the
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degradation of BDE209, indicating that the degradation of BDE209 by Fe/Ni bimetallic composites
was gradual debromination. After the degradation, the concentrations of Fe*', Fe** and Ni* in the
solution were lower than the limits of the integrated wastewater discharge standard, which effectively
avoided the secondary pollution.

Keywords zero-valent iron, bimetallic, polybrominated diphenyl ethers, degradation.

A 20 fitad 60 4EAR, Z2 IR fik (PBDEs) 9% ) 12 HA/E R & Bk 25810, . K L 2% DL s S
B B Y. PBDEs A3 — A~ JE R 45 44, #RIE AR IR — A ST AHE . AR PE R TRE T 1
% H A7 B AR, PBDEs A 10 N[ 2440, 209 Fh (7] 4. PBDEs R FH ™ &3 o 0 45 T IR ik |
JN TSI T A0 - TSI A Tk 7= i, L o YR ER AS Fk r= h J d fe P e 22 1) i D BELASR )2,

PBDEs H A K i BT B M AR BT 5 A PR S5 R, 2009 4F, B4 [ BRES IR E 10 (U s 5 R BE A 24 )
# PBDEs 5] A$% A 1A HLT5 4L ¥ (POPs) 44 BAP). PBDEs i it Z AP ik 2 #k A FREE, 78 4 . KX K3
85 B RN %] PBDESY 9. 3l 1 £ 48 5 42, PBDEs B AL M1 N, X AR W) B AR L B2 S E
P I AE Z R R RS 0L A 209 Fh IR R P, IR Kk BDE209 J& 2 220975 YLy, 78 Z BB REA
i PBDEs &l i 119 80% LA -1, (K b X BDE209 5 4L PRI (A 4& 2 WF 9 ZI AN 25 2%

H A%t T PBDEs (& W58 £ A 44 AL2# M B AR, Horp Bk IR i AU a ML 2 —
Fofr 5 b HL 28 55 P AT A B R, % R 32 B e A R B S B i AR HILA B R U, 3 TLATE,
WFFE 3 R B, AL 8k, 9K M ki) L 3R T AR T K L R By M T iy | A B RE ) T (1 H B — 1
YUK B MR TG 75 5 W R . ZRimi A= U A 5 B 2 108 S5 [m) 8, X LA S 30 i AR AT AT 1 Pk o f
DAL I B 1 00 A A A T A A s AT 38 2 R 10 i o 4 1) R

AR SCR ARG Ja8 B2 A MBI AR 5 1 SR 4800, 380 4 Y0 0 D o 0 K Bk 5 488 1 R ik o
I, AT REEE @2 EUIE @Fe/Ni 9K UKL, W8/ 98 K 0 2k T SR B 1) 2 A, FLAE 8+ TG 35 01 X 34
Be A — 5 O RSCR, BT HEXF BDE209 1) RSP, BH A S A R A 2 14, I 0 A L I i = 0 R0 2 ik ik
%, i PBDEs V5 e 516 & SRRl A1k 4.

1 MRLE 7 (Materials and methods)

1.1 Fe/Ni W4 J& & A MR 6l 55

FREL 20 g B i 1 FE 5L BT 500 mL 5 mol- L™ HC1 %W i 24 h, R G J1 08 P 8 & Se B FRA T, 2R
Jii 1k U O 25 B TR Ve Ak B 1K — 2 0 2 U (PDA) il — a2 i 1 3R iR 22 T I T 40 mL (1)
Tris 2% 1 (10 mm, pH=8.5) 1, ¥ ik 3 + & T WD, E =R PR 24 h )5, S UEJFRIOEH 8 7
IKIE UL, $A5 15 - @PDA.

R FHVBAH A D v 1) 28 ik 3 - @PDA@Fe/Ni 9 KUK, #F 250 mL PS5 o A — & f2: i ik i
@PDA, #XJ5 /il A 20 mL FeCly-6H,0(0.5 mol- L") % IR A 30 min, /5 Al A 2 mLNiCL,(0.5 mol-L™)#
W OBHR AR HE 15 min, 7EHEHE T B 80 mL NaBH,(0.5 mol-L ™) W& A iR &%+, I
TER SRS T RSB EE 20 min. %R0 B LA T 7 Bk

4Fe (Ni?') +BH, +9H,0—4Fe’(Ni®) +3H,BO5+12H+6H,1

Syl ERERE S PDA G 1120 1 L1, 11, L1 1A 1.2 5 1, 2R Fe iy & Ll
4:1,2:01, 11, 1:2H1 :4,NiBHBIH 3%, 5%. 7% F1 9%, LA BDE209 2[R NFa bk, B i
il #5451
1.2 Fe/Ni W& J& & A AR RAE

¥ H FEI-Tecnai G20 %Y i 5} B ¥ & 73 455 XJ ik 3% - @PDA@Fe/Ni 44 K kL #F 17 325 55 B8 455 53 A
(TEM), Jn# e ey 200 KV SR S4800 #1437 & Bt 414 v W Al B 2R 47 F9 448 HL B2 20 B (SEMD) , il ikt
1A 20 KV X GFZeAT 41 230 BT (XRD) SR FH 7 [ 45 44 52 D8 Advance 4347, #li L & 40 kV, HLIE 40 mA, 25
K 0.020, M A4 0.1 s, H#E A ST K 0.15418 nm.



12 ] R B RO JE A AR ] # Kokt BDE209 FFEfif 3975

1.3 Fe/Ni W& J& & &+ E BDE209 1) L BR S5

$—E i Fe/Ni X4 & &M BHINA & A 50 mL BDE209 ¥ ¥ (19 = ff i /1, BDE209 %5 W& e £ N
5mg L = MRS 3 A 200 rmin” AYHRG A5, 7E 0. 5. 10, 20, 40, 60, 80, 100, 120 min i,
TSRO VO T 0. a2 L BRI 2R, % E Fe/Ni W& & & A R 5500 6. 8.
10, 12, 14 gL', BDE209 ¥ E 43 %0 1. 2. 5. 10, 20 mg' L™, %W pH 43918 3. 5. 7. 9. 11, % &R
N Fe/Ni 34 J& 52 A AR RE BRAE Ry 25 POV IR BT AT S s & 3 9K,

534 BDE209 B 7= 1, 16 e 45040 T 4% Fe/Ni B4 J@ &2 -4 A1 BHE F T 25 % BDE209, 4351
1 20, 40, 60, 80. 100, 120 min J5 ¥l BDE209 f4 & i =4 .

1.4 Wik
1.4.1 PBDEs 2 HCFM &

FHIE C /PR (1:1, V: V) AT 3 A9 BDE209, F 25 AL Fe/Ni U4 J& 524k 25 1 W J A
BDE209"*. 50X 3 YR, BRI A, &t 78 k 2 T /e a4l O e 5% 1.0 mL. R HSAHE
- S FAX (2 5E(E 7890-5975) il %2 PBDES.

142 BHryE

FESD L 0.22 p 35BS 27 AEDE B, R FH 1 HE I bk 43 06 00 B 3 2 Fe? R S0 R % Fel'); SR A GB
11910-1989 H T~ i 5 23 )6 B 020 72 VA I FP 1 N> 075 SR i 1CS-600 Y 85 7~ (a 3% A3 5 Broyfe E 1Y),
1.4.3  FESEF=4) 081

i AR £ 35 - T B B A (2 BEAE 7890-5975) K illl BDE209 1) B fi# 74, R H DB-XLB i,
2P TR 7 L SCHR .

1.5 Bk S S

K FHZS FISC0 . AT SE3 BN AR Dy A5 5 k45 i BcHE I i T AR AR B 4 s FURE, R S OR A
BC-PCB141 V£ K [Me R 45 R F), RN 86%+15%. 5E f 20 M % 1 6 sk b M4, 45 5 iF th 42 i
AHIE 24 0.999.

1.6 #dmab

BDE209 i L Fr R AR (1) #ATHHA:

FZBRH(%) = (Cy— C,)/Cyx 100% (D
HHr, Cy AWIth BDE209 ¥, C, 47 t(min) i} () BDE209 ¥ Ji .

SRR SE T A3l ] SPSS 20.0 BRAF AT, SR ERR Ry 25 40 5 ik, 4% R P<0.05 1Y i E PEK

S IE 22 B 1 25 SR A TAG

2 515308 (Results and discussion)

2.1 Fe/Ni B4 )@ 5 A MRk B A6l 45 55 1

FEA £ 4544, BDE209 114 25 B S8 2 Bl Asf (] 38 55, FErf 0—20 min BV /&7, 20 min J5 3 = #
2% (18 1). 120 min J5, 245E 3 T F PDA Hodhy 1:1.1 B, X BDE209 142 4 % 5% 55 (98.28%, [&] 1a). 24 fif
# 1+ F1 PDA 5k 1.1:1 A1 1.2:1 B, BDE209 (1) 25 B R /N F 85.00%. AR #4 L Fl Fe 44 K kL T K
1:2 i, BDE209 1 25 BR 3y 98.41% (&l 1b), 1 2 i T H & 2R M BRI Fe 44 K KL+ [ 1] (P<0.05) . >4
Ni 19 L6 2l 5% Fi 7% i), BDE209 25 BR 2 I 25 /& T Ni (19 2 & 9] ( P<0.05) , 43 5l 97.58% Fil
99.88%([&] 1c). 4 Ni I LI M 5% $2 55 2] 7% i, BDE209 £ [5% HARE T 2.30%, FIt, P BR iRk
25 FIZ T %045, Ni Y Ho Al 5% By

PDA BCPERE 3 A B T4 T+ BDE209 (19 2582, X 7] fig /& th T PDA rf 9 4878 19 ik A1 HL A3 e
()4 R LA BB 1, (i Fe 1 Ni S5 28 [ (1 97 2 AF 2R e i 21, {H2 PDA W i ad /b, £ ik v+ 3R
DIE B2 6 B UR 2 T it 22, nTRE 23 S8 mk v A LB, IR MR PR MR RUR. PR — IR M —
[ Jey B4, Ni 7E Fe/Ni W4 J& i 09 VR R A AR 9T 3R BH, 80 4 Ja AL 350, 4n Pd A Ni, A3 2500 B A1
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T PR B B N, SR A HLTE Ul W 1) 2 o SRR R 0 S R R 2 AN, N A, B LR T
Fe BifbIE BT TE, #2755 T Fe/Ni X4 & % BDE209 fit) =[5

[ @ (®)
100 | 100 |
. 80} . 80
8 8
2 E
|5 &
- 60F = 60}
> P
o o
g £
& 40t —=—1:12 & a0t —= 4]
—o—1:1.1 —o—211
+11 —.A.—ll
20+ ——1.1:1 20 - 12
——1212 —o— 14
0 T R R R R R 0 PR R (NI IS R R S Y
0 20 40 60 80 100 120 0 20 40 60 80 100 120
t/min t/min

Removal rate/%

0 s 1 L 1 L 1 L 1 L 1 L 1

0 20 40 60 80 100 120
t/min

Bl 1 kLA PDA U (a)  ACFIZ K BR A BT AL L (b) F1 Ni B HL ] () X BDE209 2555 3 521
Fig.1 Effect of ratio of diatomite to PDA (a), mass ratio of the carrier to nano-iron (b) and proportion of Ni
(¢) on removal of BDE209

R I, AR 3C Fe/Ni X4 J& & A b Rk il 45 R 0 e A 25 1 R ik 8 0 PDA LA 12101, 2R R4l ok
Fe By HL R 1:2, Ni B9 FL I H 5%.
2.2 Fe/Ni B4 @& A MR RAE

e e A il £ 26 F T, Fe/Ni X4 8 & A MR B A W] 2 FrR, H R A7 7 He 35 1 I L B 3 9 L
B, FLAZ AR FE 100 nm £ 500 nm A5, BRI 5 A FLER A5 BT PDA Bt 5, MFLER 10T LAARVE i i &
FIMELRIZ T —2, £ PDA 7ERERE HFLER TR — 25752, T8 0 /R, 26 3 mal DL i)
BB & B AUORTIORL, F0RL 2 [ AT i R AR B G2, 32 1R T 4R R BRSO 22 (8] F i 0 T 3 38, R 2 AT SR B
Gl R4 R A ik e 2% TR0 B Fe/Ni B4 J& A1 RERY X S 26 A7 55 (XRD) (&1 WL 1A 3, 15 21.8°,
44.8°F11 52.0°H L T Si0,. Fe Fll Ni MYRFIEIE, KBIGK Fe F Ni Bk gl 2 7 207E T ket |

04 jals
-

62 nm Y\"
—62 nm WA '"1&"

B2 fk#+ ) TEM &l (a) . PDA BCHERE S+ TEM K (b) Il Fe/Ni W48 5 A4 #H SEM Kl (c)
Fig.2 TEM of diatomite (a), diatomite coated with PDA (b) and SEM of Fe/Ni bimetal composite (c)
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Fe

Intensity/a.u.

20/(°)
B 3 Fe/Ni S48 E AR XRD K
Fig.3 XRD of Fe/Ni bimetallic composite
2.3 Fe/Ni M4 )@ 5 A+ 8HLBR BDE209 95200 [K %

SEAROR B T3 YR BE RN IR pH (B 52 A BILTS G ) 25 B i G B BR 2R . SR SR A 55 A T )
1 Fe/Ni X4 J& &2 & M KE, TEAE & T X7 BDE209 1 2<B5R WL 4a, B 52 & 08w R 38, 2=
W3 B 5 A AR R R 12 g L AT 14 gL' B, BDE209 B 2555 2843 51k 97.59% i1 98.72%,
T IO A2 (P<0.05). WFFT &I, AR <0 A A HLA 04 I i & A A R R T, BN A AR
FH AT 38 0 be 2 TR RUA S8R N7 a5 8 H , 1T $2 T BDE209 (1) 25 B 529,

1200 () 20 )
a a a
100 - a a 100 | —] 2 .
b T
S 80+ c X 80F I c
[ !
goor ¢ [ ER
=] T =]
£ £
Q Q
o 40 L o 40 |
20 | 20 L
0 0
6 8 10 12 14 1 2 5 10 20
Dosage/(g-L ") Concentration/(mg-L ")
1207 (c)
oop ° H
l C
N
3 80 d
8
Z 60t i
g
Q
-4
40
20
0
3 5 7 9 11

pH
4 SEEMEE (a) . BDE209 ¥ (b) FIVA TR pH X BDE209 2 3 1 50
s AR T BEFR R AR R AL 2 [7] 1 22 57 (P<0.05)
Fig.4 Effect of dosage of composite (a), initial BDE209 concentration (b) and pH (c¢) on removal of BDE209

Note: Different letters indicate the difference between treatments (P<0.05).

N[ BDE209 #¢ 3 T 25 R 45 5 WL 4b, 2 120 min, BDE209 BRI EAWE R 1. 2, 5 mg L™ i),
FBRFSTN 99.23%., 98.74%. 98.24%, ¥ B mF 10 mg-L ™' A1 20 mg- L' i LBRF. A5 LI, A
15 YW LR e B A BN, FLZBR R SR [t . T RE T DR 2 15 Y A Ao i e B, 490 oK R 2 T )
T AR D, T8 R BR AT R RIET, 15 4edrat 2, & BRSSP 5 28, MO FEAIR L BRRCE.
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AN JA] pH {E N BDE209 £ 2= 4 3 UL I 4c, pH iy 5 i, BDE209 £ 2= 4 5 5% 5, 4 98.07%. pH {8 K
11 B, BDE209 11 2B R AKH] 57.87%. FRYEAM: T 94K WURTE 514 A 40 2 535 UL v J2 7T o0 i, A )
TG Y RO S, DT B 55 22 BRASCRs A, Rk 5 (At ml n sl 25 42k 1) ke, T2 A2 08 19 0 1
AR AL AR RV R M 2 3% BDE209 1Y) BRI AIG, 3% 7] B2 P B MR I A5 T, Fe® 23 ifb AT
FL S, DT 52 ) o gt 2 7 AR A5 IR, PR PR 5 M IR & R BUAR R =B ik Z g e A, S AR R
FEM, 22 FHAS BDE209 5 40 4 0k (1) £ fph 201,
2.4 FEfRTY) R

TERAESA T4 Fe/Ni X4 @ 584 bR BDE209 AYF=HyFhs Kk B2 ULIEL 5. KU 20, 40, 60 min
Jei, MR FR PG TR OR i | 7S VRIS T A TR R T A 44 B, 80 min J& PUREBR AR RE . — IRBOREE, R
DR 2 T AR ED 24 T 1 0.~ YARB R ik RT 7C) 6 EDKAS Flk )  JEE PoF 1 14) Z Ab S S T v U B AR i 35, -l
£ 40 min A1 100 min A B f5 5 7S TR T A 0 T EBG 2R T ) e 2 ot 5 i) 70 725 A S 0 9 o A1 )
B YRR IR i | VLI A ok IR A 114 AR R e [ ) A5 S ARG R A DRI, R A ) A0 o LR
TR, FEAR S R E I, 30, S50 Fe/Ni XL 4x & 2 4 k1 B4 A% BDE209 252 A fid 1R 4 3 72

Il DE [BDEI5 [EIBDE28 BDE47
20 EJBDES5 [EBDEI138 [EIBDEI83

Concentration/(mg-L")
>
[}

60 80 100 120
t/min

B s K[ E BDE209 AR = i
Fig.5 Concentration of degradation products of BDE209 under different time

Fe/Ni WL 4: J& & 4 4 KB fit BDE209 i 2 ', BDE209 ¢ B K Brifk BE A8 AL AN 6 7. i &l 6 o]
i1, BDE209 (149 K Fifi 5 1 6] (9 22 1k, L B i WA A9 A 3. £E 20 min 5}, BDE209 & 28 [ fif 1T KRy,
20 min Ji7, [ A# RSB ZE. RN, 20 min i 2 204 K08 19 Brg TR R, 20 min J5, Brgg T3 BT
Fe R AL DBt . DRI, B vk B2 A3 I 9 85 95 55 BDE209 ¥ B2 Ui /b (a4 — 3, i — 25 3R W] Fe/Ni XU
&R 5 PORHERE i BDE209 Byt fi2 v, 2 IR B Ak . T 5035 A BRIk FesOy M7 T D0 3N KR 4 £k
K fift BDE209 {4 % rf Brg§ 1 ¥k i 23 i 45 BDE209 fY it 17 45 M ©7. 49K Fe K27 A i & AT i 1 4
JE WU, T Ag. Pd. Ni 85X S HARR AU AR RE )1, B U 1R & 8 5 S R IG PE R & AR, R et
PBDEs |- TR I I % Az A A ARSI, 1RU5LT~ LB GRBEIR 8 T e 2 IO, AT 5 380 V5 e A

20

5k —a—BDE209
e J0.06
—A—Br "
i
o 4F P S =
: bt :
&0 — 40.04 &0
g A g
R E
g/ g
£ 24 002 §
Q o
= =1
=} o
@] 1/ @]
L I\.
~, 10
0 T =

1 1 1 »n
0 20 40 60 80 100 120
t/min

6 BDE209 il Brifk BBl ] 1) A5k
Fig.6 Change of concentrations of BDE 209 and Br" with time
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2.5 FEfRIAZR DGR BT ERE T

Fe/Ni W4 J& &2 A A RHHE N 12 ¢ L', BDE209 #I 1AWl 5 mg L' B, Z2[%f# BDE209 5, ¥
W Fe* ¥ i 0 0.895 mg-L', Fe* i &£ o 0.309 mg L', Bl K 5 # Fe AU 4 1.204 mg- L' N2k & 0
0.056 mg-L". R4k V5 /K 25 A& HE bR i GB8978-1996 ([ KA BT M4 Ji, 1996), Ni 4 Hx e o 14 HE Ok g
S 1 mg L', ABFSE T Ni %R BB MR BEAT G 15 7K 25 G HEbR A, Fe HRERCBA bn ifEFR (B P, 78 5 ot
FErf, R R P o SO A A0 Fe, Fe LA B N2, (2 HOuk B8 455 15 7K 25 B HE bR . BIF 58 R B,
— SR A S 28 5 R R VR 1 R B R [ T ) e S, DT R AT A A R,
A SCH R ] PDA Bk fit s -, i 5 PDA (4E ], Fe/Ni X4 J8 42 4 A BHE B it BDE209 i 72 v, A %%
Huy /b Tl 5 Fe?t | Feo il N AR, KORREARAE S aok 72 v i )P 58— ki e 1 ] R

3 2518 (Conclusion)

25 L JTIR, Fe/Ni W4 & & A MBI S AE il 28 S5 14 A ik 8 R0 PDA EL IR 1:1.1, AR FIGIK Fe (1)
J it oA 1:2, Ni i )R 5%. 2 G MR8 12 gL', BDE209 #1460 5 mg L™, i W pH A
5 i, BDE209 1 & BR B, 4 99.23%. XoF R figk 7 Wy 0 0 B 2R Y, 3% A o) S0 v LB A Tk 7= A, e fie I 1)
IR VR e R Tk Y 30, [ ISHA 2 b B 72 4 i 5 BDE209 B4 [ Al [5) 25, At Fe/Ni W42 J& & 4 b B i
BDE209 AR AR 2 B IR . MR LS o, U Fe™ . Fe¥ FIl N> Mk B T 7K 25 B HERO bR v FR 1.
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