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XKHEiA
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Bk, WA TR, B A SR A A TR &
R, AEA BURER ER 2. RER Hh Xt A s fek B fa
TR, Tk E PR AE ot AL € A 2B 2 (R e U
AREVE)EESUE Y. TR P A4 EEIR B R R
FRTRR B 1) 52 B K B AR AE R 5, SRR 6 10 B v A
W 10 pg/L. B E 2006 FEMiA6 0 CERERH KT
A FRUED (GB5749-2006)# 5, 7EAH F LA, IRERh
FIfe KBRMEA 10 pg/L. Kk, &k —FE kK
HRER B35 G it 75 i+ e b).
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2.1 MRREE

VAR . MR KD e H MR IR A A
(FPEDHFRAL. JEERHEE 1.7 mm, JLZEE AN 90 ppi;
WARERESE 1.55 mm, fLE A 110 ppi. IR, 7
1A TR . SE AL BN R ER Y T B [ 245 S 4L 2
WAL A IR A B (h ), SR Aok, IRERER
FUKFE AR (BT % 18.2 MQ/ecm, H Millipore
Milli-Q FRZHRAACH], FEIA— & BBER I AL
FrHARI. H 1 mol/L (MR FR AN A LA T pH.

J5 T 28 # i (Nafion-117, Du Pont)#F B4k % [ B
BN E AN E, A 8ERS 8 50 mL.
AR A 2R 7.5 em® (2.5 ecm x 3 cm); FHAR K
7.2 cm, HAZ) 1.5 mm 15122, ZHRRCHBATH R
Hibk. BT FLYE H EG&G model 263A HLAL T /E
(3 [ 3 bR it 2 FH A 7 8w i, H S8 A
— T E LI LA ).

¥ 50 mL FRER SR I/KFEEN B RN A8, JF
Ja B 2 AR Sl e AH AR e, 38 0 3 A AL 2
NEAE — 58 [P R 24T, DAATE DA S N () 46 1) 1]
(t=0), 76— & K [E] 18] B& P EURE 73 4T

22 T

TR BRI S B B JE . & 1 415 (1C'S-2000,
Dionex, FEE)MlE. AR AS19 ATk AG19 {4
P 4088 ASRSULTRA II; #hiki: KOH ¥AWK;
JIE: 1.0 mL/min; #EAEE: 250 uL; €& 250 pL.
K F A B2 bk e 1 7 O A i 1B AT IS : 0~18.0 min,
KOH VAWK 4 10.0 mmol/L; 18.1~26.0 min, KOH
VYRR 2N 35.0 mmol/L; 26.1~31.0 min, KOH Ak
FEA 10.0 mmol/L. A8 85 19 FE Il i B R &
S B TR R G 1E AL (ICP-OES, PerkinElmer Co., 3
DMl ; W pH FBS2 % pH 1H(Orion Research,
Inc., 3% [ AR SN R G 8 6= AT R
M A& A8 4l i 2 1) BE R BT BE RE X (XPS,
ThermoFisher Scientific, & )47 #7T.

3 HiR5itie

3.1 AS[A] HUR AR IR £ HL AL I 25 BR AR X L
IR A B L BRAR S VIR AT AR FELAR AT
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FAAR, 15 B AR FE VR R SR AT AL 2 IR R, 45 R
WA 1 fros. (E/RMNIFE] 10 min N, f 58, R4L.
TRAR R4 F ARG VR IR B I 3 BRI 5.5%
21.8%- 26.1%7F1 87.8%; 1t N} [A] 60 min N, ik
4 iR BT R R #5 1 BR R N 66.3% . 86.5%
79.6%F1 97.9%. v LAFE H, A5 Fx 4% ARAE N H
FH RS AA AL B AR, X IR R 36 138 5 250 R K T i
TRAR K. T RIRE IR S B AR, YRR B A T
TR B 10 Ak 270 JEUTE M Oz v T PR AR . X T
RE A PR A 900 R R AT DA BE PO Mk [ A 3 1t 1Y) A
i of FRTH IR ER 35, M TR B 5 w5 6 F b v
P, JRIR Eh i SR R R AR v 4 N A

CEz(CO—Ct)xVxZI—Fxloo% (1)
t

o, Co M C, 43 31 0 F ¢ ) Z R PR #5 1 B2 (mol/L),
z RETHBHOZXB TR 6), F Z2%H 5 %4
(96485 C/mol), I NHL(A), t NI [FI(s), VI R
AL, RS R BET 10 min THE, AR
HLAR FELR SR A 1 1 A R,

THELZE IR W], TR AR VR R #h fRL AL R
T FR) B I R R 2 v 1 F A = e b (H Rz LR AL
AR ARG, IX 32 T A S Ik U YRR Hh ik
FEARAR, FBOH T IR #5380 5 IS 1R A 2880 H 1 250D
I, & PR E IR R Eh VR B2, U AT A AR v F IR AR
Kishimoto 1 Matsuda'® {5 ] 35 P4 5 B B A FEL AL 22 08
JRIRBR #h, HRACEE = ATk B 8.7%, (R R pH N

1.0
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0.6 4
S
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0.4 4 —o— Graphite
—o— Carbon paper
—A— Nickle foam
0.2 4 —v— Copper foam
0.0 4
T T T T T T T T T T T T T
0 10 20 30 40 50 60
Time (min)

B 1 AFEEGEFRR RS, IR EA: 2.0 V; PILGEIR
FREDIREE: 50 pg/L; BRERENMKEE: 2 mmol/L; #IUR¥AER pH:
6.89. T I AN [ B A 1) ERL AL 3805
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2.0, 4 pH KT 5B HAEBCE/NT 0.5%. WK ZK
HAE R T IR R R 5 AL HE A B AR A R, S SRS
96 35 e BRI IR A v sk, B T L AE A [F) BB R 6
TRIR £ 1 Ak 0 S

3.2 PR

B 21, BARES N 0 V I, (THZA
7. 1% KRR sh AL S, IX W] RE A2 iV IR 4 BRI At A2
BEAT Tt A AT (i i PR 05 0T, 4 475 7T 22 18 3t R R IR
HIGJR. AE 0~-1.5 V JEE N, BEE RSN,
P 2 0 JU A I 2 bR BT R 8 B PR AR R
52 LT AV R AR B A R T e A, AT T AE B
I [ PO 25 B BE 22 (R IR B 2 A PR 95 K A
RIS, BIARE R AR S AT T FEAR, 3% B ki A
e B g A A AL, BRI 2 R R 2L

CIC,

Time (min)

0.010 4
0.005
0.000

-0.005

Current (A)

—0.010 A

—-0.015 -

-0.020 . T T T T T T T T T T T T T
0.5 0.0 -0.5 -1.0 -1.5 -2.0 -2.5
Potential (V)

B2 (a) ASIEIBAARHL 3 YA B O SR R TR 3h 175 L (W 4R
R LR : 50 pg/L; BRERENIREE: 2 mmol/L; HIUAVETR pH:
6.89); (b) VLA HARIGIRR 22 126 (0.5 mmol/L IRFRE: + 2
mmol/L FREH; pH: 6.89; FHVER: —2.5~0.5 V; FHid
0.05 V/s)

P& B AR A, T BAS T SRR 7 B A% 3 T
LR 5 [ M. Zhao Pt KB, 1 B4 N4
HLRROE IR IR 2L, MR K T-1.0 V B, I8 J5E
SRR T R A AR ARG T T S KL R A B AR 2 ik xt
TR b T L YA ) F AT 3R T FL A 2 R AE 3 AT 5 52 (]
2(b)), SR AKI, M R 0.5~-2.5 V), TE
—1.5 V A H BRVR IR 31 1R Ia Ji U, U R K /INZ SR 0.01
A, FREERRACH S RBUK MR LI, X 5 EA AR A5
Wi S5 Th R R B AE—1.5 VIR J S R R R A B
R SIS 25 UL, JRER R 1 2 BR 32 AR R VAR AR
P AR F Ak 2 R A, BA B FEL AR IR —-1.5 V.

3.3 Wl pH
VAR pH Je 7K HHR TR #1380 JR ) B FE R I R 3R 2 —
Kl 3 552 T VEMRPIAR pH 4y 2~8 I LA A F R IE JiR IR
MRERTE DL, WTLATE A L BEE VIR pH Tt
1, TR B I J T AR AR, R R BR A LR B A
A R AR T R SRR
BrO; + 6H" + 6e” —» Br” +3H,0 2)
2 HYRPEETE i, (2 b e SR SR R A,
Bk, BRIESEAT AN TIRMREE I AL R 7. IR
BRI JEU IR T (b o f AR A B AT I A
0.0592

E =1411+

BrO; /Br~

PRIk, $Eii il pH 2 3805 IR S B bR HE
P B AR, BB B pH 41 T IRIR 2R 1L J5L g
FEAIG. (EGE, PrifE A i s R Ui Wiz S NI g 52k

log([BrO; J[H*1° /[Br 1) (3)

cl/C,

0‘5'10‘1]5120'25‘30
Time (min)
B 3 AEVIGGER pH TS s F R 2 0L, B
W B 1.5 V; VIMHRIRERE: 50 pg/L; MBRNIRE: 2

mmol/L
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A G FRRE, I AN R MR RE e N T R X — Bl )
i, BTUA, ASEGrh pH FRACIRIR & AL I8 R
N EEAE F 32 B0 R T H R s 17 @) ik
E SR IV

3.4 IRBRERIIGIK R

P 4 S 1 MR F Bl AR IR IR BRI 46V S 0N 50~
350 pg/L I I SR A 0L, IRBRERVIIRIK BETH iy, H
I JFUH RS A P e, XU IZ AR A SR I R e
o fe i R T, IF HIRIR IR it e T
P R T A P BRSSP
IR, fe iR R £k HE SR AR T a5 A 2 P
LSS SN DLRT 0, FESEIR IR EEVE I A, B Ak A
HBRT-1.5 VI, SRR IS R R 32 i T
AR EE 3 B (R4 ], 412 vt LR 3 A07) 4 VR J3E A PG
BRI A HE 4 240 R 48 v AL 2200 JRUER % T 2 A
HE/NT-15 VI, IR 1 R R 1% o0 JR
BRI IEYHL.

3.5 AR R

TR KA Sl 2 b 2% 7K 35 38 A7 7E V2 14 A L
YI(DOM), NIFE T DOM W54 1.2.5 mg/L
(LA HUBR (TOC) T ) Bt v 3 ) Fo A e 4 340 Ji VR 1R 5
s oL, i 5 FizR, DOM [RFFELEXHR IR £ 6 JH 2 AT
B AHIER. DOMKRE RN 1. 2. 5 mg/L i, &
R 30 min JEIRFRER ZFRZFE 358 89.2%. 79.3%F
65.6%. Zhang 2 HE T K I, DOM £ W I8 2 B i
AL b, FFRT LAME RT3 Bl T, S TR R

1.0
—o— 50 pg/L
—o— 100 pg/L
0.8 —A—350 pg/L
0.6
9
O
0.4+
0.2
0.01
T T T T T 1
0 5 10 15 20 25 30
Time (min)

B 4 REYIEIRER HIK N AR A8 R R L R 15
FABR LA —1.5 V; BRERENIRE: 2 mmol/L; ¥IHVEW pH:
6.89
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1.0+ —o— No DOC
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S
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Bl 5 R E IS AR HUBRAE FE I W R4 FR AR S R R TR
L. FIMRES: —1.5 Vi WIIRIRBRERIRE: 50 pg/L; Bk
BN FE: 2 mmol/L; MGV pH: 6.89

LI BRAR R BT . RARKAR ) DOM K FE— M hy
0.1~10 mg/L, K, 24 DOM it @i, Al RELE
M Bk T 55 A A BE 7 R 2e B, DAURD HO IR R
3 P IS T f i £ ).

3.6 PBIFFEECEAET pH AR AL B A DL

Bl 6 St 1 R Ak H A 2 000 Jd 2 v R 4l J
pH ZALIEHL. 7E R R, IRER 5 IR T 2 A
HIRTCERI 94.5% VL b, BB L BRIIRIR £ ) LF- 564
FEAG RGBS 1, BV R A H A R R IR Eh kR
WA, #% Huang 2108, HOBr/OBr #iA A2
TRIR L JFOd FE ) R FE A Rl ). ARSI, TER
NS ] 0~10 min P, SRICHIZ) 5.5%1R 03 AT AELL
[&] 724 HOBr/OBr (& AE(E. XM 30 min J&, &L
JE 22 B R R 2R A i AL R B 7. B pH B KR
B, LR E I R 2 AN BT AR HY, S80S pH T
mr, X E 33 AN a it —3, B H S HRT
2 5EERHRIEE Y. RN 30 min J&5,
pH F+=£ 0.7.

HEYEmuE 8, AKdEEAFTRBS
AT RE 2006 FMATH CEFRHK AR
) (GB5749-2006)# &, i & &= A 1 mg/L. B
7 % %27 I8 30 min J5 AN pH R IR R A H A
B, FERR ISR T, WA Ak b D B AR
i A PE 26 1F T (pH 6.89), ¥4 H 4 BS T IR FE AU N
0.008 mg/L, FGHHMELEAET, WA ARAS I 24 B 1
ZEE R, TR pH VSN, VAR A B
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0.45 8.00

0.40
47.75
0.35

0.30 A 47.50

0.25

41725%
0.20 °s

0.15

o]
0.10 4 —o—Br-
—o—BrO;+ Br-

-47.00

Concentration (mmol/L)

0.05 4 46.75

0.00 4 }
T v T T T T T T T T 650

0 5 10 ' 1I5 ' 20 25 30
Time (min)
B 6 JERM AL AR YRR S R R P A VTR pH AR
k. VILRIRFRERIRIE: 50 ug/L; B —1.5 V; BRRANK
J: 2 mmol/L; ¥IJIAVE R pH: 6.89

1.1
1.0
0.9
0.8 ]
0.7
0.6
0.5
0.4
0.3
0.2

0.1 k\\\\\\
A

0.0 — A

GB5749-2006: Cu < 1 mg/L

Concentration (mg/L)

-0.1

B 7 REWIEHER pH FHE B0, HIERIR KT 50
ug/L; BAMREH: —1.5 V; BRERENAE: 2 mmol/L

H R S TR TR K DAERRE R AR IR E, A&
sk — Wy Y.
3.7 HRAKHIRER R B WAL =R R

RS H SR K IR BE T IR R 2L fL Ak 2208 R R
B, X T R E TR E SRR IRER 25 e &
BRECR. i 8 froR, RALRET 10 min, FHELT 28T
K, ERAK R ER B (1) R SR 52 B 2 P
{2 &M 30 min &, RIREHEBRFELTIAE] 95%7
A RGN B, ATRE T EH R KR I S R
T i JEAE I N R £ 25, TR MR £h I JH 2R PR AR
AL, WK pH 2 57 J H RIK ORI A ML 5200
22 G EUY) IR IR 508 J5 R FRIK. AR U B R K

1.0 4

—a— Deionized water
—&— Tap water

0.8 4

0.6 4

cic,

0.4

0.2

0.0

0 5 10 1I5 20 25 30
Time (min)
B 8 BT /KANESRK IR R 2h AL 58 R . #IR
WRIRERIRIE: 50 pg/L; MIARMHA: -1.5 V; HRKYILE pH:
8.07

R IR B 3 TR A2 A X — () A, ) SR BRI Ak B A
LRRAK PR IR £ A LT B,

3.8 Wil RNHTfE Cu Fil O ST XPS 434t

K1 9 S HEAK 253 I s B BT I VLA R A Cu ot
ER O TLEMBL. 4A 68N 932.4 F1952.1 eV 4k
FIUERE R Cu®, 454 BEH 934.5 A1 954.5 eV AbIE ST R
Cu®™ " K 9(a, b)a] LE H, &MATHEE E Cu
LR EEL C’ RAETE, FIRFEEED &1 Cu™, &
NiJ, CuUgEsiA FTREAL, BilHs Cu™ 78 B s
JR. MRBIHT G O 1s MR 9(c, d) R A1, 1ELS
G HEN 533.2 F1 531.8 eV 4bf¥ O 1s WERISH BT B,
X5 Cu Z0HrasE—3, RIMUREE AR, Hkm
AN 2 B A HUIE O A, RERIE) O iRt

ENL (i

4 g

(1) R4 AR TR BR 3h 00 R LA B
TEALTEYE, fEBAR B %—1.5 V. pH 6.89 %4+ F, 10
min PRI A] Bk 87.8%; B IAKNT-1.5 V i}, &
PR VR TR BRI U6 A B R A B A e 34 2 R T4
2R R, AR/ T-1.5 V i, REY §U2
FEREEDIE, pH PR R R 25 ik J5 2 A (e gt
VEFE; (2) TRFR H v Ak 2438 JFUa FE AT B 4 2E il 1) 7~
Y)HOBr/OBr~, [N 30 min J, 2Bk A0EER 254585
IR ES ¥, ZFE S A WIEAE HY, V45 R IE
pH FFE£9 0.7, HPE T FARIA H 4 2 7k A
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(a)

Cu 2p before reaction

Ccuw
/

Cu 2p after reaction
Cu’

Intensity (a.u.)
Intensity (a.u.)

T T T T T T T T T T T T T T

970 965 960 955 950 945 940 935 930 925 970 965 960 955 950 945 940 935 930 925
Binding energy (eV) Binding energy (eV)

(c) O 1s before reactior (d) O 1s after reaction

Intensity (a.u.)
Intensity (a.u.)

U

526 528 530 532 534 536 538 526 528 530 532 534 536 538
Binding energy (eV) Binding energy (eV)

B9 (ab) XMNAT. J&§ Cu ) XPS %K (c, d) XMNET J& O [ XPS i &

790.008 mg/L; (3) HRAKPFIAEHEFHITESEIR  RSFTEHRE BRI ZLL Co® f7E, HIEJR N5
& FAI R AR A WL IR TR 2608 S5O 3 BT FRAIR, 43 Cu Bl Ji.

o ATESIERE R FH4(51290282, 51222802, 51221892) K [H K & & H 4l #F 5% & J& 11 %1(2010CB933604)

%3k

1
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Bromate removal by electrochemical reduction at copper foam
electrode

LI AngZhen'?, MAO Ran’, ZHAO Xu*"

1 China Academy of Urban Planning and Design, Beijing 100044, China
2 State Key Laboratory of Environmental Aquatic Chemistry, Research Center for Eco-Environmental Sciences,

Chinese Academy of Sciences, Beijing 100085, China

*Corresponding author (email: zhaoxu@rcees.ac.cn)

Abstract: Removal of bromate by electrochemical reduction at various cathodes was compared. The results indicated
that the removal efficiency of bromate at the copper foam electrode was significantly higher than that at the graphite,
carbon paper or nickel foam electrode. With the increase of the applied bias potential, the reduction efficiency of
bromate increased firstly and then decreased gradually. The reduction efficiency of bromate was increased in solution
with a low pH. With an initial bromate concentration ranging from 50 to 350 pg/L, both of the electron transfer and
bromate diffusion played important roles in controlling the electro-reduction process at the cathode potential higher

than —1.5 V. By contrast, the bromate diffusion became the primary rate-limiting step when the cathode potential was

lower than —1.5 V. The bromate reduction was inhibited in the presence of dissolved organic matter. It was observed
that nearly all bromate ions were transferred to bromide ions with a slight pH increase. The removal efficiency of
bromate in a tap water was less than that in the deionized water. The valence states of Cu and O on the copper foam
electrode before and after the electrochemical reduction were investigated by XPS analysis.

Keywords: copper foam, electrochemical reduction, bromate removal
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