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T H A Fe A S AR R R BETRLEE O 600-°C L K5 BEBT IR 4 h. PAC 5 GO i fit ok 8: 2. i FHIM [ £ %
PINI*FE7E, FE& A NiO. Cu-EDTA FlEZE & A4 (TCCu) Ff# 45 2853 1) 9 99.6% F1 99.4%, HAH (TCu) Ay 0]
WK 93.7%, fife 45 FH LSO 2 A 40l — S sl i 2 . A el SRV ORGSR AR e i S0 96 25 R 38, Cu-EDTA
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B HL A R 3T SR AR RIS A 22 0 FL R A R, 3 A I B AR A (D A S i AR AR T S BT e
JoT ) B i R BRUY, FEHAMIR ST, R T DUB BN AR PR A, R A — s ok P AR O, 05—
Uity Ay BRI AR Sty DAL I A A ) 2 T R T A & A S s B SR LR A A T U R T
KR 3N T V5 G 5 B i 22 8] (A R i T A, AL GOk v Al T A L B A RS, A
2 N AHAB AR T UM Z [V E B AR /N, BRI, R e i A ST 46 4 T IS U i B I i UL R L f2
o T AR TR BRI, A R A H O 2 R R AT AR AR A e A P R L O S B Y R AR AL
RO R F R 12z 32 AR EP G Kk U AR A K 1) ] 24 1 K U S50 ok b B b o b - F AR
I H AR AR A . B TR R & B AE AL R A4S P, Pt. Fey Cuy. Co A1 Nil™'"™, 534
JE AL A AT, BRI, AT AR R A A BELAS O LR . N 2 — P
EaE, BA RS RS E R s, HFEREES . MR ME ek, NI A6
IR R PERE , EPLEERORIEIR 100%, K, #0712 FAE b T fb 5010200k H A i) 40 kL
AEpls 1P y-ALOP Y IRARY . kAP A FLaR ™ AR, TR MR T AR IGEE . LR AR
RN 27 P o R e S5 AR a5 T Bk )32 AR R r b i 0, A L S B M RN PR S AOR B 2P0,
BRI — B ZAERR AT RE, AT DL B AR i B R R A I B, DT AT L SR A BT RN
T AR E P28 A 1 M R 2 AR R 4B 2 A SR T DL ks T A B TR RCR A Sl e . IR, AR
PLNi AR, 36 P (PAC) FIE AL A 88 M (GO) A 2R ARl ¢ T EfL R FHIM . T & i 2
iz (EDTA) & —FdE W HZ ML AN, TN H TR T2, 8 SCE# Cu-EDTA /£ H bris 4
Yy, ZE TR T AR BERE | R Bemt ] A PAC 5 .GO LI XF Cu-EDTA f# 45 35 RE RS2, R T
AR 45 1 F AR T FE RN Cu-EDTA S 25 Fi1 [ i 2801 52 mi K AE SC ML
1 MBE5ERE
1.1 XTS5 EE

D) EZRAF AL RE: WP ((PAC) W F ALt BHOE AR A R, E kA B4 (GO) I T IR R A
Al BAME MR Ti(6 cmx2.5 em) Fl BHA M Ti/RuO,(6 cmx2.5 cm) W F AL 51 S5k A 7 5 KA B R 4
L REW TR N . NOK AREIRAR R AN . B OEE . BUT B, Koo dral, wiieek bk
Fal, WTEZGAF; 5,5- 7 FEE-1-E AL gk (DMPO) I8 T B A Z AL LA |l s ZNE R (i s, 1
T CHRBHE A FL

2) T TAULE = A A3 X (Agilent 1260, “ZHEAE R A BRA ), JRF Wl o ok B it
(AA7000, HABHEARAT), T BB (SUS220, H L m#iiARAR), X PR ot
{ (XRD-7000s, HASHABRAR), BT M#ELIRI{C (EMX plus, Bruker), HAL2% T{Eu4; (CHI660E,
g RN,
1.2 Cu-EDTA =4 & 7k BB I

FRUL CuSO, 5H,0 il Na,EDTA ¥ fift T 5 & F/Kh, Bl 10 mmol L™ Cu-EDTA f##5#, Cu™'5
EDTA FE/R I 101, SE8 AT, LS F/KMBEZE 1 mmol- L™, JEMA 10 mmol-L™ Na,SO, /E N HL
fiff 5
1.3 KL FHIRAHI & R RIEF

1) K HAR 645 o B Ni(NO,), 6H,0 ¥ T 5 8 F/K 1L 4F 0.5 mol L™ ¥, # PAC 5 GO 7
SHRGIFRE TR PR W, R 8h)a, B.CHBURIFHLT . RS8R o A BT & 43 5
K 5% B CAREE, RS AR S I R BE o A T AR bR T R R R B R, kR R
200, 300, 450, 600 #1800 C, %HHEmfE] 4 h; KEHEMEBLE 2. 4, 6 F18h, JEHiEEE K 800 °C.
T foc A A B TR BE RN 1] R, 43900 % PAC. Ni/PAC. Ni/GO,-PAC, Ri T Hil, b xty iYL N
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0.5:9.5. 1:9 F12:8,
2) KL T HL AR R AE o SR 44 L S O L S b T H AR A S A R DR SR, IF SR BB IS AX
(EDS) Xif # it & T JC 28 19 43 A5 1% DL AT 40 Ar o AdE T X A0 S8 23 AP ASOXF it A 45 4 R0 90 A A i it A7
G3HT o
14 SSBEBERBIERE
SCR R E WA 1N . A LB I RN g Y
K xFe x5 N 3 emx3.5 emx2 em, 7 T HL AR I 7R
14 5g, 1.00 L) Cu-EDTA 5 80J% 7K L) 1E 2R ok
JraAb L, A PR [E] A 360 min, 4 [A]FF 30 min =
BURE . —FB 20 BE i B3 T B4R (TCu) ¥ BE 11 Cu-EDTA
W 5E 5 55— B4 FE 5 1 mol-L™' NaOH 4 17
pH £ 11.0, #FESKEUTIEREWE T, LiE

o
W T Cu-EDTA Al B 2% 4 25 i (TCCu) 19 ﬁn@
JEo. TCCu 8T A 4 &MY, 145 Cu-EDTA IR
AP S AW, TCufs i MY, s 1 E{E1L Cu-EDTA &R M EE
TCCu FEE 05 5+ Fig. I Schematic diagram for electrocatalytic
1.5 BEHEHE decomplexation of Cu-EDTA

fd Fil DMPO Jy i gk 7, 2R 1 H 10 g 2L 4R (BESRY BRI & 240 h @ 2L ay =B . B i
FEVR R SR HARUT BERUR AR P IGR], BT B B2l 3.0 mol- L™, ZRE3 ¥ £ 4 0.7 mol- L7,
1.6 EALEFMEENIK

FE-0.87~2.00 V HL 3BT 1R, R T = H B & R I K 4 b k7 - HE A #F CuSO,. EDTA Fl Cu-
EDTA " (918 3R 4R 22 i 2k, = % W 2550 mmol-L™!, 13 4 50 mV-s'. %A 22 S % H1 #%
Ag/AgCl LI A S Lh b, B8 A R FE AL RF Y B fe AR A TAE LA o T AR, B 10 mg
BT E AR, A 5> Bl 5% Nafion ¥ 50 uL A1 1 mL Z B, IR21784r; B 10 uL IR A W
Tl A A 22 AT o I T AR I AV R A 15 min U VAR U 8 B T AR O R I 3k H 7
Eyynger Fe 10 Ry P30 SRR LD, Ee™ s 4006 R =X (1) Fim

Erpip=Eag/aeci+0.059pH +0.197 (1)

1.7 SRS+ ERE

K FH (5 RO A 538 0 %E Cu-EDTA ¥R B, (5 3%+ 24 Agilent TC-C18 £ (4.6 mm*250 mm,
5 um), Vi BIAE A 75% B R £ (20 mmol-L™', pH & 3.0) F1 25% LN, iE A 1 mL-min™', K
k254 nm. TCCu. TCu FIER B T 19 Uk B SR FH IR - W0 43 D' o B8 32 5

FEL 1 P A 256 17 L7 P R Y RE B 1 3108 L K (2)P 7,

UjsSt
Vig(2)
A1 Epo N Cu-EDTA M — A REH T T AU FLRE, kWhm™; U NEMAEIE, V; j BT E,
mA-em 5 SHHMRE, om®; ¢ HRVEFE]L, h; VIR ER SR, cm’; C, B C 40l 2
TE TV U6 FAE I [] ¢ B5F Y Cu-EDTA ¥, mmol-L',
2 #HR5iTR
2.1 RFHEREHIEEGIT Cu-EDTA fREMAER SN

1) K5 PSR X Cu-EDTA #4830 BERI 52 . 7E PAC:GO JBi &t 9:1 FIE Bt ] 4 h 2440,

2

EO
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2 TR B BT R bl . Q& 2(a) BT, WA L BE ) FH 5, Cu-EDTA MY i 2% S e 38 s
FEAK, K Reil Sl 600 C B A48 KR B i, N 77.6%; ULETREFEW &k, 10°h 025 kWh'm™
(0 2(b)). Hi & 2(c) H i XRD Z5 0] LAFE H, Ni £ 200 °C A1 300 °C F A& i B 5 0 4 Ak 3] b A 4%
K5 7E 450~800 °C KEHEIREE R, WL F] 20 Hy 44.51°, 51.85°H1 76.37°1K) 3 M HRAF U, 43 6T v 2 Ay
A (NI°, JCPDS 04-0850) AY (111). (200) A1 (220) & i o o WL 5] 37.25°, 43.28°F1 62.88°4L (1)
3AMHES B ER RN, 3 XTI 5 NiO(JCPDS 44-1159) 4 (101), (012) F1 (110) /& 1 o B AWK F) 1 e vl B8
ANREMEER AL 5 2l Ak, BRIIL, FEAEALT] R BEIE A K4 10 SR AR 25 4, S 380Rr - Fa ik 19 L ik
TG PR T >4 4% e iR B2 1S 0 2] 800 °C B, bR T A I AE 3k ve A RS Rl BE TR 25 ) e 4 1T S Ok
TR EBELTENED, ERCh &R NS BA —E S, i 600 C TR+ k85 PR
S, M RAR T P07 F BE T #E B . Ni/GO, -PAC,, J T F&f# Cu-EDTA Ji5, Ni H)fmikgE %A % 4
B W AR 4k (B 2(d)), HAEALHE 360 min J5, ¥ W P AR A I BB BS -, U B Sk 1 A R AR & 32 3]
FL A Ak i 5
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E,/(kWh-m=)
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Fig.2 Effect of calcination temperature on Cu-EDTA decomplexation efficiency, energy consumption,
crystal structure of particle electrode before and after use

2) K% B2 I 1] % Cu-EDTA fi# 2% 30 BE RS . WK 3(a) i/, 24 PAC:GO JBi oy 9:1., % e i i
k600 °C B, K5 BEETE] 4 h (Y 45 RUR e df, Cu-EDTA MURR4 RN 77.6%, HeR5Bemstfal 2 h i3 &
T 30.9%, AEFEHLH 0.59 kWh-m™ &K~ 0.25 kWh-m>, Fifi 5 5% b i (0] 4k £ 9 K, k7 F B B A9 e A
LIS PE NS A B, 6 h Al 8 h F B ME4% R F M & 72.2% 1 71.6%, BEFE /> HI3E I & 0.26 kWh-m™ #il
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0.32 kWhem >, % & IR 1] f5 J2E 1< AT LSS i A 700 R0 0R 22 [V 28545 A s B2, BEAE 50 70 L 15 AL AL 771
(EL It B R 5 ST 1] 2 10 R A T 790 A ) A 358 A MDA 1 R AR AT A 25 B2 A, DT 532 i Az 1 fEL A
AL REAL PERERY. i XRD &35 (K 3(c)~(d)) FT LA Y, AN R B8 i 1) v JE2 s ) A 300 475 LA N&° 2y
E, HFA DR NIO, KB E] X T NI AT ST A SR S5 A — R, RERE 4 h AT BT R AR o HJ
WHBE Ay 21K, (EALBE Cu-EDTA Ji, R0 HUB B i R S5 0 35 950 A e A B 81k

1.0 08 -
08 b
06+ 1
0.6 | 2
04| <
S SH h
—— JEBERt ]2 h | m %
02 | —e—Kikeniah 02 % /
—A— KrpERt A6 h / /
—v—JHBE 8 h
. s . l 0
0 60 120 180 240 300 360 4 6 8
L FRL 7] /min Rt ] /h
(a) K5 bt E] X} Cu-EDTASFE R A 54 (b) KEbers (Rl BEFERY M
* %
8h =« wj 8h kL

W S A AN TR
JCPDS 04-0850 L . JCPDS 04-0850 AR —
JCPDS 44-1159 | | \ JCPDS 44-1159 | | .
10 20 30 40 50 60 70 80 10 20 30 40 50 60 70 80
20/(°) 20/(°)
(c) BT HMR AL FHRTAIXRDE % (d) A7 HL AR S O XRD %

3 JEERAETIEIXS Cu-EDTA B4R, BERFKFERREMAEERE LRI
Fig. 3  Effect of calcination time on Cu-EDTA decomplexation efficiency,
energy consumption, crystal structure of particle electrode before and after use

3) PAC-5 GO Jii i LX) Cu-EDTA it 4% 5L BB B 52 W o 72 K5 eIl FE R 600 °C FURS e i (8] 2 4 h 4%
T, #l& T PACH GO AR B &t e ik FH R . a1 & 4(a) Frn, 4 PAC AN 48 Nifif, Cu-
EDTA I it 5 U A7 36.1%, HLFE Ego 5535 1.33 kWh-m (& 4(b)). 4{UfH ] PAC 1 ik, 114
Ni AL # 5, Cu-EDTA WM 25 R T & 3 T 59.6%, W] UL Ni 19 17 48 B 38 T+ 7 k07 m B 60 e Ak 1k
e, AALamtt, MEk NiJ5, PACHI Eo (8 FFEZE 047 kWh-m™, X 2Kk PAC AR & FH P2,
Ni° 9 10 2 T DA MG s by B 0 e MR . SR T AR B R TR 4B 4% 5% . 10% F 20% 1) GO 5
Cu-EDTA HY it 4% R F gk — L 2 T+ 5] 63.4% . 76.6% H1 85.4%, 7] UL GO Ay 45 A gk — 5 fdi b 1 Ha B2 )
HEALPEREAS B HE T . XOE N GO R MW & & E BEH o GO R4t T F & S fa i s, JFH R
TAEERERE, W LARIF R R A B A, 13 GO oA — s i s Ae MR REDY . Y AE R r AR A
BhB2e GO Ja, R E R A RIS . ALk, BEE GO BB N, E., (6
R, 4 GO MBI N 20% B, E.o (HAX K 0.17 kWh-m™, 3568 GO S84 hn 1 ki 1 HL A 1 3
HPERE, FRIRT REFE. 7EMBMEAT, @miEE)S, GO KM & A H fe 1 i AEH T 8o
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i, BEMR KRR IR E GBI gs M, NI s Se kR, 4650 LM RS R, Mz
IR BE 600 °C . K5 BEt 1] 4 h Fl1 PAC:GO N 8:2 VE M 5 Sk T Hu il i s A il 45 5544, A5 F Al
Ni/GO,,-PAC, -

1.0 15¢
0.8
0.6 g
9} =
S :
04t = PAC =
5]

—e—Ni/PAC
0.2 L—A—NI/GO, ,-PAC,
—¥—Ni/GO, -PAC,,

—&—Ni/GO, ,-PAC, |

0 1 § 1 1 1 ) / /
0 60 120 18(‘) '240 300 360 ?hc g\\?hc ‘:?hcw‘ﬁo \XP»C@O W_QBC“‘%
KbFEAE]/min ﬁ,\\gon.“ $.\\6 o) \{\16 o2
(a) PACHGORTHE A Cu-EDTAf# 28 2 521 (b) PAC5 GOt HE X REFEAYRE M

4 PAC 5 GO [RELL ¥ Cu-EDTA L& R MG FE AT
Fig. 4 Effect of mass ratio of PAC to GO on Cu-EDTA decomplexation efficiency and energy consumption
2.2 SEM 7r#f
X Ni/GO,, ,-PAC, i H B il AT JE A9 R Sl A7 1 3R AR, SR ANIE s fros. T RAE H, A
R HRTE RS, PAC AR AR L BORLRE, XA A T AL R i 8. Ak, MR RA
F1 A4 /N A AR SORE B E PAC 3R, X2 Ni JC R TR UM A ik . BEIS AT 45 R R (GR 1),

(a) TR (b) G
& 5 Ni/GO,,-PAC,, ¥ Ffi /5 # SEM [
Fig. 5 SEM images of Ni/GO,,-PAC, before and after use

ff AT H A KR AA7E C. O M Ni =Fh e &,
Ni [ )5 5 50 B0 R 10.74%., i i e v A% 26 T Ni
BB R 9.00%, BT C. OFINi

# 1 Ni/GO,,-PAC,, EFRIEH EDS 47
Table 1 EDS analysis of Ni/GO,,-PAC, ; before and after use

Sy R IIE] Cu FI S TEZ . Cu I It SN 40 il i
2'33%, %%%%4{%2%53%%'43*)?%%*&%@ 5% BT 80% REEu%  JRT08U%
/ﬁ *,E{ﬁ j(% B‘J’ﬁﬂﬁ%\: i EE T{ﬁﬁﬁ T NaZSO4 /ﬂE C 74.05 84.46 67.00 77.59
AT, P, dE] 6.57% /9 S L. o B 1303 1710 1706
2.3 Cu-EDTA ﬁ@éﬁfxﬂ ﬂﬁl EI L[S[%I ﬁlé Ni 10.74 2.51 9.00 1.53

i Fi Ni/GO, ,-PAC, , ¥i F Bl , 75 AL Ui 25 CS“ . - zzj (3)2:

BEA 1.6 mA-cm™ F, X Cu-EDTA f# 4% F1 46 [1]
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WAL BEREAT T HFSY . 45 £ (8] 6(a)), Cu-EDTA 425 253K 5 99.6%, i Hofth o A 4k 7 % T
Cu-EDTA B fift 25 R AL K 15%~60%%, TCCu I fif 45 K K 99.4%, X kb Cu-EDTA ik 0.2%. i@ #
EDTA (it B &I =2/ . & "W LR & B 2 R4 vha] 7= 4, X 28 7= 44y
BA —E MG Y 0.2% 0 45 5 22 5 U 1 DA A 28 5 8 8 72 78 19 & 9E % 18, NGO, ,-
PAC, B T HL A% X Cu i BT A3 4% & A 80 B AT M 45 3008 . S2 3 45 ik 7R, TCu A 8] i ik 5|
93.7%, WW AL EA 5.9% W AR 2Bk . 7 LIRS R B . TiO,/Ti Ay FHAR (1) H 40 fk i 2% 2 2
e, RV DR 18%0~40% T, BT LAE i, RV Y & TIOR8 B R TR A R A8 R
PERE .

WE 6(b) F7x, Cu-EDTA. TCCu 1 TCu HY-In(C/C,) 5 b H i ] 22 [8] 2 52 B4 fO k6 &, B
HRBRHLE 09 L | (32 2), B Cu-EDTA. TCCu Y 4% Fl TCu BY [ 45 540 — 2% F2 1% 3h J1 2%
HLE . Cu-EDTA HI TCCu Y 52 I 3 2 5 5044 4 0.018 min™", 1M TCu A4 2 i 2 % %% 9 0.008 min ™',
5 R E A 72 Cu-EDTA F2 0 3 25 %8 0.450 min™' A ELS, 7 SE56 v Y B 38 %8 S im 1%, iX

1.0 8 -
0.8 i ®
8T “a CuEDTA M
o —=— Cu-EDTA ~ : ;gcu
o —e— TCCu Y oal u
S —4— TCu S
0.4 T
2 L
02}
0
0 1 1 1 1 1 1 1 1 J
0 60 120 180 240 300 360 0 60 120 180 240 300 360
KPR E] /min KPR A /min
(a) Ni/GO, ,-PAC, Z Gt HCu-EDTA| (b) Cu-EDTA  TCCuffi & FITCulRIN 1) )5 1% 3 72

TCCufff £ M TCulal i
6 Ni/GO,,-PAC,; % i) Cu-EDTA, TCCu fR4& R TCu MR U KR BN RN HEF

Fig. 6 Decomplexation efficiency of Cu-EDTA, TCCu and recovery efficiency of TCu, and corresponding reaction kinetics in
Ni/GO,,-PAC, ¢ system

SR R R A, W RS, i %2 Cu-EDTA. TCCu fR4&F1 TCu EUL KR B30 715 #5
] B 2 A U7 70 6 T F A R T 5 30U o CEg

Table 2 Kinetics parameters of Cu-EDTA, TCCu

H A . q )
N ecomplexation and TCu recovery
2.4 RFHERMERE Cu-EDTA #LH — v p—
— . YN 151 WL b/ (min”! R
T P TR S R 1 0 5 T 2 oL A 2R o C;m 00180793 o oo
. u- —In =0. —0. . .
1, SR 7() R, WL, R4 '
N . TCCu —In(C/C,)=0.018t-0.946 0.018 0.916
LT k120201 DU I, B AR RS
TCu —In(C/C,)=0.008t-0.428 0.008 0.940

RN a(N)=a(H)=14.9 G, 3% & DMPO-OH Il i,
Y EE I, 21 NI/GO,,-PAC, ZEEH =4 T -OH H i 3&, ek T HL A A FH A H,0 £ % A= v figg =
Az -OH™Y, 24 (i FH BT B A 3 4 h -OH A9 ¥ R IE L 9% 2500 B9 A B A3 4 il TCCu 1 B 1 (1%
7(b)), TCCu B 2% A5 5] 97% LA |-, -OH % Cu-EDTA B4 A . 76 UV/AD ., JF e
TR E AL 45 ik R rp, JE L 3K EDTA 45 #45K f Cu-EDTA fi# 4%, ¥4.0;. '0,. -OH HI ClI- 554
FEIEHED R DL VK 5, EDTA B R ALRE ff 52 290 ], 530 Cu-EDTA R4S BRI N R . X vl Ik
+ B [ f# Cu-EDTA A2 3 T EDTA Z5 W 9 S84k 1M S8 8, 1 /& 2% T Cu-EDTA 1 Cu®" (1 38 J5 1 52
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1.
10 min
: —a— BRI
3 min o8l —o— VRAILEL T E
' —A— IR
0.6
2 min S
$)
0.4+
1 min 02}
B e e g P e e e P
A . 30s
L 1 1 1 1 J 0 1 1 1 1
3460 3480 3500 3520 3540 3560 0 60 120 180 240 300 360
3758 B /m T RIS ] /min
(a) AN[A] L ffhif ) F DMPO-OHAYESRi% & (b) HEIGFXS TCCuffés S5

7 Ni/GO,,-PAC,, &% F DMPO-OH #J ESR it [B] F1;% K 5%+ TCCu R 4% R f $ 1
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Preparation of Ni/GO,,-PAC,; particle electrode and its degradation
performance of Cu-EDTA complex

HU Xinxin, YANG Shuai, YOU Xinyu, LIU Yu, ZHANG Wenwen, LIANG Wenyan"

College of Environmental Science and Engineering, Beijing Forestry University, Beijing 100083, China
*Corresponding author, E-mail: Iwy@bjfu.edu.cn

Abstract Cu-EDTA has strong stability in water and is hard to remove by conventional chemical precipitation
methods. The particle electrode that was applied in the electrocatalytic degradation of Cu-EDTA was prepared
by impregnation roasting method, using the powdered activated carbon (PAC) and graphene oxide (GO) as the
carrier, and nickel as the catalyst. XRD and SEM-EDS were performed to-characterize the composition and
morphology of the electrode surface. The efficiency and mechanism of Cu-EDTA decomplexation and copper
recovery were investigated. The results showed that the optimal conditions of the preparation of particle
electrode were: the calcination temperature of 600 °C, the calcination time of 4 h, and the mass ratio of PAC to
GO of 8: 2. The nickel on the particle electrode existed mainly as-Ni’, and a small amount of NiO. The
decomplexation efficiencies of Cu-EDTA and total complexing copper (TCCu) were 99.6% and 99.4%,
respectively. The recovery efficiency of total copper (TCu) was 93.7%. The decomplexation and copper
recovery processes were in accordance with pseudo-first order reaction kinetical model. The results of free
radical quenching and cyclic voltammetry scanning experiments showed that the decomplexation of Cu-EDTA
was completed by electro-reduction. Cu** in Cu-EDTA was. first reduced to Cu”, then reduced to Cu’ and
deposited on the particle electrodes.

Keywords particle electrode; electro-reduction; nickel; Cu-EDTA; decomplexation
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