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TATTULTE it AN BN A A Ay Rk, 36 o 7 B 1 BR S R ) £ tH S 1 =Bk (B-
ZVIP™), A EIME M B R E AR R (B-ZVIP™03), FT4b# EDTA-Ni. 5
SRR, B-ZVIPOs3 & REPI/INGT AT LL 2B 88% )28 A 8- 99%M1) EDTA, H % FriE 2
W EIY RS N AAE IR B BN M A AR R (ZVIP™O03) (1) 26 581 93 5. L&
VY 2, B4k 5 B R A AU AR I 25 SEBIE B EDTA-NI (4% = B T80 7 =, B e 2EH
RS I HIE COH) &S5 f IR R S5 F 0 2R B B-ZVIPm 3R 1 W P & FR 5t
H B3N AL RS EDTA-NI (1) ZE DR . SRR AN SL 6 . RS FHEM . JRAL
AN . X BRI RERE (XPS) &M R B-ZVIP™ BRI aT LLE A i 5 Wi A
AL R, AR EMRTR M ASRIE A h3. X ST, XPS. BB TR0 i K%
48 JAIE SEAR 25 5 18R B8 1l i JR 5 R fE . B-ZvIP Tl g . SN E N2, B-
ZVIP™/05 1 R AR AR 7 (1 T2 PR & S ER K 48 AR L BRAE 77, RE R T2k
SEPRES A AR K PR N 240.45 mg/L FEKE] 0.06 mg/L (i T iy B %48 & K
HAR A 0.1 mg/L HEBARAE) «
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EXPLORATIONS OF CATALYTIC OZONATION WITH
BORON-MODIFIED ZERO-VALENT IRON FOR
EFFICIENT NI-EDTA REMOVAL

ABSTRACT

Traditional wastewater treatment processes can hardly meet the discharge standard of
wastewater with heavy metal complexes, where the difficulty lies in the simultaneous achievement
of decomplexation and free metal removal. Herein, we combined the advantages of catalytic
ozonation and the superior performance of surface-modified zero-valent iron (ZVI) in removing
heavy metals. Catalytic ozonation with boron-modified zero-valent iron (B-ZVI’™) can
simultaneously realize the efficient decomplexation of nickel ethylenediaminetetraacetate (Ni-
EDTA) and the rapid removal of nickel ions (Ni*"). The research content is as follows:

First, the B-ZVI®™ was prepared by ball milling technology using commercial ZVI and boron
oxide as raw materials. The constructed system of catalytic ozonation with B-ZVI’™ (B-ZVI’™/O3)
was applied for the treatment of Ni-EDTA. The findings suggested that B-ZVI?™/Os can remove 88%
of complexed nickel and 99% of EDTA within two hours, and the removal rate constants were 26
and 93 times that of the catalytic ozonation with ZVI®™ respectively. Ferric
ethylenediaminetetraacetate quantification and total organic carbon detection proved that oxidation
is the key routine for Ni-EDTA decomplexation. Radical quenching, hydroxyl radical (*OH)
quantification and electron paramagnetic resonance results showed that the adsorbed hydroxyl
radicals (*OHags) on the B-ZVI’™ surface were the main reactive oxygen species. Phosphate
competitive adsorption, NHs-temperature programmed desorption, in-situ infrared spectroscopy, X-
ray photoelectron spectroscopy (XPS), etc. revealed that the modified boron acted as Lewis acid
sites to catalyze ozone, generating a large number of *OHags. X-ray diffraction, XPS, transmission
electron microscope-mapping, etc. confirmed that the decomplexed Ni?* were fixed on the B-ZVIP™
through reduction and mineralization. More importantly, B-ZVI*™/O3 also exhibited remarkable
decomplexation and nickel removal capabilities in treating industrial wastewater with complexed
Ni. Coupled with alkaline precipitation, B-ZVI’™/O5 can reduce the nickel concentration in the
actual complexed Ni wastewater from 240.45 mg/L to 0.06 mg/L (lower than the Shanghai discharge
standard of 0.1 mg/L for Ni in electroplating wastewater).

Key words: complexed nickel, boron modified zero-valent iron, ozone, catalytic oxidation,

surface-adsorbed hydroxyl radical
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1.1 ®5I5

LR, BEELT RREA TR, KESHELEMN T RKEHERA
Wigd, SHESFEIGREAmRN, 102010 SR ) LE MEEREME, 2011 FEaEEh
U RS TS G A, 2012 4 PG RTINS Je g4, D&% 2013 Rl r SRR AR SRR,
HERIGY™ E s FRAMERE, 4 Utk T E RN S A T RSN, E4
B Y LR VR B DR e I

TR R RAR, BT~ [F) 6 % 0 (1) 3 Hp e i B AR 25 SO A v, AR SO 2
WAE NG BEHES “ B — k7 SRR EZENE, ORI T 23007 58 R i
2015 4, BB T ORKIGHRMIETsitRD &6, FRES T /KRS 06, [H
T AR IMRE A E T SR LS E TAER T .

ToESEEK, CHZBERK, EEEARKERNAVEC. XA AR LS E
EREETEREESERE. #ASESRAFHFESESEE MM HEAIEREE ), X
NBESELEBIEIMEENR T BRI . LK, BT S5 E SR KT JaHf
FOHAF— € K, H R0 &R 2% & K B FUAR X b, HOR BRAAAEAR 2 3 UM R
Yoot WAl ma B S S E B RK, Bl ERKIREALSCH, &35 RERFA G
AR B 22

12 ELREBEYHIEENR

1.2.1 BEEREEYINE SUREF 55

L8R E AN B AN DA BRI AT I TR BN 25 A IR B 2 A —F)
RS R TR, B SR LSRN O AL . TR RS, g R R
T 5RARMEAE T (BUMAR T 85, BRI XA Oy S ik, B
FI 28 SR N &R R S L4 TR B B A

2 R K HH R A7 AE B 4 JR AN B3R (an & % DY 2012 (EDTAD . $83E 2, X % (HEDP).
FEEERR (CAD AR (TA) 55 B, EEJEE 725X AR BIE AT R 2 Hide
B4 5448 (Heavy Metal Complex) 50, PLEDTA N, ‘©H) 4 ANMRIEF 2 Mgk
Al LMENERI Y, S5 (D 81 (D 2 (1D 48 D A (D 2485 FHm T
BCENTUEAY), HAWWE 1-1 B,

BHURECARIE R AR, A, MyiRdt. S, BiSeaed, HEa0a itk
JeER (A A BET ITLUNEEHE FIRIEE T, TBEUKIBEERE NS S, R R
TR T E 4B IT LGS 7. Strawn I Baker®O1 8, T 90% 14 LA & T AT
TEF /KM LRSS, JERAES 20 pH JulE T Em A . e L, HEEREGMAR
et m - TR AR S A 2 R AL, MR TIES S ESBIEREEE R, 41T
LA TS 5 R R R ARk T ™08 Bk ik o
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HEJREGVIRIE 2Tz, Bk sl SR, & Eiadolia, f)
MEISTMTEN el OS5 Tl #i & A KR ik L g R A IRK . Hodr, T ™= A s &
BIEIGRYIMRL . HBCE R, RESRE S E T EZRRIEIT ) 1 E RGO
Wz —, BV EAC = MOk itk . dmgiit, RIE R R C 28 20000 4, &
SR 400 ACIE TV K H R0, BRI K o T T R K HEBUR R 1 10%021.

R K I E & B AR M. 5. B . & R B BEER, Hoh, SR
BEPOKP RN NN EGRZ —. i TRIEERGE K EMGUE G /R m=), |
PR T 20 2 B IR 3 UG S i A AT b A 41, e R IR /K S BRI T
THURBEAT T2, ATl i, AR AR R & KB A7 I A S b 7] EAORAIE
PRI TERERSE MACREFF AR, KPR SRR . AR L W% Z1R5E, EAIHK
5 5 BRI BN R AR E 4 A AR

1.23 HE BB SN GE

HEBKAVNEEFERFETHPONESE. B4R KA AR B,
S KA ISR UL, R&ES SRR SN EY RN E HERY, H
J& HA S AR NS0 27, 8 E R K ATE 1.0-10.0 mg/L IR FE VRl AT ] = A AR )
P, FERESE (N4 76 0.001-0.1 mg/L ¥R ¥ [ BN Al o A\ A4 Be s ™ 163

BET TR K55 . 5HAMESBEHAM, SAA LTI A:

(1) Efksa

B EEHRA, WHBRIEAE (NI(CO)) ML E NBUEYR. Wb BRI
FERE R RI R P B, FREERT G, 5 SR AR R A R B S SR ) i . BRIEN
MG TR RE IFI F AT, FEERAENGERS, SIS E L. b, Bk
KSR R 2R 5 T B R R S UIE . R ARE, B RIER ST, AR TR RIS
BT, G I R AR R, T E RS R R, EE A E AR,

(2) AwIFEfE

TR UM FIE A, EHA RIS S N 5 AR VRt e 4 bk, A peidid ek
BHAA M EBEE AP I AR PR ERO,

() HHEMELE

WA GBI RIEREE, Bl e IR E BN RIS R, R4 kR
AW B3, R I T 2 IR AE D TBOR RS, B A\ A B

4R 5% A2l BRI RUR T A A RS e MR KIE TSR A & R B A, 1R
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T EERAETS G E A B P T R RERS . Li S5 AARIEDY, 71 EDTA W] DASE 55 87
FELIEP IR . fE I L3RI pH AN, Rt S S MESMEA S, RIM LA
BRI A RE B, BOKTP I E GRS S WL S E SR & T A, I EfEHEE
PR o XL BA T R AT R AR M Y B < R 2% K AR SR AN DAAL B A B HE I K A
AMLEFEM K AER MBI R, I 5 e IR AEY), R F AR, hit
RO, IRBEAC PR Y R AR A IR K, A HEBORAE, R 245 KT e kb R AR AU Y %
[ERTCIECR

1.2.4 FEE& B R KRS

Bt [ 50t 5 42 TR 5 e ) H 25 5500, B 408 /K M HE SO o I ™ s o 78 HL B IR /K A HE SRR
A, BREHEERE T2 N 1996 F AT (5K EREHERbR#E) (GB8978-1996) 1) 1.0 mg/L
PER] (FPETS A HEBRME) (GB21900-2008) HLAE ) 0.5 mg/L. HbJ5hruE it R I 5 i
FERG, A0 T AT S HE bR ) (DB31/199-2018) #i e 4R IHER 1 v 0.1
mg/LB738, [k, KEAMAIKESEREREAR, LIKEEERIERHR AR

R 1-1 BEEEYESRARE

E s Eatisqyp: it

A Fadlk KSR

P s — gy v et fo
BEE&RB MRt HEMRE SRR Tt B =FhriE ERYHR B IEALE
(mg/L) (mg/L) (mg/L)
(mg/L) (mg/L) (mg/L)

S Cr 1.5 1.0 0.5 0.5 ZE TR Bl AR 7 O R /K HE
LY 02 01 01 A P B R
Cr(VI)

SR NI 1.0 0.5 0.1 0.1 ZENA) Bl A 7 Bt R KT
AR Cd 0.1 0.05 0.01 0.01 ZENA) Bl A 7 e R KT
SR Ag 0.5 0.3 0.1 0.1 Ze ) B AE P it 4 7K HE TS
ST P 1.0 0.2 0.1 0.1 ZENA) Bl A 7 Bt R KT
MK Hg 0.05 0.01 0.005 0.005 Ze 8] B A P O R 7K HETSA
S Cu 1.0 0.5 0.3 0.2 0.5 2.0 R |47 O SEE 3 g
SEE Zn 2.0 1.5 1.0 1.0 2.0 5.0 R |47 O SEE 3 g
S8k Fe 5.0 3.0 2.0 2.0 3.0 10.0 R |47 O SEE 3 g
JSEEWN| 5.0 3.0 2.0 R | 47w O SEE 3 g

1.3 EEEREEVEKHNLIBMRHE

1.3.1 G HsaRE BB Tk
ME LR BT LIS ASAAER, B BP0, B FAZ 0], fh Ty IR, S B A 4y 142
EH M RS RIS Ja ARG A SO EBRE KPP ESEE 1. SHESESEMR
L, R BEyEEY WL A2 A ISR GUOK A B FE R g N H TR E B E SR
BB E .,
1.3.1.1 JEABEHA
Ji oy B H AR LR . EEIE. ghiE. BN, RBIES. EEESRS%ERI/KA T,
JIR Ay B A A H & REFLBR A R . & 12 fios, B4 SKEE RS 7R

%3 71 #£39 T
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m%ﬁmﬁ%%A%mmF LB AR TR T EIERA ) E) 45F &, 7 IR E
ey A B Tk, MM Il E 4 14 55146, 2018 4F, Gao 25 \46Mgi F SR A 1A BREANTE N 2%
E5, RHSAHBIEENR AP ERER, 7EHREA M N BeRIEE] 98.26%, N4 &R
WERAL T — PR A HorJ B2z i vk o B4 VA B RCR E BeREK. —Ikis v/, FFH
Al DLSEILE 4 SR B Bl . (H 2, HRIENEIR 25 5 #li 4t ﬁ%ﬁ%ﬁ%Lth“m HAL FH FH
. M AAE . TEVERMER R, BRG] T iZ AR R E S B S KA M .

%‘5 %3%' J*

{%

) Heavy metal

* Polymer

Bl 1-2 S B BRI R E )

1.3.1.2 MRk

WG By 2 SR R R B 70 ) 22 FLME, B B R K R R B G SR 45 S 500 Wa 55 NS %
T =R FL A AEE SBA-15 (NNN-SBA-15), TR R /K iAW R IR B 1) 20 — Y 2. 1%
i (Cu(Il)-EDTA). 455K, ZMEREEPI 7080 52 0.1 mmol/L Cu(ID)-EDTA [ B~
i, WRPIEFERF S BIZUR (Langmuir) AL, &R 5] /E AT B2 NTE Cu(ID)-EDTA 5%
W EEE A AR, WA R IAE R B R AR T Re A R S A JE TR O WL AR, I
H R UFI I 22 bR 8B 4 SRS /7. Chen 25 NP2RI FREME B8 e MRS — ks TR
BRI B2 B 92 bRk BE T HAR-DURR . (CA(ID)-TC), %A RER PUPR 2 A48 B K B 25 B
SAIEE]T 516,29 mg/g A1 194,31 mg/g. Wi BHkBA A, BAER . EHEET . Ik
RN, A JRBR Y, Bl AR avad . FEAE R HAETEA BRI pH Y P
TAEB3,

1.3.1.3 {2EPLiEE

A2 YT v T 4 R R KA E S F I —Fh 7 ik, B R B IE S IS &R 4 A ke e
WHHRE A EYR, S8R E T EATRABEIEEY. B2, HTHESERENmEER
EVE, 124581k, RARD BRI AT DU A B — A B e v s A R B S R i s o
TAER, A %H LRI R R A DT E N T B B R KPS G5 SR .
B, Peng FEANPURIL, M&EWMEAS SNBSS A4, EEEAE B HMIEH
T,%W%W&%ﬁﬁ%%ﬁ,Aﬁﬁﬁﬁ%wm,*WTwsvmmfﬁz KR DU
IR R BT R, RS NI iE ST~ A8 F M S, b, By
RGN HIN & 7R Ak b, e PR TvE g &= A ks g

1.3.2 WP EMEAR

EJCEMEAR (Advanced Oxidation Processes, AOPs) A& —FfEH Wi & 5 N AT 7K Ab
ISR, Zad R AR R AT, iR H 3 («OH) DO, HAmA MR H B3 n] DI
WG R, BESEE T, X H B S0 Dot — Dl i A A PTie -8 b5 4%

o4 70 39 1T
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G T 2T R, SUFER, KEFISPEMANTLHRERE =, K. MLy
&, EEk, HTPESENMBEAREREKPESBEESMIMAHLGESZ, OB LENEE
A4 Cu(l). Ni(Il). Cr(ll). Cd(l). Zn(Il). Pb(Il), ECAAIEZrE3E EDTA. 2. .
WHER. PUER. B, TEZNHTEREAGEEESEN AOPs HiR FEE AR LK: 1k
AT Rl Zorimiai . REE. ImIREiEL . IR A B AL
AL DL AL FE TR ENIES, HBFRZEIC AR 1-2 Fix.
1.3.2.1 ZFlFRIFhnA L
SR (Fenton) J2—FRRFEAMEIAR, BAEBIERME, KA EH R, A EREH
TR, ERERAIEAE Iz R B, ZFENERIH Ak (Fe?) A E (H02)
Z (Al EE U N, AR AT SR RO, BEARAI (A HLAI0L, 3R 1-1 il T 2Rk
SSALHON  FESFHE AL b, O T DR R SR E A RIS AT A, AR T
FIFWEAIE?, Fenton [N H 774 f(«OH 1] LLEMLZE & &E R A NI, SEILH OB
TR filtn, v lis 2R 5r i — S 8 A DiiE 77 5 £ R Ni-EDTA. SRR I,
Ni-EDTA 2 7E<OH 14 ALE A =8k B8 7 (Fe O I FC AR B ¥/ R R AN 8L B8 F (N2
(031, RS, FFEAAE AN K E) pH A 7k I ESK, HFEMATER 2, 7R KE
ke, JEERAb At & F BN E RN R —.
Fe?* 4+ H,0, —» Fe3* +-OH + OH~ (1-1)

1.3.2.2 St 5)sHELL

FeMEATE AR I AOPs 2 —, H T AR JF 382 R 6 R A8 = SR Fo 7 M AN 5 BRIT 2
S, AN/ IR R A SN, T VR AR R T A
UL B, AP IR AN A4 ZRi5 G (B2, SR e b B R 2 1) T2 SR 2,
T B CRAR A B AME AR RIS A R o R T — DR B AR R, 0T i1 Ak %
HAR G AR L A, FI X RBA G BA m R 2% Bl DEH R e ek, seal T
e BBV ERO6 BB AL AR T, Zhao 25 NSIFI ] — b Ek/Ek (TiOV/TD 1E %
FHAR, ANEEARPENEANG, i ECE HOAR RIE SIS Ni-EDTA 5 HE B8t Mk
I, P2 AN S 2R b A R B T S e, AERER T A N AR, BT, K2
(PR L A B 4 A A5 TR 42 8 V5 Y R /K I 04T Ah T SI256 55 A B, 68 P 170 LA TR AR
BN, 5 SRR KA R FATY A O BE B o an ] i3k — 0 FRAR H R A, 32 e A AR
SR TR S, KRR M AR S A S E LR K BN LR

1.3.2.3 JHHEEFREL

TR TR AL — AT R S R E AR . M S R AR A R B, AT TR
(g E s, Fras. dEAE. RO SfEiE SRR B HIm =4, s
fit EDTA S HLEEH0T, Wang 55 NOSIR| FH SO 58 B 1R S5 G T 715403 Cu-
EDTA, KIMZHHSE TREAL 60 43815, Cu-EDTA KIS G RCRIEFIE 100%, &S
A (0. HMEEBE (0). REAHST (03) FeOH HIFLFME ML Ti5 3t LBk,
N RE RIS T 2 ZFRM (Cu-EDDA). W43 — 2084 (Cu-IDA). FJI= 2.4
(Cu-NTA) /N AN, PLREAR (NHeD FIRSERAR (NOs ), EBH M A ML Z 4
TV TR IIZ D BRI AR .

T HE 5 B AR AR BT SRR AN A s e, BRI AR, H
PR T4 8 &R 45 A 07 T o> . A S M 7 R R s 5 42 |
A KA WA IN LRI AR ZR 143 R Bk, Xt 2 BELASH IS L A5 B8 AR B Tl Ak R F 1Y)
JRE 22—

#
=
=
&
=
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Heavy metal

Initial

Heavy metal

TOC

AOPs . Time pH Parameters . Ref
complexes Concentration ! removal rate degradation
T=21.0+0.5°C
H,0,/UV Pb-EDTA 2 mM 16 min 6 pHo=3 100% - [69]
[H202]0=0.04 M
) pH=4 [H202]0=5.0 mM Cu<0.5 mg/L
Fenton (Fe?*/H,0,)-BAF? Cu & Ni complex - HRT=2.5h , COD<40 mg/L  [70]
pHp=8.0 n(Fe?")/n(H,02) =0.8 Ni< 0.3 mg/L
Fenton (ZVI/H205)-chemical . ) pHo=2.5 ZVI=2.0 g/L 98.4%
. Ni-EDTA 50.0 mg/L 60 min 78.8% COD [71]
precipitation (NaOH) pHp=11.5 [H202]0=35.2 mM 1.0 mg/L
Pb-EDTA 4529+ 143 mg 9.11+ ) 58.4%
0s/UV . 24 h Flow rate=0.15 ml/min . - [72]
(soil) Pb/kg 0.02 (soil)
03 Cd(I)-EDTA 11 mM - pHo=8.2 0.5-0.7 g03/gDOC 40% - [73]
[HzOz]():l .0 ml/L
) 10 min Fenton n(Fe?")/n(H,0,) =1.46 99.84%
Fenton-O3/Fe** Ni-EDTA <21.0 mg/L ) pHo=3.0 57.13% [11]
30 min Os/Fe** 03=252mg/L <0.1 mg/L
Fe?*=150 mg/L
Flow rate=0.5 ml/min
pHo=4.7-
0s/UV Cu(1)--EDTA 03;=40 mg/L 64% 68.5%
EDTA/CA=100 5.0
. A=254 nm
mg/L 60 min [74]
03=40 mg/L
Cu?"=40 mg/L pHe=2.5-
03/H20,/UV Cu(1l)--CA 3.0 A=254 nm 78% 77%
’ 03:H202=4:1
03/SAO31I-MDCR3 Ni complexes from 2.04 mg/L 50 min pHo=7.0- Flow rate=2-4 L/min 95.6% CCN? not [75]
%6 Ul 3t 39 W
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SR ENHREUREAMNERC RN CEBRIRE SR

gk 12
ENPW* 10.0 SAO3IVENPW=1:1.5 <0.1 mg/L completely
MDCR=40 mg/L mineralized
[H202]0220 ml/L
) . Cu: 100-301 mg/L ) 3.0 and Fe?*=1200 mg/L Ni 99.7%
Fenton-O3-coagulation Cu/Ni-EDTA . 55 min - [76]
Ni: 44-51 mg/L 6.0 n(Fe?)/n(H,0,) =1:12 Cu 99.72%
03=166 mg/L
. L Cu(II)/Ni(1I)- . Flow rate=2 L/min
Os-alkaline precipitation 5 mg/L 25 min 7.0-9.0 . >90% 50% [77]
EDTA 03=24.79 mg/min
Pb/Zn-EDTA Pb: 1243 mg/kg Flow rate=0.45 L/min Pb 49.6+0.6%
0O3/UV i 96 h 7.1 - [78]
(soil) Zn: 1190 mg/kg A=320 nm Zn 19.7+1.7%
. o ) 3.1-6.3 to T=25°C
Os-chemical precipitation Cu(Il)-EDTA 64 mg/L 40 min . 90-97% 75-80% [79]
6-7 03=30 mg/(min * L)
. Flow rate=1.8 mg/min
O3/EDTA (activator)- Cu*=0.05 mM , , 100% DMP
L Cu(Il)-DMP5 60 min pHo=5.7 T=20+£5°C Low concentration [80]
precipitation DMP=50 mg/L removal
EDTA?=0.15mM
Surface discharge plasma- ) Discharge voltage=16 kV
. o Cu(I)-EDTA 0.3 mmol/L 60 min 2.0 99.6% 82.1% [81]
alkaline precipitation Cu/EDTA=4:1
T=22+0.2°C
o i . ) Cr(VI) < 0.1 mg/L 70-80%
Photo-oxidation (UV)/Fe* Cr(ll)-EDTA 0.2 mM 60 min 6.0t0 9.0  Light intensity= 1.26 mW/cm? , [82]
Total Cr < 1.0 mg/L (180 min)
Fe?*=20 mg/L
Light intensity= 1.26 mW/cm?
UV/Chlorine Cu(Il)-EDTA 0.3 mM 60 min 11.0 T=25+0.2°C 60% 70% [83]
ClIO=3mM

e LIRARIRE, VIRIKRETRSIBIKE; 2. BAF: biological aerated filter;

nickel planting wastewater;

5. CCN: coordination complexes of Ni;

3. MDCR: Magnetic dithiocarbamate chelating resin;
6. DMP: dimethylphthalate.

o7 0 k39 1

4. ENPW: Electroless
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1321 REHEMN

BER R ANBAR . —. IR TAER, W TN P s il 5 A
A7 AL P A T RS AR o SR AERRIEVA M B B AL S (2,07 V v bR
AR (NHE)) B487), BERE DL T I B bsis ey B e s 2y, i DL
U N T R B BE 77 S BRI F2 1 Eh 2 DL S ) R T 88900, O HL LA B A LA e 1k
Be JIARBRI), (HU2, BT BATE K T VA AR B AR SE MEAR R IS, R R R 218101, H R
ATREVHAER AR R, BEVHE, REEEE TN HEE — el E. N T RERE
T 2R, BT LA AR A R RN RZ 2] 72 AL, 10 Os/Fentonl7+7¢), O5/UVP2
LLE O3/UV/H20,™. 7 Fenton IRFIRIE AR MEAL T, W0 b AEF- A4 T £ o AL I 2 1
Mg, (R, XRULE T LM LA (Fenton) SAEE (UV) 9%, HAMAEEE FE
IR SR T, W EREN IR, SR, T ANRA. T, NTHE
P m A E A ERE R RN BRAR TE A, B A SRS BRI KB AT -

g TR, SR BARTT LLE I E B R O 7S, JEREARLR A IR 1E P 4% 4 10
KA, AREE FEME AR USRS R LRI SRS T, TEER A
B ERBCEAR, MELLE R F 35 0 K HERR s A . Bk, R T2
AMUBEARIBCEAR R, JOHE GO MR, B8 TS AT = R E SR AR R,
TSI AR LS 5 SR 525 2200, 76 B 4 R4 A Bk U AT N BT, & B
R ZR R A SR SR LR R Z AR

14 REBUENELIEEEREZSYNWARIER

1.4.1 REAMEACEABIERIITERE

SR S AE R — T i R R 1 LR 104000 BRI T DAY 3 Tk
1 < 1 T IE AL LA AR AL TR, DRI TR B e R S B R e Jm A iE AL
SA ARSI AN, AT W R R AR R T R B BOK T I E R R K 5.
i, Guan 58 NPSERH] SAO3NTEDY AR MEAL I A B AR R K I ER 28 54, I AL LU
. EERES. RBUE. IESEPRIGAEE (& 1-3), Kb SRR/ T 0.1 mg/L,
KL T IEARHER . (EE SR, BRER S IRAT T A AR, EE e (K R BRI AR
RIEWIREEMF (MDCR) RIESIER], B REE 2, ML . TR EA TN
AT A BB R R A& mT5 Gk R — BRIk

Clear air
ozone exhaust
gas decomposer

MDCR PAC PAM
= la]
SAO3II H = H — || e— Effluent
filter supporting bed <2|| Fast stir Slow stir
aeration diffuser —}

Catalytic Ozonation =~ MDCR Chelating Flocculation Precipitation
process process process

Ozonation Heavy Metal
Reactor Chelation Reactor

B 1-3 BaMRETTHEEL R R A B BRK KL R A2

08 7 £ 39 Wi
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M SHANGHAL A0 TONG UNIVERSITY SN SRR E S AR Z — BRI Z B A MMTTE
1.4.2 REAEMBEAEAL B ZE I HL

TR AR E AR R, B T Loy v B RS AR B RS (B 1-4a). 7
HHEE RS, RESPRMEMRAT b, o= B R AR B R B P (5 1-
2 3 1-5). CAHAMRHRE, &BEAYRIRERE DAE AR A TE N M. fEFRFE
FMARMIER T, REST2E5RMPIFRETFHHKST (OHD HEAEH, 51Kk B H3EFEx
N7, 3BT e O o I A1, 455 i 8 R AR TR 1T (1) 8 2 Wi R A7 il A DA Ay 7 SRR AL TR P A6 o
% 5y Wi AL s (Lewis active site) 72 B A P I H g 452 X AL B 000, &) DU it
ESRRIMEATE, W RSREAS . Uik s MR S HIEA TR b, Rk
FERAL IR B K 25 O3 MEF P2 AR VE S8 0T (Reactive Oxygen Species, ROS) HICHEYI ,
Ho e S AR 5 R F2 AN 9 i VAL () S REI AR R AR, 4 4 J8 AR By A0 M 2% &)
R A N, RSN S R, OB AS B2 5E (OHags) A HEE (027, &
HRFASE CO) PLEAERHEER ("0 102, fERARIEE A RF, FEEW
AL B AR B is: © Os M HLTE LA 7] B 45k W B 210 A4 700 28 Th0 7 e T 825 45440
B F IR TR AR B A @ Os BN BRI RITEPER 5, i 10,
V) 422 P e LTS e

O3+S e 0;—S (1-2)
0;—So0—-S5S+0, (1-3)
OH  +S e OH-S (1-4)

O3 +0H—S & 0;—S+ OH (1-5)

CAE AR, AR FIPLHIA R B R BRI 53, i S R it
EDTA HiZ8 R, il 1-4b iR, B4, ARui-N-(CH.-COOH), & A &k (N-C)
BRR, PPE O = R (Cu-ED3A), ZJEMKIRF2AE 4 e = B4 (Cu-ED2A). —H
FPEIR £ W (Cu-EDMA) F1Z &4 (Cu-EDA). % —7Jj1H, Cu-ED3A [J-N-CH,-CH,-
B BRI 2L, AR KR (Cu-IMDA), FEiE—35 /0 i 55 4B 1 (Cu?t) LA
K H BB RRENy TIR. e2%, Wi iZD B E sl Cu-EDTA 1%k

Catalytic active sites ?
i
A
TI77777
Organics ............ 6;;““”""””"”””(.) ...............
D or
At | @O “
[¢) ¢ s 4 s
3 ¢ Radical oxidation
Aot x

TITTIITIITIT X
Catalyst Surface i V “ ; 4 [ o 9O |
i 10, 777777 ;

B 1-4 (a) FAEREEERPRE BEMIES BEFABEPY; (b) Cu-EDTA KIZB
R AT

SR, SRR FUARIE S T SR AL S L LR B S S R AL 72 R AR S LRI
&, EEREEE AR LB SRR A R AT .

15 FEMHKBEHURANIEEEKSYNEFTE PR
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1.5.1 TR ELFH K K EEBZEY)
15.1.1 FEMEMEMREMHEELSES SV

EAr 8k (Zero-Valent Iron, ZVD) S&E—Fi i Z k4. JoEEME HIC R B8 SR 52 1) [ AH 24
AN, BT, ZVIAE BRI E B4 E b RIS a9 B E&E 3SR B IERL,
L T SEPRE &8 KB R T, 8 ZVI#E R (ZVI/03) A LIS A 75 4 I i 265 A1
FERIRAE TATRE. bR, ZVIEKIER R A Fe? H Fe¥t, Fe? m DAE AL B4 A n 4d Ak
MR A B (0 1-6 2] 1-100. H—J71H, ZVI R EEKP 2 kAERENIERE, ©
BRI PR B i AL R, AR ROS IR &3S, BIESBEE . ITESNE
J& B -] DU IR B FE A R T 1 SR A A 004 D0ST 7 JE gl ZVI Bk iR, BE B R
AMREAY R ILRIPTE N RS, ZVI 1) ER R AR ZVIOs R &, S 1+1>2 ek
FRAL T R0,

Fe?t 4+ 0; - Fe3* + 03, (1-6)

O3 +H* > 0,+ OH (1-7)

Fe?* + 05 > Fe0*" + 0, (1-8)

FeO*" + H,0 - Fe®* +-OH + OH~ (1-9)
Fe3* + 03+ H,0 » Fe0O** + H* +- 0H + 0, (1-10)

15.1.2 FMERFARBPRE

IR, FEMEAFAGE IR, ZVI SRR, fEREE R — EEE N SRE 3=,
HARLRRT (X 1-11 3] 1-19: KER T, M s fral @ im =L Fe? 107, 2Rz
BB KR A E MR (Fe(OH)) o 53— TJ71H, Fe it — 44k Jy Fe3 11081090, ki /K
7

fifts DUIEH NN EMEL (Fe03) VUM =8k (Fes04) FERF ALY, RUMELE TS
R SR SR A T AR, DR ZVI R T BRI S
Fe® +2H,0 - 2H, T +Fe?* + 20H~ (1-11)
Fe®+ 0, + 2H,0 - Fe?* + 40H~ (1-12)
4Fe?* + 0, + 4H* - 4Fe3* + 2H,0 (1-13)
Fe3* + 30H™ — Fe(OH); (1-14)
Fe(OH); —» FeOOH + H,0 (1-15)
2Fe00H - Fe,05 + H,0 (1-16)
2Fe(0OH)3 + Fe?* + 20H™ - Fe;0, + 4H,0 (1-17)
2Fe + 0, — 2Fe0 (1-18)
6Fe0 + 0, > 2Fe;0, (1-19)

ZN1 R B SR 7 )2 R M FE PRI AR R U ZVI iBR AL 2 A T Bk
AR 8], FLEER LA 702 WAME I AR5 A il T e i RE 2, FE BB b
JEERETRA UM ER . 55—, BREETE R RIS KEFEIE(=0H), ATULINE )R
B TARPLER SR s 25—, ZVI BT E 2 AR h TS AR A Bk 5 1 [ ) £
BEUISY, DT o) <5 e 2 1 BRI SR AN i (14, T DL, SR RO SR A ZVI ) 7 4
t, SREA T IR AR AR IR S &, X T ZVI0; kR LR RE M ER
HE,

1.5.2 FM BRI 5T = % SR

AR, TR LRSS — ES8O) Fild e Rt ZVIETE, HRms . itk
PRSI TR RS SRR AL R AN A B P I3

1521 WEIEHEMN B
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@) X EXAL¥
s/ SHANGHAI IO TONG UNIVERSITY TS ENSKEUR R AN LR — RO BRIREA MR
i H SR AR E MR SRS ZVI 72 Z AT s, aUE =2 (LZVD 1)

R T FIJUREL) 200 nm [11544%, RIMAR T HEZM Fe*'. 5RMGFN ML, LZVI
EBRSMES (Cr(VI) MIRMERFEIE S T 4-120 5. LZVI 25 Cr(VDFIPLEI @ 1-5a
Fim e FIRWREGR LSS, ZVI AR H LRSS, A R K EE S T N Bk R (ki
T, JRAAE KBRS A Fe?te XL Fe? REPUHIE JE T I B 4A A0 Z R I Cr(VI), ¥
A FE 2 LA PP A, SEI Cr(VI) IR Ji [ €

1522 HRALEN

TSR, AR HETE R R BREEEOR BN T, R A B ELX R 858 AU 1) B S R x
TN BRI ZEAT S B, Hu 28 NMTIRLR M AROR AN AN K& 5RO kL, il &
T HERB I ERBE N, T ERBRAKR R Cr(VD). L3 EBRBHIN A0 gk i 5e 2 4k b ik
LA R ARG, HTHEGZREWFI T 455K, I H TR 5150
PRt KL, RS EANERAE K TR FeX IR E R RIBMEM LI 5 %, ZVIiBRE
B Cr(VD)FI R PR ZRPETF T 15-80 £, FLAE ISR N i ARyl R B4, 2B Cr (VD
MU L 1-5b s o

15.2.3 MERALENEL

Lilt8I5E NGl i iR vk il £ 1 BRIk 0 ek, T &2 BR Ni(l), Cu(l), Cr(VDHA!
He(IDZEHEE)E. W 1-5¢ Fir, BRI AT DIBIR - 2 EIEREARZM L (nZVD), 1E
HRM PRV 2R MMGKRL, 1ERE T BOEE, (R N2 T m R E0R Fe a4
fro [FIR, BEZELAIBERR (b 9K 220 k] LAXG N Ni2H R TR BEAR RS, 4k T Ak 5 /K i
TR . BEIRR AL AR AN AT AP B Ni2 s FL [ e 7R E A 052 2 A3, RIUAMR
2R E (258 mg Ni/g Fe).

Inefficient Efficient b pAYll OoXx-zVI
Cr(V1) removal Cr(V1) removal Pt et et AT %
Liquid nitrogen
treatment

R R i
- o Inhibition <) - . |
ooe X e o . A . 3 ool st '
] 3 major - 7 / 0 CH¥ H* i ) "’..."" = ®ou!
Cr(Vi)san : o A oF I
(V1) Cr(Vies Crog- f - -] !
¢ i S
e Inefficient ) A Efficient
Lzvi o > cror
~ Fe(ll)-rich oxide - .:
@ Surface-bound Fe(ll)
: Nifo
Ni(lt) ()

_ Galvanic
e replacement

t ,;f" Lo —— SRS )
¥ Kirkendall %
effect

B 1-5 (a) MEFEWZEMEKGIRZER Cr(VDRIHLEM; (b)) ERACEMHKFEIRERR Cr(VD)
FIBLERINT (c) BRBRALGLKRZM BRERR Ni(DRIHLER S

16 MREBFBSHAZEAR

1.6.1 %GR HE
BTV T = K5 Yl —, BHEH S A T ik i R AR A RK, ™
i FH KRR 5 AR, ARTIE S E S R A B R LU LR B S8 . Hilm

% 11 1 3£ 39 ;|
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o/ SHANGHAI JIAO TONG UNIVERSITY e ENkECRESN KRR RN ZEBRIRES TR
PAMNFARIELS S B SRR T 2 R, SR, PR— AR H A RE AR A
L EBRESEE T, BEIETEIMNRM . AT SRR E SR b, GERTEE
BRI & MBS RS — S R B T AR R AN TR AR SR E LB I EE,

RABIEN BB g A8 RAMRBESE A, 8N H T 15 KA E AR 5
FAR RLAASEAL AR L, SRATEMEAL T BIAE F R ] BLar i P2 A2 «OH Z83E U7, 5 B nis 4
B NI R, AR, BEEENB R E SRS AW .

EWME BFERRERE, MR, AU S . ZVI BErT DUS S Ak 22 8 L A
& Fe? A B4R, On] DLl B2 30 B R B8 is b R4 A, ZVI B RIFH) &
ElEEEMERE. X ANE ZVIO:; Kk RELMEESESBIIFRE S &8 B TRt 7T
WK . NT I ZVI RIHEASTERETERH]Z), ARG E s s E40 e85 2
GEMJ BTN, RS REEREE R R BB T, AN B8 R T e 3N F AN A O AN R T
BEALI R SRS TR BR, R ZVI B JE s R A B AR g aE 77, R n] aEE o B AR
¥, 1EFCERI OIS IERA S is i R .

1.6.2 WA SHEARKEL

AR IE FI W] T AL IR R AR R A S B 2 T 4 Bk, 25 5 HAT 9 AL 7R L Bk
H1 Ni-EDTA fIPERE. RN, S5 S APRERAE T BOMUE L S SR AL SR ] B TS 4 RHEEAL SR
AR B R A AN 5 PR < R LB, DM R R 4 S R R B A R IR UK RS
ERIATE FEIEA o FOLE R PR SR B PR 22 i R

(1) EREEFRAR T BRI 1 RE 1 U R B

() WP EE R G LR EERR,

(3) REMEAL A A 3 BE MRS B A 2% S L

(4) WALk R E e B T 5 2

........... Tk I
BFRHE (SEM) [ Fihek: (2v1) ] [ S (B,0;) ]
BHETIMG (TEM) l .

S BB XSS (EDX) HUBEREE

IIBIR B (BET)
X5t4£75¢ (XRD)

XStmka TR (ps) | dOMRE [ mumEIns ]
I5NSEHE (FTIR) L B-ZvIer

B FIRRESLHRL A (EPR)

NG FE (UV-vis)

KIFTTESIXE | i — , — SREIEE (FTR)
BENBEHH = 1o £EaNi-EDTAM BRI | BTEWH (I0)
BRREEE BEZRIERITE (DFT)

(e-zvem0,As s meERERNEERR |
|
l l l |

(mae ) | mwan | [Eees ) aoxprz )

A 1-6 BIARBELRE

a
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MISHENHREAREANERC RN ZEBRIRER SRR

BB IWHE

2.1 E#E5IH
£ 2-1 EEFRARAF
A 15 ai g e
I JRERA Fe srprat, 100 H (e 7wl
=SA T (BRET B,0; gy et ] 24 5 AL Sl PR A
NG 208 A CioH14N2NayOg M4k [ 24 4 [k 223357 PR A ]
NG FAER NiCl-6H,O oy M4t ] 24 4 AL Sl PR A
A NaOH oy M4t ] 24 4 AL Sl PR A
A HCI oy Mt ] 24 4 AL Sl PR A
TeK C,HsO oy Mt ] 24 4 AL Sl PR A
VU7 3R Ak B Ci16H36NBr HEFEREg, =99.0% i MR AR R A F
HH i HCOOH TRAH AT 25 ERFRHEG (L) HRAF
FHER M CHNaO, WA ERES, =99.0% (NT) i AR R A F
SALEN NaF oy Mt ] 24 4 AL Sl PR A
IR — A4 KH,PO4 oy et ] 24 5 AL Sl PR A
KR C7H402 sy et ] 24 52 AL A TR A 7]
EENA AR FH A vk H0 - PO Bk e 4 (14 PR A 7]
22 FELWUER
R 2-1 FELHAEE
& LRSS CR
17 AEREEHL QM3SP2 A I G AR A PR A
REA R WH-H-Y5A M ORI R Sk AT R A F
[l 4R 5 #s HY-5A ] H 2R AT B A ]
pH it PHS-3C AR R A PR A F
R B O L HC-3018 ZRP R ER AR A
B TR R EIEAL iCAP 6000 SERIES FEER M RBHE A F]
B2 S HUH MR LH-25A JERER AR K AR A F
o R B B A UltiMate 3000 FEER M RBHE A F]
T B MAIA3 GMU model 2016 RIEEHRDAWAA
353 N SR ATk F200X G2 P55 Rk I A7 BRA #]
XS ATHHR 6100-X i 2 ]
X-SF oL T Re ik AXIS Ultra DLD FEBR R BHE A A
LA Wy R UV-2550 BEE AT

%13 T 4t 39 W
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S/ SHANGHAL JIA0 TONG UNIVERSITY TS ENSKEUR R AN LR — RO BRIREA MR
R AR K ALAR AT A NOVA 2000e JEYE vh BRANER 5 5 A PR A ]
HLAL 2 T AR CHI 660E RIS IR A A
IR R BSA224S FRLZRWRENEE (b)) ARA A
Kb BT A PGD4-W YT iR KA R A F
B P P AL SB-5200D TR Z AR A B BRA

2.3 WMSIRFMNERRIHIE A

BREE L ) £ R S AN R SEIRIRAE A  2-1 Fise 7E 100 ml FIANEEANER BERE i\
10 mm AEHERER 20 4, 6 mm ANEHENER 60 1>, FEIIAN 4 g Pk A1 0.2 g LI, 3 E %
, REEE TATEREN L, WEEHE 500 r/min, 1ERAZFIZITHIR, L 4h. BRESEHR
JEBUEER R, ARid o B-ZVIP™. LR [FIFE B SE 50 2640 T, ARG ER B AN E X HEAE,
4N ZVIPm,

Reactor+B,0, zvI Ball milling
B 2-1 BREEFE B-ZVIP"
24 FRETHEMERRIRIES A
R 2-3 MORIRIET &

RAEHA INE IR RIEFER
X-SHEATH (XRD) SHIMADZU XRD-6100 XRD VIR S 5 b e
X-HHEOG R (XPS) Kratos AXIS Ultra DLD XPS KT RAIAE N
T 2AEE (SEMD LEO 1450VP FETHI T30 % S R~
75 T e (TEMD JEOL JEM-2010 TC A S IR R~
FL R AR S LA BT (BET) Quantachrome NOVA 2000e Fb R mAR
HL g R (ESR) Bruker E500 H 3
il B 2L 461 (FTIR) Nicolet iS50 FT-IR spectrometer BRI AL S

25 HREHEMREXRESIMEREIITNTGE

2.5.1 fif#A e &

(1) 1 mM Ni-EDTA: FREL 0.3722 g EDTA-2Na £l 0.2377 g NiCl, *« 6H,0, %/ Ni 5
EDTA WP EZ N 1. 1 BLE, EHT IL MirasEfif.

(2) 0.1 mM Ni-EDTA: #H{ 100 ml 1 mM Ni-EDTA, E% T IL (IEEMR .

(3) 0.1 mM NiCl: #HZ 0.0119 g NiSO4-6H,0, EZT 500 mL 2 &M .

2.5.2 AL SRS 2% S

HX 100 m1 0.1 mM Ni-EDTA ¥ T 200 mL #EFEH R, 1E B iEdRz a5 L 250 r/min 5%
Y. S5k 100 scom [IAUHE R4 10 min B/K PR RAMEA, RN 0.1 g fEALFIFF

% 14 T 3k 39 T
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T oo o Tons s M EN A RE RN ERZ BRI Z BRSSO

F'Jir“, £FB% 20 min BUFE 2 mL, FTEUCRESZRIF 0.45 ek e Je g Skid iig . S br B 8% R /K SRR
TR NI EE A% . ZVIPn Fil B-ZVIPm fiifh R AL FE Ni-EDTA KK R Bl H
ZVI'™/O; Fl B-ZVIP™/O;.

2.5.3 W H SLAIKREE B E

TR S AR P SR FH S SR IS 52 o A i B R R S R S S AR RO A A,
T o ARSI I 2 1% A RO, R bt e R IR

BTSRRI B B MK FE R LL B 10 mL ZIBEZRAb, e K L tajil
SENLRE, IRt EIRANEE, A R e, R T BT AR, [k
I RG] (— >1i BAYE), FIMARERT (2D 132, ER#Esh s kE

WAEAE, BRtLEImANEE, Fib 3 208h, & “WREE” BT RAUKREENE, SRR mEL
HRI AR AR E (mg/L)s

2.5.4 TRV VR IR EE I
SV B SR FEUER B S AR R AR g o BRI D IR AN R . TRV AR R

I 1mL FEfh, 0.5 ml IRESERFN 3.5 ml 2558 1K, E T, T 120%/%@5?%4\%
MARPE AN 232 nm,  BFANEES-PAT I E = IR HCF31H
2.5.5 W S EDTA B [ 5E
EDTA I 5 K F i RO € iy 52 - /T Ni-EDTA 7E7RAH (1 DAD #8128 5 A 45
MEPEAK, IR B3 EDTA-Ni B #°4 EDTA-Fe, EDTA [ ERURANIA RIEMN
T 4% R
(1) WHIAH: 2% H ER—HERENAR (FFIR 15 mM, HEREA 5 mM, DT E7R10E: 1
mM) 1 8% ZhiE .
(2) FEMUES: BB 2mM BREREE (Fe(NOs):), FIHERIATT pH £ 2. HL 0.5ml #£ 5
F10.5 mL FEFRERVETR, INFAZE 100°C, HARREHEIL 0.22 um B jEL, FERA
1.5 mL A EBEFE H, H HPLC 7405 Fe-EDTA K .
(3) #EREZAE: WA 1mlUmin, FEIEN 25°C, HIEK A 258 nm, #EREEFR A 100
pLo

2.5.6 i B BRI R I E

Ui B ARV FE R T i o e 6 VR s « BRI 0 3R R « R e #ERFZ L 0.2
ml #£dh, 1.8 ml EEF7/KM 0.1 ml BUFR T E.0ES, IBEHY, BRI 02 ml T
540 0.2 ml EDTA ¥ . 7 0.2 ml FE SN 2.3 ml £E K, BRG] AL
(700 nm-400 nm), T 460 nm ACMIXI IR, IR PR AN i BB G B 22 10 NV HH e 125
B .

2.5.7 VW eOH R JE ) 58

DL R N7 THREE & B IR R «OH 3K o 2K H R A-OH 76 /KIS P 2 b Je v, —
RN ZE R 42109 M8, # 1.7:2.3:1.2 B A2 AT SR L FE G L [A) 32 S48 FE R R
SR FRR =R (20 2-1) 19, Hf, p-HBA (3K A #F HPLC 253, 5.87+

COOH COOH COOH COOH

OH
Qo — QL+
'OH
OH
1.7 s 2.3 - 1.2

% 15 T 4t 39 W
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0.18 mol *OH 5 1] 52 IR Iz A= ik 1 mol p-HBA . [l tt, vAW R B A1-OH 3k & n] MR p-
HBA 218 58 2-2 1H 545 Hi 120,
Cumulaive[s OH] = [p — HBA] x 5.87 (2-2)
(1) B 70%H4lKF 30%H 20 .
(2) BEFEFAE: WHECN ImUmin, FERFAEE N 25°C, LIMEMZE KN 270 nm, 3
FEAFIN 10 pL.
2.5.8 VAR Fe* I il 2
FeX ik B R 5 R 3R B A e e ikl e . BARRICE B : B 0.5 mL (A

FEdt, DKFFESE 1.0mL, A 1.0mL #KEJy 2 g/L 1) 1,10-48 =& 3EM 1 mL 10%75/K 418
BT, PRAREGIRAT 0.5h, AN (700 nm-400 nm) , f K HIEA B TE 510 nm.

2.5.9 JREALZLAMEN B-ZVIP™ Al ZVIP™ fE 4L R A AL L B Ni-EDTA 1 e vl
T
P4 I 5l L AR 4 47 A3 (ATR-FTIR) F£AFE ZVIPm A1 B-Z VI 4k B4R 4 R 7E
F21% Ni-EDTA BSOS FE T B4 (B 2-2). &5, % 20 mg FIAEH 80T 1 mL /K,
HR 10 s BRI A B EIE . B 10 uL B IFE00M B R G R0, BT R, 1
N, ESHEEN 4em™ . FHETEEA 500-4000 cm™! N 64 CRETS SO, ARG, KIA
A SRR N R A, E — s IR IR [R) B P9 0 £ A M R AR AL

B-ZVIP™ or ZV|P™

&N

2-2 JRATELAMIET B-ZVIPm Fl ZVIP AL REE AL E R Ni-EDTA [ )k Rt 2

Water or water/O,

% 16 U1 3k 39 7
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E=E MisFkETNRECRE R ER NI-EDTA

3.1 MRISRIE

3.1.1 EHE R

G, I SEM RAENUER E A LIS BN SIEIE RS s, gl 3-1 5
3-2 ffizn, ZVI Bk 2 AMERCR, RIMEFE, RN 81.2£20.5 um; Lt EREESFE,
ZVI™ FIRIAR /NN 5.6 4.3 um, REFEREFZER M AT ZVIem, B-ZVIP $iiki 2 ik
REEEE— 08w, KRN 15111 pum, UEBEALIBE 2 &5 G2 BB s, il
SRR - o B et e *zwmaﬁtﬁ%m (K 3-3), ZVI. ZVIP™ fil B-ZVIP™ [ LE 2 i #7
AN 041, 0.81 1251 m2g!, %4505 SEM HA R MRS & AR fbiath—2, F K
LR AR B T3 AE 0 2 B AL S BETE TR R

B 3-1 AfBER: () FNE ZvL; (b) REBFENE 2V, (o) HILIRBEMN 2 B-
ZVIbm

%17 T3k 39 W
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100

100

JL
7

d=81.2+20.5 um a C
&l /\
20 80 m d=5.6+4.3 mm sl / n d=1.5+1.1 mm
‘s‘ 15 60 l 60 '
o - [
10 40 40 \
~ / | [\ e
5 20 — 204
o 0 . . ) — 0 . . . _h — —
40 60 80 100 120 140 160 4 8 12 24 28 1 2 3 4
Size (um) Size (um) Size (um)
B 3-2 ZVI. ZVI'™f B-ZVI'™ FpRiE A
ZVi
44
—a— zyjbm
a~3] —e—Bzvi
oo
(42]
3
-’ 24
E
” ) W
0+
0.0 0.2 0.4 0.6 0.8 1.0
P/ Po

3-3 ZVI. ZVIP'™ F B-ZVIP™ [5S  FE-B F b 28
# 3-1 BET L RERNRGE R

ZV1 ZV1om B-ZVIPm

Specific surface area (m? g!) 0.41 0.81 2.51

3.1.2 WEAE B 26k 2=k i 52 i)

T AR R DB R A B b, FRATRIF IE S BB RE1SY (TEM-EDS) 43 #fr B-ZVIP™
ML E A (E 3-4a), KIIEEREBIU BN, R a5l A2 B-Zzvbm | H 3=
TGN BRI R . N XPS LR AEIER ( 3-4b) Faf LR, ZVIPm FKHE A H I
JCEMFFENE (£ 191.8 eV), 1 B-ZVIP™ (3R L T W C R IRHIENE, 32— s i
WINBIERI AN . BifE, M XRD 458 (E 3-4c) KL, 5IANBIENE A Z LR
TR SAF AR, UL S MR BR BB I FE R A T e e B, AR A . B 3-
4d 5 ZVI. ZVIP™ Fl B-ZVIP™ 1) XRD RAELE R . —Mpre i #l A B 78 AT5 g (JCPDS,
NO: 85-1410), X 20 J 44.7°F1 65.0°. Fribz 4, #A ML HADATHER HIL, B
BREEFIE R A S TR SR 4, 98 a-Fe.

3.1.3 KI5

Wi, FATM A 2 X-GTE0 T REE (HR-XPS) 2347 ZVIP™ Al B-ZVIP™ &1 By
O. Fe JLEMMAS. WA 3-5a fizx, MHXTT B0 4 B 1s 454 HE (193.9 eV) 1211221, B
ZVIPn i B [ EE A RE A 4 A RE T RS T 1.7 eV MR CBRIRIE, 455 FE1E 192.2eV ALY
WEn] LLEJE T B BT 4 @ A s e R e t23], Ty BOAC d i E AL LY B ] A7 2%
Gy BRI, WP IR LS A

% 18 39 |
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b C —— B-ZVI"™" d
- . B,0, i
3 5 3
s s a \
2 > Z Zviem JL N
[72] "7, E
o 2 5
= = = | Bzv°" o
Fe PDF#85-1410 | |
800 700 600 500 400 300 200 100 10 20 30 40 so 6 70 20 30 ) 50 60 70
B.E. (eV) 2 Theta (degree) 2 Theta (degree)

&l 3-4 (a) B-ZVI"™ i) TEM-EDS JTRZMG; (b) ZVI"™ Hl B-ZVIP™ {{J3RTH XPS 2 E; ()
B-ZVI"™ #1 B,O; ] XRD Ei%; (d) ZVI. ZVI'™ i B-ZVI'™ §] XRD &

ZVIP™ [¥] O 1s HR-XPS B3RS v 4LA Bl 3 /M, 20l J& T @ 4 (530 eV B gk (532
eV) MK (533 eV) 124 (] 3-5b), &5 B i buAdl 73 8 51.3%. 36.2%F1 12.5% (£
3-2), WHABKBENSRRNOUESLE —BHENDFTE. LM, B-ZVIP™ 1) O 1s HR-XPS
FEE R A 193] 4 Mg, 458 TR (530eV). BliFEdE (531eV). BFEH (532eV)
AR K (533 V) U251, EEBHRICN 18.8% 24.0%. 36.1%F1 26.1%. ZidiifsifiE, B-
ZVIP R A% A S B R R R, #3E—2BE M B W] AR LB B Y i A R T s i T
MR N7, B-ZVIPn R L TR IE (B-OH) A2 dE (Fe-OH) WAhERRE4, 1 B
WA R TR E 225, P mIL MK EEgE, W SGEM ML R A= AR E
H 3L g 0261270 e A, KRl A E KB, B-ZVIP 5K A N 7.2°, MIELT ZvIem
EoKMEAl A (32.4°) HRTE/N, UF TS A0 2 B A B AF SRR D28, fE3iE T XPS 1
AR B K S RN 458

a B1s b 01s Raw c Fe 2p Fe(ll) 2p,, Fe(ll) 2p,,
~— Fitted Fe(lll) 2p,; | Fe(ll) 2p,,
Lattice O } Fe(0) 2p,, 1
o = —_~ | \
3 B-ZVI°™ 3 B-OH 5
S = Fe-OH 5
: g o | Z
£ 2 ™ z
< = a2
w 2 S
-~ £ E
£ B,0, £ £
v
- Raw Fitted
198 196 194 192 190 188 536 s34 532 530 528 526 T T e T e e e
B.E. (eV) B.E. (eV) B.E. (eV)

& 3-5(a) B-ZVI"™ 1 B,O; ) B 1s XPS; B-ZVI"™ 1 ZVI*™ [ (b) O 1s XPS 1 (c) Fe 2p
XPS

£ 32 ZVIP" R B-ZVIP™ [f] O 1s HR-XPS &4 B fIHE AR H

Lattice O/ O(to[al) B-OH/ O([otal) Fe-OH HzO/O(total)
530 eV 531 eV 532 eV 533 eV
ZV]m 51.3% 0 36.2% 12.5%

%019 T 3t 39 W
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B-ZVIbm 18.8% 24.0% 31.1% 26.1%

ZVIP™ Al B-ZVIP™ [f] Fe 2p HR-XPS K1 1) 43 0 25 A& 3-5¢ Frosliel, R Impds k)
EH Fe (707 eV & 720 eV), Fe* (710eV & 724 eV) Hl Fe’* (712eV & 726 eV). i,
B-ZVIP™ i Fel Fll Fe2 {8 4 A 10.6%H1 53.5% 2T+ 11.6%H1 62.1%, F1H E L1 Feo
A Fe? A B T AL SL A o il = A 0E e B 2 .

£ 3-3 ZVIP™ il B-ZVIP™ [¥] Fe 2p HR-XPS W§f7 B FITH AR H

Fe'/Fetotal) Fe?*/Feota) Fe¥*/Feota
707 eV(2p12) & 720 eV(2p32) 710 eV(2p12) & 724 eV(2p32) 712 eV(2p12) & 726 eV(2p312)
ZVIbm 10.6% 53.5% 35.9%
B-ZVItm 11.6% 62.1% 26.3%

3.1.4 MR phs PR AL

ZVI1 [FHETRERRE T RERZ M T HAE A AR S 1 Sk e B R SR LRI RE ). R,
PAVEITEEFER (Tafel) HZERAE B-ZVIP™ (155 plip 0201301 iy ] 3-6a BT %1, ZVIP™ [1])5
T BB AE-0.68 V, B-ZVIPm [{)JE5 it B A7 S2-0.77 Vo JETHEAI R G, M2 ER 5k
AT, BREBOR R AE SRR, AR, B-ZVIP [ fE IR K, FEBh )12t BRI R AR
Per2al, P g JULE, B-ZVIP™ [ PR HL T e R IR AL S 2 3R T, BEA BT s AN B 1
BEMIRE 1, AT ENERILE Nizt.

a 6.0 6
3 bs's_ ¢ c ul = B-ZVI°™
y o] E g zvibm
L4
T3 a5 & a
%6. zn:.a.u :16
2 =
8] —— BzVP™ 309 g B-ZVI*" 2,
viem 25 zviPm g ;
2 -0'.4 4)’5 -DI.G 47'.7 -O’J »0‘.9 -1'.0 t’) 2’0 4‘0 5‘0 8’0 1(’50 150 0 20 40 60 80 100 120
Potential (V) Time (min) Time (min)
B 3-6 ZVIP" fl B-ZVI'™ [f] (a) BEFE/RMILR; (b) RMEEH pH BN () RNIEF

RS BR BV B

BE S, FRATIER T PR L A S S N 2 IR ) pH 284k DL S Fe? Fll Fe IR
AL, BB e AR ploREE . ZVI AT DUE AT SR SRR AU e 42 OH- 5 Fe? (5%
3-1 #H 3-2). Wil 3-6b fiw, BEAE B TRIIE N, ZVIPm Al B-ZVIP™ B e ) pH E#AD
LT G B A 7E 20 20BN, B-ZVIP™/O; ) pH H 4.1 BREIR = F] 5.6, 1 ZVIP™/O;
B pH RFtE 7 0.8, WiH B-ZVIP™ 7 Oz A R ik Ze sl [ N5 1 pH (I FEACZ T
ZR 03 5 OH [ (38 3-300013214]1 3-4033.1341) J4E T ISR T ) OH . £EFERE B-ZVIP™ i
JEghd, B-ZVIP™/O; AW Fe i (& 3-6¢), N /NG, T FeX W EiLS| T
13.6mmol/L. #HELZ ', ZVIP™O; JL- A H Fe', Uil ZVIPn flifb e ™ 5, R E
ESREMY R E0E, ST A R R, Z5A UL B, B-ZVIPm I ZVIPm &
Pl B R R R D SR OE TR, X HAL SR 4 R — B

Fe® +2H,0 —» Fe?* + H, T +20H~ (3-1)
Fe® + 0, + 2H,0 - Fe?* + 20H™ (3-2)
SBH #5781 O3 + OH™ - HO; + 0, (3-3)
TFG 7 O; + 0H™ > 0, + HO,. (3-4)

#5020 o1 4k 39 ;W
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3.2 REMENKECREE AR NI-EDTA B4 58T

3.2.1 MEREVEAL SLEG

PR B 0 22 0 Bk e Ak S SR SR A PR RR IR e, AT T ZvIbm il B-ZVIP™ 76 4 i
ZM N AL AR VAT Ni-EDTA F12: 5% Ni (IPERE (B 3-7). ZVIP™Os 12 N I /N
HERRT 4.6%M) EDTA 1 13.5%H/) Ni, 1 B-ZVIP™/O; 7£ i /NiF P A BLZFR 98.6%) EDTA
H187.5%H) Ni, EDTA [ 2 [ Bl i ) R0 A5 G i — B [ B8l 77 5 (8] 3-7a 3l A B . B-ZVIP™/ O3
R R A ZVIP/O3 18 R 2Bk EDTA FIRMEZF E (k) 43772 2.7%102 F1 2.9%10* min™'. B-
ZVI™ O3 {& R 1) EDTA FAfif 26 Wk 8 B0 ZVIPm/Os K 2511 93 1%, d WIS 1 g 1A S 3 vy
TR LA L BR Ni-EDTA FIHERE .

a, b,
1 e B2VI™ k=2.73x107 min?
0.8+ 10 VT ke29310" min® 0.8 4
" Q
o 0.6 J s o 06
(8] F (8
-~ os S~
> >
O 04 ¥ O o4
- Time (min) =
02 Ni-EDTA S 02] Total Ni
—o— B-ZVIP™ —o— B-ZVI°"
0.0 viem 0.0 1 Zviem
(‘) 2‘0 4‘0 6‘0 8‘0 160 150 (') 2‘0 4‘0 6‘0 8‘0 1(')0 150
Time (min) Time (min)

B 3-7 ZVIP™Fl B-ZVIP™ B RE (a) B Ni-EDTA Al (b) £ Ni FEsE, Hda i
WA BEA Ni-EDTA B KHE— R R NB) 1% E . RN %MH: O3 100 mL/min, #BK
B3 250 r/min, [Ni-EDTA]=0.1 mM, V=100 ml, [Fe]=1g/L, pH¢=4.07

i T A AR R AR 2.07 V, 8 T HER RAEE X Ni-EDTA R4 1520, 38471
L2 T UMLK R T Ni-EDTA MIfFIE DL WK 3-8a AR, (MR ANIER T, Ni-
EDTA JLFEA#ZERR, 1350 REA R E AR NI-EDTA. B-ZVIP™ 7F JUE 25 S 1) 5%
T, BN AT PLERER 29.6%H) Ni-EDTA, H#HEMIBEES Ni-EDTA ) £BR T RERIET B-ZVIPm
T TR AL Ni-EDTA, 30 Ni-EDTA #i B-ZVIP™ B0 B 256k, B-
ZVI'™/O3 #5 % Ni-EDTA HIff 2% 18 2653 7l B LA E AL B-ZVIP™/ 23S 4R 51 2000 f5 A0
10 fi% (K&l 3-8b), #iH] B-ZVIP™ A LLVEA R A#EL% Ni-EDTA, —#F FFE&1EFHX Ni-EDTA
iRy SE| PSS (A

1.0 351 @ B-ZVI"™/0, k=2.73x102 min™* -
304 @ B-ZVI""/0, k=2.58x10" min™
= 254 © 0, k=6.45x10"° min™
o 0.6 J 20
L Py
r O 154
O o4 =3
1.0
0.2 4 03 0.5 4
—ao—B-ZVI°"/0,
0.0 - by 9 @
01 —e—s-zvI""/0,
) 20 40 60 80 100 120 0 20 40 60 80 100 120
Time (min) Time (min)

&] 3-8 (a) O3, B-ZVIbm/O;, B-ZVI'™/O;f#% Ni-EDTA HI1EE; (b) O3, B-ZVIbm/O:,
B-ZVI'™/O; fi#4% Ni-EDTA MIE— R RNB IFUE, REZEHE L

%21 70 4t 39 ;W
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3.2.2 MEEE AR VE

BT SERRIE /K ) pH I HAE 4.0-9.0 Z 18, N T ¥ B-ZVIP™O; 1k & 1) 92 bR H i 5,
BATHEE T B-ZVIPO; 1k RAEYIUE pH=4.0-10.0 55 [ (1) Ni-EDTA fi# 2% Mg . 418 3-9a 7,
B W WYIAE pH BT, B-ZVIP™O; 1k R R4 Ni-EDTA FIRCRISE TR, (HZF/NH
EDTA [Iff48 RATSRYERFIE 88.2%LA L. #I4f pH v 4.0, 6.0+ 8.0 10.0 IJZFF T, EDTA fi#
28 [ R F B BN 2.73%102, 2.35%104, 2.01x102 A1 1.80x10* min" (J& 3-9b). HUItA]
W, FERRYE. AT T, B-ZVIP™ & e = AU A R # 2 Ni-EDTA . 51E 4155 1%
FARA LIS, B-ZVIP™O; 4 & 1] AAE e R 26 1 N e sl e, SR T4 G A
SSWUEALTT pH TAEJGR 2= S, A R0 Tl S 5t

d 1.04 —0— pH =4 b 354 @ pH=4 k=2.73x107 min* =
\ pH,=6 3.04 pH=6 k=2.35x107 min™
0:8% =3 pH,=8 25] @ pH,=8 k=2.01x102 min
= _— = = 2 min?t
o 0.6 pH,=10 <P 20, pH,=10 k=1.80x10 min
& ~
O 154
J o4l ‘_E
1 1.0
0.2 0.5 4
0.0 0.0 4
T r r r . . : 0.5 4+— r T T T T T
0 20 40 60 80 100 120 0 20 40 60 80 100 120
Time (min) Time (min)
B 3-9 AEHIME pH 4T, B-ZVIP™ L REMLEIE B Ni-EDTA [ (a) EEEF (b)
—HRNB I FNE

3.2.3 i

BNk, BATEE T B-ZVI™O; 1k # R4 Ni-EDTA et (K 3-10). 5 M
AILLfi#2% 88.6%H) Ni-EDTA; 5 =R MG, IR T 70%0 Ni-EDTA. 28 kK76
REETR, B-ZVIPM ISR E I H B (1) Ni-EDTA RS A RE )1, (HI 5 = IKIEH, B-ZVIP™ (¢
SRS T B3 TN, R BRI T, AR ERE 1R 58, B-ZVIP™ Bl PR 5
BRI, B-ZVIP™ LR 5E Al TvE 4k Sl A0 DL SRS

1.0 : B-zvVI°™
0.8 4
g 06
~
(®]
0.4 4
0.2 4
No. 1 No. 2 No. 3
0.0 -
(I) GIO 150 1§o lelO 360 3(I50

Time (min)
& 3-10 B-ZVI'™ 4k R EELLARL Ni-EDTA KIfERE

#5022 ;4L 39 W
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3.2.4 SEPRHEGELKALEE

5 Ja, FATH ZVIP/O3 Fl B-ZVIP™/O; 7k RACFR | SEPRES G AR LR K . ME] 3-11a
ATLUE H, B-ZVIPYOs; A B ik B 4% G AR I ERE R Z R T ZVIP/0s, 6 /NI PRI 25
HIr NN 54.27%F1 32.63%. BhfG, FRATH I 6 /NG FE BV pH P15 2 12, (a1 e
B AR TIUNE R BTTE S > ZVIPM/O5 AT B-ZVIPYOs 7K & R SR 5 ABR BE 5.685 A1 0.057
mg/L, Hr B-ZVIP™/O; 7K RACPR )28 & A8 A OK L iTiE 5, SERREE 2 il
HLBE K5 e HE R E (0.1 mg/L) . HIEA AL, B-ZVIP & AT ARG B e b HsLhr i
WEEREGIIK, BATH R TR HE 7.

R 3-4ZVI™ I B-ZVIP™ L REEFR S Ni-EDTA RSEbr 88 BOK T s

. B-ZVIP™/O5 ZNV1P/0O5
Time (h)
Cni (mg/L)  Removal rate (%)  Cni(mg/L)  Removal rate (%)
0 240.45 0.00 240.45 0.00
2 151.20 37.12 202.5 15.78
4 125.55 47.79 180.75 24.83
6 109.95 54.27 162.00 32.63
After alkaline precipitation 0.06 99.98 5.69 97.64
d b - fter alkal
1.0 . After alkaline precipitation
Total Ni vl
09 ‘ W
o 0.8
0.8 9}
J =
E. o J %61 99.98% removal

0.6 - < o4 97.63% removal

0.5 0.2 4

04 0.0

B-ZVI°™ zviem

After reaction
(alkaline precipitation )

B 3-11 ZVIP™ fl B-ZVIP» 4L R E A B & Ni-EDTA FSEBR B4 Bk I HERE: (a) RBIA
/N AR BRIERE: (b) IIRRYTIE G R ERE: (o) R HRERKIEREM. R
MEAE: O BESFIE 100 mL/min, 3BFREE 250 r/min, FRAR V=100 ml, EILFIFE
& 2 g/L

%23 T 3k 39 I
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3.3 THMEREMNSHECR AT LR Ni-EDTA BINIEMH R

3.3.1 MEHE T BRI R A ER Ni-EDTA [1i&1%

B-ZVIP™/O3; 5 R 2RI H Ni-EDTA H =Fi&fE, 7302 Fe 4G B #130, EMEk/
R B PR US7 SR A Al 21391420,

T, B-ZVIPm i AR, W Fe i — D E M Fe*te BT Fe'\ Ni?*, Fe?
5 EDTA Z A4 & B/ MIRFE N : Fe¥™>Ni2>Fex'ls), ¥EW I Fe3 il A5 Ni-EDTA
1 Ni KA B e, A2 Fe(IN)-EDTA A B A 1 N2t PRI, FRATTELM 77+ Fe(1l1)-EDTA
WEE (8 3-12a), KIL Fe(IIN)-EDTA HIIR FEAE [ S R i g 4RI . H R RIFE T, Fe¥* 5 Ni-
EDTA 1 Ni A2 $t 50 77 25143 120431, 55 ELm i m#k 1) 77 AR i3t 22 i Fe(1IT)-EDTA 441451,
R, E%IR T ILTFAS KA Fedtal Fe? 5 Ni-EDTA &S B H e N, Z%igfent Ni-EDTA
BRI TTHR AT LA AN T

HIX, Ni-EDTA fA/ERE B-ZVIP™ B4R IR T e, B-ZVIPm K[ K EFREE (=0H) fE
N N2 AT 5 (3R 3-5); FNEEHIMIZSAZS Ni-EDTA 2 DL = R HFC A4 1A 0%
MTESRE M FEE L4, 7E B-ZVIP (b AR NS G, TATAE R RN T B &,
0 3 R R A R P E B-ZVIPm L [ Ni-EDTA it Fft > & B 35.9% ) Ni-EDTA # fiit i T 2k .
R, AT NAEAE B-ZVIPm BB I 25 B Ni-EDTA Hi&4% . B )5, JA X L 7446 & 7 EDTA
A TOC W23, WA 3-12a FFEABR, B-ZVIP™WOs K &4 EDTA [ EBRFAR] T
98.6%, HZAIIAE 74.5%[1) TOC FREATEEIR T, VLB K4 EDTA A2 i gk B-ZzvIem
W B bR, TR R AT AL R

= FeOH + Ni%* = ONi* + H* (3-5)

254 DA By HT, B-ZVIP O3 S840 Bk T4 &2 57.7%01 EDTA, I 40 75 % Bk Ni-EDTA

R R EAEA (B 3-12b),

a b -
1.0 4 bm
—o—B-ZVI°" s0s] BV /0,
T S
064 100 TOC ! EDTA g
= | R 35.9% 2
X 80 desorpted 5 04 35.9%
o5 B 2. a
=4 = 62.7% Z 03
- > H
O o4 g ! 2
s 25.5% | S
€ ! s 02
0.2 ' s
0 €
S~ S 0.1
- W""\q Add KH,PO, U
e 0.6%
T T T T T T T 0.0
0 20, 40 e0r 80 200 120 Replacement Adsorption Oxidation
Time (min)

A 3-12 (a) B-ZVI"™/Os #F Fe(Ill)-EDTA FIKREDRLL, @BAERN ZVIP™ fl B-ZVIP™/Os 4k R
1 Ni-EDTA # TOC fIEBRESTH; (b) B-ZVIP &4 REERBH P Ni-EDTA HI2~2
3.3.2 iHMHEEM Mo B
N T Wi5E B-ZVIP™Os FAMELE FE DR, MM R 1 g & rERE (FFA, B
K10 FUTEE(TBA, 3RS A )M GlskRmMyEritamiL. wE
3-13a I7n, %0 FFA A TBA JLF-3%4 0] Ni-EDTA RUEALMRSS, 110 0 A ) 4801 fif 2%
Ni-EDTA IR IER] 56.1%, (K 3-13b), HElll B-ZVIP™O; & R 1) ZyE P E Y Fh o2 B-
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BEJ5, BATEE EPR DAk R (1 H B 20471480, 1] 3-13¢, 7E O3 Fl ZVIP™/O;
R RPEAE LB RN ERES, £ B-ZVPYO0s A& F ¥ T HDMPO-OH. DMPOX Al
DMPO-R (k90 H S IR 5504, Pk R AR AIER 05 f1 Fe’, &%
DMPO-OH %1k 4 HDMPO 1 HDMPN, #j# 4xitt— 5+0H 454 73 514 it HDMPO-OH Al
DMPOX (& 3-13d), MR N=mEIH EPR(E5. BEJ5, IRATEVER RN RIS
Ji Fe3*, KIL B-ZVIP™/O; & 7 EPR 15 55 HIL 75 (B 3-13e). [, EPRAGSH
YLUHJE T DMPO-OH FIPUE IS, FIXFHREE N 1:2:2:1, #E—HUEH B-ZVI™Os 4k & KITE Y
T A« OH  AETR N FI R J , B-ZVIP/O5 {4 220 EPR A5 5 2%, FE—RAEIE T «OH N B-ZVIP™/O;
FIEMEYIM 458, Wikl 3-13g, 60 70805 1& R % EPR {5 58WIR55, 1E 90 78t {55 )L
SPAH G, BB R YA R QAN RE e AR AR F B, B VAR RN NaF BB 2R i
W Bt A5 1O, {55 BB L (K 3-13h), R B-ZVIP™ RH A K-OH & AL 1
BRI

B, BATCAZE IR A 7 734 e |0 E -0l (K 3-131). ZVIP™/0s R g4/
HeOH, 7E B-ZVI"™O; H &%) T8 £ «0H, {HJ2& 40 74 /5 RFN-0H HIEA kK. bfE
BATFAAAR R 5]\ NaF, K438 TH WP 25 1R «OH Bt B 274 7, TR 2 YA 7 P »OH 7= 150151,
SZERKB, I NaF J&, B-ZVIP™O; /& ZR HeOH IR EIE K, 75 60 4Pk E] T 21.0
uM, BEEAR R eOH FE DR MW A, 1245 R 5L EPR 45 RV & .
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A CREEIR 102 ST BRI EA-OH, HERIARE RSB ES
*OH); EPRZE (Bl DMPO NFE): (¢) 052 ZVIP™/O; il B-ZVIP™/O: AR FHIES,
&5 HDMPO-OH. &4 DMPOX. ¢4 DMPO-R; (d) HDMPO-OH 1 DMPOX 4 Rt %
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f55: () B-ZVI™™O: EAFER B THIMES: (h) BMEAH R ERMHE-OH {5
5 () REMRRFOH K= B pERT E 2L

3.3.3 R AS-OH )7r=E 15

PRI Z AT IR 75, AL TR TR 0 8% 5 3R 7 a2 W P S v Ak SR AR O PR ot o 9 T BRAIE
B-ZVIP™ K % 5 WA s E R, BATAIER AN KHoPOs, AE NS 5 el e 72 2% 5
HrR AL b DA S IR B AN AR 0521531 4] 3-14a, WRINBERRER)S, B-ZVIP™ LS4
(IR 28 AR T 84.6%, R A B-ZVIP™ KT 1 5 Wi Ar U2 WP Ak SR AE 3R T
W 25 OH 1) BEMEAL £ ARG, FRATINKT ZVIPm F1 B-ZVIP™ (1) S SR 5 R B B it 4%

(Bl 3-14b), &I B 2K ZVIP KM I FRA LM 16.68 pmol/g #2 =% 33.36 pumol/g, iEH
WE R e AN R ZR T 5] N TE 2 [ ERTE MR AL s 154155), Jh4h B-ZVIP™ #£ 150°C/E 47t EL A &
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15b), KI5 ) B-ZVIP™ ] XRD B3 i tH LA JE T NiFeO4 FUHFAEIE, Ui BIRE 4% f5 1
WA Ll S5k 1 8 2 T B-ZVIP™ |, TEM-Mapping &5 S ARAEE 148 1 [E 2
(Bl 3-15a). Bfifg, AT AR AE N R Ni-EDTA B/ JE 1) ZVIPm Al B-ZVIP™ AT
Ni 2p XPS FAE (& 3-15¢), FE45EHE 851.5 eV Al 856.1 eV Ab4r B T Ni Al Ni2+ )i
(581, i B B-ZV/IP™ {0 5L 5 22 B v i S AR 10 7 SRR IR B AR SR . Oy T 33— 2P 38F B-
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B 3-15 (a) B-ZVI"™ AL RE B Ni-EDTA B/ EREHBERETRESME (TEM-
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= FeOH + Ni?** 5= FeO — Nit 4+ H" (3-6)
FeONi++H20—>F60Ni—0H+H+ (3-7)
FeONi* + Fe® + HY »= FeOH — Ni + Fe?* (3-8)

3.3.5 WA B R A E AL L Fr Ni-EDTA HLEE S 45

B-ZVI"™/O; [F] I AL fif 4% Ni-EDTA 12 Bl S BB an ] 3-17. BB RS AL W)
AR, MBI B-ZVIPm R AE N 5 MR 55 . 1E B-ZVIP™Os R R, AT B-ZVIPem
RIMAM B A1l Pdb— s B R IR SR 3E F B (¢OHaas), RIS RIEE
Ni-EDTA SEBUEALARYS . BB FOAR B T BE AT AR B-ZVIPm (&4 H kA% s TR IR, X
Al LU B- ZVIbm R ERE AR B B e, 38 wT Dhdad el R F B 25 B%

H* 7/ /"0
| "WJ‘ P ™, no |
| - *O - ’ OHads |
"O: surface atomic oxygen
* OH,q4s: surface-adsorbed « OH }

Ni(ll) / l

decomplexation EDTA

degradation

@ Fe(0) O Fe(ll) OFe@ o0 @C N ON @B
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2% 5 TR A7 a5 o WA, BB A R T1E B MR L E 2 1) Fe?'. AR K. H
A 2SR LS U B-ZVIPm L ZVIPm R 5 58 ) R SORT AR S RE 77

(2) 7L B-ZVIP™ L L 2Bk Ni-EDTA (114 RE.
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B —EMIEIAR . 75 SE PR A AR IE /K 1 A2 At SR I H A 53 T i s AR B e 0
A B YTIE T2 S PR A B R K R IR BE M 240.45 mg/L P& Z 0.057 mg/L (IR T
T AR S R KR 0.1 mg/L HEBARHED -

(3) WHFT B-ZVIP™ {1 B4R [R5 S A Al 245 R0 2 B ity B AR AL
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EXPLORATIONS OF CATALYTIC OZONATION WITH
BORON-MODIFIED ZERO-VALENT IRON FOR
EFFICIENT NI-EDTA REMOVAL

Electroplating industry is one of the major pollution sources over the world. Billions of tons of
wastewater containing high-concentration heavy metal complexes are discharged every year, which
seriously endangers the water environment and human health. Traditional wastewater treatment
processes can hardly meet the discharge standard of wastewater with heavy metal complexes, where
the difficulty lies in the simultaneous achievement of decomplexation and free metal removal.
Herein, we combined the advantages of catalytic ozonation and the superior performance of surface-
modified zero-valent iron (ZVI) in removing heavy metals. Catalytic ozonation with boron-
modified zero-valent iron (B-ZVIP™) can simultaneously realize the efficient decomplexation of
nickel ethylenediaminetetraacetate (Ni-EDTA) and the rapid removal of nickel ion (Ni*"). The
research content is as follows:

1. B-ZVI*™ was prepared by high-energy ball milling technology using commercial ZVI and
boron oxide as raw materials.

Scanning electron microscope characterization (SEM) showed that after ball milling with
boron oxide, the particle sizes of B-ZVI"™ were reduced to 1.5+1.1 um and the surface roughness
was greatly increased. Subsequently, we applied the N, adsorption-desorption and determined that
B-ZVI’™ owned a much larger specific surface area than ZVI*™, which could help provide more
reactive sites. Transmission electron microscope-Energy dispersion spectrum (TEM-EDS) and X-
ray photoelectron spectroscopy (XPS) indicated that boron was successfully modified to the surface
of ZV1 by means of chemical bonding instead of physical mixture. X-ray diffraction (XRD) further
confirmed that the crystal structure of B-ZVIP™ remained to be a-Fe which was not changed by ball
milling or boron modification.

Then, high-resolution X-ray photoelectron spectroscopy (HR-XPS) was employed to analyze
the valence states of B, O, Fe on the surface of ZVI’™ and B-ZVIP™. The binding energy of B shifted
negatively by 1.7 eV. This confirmed that B substituted the lattice oxygen on the iron oxide shell
and could act as Lewis acid sites for ozone adsorption and activation.

The O 1s HR-XPS results demonstrated that the surface of ZVIP™ was covered by a passive
iron oxide shell. After boron modification, the lattice oxygen content on the surface of B-ZVIP™
decreased significantly, which further proved that B might had replaced the lattice oxygen on the
iron oxide. Importantly, boron hydroxyl (B-OH) and iron hydroxyl (Fe-OH) appeared on the surface
of B-ZVIP™, indicating that boronization can produce more hydroxyl groups on the surface and
improve its water absorption performance, thereby improving the reactivity of B-ZVIP™ to catalyze
ozone. In addition, the contact angle of B-ZVIP™ with water was reduced to 7.2° compared to that
of the ZVIP™ (32.4°), which proved that B-ZVI"™ possessed better hydrophilicity. This evidence also
supported the increased content of adsorbed water in XPS fitting.
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The results of Fe 2p HR-XPS showed that both ZVI°™ and B-ZVI°™ contained Fe’, Fe?" and
Fe?'. The content of Fe? and Fe?" in B-ZVI"™ increased from 10.6% and 53.5% to 11.6% and 62.1%,
respectively. More Fe® and Fe?" on the surface help to catalyze ozone to generate more oxidative
radicals.

Lastly, we tested the Tafel curve to characterize the corrosion characteristics of B-ZVIP™, The
corrosion potential of ZVI’™ and B-ZVI"™ was -0.68 V and -0.77 V respectively. The material with
a more negative corrosion potential is more likely to corrode thermodynamically, and therefore
establishes a stronger ability in releasing electrons. In the meantime, the corrosion current of B-
ZV1P™ was larger, signifying a faster corrosion kinetics. Therefore, the internal electrons of B-ZVIP™
can transfer to the surface faster, which is helpful to the Os catalytic activity and Ni** reduction.

2. The performance of catalytic ozonation with B-ZVI®™ (B-ZVI*™/O3) to remove Ni-EDTA was
tested.

The B-ZVI’™/O3 system can remove 88% of complexed nickel and 99% of EDTA within two
hours and the removal rate constants were 26 times and 93 times that of the ZVI*™/O; system
respectively. Moreover, compared to the traditional Fenton technology which has a strict pH
requirement, B-ZVI’™/Os could efficiently work in a wide pH range (4.0-10.0), and exhibited an
acceptable recyclability. More importantly, B-ZVI’™/O; also exhibited remarkable decomplexation
and nickel removal capabilities in treating industrial wastewater with complexed Ni. Coupled with
alkaline precipitation, B-ZVIP™/Os can reduce the nickel concentration in the actual complexed Ni
wastewater from 240.45 mg/L to 0.06 mg/L (lower than the Shanghai discharge standard of 0.1
mg/L for Ni in electroplating complex wastewater).

3. The reaction mechanism of simultaneous Ni-EDTA decomplexation and Ni** removal by B-

ZV1P™/O5 was proposed.

First of all, through Fe(Ill)-EDTA quantification, TOC detection, and phosphate desorption,
we can conclude that oxidation is the main routine of Ni-EDTA removal in B-ZVI*™/O3 compared
to direct adsorption or complexing displacement. Subsequently, radical quenching tests, *OH
quantification and electron paramagnetic resonance (EPR) results demonstrated that the adsorbed
hydroxyl radicals (*OHags) on the surface of B-ZVIP™ are the main reactive oxygen species (ROSs)
for the oxidative decomplexation of EDTA-Ni.

After that, several strategies were employed to elucidate the O3 activation processes and
evolution of ROSs. First of all, phosphate was used to quench Lewis acid sites on B-ZVI*™, and the
decomplexing efficiency was strongly inhibited, indicating that Lewis acid sites are the key catalytic
sites for ozone adsorption and dissociation to generate *OH. Next, NH3z-temperature programmed
desorption (NH3-TPD) was applied to confirm that boron modification could increase the surface
acid concentration. Especially, B-ZVI’™ presented an obvious NH3 desorption peak around 150°C,
which was attributed to the Lewis acid site. Meanwhile, we monitored the Ni-EDTA removal
process of B-ZVIP™/O3 by in-situ infrared. The characteristic peak at 1340 cm™! was attributed to the
B-O bond formed by the interaction between O3 and the Lewis acid site (B) on the B-ZVIP™ surface.
The intensity of this peak gradually increased, demonstrating that ozone can be continuously
adsorbed by the B sites and then decomposed to generate *OH. No characteristic peak at 1340 cm!
was observed in ZVIP™/Os, ZVIP™ or B-ZVI’™ systems, which proved that Fe site in ZVIP™ was not
the Lewis active sites for O3 activating.

Finally, to establish the removal pathway of Ni**, we detected the XRD pattern of B-ZVIP™
after reaction and found a characteristic peak of NiFe,O4, confirming that the decomplexed Ni**
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were fixed on the B-ZVI®™ through mineralization which was also supported by transmission
electron microscope-mapping (TEM-Mapping). The appearance of Ni® and Ni?* peak in Ni 2p XPS
verified both the adsorption and reduction of Ni?* by B-ZVI’™, We also tested the ability of ZVIP™
and B-ZVIP™ to remove Ni?* and found that the removal rate constant of B-ZVI"™ was 30 times that
of ZVI’™, The Tafel curve has already proved that B-ZVI"™ established higher electron transport
performance, which was beneficial to the reduction and fixation of adsorbed Ni**.

The above results show that the B-ZVI*™/O; system can simultaneously realize the degradation
of complexed heavy metals and the removal of metal ions. This system is highly potential in actual
electroplating industrial wastewater treatment.

However, although we have preliminarily determined that the B site on the surface of B-ZVIP™
was Lewis acid sites for ozone activation and *OH generation, the structure of the material surface
and interface needs to be further confirmed. Furthermore, we should also pay attention to the
adsorption pattern of O3 on Lewis sites and the degradation pathway of EDTA. Based on the above
analysis, in order to provide theoretical support for the development of advanced oxidation
technology based on catalytic ozonation, we plan to further clarify the adsorption and dissociation
mode of ozone on the surface of B-ZVI’™ through density theoretical calculations (DFT) combined
with X-Ray absorption fine structure (EXAFS) characterization. The intermediate products after
decomplexation will also be studied by mass spectrometry or ion chromatography.
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