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EL A IR B 5 Y 4 1 A 5 0 A R 22— 10 Sl A SRR, Fe® i] DA A B o HE A HE e 1
F4JE, BN (V). Cu(ll). Hg(Il). Ag(I). As(V) 1 Se(VI) Z 14 (8 % T Fp i Ay 75 HedE 7
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Bl Fe® AR B 32 W B G AT, S T HESE Fe® £mElifh, ME¥FHRE T AR E, W
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Fe® F 1 H A i Fe,O,, WITESE RN A P S8 7 il BT R bhgy, ASAH 908 i i 57, TR A il
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1) HEALBESCES o FREL 015 g M1 0,25 g 20 B F 20 mL I3 H, FFI0A 14 mL 2% 2 F /K Al
1 mL FeCl, f##5W, DL RN TRER A A — & R R 25 R, P2 B a8 RN & T 360078 4% i R
Fa, LA 30 rmin VIR I bR RO — B E] . AL B S LS, PR B0 T S AR A 300 uL 1
Zn* . Ni&F Cr(VI) BR A2, #9310 mg L' (9 Ni2 Fl Zn? LA KA [R)9k BE 4 Cr(VI,  FREE S 0 R
TR T e A P RO FEFF AR AT, AR T B TR R O 2 S ROV R E R, TR SE R e e
W pH, 22045 um JENE U8, WAE DB I A FeX M 4 8 B T I MR BE . 75 Fe AL S rh A 2 T
3 mol-L ™" Y HCL R fL R A7ZFF I . AR UEW N A 17 3 mol-L'HNO, & 47, & EmE . RAHE—
(KX ). g G Q) ETBREUASESR LRGN

In(g. —q,) =Ing. — kit (D
t 1 1
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g kgl q. @)

Khe g AW, megg's g MBI W&, mgg's  HWHBTE, min; ko8 #E—H 3
N REE, g(mgmin)"; LM RS FE T REE, g (mgmin)',

2) WAL R B 7 g% Sy o i FH 47K B2 ] 50 mmol-L'FeCl, #1 30 mmol-L'HCLIR &, #E/KH Zn,
Ni Fl Cr (9 5T 2 BE 450 10 mg- L' 4 AN Ui Ak R SO i B 48 AR S5 0 DL 1, It A DR B 1y 4 1) 7o 728 [
DL 1o 38 ] R 2R AU P A S I, O BT TS T, B LR ok DR S R AR R
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Table 1 Operation parameters of different fluidized bed reactors

M PORRAR Wbk, BUbH AL B AL KT By

EaIvE 3 | (gL™ AL W EE/(mg L) [ [a]/h (r'min")

A 400 50 K,Cr,0, 20 5 700

B 400 70 K.Cr,0, 20 5 700

C 400 50 DO(#) / 5 700

D 400 50 KNO, 20 5 700
W SN YA IR 115 Lo 54t ab 35 FARUH FeCl,/HCHE A
oAbl WAL SR B 2 AR B, Sl 0 o
4 FeFe,0, H A E . BULH ARG, HuEm tj’“‘f“ Hk
AR AR, R 2~3 d 58 LT AL B, )
AT 4 B BT K . R K F SR K
B, WBiEE AR, Je M HCUM i i pH L
PR 7.0, FINAESEIR, RIESEHED oo
KT RIBAT . BN IX NG, i i I e
HEt L AL A3 TR AN X, A A sl s

RV Res = DU/ PN A i R N
1.3 SthiEE

KR F W 63 (PerkinElmer 900T) M &
e PR Zn* . Ni¥FLEL Cr; SR =280k Bt —
WEA 6 BE VLI Cr(VD); R FHABAEMS Mk 2S00 BE VL (B840 AT WG BT, TU-1810, dbmi%#r) 78k
K 510 nm M2 Fe™ W . SRSl 2 AT

TE %5 SEM FEdh it $ic BB AR IS0 0 250, RO A0 S R, K EVATE S el A AR T
5, P SEM(H A HLF, /JSM-7500F) 43477 . 7E il £ XPS BEfhAF, R T3 KEFMOCR M & &, B
AN E = R o (3 A H A o = W S = W IV 7/ B S DV = O W P ) A == 1 D = S 1 B DR B L
H BB by Ik R T RIVE ROk, PO UE o B ek, i 2RO AR TR T
XPS(H A< By HE, AXIS Supra) 7347 . XPS R H A4 Ka X 12k (hv=1 486.6 ¢V), EHIE 15kV, EH
Ti12mA, ThFE 180 W, K K 0.05eV, 43Hr Ni Fl Cr S B G M A7284k, DL Cls 284.5 eV K IE
4ifrhie, R XPSPEAK4L B 43 4 R . el % XRD At iy, SHEAL 0 & F 58 2 —HE, i
HI B G, EF AT IR, EHEMEb 5, RIEESMAAIIM T T, HT XRD 48 (HA
Hi~%, Ultima IV),
2 GER59H
2.1 MRLRAE

HE 2 FEN, E6KEANIEEYS Fe,0, irFE5E 42— X5 SU SR H B A 99K Fe,0, 1ETE
—5, RUAWAAE)E, EERRIEIE T WAL H 4 AR ® 1Y Fe,0,, WA HEMAKEAMY A
ALY, XU, R AL LT LAAE Fe® RIMA N T — 2 i A B — 1 Fe,0,, JE I T Fe'/Fe;0,
HHEEKFR., HE3AES, RNETER R RDOCH , PR BR AR (& 3(). X 5157 A BT 0
MG — P, FERE M T RN G, BRI T & A RO AR AR, T HA — 2 A /)
ML, WRBREVIEMNESEET. A TRARAMANNSY, BEm RS, 74 05 =

E1 RUKREFZREE.
Fig. 1 A schematic of fluidized bed reactor.
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B VR ZR R el 4 1) 3R T A AR 22 JUREAR RN
RIS, X RITE S S Fe,0,(8 3(d)) 1)
fn AR A B H A RIPY, WU S P 28 5 g 1Ak
P, N R BRI s BRI Rk, X A V%
P UCCUE B JE ok = ) 32 B Fe,0,, S 2 "l l | A \ ‘ l

) XRD B 25 KWy o b o] W, 3 2 7 4 B

EIE Feo %Eﬁ}ﬁ—gﬂlﬂ%ﬁﬁg FC3O4O ' l h ‘lﬂl‘fnﬂ:i%ﬁﬁ
2.2 Fe'Fe,0, EREAEESREALLESE

1) AN TR B0y A A [R) B R A 1Y) 52 W0 S & Vi U

s 8 20/(°)
J T PEAE Fe¥/Fe 0, fU TG M, X Fe"/Fe,0, 5 Fe°
U3 7o NI OB T HORE, S ILIE 4. i ol i llelabiion
@O, FellFe,O, MIIHHELE T P, fEMmE ) PIRHSSEEEDXRDEE
A o , s Fig. 2/ XRD pattern of hybrid system after pretreatment
MHET, RN 24h)5, Fe' X Zn™ Fl N7y 2 and magnetite standard.
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Fig. 3 SEM images of Fe” surface and corrosion products in different systems.
Ni* B 2 BRF 505100 93% Fl 62%. L, JE2eR) 525 H %48 Fe'/Fe 0, fEA IR 44 T X524 4 )
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Fig. 4 Effects of Fe’ dosage and particle size on the removal of multiple heavy metals in different systems.
MK, BB 24 h LU, Zo™ B9 R BRF R 93%, 1 Ni¥ LBRFE K 62%. 44kH N3 025 g
o b AN AL MORLAR /Ny 400 HINF, - Zn® (Y 25 BR800 Bl 4 185 1] 95% F1 98%, i Ni*™ 25 B R 1 2
N T0% 3G IR By F 2wl /N kb b A 2 R R R Ay 2 T PR A B, DT R v S N R . EAH
WP, Zo® (0 R BRR I W T Ni*, Uil Zn? RS W . T Zn B bR HE HLOL (-0.76 V) HE
Fe(-0.44 V) X, Fe* ARAEHF Zn® i J5,  H BB Ik 2RI Tl 0y 1) Wiz i N L 00 ok 25 B o if ATEBIE Y
TR B K Fe' 4b B Zo® i 5 A b, TA A W B RN L 0 3E 2 HE 6 BR AL, H1 T Fe,O, 1Y 3 HY
P, Al gk, DT BRIE il S RERB A Fp S i T, AN W™ A BT R R Rl 4, AT BE A £y
Sz A B NI Zn™

2) WAL BRI, AN [A) Fe® e ) B Jm L BRAVRZ MR o 78 Fe® UL BRAY I e, A1) T B VA W Y
VA A S0 R E D TP TR 2 U A 300 VR AR, A B I 9 e, i ad — R A Ak o SN 7R Bk
i’%ﬁiﬂﬁk JZ Fe,O, 5, Wi 148) Fe/Fe;0, EAﬁi%o P, 7EFUAb BRI, S0UF Fe® A R

BB A R T Fe,0, B9at,. MRS 5 2219 SO W 33, [Ali, Fe®™5 Zn® il NP A 25—
%%ﬂ%ma{u, A HE 20 FWE B AR AR o DR, A A A‘fi'UIl])\OS 10%‘!1
2.0 mmol-L™'Fe*", % HI A Al f 42 J@ LBRAVFE R . &l 5(a) AT A1, PALBLLUS , #0H b Of
KBRS Fers IR M AC0.5. 1.0 F1 2.0 mmol-L™" Fe™, Hikb# 5, éj‘j;ﬂh{ml@u()n 0.71 xu
1.8 mmol-L™" A M 25 1 Fe®' . IX R EATE WAk BEFY Br, H# /DAY Fe® Wi nl L SE AL 2, 5 4
RA WG, B’ W EB W, 1ERT 2 h IR, BEJS 2 Hrsig of i T . X, E
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4
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Fig. 5 Effect of different initial ferrous concentration on the removal of complex heavy metals during pretreatment.
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R R, R E AR LR, LU Fe?, Hitp, Zn? R BES Fe" KR BRI N, HA
N> Al RE#H Fe® iR, B &6 i Fe? ™0 (AL AR FE NN, 24 Zo> W B0 ok =4 R i )5
2338 K T AR R S R HY, X 2 HOEE S Fe® L, B S Zn?t S Y FeX UL i 1] 5(b).
K 5(c) Al %N, R Z& g 21 Fe 2 il Fe'/Fe,0, X Zn* Fl Ni* 19 5 B, o HxF Ni2 i 2 B4 Hi45 H
W . 24 Fe* i IR W 4 0.5 mmol- L™ 1 1.0 mmol-L™' i, X Zn®'f £ BR B WA K, A 24 h LU
5, BERFBILE 90% o475 Y Fer i 4 Wk BE RGN %] 2.0 mmol L™, 7SRNG 8 h N, Zn™ KRR %
g, HfE240 DG, KBRS HE FSWBEMA Y, XU FeX X Zn* A BRI 2 m L /N, X+
RV BE (Y Fe*'(<2.0 mmol-L™"), FILAZWEH G, (HXT T Ni* A9 LB%, Fe MdiEHIEw I, b
HHR A EG 0, FCRD AR R G 5E o 2 AL FE Fe? S 0.5 mmol-LVHf, Ni¥'iy &R, ol
PLIKE] 77%; {H 4 Fe? W) &AW BE 43 531> 1.0 mmol-L™" 1 2.0 mmol-L Vi, Ni2" 2 5840 51l B A7 65.48%
F148.85% . XATREIHINFLAN 2 8 — Sl T2 Fe Sl Fe® 5 Nl & e )2 i (Fe” + Ni*'—
Fe?" + Ni%), MIAF] T N2 25 02 il T N2TEZ S AL Y 20 W B RE /1 1 Zn® il Fe? 2% .

3) A A Cr(VI) 96 BE Xt Zn® Fl N2 22 B g9 0 . Co(VD) 2 H 8 PR WL BRI 1Y, %5
Zn® H N3 5 4 Jg A i ek kv o Cr(VI /KLY, B fE AR5, Ao EYRH. K6
JE AN A MR B B Cr(VI) X Zn® R0 Ni¥* 25 BR 952 o AH LA 0 Cr(VD) BIAR &, KW E (10 mg' L) 1Y
Cr(VI) 2= @ 4 #k Ni' Al Zo®' B9 5 B8, SV 24 hJa, Zn®'f 2255 Rk 2] 92%, Ni'hY 2 B R 35 3
67.5%. {HBE Cr(VI) ¥ B T, AR SR FORBEA 8, 5 2 78 R JT 18 5 B9 5l JLAS /NS, 2 T 41
T N2 Zo2 B £, HR 24 h 5, Co(VI) X NE AT Zn2 1Y 5 B i A R R R o1, BLAR R4k
&N Cr(VI) 520 Zo™ A N BRI R 247 2 50e. — & i F Cr(VD) 938 R 2 T #E Fe™*, M
M/ T Fe M E M AE T, A BT Zo” N R LR —2h T oD sy o) 5, 5
Fe(Ill) JE 2L Wi V€ Fe Cr, (OH),, FI#E Fe® FKifi, Ml T T %38 A1 Fe A& il 2 i, NI AS F1) F
N2 Zn2 B9 £ BRES A0 T Zn> FONGE,  Cr(VD) 76 AR B Y I ) P9 5l Bl b sk 22 B3 (1] 6(c)). X i
Fe'/Fe,0, 1] LA £ B% Cr(VD) o X F A XM BE /Y Cr(V) 5 Zn® F1 Ni¥* A7 Rf, Fe'/Fe,0, nl LA ] i}
Pk b L BR 3 R E SR, HY Co(VD) W B m i, HREA 20 2 Bk Cr(V), xS Zn® F0 Ni*' Y £ BR
BRI N BAR

100 100
—=— 10 mg - L' Cr*

80 . 80 ——333mg-L'Cr%
& S . <
o o) ——533mg L' Cr® N
ﬁi 60 —=—10mg - LV Cr* g 0 o 0mg-LCr i’i 60 —+—10mg - L™ Cr"
40 ——333mg L' Cr" 401 1 40 ——333mg L' Cr*
E ——533mg-L'Cr" & % ——533mg - L' Cr*

20 ~v—0mg - L' Cr* 20t 20

0 A U 0 NN— 0 S
0 5 10 15 20 25 0 5 10 15 20 25 0 5 10 15 20 25
S IS ] /h S8 s ] /b S ) /h
(a) Zn* L ERR (b) Ni'fhy R (c) Cr iy LB

6 TEIC(VD)RENEAEECREERNFM
Fig. 6 Effects of Cr(VI) concentration on the removal of multiple heavy metals.
4) AN [R) Fe? Tl gk PR K FE 5 Cr(VI) FE A7 I X0 B 45 8 S BR A2 e o AR DL B 2521, fE At B,
i 1R U JEE 1 Fe? NI T R S X Zn B NP K B o R 9 Cr(VI) 2 3k 25 e BE X Zn® 1 Ni* ) 2%
Bro PRI, FAPRZESE T AR AL B R A [FI0) 46V B 1Y Fe® LA K] Is i A Fe® A1 Cr(VI) %} Fe’/Fe,0,
ZBR Zo® I NPRISZ MR o A0 7 B, AN Ce(VI) IF, - AR B Fe® Ve 8 Tt i, A AT )5 22 Zn® Al
NEH £ B X5 AT A S5 2R — 8 EMFE AT, A 10 mgL7'Cr(V) J& , - Zo™ #9255 i
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Fig. 7 Effects of different initial Fe*" and Cr(VI) on multiple heavy metals removal in hybrid systems

74% 2 7 ) 94%. Fe S MA R T NH) L BR, HAEIA Cr(VD) 5, Ni*Tf 2 B 2 h 26% 42 w5 3
65%. A Cr(VI) AR 7> Fe?', X e HAR AR BRI 2 — o sk, A HF5EtY 3201, Fe(ll)
5 Cr(V) i J5U= A2 /9 Cr(1T) JE 5% Cr Fe, (OH),, %7~ %) RATARUF B IR SR UUHEROR , RENS WL I 25 PR EE
GBS T HJE, AR CrFe, (OH), B R AR R M, i T G IS, R A T 5 S8R 1l S Y
BEAT, DR N Zo® (8 25 Bk AR A MR RZ i o PR, Cr(VD) 3 Ni* R Zn®" 25 Bk 25 32 3] Cr(VI) #
JEAE ALY .
2.3 Mz hE

Xof e SRAT 14 S 9 445 2R 43 0 FH U — 28l 32 R = sl s AL AT TS . mE 8 AT E
AT HEANRLAR kY, X Zo® i LB, RN AT 10 min PR R R, AR REE A BOF M. WnEl 9 BF
7, NP 25 B8 AT S BRI AR 22, 1 A W Bt L Zn® IR . X U Fe® X Zn® f) 1 B BE 22
MR F NG, R 200, W s e R T R R R AR T — B AR,
B Fe'/Fe 0, Xt Zn HI Ni** B Wl RV AF & 0 2 0 2l Jy o Al o It e WA e S W Bt A ey, Al IR T
i EFHAL, XS Fe® EER Zn? NS HY S5 18—,
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0.8 ._'.-——‘—'- ——————— 08| o B _ M_R _ _ _ _ _ _ _ n
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Fig. 8 Kinetic model of Zn>" adsorption by different iron particles
24 Fe'Fe,0, " ARNBZEREESEERE
1) AN [RGB o) 52 5 o 4 Jm 2R BR A2 MR o DA TR 19 4t Ak B SI2 36 45 SR AT R, Fe®/Fe,0, & — 1
EE TR R GE, AT LARRSAA RO 2Bk 2ot NP, i IE 10 T UL, LU K,Cr,0, FE N FUAL B, 4 8k H
e N 50 g L 4R T E] 70 g L7, Zn? M NiTHY R R RBEZ T E . YR TRk E 70 g L
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Table 2 Adsorption kinetics fitting parameters
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Fig. 10  Effects of different dosage of iron powder on multiple heavy metals removal in fluidized bed reactor.
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Fig. 11 Effects of different oxidants pretreatment on multiple heavy metals removal in fluidized bed reactor.
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Fig. 12 Removal of multiple heavy metals in the four fluidized bed reactors.
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Abstract Zero-valent iron (Fe) is a type of metal with moderate reducibility, it can be used to remove heavy
metals from water through Fe’ reduction, adsorption and/or co-precipitation by iron corrosion products.
However, Fe” corrosion reaction is not continuously occurred due to its surface passivation, which is the key step
to limit the application of Fe’. In this study, Fe”/Fe,O, hybrid system was prepared in situ by simple chemical
method. Then simultaneous removal of Zn>", Ni** and Cr(VI) from water by this hybrid system was investigated
using batch experiment and fluidized bed reactor with continuous flow. The results showed that pretreatment
could lead the coating of Fe,0, with good crystal structure on Fe’ surface, which was identified by SEM and
XRD. Compared with Fe” alone, F¢’/Fe,0, system significantly improved the removal efficiencies of Zn*", Ni*"
and Cr(VI). Under different conditions, Cr(VI) could be almost completely (>99%) removed by the hybrid
system in a few minutes, Zn** could be well removed with the efficiency of 65%~93%, while Ni** showed a low
removal efficiency of 25%~77%. The smaller particle size and more dosage of Fe” promoted heavy metals
removal. During pretreatment, the higher Fe** concentration, the higher dissolved Fe**, which could inhibit the
adsorption of Zn>" and Ni*" due to competitive effect. The presence of low concentration of Cr(VI) (10 mg-L™)
could significantly promote the removal of Zn*" and Ni*" in the co-presence of these three heavy metals, but its
promotion effect decreased in the presence of excessive Cr( V). The results of fluidized bed reactor also proved
that Fe’/Fe,0, could effectively remove Zn**, Ni** and Cr(VI) simultaneously. The order of removal efficiencies
of three heavy metals was Cr(VI) > Zn*™> Ni*", which was consistent with the results of batch experiment. The
higher Fe’ dosage, the higher removal efficiencies of heavy metals. Oxygen (aeration) exhibited the best
performance as a preconditioning agent during pretreatment, potassium dichromate and potassium nitrate
followed. The results of XPS showed that Cr(VI) was totally reduced to Cr(Ill), Ni*" was partially reduced to
Ni’, and a partial Ni** was absorbed or co-precipitated in the form of Ni( I ). This study presents a novel method
to effectively overcome the iron surface passivation, and provides a theoretical reference for the application of
zero-valent iron-based technology for heavy metal-polluted water treatment.
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