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AR B 7R A A ORI T A 0 R AER, A
RILFe,0, 3 h B 2440 B, Hig &8 il &
A Z VRGN G 3 2 A AR, R
HERERE, R T Fe,0, 7K 77 5 8 R
UF Gy AW S B AR AR AR, R T )L CeO, 7K
fiff AT 4 AR 22 R A R AERY, Ll m]
BfF 70 2 T A OE FB far A M T 8RR AR (HLSbO
Sb(OH),~ AMERHE . 441K Eh A5 b 22 BRE1 2, AL,
il S FEER A R B ) e B S ) % R 2 2 R
RN, — BeRIE 5T R I 45 7% Fe B Fe, 0, MR F
FIXT Sb(IL)/Sb( V) H A 1R 1 1 W Bt 25 JR0S 24287290,
HEE N —F A &8 FERIE Y 03, 5 PRI o8
b UL T 1] P REEW S/ R A AN E I s
ZHANG F5IL “BRIGHA AR 7 A “ DL R
R T B, LUE E K G S AL fl (Hydrous ceric
oxide: CeO,.nH,0, 14 #X HCO) i) W B& it >'t ¥5 e A
Fe,0, A JE R % H Fe,0,/HCO & &W 5], FF4I
AR T R 25 B Sh(I) A PERE, H A% HCO
5 Fe,0, 15 & il % M1k 5 ) BT F2 5 & £ n(Ce)/
n(Fe)ik = IR AW 7, FHHCO-Fe, 0, & & W fff
FIRALHI & IS AEAS TG . Ak, ESRKIRP S
ZLLL Sb(V) LA AL, i Fe,0,/HCO W B 2 [
Sb(V) sz (Al 2 . HLEE K 5 2B Sb(II) ) 22 57 45
MANE RN, HRHRANE L. T, AR DL
B 2 HCO M B is Je ok ir, SR A oot i 3t
DUETE M %% T AS[H n(Ce)/n(Fe) ) HCO-Fe,0, 2 &M
Bt ) (HCO-(Fe,0,),), % % | HCO-(Fe,0,), W fft 2
Fr 7K Sb(IID) A1 Sb(V) ¥ 51 X 25 (n(Ce)/n(Fe), pH
FRITESS T]) B R B P o T B S5 e ABE R R B 3 g
A IR BRI B AR X A [F] n(Ce)/n(Fe) )
HCO-(Fe,0,),~ Wi [t Sb(II) A1 Sb(V)Hif Ji5 f 3 i &
P MmN BN ESHATRAE, CUH
HCO-(Fe,0,), W Fft Sb(LI) F1 Sb(V) i 15 2 57 K&
HLER

1 SCIG

1.1 HCO-(Fe,0,) & & MR 37 & FngRiE

BT B 4 5' ¥ Y BX E LSKT A & 15 K Ab 3 ),
FERSr: IK3(80.5%) EALEN(7.8%). AL
(4.5%) AALE(3.8%) AN (2.8%) A1 HAth 4 i
(0.6%)% . H—E A5V, 7E100 C T Bk

T B HA B 15 um B9, A5

SR FH oS3 1 3 T v 725 1 45 HCO- (Fe,0,,), W Ff
FU232 ke, 18 = AN 500 mL 1 = e R 45 )
IO 0.1 mol. 0.2 mol. 0.3 mol Ce & 1) HCO
WHEIETSYE, SREEES 10 min, F A MAE
A 0.2 mol [ FeSO, 7H,0 1 0.4 mol [#] FeCl, 6H,0
WA 50 mL. FLIk, FE/KIBEH60 'C, 350 r/min
R, I 7% EO 2K IR
200 mL. PR, fE=FREHR — e 2 T 25
TR 2 h, fFEIERIET R E T KL
K TeK R e, SRy 551 80 CH A
TIREEERE. &G, TR S
K, RS FEFS A 4 HCO # &1
AN, 13 2] n(Ce)/n(Fe) N 0.5+ 1.0 A1 1.5 ) HCO-
(Fe,0,) M Fit1.

K 34 1 2 485 (SEM,  JSM-6380LV,
JEOL Ltd.) % #1575 ¥ LA &2 HCO-(Fe;0,), W Bt 751 1)
TR EATRAE, TAEHRENS.0kV; FIHgE
WX (EDS, Bruker XFlash 5010, Germany)X} HCO-
(Fe,0,), W B 75 52 6 1iT g AL B Sb JE F6l x4 rh 1
JC AT A AT A X B 2R AT 51X (XRD, DS
Advance, Brook AXS Ltd., Germany) %} HCO-
(Fe,0,), il £ 111 J5 LA S R B Sb J5 2 H ik 54
HATHE T, FREE DY 10°0~90°, HHEEE N
1 (°y/min, 3K N0.020; FIFH X 5k BT AE
(XPS, Thermo Scientific: Esala 250Xi) X/ HCO-
(Fe,0,), "% Fff Sb #iT 5 ] Ce. Fe Al Sb %5t & #HAT
b, e TEMNNEasS, g aR
285.1 eV AL BRI C IsTEASHAE, TR
XPS Peak!">'"®; F| F| Anton Paar GmbH 4} #f 1X
(Quanta-chrome Instruments, version 11.02, Autosorb
EVO, USA)LLZE S - Ft 26 HCO-(Fe,0,),
b AR (BET)BEAT I E o

1.2 WRB/REIR SELE
1.2.1  JFHE pHES

K FH 7425 B JE W e . 7E 250 mL HETE
I e BC 1k BE Dl 20 mg/L [ Sb(IID) ¥ W 4 43 (100
mL), FIFH 1 mol/L k& ¥ v s & A A8 7 VUK pH
W2 5+0.1. 285 7 A IIAAIR Cey Fe BE/R LI
HCO-(Fe,0,) Wi {7144 0.2 go 7E(25+1) ‘C%M T
5 P IE R (150 v/min), 4IAFIPATR, B IER
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it 0.45 pm fE 5 5E SO IR T, HHE %R,
DAUAH [F] ) 7 92: % %2 HCO-(Fe,0,), %F Sb(V)) W Bt 2%
Ho FTA RGBT = OPATIRES . ARYE Sb(II)
FISb(V)I) L bR W I8 &, k3 mfE Ce. Fe £
IR HCO-(Fe,0,), Wi BT J5 S0 75

£ HCO- (Fe,0,),(x SN 1.5 8% 1) in & 4 2000
mg/L. JNEA2 hy B AQ25+]) CHRIZMETR,
L WRAMIIE pH N 2.0. 3.0. 4.0. 5.0, 6.0, 7.0,
8.0 F1 9.0 X} HCO- (Fe,0,), " Fff Sb(IIT) A1 Sb( V) ]
S

£ HCO- (Fe,0,)(x v 1.5 8% 1) % i & ¥ 2000
mg/L. WWVILEpH A S, REQRSED)CTHZMHT,
54 J3 NI 8] 9 30 min~12 h %} HCO-(Fe,0,), " ff
Sb(II) AT Sb(V)FIFEM, Ay 7 H s N~ st [
122 W AR AR A S s

MRHE 1.2.1 1) S48 ik R R AT W B S5 R s B, 5K
GOk FE: o 100 mL K FE 4 1 Sb(II)(10~200 mg/L)
5% Sb(V)(10~100 mg/LP=h i, A 0.2 g i HCO-
(Fe,0,), fE25 CItHIRME IR P EH 6 hjm, WG
B 0.45 pm fE 5 52 Sb(II/Sh(V)Fk Bk, 1t
SV M & s IF R A Langmuir( W 2 (1)) A
Freundlich( AL X(2) ) W PR &5 5 450 24 56 52 56 209 a3k 47
AT
Pe 1 pe

qe - qmaxb + qmax (1)

leg,=lgKo+ - lep, @
e p, 9 PSP B 3 Sb(TIT/Sb(V) VR FE
mg/Ls g, Fl g, 79 5l 9V A W B 5 5 R e R P 25
&, mg/g; boNLangmuir W%, L/img; KA
1/n N Freundlich W B & %
123 Wbzl )5Sk

R L. FH) 100 mL K A 100 mg/L
Sb(IIN)/Sb(V)¥&EW#, I 0.2 g W I FI7E 25 “CHIfE
REER B, BOAF I E] 5 E3E W s S
0.45 um i J5 A 52 Sh(IL)/Sb(V) AR B ik B, 5T
Sb(IIL)Fl Sb(V) [ 2 Bk 2 MR B &, ) I — 21
B F1 5B (L3R (3)) R HE — 2 3 1 A5 R (WL 20(4))
XA AT AT
q,=9.[1 —exp(k,1)] 3)
q,=9.~9q.(kyq.t+1) “4)
e 9B 1], ming g, 9 ¢ INF 20 A B

mg/g; k NE— R BEE, minT; &, 9HE K
By i# A, g/(mgmin)s g, v ¢ I 2 B R B S A7 A
mg/g.
1.2.4  fRR S5

AR H SCHR[18] B B 58 45 12, >R H 0.1 mol/L
NaOH ¥ ¥ % HCO-(Fe,0,), "t J& i Sb(IIT)/Sb(V)
HEAT AR A s AR P AR 5 I HCO-(Fe,0,), o
Ve, TG, FHE4T Sh(IID)A Sb(V) W b Sz
R RN

1.3 o7&

FREE & 190 A R 86 41 (CH,K,0,,Sb,) Al £ &
12 # (K, H,Sb,0,.4H,0), il 4 ! 1.0 g/L [¥] Sb(II) Al
Sb(V) AR E it &, TERIGH, BUE & &% A
FRAS 21 AT 75 < 19 Sb(IID) AT Sb(V) ¥ . SZ56 iR
T AR, S KIS N2 8 1K . MR STk
(20317, SR A R A R T 5 e e i AX
(HG-AFS, AF-9600,5 [H 4t 5 B e A 85 A PR 2
)73 56 Sb(I) A Sb(V) I BE S AT Ml 2 o« 1% 715
B ARAT IR N 1 pg/Ls AF RS AERSG A 24 h A
SERGIAR; 12T BRI IR IE 90% A, iR E
RANTF 1%

2 FER5STHE

2.1 FRAEDH

HCO #1635 e LA I 3 Fi HCO-(Fe,0,), " bt 51 i)
FMTESURAE W 1 R . J6T5 IR R H A X't
W, LRSS AR ELE 1(2), B4k Fe,0,)5,
W B 751 2 Tt B T A 2 1 RURE (L L 1(D) (¢~
(d)), HBEA Cev FeBE/RLUIG I, R B 712 TR RS
FEsghn, SEM S SLAEMBEZIEIn(WE 1). EDS fig
(LR DR W e TE e b E E s N Ce
(31.92%) f1 0(27.26%); HCO-(Fe,0,), & E i 7 &
UK Fe(28.49%~17.56%), Ce(13.85%~27.64%)F10
(17.28%~26.51%), X 4e45 JE 7R 1 e B2 A Jl i)
Fe,0, 73| | HA 2 FLI5 I # HCO B BE 615 6
"™, Bk T BA 2 LA ZE A S HCO-
(Fe;0,), MR B 7)o 33 9 DU BT — It PR ¥25 00 7 1)
LR TR Sppn) ZE(LZR DG 2] THEIE, Win(Ce)/
n(Fe) A 1:2 I 1) S N 98.64 m¥/g, 5 QIR H 4l
2% Fe,0, 159 21 e K LE R TH AR (Spep) 19 132.2 mP/g 42
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1 HCO-(Fe,0,), A7 ¥) SEM 15
Fig. 1 SEM images of HCO-(Fe,O
(d) n(Ce):n(Fe)=1:0.67

=1

,), composite adsorbents: (a) n(Ce):n(Fe)=1:0; (b) n(Ce):n(Fe)=1:2; (c) n(Ce):n(Fe)=1:1;

AN[F] Ce/Fe JBE /K L HCO-(Fe,0,) 5 AW B 751 1) SR AE 2 51

Table 1 Characterization parameters of different HCO-(Fe,0,)  adsorbents

Average hole

Adsorbent type  n(Ce)/n(Fe)  w(0)/%  w(Ce)%  w(Fe)/% Sy /(m*>g™")  V, /(em’g™") )
diameter/nm
HCO 1:0 27.26 31.92 0.64 40.60 0.109 17.46
HCO-(Fe,0,), 5 1:2 17.28 13.85 28.49 98.64 0.159 6.77
HCO-(Fe,0,),, 1:1 26.51 23.09 21.82 105.12 0.214 5.53
HCO-(Fe,0,), 1:0.67 26.15 27.64 17.56 108.57 0.228 4.82

T, 72 n(Ce)/n(Fe) 9 1:0 FF i (40.60 m*/g) 1) 2.4 fi ;
H n(Ce)/n(Fe) N 1:2 14 /111:0.67 i, Sypr M 98.64 m¥/g
Whn2 108.57 m*/g, A W HCO-(Fe,0,), 1) Sy, BEE
x ALV /INTT 38 0, B 3E 0 n(Ce)/n(Fe) W] # i HCO-
(Fes0,), M Sgprr A WP 42 At 1 55 2 (1 35 1t
g 1834,

K XRD $ A X HCO 75 Y fl HCO-(Fe,0,), &
B FRIEAT VAR R AE (WL B 2(a)). M XRD 3 1]
LLE H, HCOMYEI5YETE 28.50°, 33.03°, 47.46°,
56.32°. 59.07°. 69.42°. 76.71°. 79.11°F188.38°4k
BONEEIEME, WE Ty SAkm. (A1
HCO-(Fe,0,), Z A Wb, 740" AOATT S it B2 e
EHES, HALERA T2, WR T Fe,0,N
NSRS R A U ), 255 XPS AT

AT A BAE 145 Fe,0, FTHCO &4 T Wial(5) )
TERNL, T AT R8T FeCe,0,1'> .
Fe,0,+6HCO+OH —3FeCe,0, | +3H,0 (5)
S 34 XPS B (0L 2(b) o, HoEiE e M
HCO-(Fe,0,), B & W 7 1) F 25~ O Ce, X
HEDS & B4 18 3R HCO-(Fe,0,), W B 5
5 B 5 Fe AHXS BRI, 3K B Fe D) 1) 471
WAPOCITIR R . B 2(c) T Fe FURS 40194
RIAEGARE T eV Al 724 eV hbAE HIATHIE, WF
FLRILE 711 eV ALK Fe 3 2 L& —OO0H B fg H1 1)
FeOOH 1 Fe,O, W i . NAF(E, 1E 724 eV 4L 1H) Fe
B Ll Fe,0, JE AFTES, I HEWT, 3 HCO-
(Fe,0,), " Fe =% & L FeOOH. Fe,0,f1Fe, 0, =Ff
TEAAFAENS 2428290, 5 bR, SCHR[35-37]H 3K
X e TE s AR SR A0 BT BT R R SR . X 3
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1 —n(Ce):n(Fe)=1:0 b Sb3dO1s 1 —n(Ce):n(Fe)=1:0
@) 2 —n(Ce):n(Fe)=1:1 ( )C\efdj Fe2p3 S\ 2—n(Ce):n(Fe)=1:1
3 —n(Ce):n(Fe)=1:0.67 - = ' 3—n(Ce):n(Fe)=1:0.67
) 4 n(Ce):n(Fe)=1:0.67+Sb(I1l) 4 n(Ce):n(Fe)=1:0.67+Sb(1Il)
5—n(Ce):n(Fe)=1:1+Sb( V) 5——n(Ce):n(Fe)=1:1+Sb( V)
5 . y Ce3ds e ol WM%
3
9
1
10 20 30 40 50 60 70 80 90 1000 800 600 400 200 0
20/(°) Binding energy/eV
(d)
898.02

24.702 711.39 i

n(Ceyn(Fe)=1:0.67+Sb(Ill)

72482} Fe2p
P12

740 735 730 725 720 715 710 705

930 920 910 900 890 880 870

901 6‘1 :
91637 Ce(mmny3d

Ce(v)3d J{

n(Ce):n(Fe)=1:0.67

Binding energy/eV Binding eneregy/eV
) 531.16, .

Sb3d5/2

n(Ce):n(Fe)=1:1+Sb(V)

A Sb3d3/2

Binding eneregy/eV

930 920 910 900 890 880 870

545 540 535 530 525

Binding energy/eV

2 HCO-(Fe,0,) " Pt 7511 f Sb(II)F Sb(V) AT J= ) XRD i Al XPS 1% 73 #7
Fig. 2 XRD and XPS analysis of Sb(III) and Sb(V) before and after adsorption by HCO-(Fe,0,), adsorbent: (a) XRD; (b)

XPS; (c) Fe 2p; (d) Ce 3d without Fe; (e) Ce 3d; (f) Sb 3d

P HCO-(Fe,0,) 2 AW 7 Ce 3d HEATHHI K I,
Ce 3d [f7 XPS RETE 7E 882, 890 900 F1916 eV 4k Hi
PLAT S 0 (0L B 2(d)),  HH DR SCHRDS 2058 B = b 477 5
IRy Ce* T it &, £ 916.00 eV A Ce* fiThfE, %
] HCO-(Fe,0,), H' Ce™ il Ce™* W5 Fft fh 45 ()l 3L 77
TX T R B - R TR A T R A R AR, NI A R T
ST AT Sb(V)) IR Ff -

2.2 Ce. Fe FEE /R Et 3t HCO- (Fe,0,), W Ft B& £ #Y
=1
Ce. Fe /K EL 23 %14 1:0(HCO). 0:1(Fe;0,)-
1:2. 1:1. 1:0.67 FJHCO-(Fe,0,), "R} 2[4 Sb(II) A
Sb(V) I 2 R & 3 frox . B3 A7 %1, HCO-
(Fe,0,), W B 25 B Sb(IID) Al Sb(V) I R R A1 T 4l 11
HCO 5 Fe,0,, # W HCO-(Fe,0,), & & il % A 15 #2
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100+ Sb(IlI) - 9546
Sb(V) 86.69 ;i

80k 76.95 ? 78.57
S 61,75
o
s 60 5436
= 46.34
% 40.69 ﬁ
£ 40r N
[}
o~

207 11.73

0
1:0 0:1 1:2 1:1 1:0.67
n(Ce):n(Fe)

B3 A[A] CeFe /K H Xt HCO-(Fe,0,), W i 25 Bk Sb(IID)
H1Sb(V) 5

Fig. 3 Effect of molar ratio of Ce and Fe on adsorption of
Sb( III) and Sb( V) by HCO- (Fe,O,), (Initial antimony
concentration[Sb(IIT)]=[Sb(V)]: 20 mg/L; Adsorbent dosage:
2.0 g/L; pH: 5.0+0.1)

EKIER PR TR M n(Ce)/n(Fe)M 1:2 F+
= F) 1:0.67 B, Sb(IID) 2 & 2 M 86.69% Ft & £
95.46%, HI Sb(I) %R FE Ce. Fe FBE/K LU IE N
MTHE, X5 QIZEISIAI CHEN 2528 f{ i 5 45 51—
., (B2 n(Ce)/n(Fe) M 1:2 43 1:0.67 1K, Sb(V)
Z: B F5E  54.36% Tt i B 78.57%, SRJE FEALE
67.75%, BRI Sb(V)ZFR#FE Ce. Fe FE/RK LU 1
I 5 AR J5 /N o B AT L, Sh(II) AT Sh(V)
FBRF B Cey Fe BE/R LL AL R IUAS R AR LA 34
¢ H JE R AT 6 2 Sh(II) A1 Sb(V) 5 HCO-(Fe,0,), )X
N FEAN A BT BT, Ce, O, AT 48 5 () v 25 A 82
JEAE W B 22 [ Sb(II) i 72 Fp i 31 35 Z4E AP, Sb
(T 22 FR Z B % Ce Fe JBE/R LRGN 7+, {H Sb
(V) ¥ 23 i3 FeOOH Ml X=Fe—OH %% & 1F 1 15
B ZBRISP, M HCOB R ITTHRIKER &, ST
To 7€ Bk (Fe, O, ) KL I RIS A8, 50 L 1) 25 1)
TLEMAFN, i Sh(V)I LR T, AHF &1
T, HCO-(Fe,0,), %t Sb(IIT) W it 23 Bk 22k SR BH 2 A1
TXF Sb(V) IR Bt = BR AR, 1X 5158 i 4% i pH=
50H K. 45 ERTR, Ce. FeBE/RLEL2 5N 1:0.67
A11:1 1 HCO-(Fe,0,) % Sb(IIN)F1 Sb(V) 7 Al A i
(R B 23 bR AR, DR, 435l BLiZ Cey Fe BE/R L
] HCO-(Fe,0,), J J& J5 &2 117 Sb(IIL) A1 Sb( V) B
ZBRSES .

2.3 pH F10K i B i8] %t HCO-(Fe,0,), WKt B B& 56 &Y

=AU

Kl 4(a) BT s AN [F W 46 pH X HCO-(Fe,0,),
B 25 & Sb(II) A1 Sb(V) 520« HH B 4(a) T 51, 4
pHTE2~7 ], X Sb(II) 2R A1E 98.17%~94.41% 2
B, 4 pH & 9B, XF Sb(I) 2 bR %5248 T
F%, 0T WL pH XF Sb(II) 2 B 52 8L/ s 2 pH A 2~
41, X Sb(V) )2 B ZA1E 96.86%~91.25% Z |f],
4T+ EF] 9, HCO-(Fe,0,) % Sb(V) %L Er
FREERFE, ATULpH £ W52 Sh(V)I &bk, X5
DENG F7H QUi se 5 10— 8. FuHE P 2
pH 2520 Sh(I) A Sb(V)LE KA R ITE SRS,
2B HCO-(Fe,0,), ' FeOOH %5 ¢ & 74 4% 1) /K fif
FEEENS, FESb(V) I LB T M. 4 pHfE 2~7
I, Sb(I)7E /K ¥ K 1 3 L L) Sb(OH), 8 H,SbO, 1)
B & AFAERY, Sb(OH), & 5 Fe,0, Ce,0, 4 il X=
Fe-Sb(OH),”" #1 CeSbO,“yiiw , HiZ & ML FE %2

100

(@) @

80
X
2
S 60F
=
2 —=— Sb(I1I)
§ 401 ——sb(V)
[

20+

0 1
1 3 5 7 9
pH
100

80

S —=— Sb(ITT)
= 60} —eSb(V)
=
2
g 40+
Q
24
20}

07120 240 360 480 600 720
Adsorption time/min

4 pH AN PR B R] 6 HCO-(Fe,0,), " Bt 2 Bk Sb(II) #1
Sb(V) 52
Fig. 4 Effect of pH and adsorption time on removal rate
of Sb(III) and Sb(V) by HCO- (Fe,0,), (Initial antimony
concentration [Sb(IIT)]=[Sb(V)]: 20 mg/L; Adsorbent dosage:
2.0 g/L): (a) pH; (b) Adsorption time
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pH 2R /1N, 0 pH A 2~7 i X} HCO-(Fe,0,), W Fft
Z:Bk S 2 M AN s 2 pH 4R S TF i, 24|
FeOOH M4 LAk 2 I i, ki S8 Sb(1) 2%
BR# T B, X5 FAN PRI 25 8 — 3. 2pH
9 2~270F, Sb(V)FE/K W H 3 22 L H,SbO, JTE A
FEAENSS, G B AR R R, BRSO
HpH M 2.7 F+ 59, ZK¥E K+ Sb(OH), JEA ) Sb(V)
2= pH TH 7 M 39 it 38,  OH- &5 Sb(OH), 2 7] 3% 4+
IRIE, 2 ESb(V) 2 B 2 B pH 5 2 T B %
[l , 5 HAh 5 R Bk 52 A T B AR B (3R
3)B5 4751 HCO-(Fe,0,), & AW M I mT R8T 1 pH
¥ [ P9 5 Sh(II A Sb(V)SEBL = R & B, AL T R
UF BRI RE. 25 EFTIR, HCO-(Fe,0,) Wb 2B
Sb(II) AT Sb(V) e pH AT 4353l 4% il 7E 2~7 1 2~4

IR T ] i 7 PR o 2 e ) — A B 4
Fro HIE4(b)AT %1, HCO-(Fe,0,), " b F< 3 Sb(IID)
HTSb(V) ()P i 18] 4373 5 3 h 16 h, 3K B HCO-
(Fe,0,), " Sb(TIT) 3 5 L B Sb(V)EE R . =2k
IXFEL R R B R R A B /2. HCO-(Fe,0,), "k bt

W
(=}

(@)

N
(==}

w
(e}
T

—
(=]
T

Adsorption capacity, ¢./(mg-g™")
[\*]
(e}
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50+

40

30r

20

10 -

Adsorption capacity, g./(mg-g™")
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&5  Sb(II)AT Sb(V) Wi fff &5 i A5 70 &)

Adsorption capacity, ¢./(mg-g™")

Sb(IIT) A& J& T FiL J2 W B> 181, R 05 W B A7 st e B et
FEARS A H 20, HCO-(Fe,0,), " I Sb(V) 2 )& T
2 JE PR, G PR PR P VAR % U P A D R R B
AR YED, XA 5 5 S A IR A (Y 2 10—
H;Hy. dbAh, HEERAE JE A LS5 hy)l
Tk VS A7 R 1 B2 R (ST AT Sb(V) (24 h))!SIEL
T VU AR AL =8k 138039 41 (Sb(V)(13 ) &5 42k 56 J Wi B
AL, HCO-(Fe,0,), " Bff 2 B Sb(IID) A1 Sb(V) )
PR, B RIS e

2.4 [IRHMIERRE

S FH W B 25 T R 78 56k HCO-(Fe,0,,), M B Sb(TIT)
MSb(VFE RTINS, AR WIS mEk2. H
F2ATH, BIEJE N Langmuir #2820 By Sb(IIT) Al
Sb(V)I¥14H 5% Z £ R* 34 51 T Freundlich 1555, 3% H
Langmuir 175 58 45 45 IR 4 IA Sb(IT) AT Sb(V)7E HCO-
(Fe,0,), s FIMR B . 2% 18 31 Langmuir 5254 &
IR P 35 5 T T A VIR RS et 05 B A A 55 (098 I o A
P, HAH AR B A A W BRI A 2 AR EL S - 12341,

-

0 20 40 60 80 100 120
Equilibrium concentration, p/(mg-L™")

50+

401

301

20F

10+

]

Adsorption capacity, g./(mg-g™")

0 20 40 60 80 100 120
Equilibrium concentration, p/(mg-L™")

Fig. 5 Sb(IIl) and Sb(V) adsorption isotherm model: (a) Sb(IIl) Langmuir; (b) Sb(III) Freundlich; (¢) Sb(V) Langmuir;

(d) Sb(V) Freundlich
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AL, #EH HCO-(Fe,0,), s "Bt Sb(IIN)F1 Sb(V) F %
J& T 52 W PR AN S B o {H -0 R Freundlich
f52 A4 0% B Sb(IIT) A1 Sb( V) ) A 5% & % R* W
Langmuir 1% 5 (RIBS K, 17K T HCO-(Fe,0,), s " M
Sb(II A Sb(V)IEFEHF AL T HE( )M Z ZWD
EE D = N T S R 1 | NP A
HCO-(Fe,0,), s"% Fft Sb(V) ¥ Freundlich #2244 1/n
ECIR B Sb(V)HIII /), W7 Sb(II) EL Sb(V) BE %5 5
# HCO-(Fe,0,), s W B, 3 MR B P16 B[] 2 753

2 R S

Table 2 Adsorption isothermal model parameters

B 7 IHIE

HCO-(Fe,0,), W Fft Sb(TI) AT Sb(V) 1 5 K W B
X 48N 46.00 mg/g A1 58.34 mg/g, L MnFe,O, W [
Sb(III) (10.66 mg/g) “9. Fe,0,/HCO W% Fff Sb( III)
(22.85 mg/g)!"™ 5 li 0 14 A W R B Sb(V)(25.0
mg/g) " EE IR M A BN, BN T BB X4
J& B AT Sb(V)(60.4 mg/g) . BhiE E & AL
W B Sb(IIT)(214.28 mg/g) R &k /k G 384 1 2 IR
I B Sb(II) AT Sb(V) W B 75 /2, (H A& 5 hE 3]

. Langmuir Freundlich
Sb valence state Temperature/ 'C . " > >
Gma/(mg-g”)  b/(L-mg™) R K, 1/n R
25 43.77 0.135 0.957 12.197 0.279 0.941
Sb(I1I) 30 45.27 0.149 0.962 13.037 0.274 0.947
35 46.00 0.172 0.964 13.907 0.268 0.943
25 56.93 0.050 0.962 7.478 0.410 0.934
Sb(V) 30 57.18 0.055 0.971 8.231 0.397 0.948
35 58.34 0.06 0.969 9.099 0.385 0.951
3 ASIAIR PR FRIRT Sb(IL) AN Sb(V)R R 4 RE ¥ LL A
Table 3 Comparison of adsorption properties of Sb(IIl) and Sb(V) by different adsorbents
Sb valence  Sb concentration/ . Adsorption Removal
Adsorbent : pH  Time/h ) 4 Reference
state (mg-L™) capacity/(mg-g—') rate/%
iron-zirconium bimetal oxide Sb(V) 0-25 7 3 60.4 - [42]
Hematite modified magnetic
. Sb(III) 0.11 4.1 2 36.7 95.5 [43]
nanoparticles
y-FeOOH Sb(V) 6.09 4 24 34.09 - [35]
Fe(Ill)-treated humus
Sb(V) 20 34 5 22.6 95 [7]
sludge adsorbent
Nano-FeO(OH) modified
. o Sb(III) - <2.7 - 7.17 - [44]
clinoptilolite
Fe-Mn binary oxide Sb(IIT) 24.35-234.5 3 5 214.28 - [46]
Metal-loaded saponified
Sb(II1)/Sb(V) 15 2.5 24 170.45/227.67 - [15]
orange waste
Fe,0,@Zeolite Sb(V) 5.1 2-4 13 19 85 [41]
Ce-doped magnetic biochar Sb(V) 50 2-12 15 25.0 - [25]
MnFe,O, Sb(III) 894.3 2.0 - 10.66 - [48]
Fe(II)-treated fungal aerobic
Sb(V) 20 3.4 5 19 - [45]
sludge
Fe,0,/HCO Sb(III) 10-200 7.0 2 22.85 >90 [12]
HCO-(Fe,0,), Sb(III) 10-200 2-7 4 43.77-46.00 >94  This study
HCO-(Fe,0,), Sb(V) 10-100 2-4 6 56.93-58.34 81-96  This study
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HCOSKRIFETV5e, J& T IRYHAMA, B EA#H
TERIR FAME -

2.5 WRMIEnHE

K HE— g0 zh J3 2 A0k — 5 g s A AL
HCO-(Fe,0,) W [ff Sb(I) A1 Sh(V) it FE it 4T 915
HUAEHE. easBnBE e MR 4R, HE4H
w1 B ) LR A HCO- (Fe,0,), W I
Sb(I) F1 Sb(V) 1 AH 2% R* 43 i 4 0.985 #10.982, 15
TR R — B I F WAL R, Ht,
HCO-(Fe,0,), W ft Sb(I) A1 Sb(V) {13l 1 2% it #2 B
KB SRR A, R T BT EL
HL P 55 B 2 WP 3 0 10 2R IR,  HAL BB A
F023), X 5 WANG Z0F 70 45 Fot — 80w . e
T 1AL EAS B HCO-(Fe,0,), K i Sb(III)
FTSb(V) I g 1853 571 4 37.845 mg/g A1 44.029 mg/g,
5552561 (46.00 mg/g F158.34 mg/g) L, HE— %
71k Fe,0,@HCO WK Fff Sb(II) Al Sb(V)Eh 1 2 F i 1E
HE G 5h J1 oA, B Sh(IID) AT Sb(V) [t B AN i
T 2 [ R T A 2 S ) A 1|

2.6 IRFIHLE

HE By, HEN HCO-(Fe,0,), W B

=4 B R SR

Table 4 Parameters of adsorption kinetics model

Sb(I) AT Sb(V)IALEE 24 -

1) #E = 2t 5 77 2% B AL v] B 4 #h 48L& HCO-
(Fe,0,), " [t Sb(II) A1 Sb(V) 5l J1 270 72, W7 1
Wz B e A2 H Sh(IIT) A Sb(V) 25 1~ 52 21 [& W AL 1 Bt &
A Ak 2 B B s U2 18250 [ R, Elovich R 7Yt fg
iR HCO-(Fe,0,), " Fff Sb(IID) A1 Sb(V) [ 5l /1 21
&, BER T AR R 2 U S B i R e 1
— BRI, b, SCHR[7, 18] 4k I8 BRI i
M Bt 70 W% B B 1) 30 77 27 3 2 o] DA 22 oA 28 S 40
£, HEN HCO-(Fe,0,), W Bt Sb(IID) A Sb(V) A A~ [F]
I B 842 H HCO-(Fe,0,), HL A R K b 1
R, TR AETE 2 IR PR A, DR PR B AT,

2) 2 PR EC A AR A i Jsg IV A I B st it e b 3] 3= 2
[ 1E . HCO-(Fe,0,), & il il % L f2 b, BE &
Fe,0, M1 42 E % T FeCe,O, L&A (5)), Hilll
JeiGUe ARG, AN T B2 B AT . IR
FeCe,O, /KR FE P 2 5K Z B R AW T BT
¥, TEMUE-TZ 458, A pim bR T A H 3R T
AR 2 1 2 5 10 K & B E A W) X=Fe—
OHMS*, SR J5 75 R A A M3 3k e 7 A4 58 #k Jz 7
5 Sb(I)EL Sb(V)4: K FeOH,SbO, (K (8)). X=
Fe—Sb(OH),( L. X (9)). FeOSb(OH) (.3 (12)) 1
Fe—O—Sb(OH);( 1L 3 (13) 24k &> 18, {8415
FFbk, HRME7FR.

Pseudo-first order kinetic model

Pseudo-second-order model

Sb valence state

qe/(mg-g’l) kl/mirf1 R? qe/(mg~g’1) kz/(g~mg’1-min’1) R?
Sb(IIT) 32.575 0.018 0.945 37.845 0.001 0.985
Sb(V) 39.810 0.018 0.923 44.029 0.001 0.982
40
@) R 40l ® DR .

W
[e]
T

Sb: Sh(Ill)

* Sb: Sb(Ill)
Pseudo-first-order

20 + Pseudo-first-order
. 32.574Tmg/g < 378446 mg/g
k,: 0.0175 k,: 0.0005

10f R 0.9453 R 0.9850

Adsorption capacity/(mg-g™!)

(=]

0 80 160 240 320 400 480
Time/min

* Sb: Sb(V) Sb: Sb(V)
Pseudo-first-order Pseudo-first-order
4.:39.8097 mg/g g, 44.0285 mg/g
k,:0.0178 ky: 0.0006
R*:0.9293 R?:0.9818

W
(e}
T

—_
S
T

Adsorption capacity/(mg-g™")
[\
S

(e}
T

0 120 240 360 480 600 720
Time/min

6 HCO-(Fe,0,) 5 W B 77IM Bf Sb(II) A Sb(V) KB 7 7 A5 1Y 5]
Fig. 6 Kinetic model diagram of adsorption of Sb(III) and Sb(V) by HCO-(Fe,0,), composite adsorbent: (a) Sb(III); (b) Sb(V)
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> H
LN0)
® Fe
® Ce
e Sb

Complexation Ligand exchange

% Electron
- transfer
N HCG b5+
C»;OQ@"\QQ o e
%&0
Fe’*/Ce*t—mm Fe2t/Ce3*

"\ Co-precipitation )
Oxide surface

4 Water bath
(60 °C, 2h)
FeCl;-6H,0

FeSO,-7H,0 Complexation

Ligand exchange

7 HCO-(Fe,0,), 5 & W7 B A2 B0 Sb(IIL)FI Sb(V) F W Bt #1345
Fig. 7 Formation process of HCO-(Fe,0,), composite adsorbent and adsorption mechanism for Sb(III) and Sb(V)

3) 25 N5 A SR AR I T B S RLEAT
M XRD 3 (WL 2(a)) A1 XPS 3% (LK 2(c) (e) KI5
Frep el & . HCO-(Fe,0,), F /) Ce = E LA CeO, F
Ce,O, M RAFAE, W FH SN T Sb(V) &, Ce(IID)
PSE G Re KA TR, R CeO, M Ce,O, il it 2%
4 I N5 ST B Sb(V) J B A= il ) CeSbO,( I 3%
(6)) B CeSbO,( ML = (11)) %5 JE X 1 Ce-O-Sb 1 &
Pvs, NI K IS B A B LBy i —2%
W B Sb(IIL) J& A3 A2 74 Sb 3d 3347 XPS 4 Hr (I
2RI FESEARENS531.68 eV AL B — N

X=Fe—OH+Sb(OH),—>X=Fe—Sb(OH),+H,0 (9)

FeO-Fe,0,+Sb**+H —>Sb**+FeO+H,0 (10)
Ce,0,+Sb(OH)+H —>CeSbO,+H,0 (11)
FeOOH+Sb(OH)+H'—>FeOSb(OH),+H,0 (12)

X=Fe—OH+Sb(OH);—>Fe—O0—Sb(OH);+H,0 (13)

28 LT &, HCO-(Fe,0,), W Fff Sb(II) Al
Sb(V) FRIHLE = 260, 456 75 W B 77 3 T i A= S A A 22
e[ B 4G RN R B, A, STk 2>
5 CeO, 1 Fe,0, K 4 Al [ BN, X 72 HCO-
(Fe,0,), W Fff Sb(IID)F Sb(V) 1) % 5 AT 7E

R, RYIFELEVH & B, 10 B 2(c) M

eyt ml &KL,

JR SN

Ce,0,+2Sb(OH),—2CeSbO,+3H,0
2Ce*""+Sb* —>2Ce*"+Sb’"
FeOOH+SbO; +H —>FeOH,SbO,+H,0

Ce flFe Bl S RE K ETR, HIE
F| CeO, AT A PEESY,  HE W Sb(ITT) 7 W bt 3ot 72
T REIE 1 CeO, 1 Fe, O, 55 L A Sh(V)(ML(3X(7) A1
(10)), #—LTE K 1 #7 1] Ce-O-Sb Fl Fe-O-Sb 45 &
IR RS2, R AR () ~(11) R S N A A Sb(V) 15
B, BeAh, WU SOV 7= ik 47 o i &
B L SbIDIR IS (L T 2(6), B iZad FE o & A= ik

2.7 WRBHERIR

MR 4 SCHR 18] I A 7 45 18, K A 0.1 mol/L
NaOH &% HCO-(Fe,0,), W It Ji5 (1) Sb(ITT) AT Sb(V)
BEAT AR AERES,  PAPPA HCO-(Fe,O,), ] B4
FIRMERE, HEERIMESHIR. HRSATH, YK
i FH HCO-(Fe,0,), " Bt 771 % 20 mg/L [ Sb(IIT) F1
Sb(V) IR Bt 2B 22 53 7118 98.17% F1 91.46%, {E4
i 3 W K/ S, HCO-(Fe,0,), %F Sb(TIT)

(6)  Sb(V)HIMW Pt E£BRZ 514 86.55% M1 71.33%: HZ&
(7 4R/ S, HCO-(Fe,0,), W Bt 751X Sb(IIT)
(®)  HIWLBH ZBRFA KT 70%, 5 Ce-Fe,0, FFAAF HPE
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Ae ™, KBl T R EAEMERE, Jv HCO-
(Fe,0,), i 35 52 F FH A0 Sb i) [l U B 5E 1 R4 ) 2
fitl, BAEBERZTAE N E.

S5 HCO-(Fe,0,), 5 & WM 715%T Sb(I) AT Sb(V)IR b /A
W 25 BR R AR AL

Table 5 Changes of removal rate of Sb(IIl) and Sb(V) in
adsorption/desorption process with HCO-(Fe,O,) composite

adsorbent

Sb Removal rate/%

valence

state 0 1 2 3 4 5
Sb(Ill)  98.17 94.25 90.37 86.55 74.68 62.78
Sb(V) 96.86 91.46 83.28 7133 54.39 -
3 g

1) #i1 %% 3L #2 o Ce. Fe FE /K Bt £ 5 Wi HCO-
(Fe,0,), " Fi BREf AR, 4 Ces Fe BEIR L2 A
1:0.67 A1 1:1 B %5 Sb(II)FI Sb(V)W it R R 450 4F

2) VAT pH X} HCO-(Fe,0,), "% Fff Sb(TIT) ff) 5 M
BN, AT B Sb(V) R S M AR, H f AR IR P
Sb(IIN)F1 Sb(V) ] pH 73711 8 3 #1 2.

3) JAEW 2614~ HCO-(Fe,0,), & & Wkt
XF Sb(IID) AT Sb(V) ) #52 KW bt & 43 51l 4 46.00 mg/g
H158.34 mg/g.

4) HCO-(Fe,0,), " Fff Sb(IIT) A1 Sb( V') FrtI W it izt
P2 A OB ], O BRI 3 208 5 T e A
IKEHENN) X=Fe—OH K AERBLNAR T [ v 5
Ce0, 5, Ce, 0,25 H M, (HEhFkk.

5) HCO-(Fe,0,), W Fff Sb(IIT)id 72 7 55 CeO, 1
Fe,0, KAESEA R B, X 25T Sb(V)EE % 5F .
MARTF , HCO-(Fe,0,), % Sb(IIN) Al Sb(V) ¥ B A
LR PR o 5 S AT R R R B T B, 7 B /KA R
RS TS TR IL T VTR IS T 5
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Difference and mechanism of Sb(III) and Sb(V) adsorption and
removal by HCO-(Fe;0,),

DENG Ren-jian', CHEN Yi-lin', ZHANG Jun', REN Bo-zhi', ZHOU Sai-jun', XIE Fu-bing?

(1. School of Civil Engineering, Hunan University of Science and Technology, Xiangtan 411201, China;
2. Hunan Jingyi Environmental Protection High Tech Development Co., Ltd., Xiangtan 411201, China)

Abstract: A new HCO- (Fe,0,), composite adsorbent was prepared by co-precipitation method in cerium-rich
grinding and polishing sludge(hydrous ceric oxide, HCO), with Sb( III) and Sb( V) as treatment materials,
respectively. The effects of molar ratio of Ce and Fe, pH, dosage and time on the adsorption of antimony by HCO-
(Fe,0,), were investigated. The isothermal adsorption model, adsorption kinetics and adsorption mechanism of HCO-
(Fe,0,), were studied. The results show that HCO-(Fe,0,), can effectively remove antimony ions from water, and
the maximum adsorption capacities of Sb(IIl) and Sb(V) can reach 46.00 mg/g and 58.34 mg/g, respectively, under
the conditions of molar ratio of Ce and Fe of 1:0.67 and 1:1, pH of 3 and 2, and temperature of 35 “C. The
adsorption processes of Sb(III) and Sb(V) by HCO-(Fe,0,), are both in accordance with Langmuir isothermal
adsorption model and quasi-second-order reaction kinetics model, with chemical adsorption as the mainstay. The
characterization results of EDS, XRD and XPS show that the composite preparation of HCO and Fe,O, increases
the specific surface area and forms amorphous iron oxides, such as FeCe,O,, FeOOH, Fe,O, and Fe,O,, which
provides conditions for the formation of Fe-O-Sb and Ce-O-Sb complexes in the adsorption process and promotes
the adsorption removal of Sb(III) and Sb(V).

Key words: HCO-(Fe,0,), adsorbent; Sb(III); Sb(V); adsorption mechanism
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