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AU PR SR I o O 1 RS TR VA R I AN, d
KPR EE /D Rk R B BRI 2K, ASCHR 13
BTN, R R ORISR BAEE R pH Tt
17, AN AR S RN, ROk Y 2R, DL
FMHITCREPERE o FFINIE T ¥ TSN IR o) Bl iod H A E
ALK S BUR R AL, A Bk i B
R, TESUHEMEE, WMHEERRAA T S m AR ER BN,
T 8 BRI PR 22 7K AL PR A D v BR AR ) Al
BRI, AT IR EOK AT M 1 SR o S BRER IS AR,
WK A S pH T @R S I Rk
BRI BRERHDR LTS S SRR P RE KR 5
XF BRI K A R, H ST FOK IR < I 1]
NaOH WKJEXBRERE 8k & 8 WA S5
M o

1.1 SEIER

S BT FH 1 kB R A VA T (Co™ 45.17 g/L. Fe®
35.63 g/L)s FH /K& B R T2 4K (FeSO, TH,O) F1 7K
AR (CoSOy,- THO) 4 — 5 BRBLHI M K, 1ZIE TR
1) pH {4 1.38. A AL (Fe(OH);), HAIF
FREREE (NH,),CO) I, AL 7114 30%H,0,, FTH
TR AR A o i Al .

1.2 LW

S FIT ) BB BR B VA VRS B 200 mL, 4 5 K
SRECEES-I N, RVEL 50 mL =8k R e Ao
ANZ PR R, BT 1E iR K R i #h a4
P, B 2 I = A IFE SR R ) = e Rk
F—BEBRMINBEUK, £ 88N 100 g/L %
FRECIA R, 28 =B MR AR F AR EER) 150 mL #ifR
BT, H RSB A R S DT A AR R
fill, SrBUSCRELT, SRR EHT S A A S O,
AN BRRAR R IR S AR AR E AT A3 VAT R T =3 3
A EAR 2 K FEUR R AL, TR/
KRBT YU . AR FER I AL pH 52
WS pH 1H, £5 pH A BB (B R85 v — B
I IE], VR B AR BRI S R, IRV T Hr k.
i, JEURZ B TK(80 C)FE i F Bk,
TFRAEHE T, T [ AR 2 A S 2k 3z .

FE UL 80 mL VK B I S B ANIA I, I B &
SRS (AN SR (RN 150 mL)H, SRJEFREL 5 g 4t

T JE BR R GRS LR E A 16) A BN, BN
2 NEARDN 15 mm [FAAER DUINSESERE, RN e dy
REHEE T EERNAES, THUERE N RS
SENS ). OB R IR S g, IR &8 7K
(80 TPk, Ve mIEDHE F ARG T RAE BT 5
FEOEASIN 734

1.3 S5

K FH HLEORE & 55 8 TR 6 11 (ICP-OES, RIS
Intrepid I, Thermo Eleetron Corporation)Z 7k
Be. EhL TROCEPIEE; K H Mastersizer 2000 T 0%
L RE 23 AT A (3 [ B IR ST A RN ISP W) iR AT KL FE 4y
Mr; KH JISM-6360LV i 8 (H A JEOL AF])
SR R PE 55 R 5 7R B TS R X G417
X (XRD, Rigaku D/max—TTR )7 HrEE SRR
HIEA Cu K B8, EEN 40 kV, BN 250 mA,
4=0.154056 X 10" m, 20 2 10.0°~80.0°). X Bk )i i€
ARG TR SRR, DUBET Rk S 4
PRV R e 2E M 43T, SR %) A1(2)
THER I UTTE 2 5 B A7 R 22

V- pV
¢¢e::£1-;a§l-Lx1ooee (1)
"V — p, W
) :wxloo% )
Co p"V

F: g 5 oco BN SRR, %: p' 5
P53 N R ER BRI R S B BTG VR BE /L
25 py N BRER S R A B DR R R S R TR
FE, g/Ls Vi 5 V a5l Bk e R 53 5 e R A
R B BR BN VA A, V=200 mL.

2 HER5THE

2.1 FRERELIB P EIKERIRER
2,11 RUEIKINA & 1520

MRAEIR R B A SIS Co™ Fe*'\ Fe’”
(IFFEETTIE pH 205N 6.66+ 6.53 1.59. Co*" 5 Fe**
MFFLRTTIE pH I THaT, BREkREIR 5 (E 8 K 24T
H, {H Co*'5 Fe MITFUATTIE pH M2 K, FrblAs:
W SRR R Fer AL Fe¥'s fEIRE 70 °C, %
M pH=2.6, SNIIE 4 h, ASHNEERS H AR 07,
e 7 ORI 2L A R [ e 640 SO
UK B DA S PRk 30 SR 17 R R SR, &5
Wk 1 R,
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Fig. 1 Influence of hydrogen peroxide addition on iron

removal rate and cobalt loss rate

P 1 AT, Rk R R 451 2k SRR 2 A K
R B & UEUKHEHRIERER 0.6
w15 50, BREEH 52.01% LT 2 99.68%,
UG 4k S KUK B B TS B0 2 15, FRERm
T2 99.72%. HIRIEL 1R Z6AE 0.6 XU /K18
NN 0.96%, 7F 1.5 fFEE RN TFE 2.87%, 4k4k
WREHIRER 2 £, BTUARRUI 2 2.96%. I
A TRV B Ok — T T 2 A BR R P T i B AR, 3R
MERiA 2 1L, WIHYERR, JERE Ak B—0
THT A2 AR RN SRR e v v i I ik F2 7 A R R pHL i i
it B, Fe? MBS Fe™ K iiAE T (7] 2
17, BERON TR R OH, 40U SU/KHL S Fl &
0.6 538 % 1.5 50, HribpibRer =yt 2, HiEFER
FORIFR I N, S R SR 5 R ES pH i w3k IE
TR BURIG . Dk, ABRERER . XUEE/K &
ARG FER ST LA I8, EPEREUK R &
NS EERE.

2.12 pH KI5

pH RAMKMERRE M EELMA R, ERPM
pH BEE, TR RS AR AR IR 3K, IR P& )
&R ElE . ERE 70 C. WEKHEN
1.5 f5HE B ONFIA] 4 h ANl 5 S A 2R in 1l
BT SR B E S IE M B 4, 250 pH
1B DA SN PRk e S Bh A R 2R (M sg e, 45 SR 2
PR o

EH ] 2 W75, pHAELX B R A VR o e o 52 T
R . BEEVETR pH EAE 1.5~2.6 [M/481k, BREkRM
26.3%ETF 2 99.68%; 24 pH {H KT 2.6 I, 4kaliy
K pH [HFRELR AR 75 pH N 4.1 B, Bk
H99.95%. ik HRAE pH {H 1.5~2.2 [8]56 P22 89,

pH
B2 E s pH BN BRER R A1 G (152
Fig. 2 Influence of pH value of solution final solution on iron

removal rate and cobalt loss rate

2.2~4.1 [AFRIERE . 75 pH A 1.5 F1 2.6 I, &tk
I3 1.86%F1 2.87%, #t— LTt pH & 4.1 B, &b
TURFEFE 4%. FIt, MBRERER. Bk KA
FNAFEESE T LRAH R, EHEIER pH (HA 2.6,
2,13 RIS

T S SR AR R BRI R R PR BRI I % . KR
SR A BN, £ pH=2.6. MEKHEAN 1.5
FERG R VI A] 4 h ASH0 s Fp 5 A . #5
VET7 SR S Ik 1 [ 5 264 T, ORI
DA SR BRI AR BRI TSR SR EE 1)
SomRAEE, S5 3. 4 F15 R,

EH T 3 AT N, R X B R A VA VR PR i R 5 ¢
NEE. KN 20 CH, BREKHE 88.73%, B
FHRER TR, Bk R k88 K, HiRE T2 70 CHY,
Bk RIEBI RN 99.68%. MG 4kE:Th iR E &
90 C, MR TIE 97.74%, WRERHT XM
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Fig. 3 Influence of reaction temperature on iron removal rate

and cobalt loss rate
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Fig. 4 SEM images of iron removal residue at different

reaction temperatures: (a) 35 'C; (b) 70 ‘C; (c) 90 C

o XK SZ AR 0 o i, BRI T SR R A R
BB BRI S LR B ) g T B AE 20 “C Y
iR % 4.91%; MIREFE 90 C, i kEEER
2.67%.

B 4(a)~(c) FIian 23l O SE AR 35,70 F190 C
P32 (R 2R 1Y) SEM 5. IR 35 CHF, BREkr™
YIS R 6K, RIEDEHESUE. REETE 70 TR, B
BRI , 2 TR HL PR 6 VF 22 & 22 IR B0k
TRETHEZ 90 CHF, BREMI IR 2 T30 . FLEE AR AL
[/ NBURL PR AR — T, 2 “miEF7 R, iR

Volume fraction/%
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Fig. 5 Particle size distribution curves of iron removal residue

1

10!

obtained at different reaction temperatures

U o L 4 ATRR, R BRR A IR SE R BN I
BRI R0 5 i S S Tk FEE PR T v i AR /0 o RLE R 35 °C
I, RLRE ARG B S, FALRIAR Dso 4 26.97 pm;
BEFETEE 70 ‘CH, BRERE IR 20 A7 KRR jg b,
RIRiARE Dso B2 14.47 pm; T EREZR 90 C, H
KRERIAE Dso FEZE 10.26 pm. JR AT RN Fe* Ak K
F B Bk A B A PR AL T B R R ks ]
R, B RPOR TR, REERS Fe* A
feid G K, Fe i M RN, fdi 75 BR ek ks
FR) RSAZ R KT A ORI, AT AE e IR T 3R A5 ot
YL BR AR,

2,14 W0 KA IR SR

BT S E A KA BRI 2 A O 52 T A/ Nk i B
AT R E R o), AR SIEES 43 ) B SN M a f . 3R
&S] PEG2000 F1ZR 57 PAM(H 1 & Ff Fe(OH),
F & 10 g/L, PEG2000 F1 PAM #8434 20 mg/L)
XPBRERZ BERE . BRERE UL IRLEE . DT
PEREMISEIALEE . 7F pH=2.6. JHJZ N 70 C. MEK
RN 1.5 RS E . O] 4 hy £21E 5 SR BCE
B INE R E KT, SEIREE IR 1. K 6 &
Kl 7 Bis.

M 1 AE, 52Ascimt, dmak, R
TEPEF] PEG2000 225 PAM Xt B 66 VA IR FE B
BRI R BRI g . 2 B SE5 N A
FORL TR RE A 22, VTR FE N 0.91 cm/min, JEWR
HRE KRR 114X 10°% 400 S AR, TR 8 fe
26 KIE R R, THE 4.2 cm/min, JER S &
K& 50X 10°°. Ak, HFLEFIE S S5HAA
AP FRER, TR B B R SR PEG2000 5 H Ak
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Table 1 Effect of seeds and different additives on reaction crystallization of Fe** and settling velocity of iron removal residue in

2020411 A

cobalt sulfate solution

Seed and additive Co concentration/ Fe concentration/ Iron removal Cobalt Settling velocity/
(gL™ (gL™ rate/% loss rate/% (cm-min ")
Blank 43.871 0.114 99.68 2.87 0.91
10 g/L seed 44.523 0.050 99.86 1.45 4.20
20 mg/L PEG2000 44.071 0.107 99.70 2.44 1.42
20 mg/L PAM 44.262 0.089 99.75 2.02 1.91
20 mg/L (PEG2000+PAM) 44.384 0.057 99.84 1.74 5.10
12
a— Blank
10+ b— Seed
¢— Compound additives b
8
=)
2
36
B=
£ 4
=
=
0
107! 10° 10! 10? 103

Particle size/um

B 7 ASFZEAE TP B R A H 2
Fig. 7 Particle size distribution curves of iron removal

residues obtained under different conditions

FELRINFIRETELE, TLMRIF R & SR, %
TRXAMHMFERE, ASLIHF T PAM 5 PEG2000 &
Fic {5 ) St A VA I I 485 i 1 AL I FE PRI R 24 PAML 5
PEG2000 L [FIfEFIIS, 45REW: KRR LA,
LRI S, H BSOS, DIMRURE
FRE 5.1 cm/min, JERTHEEEME 57X107°, Ut
B 53 TS 0700 P A5 FE B K 250 1 s A 2R L P 0 B
TN

7 R a~e R AN AL BRINEF. i
T AN I 75 i 45 2 P Rk R R E Ao E ] 6
7 ATEL: S AR, AN RS R AN e
fERRIAE FLRG A, . MERAE—S, WORDRIEESE R, 2
PRI TT A B o N0 e R PR BR R P b K LR
TESUARBL/INBURL B SR AE — T, B “BRIEAIR” , K
IAGTEE A, FALRIAR Dso N 21.84 um, 2 ASKE

Bl 6 AFZMTIFEREHER SEM &

Fig. 6 SEM images of iron removal residue under different
conditions: (a) Blank; (b) Adding seed; (c¢) Adding mixed

additives

KR PRI 12,69 pum 89K T 3L —1% o B8N R FL
FURIBRER =0 ch BORL P SR AR B, HRL IR,
Fif% Dso ik E 26.72 um. 7F Fe* A KRR ekt fE .,
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TS FEAERT, I Fe® ik i 7 2k B el i 3L
T3 AE A 0 W SV A0 B A 2 T i i I 32 i K
s T EAIAAEN Fe MR M T K=, (6
18 Fe¥ fE RIK FIAR B I e SRR 2 71, #hcd™
HeE SRR, ISR A KK,
PEG2000 1E N EEAWFAERS FRIE MR, HKHT
B 2 ) O e P R 1 s AT I PR A /N - 2R T
TE R TR BRL, (R R 5K, ART 2
FIURL B AR A — T ORI A 2 — b 2k
WRIEHL =D TREY, KK TREAEI I 128
GRANL PR ZERAE DR 23 RORL i R i L 35K 1)
LI N R, bRyt s FEPY . i = R n
VERZBCR T PEG2000 5 PAM HSAE IR, R
Wi A BE R A% T PEG2000 Fi B AR R B T, S
RIET PAM KRS FHEJEGE S 2EMER, AMUERTH
Fivats B AE FELATHG 0, R B R g3, 1T LKA
VIR AFARISCAG BE IS K, B2 T R P M RE 70, LA
o TR AR, VA N TR AR S 2 A
2.1.5  ESFIRRTE BRERE H (1 70 A B AF RS

Xt 1.5 518 E H,0,. pH=2.6. 70 ‘C. 4 h JxM
NEREEIT T SEM-EDS JeE . (4 B2 4b
JEE B K XPS 40, HARFUAE pH 24 T FREkE
PeR MRS E R R R, HaRwE 8, 9. B

10 &3 2 fiiR.

K 8 Ik, BRFTEXEESEEERE, Mo
Bim, B ERAL, HE B B0 AR 2
B, R 2 WAL, EHAR KA AR
T, BRERE LR S 5 UR # B IEAHEGRR, Bih
RAIER, BREE R LR AR K X (A0 T
ik R T BRI R AL 270, W g
B o

XFBRERE AT LA S i, S5 R WA 9 BR,
£ 900~1300 cm ' FEFEI P9 1 3 ANLLAM B SOF (&
R, HE 9 FTLLE H, 43 74E 1000.97. 1084.29
F11125.95 em™' JEECAE H BRI, 43 7% N & S—O
SRR FRE ST . SOF A& DAL A7 2% & I ML HA T 2
TRRARERI M, SO AT I B 5 Bk =4 2% i O T
PG B S FIAN, BREKIE A B AH /N A RIOR B
BRI H, HRMHRZH NI, X R
RIMAF T EREARPHRM, SCRIEEG TR0
W B X R B A . R BRERE kAT XPS
Koy dr, R AE 10, BRI 2ps M1 2py, EZES
REZX N 168.17 eV 1 169.46 eV, HIAHIHI R &5 M1
BE ORI I TT Jn, B DA AR R R R 1 A E T
MRkl b, HE— b e B AT LR DL SO IR

ST AL

B8 [RELER SEM 14 ) EDS T4 5 #i

Fig. 8 SEM image(a) and EDS element map scanning distribution of Fe(b), S(c), Co(d) in iron removal residue
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221 IR E I
TE S ] 2 h, NaOH ¥ & 40 g/L, NaOH
100 12595 VA S BRAERE IR LB A 16:1(mL/g), FiEHEIE FE N 200
108429 r/min, PR K AL RE DA 5 FOGE R kv /K A BE IS 1)
< 100097, AR R S BRSBTS R (R e, 4
? % Rk 3. B 11, 12 113 Fiors
é IR 3 W, KRR EAE 170~230 'CH, B IR
£ 60 FERITHE, AR BRI BB LT, mEE
a AR T . JLepRBHRIEAE 170 CRE, RM0E R
sl 57.63%, BRI EA 0.097%, T H] 230 C, £k
& EIEINE 65.63%, WM& EFICE 0.014%. 45
500 1000 1500 2000 2500 3000 3500 4000 4 E 11 1 XRD %, AN 170 CHE, R =PI

Wavenumber/cm™

B9 EREEMLIMERE

Fig. 9 FT-IR spectra of iron removal residue

S 2psp,

Lo AMNLAANA A AL\,
L L

1 1 1 1 1
160 162 164 166 168 170 172 174
Binding energy/eV
E 10 FRELHAR XPS i

Fig. 10 XPS patterns of iron removal residue

®2 BRERER RIS IR RN KR
Table 2 Relationship between specific surface area of iron

removal slag and cobalt loss rate

Specific surface area/ Cobalt

pH

(mz'gfl) loss rate/%
1.5 121.28 1.86
2.6 125.19 2.87
4.1 132.63 4.00

22 PBREKEMERISHE

IR S AR AR R R AT 21 R B Bk v DN T s B IROIR T
(it 40.81%. e it 7.51%, iR HD). A0k
6 5 BN BRI AT K AL B, 75 3 1) FR R AR
wHim, e B, ATENED RSB KT
& LR EHMT L.

BTMEHERD . IRETEE 190 T, A ERERYT
I S W B S D>, ELRT S 0 PR 0 8 U 25 R 55 L PE
THEE 230 °C, PR ATERET AT R, A AR AT
TRERIT AT S0, HARBRDT AT A A . RIS
T FE T e B Bk B I 4 B e AL Rk, BT el

3 KR BRPGE TR B E K
Table 3 Effect of hydrothermal temperature on iron and

sulfur content in iron removal residue

Mass fraction/%

Temperature/'C
Fe S
170 57.63 0.097
180 59.28 0.084
190 61.15 0.062
200 63.47 0.044
210 65.16 0.027
230 65.63 0.014
. F6203
. ¢ — FeOOH
P 230°C
. L. ., 20T
© )[ ° [] ® o4
[}
L]

11 ANFEZKIAERE T ERBRER) XRD %

Fig. 11 XRD patterns of iron removal residues obtained at

different hydrothermal temperatures
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& 12

Fig. 12 SEM images of iron removal residues obtained at

170 °C(a) and 230 C(b)

[N 2 VS I Y, B =) SN |

Volume fraction/%

0
-1

107! 10° 10! 10? 103
Particle size/um

B 13 AFERSR T BRERE L 7 A1
Fig. 13 Particle size distribution curves of iron removal

residues obtained at different reaction temperatures

FEWT ARSI HB 0 AT R 1R A, A B TR R BT Y
ZEERIE, U HVEALF IR . BT R TRE R
PIAEAL R RERRFEE T I ZR 55 18, EFRIRAENIK
PIRE Y 230 C.

HT P 12 AT 13 W, KR A BRI (ARLE B o iR

FERITFE RN . 1700 200, 230 °C FHAkife Ds
RN 4.04. 2.94. 1.47 ym. IRFERN 170 CH, 7740
a RIA KE IR AR BRSO R EH 2R R0k,
EH o B IR TE PR T, E—2D 5 170 C N DiEk
AT EX N . BETFE 230 TR, 724 b HIRE F
ARIC AR TR A1 SRAE — kD, 0K 2 [R] FF) SR TSR
XFPRARGIE T 7R A B JEvEgE, 5
230 C FBRERENTH B A2 AR IDARXS I o 45
B FRARIK IR BRI AR TR SR,
AT LLACRTE 170~230 C R BRERIE 5 0 IR B2 — AN
fE—FEAT AR, BTN BEE IR T
RZRIMIN Y 22 27 N RS R RIS i BURTSS S uR s
PUBEHCERIW R, (675 Fe* i o R EE RS I, R A
MRz 5 KRR, M B R Ee,  HARER dokL
[ RAZ R KT AR, I ITE il T 3R A3 kL
YL RGN o TR AT HLE P2
Fe*’—FeOOH H,0 (amorphous)—>

a-FeOOH or -FeOOH— a-Fe,05 3)

222 JKFAIE ] 5 BRI FE R 52 R

FE SN 230 °C, NaOH VA5 kv 11 v I
E(mL/g) A 16:1, HiFEEE Y 200 r/min, 537 %K
AT ) 5 Bk P DA 5 %% L X /K A 3L I Rk v 11 1 2
SRR R B, SRR 4. £S5 B 14
15 s

B3 4 5 5 W50, A SR (] AR BE 1S K
PRGBS RS LI, WM RS N, H
NN 2 h, BRIREEN 40 g/L B, BRIEEA
65.63%, RIS 8RN 0.014%. 454K 14 /1 XRD i,
2 MR A 30 min B, SR AR ER AT RIET A
NE. RNEIEKF] 60 min, P AR IATS
WETH R, AR AR AT AT, IR S )
MOL e SRR . 4558 15 /) XRD 0] %1,
PR LG N 40 g/L I, PRy RS2 AR I

R 4 KIS RS ERERE R L B RS20 (NaOH K
40 g/L)
Table 4 Effect of hydrothermal time on iron and sulfur

contents in iron removal residue (40 g/L NaOH)

Mass fraction/%

Time/min
Fe S
30 61.70 0.087
60 63.81 0.063
120 65.63 0.014
240 66.54 0.011
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Table 5 Effect of alkali concentration on iron and sulfur

contents in iron removal residue (hydrothermal time 2 h)

Alkali concentration/ Mass fraction/%

(eL™ Fe S
0 59.98 0.789
10 62.44 0.088
20 63.88 0.032
40 65.63 0.014
60 66.19 0.010

* * — Fe,0,

o — FeOOH

10 20 30 40 50 60 70 80

Bl 14 R ] BB XRD
Fig. 14

hydrothermal time

XRD patterns of iron removals at different

. * — Fe,04
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Removal of iron from cobalt sulfate solution by oxidation-hydrolysis
and hydrothermal conversion of iron removal residue

LIU Bo, ZHOU Qiu-sheng, LI Xiao-bin, PENG Zhi-hong, LIU Gui-hua, QI Tian-gui

(School of Metallurgy and Environment, Central South University, Changsha 410083, China)

Abstract: Iron removal from high-iron cobalt sulfate solution by oxidative hydrolysis, and subsequent hydrothermal
conversion of the iron residue into hematite were investigated. The factors influencing iron removal rate, cobalt loss rate
and slurry settling speed, such as hydrogen peroxide dosage, pH value, temperature, seeds and additives, were
investigated. This study also elucidates the influences of temperature, duration, NaOH concentration on iron and sulfur
content, phase and morphology on the treated residue during the hydrothermal conversion process. The results show that,
under the optimal conditions of 1.2 times of theoretical amount of H,O,, pH of 2.6, temperature of 70 ‘C and time of 4 h,
the iron removal rate can reach 99.68% and the cobalt loss rate is as low as 2.87%. The addition of Fe(OH); seeds, PAM
and PEG2000 mixed additives can greatly increase the slurry settling performance. Raising temperature, prolonging time
and increasing alkali concentration are beneficial to the conversion of amorphous iron hydroxide into hematite. When the
hydrothermal temperature is 230 ‘C, the hydrothermal duration is 2 h and the NaOH concentration is 40 g/L, the
amorphous phase in the iron residue are completely converted into hematite, with iron and sulfur content of 65.63% and
0.014%, respectively.

Key words: hematite; high-iron cobalt sulfate solution; oxidative hydrolysis; iron removal; hydrothermal conversion
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