5532 %555 4 10 FEEEEREFR 2022 4 4 B
Volume 32 Number 4 The Chinese Journal of Nonferrous Metals April 2022

DOLI: 10.11817/j.ysxb.1004.0609.2021-37937

Na,CO;EB T 187 IEF BT R
NIFEMR

ﬂ[ﬁd;}il’ %ff\%]’ \g'%éﬂ):]1> /5?':\57;‘1{1, %K7j(%2, 5"%"4%1

(1. ERR2: MRS TSR, K 400044
2. BT RS AMEE A mEERHERE SR E, B 650093)

8 Z: REABSWENIFITE, T T Na,CO, MER TRk AL AL 4R 55 IR Bk Hal J5 1 30 77 2 U
e T FERNNNF S, B TR EREH: BN Na,CO, 7T FEARHK L J5 I 4h iR
[E£9250 'C, FEOIEB ISR BAGE R A 7 A = AN B, RIRIIER B (a=0~0.15) IR B (a=
0.15~0.60) FIZE AL Bt (a=0.60~1.0).  HIAREI B 135 A REHEAE 14 IR S R #EAT 223 kI/mol PR T f& 2 76 kJ/
mol, 5 4P HUER: AN BOR ARSI IN IS BRAK, BY BOZ AR S R s AR B ER AR FeO
J Fe,SiO, (13 J5 [ B, i HH A% H1 184 kI/mol 22129 /N #1] 132 kI/mol, il f5 X 34 h0 % 173 kI/mol, % B2
2 R BE . 5 EIMFIR L, 00 Na,CO, JG A KR #E T 40 T4 RGBS, PR T Bl 2 1
A EE

KR LR 0% ARSI BRAGEJR: BREREA

XERS: 1004-0609(2022)-04-1088-10 HFESES: TGI XRRFRRRRD: A

SITAg: RSB, LAk, AR, 55 Na,CO, /EH N AL R4 JE 8 IR B Gl )5 8 71 2w e 0], h LA (e
JE2EHR, 2022, 32(4): 1088-1097. DOI: 10.11817/j.ysxb.1004.0609.2021-37937

ZHAO Jian-bo, MA Dong-lai, LU Xue-ming, et al. Kinetics study of non-isothermal carbothermic reduction of
nickel laterite ore in presence of Na,CO,[J]. The Chinese Journal of Nonferrous Metals, 2022, 32(4): 1088-1097.
DOI: 10.11817/j.ysxb.1004.0609.2021-37937

WAMAARRIER, HEMEAGExEtM 0, JOEREREARERE. TZRREIS Cl
TAEPAHN, mRGEWE, £EH, TR AERLTEY. KELZUEErak. B -
IOURSN )iz Sk, HFERINXMRBTER Y ERRKEF). a1 a Rk CRIL LR A B
FORMPoEIE K, SRR RMETE S, £28% R -RAEVER Y. e a R SRR IE R A

B, HART72%ZLATEY . BEERMEY &, LA EE M, Bk Ea TG
PRURAY H 23 A, BRI R, SRosd A, BN 7 REFEATS . RKEF T2, xR
PARR EEERL . LB N 1 ORLERVER G, CSEBURRUA P, HLAR S R
PRI ANRE B i PR, ATHF e AR . SR1, RKEF T

WAL EHLZN, PSRt ZRFER, R T B AL G B A 1Y)

ESWE: EXRAARFESTBIIH (51904047); &L @G 40H 646 8 VHIR I bR A B 5 8 2S00 = P e & % B I H
(CNMRCUKF2004)

kS HEA: 2021-03-18; fEITHHEA: 2021-08-06

WBIEESE: WM, BI#EZ, Wt BiE: 023-65112631; E-mail: youzx@cqu.edu.cn



BREH4H

BRI, 5F: Na,CO,AF T AL A SR B EE 1Bl 1 4F I 1089

50% LA b, BRI B I BE R R AR o Rl A
BERIESEBR & — M SRIG L2, EREFE T E
BB, ERZIEERER T 242K
W, A MG S a L, R T L
IHE R . TR, BN A HB I R -
T EHAT T RERFT. T8 F A
IR SRR FE N AT, R AT PR RERED . (H2
TR R IR AR KOR, R S SR Ik o B A
BRI, I8 TR L RS AR N A sk, L
I I A B SR AR R R R AR, AR R R A
DL 5 Ak BBk B ORI SR AR . R S R A S
Na,CO,. Na,SO,. CaF,. CaO%!*, Hrh, #ih
AIF TR R, WIRBNTZ . BERK
DL, VST AT RR SR 450, R eeid A2 A
(1) Na,O SHERR 0 Wk A= e b AE B A, BRA T
A BOIE T &R BRI . Na,SO, 7EIEJF il F2
WS AT LA 5 8B AL A B FeS, FeS 54 & 4 F A%
F& s P AH (Fe-FeS), A3 A1 BR 141 Rk ks 0 4%
i, MR 4 R AR R 1) R 410,

R FE 4 R TR AR R 447 BB MR AT R 2 AR
FNWWE R &R A, Bl I8 S5 50 [ L
JEFICnAT 88 KD CORH, 25, &5 AL &
A, EIRB) RT3 AR B S R R RS
NP A 2201 A S v K g B B S TP A K <
MR AT -0 [ AR TR 30 1 233047 T W98, 4L
TR R AR K M R e T A R A I R 1)
KA E, K T30 /1% 2 8. JANKOVIC
SEUOR FH R e TR S50 7 VR T T A AL TE H, R
RIS SR B0 7)%, L T AR B /) 22 B
TR, R COAE IR SRR, 75 nl a7
AR JE I R BT, BB 1S
HOT T & SR A JEORE I 1 B AR A — 2
S, MBI R WS AR, FIREF T2
TETIINFNEAE IR LS R . E X 8N 3RS N7 i)
sidt,  HETHE T R B AN SR 4 LR IR
Ja i v 4 S SR AR RV 45 40 B8, i 8l /g2
WEFE 77 LD o 96 WY ZE S5 120156 S N Na, SO, 2% 1
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1.1 EIER

AT L TR S, HA Sk
AWE R, HRIFATUEY, TFe & 2(HE
SrH) N 17.87%, NigEN1.81%, SiO, flMgO &
R, 00N 34.97% F113.5%, J& T 4 3 i Rk
BERILT HARYT, JER CaO 5 &N 1.54%, S, P45
A FHRE BB,

HT L8R T E REML MK, RIE A

E-3 AN SN DR A0
Table 1 Chemical composition of nickel laterite ore (mass

fraction, %)

Ni TFe Fe,0, Cr,0, Si0,
1.81 17.87 25.04 0.51 34.97
ALO, CaO MgO P S
4.75 1.54 13.50 0.005 0.064
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Fig. 1

material; (b) After pretreatment

XRD pattern of nickel laterite ore: (a) Raw
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] B 5 VN 0 4.47%Na,COL (i &2 43 50,  n(C)/n(0)H
[ n(O)RmEh B B 1A T B R &
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BNz B SEIRAE =Rl =M DL iR 2
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Fig. 2
laterite ore with Na,CO, addition

TG curves of carbothermic reduction of nickel
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Fig. 3 Intensity of ion current in off-gas during reduction

of nickel laterite ore
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Fig. 4 Conversion degree (a) of nickel laterite ore with

Na,CO, addition as function of temperature
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1
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0 0.2 0.4 0.6 0.8 1.0
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Fig. 5 Carbothermic reduction rate (da/df) of nickel
laterite ore with Na,CO, addition as function of conversion

degree (a)
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Fig. 6 Calculated iso-conversional plots based on KAS

method: (a) 2=0.10-0.45; (b) =0.50-0.90
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B 7 BT 7 AR KAS V5 1T 3R A5 1 5 8 TR
RBLECRE S AR IR R . WNETHATBLE
TEALBE AR 73 N = A B 3 — B Bt (a=0~
0.15), B JR R M HEAT, A RE PRIE N BE,
H1 223 kJ/mol F&AK 3 76 kJ/mol. 5 B B (0=0.15~
0.60), AL RN HET, WWELRetuEsg i,
76 kJ/mol 34 i %] 184 kJ/mol; S b # 47 F| 2=0.30
J&, TEAGBEIF AR T R . 25 = B (0=0.60~1.0),
BEE L S5 SRR EAT, TSI RE e AR G218 T I,



HR2HEH4M RSN, 4. Na,CO, fEA T LT AR5 R AR PGE JE 3 7120 7T 1093
. &\i’\, R?=0.991
200 "ﬁ\
E / - 2
Z1s0f / - //- )
.5/ .\I\ &)
w 2 = iy
100k L] lmtlgl stage R2=0.911
e Medium stage
. A Final stage .
50 1 1 1 1 | 1B 1 1 1 1 M
0.1 02 03 04 05 06 0.7 08 09 ) ) ) )

a
7 ARYE KASVETHERAT I L AR B AL SR s B
RE S HAL R IR AR
Fig. 7 Activation energies (E) of carbothermic reduction
of nickel laterite ore obtained by KAS method as function

of conversion degree ()

184 kJ/mol Ji /N8 132 kJ/mol; s ] 4k 8233 17 3 o=
0.70 1, JEALRESITARZE 123G N, 132 kI/mol 4§
N 173 kI/mol. ASHIF 83K B 5 AL BE & T-1% GE bt
FRRPIREAGRE, X F ZR BT ERHE 1000 C
THREHT T 2 h M TRAREE DA B4 K . U Na,CO,
Je, E R SLITE AL BEAE AH LL R N Na, SO, i BE A .
SRR LIRS T T, Na,CO, 1 b AE FH 5
FNa,S0,.

24 FHFHIBRE
I F Coats 1l Redfern $& H R U5 77 V£ 15 2]
AT REMIATERBL Al 5 X(6) PT i In(G(a)/ T ) K 1/
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B 8 firas
(52l |- 7
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Fig. 8
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Model-fitting plots of carbothermic reduction
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ferofg) 5
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3 IR
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SN — B B EE RN 0=0.15 i, ™ #4H AR Si0, -
Fe,0,. Mg,SiO,. (Mg,Fe),SiO, f1Na,Mg,Si,0,, %
£ Fe,0;, X FRWIFELS — Wi Bt Fe,0, FE AL IR
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A2 B [ [ SR, DR R ORI Fe g . i 3 T
TEIR R R LI, RS H CO Al CO, & #IRMK,
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i 3K MgSio, Fl Mg,Si0, % 14544, A FlF A7 T
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T T i B B 28 — i B &5 R (B 0=0.60), 1
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Fe,0, K70 04 J5 8 4 J& S0 Fe, 30 /b B IE
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T BUR AR E A R NN -
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5 B (a=0.15~0.30), HE3EH, &
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I, BEERER T E, AN AT A
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SARIE SR CO AR Ty NN JE 5 8RR N JZ
ik T AR IR S B FE . DR, 20 RARE RIS
Jii S BTG AL RETE 0=0.30 J5 G BRA% . H 2 Bl A B
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Fig. 9
laterite ore at different stages of carbothermic reduction
with Na,CO, addition

XRD patterns of reduction products of nickel

W R3S 2 =B B (0=0.60~1.0), F KA
FeO /% Fe,SiO, # it J5i 5 Fe (1) [ B, {H & H T
Fe,SiO, B M I i, R TS AL RIS T = o (2
FH T84 Ja BH 25 7T LB i R 10 S S 1, ]S 4k
T AR S B AR SR SR AT B AL, B FeO M
Fe,SiO, HiL J5 [ NiAF LM, AUARIE S5 74 CO 1
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e B3 RAL, CO MBI RELE 1400 CH BE
SR ETE, IXUEW T EIRHER . BEE IR Fe,SiO, Ik
A, CO A R R IR, CO ML R B EE 2 b,
R A 5 38 2 3k 1) — MU A 5 SO P R R

4 ZEip

1) %I Na,CO, Ji» 20 B B A JF 46 76
FE5 TR B A L BRI T 350 ‘C A A, HiRm
Na,SO, I A EL AR T 250 'C A2 A BRI AL B TT
G 5 TE AN N7 B2 U 0 Na, SO, B #H B 43 51l B
7100 CF1200 C.

2) H Coats-Redfern y2: i i& | A [F] Fir BL AL 22
B ST HIEER B (0=0~0.15), S MiHLEI A —4E
FiL RN G@=[1-1-0)"T; FHIHrE(a
=0.15~0.60), MM ZE R, HLER R EL AR
N RIERXN Ga)y=(1-0)"; FEZ K B (0=0.60~
1.0), HLE RIS RERXN Go)=1-a)"'-1,
SR IALE A IR o

3) i 5 N 5 — B B (0=0~0.15), THILAERE S
R SR k4T 223 kJ/mol PR R [ ) 76 kJ/
mol; Na,CO, 5 il ‘K # £ MgSiO, x M. 4= i
Na,Mg,Si,0,, I K4 454, A FFIA7 T
Horp BB A IR T . 5 B (0=0.15~
0.60), EAbAEH 76 kI/mol HLi% 14 i 5] 184 kJ/mol,
B JE T Uit R B, SRR S RN AN, &
PEEAGRREOR: )5 BT PRSI R B =, 3
TLRERH 2 T . 2 =B Bt (2=0.60~1.0), FE K4
(1) ) % 2N FeO M Fe,Si0, I3 J5i [ s i 4k BE H
184 kJ/mol Z& 15 8 /N #1132 kl/mol; 2438 J5 [ 3 4k
BT 3 0=0.70 B, TEALRE X HF IR,
132 kJ/mol ¥4 /11 %1 173 kJ/mol.
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Kinetics study of non-isothermal carbothermic reduction of
nickel laterite ore in presence of Na,CO,

ZHAO Jian-bo', MA Dong-lai', LU Xue-ming', YOU Zhi-xiong', ZHENG Yong-xing?, LU Xue-wei'

(1. College of Materials Science and Engineering, Chongqing University, Chongqing 400044, China,
2. State Key Laboratory of Complex Nonferrous Metal Resources Clean Utilization,

Kunming University of Science and Technology, Kunming 650093, China)

Abstract: Kinetics study of non-isothermal carbothermic reduction of nickel laterite ore was carried out in the
presence of Na,CO,. Based on the thermogravimetry and kinetic analysis methods, relevant kinetic parameters
were determined and the phase transformation during reduction was revealed. The results indicate that the starting
temperature of carbothermic reduction is reduced and the gasification of carbon is intensified after adding Na,CO;.
The reduction process can be divided into three stages: the initial stage («=0-0.15), the middle stage («=0.15-
0.60) and the decaying stage (a=0.60—1.0). The activation energy of initial stage decreases from 223 kJ/mol to 76
kJ/mol in which the two-dimensional diffusion is identified as the mechanism function. For the middle stage, the
activation energy firstly increases and then decreases. The chemical reaction mechanism is found to be the best fit.
The decaying stage also belongs to chemical reaction mechanism, while the activation energy of this stage
decreases from 184 kJ/mol to 132 kJ/mol and then increases to 173 kJ/mol. The reductions of Fe and Fe,SiO, are
the main reactions in this stage. Compared to the reduction in the absence additive, the reduction process is
enhanced and the corresponding activation energy can be reduced after adding Na,CO,.

Key words: nickel laterite ore; kinetics; non-isothermal; carbothermic reduction; Na,CO,
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