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Enrichment of Nickel and Cobalt by Solid-State Reduction of
Limonite-Type Nickel Laterite Ore Enhanced by NaFeS,

XIAO Rendong, CHEN Jing, HU Meishi, XU Bin, LUO Jun, ZHANG Xin, RAO Mingjun
(School of Minerals Processing & Bioengineering , Central South University, Changsha 410083, Hunan, China)

Abstract; The effects of the amount of NaFeS,, which was used as an additive, on solid-state reduction and magnetic

separation for enrichment of nickel and cobalt, and also the reduction behavior of nickel laterite ore were studied. The
results show that with the increase of NaFeS, addition, the softening and melting temperature of nickel laterite ore
decreases correspondingly during the reduction process; while particles of the Ni-Co-Fe alloy obtained by reduction
increase accordingly. The enrichment and recovery effects of nickel and cobalt will be better by adding 10% NaFeS,. The
nickel laterite ore, after being pressed into briqueties, was subjected to reduction at 1 100 °C for 60 min, followed by a
process of grinding and magnetic separation, resulting in a high quality nickel-cobalt-iron powder grading 7.89% Ni,
0.66% Co and 74.01% Fe, at corresponding recoveries of 97.13% , 86.78% and 35.81%.

Key words: nickel laterite ore; additive; reduction roasting; NaFeS,; Ni-Co-Fe powder; solid state reduction;

magnetic separation; Ni; Co

BARIVES BT RE R P b AN AT Sk ) R 4 Bh
R T P R o EE TR A 2020 4E 1) 7% 15 F 2040 4 Y
31% , 5 MRl Rh 75 R AR B K Rl 3 F 139%
YT LA R BRI AR R IRk T2 AT e AL
HER BRI, A R T R A R R &L, (HAF AR TR IR
TEHEBCR K (29 120 ty/ty ) 15 Qe o ™ 8 A r= s il
PRI 24 5 A )

1 - BT 48 ] A - 1 AR A P B R 2
AR B RR AR 00 U0 5T R} BE AR R0 A2 30 7 Ll
(B TR O R T ol R 40 koA gk SR Ak 4 ik

© YHEH: 2023-08-14
ELTH.: HKEARPEEES (52174288,51804346)

ANRH, SEBRR T s 10 U5 Sk Dol i 5[] 5 A il B UL
N P R B AT AR B A O T
FEWRIZ 1. ZAFE B A I b 22 4 B J0 S5 TR L, 17 Y i
SR

CARITEE I, &40 BiZH 2 A o) AE s AL [F 2
I BRI T B AR R A AR
B IR FEL YUL AR (A R A A i R M e A Y
EATR/SLR TR SE N NN TN D AP LS L I E
AR A HC R PR S S e R g
R 3 BN T AR A T AP AR SO a5

TEEBN: MM (1998—) , 5, LRSI B -L o A EERFSE 5 i) el SRR U™ P2 W IR S ORI . E-mail ; xiaord 135@ 163.com
BISMEE . A (1984—) , 5B TP F A 81, 2047, EE0R 7 E 2480 | R TRE TS SR A . E-mail ; mj.rao@ csu.edu.cn



551

H AR NaFeS, SRALMERT BILT 8500 [ 2500 5 55 SRARAS A5 101

Fith ) E B RS NaFeS,, BF5E T NaFeS, Jil %1
Bk 5 RS 6% NaFeS, BRALZT 500 [ 25 76
BOHLBIHET T 4R | 5 45 1 TR Y, A
T B S

1% &

1.1 SEIgEM

NaFeS, &It F JLK & iRk JLK A B A4
AEAEN TOIK SR ZaR AR Y A A Al X BT
RALEREN 99.99% ., i S5 4% e BT FH TG R 1 30 T i
WEZ =74, FLEERR FE AT K5 & 153 510R 83.8% |
4.9% 10.2% .,

21 A4k [ BN SR VG, H R Bk R AR 1
WY E T LT R (TS 40 2= - 74 pum
BT 90% ., LT ER R BRI AR BT A Ry
AR 2~3, RFZLDSHERT T TE, 5 LIk 99.06%;
R T A S0 A FRIA 95.62%

Rl OIRTEBEUENS (FRESH) %

Si0, Mg0O AlLO; Ca0 Cr,0; S 4%k

Ni Co TFe

1.3072 0.14 42.43 9.60 4.82 344 0.75 3.19 0.24 13.02

R2 IRV HEIERERSREESH

R/ /% SIS/ %
(KRR LTS 42.03 99.06
AR ik 0.15 0.35
iR LRE S 0.14 0.33
RERRER Tk 0.11 0.26

At 42.43 100.00

K3 AIRUHPRIERERSREENH

LN /% IR/ %
BRI R 1.25 95.62
RERER TR 0.046 3.52
AR R 0.010 0.77
TR R 0.001 2 0.09
At 1.3072 100.00

1.2 XWAE

4 SR ) A R VA R I E B R4 4
P AT EBEA) , 5B B RS , 1 g
FHTEK 250 — AL B Uk 4 BV 7T 3K 45 NaFeS, . 55
A NabeS, BFENUED 78R UR T T 180 CHt
FRpAr

12T AR5 R IA 4% (0t 53450 TEHBERI A [
JiHk NaFeS, , 147, RS B, 28 BUZSBET 2 h 5, R

TR P T e A SR R T T 1 100°C B3R N
B8 60 min, RJFIRIGEE AT B A S5 R P
B, BEE RS ew T KW B 50% 5148 TR =
-43 pm KL g% 5 90% , I F I8 =G 1E 4 ( XCGS-73
D) FRESRE 80 KA/ m F5fF T X0 A TREE 7755 .

W Ab2E AT E 2R Fe (Ni FlT Co 3515 oK
X BT SN (18 2 58 Advance D8 ) 5 6
J 7 AR ZE B 5 R P B R G Ak i 3 14 (36 ]
LakeShore 7404 %) 731 i it 7™ $) (1) G i 10 4% 5 R FH 4
i HB% (4 52 TESCAN MIRA3 LMH/LMU #Y) 43 #r 8
SR a5 EEITTR 1o A RS A 4 R R R
A YX-HRD3000 747 4 45 s b7 I 58 B hn A [6) H &
NaFeS, £1 8 (13 I O FRE R |

2 SEmEERETHE
2.1 NaFeS, BIRAE
B NaFeS, 7 i i X 5Tt o0 Al R an sl 1

JIR o 7 AR AL B — | FFAEIE 5 NaFeS, brifiig
P, A O™ AT

M NaFeS,

NaFeS, JCPDS Card Ne34-0935

! ‘ |_|h 1 |, |||||I||||||||
10 20 30 40 50 60

26/(°)
B 1 NaFeS, B X ST&ATHE

2.2 REKEKE-HES BN

P 2 i NaFeS, X1 4 B i J s -1 e 5k
BRI, AN NaFeS, 8% 7 5L A 075>
BIH 2.52% F1 0.23% , & L RUCR 25, WM 10% NaFeS,
S5 BRI S 43 14 25 7.89% F11 0.66% , % i IR A)
WIh 97.13% 1 86.78% ., WLHEKGH Hih i BE% NaFeS,
FHAE A i 52 B0 L FH#a#4, NaFeS, FH L 10% B, 2k & 47
74.01% A% 35.81%

NaFeS, FHm I8Nl k4RI R T ¥, %0 NaFeS,
REM IR0 4 B AL, Vb Ni-Co-Fe & 4 kil & &
A DFSEUERT AN Ak P AT 21+ 88 76 38 D 5
AR IS s AL A (R A A R I R R 5 4
KM Y NaFeS, FHE(EZ M IKA T Y FeS
BhIRE T A 0T, 52 M0 AT R 43 B ORI



102 owm LB 544 %
FEAER L T R ((Na,Al, Si) 0,) (RBL(2) ~ (5)), Hbg s &k
5@ 100 NaFeS, 3G, JR0 BE S Cr Al 7R3 R 5 e
22: Fedhir Ja FELRATEAAATE A Mg Fe TCR M RT
§§: & s P — o] gg %Q 2(Mg, Fe),Si,0,(0H) , ==
s RepRiE 430 2 3(Mg,Fe),Si0, + Si0, + 4H,0 (1)
: o i ¢ Fe,0, + CO == 2Fe0 + CO, (2)
0;: gg 2NaFeS, == Na,S + 2FeS + S (3)
ol Coft Na,S + FeO + 2Si0, == FeS + Na,Si,0, (4)
02kt . - . o Na,Si,0, + Al,O, == 2(Na,Al,Si)0, (5)
NaFeS, il it /% ANIA] FH it NaFeS, i Ji 7 9y 19 G s [0 26 UL 5] 4
iy S > k1 > =R %
100 [®) 2 Feiick ESNCR B OO ) B AR RN AL 5 B Bl NaFeS, H b3 ﬂﬂé{ﬁ[‘%
%, 5E 2 k4 JE bR B A — 2, XUl
80 NaFeS, a4, 4 8 2oL 72 B, 2k & Jm 1k %
£ TR,
E ol .
% y 60 0%NaFeS,
s 5%NaFeS,
40 ":n 3o 15%11:1}::;1:;2“52
’ E 20%NaFeS,
20 S
0 5 10 15 20 ~ 0
NaFeS, %/ % %
(a) s (b) M 3 30
2 NaFeS, FEXTL T $2 % [ A K- HEE 5 B S R B4
-60 1 1 1

2.3 YEFEEME
R X AT 4T T AR & NaFeS, if J5 ™
YRR, SR AN 3 B

1—(Fe,Ni,Co) 2—FeO 3—FeS 4—(Mg,Fe),SiO,
5—(Mg,Fe,ALCr),0,  6—(Na,ALSDO,
2 23
6
54 4 3@43@3 h\l 3 43 5 25209
3
58 4 B3 13 43 5 1.515%
2
2
5 2
5 6 4 34 31 4 5 k5 10%
2 21
56 4 354 4 s 4 5 515%
1
4« 4 2
5 4 s 3 4 5 2 51 0%

20 30 40
26/ (°)

B3 AEAE NaFeS, if R4 XRD Eit

50 60 70

H &l 3 BT, IR0 NaFeS, J& , JF4h B FeS, Hoild
S EEE NaFeS, FH Tt M4, Ni-Co-Fe & 42 (1 145
JEHA DL A, WA I NaFeS, fE #0461 4 & 2k 19 4= i
i, TR R AR AR R A A BIE I
FEFeO B, HAELEBE R ESES, REM
NaFeS, i, MESCA 7R KT B i o [ (1) T e i
HifT (Mg, Fe),Si0, ) ; BRI NaFeS, J& , 4154 A4 nl B 4k
MM, AR e 40 ek TR 5 A i b e e AR S B A

2.0 -1.0 0 1.0 2.0
WA/ T

B4 AEFAE NaFeS, iF 5 =41 i % B 2

24 FEEARTED GRS

Kl 5 HIRNN 10% NaFeS, i J5 7= 9y () 70 % 434 4R
&, BEFAREA FeO KEAFTE, NI Co fAET LR
BRH FeS 434 12, iR AT K, 2R %% Ni-Co-Fe & 42 M
FeO, i FeS 7645 beid 72 b 3 22 LU AHIE N A7 16
PRIV AH 1) 2 ot 8 S48 028 5 T [ AH , FeS /)12 43 A fiE {2
G R ORI R A H AR TRl I SOVROR A e b
FEFLBE, I S AP B, 30 4B ki A it
SNERERRERT Y R BN E A, B S B A B
fil, SNERERRER A 5 NaFeS, 2 MiERG B R 25 Hy
A, R NaFeS, S ) P2t Rk I 5% 16 Ry 6 kg

AlE 5 NaFeS, if I ™ 9 1% 5 25 44 L I&T 6,
& 6 A, AREHN NaFeS, i, &4 WoRiUIN, 57 A N
TREE I EUR 0 RIAEAEZE R, Ud BH A I e R JCHH W
AHAERR, SR 4 Uk xE LA SRR R, BRI 10% NaFeS,
i}, Ni-Co-Fe A4 ki 2 30 um , Ni-Co-Fe &4 F FeO
ORISR B , 5 K P 1 DX 3 SRR B &, Je 7 S7
W AAEAE A0 KIE AL 7= A, ULBHIS N NaFeS, g



551

H AR NaFeS, SRALMERT BILT 8500 [ 2500 5 55 SRARAS A5 103

TiRJFad B e BT T s R E T A A R
B R WIN 20% NaFeS, B, Ni-Co-Fe & 45 1 FeS
UKL HE— 2D K BUR SR A A BT b A
I ERE L UL NakFeS, & I, R 3E TEE AL
G, — A T IR JE A R R AT AR R B

(a) 0%; (b) 10%; (¢) 20%
B 6 AERAE NaFeS, FEFYIMNBMEN

2.5 BRI

& 7 AANIR] NakeS, HE 4504 T 4L L8000 i 72
T MR EE AR IS O, AL 7 W0 B 45 NaFeS,
PR, 20 AR i ) AR h O R R TR (AT
& AR EE R B ) F R, AU NaFeS, B, 6
SRt BT LR AR IE IR B 1210 °C 3 & Tl 5 i
FE , AHIT Ni-Co-Fe 542 UKL B SR A K K U 10%

NaFeS, if, ZE LI B 2 1 112 °C ; %l 20% NaFeS,
i ARTE R R 22 960 °C , ARAK IR 5 7 sl T o AF
oA BT R R, VRN NaFeS, REA 8L AMTLT L8R 1Y 4K
WERR R

1350
“ o —a— TIEI
1280°C  1287°C e | ekt
y2s ~hyE
1250 F1269 C 1265 C —a— AN JE
1186 °C

1181 C

£ 1210 C
= 1150
|
1107 C
1050 -
1027 C
950 1 1 1 1960 "
0 5 10 15 20
NaFeS, /%

57 AL

0% 1210 C 1239 C
NaFeS,

50 QRLLIS C, 71263 C,  rgi2s7C |
NaFes, N ¥

10% 1112 °C i 1202 C 1270 C
NaFeS,
15% °

T 1027 Cpu L1143°C
Nk, oW PR AP

20% L9 °C R 107 C 1181 °Cy |
NN Tac oy

I 7] P NaFeS, B 2140 = f HESME 28 4L
B 7 NaFeS, AEXL LR EREEHIEH R EZRI M

3 %k T

1) % Ni, Co,Fe &40 510 1.31%,0.14% |
42.53% PR RUZT - B0, U I 10% NaFeS, 1 4%
TCHIIET 1100 CH55E 60 min, R BN -REVE /D 55, fiE
3RS Ni Co Fe Fhi5351°0 7.89% .0.66% .74.01% , %
W7 [ #3510 97.13% . 86.78% . 35.81% MBS 40 by
I

2) WA NaFeS, Ji5 i J5od B 2E AR s Bk fb
FEA T B A 0T BORER 1Y) 4R Ak, BRI
T AR G RIS, S T Ni-Co-Fe £ 420
R REAK,

3) JE R A R - 3 B PR 4L AR
T ORI S kA B AR R AR AR, IR R
B AR IERER R . DR R R R R 2
HAC T A H M R R R B R

SE 3k

[1] Gifford S. Lithium, cobalt and nickel; The gold rush of the 21st cen-
tury[ J]. Changes, 2022,225.1-6.



104 Fowm TR o5 44 %

[2] Fisher H. Cobalt market report 2021 R]. London; Commodity Re- ferronickel materials from laterite ore by reduction roasting-magnetic

search Unit, 2022. separation[ J ]. The Chinese Journal of Nonferrous Metals, 2011,21(12);

[3]  EhsC% FEu . RS ALLL T30 0 BEUE T Aot 3, « B+ BRI+ b1 3137-3142.

B AR )] A IR 4, 2019,48(3) 1 75-78. [11] ZHOU X J, TAN F, CHEN Y L, et al. Thermodynamic analysis of
(4] SRIRDY, BRFFDL, 22ME, 5. “XR” Bir TR ENLEE R H A Na-S-Fe-H, O system for Bayer process[ J]. Transactions of Nonfer-
JEREIF[T]. WFELEE R, 2022(2) :31-39. rous Metals Society of China, 2022,32(6) :2046-2060.

[5] Vahed A, Mackey P J, Warner A E M. A review of nickel pyrometal- [12] LIX, FEIN, JIE T, et al. Removal of $*> ion from sodium alumi-
lurgy over the past 50 years with special reference to the former Inco nate solutions with sodium ferrite [ J ]. Transactions of Nonferrous
Ltd and Falconbridge Lid[ C]//The 5th International Symposium on Metals Society of China, 2016,26(5) :1419-1424.
Nickel and Cobalt. Springer International Publishing, 2021 :41-62. [13] Taylor P, Shoesmith D W. The nature of green alkaline iron sulfide

[6] Crundwell F, Moats M, Ramachandran V, et al. Extractive metallurgy solutions and the preparation of sodium iron (IIT) sulfide, NaFeS,[J].

of nickel, cobalt and platinum group metals[ M ]. Elsevier, 2011. Canadian Journal of Chemistry, 1978,56(22) :2797-2802.
[7] BEUIZE. 20 50 PP hid I/ i A il & R 2R A S Rl 508 T4 [14] RAOM]J, LI G H, ZHANG X, et al. Reductive roasting of nickel
W[ D]. K1 hEF R, 2014 laterite ore with sodium sulfate for Fe-Ni production. Part I; Reduc-
[8] RAO M J, CHEN J, ZHANG T, et al. Atmospheric acid leaching of tion/sulfidation characteristics[ J]. Separation Science and Technology,
powdery Ni-Co-Fe alloy derived from reductive roasting of limonitic 2016,51(8) :1408-1420.
laterite ore and recovery of battery grade iron phosphate[ J]. Hydro- [15] German R M, Suri P, Park S J. Liquid phase sintering[ J]. Journal
metallurgy, 2023,218.106058. of Materials Science, 2009,44.1-39.
[9] JIANG M, SUNT, LIU Z, et al. Mechanism of sodium sulfate in pro- [16] &, KER XIAEHE, %, 20 H40 BORtERe JaR RS ReiFas (T ].
moting selective reduction of nickel laterite ore during reduction roast- Bf TR, 2013,33(6) :57-61.
ing process[ J]. International Journal of Mineral Processing, 2013,
123:32-38. SIRAS: B, M6 5k, ¥ £, F. NaFeS, BILBHRY i LY

[10] LIGH, RAOM]J, JIANGT, et al. Innovative process for preparing AER T EMAENFFR[]]. 58 T4, 2024,44(1) :100-104.

(35 99 50)

[16] Hadi S, Fauzi A, Widiyawati I, et al. The role of phosphate solubi- [20] DING Y, SONG Z, FENG R, et al. Interaction of organic acids and pH
lizing bacteria from Rhizosphere of upland rice in the growth and on multi-heavy metal extraction from alkaline and acid mine soils[ J].
yield of upland rice on ultisol soil [ C]/I0P Conference Series: International Journal of Environmental Science and Technology,
Earth and Environmental Science. 10P Publishing, 2021,653(1) . 2014,11:33-42.

012110. [21] ZENG F, ALL' S, ZHANG H, et al. The influence of pH and organic

[17] WANG K, LIU Y, SONG Z, et al. Chelator complexes enhanced matter content in paddy soil on heavy metal availability and their uptake
Amaranthus hypochondriacus L. phytoremediation efficiency in Cd- by rice plants[ J]. Environmental Pollution, 2011,159(1) :84-91.
contaminated soils[ J ]. Chemosphere, 2019,237.124480. [22] BEE,™ F. S8 MR i 32 4 AU s 424

[18] JeongS, Moon H'S, Shin D, et al. Survival of introduced phosphate- W5E[)]. iR TR, 2022,42(3) ;108-111.
solubilizing bacteria (PSB) and their impact on microbial community (23] ZEESE FEMu AEWNER, 45, BEEMMB AL 8 1o e I 5 3¢
structure during the phytoextraction of Cd-contaminated soil [ J]. ARWFFRIRT]. HEER2ABFSY, 2019,32(12) :1993-2000.
Journal of Hazardous Materials, 2013,263.441-449. [24] ki, 2 @l WEHERIEA PG Z XK 8 0 RBRACR [T ].

[19] CHEN L, LUO S, LI X, et al. Interaction of Cd-hyperaccumulator W TR, 2021,41(4) :113-116.

Solanum nigrum L. and functional endophyte Pseudomonas sp. Lk9
on soil heavy metals uptake [ J ]. Soil Biology and Biochemistry,
2014,68:300-308.

SIAAX: ¥

HoRikdh B & F MARRSEEEANSE L

B EARIE P Y]], b AL, 2024,44(1) :95-99.



