55323455 6 1] FEHEEEFIR

Volume 32 Number 6 The Chinese Journal of Nonferrous Metals
DOI: 10.11817/j.ysxb.1004.0609.2021-36756

2022 4 6 A
June 2022

FRIGIER T LR P ERRE IR
RREI1TH

et xFELE, A oY, HeFt &R F AN

(1. RIFR TR TR, KIE 030024;
2. KJFEBTORE: AL gk RRIR IS vis =y OF F B 5K pd s s, KJE 030024
3. Wt RS AR TRt s, ORI 030024
4. KGR B @ REIRA PR A 7], KJE 030006)

8 . DLEAUH) A BE(CH,) S NIE BRI B S G i, T i oA Geif AT L I T 10 XURR ™ )t 5
NEK, CL G AT S, FEARIR IR . B ER R SRRESAET, %77 CH, 54 +4
B R AL IR AT N . FF45 & XRD. SEM-EDS. S MG ISR TFBL, W40 R4 LR B~ 1
VRIS AT VIR AT SRR W] 305 900 C . 3B 5 7] 60 min. CH, WK JE N 50% I,
PRGN 3.06% [EIUSCZE R 52.09% ARG o REH™ 48 it A A RS AU 1 Ji PR 2 B2 | T NHO I8
JEAMIE, B A KBRS TR DU R G MR &Skt g, SRk TREN S
JEWH . CH, 520 LA (iE JsUd AR R AEIUIR T 183047 7E1R(900 C)I#4 CH, 2R ™ £ H, AR B ,
1713 25 B2 3 J5 B TE CH, R HL B ik R0V F R 33E4T

KR ZLRARET, Wik IEJEATN: BERAE S SR

NERES: 1004-0609(2022)-06-1759-13 HFE 5SS TDIS2 MERFRASAS: A

SISTAEIN: XDSPH, XISFZE, b A, 45 WREVE I 40 LR TR AR AL I S AT [T A 4 JE 2
%, 2022, 32(6): 1759-1771. DOL: 10.11817/j.ysxb.1004.0609.2021-36756

LIU Xing-yang, LIU Shou-jun, YANG Song, et al. Reaction behavior of iron and nickel oxides in laterite nickel
ore under action of methane[J]. The Chinese Journal of Nonferrous Metals, 2022, 32(6): 1759 - 1771. DOL:
10.11817/j.ysxb.1004.0609.2021-36756

HAl, ARt a &L 84710t EENG
PRERHM SR, AERIE R P 3 3 AT R R R A
YIRERE BHUR,  FRINEE KR AR %5 7 (Voiseybay ) £
PRI B A, Hofhd = & H T
. M 2015~2019 4, SRS B ™ &8 1025.07
Jit, EHKERNA72%, SILFEIR, ST 2
HH1039.28 Jit, XK EN4.88%, HFLER %
THIHE 7 G AW IR, Rk, o R %

P B 60.6% M L1 AR ORI IR 73S
PR B RIRMTIT &, WHRIE SRR R LA Fa
TE RN E K,

IR E T AE R SR AT DR R, AN
SRR ) B . 20 ARE IR R R ek T
SRR EEH TSNS e 4, B
HAEH KMTFRE 1. 400, L8 R heriiE T
TR B R4 E A IE R 1) [ 32

HeWH: ExERBAES RN H(21878210); LLTGE &R Szt %I % 51(20200719)

KWimHHER: 2021-06-16; &1THEA: 2021-09-21

WBIEEE: X%, BI#EE, 1ML, Bi%: 13303460889; E-mail: 13303460889@163.com



1760 T A e E SR

2022 £ 6 H

D EERERNE, TN T RIERBESE T2
W, H T2, HAZREFE. AU ” 255 1] 7
IR, 2) SFELLH,. CH,. CO. fEI %%
TERIBIER, BAE. AR RV BARER
#, ORI T

TRESTERILH, JLF AR AR e A IR 5
7 B 484 K30 43 (R B0 JEUAIR AN R S, 3 o0k
WikE N &R SRR T %8 &4 . DE
ALVARENGA 2585 H, i Jif # 2k AL 21 480 (13 7
ST TR, RIUAE400 C<<r<550 CHf, %
2 S N AR R IR RO AR s 7E 500 C<
t<<800 CHF, 7[R r=4)rhfil 4 mek, Fik,
TR 8 R R 4 JR R 1% FE ) 6 B 2 M
AL, B AT LLLE £>600 CHF IS S5 5 FRE i o il
VY 7 4R B0 (R 2 BUE B AL T 0 0 A .
HANG PV T CO R JR 4 H 484, @it i
CO,-CO b, TERFBEIRE N 1200 “CHF, T 15 EIE
G 37.2%. [ EE 95.89% L TG bR . 25 A%
XF CO MR 40 3 15347 TR, RILE
S T B AN 2 i SR SR B A

BN, — gt CH,IE IR 20 H 4 HEAT T 0
Fio ki EE ST 5 B CH, IR B,
T S %% CH, IR BEERHR . kA & [RI R 1
S, RIE CH R BERISE I, BEERSH 8. Bk
() dt 57 A7 P BeAIS, AR BE ARG, TR AN I [ Wi 6
TR . 3% T CH, ¥ 48 K 3 R A<
Waag, AR TEMBE R T ESsHIBAMIEL CH,
PERNIEREF, TEEJFEEE R 700 C. R BIES A
60 min. CH, ¥ B4 20% (1A F143 50) 1) 2% 44 T 15 2
T JE TR, o AR AR 42 8 AL F 4 )
91.17% #123.67%. PICKLES 2%} CH, it Jf 41 +
BRI AT TR TT, K CH, LE 400~800 °C
(i O BBl LA R R R MR RE . 45 BT, K
BB JRAESRT RGN O S LR IR . BRI RERESE 7
B — M. SAm, HArSEEEa +
B IR FAT A AR, FERGEE S+
IR SR RS R AR i ) SR RN B, DL RS
R LT B RN LIRS 75, BRI T %
TR —D RN

AR, RO ARRAEE, (RHRIRE BT
(AL, s3I 2030 HE B IA IS A 2060 B H R CL48

JA B SR Y, IR SR AT LI
ST IR K . A Bl AE XK
ZURT, Tl B, BRI, BOAT A AR (H,)
AMEER REJR (CH,) N AT B R R L 20 e
13RI, H H, A1 CO R i %, (AXT
CH, & JF 4L L8R B = R 7T, H CH, L5
2L R AIBLAR 15 AN IR AT o

BT, AL EBRT NN R, HEE
227 CH,fF AN 2L 8™ N BB S ) R ek AL
WIS RAT N, EEBEDY: 1) REIUEHTT CH,IE R+
WYL EERE, RHRIERERE . &R &
CH, & 2 46 32 B T 2 S H0n P AR R i i 5 el i 6
RIS s 2) AEBEIEAE b, B0 g el A al i
FEARMIILG, XA SO 454 45 7 24T F
T, TR B R R AT AL, 3) Zia
J1F S5RAE M, B CH, 52 28 1 M
17 A4,

1 LI

1.1 SRR

A SIS TR 4T B R BN e TR BB
B (RED BN 1.65%, B N2537%, &
Fib i R AL . 20 AR R XRD % 4
B FTR. B LA A, JER I 3 A AR AL N
Flle 8047 (Mg, Si,04(0H),). 41kl (FeOOH). 77k
W (Fe,0,) Bk 4 40 f1 Fe,SiO,(OH),, LL & A7 J&
(Si0,). T JEH AR I dn AL AR, DR LR I 4 AH
TCVEAGE I 3K o

* — FeOOH
v — Fe,Si0,(OH)s
* — Mg;Si,05(OH),
o — Si0,
4 — Fe,04
* ‘V
kMJb A A
* A -
0 20 40 60 80 100
20/(°)

Bl ZE8E 1 XRD
Fig. 1 XRD pattern of nickel laterite ore



BEHH

RIPGPA, 5. HUGeAR R AL A BRI SONAT 1761

1.2 IWHE

LR R E 2 PR H5E, IS0 g 4L 4R
BN BN G E IR B , FTHF KR E, WAL
PR N, (R AR RN 100 mL/min), 4R )5 3 & THE
2 PP 1l 31 B P (i B YL B O 600~1200 C); 24
TR BEIE B S0 P 75 IR S, W\ E & CH, A
1738 Ji (CH, S &3t & 5 150 mL/min), N,#1CH,
HH % 7 I B T4 i (L UM I B8 200 ml/min). &
JiE B[] 24 60~90 min. & JRBYEEEH S5, KT
WE, FILEANCH, ENMAP FAHNESR. #
WBNEEG, BRI, IR SR
WU S g I AL 7E FRIAL RS N 2 A IRV S RESE AL P it

1T HEI% -

CH, == Reduction
roasting

Sample
manufacturing

Magnetic
separation

. @@

Concentrate Tailings
ore ore

2 SKIHRAER
Fig.2 Flow chart of experiment

T 32 Je WRORS B B T R T O R vk T SRR
fir, BRI (D BEAT TR

g=(”“xal)xlow% (1)

My X o
b e ABRBIRE, %; o, KD PERGAL, %;
ag NIEH AR AL, Y%; m NBLERSE R, g
mo ARGIEIET TR, g.

1.3 RIESH

T it ) XS ERATT 3 23 B e Y H S Rigaku 2 )42
721 D/MAX2500 A1 X 5 2T S (XRD) AT R ALE -
] Gu K, S 2% 3K N 1=0.154056 nm 48 55
A SO, EHEN40kV, & HIRY 100

mA, FHAHEZE N8 (°)/min, FHHETEH K 5°~85°.
K H Zesis 24 &) 477 () EVOHD15 24 49 4 W1 4 45 &
HL T8 1% 3 BT (SEM-EDS) SR FE (1 (T 50 M ot 2R
%, oA SR T M. A AL R R
B UAR A PR 7] GC-7820 R A4 5 K b it 72
FEAE I RS EAT T

2 FER5R

2.1 AR EFEER-HET ZLHRMR
2.0 I J R R A B R IACER R R
FEIE JF IS 7] 4 90 min. CH, (IR FE A 50%. i&
JE IR N 600~900 C . Witz sm s N2 A 44T T it
AT SR RS RE LSS, FFM S0 B SCR AN, Hogh
R 3 Frax. ik 5 N 600 °C F £ 900 C
B, AP b 7 R [ g 238 AR I i i 5 11 T v 1 3
hne o, A AL LE 800 C ALK BIIEE, N
2.45%, (AU AE 900 C Abik B, N 49.71%.
DL BRI R BN, fESERR ) R SRR, i
B e 352 CHY, CH, 5% A8 I SNl e gk AT,
1M CH, 2 AR [ N HE S B R EAE 600 CLEA, N
XPUR P BRI SR, 7R S Fm ad i f2 v
AU R AMELERIE P oos R . S84 -7, fElR
£ 600 CHY, IR A A E, XE
BUR TR SUA 153 R N 600 C,  BRTERA R
ALEIERSCA AR, TR R kSTt R
W BUH 7 = A 5 % A (MgSi0,), g
HHR AR IR RE G, IRIIR 31 700 ‘CAE AR, &
JE A gl AT ARSI R R 4
2.1.2 3 JE R SR Bk A 57 B R UAL S ) S )
FEIRJFIRFE N 900 C . CH, K FE A 50%. if
JE B[] 4 30~120 min [ 264 N EAT 525G, il 4R
AL AT E R . AR 4 Fros . 40 JE i ]
M 30 min B4 H0 3 120 min I5F, 58595 A7 AT [E] i 3 3
K2R FE N, LA [E R AE 60
min IR BE(E, 7518 2.68% F152.64%. FEK i
JER i [R] A8 B 22 0 S A B I P O R R
[P0, DR, B AN Bk 1 AL ) 15 2R R
fEER. SRR A 2 7R K K. 2RI, FEARIMAG
IFIRESL T, REEERR EL M AR R EEE2FTIT, &
AN EREANARES CH, =N, Ik, &
JiR 30 min B8R R S A B IE B T e A . AR 4 STk



1762

T A e E SR

2022 £ 6 H

N

w
—~
&
—
L
¥, BN
oS O

Grade of Ni/%
p— [ ]
> 8 8 3
Recovery of Ni/%

700 750 800 850 900
Temperature/C

600 650

()

w B
W (=}
T
[
S

W
(e}
T

Grade of Fe/%

w &

[e=] [e=]
Recovery of Fe/%

N
W

[\
S

700 750 800 850 900 >
Temperature/'C
I BRI S B B AR P 2 )

Effects of reduction temperature on grades and

600 650

3
Fig. 3

recovery rates of nickel(a) and iron(b)

[19VRIE, 24if JEm A AR, 5k LG 1
TGRS . WeAh, B RIE R AR RS T
FARIT B, IS EUEber Th R S ALAT [E S 3R
AR o AE KIS J5R BF (] 45 0] B e B ANk 1) o 7 A [m]
Wee . HIFR, 34 A A] A8 tH 2 5 5 CH, AN
RAZUERBL, FEE TR, sz < g
My H, Rk, BEAE IR R, AR
ALANES R 22 R B

2.1.3  CH, MR BERHER Bk i AL A [T WA 2 R 52 )

FE 38 JF R FE N 900 °C « i JEIRF1A] 4 60 min.
CH, 1R B 25%~100% ¥ 26 A1 N 24T 5256,
MR, KRB SR, WES
Rl LLEH, ERITUE, CH,IRFER KR XGEE T
BRI R LRI EICR, X EERE T CH, IR K,
fRE TSR B, Il TR E AR UL RE,
RS, B2 AR AR B 0. SR,
4 CH, MR BEI B, 5 1) ot A A [ i 2 3 23 B
XARHT CHIRE K, CH, MM ER B,
o R FRAE AR B ST R S BT, 2 BHASS
A S L R R A Rk I R 280 Bk S 4
T, 4 CH,IRE N 50% B, 45 5L ALAT R 2R 43 51

(@

Grade of Ni/%

[

N W & U
(=] (=) (=] (=) S
Recovery of Ni/%

I
—
o

40

60 80

Time/min

100

120

| (b)

N W (o)
=3 = (=}
T T

Grade of Fe/%

W
(=3
T

o o
S S
Recovery of Fe/%

N
(=]

L
98]
(=]

20

= 4

40

60

80

Time/min

100

120

I LR TR YT Bk i (52 A6 ] WA 2 4 S

Fig. 4 Effects of reduction time on grades and recovery

rates of nickel(a) and iron(b)

4

() 160
- X
S 3 50%
4 5
3 405
g2t 3
o 2
130 &

1 : : ; : —120

0 20 40 60 80 100
Methane concentgration/%
50 b

®) 160
=
\° o
e [
240 130
k) -
S 140 2
g g
© 30} &

130

0 20 40 60 80 100

Methane concentgration/%

BEl5  CH,IRPEEXHR kb AL A RIS R

Fig. 5§

recovery rates of nickel(a) and iron(b)

H3.06% F152.09%, IEFIHRALILFEHR .
WAL, BE T R SIS S A e IR R

Effects of CH, concentration on grades and



32 %56 M XUPH, % BRI T T SRR R R AT 1763
900 °C. &5 [H] 60 min. CH,IKFE 50%, ULIEE  Rldpars R srml g, WK AE Ui 4
I AL AT RIS 7250008 3.06% 52.09%. A T3E—  Sxfp— e RERE RS T &k R,

IR TR IR, XA R T R i 2 S
W FE SR R R R R R [
W gkAT TlE, A RwmE 6 Fras. 6w LA
B, BRGNS EERA TR MEY, B
HESCR LA o 1T SRR BARET, a5
SRR T R BRIV R, X R B RS b
7 14%~16%.

100 V—'
80
=
)
= 60
2
2 ol
§ —=— Concentration
, —e— Tailings
20 - —a— Tailings filtrate
—v— Total recovery
0 -

7(I)0 75I0 8(I)0 830 960
Temperature/‘C
El6 AL R A R IR R ) [l

Fig. 6 Recovery rates of nickel in concentrate, tailings

600 650

and tailings filtrate at different reduction temperatures

LR CH, 3B JF 2L L8 1 T2 SRR 7T, 48
TC TR JRIRE . R E] & CH R EE E R T ES
O PR A AL S ISR g RE R, T bl
Xt H A KA S5 A4 RIBIE FERIR T R i A Hh R
TR A SR T B S 4

2.2 CHERZI L3R B XRD 747

K XS 2 AT S B R R I8 TR R EE A 600~
900 ‘C. CH,IKJE N 50%. i R 8] 9 90 min 2% 14
TR VYA S B AT RAL /A, DAIRBIIR B2 AR 10 5 3
(LT AR R e A A I AR AR AL, e Ah R &
THi~. HETAH, BEEEERENA S, 81
WRAE T SR AR T RO, EARIR R (600 C), 44
FE LU AR AL TR R b P& iR A i
—ATbE, AWM R, {Fe,Ni}#i & &ML K.
AR -IRIER R, SiRET G, CH R ™
A2 R C R H, AT 5 8 1) S A P S kK AR A kAR I
B, Ap{Fe,Ni}. 54b, HIENFLL, YAEH 0

* — {Mg,Fe},Si0,
N e — NiO
| * — {Fe,Ni}
v S f( v— Si02 4
Py (P JMW”\\ MA | h e 900 C
*
vV e 3
mwwwwugoo C
Ve °
MWMW 600 °C
0 20 40 60 80 100

20/(°)

BE7 ORI FE T RERER B XRD i
Fig. 7 XRD patterns of roasted ore at different reduction

temperatures

Rl 2 WEk )R AR B R, L XRD W& ANE 8 fir
o HESHI AW, R EENBE. B4
ﬁ,xﬁmimﬁou&CmW%#$Mﬁ% LA

ZURRY], TR FABRIIE IR A T

s ERPERIB R R Fh N, SRR IRl
iwﬁ S IR H 5 SR PR BRAE AT P 2 T ) LI
WEPHIE, MR AY B2 R, R 3 BUR
BEMIIEIEAE TP,

* — {Mg.Fe},Si0,
* * — C

|
1 i * — {Fe,Ni}
Mmmmw»ww \Mww MWMAWWWWM 900 'C

WMWAW Mwmw%-«wmm 800 C
. T *

*wmwmmﬁwmﬂww~ﬁhﬁmﬂkmakmwwwwmmmW~wmww700 T

WM
: e 600 °C

0 20 40 60 80 100
20/(°)

B8  ANFIE SRR T AT XRD 1
Fig. 8 XRD patterns of tailings at different reduction

temperatures



1764 T A e E SR

2022 £ 6 H

Xof I JER A 600 “C IR 7ER P 18] R E R A2 Ak
TR, WRIGIR MRS, Ha R
OF~. HE9W W, BrTHA HIERZAI, H—
AN RIS T R IER T, ST, X
AL FE 1% Zida, [BIRERTE 13% i f . Ak, &
AREMBIRET R T, XE 8 E R A
D% KA.

2.3 CH, TR T5R5 B9 SEM-EDS 734
DR BT R R JS RS R R TE RS
481k, K F SEM-EDS X} i FE 4 900 'C. CH, K

Roasting

Raw ore
Roasted ore

Magnetic
separation

Concentrate
ore

Grade: 2.06%
Recovery: 41.68%

9 IBJEIREE N 600 CHIERTER W] LR A

separation

FE R 50%. IR R ] 9 90 min 251 FASH R R 32
17T RIS, HARWE 108 11 fizR. H SEM-
EDS 43t Fenl 1, K0 R e R Mo
FIA BN, THEMEEREMN S . EDSZR
o, B AR RN S B EAKR, B
HHRL 5T B B LN 1.78%,  TAS B AR 1K) 5 B
BN 1.96%. 454 IR XRD 4558, 78 14 CH,1E
NIEJEFIRISAE T, A R IR M 578 A 40 5 H
Sk, ZdWESE, VA2 BRI AE T RERR 2R
Y/ e

AN, T BU SEM AR S A BRI b, )

Magnetic

Tailings ore

Grade: 1.84%
Recovery: 42.62%

Suction filtration

Tailings
filtrate

Grade: 1.185%
Recovery: 13.53%

Fig. 9 Migration law of nickel among minerals at reduction temperature of 600 ‘C

10 900 C TFA%HH" ¥ SEM-EDS 1
Fig. 10 SEM-EDS spectra of concentrate at 900 C

(b4) BV

#




BEHH KIPEBH, &

FHREE R L0 T BR AR S B R SEAT

1765

S PR B S BRI /N B e 3R AR & =
BEAT T 0T, W12 R 13 . B2 R
6 R DX kAR B 1) X3, OOk AR e K
2993 um, H/NZI91 pm. W13 TETT I
AEH, EEANXEA, BHBCAHERREAE
FOORL: T8 SRR BRGNS r X3, AR S B
%, HBUR RS SRS AHELIR N, AR 1 pms 5
b, SHREHTAHEL, BEE ) Mg A Si i EE /R 7y i b
Bw, [T B A R R R, B
o BEIR BRI A AR R BRI IR AT I . S5 & I 13 B 7
SRR, BT R R AR RO R FE A, /R
FEH IR/ T HSe 5 1 R(E Ty AR sh 7).
IR B0 7)), TERGE I R e T R &

AR, Bk, SRR R

IR 5 T U BRI RS B R LG, AT
DA

V) BRI SRk s, BRI Nk
W, Hoh s SRR A S 0R R SF K/ME 1~3 pum,
B ELE 7%~14%.

2) B A —E B ERAFAE, XA
1FEIE M E 4R, HBOR RSN 74k, Sk
FHLE, R Si. Mg IARX & & L F iR, &4
MHERR Eh IR %, BRI BIA RUBIREIR; 1X P 5 T 5
P peA D7 s i L 17 T S Y Y T A

24 CH,5TO18BH RNITAMAR
I IR CH, 38 AT 4540 B AR K Ao £

' iiiIIIIIImmFe
] D) si

E12 DS USRS 2 A e

¥ | (®) Point2 Fe
Fe
Ni
M| O] Al )
Cy| Me Si Cr FeNi Ni
2 4 6 8 10
Energy/keV
Element w/% x/% Element w/%  x/%
Ni 11.00 8.47 Mn 1.07  0.50
Fe 7735 62.65 Cr 093 047
Mg 1.31 2.1 Na 0.57  0.65
Si 0.97 1.8 Ca 0.38 0.25
(o) 38.06 61.85 S 1.04 8.76
Al 2.75 2.65

Fig. 12 Backscattering image of concentrate (a) and energy spectrum at point 2 (b)



1766

T A e E SR

13 R B BB Ko 27 AR REVE B

2022 6 H
O (b) Point27
Mg.. Fe
| lc l;‘\?l gS] Ca G Mn
C Al Ca I'CrJl FeNi Nj
2 4 6 8 10
Energy/keV
Element  w/% x/% Element w/%  x/%
Ni 2.43 1.05 Mn 1.07  0.50
Fe 3323 15.03 Cr 093 0.47
Mg 3.26 3.44 Na 0.57  0.65
Si 5.13 4.68 Ca 038 0.25
(6] 38.06 61.85 S 1.04 8.76
Al 275 265

Fig. 13 Backscattering image of tailings (a) and energy spectrum at point 27 (b)

IR FE R, — 71, AT Hh s 23 R BT AR
17T {Fe,Mg},Si0, #, CH, 54 +40" ik AT N
AR H—J7TH, {Fe,Ni}&&hifEidn, £k
BRGSO B EE R R . T IR AR
FoHBEAE T 20 AR BRAR S I SR AT O
IR SAH SR AE T AT T A
2.4.1 CH, &L AR 3T 120 5T

AL A 0 B REAE I SO 2 5 e H K
R RYE, WHAGO<0, [BAl BLE K IE A i
7. Hodr 4 i 1 B Agig A 03 35 A 01 PR R BRI 2
BT, MR T FERIE AN
AGS=AHS,— TAD!, ()
e AHN, 9 B b fE BE IR JSL#, - J/mol;
ADL NN AT AR, VK. THEHI K
2 1) A i3 B O B TS

CH, VE NIE R IR 480 AT R et — R
SRR, — A4, CHASHAREME, T35
FBA N PIRE S F3 071, CH, & KRAERM IR
B, AERESAUR B, XA AR RGN 2
Z 53RN,
CH,(g)—>C+2H,(g), AG2=-0.01257+83.032 3)

Rt B R 2 R I, AT RE K
AT RS ¢
4NiO+CH,(g)—>4Ni+CO,(g)+2H,0(g)

AG9=-0.3544T+148.76 4)
12Fe,0,+CH,(g)—>8Fe;0,+CO,(g)+2H,0(g)
AGS=-0.5775T+171.44 (5)

4Fe,0,+CH,(g)—> 12FeO+CO,(g)+2H,0(g)

AG9=-0.4505T+422.77 (6)
4FeO+CH,(g)—>4Fe+CO,(g)+2H,0(g)
AG9=-0.2637T+259.1 (7)

AR, R EE AL &
SN AG~T ()35 A7 357 B B Re T 14 s . AR
R3), MIEE KT 146.85 CHF, CH,ITJHENIO )%
RLgh 22 & A, T2 iR B 4y i K T 23.85 C
664.85 “C. 709.85 CHf, CH,ik ALY N
S LR IRFP AR GEE4T: Fe,0,—Fe,0,—FeO—Fe.
HAERE AL R 9 FeO A Fe 1 52 B FT 75 iR B 4 v
BIKT 62685 C, KHit, &HthyEflEE, wTLlE
G A2 R B )k

A, BREAY RS H, UK R AR

400

4Fe;0,+CH,(g)=12Fe0+2H,0(g)+COx(g)

200 +
4Fe0+CH,(g)—

4Fe0+CO,(g)+2H,0(g)

AG/K]

=200 |
4NiO+CH,(g)=
4Ni+CO(g)+2H,0(g)

12Fe;03+CH,(2)==8Fe;04+2H,0(g)+COx(2)
=600 [

600 800 1000 1200 1400
Temperature/K

E 14 2k RE CH,IE 5 ) 5 T ]

Fig. 14 Thermodynamic equilibrium diagram of metallic

200 400

nickel and iron oxidation by CH,



E32EFE 6 W XUPERH, 5. FUGEER N L e S B N AT N 1767
R EI RS 5L 8] 9 60 min [ 46 K, #E4T— 24125 (A% LE iR
NiO-+H,(¢)—Ni+H,0(g) B, S 2L AR AR FDHLE (0 DDA
AG9=0.03637-7.5911 () SCHOH AR R B TR . S
3Fe,0,+H,(g)—>2Fe,0,+H,0(g) FFAJG LA S min g A B AU ISR S MAHEAT M
AG7=-0.09217-1.9213 O) @i, KRR 16 R, WAk, (e
Fe,0,+H,()3Fe0+H,0(e) SIS TR AR AT Reeskl, SRBss
AGO=-4.3986T+42.343 10) 175,
FeO+H,(g)—Fe+H,0(g)
AG®=—0.0136T+19.995 (11) &

B 3R FAN A 3 AR TEH 3 B 607
ISR AT E s, R VAT A s 0r
(1) AG~T 15 AT 07 1 i B BRI LI 15, o1 T 2(8) g 40
(9)H 1 AG® 15 25~1200 “C {35, £ 3 1 /8 F 0, % 30}
U PR B AL B IR 7R O T, AR §m-
W, A5 H R NURIFe,0,. kALY 5 10}
7 =BT, Fe,0,—Fe,0,—FeO—Fe, PBlHHSE ol

T, BB R AT Bl KT 419.85 C,
Fe,O, #14 Ji 9 FeO I 5 B 35 A1 7 B HH REAL /N T
X Ui BH Fe, 0,14 J5 N FeO 3 72 52 16 FE 52 AR K,
B, AR FeO EMERZ . 1 FeO I8 JiE N
Fe [ )5 B 75 A 1 1 EH AEAE S50 0T 70 R RE Y [ 9 35
KTE, ZUWIHIERNLFATRE KIET, RA
Tk A e I A e A 1 Feo

FeO+H,=Fe+H,0

- \
=4 Fe;0,+H,=3Fe0+H,0
S -0t

t

NiO+H,=Ni+H,0

3Fe,03+H,=2Fe;04+H,0

=120

200 400 600 800 1000 1200 1400
Temperature/K

15 H,ib 28k RE IR - i 1A
Fig. 15
nickel oxide reduced by H,

Thermodynamic equilibrium diagram of iron-

242 CH, 52 T80 [ AL IR F

DNEAIE CH, 2R S Ry, i =R i 0 e B
AR AR R AT AR . SIS A
5, 1ECH,IKIE N S50%. B JFEIREAN900 C. ik

7

16 900 °C 75 [ S50 A b 2% AU AR &5 B
Fig. 16 Relative content of each gas in tail gas in blank
test at 900 C

Relative content/%
[\e] W N (9]
S S O (e}

T T T T

—_
(=]
T

(=]
T

0 10 20 30 40 50 60
t/min

17 900 ‘CHhgulls U & AR RIAR X 5 &
Fig. 17 Relative content of each gas in tail gas in roasting
test at 900 C

SLYGEE LW, CH,#E900 CF, RIHITT
BRI, AT KR H, AR B, X
BRAREYE, 257 59 L4 MR E R M. H
W, B AGE 5 R T T R R R s, DRI AE SR AT
WFFC I B Ja N AR > kA2, BAH I CO A CO,
[ & AR E] 5% 229 . A 4h, Xt E T H, A1 CH,



1768 T A e E SR

2022 £ 6 H

B B RE AR LB (L 18), B 18 AT LLE
i, CH,ATH, B FEE BAT IR AR . fETSE
R F RIS HERR 5 CH, RIS LS, RS AT
RE LCH, IR RN, N BN e, e
AW H, IR 2 5RO, 1% 38 52 S50 T R
i, IERSEEART CH M H,, AR —r 2
5 T8RS

N T IREE AR CH, 5 H, W AT T8 R
N2 B e B i R B R e (134 SR PR RE, BEAT T H,

—_
(==}
T

+CH4

Percentage/%
s o
=N %
T } 5

o
N
T

o
N
T

0_

0 10 20 30 40 50 60
t/min

18 CH, 5 H, 2 53 J5 ST G B 1 5 L

Fig. 18 Proportion of CH, and H, consumed in reduction

reaction

U BT EESESS, R T B R BRI
A LA EIUSCER o R T O DU AR B CH, 138 5
e, BB ETE T AR RS H,
M. 455REM, 16 CH, =N 50 mL/min {1
BN, A H, PR EE R 60%, T A UK
ME 2460 mL/min. Kk, 7EIE R EE 900 °C .
& 5 B TE] 60 min. H, BN 50%. AR &R
60 mL/min [} 5% ftF N REAT T 5256, 0L R S ks
PR RS0 AR AR AT AT Tl . B R
R, TEZFKMET, BRI RSN 2.21%, §E
W LN 2.37%, AT TR AL 1.56%, 4R
TSR 21.02%, L3 JE P BEAR T [A) 2644 1 R ¢
R AT AR L SRR RE, MITTIERA T 7E RS beid 72
Hh & DL CH, ATH, B [ B R 3

CH, 54 L0 1 e B #2 (WL 19): CH,
SRR A H, M C, IS CH, RIS R AT 820
W LA CH AVH, 3=, 1 R C T 3 5 B HGE
JE RS H A D . WESCATE il T A itk A
SN G, AR RN A AR, R A
THA M, REN, % BEMMELE)E,
E 5 R4 B LS & B AR m iR N RO
H%.

® 0
CH,
@ K
(Mg,Fe,Ni}SiO, Ni©
-
e ., o—¢ ©
. . PHh
Mg,Fe,Ni} SiO FeO
{Mg,Fe,Ni};Si,0;0H, {Mg,FeNi}Si0,  Fe;0, e
ee:0 ¢

19 CH, 52080 SM A HLEE &

CO, H,0

Fig. 19 Mechanism diagram of reaction between CH, and laterite nickel ore



BEHH KIPEBH, &

FHREE R L0 T BR AR S B R SEAT

1769

3 Zig

1) 57 R RE I JiR A A B A A B K4
an LRI BTSRRI, A9 BB IR N 4R 3B JRIR
F£ 900 °C, &R I} A] 60 min, CH, ¥ E N 50%,
FE UL B Al b, SRAS B AN 3.06%, [EIICE A
52.09% HIERHEH

2) XRD J SEM EAEFR I, KA 8 320
{Fe,Ni} &ML XA, WiRH T AR R
M 3252 D) {Fe,Ni} & 4 MW A7 T {Fe,Mg},SiO, 1%
LAETE. 7oh, BEBARR, HoEamk TRy
PEW A, X B ER R N 13%~14%. A5 F
A I {Fe,Ni} & & #8878 TR+
{Fe,Ni} & &R A, MEETCERW, SETH
B H AR ) d S A BT R AR AT

3) CH, 54 L840 B s B #28: CH, Ze R
FPAEH,MC, 5 CH, I FRIE R AT AR, 18R %
JS A CH, A1 H, 3, 1 F C A 3 3 B S5 e B
> . TP R B, CH, I 5 Re 1R
SR, IREERT 420 K, 4 vh NiO AH BRI 56 4238
J&, Tk S ALY N 4% 1 Fe,O,—Fe,0,—FeO—Fe ]
IR P 5

REFERENCES

(1] 5% BLBRIE, BIRE, 5 0 T IR E B 5T RN 22
AEE ). FERTIE, 2020, 29(9): 35-38.
WU Qi, CHENG Cong-xi, GE Zheng-hua, et al. Thoughts on
ensuring the supply safety of nickel ore resources[J]. China
Mining Magazine, 2020, 29(9): 35-38.

[2] WM, R, BRSBTS ERE A
IR[I]. B, 2020, 29(5): 63-68.
CHANG Long-jiao, SHN Xin-yue, LIANG Dong, et al.
Research status of laterite nickel ore metallurgy technology
[J]. Mining and Metallurgy, 2020, 29(5): 63-68.

[3] SRIBHE, XIBHH, X SR, & AT BHE S T (0]
rf R 254 R, 2020, 38(7): 94-98.
ZHANG Bang-sheng, LIU Gui-qing, LIU Yu-chen, et al.
Analysis of world nickel ore resources and market[J]. China
Resources Comprehensive Utilization, 2020, 38(7): 94-98.

[4]  SoCFE, FEEM . AR AL LA BRI R R+

(3]

(6]

(7]

(8]

(9]

[10]

(1]

[12]

BEVE AR — A B[], E A R 42, 2019, 48(3):
75-78.

MA Wen-jun, CHENG lJin-yang. Development trend of
low-grade nickel-laterite resources: The integrated model
of “Resourcest+Energy+Materials” [J]. China Nonferrous
Metallurgy, 2019, 48(3): 75-78.

ABDUL F, PINTOWANTORO S, MAULIDANI A. Analysis
the effect of charcoal mass variation to ni content, sinter
strength and yield on sintering process of limonitic laterite
nickel ore[J]. Key Engineering Materials, 2020, 867: 25-31.
B, IR, £ W, & 4L IE R R be- ik
BB ER G & JRURL T 2T, A )8 223k, 2011,
21(12): 3137-3142.

LI Guang-hui, RAO Ming-jun, JIANG Tao, et al. Innovative
process for preparing ferronickel materials from laterite ore
by reduction roasting-magnetic separation[J]. The Chinese
Journal of Nonferrous Metals, 2011, 21(12): 3137-3142.
T, A, KN S SE A TR AL LT
R R[], R EA B4R %W, 2018, 28(8):
1669-1675.

DING Zhi-guang. LI Bo, WEI Yong-gang. Reduction
characteristic of garnieritic laterite ore using hydrogen at low
temperature[J]. The Chinese Journal of Nonferrous Metals,
2018, 28(8): 1669-1675.

DE ALVARENGA O V, DE JESUS T L R, DA SILVA C H
C, Et al. Kinetic studies of the reduction of limonitic nickel
ore by hydrogen[J]. Metallurgical and Materials Transactions
B, 2020, 51(4): 1418-1431.

HANG G, XUE Z, WU Y. Preparation of high-grade
ferronickel from low-grade nickel laterite by self-reduction
and selective oxidation with CO,-CO gas[J]. Minerals
Engineering, 2020, 151: 106318.

LI B, DING Z G, WEI Y G, et al. Kinetics of reduction of
low-grade nickel laterite ore using carbon monoxide[J].
Metallurgical and Materials Transactions B, 2018, 49(6):
3067-3073.

TEST, E . FRAE R R R AT LRI T SR R e
—RRAR NG [J]. BR, 2018, 27(1): 30-36.

DING Zhi-guang. LI Bo. Low-temperature reduction of
garnierite using methane followed by roasting-magnetic
separation for enrichment of ferronickel concentrate[J].
Mining and Metallurgy, 2018, 27(1): 30-36.

LI Bo, DING Zhi-guang, WEI Yong-gang, et al. Reduction
of nickel and iron from low-grade nickel laterite ore via a

solid-state deoxidization method using methane[J]. Materials



1770

T A e E SR

2022 £ 6 H

[13]

[14]

[15]

[16]

[17]

[18]

Transactions, 2018, 59(7): 1180-1185.

PICKLES C A, ANTHONY W. Thermodynamic modelling
of the reduction of a saprolitic laterite ore by methane[J].
Minerals Engineering, 2018, 120: 47-59.

IMEAR, SREE K, Tk R PR ST R E SRR AT R
J& 5B HEG, 2021, 30(2): 1-6.

SUN Xu-dong, ZHANG Lei-xin, ZHANG Bo. Research on
the coal industry development and transition in China under
the background of carbon neutrality[J]. China Mining
Magazine, 2021, 30(2): 1-6.

TRHERR, 22555, £ A B RT3 i bR A ], <
AR T3, 2021, 17(1): 88-97

ZHANG Yang-xin, LUO Hui-lin, WANG Can. Progress and
trends of global carbon neutrality pledges[J]. Climate
Change Research, 2021, 17 (1): 88-97.

&, TR, 2 OME, & ST BT E BRI
AV 7 AT [3]. H B L SR ZR 5, 2020, 33(11): 59-64.
ZHU Qing, DING Xiao-tong, XIA Peng, et al. Analysis of
carbon reduction of large international mining enterprises
under the background of climate change[J]. Natural
Resource Economics Of China, 2020, 33(11): 59-64.

ALTAY M C, EROGLU S. Non-isothermal reduction
behavior of NiO in undiluted Ar and CH, atmospheres[J].
International Journal of Mineral Processing, 2016, 149: 50-55.
KOLMACHIKHINA O B, POLYGALOV S E, VAKULA K
A. The study of physicochemical features of laterite ores of

the buruktalsky deposit[J]. Solid State Phenomena, 2021,

[19]

[20]

[21]

[22]

(23]

[24]

316: 694-698.

AL-KHIRBASH S. Mineralogical characterization of low-
grade nickel laterites from the north Oman mountains: using
mineral liberation analyses—Scanning electron microscopy-
based automated quantitative mineralogy[J]. Ore Geology
Reviews, 2020, 120: 103429.

OSTROVSKI O, ZHANG G Q. Reduction and carburization
of metal oxides by methane-containing gas[J]. AIChE
Journal, 2006, 52(1): 300-310.

TIAN H, PAN J, ZHU D, et al. Improved beneficiation of
nickel and iron from a low-grade saprolite laterite by
addition of limonitic laterite ore and CaCO,[J]. Journal of
Materials Research and Technology, 2020, 9(2): 2578-2589.
KA . SEHTEAL A 2 B T M. bt e Ll
Hips AL, 1981.

YE Da-lun. Handbook of practical inorganic
thermodynamics data[M]. Beijing: Metallurgical Industry
Press,1981.

WANG L, LU X, LIU M, et al. Preparation of ferronickel
from nickel laterite via coal-based reduction followed by
magnetic separation[J]. International Journal of Minerals,
Metallurgy, and Materials, 2018, 25(7): 744-751.

YUAN S, ZHOU W, LI Y, et al. Efficient enrichment of
nickel and iron in laterite nickel ore by deep reduction and

magnetic separation[J]. Transactions of Nonferrous Metals

Society of China, 2020, 30(3): 812-822.



BEHH KUNPH, & BGEVEH R A LARE PR A B SONAT 1771

Reaction behavior of iron and nickel oxides in
laterite nickel ore under action of methane

LIU Xing-yang"?, LIU Shou-jun"*3 YANG Song"?, CHEN Liang-yu**, LI Jin>*, QI Sheng'*

(1. College of Chemistry and Chemical Engineering, Taiyuan University of Technology, Taiyuan 030024, China;
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Abstract: The gas-based smelting mainly based on H, and CH, is of great significance for solving the "Dual
carbon" problem faced by the traditional metallurgical industry. In this paper, the laterite nickel ore is the research
object, under the conditions of different reduction temperature, reduction time and gas concentration, the reduction
behavior of CH, with iron-nickel oxide in laterite nickel ore was discussed. Combined with XRD, SEM-EDS, gas
chromatography and other characterization methods, the phases and morphologies of laterite nickel ore and its
calcined products were analyzed in depth. The results show that, under the conditions of reduction temperature of
900 C, reduction time of 60 min and CH, concentration of 50%, the grade of nickel concentrate obtained is 3.06%
and the recovery rate is 52.09%. The reasons for the low grade and recovery rate of nickel concentrate are as
following: the reduction of NiO is not complete, there is still a large amount of nickel in the silicate of the tailings.
A part of the reduced nickel-iron alloy is too fine, so it is lost easily in the tailings and filtrate. The reduction
process of CH, is slow at low temperature, and a part of CH, cracks at high temperature (900 C) to produce H,
and carbon black. The main reduction reaction is carried out under the synergistic effect of CH, and H,.
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