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Table 1 Chemical composition of low nickel matte (mass I :: g?i;zssf
fraction, %) 4+ — Fe;0,
Fe Ni Cu Co S other v Felis
29.40 25.50 15.10 0.42 27.30 2.28 T
XHIEUKBREAT XRD AR HT, B H 3 i T
FesNiySg+ CusFeSy. Fe;O4 F1 FeNiy (LK 1), # Wl e LMJ T w
AN 73 73] 55 Bk 45 T B BRI A 0 HE AN AR Bk AR AL ) o 5 o o 0

o BPRARUKERFE dh 34T & B8 . SEM 45 &
EDS 7 Hr(JLK 2), HAAFAE T 265K CusFeS, BEARY™
M, AT EINES AT FesNiySs B EA

20/(°)

1 KRB XRD i
Fig. 1 XRD pattern of low nickel matte

El2 AGUKEEAHI . SEM &1 EDS
TUE AT
Fig. 2 OM photo (a), SEM image(b)

and EDS-mapping for elements ((c)—(g))

of low-nickel matte
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B3 750 ‘CHJ FeCly-0.5 mol/L HCl H IR yKARIE i Al i 1 G AHHE J
Fig. 3 OM photos of low nickel matte in FeCl3-0.5 mol/L HCI solution at 50 ‘C before and after leaching: (a), (b), (c) Before
leaching ; (a'), (b"), (c") After leaching of 1 h; (a), (a’) 2.0 mol/L FeCls; (b), (b’) 1.0 mol/L FeCls; (¢), (c¢') 0.5 mol/L FeCly
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B4 70 CIGUESE FeCl,

-0.5 mol/L HC1 % 4 Hi J5 I & AR I A

Fig. 4 OM photos of low nickel matte in FeCl3-0.5 mol/L HCI solution at 70 ‘C before and after leaching: (a), (b), (c) Before
leaching ; (a'), (b"), (c") After leaching of 1 h; (a), (a’) 2.0 mol/L FeCls; (b), (b’) 1.0 mol/L FeCls; (¢), (c¢') 0.5 mol/L FeCly
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Fig. 5 Raman spectra of areas 1(a), 2(c), 3(b) and 4(d) in Fig.4

Raman shift/cm™

B 6 90 CALIKIRA FeCly-0.5 mol/L HC & T A 1 h B4 IR

Fig. 6 OM photos of low nickel matte in FeCl;-0.5 mol/L HCI solution at 90 ‘C for leaching time of 0 h((a), (b), (c)) and 1 h((a"),
"), (c"): (a), (a’) 2.0 mol/L FeCls; (b), (b’) 1.0 mol/L FeCls; (c), (¢') 0.5 mol/L FeCly
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Fig. 7 OM photo (a), XRD pattern (b) and Raman spectrum (c) of low nickel matte surface after leaching and XRD pattern of resin (d)
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Cu

8 (RIKEBR U EEIN SEM {ZAN
EDS TR
Fig. 8 SEM image (a) and EDS-

mapping ((b)—(e)) for elements at cross
section of low nickel matte after

leaching

B 9 CusFeS, il FesNiySg(b)dh A4l #4115 HT F (¥ 52 Y
Fig. 9 Models used for calculation as crystal structures of CusFeS,(a) and FesNiySg(b)

2 CusFeS, Ml FesNi,Sg L tb4h R 5 S50 H 1]

Table 2 Comparison of optimization results of CusFeS, and FesNi,Sg with experimental values

Error
Mineral Experimental result Calculation result
aand c b
a=c=10.950 A a=b=10.771 A
CusFeS _ 0.86% 0.23%
HsTes b=21.862 A1) c=20.815 A ’ ’

FesNi,Sg a=b=c=10.093 AB7 a=b=c=10.128 A 0.17% 0.17%
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—
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Energy/eV

Fig. 10 Density of states with CusFeS, ((a), (al), (a2), (a3), (a4)) and FesNiySg ((b), (bl), (b2), (b3), (b4))
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FesNi Sy —Fes_ NiySg ,+xFe” +yS™+2xe (7)

FesNi, Sy —Fes_ Niy S +xFe” +yNi*+z8"+2(x+y)e (8)

% N 305 2 B R S i o W 1) R B R AR A
IR A S A — B

¥ CusFeSs 5 FesNiySg H4-41IG11 PDOS (1% =i
AT ELER, CusFeS, H i Fe™™ 3d HIE i f i 1 2
BRI PORBE ), HUKIKZ FesNiySy ' Fe 3d.
FesNi,Sg 71 Ni 3d. CusFeS, 41 Cu 3d. FesNi,Sg #1 SY 3p
PLK CusFeS, 1 S 3p #Lid. UL Al DAHERS, k4%
LT I SRS, BRA I A R s 4 S SR T AL
PRI T CusFeSy 7 #HH1 (Fe) > FesNiySg i A
(Fe)>FesNiySs i 41(Ni) > CusFeS, B 41 H1(Cu).
232 CusFeS, fll FesNi,Sg FELf %5 £ /) #T

N T HRZE CusFeSy M FesNiySg 11705 2 [A] 4k,
BRRFE, TR T eSS LA R 2 Ay B A R
SERLNEE 11 P o 55 R A 85 R LR DL B W b Y s 5
(] (R AF B AR L RN RS, 22 4 FLGRT 25 B R T
) f R AT L RS B4 T ARAE. B 11(al) (a2)F(b1)s

(b2)Fr7 5373179 CusFeSy(101)A1(100) [ 1 55 HiLfi %
P R 2= oy L 2 FE I D 11 (al)RI(a2) AT T, Cu—S.
Fe—S #l Cu—Fe Z M T A ELES, H
#1155, X R IR L 0 3R 2 (A A A 7E SE
BEFFAE . 7F Fe—S—Cu B, BiJR F##%E Fe—S &
7L T R RIS, TAE Cu—S Bk
BLREN] LLZNS, XK Fe—S # A 5 T#R £
T Cu—S BHE TR . HE 11(b1)FI(b2) AT %1,
5 Cu—S B, BiETIE Fe—S #7100 H73%
BEEZ, Kk Fe—S #PE TR TZ T Cu—S
B E RIS, X5 A TE R . Bt
AMEAFERE I, WE Fe—Cu BERIAEE T 17, BRJE
TR R W B s T8 R 1. X 0T Ae & 2 A7
PDOS 73 #rh, 457 PDOS 1) i i A B A X T-8k
R TR R &, TS A LUk Ml DL A 1) S5 A

FesNiySg(112)F1(110) 11 (1) 55 Ffar 25 E 1 J 72 40 L
% FEEWE 11cl) (c2)F(dl). (d2)fiaw, HEH
AT%N, Fe—S. Ni—S Al Ni—Fe 2 [f] {2 A B
S, HmEERe T H R, RUTRZ AR
FAAEFENBEHARFAE ;. [RIIN AI Ni—S 88 2 [8] B8 5~ < AH
X T Fe—S #ESREER/N, RIH A S M ILM
BRRFAE; BT I T 2 WA OB DT ) R I HH B R
MU E, HETFRENH =M. (HE, NZESH
BB EoRE, MBS0 RGN, BT
W Fe—S 87X Ji FIEFHEEE L, MR
AT e AR IE Bk SR T LR R TS 5 A SR A
233 Cu/Fe/Nid #liEh o S p PuEhoxftt

d 7 #0HE i(d-band centers theory) H T IR TG ER
JAEAZR S d KT RN BT d Pud 2 is oo,
B S HRE A d G BRI T B A AL
T 12 D A LY R S B AT A 7R PR
PEOL U T S R R LA Ve e, 2 )5, LARA
SRR d AR OO ERE B T T 19 B T A
b2 A Y E Y TR /R U Ry Y e B NN
PR BN, HZ5RMEPHET KZ & KE T4
JER R, A TSR oK RS, WA SRR
R R, A d O3 N TR LT
A, B d L BRIUER S R T R O R
HL T R A R

PR4E CusFeS, Al FesNiySg 1 IC & ) PDOS 5 H
4@ LRI d Ay O PR R AR IR 1 (1) p At
HL TR REZ S T 12 FoR, AR T 3K BE g 1)
A BRI N CusFeSy-(Fe'')>CusFeSy-(Fe')>
FesNiySg-(Fe) >FesNiySg-(Ni)>CusFeS4-(Fe')>
CusFeS,-(S)>FesNiySg-(S) >FesNiySe-(S™h). I,
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B 11  CusFeS, Fll FesNiySg 0 H faf 4 2 i [ 5 22 43 Ha g HL iy 25 J5F ]

Fig. 11  Electron density and differential charge density images of CusFeS, and FesNiySg: (al), (a2) CusFeSy(101); (b1), (b2) CusFeS,(100);
(cl), (c2) FesNigSg(112); (d1), (d2) FesNisSg(110)

1_

CusFeS,-(Fe'h)

CusFeS,-(Fe')

—&— Cu/Ni position of highest peak

—®— Cu/Ni 3d band centers
—&— S 3p band centers

Or -0.452eV -0.473eV Fe,Ni,Sg-(Fe)
A A -0.948 eV
il FeNi,S¢-(Ni)
> -1.682eV CugFeS,-(Cu)
) usFeS,-(Cu
> — —— — o
& =2 | CusFeSg(FeII) CusFeS,-(Fe') Fe,Ni,S¢-(Fe) Fe,Ni,So-(N) 2323V
g -1.716eV -1.798 eV I €5N145¢-(IN1
i 1.904eV ~1.989eV
=37 CusFeS,-(Cu)
-2.794eV
4| CusFeS,«(S) FesNi,Sg-(S")
~4.578eV -4.603 eV FeNi,S¢-(S)
® ® -4.988 eV
_5 -
Compound

12 CusFeS, ll FesNiySg ftl Cu/Ni/Fe 3d HUEF S 3p 00X L (FHXT T 8 K BE %)

Fig. 12

Comparison of d-band and p-band centers of Cu/Ni/Fe 3d and S 3p of CusFeS, and FesNi,Sg relative to Fermi level
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CusFeS, W AH IR R T I oy R W T R A I
No ZEERMNI(S)FI(T), FTHERT CusFeS, Lt FesNiySq
e e S AR R L5, 1 S8 A BT 4 SR — B
¥4 CusFeS, fll FesNiySs H AR 7T 3 PDOS ¥ i ey s
B, i 12 o, KR emoRk Ll
TGRS d O P RE A LR IR 45 AR —
o WA TE&Bmi &R ok LB T
(M 5y FEFE#E H IR IF R J6E PDOS (1%
LB R T IR I & B e R R LT SRR
AT ORI, 1 d ORI fR S S T
DA K FHC A % BRI 1] 5

3 &g

1) {RUKERAE FeCl-HCI-H,0 & & F A AbIR H il
i, FeNi; & MHBAE S AN BN (CusFeSy)
T HR B R (FesNigSe) K A A IR RIS AR, S 28 [l i
AT BRTUR(S)s A = R IR B 2 AL
giky, B TR RUKER R, AR T ARALIK
B — AR s R ER R RE AT DL 2 ik
fRUKERE T CusFeSy Fl FesNiySs AL IR R

2) MRS T FesNiySs Ml CusFeS, i
mn R G R SO E L AR . B IS EE AR FesNiySs Al
CusFeS, %2070 PDOS f =il E . Fe/Ni/Cu 3d 7 1
O BLK S 3p L RESR, 1SR HH T &SR R T
B SEIBR 9: CusFeSy-(Fe™) > CusFeS,-(Fe') >
FesNiySs-(Fe) > FesNiySg-(Ni) > CusFeS,-(Fe') >
FesNi,Sg-(S) > CusFeS,~(S') > CusFeS,~(S") « FesNi,Sq
A1 CusFeS, H4 @ J5 1 S5 J5 1 1Al AL 2 B A W
AL AR AE . 5 — MR ER 1S 211 CusFeS, L
FesNi Sg M 56 A 4518 5 5050 45 R 58 42— 5.
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Experimental and first principle analysis accounting for oxidative
reactions of low nickel matte in FeCl;-HCI-H,O solution

ZHU Jian, TAO Wen, CHEN lJie-tong, XU Qian, CHENG Hong-wei, ZOU Xing-li, LU Xiong-gang

(Shanghai Key Laboratory of Advances Ferrometallurgy, State Key Laboratory of Advanced Special Steel,
School of Materials Science and Engineering, Shanghai University, Shanghai 200444, China)

Abstract: The interfacial reactions on low nickel matte in the FeCl;-HCI-H,O solution were investigated, and the
composition and morphology of the solid products over the nickel matte were characterized by Raman spectroscopy,
optical microscopy, XRD, and SEM with EDS. The structural and electronic properties of bornite (CusFeS,) and
pentlandite (FesNiySg) existing in low nickel matte were studied using first principle calculation. The experimental results
show that FeNis is the most favorable to be oxidized and leached out in the low nickel matte, and the oxidative
dissolution of CusFeS, is more preferable to that of FesNiySg. The solid sulfur with a lot of non-through holes, as one
product of the oxidation reactions, covers the surface of the bulk matte and likely retards the matte leaching process. The
feasibility of the oxidation process can be enhanced by the high operation temperature. Furthermore, the oxidation of the
Fe sites for both CusFeS, and FesNi Sg is the most favorable according to the calculated total and partial density of state,
and the oxidation activity for the elements in CusFeS,; and FesNiySg decreases in the order of Fe in CusFeS;>Fe in
FesNigSg>Ni in FesNiySg>Cu in CusFeS,, which are in good agreement with the experimental results.

Key words: low nickel matte; interface reaction; oxidative dissolution; first principle calculation; pentlandite
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