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i B FNEEE A (A SR AL rh R e A R v
B, BB RRA (AEAE S  BR AL 4 V7 0 0 1 s A
FEEFYL, )RR H 105 5 R R TP R
BR8N 38.5% , HYRERLME LA 43 B, 7™ 52 )
TS B, O T AR AR KA SR N T
Wi 3 2 (B 4% %5, 20115 K3 5042, 2019) 5T AR R
L A PR R 8 T Bk B R A 39.6%
SEOE 5 [ R TE 68% AT, e ik T 1E # {8 (BB
A5, 2011 ;5 CHEE 2018 ) 5 2B g & R L4
W0 R & N 14.36%, 811546 [l ik R AL N
74.6% (RER Ak , 2022 253l [ 45, 2021) o R ¥k m™
JE— Rk (k2 60 AR e A 2k 4,
P FiH Fe, S, Hir 0<x<0.125 5 By T2k 23 (v B0m
Az JZHEAR AN R] BB AR A mT R 43k
3N mABRATMA PBRBAMBIT R H,

Ifs BHE:2025-07-17;;1&1T HH#A . 2025-12-30

e WL G (5C, JEREME ) A SR B
B (4C, BEHE) (B 1), 29 70% 1 Ak PR o [] B
AFAERX 2 b i 2R () G B 2R (Tang et al ,2022) .
T RGBT A B 1 R Akl 248, AR
Gy A AN B B9 Py 0 ik 7 AR BRI,
AT A SR AT 0 — ROMERE . A= SR R
WG R WG v R S0 A R A W) TR R )
PIME AT 34 : (D ARV PR AU [R) AL B 77 S 09
BERA PR BUAEAE — o 25 55 ZE DI A % 1
HESH WA LI TRtkESE(2022) &
FURHAC B LS A 5y § R 455, 8 T7 (5C
R BEE SR S Dy A A 25 5w Ca” i
2 pH>4 B, BURHEE B Bk 10 TR MO0 T 7S O i B
B, Y pH L BAREAL i, S RHE Sk 5807
W B R AT I R U 5 7R 2% L (2) WE BBk 45 5 4
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Fig. 1 Schematic diagram of superstructure of pyrrhotite (sulfur atom is yellow, iron atom is purple)

b4 B Fe (OH), Fil FeO (OH ) 45 3 7K J2 DA T A1 3L
AR A AR A B s R B T RE T R b i i
A BAL IR BT, R EE S SEH T AT
R (2022) WA S Ak IR Rl B 2k 119 4 Ak it A
EHJCETEVER 0 B B f iR g5 s 4 fk i
KB FZ 0 o (3) LERE BARA B RE R T, T E 0
DRVBE T IR A 0 A8 0 00 P T T A A AN () R
B T R R AR S W A RZ R AT VR A
KM B o FEREHERD™ T, Fe I 19 5 P25 007
e STCRFTBUR, Z 9 Cu> i1k, S 8] Pk K iR
PETE WG NN T AR AT 5 R R A B M
(L5l 2012) BT LR AT, Al LA LA T 24>
D7 T R IFAIGY « — e R X B ™ LA = e B
AR, T & RS A A5 i R P A TR o
AN . U0 : Zheng et al (2025a) %& P NalO, X f%
BORRAT HA BRI VR, DA T AT LA SIS 30 2 4]
S REF R TR

T B R 1) 17 34 [ g 23 R G 4R Ak 2 B %85 D) AH
K EALRR R R, TR RS . B TR LAY 2
INOTRERRA™ CIEREYE ) FER b B gk (et ) , —
DR AR A 27 P BT A AN ) S S35 A T i RN T 3
GAT R 225 0 O T IRFEAS[R] & R 1 e
WX H A BRALE FREAT A7 AR B SE IR A SO A
T WL B SE R PR, B T RE SRR AR
AL i HLER R HOGH PR AR Y B2, RGEMEHG T R vk
W SRR )RR EAE R Rk A R 59 £k A
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(b) AN TTHEERA

L S ERAT R S AR R E A RN, T4 H i B R
RARTF LS S T7 1), o SR 2R AR AT 9 ) s 28R
P ES S

1 By WA

1.1 HERT RESRLINE

T B R B P 22 DI e 5 HAR AR R P A G, 4R
AR EE R v, AT R 2 DR VT 22 3 X W B Ak
W3R ML I TR AR . BE s k™
M) AT Z AR SRR RIS A AE . FETCA BT,
e BT TE K AN SR AL (TR R T A R R
A 25 W B 7K (Knipe et al, 1995; Zhao et al, 2016)
TEASARIE LT , W88 B S AL, R TR R )
N 3R AR R A AR S O E )
SR R RGBT AR (8 2) o HIE BUHLH R & )2
) S8 0, 5 Ak R S, F1 S, 2~ s Bk A N IR I 1 3] 3%
Ifil, 35 0, . OH~H1 H,0 45 & T8 i 5L A Ak (it
FE4E 20005 Qin et al,2005) . Buckley et al (1985 )
YR TR B R TR N 65% 1y 25 S I el JLED
WL B0 NGB R Ak th Y B R B b2 X
A E A ALY Be ] R

4Fe,_ S+3y0,+2yH,0—2yFe,0,+H,0+4Fe,__S
(y<l-x) (1)

FAREY NN FRY TR RZE BT 23 Gk
W ANRIERS 2 & )2 5 (R B AT k4l 2 BH A i v 4k
W BRI G B ——F LB B, O, BB MR IL A Ak W 2
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PR = 87 )Z T (Mycroft et al, 1995) o ek A A
() S AL ] 2 2R T WO o 4030 Ao DA B kA A 24
F R Fe F1 S>3 A5 L+ TR 5 O, f A rh
ke’ 5 Fe™ Z [A] (1) P 3k ML 5% 7% fig 65 12 i 480 1Y ik
Ji 5 I HL A 5 e 1% BR 1Y A7 A5 A R 2 Fe (11D =S
o [, S5k rh a2 S AR HE T R AR i 2 3R
T B O 6 S A R B S A 1 0 B T Bk e
2o B2 0 R A e AR AL R R A A
Z ALY (Multani et al ,2018) .

0~5 A(0.5 nm)

0,
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Fig. 2 Alteration zone caused by oxidation on the surface

of monoclinic pyrrhotite

1.2 HESY RESWFYREXIFEN N
FERGHER E AL R TR AR IR 2 &2
B, H b R R A M S D AR TR
. W ERM L E pHAE N 4.6 92 FI I3 &F T,
JCE B R E AL EE Y 2 — (AR 2
£F B K &2 R E L A9 45 0 (Hamilion et al, 1981;
Buckley et al, 1985) . IAb, BB 2ka 1k — 2L Ak
JNE 43 5% B FE A ) Fe, 0,3 2] . Linge (1995)
HE— AR ST 1 7E pHAE R 10 OV TP, 24 A
HLA K T0.2 VI EBTER R A ALIE B Fe(OH) 11
SO, %N 8l 1 AL i B v Bsf [ i A2 Ak, B
TR F I« ) R0 3 56 P AR AR W TP Y OH - )
T A R T A B R 5 B RN Y HEA T
Fe(OH)sZ AL =2 WL 15 OH-7Ei% )2 h i
TR A 0 IR A B, L N 3 R AT R o
FeS+7H,0—Fe(OH),+S0,> +11H"+9¢" (2)
T R A ) T 32 T A3 5 L AR A 7 3 28 D) A
K AL BB R, T R 1 25 (Miller et al, 20055
Bunkholt et al ,2015; Qi et al,2019) . FERBALIRE
T R R AR 55 B SR E T RE 8 Bk B 2 AU
W BRI, Bl R AL AR B I B, B 24 0 HL A i g

71 %8 & F % (Nanthakumar et al, 2007 ; Zhou et al,
2018) . fAALHE R R I MR K PR A S A
W[4 Fe(OH)5) |, X S649) Jo £ 4 ) 2 TP 3L
S TR LAl ACR) CAn e 28 ) fg WS B 2 T 40 o] 7
e [ (145, 20155 # <P 55,2017 ; Zhou et al,
2018) . AL, FETFIE s> B AR b, 18 A Bt
BRA 1 S AR, AT R AR T, DA T A ) T S
PURE S RA S5 A B A A e 0 1

2 HEEHRA 5 W BN 89 A AR A

B 2 A WOR) 5 e A A R — Ak
i AR AL ORI R A W 3R A H A SRR,
— LRI I R BRSO, DL S B A 3
T30 Ji 1) B AR G FE (Woods, 1996; Zhang et al, 2004) .
Biegler et al (1975, 1977) W5 & W], O, 76 Sk~ \#E
TR FI T B A A A R R IR B ) o
S W AR VACR) O I BT O o R B 24 A WAR) 2 Ah
Fu et al (2026 )38 i3 FLICR 56 B 18 B 40 K Jok
TR PS— VI, BF 50 45 3R o  TEAF R I 80 7 2
JEBYTEOLT 47 1 H ) PS— VI K ORI 2 i H I
b5 A2 W BT AR 285 R BILR]  Jsib T ie )
PR, IF 0 B R ME 8047 2 B (B B2 v, L3RR B4y
AT Bl T A SRR 3 TR = A ik 2
(TPCL) , I T4 /55 1 A2 i 5047 7 i 52 Wil F14) G 25 2k
W DR TR If s 1 g S0 et

Hodgson et al (1989) i if Hi fb 2= WF 52 & 1L, 3%
ZUTERE SR L B IR B o R WA AL < 1 e
J TR AR B 8~ (X )l ok #5 H A FH R BT Fe (I 2
HLA ) (4) ], Bl R A T S AR
B FMTER YK E . Khan et al (2004) B 58
—ESE T X —HLiil . Zhang et al (2022) 2% JH 57
AFM—RL R FHHOR UL 3] T B 25 7 1 BBk
A 2 T ) W B 3t A, R SIS pH L 25 2 L
L2y S B, T P 2 58 AR S A T DR ¢ 3] B
BB 2 RFAIE I

FeS+H,0=Fe(OH)[S]*+H"+2e (3)

Fe(OH)[S]+X =(Fe(OH)[S])X (4)

Rao et al(1991) AR ST M2 7E MG Bk
A SR T 18 82 S D ELR S AT 2, 3R A B 2
ARG S W B A R T Wang et al (2023a) & H
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TEZ L AL B3 (OEMS) TR 52, 480 1) 77 76 {3 24
PR R T 3540 R R AL R T 0.25 VI,
BT A WIS, 82 1 0 8 R 3R A W B 2ok 7R T
K530 2 FRIE B B - 8 2 R R AR 2 - iE
A W2 BT B ™ 3 T ()0 P67 a5 5 R IS TE S0
T2 5 KA A RN, W S v 24 4 4R Tk R XL
W (M R4, 1995 IR 4% ,2011)

FOCRAE (1999) W58 1T 58 8 245 16 0 9 ™
F AL H AL A S T T SR 2 A b
FEIY AL 27 8 0722 J5 FE 1 =0.098 —0.0741g[ 1 — (¢/
)P I(V) R T B 24 AL BOBE 25 7776 0.098 V
At B L, HAA AL BE ALt . Bl A pH (E Y3
1R, B B A 3R T VR T 1% L 24 JE 3 3 i A8, A
TR T Hgi K . T HERUHE 2530 )5 R 8 245 5 1
PR B AR 52 I8 R AN T 3 Fi A SR, ST T R 2l
T R P A % T T WA 1) FL Ak 2388 SR 8l )
2 JFEn=0.168—0.0701g[ 1 — (t/z)" (V) , FHALE
—E M I pHAE 2 F T 50 2% i 45 31348 J50R
A, AT LA e A 3 T VR R 1 B 245 30 I i K
FECLER T B KRR, 0 ok, TS B 5
HABBR AT 173 5 25 1 B

1 R 3R T R TR AT B4 8 i SR ) o il
FLERTHIE 1 FLAT KA ) T B Dt AR 3 o i v R R
FEHE B R A R AT, DT 5% T 0 BB P 0 o 5 >
WK 1 i B AL TE K Fe (OHD), B 410 il L 77
1% (Rao et al, 1991 ; 5K /54E , 2004 ; Miller et al,2005) .

3 EEEARY WIE S

TEIF VA D, die i A B B R 300 Al 500 by 4
RPN ,2010) , TERTSE AP A R & 94 K, TE
e B0 EE A T S BN B R A R o ISR
2024) . [A] UL TF A T — B8 AT ML ) - da Costa
Gongalves et al (2023) L) 2 Fi A [6) 43 = B W IR vE
AR T TN G, WE 8 HON G Bk i S i RCR
KA i 3 S WDIR E by 1 2 00 4 5 K Aok
A G B KA K 27 A B SR R HE R kA
1, AR T Wy 0RLS S A R 2 10 1) 55 i
BB AT 7 PE s Zheng et al (2025b) 858 T AR i E itk
TR 515 (CIL) AR Sy e 3 P 0 o 50 7 B 40 R v k™
TR 3 B b B W BV BB A 23l ) 2 A . il
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SR FRW], CL Y R BRI 2 B 5 G v ™ 3% T 1) 7%
PERRAL 1R AR O SO, AT JC 2L FeOH 2l F2 1Y
KT AR HE TG AT [ O K )2 R AR
SEME . PRI, CL X % 2 k3 B i B A 0 o]
F L HE58 T K535 G SRR A 22 1) A4 S T A LA
T ISP T B BT R TR O
Ma et al(2026) F5E 2 B, 7 B Al 5] M-8 BERS S
PR 2 5 AR R DN B 5 G B R A AR IR
I3 o ML-8 X B A 3 1T A i 137 i 26 A1) 3%
55, B2 Co™ i) , MM LT 3 A A2 4k, Rt
TEML-8 M Z P BBk il iR AR . [H MIL-8
5 TR IN BT R AR AL A B AL L B2 T Cu
C 1) BB, [ i REAIR T 16 vk 3R T Cu( 1) Y
WREE NI L PR k3 1 BRI B 1 Al e,
i A 5 (2024) BF5E 2 W, NaOH AN ZE SR 5™ 9K R 855
A2 X0 ARG R AT B R T A R B
ARG B B TN W AR HAE SRR
TSR 2 T A I AR R T T B R 2R R
RV (2026) BIFTE AR R BT, U8 /b 4 v i 1R B
RIAT EALTE 14 pH B BBl A AR IS0 T4 K i ks B
ARHRE BT A BOR | SR R TR [T 0
HARZE 6.23%.

WA FAs il 8 A SR w18 3R i AR P
L RE 0% 52 B X R 2R 1) T 98 5 4 ] (Legrand,
2005 ; Miller et al,2005; Wang et al,2023b) . Rao et al
(199 BIFFEIN Ny, FH RN N P B AR RE S AT 244
TG . T D Fe AR 2 5 B0 B
BRA I R TEE K Fe (OH)*FHES 1 A2 1T 8 JE R AR
) 15 A7 40 4 T Y R B, ] B 3 e 3 B 4R
A 18 BH 5 2 4 W RS 2 T ) 78 70 B 24 4 1
X2y, 524 5 W 2y LR P 20 T RE kT Y
PR o TN, AURE 23 U0 T e IR U RE 5 AR
3% v AU I M L AT BELRS Fe COHD 057 A5 TE L,
P T B 2 TR R BT R BB o A R T
148 25 0 TV B AR A R 2 . PR P N, AR
SRENS A R G BT T % o Legrand (2005)
SEDA R AR 0K O, v B RT LA o i R
R T XS A0 L 7 RETE DT SY 1A pHAE N
9.3 HMA G 25 )G 00 T , B e g™ MR v gk ™
TEAN R O, W B2 F B S8R B2, A 2 R iy
T AL TR B R O, ¥ JEE B 3 T4 K, {ELAE O, HY



X i 85 < B B TR BT S

W Ry 3107, W B Ak R v AU fb ™ R (R4 B
B 2 ) S AR LR R R B RE A . T
I B A SRR AT P 1 o] T DR AR R 4 o
W3 b O, W B 1) 5 ok il i sk , B8 S B
B S5 BB R TR AT B

B A AT ] B R v A DU T DA R B R R
TR A A5 15 A0 R HEAT IR % o Liu et al (2018) W58 T
T 1 156 A 7 X R B Ak VR B ) R, 2 SR B G
R 10 4E A 23 A2 ) Fe (OH), 5% FeOOH, J¥ 1%
O-Fe™ SE K I, DT 5CH: T PR PERRAIC, %5 K
B T A R VGG T T i, R Okt e R R 2 T FH A
AALRE BB B TEAL T o A ELBR AR , B AL
THVRVEH, HUES H ) R AR A HLA AR SR A A VR
SR Ca SN, AR R B 4% 5, a2 T B
1 BARERG BT FE T CaSO, 2K 2 1 AR i, PRI
TR A A pH B RE R A 35RO T R (AR5, 2024 ) o

4 HEEHAH A EMINT W R

41 AEBEEERY FEARHE

FERE AR 1 7 F45 K T, Fe 1 iR 500 H
BT S IEFE H L7k Fe S, i a A F
0%]0.223 Z ], HoA 43 Fe? 9 Fe U, AR
A, e b p= A 23 7, T Bt o7 [T A (LK BH
2011) . R4 Fe Ji - 20 72 B (o fB) WA A] , G 25
PR ) AR ZE A AT UH JE R 7S 07 &R (Hpo) | BRARHT,
Z (Mpo) RV fh & (Tr) 3 25, Hod b R 8%
B TE B ARIASE R R I, DR A GBI Y R 2R
£ TS 7 MR RHRE B R 2 P R (fE R A,
2005) . PARMEE T (Mpo) J& TR BETES 9 , W
PEELSR |, >R FH 55 B 6 BRIV RT3 3800 53358 5 75 T i ¥k
(Hpo) FH T #ETEH 55 , 75 R SR G L A g 35 3 4318
RO AENT RV I, BB S/Fe LUAE 5 AT I
PERIEAHCIC R, S/Fe LB &7 , AT IF B 4r (JA
#.,2017)

4y yiE i A5 R N AR H S IR A
WA e AR 2 o, BRHIE B I 2 IR i T
AN WA TN 2 A 2 Fh g B R 2 A
R 7= 351 SR WU 25 (BERKBH L 20115 5K /N5, 2021)
Multani et al (2018) #/F5¥ & 8, 7€ pH {E 4 7.0.8.5 FlI
10.0 AT LT, G L B 24 7 SRRHRG B Bk B % T A I

Wi TS T R, A R E RS
Oy Wl R R A AEAS R A9 ) Fe (OHD [ST[X]
FFe(OH)[SIIX,]o BREE AU Z A1, HAbZ
TR AL R ) 0 B k0 R 5 A S PR TR R B
FES . IR (2010) 8 1 25 ) E IR I BT
I8 T HURHIE B BR AR T B SR 2GRN £ B A 2 Rl
FIARR T ITEAT . R EW, 5 ZmAMLL,
T T2 X LR R B A ISR
X Z 855 (2009) #E— W98 B, 76 T 8 AR R
T NIRRT e o pH A S E T ] TR A
0 AT GBI BB KPR 7= O T 3k R IR Wk
[Fe(DTP), ], 33X — & I A 8 45 10 W4 B0 1) 22 Ak
TR PR T B AR

FL O R P A ST 2 I, 2l RE 45 M R B kT 2 7
FF A2 LAY B P B e A T VR . He et al
(2012) W58 &30, #F pHAE M S 4514 T, PR ARHG v
BRA VT 3 114 d5 A LS 98 BB R 125~580 mV, WA
BLAE 350 mV 5 75 J7 G 8 KA I 5 1 A A P A6 4 [
41 200~580 mV , WE{E H BLAE 300 mV .,

TEANEIAT R v, A N 2 FholR S A I RE S A7
SR (LGB 18 4 06 Ak 5 ) R R R OR A R
sk/NE (2021 AR R B, I TH R AN 5 A A S 4 &
IR0 X5 5 I ) R B A0 R 45 4 EL AT A T
TR, 33y e TR AR B R 1 7 36 0 B MR
HET B
42 BEEMITREEERY TRIE R RN

O TG B AT A5 R 1 R 1T R MR BT
7 HAE I B A7 SRR ZS A2 ) BERKBE (2011)
Fsk /N (2021) 2K FH 3l A A7 IR 7 B 9T 1 2 A
G A0 B 5 R 1) R T L 2 5, I SR R
PSR R I S R SR 7.3, S T R R
LEHL N 2N 8.8, X EH LT T Fe(OH), Al Fe,0, 1)
ZEH 25 . Multani et al (2018)AF 5845 L . 7EI%H
ARG DL BT Y R A A R G R 45
FE pHAE R 2~11 38 [l P9 2 B H AR ] 4 25 v L 47, O
LAY AR [R] f9 45 B (pH ~3.5) o X — X HL 4 56
BH ST B X Al R o R R 5 ) R i PR 22
(N %

Zhao et al (2015 )38 1 % FE V7 sR S TH, NH
TLE5A 2 R R T AN b 3R 0 R TR e AT R Y
ZSHLH . MR N, T I 2 0 A L

2026 FF2 B HF34E-F1H
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B (Eyono) 5 B BHRE B0 S IR 85 0 7 3iE
(Ey o) Z A (0.22 eV ) /INTF T HEE 2 B0 58
T BTN By ZRIHIEL(0.35 eV) , [RUtE , LR
BRSNS TR0 A S 5 T I 21EH .
N HE R HOMO H [ Fe 1 5Tk R B K i A
F T CaOH 75 H 2 W B 5 BARIRE B K™ HOMO
BARMA Fe JR A TTHR, (0 Fe I RS SAE# 1
W, S AETERILAS T CaOH ML I . PRIt , A7 SR X 7S
T3 W B A I U 2 S A SR T SR E BER
Liu et al (2021)3# 28 DFT 115 3 B, 0 & 2k e 1m
Fe 25 {0 /) A7 1E 5835 Y 58 T 2 24 4% F I W B e (A
-1.2 eV FE-1.8 eV) , iX J fif BEAN [7] 18 45 H4) 1 vk
WAL PR 2 AR AL T K

Az S R B BRLRHRE B RS O R R
LS TETREAT R P AEE W 25 5 TN g s
PR AR T R R, DR 7Sy i ik
5 A f e i OF B G S ek ST T
MG M E T2 . Qi et al(2019) K I
{RAZL A0 XPS % Strathcona 37 B PR 8820 F1
N0 W R A TR R R ML AT T gE . B
F 5% 25 S 3% B SR ARHIE Bk Hu oS O G B k™ B
g ) SR R L T B A% T R M I Ak 1 R
W 2, B Rl b oS O R B R 25
Multani et al (2019 ) i i — 28 51 7 2 120 56 0 5% 1 5
B R AEA XVE R I R . ORI 9 4 SR B A IR
VRS R L 10~100 wm KGR (19755 1 v
BRI 35 [T ISR SR e 1 X 1 B e U /N
F 10 wm KL B T 328 11O d ey, HLS O il ¥k
MELAAME] I SRR B 25 2 . 3 A AR
SE R IR OV BT 83 25 S R A AR A
(pH>9) F , FRRIEEHE T 5 84k, 1 AL 25 (Cu™ FITNi™)
Xof R 55 A ) e R A T A 5 A o AR B S I AN T
WFFE R B - FE 5 = 19 pHAE (pH>9) 2148 T, B Ab
B R P S R B T VR 2R S, H T
RHHE B FE S5 T F S T B A R
23 FL AR Fe (T ) —-S SHEEK, (2 0F T LT 1) S5 S

RN AR W OR VR e KR A
TEVEAT R0 22 5707 T T, I B 2R 9 F 5% i
R A BT — AN — IR A5 e, Wi £ 5
Wk B AR R T B TR R L (AR A R R R
B Al R L R PR R R T T 5 UF 3% (He et al,
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2012) ; [AIFE -, S0 i 28 e 8 25 A0 1 LA 5
B HBA—ZM458 . Multani et al (2018) 1A A4
[ A5 B A5 AA e i, R R AT e T
T B R B AR R i 1) R 45 K A2 A T b 1k DA
T A AR i PR AR BEOR 498 401k . Multani et al
(2018) 7 AT W58 1 X G 8 Bk M 25 M kAT T3
TiE, I TR P b 35 1 2 B B e 3 T ) Ak
Yo FEWFSE b i o T R | T G R 2 T R
FRIT A7 B I X P AR A P G R P VR A A T
KT TWRSE . DESE 45 SRR, g gk R /b
SR AR R B AR L B S5 R AT Sy, BIVAH [R] EY
S5 (pH=3.5) FIAH [A] (1) F 18 B A7 (pH=2~10) 5 7F
FI A LA T BE G A I LT |, B 2548 1 77 e M T
HX S B AN [R] s L PR 1 S 3 AN TR] o R 2 rp i Ak
BB 2 B BB Fe 578 Jg Fe™, DIR A HL
tbk T Fe' M AA A 23 (145 0 5 e 3R i A fh s %
Jnpk o X FREVERE B 2R (Fe ' Fe'Sy) , Hi Fe™ [ 2k
(1 29% , M AR REPERE B0 (Fe Fe™'S ) Y Fe®
BRI 22% , R AR H G PE R B0k TR 45 5 R Ak
I, 75 3% 1 AR AL AS R akE e Y Tk A 7= b AR R R
B AT RE T S PR k. Qi et al (2019) Wik Rl
R B ST TR B I e AN ] TS
J5 W B A L B R R BB A IR A AR
IR T X Bk i S AR )2 T A
B IR . Multani et al (2019) DAk B8R 48 ¥ 2k
W LS 7 G v R B B B 45 A8 25 6 LU 5 A Fe
(I ) —S BAL AR 1 Ha ) 854 4% | DRI S 5 1
B Ll B RGBT T ) PR

5 EEEARY MEE WEE e B R

51 MEGH SUERTRZBHNBEMEE

SEUR R BT TR e 0 N 2R O SR
WSO AR B Ak 1 2 T ) R B LA T B S AR
BN 5 AL, A R R I R I A R
S, AR RS T EA SR H W AR, Li
et al (2023b) &1 X} K =47 (37.62% ) 5 1 ¥ Bk M AL
AR B 2 4 JR AL 7E = 0 SRR R HEAT IR A S
1N S e By 1107 N O i W R Ve e I = 4
K BN 0.79% , BE DR Ky 1.83% 3 451
TRIEHT A 3K HEAT S8 S HE , FERURE 7 B S AL AN



X i 85 < B B TR BT S

[ g 3 ) 2 T 2= 37.01% 11 94.58% 5 [a] B %63 745 i
ARG W SR AT = s SR o3 B 2 B, SR de
WK PR AR B B S LT 2 B {0 5 CaS, (n=2~
8) B Z WAk Wy , 75 V% 1L i i X 3K AT 8 A
P, Z LY s AL TR T R BE R F
SO (& 3), Beah, it % e AN £, B E i
Z ALY T B R HE R A S 2 Y . Wang

-50
100 : ! ;
—_~— y, __e—9 9 0 0o 0
6 224%,2 o088 8 0 o0-—0—0 9-—g 124@ 13
%‘3‘ -150 129 -1421+cuso, 112
Bg00} = C0 o102 I
o C
£ -250 53110
> | ° S -
g —-300F ] g0 lg =
et 9
% -350 . lg
g00n ot o WAL 15
B _asofs” 8 184 > pH
| P £ 16
2487 209 R
5000 ey oo 5
0123456 780910111213
B8] /min
(@)
&3

PR TR TR S TR T SR TN S T |
S H N W s Ut Y00

—_
=)

et al(2023¢ ) 5% & W - RS ARH™ LU B A0 T 25 5 R
b, DR R B R I A AR T AR T 20h R 1 R
LB IR PR A R AN JE DUSCRERIBOR
B 5 38 2 5 T AR T 0 AU, AT L A A
1) e K BRI 74.6% 12 155 22 86.3% ., ik A . 45
(2022) 51X 55 1l B R A % AL 4R 5 17 R AFF 52t 3R
FEARRL Al 25 5

180
471 980 L
Ty T At min
B IR
E o
5 Fo 1050
E OB U HiE 4
& A ]
\ | Eariaas
0 200 800 1200 1600 2000
WEyem™?
()

FET R R pHE R ARE RIS IE 57 (Li et al,2023a,2023b)

Fig.3 pH value, potential, dissolved oxygen and Raman spectrum analysis of pulp during the flotation process
(Li et al, 2023a,2023b)
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Research Progress on Pyrrhotite Flotation

LIU Jing, QIN Wenqing, YANG Congren
School of Minerals Processing & Bioengineering, Central South University, Changsha 410083, Hunan, China

Abstract: Pyrrhotite is a prevalent gangue mineral found in non-ferrous sulfide ores, including those of copper,
lead, and zinc. Its non-stoichiometric crystal structure, characterized by variable iron-to-sulfur(Fe/S) ratios,
leads to complex crystal-chemical behavior. Additionally, the unstable bonding state at its surface makes it
highly susceptible to oxidation when exposed to oxygen in the flotation pulp. These characteristics often impede
the selective flotation separation of valuable minerals, presenting a significant challenge in the efficient recovery
of non-ferrous metals. During the oxidation process, iron ions migrate from the bulk to the mineral surface,
where they coordinate with O2, OH~, and H20 to form an outer layer of iron oxyhydroxide(FeOOH), while
leaving behind an iron-depleted, sulfur-enriched sublayer. This process is influenced by the pulp’s pH and
oxidation-reduction potential(Eh), leading to the progressive oxidation of monosulfide species within the
sublayer to disulfides and polysulfides, thereby continuously altering the surface chemistry of pyrrhotite. Under
mild oxidation conditions, surface metal-hydroxyl complexes are formed, which modify the surface charge and
result in a positive zeta potential. In contrast, xanthate collectors are present in solution as negatively charged
anions, which facilitates their electrostatic adsorption onto pyrrhotite. This interaction undermines the efficiency
of depression and complicates the separation of pyrrhotite from target minerals. Under conditions of intensified
oxidation, Fe(OH)s precipitates form on the mineral surface. The pronounced hydrophilic nature of Fe(OH)s
results in the formation of a dense hydrophilic film, which markedly diminishes mineral floatability and
significantly impedes the flotation of pyrrhotite. It is important to note that pyrrhotite primarily exists in two
crystalline forms: non-magnetic hexagonal pyrrhotite and magnetic monoclinic pyrrhotite. The inherent
crystallochemical differences between these forms result in distinct surface oxidation kinetics, surface electrical
properties, and adsorption affinities for flotation reagents. Consequently, the two polymorphs exhibit differing
flotation behaviors within the same flotation system, thereby substantially complicating the separation of
valuable non-ferrous sulfide minerals. The detrimental impact of pyrrhotite on flotation separation is primarily
exhibited through two mechanisms: (1)its oxidation process depletes dissolved oxygen(DO) in the pulp, which
is crucial for the surface oxidation activation of target sulfide minerals during flotation;(2) galvanic interactions
occur when pyrrhotite is in contact with other sulfides in the pulp, thereby modifying the surface chemistry of
the associated minerals. In industrial applications, synergistic strategies can be implemented to selectively
depress or activate pyrrhotite flotation. These strategies include controlling its oxidation rate by adjusting pH
levels or adding antioxidants, regulating pulp DO through staged aeration or the use of redox modifiers, and
modulating the electrochemical interactions between pyrrhotite and target sulfide minerals.
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