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Electronic structures and floatability of
pyrite, marcasite and pyrrhotite
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Abstract: The electronic structures of pyrite, marcasite and pyrrhotite were calculated using the first-principles method
which was based on the density functional theory (DFT), and the relationship between the electronic structure and
floatability of the three sulfurous iron minerals was discussed. The calculation results show that pyrite is a direct
band-gap semiconductor, and marcasite is an indirect band-gap semiconductor, while pyrrhotite is a conductor. The
density of state analysis reveals that pyrite and marcasite are in low spin state, while pyrrhotite is in spin-polarized state.
In addition, the calculation of the frontier orbital indicates that the oxidized order of the three sulfurous iron minerals
from easy to difficult is as follows: pyrrhotite, marcasite, pyrite, and the floatability order of the three sulfurous iron
minerals from easy to difficult using xanthate as a collector is as follows: marcasite, pyrite, pyrrhotite. The interaction
between the three sulfurous iron minerals and oxygen, and the floatability of the three sulfurous iron minerals collected
by xanthate can be well explained by the calculation results.

Key words: pyrite; marcasite; pyrrhotite; electronic structure; floatability; density functional theory

FARGE T WIIBRERD 7 3 Bl BOBRD™. FIERDT b, ARV S h 2 T B R R 5 A o)
MBGTERRT, S 5 A S By B BORIZLEr Y8 BRI 5 R B 2R, (R LS A 45
W\ MR ) SRR AL, B FAE T, L MR BRI, AT 5 BCe AT e A v R L

ZEEWEH: EHEBRREES T BIIHE (50864001)
WimE#: 2010-08-16; £iTHER: 2010-11-06
BIEEE: MRide, #9%, W MG 0771-3232200; E-mail: jhchen@gxu.edu.cn



1720 A G R

2011 £ 7 H

AN IR T N o AEBRALH ™ B SC R AL, 1Bk
BB AT FEE S SR RO, (E RS BRT F, IX
3 BB P S 2 A T e 2 55 AR
BT, W, WEEB. Ji4h, X 3 BRI A
BACHIAE S R LA ZE S, o, WS IR A )
gL, HUO BT, Sy A ar e, &
AIIWTFELRRY], AT IR M 3 Bk
W LA S B R — A A R, T XU
A8, A A TR T S A TR
g R, BB L A R TR R
ANFIBR AT TP A 22 S HAT FE R 3

B T bR AR IR 20— R DU R B 1 S
MBIk HE, E NN RS — PR )
SR TRCINE ¢ NI R ISR T (I
FIREAT TAHEE, 3RA5 T LEBHER VLA R . Beke™
SR TEEIRIRT S CA AN E, ER WG T
TR RA 1) g S A S LTV RS AE . T
R AT ) r 1 S A S FE T PR IR DGR, AR
RNz R B 5 VR BT SURRA 8k
BRGS0 12, R BT EepuiE BRI

R 3 PR A R HRI AL 4 R

3 PR BRE" 5 AR P LEE X s 2 i m] ek
¥ o

1 HEFERRE

1.1 1HEAZE

KA Material Studio 4.2 H1() CASTEP f&bk,
FL T8 T R I SR R g I R (R
ARG 3 MERERD ReAT 450 A AN
Mulliken i AT VRS, 156, STk 3 FhOREA 11 R
HOBEARL AT AR AR DG A A 19 28 0 G TG Ry B R
SPIBARNTRE, AN RIAC 4 SR R BRI AR K B (1 T A 45
R 1 72 Fra.

HE 1 ArAL 0 TEekn™, Hek% GGA-PWIL
T AR B SR A a=b=c=0.541 7 nm! 1[4
A NPT, H K% GGA-PWI1 1 GGA-PBE
THE ) A B B o ) S SE SR 0=0.444 5 nm,
b=0.542 5 nm, ¢=0.338 6 nm!"HCEHENT; B TRk
W, FPREL GGA-RPBE VI 5 H 11 i i 45 5 se (e

Table 1 Optimized results of different exchange correlation functions of three sulfurous iron minerals

Mineral Computational function Lattice parameter/nm Band gap/eV Energy/eV
GGA-PBE a=b=c=0.5408 0.56 —5690.72
GGA-RPBE a=b=c=0.5457 0.68 —5694.74
GGA-PWI1 a=b=c=0.5412 0.58 —5700.96
Pyrite
GGA-WC a=b=c=0.5344 0.41 —5682.23
LDA-CA-PZ a=b=c=0.5283 0.38 —5678.32
Experimental a=b=c=0.5417""% 0.95!%
GGA-PBE a=0.445 0, b=0.541 3, ¢=0.339 2 0.99 —2845.42
GGA-RPBE a=0.448 8, b=0.545 3, c=0.341 2 0.94 —2847.43
GGA-PWI1 a=0.445 6, b=0.541 5, c=0.339 4 0.98 -2 851.11
Marcasite
GGA-WC a=0.439 0, b=0.534 9, ¢=0.335 3 1.06 —2839.15
LDA-CA-PZ a=0.434 0, b=0.529 1, ¢=0.331 4 1.09 —2 830.56
Experimental a=0.444 5, b=0.542 5, ¢=0.338 6114 0.40t"
GGA-PBE a=b=0.661 4, c=1.569 9 - —24 856.28
GGA-RPBE a=b=0.688 8, c=1.720 9 - —24 873.95
GGA-PWI1 a=b=0.662 1, c=1.568 4 - —24 904.98
Pyrrhotite
GGA-WC a=b=0.654 0, c=1.507 5 - —24 814.74
LDA-CA-PZ a=b=0.645 8, ¢=1.486 1 - —24 774.55
Experimental a=b=0.686 5, c=1.704 6!'°] -

Setting value of cutoff energy is 270 eV. Pyrrhotite is conductor.
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Table 2 Results of cutoff energy tests of three sulfurous iron minerals

Mineral Cutoff energy/eV Lattice parameter/nm Band gap/eV
260 a=b=c=0.543 4 0.59
270 a=b=c=0.5412 0.58
Pyrite
280 a=b=c=0.540 0 0.57
290 a=b=c=0.539 1 0.57
260 a=0.446 2, b=0.543 0, ¢c=0.340 0 0.95
270 a=0.445 6, b=0.541 5, c=0.339 4 0.98
Marcasite
280 a=0.444 2, b=0.540 3, ¢=0.338 5 1.00
290 a=0.443 5, b=0.539 8, c=0.338 4 1.01
260 a=b=0.699 6, c=1.754 5 -
270 a=b=0.688 8, c=1.720 9 -
Pyrrhotite
280 a=b=0.658 9, c=1.563 0 -
290 a=b=0.660 8, c=1.576 4 -

a=b=0.686 5nm, ¢=1.704 6 nm " HEIT . LR SRR
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Fig.1 Unit cell models of pyrite (a), marcasite (b) and pyrrhotite (c)
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Fig.2 Band structures of pyrite (a), marcasite (b) and pyrrhotite (c)
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Fig.6  Spin density of state (SDOS) of pyrite (a), marcasite (b) and pyrrhotite (c)

=3 BN PRI SRS 1 1K) Mulliken A3 523 A
Table 3 Mulliken atomic population analysis of pyrite,
marcasite and pyrrhotite
Population Total
Mineral Atom number of Charge/e
s P electron
S 1.80 4.12 0.00 5.92 +0.08
Pyrite
Fe 035 0.64 7.17 8.16 —0.16
S 1.81 4.14 0.00 5.95 +0.05
Marcasite
Fe 036 0.60 7.14 8.10 —0.10
S 1.82 439 0.00 6.21 -0.21
Pyrrhotite
Fe 042 0.65 6.69 7.76 +0.24

222 3 FhEREA BT Mulliken A7 523 Hr

B 1) Mulliken A7 s (AR BB 1) B9 -1 PERISL AR 1)
Y9, AEER, RURFRHMLSG G HINE, k2
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), Fe—S Ml S—S MK LA . iz gk h
BEAAT LR R A, Fe—S BERIARRE N 0.11~0.44,
Fe—Fe [{47i {5 4—0.11~0.20, Fe—S [F3EAN AT
Fe—Fe [¥], Fe—S [fI#K 4 0.227 1~0.290 5 nm, Fe
—Fe 4K 0.281 2~0.297 2 nm.

tH Mulliken i &/ HT AT LAG H, BB 5 A12k0™
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s34
Table 4 Mulliken bond population analysis of pyrite,

marcasite and pyrrhotite

Mineral Bond Population Length/nm
) Fe—S 0.34 0.219 1
Pyrite
S—S 0.22 0.225 8
. Fe—S 0.28, 0.66 0.2231,0.224 7
Marcasite
S—S 0.08 0.2279
. Fe—Fe —0.11—0.20  0.2812-0.2972
Pyrrhotite
Fe—S 0.11-0.44 0.227 1-0.290 5
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Table S  Frontier orbital energy of minerals and reagents

Mineral Epomo/eV  Erumo/eV  |AE||/eV  |AE,|/eV
Pyrite —6.295 —5.923 1.685 0.708
Marcasite —5.664 —4.795 1.054 0.420
Pyrrhotite —-5.027 —4.987 0.417 0.228
Oxygen —6.908 —4.610 - -
Xanthate -5.215 —2.620 - -

|AE[=|ELumo, oxygeny EHOMO, mineran| s [AE=|EHOMO, xanthate) —

E(LUMO, mineral)| .

B VRN, S R R IX 3 B
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W, BT, RGN, AR S RIS
24 F R T Ze 038 RE 5 AEL |5 K(0.708 eV), Hh 1
BRITIR(0.420 eV), WLEERET 5 B IAE, 5/
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w, ﬁ%*@ﬁ%%ﬁ%%ﬁ m&éﬁ%%%ﬁﬁ
EET, BT RN S 58 OREER, S3W
ﬁ%ﬁu&ﬂ%,&ﬁﬁﬁiﬁﬂmﬁﬁw,ﬁﬂ%
KU AR, DRI, E AR R R i B R T
ATFPE LE PR RS A 11 22

3 Zig

1) SEBRE 0 ERAT B AR, IR T2 Hi B
AR, SR A

2) BRI YA AR FIERS, TR SR )k
A g

3) FRTZePuE B ER MR T 3 FhERERA B A AL
H1 S BRI A W ™, R, R

4) FIRTEBUE B MERE T 3 PR 2
TV b SR B G T R, R, W
Bl

REFERENCES

(11  &oh#a. Pk dbat: B4 Tk Rt 1989: 273-274.
HU Wei-bo. Floatation[M]. Beijing: Metallurgical Industy Press,
1989: 273-274.

2] EEFPE. SR DT, R ARG B M 1 5 R
1. HEAMEJEDT, 1965, 11: 16-20.
YUAN-TIAN Zhong-chen. The effects of oxidation on the
floatability of pyrite, marcasite and pyrrhotite[J]. Metallic Ore
Dressing Abroad, 1965, 11: 16—20.

(3] BRgte, AL, SRR A b
(ID—E 5T W EH IR e AL T
i, 2000, 10(3): 426—430.
CHEN Jian-hua, FENG Qi-ming, LU Yi-ping. Energy band

PR L R Y B A N H
D] A G E

model of elctrochemical flotation and its application( Il)—
Energy band model of xanthate interacting with sulphide
minerals[J]. The Chinese Journal of Nonferrous Metals, 2000,
10(3): 426—430.

[4]  Brelhfe, WL, SR AL A TR RE Y B KN D)

PR SR B S AT, h A R AR R,
2000, 10(2): 240—242.
CHEN Jian-hua, FENG Qi-ming, LU Yi-ping. Energy band
model of electrochemical flotation and its application(I)—
Theory and model of energy band of semiconductor-solution
interface[J]. The Chinese Journal of Nonferrous Metals, 2000,
10(2): 240—242.

[S] CHEN Ye, CHEN lJian-hua. The first-principle study of the effect
of lattice impurity on adsorption of CN on sphalerite surface[J].
Miner Eng, 2010, 23(9): 676—684.

[6] CHEN lJian-hua, CHEN Ye, LI Yu-qiong. Effect of vacancy
defects on electronic properties and activation of sphalertite(110)
surface by first-principles[J]. Transactions of Nonferrous Metals
Society of China, 2010, 20: 502—506.

[7] CHEN Jian-hua, CHEN Ye. A first-principle study of the effect
of vacancy defects and impurity on adsorption of O, on
sphalerite surface[J]. Colloids and Surface A: Physiochem Eng
Aspects, 2010, 363(1/3): 56—63.

[8] EDELBRO R, SANDSTR O M A, PAUL J. Full potential
calculations on the electron band structures of sphalerite, pyrite
and chalcopyrite[J]. Appl Surf Sci, 2003, 206(1/4): 300-313.

[91 von OERTZEN G U, JONES R T, GERSON A R. Electronic and



F21EE T

Wradtte, S5 BOERET. PRI ARG ERET 0 R T S5 S A

1727

[10]

[11]

[12]

[13]

[15]

optical properties of Fe, Zn and Pb sulfides[J]. J Electron
Spectrosc, 2005, 144/147(6): 1245—1247.

FERBE, PR, BRME SRR SRR R T A SR
EAT R[], D EALZE2E4], 2010, 26(5): 1435-1441.

LI Yu-giong, CHEN Jian-hua, CHEN Ye. Electronic structures
and flotation behavior of pyrite containing vacancy defects[J].
Acta Phys-Chim Sin, 2010, 26(5): 1435-1441.

MARZARI N, VANDERBILT D, PAYNE M C. Ensemble
density-functional theory for ab-initio molecular dynamics of
metals and finite-temperature insulators[J]. Phy Rev Lett, 1997,
79(7): 1337-1340.

PRINCE K C, MATTEUCCI M, KUEPPER K, CHIUZBAIAN
S G, BARKOWSKI S, NEUMANN M. Core-level spectroscopic
study of FeO and FeS,[J]. Phys Rev B, 2005, 71: 085102.
SCHLEGEL A, WACHTER P. Optical properties, phonons and
electronic structure of iron pyrite (FeS;) [J]. J Phys C: Solid
State Phys, 1976, 9: 3363—-3369.

RIEDER M, CRELLING J C, SUSTAI O, DRABEK M, WEISS
Z, KLEMENTOVA M. Arsenic in iron disulfides in a brown coal
from the North Bohemian Basin, Czech Republic[J]. Int J Coal
Geology, 2007, 71: 115—121.

UHLIG I, SZARGAN R, NESBITT H W, LAAJALEHT K.
Surface states and reactivity of pyrite and marcasite[J]. Appl Surf
Sci, 2001, 179: 222-229.

CHIVCHAGOV A V. Information-calculating system on crystal
structure data of minerals(MINCRY ST)[J]. Mater Sci Forum,

[17]

[18]

[19]

[21]

(23]

1994, 166/169: 193—198.

PERDEW J P, BURKE K, ERNZERHOF M. Generalized
gradient approximation made simple[J]. Phy Rev Lett, 1996,
77(18): 3865—6868.

VANDERBILT D. Soft self-consistent pseudopotentials in a
generalized eigenvalue formalism[J]. Phys Rev B, 1990, 41(11):
7892-7895.

PACK J D, MONKHORST H J. Special
Phys Rev B, 1977,

points  for
Brillouin-zone integrations— A reply[J].
16(4): 1748—1749.

JONES R O, GUNNARSSON O. The density functional
formalism, its application and prospects[J]. Rev Mod Phys, 1989,
61(3): 689-746.

ANISIMOV V I, ARYASETIAWAN F, LICHTENSTEIN A L
First-principles calculations of the electronic structure and
spectra of strongly correlated systems: The LDA+ U method[J].
J Phys: Condens Matter, 1997, 9(4): 767—808.

MICHAEL J S, DEWAR S. A critique of frontier orbital
theory[J]. Journal of Molecular Structure: Theochem, 1989, 20:
301-323.

PRI, HOME, R, T S [ N AMIL R VR B RTST
MEBLIT]. 4:JE0 1L, 2005, 347: 24-26.

CUI Yi-qi, TONG Xiong, ZHOU Qin-hua, HE Jian. Survey of
research on pyrrhotite flotation both at home and abroad[J]. Met
Mine, 2005, 347: 24-26.

(%RiE  FRITE)



