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Electronic Structures and Flotation Behavior of Pyrite Containing
Vacancy Defects
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Abstract:  Electronic structures of pyrites containing vacancies were calculated using a first-principles plane-wave
pseudopotentials method. The influence of vacancy defects on pyrite flotation behavior is discussed. Results show that
sulfur vacancy has little effect on volume while iron vacancy results in a cell volume expansion of 1.29% . The
presence of vacancy defects mainly affects the electronic structure near the Fermi level while new energy levels are
introduced into the forbidden band and this is caused by atoms close to vacancies. The presence of vacancies increases
the Fermi level, which is undesirable in pyrite flotation. The calculation of effective mass indicates that the presence of
vacancies increases the localization of electrons located at the bottom of the conduction band. Mulliken bond
population analysis of atoms shows that the covalence of the S—Fe bond is greater than that of the S—S bond and that
the presence of vacancies results in an increase in the covalence of bonds between the atoms close to the vacancies,
which is beneficial to pyrite flotation. We conclude that the presence of vacancies adversely affects pyrite flotation
when both the influence of vacancies on the Fermi level and the covalence between atoms are considered.
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Table 1 Effects of computational functions on lattice
constant, energy gap, and energy

Computational ~ Lattice parameter ~ Band gap
function (nm) (V) Elev

GGA-PBE 0.5408(-0.17%) 0.56 —5690.72
GGA-RPBE 0.5457(+0.74%) 0.68 -5694.74
GGA-PWI1 0.5412(-0.09%) 0.58 —-5700.96
GGA-WC 0.5344(-1.35%) 0.41 -5682.23
LDA-CA-PZ 0.5283(-2.47%) 0.38 -5678.32
expt. 0.5417" 0.95!""

The setting value of cutoff energy is 270 eV.
The data in the parentheses are the deviations of calculational

values from experimental value.
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Table 2 Results of cutoff energy tests

Cutoff energy Lattice parameter Band gap Elev

eV) (nm) (€eV)

250 0.5470(+0.98%) 0.58 —5698.82
260 0.5434(+0.31%) 0.59 —-5700.14
270 0.5412(-0.09%) 0.58 —-5700.96
280 0.5400(-0.31%) 0.57 -5701.50
290 0.5391(-0.48%) 0.57 —-5701.87
300 0.5389(-0.52%) 0.57 -5702.11
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Fig.1 Models of unit cell (a), 2x2x1 supercells with sulfur vacancy (b), and iron vacancy (c) of pyrite
Rings indicate the positions of vacancies.
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Fig.2 Band structure (a) and partial density of states (b) of perfect pyrite
E;indicates the position of Fermi energy, and the value is 0 eV.
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Table 3 Effect of vacancy on pyrite crystal

Type of Length (nm) Angle (°)
vacancy (nm?) a b ¢ a B y

Cell volume

perfect 0.6343  1.0825 1.0825 0.5412 90.00 90.00 90.00
sulfur vacancy  0.6338  1.0823 1.0820 0.5412 90.26 89.70 89.70
iron vacancy  0.6425 1.0865 1.0884 0.5433 89.90 89.90 90.13

2.2 O EGE BTFEHNRME

% 350 T A T E R S SRR .
MU BB R T A 201, 78— 2x2x] #Ek
R S T B — a5 AU R 2.08%, HIE BT
— MBS AT B BB R FL R R 1.94:1, TR K
— AR AT B B R T H R 21300, B Y
7 A A L AR R /0N, T A A5 o AR
K 1.29%, 3X 2 F Ry, B s 60 i 7= AR 5 /e S—S #
S8, B R SR B AR, TR 7 (147 A Fe—S
NI, Fe—S SR AILMPER T S—S 4, I H AW
L2 42(0.120 nm) FLAR A LA 21242(0.075 nm) ™K
Rz, hFBA THE TR, UG 58k TR
BT R 25 5 6 e AT R B s Hhiale, DABCEEA i
MR FRAS K. S AYAS T R 3 gl i 1 b it
K& o By MRS RBLH K. 25 (051 i 8
BRSO R « B RN y FAEERS TR L, AN
HB 0BG T AR A A 90°, HEA LU 23 A6 D 5 1) e
JERER.

I 3 AR ER AT LA, BT T —A
B i 5 — AR 1) DU, AR I A
T B —ANER BRI SIS e £, (RIS
oA L AF A ARl B 2S5 B W 1) IR RE i B8 3. fR
3 FIIEL 4 B REATT 45 R B AT ASIGE, 28 (60 i 7 AR X
FROKREG BRI A0 v 1 BB AT 25 A5 I A K. B 2 62 1Y)
FAES R PR BB T = T B Red. B 5 4

Enr  ——83s
Kl
80 - perfect 5 ---S3p
40 TR AR AE Fe 3d
= 0 L . .NQN.\ [\;. L "/M’.‘/A\-\'-“.\ '—"‘; Z L
> -20 -15 -10 -5 0 5
. L
§ 80 - S vacancy RS
£ 40 o
ERN S, U \ NSRS SR
2 -20 -15 -10 -5 [ 5
2 i
s 80} N
< [ Fe vacancy s
o 40 Y R
2o Ao omvares 4 .
g -20 -15 -10 -5 b 5
a 120p ! — perfect
80 foral | J1 - - - Svacancy
40 _”;N\_A_ [ g iy N Fe vacancy
0 1 T\ ) 1 2 I VA 1
~20 15 ~10 5 0 5
EleV

E 3 BERFMNEGKT HAISEEMESEE
Fig.3 Partial and total density of states of perfect
pyrite and pyrite with vacancies
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Fig.4 Band structures of perfect pyrite (a), pyrite with sulfur vacancy (b), and iron vacancy (c)
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Table 4 Effect of vacancy on properties of pyrite

Type of Energy

Type of vacancy gap  gap (V) Ed/eV m./my my/my
perfect indirect 0.58 -5916 -0.752 -3.003
sulfur vacancy indirect 0.88 -5.780 -2.207  321.304

iron vacancy direct 0.67 -5.815 -2.969 3.779
m, is the mass of free electron; m, and m, represent the effective

masses of electron and hole, respectively; E; is the Fermi energy.
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Mulliken population analysis
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Table 5 Effect of vacancy on Mulliken
population of bond

Type of vacancy Bond Population ~ Bond length (nm)
Perfect S1—Fel 0.49 0.2258
S1—Fe2 0.30 0.2259
S1—Fe3 0.48 0.2259
S1—S2 0.25 0.2191
S2—Fe2 0.30 0.2259
S2—Fe5 0.49 0.2258
Fe4d—S2 0.48 0.2258
Fe4—S3 0.30 0.2258
Fed—S4 0.48 0.2258
Fe4d—S5 0.49 0.2259
Fe4d—S6 0.49 0.2259
Fe4d—S7 0.30 0.2258
S vacancy S1—Fel 0.47 0.2313
(S2 vacancy) S1—Fe2 0.48 0.2259
S1—Fe3 0.45 0.2312
Fe4—S3 0.30 0.2254
Fed—S4 0.48 0.2173
Fe4d—S5 0.51 0.2233
Fe4d—S6 0.50 0.2282
Fe4d—S7 0.34 0.2217
Fe vacancy S1—S2 0.30 0.2150
(Fe4 vacancy) S2—Fe2 0.35 0.2233
S2—Fe5 0.54 0.2234




006 Acta Phys. -Chim. Sin., 2010

Vol.26

i, (H R4 S—Fe HEAY LN R IH B AR T HE M
S—Fe 5, W S—Fe # 2 [A] A7 FR (H i Kk 0.49, 1
— A FEAEA N 0.30, 5 S—S 2 [H] fU1E.(0.25)
L. K 7T, S—S BEREEK /N S—Fe #K.

B2 X AR AR T RS K. B M L T,
5o (i AHAR A S1 75 BRELFC 2 /Y Fel Fl Fe3 Ji
T 22 1] () B P AT T S T AR I (5 PR AR B Ak PL A
AR [RD, If HAEH B 1K, RUTEATZ RS
PEASSS T S1 S Fe2 5T 22 [7] iy 8 1) A5 e (i
H 0.30 34K F 0.48, MK AR LA K, B2 Y
b 2 . 523 7 AR Y Fed JR TR S5 2Z il
ASE P8 R o B D - 22 ) e 114 A e (A AR A B A
FE B2 (5 X AT 5 ] T B D =2 ) 1)
AR SRR M AN, (HR X AR = A T R,
KB B .

BRAEPIED T, 525 AL S2—S1 LUK
AHER S2 JFLF- R 55 JLELA I 8K 5L F (Fe2 il Fes)
Z [R]R SHE AT TR AR K, I HLAEHC W i AR AR e, 3%
B S2 J5i - BR -5 HL LA A J5F =2 18] 8 R ) A 22
A S 34 5 e 34

X 25 57 e B 1) ¥ R0 1Y Mulliken 88 1) 7 S8 43
BB, 25 (0B B i A7 e i T L] PRl D i i
[ M, TR AL P A L iR, 5 S5t 1)
B ZA P W R P A, DR ab 2 7 S S50 R D -
] (R A PSS R T BT RT3, 254
FIAEAE AR A TR BT 5, AR T8
TFEIE, X Mulliken B89 A J& 9 2 AT 20 3R A 25 A
FIF B 10 V7 2 B R JE M M 5, ol LK DLR
5 TR X 43 o7 ot B R P 37 1 1) 2 i B A 7 LA
e, B, 8790 2% K BB SR Wi B 245 1) i b2 Ak AT e
T 0 A A P S i # 2 (4) W BFFRE 1, B0k gl
TEPE T 5 i[RI T, 5 i Ak 2 R 3R A Ak
TR 7 3 PR, DR s (0 R AE e AR T8
SIRIMIORES oS

3 & i

(1) B2 X B R b SR B AN R, (H Al
BRI o B RNy A 2 AR A (asB=
y=90°) B I B bk 25 067 R Bk s (v fd B kvt A
KT 1.29%:;

(2) 25k B 3 L5 R B 2 OK BB B I 1Y
ML R4S 1, JRFE AR b i B TR RE S Sy — T
AT, 25 AR TE SR Bk DK BB T =, AR Tk

W TR,

(3) FRAUE N 1 I L B S R, 28
BRI 1) SR U R

(4) 1Y Mulliken A7 & 43t & B, FRAR DL R0
) S—Fe 8 1 LA K F S—S B, 2547 51 A i [
Jir - BB 2 (] () AN PR, AR T Rk VR

(5) L5675 1R L AELEXT 04 B oK BB R 1
TR AN A FZ I, AR 28 (AN A T B AR T i

References
1 Chanturiya, V. A;; Fedorov, A. A.; Matveeva, T. N. Physicochemical
Problems of Mineral Processing, 2000, 34: 163
2 Abraitis, P. K.; Pattrick, R. A. D.; Vaughan, D. J. International
Journal of Mineral Process, 2004, 74: 41
3 Savage, K. S.; Stefan, D.; Lehner, S. W. Applied Geochemistry,
2008, 23: 103
4 Clark, S. J.; Segall, M. D.; Pickard, C. J.; Hasnip, P. J.; Probert, M.
1. J.; Refson, K.; Payne, M. C. Zeitischrift Fuer Kristallographie,
2005, 220: 567
5 Segall, M. D.; Lindan, P. J. D.; Probert, M. J.; Pickard. C.J.;
Hasnip, P. J.; Clark, S. J.; Payne, M. C. Journal of Physics:
Condensed Matter, 2002, 14: 2717
6 Xie, X. D.; Lu, D. Energy band theory of solids. Shanghai: Fudan
University Press, 1998: 1-26  [#§#578, fifi A% [AIAREH HLIL,
b ZERAE R, 1998: 1-26]
7 Marzari, N.; Vanderbilt. D.; Payne, M. C. Physical Review Letters,
1997, 79: 1337
8 Jones, R. O.; Gunnarsson, O. Reviews of Modern Physics, 1989,
61: 689
9 Kohn, W.; Sham, L. J. Physical Review, 1965, 140: A1133
10 Prince, K. C.; Matteucci, M.; Kuepper, K. Chiuzbaian, S. G.;
Barkowski, S.; Neumann, M. Physical Review, 2005, 71: 085102
11 Schlegel, P.; Wachter, P. Journal of Physics C: Solid State Physics,
1976, 9: 3363
12 Temmerman, W. M.; Durham, P. J.; Vaughan, D. J. Physics and
Chemistry of Minerals, 1993, 20: 248
13 Ceperley, D. M.; Alder, B. J. Physical Review Letters, 1980, 45:
566
14 Perdew, J. P.; Zunger, A. Physical Review B, 1981, 23: 5048
15 Perdew, J. P.; Burke, K.; Emezerhof, M. Physical Review Letters,
1996, 77: 3865
16 Hammer, B.; Hansen, L. B.; Norskov, J. K. Physical Review B,
1999, 59: 7413
17 Perdew, J. P.; Chevary, J. A.; Vosko, S. H.; Jackson, K. A.;
Pederson, M. R.; Singh, D. J.; Fiolhais, C. Physical Review B,
1992, 46: 6671
18 Wu, Z.; Cohen, R. E. Physical Review B, 2006, 73: 235116
19  Vanderbilt, D. Physical Review B, 1990, 40: 7892
20 Monkhorst, H. J.; Pack, J. D. Physical Review B, 1976, 13: 5188



No.X AR BT 2 LA BT I B A TR TR 007
21 Pack, J. D.; Monkhorst, H. J. Physical Review B, 1977, 16: 1748 29 Opabhle, L.; Koepernik, K.; Eschrig, H. Computational Materials

22

23

24

25

26

27

28

Delley, B. Journal of Chemical Physics, 1990, 92: 508

Delley, B. Journal of Chemical Physics, 2000, 113: 775622
Zeng, X. Q. Master Thesis. Nanning: Guangxi University, 2009
[RGB 2 S T T T YR, 2009]

Edelro, R.; Sandstrém, A.; Paul, J. Applied Surface Science, 2003,
206: 300

Von Oertzen, G. U.; Jones, R. T.; Gerson, A. R. Physics and
Chemistry of Minerals, 2005, 32: 255

Womes, M.; Karnatak, R. C.; Esteva, J. M.; Lefebvre, I.; Alla, G.;
Olivier-Fourcade, J.; Jumas, J. C. Journal of Physical Chemistry
Solids, 1997, 58: 345

von Oertzen, G. U.; Skinner, W. M.; Nesbitt, H. W. Physical
Review B, 2005, 72: 235427

30

31

Science, 2000, 17: 206

Li, M. L. Concise handbook of chemical data. Beijing: Chemical
Industry Press, 2003: 9-12  [Z&F . fb2# 8l Ay F0F. Jbat:
o2 Toll i, 2003: 9-12]

Birkholz, M.; Fiechter, S.; Hartmann, A.; Tributsch, H. Physical
Review B, 1991, 43: 11926

Chen, J. H.; Feng, Q. M; Lu, Y. P. The Chinese Journal of
Nonferrous Metals, 2000, 10: 426  [BFE4E, WH, fS 5.
A 4R A4 4R, 2000, 10: 426]

Segall, M. D.; Pickard, C. J.; Shah, R.; Payne, M. C. Molecular
Physics, 1996, 89: 571

Segall, M. D.; Shah, R.; Pickard, C. J.; Payne, M. C. Physical
Review B, 1996, 54: 16317



