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Density-functional theory studies of xanthate adsorption
on the pyrite FeS 2„110… and „111… surfaces

Andrew Hung, Irene Yarovsky, and Salvy P. Russoa)

Department of Applied Physics, RMIT University, GPO Box 2476V, Melbourne, Victoria 3001, Australia

~Received 16 October 2002; accepted 7 January 2003!

We have used the density functional theory~DFT! method with a plane wave-pseudopotential basis
to compute the structure and properties of a model xanthate molecule (HOCS2

2) and its adsorption
characteristics on the pyrite FeS2(110) and~111! surfaces. Molecular calculations revealed that
HOCS2

2 and CH3CH2OCS2
2 have similar head group electronic structure and, therefore, the use of

the model xanthate is a justifiable approximation in simulations of xanthate head group attachment
to FeS2 surfaces. Results from DFT calculations suggest that HOCS2

2 readily undergoes dissociation
at the fourfold coordinated surface Fe on the~110! surface, and the bridging S of the~111! surface.
These results suggest that xanthate may undergo chemisorption at defect sites on real FeS2 surfaces,
which contain low-coordinate Fe sites and sites in proximity to cleaved S–S bonds. ©2003
American Institute of Physics.@DOI: 10.1063/1.1556076#
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I. INTRODUCTION

Froth flotation is an important technique for the sepa
tion and concentration of valuable transition metal sulph
minerals such as sphalerite and chalcopyrite from the cr
ore.1 In this process, collector molecules are often added
the flotation pulp in order to enhance the hydrophobicity
the desired ores. This is facilitated through the binding of
head group of the molecules to the particle surfaces and
sequent coverage of the surfaces with their hydropho
‘‘tails.’’ Pyrite (FeS2) is often present together with valuab
sulphide ores, and constitutes an undesirable presence
valuable minerals are to be separated from their ores by f
flotation, largely due to extensive deposition of collec
molecules on its surface, leading to its flotation and sub
quent contamination of the desired mineral.2 It would there-
fore be more economical to use collectors that bind eff
tively to the desired sulphide mineral, while having little
no affinity for FeS2 surfaces. One of the most common
used flotation collectors in sulphide mineral extraction
the alkyl xanthates, which are known from early flotati
practice to deposit on pyrite surfaces.3 Thus, in order to de-
sign more efficient flotation collectors for future applic
tions, it is important to develop an understanding of the
teraction between the xanthate head group and FeS2 surfaces
at the molecular level, and in particular to determine
primary cause of their mutual affinity.

Several mechanisms for the adsorption of xanthate
FeS2 surfaces have been proposed based on experim
evidence. The xanthate ion itself has been identified as
most stable species under alkaline conditions (pH.11) in
several early studies using various spectroscopic, electr
netic, and electrochemical techniques,4–7 and therefore unde
such conditions, may be the species responsible for ads
tion to FeS2 . Other species have also been determined
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contribute to FeS2 flotation, including the xanthate dime
dixanthogen,8 various metal complex species,9 as well as
metal hydroxide complexes.10 Further examples of collector
induced flotation of pyrite and other sulphide minerals m
be found in a review article by Persson.11

There is some evidence which suggests that the xant
ion undergoes chemisorption on FeS2 surfaces in an oxygen
free environment.12 Previousab initio calculations of xan-
thate surface interaction,13 though, suggest that the ion doe
not readily adsorb to the~100! surface. However, in the stud
mentioned above, the surface was modelled as a defect
terrace, although real~100! FeS2 surfaces are known to hav
poor cleavage, which result in high surface defect dens
Thus, despite the results presented in Ref. 13, it is poss
that xanthate ions may undergo chemical reaction at de
sites on real surfaces, a small number of which may per
~i.e., remain unoxidized! under conditions of low O2 concen-
tration. Studies of the effects of surface imperfections
CH3OH and H2O adsorption14 revealed the persistence o
oxygen at defect sites even after temperature-program
desorption, which suggests some dissociation at these s
Under certain conditions, then, it is possible that xanth
ions may also undergo dissociation at defect sites. In
present work, we focus on simulating the interaction betwe
xanthate ion and pyrite surface defects, which are mode
using the nondipolar~110! and ~111! surfaces, as discusse
below.

Despite the wealth of information that have been c
lected from experimental studies, the precise mechanism
sponsible for surface hydrophobation is still a contentio
issue, and discrepancies exist in the literature due to the
ficulties of studying interfacesin situ. Such difficulties may
in principle be overcome by the use of computer simulat
which, in addition to illuminating the fundamental aspects
adsorption, can also aid in the interpretation of experimen
results. The increased sophistication ofab initio quantum
chemical methods, coupled with a growth in compu
2 © 2003 American Institute of Physics
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power, means that it is now possible to model comp
physical and chemical systems. Simulation is therefore
coming established as a complementary technique to ex
ment for the study of mineral surfaces, as it can prov
valuable primary information on well-characterized syste
and allows for structural, chemical, and stoichiometric
fects to be isolated. Recent work has demonstrated thaab
initio techniques, and in particular, those based on dens
functional theory~DFT!, can provide remarkable insight
into the structure and properties of FeS2 surfaces,15 as well
as their oxidation mechanisms.16 Moreover, our previous
work on the application of DFT methods to the study of Fe2

surfaces17,18 has provided a foundation for the current inve
tigation of xanthate adsorption.

There are at present very few published computatio
studies of collector adsorption on mineral surfaces, and
date, there are no published reports ofab initio simulations
of the xanthate–pyrite interaction. However, the adsorpt
of 2-mercaptobenzothiazole~MBT! ion ~a commonly-used
flotation collector! and MBT dimer onto the FeS2 surface has
been studied using semiempirical extended-Huckel clu
calculations.19 It was found that both species chemically bin
to surface Fe without dissociation, but the dimer was fou
to adsorb more strongly. Molecular DFT calculations of t
structure and properties of xanthate, dixanthogen and var
metal-xanthate complexes have been reported by To
et al.20 ~some of the results acquired from the latter study
discussed and compared with our findings in Sec. III!. In
addition, we have performed plane wave-pseudopoten
DFT simulations of xanthate and xanthate–iron–hydrox
complex adsorption on the~100! surface.13 These calcula-
tions indicated that while the xanthate ion itself does
readily adsorb to the~100! surface, but binding of a
xanthate–iron–hydroxide complex was found to be energ
cally favorable.

In the present work, we apply the density-function
theory ~DFT! method using a plane wave-pseudopoten
basis set to model the adsorption of the xanthate ion h
group ( – OCS2– ) onto the~110! and~111! surfaces of pyrite.
Since the nondipolar, highly reactive FeS2(110) and~111!
surfaces are terminated by defectlike species such as un
coordinated Fe and severed S–S bonds~prevalent on real
pyrite surfaces, which cleave conchoidally!, simulation of
xanthate adsorption on these highly reactive surfaces
yield insights into xanthate reactions at defect sites on
pyrite surfaces. A model xanthate, HOCS2

2 , was used in
place of ethyl xanthate in order to allow efficient compu
tion while sacrificing little in terms of head group proper
calculation, as discussed in Sec. III.

II. COMPUTATIONAL DETAILS

Geometry optimization of bulk FeS2 and all surface re-
laxation calculations were performed within the framewo
of DFT, using a generalized gradient spin approximat
~GGSA! ~Ref. 21! Perdew–Wang exchange-correlatio
functional22 and a plane wave-pseudopotential basis
implemented in the ViennaAb Initio Software Package
~VASP! code.23–25 Ultrasoft pseudopotentials26 for Fe and S
Downloaded 20 May 2005 to 129.67.76.27. Redistribution subject to AIP
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as supplied in the VASP package were used in this stud
plane wave cutoff energy of 396 eV was used for all calc
lations. k-space sampling was performed using t
Monkhorst–Pack scheme.27 Previous studies on~131! FeS2

surfaces17,18 have revealed that the surface energies a
atomic displacements due to structural relaxations are c
verged to within the prescribed tolerance levels of 0.001 J2

and 0.001 Å, respectively, using a 43431 k-point mesh. In
the present work, adsorption studies were performed us
surface supercells corresponding to~232! surface unit cells,
as discussed below. Subsequently, 23231 k-point sampling
meshes were used for all adsorption calculations.

The minimum-energy geometry and electronic struct
of the model xanthate molecule (HOCS2

22) was computed
using the DMOL~Ref. 28! code, which employs numerica
basis functions expressed as values on an atomic-cen
spherical-polar mesh. The use of DMOL in computing t
electronic structure of the molecular species allows con
nient qualitative comparison of the frontier orbital topologi
of the various xanthates, which were visualized using
Insight II ~Ref. 29! software suite@Figs. 1~a! and 1~b!#. This
is important in establishing the validity of using HOCS2

2 as a
model for alkyl xanthates in subsequent adsorption calc

FIG. 1. ~a! Hydrogen xanthate HOMO isosurface~DMOL PWGGA!. ~b!
Hydrogen xanthate LUMO isosurface~DMOL PWGGA!.
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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tions. DMOL calculations were performed using th
PWGGA functional and the double-zeta~DZ! all-electron ba-
sis set with polarization functions on all atoms. Geome
optimization calculations were performed using
eigenvector-following~EF! algorithm30 using BFGS Hessian
update, with gradient, atomic displacement and energy c
vergence tolerances of 0.001 eV/Å, 0.001 Å, and 0.00001
respectively.

All adsorbate–surface systems were modelled using
supercell approach in VASP. The surfaces were obtai
from the relaxed bulk structure acquired using the PWG
functional, with the computed lattice parameter (a0) of 5.431
Å and internal coordinate (xs) of 0.383~Ref. 17!. The initial
geometry of the xanthate ion in the adsorption calculati
was taken as the computed minimum-energy structure
quired from PWGGA structure relaxation calculation usi
VASP ~see Sec. III!, with the xanthate ion inside a
20320320 Å supercell. In order to minimize spuriou
mirror-image interactions between xanthate molecules in
jacent supercells, surface adsorption was modelled by p
ing single xanthate molecules in the vicinity of~232! sur-
faces, corresponding to coverages of one molecule
166.85 and 204.35 Å2 for the ~110! and ~111! surfaces, re-
spectively. In addition, in order to avoid interactions betwe
the xanthate adsorbate and the mirror image surface, vac
separations of 10 Å were placed between the topmost a
~belonging to the xanthate moiety! and the outermost atom
of the surface slab in the adjacent mirror image super
parallel to the surface plane. Full geometry optimizatio
were performed for all adsorption systems studied using
conjugate-gradient algorithm implemented in VASP. Ge
metric constraints were placed on the central atomic laye
the surface slabs in order to avoid drift during the course
optimization.

As discussed in Refs. 17 and 18, 12 atomic layer-th
slabs were required for modelling the~110! surface in order
to obtain computed surface energies converged to wi
0.01 J/m2, while a 15 atomic-layer thick slab was require
for the ~111! surface to reach a similar degree of numeri
accuracy. However, due to the computational expense
volved in simulations of surface adsorption using superc
corresponding to~232! surface unit cells, in the curren
work, slab thicknesses corresponding to three~3! surface unit
cells were used for adsorption on the~110! surface~i.e., 9
atomic layers!, and two~2! surface unit cells for adsorptio
on the~111! surface~10 atomic layers!. It was found that the
choice of these slab thicknesses resulted in negligible re
ation near the centers of the slab, as discussed in Sec.

III. XANTHATE STRUCTURE AND PROPERTIES

In the current study, the interaction between the xanth
head group and FeS2 surfaces were studied using a mod
xanthate, HOCS2

2 , although ethyl xanthate CH3CH2OCS2
2

is commonly used in experimental studies. In using suc
model, it is assumed that the hydrophobic ethyl group
little influence on the properties of the head group, and the
fore does not affect physical or chemical interactions
tween the head group and FeS2 surfaces. In order to deter
Downloaded 20 May 2005 to 129.67.76.27. Redistribution subject to AIP
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mine the validity of this assumption, we have compared
computed minimum energy geometries, atomic Mullik
populations,31 and highest-occupied molecular orbit
~HOMO! and lowest-unoccupied molecular orbital~LUMO!
topologies of methyl, ethyl, and hydrogen xanthate m
ecules~corresponding to CH3CH2-, CH3-, and H–OCS2

2 ,
respectively! using the molecularab initio software DMOL.

Atomic labels for the OCS2 head group are indicated i
Fig. 1~a!, and are referred to as such in all subsequent
cussions of xanthate properties and surface adsorption in
remainder of this paper. Bond distances and angles for
ethyl, methyl, and hydrogen xanthate species at their m
mum energy geometries are given in Table I, indicating
similarity in head group geometry of these species. The M
liken charges for the head groups of the xanthate species
given in Table II. We note that, although it is not possible
unambiguously assign charges to particular atoms in a m
ecule, Mulliken population analysis may nonetheless be u
ful as a semiquantitative indication of the relative magnitu
of electron density at various atomic sites. In the curr
work, such information is useful in determining the atom
sites that dominate electrostatic interactions. For all of
xanthate species studied, population analysis indicates
the excess21 charge is concentrated on, and approximat
evenly distributed amongst the two head group sulphur
oms. Furthermore, the charge values for the S1–C–S2group
for both of the alkyl xanthates as well as the hydrogen x
thate are remarkably similar. There is also a negative cha
associated with the oxygen site. It is interesting to note th
although the O charge is comparable to that of the two
atoms for HOCS2

2 , it is significantly less negative for the
alkyl xanthates, indicating that for xanthates with a hyd
carbon chain, electrostatic interactions are likely to oc
primarily at the charged S sites. These results also give
indication that the electronic structure of the S1–C–S2 gro
between the xanthates presently studied are similar in na

TABLE I. Methyl, ethyl, and hydrogen xanthate head group bond ang
and distances, computed using DMOL, PWGGA functional unless otherw
noted.

Met-OCS2
2 Et-OCS2

2 HOCS2
2

R ~C–O! ~Å! 1.43 1.41~1.35!a 1.42 ~1.38!b

R ~C–S1! ~Å! 1.71 1.70~1.67!a 1.71 ~1.65!b

R ~C–S2! ~Å! 1.72 1.71~1.70!a 1.74 ~1.72!b

S1–C–S2 bondangle 129° 128.3°~124°!a 130° ~130°!b

aValues in brackets indicate experimental values from Ref. 32.
bValues in brackets acquired using the PWGGA functional in VASP, ta
from Ref. 13.

TABLE II. Methyl, ethyl, and hydrogen xanthate head group Mullike
populations, DMOL.

Met-OCS2
2 Et-OCS2

2 HOCS2
2

O 20.35 20.35 20.57
C 10.31 10.32 10.29
S1 20.54 20.55 20.54
S2 20.56 20.56 20.57
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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6025J. Chem. Phys., Vol. 118, No. 13, 1 April 2003 Xanthate adsorption on pyrite surfaces
which is further supported by inspection of their frontier m
lecular orbital structures, as discussed below.

The computed HOMO and LUMO orbitals of HOCS2
2

are shown in Figs. 1~a! and 1~b!, respectively. The topologie
of these orbitals are very similar for all of the xanthate s
cies studied, with the HOMO dominated by the head gro
sulphur 3p orbital, while the head group carbon 2p orbital
make the most significant contribution to the LUMO. All o
the frontier orbital contributions are thus mainly conce
trated at the S1–C–S2 site, and are qualitatively simila
across all three molecules. In addition, the topologies of
HOMO and LUMO orbitals give an indication of the dom
nant sites of chemical interaction of the xanthate head gro
namely, that electron donation to the xanthate moiety~corre-
sponding to additional electrons placed in the LUMO! will
likely occur at the carbon site, while electron donation fro
the xanthate~electrons removed from the HOMO! will likely
occur through the sulphur sites.

These results indicate the similarity in the head gro
electronic structure between ethyl and hydrogen xanth
Since the interaction of interest in the current work is th
between the head group and the FeS2 surfaces, the result
discussed above suggest that the use of the model xan
HOCS2

2 , in place of the more realistic EtOCS2
2 , is a justi-

fiable approximation. However, we note that the structure
the hydrophobic alkyl group may need to be taken into
count in other simulations of flotation, for example, if pro
erties such as surface hydrophobicity modifications are
sired. In the present case, however, we are solely intere
in the nature and extent of bonding between the head gr
and the FeS2 surfaces, in which case the structure of t
chain may be neglected.

We have examined the effects of oxidation~electron
loss! and reduction~electron gain! on the structure of xan
thate by geometry optimization of the HOCS2

1 , HOCS2,
HOCS2

22 , and HOCS2
32 species. The minimum-energy bon

lengths and angles of the oxidized (HOCS2
1 and HOCS2)

and the reduced (HOCS2
22 and HOCS2

32) species are given
in Table III. Comparison of these structures with the op
mized structure of HOCS2

2 ~given in Table I! shows that
oxidation results in no significant change of C–S bo
lengths, and a strengthening of the C–O bond, evident in
lowering of the C–O bond length from 1.42 Å in HOCS2

2 to
1.31 Å in HOCS2

1 . However, reduction weakens the C–
bonds, enhancing the C–S bond lengths from 1.71 and
Å in HOCS2

2 to 1.90 Å in HOCS2
32 . These results are in

agreement with those of Ref. 20, where the Hartree–F
method was applied for geometry optimizations.

TABLE III. Hydrogen xanthate head group geometry, xanthate ion w
charges23, 22, 0, 11, DMOL.

HOCS2
32 HOCS2

22 HOCS2 HOCS2
1

R ~C–O! ~Å! 1.42 1.40 1.36 1.31
R ~C–S1! ~Å! 1.90 1.78 1.69 1.73
R ~C–S2! ~Å! 1.90 1.78 1.70 1.72
S1–C–S2 bond
angle

120° 127° 115° 108°
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The minimum-energy geometry of HOCS2
2 was also

computed using VASP within the PWGGA and the superc
approach. A cubic supercell of dimension 20320320 Å3 was
used to contain the molecule, corresponding to appro
mately 15 Å of vacuum separation between adjacent mi
images of the molecule in all three supercell directio
Computed bond lengths and angles for the OCS2 head group
are given in Table I. Comparison between the values
quired using both VASP and DMOL reveal similar predict
head group structure, although a higher C–S bond len
difference between the two C–S bonds was predicted u
VASP. Differences in basis set, and in particular the nature
the pseudopotential used in VASP may be partially resp
sible for this disparity.

IV. HOCS2
À ON THE „110… AND „111… SURFACES

In order to determine the preferred sites of interaction
the FeS2 surfaces, it is instructive to consider the electr
static attraction and chemical reactivities of the various s
face sites towards adsorbates. We note that, although o
nonbonded interactions~due to dispersion forces! may play a
role in determining xanthate adsorption~or otherwise!, they
are negligible in magnitude compared to electrostatic forc
due to the ionic nature of the xanthate head group and
FeS2 surfaces.

As discussed in Sec. III, the excess electronic charge
the xanthate ion is concentrated on and distributed betw
the two sulphur sites, while for the~110! and~111! surfaces,
the surface Fe species are positively charged, with comp
Mulliken charges of approximately11.2 ~Refs. 17 and 18!.
Electrostatic attraction will therefore be present primarily b
tween the xanthate S sites and at undercoordinated Fe21 sites
for all of the surfaces studied. For the~110! surface, the
surface DOS indicates that both valence and conduc
bands are dominated by surface Fe states,17 which suggests
that both electron donor and acceptor adsorbates will pre
entially interact at surface Fe sites for orbital-controlled
actions. Thus, for the~110! surface, regardless of whether th
interaction is electrostatic~without charge transfer! or chemi-
cal ~with possible charge transfer and bond breakage or
mation!, xanthate will preferentially adsorb at the underco
dinated surface Fe sites. Xanthate interaction at the Fe
of the ~110! surface are discussed below.

For the ~110! surface, the plane of the xanthate ion
initially placed perpendicular to the surface, with the xa
thate S sites directed towards the surface fourfold coo
nated Fe and surface Fe–xanthate S separations of 2 Å.
final minimum-energy configuration is given in Fig. 2~a!,
which shows an apparent severing of the xanthate C
bond and bond formation between the xanthate C and
surface Fe1. The displaced xanthate S1 forms new bo
with the neighboring Fe2 and a surface S, effectively for
ing a S2 dimer bonded to the surface Fe, while S2 is bond
to both Fe2 and the xanthate C. The coordinations aro
both Fe1 and Fe2 are subsequently increased from 4~for the
clean surface! to 5. Although the highly reactive displace
xanthate S atom was shown to bind to adjacent sites on
~110! surface in the present calculation, it is possible th
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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such a species would react with H2O and O2 present in real
solutions to form sulphate species.

Insight into the nature of the bonding between the dis
ciated xanthate species and the surface Fe sites may b
tained by examining the electron density map plotted alon
plane that coincides with the Fe–C bond axis@Fig. 2~b!#. The
sulphur atoms corresponding to the dissociated xanthate
labeled S1 and S2, while those of the~110! surface are la-
beled as S. The enhanced electron density in the Fe–C i
atomic region indicates significant covalent character of
interaction. By contrast, the Fe–S interatomic regions be
the surface are relatively devoid of electron density, indic
ing the ionic nature of Fe–S bonding in bulk FeS2 .

By considering the results discussed above and the o
mized geometries of both oxidized and reduced HOCS2

2 de-
scribed in Sec. III, a mechanism for xanthate dissociat
may be proposed. It was shown that reduction, correspo
ing to electron input into the LUMO of xanthate ion, resu
in weakening of the C–S bond, while oxidation results in
change in C–S bonding but resulted in compression of
C–O bond length. For xanthate dissociation on the~110!
surface, there is relatively little change in C–O bond len
between the initial and final structures~1.38 Å and 1.34 Å,
respectively!, suggesting that xanthate is not oxidized. Ho
ever, the severing of one of the C–S bonds indicates

FIG. 2. ~a! HOCS2
2 on the FeS2(110) surface; optimized geometry.~b!

Electron density map for HOCS2
2 dissociated on the~110! surface.
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these bonds are weakened as a result of interaction with
~110! surface, which suggests reduction of the xantha
Thus, a possible dissociation mechanism is that electron d
sity is transferred from surface Fe to xanthate ion, weaken
the C–S bonds and resulting in the cleavage of one, w
subsequent Fe–C surface covalent bond formation. The o
xanthate C–S bond remains intact, being stabilized by bo
ing to Fe2. Electron transfer from the surface is likely to
directed at the C site, since the xanthate LUMO is compo
mainly of C 2p states.

Adsorption of xanthate does not significantly alter su
face relaxation in areas that are not near the adsorption
However, the surface Fe1, which is directly bonded with
dissociated xanthate, undergo less relaxation than the su
Fe sites of the clean surface. On the clean surface, struc
relaxations occur primarily to enhance effective
coordination.17,18 However, because bonding with xantha
enhances the coordination around the surface Fe, there is
energetic imperative for geometric relaxation, and t
S–Fe–S axis remains approximately 180°. There is ne
gible atomic displacement below 3 atomic layers.

For the~111! surface, the surface DOS indicates that t
upper part of the valence band has a significant contribu
from the surface bridging S, while the conduction band
dominated by the surface sixfold coordinated Fe bonded
the bridging S, with some contribution from the neighbori
fivefold coordinated Fe site. This suggests that electron
nation from the surface to the adsorbate will take place p
erentially at the bridging S, while electronic charge trans
to the surface will occur at the sixfold Fe site. However, d
to its high coordination number, access to the sixfold Fe
will be restricted, and it is therefore more likely that electr
acceptance will take place at the neighboring fivefold co
dinated Fe site. Therefore, for the~111! surface, several ad
sorption geometries are possible. First, xanthate may inte
electrostatically with the surface fivefold Fe site as me
tioned above; as an electron donor at the same site; or a
electron acceptor at the bridging S site. We discuss the in
actions at these two sites below.

In the first initial adsorption geometry for xanthate o
the ~111! surface, the xanthate C and S sites are direc
towards the surface bridging S, whose states dominate in
upper part of the valence band of the surface DOS. T
xanthate S and surface S separation is initially 2 Å. The fi
geometry is as shown in Fig. 3~a!, indicating dissociation of
the xanthate ion through cleavage of a single C–S b
~originally between C and S2 labeled in the figure!, in direct
analogy with the results obtained for the~110! surface. In
this case, electron transfer occurs from the surface S to x
thate, concentrated mainly on the C site. This results in
valent bond formation between C and the bridging S3,
suggested by the electron density map passing through
bond axis@Fig. 3~c!#.

A top view of the optimized structure is shown in Fig
3~b!. In Ref. 18, it was noted that surface bridging S ato
relax laterally, probably due to electrostatic attraction
neighboring surface fivefold coordinated Fe sites. For
clean surface, such sites undergo absolute displacemen
approximately 0.4 Å. In the present case, it was found t
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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the S site directly bonded to the dissociated xanthate spe
~labeled S1, bonded to Fe1! undergoes an absolute displac
ment of 0.07 Å, much less than that for the clean surfa
This is likely to be due to reduction in translational freedo
as a result of covalent bonding with the dissociated xanth
In addition, bridging S atoms in proximity to the adsorptio
site are also affected@labeled S2 and S3, bonded to Fe1
Fig. 3~b!#. These displace by 0.1 and 0.07 Å, respective
The reason for the reduction in displacements of S2 and
may be due to lowered electrostatic attraction between
and the ~originally! fivefold coordinated surface Fe2 sit
which is complexed to the adsorbed xanthate. In the pre
calculations, S3 is bonded to the S atom dissociated from
original xanthate ion, and thus undergo low atomic displa
ment. Bridging S further away from the adsorption s

FIG. 3. ~a! HOCS2
2 on the FeS2(111) surface; optimized geometry.~b!

HOCS2
2 on the FeS2(111) surface; optimized geometry, top view.~c! Elec-

tron density map for X-dissociated on the~111! surface.
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~bonded to Fe3, Fe4, and Fe5! displace by approximately
0.20 Å each, roughly half of that computed for the cle
surface. Similarly to the~110! surface, atomic displacemen
are minimal below 3 atomic layers.

In the second initial adsorption geometry for xanthate
the ~111! surface, the xanthate C and S sites are placed
proximity to the surface fivefold coordinated Fe, who
states dominate in the lower part of the conduction band
the surface DOS. The xanthate S and surface Fe are init
at 2 Å separation. The optimized geometry is shown in F
4~a!. The xanthate ion apparently remains intact, with o
sulphur~labeled S1! coordinated to a nearby bridging S~la-
beled S! as well as an adjacent fivefold coordinated Fe~la-
beled Fe! with interatomic separations of 2.20 and 2.14
respectively. The C–S1 bond is 1.94 Å, which is elonga
relative to the free HOCS2

2 C–S bond lengths of 1.71 an
1.68 Å. The weakening of the C–S1 bond is indicative
electron transfer from the surface to the ion, as discusse
Sec. III. However, unlike the cases of adsorption at the~110!
surface and the S site of the~111! surface, the structura

FIG. 4. ~a! HOCS2
2 on the FeS2(111) surface; final geometry.~b! Electron

density map for X, doubly bonded on the~111! surface.
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relaxation calculation for this system did not predict diss
ciation of the xanthate. This indicates a lesser degree of C
bond weakening compared to the previous two cases. C
sequently, this also suggests a lower amount of net elec
density transfer to the xanthate ion. The adsorbate–sur
bonding may be rationalized by considering the contributio
of the two surface species to the surface DOS in the vale
region. It may be postulated that electron density is tra
ferred to the xanthate ion from the surface bridging S~which
dominates the upper part of the valence band!, resulting in
weakening of the C–S1 bond. We note that, although
xanthate LUMO is composed primarily of C 2p character,
there is some contribution from the Sp states, and thus th
adsorbate may well accept electrons from the surface at t
sites. However, a lesser amount of electron density is
transferred from the S1 site to the fivefold surface Fe~which
dominates the lower part of the conduction band!, and as a
result, reduces the net amount of electron addition to
xanthate, stabilizing the ion against bond breakage. Si
according to the above description, there is greater elec
transfer between S1 and S than between S1 and Fe,
postulated that there is a greater degree of interaction for
former compared with the latter. The nature of both bond
illustrated in the electron density map that coincides with
Fe–S1–S plane@see Fig. 4~b!#. Both bonds appear to hav
mixed character, with the S–S1 interaction apparently m
covalent, having greater electron density in the interato
region.

The results discussed above suggest that xanthate
dissociate and subsequently chemisorb at exposed d
sites such as steps and cleaved S–S bonds on real p
surfaces, provided that some of these sites remain un
dized. This may be possible for pyrite surfaces in oxyg
free environments. However, in the presence of H2O and O2,
such defect species on real pyrite surfaces are likely to
highly reactive, and would rapidly oxidize, passivating the
against further reaction with xanthate. Thus, dissociation
unoxidized defect sites is not likely to be the primary mec
nism responsible for collector-induced flotation in oxyge
rich environments, although it may still contribute to the pr
cess to a small extent.

V. CONCLUSIONS

We have used the DFT method with a plane wa
pseudopotential basis to compute the structure and prope
of a model xanthate molecule (HOCS2

2) and its adsorption
characteristics on the FeS2(110) and~111! surfaces. Calcu-
lations show that the electronic structure of the head gr
are very similar for hydrogen, methyl and ethyl xantha
ions, and confirmed the validity of using the hydrogen xa
thate in simulations of head group interaction with FeS2 sur-
faces. Results from DFT calculations suggest that HOCS2

2 is
likely to dissociate at the fourfold coordinated surface Fe
the ~110! surface, and the bridging S of the~111! surface.
HOCS2

2 was also found to bind to the fivefold Fe site on t
~111! surface. These results suggest that xanthate may
dergo chemisorption at low-coordinated Fe sites and site
proximity to cleaved S–S bonds on real FeS2 surfaces. This
Downloaded 20 May 2005 to 129.67.76.27. Redistribution subject to AIP
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is in contrast to the behavior of xanthate in proximity to t
clean ~100! surface as determined using plane wav
pseudopotential simulations, where the ion was found to
repelled at the surface.13 The results reported in the prese
work is in qualitative agreement with published experimen
findings which suggest that, in oxygen-free environme
where some defect sites may remain unoxidized, the xant
ion may undergo chemisorption at the FeS2 surface.

In order to fully understand the factors involved
collector-induced flotation of FeS2 , and ultimately in design-
ing collectors which allows selective flotation of valuab
sulphide minerals while preventing flotation of gangue m
erals like FeS2 , it is necessary to examine other mechanis
that may be responsible for collector-induced hydropho
tion. However, as noted previously in this and other wor
there are numerous possible mechanisms for FeS2 flotation.
The current work may therefore be extended in many p
sible directions. Further work on the xanthate–FeS2 system
may include studies of the surface adsorption of other x
thate complexes, some of which may be high in concen
tion under various solution conditions. Dixanthogen has b
implicated as one of the major species responsible for F2

flotation, and it would be beneficial to gain a more comple
understanding of its formation mechanism and adsorp
characteristics. Additionally, the nature of the surface its
needs to be taken into account. For example, real FeS2 sur-
faces exposed to air and water will likely be covered w
oxidation species, and more realistic simulations will the
fore involve investigations of collector~and collector-derived
species! adsorption onto such surfaces. Generally, then,
ture directions in the use of computational simulation in t
area of research will likely focus on the design of collecto
which do not themselves attach to clean or oxidized Fe2

surfaces, nor form derivatives~such as dimers and hydroxid
complexes! which have a high propensity for doing so.
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