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INTRODUCTION

The oxidation of the disulfide group (S2
2–) to form sulfate

(SO4
2–) during pyrite oxidation has long been recognized as a

step-wise reaction. The oxidation reaction requires the transfer
of seven electrons per sulfur atom and is generally limited to a
series of one, or at most, two electron transfers per step (Basalo
and Person 1967). Therefore, the overall reaction must require
the production of sulfur species with intermediate oxidation
states. In earlier research on pyrite oxidation by ferric iron (Fe3+)
(Wiersma and Rimstidt 1984; Luther 1987; Moses et al. 1987;
Moses and Herman 1991; Williamson and Rimstidt 1994), sev-
eral possible mechanisms for the step-wise oxidation of the
disulfide group were proposed. Previous research has utilized
numerous spectroscopic techniques to study the pyrite surface
during oxidation. However, thus far there has been no direct in
situ spectroscopic investigation of intermediate sulfur species
to substantiate any of the proposed mechanisms. To the best of
our knowledge, this contribution signifies the first in situ flow-
through characterization of step-wise oxidation products to date.

Theoretical calculations (Rosso et al. 1999), as well as elec-
trochemical studies (Schubert and Tributsch 1990; Kelsall et
al. 1996), indicate that the transfer of electrons between pyrite
and oxidants occurs at iron sites at the surface. To oxidize the
disulfide group, there must be a net electron transfer from the
disulfide group to the iron site at the surface. Luther (1987)
and Moses et al. (1987) have outlined two slightly different
mechanisms for this transfer. Both mechanisms suggest that
the step-wise oxidation of the disulfide group begins with the
formation of an S-O bond as a hydroxyl group (OH) is trans-
ferred from the hydration sphere of Fe3+ to the disulfide group.
Subsequent transfers continue to add O atoms to the disulfide
group, ultimately forming thiosulfate (S2O3

2–), the suggested re-
lease species. Moses et al. (1987) studied the oxidation of py-

rite by Fe3+ at circumneutral pH and suggested reactivity takes
place at sites where Fe2+, in an outer-sphere complex, is cycled
between the +2 and +3 oxidation states, transferring electrons
from pyrite to dissolved O atoms and oxygenating the disul-
fide group with OH derived from the hydration sphere. Again,
thiosulfate is the suggested release group. Both studies indi-
cate the oxygenation of the disulfide group and imply the pres-
ence of intermediate sulfur species at the pyrite surface.

Recently in our laboratory, direct measurement of hydroxyl
radical (OH◊) concentrations were made during the initial stage
(first 1–5 minutes) of pyrite oxidation with only H2O as a reac-
tant (Borda et al. 2003a). This study presents spectroscopic evi-
dence of the conversion of Fe3+ to Fe2+ at defect sites via reaction
with water, on the pyrite surface, generating an adsorbed hy-
droxyl radical (OH◊):

∫ Fe3+ + H2Oads Æ ∫ Fe2+ + OH◊ads + H+ (1)

Along with the presence of OH◊ during initial reactivity,
our laboratory has previously shown the rapid formation of
sulfate on pyrite surfaces exposed to deoxygenated H2O. This
was shown by previous X-ray photoelectron spectroscopy
(XPS) work in our group on clean {100} pyrite exposed to O2-
free water vapor. The S 2p peak intensities recorded in the XPS
analyses are consistent with a decrease in S2– as sulfate con-
centration increased. The peak intensity associated with bulk
disulfide stayed constant (Guevremont et al. 1998). We hypoth-
esize that a fraction of OH◊ is involved in oxidizing reduced
sulfur on the surface, albeit some OH◊ is lost to solution. Such
a reaction sequence suggests that OH◊ is to some extent mobile
at the surface and is capable of forming hydrogen peroxide
(H2O2) in solution:

2OH◊ads Æ H2O2aq (2)

This indicates that the oxidation reaction is inefficient, and* E-mail: martin.schoonen@sunysb.edu
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ABSTRACT

The step-wise oxidation of the disulfide group during pyrite oxidation by ferric iron was inves-
tigated using in situ attenuated total reflectance (ATR) Fourier transform infrared (FTIR) spec-
troscopy. Pyrite oxidation by ferric iron was investigated at pH 2.0, in the dark, and with both
ultraviolet and visible wavelength illumination. We concluded that the spectra collected during
pyrite oxidation are consistent with the existence of more than a single sulfur species at the pyrite
surface. Exact assignment of all of the sulfur species was not realistic. However, the assignment
of sulfate in an outer-sphere complex and thiosulfate in a monodentate complex was possible. The
presence of multiple sulfur species at the pyrite surface directly confirms the step-wise oxidation
of the disulfide group, and the presence of sulfate suggests that this species is the surface release
group. Photochemical experiments verify an increase in the rate of pyrite oxidation with illumina-
tion and suggest that either the mechanism or the rate of sulfur oxidation is affected by illumination.


