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A mechanism for the production of hydroxyl radical at surface defect sites on pyrite
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Abstract—A previous contribution from our laboratory reported the formation of hydrogen peroxide (H2O2)
upon addition of pyrite (FeS2) to O2-free water. It was hypothesized that a reaction between adsorbed H2O and
Fe(III), at a sulfur-deficient defect site, on the pyrite surface generates an adsorbed hydroxyl radical (OH●).

�Fe(III) � H2O(ads)3 �Fe(II) � OH●
(ads)� H�

The combination of two OH● then produces H2O2. In the present study, we show spectroscopic evidence
consistent with the conversion of Fe(III) to Fe(II) at defect sites, the origin of H2O2 from H2O, and the
existence of OH● in solution. To demonstrate the iron conversion at the surface, X-ray photoelectron
spectroscopy (XPS) was employed. Using a novel mass spectrometry method, the production of H2O2 was
evaluated. The aqueous concentration of OH● was measured using a standard radical scavenger method. The
formation of OH● via the interaction of H2O with the pyrite surface is consistent with several observations in
earlier studies and clarifies a fundamental step in the oxidation mechanism of pyrite.Copyright © 2003
Elsevier Science Ltd

1. INTRODUCTION

It is the objective of this contribution to investigate the
mechanism for pyrite-induced H2O2 production. This study
reports the results of an experimental investigation of pyrite-
induced H2O2 formation and tests the validity of two key
assumptions in a proposed mechanism for the production of
OH● at defect sites at the pyrite surface. The proposed mech-
anism hypothesizes that the dissociation of H2O, to form OH●

and H�, occurs on nonstoichiometric Fe(III) sites on pyrite
(Eqn. 1).

�Fe(III) � H2O(ads)3 �Fe(II) � OH●
(ads)� H� (1)

The presence of nonstoichiometric Fe(III) and sulfur-defi-
cient defect sites (i.e., S2�) at the surface has been postulated
and experimentally verified in prior studies (Guevremont et al.,
1998a; Rosso et al., 1999a; Rosso et al., 1999b; Uhlig et al.,
2001). In an earlier work, a mechanism for H2O2 production
was proposed by Borda et al. (2001), based on the reactivity of
Fe(III) sites toward H2O. Briefly, Borda et al. (2001) reported
aqueous concentrations of H2O2 when pyrite contacted H2O,
and showed that these concentrations increase as much as
twofold from illumination with simulated sunlight. Addition-
ally, experiments using pyrrhotite (FeS) and sphalerite (ZnS)
showed no production of H2O2. In contrast, vaesite (NiS2),
which crystallizes in the pyrite structure, produces H2O2. The
presence of the disulfide group (the characteristic group of the
pyrite structure), in both minerals that produce H2O2, impli-
cates the group to the reactivity. The full importance of OH● in
the pyrite system is not yet recognized, though the incorpora-
tion of OH● into oxidation schemes is necessary and will
develop an improved model of pyrite oxidation. Subsequently,

the addition of OH● in the pyrite oxidation system has impli-
cations for acid mine drainage studies and may pose a new
consideration for potential abatement strategies.

2. RESEARCH STRATEGY

The goal of this research was to experimentally verify the
proposed conversion of Fe(III) to Fe(II), the origin of H2O2

from H2O, and the presence of OH●. X-ray photoelectron
spectroscopy (XPS) was employed to experimentally test
whether Fe(III) is converted to Fe(II) upon reaction with H2O.
Fe 2p core electron spectra were collected on a clean pyrite
surface, on the same surface after generation of a high defect
density, and finally on the same surface after exposure to H2O.

To investigate the origin of H2O2, an innovative ultra-high
vacuum (UHV) mass spectrometer experimental apparatus was
designed. Experiments were run using synthesized pyrite pre-
pared in our laboratory (for synthesis method see Borda et al.,
2001). The apparatus allowed for in situ, timed mixing of
aqueous solutions with potassium permanganate (KMnO4) and
successive introduction of headspace gas into the mass spec-
trometer. Solutions containing H2O2, when combined with
KMnO4, produced O2(g) as a product.

To verify the presence of OH● in aqueous solution, a stan-
dard method based on the reaction of OH● with benzene was
used. The concentration of H2O2 in solution also was measured
simultaneously using the same method reported in Borda et al.
(2001).

3. RESEARCH METHODOLOGY

3.1. XPS Procedure

XPS results presented herein were obtained using an UHV
chamber equipped with an integrated reaction cell. The inte-
grated reaction cell allows for controlled exposure of the pyrite
surface under environmentally relevant pressures, followed by
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direct transfer into the UHV chamber for further analysis. This
assembly was described in a previous report and permits sam-
ples to be analyzed under UHV conditions and transferred into
environmentally relevant pressures without exposure to the
laboratory environment (Guevremont et al., 1998b).

The pyrite sample used in the UHV study was a natural
{100} surface originating from Lograno, Spain. The surface
was approximately 1 cm2 � 2 mm, and the as grown surface
was used. To clean the sample, 1000 eV He� ion bombardment
was utilized to remove adventitious carbon and oxygen
(Chaturvedi et al., 1996). After bombardment, the sample was
removed into the reaction chamber, acid washed using 0.5
mol/L HCl, and rinsed with deoxygenated water to generate a
{100} surface consistent with previously reported mechanically
fractured surfaces (Elsetinow et al., 2000). These prior studies
suggest that the acid-rinsed surface differs from the mechani-
cally fractured surface largely because of the presence of ad-
ditional polysulfide. The clean surface was reintroduced into
the UHV chamber and analyzed using XPS. Fe 2p spectra were
collected using Mg K� (1253.6 eV) unmonochromatized radi-
ation and a double-pass cylindrical mirror analyzer with a pass
energy of 25 eV. After analysis of a clean, acid-washed surface,
the sample was ion bombarded using 1000 eV He� to promote
an increase in defect sites. The sample was then reanalyzed and
transferred into the integrated cell for exposure to a droplet of
deoxygenated DI H2O for 1 h. After 1 h of exposure, the
droplet was rinsed with 10 mL of deoxygenated DI H2O and
dried using a stream of N2(g). The sample was reinserted into
UHV and analyzed.

3.2. Mass Spectrometry Procedure

The UHV mass spectrometer experiment required several
steps. In the first step, a mineral slurry was prepared using a 4
g/L particle loading of hydrothermally synthesized, acid-
washed pyrite and deoxygenated DI H2O to produce 3 mL of
slurry. In the second step, the slurry was filtered (0.45 �m
nominal pore size) and placed in a glass vial. Filtrate was
placed in a glass reaction vessel fitted behind a UHV variable
leak valve (Fig. 1). Above the solution well, in the reaction

vessel, a stainless steel ball bearing was seated and KMnO4

crystals were placed above the drop mechanism. The reaction
vessel was sealed and exposed to a series of three freeze-pump-
thaw cycles to remove headspace gases. After subsequent cy-
cles, the reaction vessel was open to the UHV chamber via the
variable leak valve and a background spectrum of O2 (m/z �
32) was obtained using a quadrupole mass spectrometer. When
a consistent background was achieved, the drop mechanism
was lifted using a magnet and KMnO4 was allowed to fall into
solution. The reaction sequence describing the production of O2

from MnO4
� and H2O2 is shown in Eqn. 2.

MnO4
� � 3/2H2O2 � 2H�3MnO2(s) � 3/2O2(g) � 2H2O (2)

Control experiments were run using DI H2O, and prepared as
outlined above but without pyrite. FeS slurry was also run.

3.3. OH● Formation Analysis Procedure

The method for measuring the concentration of OH● has
been reported earlier (Faust and Allen, 1993). Briefly, the
formation of OH● can be monitored by analyzing for phenol
produced from the OH●-mediated oxidation of benzene. In a
glass reaction vessel, 400 mL of a 1-mM benzene solution was
allowed to react with 1.51 g of hydrothermally synthesized
pyrite. Phenol was analyzed using a standard spectrophotome-
ter method (HACH™ method # 8047).

4. RESULTS

4.1. XPS Results

Pyrite {100} was acid washed and analyzed (Fig. 2A) with
XPS. The Fe 2p spectrum shows a high intensity peak near 707
eV, consistent with Fe(II), the dominant iron state at the sur-
face. In addition to this peak, lower intensity spectral weight is
seen at 711 eV. This second, lower binding energy peak is
consistent with Fe(III) at the surface. Actually, Fe(III) yields
broad spectral weight due to multiplet splitting (Nesbitt and
Muir, 1998). This spectral intensity is postulated to represent
iron associated with a sulfur-deficient defect site.

After analysis of the acid-washed sample, it was bombarded
with 1000 eV He� ions to induce a greater defect density.
Figure 2B shows the effect of 30 min of ion bombardment on
the iron component of pyrite. Data exhibited in the figures show
that, after ion bombardment, there is a decrease of intensity
near 707 eV (Fe(II)) and an increase at 711 eV (Fe(III)). While
not shown here, the S 2p region shows an increase in spectral
intensity below 162 eV that has been attributed to an increase
in the surface concentration of S2� (Guevremont et al., 1998b).
Although the mechanism leading to the formation of Fe(III)
and S2� is unclear, it may be that ion bombardment removes
some surface S� from the S2

2�, leading to transient S� surface
species (Elsetinow et al., 2001). This process may lead to
neighboring iron being oxidized from Fe(II) to minority Fe(III)
species, and the reduction of S� to S2�. This line of reasoning
is similar to that proposed by Nesbitt et al. (1998) to explain the
presence of Fe(III) and S2� on fractured pyrite, although in this
earlier work the disulfide bond was broken (formation of iso-
lated S1�) by the mechanical act of fracture.

Figure 2B shows that upon contact of the increased defect

Fig. 1. Schematic diagram of reaction vessel experimental apparatus
for mass spectrometry.
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surface with deoxygenated DI H2O for 1 h, a significant loss of
intensity at 711 eV (Fe(III)) is seen along with a subsequent
increase of intensity at 707 eV (Fe(II)) (Fig. 2C). These results,
coupled with an extensive geochemical analysis of different
pyrite types reported earlier (Borda et al., 2001), suggest that
the conversion of Fe(III) to Fe(II) occurs on pyrite in the
presence of H2O.

4.2. Mass Spectrometry Results

The results of the mass spectrometry study are shown in
Figure 3. The control spectrum shows the results of the exper-
iment using DI H2O. The arrow in the figure shows the time
when KMnO4 was dropped into solution. The pyrite spectrum
shows the results of the experiment where the solution was a
filtrate from a pyrite slurry. Immediately after addition of
KMnO4, there is a substantial increase in the O2 entering the
UHV chamber. A standard solution of 1 �M H2O2 was run to
approximate the results of previous batch aqueous experiments
(Borda et al., 2001). The spectrum has been multiplied by a
factor of 3 to show a correlation with the pyrite spectrum.
Finally, a spectrum was taken using the filtrate from a FeS
slurry. The resulting spectrum is consistent with the control

spectrum showing no production of O2. These results suggest
that the mass spectrometry method is successful in measuring
low concentrations of H2O2 and that pyrite is the only mineral
tested that produces H2O2. There is also good correlation
between the results of this study and concentrations in aqueous
solution reported earlier (Borda et al., 2001). We are currently
initiating a set of isotopic tracer experiments in an attempt to
definitively determine the surface reaction responsible for the
production of H2O2. With optimum conditions, isotopically
labeled H2

18O could implicate the reactant in the formation
mechanism (i.e., Fe(III) � H2

18O3 Fe(II) � 18OH● � H�) by
analyzing for 36O2 as a product in mass spectrometer experi-
ments.

4.3. OH● Formation Results

After 1 min of reaction time, the solution containing water,
benzene, and pyrite had a 1 �M concentration of OH●. Simul-
taneously, H2O2 was measured and gave a concentration of 100
nM. These results verify the formation of OH● in the pyrite–
water system and are consistent with some of the OH● rapidly
forming H2O2.

5. DISCUSSION

In our earlier work, we hypothesized a mechanism for the
production of H2O2 via the formation of OH● at the surface as
shown in Eqn. 1. Our results in this report are consistent with
our previous hypothesis and allow us to interpret key observa-
tions in the literature from a new perspective.

Previous isotopic studies demonstrate that sulfate (SO4
2�)

produced during the oxidation of pyrite has an oxygen signa-
ture consistent with derivation from H2O rather than O2 (Reedy
et al., 1991; Taylor et al., 1984a; Taylor et al., 1984b). Fur-
thermore, studies find an anomalous burst of sulfate upon the
initial contact of pyrite and water, despite thorough cleaning of
samples before experimentation (Moses and Herman, 1991;
Moses et al., 1987; Schoonen et al., 2000). Both theory and
electrochemical experiments are consistent with Fe 3d dangling
bonds dictating the sorption behavior of oxidants and control-

Fig. 2. XPS results showing Fe 2p spectra of (A) acid-washed pyrite
(100), (B) pyrite (100) after 30 min 1000 eV He� ion bombardment,
and (C) reaction of pyrite (100) with deoxygenated DI H2O for 1 h.

Fig. 3. Mass spectrometry results in m/z vs. time for control, pyrite,
1 �M H2O2 standard (x3), and FeS experiments. Arrows denote
KMnO4 drop.
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ling electron transfer on pyrite (Biegler and Swift, 1979; Rosso
et al., 1999b). Most mechanistic pictures are, however, vague
with regard to the reactions that lead to the oxidation of bulk
S2

2� or nonstoichiometric S2�, other than to state the incor-
poration of oxygen from water in the sulfur oxide product. Our
results suggest that H2O2 and OH● may play a role in this sulfur
oxidation chemistry. In particular, the initial production of
sulfate may be the direct result of the reaction between nons-
toichiometric S2� and OH●. This notion has been experimen-
tally supported by previous XPS work in our group showing
clean {100} pyrite exposed to O2-free water vapor immediately
form sulfate. In these results, XPS S 2p peak intensity consis-
tent with S2� was seen to decrease as peak intensity consistent
with sulfate appeared. The peak intensity associated with bulk
S2

2� stayed constant (Guevremont et al., 1998a).
The rate of pyrite oxidation has been shown to increase with

exposure to simulated sunlight, and may in fact proceed via a
different reaction mechanism when illuminated (Schoonen et
al., 2000). Consistent with this finding are results that show an
increase in H2O2 production with illumination (Borda et al.,
2001). Capture of a photon promotes an electron from a non-
bonding iron d-level to the conduction band of pyrite (Jaeger-
mann and Tributsch, 1983). Hence, the formation of a hole (h�)
converts an Fe(II) to an Fe(III). If the hole migrates to the
surface, it is capable of dissociating adsorbed H2O and forming
OH●. Some of the OH● will combine and form H2O2. The
formation of OH● via this photochemical pathway may con-
tribute to the presence of OH● in surface waters affected by
acid mine drainage (AMD) as reported in a study by Allen et al.
(1996). In their study, illuminated water collected at an AMD
site showed the formation and steady-state concentration of
OH●. While OH● may form via a number of photochemical
pathways in these waters, we propose that photodissociation of
pyrite-induced H2O2 may have been one of the sources. We are
now conducting laboratory experiments to measure OH● and
H2O2 concentrations during a batch oxidation experiment to
evaluate this notion.

Though this is the first experimental verification of OH● in
the pyrite–water system, the presence of OH● in reaction se-
quences used to describe pyrite oxidation is not new. Moses et
al. (1987) suggested a mechanism for the oxidation of pyrite by
a solvated Fe3� complex involving the dissociation of a water
of hydration to form OH●. They then suggest a step-wise
oxidation of the disulfide group by OH●.

6. SUMMARY AND IMPLICATIONS

The results of this study suggest that the defect structure of
the pyrite surface is capable of dissociating H2O to form OH●,
supporting an earlier hypothesis. The fate of OH● appears to be
twofold. First, a fraction of OH● combines to form H2O2 in
solution and is therefore sequestered in a significantly less
reactive form. Second, we hypothesize that a fraction of OH●

reacts to oxidize sulfur at the pyrite surface consistent with
previous observations. This initial reactivity appears to precede
further pyrite oxidation by other oxidants, such as molecular
O2. Overall, this new reaction scheme unifies previously di-
verse observations about the initial reactivity of the pyrite
surface and offers a new insight into reactive species produced
therein.

In studying the mechanisms that produce AMD and devel-
oping abatement strategies, it is necessary to consider the
impact of OH● on the stability of adsorbed inhibitors. In the
field of astrobiology, pyrite-induced OH● represents a poten-
tially important species. For example, one may have to consider
the stability of organic molecules in the presence of OH● on an
early Earth, and the implications this may have for prebiotic
synthesis.

In environmental applications, pyrite has been identified as a
suitable redox site provider for enhancing the transfer of elec-
trons in pollutant degradation procedures (Arienzo, 1999; We-
erasooriya and Dharmasena, 2001). With a band gap of approx-
imately 1 eV for bulk pyrite (Xu and Schoonen, 2000) and 2.2
eV for 2-nm nano-pyrite (Wilcoxon et al., 1996), it has become
a candidate material for solar energy conversion and for this same
reason may be important as a substrate in photo-assisted contam-
inant degradation systems. In all of these cases, it may be the
existence, and reactivity, of OH● that plays a crucial role. Further
investigation into this problem is unquestionably warranted.
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