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Abstract—We have used synchrotron-based soft X-ray core-level photoemission and adsorption spectrosco-
pies to study the reaction of aqueous sodium chromate solutions with freshly fractured pyrite surfaces. Pyrite
surfaces were reacted with 50 �M sodium chromate solution at pH 7 for reaction times between 1 min and
37 hr. Additional experiments were performed at pH 2 and pH 4 with 50 �M sodium chromate solutions and
at pH 7 with 5 mM solutions. At chromate concentrations of 50 �M, all chromium present on the pyrite
surface was in the form of Cr(III), while at 5 mM, both Cr(III) and Cr(VI) were present at the pyrite surface.
Minor quantities of oxidized sulfur species (sulfate, sulfite, and zero-valent sulfur) were identified as reaction
products on the pyrite surface. The amount of oxidized sulfur species observed on the surface was greater
when pyrite was reacted with 5 mM Cr(VI) solutions because the rate of chromium deposition exceeded the
rate of dissolution of pyrite oxidation products, effectively trapping Cr(VI) and oxidized sulfur species in an
overlayer of iron(III)-containing Cr(III)-hydroxide. This work shows that pyrite, an extremely cheap and
readily available waste material, may be suitable for the removal of hexavalent chromium from acidic to
circumneutral waste streams. The reduced chromium ultimately forms a coating on the pyrite surface, which
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passivates the pyrite surface towards further oxidation. Copyright © 2004 Elsevier Ltd
1. INTRODUCTION

Pyrite is the most common sulfide mineral of the Earth’s
crust and is commonly present in economically important base-
metal sulfide deposits. Extraction of the important ore minerals
leaves pyrite concentrated in waste piles, where it becomes a
source of acid mine drainage, which is a major and widespread
environmental problem (Nordstrom and Alpers, 1999; Simón et
al., 1999; Nordstrom et al., 2000). Such drainage acidifies
surface waters and releases potentially toxic metals to solution.
While many studies have chronicled the effect of pyrite oxida-
tion, a microscopic understanding of the oxidation process is
needed to help mitigate the resulting problems (see reviews by:
Lowson, 1982; Evangelou and Zhang, 1995; Bonnissel-Giss-
inger et al., 1998; Nordstrom and Alpers, 1999). Synchrotron-
based surface science methods are useful for mechanistic in-
vestigations of pyrite oxidation because of the ability to vary
the incident photon energy, which results in various degrees of
surface sensitivity in photoemission measurements (Bronold et
al., 1994; Nesbitt et al., 2000), or to use surface-sensitive
detection methods such as Auger electron yield in X-ray ab-
sorption measurements. Surface-sensitive photoemission and
X-ray absorption spectroscopies are useful for identifying the
surface species present on pyrite surfaces at the initial stages of
oxidation (Pettenkofer et al., 1991; Bronold et al., 1994;
Schaufu� et al., 1998a; Nesbitt et al., 2000). In this work we
have reacted pyrite surfaces with aqueous solutions containing
chromate, an important environmental contaminant. The study
has two complementary goals: (1) to investigate the oxidation
* Author to whom correspondence should be addressed (cdoyle@
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of pyrite surfaces and identify reaction intermediates, and (2) to
assess pyrite as a potential material for the reductive removal
and immobilization of hexavalent chromium from aqueous
solution.

Chromium exists in solution in two principal valence states,
trivalent Cr(III) and hexavalent Cr(VI). Hexavalent chromium
is soluble and considered an environmental problem due to its
high toxicity, while trivalent chromium is much less toxic and
relatively insoluble. Reaction with pyrite is capable of reducing
Cr(VI) to Cr(III), thereby converting carcinogenic chromate
into the more benign trivalent form. Such waste treatment
strategies are particularly attractive for circumneutral to low
pH, high Cr(VI) systems, where acidity produced by the oxi-
dation of pyrite would lower the pH. Electrokinetic studies
(Fornasiero et al., 1992; Bebie et al., 1998) on pristine pyrite
surfaces have found that the isoelectric point (roughly the pH of
zero net charge) lies in the pH range 1.2 to 1.4. At solution pH
below the isoelectric point, the surface will possess a net
positive charge, and above the isoelectric point the net surface
charge will be negative. This indicates that the negatively
charged pyrite surface should repel negative anions such as
chromate and dichromate. When pyrite surfaces are initially
exposed to air or aqueous solution, the pyrite surface becomes
coated with oxide-like products such as iron (oxy)hydroxides,
with minor amounts of sulfate (Eggleston et al., 1996;
Schaufu� et al., 1998a). Oxide materials have isoelectric points
closer to circumneutral pH (Parks, 1965), and the measured
isoelectric points of oxidizing pyrite surfaces (Fornasiero et al.,
1992; Zouboulis et al., 1995) are due to the coating formed at
the mineral-water interface. Such coating formation results in
surfaces that are positively charged under acidic to circumneu-

tral pH conditions, and thus, attractive towards chromate or
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dichromate. Macroscopic studies of the removal of Cr(VI)
using pyrite (Zouboulis et al., 1995; Benincasa et al., 2002) and
pyrite-rich hydrothermally altered andesite (Kim et al., 2002)
suggest that Cr(VI) reduction by pyrite is less rapid than by
magnetite or ilmenite (White and Peterson, 1996), but never-
theless, effective. The pyrite oxidation rate by dichromate was
found to be a noninteger function of surface area, solution pH,
and initial dichromate concentration (Chirita, 2003). Another
sulfide mineral, the poorly crystalline iron sulfide mackinawite,
FeS1-x, removed Cr(VI) from solution at circumneutral pH and
over a range of Cr(VI) concentrations (Patterson et al., 1997;
Boursiquot et al., 2002).

The oxidation of pyrite under aqueous acidic conditions is
generally described by:

2FeS2 � 7O2 � 2H2O3 2Fe2� � 4SO4
2� � 4H� (1)

and

4Fe2� � O2 � 4H�3 4Fe3� � 2H2O (2)

where iron(III) hydroxide may precipitate under some pH con-
ditions:

4FeS2 � 15O2 � 14H2O3 4Fe�OH�3 � 8SO4
2� � 16H�

(3)

In both acidic and basic cases, these reactions imply that
oxygen is the ultimate electron sink; however as only one, or
perhaps two, electrons can be transferred at any one time
(Rimstidt and Vaughan, 2003), the actual mechanism is much
more complex than the simple mass balance equations shown
here. Iron(III) reacts much more readily with the pyrite surface
than does molecular oxygen. Consequently, under conditions in
which Fe(III) is regenerated by oxidation of Fe(II) by molec-
ular oxygen, as represented by reaction (2), iron(III) may be the
most effective oxidant, and the oxidation of pyrite would be
described by reaction (4) (McKibben and Barnes, 1986).

FeS2 � 14Fe3� � 8H2O3 15Fe2� � 2SO4
2� � 16H�

(4)

Under neutral and higher pH conditions, the solubility of
Fe(III) is low (Fe3� is hydrolyzed to iron(III) oxides). Under
these conditions, the concentration of reactive Fe(III) is very
low, and the direct oxidation of pyrite by molecular oxygen
may dominate pyrite oxidation (Singer and Stumm, 1970; Low-
son, 1982; Moses et al., 1987; Evangelou and Zhang, 1995;
Nordstrom and Alpers, 1999).

2. MATERIAL AND METHODS

Freshly fractured pyrite single crystals were employed to ensure
pristine, unreacted surfaces. A large cubic single crystal of pyrite from
the Logroño region of Spain was cut into 5mm by 5mm rods such that
all faces were {001}. The rods were then fractured over a solution-
containing reaction vessel, providing a fresh (001) surface for each
reaction. Chromate solutions were prepared from a 50 mM Na2CrO4

stock solution, and pH was adjusted using 0.1M HCl. Samples were
prepared by reacting freshly cleaved surfaces with Cr(VI) solutions at
various Cr concentrations and pH, for a specified time. Reactions with
50 �M Cr(VI) solutions were performed for 5 min at pHs of 2, 4, and
7. Studies at pH 7 using 50 �M Cr(VI) were also performed for times

ranging between 1 min and 37 h. Other pyrite samples were also
reacted with 5 mM Cr(VI) for 30 s. Immediately following dosing,
samples were mounted on molybdenum sample holders and introduced
into our ultra high vacuum (UHV) system via load-lock where 1 � 10-4

Torr pressure was achieved within 2 to 3 min, and were transferred to
the UHV analysis chamber within 20 min. X-ray photoemission and
X-ray Absorption Near Edge Structure (XANES) spectroscopies were
performed on beamline 10–1 at the Stanford Synchrotron Radiation
Laboratory, (SSRL). This beamline is a 30-pole wiggler sidestation
with a spherical grating monochromator. Our experimental setup has
been described previously (Liu et al., 1998; Kendelewicz et al., 1999),
so only a brief description will be presented here. Our system consists
of interconnected transfer, preparation, and analysis chambers with a
base pressure in the analysis chamber of 5 � 10-10 Torr. XPS and
XANES spectra were collected with a double pass cylindrical mirror
analyzer (CMA). Survey XPS scans were collected at 200 eV pass
energy. Iron 2p and chromium 2p spectra were collected at 100 eV, and
S 2p were collected at 15 eV. XANES spectra were collected at the
oxygen K-edge, the chromium LII and LIII edges, and the Fe LII and LIII

edges with simultaneous detection of Auger electron yield (AEY) with
the CMA and total electron yield (TEY) via drain current. Since energy
calibration was changing during the adjustment of mirrors for maxi-
mizing photon flux, photon energy calibration was adjusted during
analysis using the signals arising from the chromium and oxygen
contained in the beamline optical components. This provided consistent
chromium and oxygen ‘dips’ in the measured I0 signal.

3. RESULTS AND DISCUSSION

3.1. Composition of the Reacted Surface

The elemental composition of the pyrite surfaces was deter-
mined by survey XPS scans on both reacted and unreacted
(control) surfaces. Survey scans were collected using 900 eV
incident X-rays. Figure 1 presents photoemission data for the
air-fractured pyrite surface and surfaces reacted with 50 �M
chromate solution at pH 7 for various times. UHV-fractured
surfaces showed only Fe and S photoemission, with adventi-
tious contaminants below detection limits (�5% monolayer
coverage). Air-fractured surfaces had small quantities of oxy-
gen and adventitious carbon in addition to iron and sulfur,
while chromium-dosed samples exhibited chromium, oxygen,
and adventitious carbon in addition to iron and sulfur. The
amount of iron and sulfur in the near-surface region probed in
these experiments decreased with increasing reaction time with
50 �M chromate solution, while there was an increase in
chromium and oxygen concentration. Although semiquantita-
tive (Kendelewicz et al., 2000), the data of Figure 2 demon-
strate changes to the atomic fractions of iron, sulfur, chromium,
and oxygen present in the near surface as the reaction proceeds.
Data for UHV-cleaved and air-cleaved surfaces are included to
show the extent of reaction with air following cleavage before
dosing. The use of empirical atomic sensitivity factors derived
for conventional XPS systems is not strictly correct in this case
with our increased surface sensitivity; however, the data for the
UHV-cleaved surface show that the results give a reasonable
agreement with the expected 2:1 ratio of sulfur to iron. The
increased surface sensitivity towards iron at the 900 eV inci-
dent energy of the measurement results in the slight underes-
timation of iron present in the calculated atomic fractions.

As time in contact with a 50 �M chromate solution in-
creases, there is an increase in the fraction of chromium and
oxygen in the near-surface layer, and an antipathetic decrease
in the fraction of both iron and sulfur. The decrease in iron and
sulfur concentrations at the surface arises from a combination

of two factors: (i) the pyrite surface is covered progressively by
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a chromium- and oxygen-containing overlayer, and (ii) oxi-
dized iron and sulfur are removed to solution.

3.2. Reaction Products at the Pyrite Surface

3.2.1. Chromium L-edge X-ray absorption data

Cr L-edge XANES spectra were used to determine the oxi-
dation state and coordination environment of chromium on
reacted pyrite surfaces. Crocoite (PbCrO4) and chromite
(FeCr2O4) here provide models for tetrahedrally coordinated
Cr(VI) and octahedrally coordinated Cr(III). Figure 3 shows Cr
LII,LIII-edge XANES spectra for a series of doses with 50 �M
Cr(VI) that range in pH from 2, where dichromate is the
dominant, dissolved Cr(VI) species, to 7 where chromate pre-
dominates (Cotton and Wilkinson, 1988); data at pH 7 are also
presented for 5 mM Cr(VI). All pyrite surfaces reacted with 50
�M Cr(VI) solutions show a signal which is in excellent
agreement with the spectrum of chromite, indicting that chro-
mium has been reduced by pyrite to Cr(III). Reaction times at
pH 7 of up to 37 h (not plotted) show only a single, Cr(III)

Fig. 1. Survey PES scans showing the Fe 2p, S 2p, Cr 2p, and O 1s
core levels for freshly fractured pyrite surfaces reacted with 50 �M
Cr(VI) solutions at pH 7. Data are shown for reaction times between 1
and 2260 min, along with a zero-time blank, which was air exposed for
a time comparable to that for the Cr-exposed samples.
signal. Only the pyrite sample reacted with 5 mM Cr(VI) shows
both Cr(III) and Cr(VI) on the surface. For this sample using
the model compound signals to fit the chromium XANES
spectrum, there is �43% Cr(III), and 57% Cr(VI). The L-edge
XANES spectra of first row transition elements are strongly
dependent on local ligand symmetry and d-state occupancy,
and thus are quite characteristic of a particular oxidation state
and coordination shell (Brydson et al., 1993; de Groot, 1994).
The agreement between the XANES of the Cr(III) present on
the pyrite surfaces and of the chromite model compound con-
firms that the Cr(III) present on the pyrite surface is in octa-
hedral oxygen coordination, similar to Cr(III) in Cr(III)-oxide,
hydroxide, or oxyhydroxide. Mixed iron-chromium hydroxide
coatings were observed on mackinawite (FeS1-x) surfaces when
reacted with Cr(VI) solutions (Patterson et al., 1997), according
to:

3CrO4
2� � 2FeS � 9H2O3

4�Cr0.75,Fe0.25��OH�3 � Fe2� � S2O3
2� � 6OH� (5)

The same sort of reaction may occur on pyrite surfaces, with
disulfide as a reactant. Previous investigations of chromate
reacting at magnetite (Fe3O4) and surface-oxygen deficient
(reduced) hematite (�-Fe2O3) surfaces (Kendelewicz et al.,
1999; Kendelewicz et al., 2000) have shown that Cr(VI) reduc-
tion proceeds until a mixed iron(III)-chromium(III) (oxy)hy-
droxide layer approximately 15 to 20 Å thick is produced. At
that point, electron transfer from Fe(II) centers no longer oc-
curs, reduction rate decreases, and chromate is sorbed at the
chromium (III) (oxy)hydroxide surface. The presence of both

Fig. 2. Calculated atomic fractions of iron, sulfur, chromium, and
oxygen in the near-surface region of pyrite surface reacted with 50 �M
Cr(VI) at pH 7 as a function of reaction time. The fractions were
calculated from fits to the Fe 2p, S 2p, Cr 2p, and O 1s core levels. A
zero-time blank was also measured, which was exposed to air for a time
comparable to air exposure involved in the dosing. The data for the

zero-time blank, labeled ‘air cleaved’ along with data from a UHV
cleaved surface is plotted to the left of the dosing data.
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Cr(III) and Cr(VI) on the pyrite surface following dosing with
5 mM Cr(VI) is consistent with such a mechanism.

3.2.2. S 2p photoemission data

There is a large body of photoemission work (e.g., Petten-
kofer et al., 1991; Peisert et al., 1994; Laajalehto et al., 1997;
Guevremont et al., 1998a; Guevremont et al., 1998b; Nesbitt et
al., 1998; Schaufuß et al., 1998a; Schaufuß et al., 1998b;
Descostes et al., 2000; Nesbitt et al., 2000; Uhlig et al., 2001)
directed at understanding the surface species present on the
pyrite surface following oxidation. There are a number of
competing theories as to the reactive intermediates (Goldhaber,
1983; Sasaki et al., 1995; Luther, 1997; Sasaki et al., 1997) and
the possible mechanisms of pyrite oxidation (Singer and
Stumm, 1970; Luther, 1987; Moses et al., 1987; Nesbitt and
Muir, 1994; Eggleston et al., 1996; Rosso et al., 1999a; Rosso
et al., 1999b).

S2p photoemission spectra for a pristine, unreacted pyrite
surface and Cr(VI)-reacted surfaces and examples of chromi-

Fig. 3. Chromium LII,LIII-edge XANES showing the speciation of
chromium at the pyrite surface after 5 min reacting with 50 �M Cr(VI)
solution at pH 2, pH 4, and pH 7, and 30 s with 5 mM Cr(VI) at pH 7.
The minerals crocoite (PbCrO4) and chromite (FeCr2O4) are included
as model spectra for tetrahedral Cr(VI) and octahedral Cr(III) respec-
tively. Solid lines indicate Auger electron yield data, and broken lines
are total electron yield data.
um-free aqueous treatments under the same pH conditions are
shown in Figure 4. The spectrum of fractured pyrite is typical
of the surfaces prepared by this method, showing bulk and
surface-shifted disulfide signals (162.4 and 161.8 eV, respec-
tively) and a minor signal at lower binding energy due to
monosulfide (S2-) defects at the surface, produced when the
S—S bond of the disulfide group ruptures during cleavage
(Nesbitt et al., 1998; Nesbitt et al., 2000). While this feature is
present on UVH-fractured surfaces, it is rapidly converted to
sulfate when exposed to air (Schaufuß et al., 1998a; Schaufuß
et al., 1998b), or is lost from the surface altogether when
exposed to aqueous solution, as shown here. For doses per-
formed between pH 2 and 7 with 50 �M Cr(VI), there is a
slight decrease in the intensity of the surface-shifted disulfide
peak relative to the bulk disulfide peak, as was noted for
air-exposed pyrites by Schaufuß (1998a; 1998b), consistent
with the increased reactivity of the undercoordinated surface
sulfur of the disulfide group, which gives rise to the surface-
shifted signal. A weak signal, and increased background, in the
166 to 170 eV range indicate oxidized sulfur species, which can
be fit with a mixture of sulfur species with binding energies
corresponding to sulfur oxidation states ranging from 0 to �6
(S0 through to SO4) (Schaufuß et al., 1998a). The surface of

Fig. 4. Surface sensitive S 2p photoemission from pyrite surfaces
following 5 min reaction with 50 �M Cr(VI) solution at pH 2, pH 4,
and pH 7, and 30 s with 5 mM Cr(VI) at pH 7. Spectra for Cr-free

solutions under similar pH conditions are included as broken lines, and
the spectrum of a UHV-fractured surface is also shown for comparison.
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pyrite did not show significant differences in S 2p photoemis-
sion throughout the extended dosing scheme at pH 7; conse-
quently the data shown in Figure 4 for the 5 min reaction are
typical of the sulfur surface species observed, with an increased
high-binding energy background and weak signals in the bind-
ing energy region where sulfate, sulfite, and thiosulfate peaks
occur. When dosed with 5 mM Cr(VI), there is clear evidence
of oxidized sulfur species, predominantly sulfate and sulfite, on
the pyrite surface. We hypothesize that these species would be
lost into solution if not for the rapidly deposited chromium
oxyhydroxide coating trapping these soluble reaction products.

The loss of sulfate and other soluble reaction products from
the surface is illustrated by data in Figure 5, which presents a
series of S 2p photoemission spectra from a fractured pyrite
surface, which was then exposed to air, and subsequently left in
water for 10 min. At each stage of this procedure, the sample
was reintroduced into the UHV system, and photoemission and
XANES measurements were performed. The sample was then
removed for subsequent treatment. The low-binding energy
(defect) feature attributed to monosulfide is lost upon exposure
to air, and a significant amount of sulfate is produced on the
surface in the course of 40 h reaction in air. Following 10 min
in water, the majority of this sulfate has been lost from the
surface into solution.

In Figure 6 we show both S 2p (a) and Fe 2p (b) photoemis-
sion results for a series of 5 min reactions in chromium-free
water of varying pH. These data show that there is little

Fig. 5. Surface sensitive S 2p photoemission from pyrite surfaces
illustrating the loss of sulfate from the surface into solution through a
series of sequential treatments applied to a single sample. The lower
spectrum is from a UHV-fractured pyrite surface. The middle spectrum
is from fractured surface following air exposure for 40 h. The upper
spectrum is from this surface dunked in water for 10 min.
evidence of reaction products observable at the pyrite surface,
which we attribute to removal of soluble species as discussed
above, especially under acidic conditions.

Figure 7 shows the results of curve fitting of a S 2p photo-
emission spectrum collected from a chromium-reacted surface,
that, following the subtraction of a linear and integrated
(Shirley) background, can be deconvolved into at least 5 Voigt
components. The S 2p3/2 binding energies of these features,
along with their shift from the bulk disulfide in pyrite, are as
follows: surface disulfide, 161.8 eV (�0.6); bulk disulfide,
162.4 eV (0); elemental sulfur or polysulfide, 164.1 eV (�1.7);
sulfite, 166.7 eV (�4.3); and sulfate, 168.6 eV (�6.2). The
trapped oxidation products S0, SO3, and SO4 are present in the
approximate ratio of 1:5:4. Spectral fitting was performed using
the Aanalyzer® program (Herrera-Gómez et al., 2000). These
assignments are in good agreement with those already pub-
lished (Lindberg et al., 1970; Schaufu� et al., 1998a; Schaufu�
et al., 1998b; Smart et al., 1999; Descostes et al., 2000). It
should be noted that the full width at half maximum (FWHM)
of the peaks fitting the S(�1) and S(0) species were narrow,
whereas the S(IV) and S(VI) species were fitted with broader
envelopes. The reason for the broadness of these features may
be attributable to a number of factors, including disorder on the
surface and a variety of chemical environments for each formal
sulfur oxidation state due to varying degrees of hydration of
these moieties. The existence of a variety of sulfur oxidation
states on the surface is consistent with a number of previous
studies on arsenopyrite and gersdorffite (Schaufuß et al., 2000;
Nesbitt et al., 2003) that demonstrate stepwise addition of
oxygen to sulfur centers.

For doses at pH 7 with 50 �M Cr(VI) there is little increase
in the quantity of oxidized sulfur observed beyond 5 min
exposure, and indeed less in some instances. Because oxidation
continues during this time, we attribute the lack of oxidized
sulfur species to their dissolution from the surface. In contrast,
the 30 s dose with 5 mM Cr(VI) reacts rapidly relative to the
rate of dissolution of soluble oxidation products, such that
sulfoxy species are trapped at the surface within the reduced
chromium coating.

3.2.3. Iron 2p photoemission and L-edge X-ray absorption
data

Figure 8 shows Fe 2p photoemission, while Figure 9 shows
Fe LII,LIII-edge XANES spectra for the Cr(VI) dosing regimes.
For comparison, the photoemission and adsorption spectra from
a pyrite surface treated with 0.6% w/w hydrogen peroxide is
also shown as an example of an oxidized pyrite surface con-
taining both Fe(II) and Fe(III). The main feature in the photo-
emission spectra is the bulk Fe(II) signal at approximately 707
eV (2p3/2), that exhibits a tail to high-binding energies. The tail
has been attributed to Fe(II)-S and Fe(III)-S surface states
(Nesbitt et al., 2000). At pH 2, there is no photoemission
evidence for a Fe(III)-O surface state, which is normally cen-
tered around 710 to 712 eV (McIntyre and Zetaruk, 1977) on
the pyrite surface; however, at both pH 4 and pH 7 there is a
shoulder shifted from the Fe(II) signal by ca. 4 eV, that indi-
cates a small quantity of Fe(III) coordinated by oxygen on the
pyrite surface.

The speciation of iron was confirmed using Fe L ,L -edge
II III

XANES, which is displayed in Figure 9. At first glance it
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appears that there is no difference in the LII,LIII-edges. How-
ever, there is a subtle change in the shape of the LIII-edge,
which is manifested most clearly as an increase in intensity on
the high energy side of the LIII-edge. This feature is most
prominent in the spectrum of the hydrogen peroxide-treated
surface, which shows significant contributions from both iro-
n(II) and iron(III). This high energy shoulder confirms the
presence of iron(III) on the pyrite surface, as suggested from
the XPS data. The formation of iron(III) at the surface should
also result in an increase in the branching ratio, I(LIII)/{I(LII)�
I(LIII)} (Thole and Van der Laan, 1988) as iron changes from
low-spin Fe(II) to high-spin Fe(III). Comparison of the iron
LII,LIII-edges collected in TEY and the more surface-sensitive
AEY modes show that the intensity of the LII edge is slightly
lower in the AEY mode. Thus there is an increase in the
branching ratio at the surface relative to the more bulk sensitive
TEY measurement, which combined with the XPS data, pro-
vides strong evidence that there is Fe(III) on pyrite surfaces
following reaction with chromate at circumneutral pH for both
high- and low-chromate concentrations.

3.2.4. Oxygen K-edge X-ray absorption

Oxygen K-edge X-ray absorption provides a convenient and
complementary probe for the speciation of oxidized pyrite
surfaces. A recent study of the oxidation of pyrite surfaces by
air-saturated aqueous solutions (pH 3–10) and by aqueous

Fig. 6. S 2p (a) and Fe 2p (b) photoemission from pyrite
in chromate-dosing experiments.
iron(III) by Todd et al. (2003b) made extensive use of this
technique for identification of oxygen-containing species at the
pyrite surface. The oxygen species present were found to vary
with pH, from iron(III)-oxyhydroxide at alkaline pH, to a
mixture of iron(III)-oxyhydroxide and iron(III)-(hydroxy)sul-
fate under circumneutral pH conditions (Todd et al., 2003b).

Further evidence for the formation of a metal (oxy)hy-
droxide overgrowth on Cr(VI)-reacted pyrite is provided by
the O K-edge XANES data shown in Figure 10. These data
show Auger- and total-electron yield spectra for a series of
Cr(VI) doses at pH 7 ranging from 1 to 60 min with 50 �M
Cr(VI) and 30 s with 5 mM. The oxygen K-edge spectra are
complicated by the fact that there are most likely a number
of oxygen-containing species at the surface. As such there
could be contributions from sulfur oxoanions, iron, and/or
chromium (oxy)hydroxides, and chromium oxoanions. All
data, with the exception of the 30 s 5 mM dose (top spec-
trum), were from samples that showed only Cr(III) on the
surface. Figure 11 presents O K-edge spectra of a number of
model compounds that aid our interpretation of the O K-edge
data presented in Figure 10.

Of particular importance to our interpretation is the preedge
feature labeled ‘C’, which is indicative of hydroxyl groups
(Kendelewicz et al., 2000) and increases with increasing Cr(VI)
dosing time. The presence of this feature supports our hypoth-
esis of the buildup of a chromium(III)-(oxy)hydroxide layer.
The features labeled ‘A’ and ‘B’ in the upper spectrum are due

es reacted with water for 5 min over the range of pH used
to 1s to eg and 1s to t2g transitions in the CrO4
2- anion (Brydson
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et al., 1993), and thus this spectrum is the sum of contributions
from the chromate anion and from an underlying chromium
(oxy)hydroxide layer.

The spectroscopic signature of hydroxyls in the oxygen
K-edge has been somewhat controversial (Wirth, 1997; van
Aken et al., 1998; Wirth, 1998), and in the following discussion
we present evidence for such a spectroscopic signature in this
system and use it in the interpretation of the data contained in
Figure 10.

The O K-edge adsorption process involves the promotion of
a core-level electron (l 	 0) into unoccupied oxygen or con-
tinuum states with p character (l 	 1) in the vicinity of the
excited atom, which can couple to the core level through the
dipole selection rule (Stöhr, 1988). Much attention has been
placed on the O K-edge spectra of transition metal oxides, and
Chen (1997) provides a thorough review of these studies. It is
convenient to consider the oxygen K-edge as consisting of two
regions. The first region, referred to as the preedge, is attributed
to O 2p character in predominantly metal 3d orbitals and lends
itself to molecular orbital treatment. The second region, which
is at higher energy, is not so readily described using a molec-

Fig. 7. Fitting of the surface sensitive S 2p photoemission from a
pyrite surface following reaction for 30 s with 5 mM Cr(VI) at pH 7.
The experimental data are represented by points, the calculated fit by a
solid line, and the baseline, individual components, and residual by fine
solid lines. This fit is representative of those for our S 2p data.
ular orbital approach (de Groot et al., 1989), and a better
description of this region is obtained using band structure
methods (de Groot et al., 1993) or multiple scattering calcula-
tions (Wu et al., 1997). In the case of transition metal oxides,
the oxygen 2p states are fully occupied in a simple ionic
picture, and weak, if any, absorption is expected. However,
covalent mixing of the oxygen s and p states with the metal d
states lifts the selection rule and produces states of mixed p-d
character, which vary with coordination geometry and are
manifested as generally sharp resonances in the adsorption
edge before the continuum states and ionization potential. For
octahedral coordination, such as in iron, or chromium oxides,
or oxyhydroxides, the resulting molecular orbitals are filled to
the t1g (�) level; four unoccupied hybridized levels remain,
which, in order of increasing energy, have symmetry labels t2g

(�*), eg (�*), a1g (�*), and t1u (�*, �*). Tetrahedral coordi-
nation changes the ordering of energy levels somewhat, with
the highest occupied molecular orbital now being t1 and the
unoccupied molecular orbitals are e, t2, t2, and a1 (Ballhausen
and Gray, 1965; Huheey, 1983). Figure 12 shows simplified
molecular orbitals for transition metal ions in both octahedral
(after Chen (1997)) and tetrahedral (after Brydson et al. (1993))

Fig. 8. Surface sensitive Fe 2p photoemission from pyrite surfaces
following 5 min reaction with 50 �M Cr(VI) solution at pH 2, pH 4,
and pH 7, and 30 s with 5 mM Cr(VI) at pH 7. Spectra for Cr-free
solutions under similar pH conditions are included as broken lines, and
the spectrum of a UHV-fractured surface is also shown for comparison.

A spectrum from a heavily oxidized pyrite surface (5 min in 0.6% w/w
hydrogen peroxide) is also included.
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oxygen coordination. Filled orbitals on this diagram correspond
to [FeO6

9�] and [CrO4
2�]. This model allows for the interpre-

tation of the preedge features labeled ‘A’ and ‘B’ in the
manganite, goethite, and hematite spectra as transitions from
the O1s to t2g and eg molecular orbitals, with the splitting
between these orbitals approximately 1.4 eV. In crocoite these
features arise from 1s to e and t2 orbital transitions, with a
splitting of approximately 1.2 eV.

In Figure 11 we present data for goethite, limonite
(FeOOH � nH2O), and manganite (�-MnOOH), which all show
a third feature, ‘C’, approximately 1.4 eV above feature ‘B’.
We believe that the origin of this feature is analogous to that of
feature ‘B’, in that it is a 1s to eg transition; however, the 1s
core level of an hydroxide oxygen in goethite is shifted by
approximately 1.4 eV to higher binding energy with respect to
an oxide oxygen—a value that is typical of iron oxides
(Brundle et al., 1977; McCafferty et al., 1988; Kendelewicz et
al., 2000). Crystal field splittings, which are approximately
equal to the eg-t2g splitting, range from approximately 2.5 eV
for early first-row transition metals to 1.2 eV for late first-row
transition metals (de Groot et al., 1989). For the iron oxyhy-
droxides goethite and lepidocrocite, the splittings are 1.9 eV,
and 2.0 eV, respectively (Sherman and Waite, 1985). The

Fig. 9. Iron LII,LIII-edge XANES from pyrite surfaces following 5
min reaction with 50 �M Cr(VI) solution at pH 2, pH 4, and pH 7, and
30 s with 5 mM Cr(VI) at pH 7. Solid lines indicate Auger electron
yield data, and broken lines are total electron yield data. A spectrum
from a heavily oxidized pyrite surface (5 min in 0.6% w/w hydrogen
peroxide) is also included.
comparable magnitude of the crystal field splitting and the O 1s
binding energy shift result in the superposition of the 1s to t2g

transition arising from hydroxyl oxygens with the 1s to eg

transition from oxide oxygens. This results in a three-peak
structure as is observed for goethite, limonite, and manganite.
It is interesting to note that feature ‘C’, which we attribute to
hydroxyl, is strongest in limonite—a phase which while not a
mineral in the true sense, is a mixture of hydrated iron oxyhy-
droxide and hydroxide phases, with appreciable water content
(Klein and Hurlbut, 1993). Van Aken et al. (1998) present O
K-edge data for lepidocrocite (�-FeOOH) and hematite (�-
Fe2O3), both of which show two features analogous to those
labeled ‘A’ and ‘B’, however the hydroxyl feature ‘C’ was not
observed, and the spectrum looks remarkably like the O K-edge
ELNES spectrum of a maghemite (�-Fe2O3) powder published
by Norrish and Smith (1975). Lepidocrocite dehydroxylates to
hematite via maghemite (Waychunas, 1991; Cornell and Schw-
ertmann, 1996), and this may account for the difference be-
tween our measurements of hydroxyl-containing species such
as goethite, limonite, and manganite, which show a third fea-
ture, and the spectrum of lepidocrocite presented by van Aken
et al. (1998), which does not.

The prominent preedge features observed for the transition
metal oxides and oxyhydroxides due to transitions to metal 3d
states with ligand p-character are much weaker in the oxygen
K-edge adsorption of the sulfate anion. As the bonding in a

Fig. 10. Oxygen K-edge XANES of freshly fractured pyrite surfaces
reacted with 50 �M Cr(VI) solutions at pH 7 for reaction times
between 1 min and 1 hr, along with data for pyrite reacted for 30 s with

5 mM Cr(VI) at pH 7. Solid lines indicate Auger electron yield data,
and broken lines are total electron yield data.



oxyhydroxide, sulfoxy, and oxoanion species. Solid lines indicate Au-
ger electron yield data, and broken lines are total electron yield data.

Fig. 12. Molecular orbital diagrams for (a) MO6 (after Ch
coordination environments. Filled orbitals on this diagram corres

4295Reaction of fractured pyrite with Cr(VI) solutions
material becomes more ionic, there is a decrease in the number
of available metal 3d states with ligand 2p character, and thus
a decrease in the O 1s signal at threshold (Sherman, 1985a;
Sherman, 1985b; de Groot et al., 1989) due to closure of the 1s
to np channel. This increase in ionic bonding character leads to
much weaker preedge resonances observed for ferric or ferrous
sulfate (Kelty et al., 1999; Todd and Sherman, 2003; Todd et
al., 2003a; Todd et al., 2003b). The bonding in sulfite and
thiosulfate also involves similar ionicity and thus little preedge
structure is expected. The O K-edge spectra shown in Figure 11
reflect this. The data for sulfate is in excellent agreement with
that published previously (Kelty et al., 1999). The question
arises as to whether the adsorption from an ion in a crystallized
model compound reflects that same ion when adsorbed to a
mineral surface. Ab initio calculations of the adsorption geom-
etry of sulfate on silver and gold surfaces indicate that the
Highest Occupied Molecular Orbitals (HOMOs) of sulfate are
nonbonding orbitals of predominantly O s and p character,
while the Lowest Unoccupied Molecular Orbitals (LUMOs)
have strong sulfur contributions and consist of �*, �*, and �*
orbitals (Patrito et al., 1997). Bonding of the sulfate anion to the
gold and silver surfaces is via donation of � electron density,
with some back donation from the metal s and p states, which
leaves the surface complex electronically similar to the un-
bound sulfate.

The changes occurring in the O K-edge data presented in
Figure 10 can be interpreted as being due to predominantly
hydroxyl-containing species with sulfoxy contributions. The
upper spectrum also contains contributions from the chromate
anion, as discussed above. The growth of the feature ‘C’ is
interpreted as being due to increasing hydroxyl-containing spe-
cies on the surface. If the hydroxyl containing species were an
Fig. 11. Oxygen K-edge XANES of model compound for oxygen in
a variety of coordination environments. Data are included for oxide,
en (1997)) and (b) MO4 (after Brydson et al. (1993))
pond to [FeO6

9�] and [CrO4
2�].
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iron oxyhydroxide, then the features ‘A’ and ‘B’ at 530 and
531.5 eV from the O2- component should also be apparent. The
absence of the doublet, or triplet, structure in the O preedge
region, we feel, discounts the possibility that the surface spe-
cies is an iron hydroxide or oxyhydroxide. The O K-edge
spectrum of CrOOH is described by Schedel-Niedrig (1996) as
consisting of a weak white line at 533 eV. A multiple peak
structure as in the iron oxides is not expected for a high-spin d3

species such as Cr(III), as the d manifold is further modified by
exchange splitting, resulting in a superposition of the eg

� and t2g
�

states (de Groot et al., 1989). When combined with the XPS
data which show an increase in chromium(III) at this surface
along with an increase in feature ‘C’ at 533 eV, we feel
confident in asserting that the dominant species on the surface
is a chromium oxyhydroxide species.

Our oxygen K-edge spectra for chromate-oxidized pyrite
surfaces differ from those recently collected from oxidized
pyrite surfaces by Todd et al. (2003b). The difference is due to
the composition of the oxidized surface, which in this case is
predominantly chromium(III) oxyhydroxide, whereas in the
absence of Cr(VI) in solution, a surface layer consisting of iron
(III) oxyhydroxide and iron (III) hydroxysulfate results (Todd
et al., 2003b).

3.3. Reaction Mechanism of the Chromate-Pyrite
Reaction

The spectral data discussed above can be used to refine a
mechanistic model of pyrite oxidation by chromate. We believe
our results are consistent with the currently accepted models of
pyrite oxidation (e.g., Luther, 1990; Nordstrom and Alpers,
1999), where dissolution of Fe(II) leads to Fe(III) in solution,
which then attacks the S2

2- producing SO4
2- and Fe(II). The

Fe(II) cycles to Fe(III) and the reaction propagates. It appears
that Cr(VI) oxidizes Fe(II) centers on the pyrite surface and
increases the amount of Fe(III) available for the oxidation of
the disulfide group. Chromate could influence the oxidation of
pyrite in three possible ways: (i) oxidation of the Fe(II) to
Fe(III) on the pyrite surface with the thus liberated Fe(III) then
acting as the oxidizing agent towards disulfide according to
reaction (4); (ii) via electron transfer from Cr(VI) directly to the
S2

2- group, or (iii) by a combination of (i) and (ii). Rosso et al.
(1999a; 1999b) indicate that redox reactions should preferen-
tially proceed via iron sites at the pyrite surface as both the
HOMO and LUMO on the {100} pyrite surface are nonbonding
levels dominated by Fe 3d character. Reaction with O2 leads to
oxidative consumption of the occupied dangling bond states
localized on surface iron atoms, and the formation of Fe–O
bonds. This tends to discount the possibility of direct electron
transfer between chromate and disulfide groups. Reduction of
chromate to Cr(III) involves the transfer of three electrons to
the chromium center. Peterson et al. (1997) showed that on
magnetite, the three electrons come from three Fe(II) centers.
Benincasa et al. (2002) recently studied the oxidation of pyrite
using Cr(VI) as an oxidizing agent and report the following
overall reaction (ignoring hydrolysis of Cr3�):

2FeS2 � 5Cr2O7
2� � 32H�3
2Fe�OH�3 � 4SO4
2� � 10Cr3� � 13H2O (6)
This reaction stoichiometry implies that Cr(VI) oxidizes both
Fe(II) and S2

2-. In the present study we find no clear evidence
for this reaction pathway. Instead, we propose that Cr(VI)
reacts with Fe(II) at the pyrite surface, resulting in the release
of three Fe(III) into solution.

3FeS2 � CrO4
2� � 8H�3 3Fe3� � 3S2

2� � Cr3� � 4H2O (7)

The Fe(III) can then oxidize the pyrite disulfide group via the
pathway indicated in reaction (4), which leads to:

42Fe3� � 3S2
2� � 24H2O3 42Fe2� � 6SO4

2� � 48H� (8)

Combining reactions (7) and (8) leads to an overall reaction

3FeS2 � CrO4
2� � 39H� � 20H2O3

Cr3� � 42Fe2� � 6SO4
2� � 40H� (9)

As noted previously, as oxidation of the pyrite surface
proceeds, a change in the surface charging occurs as the
surface alters from pristine pyrite to an iron(III) oxide-like
phase. This is accompanied by a change in the surface
charge at the mineral-water interface from positive, when
the pH is above pHPZC of pyrite, to negative when the pH is
below the pHPZC of iron oxides. Such charging behavior
may have important implications for pyrite oxidation by
chromate because the chromate anion must overcome repul-
sion by the negatively charged surface to be reduced at the
surface of pyrite. Indeed, chromate sorption experiments on
the magnetite (111) surface showed a marked decrease in
chromium reduction when the solution pH was above the
pHPZC of the magnetite surface (Kendelewicz et al., 2000).
Our proposed mechanism is not dependent on these charging
effects, in that chromate reacts with a cation, potentially in
solution, to generate a reactive cationic species that would
be attracted to the negatively charged pyrite surface.

4. SUMMARY AND CONCLUSIONS

These studies show that chromate is an effective oxidizing
agent for the pyrite surface, and conversely that pyrite can be
used as a means of reductively immobilizing chromate. When
the chromate solution concentration is 50 �M, the coating does
not inhibit further oxidation of the pyrite surface, on the time-
scale of these experiments, and all chromium present on the
pyrite surface is in the reduced Cr(III) form. At a chromate
concentration of 5 mM, the pyrite surface becomes rapidly
coated with an Fe(III)- and Cr(III)-containing phase which
prevents complete chromium reduction, and unreduced chro-
mate is adsorbed on the Cr(III) coating. We attribute this
differing behavior to kinetic effects. At the higher chromate
concentrations, oxidized sulfur species are retained at the pyrite
surface. At high Cr(VI) concentrations, these oxidized sulfur
species (and chromate) appear to be trapped in an oxidized
surface overlayer because the rate of deposition of Cr(OH)3

exceeds the rate of removal of oxidized sulfur species. In
contrast, the removal of soluble oxidized species into solution
regenerates reactive pyrite surfaces, which allows the reaction
to proceed at lower Cr(VI) concentrations. Sulfur 2p photo-
emission identified sulfate, sulfite, and zero-valent sulfur on the

pyrite surface. The features due to sulfate and sulfite are broad



4297Reaction of fractured pyrite with Cr(VI) solutions
and were fit using a single broad envelope, which may include
contributions from disorder and varying degrees of hydration.
Iron 2p photoemission and L-edge XANES show that only
minor amounts of iron (III) remain on the surface, indicating
that the majority of this species is rapidly lost into solution. The
chromate was reductively sorbed onto the pyrite surface form-
ing an (oxy)hydroxide layer which, at high chromate concen-
trations, passivates the surface towards chromium reduction.
The presence of unreduced chromate on the Cr(III)-(oxy)hy-
droxide layer that was rapidly formed from high chromate
concentration in solution was confirmed by both Cr L-edge and
O K-edge XANES. Oxygen-containing species present on the
surface of oxidized pyrite were identified as sulfoxy and hy-
droxyl functional groups. It appears that the proportion of
hydroxyl species at (or near) the surface increases with time.
Changes in species concentration over time suggests the steady
state production and loss of oxidized sulfoxy species at the
surface along with the deposition of a predominantly Cr(III)
hydroxide phase. We find no evidence to suggest that chromate
is a direct oxidant for the pyrite disulfide group and believe that
the role of chromate is in oxidation of Fe(II) in pyrite to Fe(III),
either in solution or at the pyrite surface, which then is the
oxidant of the disulfide group.
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