Printed in the USA. All rights reserved

Geochimica et Cosmochimica Acta, Vol. 67, No. 12, pp. 2137-2146, 2003
Pergamon Copyright © 2003 Elsevier Science Ltd
0016-7037/03 $30.06- .00

doi:10.1016/S0016-7037(02)01371-6

Surface oxidation of chalcopyrite
(CuFeS,) under ambient atmospheric and aqueous (pH 2-10) conditions: Cu, Fe L- and
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Abstract—X-ray absorption and emission spectra were used to characterize the surface of chalcopyrite after
oxidation both in air and in air-saturated aqueous solution{p+10). For chalcopyrite oxidized in aqueous
solution, the Cu and Fe L-edge spectra show that the surface oxidation layer is copper deficient. As the pH
increases, O K-edge spectra reveal a change in the nature of the oxidation layer. An iron (hydroxy)sulfate is
dominant at low pH, whereas FeOOH is the major surface phase under alkaline conditighsnias be

present at intermediate pH. The surfaces of chalcopyrite samples oxidized in air consist of a mixture of copper
oxides, FeOOH, and sulfate phases. Sulfate is much more abundant on the surface of air-oxidized chalcopyrite
because of its high solubility in aqueous solution. Likewise, copper oxidation products can be observed in the
O K-edge spectra of air-oxidized chalcopyrite in contrast to the aqueous sam@igsright © 2003 Elsevier

Science Ltd

1. INTRODUCTION Most authors have concluded that iron (oxyhydr)oxides are the
main surface oxidation phase. Grano et al. (1997), Mielczarski
Chalcopyrite (CuFe$ is an important ore mineral of copper ~ €t al. (1996), and Brion (1980) all find that there are insignif-
and an accessory mineral in many igneous rocks. The surfaceicant amounts of copper oxides at the mineral surface. An
oxidation layer of chalcopyrite controls its environmental iron-enriched upper surface is thought to be underlain by a CuS
chemistry and behavior during ore-flotation processes. The and/or Cuglayer (Buckley and Woods, 1984). Velasquez etal.
surface oxidation of chalcopyrite in aqueous solution has been (1998), however, explained their electrochemical and XPS data
studied using electrochemical methods (Gardner and Woods, for chalcopyrite oxidation at pH 9.2 by the formation of CuO,
1979; Zachwieja et al., 1989; Yin et al., 1995; Velasquez et al., CUF€O. plus CuS (as well as & and FeOOH) on the
1998). Velasquez et al. (1998) explained their electrochemical surface. Generally there has been !|tt|e or no e_wdence for
and XPS data for chalcopyrite oxidation at pH 9.2 by the squaFe on the surface of chalcopyrite oxidized in aqueous
formation of FeO5; and FeOOH iron products, as well as CuO, solution (Grano etal., 1997; Velasquez, 1998). Ir.on gnd copper
CuFeO, and CusS. Yin et al. (1995) found that electrochem- sulfatgs,_hoyvever, have been observed falfter ox!datlon .Of _Ch"?‘"
ical oxidation of chalcopyrite depends on pH, with the gg%gmgagrguscg%iaer;dp\;\é%des,‘3\1/%864r;czr?;ﬁ;én;§2:§2'bf
L(;:Tt?;gltogfoifrizlf(?:(?ding?rh?/fjlg(;iig(emglsmt):; l:)'e_:nﬁléfgizzd monosulfide, polysulfide, and thiosulfate intermediates (Miel-

) czarski et al., 1996; Pratesi and Cipriani, 2000), depending on
Gardner and Woods (1979) also observed that ferric hydrox-

o . ) e the duration of oxidation.
ide is a major surface product of chalcopyrite oxidation at  The Eh-pH diagrams for the Cu-Fe-S system (Fig. 1) are

basic and neutral pH. The formation of a hydrated iron ¢onsistent with some of these researchers’ observations. There
oxyhydroxide layer and an iron-deficient chalcopyrite lattice s no region in which we predict sulfate precipitates, although
in air-saturated alkaline solutions was confirmed by Zach- npatrojarosite is metastable at low pH. At high pH, we would
wieja et al. (1989). expect the formation of a CuO phase on the surface. An Eh
X-ray spectroscopy can characterize sulfide mineral surfaces gradient with depth might give metastable layers o§@uCu,
at the molecular level. A number of studies have used X-ray and CyS.
photoelectron spectroscopy (XPS) to identify elements and In this study, we use X-ray absorption (XAS) and emission
their oxidation states on the chalcopyrite surface (Gardner and (XES) spectroscopy to provide new insights into the surface
Woods, 1979; Brion, 1980; Buckley and Woods, 1984; Luttrell oxidation of chalcopyrite. The advantage of these techniques
and Yoon, 1984; Zachwieja et al., 1989; Mielczarski et al., over XPS is that we can determine the presence of chemical
1996; Grano et al., 1997; Velasquez et al., 1998; Pratesi andbonds and hence identify the surface oxidation phase. XAS
Cipriani, 2000). Auger electron spectroscopy has also been probes the unoccupied density of states and has already been
used as a supplementary technique (Pratesi and Cipriani, 2000).used to study the electronic structure and nature of bonding in
chalcopyrite (Li et al., 1994a,b). The Cu L-edge spectra can
characterize the oxidation state of copper in sulfide minerals
*Author to whom correspondence should be addressed (Grionietal., 1989; Pattrick et al., 1993, 1997; van der Laan et
(dave.sherman@bris.ac.uk). al., 1992), but they have yet to be used in a systematic inves-
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Fig. 1. (8) Eh-pH diagram for the Fe-S system. (b) Eh-pH diagram
for the Cu-S system. Concentrations: 1 X 10~“M copper and iron, 2 X
10“M sulfur total in 0.1M Na*. Aqueous species data from Wagman
et a. (1982). Mineral data from Helgeson et a. (1978). Metastable
stability field of natrojarosite calculated by suppressing goethite for-
mation.

tigation of the oxidation of sulfide surfaces. As we show here,
the oxygen K-edge XAS are useful for identifying surface
oxide and sulfate phases.

Whereas X-ray absorption spectroscopy probes the unoccu-
pied electronic states, X-ray emission samples the occupied
states as electrons fall into the empty core levels of the excited
state. Combining the information from X-ray emission and
X-ray absorption spectra taken for the same mineral gives a
complete picture of its electronic structure. In addition, use of
tunable synchrotron radiation for XES alows atoms at in-

equivalent sites to be identified. For example, different types of
oxygen environments (oxide vs. hydroxide) can be resolved.

2. EXPERIMENTAL METHODS
2.1. Sample Preparation

Chalcopyrite samples from the University of Bristol museum col-
lection were characterized using XRD to ensure that the samples were
single phases. Samples were coarsely ground in a nitrogen glove box
then immersed in air-saturated 0.1-M sodium nitrate solutions for 7
days. The pH of the aqueous electrolyte was adjusted initially and also
once during the equilibration period using 0.1-M nitric acid and 0.1-M
sodium hydroxide. The final values were established to range between
pH 1.85 and 10.67. The samples were dried and stored under N, before
being mounted on stainless steel sample holders using carbon tape. All
procedures were carried out under nitrogen to ensure that the only
oxidation products were those formed in agueous solution. A sample
ground and stored under nitrogen was retained as a control. The
oxidation of chalcopyritein air was also studied. Samples were exposed
to ambient atmosphere (T = 20°C, P,o ~ 0.02 bar) for at least 1
week. Spectra were obtained in vacuo.

2.2. X-Ray Absorption and Emission Spectroscopy

Cu, S, Fe L-edge, and O K-edge X-ray absorption spectra were
measured at station 151 of the Max-11 Synchrotron Radiation Source,
Lund, Sweden, for arange of samples conditioned in agueous solution.
Complementary data for two chalcopyrite samples oxidized in air were
also recorded at station 5U.1 of Daresbury Laboratory, United King-
dom. Bulk-like spectra were obtained by using argon sputtering to
remove any surface oxidation phase. All XAS spectra were collected
using the total electron yield (TEY) method to measure the drain
current. The mean probing depth in the TEY mode is 20 to 50 A
(Abbate et al., 1992), although the analysis depth varies somewhat with
energy. Kasrai et al. (1996), for example, found that the maximum
probing depth in the TEY mode at the Si L-edge (95-120 eV) is ~50
A, compared with ~700 A at the Si K-edge (1830—1900 eV). For this
reason, we might expect to see some bulk contribution at the metal
L-edges where samples are only mildly oxidized. The S L-edge, how-
ever, will be surface sensitive. The O K-edge can, of course, only
sample the surface oxidation layer because there is no oxygen in the
bulk sulfide substrate.

To correct for synchrotron-intensity loss during measurement, the
XAS spectrawere normalized by dividing the signal, I, by the reference
lo, Where | isthe intensity of the photon flux and | is the total electron
yield.

O K-XES datawere aso collected at Max-11. The excitation energies
of the emission spectra were varied to study specific features in the
corresponding XAS  spectra  The XAS and  XES
data were aligned by comparing the position of the elastic peak in the
XES with the excitation energy (as selected from the XAS spectra).

3. RESULTS AND DISCUSSION

3.1. X-Ray Absorption Spectra of Unoxidized
Chalcopyrite

The Cu, Fe, and S L-edges of pristine chalcopyrite are shown
in Figure 2. Peak energies and assignments are summarized in
Tables 1 and 2. The copper L-edge (Fig. 2A) is consistent with
the results of Grioni et al. (1989b), Pattrick et al. (1993, 1997),
and van der Laan et a. (1992). The sulfur L-edge (Fig. 2B) is
comparable to that of Li et al. (1994). Our interpretation of the
Cu L-edge, however, isdifferent from that of other authors. The
formal electronic charge configuration in chalcopyrite, as indi-
cated by neutron diffraction and Mossbauer studies (Vaughan
and Craig, 1978), has been argued to be Cu™Fe**'S,. Pre-edge
features in the Cu L-edge spectra result from transitions from
the Cu (2p) states to vacant levels with Cu (3d) character;
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Fig. 2. (@) The Cu L-edges of pristine chalcopyrite, CuFeS,, chal-
cocite, Cu,S, and covellite CuS. Peak A is Cu (I1)-O contamination.
Peak B corresponds to excitations to unoccupied 3d-like states of Cu
(I)-S. Peak D shows the transition to the 3d-4s like states of Cu
(1)-S. (b) The S L-edge of chalcopyrite. (c) The Fe L-edges of chal-
copyrite and mackinawite. The spectra both show Fe (11) in tetrahedral
coordination.

hence, there are no alowed transitions in the case of Cu (1),
which has afilled d'° configuration. A Cu L-edge spectrum is,
however, obtained for Cu (l) because of d-character in the 4s
states (giving features in the energy region above the pre-edge),
athough the transition probability is low. On this basis, we
would not expect to see a pre-edge feature for chalcopyrite as

Cu™Fe**S,. The spectrum shows astrong peak (B) at 932.4 eV
representing excitations to empty 3d-states, however. This is
not compatible with the presence of purely monovalent copper.
Comparison of the peak position with those of the copper
sulfides, chalcocite [al Cu (1)], and covellite [Cu (II) and Cu
(1] shows that the valence state of copper in chalcopyriteis Cu
(I1) (see Fig. 2a). Chalcocite has no peak in the region near 932
eV, indicating that it has a Cu (1) or d*° configuration. Covel-
lite, on the other hand, has a strong peak (B) at 932.2 eV,
representing Cu (I1) bonded to sulfur. There is aso a contribu-
tion from the 3d-4s states of Cu (I) at 935 eV (peak D)
consistent with the presence of Cu (I). The pre-edge feature
(peak B) at 932.4 eV in the Cu L-edge of chalcopyrite can only
be explained by the presence of Cu (I1) in the minera structure,
i.e., a Cu**Fe?*S, configuration.

The iron L-edge (Fig 2c) supports the Cu®"Fe?*'S, config-
uration. The Fe L-edge of chalcopyrite is the same as that of
mackinawite (FeS), which contains Fe (1) in tetrahedral coor-
dination with S>~. The Fe L4- and L-edges are single peaks,
athough in high-spin iron compounds the d-orbitals are split
because of excitations to the partially occupied t,4- and ey-like
states. The single peaks in the Fe L-edge of chalcopyrite may
reflect the small tetrahedral crystal field splitting energy, which
is about half that of the equivalent splitting in an octahedral
field, meaning that the two features are simply not resolved.

3.2. Effect of pH on Aqueous Chalcopyrite Oxidation
3.2.1. XAS spectroscopy

Cu, Fe, and S L-edge, and O K-edge spectra were collected
for each of five chalcopyrite samples reacted in air-saturated
sodium nitrate solutions at pH = 1.85 to 10.67. The Cu L-edge
spectra of the agueous samples (Fig. 3) show little variation
with pH, other than that the spectra become noisier and the
signal intensity decreases as the pH tends toward akaline.
Comparison of the spectra with those taken for a sample
cleaved in N, and aso for other chalcopyrite samples whose
surfaces were “cleaned” using argon sputtering, revea that the
Cu L-edge corresponds to that of the unoxidized mineral. The
uniformity of the spectra, even as pH is atered, suggests that
either the Cu L-edge is sampling only the bulk mineral or that
the copper component of chalcopyrite remains relatively un-
changed during agueous oxidation. Mielczarski et al. (1996)
observed various ferric and ferrous oxides and hydroxides on
chalcopyrite surfaces but found an insignificant amount of
copper oxidation species. Brion (1980) also found that, after
exposure of freshly ground chalcopyrite to distilled water, the
only change is the formation of Fe oxyhydroxide or hydroxide
within the first layers of CuFeS,. Grano et al. (1997) suggested
that copper remains bonded to sulfur and ruled out the presence
of copper oxides on the basis that the Cu(2p) spectrum showed
only the characteristic chalcopyrite peaks. Grano et a. also
attributed all oxide components to iron rather than copper
oxides and confirmed an absence of any aqueous copper spe-
ciesin the supernatant solutions. Our data similarly suggest that
Cu is not present in the oxidation layer. The noisiness of the
akaline samples may indicate the presence of a thick iron
(oxyhydr)oxide coating, diminishing the Cu signal.

Unlike the Cu L-edges, the Fe L-edges of chalcopyrite (Fig.
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Table 1. Peak energies and assignments in Cu L-edge spectra.

Peak Energy/eV Peak Assignment Example minerals
A 931.4 eV Cu (2p) = Cu (3d)-like states in Cu (I1)-O Tenorite
Air oxidation chalcopyrite
Air oxidation copper sulfides.
B 932.3-932.4 eV Cu (2p) = Cu (3d)-like states in Cu (11)-S Covellite, bulk chalcopyrite
C 933.6 eV Cu (2p) = Cu (3d, 49)-like states in Cu(l)-O Cuprite
Air oxidation chalcopyrite
D 934.6 eV Cu (2p) > Cu (3d, 49)-like states in Cu(l)-S Chalcocite, covellite

43) show a marked change between pH 3.28 and 5.25 that
results from the formation of a surface oxidation layer. Under
strongly acidic conditions, the Fe L ;-edge consists of a single
peak (c') at 708.8 €V. The dominant contribution to the Fe
L-edge is from the unoxidized bulk iron. Above pH 3.28 there
is an additional peak (&) at 710.2 eV, the intensity of which
increases from pH 5.25 to 10.67. This marks the increasing
oxidation of the surface, and the formation of a phase with
octahedral ferric iron. Under the most alkaline conditions, the
Fe L-edge closely resembles those of the iron (oxyhydr)oxides
hematite, a-Fe,Os, and goethite, «—FeOOH (Fig. 4b). Overall,
the changes in the Fe L-edge spectra are showing the progres-
sive oxidation of chalcopyrite from highly acidic conditions
(<pH 3.28), where bulk iron is the dominant contributor to the
spectrum and the chal copyriteis only mildly oxidized, to highly
akaline conditions, where the surface iron consists entirely of
a ferric oxidation product.

The O K-edge is a much more sensitive probe of surface
oxidation products (Table 3) than the metal L-edges, as there
can be no bulk contribution to the spectrum. The chalcopyrite
sample, cleaved and stored under N,, has a weak and noisy
oxygen spectrum; hence, the surface was nearly pristine. Any
oxidation layer on the aqueous samples must have been formed
in solution. Under acidic aqueous conditions the O K-edge
(Fig. 5a) consists of a single peak (c) in the near-edge region,
at 531.9 eV, followed by a broad structure above 535 €V. The
single pre-edge feature appears to decrease in relative intensity
in going from pH 1.85 to pH 3.28, and by pH 5.25 two
additional peaks (a and b) are clearly visible at 530 and 531.2
eV. These peaks correspond to transitions to the t,,-like and e,
Fe (3d)-like states of octahedral ferriciron. Asthe pH increases
further, the peak (c) dominating the acidic samples decreasesin
relative intensity, becoming completely insignificant at
pH 10.67. The broad high-energy structure above 535 eV
results from multiple scattering and O (1s) to Fe (4s, 4p)
transitions.

The progressive change in the oxygen K-edge of chal copy-
rite reflects the changing nature of the surface oxide species
with pH. The corresponding change in the Fe L-edge, and

uniformity in the Cu L-edge support previous suggestions that
iron-oxygen species are the predominant oxidation products.
The oxidation phase that forms under acidic conditions is
difficult to identify. The O K-edge spectra are similar to
those of pyrite prepared under almost identical conditions
(this study). Because there is no oxide contribution to the
spectrum at low pH, the most likely stable phase is an iron
sulfate species. The intensity of the pre-edge peak (c) at
531.9 eV is much weaker than in CuSO, (Fig. 9b) or
Fe,(SO,); (Fig. 5b), however. The high intensity of this
peak in the O K-edge of oxidized pyrite (Todd et al., 2003)
was attributed to an Fe-OH bond in the surface phase.
Indeed, the energy position of peak c is very similar to that
of the hydroxide peak (d) seen in the goethite reference (Fig.
5b). The most likely candidate for the low-pH oxidation
product is therefore a ferric (hydroxy)sulfate, such as natro-
jarosite or hydronium jarosite. Unfortunately, the S L-edges
(not shown) are poorly resolved and predominantly show a
bulk mineral contribution. Similarly, octahedral ferric iron
may not be observed in the Fe L-edges because the spectrum
is dominated by contributions from the bulk tetrahedral iron.
This is consistent with the surface being only mildly oxi-
dized at low pH.

The intermediate pH samples appear to consist of a mixture
of the low and high pH phases. Above pH 5.25, the appearance
of peaks a and b marks a change to iron in a ferric (oxyhydr)-
oxide. Comparison of the energy positions and intensity ratios
of peaks in the chalcopyrite O K-edges at high pH with those
of reference ferric minerals (Fig. 5b) reveals that an iron (l11)
(oxyhydr)oxide, probably goethite, is the dominant surface
species on the sample oxidized at pH 10.28. There is aso
evidence for minor amounts of adsorbed water: the small
feature (peak €) discernible at about 534 €V may represent the
transition to the O (2p)-H (1s) antibonding orbital of H,O. The
same feature was observed by Myneni (2002) in an XAS study
of liquid water. We do not expect H,O to be an important
surface phase on our samples, however, because it will desorb
under the ultrahigh vacuum conditions.

Our results are consistent with previous studies: Mielczarski

Table 2. Peak energies and peak assignments in Fe L-edge spectra.

Peak Energy/eV Peak Assignment Example minerals
a 708.8 eV Fe (2p) = tyq-like states of Fe (111) Hematite, goethite (octahedral ferric oxides)
High pH/air oxidation chalcopyrite
b’ 710.2 eV Fe (2p) = ey like states of Fe (l11) Hematite, goethite (octahedral ferric oxides)
High pH/air oxidation chalcopyrite
c 708.8 eV Fe (2p) = 3d-like states of Fe (I1) Chalcopyrite, mackinawite (tetrahedral ferrous sulfides)
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Fig. 3. The Cu L-edges of a series of chalcopyrite samples condi-
tioned in NaNO; electrolyte at arange of pH. The spectra are uniform
in shape across the entire pH range but become noisier under akaline
conditions. This suggests that surface copper is not oxidized but that the
signdl is diminished as an Fe-oxide coating forms at high pH.

et al. (1996) proposed that the mineral surface comprised ferric
or cupric oxides/hydroxides at pH 10. Buckley and Woods
(1984) and Zachwigja (1989) observed the formation of a
hydrated iron oxyhydroxide layer and an iron-deficient chal-
copyrite lattice in air-saturated akaline solutions. A similar
trend in the nature of the surface product with pH was reported
by Yin et a. (1995), who found that electrochemical oxidation
of chalcopyrite depends on pH, with the formation of sulfate
being replaced by that of iron oxide or hydroxide as the pH
increased.

3.2.2. XES

We collected O K-edge XES to further elucidate the nature
of the surface products of chalcopyrite oxidation. O K-edge
XES is a good probe of surface oxidation products because
there is no contribution from the bulk mineral. XES spectra
were taken at excitation energies corresponding to the peaksin
the O K-edge XAS spectra (represented as arrows in Fig. 6).

At low pH, 1.85 (Fig. 6a), all the XES spectra display
a smal peak at 521 eV, and a dominant peak at 525.5
€V. Because no oxide contribution was seen in the O K-edge
XAS, these two peaks may be sampling hydroxide and sulfate,
respectively. This is consistent with our conclu-
sion that a (hydroxy)sulfate, such as jarosite, is present in the
surface oxidation layer. The individua hydroxide and sulfate
contributions were not resolved in the XAS spectra, however,
asthe transition energy between the O (1s) orbitalsof OH™ and

a) c'

pH 1.85

pH 3.28

pH 10.67
L I L I 1 T T I T 1 T 7T I T 17T I7
705 710 715 720 725 730
Energy/eV
b)
Hematite
a
Goethite
T T T 1 | T 1 T T I 1 1 T T I T 1 T 1 ' T T T T I T
705 710 715 720 725 730

Energy/eV

Fig. 4. (4) The Fe L-edges of chalcopyrite samples conditioned in
NaNO; at arange of pH. At low pH, the spectra have a single broad
peak, comparable to that of the bulk mineral. Above pH 5, the spectra
change markedly and consist of two split peaks corresponding to the 3d

o~ and eg-states of octahedral Fe (I11). Thisindicates a transition from
pr| marlly bulk Fe (I1) under acidic conditions (mildly oxidized surface)
to an extensively oxidized surface under akaline conditions. The
proportion of Fe (I11) increases as the pH rises, and the spectra are
consistent with an iron (I11) (oxyhydr)oxide surface species, such a
goethite, a-FeOOH. (b) The Fe L-edges of iron oxide, hematite and
iron (oxyhydr)oxide goethite. The spectra show the characteristic split-
ting of the L5- and L ,-edges, attributed to excitations from the Fe (111)
(2p) states to Fe (I11) t,5- and ey-like states. Thisis typical of iron (111)
in octahedral coordination.

the metal 3d orbitals in the Fe-OH bond is of a similar mag-
nitude to the same transition in SO,%.
At intermediate pH, 6.53, the spectra (Fig. 6b) also show no
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Table 3. Peak energies and assignments in O K-edge spectra.
Peak Energy/eV Peak assignment Example minerals
a 530.2 eV O (19) in 0%~ = t,, Fe (3d)-like states in Fe (111)-O Hematite, goethite (octahedral ferric oxides); high pH/
air oxidation chalcopyrite
b 531.6 eV O (19) in O~ = g, Fe (3d)-like states in Fe (111)-O Hematite, goethite (octahedral ferric oxides); high pH/
air oxidation chalcopyrite
c 531.9 eV O (19) in SO,2~ = Fe/Cu (3d)-like states Ferric sulfate
Copper sulfate
Low pH oxidation chalcopyrite
d 533 eV O (1s) in OH™ = Fe (3d)-like states Goethite (hydroxide component)
High pH/air oxidation chalcopyrite
e ~534 eV O (1) in OH™ = O (2p)-H (1s) antibonding Adsorbed water?
molecular orbital in OH™
f 537.6 eV O (1s) in SO, = S (3p, 49)-0 (2p) antibonding Ferric sulfate
molecular orbital in SO,2~ Copper sulfate
Low pH oxidation chalcopyrite
g 532.3eV O (1s) = Cu (3d, 4s)-like states in Cu (1)-O Cuprite
h 530.2 eV O(ly)in0* > €, Cu (3d)-like states in Cu (11)-O Tenorite
i 534.7 eV O (1s) = Cu (4s, 4p)-like states in Cu (I1)-O Tenorite
j 539.0 eV O (1) = Cu (4s, 4p)-like states in Cu (I1)-O Tenorite
a) b)
c
pH 1.85
Ferric sulfate
¢ b
pH 3.28 a
Hematite
pH 5.25
pH 6.53
Goethite
IIIIIIII!ITIIIIIII\!TI!I]lIIIIII!I
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Fig. 5. (a) The oxygen K-edges of a series of chalcopyrite samples conditioned in NaNO; electrolyte at a range of pH.
Mirroring the pattern observed in the Fe L-edges, the O K-edges show a change between pH 3.28 and 5.25, with a single
peak attributed to excitations from O (1s) states of oxygen in sulfate to an Fe (3d)-O (2p) state of ferric (hydroxy)sulfate,
being replaced by additional peaks at lower energy. The latter are attributed to excitations from O (1s) states of oxygen in
oxide to Fe (I11) t,,- and ey-like states of ferric iron asiron (111) (oxyhydr)oxide becomes more stable with rising pH. (b)
The O K-edges of ferric sulfate, hematite and goethite. Peaks a and b are excitations from the O (1s) to the t,,- and e,-like
states of Fe (I11) in ferric oxide. Peak c isthe O (1s) to Fe (3d)-like transition in sulfate. Peak d represents excitations from
the O (1s) level of oxygen in hydroxide to the Fe (3d)-like levels. Peak f is assigned to transitions from the O (1s) to S
(3p-4s)-0O (2p) antibonding orbital of sulfate.
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Fig. 6. (a) The O K-edge x-ray emission spectra (XES) of chalcopyrite conditioned in agueous solution at pH 1.85.
Arrows show excitation energies in the O K-edge x-ray absorption spectra (XAS). XES spectra sample occupied states of
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oxygen 2p character. (b) XES for sample at pH 6.53. (c) XES for sample at pH 10.67. (d) XES of goethite.

excitation energy dependence, but the O K-edge XES now
consist of asingle peak at 525.5 eV. Thisis consistent with the
presence of an oxide species with a single type of oxygen site,
such as oxide, O*~, in Fe,0,. The spectra are similar to those
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of hematite, Fe,Os, (Sherman et al., unpublished). Fe,O; may
be the dominant surface product, athough this conflicts with
the corresponding XAS data (Fig. 5). It is possible that we are

simply not resolving contributions from oxygen in OH™
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Fig. 7. (@ The Cu L-edges of air-oxidized chalcopyrite. For the
oxidized samples, the initial peak (A) is a Cu (I1)-O contribution. The
shoulder (B) isremnant bulk Cu (I1)-S. Peak C correspondsto Cu (1)-O.
The surface is extensively oxidized and comprises both Cu (1) and Cu
(1) oxides. (b) The Cu L-edges of cuprite, Cu,O, and tenorite, CuO.
For cuprite there are no unoccupied 3d-states, so we would not expect
to see a Cu L-edge. The asymmetric peak (C), however, represents the
Cu (I) (2p) to Cu (I) (3d-49) transition and is allowed due to 3d-
character in the unoccupied states, resulting from 3d-4s hybridization.
The first peak (A) is Cu (I11)-O contamination. The tenorite spectrum
shows transitions from the Cu (I1) (2p) to Cu (I1) (3d) states.

Under strongly akaline conditions, the most likely surface
oxidation species, based on the XAS data (Fig. 5), is an iron
(oxyhydr)oxide such as goethite. This is verified by the XES
data (Fig. 6¢). Excitation at 533.86 eV yields both a 525.5 eV
emission and a peak at 521.8 eV. The latter corresponds to
oxygen present as hydroxide, OH™, as seen in the reference
spectrum of goethite obtained at ALS (Fig. 6d). On variation of
the excitation energy, the spectra selectively sample first the
oxide, and then the oxide + hydroxide components in the surface,
each having different binding energies. Thus the change in the
XES spectra with excitation energy revea the presence of
inequivalent oxygen sites (oxide and hydroxide) in aniron (111)
(oxyhydr)oxide oxidation species such as goethite, consistent
with the earlier conclusions based on XAS data.

3.3. Air Oxidation of Chalcopyrite

3.3.1. XAS spectroscopy

Cu, Fe, and S L-edge, and O K-edge spectra were collected
for two chalcopyrite samples oxidized under ambient atmo-

a) b

Chalcopyrite 1

Chalcopyrite 2

LN L I L Y L B

705 710 715 720 725 730
Energy/eV

Chalcopyrite 1

Chalcopyrite 2

T T T I T T T T I T T T T I T T T T
160 165 170 175 180
Energy/eV

Fig. 8. (a) The Fe L-edges of air-oxidized chalcopyrite. The domi-
nant surface iron state for oxidized chal copyrite is octahedral Fe (l11).
This is consistent with the presence of an iron (I11) (oxyhydr)oxide or
sulfate. (b) The S L-edges of air-oxidized chalcopyrite. The spectrum
of the oxidized surface is dominated by a broad feature around 173.4
eV. This indicates the presence of sulfate on the mineral surface.

spheric conditions (T = 20°C, P, ~0.02 bar) for at least 7
days.

For both chalcopyrite samples the copper L-edge (Fig. 7a)
has a feature at 931.4 eV (peak A). This correlates with the Cu
(2p) — Cu (3d)-like transition in CuO (Fig. 7b); indicating that
there has been a change in coordination from surface Cu (11)-S
to Cu (I1)-O. In one sample the small peak (B) at 932.3 €V is
assigned to an excitation to the Cu (3d)-like states of the bulk
Cu?*bonded to sulfur, as seen in the corresponding spectrum of
covellite (Fig. 28). The asymmetric peak at about 953.6 eV
coincides with a similar feature in the Cu L-edge spectra of
Cu,O (Fig. 7b) and Cu,S (Fig. 2a). This feature is attributed to
the 2p-3d channel of Cu (1) and results from 3d-4s hybridiza-
tion (Grioni et a., 1989b). The presence of Cu (I) oxides
indicates that there must be some surface disproportionation
occurring to give amixture of copper (1) and copper (1) oxides,
with the relative proportions of each depending on the extent of
oxidation.

The Fe L-edges (Fig. 8a) of both oxidized chalcopyrite
samples reveal that iron species are present in the Fe (111) state,
with split peaks (&' and b’) present in the L;-edge at 709 and
710.5 eV. This is characteristic of al the iron (111) (oxyhydr)-
oxides studied and is attributed to the splitting of the Fe (I11)
(3d) orbital due to octahedral coordination with oxygen.
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Fig. 9. (8) The OK-edges of air-oxidized chalcopyrite. The spectra
have a complex low-energy structure, indicating the presence of vari-
ous surface oxide phases. Unfortunately, the Cu 3d- and Fe 3d-stateslie
at similar binding energies and cannot be distinguished. Peak f, how-
ever, reveals the presence of sulfate. (b) The O K-edges of copper
sulfate, cuprite, and tenorite references. Copper sulfate has a main peak
(f), which is assigned to transitions from the O (1s) to S (3p, 49)-O (2p)
antibonding orbital. The small pre-edge peak (c) is the O (1s) to Cu
(3d)-O (2p) transition. For cuprite, the absence of a pre-edge peak is
compatible with the fully-occupied d*° electronic structure. The strong
pre-edge peak (h) in tenorite indicates a transition to unoccupied
3d-like states of Cu (I1)-O.

The S L-edges of air-oxidized chalcopyrite (Fig. 8b) have a
broad peak at about 173.5 eV, attributed to the presence of
sulfate in the surface oxidation layer. The XPS observations of
Buckley and Woods (1984) also showed that sulfate can form,
aong with Cu (1) species after prolonged air oxidation of the
chalcopyrite surface.

The oxygen K-edges of air-oxidized chalcopyrite (Fig. 9a)
are complex and probably have contributions from both copper
and iron oxidation products. Between 528 and 534 eV there are
numerous pesks buried in a broad feature, corresponding to
transitions to the Fe (3d)-like orbitals of ferric iron and the Cu
(3d, 4s)-like orbitals of Cu (1) and Cu (ll). The surface is

oy

T T[T T[T T T rrfrrrrrrrrrrrr
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XES

w.  Elastic peak

530.06 eV

510 515 520 525 530 535 540
Energy/eV

Fig. 10. The O K-edge XES of air-oxidized chalcopyrite. Smilarly to
the X ES spectrum of chalcopyrite oxidized in acidic agueous solution, the
spectra have a double-pesked structure at al excitation energies. This may
be indicative of sulfate on the mineral surface. The smaller peak ratio
however, probably means that there are additional contributing species,
compatible with the surface being a complex mixture of copper and iron
(oxyhydr)oxide and sulfate oxidation products.

probably heterogeneous and composed of a complex mixture of
iron and copper oxides and sulfates. The presence of sulfatesis
indicated by the strong peak (f) at 537.5 eV in both chalcopyrite
samples. This can be assigned to the same O (1s) — S (3p,
45)-0 (2p) transition as in the O K-edge spectra of both ferric
and cupric sulfate (Figs. 5b and 9b).

3.3.2. XES

The O K-edge X-ray emission spectra of air-oxidized chal-
copyrite (Fig. 10) show a double-peaked structure, but the
intensity ratio of the two peaks is much lower than that dis-
played by any of the agueous samples. Both features are present
at al excitation energies. Although the O K-edge XAS spec-
trum for air-oxidized chalcopyrite resembles closely that of
iron (111) (oxyhydr)oxide (Fig. 5b), the XES reveal that thisis
not the only species present. Because goethite contains two
oxygen types (O?~ and OH ™), we would expect to see a strong
excitation energy dependence of the spectra (see Fig. 6d).
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Instead, the double-peaked structure is present at all excitation
energies. This suggests that there is at least one other species
present. The low-pH aqueous sample (Fig. 6a) aso showed a
double-peaked structure (attributed to sulfate and OH™ oxy-
gen). Hence, we conclude that the air-oxidized chalcopyrite
surface consists of both sulfate and oxy(hydroxide) species.
Buckley and Woods (1984) suggested that initial iron hydrox-
ide formation is followed by the appearance of iron sulfate,
with a CuS layer developing beneath the uppermost surface.
Pratesi and Cipriani (2000) have also suggested that the surface
oxygen contribution is provided by both iron and copper sul-
fates. The oxidized surface is obviously heterogeneous and
contains various metal oxide and sulfate species. Unfortu-
nately, the individua features cannot be distinguished in the
XES spectra.

4. CONCLUSIONS

The surface oxidation layer on chalcopyrite in agueous so-
lution changes markedly with pH. Under strongly acidic con-
ditions, the surface phase appears to be a ferric (hydroxy)sul-
fate. At high pH, the major surface phase is an iron
(oxyhydr)oxide, probably goethite. The spectra demonstrate a
progressive transition between these species asthe pH israised.
Copper is not present in the surface oxidation layer. Soluble
copper oxidation products may be leached from the surface and
go into solution.

For air-oxidized chalcopyrite, the O K-edge XAS spectra
again show the presence of iron (lll) (oxyhydr)oxide
species but, in this case, the copper L-edges reveal that the
surfaces also contain copper oxidation products, in contrast to
the aqueous samples. Sulfate is revealed as an important spe-
ciesin the S L-edge spectra. The XES spectra also point to a
complex oxidized surface, probably consisting of a mixture of
CuO (tenorite), FEOOH (goethite), copper and/or ferric iron
sulfates, and possibly Cu,O (cuprite) or Cu,S (chalcocite)
surface species. Sulfate may be less significant on the surfaces
of agueous chal copyrite samples compared with those oxidized
in air because of its high solubility in water.
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