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The surface species produced by the anodic oxidation of hydrosulphide ions at galena surfaces have
been determined by X-ray photoelectron spectroscopy. Components in the S(2p) spectrum appeared
at binding energies typical of sulphur atoms in an oligosulphide. The relative intensities of these com-
ponents suggested that lead oligosulphides with sulphur chain lengths of up to S; (or Sg if a chelate)
had been formed on the mineral surface. No evidence was found for the deposition of elemental sul-
phur. The oligosulphide is associated with a dispersed layer of lead sulphide formed by interaction of
oxidized lead species and HS™. Investigations were also carried out on the surface oxidation of galena
on exposure to air. Previous findings that the formation of lead hydroxide becomes evident from a
shifted component in the Pb(4f) spectrum without any new sulphur environment being apparent
from the S(2p) spectrum were confirmed. This behaviour is ascribed to diffusion of lead atoms
from the bulk to maintain only a small metal deficiency in a lead-deficient sulphide layer formed con-

comitantly with lead hydroxide.

1. Introduction

The products of the interaction of galena surfaces
with alkaline sodium sulphide solution are of interest
from both practical and theoretical viewpoints. The
beneficiation by flotation of oxidized base-metal ores
and sulphide ores containing oxidized base metal
minerals is increasingly being carried out after treat-
ing the ore with sodium sulphide [1, 2]. Crozier [2]
considers ‘“the new popularity of sulphidisation is
due to the availability of reliable electrode probes
that can assure the availability of sufficient sulph-
hydrate ion concentration for surface sulphidisation,
while keeping the total NaHS concentration lower
than the depression range”. The concept of using elec-
trode sensors for CPS (controlled potential sul-
phidization) was devised in CSIRO, Australia [3, 4].
This concept has also been developed in Russia at
Mekhanobr [5] and has been applied successfully in
practice to the treatment of lead—zinc and other ores.

In addition to operating as an activator for oxidized
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minerals and as a selective depressant for the
separation of sulphide minerals, sulphur(—II) species
in solution can induce flotation in the absence of con-
ventional collectors [6, 7]. In this role, sulphur(—II)
species function through reaction with oxygen to
deposit sulphur on the mineral surface. Self-induced
flotation of sulphide minerals, including galena, can
also occur through surface oxidation {8]. Therefore,
for optimization of flotation performance, it is
important to know how each mineral species in a com-
plex ore responds to the flotation environment.
Galena is often one of the valuable constituents in
such polymetallic sulphide ores, but its surface has
yet to be fully characterized following interaction
with hydrosulphide solutions.

The deposition of sulphur on to the surface of
galena by oxidation of sulphur(—II) species has been
compared [9] with that on gold, pyrite and chalco-
pyrite using the rotating ring disc electrode
(RRDE) technique in order to elucidate depressant
action and sulphur-induced flotation. It was shown
that the reaction proceeded on each surface through
oligosulphide (polysulphide) ion intermediates with

513



514

A.N. BUCKLEY, ET AL.

the fraction of the current resulting in oligosulphide
increasing in the order gold = pyrite < chalcopyrite
< galena. Depressant action was considered to
involve oxidation of sulphur(—II) lowering the
potential of the mineral below the value at which the
surface interacts with the collector, while only
proceeding to the oligosulphide ion stage. Sulphur-
induced flotation occurs at low sulphur(—II) con-
centrations in which situation the potential increases

- into the region where oligosulphide ions are oxidized
further to sulphur.

X-ray photoelectron spectroscopy (XPS) studies
have been carried out to characterise the sulphur
product of the interaction of hydrosulphide ions
with gold [10], pyrite [11, 12], chalcopyrite [12],
sphalerite [13] and chalcocite [14]. The initial sulphur
layer on gold was found to be a gold sulphide species
and this confirmed previous electrochemical findings
[15] that showed the oxidation of hydrosulphide ions
to give rise to an anodic prewave with a charge
equivalent to a sulphur fractional surface coverage
of about 0.4. Multilayer sulphur deposited on gold
was found {10] to have a lower volatility and a smaller
electron binding energy than bulk elemental sulphur
and it was suggested that this could be due to the
layer being an oligosulphide.

Support for this hypothesis has recently been pro-
vided by surface-enhanced Raman spectroscopy [16]
and scanning tunneling microscopy [17]. In the latter
study, sulphur was deposited electrochemically and
the initial layer was identified as adsorbed mono-
meric sulphur with a coverage of 1/3 in a
(+/3 x v/3)R30° structure with respect to the gold
lattice. Multilayer deposition gave rise to arrays of
rectangular close-packed structures which consisted
predominantly of Sz rings but with S-S bond
distances significantly greater than those of bulk-
phase polysulphur, and similar to those in
oligosulphides.

The oxidation of hydrosulphide ions on chalcocite
[14] results in the formation of copper sulphides of
lower copper content. The initially deposited sulphur
layers on sphalerite [13] and chalcopyrite [12] have an
effective oxidation state of less than zero and behave
as a metal-deficient sulphide layer similar to that
created at the surface of the mineral on oxidation
[13, 18, 19]. This suggests that the oxidation of
hydrosulphide ion on these surfaces first results in
an extension of the sulphide lattice with a
separate sulphur phase only occurring for thick
layers. In contrast, the initial layer of deposited
sulphur on pyrite [11, 12] was found to be in the
elemental form.

The nature of the sulphur deposited on galena as a
result of interaction with hydrosulphide ions is also
relevant to attempts to elucidate the mechanism of
the surface oxidation of this mineral. Studies of the
initial stages of galena oxidation by XPS {20-22]
have shown that a shifted Pb(4f) intensity appears
which is indicative of the development of oxidized
lead species, but that no new sulphur environments

become apparent. In contrast, the formation of a
metal-deficient sulphide in the surface oxidation of
chalcopyrite [18, 19] and pyrrhotite [23, 24] is
evident from shifted components in the S(2p) spec-
trum. These sulphur-rich phases are important
since they appear to be responsible for self-induced
flotation [25]. .

In this communication, the results of investigations
carried out to characterize the sulphur layer formed
on galena are presented. A reexamination of the
initial oxidation of galena in air with a spectrometer
enabling the use of monochromatized X-rays, low
electron take-off angle and small analysis area is
also reported.

2. Experimental details

The galena investigated was prepared from large,
natural crystals from the Zinc Corporation Mine,
Broken Hill, NSW, Australia. Electron microprobe
analyses of two of the surfaces examined by XPS
indicated that the only significant impurities were
0.06% Sb at one surface, and 0.07% Sb and 0.02%
Cu at the other. XRD analysis showed that the
galena was not a single crystal, but the fracture sur-
faces were predominantly aligned in the {100}
direction. The mineral studied was from the same
source as that used in some previous XPS investi-
gations [20, 22, 26, 27].

The X-ray photoelectron spectra were obtained
with a Perkin—Elmer 5400 spectrometer at an operat-
ing pressure below 107%Pa and using monochroma-
tized AlK, radiation (600W). Electron take-off
angles of 15° and 45° were used for fracture and
abraded surfaces, respectively. Pb(4f), S(2p), O(1s)
and C(1s) spectra were determined at an analyser
pass energy of 8.95eV, and combined S(2p)/Pb(4f)
spectra (to monitor the shape and level of the back-
ground in the S(2p) binding energy region) at a pass
energy of 17.90eV. In most cases, specimens were
transferred to a precooled (< —100° C) sample stage
in the analyser chamber within a few minutes of
evacuation of the nitrogen in the sample introduction
chamber, however the sample stage in the intro-
duction chamber was only slightly below room tem-
perature. Samples were cooled as soon as possible in
order to prevent sublimation of any moderately
volatile reaction products that might have been
formed at the surfaces studied, and to minimize
radiation-induced  decomposition of reaction
products.

Abraded surfaces treated with sodium sulphide
solution for XPS analysis were maintained at the
desired potential by means of a pH 150 (Russian)
potentiostat and a Volta (Russian) Ag/AgCl, sat.
KCl electrode. Experiments carried out to examine
the visible surface layer used a PAR 173 potentiostat
fitted with a PAR 179 coulometer. All potentials
referred to in this paper are presented with respect
to the SHE, assuming the Ag/AgCl electrode has a
potential of —0.200V relative to the SHE [28]. The
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Fig. 1. S(2p) spectra from abraded galena surfaces: (a) exposed to
air for < 1min; (b) maintained at 0.200V for 20min in 2 x
1073 moldm™> sodium sulphide solution at pH9.2; (¢) maintained
at 0.200V for 20min in 2x 10~ moldm™ sodium sulphide
solution at pH9.2 and allowed to warm to ambient temperature
within the spectrometer.

mineral sample used for these experiments consisted
of a solid piece of galena mounted in resin to form a
cylindrical electrode about 10mm in diameter and
4mm thick. A Viton O-ring of internal diameter
7mm incorporated within a specially constructed
holder restricted contact of the cylinder with the
solution to the central area of one face. The faces of
the cylindrical electrode were abraded under distilled
water and washed immediately before mounting in
the electrode assembly and subsequent insertion into
the electrolytic cell containing the hydrosulphide
solution which had been deoxygenated by saturation
with nitrogen. The sodium sulphide solution included
0.05moldm™ sodium tetraborate that buffered the
pH to 9.2.

3. Results and discussion
3.1. Reference spectra

The shape of the background in the S(2p) region for
galena is quite complex, largely because of the
Pb(4f) energy loss spectrum. Nevertheless, on bal-
ance the S(2p) spectrum is preferred over the S(2s)
for obtaining chemical information because the 2p
doublet peaks are significantly narrower and more
intense than the 2s peak, and a change in the
apparent intensity ratio of the 2p doublet com-
ponents can be a sensitive indicator of the presence
of a low intensity doublet at higher binding energy.
However the S(2p) and Pb(4f) spectra from galena
surfaces can only be interpreted correctly if due con-
sideration is given to the shape of the background.
Accordingly it is necessary to determine the S(2p)
and Pb(4f) spectra and their associated backgrounds
for essentially unaltered galena for comparison with
spectra from hydrosulphide-treated surfaces, and for
surfaces allowed to oxidize in air.

Reference spectra were determined for fresh galena
surfaces prepared by fracture, by dry abrasion in air,
and by wet abrasion in air followed by washing with

distilled water, and insertion into the spectrometer
within 1min of exposure. Some oxidation at the
abraded surfaces could be detected from the O(ls)
and C(ls) spectra, nevertheless the S(2p) spectra
were essentially the same as those from fresh fracture
surfaces. A very small component arising from lead—
oxygen species was evident in the Pb(4f) spectrum
from the dry abraded surface, but these species were
not detectable in the case of surfaces which were
washed after wet abrasion.

Figure 1(a) shows the S(2p) spectrum from a galena
surface immediately after wet abrasion. A broad, low
intensity hump between 163 and 167 eV, presumably
due to a feature in the Pb(4f) energy loss spectrum,
is present in the background on the high binding
energy side of the S(2p) peak. The Pb:S intensity
ratio for this surface, estimated by assuming straight
line backgrounds beneath the Pb(4f) and S(2p)
peaks, by using the Perkin—Elmer sensitivity factors,
and by assuming, implicitly, a homogeneous surface
layer, was 1.1:1. The deviation of this ratio from
unity probably reflects inadequate assumptions con-
cerning the shapes of the backgrounds as well as
some lead enrichment at the surface in response to
the presence of oxygen at the surface [20, 29].

3.2. Surfaces treated with hydrosulphide solution

Abraded galena surfaces were examined by XPS after
immersionin2 x 107> moldm 3 or2 x 10™* mol dm™>
sodium sulphide solution at pH 9.2 under controlled
potential. In each case the electrode was held initially
at —0.4V (typically for 4min) to remove any
oxidation products formed during the brief exposure
to air that occurred between abrasion and insertion
into the electrochemical cell. The products of surface
oxidation are known [30] to be reduced under these
conditions but the potential applied was insuf-
ficiently negative to allow cathodic reduction of the
mineral lattice [30]. The potential was then increased
to the desired value for a period of up to 20 min, after
which the electrode was removed rapidly from the
hydrosulphide solution, washed with distilled water
in air, and transferred to the spectrometer.

The S(2p) spectrum from a galena surface main-
tained for 20min in 2 x 10 moldm™ hydro-
sulphide solution at 0.200V (Fig. 1(b)) exhibits new
intensity shifted to higher binding energy from the
doublet due to galena. The high binding energy com-
ponent accounts for about 30% of the total S(2p)
intensity, and therefore would represent more than a
monolayer if the sulphur were present as a uniformly
deposited cover. The S(2p) spectrum cannot be fitted
adequately with only one doublet in addition to that
for the galena substrate; two additional doublets are
required (Fig. 2) shifted by 1.25eV and 2.65¢V from
the galena 2p;,, binding energy of 160.35¢V, with
linewidths of 0.8eV and 0.95¢V, and accounting for
10% and 20% of the total S(2p) intensity, respec-
tively. The Pb: S atomic ratio at the treated surface
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was 0.85:1 which represents a significant enrichment
in sulphur compared with a fresh surface.

A binding energy of 163.0eV (the component
shifted by 2.65¢V) is too low to arise from elemental
sulphur; in fact the linewidth of the fitted component
(0.95¢V) is too low for the spectrum to be consistent
with even a very low concentration of elemental sul-
phur to be present. The binding energy for elemental
sulphur, deposited on pyrite from hydrosulphide
solution in relatively thick layers, but which neverthe-
less exhibited no measurable charging, was 163.6eV
relative to Au(4f);/; = 83.9¢eV [12]. At Mekhanobr,
the binding energy for a solid piece of natural elemen-
tal sulphur has been measured at 163.8 ¢V relative to
C(1s) = 284.6eV for adventitious carbon. Szargan
et al. [31] reported a value of 164.1¢V for elemental
sulphur deposited on pyrite, and Bancroft and
coworkers quote values of 163.7e¢V and 164.0eV
[32, 33]. Thus a binding energy of 163.0eV is at least
0.6¢eV less than the value for elemental sulphur; con-
sequently the species present at the surface cannot
be sulphur with an effective oxidation state of zero.

A binding energy of 163.0¢eV is consistent with sul-
phur in a severely metal-deficient sulphide lattice,
however the fitted component at this binding energy
has a relatively narrow linewidth and therefore would
not be representative of a range of electronic environ-
ments. A range of environments is usually
encountered in such a metal-deficient sulphide
phase, for example, that observed at the surface of
oxidized chalcopyrite [18, 19].

The binding energy and the linewidth of both the
component at 163.0 and that at 161.6eV are con-
sistent with sulphur environments in metal oligosul-
phides. S(2p) spectra from oligosulphides of copper
[34], platinum [34, 35], and rhodium [35], revealed dif-
ferent electron binding energies for the structurally
distinct sulphur atoms in the oligosulphido ligands.
The binding energy of sulphur atoms bonded to the
metal was in the range 161.5-162.0eV and similar
to that for the corresponding metal sulphide. Sul-
phurs two and three atoms remote from the metal
atom were found to have 2p binding energies about
1eV and about 1.5eV greater. These findings suggest
two possible interpretations of the shifted components

in the hydrosulphide-treated galena spectrum in terms
of a lead oligosulphide. First, the sulphur atom
bonded to lead could have a binding energy similar
to that in galena and the S(2Zp) components shifted
by 1.25eV and 2.65eV arise from sulphur environ-
ments one and two or three sulphur atoms remote
from the metal atom, respectively. Four sulphur
atoms must be considered since the ratio of the
intensities of the two shifted components was 1:2.
Thus the spectrum shown in Fig. 1(b) and Fig. 2 can
be rationalized by the bonding of predominantly S,
oligosulphide monodentate ligands to the lead atoms
in the galena surface. It is also consistent with the
formation of chelate rings with S~ ions acting as
bidentate ligands. An alternative explanation is
possible because the S(2p);/, binding energy for
galena is unusually low (160.4 ¢V) and, since a bind-
ing energy of 161.6 eV is similar to that in the oligosul-
phides studied [34, 35], the doublet shifted by 1.25eV
may be more indicative of sulphur atoms bonded to
the metal. If this second explanation is correct, the
lead oligosulphide would be composed of either pre-
dominantly S; monodentate, or S bidentate ligands.

The Pb(4f) spectrum corresponding to the S(2p)
spectrum in Fig. 1(b) was not discernibly different
from that for unoxidized galena. This indicates not
only that any part of the mineral surface not covered
by adsorbed oligosulphide was not oxidized, but also
that the Pb(4f);/, binding energy for the lead oligosul-
phide was essentially the same as that for galena. This
is in agreement with the Cu(2p);/, binding energy for
[Cus(Ss);s]°~ being similar to that for Cu,S [34], and
the Pi(4f);,, binding energy for [Pt(Ss)s]>~ being
similar to that for PtS, [35].

The majority of the sulphur deposited on to the sur-
face of the galena electrode was lost to the vacuum
when the specimen was allowed to warm to ambient
temperature within the analyser chamber of the spec-
trometer (Fig. 1(c)), however at least some of this loss
may have been stimulated by the X-ray irradiation
and not merely been the result of the vacuum. Com-
parison of Fig. 1(c) with Fig. 1(a) indicates that
some of the component shifted by about 1.2¢V is
retained at the surface at ambient temperature. A
lower volatility for sulphur atoms nearer to lead
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Fig. 2. Fitting of the spectrum shown in Fig. 1(b).
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atoms is in agreement with previously observed
behaviour for other sulphide mineral systems [19].
The Pb: S atomic ratio for the surface at ambient tem-
perature was 1.1:1, consistent with loss of the
majority of the deposited sulphur. As expected, the
Pb(4f) spectra from the surface before and after
warming were indistinguishable.

A galena electrode, maintained for 20min in
2x 10 moldm™  hydrosulphide solution at
0.200V, gave rise to virtually the same S(2p) spec-
trum as that for the more concentrated solution
shown in Fig. 1(b). The S(2p) spectrum determined
at < —100°C from a surface maintained for only
5min in 2 x 10~ moldm™ hydrosulphide solution
at 0.200 V was similar to that in Fig. 1(c). Thus, not
only was there a lower sulphur coverage, but the oli-
gosulphide produced had a shorter chain length
(about S, if monodentate or S, if bidentate). The
fact that the chain length is less for the surface polar-
ized for the shorter time suggests that the sulphur is
more likely to be deposited as individual atoms than
as oligosulphide ions.

The anodic charge passed suggests that a multilayer
of sulphur would have been formed. During the con-
trolled potential period in 10~ moldm™ hydrosul-
phide solution, the current was initially 310 A cm™>
and fell to 130, 70, 50 and 40 uAcm™2 after 30s,
Imin, 5min and 20min, respectively. This corre-
sponds to about 60mCcm ™2 and, if all the charge
resulted in sulphur deposition, then, assuming the
deposition of a monolayer of sulphur requires
0.23mCem™2 [36] and that the roughness factor of
the abraded surface was 6.5 [37], the equivalent of
about 40 layers of sulphur atoms would have been
deposited. In the 2 x 107*moldm™ hydrosulphide
solution, the observed currents were 50 uAcm™2
initially dropping to 15uA cm™2 after 1min and
8 uAcm™ after 10 and 20min. The equivalent sul-
phur coverages after 5 and 20 min, making the same
assumptions as described above, would be about 3,
and 10 atomic layers, respectively.

Furthermore, visible examination of the electrode
that had been held for 20 min in 107> moldm™ HS~
showed a clear change in reflectivity both before and
after the recording of spectra that suggested a sub-
stantial alteration of the mineral surface. The change
appeared to be greater than was accounted for by the
oligosulphide layer revealed by XPS and more con-
sistent with the charge passed in depositing the
layer. To explore this apparent discrepancy, further
electrochemical investigations of the PbS/HS™ sys-
tem were carried out. The surface of a galena elec-
trode was examined after being held at different
potentials in the range —0.15 to 0.2V in pH9.2
solution containing 10> mol dm™ HS™ until an ano-
dic charge of 60mCcm™ had been passed. At
potentials below about 0.1 V, no change in the appear-
ance of the surface was discernible, whereas, at more
positive potentials, a change in optical reflectivity
was evident and this became more distinct with
increase in potential.

A galena electrode was held at 0.2V in pH9.2
solution containing 10 moldm™ HS™ until
150mCem ™2 of anodic charge had been passed.
After washing and drying the electrode, transparent
adhesive tape was attached to the surface. On with-
drawal, the dark layer responsible for the reflectivity
change had been transferred to the tape. Scanning
electron microscopic examination of this layer
showed it to consist of highly dispersed material
together with coherent fragments of galena. Micro-
probe analysis of both these constituents showed
them to be PbS with a Pb:S ratio of 1:1 within the
accuracy limits of the probe. As expected from this
analysis, the dispersed material was found to be
insoluble in a range of organic solvents.

The potential at which the dark surface layer begins
to appear coincides with that for the onset of anodic
oxidation of galena. The latter reaction commences
at about 0V at pH9.2 and increases rapidly above
about 0.2V [30]. Polarization of a galena electrode
at 0.2V in tetraborate solution in the absence of
HS™ did not result in a discernible change in the
mineral surface and hence the change in reflectivity
must involve interaction with HS™,

Oxidation of galena in alkaline media results in lead
being extracted from the mineral surface to form an
overlayer of lead—oxygen species, leaving a metal-
deficient sulphide [20]. It is suggested that the over-
layer reacts with HS™ to form a dispersed PbS layer.
In addition, the excess sulphur left in the galena
lattice could become involved in the oxidation of
HS™ in the same manner as surface intermediates in
the oxidation of HS™ to oligosulphide ions on goid
or sulphide minerals [9]. This reaction could be repre-
sented by:

yPb1_,S +zHS™ + zOH™
— (1= x)PbS + 8%, +zH,0 + 2(z — 1)~
(1)

The overall mechanism is essentially one of oxidation
of HS™ to oligosulphide ions coupled with recon-
struction of the mineral surface. The bulk of the
charge passed at 0.2V would be accounted for by
this process with only a fraction arising from the
formation of a surface lead oligosulphide. The latter
species might be formed on the dispersed PbS as
well as at the unaltered galena surface, so that not
all of the lead oligosulphide would necessarily be
detectable by XPS.

The suggested explanation of the experimental
observations is not inconsistent with the results of
previous RRDE studies. Oligosulphide ion for-
mation accounted for 20% and 10% of the total cur-
rent for galena in 1 x 10~ and 2 x 10”*moldm™>
HS™, respectively, at 0.2V on a 10mVs™' potential
scan when the electrode was rotated at 70Hz [9].
Also, the current arising from oxidation of HS™ on
galena under these conditions was inhibited at
potentials above 0.1V, but that from oligosulphide
ion formation was unaffected. Thus, the proportion
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Fig. 3. S(2p) spectra from galena fracture surfaces determined at
< —100° C and with an electron take-off angle of 15°: (a) exposed
to air for 15min; (b) exposed to air for < 1 min.

of the charge due to oligosulphide ion formation is
expected to increase significantly with time when an
electrode is held at a constant potential.

A comparison was made in the introduction
between XPS studies of sulphur(—II) oxidation on
gold [10], pyrite [11, 12}, chalcopyrite [12], sphalerite
[13] and chalcocite [14]. Chalcocite represents a spe-
cial case since there are a series of stable phases of
higher sulphur content that can be formed. Of the
others, the XPS studies suggest that involvement of
the mineral in the sulphur(—II) oxidation reaction to
form a metal-deficient sulphide or oligosulphide
rather than elemental sulphur increases in the order
pyrite < gold < chalcopyrite < galena. This order
is similar to that for the formation of oligosulphide
ion intermediates [9] of gold ~ pyrite < chalcopyrite
< galena.

3.3 Sulphur product of the oxidation of galena surfaces
on exposure to air

As discussed elsewhere [19-22], although there is clear
evidence for the formation of lead hydroxide or
hydrated lead oxide during the initial stage of the
oxidation of galena surfaces on exposure to air under
ambient conditions or to alkaline aqueous solutions in
equilibrium with air, a concomitantly formed sulphur
oxidation product has not been detected by XPS. New
sulphur species were identified on galena only after
extended exposure to air, or oxidation in acid
solutions where the lead product is soluble. Inter-
pretation of spectra under the latter conditions was
complicated due to minor elements in the galena
becoming concentrated in the surface region [20].

It has been assumed [19-22] that the initial
oxidation reaction results in the formation of a
metal-deficient sulphide, analogous to the oxidation
behaviour exhibited by other sulphide minerals [18,
19, 23, 24}

PbS + ix0,+xH,0 —— Pb;_,S+xPb(OH), (2)

The lead-deficient phase, Pb,_,S, has not been evident
in the sulphur photoelectron spectra which suggests

the degree of metal-deficiency is not great. Prior
electrochemical experiments [30, 38] had been con-
sistent with the formation of elemental sulphur:

PbS +10,4+H,0 — Pb(OH), +S°  (3)

and it is still frequently assumed that this is the species
present at the mineral surface after limited oxidation
[39, 401.

The initial oxidation of galena on exposure to air
has been reexamined due to the controversy regard-
ing the identity of the products of this process. In
light of previous unsuccessful attempts to detect a sul-
phur product, it is clear that investigation by means of
XPS would require electron spectra determined at low
temperature with maximum surface sensitivity and
resolution, and careful comparison of spectra from
oxidized and unoxidized surfaces. As the surface
sensitivity of previously reported attempts had not
been maximized, usually because of spectrometer or
specimen limitations [19, 20, 22], electron spectra
were determined at an electron take-off angie of 15°
from galena fracture surfaces before and after
oxidation in air under ambient conditions. The
oxidation was allowed to proceed for a period that
was sufficient to give rise to a significant component
in the Pb(4f) spectrum from hydrated lead oxide,
but no detectable component in the S(2p) spectrum
from sulphur—oxygen species such as sulphate. The
use of the S(2p) spectrum for exploring sulphur
species on sulphide minerals has been maintained in
the present search for the sulphur product. Other
workers [41, 42] have advocated the S(2s) to avoid
background problems with the S(2p) spectrum. How-
ever, the appearance of new environments with small
binding energy shifts is much more readily discernible
from an apparent change in the ratio of the intensities
of the 2ps/, to 2py;; peaks and the background dif-
ficulty can be overcome by proper comparison with
reference spectra.

After exposure of a fresh fracture surface to air for
15min, the Pb(4f) spectrum could be fitted with a
component shifted by about 1eV to higher binding
energy, arising from the oxide species, with intensity
accounting for 25% of the total Pb(4f) intensity.
The corresponding S(2p) spectrum (Fig. 3(a)) not
only indicated the absence of sulphur—oxygen
species, but also that part of the spectrum expected
to reveal the presence of a sulphur-rich phase, an
oligosulphide or elemental sulphur, viz., 161-165¢V,
was the same, within experimental uncertainty, as
that from the unoxidized surface (Fig. 3(b)). The
only discernible difference in the spectra was a
slightly higher background on the lower binding
energy side of the S(2p) doublet from the fresh frac-
ture surface. As expected, the S(2p) and Pb(4f)
spectra were unchanged after the specimen had been
allowed to warm to ambient temperature in situ.

Tt could be argued that the S(2p) intensity of the
sulphur-rich phase is masked by overlying lead-
oxygen species. However, even if the intensity of the
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higher binding energy component in the S(2p) spec-
trum were only half that for the Pb(4f) spectrum,
then still the observed S(2p) spectrum would be incon-
sistent with a new sulphur environment; a component
shifted to higher binding energy and accounting for
10% of the total S(2p) intensity would be discernible.

Thus once again, no evidence for a sulphur-rich
phase was obtained during the initial oxidation of
galena on exposure to air, and the previously pro-
posed rationalization for such an observation, in
terms of lead atom migration from the bulk to the sur-
face [20], remains plausible. A new sulphur electronic
environment would only become evident after the
limit of lead atom migration to the surface had been
reached. The oxidative behaviour can not be
explained by impurity migration since similar find-
ings have been made with galena of 99.99% purity
[43].

As pointed out in Section 1, self-induced flotation
of sulphide minerals has been ascribed to the for-
mation of sulphur-rich phases at the mineral surface
[25]. The XPS results suggest that the sulphur excess
at a galena surface is not large and hence that only a
small change in stoichiometry is required to render
the mineral floatable. It could be argued that the
sulphur-excess might be greater immediately after
oxidation and that subsequent lead migration results
in an equilibration of the surface region before
spectra are recorded. It should be emphasized that
the initial products in such a mechanism cannot be
elemental sulphur overlying unaltered galena. These
are the thermodynamically stable phases in the lead/
sulphur system, and lead would not migrate from
the mineral to the sulphur phase to form metastable
lead-deficient sulphide species when isolated in vacuo.

4. Conclusions

Lead oligosulphides are the product of the anodic
oxidation of hydrosulphide ions on freshly abraded
galena surfaces at potentials sufficiently high for
multilayer sulphur deposition. It is suggested that
the formation of an oligosulphide is associated with
reconstruction of the mineral surface resulting from
interaction between HS™ and the products of the
oxidation of galena. No elemental sulphur was
observed on this mineral.

The oligosulphide sulphur atoms have binding
energies of 161.6eV and 163.0eV, typical of the sul-
phur atom binding energies in bulk copper, platinum
and rhodium oligosulphides. The volatility of the sul-
phur atoms having the higher binding energy is
greater than that for the sulphur atoms nearer to the
lead atoms, in agreement with previous observations
for metal-deficient sulphide surface phases. The
Pb(4f) binding energy for the oligosulphide was the
same as that for galena. Sulphur layers deposited at
the same potential for the same and shorter periods
in more dilute hydrosulphide solution suggested that
the sulphur layers were deposited atom-by-atom
rather than as oligosulphide entities.

Photoelectron spectra determined at a take-off
angle of 15° from galena fracture surfaces exposed
to air under ambient conditions confirmed the pre-
viously reported absence of new sulphur environ-
ments resulting from the formation of the lead—
oxygen species. Thus, previous explanations for this
observation, in terms of lead atom migration from
the bulk to the surface to minimize metal-deficiency,
are supported.
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