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Kinetics and mechanisms of the leaching of low Fe sphalerite
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Abstract—The surface speciation and leaching kinetics of 38- to 75-�m sphalerite (0.45 wt.% Fe) particles
reacted in O2 purged perchloric acid (at pH 1.0) at 25, 40, 60, and 85 °C over a leach period of 144 h were
investigated. In all cases, an initial rapid leach rate is observed followed by a slower leach rate. These two
leach regimes can each be adequately modeled using straight-line interpolation, and thus two activation
energies (Ea) have been derived. Ea for the fast and slow Zn dissolution rates were 33� 4 kJ mol�1 and 34
� 4 kJ mol�1 respectively, suggesting the same rate-determining step.Copyright © 2003 Elsevier Science
Ltd

Particles leached at 85°C for 1, 3, 8, 18, and 144 h were
examined using X-ray photoelectron spectroscopy (XPS) and
time of flight secondary ion mass spectrometry (ToF-SIMS).
XPS indicated a progressive increase in disulfide (S2

2�) con-
centration over the entire leach period. Polysulfide surface
species (Sn�2

2�), which were initially observed on 3 h of
leaching, increased progressively in concentration thereafter.
On 144 h of leaching, elemental sulfur, S0, was detected by
XPS on the leached samples and a diffraction pattern for
crystalline elemental sulfur was observed by powder X-ray
diffraction. ToF-SIMS statistical analyses revealed an increase
in S2, S3, S4, and S5 fragments over the first 3 h of leaching and
a progressive decrease in Zn fragment intensity over the 144-h
period, confirming metal deficiency and sulfur polymerisation.

The decrease in Zn leach rate is attributed to the formation of
a thick continuous metal-deficient polysulfide surface layer,
which forms during the initial rapid leach stage and reaches an
equilibrium thickness during the subsequent slow leach rate
stage. It is proposed that either diffusion of Zn2� out of, or
H3O

� into, the polysulfide-enriched surface layer is rate-deter-
mining. The Ea are higher than expected for diffusion through
a liquid (20 to 25 kJ mol�1) but are commensurate with
diffusion through a reacted surface layer. Continued oxidation
of polysulfide surface species and the formation of elemental
sulfur after prolonged leach periods do not contribute to any
noticeable rate decrease and are not considered rate-determin-
ing.

1. INTRODUCTION

The dissolution of sulfide minerals in aerobic aqueous con-
ditions is a major contributor to acid mine drainage (AMD) and
toxic metal release. The effects on the environment by acid
wastewater are well recognised (Alpers and Blowes, 1994;
Evangelou and Zhang, 1995; Jambor and Blowes, 1994; Pak-
tunc, 1999). It is important to the mining sector from both the
environmental and economic perspectives to establish the
mechanisms that govern dissolution rates of different sulfide
minerals. This will enable the problem of AMD to be tackled

via preventative treatments. Considerable effort has been di-
rected toward understanding the oxidative surface reactions of
the iron sulfide minerals that contribute to AMD. Conventional
electrochemical methods and a variety of surface-sensitive
techniques, including X-ray photoelectron spectroscopy (XPS),
Auger electron spectroscopy, and scanning tunneling micros-
copy (STM) have been employed to elucidate these dissolution
mechanisms (Buckley et al., 1989; Hochella, 1995; Karthe et
al., 1993; Kim et al., 1995; Klauber et al., 2001; Laajalehto et
al., 1997; Moses et al., 1987; Nesbitt and Muir, 1998).

Far fewer studies have focussed on the dissolution of zinc
sulfide than pyrite (FeS2). Vaughan and Craig (1978) reported
a value for the solubility product of sphalerite of Ksp � 1 �
10�20.6at 25°C in water. This is in agreement with Daskalakis
and Helz (1993). The predominant focus has been on hydro-
metallurgical applications employing strong oxidising solutions
of FeCl3 to extract metal ions. These studies have shown a
dependence of dissolution rates on ferric ion concentration,
time, temperature, stirring speed, and acid concentration (Bo-
beck and Su, 1985; Olanipekun, 1999; Rimstidt et al., 1994).
Studies by Rimstidt et al. (1994) on the reaction rates of
sphalerite, galena, chalcopyrite, and arsenopyrite in ferric acid
solutions demonstrated a dissolution rate for sphalerite of 7.0�
10�8 mol m�2s�1 and showed that sphalerite dissolved 10
times faster than chalcopyrite.

Where ferric-rich, acid-generated wastes are prevalent, sur-
face coatings can often develop, effectively armouring sulfide
minerals and thus reducing their rate of dissolution. Thomas et
al. (1998) observed a reduction in dissolution rate for pyrrhotite
in aerated conditions. This was attributed to the formation of
metal polysulfides and iron oxy-hydroxide species. Sphalerite
surfaces associated with mine wastes are often covered with
iron oxides, reducing the surface area of the sphalerite exposed
to solution, thus resulting in a decrease in the dissolution rate
(Lin, 1997). Buckley et al. (1989) analysed the surface com-
position of two natural sphalerite minerals of different iron
contents (1.79 wt.% Fe and 5.48 wt.% Fe) using XPS. It was
shown that during leaching the dissolution of Zn resulted in a
surface layer of metal-deficient sulfide and that the altered
surface layer protected the sphalerite from further oxidative
leaching. In hydrochloric acid solutions, the dissolution of the
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low-iron sphalerite resulted in a less altered surface as com-
pared to the high-Fe sphalerite.

In the study reported here, the mechanism of leaching for a
low Fe sphalerite (0.45 wt.%) is examined. Low Fe sphalerite
was chosen so that the dissolution rate and surface layer for-
mation in the absence of major impurities could be established.
The dissolution kinetics of Zn has been determined and the
evolution of surface polymeric sulfur species measured using
XPS and time of flight secondary ion mass spectrometry (ToF-
SIMS). The strength of ToF-SIMS lies in its extreme surface
sensitivity (1 to 2 monolayers) and detection limits (�ppb).
ToF-SIMS in conjunction with XPS can provide a detailed
surface layer characterisation for both the surface (ToF-SIMS)
and near-surface regimes (XPS).

2. MATERIAL AND METHODS

2.1. Mineral Preparation

The 0.45 wt.% Fe -containing sphalerite (Carthage, Tennessee) used
in this study was supplied by Wards Scientific Ltd (New York). Optical
microscopy performed on polished sections of the Carthage sphalerite
showed no evidence of other associated mineral phases (i.e., chalcopy-
rite, pyrite, galena, etc.). This was also confirmed by scanning electron
microscopy/energy-dispersive X-ray analysis (SEM/EDX). The bulk
chemical analysis of the 38 to 75 �m size fraction was carried out by
acid digest followed by inductively coupled plasma atomic emission
spectroscopy (Table 1). The analysis shows that the sphalerite mineral
used in these experiments is 98.80% pure with the remaining �1.20%
comprised of trace impurities. Fe (0.45 wt.%) and Pb (0.28 wt.%) are
the only significant impurities.

The mineral samples were dry crushed and sieved in an enclosed
glove bag purged with inert gas (dry N2) to minimise oxidation of the
freshly ground sphalerite surfaces before introduction into the closed
reaction vessel. A 38- to 75-�m size fraction was collected using a
combination of stainless steel mesh sieves. The final sample was rinsed
with methanol to minimise any attached fine particles that could bias
surface area normalised rate determinations. Scanning electron micro-
graphs before and after this treatment (Fig. 1) illustrate its effective-
ness. The initial surface area of the sphalerite size fraction used in the
leaching experiments was determined by the BET technique based

upon krypton gas adsorption isotherms and was found to be 0.51 �
0.05 m2g�1.

2.2. Batch Reactor Leach Method

Leach experiments were carried our using a sealed batch reactor
vessel consisting of a Teflon stirring impeller, a thermometer to mon-
itor solution temperature, condenser to prevent solvent loss, a gas purge
inlet for the introduction of O2, and an extra port for pH measurements
and sampling during experiments. A 1 dm3 reagent grade perchloric
acid solution adjusted initially to pH 1.0 was aerated with O2 and
heated in a temperature-controlled oil bath to the desired temperature
(25, 40, 60, and 85 °C). Perchloric acid was chosen as its anion does not
complex significantly with mineral surfaces. Also, perchloric acid does
not interfere or complicate the S oxidation products that form on the
mineral surface. Sulfuric and HCl acids, on the other hand, can lead to
surface artifacts which can complicate both the mechanism and the
XPS and TOF-SIMS spectral interpretation.

Five grams of the washed sieved sphalerite was introduced into the
reaction vessel. Solution aliquots of 3 mL were collected periodically
over the 144-h leach period. Solution elemental concentrations of Zn
and S were analysed using inductively coupled plasma atomic emission
spectroscopy. Dissolution rates for Zn were determined per unit surface
area.

2.3. Sample Preparation for Surface Analysis

Samples of sphalerite for surface analyses and X-ray diffraction
(XRD) measurements were prepared using the same conditions as
described in Section 2.1 and leached as described in Section 2.2 at
85°C. Samples were collected after 1 h, 3 h, 8 h, 18 h, and 144 h. The
sample slurry was decanted and washed with pH-adjusted perchloric
acid solution, transferred to an Ar purged specimen tube, and stored in
a freezer. All surface studies were performed within hours of sampling
to minimise any long-term storage effects.

Table 1. Bulk chemical analysis (wt.%) of sphalerite.

Fe S Zn Cu Pb Si Ca Mn

0.45 32.52 66.28 0.08 0.28 0.30 0.07 0.01

Fig. 1. (A) SEM micrograph of freshly ground sphalerite that has not been methanol washed (38 to 75 �m). (B) SEM
micrograph of ground sphalerite rinsed with methanol, thus minimizing fine particle attachment.

Table 2. Zn dissolution rates and Ea (� 1 standard deviation).

Temper-
ature
(°C)

Fast rate Zn
(mol m�2s�1)

Ea

(kJ mol�1)
Slow rate Zn
(mol m�2s�1)

Ea

(kJ mol�1)

Transi-
tion
(h)

25 5.75 � 10�9 33 � 4 1.14 � 10�9 34 � 4 8.6
40 1.55 � 10�8 3.54 � 10�9 7.2
60 1.70 � 10�8 4.51 � 10�8 7.0
85 6.93 � 10�8 1.43 � 10�8 4.4
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2.4. XPS

Each sample was allowed to warm to room temperature. The wet
slurry was removed from the Ar-purged, sealed sample specimen
container. Samples were positioned onto conductive carbon tape and
arranged on an XPS specimen holder. Once positioned, the sample
holder was placed into a transfer vessel. The wet sample was then
introduced into the instrument. The excess moisture on the mineral
surface acts as a protective barrier against further oxidation. Any
residual moisture is evacuated in the introduction chamber. A cold
stage was used during all XPS experiments maintaining sample tem-
peratures at 150 K. This reduces the potential volatility of surface
species, in particular elemental sulfur.

Each sample was characterised by examining the C(1s), S(2p),
Fe(2p), O(1s), and Zn(2p) regions. The XPS operating pressure in the
system during measurement was 2 � 10�8 torr. The expected binding
energy (Eb) for the adventitious carbon C(1s) spectra (284.8 eV) was
used to correct for sample charging. The low Fe-containing sphalerite,
both leached and unleached, exhibited a �4-eV charge shift to higher
Eb. This was corrected by adjusting the entire spectra so that the C(1s)
Eb corresponded to 284.8 eV. S(2p) spectra were fitted and the sepa-
ration and intensity ratio of the S(2p1/2) and S(2p3/2) components was
constrained to 1.18 eV and 1:2, respectively. All S(2p) Eb refer to the

Fig. 2. The dissolution of ZnS at 85°C pH 1 shows two distinct rate
regimes characterized by fast and slow leach rates (a). The last point of
the fast kinetic regime is the same as the first point of the slow kinetic
regime. The slow kinetic regime is also shown in (b). These graphs
demonstrate that a straight line fit provides an acceptable model for
both the fast and slow kinetic regimes.

Fig. 3. Zn:S solution concentration ratios during the dissolution of ZnS at 85°C in pH 1 perchloric acid. These ratios show
an initial elevated ratio after 1 h of approximately 30:1, which then drops to approximately 10:1 and remains relatively
constant from 24 to 120 h of leaching.

Fig. 4. Arrhenius plots for the two different kinetic regimes during
the dissolution of sphalerite in perchloric acid at pH 1.

825Kinetics and mechanisms of leaching of low Fe sphalerite



S(2p3/2) component. A modified Shirley type background was used for
background subtraction. All elemental concentrations derived from
XPS spectra have been normalised to exclude C and O contributions.

2.5. ToF-SIMS

ToF-SIMS spectra were collected using a PHI Model 2100 TRIFT II
system. A pulsed gallium beam was used at 15 kV and 60 pA to analyse
a 150 � 150 �m area at high mass resolution (i.e., 	m/m � 7000 for
silicon). For the high spatial resolution required in the collection of ion
maps, a pulsed gallium ion beam operated at 25 kV and 600 pA was
employed. No charge neutralisation was required as any charge buildup
on the material surface is discharged between the pulsed sequences.
The operating pressure in the system was 2 � 10�9 torr.

The same sample mounting procedure as for the XPS wet slurry
samples was adopted for the samples for ToF-SIMS analysis. ToF-
SIMS spectra were collected from 21 particles for each time period
analysed. Both positive and negative ions were monitored. For com-
parative purposes, fragment intensities were normalised against the
total fragment yield (i.e., the total of 12C, 16O, 17OH, 23Na, 27Al, 32S,
39K, 56Fe, 63Cu, 64S2, 64Zn, 73FeOH, 79CuO, 80SO3, 96S3, 128S4, and
160S5). A Student t-test was used to statistically analyse the data
providing a 95% confidence level for all of the mean intensities. This
statistical procedure has been described by Piantadosi et al. (2000).

3. RESULTS AND DISCUSSION

3.1. Zn Leach Kinetics

Two distinct rate regimes, a rapid rate followed by a slower
rate, are observed during the dissolution of sphalerite at each
temperature (25, 40, 60, and 85 °C, Table 2). Straight line
interpolations to each rate (8 in total) had R2 values of �0.95
(for example, Fig. 2). In all cases the last data point for the fast

kinetic regime is the same as the first data point for the slow
kinetic regime. The fast kinetic regime is represented by at least
4 data points for each temperature, and the slow kinetic regime
is represented by at least 5 data points for each temperature.
Activation energies (Ea) were calculated for both the fast and

Table 3. The leach rates and Ea for sphalerite dissolution from the literature and this study.

Reference
Fe

(wt.%)
pH

range
T range

(°C) Oxidant
In(R)

(mol m�2s�1)
Ea

(kJ mol�1)

Rimstidt et al. (1994) 1.0 2.0 40–60 Fe3� ��7.67 27b

Bobeck and Su (1985) 6.2 2.0 47–87 Fe3� c 46 � 11.3
Crundwell (1987) 0.5 1–1.5 45–85 Fe3� c 59b

4.3 c 44b

7.2 c 51b

9.7 c 32b

Olanipekun (1999) 7.2 NA 70–90 Fe3� c 31b

Perez and Dutrizac (1991) 0.1 NA 50–90 Fe3� c 70b

2.0 c 55b

aFast 0.5 1 25–85 O2 ��7.15 34 � 4
aSlow 0.5 1 25–85 O2 ��7.86 34 � 3

a This study.
b No standard deviation reported.
c Rates in other units not comparable with this study.
NA � not available.

Table 4. XPS total S and Zn concentrations.

Leach time
(h)

S(2p)
(at.%)

Zn(2p)
(at.%)

S:Zn
molar ratio

Ground under N2 50 50 1.0
1 56 44 1.3
3 57 43 1.3
8 61 39 1.6

18 64 36 1.8
144 74 26 2.8

Table 5. XPS S(2p) analysis of sphalerite surfaces leached over a
144-h period.

Leach
time (h)

S2� Eb

161.8 eV
(at.%)

S2
2� Eb

162.5 eV
(at.%)

Sn�2
2� Eb

163.4 eV
(at.%)

S0 Eb

164.1 eV
(at.%)

Ground 47 3 0 0
1 49 7 0 0
3 47 7 3 0
8 40 10 11 0

18 42 10 12 0
144 40 17 14 3

Fig. 5. Curve-fitted S(2p) spectra from a sphalerite surface subjected
to 144 h of leaching. ______ S2�, Eb161.8 eV, ______ S2

2�, Eb 162.5 eV,_

_ _ _ Sn�2
2�, Eb 163.4 eV and _ _ _ _ S0, Eb 164.1 eV.
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slow leach regimes (Table 2). The time of transition from the
rapid rate to the slow rate (Table 2) decreases as temperature
increases.

On the introduction of the sphalerite to solution, a strong H2S
smell is noted which disappears within the first 1 to 3 h. At later
stages (�100 h), elemental sulfur appears on the inside of the
lid of the reaction vessel. At 85°C the Zn:S ratio in solution at
1 h of leaching is �30:1. This decreases progressively to �10:1
at 24 h of leaching (Fig. 3) and then remains relatively constant
for the remaining period of the leach.

Figure 4 shows the Arrhenius plots used to calculate the Ea

for the fast and slow Zn leach rate regimes. These are 34 � 4
and 34 � 3 kJ mol�1, respectively. The Ea obtained in this
study and those reported in the literature are given in Table 3.
They show a wide range of values, and in many cases no
standard deviation is reported.

The Ea and rates of sphalerite dissolution determined here

agree with some of those obtained previously; Crundwell
(1987) and Olanipekun (1999). An Ea of 34 k mol�1 may
indicate that the rate-determining step is a chemical reaction.
An Ea in the region of 20 to 25 kJ mol�1 would generally
indicate a solution diffusion-controlled process. The higher Ea

observed does not rule out the possibility of a diffusion-con-
trolled mechanism where the diffusion is occurring through a
solid, in this case a reacted surface layer, rather than through
solution. The surface analytical results described below provide
evidence for a diffusion-controlled dissolution mechanism and
a possible explanation as to why two leach rates are observed
for each leach experiment.

3.2. XPS Analysis of Leached Sphalerite Surfaces

XPS measurements were performed on a freshly ground
surface of the 0.45 wt.% Fe -containing sphalerite. The mea-
sured S:Zn at.% ratio of 1.86:1 was calculated using the XPS
sensitivity factors for S(2p) and Zn(2p) of 0.717 and 2.768,
respectively. The stoichiometry for this mineral should be 1:1.
S:Fe ratio measurements performed on freshly ground pyrite
show the correct 2:1 ratio.

The S(2p) speciation of the surface was comprised of 61 at.%
S2� (Eb 161.8 eV) and 4 at.% S2

2� (Eb 162.5 eV). If there was
actually excess S in the surface layers as implied by the S:Zn
ratio, the S would then have to be in the form of oxidised
species, for instance polysulfides, elemental sulfur, or oxy-
sulfur species, to maintain surface charge neutrality. Because
the correct ratio is found for pyrite, it appears that Zn is
underestimated on the surface.

Other researchers have also observed anomalous S:Zn ratios.
For instance, Buckley et al. (1989) observed a 1.2:1 S:Zn ratio.
The underestimation of the surface Zn concentration may be
due to inaccuracy in the Zn(2p) sensitivity factor or it may be
due to the different escape depths of the S(2p) and Zn(2p)

Fig. 6. A statistical analysis of positive ToF-SIMS ion data. A
gradual decrease in Zn on the surface of sphalerite as a function of
leach time is observed, indicating the formation of a metal-deficient
surface layer.

Fig. 7. A statistical analysis of negative ToF-SIMS ion data. The analysis shows increasing polymerisation of sulfur
species on the sphalerite surface (1 to 2 monolayers) within the first 3 h of leaching.
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photoelectrons. The escape depths of Fe(2p) and S(2p) photo-
electrons are similar, whereas the escape depth for the Zn(2p)
photoelectron is significantly less than that for S(2p). There-
fore, it is possible, assuming a surface layer of hydrocarbon
contamination over the mineral surface, that greater attenuation
of the Zn(2p) signal results as compared to the S(2p) signal.
Thus, a S:Zn ratio greater than 1 may arise. However, for pyrite
where the escape depths for Fe(2p) and S(2p) are more similar,
the signal attenuation is also similar and the correct 2:1 S:Fe
ratio results.

The S:Zn ratio observed for the fresh sphalerite surfaces does
not negate the comparison of the leached surfaces as the same
error is carried through the entire series and does not affect the
increase in sulfur observed on the surface with progressive

leaching. Moreover, no significant changes in either the C or O
surface concentrations were observed and therefore there is no
evidence to suggest significantly changing surface layer hydro-
carbon contamination. However, to rectify the misleading S:Zn
ratio we have altered the Zn(2p) sensitivity factor from 2.768 to
5.140 so that a 1:1 S:Zn ratio on the freshly ground surface
results. The results shown in Tables 4 and 5 are based on this
revised Zn(2p) sensitivity factor.

A series of XPS spectra were collected from the sphalerite
particles leached at 85°C to determine the extent of Zn deple-
tion and S oxidation during the dissolution (1, 3, 8, 18, and
144 h). The at.% obtained for total S and Zn given in Table 4
indicates progressive loss of Zn relative to S as leaching pro-
ceeds with a final S:Zn ratio of 2.8:1 at 144 h. A curve-fitted
S(2p) spectra for the 144-h leach period is shown in Figure 5.

The changes observed in the S(2p) spectra over the 144-h
leach period are not associated with the �4-eV charge shift and
are representative of the formation of sulfur oxidation species.
If broadening were occurring due to nonuniform sample charg-
ing (and not progressive S oxidation), then the same broadening
of the spectra would be apparent for each leach sample. This is
not the case. Although some broadening due to differential
charging may have occurred, this is likely to be accommodated
in the relatively broad full width half maximum (FWHM) of
the polysulfide species. The leached sphalerite surfaces show a
progressive increase in oxidised S species over the 144-h leach
period (Table 5). The surface concentration of S2

2� (Eb 162.5
eV) increases over the entire leach period. Sn�2

2� (Eb 163.4
eV) is first observed on 3 h of leaching and increases in
concentration over the remainder of the leach period.

The surface of the sphalerite sample leached for 144 h
showed a 14 at.% increase in S2

2�, a 14 at.% increase in
polysulfide species (Eb 163.4 eV) relative to the freshly ground
surface. In addition, 3 at.% of elemental sulfur, S0, (Eb

164.1eV) was also present. Crystalline elemental sulfur, on the
surface of the 144-h leached sample, was identified by XRD but
none was detected on the samples leached for shorter periods.

It is possible that the rate-determining step for ZnS dissolu-
tion is related to the chemical potential gradient between the
mineral/polysulfide interface and the polysulfide/solution inter-
face. We propose that the change from the rapid to slow leach
rate is related to the thickness of the reacted polysulfide layer
and that this layer reaches a steady-state thickness at the be-
ginning of the slow leach period. For the leach carried out at
85°C, the transition from the rapid to slow kinetic regime
occurs at 4.4 h. At 8 h of leaching, as compared to 3 h the
Sn�2

2� content of the surface increases by 8 at.%, the S2
2�

content increases by only 3 at.%, whereas the S2� content
decreases by 7 at.%. It appears therefore that the change in rate
is related to the polysulfide formation. On 144 h of leaching, 3
at.% of S0 is observed by XPS. However, crystalline elemental
sulfur is also observed by XRD, suggesting that more than 3
at.% is actually present. As the rate of Zn release remains the
same on 144 h of leaching, it is apparent that elemental S does
not affect the Zn leach rate.

3.3. ToF-SIMS Analysis of Leached Surfaces

The surfaces of the particles sampled at 1, 3, 8, 18, and 144 h
of leaching in perchloric acid at 85°C were analysed using

Fig. 8. Comparisons of XPS and ToF-SIMS measurements as a
function of leach time, (a) metal concentration, (b) 32S distribution as
measured by ToF-SIMS and S2� as measured by XPS, (c) total of Sn

fragments as measured by ToF-SIMS and total of Sn
2� and S0 as

measured by XPS.
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ToF-SIMS. Normalised and statistically analysed ToF-SIMS
data from 21 particles were analysed to identify differences in
the surface concentrations of Fe, Zn, S fragments as a function
of leach time. The Fe present within the sphalerite sample was
detected by ToF-SIMS.

The ToF-SIMS data (Fig. 6) indicated a decrease, over the
144-h leach period, in both Zn and Fe on the surface of the
sphalerite particles. During the first 18 h the surface concen-
tration of Zn is reduced by 50%, confirming XPS Zn(2p)
analyses which showed a progressive metal loss from the
surface. Only a marginal decrease in Zn is observed between 18
and 144 h of leaching, suggesting that the surface is approach-
ing steady state with respect to Zn release from the solid.

ToF-SIMS analysis, in agreement with XPS results, indicates
the presence of S2 species on the freshly ground surface (Fig.
7). XPS analyses a depth of 3 to 5 nm. A surface concentration
of 3 at.% of S2

2� is derived from XPS data. The surface depth
probed by ToF-SIMS (1 to 2 monolayers) would most likely be
even richer in this species. It is also likely therefore that a minor
concentration of longer chain polysulfides (S3, S4, and S5)
would also be present although these, to some extent, may be a
result of the impact mechanism or recombination in vacuum.

ToF-SIMS indicates a steady increase in polymeric sulfur
species (S2/S, S3/S, S4/S, and S5/S) during the first 3 h of
leaching, with no further increase on additional leaching (Fig.

7). This is in qualitative agreement with XPS results, which
showed a rapid increase in polysulfide species (Sn�2

2�) up
until 8 h of leaching. This correlation strongly indicates that
long-chain oligomeric species as detected by ToF-SIMS are not
solely due to the impact mechanism or subsequent recombina-
tion of species in vacuum but are representative of changing
surface speciation. These results imply that after 3 h the thick-
ness of the polysulfide layer was greater than the analysis depth
of ToF-SIMS. Smart et al. (2000) identified a similar correla-
tion between XPS and ToF-SIMS data for the formation of
Sn�2

2� on galena and pyrrhotite. The ToF-SIMS results, in
conjunction with XPS and XRD results, strongly suggested
increasing S polymerisation as a function of increasing oxida-
tion.

Figure 8 shows correlations between XPS and ToF-SIMS
data. The correlation is good for the surface metal species (Fig.
8a) and the monosulfide species (Fig. 8b). In Figure 8c is
shown a comparison of the trends of the evolution of Sn (the
total fragments containing from 2–5 S) as measured by ToF-
SIMS and Sn

2� (bisulfides and polysulfides) plus S0 as mea-
sured by XPS. These data indicate that the concentration of
surface polysulfide fragments (n � 2) increases more rapidly in
the surface region (1 to 2 monolayers as measured by ToF-
SIMS) than in the near-surface region (3 to 5 nm, as measured
by XPS).

Fig. 9. ToF-SIMS images of the S3 fragment show the surface distribution of this species as a function of leach
time.
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Secondary ion images (Fig. 9) show the relatively uniform
distribution of S3 polymer species and the increase in these
species on leaching. There are no localised areas of higher
concentrations that might be associated with elemental sulfur.
This may be due to the loss of elemental S in vacuum.

4. CONCLUSIONS

The decrease in Zn dissolution rate is attributed to the
formation of metal-deficient polysulfide surface layers, which
form during an initially rapid leaching period. The rate of
dissolution of sphalerite is determined by the chemical poten-
tial gradient between the reacting sphalerite/polysulfide inter-
face and the polysulfide/solution interface. The thickness of the
polysulfide layer increases during the initial rapid leach period
and reaches steady state during the slow leach period. It is
proposed that the rate-controlling step is either Zn2� diffusion
through the S-enriched surface layer or diffusion of H3O� from
the solution interface to the unreacted ZnS. Continued oxida-
tion of S species gives rise to polysulfides and finally elemental
sulfur surface species over prolonged leach times. The elemen-
tal sulfur does not contribute to any noticeable decrease in the
kinetics once it forms and is not considered rate-determining.

Associate editor: G. Sposito
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