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The anodic oxidation of  pyrite on potential scans has been investigated in 0.22 mol dm -3 nitric acid 
over the temperature range 26 to 80 °C. The relative formation of  sulphur and sulphate was 
determined from the anodic and cathodic charges associated with different regions of  the vol tammo- 
gram. It was found that the percentage of  pyrite oxidizing to sulphur decreased with increase in 
potential to reach a negligible value at N1.5V vs SHE. N o  discernible change was observed in 
the potential dependence of  the relative formation of  sulphur and sulphate when the reaction 
temperature was varied. The significance of  these results on the nitric acid treatment of  refractory 
(sulphidic) gold ores is discussed. 

1. Introduction 

In many refractory gold ores, the precious metal is 
contained within sulphide minerals, in particular 
pyrite and arsenopyrite. To achieve acceptable 
recovery of gold from such ores, it is necessary 
first to oxidize the sulphides. Such pretreatment 
renders the gold accessible to leaching by conven- 
tional cyanidation procedures. A number of 
approaches to release the gold from sulphidic ores 
are being promoted [1], namely, roasting, pressure 
oxidation, biological oxidation and oxidation with 
nitric acid. The latter is the basis of the Redox 
(Arseno) [2], the Nitrox [3] and the HMC 'Hydro- 
met' processes [4]. 

The chemistry of the high and low temperature 
versions of the Redox process and of the Nitrox pro- 
cess is essentially the same. Oxidation of the sulphide 
mineral with nitric acid produces gaseous nitric oxide 
which is subsequently converted back to nitric acid by 
reaction with oxygen either in situ or in an external 
regeneration system. Thus, the process can be con- 
sidered as the reaction of sulphide minerals with 
oxygen, catalysed by nitric acid. The use of nitric 
acid as an intermediary involves a slight loss in 
thermodynamic oxidizing power; the standard reduc- 
tion potential for nitric acid (Reaction 1 below) is 
0.96V vs SHE compared with 1.23V for oxygen. 
However, its use has the kinetic advantage that mass 
transfer of the oxidant to the mineral surface is very 
efficient and not limited by the rate of oxygen transfer 
from the gas phase to the liquor, or by the oxygen 
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solubility in the aqueous system at elevated tempera- 
tures. 

Sulphide minerals can oxidize to elemental sulphur 
or directly to sulphate, depending on the identity of 
the mineral and the reaction conditions. The forma- 
tion of sulphur leads to complications in the treat- 
ment of refractory gold ores by the Redox and 
Nitrox processes for a number of reasons. Agglomera- 
tion by elemental sulphur can inhibit sulphide oxida- 
tion. The presence of elemental sulphur in the 
product of preoxidation can inhibit gold cyanidation 
and lead to high cyanide consumption through reac- 
tion to form thiocyanate. To minimize these complica- 
tions, either elemental sulphur formation needs to be 
avoided or any sulphur formed needs to be further 
oxidized to sulphate. 

Pilot plant studies [5] have applied high tempera- 
tures (195°C) and pressures (2000kPa) to oxidize 
elemental sulphur during the preoxidation stage. 
One of the challenges in developing nitric acid pro- 
cess routes is to identify less severe conditions under 
which the quantity of sulphur in the reaction product 
is insignificant. The detailed chemistry of elemental 
sulphur formation during nitric preoxidation has not 
been reported in the literature. The present electro- 
chemical work constitutes part of an extensive study 
to elucidate this chemistry. 

The major product of the decomposition of nitric 
acid in the nitric acid oxidation of sulphide minerals 
is generally considered [1] to be nitric oxide. The 
overall process is expected to proceed via an anodic 
oxidation of the sulphide coupled with the cathodic 
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reduction of nitric acid: 

HNO 3 + 3H + + 3e- ~ NO + 2H20 (1) 

The anodic oxidation of pyrite can follow two alterna- 
tive routes. These are 

FeS2 

and 

FeS2 + 8H20 

> Fe 3+ + 2 S  ° + 3e- (2) 

Fe 3+ +2SO42- + 16H + + 15e 

(3) 
Thus, the conditions for an effective pretreatment 
method for pyritic gold ores must result in Reaction 
3 being the dominant oxidation process. 

The relative rates of Reactions 2 and 3 have been 
determined by a number of authors covering a range 
of potentials (or current densities), temperatures and 
supporting electrolytes. Bailey and Peters [6] studied 
the oxidation of pyrite in l moldm-3HC104 at 
110 °C and found that 60-90% of the mineral fol- 
lowed the sulphate pathway with the higher values 
corresponding to higher potentials. Nagai and 
Kiuchi [7] also oxidized pyrite at elevated tempera- 
tures (up to 175 °C) using 0.5 mol dm -3 H2804; these 
authors found the ratio of sulphate to sulphur to 
vary with temperature and current density and to lie 
in the range 1 : 4 to 1 : 1. 

Biegler and Swift [18] carried out a mechanistic 
study of the anodic behaviour of pyrite in acid solu- 
tions at 25 °C. They concluded that the formation of 
sulphur and sulphate follow independent pathways; 
i.e., Reaction 2 is not the first step in Reaction 3. 
The stoichiometry of the anodic reaction was deter- 
mined as a function of potential and the sulphate 
yield was found to approach 100% at N1.5V vs 
SHE. These authors also found that the potential 
dependence of their sulphate:sulphur ratios was 
similar to that reported by Bailey and Peters [6] for 
oxidation at 110 °C and suggested that the sulphate 
yield at fixed potential may be independent of 
temperature. 

Lowson [9] also plotted the stoichiometry of the 
anodic oxidation of pyrite reported by Biegler and 
Swift [8] and Bailey and Peters [6] as a function of 
potential, but included data reported for 145 °C by 
Nagai and Kiuchi [7] and for 25 °C by Meyer [10]. 
Although this comparison did not negate the con- 
clusion reached by Biegler and Swift regarding the 
absence of a temperature dependence, the scatter 
generated by the results of the additional authors intro- 
duced a larger degree of uncertainty to this conclusion. 

The above studies of the anodic oxidation of pyrite 
involved solution analysis to determine reaction 
stoichiometry. In a study in solutions of pH 4.6, 9.2 
and 13, Hamilton and Woods [11] derived the ratio 
of the sulphate to sulphur formed from the charges 
passed in different features of voltammograms. The 
present communication presents the results of a 
voltammetric study of pyrite oxidation in acid 
solutions over a range of temperatures with a view 

to determining conditions under which sulphur 
formation is eliminated or minimised. Nitric acid 
was selected as the supporting electrolyte to relate 
the results to nitric acid processing, but the concen- 
tration was restricted to 0.22moldm -3 so that 
sulphur reduction could be resolved from reduction 
of nitric acid (Reaction 1). A comparison of the 
electrochemical findings with those of leaching 
studies will be presented in a future publication. 

2. Experimental details 

Electrodes were prepared from massive crystals of 
pyrite from Gumeracha, South Australia. A speci- 
men cut from the pyrite sample was attached onto a 
threaded brass fitting using silver epoxy and encased 
in epoxy resin as described previously [12]. Before 
each voltammetric experiment, a fresh pyrite surface 
was created by abrading the electrode on 200 grade 
silicon carbide paper under a stream of distilled 
water deoxygenated with nitrogen. Earlier work [13] 
established this method to be satisfactory in minimi- 
zing surface oxidation of the mineral provided the 
electrode was rapidly transferred to the electro- 
chemical cell. 

Potentials were controlled with a Pine Instruments 
Model AFRDE4 potentiostat with in-built sweep 
generator and current-potential relationships were 
plotted on a Rikadenki X - Y  recorder. All scans 
were carried out at 20mVs -1. Potentials were 
measured against a saturated calomel electrode 
(SCE) contained in a side compartment and con- 
nected to the main cell via a Luggin probe. The 
potentials were converted to the standard hydrogen 
electrode (SHE) scale taking the potential of the 
SCE to be 0.244V against the SHE [14]. 

Freshly ground electrodes were transferred to the 
electrochemical cell which was held within 1 °C of 
the target temperature in a water bath. Several 
seconds were allowed for the electrode temperature 
to equilibrate with the electrolyte and a positive- 
going scan applied from a potential close to the rest 
value. The scan was reversed at selected upper 
potential limits and a negative-going scan applied to 
a lower limit selected to ensure complete reduction 
of any sulphur produced by anodic oxidation of the 
pyrite. The scan was again reversed and a positive- 
going scan recorded to the rest potential. Both the X 
and Y scales were altered during the potential cycle 
when required to allow accurate integration of the 
charges passed on the voltammogram. 

3. Results and discussion 

Figure 1 presents voltammograms from a pyrite 
electrode on 0.5moldm -3 sulphuric acid and 
0.22moldm -3 nitric acid solutions at 25 °C. It can 
be seen that anodic oxidation on the positive-going 
scans commenced at a similar potential in the two 
electrolytes. Also, that a higher current was observed 
in the nitric acid medium. The anodic currents are due 
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Fig. 1. Cyclic vol tammograms for a pyrite electrode at 25 °C in 
( ) 0.22 tool dm -3 nitric acid and ( . . . . .  ) 0.5 mol dm -3 sulphuric 
acid. Scans at  2 0 m V s  1 commenced at 0.2V and taken initially in 
the positive-going direction. 

to a combination of Reactions 2 and 3. On the return 
scan, a cathodic peak appears at N0 V on each curve 
due to reduction of sulphur formed by Reaction 2 
according to the following reaction: 

S + 2H + + 2e- > H 2 S  (4) 

As the scan is taken to more negative values, the 
cathodic current increases to large values with the 
increase commencing at ~0.1V less-negative poten- 
tials with nitric than with sulphuric acid. This 
difference is considered to arise from the different 
processes that limit the accessible potential range. 
With sulphuric acid, the major cathodic reactions at 
pyrite were shown [15] to be reduction of the mineral 
to release HzS together with hydrogen evolution 
derived from reduction of the acid electrolyte. The 
limiting process with nitric acid will be the reduction 
of the electrolyte by Reaction 1. It can be seen from 
Fig. 1 that the charge arising from Reaction 4 can 
be separated from that due to Reaction 1, and hence 
that sulphur formation can be determined in the 
nitric acid solution at the concentration selected. 

Figure 2 shows positive-going voltammograms for 
a pyrite electrode in 0,22mol dm -3 nitric acid at 26, 
40, 60 and 80 °C. It can be seen that an anodic current 
flows at potentials >0.8V, increasing steeply with 
increase in potential and that the anodic current at 
the upper potential limit of 1.43V increases by a 
factor of ~2 between 26 and 80°C. The charge 
passed in the anodic process was determined by 
integration of the area under the voltammogram on 
the positive-going and subsequent return scans. This 
charge arises from Reactions 2 and 3 and hence the 
total anodic charge Qa is equal to (3x+ 15y)F 
coulomb, where x and y are the number of moles of 
pyrite oxidized in Reactions 2 and 3, respectively. 

Voltammograms were recorded at each tempera- 
ture for potential cycles taken in the positive-going 
direction from close to the rest potential to different 
upper potential limits. Figure 3 shows the negative 
potential region of the subsequent negative-going 
scans for experiments carried out at 60 °C, and the 
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Fig. 2. Anodic sections of voltammograms for a pyrite electrode in 
0 .22moldm -3 nitric at 26, 40, 60 and 80°C. Scans at 20mVs  -1 
taken in the positive-going direction from near the rest potential 
and reversed at 1.23 V in each case. 

following positive-going scan. The cathodic peak 
arises from reduction of sulphur by Reaction 4. The 
subsequent positive-going scan provides a measure 
of the current due to nitric acid reduction and hence 
the charge due to Reaction 4 can be obtained by 
integrating the cathodic charge between 0.2 and 
-0 .4V on the negative-going scan and subtracting 
the cathodic charge on the return scan integrated 
over this potential range. The cathodic charge deter- 
mined in this way, Qo, is equal to 4xF coulomb, 
since oxidation of pyrite by Reaction 2 produces 

Potential / V vs SHE 
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Fig. 3. The low potential region of cyclic vol tammograms for a 
pyrite electrode at  60 °C taken initially in the positive-going direc- 
t ion from near the rest potential and reversed at ( ) 1.03, 
( . . . .  ) 1.13, ( . . . .  ) 1.23 and ( . . . .  ) 1.33V. Scan rate 2 0 m V s  -1. 
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Table 1. Moles of  sulphur and sulphate produced by electrochemical oxidation o f  pyrite in nitric acid on potential scans at 20 m Vs -I 

Upper 26 ° C 40 ° C 60 ° C 80 ° C 
potential limit 
/V vs SHE 10 -8 Moles cm -2 of Pyrite 

s o so~- s o so~- s o so~- s o so~- 

0.82 1.1 0.2 2.2 1.5 
0.92 0.53 0.69 1.8 1.4 2.3 5.7 
1.02 1.7 2.6 2.5 8.9 2.5 9.4 6.4 24 
1.12 3.9 19 4.5 21 7.2 40 15 73 
1.22 4.7 52 7.3 56 i1 83 16 215 
1.32 4.1 107 5.4 103 14 212 11 310 
1.42 2.6 196 2.8 185 1 335 3.3 426 
1.52 2.4 245 

two S atoms. The percentage of the moles of pyrite 
oxidized to sulphur is equal to lOOx/(x +y), which 
can be shown to be given by 1500Qc/4(Qa + 3Qc ). 

Voltammograms for scans reversed at different 
upper potential limits and for a range of tempera- 
tures were analysed by the above procedure. The 
charges passed in oxidizing pyrite to sulphur and 
sulphate are presented in Table 1 in terms of 
mol cm -2 of pyrite. The percentage of pyrite oxidized 
to sulphur for each potential limit and temperature is 
given in Fig. 4. It can be seen that the relative forma- 
tion of sulphur is independent of temperature and 
approaches zero at ~l.5V. This potential is the 
same as that found at 25 °C by Biegler and Swift [8]. 
The absence of a variation with temperature confirms 
the suggestion made by those authors that the relative 
formation of sulphur and sulphate in the oxidation of 
pyrite at any particular potential varies to an 
insignificant extent with increase in temperature. 
This must reflect a similar activation energy for 
Reactions 2 and 3. 

The potential at which the formation of sulphur 
becomes negligible, viz., 1.5 V, is chemically 
inaccessible in the nitric acid oxidation system. The 
overall process is one of reaction with oxygen and 
hence the mixed potential operating is limited to the 
reversible value for oxygen reduction. Thus, to elimi- 
nate sulphur, it is necessary to devise conditions in 
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Fig. 4. Dependence of moles of pyrite oxidized to sulphur as a 
percentage of the total moles of pyrite oxidized on potential cycles 

1 at 20 mV s-  as a function of the upper potential limit of the scan: 
(o) 26, (o) 40, (zx) 60 and (A) 80 °C. 

which the oxidation of sulphur to sulphate occurs at 
an acceptable rate through either the use of elevated 
temperatures or the addition of a catalyst. 

At present, developers of commercial processes 
counteract elemental sulphur formation by operating 
at a temperature of 185 °C to enhance the kinetics of 
sulphur oxidation. It may require four times the 
reaction residence time to oxidize elemental sulphur 
at this temperature than it does to react the sulphide 
mineral itself [5]. 

It can be seen from Fig. 3 that the peak potential for 
reduction of sulphur shifts to more negative potentials 
as the upper potential limit is increased. If the scan 
were taken to higher upper potential limits than 
1.52V, separation of the charge due to Reaction 4 
from that arising from reduction of nitric acid 
became difficult because there was insufficient 
difference in the potentials at which the two processes 
occur. This was not important in the present work 
since the charge due to sulphur deposition relative 
to that for sulphate formation was quite small at 
1.52V. For example, at 40 °C, the charge passed in 
sulphur formation at this potential was 1.41 mC and 
that for sulphate was 533 mC. 

Changes in peak potentials on voltammograms 
can arise from an increase in the amount of reacting 
species present on the surface. This cannot explain 
the results reported here since a shift is observed 
even when there is little difference in the quantity of 
sulphur being reduced (e.g., Fig. 3 and Table 1). 
Thus, the behaviour must be ascribed to a change in 
the nature of the sulphur with variation in the poten- 
tial range covered by the positive-going scan. 

This conclusion is consistent with previous findings 
that the sulphur formed initially in the oxidation of 
pyrite may not be in the elemental form, but in a 
precursor, metastable state. X-ray photoelectron 
spectroscopic studies have been carried out [16] on 
the oxidation of pyrite in a range of media, including 
2tool dm -3 acid solution that was 95% HC1 and 5% 
HNO 3. The S(2p) binding energy indicated that the 
sulphur product layer formed in the mixed acid 
included a range of environments between elemental 
sulphur and pyrite. It was suggested that oxidation 
of pyrite initially results in a metal-deficient pyrite 
layer and, when multilayers of a sulphur product are 
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present, 'sulphur/sulphur (polysulphide-type) link- 
ages are formed that  allow iron atoms to influence a 
number  of  overlaying sulphur atoms' .  Raman  
spectroscopic studies [17] of  the products of  anodic 
oxidation of pyrite also indicated the formation of  
polysulphides together with elemental sulphur in the 
potential range 0.65 to 1.25V. The present studies 
would also suggest a change in the nature of  the 
sulphur product  with change in potential. 

I t  seems quite possible that  the oxidation products 
formed during the preoxidation of pyrite could be 
more reactive than elemental sulphur in its stable 
Ss configuration. While the matter  awaits further 
elucidation, this observation suggests there may  be 
scope for refractory gold researchers to improve the 
kinetics of  nitric acid preoxidation by identifying 
methods to oxidize the metastable sulphur species 
before it proceeds further to its stable form. 

4. Conclusions 

(i) The proport ion of pyrite oxidized to sulphur (as 
opposed to sulphate) on a potential scan decreases 
with increase in potential, varying f rom about  70% 
at 0.82 to a negligible value at 1.5 V. 

(ii) The proport ion of sulphur formed at each 
potential is independent o f  temperature in the range 
studied, viz., 26 to 80 °C. 

(iii) The peak potential for the cathodic reduction 
of  sulphur shifts to more negative values as the 
upper potential  limit of  the scan is increased. This 
indicated a change in the nature of  the sulphur 
product  with the potential of  formation. 

(iv) Some elemental sulphur will always be formed 
under conditions obtainable in nitric acid preoxida- 
tion of  pyritic refractory gold ores. To avoid the 
presence of sulphur in the final product,  conditions 

need to be identified under which elemental sulphur, 
or the precursor metastable sulphur species, is 
oxidized to sulphate. 
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