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Mineralogical data on the oxidative weathering of primary nickel sulphide assemblages are used to calcu- 
late the thermodynamic stability fields for pentlandite ((Fe, Ni)9Ss), violarite ((Ni, Fe)3S4) , millerite 
(NiS), pyrite (FeS2), pyrrhotite (Fe7S8), sulphur, sulphate and H2S, as a function of pH, Eh, and the 
activities of Fe 2§ Ni 2+ and S 2- in solution. This is compared with electrochemical experiments using 
cyclic voltammetry and intermittent galvanostatic polarization carried out on electrodes of pentlandite 
and violarite at pH values of 0, 2, 4, 6 and 8. The mechanisms of the cathodic and anodic reactions at 
the electrolyte/sulphide interface are postulated, and the similar behaviour of pentlandite and violarite is 
demonstrated. Below pH 4, anodic dissolution favours sulphur formation, and above pH 4 sulphate is 
formed. Cathodic dissolution favours H2S formation over H2 at low pH values. A method for hydro- 
metallurgical dissolution of these minerals is suggested and a comprehensive description of pentlandite 
and violarite stability is presented. 

1. Introduction 

The mechanism of weathering of sulphide minerals in the geological environment, and the processes by 
which sulphides can be hydrometallurgically treated, are quite similar. Because most sulphides conduct 
electricity, they can be fashioned into electrodes and their interaction with aqueous solutions studied 
electrochemically in much the same way as metallic corrosion. 

Extensive mineralogical and chemical studies have been made of the supergene weathering displayed 
by the nickel sulphide assemblages of Western Australia [ 1-3 ]. Pentlandite ((Ni, Fe)9S8) and violarite 
((Ni, Fe)3S4) are generally the major nickel-containing minerals of these assemblages with only one 
shoot, the Otter at Kambalda, having significant millerite (NiS) as well as violarite [3]. Iron sulphide 
minerals, pyrrhotite (FeTS8) and pyrite (FeS2) are also major constituents. Copper minerals are among 
the many other minor constituents that will be ignored in this discussion, mainly for the sake of sim- 
plicity. 

The common methodology is to make mineralogical observations and then use thermodynamic calcu- 
lations to show that the mineralogical interpretations are valid. This approach breaks down where the 
reactions that are being considered involve the alteration of crystalline materials at temperatures below 
323 K, i.e. weathering reactions. Free energies of formation (AG~) of solids are usually measured at high 
temperatures where it is reasonable to assume that equilibrium has been reached. These AGf values are 
then extrapolated down to standard temperature, and this assumes usually that there is no entropy 
change in the components and the solid products of the formation reaction, i.e., that there are no 
changes of atomic arrangement, bonding electron behaviour or magnetic interactions etc. in the extra- 
polated temperature range. Thermodynamic data estimated from room temperature electrochemical 
studies are not reliable either, as modern electrochemical theory has shown that conditions at the inter- 
face between a solid and an electrolyte cannot be explained by application of the thermodynamic Nernst 
equation [4] as most electrode reactions are not at equilibrium. 

The purpose of this paper is to show how mineralogical observations can be used in conjunction with 
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electrochemical measurements to give a more reliable set of parameters for describing the low- 
temperature stabilities of the economically important nickel-iron sulphide minerals. 

2. Experimental procedure 

2.1. Preparation of electrodes 

Synthetic violarite was prepared by the method of Craig [5]. Many attempts to synthesize pure pent- 
landite by annealing mixtures of pure Fe and Ni metals with the appropriate amount of  S in evacuated 
quartz tubes, all produced trace amounts of a hexagonal monosulphide solid-solution phase closely inter- 
mixed with the pentlandite. A nearly pure natural pentlandite from Nepean in Western Australia was 
therefore used. This pentlandite was finely ground, so that the slight pyrrhotite contamination could be 
leached out with concentrated hydrochloric acid. The electrodes were prepared under N2 by packing 
fine powders of the appropriate sulphide minerals into gold tubes which were evacuated and sealed. 
These were heated to 623 K under hydrostatic pressure in a bomb apparatus for two days. The gold 
tubes were cut in half, and part of the gold peeled off from the middle. Copper wire was soldered to the 
remaining gold to make good electrical contact with the sulphide. The sulphide pellets were then 
mounted end-on in epoxy resin to give an exposure of sulphide mineral that could be polished for 
mineralogical examination. A cross section of such an electrode is shown in Fig. la. The violarite elec- 
trodes produced in this way were well compacted, and single phase of uniform composition. If the pent- 
landite face still showed the slightest trace of pyrrhotite, this was then leached out with hydrochloric 
acid. In order to preserve the pentlandite, the electrode was made cathodic in the acid so that the dis- 
solution of pyrrhotite as a cathodic reaction 

Copper Wire ~ o l d e r  

Epoxy Gold tubing 

Sulphide 

Calomel 
( ~  reference | ~176176 

Vots ~ Recorder 

[ - ~ - I  Time ~ Y= 

Counter 
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2o-=C_- -:- 

pH electrode 

Fig. 1. Schematic diagram of the test cell and circuits. (a) cross section of the mineral electrode. (b) test cell. (c) inter- 
mittent galvanostatic potential circuit. (d) cyclic voltammetry circuit. RE = reference electrode; WE = working elec- 
trode; CE = counter electrode; RS = reversing switch; VF = voltage follower; P = potentiostat; R = resistance. 
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FevS8 + 16H + + 2 e - ~  8H2S + 7Fe 2+ 

would be favoured over the anodic dissolution of pentlandite 

Fe4.sNi4.sSs + 16H § -+ 8H2S + 4.5Fe 2+ + 4.5Ni 2+ + 2e- 

The surface of the electrode was then re4mpregnated with epoxy and polished back to give a surface 
that was exclusively pentlandite. 

These electrodes were studied by two more or less complementary electrochemical techniques mainly 
as a cross check to establish what was a reproducible reaction of the mineral electrode. The same reaction 
cell was used for both techniques, and is shown diagrammatically in Fig. lb. The cell was purged with 
high-purity water saturated nitrogen gas, and a constant excess pressure of nitrogen was maintained dur- 
ing experimentation by continually passing N2 through the counter-electrode side of  the chamber. The 
electrolytes used were 0.1 mol dm -3 NaC1 and NaNO3 solutions. NiC12 was also included in the solution 
for some experiments. The pH was adjusted with HC1 or HNO3 where appropriate. 

2.2. Intermittent galvanostatie polarization (IGP) method [6]. 

The circuit used for this technique is shown in Fig. lc. One-second pulses of  current were passed through 
the electrode surface at one-second intervals, and the potential between the sulphide electrode and refer- 
ence electrode was recorded as a function of time, as shown in Figs. 2 and 3. The current was supplied 
from a D.C. battery source at 45 or 90 V, and the swamping resistor R was adjusted to give the required 
constant current. The direction of the current was usually reversed several times during a particular 
experiment, so that where the potential is more positive than the rest potential an anodic current is flow- 
ing and where the potential has dropped suddenly to be more negative than the rest potential the current 
has been reversed and a cathodic current is flowing (Figs. 2 and 3). The experiment was first run at the 
lowest current possible (0.01 mA cm -2) and, after completing several cycles with the current flowing 
both cathodically and anodically, the current was increased to a new value and the procedure was 
repeated. In this way the electrode was subjected to increasing current and thus increasing reaction rates. 
Figs. 2 and 3 show reactions at currents of  0.01,0.1, 1.0 and 8 mA cm -2 at pH values of 0, 2, 4, 6 and 8 
for pentlandite and violarite, respectively. At pH values of 4, 6 and 8 the reactions significantly altered 
the pH, and this pH variation, as well as the potential change, was monitored by means of a 2-pen 
recorder coupled to a pH meter and electrode (see Fig. 1 c). The pH electrode response was subject to 
interference from the current flowing between the working electrode and the counter electrode. The 
extent of  this can be seen in the thickness of pH lines, shown in Figs. 2 and 3, which indicates the pH 
response for current on and off. The electrode responded well to relative changes in pH, however while 
larger currents were flowing the absolute pH was in error by as much as 0.1. Additional IGP traces were 
made for a more complete series of current values than those shown in Figs. 2 and 3, and all of these 
have been correlated to give the comparison between current flow and potential shown in Fig. 4. 

2.3. Cyclic voltammetry 

The electrical circuit shown in Fig. ld employed a potentiostat that controlled the potential of the sul- 
phide electrode, and the current flow was recorded as a function of the potential. The potentiostat was 
motor driven so that the potential of  the electrode could be continuously changed at either 67 mV s -1 
or 6.7 mV s -1. The potential sweeps at 6 .7mV s -1 at pH values of 0, 2, 4 and around 6 are shown in 
Fig. 5 for violarite and pentlandite. At pH 4 and 6 the pH was also monitored, as the reactions also 
affected the pH. This gave a recording of pH variations in the bulk of the solution and can only be used 
as a clue to the interfacial pH. 
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represent the current-on potential 
for the particular reaction and the 
dashed lines the current-off 
potential. The numbers refer to 
the reactions shown in Fig. 7. 

3. Results 

3.1. Mineralogical observations and thermodynamic calculations 

The mineralogical and chemical studies on the supergene weathering of  the nickel iron sulphides of  
Western Australia are well documented [1-3,  7, 8] and the reactions listed in Table 1 result from these 
studies. The observed reactions are what have taken place over tens o f  millions o f  years and represent, as 
nearly as possible, the stable phase relations. In Table 1, fixed formulae are given for pentlandite,  vio- 
larite and pyrrhoti te ,  to keep the thermodynanic  diagrams as simple as possible. In practice the Ni: Fe 
ratio varies in pentlandite from 1:1 up to 1.5 : 1 while that o f  violarite can vary from 1:1 through to the 
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Fig. 5. Cyclic voltammograms of  pentlandite and violadte in 0.1 mol dm-a NaC1 and various pH values. Solid lines indi- 
cate current; dashed lines, pH. 

all nickel end member Ni3S 4 polydymite [1,3,  5]. The Fe:S ratio of pyrrhotite can vary from the FeS 
of troilite through to the FeTS8 of monoclinic pyrrhotite which is used here. 

In summary, in a primary mineral assemblage composed of pentlandite, pyrrhotite and pyrite, pent- 
landite reacts first at the lowest oxidation potential by being altered to violarite, with nickel and iron 
being released into solution, as in Equation (a), Table 1. At the same time, the increased nickel activity 
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Table 1. Reactions and thermodynamic equations 

(a) Pent landi te  Violarite 
Fe4.sNi4.sS 8 ~ 2FeNi2S 4 + 0.5Ni  2§ + 2 .5Fe ~+ + 6e-  
E h = - -  0 .2354  + 0 .0049 log[Ni 2§ + 0 .0247 log[Fe 2§ 

(b) Pent landi te  m-Pyr rho t i t e  
Fe4.sNi4.sS 8 + 2.5Fe2+ ~ FeTS 8 + 4.5 Ni 2. + 4e -  
E h = 0 .0561 - -  0 .0370  log[Fe 2§ + 0 .0665 log[Ni 2§ 

(c) m-Pyrrhot i te  Viola-rite 
Fe~S 8 + 4Ni ~+ ~ 2FeNi~S,  + 5Fe ~§ + 2e-  
E h = --  0 .8185 - -  0 .1183 log[Ni 2+] + 0 .1478  log[Fe 2+] 

(d) Pent landi te  Millerite 
Fe4.sNi4.sS 8 + 3 .5NiZ+~ 8NiS + 4 .5Fe  2+ + 2e-  
E h = - -  0 .2748  - -  0 .1035  log[Nia+l + 0 .1331 log[Fe 2+] 

(e) Millerite Violari te 
4NiS + Fe  2+ ~ FeNi~S 4 + 2Ni 2+ + 2e-  

E h = - -  0 .2157 + 0 .0592  log[Ni 2+] - -  0 .0296 log[Fe 2+] 

(f) Violari te  Pyr i te  
FeNi2S 4 + Fe  2§ 2FeS2 + 2Ni z+ + 2e -  
E h = + 0 .0748 + 0 .0592 log[Ni 2§ - -  0 .0296  log[Fe z§ 

(g) m-Pyrrhot i te  Pyri te  
Fe~S 8 ~ 4 F e S ~  + 3Fe  2+ + 6e -  

E h = - - 0 . 2 2 3  + 0 .296 log[Fe ~§ 

(h) Pyri te  
FeS 2 - ~ 2 S + F e  z++ 2e-  
Eh = 0 .4217 + 0 .0296 log[Fe 2§ 

(i) Pent landi te  
Fe4.sNi4.sS ~ + 1 6 H + ~  4.5Ni 2. + 4 .5Fe 2§ + 8HzS + 2e-  
E h = - -  0 .0250 + 0 .4733pH + 0.1331 log[Ni z§ + 0 .1331 log[Fe z+] + 0 .2366  log[H~S] 

(j) Violari te 
Fe  2+ + 2Ni z§ + 4 H 2 S ~  FeNi2S 4 + 8H § + 2e-  
E h = - -  0 .3406  - -  0 .2366pH - -  0 .1183 log[H2S ] - - 0 . 0 5 9 2  log[Ni 2§ - -  0 .0296  log[Fe z+] 

(k) m-Pyrrhot i te  
7Fe 2+ + 8 H z S ~  16H § + Fe~Sa + 2e-  
E h = 0 .1177 - -  0 . 4 7 3 3 p H  - -  0 .2071  log[Fe 2+] - -  0 .2366  logIH2S] 

(1) MiUerite 
NiS + 2H + ~ H 2 S  + Ni 2+ 
E h = - -  1.0555 - -  log[H2S] + log[Ni 2§ + 2pH 

(In) Pyri te  
2 H 2 S +  FeZ+--,FeSz + 4t t  § + 2e-  
E h = - -  0 .1379 - -  0 .1183pH - -  0 .0296  log[Fe z§ - -  0 .0592 log[HzS ] 

(n) Violari te 
FeNi~Sr + 1 6 H 2 0 ~  Fe  z§ + 2Ni 2* + 4SO~- + 32H § + 30e-  
E h = 0 .3433 + 0 .0039 log[Ni 2+] + 0 .00197  log[Fe z*] + 0 .0079 log[SOl-]  - -  0 , 063pH 

(o) Millerite 
NiS + 4 H 2 0 - - '  Ni 2+ + SO~-+ 8H + + 8e-  
E h = 0 .3083 + 0 .0074  log[Ni 2+] + 0 .0074  log[SO~-] - - 0 . 0 5 9 2 p H  

(p) Pyri te  
FeS 2 + 8 H z O ~ F e  ~ §  §  1 6 H * +  14e- 
E h = 0 .3624  - -  0 .0676pH + 0 .00423 log[Fe 2+] + 0 .00845  log[SO~-] 

(q) S + 4H20--* SO~- + 8H* + 6e-  
E h = 0 .3526  + 0 .009861og[SO~-]  - -  0 . 0788pH 

(r) Pent landi te  
Fe4.sNi4.sS s + 3 2 H ~ O ~  4 ,5Fe  2+ + 4.5Ni z§ + 8SO~-" + 64H + + 66e-  
E h =  0 .2907 + 0 .00403  log[Fe 2+] + 0 .00403 log[Ni ~§ + 0 .00717  log[SO~-] - -  0 . 05733pH 



STABILITY OF THE NICKEL-IRON SULPHIDES PENTLANDITE AND VIOLARITE 261 

Table 2. Free energy o f formation data 

Compound Formula AGI Reference 
kJ mol- 

violarite FeNi 2 S 4 -- 18.2 [ 10] 
- -  19.9 adjusted value 

pentlandite Fe4.sNi4.sS 4 -- 47.8 [10] 
- -  44.5 adjusted value 

pyrite FeS~ -- 9.2 [11] 
millerite NiS -- 4.5 [12] 
m-pyrrhotite Fe ~ S s -- 42.8 [ 12 ] 
sulphur S 0 [ 12 ] 
hydrogen sulphide H2S (aq) -- 1.6 [12] 
sulphate SO]- -- 42.6 [ 12] 
water H20 -- 13.6 [12] 
hydrogen ion H + 0 [ 12] 
ferrous ion Fe 2§ -- 4.5 [12] 
nickel ion Ni 2+ -- 2.6 [12] 

causes the pyrrhoti te to become unstable and it takes up nickel from solution to form violarite, as in 
Equation (c). The pyrite, meanwhile, is unaffected. This process continues until all of  the pentlandite 
is altered to violarite, and then, at a higher oxidation potential, any remaining pyrrhotite alters to 
pyrite (Equation (g)) until the pyrrhotite is completely consumed and the supergene assemblage of  
violarite + pyrite is formed. At still higher oxidation potentials, these secondary sulphides oxidize fur- 
ther, with nickel going into solution and sulphate being formed (Equations (n) and (p)). 

The other type of  primary assemblage is that o f  the Otter Shoot at Kambalda [3] and consists o f  a 
primary pentlandite-mil leri te-pyri te  assemblage where the pentlandite has a higher Ni : Fe ratio than 
the pentlandite from a pent landi te-pyrrhot i te-pyri te  assemblage. This nickel-rich pentlandite under- 
goes an oxidation reaction to produce a more nickel-rich violarite; however the reaction is essentially the 
same as reaction (a). The millerite is then observed to undergo oxidation to a nickel-rich violarite, and 
this reaction also involves the uptake of  some iron, as shown by  the generalized reaction (e). Thus, a 
violarite-pyrite supergene assemblage is formed and, although it contains more nickel than that formed 
from the pentlandite-pyrrhoti te  assemblage, it still undergoes further oxidation in the same way by  the 
reactions (n) and (p). 

The equations relating Eh, pH and the various activities o f  components were calculated in the usual 
manner [9] using the data listed in Table 2. Initial calculations carried out using Graig and Naldrett 's 
[10] values for the free energy of  formation (AGf) at 298 K for pentlandite and violarite came up with 
the result that violarite does not exist and that,  under all conditions, pyrrhotite,  pentlandite and miller- 
ire would always weather to either pyrite or to sulphate in solution. However, the mineralogical obser- 
vations show that all o f  these minerals can oxidize to violarite. It could be argued that the violarite is a 
metastable intermediate, but it is much easier to accept that the thermodynamic data are wrong for 
these lower temperatures,  and that the AGf data of  pentlandite and violarite should be adjusted so that 
the thermodynamic calculations are made to fit the mineralogical observations. Craig and Naldrett [10] 
measured the thermodynamic data for pentlandite and violarite at temperatures from 1373 K down to 
573 K, and the calculations of  AGf at 298 K involved the assumption that there are no entropy changes 
for the formation reactions between 573 and 298 K. Natural pentlandite undergoes a crystal transfor- 
mation between 323 K and 473 K [13]; violarite has not been studied so extensively, but pyrrhotite 
[14, 15] undergoes crystal and magnetic ordering at low temperatures. For these reasons it may be too 
much to expect reliable values for the free energies of  formation of  sulphide minerals at temperatures 
extrapolated below 473 K. The data listed in Table 1 are a self-consistent set that was calculated and 
selected, using AGf at 298 K of pyrite [11 ] as an anchor value, so that the set conforms with the miner- 
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alogical observations. The Eh-pH-act ivi ty diagrams of  Fig. 6a, b and c were calculated from these data. 
The areas on these diagrams where SO~- is shown is where metal oxides and oxyhydroxides are stable. 

3.2. Results of electrochemical experiments 

The reactivities of  pentlandite and violarite were studied electrochemically, and the results are com- 
pared with the thermodynamic representation of  the mineralogical observations. 

Cyclic voltarmnetry traces for pentlandite and violarite are shown in Fig. 5 at pH 0, 2, 4, and varying 
from 5-7;  they were carried out in 0.1 mo ldm -3 NaC1 solution and repeated in 0.1 moldm -s NaNO3 
solution, which gave essentially similar traces. The NaC1 solution was used to give greater similarity to a 
natural ground-water system than NaNO3 solution. 

To supplement the cyclic voltammetry data, the intermittent galvanostatic polarization (IGP) method 
of  Horvarth and Hackl [6] was also used, and the traces produced for both pentlandite and violarite are 
shown in Figs. 2 and 3. Here traces are shown with both positive and negative current flowing inter- 
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mittently at one-second intervals, at traces of 0.01 mA cm -2, 0. l mA cm -2, 1 mA cm -2 and 8 mA cm -2, at 
pH values of 0, 2, 4, around 6 and around 8. At pH of 4, 6 and 8 the pH change was also monitored and 
is also shown. In Fig. 3, violarite at pH 4 also shows the shape of two typical on/off traces at a faster 
recorder time base. By the IGP method, the off part of the reaction band gives an indication of the 
potential of the sulphide surface when no externally imposed current is flowing, and thus the potential 
at which a particular reaction is initiated can be better estimated. 

Reactions that are taking place at the mineral surface can be postulated by a variety of methods, 
including chemical analysis of the solutions, watching the surface for the appearance of gas bubbles, 
sniffmg for the smell of H2 S, and examination of the mineral electrode surface, by electron microprobe 
analyser/scanning electron microscope. Undoubtedly complex adsorption and hydrolysis reactions take 
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place within the solution but the evidence from the rate of acid production, examination of the elec- 
trode surfaces and chemical analysis of the final solutions is that the actual reactions being forced on the 
mineral electrolyte interface does not involve the formation of metal hydroxides as is discussed later. 
However at the higher pH values some hydrolysis of metals would be expected. In Fig. 4 the vertically 
delineated reaction marked 3 and 4, at pH 6 and 8 for pentlandite, there are two constant potential 
steps relative to current density where no imposed current is flowing (i.e. the dotted line). This is due to 
some change in the surface of the pentlandite that could be associated with hydrolysis of metals. The 
other reactions shown in Fig. 4 at low current densities and with different hatchings are likely to be due 
to adsorption. The proposed hypotheses are directed more towards the reactions of the mineral compo- 
nent at the interface. These reactions are represented schematically in Fig. 7 in relation to a typical 
cyclic voltammetry trace for either pentlandite or violarite. In Fig. 7 the potential at which the particu- 
lar surface reaction takes place is pointed out by the dotted arrows directed towards the cyclic volt- 
ammetry trace. The same reaction numbers are shown adjacent to potentials for those reactions of the 
IGP traces of Figs. 2, 3 and the combined diagrams of Fig. 4. 

As shown in Fig. 7, reaction 1, the sequence of proposed reactions begins with the ideal unreacted 
sulphide/electrolyte interface, being reduced to a metal-rich surface as sulphide is dissolved to give H2S 
and an increase in pH. The main evidence for this is the production of  gas bubbles associated with the 
increase in pH and the smell of H2S at the potential of this reaction. Some chemisorption of hydrogen 
probably also takes place at these potentials. Figure 7, reaction 2 shows how the metal-rich surface 
allows the water to be reduced to hydrogen gas, some hydrogen also being adsorbed onto the surface. 
Quantitative measurement of the rate of pH increase has shown that one OH- is produced for each 
electron passed, which corresponds to the reaction: 

2H20 + 2e- -+ H2]" + 2OH-. 

On the positive sweep, reactions 3 and 4 (Fig. 7) show how metals on and in the surface are oxidized 
into solution to leave the surface sulphur-rich. This is based mainly on the evidence that changing the 
potential back to cathodic, subsequent to these reactions, still generates H2 S, indicating that a sulphur- 
rich surface must have been formed. Fig. 7, reaction 5 represents how sulphur enrichment can be carried 
further to give a porous elemental sulphur-coated surface if the pH is low enough (< 4). Progressively 
more metal is leached into solution, and dissolution through the sulphur layer forming on the surface 
probably limits the reaction rate. The sulphur forming on the mineral surface was verified by electron 
microprobe analysis of the mineral electrode surface. Count rates for sulphur were greatly enhanced over 
those for nickel and iron as compared with an unreacted surface. Material scraped from the electrode 
surface gave a diffuse powder X-ray pattern of rhombic sulphur. This reaction does not alter the pH 
unless the dissolved metal ions begin to hydrolyse. At pH values above 4 the sulphur also undergoes oxi- 
dation to sulphate, as indicated by reaction 6 in Fig. 7. Figures 2, 3 and 5 show how this reaction pro- 
duces acid. Careful measurement of the rate of acid production during the IGP runs showed that there 
was one H + being produced for each electron flowing to within an error of less than -+ 0.1. This is consis- 
tent with reactions (n) and (r), as listed in Table 1, taking place. If there was hydrolysis of metals as well 
then 1.25 H + should be produced per electron flowing. Chemical analysis of the solutions by atomic 
adsorption techniques for Ni, Fe and SO~- (addition of excess Ba 2+) gave results consistent with only 
reactions (n) or (r) occurring. Figure 8 shows how, for pentlandite, violarite and millerite, this reaction 
will proceed at a progressively greater current, producing increasing acid until reaction 5 gradually takes 
over, there is no further decrease in pH, and the current flow becomes constant. 

These reactions leave the surface rich in sulphur, and a cathodic sweep produces H2S by reactions 7 

and 1, as shown in Fig. 7. 
Figures 2 and 3 show a comparison of IGP traces at pH 2 with and without 1 O- 1 mol dm- 3 Ni2+ in 

solution, for pentlandite and violarite, respectively. The pentlandite shows adsorbed Ni 2+ affecting the 
rest potential with a reversible reaction at low current densities, and both pentlandite and violarite show 
reversible plating of nickel metal at higher cathodic current densities. 
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3.3. Similarity between violarite and pentlandite 

Both violarite and pentlandite have cubic-close-packed sulphur lattices, with the main structural differ- 
ences being in the manner in which the nickel and iron atoms are arranged in the tetrahedral and octa- 
hedral sites within the sulphur lattice. Thus, there is very little difference between the atomic arrange- 
ment in the surface of a violarite or pentlandite crystal, and pentlandite and violarite crystal surfaces 
depleted in metal atoms or enriched in sulphur would be very similar. Thus the electrochemical proper- 
ties of the mineral/electrolyte interfaces for the two minerals are also very similar. At lower pH values 
violarite does appear to undergo a form of near-reversible reaction near its rest potential, whereas the 
pentlandite appears to be more stabilized by some form of polarization. This is shown by a comparison 
of the IGP data for pH 0, 2, and 4 at currents of 0.01 mA cm -2, shown in Figs. 2 and 3. 

The potentials of the various proposed reactions have been transformed from the cyclic voltammetry 
and IGP data for Figs. 2 and 3 to a potential/pH diagram of Fig. 9 which is to be compared with the 
relevant portion of the Eh/pH diagram of Fig. 6c. The EI~/pH data from natural mineral assemblages 
already reported [8] are included on Figs. 9 and 6c to show how these data coincide with the passive 
potentials for pentlandite and violarite, and are very near to where the mineral surface can be enriched 
in either sulphur or metals. The rest potentials are the region where part of the metal at the surface of 
the sulphide has been leached out, and thus the surface can be regarded as partly enriched in sulphur. 
The areas shown as metal-rich surface or sulphur-rich surface indicate conditions where the surface of 
the mineral would essentially become all metal or all sulphur, respectively. Both violarite and pentland- 
ite show some form of discontinuity at about pH 4. The thermodynamic diagram of Fig. 6c describes 
the equilibrium relations of the bulk minerals, and cannot be expected to correlate well with what are 
essentially diagrams of the reactivity of the mineral/electrolyte interfaces. For there to be any similarity, 
there would hve to be rapid diffusion between the solid bulk of the mineral and the surface where the 
reactions take place. Solid-state diffusion at these temperatures (25 ~ C) could not be expected to 
keep pace with changes that take place at the crystal/electrolyte interface in the experimental situation, 
but geological time may allow the mineral crystal composition to equilibrate with the surface (see 
section 3.5). 
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Fig. 9. Potential-pH diagrams for pentlandite and violarite, compiled from the IGP and cyclic voltarnmetry data. Data 
points are Eh-PH measurements made on pentlandite-violarite assemblages [8]. 

3.4. Hydrometallurgical implications 

Figure 9 summarizes how conditions of pH and potential are critical to the surface properties of pentland- 
ite and violarite, and thus they must have a controlling effect on flotation and leaching processes. In 
flotation, the mineral surface must be sufficiently metallic in nature for the xanthate-type collectors to 
be oxidized to a dixanthate on the surface so that it can be rendered hydrophobic [16]. Also, the release 
of nickel into the flotation baths by leaching processes can cause precipitation of xanthate. It is likely 
that nickel sulphides stored under conditions where they were passivated in the region of a metal-rich 
surface (Fig. 9a and b) would give better results in flotation than allowing the oxidation potential to rise 
sufficiently for metals to be leached and form oxide + oxyhydroxide coatings. Allowing the pH to fall 
would favour sulphur to form on the surfaces and either way a non-metallic surface would not favour 
the dixanthogen/xanthate reaction needed in flotation�9 

Acid leaching of pentlandite and violarite should be possible at low temperatures if some means could 
be devised whereby the potential of the sulphides could be made alternately oxidizing and reducing so 
that metal could be removed as M 2+ and excess sulphur dissolved as H2S. Acid leaching of pyrrhotite and 
millerite have already been studied from an electrochemical point of view [17]. The behaviour of  violar- 
ite would be very similar to hexagonal pyrrhotite (Fe9Slo), and the pentlandite more similar to millerite. 

3.5. Geochemical weathering o f  sulphides 

Geochemical weathering of pentlandite and violarite proceeds very slowly and there is sufficient time for 
solid-state diffusion to be able to keep in better pace with the faster processes at the interface. No data 
exist for the diffusion of metals in pentlandite or violarite, but if a comparison is made with pyrrhotite 
(Fel_ = S), the data of Condit and Birchenall [18] can be extrapolated to give a value of about 10-17cm 2 
s -1 for the diffusion coefficient D at 298 K. Fick's Law states that where J is the number of moles of 
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J = - D ( d c / d x )  

metal passing through 1 cm 2 of  mineral surface in 1 s, and dc/dx is the metal concentration gradient 
perpendicular to the mineral-electrolyte interface. If it is assumed that there is a change of  metal concen- 
tration of  0.01 mol cm -3 over 10 nm to give what is probably an excessive concentration gradient, then 
J ~ 10 -13 mol cm -2 s -1. Each divalent metal carries 2 positive charges, so this represents a current o f  2JF, 

i.e., about 2 x 10-SAcra -2. 

The smallest currents measured in the experiments reported here were 10 -s Acm -2, some 500 times 
greater than the estimated solid-state diffusion rate. The solid-state diffusion currents flowing for geo- 
logical time being much lower would require much less overpotential than those used in the electro- 
chemical experiments; however, the actual geological stability fields of  pentlandite and violarite may be 
more truly represented as lying within the more sparsely speckled regions of  Fig. 9a and b. The pH of 
the environment where pentlandite is reacting to violarite is most likely to be between 7 and 8.5 [8], and 
at this pH range the measurements show that the oxidation potential would only have to rise to near 
- 0.3 V versus SHE to give sulphur excess at the surface of  a pentlandite crystal, which would begin the 
growth of  violarite. For violarite to react slowly to an oxide material at pH 5-6 [8], a higher oxidation 
potential of  somewhere above zero to + 0.2 V versus SHE would give the required slight overpotential 
needed to allow violarite to weather to the oxide gossan minerals. 

4. Conclusions 

The mineralogical observations on sulphide minerals have led to a better understanding of  the phase 
relationships of  pentlandite, violarite, pyrrhotite, pyrite and sulphur, with sulphate and H2S in solution. 
Electrochemical measurements indicate that, for violarite and pentlandite, the solution-mineral inter- 
faces behave similarly and these results have been plotted within co-ordinates of  E h and pH so that the 
measured reactivity of  these minerals can be compared with their thermodynamic stability. This 
approach can give insight into conditions needed for slow geological weathering o f  sulphide ores and is 
also applicable to understanding of  mechanisms of  the more rapid reactions used in hydrometallurgical 
leaching of  sulphide minerals. 
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