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Table 2.4.5 : Reported Activation Energies from Leaching Studies on Covellite

> E.® E," Range Temp.
Test Conditions (kJ.mol") | (kJ.mol") (% Cu) °C) Ref.
e CusS (synthetic)
« 28 um, 1 g/L solids sg 100'_1200
¢ 0.5 M H,SO,, 0.5 M NaCl 77 78 20 - 30 75 - 95 50
e Pré-oxygenation (2 h) c
: 86 30-40

e 600 mL Oz / min 89° 40 - 50
e Stirred reactor, 1000 rpm
e Secondary CuS (from synthetic chalcocite) 101 0-20
e 212 um, 2.5 g/L solids 103 20'_ 40
e 0.2 M HCI, 0.5 M Fe(lll) (as FeCl;) 112 - 40 - 60 225-80 | 81
e Fe(lll) / Fe(ll) =10 122 60 - 80
e Stirred reactor, 900 rpm
e Secondary CuS (from synthetic chalcocite)
e 49 ym, 1 g/L solids 67 0-20
¢ 0.5 M H,SO4, 0.5 M NaCl 62 20-40 )
e Pre-oxygenation (2 h) oe 58d 40 - 60 okl i
e 600 mL O,/ min 50 60 - 80
e Stirred reactor, 1000 rpm
e Secondary CuS (from natural chalcocite)
* 193 um, 10 g/L solids -

+ - 50 0-20
* 0.0 M., O'f.-’ M . 38 55°¢ 20-40 30-74 61
e Pre-oxygenation, oxygen sparging A 40 - 60
e 86 kPa O,
e Stirred reactor, 1000 rpm
e Secondary CuS (from natural digenite) gg, 92 = 9"; 2
e 63 um, 1.33 g/L solids 771 18‘ 2'_ 27‘ 3
ae e i 84 91' | 27.3-364 | 50-90 | 69
* Pre-oxygenation 859 36.4 - 455
e 260 mL O,/ min 799 45'5 ) 54.6
e Stirred reactor, 675 rpm 859 546 - 63.7

a) Apparent activation energy reported by investigator(s)

b) Apparent activation energy determined by author of this text

c) Temperature range: 80°C to 95°C
d) Temperature range: 75°C to 94°C
e) Temperature range: 45°C to 74°C
f) Temperature range: 60°C to 90°C
g) Temperature range: 70°C to 90°C




Table 2.4.6 :

Reported Rates of Dissolution from Leaching Studies on Covellite
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Test Conditions

Rate of Dissolution (mol Cucm™.s™)?

35°C

45°C

50°C

60°C

65°C

70°C

75°C

80°C

85°C

90°C

95°C

Ref.

Covellite (natural sample)
Butte

-147+74 pm

0.358 M FeCl;, 0.137 M HCI
Atmospheric air

Stirred vessel

1.65x10°
(98°C)

49

Covellite (natural sample)
Kennecott N° 2

-74 pm, 20 g/L solids (35°C)
-147+74 pm (98°C)

0.179 M FeCls, 0.137 M HCI (35°C)
0.358 M FeCls, 0.137 M HCI (98°C)
Atmospheric air

Roll-bottle tests (35°C)

Stirred vessel (98°C)

8.11x10"

3.71x10°
(98°C)"®

49

Covellite (synthetic sample)

-38+25 pm, 10 g/L solids

0.0079 M Cu (as CuSOQy), 0.2 M HCI
Atmospheric air

Stirred reactor, 800 rpm

Solution potential control (0.58 V) °
Solution potential control (0.66 V) °

4.86x10™"
(0.58 V)

6.61x 10"
(0.66 V)

19

Covellite (synthetic sample)
28 pm, 1 g/L solids

0.5 M HzSOq, 0.5 M NaCl
Pre-oxygenation (2 h)

600 mL O/ min

Stirred reactor, 1000 rpm

5.35x10"

8.39x10™

1.13x10°

1.48 x 10°

50

a) Rates of dissolution for covellite determined up to 40% copper dissolution

b) Rate of dissolution for covellite determined up to 46% copper dissolution

c) Solution potential vs. Standard Hydrogen Electrode (SHE)




Table 2.4.7 : Reported Rates of Dissolution from Leaching Studies on Secondary Covellite
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Test Conditions

Rate of Dissolution (mol Cucm™.s™)?

35°C

45°C

50°C

60°C

65°C

70°C

75°C

80°C

85°C

90°C

95°C

Ref.

Secondary covellite (natural Cu,S)
Kennecott

-147+74 ym, 20 g/L solids

0.179 M FeCls, 0.137 M HCI
Atmospheric air

Roll-bottles

2.23x107°

76

e o o 0 0 0

Secondary covellite (natural Cu,S)
193 pm, 10 g/L solids
0.35MH",0.5MCrI
Pre-oxygenation, oxygen sparging
86 kPa O,

Stirred reactor, 1000 rpm

2.56 x 10°

3.99x 10°

1.39x10°
(74°C)

61

Secondary covellite (synthetic Cu,S)
212 pm, 2.5 g/L solids

0.2 M HCI, 0.5 M Fe(lll) (as FeCl,)
Fe(lll) / Fe(ll) =10

Stirred reactor, 900 rpm

7.08x10°

2.16 x10°®

6.49 x 10°

1.37x107

81

Secondary covellite (synthetic Cu,S)
49 pm, 1 g/L solids

0.5 M HzS04, 0.5 M NaCl
Pre-oxygenation (2 h)

600 mL Oz / min

Stirred reactor, 1000 rpm

3.08x10°

5.17 x 10°

1.20x10*®

1.72x10*
(94°C)

67

Secondary covellite (natural CusS
63 pm, 1.33 g/L solids

0.6 M HCI, 2.4 M NaCl
Pre-oxygenation

260 mL O, / min

Stirred reactor, 675 rpm

1.57x10*

3.86x10°

5.79x10°®

69

a) Rates of dissolution for secondary covellite determined up to 40% copper dissolution
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2.4.4 Mechanisms of Dissolution

Since this work entails the anodic dissolution of covellite in acidic, chloride
solutions, only mechanisms relevant to covellite and secondary covellite in this

medium, and in the absence of ferric ions, will be considered.

Fisher et al. ®' suggested that oxygen adsorbed on the mineral surface was

reduced by:
O+H +e = HO, (2.4.23a)
HO, + H' + e = H,0, (2.4.23b)
HO, + H* + e = HyO + OH (2.4.23c)
OH+H"+e = H,0 (2.4.23d)

The electrons were supplied by the oxidation of blaubleibender covellite as
shown in Figure 2.4.2. The reaction occurred as a sequence of simple
electrochemical steps, which involved one-electron transfers. They postulated
the rate-controlling step to be one of the electron transfer steps in the anodic
reaction; thus, the rate of dissolution of secondary covellite was electrochemically

controlled.




e
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O3

Sotution )/

2

Cus » 440 « 3¢ = CuCi}T - 50,7 ¢ an' . e

Fiqure 2.4.2 : Electrochemical Model of Second Stage Chalcocite Dissolution in
the Chloride System by Fisher et al. ®'

In this study, the variables were: acidity, chloride ion concentration, initial particle
size, oxygen pressure and temperature. Except for temperature, none of these
variables showed any effect on the rate of dissolution. This was attributed to the
extraordinary porosity of the blaubleibender covellite formed, which increased the
surface area to an extent that it lost any relationship to the initial surface area.
The apparent activation energy, over the temperature range 30°C to 74°C, was
reported as 38.3 kJ.mol™.

The value of the apparent activation energy (although slightly low) seems to
indicate that the process is controlled by a chemical (or electrochemical) reaction

since the reported value is close to 40 kJ.mol™ 33,
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The proposed mechanism suggests the following anodic and cathodic reactions:

Cathodic:
O, + 4H" + 4" = 2H,0 (2.4.24)

Anodic:
CuS + 4H,0 + 3CI' = CuCls* + SO,% + 8H" + 7e’ (2.4.25)

The cathodic half-cell reaction (Equation 2.4.24) assumes oxygen to be the
electron-acceptor, i.e. the primary oxidant in the leaching of covellite. This is
thermodynamically feasible (Figure 2.2.2 and Table 2.2.1; 2.2 Thermodynamics),
but unlikely from a kinetic point of view since it is well-known that the O, / H,0
couple is far less reversible than the Cu(ll) / Cu(l) couple. For example, the
exchange current density (i,) for the latter is about six orders of magnitude
greater on platinum 3. And, more specifically, it has been shown recently that
the cathodic current density (ic) for the reduction of Cu(ll) is larger than that for

dissolved oxygen on a synthetic covellite surface in acidic, chloride solutions 8.

The anodic half-cell reaction (Equation 2.4.25) shows sulphate instead of
elemental sulphur as one of the major reaction products. The unlikelihood of this
has already been discussed (2.4.1 Chemistry of Reaction and 2.2

Thermodynamics)

Finally, the overall reaction (Equation 2.4.11) shows that the oxidation of
secondary covellite is acid-producing. Studies in acidic, chloride solutions show
that the process is acid-consuming and that, if the acidity of the solution is not
controlled below pH 3 to pH 4 (depending on chloride concentration), copper may

in fact precipitate out as a Cu(ll)-hydroxychloride 4207,

Therefore, based on the above arguments, the above reaction mechanism

cannot be accepted.
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Cheng and Lawson °%¢” thought the leaching reaction for covellite to be
electrochemical in nature and proposed the following anodic and cathodic half-
cell reactions at the mineral surface for both covellite and secondary covellite, in

acidic, oxygenated chloride solutions:

Cathodic:
2H" + 50, + 2" = H,0 (2.4.26)

Anodic:
CuS = Cu®" +8°+2e (2.4.27)

These took place at different, mobile sites on the mineral surface as illustrated in
Figure 2.4.3.

Bulk soluton

CuCl. SO; CI" 02 H

ey

Cﬁ o

|
|
|

CuS

Fiqure 2.4.3 : A Schematic lllustration of the Electrochemical Leaching Model of
/. 50

Covellite in Oxygenated, Acidic, Sulphate-Chloride Solutions by Cheng et a
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In general, cuprous ions were oxidized at the mineral surface to cupric ions, with
CuCl" as the main chloro-complexed, cupric species, which then diffused into the
bulk solution through a growing, porous layer of well-defined, elemental sulphur
crystals, which surrounded a reducing (“shrinking”) core of unreacted covellite.
Electrons passed through electrical-conducting covellite from the anodic to the

cathodic sites.
Covellite

[t was concluded that the rate of dissolution of covellite was controlled by a
chemical (or electrochemical) reaction at the mineral surface, which was
supported by an apparent activation energy of 77 kJ.mol™ over the range 75°C to
95°C. In addition, these workers claimed that a plot of the apparent rate constant
(k) vs. the reciprocal of the initial particle diameter (d,) gave a straight line, which
essentially passed through the origin. The latter result also supported their

conclusion with respect to the rate-controlling step.

Secondary Covellite

These investigators were of the opinion that the second stage of leaching
proceeded in parallel with the first albeit at a much slower rate. The second
stage only became significant once about 40% of the copper, initially present in
the chalcocite, had been leached. Secondary covellite reacted and left a
thickening shell of elemental sulphur surrounding a reducing (“shrinking”) core of
unreacted covellite. They determined an apparent activation energy of
69 kJ.mol™ over the range 65°C to 94°C, which made them to conclude that the
process was under chemical or mixed control. In other words, the rate of
dissolution of secondary covellite was limited by a dominant surface chemical
(or electrochemical) reaction initially and then by both chemical and diffusion
processes in the latter stages of the leach.
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The determined apparent activation energies of 69 kJ.mol™ (secondary covellite)
and 77 kJ.mol” (covellite) seem to indicate that the leaching of covellite and
secondary covellite in acidic, oxygenated chloride solution is indeed controlled by
a chemical (or electrochemical) reaction, since these values are well above
40 kJ.mol* %,

However, Equation 2.4.26 shows that Cheng and Lawson also assume oxygen to
be the primary oxidant (electron-acceptor), which is again contested from a
kinetic viewpoint as discussed earlier. Therefore, their reaction mechanism

cannot be accepted.

The scheme of electrochemical reactions, for the leaching of secondary covellite
in acidic, oxygenated chloride solutions by Vracar et al., is rejected for the same

reason .

In their investigation of the leaching kinetics of digenite in acidic, oxygenated
chloride solutions, Ruiz et al. found that the experimental data for the second-
stage of leaching fitted Equation 2.4.28 excellently ®°,

1= Z0e - (1 - Q) = Kevter (2.4.28)
With:

Cev Fraction of secondary covellite leached
kew  Apparent rate constant

tev Reaction time

These investigators were of the opinion that this was an indication that the
leaching of secondary covellite was controlled by the transport of cupric species
through a porous sulphur layer. In conjunction, an apparent activation energy of

84 kJ.mol™" was determined over the range 50°C to 90°C.
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The above results were considered to be consistent with the dissolution of
secondary covellite by an electrochemical mechanism, for which they proposed:

Cathodic:
Cu* +e = Cu’ (2.4.29)

Anodic:
CuS = Cu"+S°+¢ (2.4.30)

They suggested that the formed cuprous ions were subsequently oxidized to

cupric ions by dissolved oxygen according to:
2Cu* + %0, + 2H" = Cu® + H,0 (2.4.31)

Figure 2.4.4(b) illustrates the reaction mechanism schematically for the case of a
spherical particle.

N

(b)

Fiqure 2.4.4 : Schematic Diagram of Electrochemical Dissolution of Digenite in

Oxygenated Chloride Media: (a) First-Stage Galvanic Couple and (b) Second-

Stage Corrosion Couple by Ruiz et al. ®°
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The scheme shows the formation of a growing sulphur layer product over the
surface of a shrinking core of secondary covellite. The oxidant, which is the
cupric ion, has to diffuse through the sulphur layer towards the surface of the
unreacted mineral, since elemental sulphur is not capable of electronic
conduction. Therefore, the anodic and cathodic half-cell reactions occur at the

CuS / S° interface (lll), which represents a corrosion couple.

The diffusion of the oxidant species (cupric ions), through the growing, porous
layer of sulphur, was considered to be the rate-limiting process. In other words,

the leaching of secondary covellite was mass transport controlled.

The problem with their explanation is that the apparent activation energy of
84 kJ.mol™" is characteristic of a process, which is controlled by a chemical
(or electrochemical) reaction and not by a mass transport limitation 3. The
investigators attempt to rationalize this by stating that the high value for the
activation energy could be due to the fact that the rate of production of cuprous
ions is slower than the rate of oxidation of cuprous ions. However, this in itself
implies that the process is controlled by the rate of production of cuprous ions,
which is in fact the rate of the anodic dissolution reaction (Equation 2.4.30).
Therefore, the leaching of secondary covellite, at least during the initial stages, is

not controlled by mass transport, but by a chemical (or electrochemical) reaction.
Electrochemistry

Reference Electrodes

Oxidation-reduction (redox) potentials may be measured and reported against
various reference electrodes, e.g. the saturated, potassium sulphate,
mercury / mercurous sulphate (sat.K2SO4, Hg / Hg2SOy4) electrode, the saturated
potassium  chloride, mercury [/ mercurous chloride or calomel

(sat. KCI, Hg / Hg,Cl,) electrode, the saturated potassium chloride, silver / silver
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chloride (sat. KCl, Ag / AgCl) electrode and the 3 M potassium chloride,
silver / silver chloride (3 M KCI, Ag / AgCl) electrode, with the latter being
commonly used in practise today. These have respective potentials of 244.4 mV,
651.3 mV, 197.0 mV and 207.0 mV against the standard hydrogen electrode
(SHE) at 25°C 3*. Therefore, when a redox potential is reported against the

standard hydrogen scale (vs. SHE), it is usually referred to as Ey, %%’

Redox Potential Measurements in Solution

A redox potential is established when oxidant and reductant, i.e. two phases,
exchange electrons with each other, in such a way, that the electrons in both
phases are in equilibrium. Therefore, in order to obtain a redox potential in
equilibrium, it is required that no transport of metal ions occurs from metal to
electrolyte and vice versa ®. In other words, the metal must remain inert under

the conditions of measurement.

The oxidation state in solution, pertaining to typical leaching processes of copper
sulphide minerals, is usually monitored by measurement of the redox potential
with a platinum electrode against that of a suitable reference electrode. The
reason for this is that the indicator electrode (platinum) remains inert under the
reigning, leaching conditions. However, it is also possible to use other materials
such as vitreous carbon and lead as indicator electrodes % provided these

remain inert under the conditions of measurement.

Typically in leaching processes, the potential is measured in the bulk solution
with a stationary, platinum (indicator) electrode. However, it is also possible to
measure the potential in solution close to a mineral electrode’s surface with more
sophisticated equipment such as a rotating-ring-disk electrode (RRDE) 10345799,
Also, it is important to realize that these measurements, i.e. in the bulk and close

to the mineral’s surface, can be significantly different under certain conditions .
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Equilibrium Redox Potential Properties

Consider the general redox couple:

Ox +ne” = Red (2.5.1)

The equilibrium potential (E) is expressed by the Nernst equation as follows
33,39,100.

— %=e RT [Red]
E= E°- Fln([o)(] ) (2.5.2)

With:

E Potential, in V (vs. SHE)
E* Standard potential, in V (vs. SHE)
R Universal gas constant, 8.31441 J.mol™ K
T Temperature, in K
n Number of electrons (e7)
F Faraday’s constant, 96 487 C.mol™" e’
[Red] Activity of Red, in molal, or
Fugacity of Red, in atmosphere
[Ox] Activity of Ox, in molal, or
Fugacity of Ox, in atmosphere

The standard potential (E°) refers to a potential when all gaseous species are at
a fugacity (thermodynamic pressure) of 1 atmosphere and all dissolved species
at an activity (thermodynamic concentration) of 1 molal, i.e. 1 mole per 1000 g of
water, at 25°C (298.15 K) %. For diluted solutions, activity and fugacity are

approximated by concentration and (partial) pressure, respectively 33°.

Consider the following reaction for the anodic dissolution of covellite:
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CuS = Cu®" +8°+2¢ (2.5.3)

Then, the equilibrium electrode potential (E) at 25°C is given by:

_ 0.0591 1
E = 0.633- —2 |Ogm (2.5.4)

With:
[Cu?*] Concentration of uncomplexed or free cupric ions, in mol.dm™

Table 2.5.1 presents the reduction potentials for couples encountered in the

leaching of some copper sulphide minerals.

Table 2.5.1 : Some Relevant Reduction Potentials °

Reaction Solution (\IIE s° oSrI_Ilié)
CuS + Cu®" +2e = Cu,S 0.494
CuS + Cu(ll) + 2e” = Cu,S 1MCI 0.443
Cu®*+S°+2¢ = CuS 0.633
Cu(ll) + S° +2¢” = CuS 1MCr 0.583
Cu(l)+S°+e = CuS 1MCr 0.675
5Cu®* + Fe?* + 4S° + 12e” = CusFeS, 0.543
5Cu(ll) + Fe(ll) + 4S° + 12e” = CusFeS, 1MCr 0.493
Cu® + Fe*" +28° + 4¢" = CuFeS; 0.427
Cu(ll) + Fe(ll) + 28° + 4¢” = CuFeS; 1MCr 0.377
Cu(l) + Fe(ll) + 28° + 3" = CuFeS; 1MCr 0.341
CuS + Fe®" + 28° + 2" = CuFeS; 0.220

1) E® standard potential, i.e. at standard conditions
2) E® formal potential, i.e. at non-standard conditions (25°C)
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The total Cu(l), Cu(ll), Fe(ll) and Fe(lll) concentrations were all set at 3 g/L. each
in the case of the above potentials (Table 5.1). It should also be noted that the
potentials in 1 M chloride ions are formal rather than standard values, because
the metal ions are not present as aqua-ions at unit activity, but as chloro-

complexes.

Thus, from a thermodynamic point of view, it can be seen that covellite should be
oxidized at potentials above 0.633 V (vs. SHE) in a solution containing cupric
ions at unit activity, at 25°C. However, in a solution of 1 M chloride ions, the
mineral should be oxidized at potentials above 0.583 V (vs. SHE) at 25°C.

The formal potential (as presented in Table 5.1) is also sometimes referred to as

the so-called open-circuit potential (OCP) or rest potential of the mineral.

Kinetic Potential

It is important to realize that the thermodynamics do not specify the rate at which
the oxidation process occurs. In general, kinetic limitations will require a

significant overpotential as a driving force for the above reaction 3.

Mixed potential theory was first introduced in 1938 (cited from reference in '),
which was later used by others to explain the kinetic and mechanistic features of

electrochemical reactions pertaining to many hydrometallurgical processes

31101102 More specifically to its application in leaching studies, the reader is

referred to the pioneer-work of Nicol ef al. with regard to an electrochemical

model established for the leaching of uranium dioxide '°*1%4,
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Although the measured redox potential of a solution is a useful parameter, it does
not necessarily reflect the actual potential at the surface of a dissolving mineral -
the so-called mixed potential (En). This potential is established when two or
more electrochemical reactions (anodic and cathodic) occur at the mineral

surface, independently of each other 33,

Consider the oxidative dissolution of covellite in an acidic, ferric sulphate

solution:
CuS(s) + 2Fe*aq) = Cu™(aq) + 2F€™(aq) + S° (2.5.5)

In reality, this process occurs as the following coupled anodic and cathodic
reactions, which occur at equal rates at the mineral surface, under freely

dissolving conditions.

Cathodic:
2Fe* aq) + 28" = 2Fe* ) (2.5.6)

Anodic:
CuS() = Cu®(aq) + S° + 2¢ (2.5.7)

Figure 2.5.1 depicts schematic current density (i) - potential (E) curves for the
anodic dissolution of covellite and the cathodic reduction of ferric ions on the
mineral surface, as well as the anodic oxidation of ferrous ions thereon.
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CuS — Cu? +S°+2¢ Fe? — Fe* +e

Fe* +e — Fe*

Figure 2.5.1 : Mixed Potential Model (Type 1) adapted from Nicol **%1%
With:

i Current density, in A.m™

ia Anodic current density, in A.m™

ic Cathodic current density, in A.m™
E Potential, in V (vs. SHE)

Eeq.1 Equilibrium potential for the reaction in Equation 2.5.7 (i, = ic = 0), in
V (vs. SHE)

Eeq2 Equilibrium potential for the reaction in Equation 2.5.6 (ia = ic = 0), in
V (vs. SHE)

En  Mixed potential (iz = -ic # 0), in V (vs. SHE)
n Overpotential, in V (vs. SHE)

Na Anodic overpotential, in V (vs. SHE)

Ne Cathodic overpotential, in V (vs. SHE)
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The moment when covellite is in contact with the solution containing the oxidant
(ferric ions), both anodic (Equation 2.5.7) and cathodic (Equation 2.5.6) half-cell
reactions are at equilibrium, i.e. at Eeq.1 and Eeq2, respectively. However, this is
not an equilibrium situation, because some areas on the mineral surface are at
one potential (Eeq.1) and other at a different potential (Eeq2). Thus, the potential
difference (Eeq.2 - Eeq.1) provides a driving force towards equilibrium. In order to
attain a uniform surface potential, electrochemical cells are set up on the covellite
surface and electrical current is forced to flow. A steady state is achieved when
the anodic and cathodic currents are balanced, i.e. when Z i = Z -ic # 0. The
potential at which this is achieved is known as the mixed potential (En). The
difference between the mixed potential and the equilibrium potential of the
CuS / Cu?*, S° couple is the anodic overpotential (na).

Na = Em - Eeq.1 (2.5.8)

The anodic overpotential represents the driving force for the leaching reaction
(Equation 2.5.5) and the corresponding anodic current density (ia) is equivalent to

the specific rate of leaching of covellite.

The difference between the mixed potential and the equilibrium potential of the
Fe3* / Fe?* couple is the cathodic overpotential (nc).

Ne = Em-Eeq2 (2.5.9)
For the case presented in Figure 2.5.1, the anodic current density (i) and the
cathodic current density (i) are equal, but opposite in sign, at the mixed

potential:

2 = - (2.5.10)
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In the above example, the reverse reaction for Equation 2.5.7 was ignored in the
region of the mixed potential. Generally, this approximation is true for the
cathodic behaviour of most copper sulphide minerals, which exhibit highly

1339 However, the electrochemical

irreversible electrochemical behaviour
characteristics of the oxidizing reagent (ferrous ion) or reducing reagent
(ferric ions) are sometimes considerably more reversible on the mineral surface
and one cannot always make the above assumption, which implies that the
reverse reaction, i.e. the oxidation of ferrous to ferric ions, can be neglected in

| 333897 However, at high Fe(lil) : Fe(ll) ratios,

36,97

the region of the mixed potentia
the anodic oxidation of ferrous to ferric ions can be ignored (Type I)

Figure 2.5.2 shows the case (Type lll) for the above system, where the mixed
potential is fixed by the current-potential characteristics of the Fe(lll) / Fe(ll)
couple, because of the negligible contribution of the anodic oxidation reaction
(Equation 2.5.7) of covellite in establishing the mixed potential.

i Fe** — Fe¥ +e¢ CuS — Cu® +8°+2e

Fe** +e — Fe**

Figure 2.5.2 : Mixed Potential Model (Type Iil) by Nicol '%-33.36.97.103
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The anodic oxidation of covellite introduces an additional current, which must be
balanced by an additional cathodic current. Thus, the mixed potential is the

potential where:
ia1 + iaz = 'ic (25.11)
With:

a1 Anodic current density due to the anodic oxidation of covellite, which is
equivalent to the rate of dissolution of covellite, in A.m™

ian Partial anodic current density for the oxidation of ferrous to ferric ions, in
A.m?

ic Partial cathodic current density for the cathodic reduction of ferric to

ferrous ions, in A.m?2

The relationship between current density and potential is expressed by the so-

10,31,33,34,36,97,99,101,102,103,104

called Butler-Volmer equation and writing each of the

current densities of Equation 2.5.11 in terms of the latter, renders:

iat = Ka1€Xp(BaiEm) (2.5.12)
la2 = kaz[Fe(ll)]exp(BazEm) (2.5.13)
[ = ke[Fe(lll)]exp(-BEm) (2.5.14)
With:
k An electrochemical rate constant

B Tafel slope, in V.decade™
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Electrochemical Studies on Covellite

Lazaro-Baez compared the anodic responses from linear sweeps (5 mV.s™) for
rotating (200 rpm) bornite (CusFeS4), chalcopyrite (CuFeS;) and covellite (CuS)
electrodes in 0.1 M H,SO4 + 0.05 M Fe(lll) at 60°C °. These are essentially plots
of the anodic current density (i) against the applied electrode potential (E),
where the electrodes were swept in the positive direction from the open circuit
potential (OCP), up to slightly above 0.8 V (vs. SHE).

She showed that the reactivity for bornite was higher than that for covellite, which
was much higher than that for chalcopyrite. In addition, it was found that the
open circuit potential for all three minerals were negative to the anodic process
on chalcopyrite and followed the order:

OCP(CuFeS;) > OCP(CuS) > OCP(CusFeS,) (2.5.15)

The values were 0.42, 0.4 and 0.27 V (vs. SHE), respectively.

The open circuit potential for the three minerals in 0.1 M HCI + 0.05 M Fe(lli) at
60°C, followed the order:

OCP(CuS) > OCP(CuFeS,) > OCP(CusFeS,) (2.5.16)

The values for these were measured at 0.46, 041 and 0.4 V (vs. SHE),

respectively.

Bornite showed the same reactivity in both solutions, while the reactivity of

chalcopyrite was only marginally higher in the chloride solution.
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On the other hand, covellite was found to be much less reactive in this medium,
with almost half the anodic current density for the sulphate solution. This was
also reflected by a mixed potential, which was about 90 mV lower in the chloride
than in the sulphate solution, whereas the mixed potential for bornite was virtually
the same in both solutions and slightly higher (20 mV) for chalcopyrite in the
chloride solution. Thus, it was demonstrated that the rate of covellite was
potential-dependent with an increase in anodic current density with increased
potential in both media. Furthermore, although this was not pointed out by the
investigator, covellite also showed some indication of active-passive behaviour in

the chloride solution.

The above findings with respect to reactivity were confirmed by the cathodic

reduction of ferric ions on these minerals in both solutions.

Lazaro-Baez's observation, although obtained at higher temperature and by
different technique, seems to be in agreement with the findings of Sullivan, who
showed that the rate of dissolution of covellite was slower in acidic, ferric chloride

than in acidic, ferric sulphate solutions, in his leaching studies conducted at 35°C
49

Ghali et al. conducted an electrochemical study to investigate the anodic
dissolution behaviour of impure commercial and pure synthetic covellite
electrodes in acidic, chloride solutions ranging from 0.01 M HCl to 1 M HCI '%.

These investigators found that the rate of dissolution of covellite was potential-
dependent and strongly influenced by the acidity (pH) and chloride ion
concentration of the solution. In other words, the rate of dissolution increased
with increased acidity and chloride ion concentration. An increase in the porosity
of covellite also had a positive effect on the kinetics of dissolution. However, an
increase in Cu(ll) ion concentration seemed to decrease the rate of dissolution,

but this effect was less marked than that of acidity and chloride ion concentration.
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Furthermore, the mineral showed typical active-passive behaviour with the

formation of elemental sulphur.

Unfortunately, the above workers performed their experiments over a very wide
applied potential range, which spanned up to about 1.5 V (vs. SCE). At such
high potentials, oxygen will evolve due to the oxidation of water, which may lead
to bias towards the measured anodic current density. Also, it is unlikely that
mineral surface potentials up to such high values can be obtained by redox
couples such as Cu(ll) / Cu(l) and Fe(lll) / Fe(ll), even at very high temperatures.
This may make some of their findings less relevant to atmospheric leaching

processes.

Jones et al. produced anodic and cathodic polarization curves for a suite of oxide
and sulphide minerals, including covellite, in both chloride (1 N HCI) and sulphate
(1 N HS0,) solutions '®. Their results showed that the anodic oxidation of
covellite was potential-dependent, the rate of dissolution increased with
increased temperature and the mineral electrode showed active-passive

behaviour.

The above investigators also made the interesting conclusion that
electrochemical polarization measurements may be useful for rapid, screening I

tests prior to more focused leaching tests by conventional methods.

Very little work has been reported on the electrochemistry of covellite in acidic,

chloride solutions and, especially so, on the anodic processes involved at ﬂ
relatively low potentials, e.g. 0.55 V (vs. SHE) to 0.62 (vs. SHE). This is
somewhat surprising, since this medium is attractive for leaching and electrolysis
due to the high solubility of cupric chloride and expected low overpotentials
associated with chloride ions. Nevertheless, the above workers all seem to be in
agreement on the potential-dependency of covellite, as well as the mineral’s

active-passive behaviour in acidic, chloride solutions. Also, it seems that acidity
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(pH), chloride ion and copper ion concentration are important parameters to be

considered in the leaching of covellite in this medium.

In general, electrochemical techniques can be very useful in mechanistic or
screening tests pertaining to the leaching of copper sulphide minerals. However,
care has to be taken that the applied potential range is relevant to that induced
during the conventional leaching process. Also, purity of the mineral electrode
used, is also very important, because impurities oxidizing at applied potentials
will cause bias towards measured anodic (and cathodic) currents. Furthermore,
it should also be remembered that these techniques are conducted over
relatively short periods of time, which may again introduce bias towards the rate
of leaching in view of passivation of the mineral electrode later on. Therefore, it
is essential to conduct these in conjunction with longer-duration, conventional

leaching tests.
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CHAPTER 3

EXPERIMENTAL

Materials

Electrodes

Covellite Electrode

The mineral electrode was manufactured from a synthetically produced covellite
sample, which constituted synthesis of cupric ion with gaseous hydrogen
sulphide or sulphide ion at high temperature according to a published method .
XRD analysis showed that the sample was relatively pure with 98.5% covellite

and only trace amounts of chalcocite present.

The synthesis process produced cylindrical samples of 1 mm in diameter, which
were typically about 10 mm in length. A copper layer was electro-plated on one
end of the covellite sample to which a thin copper wire was soldered using silver
epoxy resin. The other end of the copper wire was connected to a stainless steel
screw, also using silver epoxy resin. The mineral electrode was finally imbedded
in a cylindrical, resin (Araldite LY 568) disk (Figure 3.1).

Resin disk Copper layer

Covellite electrode (¢ 1 mm) Stainless steel screw

Fiqure 3.1 : Covellite Electrode
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The calculated surface area of the mineral electrode exposed to the solution was
0.0079 cm?.

Counter Electrode

The counter electrode used, was a thin, platinum (Pt) wire of about 10 mm in

length, of which the one end was coiled for improved electrical contact.

Reference Electrode

The reference electrode was a saturated, potassium sulphate, mercury-
mercurous sulphate (sat. K;SO4, Hg / Hg2SO,) electrode with a potential of
0.651V against the standard hydrogen electrode (SHE) at 25°C 7. Al
potentials in this study have been reported against SHE.

Apparatus

A schematic diagram of the apparatus used in this study is presented in
Figure 3.2. This shows an aluminium holder in which the resin disk, containing
the mineral electrode, was inserted for support. The holder was open at the
bottom to allow for electrical contact with the stainless steel screw of the

stationary, resin disk.

A polyvinylchloride (PVC) fitting was placed upon the face of the resin disk and
tightened to an aluminium holder (not shown) with a stainless steel, screw-ring.
The PVC fitting contained a capillary of 2 mm in diameter and fixed length
(2 mm, 5 mmor 10 mm), as well as a larger reservoir. Both reservoir and
capillary were filled with the working solution and a 2 mm (inside diameter) O-
ring, imbedded in the PVC fitting, ensured that the working solution did not leak
from the capillary and reservoir. The platinum wire was inserted into the solution-

filled capillary and the reference electrode into the reservoir.
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Hg /Hg,SO, (sat. K,SO,) reference electrode

Reservoir filled with leach solution

Capillary (¢ 2 mm) filled with leach solution

(2,5& 10 mm) h .
Pt-wire

W l«———— Resin disk containing mineral sulphide

Figure 3.2 : Experimental Set-Up

The above three-electrode system was used in conjunction with an EG & G
Princeton Applied Research Model 173 Potentiostat / Galvanostat and an
EG & G Princeton Applied Research Model 175 Universal programmer to
conduct electrochemical measurements. Current and potential readings from the
potentiostat were captured using a National Instrument data acquisition card,
which was controlled by Labview™ software. The latter also allowed for the
recorded data to be exported to a suitable spreadsheet program, e.g. Microsoft’s
Excel®.

Working Solutions
The solutions used as electrolytes in this study were all prepared using analytical

grade (AR) chemicals and Millipore-quality (Milli-Q) water. A list of the chemicals
with their respective formulae and suppliers is presented in Table 3.1.




79

Table 3.1 : Chemical Reagents

Chemical Reagent Formula Supplier
Copper sulphate CuS04-5H0 BDH Chemicals
Hydrochloric acid (32%) HCI SIGMA Chemicals
Sodium chloride NaCl MERCK Chemicals
Sodium sulphate Naz;SO4 MERCK Chemicals
Sulphuric acid (98%) H2SO4 AJAX Chemicals
Water (Milli-Q) H20 Murdoch University

The solutions were made up in such a way as to ensure initial change of only one
constituent at a time, e.g. acidity (pH), chloride ion concentration, copper ion
concentration and sulphate concentration. The various working solutions used

were the following:

Hydrochloric Acid Solutions

e 0.01 MHCI
e 0.02 M HCI
e 0.2MHCI
e 1MHCI

e 2MHCI

Hydrochloric Acid / Sodium Chloride Solutions

e 0.2MHCI+0.3M CI (as NaCl)
e 0.2MHCI + 0.8 M CI' (as NaCl) |
e 0.2MHCI+ 1.8 M CI (as NaCl)
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Hvydrochloric Acid / Sodium Sulphate Solutions

e 0.2 MHCI + 10 g/L SO4* (as NazS04)
e 0.2 MHCI+ 50 g/L SO4 (as NazSOyu)
e 0.2 MHCI + 100 g/L SO4* (as Na;SOy)

Hydrochloric Acid / Copper Sulphate Solutions

e 0.2MHCI+0.5g/L Cu(as CuSOy)

Sulphuric Acid Solutions

0.01 M H2SO4
0.02 M H2SO4
0.2 M H2SO4
1 M H,S04

2 M HzSO4

Sulphuric Acid / Sodium Chloride Solutions

0.01 M H.SO, + 0.2 M CI (as NaCl)
e 0.02MH,SO, + 0.2 M CI (as NaCl)
e 0.2 MH,S04+0.2 M CI (as NaCl)
e 1 MH,SO;+ 0.2 M CI (as NaCl)

e 2MH,SO,+0.2M CI (as NaCl)

e 0.2 M H,SO,4 + 2 M CI (as NaCl)
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Sulphuric Acid / Sodium Chloride / Copper Sulphate Solutions

e 0.2MH2S04+0.2MCI (as NaCl) + 0.05 g/L Cu (as CuSO,)
e 0.2MH2SO4+0.2MCI (as NaCl) + 0.1 g/L Cu (as CuSOQy)
e 0.2MH2SO4+0.2MCI (as NaCl) + 0.5 g/L Cu (as CuSOQy,)
e 0.2MHS04+0.2MCI (as NaCl) + 1 g/L Cu (as CuSQy,)

o 0.2MH2SO4+2M CI (as NaCl) + 0.05 g/L Cu (as CuSOy)

e 0.2MH;S04+2MCI (as NaCl) + 0.1 g/L Cu (as CuSOs)

e 0.2MH;SO4+2MCI (as NaCl) + 0.5 g/L Cu (as CuSQ,)

e 0.2MH,S804+2MCI (as NaCl) + 1 g/L Cu (as CuSOy)

Methods

Electrochemical Measurements

All electrochemical tests were conducted on stationary mineral electrodes using
the apparatus and set-up already described. Unless otherwise stated, a ® 2 mm
PVC fitting with a 2 mm capillary length was used in these tests. Also, all tests

were conducted at atmospheric conditions of 101.325 kPa (abs) and + 25°C.

Open Circuit Potential (OCP)

Potential measurements were collected over time at zero current for the mineral
electrode and the platinum wire with respect to the sat. K;SOq4, Hg / Hg2SOq,

reference electrode.

Cyclic Voltammetry

In general, this is a very useful technique to investigate the occurrence of
intermediate species in an electrochemical reaction and can be applied to a

stationary electrode ™°.
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In the hydrometallurgical field, more specifically in the leaching of mineral
sulphides, this technique is applied to identify the appropriate potential regime for
mineral dissolution, as well as the likely anodic and cathodic reactions taking
place at the mineral surface. The technique involves the application of a linear,
potential sweep to a mineral electrode by means of a potentiostat. The
corresponding current measurement is an indication of reaction at the mineral

surface 799108,

All voltammograms in this study were generated by sweeping the mineral
electrode in the anodic (positive) direction from the OCP, at a sweep rate of
10 mV.s™ (unless otherwise stated). Before sweeping commenced, the mineral
electrode was maintained for three minutes at the OCP within the working

solution. This was to aid in generating reproducible results.

A typical voltammogram for a stationary, covellite electrode in 0.2 M HCI at 25°C
is shown in Figure 3.3. An enlargement of only the anodic region of the above is
presented in Figure 3.4.

Ambient - Aerated, 0.2 M HCI & 1 mm CuS

150

100 4 ocp
/ NS |
50 1 i
—
ll - S ~
0 —— . — e

=50 4

-100 A

Current Density (A.nr?)

=150 1

ocP = 0461V
-200 + Sweep rate =10 mV.s-!

Swept from open circuitpotential (OCP)
in positive direction first

-250 A

-300

Potential (V vs. SHE)

Figure 3.3 : A Typical Voltammogram for a Covellite Electrode







































































































































































































































































































































