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Abstract The transient time-dependent region charac-
teristic of the anodic passive film formation on chalcopyrite
in sulphuric acid solutions was studied by galvanostatic
measurements. The occurrence of two passivation subre-
gions was observed. Both followed the Sato—Cohen (log-
arithmic) model for the growth of anodic passive films. The
experimental electric field for the two passivated steps was
approximately 10> V cm™'. The electric field for the first
step, at lower potentials, decreased with increasing ionic
strength, but was pH independent. In the second step, the
electric field decreased with increasing pH. The Tafel
relationship was followed for constant electrical charge
passed. The transition points between first and second step
had almost the same electrical charge for different current
densities and the electrical charge of the transition point
decreased with increasing pH. The effects of temperature
and iron/copper ion additions were also studied.
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1 Introduction

The major source of copper, chalcopyrite, is mainly con-
verted to the metal by pyrometallurgical processes that also
produce gaseous sulphur dioxide [1, 2]. The environmental
requirements being imposed on sulphide smelters have led
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to a greater effort to develop hydrometallurgical routes for
the treatment of sulphides, in order to avoid the evolution
of sulphur dioxide [3-8]. These processes involve the
oxidation of sulphides to elemental sulphur or sulphate
either using oxidants such as oxygen, ferric ion, and cupric
ion [9-16] or by direct electrolysis [13, 14, 17-19]. The
oxidation of sulphides can be regarded as an electro-
chemical reaction with the cathodic reduction of the oxi-
dant and the anodic oxidation of the sulphides [20-22].

Essentially, natural chalcopyrite is an n-type semicon-
ductor [23-27] whose band gap is 0.60 eV with a resistivity
of approximately 2 x 107 to 9 x 107> Q m and could be
variable in stoichiometry and/or impurities. Ionically, chal-
copyrite should be considered as CuFe®"(S%7), rather than
Cu®"Fe*"(S%7), [27]. Chalcopyrite does not have a wide
stability range in the Cu-Fe-S system, and associated
equilibrium phases, with their normal compositions, include
cubanite (CuFe,S3), talnakhite (CugFegS;¢), mooihoekite
(CuoFegS 1), haycockite (CuyFesSg) and perhaps bornite
(CusFeS,) [28]. The principal donor defect in natural chal-
copyrite is a metal interstitial, making it metal excess in
composition. Several reports on the anodic behaviour of
chalcopyrite are available [17, 19, 29-36].

Earlier studies conducted on the anodic dissolution of
chalcopyrite [6] found two regions in the anodic polarisa-
tion curves; at low potentials (0.8 V vs. SHE) the current is
time dependent, whereas, it is time independent at higher
potentials. In the first region covellite, CuS, appeared,
corresponding to the preferential dissolution of iron. The
oxidation of covellite was slow at low temperatures. Also,
they show that the time dependence of the current in the
low-current region is indicative of a rate controlling dif-
fusion process such as metal ions out of the surface.
However, in the high-current region where the current is
time independent, it is possible that the formation of holes
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is rate determining. The potential exerted by a ferric sul-
phate solution (0.75 V vs. SHE) lies just within the low-
current region resulting in a time-dependent process [30].
Warren et al. also found two regions in the acid system
[19]. The initial formation of a defect intermediate, defi-
cient in iron, was proposed to occur at low potentials. At
higher potentials, the corrosion current is much greater and
results in the formation of elemental sulphur and sulphate.

Biegler and Swift found a first step which represents a
surface oxidation process involving a thin surface layer of
metal-deficient chalcopyrite [17]. The potential range of
0.4-0.8 V (vs. SHE) associated with this step covers the
potential range expected in the ferric ion leaching of copper
sulphide ores; therefore, identification of this reaction has
important practical implications. The second step, for
potentials >1 V vs. SHE, is also an anodic reaction in which
equimolar quantities of the two metal ions (Cu?* and Fe®™)
are produced. Approximately 14% of the sulphur in chal-
copyrite is oxidised to sulphate and 86% to elemental sul-
phur. They also found a critical potential of ~1.0 V vs. SHE
in 1 M H,SO, solution. Below this critical potential, the
current was observed to decay with time, and above that
potential the current is almost constant. This behaviour was
related to the number of corrosion sites, which increased
dramatically as the potential was increased [17].

Current focus is already too long and, although there is a
need to pursue the research on the reaction kinetics and
mechanisms of chalcopyrite leaching [7, 37], the present
study is intended to identify the transient time-dependent
region of chalcopyrite in sulphuric acid solutions and to
establish the kinetics of anodic film formation in the tran-
sient state. In this way, it is hoped to contribute to the
knowledge of chalcopyrite hydrometallurgy, using an
electrochemical focus to elucidate the passive anodic
behaviour of this mineral.

2 Experimental

The electrochemical cell was a typical three electrode
system (chalcopyrite working electrode, graphite counter
electrode and saturated calomel or silver chloride reference
electrode). The counter electrode was separated from the
bulk electrolyte by a porous glass frit. Potential measure-
ments between working and reference electrode were made
through a Luggin capillary that was placed as close as
possible to the surface of the working electrode. All
potentials reported are referred to the standard hydrogen
electrode (SHE).

A Princeton potentiostat model 173, potential sweep
generator model 175, Houston X-Y plotter 2000 and a ten
channel recorder were employed for the experiments. The
study was performed using a galvanostatic technique.
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Table 1 Analysis of Pima concentrate

Chemical analysis Mineralogical analysis

Element % Mineral %

Cu 27.2 CuFeS, 80
Fe 29.2 FeS, 5

S 30.8 SiO, 5

Sb 0.60 Al,O5 0.93
Zn 0.50 CaO 0.52
Mo 0.14 Talc and chlorite 8
Pb 0.07

As 0.02

The working electrodes were prepared from chalcopy-
rite obtained from Pima flotation concentrate. The chemi-
cal and mineralogical analysis of chalcopyrite concentrate
as received, using ICP and XRD and verified by the Riet-
veld method [38], is shown in Table 1.

Chalcopyrite was cut with a diamond saw and mounted
in epoxy resin. The shape of the sample was generally
rectangular, with an exposed area close to 1 cmz, which
remained essentially constant after repeated polishing. A
small hole was drilled into the back of the mounted sam-
ples and silicone glue was used to seal a glass tube inserted
into the hole. Electrical contact was made by dropping a
small amount of mercury into the glass tube and inserting a
platinum wire. Before each experiment, samples were hand
polished through four grit sizes of silicon carbide paper
with a final polish using an abrasive 6 pm diamond spray.
Copper and iron in solution were measured by atomic
absorption spectrophotometry and elemental sulphur was
measured by CS, extraction and evaporation. Deionised
water and reagent grade chemicals were used to prepare all
aqueous solutions.

3 Results

The chalcopyrite sample contains 5% pyrite, which is not
as passive as often claimed, especially above ~0.6 V vs.
SCE, which could influence the present data, in light of
recent publications by Dixon et al. on the Galvanox process
[39]. Therefore, preliminary galvanostatic oxidation curves
were obtained with nearly pure chalcopyrite, being con-
cluded that the 5% pyrite content of the tested electrodes
has no effect on the rate of chalcopyrite oxidation, at least
for the present range of potentials. Typical galvanostatic
oxidation curves (potential vs. time) for our chalcopyrite
sample, are shown in Fig. 1. The region in which the
potential increases with time is defined as the transient
time-dependent region and the plateau region as the steady
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the potential increases linearly with time for all current
densities. The linear region shows two steps and the slope
of the first step is greater than the second. The same
behaviour was observed for different acidities as also
illustrated in Fig. 1. In general, the slope of the first step is
greater for lower acidities at constant current density, while
the second step shows the opposite. Figure 2 shows this
tendency at 50 pA cm™2 It is worth noting that the ionic
strength was not constant for different acidities.

3.2 Effect of pH at constant ionic strength

Figure 3 shows galvanostatic oxidation curves at constant
ionic strength for different acidities. Magnesium sulphate
was used to keep the ionic strength at a value of 3.0. At
lower potential (first step), the oxidation of chalcopyrite
seems to be independent of the pH. On the other hand,
Fig. 2 shows that the ionic strength has little effect in this

Fig. 2 Galvanostatic oxidation curves at 50 pA em ™2 for different
pH and ionic strength, 25 °C

region. At higher potential, second step galvanostatic
curves are acid dependent, increasing the potential with
acidity. Chemical analysis for iron and copper in the
solution used for the first step galvanostatic curves also
confirmed that an increase in the solution pH from about
0.1-2.8 results in an insignificant increase in the chalco-
pyrite conversion rate.

3.3 Effect of the applied current
Figure 4 shows a galvanostatic oxidation curve for chalco-

pyrite in which the applied current density (10 pA cm™2) at
steady state, was suddenly changed to 100 pA cm™2. After it
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reached the steady state, the original current density
(10 pA cm™?) was applied again. The final potential in the
three regions was approximately the same.
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Fig. 3 Effect of pH on anodic film growth at constant ionic strength,
50 pA cm™2, 25 °C
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Fig. 4 Effect of the external applied current, pH 0.1 (1.0 M H,SO,),
25 °C

3.4 Effect of copper/iron ions addition

Since cupric and ferrous ions might be expected as prod-
ucts of the oxidation of chalcopyrite, the effect of addition
of these ions on the galvanostatic polarisation curves was
investigated and the results are shown in Fig. 5.

Addition of copper up to 10 g dm™ has little or no
effect. Figure 5 shows that for a given applied current
density, the steady state potential, independent of time, is
reached more rapidly at lower concentrations of ferrous
ions. Addition of ferrous ion up to 1.0 g dm > has no
effect, but for higher concentrations galvanostatic curves
show a plateau value at approximately 0.7 V vs. SHE.

3.5 Effect of temperature

The effect of temperature on the anodic behaviour of
chalcopyrite was studied in 1 M H,SO,4 with current den-
sity of 25 pA cm 2. The shape of all galvanostatic curves
in the transient time-dependent region is the same. Figure 6
shows that the potential decreases with increasing tem-
perature. Experiments up to 45 °C show little temperature
effect in anodic film formation at constant current. It
should be noted that all samples exhibited passive like
response during the entire galvanostatic experiments.
Consequently, atomic absorption spectrophotometry assays
showed that the concentration of copper and iron due to the
dissolution of the electrode submitted to the entire polari-
sation were, in average, as low as ~4 puM at 15 °C and
40 uM at 50 °C.

4 Discussion

The growth of anodic passive films on metals may follow
different rate laws at different temperatures. The parabolic
law, characteristic of thick films formed at high tempera-
tures, is adequately explained by the Wagner theory [40,
41] which assumes that the rate controlling step of the
process is the diffusion of ions through the film to the
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Fig. 6 Effect of temperature, pH 0.1 (1.0 M H,SO,), 25 pA cm ™2

reaction interface. The logarithmic rate law observed for
the formation of thin films at low temperatures, on the
other hand, is not so fully understood [35, 42—44].

Cabrera and Mott explained the logarithmic law for
oxide film formation, whose basic postulate is that the rate
determining step is the transfer of ions across an interface
[45]. A strong electric field produced by a layer of adsorbed
oxygen ions at the film/atmosphere interface lowers the
energy barrier for ionic diffusion. Under the influence of
this field, of the order of 10° vV cmfl, the motion of ions is
shown to be overwhelming in the direction of the field,
with the number of jumps in the reverse direction being
negligible. The rate of film growth is determined by the
rate at which ions jump from the adsorbed oxygen layer
into the film under the influence of the electric field [46—
48].

The rate equation derived by Cabrera and Mott [45] for
this process is:

dx W — gAE
E—VNV exp—(T) (1)

where v is the vibration frequency, x is the film thickness, N
is the number of atoms per cm? in position to jump into the
film, v is the volume of thin film per metal ion, W is the
activation energy, ¢ is the charge of the ion, 4 is the dis-
tance from the lattice position of a metal to the first
interstitial lattice position in the thin film and E is the
electrical field.

An approximate integration of Eq. 1, valid only for gAE/
kT > 1, gives the reciprocal logarithmic tarnishing law
[49]:

1 ! /

—=A"-B'Int (2)
X

where A’ and B’ are constants for a given average value of
the thickness of the layer and temperature.

One consequence of the logarithmic law is that the
growth rate is initially very fast, but decreases rapidly so
that the film approaches a limiting thickness, in which the
increase in its thickness with time is so slight that it is
practically unobservable. In this connection, Cabrera and
Mott [45] compared their theoretical treatment with the
experimental results. They found an exponential depen-
dence of the current on the field strength, E:

i = ogexp(fyE) 3)

where i is the external current, and o and fy are parameters
related to the initial oxidation stage. Sato and Cohen [50]
measured the rate of anodic passive film growth on iron in
a neutral borate-boric acid buffer solution as a function of
the electrode potential and film thickness. The observed
kinetics followed the empirical equation

i = o exp(BV — Q) (4)

where V is the potential between the working and the ref-
erence electrodes, Q is the accumulated charge in the thin
film, and o, § and ' are parameters.

Equation 4 was then derived theoretically on the basis of
a place exchange mechanism. According to the mecha-
nism, a layer of oxygen (or another gaseous oxidant) is
adsorbed onto the surface which then exchanges places
with underlying metal atoms. A second layer of gas is then
adsorbed and the two metal-oxidant pairs rotate simulta-
neously. This process is repeated and results in film
thickening. This place exchange mechanism was used to
derive equations which conform to experimental results on
iron. The general treatment is based on theory of anodic
film formation for high-electric field ionic conductivity [41,
51]. Tonic conductivity in crystalline solids occurs through
the movement of defects in the lattice. One of these defects
is the interstitial metal ions moving through the interstices
of a network of immobile metal and oxygen atoms. The
exponential term of Eq. 1 represents the fraction of ions
which have sufficient energy to surmount the potential
energy barrier, W. The electric field is assumed to reduce
the height of the energy barrier from W to W — gAE for
ions moving with the electric field, E, and to increase the
barrier for ions moving against the electric field. If the
fraction of ions is very small, due to a large activation
energy or low temperature, the rate may be so small that
the process could be considered as not occurring at all.

The anodic dissolution of a metal sulphide can be briefly
expressed according to Eq. 5,

MS = M*T + S0+ 2e” (5)

and charge transfer at the metal sulphide/solution interface
may be expressed quantitatively by the Butler—Volmer
equation (Eq. 6), which describes the current—potential
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dependence for the case of pure charge transfer

overpotential for a single electron transfer process

i=nFk,exp ([Z—Tv) —nFk.(M*")exp [ORiﬁTO)FV} (6)

where the first term of the equation is the anodic partial
current density and the second term is the cathodic partial
current density, being F the Faraday constant, f° the
transfer coefficient and k, and k. the rate constants for the
anodic and cathodic directions, respectively, in the absence
of a potential bias. Concepts developed in the field of
corrosion may be applied to the leaching of electron con-
ducting solids in hydrometallurgical systems. For this
reason, the anodic dissolution rate of chalcopyrite may be
called the corrosion current [4, 52, 53].

During anodic film formation at constant current, each
new layer requires an extra potential to be added across the
film to maintain constant electric field in the layer and,
hence, the current. The relation between the rate of
potential increase and the current density is derived as
follows. The rate of thickness increase is given by
o )

nFp
where ¢ is the time, i is the ionic current density to form the
anodic film, n is the number of Faraday (F) required to
form the molecular weight of a compound M and p is the
film density.

Equation 7 assumes that the applied constant current is
entirely used to grow the anodic film. If dV/dx, which is the
electric field, does not vary with increasing thickness of a
compound at constant ionic current density, the rate of
potential increase is described by Eq. 8.
dv. dVdx EiM 8
W drdi np ®)
Table 2 shows the values of the two slopes AV/At, for each
current density and pH obtained from Fig. 1.

Table 2 Values of two slopes AV/At from galvanostatic oxidation
curves at different pH

Current density Slopes: AV/IAt (mV s™")

(hA cm™?)

pH 0.1 pH 1.0 pH15 pH20

Ist 2nd 1Ist 2nd Ist 2nd st 2nd
25 142 092 1.83 1.17 1.6 0.75 2.17 0.38
50 3.17 1.80 4.00 1.59 5.0 143 5.50 0.80
75 4.00 2.40 5.00 2.33 6.5 1.83 7.00 0.95
100 5.33 3.50 5.66 3.13 9.0 2.38 9.50 1.33
150 8.00 5.33 9.50 4.40 139 226
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Fig. 7 Dependence of the slopes AV/At on current density at various
acidities, 25 °C (Sato—Cohen model)

The dependence of slopes in V versus ¢ on current
density at different acidities is shown in Fig. 7.

The linear relationship between potential/time versus
current density can be expressed by Eq. 9

AV
where b’ varies with the pH. The intercept, a, is close to
zero. The combination of Eqs. 8 and 9 gives

EM
b' = f(pH)

= WFp (10)

Table 3 shows the values of 4" for the two slopes at dif-
ferent pH.

The Cabrera—Mott model (Eq. 3) may be rewritten,
giving

it i
V=-1 — Vi 11
Mog () + Vo (1)

where 7 relates thickness with electric charge passed and
Vo is the rest potential of chalcopyrite. Equation 11 is a
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Table 3 Values of b’ for the two slopes in V/t on current density at
different acidities

pH st slope 2nd slope
b a b a
mVem> A s™) mVs™H) mVem*A7lsThH (mvsTh
0.1 0.051 0.29 0.035 —0.34
1.0 0.058 0.59 0.027 0.39
1.5 0.095 —0.40 0.021 0.28
2.0 0.092 0.28 0.015 —0.03

linear function between V and ¢ at constant current, with a
slope of:

i i
S =-log| — 12
. g(%) (12)

In Fig. 8, experimental values of S/i versus log i do not fit
with the Cabrera—Mott model. Equation 4 that represents
the Sato—Cohen model, may be rewritten as
g1 i
At constant current density, the potential is a linear
function of time with a slope of
/
S = ﬁi = bli (14)
i
Such a plot was made in Fig. 7. The results follow the
Sato—Cohen model.

The galvanostatic curves at constant electrical charge,
0, should be straight lines according to the Sato—Cohen
model. The slope should be the same for different values of
total charge passed. Potentials estimated at different film
thickness (charge density in pC cm™2) in the V-r curves in
Fig. 1 are plotted as a function of the logarithm of the
current density in Fig. 9 for different acidities. The polar-
isation curves thus obtained for the linear region of the
transient state give straight lines of almost constant slope,
obeying the Tafel relationship (Eq. 15).

i = o exp(pV) (15)

where o and f are constants. f§ is independent of the film
thickness and its estimated value is 19 V™! at pH 0.08,
which is very close to that obtained by Sato—Cohen
(192 V™" [50] and Chao-Lin—-MacDonald (20 V')
[54] models. At higher pH, f varies between 12 and
19 V™' which indicates that there is no appreciable
effect of pH on the charge transfer process. The intercept
o decreased with increasing film thickness. The pH
dependence of the parameters can be rationalised due to
transfer of solution OH™ ions to O in the metal-deficient
sulphide layer.

0.12

=
~d
-

pH
°0.1
Ai.g
|1l
0.10- .2_0-
0.08(- .
- 0.06f ‘/\ -
w
- sl
3 First slope
R
(%]
z ™
[ A5
= 005 °1o0
5
2 .04 -
g
0.03} -——-\.‘“‘"*\‘ ]
il
0.02} .
._—'—-‘\.__./.
0.01} 1
Second slope
0 L 3 { 1
13 1.5 1.7 19 21 23

Log (i /pA cm?)

Fig. 8 Relationships of the AV/At slopes over i on log i at different
acidities, 25 °C (Cabrera—Mott model)

The Cabrera—Mott model (Eq. 3) may be rewritten in
the form of Eq. 16.

YAV

logi= + log o (16)
A plot of log i versus AV should have a slope of y/Q. For
different thicknesses the slope is variable and therefore,
this model does not fit the experimental values.

Table 4 shows the total electrical charge values, Q, for
points of intersection of the two slopes obtained from
Fig. 1. The total electrical charge at these points of inter-
section is approximately the same for different current
densities at constant pH, so that potential-curve values on
those points must follow the Tafel relationship (Eq. 15),
which was obtained for the transient state region at con-
stant total electrical charge. Figure 10 shows the logarithm
of the current density as a function of potential for these
particular points.

The polarisation curves at different acidities all follow
the Tafel equation. It is worth noting that the transition
between the first and second slope requires a constant film
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Fig. 9 Polarisation curves at various electric charge and pH values, 25 °C

Table 4 Total electrical charge, Q (in pC cm™?), for points of
intersection of the two slopes AV/At

Current density (LA cm™?) pH
0.1 1.0 1.5 2.0
25 3375 2000 2250 1500
50 3500 2000 2000 1500
75 3600 2400 1875 1300
100 3500 2000 2000 1500
150 3600 2250 1500
2.2
2.0 b
~
«
g 18} N
<
<
=
~
=
oo 1.6 b
=}
[
14F .
1.2 L 1 1 A 1
0.65 0.75 0.85 0.95
Potential / V vs. SHE

Fig. 10 Polarisation curves for points of intersection of the two
slopes AV/At at various acidities, 25 °C
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thickness, for the same pH. The film thickness is thinner at
lower acidities.

This transient state is equivalent to the passive region
observed in potentiodynamic experiments [19] in which the
presence of the passive region is attributed to the formation
of a thin layer on the surface.

5 Conclusions

Galvanostatic curves (potential vs. time) show two regions:
the transient state which is related to anodic positive film
formation; and the steady state, which is represented by a
levelling off of the potential. The latter corresponds to the
condition where the corrosion current is equal to the
applied current, resulting in a film thickness of constant
value. This research was focused on the study of the anodic
film formation on chalcopyrite in the transient state.

The transient state shows two steps. Both follow the
Sato—Cohen model for the growth of anodic passive films.
The first, at lower potentials, shows a slope greater than the
second, which occurs at higher potentials. The Sato—Cohen
(logarithmic) model for solid film formation was also
proposed by Warren et al. [19] based on current decay
measurements at constant potential in the potential-passive
region of chalcopyrite in acid solutions.

The experimental electric field value for the first passiv-
ation region is approximately 10° V cm ™', increasing with
the decreased ionic strength. The electric field created by the
second passivation region is approximately 10° V cm ™' and
decreases with increasing pH. In general, the transient state
region follows the Tafel relationship for constant total
electrical charge passed, Q. The transition points between the
first and second step have almost the same electrical charge
for different current densities and the electrical charge at the
transition points decreases with increasing pH.
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Cupric ion concentration has little or no effect on the
anodic dissolution of chalcopyrite. Ferrous ion over
5 g dm ™ produces a plateau value at 0.7 V vs. SHE, due to
the preferred oxidation reaction of ferrous ion at the chal-
copyrite surface; study is being carried out to obtain more
comprehensive data to validate this conclusion. The tem-
perature has no effect on the shape of the galvanostatic
curves in the transient time-dependent region.

Galvanostatic measurements and empirical equations
alone are not sufficient to study film formation [55]. To
minimise this problem, additional studies are in progress in
order to identify the steady state time-independent region
of chalcopyrite in sulphuric acid solutions, investigate the
reaction mechanism involved in the anodic dissolution of
chalcopyrite, and further analyse the behaviour of chalco-
pyrite in the presence of cupric and ferrous ions and at high
temperature.

It should be emphasised that although the dissolution of
CuFeS, in sulphuric acid has been investigated for many
years, there are still many unanswered questions regarding
the conditions under which the passivating layers are
formed on the chalcopyrite surface [56, 57]. Therefore, our
aim is precisely to provide a more adequate description of
this mineral passivation in acidic media.
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