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Abstract: The complete reaction of chalcopyrite at ≥220 ◦C under pressure oxidation conditions
(10 or 20% w/w pulp density, PO2 700 kPa) is a clean process producing a residue consisting of
hematite and un-reacted gangue minerals. However, when the process water contains chloride ions,
covellite intermediate formation is significant and subsequently generates elemental sulphur that
can persist for up to 60 min. Increasing the temperature to 230 ◦C reduces this time, although the
dissolution of copper and the oxidation of sulphur still follows non-parallel reaction pathways. At
245 ◦C, the production of elemental sulphur in the presence of moderate chloride levels, 15 g/L, is
no longer significant. The effects of other chemical additions (including enhancement of aluminium
content) are also examined. Particular emphasis is given to the mineralogy of the leach residues and
the deportment of iron in these residues to various phases that include hematite, basic ferric sulphate
and natrojarosite. The residues are found to also contain a number of other intermediate phases in
addition to covellite and sulphur, such as antlerite and clinoatacamite, depending upon the leach
conditions employed.
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1. Introduction

In part 1 of this study [1], the solution chemistries associated with high-temperature
pressure oxidation of chalcopyrite in process water of various compositions under batch
conditions were described and compared. More specifically, the effects of chloride ions in
the process water upon the system were considered. This second part of the study focuses
on the mineralogical changes that accompany the experiments described in part 1.

It is widely acknowledged that high-temperature pressure oxidation of chalcopyrite
concentrates (using good quality process water) produces residues that contain hematite
and/or basic ferric sulphate in addition to poorly leached and/or inert gangue minerals
originally present in the concentrates (e.g., [2]). In comparison, iron reports to hematite
under oxidative ammoniacal conditions, such as those employed in the Arbiter process [3].
The nature of leach residues generated during the alkaline glycine leaching of chalcopyrite
appears to be more complicated owing to the low extent of leaching found under the
conditions studied, facilitating the formation of both neutral and basic copper-containing
compounds [4]. A more recent study that examined the impact of mechanical activation
upon the alkaline glycine leaching of chalcopyrite resulted in significantly greater copper ex-
tractions and produced leach residues that contained copper glycinate (Cu(NH2CH2COO)2)
which could be recovered, covellite, maghemite (γ-Fe2O3) and quartz [5].

While rare, deviations from the expected mineralogy of high-temperature pressure
oxidation leach residues formed from chalcopyrite have been described [6,7], as have
variations for residues generated using low-to-medium pressure oxidation regimes [8].
Subsequently, several detailed studies of residues generated by the CESL process have
been conducted [9–11]. The study of Sahu and Asselin [9] identified goethite (α-FeOOH)
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in a number of residues produced under CESL conditions and in one instance, feroxyhyte
(δ-FeOOH). The use of a two-stage sequential extraction method confirmed the presence
of amorphous/poorly crystalline iron oxides (e.g., ferrihydrite) and gave estimates of the
amounts. In a follow-up study, the application of QXRD analysis to CESL process residues
indicated poor correlation with the elemental analysis for iron, assuming all materials
were crystalline [10]. The addition of an alumina internal standard enabled the amounts of
amorphous/poorly crystalline iron oxide phases, suspected to be ferrihydrite or a mixture
of iron oxides/hydroxides, to be determined. This was confirmed by selective extraction of
these phases using hydroxylamine hydrochloride. Further to this, Mössbauer spectroscopy
indicated poorly crystalline hematite in the samples, though it is not clear whether this
material was selectively extracted. It has been reported that nano-sized hematite does not
generate the standard XRD pattern associated with material for which the crystals have
larger coherently diffracting domains [12].

The study of Javed et al. [11] examined the residues formed in the presence of copper
in the sulphate-chloride systems at 150 ◦C where chloride was added as CuCl2 and FeCl3.
Although goethite was noted to form when the final acid concentration was low (12.5 g/L)
the dominant phase formed was normally hematite. Copper losses to the residue decreased
with increasing acidity and when hematite seed was added, while the extent of iron
precipitation increased with increasing retention time, and increasing copper and chloride
concentrations, both up to 30 g/L.

The formation of intermediate copper-containing phases during oxidative leaching of
chalcopyrite has long been recognised, e.g., [13]. The work of Chaiko et al. [14] concluded
that the formation of only a small amount of a covellite-like phase, best formulated as
Cu6S6, facilitates the low-temperature leaching of chalcopyrite in the FLSmidth® Rapid Ox-
idative Leach (ROL) process. In contrast with the non-oxidative processing of chalcopyrite,
X-ray analysis did not detect the formation of other secondary sulphides such as digenite
(Cu1.8S) and chalcocite (Cu2S). For the ROL process, the formation of covellite at significant
levels was concluded to be parasitic with respect to dissolution. Hence control of the Eh
and pH were employed to limit covellite formation as the mechanism for accelerating
chalcopyrite leaching.

Even at high temperatures (180–200 ◦C), the formation of copper sulphide interme-
diates has been noted, e.g., [15]. An upgrade in the copper content of chalcopyrite has
been described under oxidising conditions by Bartlett [16] and Muszer et al. [17] who
generated predominantly digenite and covellite, respectively. In comparison, the study of
Hawker et al. [18], which appears to have been conducted at Eh controlled by the addition
of ferric sulphate, preferably formed covellite.

Although the topic has a rich history, e.g., [19–22], there has been a significant renewed
focus upon the non-oxidative/metathetic upgrade/purification of chalcopyrite concentrates
and several studies describe the mineralogical transformations that occur, e.g., [23,24]. This
approach has been targeted for practical application: Fomenko et al. [25] describe an
approach referred to as hydrothermal alteration that enables the upgrade of chalcopyrite
concentrate and partial removal and recovery of co-present base metals, namely zinc and
lead, whereas the reaction of sphalerite with copper-containing solutions can also form
digenite and chalcocite [26]. This involves a step to generate copper-containing solution that
is employed in the hydrothermal alteration step (which can be conducted without and with
partial oxidation) and enables the rejection of other elements. This approach is the same
in principle as that of Dunn [27], whereby a non-oxidising step that uses an acidic copper
sulphate solution generated by oxidative treatment of a copper sulphide source is employed
to upgrade the copper content of the final product. A similar application was described in
the study of Kritskii et al. [24]. In comparison, the application of copper metathesis reactions
in the commercial processing of nickel matte is well known, e.g., Van Wyk et al. [28], and
has also been suggested for the enrichment of copper concentrate via the removal of copper
from leach liquor derived from mixed nickel-copper concentrates [29].
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It has previously been noted that elemental sulphur can form and persist at high
temperatures (220 ◦C) when sodium chloride is added to the system [6]. Other studies
have similarly noted the presence of small amounts of sulphur in leach residues produced
from pyrite at high temperatures in the presence of chloride, e.g., [30]. In the piloting of the
Platsol process, which employed a lixiviant containing 10 g/L chloride, the total leaching
time was 66 min although most of the metals were extracted within around 20 min [31].
The additional time combined with recycle of the leached residue was shown to ensure
complete oxidation of the elemental sulphur (in addition to marginally improving metal
extractions); it is noted here that the potential for sulphur intermediate formation in this
process was inferred [32], but was not specifically confirmed. In comparison with other
studies undertaken in the presence of chloride, King et al. [33,34] found that elemental
sulphur is present in residues from the pressure oxidation of copper concentrates (150 g
in 1 L lixiviant) at temperatures of 180–190 ◦C after 3 h but at temperatures of 200–220 ◦C
there was virtually no elemental sulphur.

Finally, it has been shown that basic copper salts can form during chalcopyrite leaching,
depending upon the starting conditions [8]; this means post-leach pH adjustment may
be required for more efficient copper recovery. This approach is employed in the CESL
process [35] and may be advantageous for copper removal (as Cu2(OH)3Cl) after sodium
chloride-based oxidative leaching of nickel sulphide ore/concentrates [36]. Conversely, pH
control to below 2.5 is used to prevent atacamite formation in the HydroCopper® process
where the concentration of NaCl is targeted to 280 g/L [37]. It has been noted that antlerite,
Cu3(SO4)(OH)4, is formed in treating CESL process leach liquor [38] and this is presumably
determined by a high sulphate-to-chloride ratio in the liquor. In comparison, copper
precipitation from NaCl solutions at 80 ◦C and a high pH of 9.5 also results in the formation
of cuprite, Cu2O, and tenorite, CuO, in addition to atacamite and clinoatacamite [39]. At
lower temperatures, 30 ◦C, atacamite is formed from NaCl and NH4Cl solutions during
chalcopyrite leaching [40].

Following McDonald [1], the present study was conducted to examine the (batch
processing) effects of various chloride-containing process fluids upon the mineralogical
transformations of chalcopyrite concentrate to residue components. Comparisons are
made to systems without added chloride and those for which other additives have been
employed. The changes occurring as a function of time are discussed with respect to
the corresponding process fluid compositions. The study represents the first compre-
hensive comparison of the impact of high temperature, and pressure oxidation condi-
tions on the mineralogical changes that can occur during the batching processing of a
chalcopyrite concentrate.

2. Experimental

The details of the experimental method, experimental conditions and analytical meth-
ods have previously been described in part 1.

Solid sub-samples were weighed with the addition of 10% fluorite (internal standard)
and lightly milled in absolute ethanol using a McCrone micronizing mill (McCrone, West-
mont, IL, USA) and dried in air. XRD traces of the ground, dried samples were mostly
obtained using a Philips Xpert diffractometer (Philips, Almelo, The Netherlands) operated
at 40 kV and 40 mA, and the following acquisition conditions: Co Kα radiation, 5–120◦

2θ, 0.05◦ 2θ/step, 1.5◦ 2θ/min, primary and secondary Soller slits installed (receiving slit
0.2 mm).

The XRD patterns shown in Section 4.5.8 were obtained using a PANalytical high-
resolution multi-purpose powder diffractometer (Empyrean) (Malvern Panalytical, Malvern,
UK) operated at 40 kV and 40 mA. The instrument optics consisted of a Bragg–Brentano
high-definition monochromator, with fixed divergence, 0.5◦, and anti-scatter, 1◦, slits,
placed in the incident X-ray beam, a programmable anti-scatter receiving slit, and incident
and receiving 0.02 rad soller slits inserted. A PIXcel3D photon counting X-ray detector was



Minerals 2023, 13, 1162 4 of 36

used to collect the data over an angular range of 5–130◦ 2θ with a continuous scan mode
for 2 h.

Rietveld refinements were conducted using Brüker-AXS TOPAS software (versions 3
and 4.2, Bruker, Billerica, MA, USA) and a verified set of crystal structure models that can
be found within the FIZ Karlsruhe 2011 ICSD [41] or the ICDD PDF-4+ 2022 databases [42].
Most models employed were taken from published crystal structures except for basic ferric
sulphate, Fe(OH)SO4, for which a calibrated Pawley fit was obtained to generate a suitable
phase quantification model. Modelling of this phase using atomic coordinates requires
the order-disorder character, viz., the simulation of stacking sequences as described by
Ventruti et al. [43], to be included; the Pawley fit was confirmed by analysis of samples
containing known amounts of basic ferric sulphate to give acceptable quantification of
this phase.

3. Ore Characterisation

Quantitative X-ray Diffraction (QXRD) analysis of the concentrate employed
in the present study indicates that the material consists of 71% chalcopyrite (CuFeS2),
11% quartz (SiO2), 7% pyrite (FeS2), 8% talc (Mg3(Si2O5)(OH)4), 1.5% clinochlore (e.g.,
(Mg,Fe)5Al(Si3Al)O10(OH)8) and a trace amount of elemental sulphur. The calculated
elemental content based upon QXRD was in excellent agreement with chemical analysis
obtained using a Varian Vista Pro ICP-OES (Varian, Palo Alto, CA, USA) and LabFit carbon
and sulphur analyser (LabFit Pty Ltd., Perth, WA, Australia) instruments. These data are
given in Table 1.

Table 1. Analytical data for the chalcopyrite concentrate.

Elemental Content (% w/w)

Cu Fe Al Mg Ca Si Na S

24.5 26.9 0.240 1.14 0.015 4.35 0.008 31.4

4. Results
4.1. Summary of Dissolution Behaviour

The first paper in this series, Part 1 [1], described insights provided by the dissolution
of various elements from the chalcopyrite concentrate with a specific focus on the behaviour
of copper, iron and sulphur. A summary of the results in terms of the concentration ranges
of dissolved elements and the ranges of extraction at the conclusion of the experiments is
provided in Table 2; these data were segregated based on the chalcopyrite pulp density
(% w/w) used.

Table 2. Analytical data for the chalcopyrite concentrate *.

Pulp Density (% w/w) Cu Fe Al Mg Ca Si Na S

Elemental concentration range (g/L)

10 24.4
29.5

0.54
1.49

0.25
0.57

0.55
3.23

0.23
0.25

0.51
0.54

0.01
10.3

31.5
34.0

20 58.3
68.5

0.21
21.0

0.21
1.35

1.18
3.72

0.03
0.52

0.04
0.51

0.03
64.9

60.1
89.6

Extraction range (%)

10 98.9
99.3

1.8
4.9

68.8
87.3

50.6
87.9

97.9
99.5

9.3
9.8 - 96.5

97.9

20 97.2
99.8

3.5
24.8

10.0
80.0

38.3
80.7

82.6
99.4

0.4
4.2 - 66.2

98.1

* Upper and lower values in each entry represent minimum and maximum values, respectively.
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The data indicate that high copper and corresponding sulphur tenors and extractions
were obtained. Iron concentrations and extractions were typically low due to iron hydrolysis
forming hematite; however, when additional up-front acid was added and/or a chloride
addition (as NaCl) of 100 g/L was employed the iron concentration was higher; the
maximum value of 21.0 g/L corresponded to acid and chloride additions of 100 g/L. In
contrast to copper, the extraction data for sulphur spanned a broader range when the
pulp density was 20% w/w. This was due to losses as basic iron sulphate phases and
where formed, natroalunite, as discussed in later sections; for clarity, note here that basic
iron sulphate phases refers to both basic iron sulphate, Fe(OH)SO4, and natrojarosite,
NaFe3(SO4)2(OH)6.

The concentrations of other elements, except for Na which varied due to sodium salt
(mostly NaCl) addition, were much smaller than for copper and sulphur. Variations in both
these values and the corresponding extractions were attributed to concentrate sub-sample
variation of the contained mineralogy.

4.2. Overview of Residue Mineralogy

A range of non-chloride- and chloride-based systems was employed in this study to
assess the pressure oxidation behaviour of a single chalcopyrite concentrate as described by
the experimental conditions given in Part 1 [1]. A number of residue phases were generated
and the maximum contents for each of these across all the residues produced, including
those taken during experiments, is presented in Table 3; note these values are normalised
relative to the amount of concentrate used whereas data presented in subsequent sections
are compositions in the residue samples. The following sections provide more detail of the
conditions that give rise to the formation of these various phases.

Table 3. Summary of residue phases formed and their contents normalised to the chalcopyrite
concentrate addition.

Phase Max. (% w/w) Phase Range (% w/w) *

Hematite 70.5 Antlerite 1.5–9.3

Alunite/jarosite # 60.0 Clinoatacamite 6.1–16.1

Basic ferric sulphate 59.4

Covellite 36.9

Sulphur 20.2
# Alunite/jarosite phases generally dominated by natrojarosite having a low aluminium content unless otherwise
indicated in sections below; * Range of contents given when these phases detected.

4.3. Copper Metathesis

Experiments to understand the reactions involved in secondary copper sulphide
enrichment and iron sulphide enrichment via metathetic reactions with cupric sulphate at
temperatures up to 200 ◦C were first conducted more than a century ago [44]. At about the
same time, two other studies examined the enrichment of copper ores in the presence of
hydrogen sulphide [45] and in the copresence of hydrogen sulphide and a source of iron,
such as ferrous sulphate, ferrous sulphide or magnetite [46].

Detailed studies of the metathesis process occurring when chalcopyrite is heated with
cupric sulphate in the absence of oxygen have been published and ascribed to the following
reactions [22,23]:

CuFeS2 + CuSO4 → 2CuS + FeSO4 (1)

6CuS + 3CuSO4 + 4H2O→ 5Cu1.8S + 4H2SO4 (2)

This gives an overall reaction:

3CuFeS2 + 6CuSO4 + 4H2O→ 5Cu1.8S + 3FeSO4 + 4H2SO4 (3)
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The corresponding reaction in a chloride-based system is:

3CuFeS2 + 6CuCl2 + 4H2O→ 5Cu1.8S + 3FeCl2 + 6HCl + H2SO4 (4)

The metathetic conversion of chalcopyrite to form digenite in the presence of oxygen
has also been studied, e.g., [16,21]. This apparently occurs when oxygen transfer to the
mineral slurry is not fast enough to maintain a sufficiently high oxidation potential for
copper dissolution; Bartlett [16] was able to demonstrate high conversion of chalcopyrite to
digenite on a continuous basis at 200 ◦C by controlling the stoichiometric ratio of oxygen
to chalcopyrite feed into an autoclave and thereby maintain the system Eh at around
500 mV SHE. Conversely, the complete leaching of chalcopyrite particles (150 µm) in a
matter of minutes has been reported by Viramontes Gamboa et al. [47] who employed
a microelectrode to apply a potential in the transpassive region (1.44 V SHE), whereby
around 90% of the sulphide was oxidised to elemental sulphur.

Metathesis studies reported by Hawker et al. [18] employed a chalcopyrite concentrate
and investigated a range of experimental parameters: 120–200 ◦C, [Cl−] 30–120 g/L, initial
mass ratio Cu(solution):Fe(solids) 0.5–2:1 (normally 1.33:1) and reaction time 0.5–4 h. The
optimum conditions for the conversion of chalcopyrite (and bornite), i.e., with respect to
copper precipitated and iron leached, to mainly form covellite and lesser digenite were
indicated to be: 180–200 ◦C, [Cl−] 75 g/L, initial mass ratio Cu(solution):Fe(solids) 0.5–1:1
and reaction time 1 h. When more digenite was formed, the amount of basic copper chloride
decreased, and this is consistent with Equation (4) whereby increased acid formation is
expected to either result in dissolution or hinder the formation, of the basic copper salt(s);
it is also consistent with the data presented by Byrne et al. [48] which indicated the basic
copper salt formed to be atacamite.

The study of Kritskii et al. [24] with chalcopyrite concentrate, but in the presence of cop-
per sulphate, also investigated a range of experimental parameters: 150–230 ◦C, initial mass
ratio Cu(solution):Fe(solids) 1.2–3.3:1, acid concentration 20–120 g/L; optimum parameters
were estimated to be a temperature of 230 ◦C, initial mass ratio Cu(solution):Fe(solids)
1.8–1.9:1, acid concentration 20–40 g/L, and reaction time 60–100 min as this allows a con-
centrate with 51%–52% Cu and residual copper concentrations as low as 0.08–0.13 g/L to
be obtained. The leach residue contained a mixture of copper sulphides mainly consisting
of digenite, Cu1.8S, and djurleite, Cu1.94S.

The fundamentals of non-oxidative upgrading of chalcopyrite have been investigated
using in-situ XRD and XAS by Chaudhari et al. [49]. They found metathesis to form
covellite and digenite involves pseudomorphic mineral replacement reactions that occur by
a coupled interface dissolution and reprecipitation mechanism [50]. Based upon XANES,
rapid reduction of aqueous cupric to cuprous ions was indicated while iron reported to
solution in the ferrous state, and from which szmolnokite, FeSO4.H2O, was shown to
precipitate. Although Cu(I) is dominant over Cu(II) at high temperatures the presence of
both Cu(I) and Cu(II) are favourable for the formation of covellite. Based upon the study of
Harmer et al. [51] it has been proposed that Fe(III) can catalyse the oxidation of S2− to form
S2

2−, also important for the formation of metathesis products. Such a reaction appears
to be critical to the co-existence of Fe(II) and significant Cu(I) in solution derived from
the non-oxidative treatment of chalcopyrite; it is also consistent with Cu(II) catalysis of
disulphide ion formation.

In the current study, when 15 g/L chloride was added as cupric chloride with no
up-front acid addition, the net extraction of copper was faster during the first 5 min [1],
notwithstanding that the copper present in the (covellite) metathesis product formed by the
reaction of cupric ion with chalcopyrite during heat-up had also leached during this period
(see Figure 1). The initial copper addition prior to heat-up, 13.8 g/L, represented 23.7% of
that in the copper concentrate. As there was a small amount of residual dissolved copper
present when oxygen was introduced into the system, 2.9 g/L, this enhanced leaching
rate is consistent with the role of the copper(I)/copper(II) oxidation-reduction couple in
facilitating the reaction [52]. Notably, however, the ratio of dissolved copper to that in the
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solids is well below that employed for the non-oxidative upgrading of copper concentrates.
Based on the information provided by Dunn [27], this ratio is somewhere between 150%
and 220% while Peterson and Wadsworth [22] and Hawker et al. [18] employed ratios of
200% and 148%, respectively, in their fundamental studies. In the present study, the extent
of covellite formation was relatively small, comprising 14% of the solids present at the end
of the heat-up period [1]. No digenite was detected and this is also consistent with the low
acid concentration which was ~0.1 g/L. This may also indicate that most of the reaction
had taken place at lower temperatures and prior to reaching the target temperature (220 ◦C)
given higher temperature is more favourable for the stability of Cu(I) ions, and therefore,
digenite formation, as found by Chaudhari et al. [50].
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Figure 1. Mineralogy of the leach residue obtained during the leaching of chalcopyrite concentrate
(P100 −45 µm) under pressure oxidation conditions (220 ◦C, 700 kPa O2, 20% w/w pulp density,
15 g/L chloride). Chloride added as cupric chloride (CuCl2.2H2O).

Aside from covellite formation during the heat-up period, the data in Figure 1 indicate
rapid leaching of chalcopyrite and covellite, and simultaneous formation of elemental
sulphur and hematite once pressure oxidation commenced. The sulphur generated slowly
oxidises throughout the experiment even though around 96% of the copper had leached
and the free acidity was 6.3 g/L [1], and the chalcopyrite content of the leach residue had
decreased to 0.4%, all after 5 min. At this time around 95% of the sulphur in the residue
is in elemental form and the ratio of oxygen usage to copper extraction is expected to be
near optimum. This also clearly demonstrates the decoupling of the iron and sulphur
oxidation pathways, with the former being significantly quicker. Although further work is
required to confirm, it is hypothesised that a significant fraction of the copper remaining in
the residue was associated with hematite that formed rapidly given also that no pyrite (a
potential sink for dissolved copper) was detected after 5 min. As the sulphur was oxidised
and free acidity increased, some of the hematite dissolved releasing associated copper
while dissolution-precipitation of the hematite phase will have occurred more rapidly with
increasing free acidity as the system approached equilibrium. The final copper content of
the residue, 0.56%, is not dissimilar to the zinc content found in hematite generated in the
zinc industry, 0.5%–1% [53].

The iron content of the liquor after heating up being 16.4 g/L confirms its presence
in the ferrous form, as the solubility of ferric iron (relative to hematite formation) is sig-
nificantly lower [54]; the data of Liu et al. [55] indicate that the solubility of hematite in
10 g/L sulphuric acid will generate a Fe(III) concentration of 0.47 g/L at 230 ◦C, a value
expected to lower significantly as the acid concentration drops below 1 g/L. The phase
szomolnokite, FeSO4.H2O, which has a decreasing solubility in water with increasing
temperature, e.g., [56], is expected to be present but to dissolve (during cooling) when
samples are taken from the autoclave. Furthermore, the solubility of this phase at 200 ◦C
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increases in the presence of sulphuric acid [57]. The study of Chaudhari et al. [49] found
when reaction (1) is dominant relative to reaction (2) that szomolnokite is formed (al-
though there was a low initial concentration of acid present in the system) and that upon
cooling, this phase dissolves. In the present study, the findings are consistent with the
metathesis reaction:

CuFeS2 + CuCl2 → 2CuS + FeCl2 (5)

Cai et al. [58] proposed that covellite forms in hydrochloric acid at temperatures
below 100 ◦C via simultaneous dissolution and re-precipitation resulting in pseudomorphic
replacement of the chalcopyrite. A similar conclusion as noted previously was reached by
Chaudhari et al. [49] while such a mechanism has also been proposed for the replacement
of pentlandite by violarite [59]. As part of the reaction mechanism involved here, it is
expected that dissolved Cu(I) would be rapidly oxidised by Fe(III), e.g., [60,61]. This is also
consistent with the conclusion of Pearce et al. [62] and the recent study of Li et al. [63] that
the oxidation states of copper and iron in chalcopyrite are +1 and +3, respectively; a survey
of this and other related studies by Conejeros et al. [64] suggests there is still controversy
on this point.

That an equilibrium between cupric and cuprous ions exists was also demonstrated for
the cupric chloride leaching of chalcopyrite [65]. Once this equilibrium was established, any
regeneration of cupric ion occurs via the reduction of elemental sulphur to form CuS, which
was proposed to explain why cupric chloride leaching of chalcopyrite may not proceed to
completion if cupric ion addition is insufficient in the absence of a secondary oxidant. In
comparison, the formation of secondary covellite was demonstrated under HydroCopper®

process conditions at pH ≤ 1.4 by Lundström et al. [66] in the absence of oxygen purging.
Based on the experimental details provided, the molar ratio of Cu(II) to chalcopyrite was
at least 6.56 compared to values of at least 4.74 for the study of Chaudhari et al. [49] and
3.68 for that of Cai et al. [58]; in all instances these ratios were well above the stoichio-
metric requirement for reaction (5), and as indicated earlier, well above the value of 0.237
used here.

It is recognised that the electronic structure of covellite is not consistent with copper
being in the +2 state [67–69], a point noted when the crystal structure of this mineral was
first published [70]; the unit cell was proposed to contain one Cu2+ and S2−, and two
Cu+ with two S− (as the S2

2− ion) species. Thus, it appears the formation of covellite
involves stabilisation of the +1 state, initially in solution by the formation of cuprous
chloride complexes and, in the solid state via the formation of the S2

2− ion. That cuprous
ions must be present for covellite to form is also consistent with a range of published
synthesis methods that use, for example, cupric salts in combination with a reducing agent
such as thiourea [71,72] or sodium thiosulphate [73,74]; given, however, that “covellite-
like” nanoparticles can be synthesised from copper sulphate and sodium sulphide [75] is
consistent with Cu2+ oxidation of S2− to form S2

2− ions. The presence of cupric ions in the
covellite structure is indicated by X-ray photoelectron spectroscopy measurements, e.g., [76]
and references therein. It is, however, interesting to note Almeida et al. [77] detected
covellite formation by Raman spectrometry during anodic polarisation of chalcopyrite
electrodes in nitric acid though it is expected Cu(I) will not be stable in solution. This
suggests a mechanism that may not involve dissolution-reprecipitation steps.

4.4. Reaction of Chalcopyrite with Acid

Rather than metathesis, which is concluded to occur via the solid-state exchange
of cupric for ferrous ions, e.g., [14], covellite formation has also been noted to occur in
hydrochloric and nitric acids at the surface of “polished” chalcopyrite (see also [77]).
Similarly, it was found that heating chalcopyrite with added sulphuric acid, here either
30 g/L or 100 g/L, prior to commencing pressure oxidation resulted in the formation of a
small amount of covellite, ca. 3%–4%, along with the dissolution of substantial iron relative
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to copper [1]). It has been proposed that H2S formation should occur according to the
following reaction:

CuFeS2 + H2SO4 → CuS + FeSO4 + H2S (6)

However, no smell of this gas was noticed when samples were taken prior to oxygen
injection; Ghahremaninezhad et al. [78] have also indicated they are not aware of H2S
formation during the acid-based leaching of chalcopyrite and although this was reported to
occur for acidic chloride solution in the subsequent study of Recalde Chiluiza and Navarro
Donoso [79], they indicated that quantitative determination of the amount of H2S formed
could not be undertaken. For comparison, the sulphation of chalcopyrite via reaction with
75%–96% sulphuric acid at 180–260 ◦C generated trace amounts of H2S [80].

4.5. Impacts of Chloride and Other Additives
4.5.1. Effects of Pulp Density and Added Chloride

At low pulp density (10% w/w), the reaction of chalcopyrite was rapid and essentially
complete within 10 min both without and with 15 g/L added chloride (Figure 2A,B).
During the first few minutes of the reaction, covellite formed as an intermediate product.
A similar finding was made at a higher pulp density of 20% w/w, and a covellite content
of ~28% was noted in the 2.5 min sample when 15 g/L chloride was present but just 9.8%
in the absence of chloride. Although no in-situ measurement of Eh was available, these
results suggest that the Eh was lower in the chloride-containing system. Furthermore, for
chloride concentrations of both 15 g/L (Figure 2B) and 100 g/L (Figure 2C), a high sulphur
content (18%–20%) was noted in the 10 min residue, consistent with covellite preferentially
forming elemental sulphur upon dissolution in a chloride environment. In comparison, the
maximum amount of sulphur formed in the absence of chloride was ~2% (Figure 2C).

Low-temperature studies of chalcopyrite dissolution have indicated no evidence for
the (stable) formation of chalcocite. During low-temperature bioleaching of chalcopyrite,
XANES and Raman spectroscopy suggested the formation of a “covellite-like” phase,
although with crystallite size too small for XRD identification; there was no evidence
for chalcocite formation even though the Eh was maintained at relatively low values
of 350–480 mV [81]. The mixed potential provided by the Fe2+/Fe3+ couple was also
demonstrated by Yang et al. [82] to facilitate chalcopyrite leaching via the formation of a
chalcocite intermediate which it was claimed to be rapidly oxidised by Fe3+ ions and hence
not detected by XRD analysis or Raman spectroscopy. That chalcocite is not formed even in
chloride-containing solutions at sufficiently high oxidation-reduction potential is consistent
with various studies, e.g., [83]; Gao et al. [84] noted that covellite is preferentially formed
under oxidising conditions.

Covellite is indicated to be the most stable copper sulphide, being the end product
derived from various copper sulphide minerals as discussed by Muszer et al. [17]. These
researchers also demonstrated covellite persists as an intermediate product during pressure
oxidation of a mixed sulphide concentrate in 120 g/L sulphuric acid at 180 ◦C with oxygen
partial pressure of 5 atm for beyond 4 h, albeit at a moderate stirrer speed of 400 rpm,
similar to the finding of Jiang et al. [15]. Furthermore, covellinisation of copper sulphide
minerals does not hinder copper extraction at temperatures of 160 ◦C and below: using a
synchrotron technique, Majuste et. al. [85] detected the presence of covellite (CuS) during
in-situ dissolution studies of chalcopyrite in acidic ferric sulphate media at 100–200 ◦C
under static (as opposed to flow-through) cell conditions whereby redox potential of the
electrolyte solution progressively dropped from its initial value of 750 mV (SHE) due to
ferric iron consumption. These findings are consistent with the conclusion of Velásquez-
Yévenes et al. [86] that below a solution potential of 540 mV (versus Ag/AgCl) the rate
of copper dissolution decreases, albeit at 35 ◦C, and only once the potential increased
above 580 mV did it increase significantly. It was also noted by these researchers that at
lower potentials covellite and/or chalcocite formed on the chalcopyrite surface. In the
current study, chalcocite may have formed as an intermediate, but its presence was too
brief to detect in the earliest samples taken, i.e., after 2.5 min. Acquisition of a sample
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within seconds of the introduction of a low, controlled oxygen partial pressure or after
injection of a controlled ratio of ferric and ferrous chlorides to target a specific liquor Eh
could potentially demonstrate whether chalcocite is formed as a stable intermediate at the
temperatures studied here. Here, the application of in-situ techniques may be beneficial for
the identification of transient changes during chalcopyrite leaching.

Cai et al. [58] proposed a mechanism for the reaction of covellite with hydrochloric
acid at a low temperature of 100 ◦C under non-oxidising conditions in which chloride is
able to replace sulphide in the covellite structure with the subsequent dissolution of the
Cl-covellite to generate elemental sulphur according to equations similar to:

Cu2S.CuS2(s) + xCuCl2(aq)→ Cu2+xSClx.CuS2−xClx(s) + xS(s) (7)

Cu2+xSClx.CuS2−xClx(s) + (3 − x)Cl−(aq)→ (3 + x)CuCl(aq) + (3 − x)S(s) (8)

Peters and Loewen [87] suggested a second simultaneous mechanism for the reaction of
covellite whereby sulphate is directly produced whereas, elemental sulphur where formed
was shown to be stable to perchlorate oxidation at 125 ◦C.

The mechanism for the direct oxidation of covellite is given by the following equation:

CuS + 2O2 → CuSO4 (9)

This reaction appears relevant to the current study since covellite was also detected in
early residue samples (9.8% after 2.5 min) when no chloride was added to the system (see
Figure 2C); subsequent samples contained only small amounts of sulphur (~2% as noted
previously). In comparison, the 2.5 min sample obtained with 1.4 M Na2SO4 addition
contained 7.2% covellite; however, subsequent samples did not contain any detectable
sulphur. The premise that a similar proportion of sulphur relative to covellite is produced
when no chloride is added and then subsequently oxidised to sulphate is also inconsistent
with the data of Corriou and Kikindai [88] who indicated that at a temperature of 200 ◦C
the oxidation of sulphur occurs at similar rates in sulphate- and chloride-based systems.
It, therefore, appears the presence of chloride strongly favours the reaction of covellite at
high temperature to generate sulphur (Figure 2B,D), and for which the overall simplified
reaction can be expressed as:

CuS + 0.5O2 +H2SO4 → CuSO4 + S + H2O (10)

The data for the tests presented in Figure 2 and others in this study are consistent with
the covellite exclusively being the primary intermediate in the oxidation of chalcopyrite
when chloride is present. However, when chloride is absent, covellite is only present during
the first few minutes of the reaction as seen in Figure 2C. While not detected after 5 min
for the reaction conducted at 230 ◦C, it was present in the 2.5 min sample at 245 ◦C (see
Section 4.5.4). Thus, covellite is produced as an intermediate and reacted rapidly under all
conditions studied here.

That covellite dissolution when chloride is absent appears to occur via Equation (9)
would suggest this is rapid compared with the oxidation of chalcopyrite to covellite given
that only trace amounts of covellite were detected. Alternatively, it could indicate that
covellite is not significantly formed as an intermediate. Thus, when the generation of
covellite is minor, the initial dissolution of chalcopyrite can be simply represented by the
(net) equation:

CuFeS2 + 4O2 → CuSO4 + FeSO4 (11)
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Figure 2. Mineralogy of the leach residues obtained during the leaching of chalcopyrite concentrate
(P100 −45 µm) under pressure oxidation conditions (220 ◦C, 700 kPa O2) for various pulp density
(PD as % w/w) and chloride concentrations (Cl as g/L) (A) PD 10 and Cl 0, (B) PD 10 and Cl 15,
(C) PD 20 and Cl 0, and (D) PD 20 and Cl 15. Chloride added as NaCl.

Dissolved iron was oxidised and hydrolysed to form a variety of residue minerals
depending upon the conditions under which the chalcopyrite is leached. At 10% w/w
pulp density, and with no chloride addition, hematite was rapidly formed and its content
remained stable in the leach residue (see Figure 2A) since free acidity remained below the
“break point” value, i.e., the critical value at the temperature of interest above which iron is
hydrolysed to form basic iron sulphates, viz., the transition between low- and high-sulphur
containing iron hydrolysis residues. This term was discussed in the review of Whittington
and Muir [89] and can be traced back to the work of Tozawa and Sasaki [90] and prior to
that, the rapid change in sulphur content of iron hydrolysis residues as a function of free
acidity identified by Umetsu et al. [91].

Hematite formation was slower when the pulp density was increased to 20% w/w as
the chalcopyrite reacted more slowly, but still constituted the dominant iron-containing
phase (see Figure 2C). Once the acidity had increased sufficiently, and specifically, this
refers to the in-situ proton activity rather than the titrated free acidity, small amounts
of natrojarosite and basic ferric sulphate were formed including via the dissolution of a
fraction of the hematite previously precipitated.

In the presence of 15 g/L added chloride, faster leaching of chalcopyrite is seen in
Figure 2B,D, leading to a more rapid increase in copper sulphate concentration which
buffers the “at temperature” acidity. Furthermore, the lower free acidity values during
the periods when elemental sulphur is present meant the “break point” acidity value was
approached more slowly during these experiments and even at 20% w/w pulp density
there was insufficient time for hematite conversion to basic iron sulphates to occur.

The buffering effect of metal sulphates in controlling “at temperature” acidity as de-
scribed by Tozawa and Sasaki [90] has rarely been considered. Cheng and Demopoulos [92]
examined the impact of zinc sulphate upon iron hydrolysis to establish reaction kinetics
with the aim of being able to shorten the Akita process retention time below 3 h. More re-
cently, Fleuriault et al. [7] examined mixtures of copper sulphate, ferrous or ferric sulphate
and sulphuric to recreate the matrix compositions that arise from the pressure oxidation of
copper sulphides. The “break point” acidity was shown to increase with increasing copper
sulphate concentration. Increasing initial acid concentration was often associated with a
drop between the initial and final free acidity of the solution, consistent with complete
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oxidation of the ferrous iron but incomplete hydrolysis to form residues dominated by
basic ferric sulphate (otherwise the free acidity would remain the same):

2FeSO4 + 0.5O2 + H2SO4 → Fe2(SO4)3 + H2O (12)

Fe2(SO4)3 + 2H2O→ 2FeOHSO4 + H2SO4 (13)

In the current study, the copper concentrations generated at pulp densities of 10%
w/w and 20% w/w were typically ~30 g/L and ~65 g/L, respectively. The buffering of
acidity by the dissolved copper sulphate enabled free acid levels of ~45 g/L and ~95 g/L,
respectively, to be achieved in the absence of additional upfront sulphuric acid at low-
to-moderate chloride levels (3–15 g/L), with the minor formation of basic ferric sulphate
minerals. Typically, the mineral formed was a mixed (natro)alunite/jarosite phase (with
low aluminium content) that only accounted for a small fraction of the iron in the residue.
In comparison, the up-front addition of sulphuric acid was sufficient to ensure the “break
point” acidity was exceeded and this is discussed further in Section 4.5.3.

4.5.2. Effects of Added Chloride and Oxygen Partial Pressure

As previously noted in Figure 2C, when chloride is absent the amount of elemental
sulphur detected in the residues was low, ≤2%. In comparison, the addition of even a
small amount of chloride (3 g/L) significantly increases the amount of elemental sulphur
formed (Figure 3A). This is consistent with partial oxidation of the covellite intermediate
according to reaction (10). Increasing the chloride concentration to 15 g/L enhanced the
contribution of this reaction to the overall mechanism (Figures 2D and 3D). Furthermore, it
is known that the presence of various acids and salts, i.e., NaCl, HCl, Na2SO4, NaHSO4
and H2SO4, with increasing concentrations, results in a reduction in the rate of sulphur
oxidation at 200 ◦C [88]; a similar effect of increasing acid concentration was found at lower
temperatures, 105–140 ◦C, by Peters and Loewen [87]. This, however, is inconsistent with
the rate of sulphur oxidation when the chloride addition is 100 g/L (Figure 3B). Although
not proven here, this behaviour is consistent with changes in the size of sulphur droplets,
and thus their surface area, as a function of chloride concentration in the present systems.
Corriou and Kikindai [88] concluded that only “liquid” sulphur is oxidised. While this
conclusion is not strictly correct, the rate of aqueous oxidation of (solid) sulphur at 90 ◦C is
extremely slow and only increases appreciably above its melting point [93]. Once formed,
solid sulphur is relatively inert and has been detected on chalcopyrite electrodes at a high
applied potential, 1.0 V SHE [94].
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Figure 3. Mineralogy of the leach residues obtained during the leaching of chalcopyrite concentrate
(P100 −45 µm) under pressure oxidation conditions (220 ◦C, 700 kPa O2, 20% w/w pulp density) for
various and chloride concentrations (Cl as g/L) (A) Cl 3, (B) Cl 100, and (C) Cl 100 (repeat). An
oxygen partial pressure of 100 kPa was used for (D) Cl 15. Chloride was added as NaCl.
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The slower oxidation of elemental sulphur at the lower chloride additions ensures
the dominant iron-containing residue is hematite (even though many of the experimental
systems contain added sodium). As the bulk of the iron is dissolved and re-precipitated
within 10 min, the free acidity was not sufficiently high to favour the formation of basic
iron sulphates. It was only once free acidity increased beyond 60 g/L that the hematite
was dissolved and with increasing free acid levels was subsequently re-precipitated as
either natrojarosite and/or basic ferric sulphate. Even after 90 min, it was notable that
the solid-state equilibrium between hematite and natrojarosite had not been established
(Figure 3B); an earlier repeat experiment although giving a somewhat different distribution
of mineral phases confirmed this finding (Figure 3C). This is also consistent with the studies
of King et al. [33,34] who found the sulphate content of residues produced from the pressure
oxidation of copper concentrates at temperatures of 200–220 ◦C increased between 1 h
and 3 h reaction time. They also noted the sulphate contents of residues formed at 220 ◦C
were greater than of those formed at 200 ◦C. A similar result was found in the present
study where the sulphur content of residues even after 90 min increased from 1.2 to 1.3
to 3.9% w/w at temperatures of 220, 230 and 245 ◦C, respectively, when 15 g/L chloride
was added. Here, however, the absence of natrojarosite in the residues formed at 220 and
230 ◦C suggests most of the sulphate is associated with hematite and is either encapsulated
within the structure and/or adsorbed onto the surface of this phase. In comparison with the
present study, Ruiz et al. [95] found the sulphur content of hematite formed at temperatures
between 180–220 ◦C decreased with increasing temperature but was somewhat higher, 1.9%
w/w, for hematite formed at 220 ◦C.

The detection of clinoatacamite (see Figure 3B) was noted when the chloride addition
was 100 g/L and for samples taken between 2.5–5 min. Its presence (and that of antlerite
when the chloride addition was 15 g/L and pulp density was 10% w/w as shown in
Figure 2B) corresponds to low free acidity in the leach liquors. The formation of basic
copper salts is discussed further in Section 4.5.8.

Reducing the oxygen partial pressure to 100 kPa reduced the rate of chalcopyrite
oxidation and enhanced the covellite content (~32%) in the 5 min residue sample (Figure 3D).
Although the data suggest the reduction in reaction rate is not proportional to the oxygen
partial pressure, this may also reflect the variation in the induction period required to
fully saturate the leach liquor with dissolved oxygen at the different oxygen pressures. It
was, however, expected that the systems were saturated in oxygen after several minutes.
Examination of the data also indicates that the rate at which elemental sulphur was oxidised
was similar at the lower oxygen partial pressure employed (see Figures 2D and 3D), whereas
Habashi and Bauer [93] proposed a rate proportional to pO2

3/2 at temperatures between
130 ◦C and 170 ◦C. In comparison, Corriou and Kikindai [88] reported that sulphur is less
reactive at temperatures between 175 ◦C and 230 ◦C and the reaction rate is proportional to
pO2/(1 + c pO2) at 200 ◦C, where pO2 is the oxygen partial pressure and c is a constant.

4.5.3. Effect of Added Sulphuric Acid

The up-front addition of sulphuric acid to the leach pulp (which in application terms
is equivalent to the recycling of acidic liquor to the leaching stage) had a significant
impact on the leach residue composition as indicated in Figure 4. As noted previously,
the addition of acid alone, i.e., with no chloride, slows the leaching process and this is
confirmed by the slower disappearance of chalcopyrite (Figure 4A,C); this also correlates
with the extraction of copper [1]. It was also noted by Antonijević and Bogdanović [96]
that chalcopyrite leaching becomes slower with decreasing pH, which was ascribed to the
enhanced generation of an iron-deficient passivation layer at the surface of the chalcopyrite
particle as it leached; a similar result was reported by Córdoba et al. [97]. This conclusion is
not contradicted by the results of this, and the previous study [1]. In comparison, the recent
study of Jiang et al. [15] reported chalcopyrite leaching (with no added acid) conducted at
160–180 ◦C, typically with a total pressure of 1.5 MPa (including partial pressure of oxygen),
no suggestion for phases that could inhibit the reaction. This conclusion was based upon
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XPS analysis of leach residues generated when the agitation speed in their reactor was
700 rpm (or greater); at lower agitation speeds the reaction of chalcopyrite was slower and
significant amounts of covellite intermediate could be detected.
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Figure 4. Mineralogy of the leach residues obtained during the leaching of chalcopyrite concentrate
(P100 −45 µm) under pressure oxidation conditions (220 ◦C, 700 kPa O2, 20% w/w pulp density) for
various chloride (Cl as g/L) and acid concentrations (A as g/L) (A) Cl 0 and A 30, (B) Cl 15 and A 30,
(C) Cl 0 and A 100, and (D) Cl 100 and A 100. Chloride added as NaCl.

The passivation of chalcopyrite surfaces is not considered from this study to impact
the chalcopyrite leaching in the presence of added chloride as over 95% copper extractions
were achieved within 10 min even when acid, either 30 g/L or 100 g/L, was added up-
front [1]; it is also noted that the stirrer speeds greater than 600–700 rpm were employed.
The rapid copper extractions are consistent with the rapid disappearance of chalcopyrite
in leach residues though, potentially passivating phases that include covellite, sulphur
and hematite were formed. It was proposed in the previously [1] that a surface chloride-
mediated rate-determining step ensures that chalcopyrite leaching is enhanced in the
presence of chloride.

With increasing initial acid concentration, the formation of basic iron sulphate, Fe(OH)SO4,
is also enhanced, which is undesirable from an environmental perspective and because it
can interfere with downstream processing, e.g., [98]. The co-presence of chloride, as sodium
chloride, promotes the formation of natrojarosite at the expense of basic ferric sulphate,
but this is also undesirable due to its environmental instability [99], and because of its
higher volume as an iron-containing residue than hematite. The formation of this phase
was evident when high acid and high chloride additions were employed, Figure 4D, as the
final residue consisted of just over 80% sodium jarosite (unit cell parameters a = 7.318 Å,
c = 16.609 Å). While the generation of copper sulphate during tests for which moderate
up-front sulphuric acid was added, i.e., 30 g/L, provided some initial buffering of the
acidity, this was insufficient to hinder the formation of basic iron sulphate phases within
the timeframe of the experiments.

4.5.4. Effects of Temperature

Although not relevant to the current feed material, if the concentrate being pre-treated
by pressure oxidation was a copper-gold one, the elimination of the elemental sulphur
would be critical to optimise subsequent gold recovery from the leach residue using
conventional cyanidation, e.g., [30]. While copper extraction in the present study exceeded
98% at times between 10 and 30 min during pressure oxidation at 220 ◦C, sulphur oxidation
was not complete for times up to 60 min when ≥3 g/L chloride was added to the leaching
system. Therefore, experiments to enhance the rate of sulphur oxidation and ensure rapid
copper extraction were conducted.

Collins et al. [30] identified increasing reaction temperature as leading to improved
subsequent gold recovery; higher temperatures were also trialled in this study. The impacts
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upon residue mineralogy are shown in Figure 5. For a moderate chloride concentration of
15 g/L and pulp density of 20% w/w, elemental sulphur was oxidised for around 30 min at
230 ◦C (Figure 5A). At 245 ◦C, a trace amount of elemental sulphur, ca. 0.5%, was detected
after 5 min but not after that time (Figure 5B). Interestingly, the residue taken at 2.5 min
had a high covellite content, ~38%, though the elemental sulphur content was below the
XRD detection limit. This suggests that the covellite oxidation mechanism changes with
temperature, and is increasingly dominated by reaction (9), although enhanced oxidation
of elemental sulphur (if formed as an intermediate) is also expected to occur at higher
temperatures [93].
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Figure 5. Mineralogy of the leach residues obtained during the leaching of chalcopyrite concentrate
(P100 −45 µm) under pressure oxidation conditions (700 kPa O2, 20% w/w pulp density, 15 g/L
chloride added as NaCl) at higher temperatures (A) 230 ◦C, and (B) 245 ◦C.

At 245 ◦C the significantly enhanced conversion of sulphide to sulphate with accom-
panying increase in free acidity is consistent with rapid iron oxidation and hydrolysis to
form hematite and natrojarosite (Figure 5B). Here free acidity reached 70 g/L after 5 min,
compared to 39 g/L and 8 g/L at temperatures of 230 ◦C and 220 ◦C, respectively [1].
Notably, also, copper extractions were ~98% after 5 min at both higher temperatures while
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the free acidity was clearly above the “break point” value at 245 ◦C; this corresponded to the
formation of significant sodium jarosite (unit cell parameters a = 7.303 Å, c = 16.608 Å) that
tended to increase slightly in content as the free acidity rose to 87 g/L by the completion
of the reaction. Conversely, it can be concluded that for experiments where natrojarosite
was not formed in significant amounts, solid-state equilibrium was probably not reached at
completion of the experiment.

4.5.5. Co-Presence of Pyrite

The galvanic effect of pyrite upon the leaching of chalcopyrite is well documented [100],
although based upon this and subsequent studies, e.g., [101,102], the presence of catalysts
such as Ag+ ions can further enhance this effect. A recent study, however, suggests galvanic
contact with pyrite only marginally increases the rate of chalcopyrite dissolution at 30 ◦C,
and this is insufficient to explain the large increases reported at higher temperatures [103].

In the present study, chalcopyrite typically reacts more rapidly than pyrite. This is
consistent with pyrite being more inert than chalcopyrite in the ‘galvanic series’. Given that
pyrite may encapsulate chalcopyrite, the slower leaching of pyrite, if still present, is one
possible explanation for trace amounts of copper being extracted toward the conclusion
of the pressure oxidation experiments [1]; the co-precipitation of copper with hematite is
another, as noted by Javed and Asselin [104].

4.5.6. Hydrohematite Formation

Wolska [105] identified that mild dehydration of amorphous iron(III) hydroxide pro-
duced “hydrohematite” at 160–200 ◦C that still contained ~3%–4.5% of tightly held water
and for which the ratio of the (104) to (113) reflections in the XRD pattern was lower
compared with crystalline hematite. It has also been noted for hematite that the (hk0), (hk3)
and (hk6) reflections for hematite can be sharper than the others suggesting an anisotropic
crystallite size [106]; this was modelled in the current QXRD analyses. Furthermore,
it was identified that fitting of the hematite XRD patterns was improved by decreas-
ing the iron-to-oxygen ratio, consistent with the presence of hydroxide and/or water in
the structure.

The estimated water content for hematite typically produced in this study was 3.7%,
consistent with the values of 3%–4.5% from Wolska [105] who indicated that calcination
to 1000 ◦C was required for complete water removal. Wolska [105] hypothesised that this
tightly held water is in the form of OH− partly replacing O2− in the hematite structure,
i.e., “hydrohematite”. With such a replacement, electrostatic neutrality is disturbed and to
preserve this charge imbalance, Fe(III) deficient sites are created in the cation positions. This
Fe(III) deficiency results in lower intensity peaks for all but the (113) reflection [105]. In the
subsequent study of Stanjek and Schwertmann [107] on synthetic aluminium-substituted
hematites, it was concluded that the intensity of the XRD peaks normalised to the (113)
reflection could only be explained by the inclusion of structural OH−.

From the study of Javed et al. [11], a comparison of XRD patterns indicated sharper
hematite peaks when formed in chloride-containing process liquor, while the water content
of the hematite from TGA analysis was 3 ± 1%. In the presence of copper sulphate, the
extent of iron precipitation increased, and this was suggested to be due to buffering of
acidity by the additional sulphate. In comparison, for the current study, the hematite peaks
were of similar width whether chloride was present or not while the (hk0), (hk3) and (hk6)
reflections were modelled to be marginally sharper than the others. Modelling the iron
occupancy to enable the best fit to the intensity of the (113) peak gave an estimated formula
for the “hydrohematite” of Fe1.79O2.38(OH)0.62 and hence water content of 3.7% (as noted
previously), within the ranges indicated by Wolska [105] and Javed et al. [11].

The buffering of acidity in the presence of additional sulphate has been noted previ-
ously [1]. Here, the addition of 1.4 M Na2SO4 when compared with no salt addition in
concert with the CuSO4 generated during chalcopyrite leaching further buffered acidity
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to achieve a lower final iron concentration of 2.3 g/L compared to 4.8 g/L, and hence
marginally greater iron precipitation.

4.5.7. Effects of Additional Aluminium and Hematite Seeding

Two tests were conducted where aluminium-containing materials were added into the
chalcopyrite leaching system, one using aluminium sulphate and the other, gibbsite. For
both tests, 15 g/L chloride addition again facilitated the formation of elemental sulphur that
slowly oxidised during the reactions (Figure 6A,B). In both instances, the extra aluminium
promoted the formation of a (natro)alunite/jarosite solid solution phase, and when more
acid was generated due to hydrolysis of the aluminium sulphate, this led to greater disso-
lution of the hematite and enhanced (natro)alunite/jarosite formation (Figure 6A). Notably,
natroalunite formation preferentially occurs during heating when aluminium sulphate is
added and the content of this phase only increases marginally during sulphur oxidation
until beyond 60 min when the dissolution of hematite and alunite with re-precipitation
of mixed (natro)alunite/jarosite phases accelerates. This behaviour has also been noted
for solids formed during batch, high-pressure acid leaching of nickel laterites [108]. It
was notable here that the (natro)alunite-rich component remained essentially invariant in
composition up to 45 min and that the increase in the amount of (natro)alunite/jarosite
phases was due to the formation of natrojarosite. Estimation of the (natro)alunite/jarosite
phase composition from the unit cell parameters during QXRD analysis using the model
of Whittington [109] enabled good fits to the peak intensities. It was calculated that the
fraction of iron in the residue associated with (natro)alunite/jarosite phases increased from
~5 to 52% between 60 and 90 min. In contrast, when the source of aluminium was gibbsite,
the lower free acidity due to the dissolution of this phase meant that solid state equilibrium
was approached more slowly (Figure 6B), and the calculated fraction of iron reporting to
the alunite/jarosite phases only increased from 9 to 12% over the same time period. The
XRD pattern indicated the presence of two distinctly different mixed (natro)alunite/jarosite
phases in addition to a (natro)alunite-rich phase formed early during the reaction. A
comparison of the two tests clearly indicates that the availability of soluble aluminium
and its impact upon free acidity in the system also affects iron hydrolysis and hence the
iron-containing phase(s) formed.

The impact of hematite seeding upon the residue mineralogy as shown in Figure 6C is
consistent with the reported copper extraction kinetics in the presence of 15 g/L chloride [1].
Although the addition of hematite reduces the contents of other phases in the residue
proportionately, the most significant impacts were upon the reactions of covellite and
elemental sulphur. Here the later dissolution of covellite delays copper extraction while
the oxidation of sulphur to form sulphuric acid lagged behind that for comparable tests.
In both cases, the slower rate of oxygen mass transfer given the solids loading is higher
(initially 26.8% w/w after hematite seeding) is the driving factor for these delays.

4.5.8. Formation of Basic Copper Salts

It was previously reported that under low temperature, low acid, Activox® conditions,
substantial amounts of antlerite, Cu3(OH)4SO4, and/or atacamite, β-Cu2(OH)3Cl, could
be formed as the sulphur formed was only slowly oxidised to sulphuric acid during the
reactions [6]. The formation of basic copper sulphate salt(s) can be tailored to occur during
chalcopyrite processing and has been applied in the CESL process [110]. A recent study
by Hawker et al. [18] that employed chalcopyrite concentrate with various additions of
hydrochloric acid and sodium chloride, and at temperatures between 120 and 200 ◦C, noted
variable formation of a basic copper chloride; Byrne et al. [48] indicated the salt formed to
be atacamite. Studies such as that of Cheng and Lawson [111] have noted copper extraction
from covellite at 90 ◦C drops with time at low starting sulphuric acid concentration and
this can only be explained by the consumption of acid to sufficiently low levels with the
resultant formation of basic copper sulphate salt(s).
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Figure 6. Mineralogy of the leach residues obtained during the leaching of chalcopyrite concentrate
(P100 −45 µm) under pressure oxidation conditions (700 kPa O2, 20% w/w pulp density, 15 g/L chloride
added as NaCl) with the addition of (A) aluminium sulphate, (B) gibbsite and (C) hematite seeding.

As noted above, atacamite can be formed under Activox® conditions although the
dominant basic copper mineral formed was antlerite [6]. The contribution of this phase
to the XRD pattern of residue formed under such conditions is shown in Figure 7A. In
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comparison, at high temperature (220 ◦C, 20% w/w pulp density, 700 kPa O2 with 100 g/L
Cl) the preferred basic copper phase formed was clinoatacamite (γ-Cu2(OH)3Cl) as shown
in Figure 7C.
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Figure 7. Rietveld analysis modelling of XRD patterns for residues obtained under pressure oxidation
conditions: (A) 10% w/w pulp density, 108 ◦C, 700 kPa O2 with 3 g/L Cu, 10 g/L Cl and 5 g/L H2SO4

(45 min sample), (B) 10% w/w pulp density, 220 ◦C, 700 kPa O2 with 15 g/L Cl (2.5 min sample), and
(C) 20% w/w pulp density, 220 ◦C, 700 kPa O2 with 100 g/L Cl (2.5 min sample). Contributions to the
calculated patterns for the dominant basic copper salts are shown for clarity while calculated residual
and peak positions for each phase are shown below the patterns.
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In the present study, the preferential formation of elemental sulphur (as opposed
to complete oxidation to form sulphuric acid) meant that low acid conditions existed
when some of the early samples were taken. Antlerite for example, was also detected
in the sample taken after 2.5 min for a test conducted with moderate chloride addition
(220 ◦C, 10% w/w pulp density, 700 kPa O2 with 15 g/L Cl) as shown in Figure 7B, but not
when the pulp density was 20% w/w given the acid concentration after 2.5 min was much
greater (3.0 g/L compared with 0.4 g/L); note that trace clinoatacamite was also present
indicating that the chloride concentration of 15 g/L was too low compared to the sulphate
concentration, ~34 g/L, for this phase to be preferentially formed. The formation of antlerite
rather than brochantite, Cu4SO4(OH)6, was consistent with this phase becoming more stable
with increasing temperature (and low pH). Comparisons of the relative stabilities of basic
copper sulphates have been reported elsewhere, e.g., [112–114]; the relative stabilities of
basic copper sulphate and basic copper chloride salts are examined in the studies of Woods
and Garrels [115] and Pollard et al. [116]; others such as Scott [117] review the stability of
basic copper chloride salts formed from bronze corrosion or used in pigments.

Of particular interest in the current tests was the formation of clinoatacamite, a poly-
morph of atacamite not detected in residues formed at lower temperatures [6]. Atacamite
was found to be present in residues only provided the free acidity was low, typically
<1 g/L. The chemical reaction for atacamite formation from chalcopyrite is given by the
combination of Equations (27) and (24) (Section 4.5.9). Equation (27) predicts the formation
of hematite and sulphur (with calculated sulphur to hematite mole ratio of 2.2) as seen
in Figure 7C, with no acid formation whereas Equation (24) indicates the hydrolysis of
copper is net acid generating. The detection of clinoatacamite can, therefore, only be ex-
plained if the acid is consumed by gangue minerals in the concentrate, e.g., clinochlore,
which is reasonable given the liquor contained dissolved magnesium. Furthermore, only
around one third of the extracted copper was hydrolysed, with corresponding reduction in
chloride concentration from ~100 g/L to a calculated value of ~85 g/L; subsequently, the
clinoatacamite dissolved between 2.5 and 10 min, increasing the copper concentration from
~40 to ~60 g/L during which elemental sulphur was oxidised to form acid. The dissolution
of the clinoatacamite combined with on-going reaction with gangue minerals ensured the
free acid concentration remained low during this period [1].

A similar explanation applies to the formation of antlerite in this study with the forma-
tion of hematite and sulphur prominent as shown in Figure 7B; here the calculated sulphur
to hematite mole ratio is 1.6 which, after correction for the sulphur yet to be generated
from the residual covellite (Equation (16)), increases to 1.8. These results suggest there is
potential to generate stable basic copper salts under high temperature, alkaline pressure
oxidation conditions. Several studies have confirmed that the chalcopyrite rest potential
decreases with increasing pH and that the formation of iron- and copper-containing phases
do not hinder oxidation at moderate potentials under alkaline conditions [118–120]; glycine
leaching of chalcopyrite is also conducted under alkaline conditions [121].

Notably, high temperature is not necessarily required for clinoatacamite formation
is that high temperature is not necessarily required for its formation [122] which has also
been demonstrated to occur during the extraction of chalcopyrite under alkaline conditions
at 80 ◦C [38]. However, while it is claimed further work is required to define the conditions
under which the various atacamite polymorphs, including botallackite (α-Cu2(OH)3Cl),
e.g., [123], preferentially form, it is expected that clinoatacamite, β-Cu2(OH)3Cl, will be the
most stable polymorph [124]. Prior to this study, clinoatacamite (incorrectly identified at
the time as paratacamite) had been indicated to be the most stable basic copper chloride
at room temperature [125]. Even earlier studies [115,126] reached a similar conclusion for
acidic conditions, although Sharkey and Lewin [126] found atacamite was more stable than
paratacamite at sufficiently high CuCl2 concentrations. Subsequently, paratacamite is now
no longer considered to be a true Cu2(OH)3Cl polymorph as it has a higher symmetry
trigonal structure stabilised only by the inclusion of various isomorphic substituents for
Cu2+ such as Mg2+, Ni2+ and Zn2+, e.g., [127–129].
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Clinoatacamite can be prepared from atacamite under reflux conditions over a period
of 6 days [130] and has a monoclinic crystal structure (space group P21/n) as determined
by several groups including Grice et al. [131]. In the present study, the unit cell parameters
obtained for this phase from the Rietveld fit shown in Figure 7C are compared with various
published values in Table 4.

Table 4. Summary of reported clinoatacamite unit cell parameters and values calculated from
this study.

Unit Cell
Parameter Source

[132] [133] [131] [134] [135] * This Study

a (Å) 6.166 6.157 6.144 6.164 6.1223 6.161

b (Å) 6.822 6.814 6.805 6.817 6.8346 6.823

c (Å) 9.120 9.105 9.112 9.114 9.1841 9.122

β (◦) 99.63 99.65 99.55 99.65 99.492 99.57
* Note that this sample contains a small amount of Zn with corresponding formula Cu1.92Zn00.06(OH)3Cl1.92.

Returning to the polymorphs of Cu2(OH)3Cl, clinoatacamite is regarded as being the
end member of the Ostwald sequence for compounds with the formula Cu2(OH)3Cl [124].
It is stated to have a Gibbs Free Energy of −1341.8 kJ/mol compared with values for
precursors in the Ostwald sequence of, −1339.2 kJ/mol for atacamite and −1322.6 kJ/mol
for botallackite [136]. The study of Pollard et al. [125] concluded that each polymorph
could be reproducibly synthesised. However, when formed, botallackite nucleates fastest
and subsequently recrystallizes quickly under most conditions to a more stable polymorph;
thus, the rarity of botallackite in nature. Increasing chloride concentration was found
like Sharkey and Lewin [126] to inhibit the transformation of atacamite to clinoatacamite
whereas increasing copper concentration and temperature promoted transformation.

Despite its higher stability, clinoatacamite is very rare in nature compared to ata-
camite [137]. In contrast, atacamite is found in a large number of world deposits forming
as an oxidation product of copper minerals particularly under arid, saline conditions [138].
Notably, clinoatacamite is found together with atacamite in seafloor, hydrothermal sedi-
ments [139]; clearly, this is dictated by a combination of conditions that include the copper
and chloride concentrations, and temperature. The implication of the current finding is
that clinoatacamite will preferably form in geological settings under saline, hydrothermal
conditions noting that the experimental conditions under which this phase formed here are
likely to be extreme compared to natural environments, i.e., high copper and chloride (cf.
seawater, 19.4 g/L). concentrations.

4.5.9. Overview of Mineral Reactions

A summary of the reactions occurring in the various systems investigated and the
products generated is given by chemical Equations (14)–(30); note here that covellite is
represented by the formula Cu2S2 rather than CuS, which is historically reported in the
literature, though Cu6S6 more accurately reflects the complex structural and electronic
properties of this phase [14,140].

Metathesis: CuFeS2 + CuSO4(aq)→ Cu2S2 + FeSO4(aq) (14)

Partial oxidation: CuFeS2 + 2O2 → 1/2Cu2S2 + FeSO4(aq) (15)

Covellite dissolution (1): Cu2S2 + 2O2 → Cu2SO4(aq) + S(l) (16)

Covellite dissolution (2): Cu2S2 + 31/2O2 + H2O→ Cu2SO4(aq) + H2SO4 (17)
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Covellite dissolution (3): Cu2S2 + 4O2 → 2CuSO4(aq) (18)

Copper oxidation (1): Cu2SO4(aq) + Fe2(SO4)3(aq)→ 2CuSO4(aq) + 2FeSO4(aq) (19)

Copper oxidation (2): Cu2SO4(aq) + 1/2O2 + H2SO4 → 2CuSO4(aq) + H2O (20)

Iron oxidation: FeSO4(aq) + 1/2H2SO4(aq) + 1/2O2 → 1/2Fe2(SO4)3(aq) + 1/2H2O (21)

Sulphur oxidation: S(l) + 11/2O2 + H2O→ H2SO4(aq) (22)

Iron hydrolysis (1): Fe2(SO4)3(aq) + 3H2O→ Fe2O3 + 3H2SO4(aq) (23)

Iron hydrolysis (2): 11/2Fe2(SO4)3(aq) + 1/2Na2SO4(aq) + 6H2O→ NaFe3(SO4)2(OH)6 + 3H2SO4(aq) (24)

Iron hydrolysis (3): 1/2Fe2(SO4)3(aq) + H2O→ Fe(OH)SO4 + 1/2H2SO4(aq) (25)

Phase conversion (1): Fe2O3 + H2SO4(aq) + 1/6Na2SO4(aq)→ 2/3NaFe3(SO4)2(OH)6 (26)

Phase conversion (2): Fe2O3 + 2H2SO4(aq)→ Fe(OH)SO4 + H2O (27)

Aluminium hydrolysis: 11/2Al2(SO4)3(aq) + 1/2Na2SO4(aq) + 6H2O→ NaAl3(SO4)2(OH)6 + 3H2SO4(aq) (28)

Copper hydrolysis (1): 2CuSO4(aq) + 3H2O + NaCl(aq)→ Cu2(OH)3Cl + 11/2H2SO4(aq) + 1/2Na2SO4(aq) (29)

Copper hydrolysis (2): 3CuSO4(aq) + 4H2O→ Cu3(SO4)(OH)4 + 2H2SO4(aq) (30)

While several of these reactions are transient and others are slow on the timescale of
the experiments conducted, the present and previous studies [1] demonstrate the scope for
the manipulation of conditions to target specific products. Several such scenarios, e.g., the
non-oxidative upgrading of copper concentrates and the recovery of basic copper salts, have
been discussed previously. The selective combination of equations from above provides the
following net Equations (31)–(33) for chalcopyrite leaching to target copper-rich streams
and form hematite:

CuFeS2 + 2.25O2 + H2O→ Cu2S2 + 1/2Fe2O3 + H2SO4(aq) (31)

CuFeS2 + 2.75O2 → CuSO4 + 1/2Fe2O3 + 2S(l) (32)

CuFeS2 + 4.25O2 + H2O→ CuSO4(aq) + 1/2Fe2O3 + H2SO4(aq) (33)

Based upon the last three equations, it is worth discussing further the behaviour of sulphur
as impacted by the presence of chloride and temperature.

In the current tests the oxidation of sulphur content in the solids to soluble species,
i.e., sulphate, provides an indication of how leaching reactions proceed in relation to the
mineral phases present (Figure 8); less oxidised species such as thiosulphate may be present
but were neither specifically analysed nor considered to be a significant component of the
soluble sulphur-containing species under the conditions employed. While the extraction
of copper is also informative for changes in mineralogy, this has been demonstrated to
be decoupled from sulphur oxidation, as the snapshot of the reaction process is typically
represented by a combination of reactions (32) and (33).
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Figure 8. Change in dissolved sulphur-containing species concentrations during the leaching of
chalcopyrite concentrate (P100 −45 µm) under pressure oxidation conditions (mostly 220 ◦C and
700 kPa O2) at various pulp density (PD as % w/w), chloride (Cl as g/L) concentration, and where
indicated, acid (A as g/L) addition, temperature, pressure and other additives, i.e., Al2(SO4)3 and
gibbsite. Chloride normally added as sodium chloride; copper chloride (CuCl2) was added for
one test.

With reference to Figure 8, the oxidation of sulphur is most rapid at 10% w/w pulp
density in the absence of chloride. When chloride is present at 15 g/L, increasing the
temperature to 245 ◦C also enhances the rate of sulphur oxidation though, at the higher
temperature, natrojarosite formation is favoured over hematite and increasing proportion
of sulphur (as sulphate) reports to the residue as the system tends toward equilibrium. The
significant formation of natrojarosite was only otherwise noted at 220 ◦C when 100 g/L chlo-
ride was added (as NaCl) along with high upfront sulphuric acid (100 g/L) (see Figure 4D).
Notably for these two tests, natrojarosite formation reduces the amount of dissolved sul-
phur by the conclusion of the reaction; as expected, this is also noted for other tests, e.g.,
where the addition of aluminium promotes the formation of (natro)alunite/jarosite phases
and up-front addition of acid facilitates the formation of basic iron sulphate phases in
preference to hematite.

Even though little elemental sulphur forms, the data in Figure 8 confirm the impact of
increasing the pulp density to 20% w/w upon slowing the leaching of chalcopyrite (and
pyrite) when no chloride is present. In contrast, the presence of low levels of chloride, here
3 g/L and above, hindered the oxidation of sulphur whereas the extraction of copper was
enhanced [1]. The data in the figure also suggest there is a concentration of chloride ions,
in the range 0–3 g/L, for which sulphate oxidation is best inhibited and above which, the
oxidation rate then increases with increasing chloride concentration.

Decreasing the partial pressure of oxygen from 700 to 100 kPa had a most noticeable
impact during the first 10 min during which the demand for oxygen is high. Thereafter
the oxidation of sulphur occurs at a similar rate to that when the partial pressure is higher,
again suggesting this reaction does not have a strong dependence on the oxygen partial
pressure (with the equipment and under the conditions used in these tests).

The rapid initial increase in soluble sulphur species for a number of the reactions,
more specifically those for which the subsequent increase is flatter and near linear (due to
elemental sulphur oxidation) is typically consistent with the formation of covellite (and
hematite) as given by Equation (31) with subsequent reaction of the covellite to generate
elemental sulphur.
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4.5.10. Chemical Thermodynamics

The Gibbs Free Energy values at standard conditions for each of the reactions were
calculated using data mostly reported in Lange’s Handbook of Chemistry [141]; it is noted
that NBS tables [142] could also have been used. Values for minerals not given in this
resource were obtained from a range of sources as given in Table 5. The standard Gibbs
Free Energy values, ∆Go, were calculated using Equation (34) and are given in Table 6.

∆Go = ∑ ni∆Gi
o −∑ nj∆Gj

o (34)

Table 5. Thermodynamic quantities for minerals and hydrolysis products relevant to this study
[114,115,143–151].

Mineral
∆Ho

(kJ/mol)
So

(J/mol K)
∆Go

(kJ/mol)
References

∆Ho So ∆Go

Chalcopyrite −194.9 124.9 −195.1

[143] [143] [143]Covellite −54.6 67.4 −55.3

Hematite −826.2 87.4 −744.4

Natrojarosite −3783.4 382.4 −3270.7 [144] [145] [146]

Natroalunite −5132.0 321.1 −4622.4 [147] [147] [147]

Basic ferric sulphate −1160.2 145.9 −1013.7 [148] [148] [148]

Antlerite
−1733.6 274.3 −1453.6 [114] [114] [114]
−1750 263.5 −1467 [149] [149] [149]

Atacamite −1672.7
−1444 335.6 −1339.9 [150]

calc. [151] [151]

Clinoatacamite −1341.8 [115]

Here, i refers to the product species, j refers to the reactant species and ni and nj
represent the stoichiometric coefficients of the reaction for the products and reactants,
respectively. The value for ∆Go can also be calculated from the standard enthalpy, ∆Ho,
and entropy, So, values according to Equation (35) where i, j, ni, and nj have the same
definitions as previous.

∆Go =
(
∑ ni∆Hi

o −∑ nj∆Hj
o

)
− T

(
∑ niSi

o −∑ njS
j
o

)
(35)

These calculations provide a check of the internal consistency of the ∆Go, ∆Ho and
So data and can be used to generate standard enthalpy and entropy values which are also
reported in Table 6.

Each of the reactions described by Equations (14)–(27), (29) and (31)–(33) is indicated
in Table 6 to proceed spontaneously under standard conditions. There are two exceptions:
the first is the formation of antlerite, equation (30), and this is consistent with the study
of Yoder et al. [113] who reported that this phase cannot be formed at room temperature
from reactions between 0.05–1.2 M CuSO4 and 0.05–1.0 M NaOH solutions. The second is
the formation of natroalunite, Equation (28) which typically employs temperatures above
100 ◦C for synthesis (e.g., [152]).

Every reaction in which oxidation of a solid, even if partial, occurs is strongly favoured
and becomes increasingly so as the extent of oxidation increases, the two extremes being
given by reactions (16) and (33). In comparison, most hydrolysis reactions (other than the
formation of clinoatacamite) are weakly favoured under standard conditions. At higher
temperatures these reactions become increasingly spontaneous and as their net entropy
values are positive, typically several hundred J/mol K. Similarly, the transformations
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of hematite to other iron-containing phases are weakly favoured and have positive net
entropy values.

Table 6. Calculated standard Gibbs Free Energy, Enthalpy and Entropy values for reactions given by
Equations (14)–(33).

Reaction ∆Ho (kJ/mol) * So (J/mol K) ∆Go (kJ/mol) *

Metathesis (14) −68.2 −28.2 −59.9

Chalcopyrite partial oxidation (15) −858.1 −585.1 −683.7

Covellite dissolution with sulphur formation (16) −656.7 −443.6 −534.0

Covellite dissolution with acid formation (17) −1280 −801.0 −1041

Covellite complete dissolution (18) −1580 −1114 −1248

Aqueous copper oxidation with Fe(III) (19) −95.0 76.1 −117.5

Aqueous copper oxidation with O2 (20) −299.6 −312.9 −206.1

Aqueous iron oxidation with O2 (21) −102.3 −194.5 −44.3

Liquid sulphur oxidation (22) −624.9 −392.5 −507.8

Hematite formation (23) 128.4 509.4 −23.7

Natrojarosite formation (24) 135.9 811.9 −82.6

Basic ferric sulphate formation (25) 83.4 371.8 −27.3

Hematite to natrojarosite conversion (26) −37.7 31.8 −31.4

Hematite to basic ferric sulphate conversion (27) 38.5 234.1 −30.9

Natroalunite formation (28) 235.8 768.2 7.9

Clinoatacamite formation (29) −548.9 268.5 −628.2

Antlerite formation (30) ** 124.7
108.3

273.3
262.5

43.2
29.8

Chalcopyrite partial oxidation with hematite
formation (31) −896.2 −524.9 −739.8

Chalcopyrite partial oxidation with sulphur and
hematite formation (32) −1063 −724.5 −856.2

Complete chalcopyrite complete oxidation with
hematite formation (33) −1686 −1082 −1364

* Values given are either per mol mineral/species reacted or per mol mineral generated (from aqueous compo-
nents); ** Values calculated using the data of [114] and [149], respectively.

Although the metathesis reaction to form covellite, which occurs under non-oxidising
conditions, is weakly favoured, the net entropy while being negative, is sufficiently small
that the reaction remains spontaneous at high temperatures as described in Section 4.3.
In contrast, the oxidative formation of (intermediate) covellite is suggested to drive the
generation of soluble iron that is rapidly oxidised and hydrolysed to form hematite in the
presence of added chloride.

The calculations presented in Table 6 indicated minor inconsistencies within the sets
of data presented in Table 5, the most notable was the ∆Ho value for atacamite calculated
by Yoder et al. [150]. From the current calculations, a value of −1444 kJ/mol is consistent
with the ∆Go and So values reported by Puigdomenech and Taxén [151].

The redissolution of the basic copper salts formed, antlerite and clinoatacamite, oc-
curs under near-equilibrium conditions and remains incomplete until sufficient sulphuric
acid has been generated, as described in Section 4.5.8. These reactions are predicted from
their equilibrium constant (LogKr) values of 8.29 and 7.34 [153] to be thermodynamically
favoured; for the concentrations of dissolved copper and relevant, associated anions in-
volved, complete dissolution of the basic copper salts is predicted to occur below pH values
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of ~1.5 and ~1.0, respectively, though these values are only considered to be indicative
given the equilibrium constants at high temperatures will be larger.

As a final comment, it has known that basic ferric sulphate becomes increasingly un-
stable in hydrometallurgical environments with decreasing temperature and this forms the
basis for the “hot cure” process [98]. Furthermore, if water is present during the drying of
leach residues containing this material, it can convert to butlerite, Fe(OH)SO4.2H2O; hence
the use of absolute ethanol for the final washing and milling of these residues. Notwith-
standing, the prediction that the formation of basic ferric sulphate will be spontaneous
remains valid given, as indicated above, the reaction has a positive net entropy.

5. Implications for Industrial Application

The impacts of chloride addition upon the leaching of chalcopyrite are long known
and have found industrial development and application as described here and in part 1 of
this study [1]. Furthermore, that chloride will be present in the processing of chalcopyrite in
the future appears inevitable from examination of the literature, e.g., [154,155] and citations
of this paper., due to the increasing scarcity of high-quality process water.

The presence of chloride during the high-temperature pressure oxidation of chalcopy-
rite concentrates is also beneficial and able to reduce the time required for optimum copper
extraction by a factor of up to ~3 when compared to processing in the absence of chloride.
Industrially, this should not be problematic as high-pressure acid leaching of nickel laterite
ores using saline process water is commercially undertaken at the Ravensthorpe Nickel
Operation; the materials of construction employed, e.g., Grade 17 titanium for the autoclave
lining, provide excellent corrosion resistance in the presence of chloride. Notwithstanding,
this author’s view is that the application of high-temperature, pressure oxidation to copper-
containing concentrates will remain at a low level compared to low-temperature leaching
approaches, e.g., heap (bio)leaching. It may find niche applications when treating benefici-
ated materials that contain penalty elements that prevent these from being processed using
conventional smelting technologies. If so, the addition of chloride to the process will be
beneficial, especially if conditions can be manipulated to reduce the oxidant requirement
(and hence the subsequent requirement for neutralising reagents) and, enable the recovery
of elemental sulphur as a valuable resource.

6. Conclusions

High temperature (≥220 ◦C) pressure oxidation of a chalcopyrite concentrate was
studied in batch mode normally employing 700 kPa O2 partial pressure. Pulp densities of
either 10% or 20% w/w were employed and the impacts of dissolved chloride, sulphuric
acid addition and other selected additives, each at varying concentrations or amounts,
upon the copper extraction kinetics, the oxidation mechanisms, and the mineralogy of
leach residues were examined.

The addition of chloride enhances the rate of copper extraction whereas up-front
added sulphuric acid slows dissolution, especially in the absence of chloride. Chloride
addition, however, favours an oxidation mechanism involving a covellite intermediate that
reacts to liberate cupric ions and forms elemental sulphur. In the present study, covellite
was the only intermediate copper sulphide phase detected; the formation of reduced copper
sulphides such as chalcocite and digenite at best is transient but likely requires a higher
ratio of dissolved to solid state copper based on the study of Chaudhari et al. [49] and/or
less oxidising conditions, given that the oxidation of these phases occurs at a lower potential
than covellite [156].

There is clear evidence from the decomposition of covellite for the effective decoupling
of the copper oxidation/extraction and sulphate formation reactions. The elemental sulphur
is slowly oxidised, generally resulting in a linear increase in free acidity to concentrations
that should result in the formation of basic iron sulphate phases (in tests employing 20%
w/w pulp density). Buffering of the “at temperature” acidity due to the high concentration
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of cupric sulphate in the leach liquor results in the dominant iron-containing phase formed
being hematite under many of the conditions studied.

The upfront addition of sulphuric acid at levels of 30 g/L, typical of the concentration
of an acid recycle stream, was shown to increase free acidity above the “break point”
value enhancing the formation of basic iron sulphate phases, normally natrojarosite in
the presence of added NaCl and basic ferric sulphate in its absence. It is expected that
a concentrate with lower copper and/or higher iron sulphide contents would be less
forgiving and need to be pressure oxidised at lower pulp density to avoid basic iron
sulphate formation, even in the absence of upfront sulphuric acid addition, unless the
process liquor contained a metal sulphate buffer, e.g., Cu, Mg, at sufficient concentration.
This approach, however, is not a panacea and further treatment of the residue may be
required to reduce the basic iron sulphate content.

This study identified a range of other leach residue products, including intermediates,
which can be formed including natroalunite derived from the addition of aluminium-
containing materials, antlerite and clinoatacamite. Clinoatacamite, which has not previously
been identified during the hydrometallurgical processing of copper minerals, is indicated to
be the stable basic copper chloride polymorph formed under geohydrothermal conditions.

Thermodynamic analysis of the reactions proposed to occur from this study were
generally consistent with these being spontaneous under standard conditions. Where this
was not the case, elevating the temperature is sufficient to ensure reactions such as the
formation of basic copper chloride salts and natroalunite occur.
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