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Abstract: The mechanisms involved in the dissolution of chalcopyrite from a carbonatite concentrate
in a ferric sulphate solution at pH 1.0, 1.5 and 1.8, and temperatures 25 °C and 50 °C were investigated.
Contrary to expectations and thermodynamic predictions according to which low pH would favour
high Cu dissolution, the opposite was observed. The dissolution was also highly correlated to
the temperature. CuFeS; phase dissolution produced intermediate Cu rich phases: CuS, Cu,S
and CusFeSy, which appeared to envelop CuFeS,. Thermodynamic prediction revealed CuS to be
refractory and could hinder dissolution. CuFeS, phase solid-state dissolution process was further
discussed. Free Fe;* and its complexes (Fe(HSO4),*, Fe(SO4)% and FeSO4* were responsible for
Cu dissolution, which increased with increasing pH and temperature. The dissolution improved at
pH 1.8 rather than 1.0 due to the increase of (Fe(HSOy4)**, Fe(SO4)?~ and FeSO4*, which were also
the predominating species at a higher temperature. The fast and linear first dissolution stage was
attributed to the combined effect of Fe>* and its complex (Fe(HSO4)?*, while Fe(S04)?~ was the main
species for the second Cu dissolution stage characterised by a slow rate.

Keywords: hydrometallurgy; carbonatitic chalcopyrite; copper; speciation phases; intermediate phases

1. Introduction

The demand for copper (Cu) has risen over the past few decades due to the rapid
growth of the electronic industry. A major source of Cu is chalcopyrite (CuFeS;), a copper
sulphide mineral, which accounts for around 70-80% of the total global production of Cu.
The pyrometallurgy route produces about 85% of worldwide Cu through a reverberatory
furnace or flash smelting [1]. However, this process is becoming expensive due to ever-
increasing stringent environmental regulations coupled with abnormal SO, emissions and
the huge volume of tailings generated through froth flotation. For instance, for every ton
of copper obtained through flotation processes, 151 tonnes of tailings are produced [2]. On
the other hand, the relative decrease in profit margins for mineral processing caused by
the scarcity of high-grade ore bodies is also a concern. Consequently, hydrometallurgy
can be economically attractive for the production of Cu from CuFeS; and present several
advantages, including high selectivity, environmental friendliness, suitable for low or
complex chalcopyrite ore bodies [3].

Hydrometallurgy is the extraction of minerals from the ore by leaching with aqueous
solvents (aka medium). Some of the solvents for CuFeS, include sulphate-based media
(H2504-Fey(SO4)3) [4], chloride-based media (HCI-FeCls) [5], mixed chloride-sulphate
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media (H,SO4-Fe,(S04)3-NaCl) [6] and nitrate-based media (Fe(NO3)3) [7]. CuFeS2 is
highly refractory and regarded as one of the most difficult minerals to leach regardless of
the media. Its leaching is slow and incomplete due to the formation of a diffusion barrier
that builds up between the leaching solution and CuFeS,. The nature and composition
of this barrier, together with the dissolution mechanism, still remain controversial [4,8,9].
There are three hypotheses regarding the structure of the formed diffusion barrier. The
first hypothesis is that elemental sulphur (S°), formed during leaching, prevents further
diffusion of the reactant from reaching the un-leached chalcopyrite [10,11]. The second
hypothesis, commonly cited, attributes it to the formation of Cu-rich polysulphides, formed
due to solid-state transformation through the preferential Fe dissolution. This hypothesis
is referred to as the metal-deficient sulphide theory [12,13]. The third hypothesis refers to
iron-precipitates jarosite, jarosite-like species and goethite [13,14].

According to the Eh-pH (Pourbaix) diagram (Figure S1) for the Cu-Fe-S-H,O sys-
tem, dissolution of CuFeS, in acidic media takes place through a solid transformation
in different intermediate sulphide (CusFeSs, CuS and Cu,S) phases. The formation of
these phases may, to some extent, be attributed to the slow chemical kinetics associated
with the products of the reaction. The diagram also shows that successful copper dis-
solution from the mineral could be achieved after increasing the redox potential above
0.44 V (SHE) [10]. Consequently, acidic ferric sulphates (H,SO4-Fe;(SO4)3-FeSO4-H,0)
are gaining prominence as preferred dissolution media for the chalcopyrite leaching pro-
cess in hydrometallurgical extraction of Cu. The HySO4-Fe;(SO4)3-FeSO4-HyO presents
several advantages, including its simple chemistry, low capital and operational costs and
environmental friendliness [15]. In this media, Fe is distributed as free Fe3* and Fe?* and
or as complexed iron compounds (e.g., FeHSO,", FeSO,°, Fe(HSO,)**, Fe(SO4)%*~ and
FeSO4™) and their content in solution depend on the pH and temperature [16,17]. The
thermodynamic function and equilibrium constant of the various species are presented
in Table S1 (supplementary information). Therefore, the oxidising power/strength of
H,5S04-Fe;(SO4)3-FeSO4-H,O solution must be viewed as a function of all the possible
ferric species present in the solution. Hirato and co-workers [18] examined the speciation
of (Hy504-Fez(504)3-FeSO4-H,0) and plotted the distribution of Fe species according to
Sapieszko et al. [19] and concluded that Fe3* and FeHSO,* are the important Fe species
for the CuFeS, dissolution in H,SOy4-Fe,(SOy4)3-FeSO4-H,O.

The leaching kinetics may be related to the distribution of iron species in the solution.
In addition, the inherent problem with the direct application of Eh-pH diagrams (Figure S1)
to leaching is the possible formation of intermediate phases, and there is no way to predict
the presence of metastable phases from thermodynamics considerations alone. Neverthe-
less, a comprehensive CuFeS; dissolution mechanism could be obtained by systematic
leached residue characterization employing surface analytical methods (such as X-ray
photoelectron spectroscopy, X-ray absorption spectroscopy, X-ray diffraction, scanning
electron microscope and Raman spectroscopy) and through control of solution chemical
aspects, among which the solution redox and pH are very important.

Most previous studies reporting on the Cu recoveries from CuFeS; only characterized
solids residue at the resolved experimental end time. This has not allowed for evaluating
the entire mineral phase evolution taking place during dissolution. This work, therefore,
conducts the dissolution of CuFeS; in H,SO4-Fep(SO4)3-FeSO4-H,O system at different
pH regimes (1.0, 1.5 and 1.8) and operating temperatures (25 °C and 50 °C) and identify
the likely refractory intermediates based on the solid-state transformation taking place
throughout the dissolution process. Furthermore, it investigates the evolution of Fe species
during CuFeS, leaching in H,SO4-Fe;(504)3-FeSO4-H,O.

2. Materials and Methods

2.1. Materials

Solutions of the desired pH were prepared using analytical grade sulphuric acid
(H2SO4 98% A.C.E.), ferric sulphate (Fey(SO4)3-HpoO A.C.E.), and deionised water
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(<5.0 ps/cm). The measured redox potential (Ag/AgCl) measurements were referenced to
the Standard Hydrogen Electrode (SHE).

2.2. Chalcopyrite Sample Preparation and Characterisation

The chalcopyrite concentrate samples were obtained from a carbonatitic ore body
treated through flotation at Phalaborwa Copper Mining Company (Limpopo Province,
South Africa). Its major phases were chalcopyrite (CuFeS, (68.37%)), Mg-rich calcite (Mg-
CaCOs; (29.27%)) and traces of another copper sulphide (Cu;Sy (3.41%), CugSs (2.51%) and
CusFeS4(4.51)) with quartz (S5iO, (2.20)) (Figure S2). The sample had a bulk Cu content
of 36.39% and was dried in an oven at 50 °C for seven days before sub-sampling. First,
the homogenisation of samples was carried out according to the soil sampling protocol by
the U.S. Environmental Protection Agency [20]. Then, approximately 0.5 kg of concentrate
was sub-sampled and further dried for 2 h at 105 °C. The grains with sizes smaller than
200 um were used as the dissolution feed at an average grain size of 32 um (Figure S2d).
The powdered sample was characterised in an earlier study by Nyembwe et al. [21]
for its chemistry, mineral composition and morphology using the XRF, X-ray diffraction
(XRD) and scanning electron microscopy—energy dispersive spectroscopy (SEM-EDX),
respectively. They are provided in Supplementary Information Figure S2.

2.3. Leaching Media and Tests

The CuFeS, dissolution was conducted in acidified ferric sulphate solution (HySO4-
Fe;(SO4)3), obtained by mixing Fe;(SO4)s with H,O water and HySO4. An initial Fe content
(Fe* = 0.05 M Fe) was used for all tests. The media was agitated for 12 h prior to use.
Dissolution tests were performed at atmospheric conditions at 25 °C or 50 °C. The media
pH was measured and maintained at 1.0, 1.5 and 1.8 with periodic addition of HySO4
(98%) while the solution’s oxidation reduction potential (ORP) could evolve throughout the
dissolution test. An initial pulp density of 10% was used in all tests, with 40 g of the dried
chalcopyrite sample mixed with 400 mL of the leaching liquor in a 600 mL Erlenmeyer flask
(conical wide neck). The agitation (500 rpm) was achieved through use of an overhead
stirred (stirrer ES, Velp Scientica (0-1300 pm)) placed on top of the dissolution vessel
(Figure S3). An initial pulp density of 10% was used in all tests, with 40 g of the dried
chalcopyrite sample mixed with 400 mL of the leaching liquor in a 600 mL Erlenmeyer
flask. 10 mL sample was withdrawn every 20 min for chemical analysis, while the solution
ORP was measured at intervals and converted to the SHE. Total Cu and Fe were analysed
using atomic absorption flame spectrometry (AAFS, Thermo Scientific ICE 3000 series).

2.4. Leachate Speciation

Chemical Fe speciation was calculated using the geochemical modelling software,
PhreeqC (version 3.3.12-12704, U.S. Geological Survey). Fe speciation and its evolution
throughout the dissolution were based on the initial (prepared medium) characterization
and each withdrawn leachate solution. The characterization of each solution involved
the determination of total cations, sulphates (SO427), pH, Eh (Ag/AgCl), T (°C), and
solution density (p). These measurements were used as individual inputs (data block of
interest), inserted for Fe leachate speciation modelling. Each solution was considered
an independent data block (master species with inputs of the measured concentration,
pH, Eh and temperature) from which the curves of the aqueous Fe species were obtained
and drawn.

The software is based on an ion association aqueous model. The equilibrium specia-
tion is defined by a set of equations governed by element mass balance electrical charge
balance [18]. The redox chemistry is defined by Equation (1), which is based on the electron
activity whereby R is the gas constant (8.314 JK~! mol~'), T is the temperature (K), F
represents the Faraday constant (96,485 C mol~!), pE negative log of the electron activ-
ity (equilibrium position for all redox couples in the system), which is related to Ek and
delivered using Equation (1).
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2.5. Residue Characterisation

Solid were analysed for mineral composition using XRD and optical phase identifica-
tion and surface morphology using SEM-EDX. The XRD analysis using a Rigaku Ultima
IV (Rigaku Corporation, Tokyo, Japan) was operated at 40 kV and 30 mA. PDXL analysis
software was used, and the instrument’s detection limit was 2%. Data were recorded over
the range 5° < 20 < 95° at a scan rate of 0.5°/min and step width of 0.01°. Tescan S.E.M.
(operated at 20 kV) with E.D.X. analysis was used for grain morphology and chemistry.
Residues were carbon-coated prior to analysis.

3. Results and Discussion
3.1. Initial Fe Speciation of the Media

The initial Fe speciation at pH 1.0, 1.5 and 1.8 at 25 or 50 °C was simulated using
PhreeqC and is shown in Figure 1. Fe?* and Fe(HSO,4)* were the main iron species observed
(Figure 1a) at all the pH and temperatures. The increase in pH and temperature appears to
have slightly increased the concentration of Fe>* and its sulphate complexes (Fe(HSOy4)?*,
Fe(SO4)?~ and FeSO,™*) to the expense of free Fe?* (Figure 1a) even much more with the
increase of temperature 25-50 °C (Figure 1b). The high ORP and pE support this at higher
pH or temperature. pE values at 25 °C were 9.3, 9.41 and 9.57 at a pH of 1.0, 1.5 and 1.8,
respectively. While at 50 °C, pE values of 9.51, 9.7 and 9.86 were recorded.

0.040 ~

(a) (b) FeSO," (25 °C)
. FeSO," (50 °C)
£ Fe(SO,), (25 °C)
] - 0,
S 0.0354 Fe(SO,), (50°C)
Fe(HSO,)" (25 °C) = Fe(HSO,)** (25 °C)
Fe(HSO,)" (50 °C) g Fe(HSO,)** (50 °C)
Fe* (25 °C) K Fe**(25°C)
3 Fe?* (50 °C) = 00304 Fe*'(50 °C)
g T
=
\ (3
0.000 4 ———/—Z
1.0 1.2 14 1.6 1.8 10 12 14 16 18
pH pH

Figure 1. Initial Fe speciation at the various pH regimes (1.0, 1.5 and 1.8) and temperatures vis 25 and 50 °C, where (a) shows

speciation of Fe?* and (b) is the speciation of Fe3*.

3.1.1. Cu Dissolution Rate and Recovery

The leaching of CuFeS; at different temperatures under variable pH of media is
presented in Figure 2. More Cu dissolved at 50 °C than at 25 °C and slightly more at
pH 1.8 than 1.5 and 1.0 (evident at 50 °C, not so at 25 °C). It can be seen that pH plays
an essential role in the dissolution of CuFeS,. Previous reports suggest that an acidic
environment minimises hydrolysis and ferric precipitation. The obtained recoveries agreed
with Antonijevic and Bogdanovic [22], and Cérdoba et al. [23] point out that chalcopyrite
easily oxidises at higher pH values when oxygen is present in solutions.

All dissolution curves were asymptotic and characterised by three stages: the first was
more rapid (from 0-60 min) than the second (40-360 min), and the third was a plateau with
no Cu dissolution (360-720 min). Our results support those of Klauber et al. [10] and Salinas
et al. [24], but not those of Jones and Peters [25], who observed a linear kinetic probably due
to an extended dissolution time over 55 days. The form of the dissolution curve showed
the plateau is reached around 380420 min of dissolution at room temperature (i.e., 25 °C).
While at 50 °C, the maximum Cu recovery is reached after 180-220 min of dissolution,
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124 (a):25°C

which could be attributed to a more rapid reaction at higher temperatures and formation
of the reaction products.

(b): 50 °C

pH: 1.8 pH:1.8

0 100 200 300 400 500 600 700 800 0 100 200 300 400 500 600 700 800

Time (Minutes)
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Figure 2. Isotherms of chalcopyrite dissolution and recovery of Cu in leachates using media with different pH values and
conducted at (a) 25 °C and (b) 50 °C.

3.1.2. Ferric Speciation during Chalcopyrite Leaching

The leaching of Cu from the chalcopyrite mineral over a time spate is presented
in Figure 3, which also shows the evolution of Fe speciation at 50 °C for different pH.
Speciation was calculated using the measured total Fe and Cu in the solution and the
recorded redox potential. It was observed that the initial concentration of Fe** and its
complexes dropped during Cu dissolution, which suggests that Fe>* is not the only species
responsible for CuFeS, oxidation.

Fe®* and Fe(HSOy4)?* both linearly dropped within the first 40 or 80 min (Figure 3a,b)
of the Cu dissolution while the Cu recovery curve continued over 200 min (Figure 3a,b). At
25 °C, Fe3* decreased by 90, 67 and 78% at pH 1.0, 1.5 and 1.8. While at 50 °C, its content
decreased further by 97, 82 and 87, respectively. Fe(HSOy4)?* also decreased by 17, 28 57%
at 25 °C. At 50 °C, its content went down by 32, 51 and 71%. Our results support Hirato
et al. [26], who concluded that Fe** and Fe(HSO,)?* play a significant role during ferric
leaching of CuFeS,. Our results show that the initial fast rapid and linear Cu dissolution
stage corresponds to the combined effect of Fe** and Fe(HSO,)?*.

The increase in pH from 1.0~1.8 led to an increase in Fe(SO4)?~ content (Figure 2b).
At pH 1.8, for instance, this species appeared to be the dominant form of Fe(IIl) in solution
after the FeSO4*. The results showed that Fe(SO,)?~ decreased during Cu leaching from
its initial content by 15 and 85%, respectively, at 25 and 50 °C. Its decrease was gradual
and prolonged over 300 min (Figure 3c) and could correspond to the second dissolution
stage (from 80 to 340 min), characterised by a relatively low rate than the first stage. Thus,
implying that Fe(SO4)?>~ contributed to Cu dissolution. FeSO,* also decreased to a less
extent within the first 40 min of leaching. Its content went down at 25 °C by 7, 16 and 24,
further by 28, 35 and 41% at 50 °C. The speciation results further revealed that the decrease
rate of the various Fe(III) species and Fe(II) increase matches the Cu dissolution rate.
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Figure 3. Fe speciation at different pH (1.0, 1.5 and 1.8) at 250 °C. (a) displaying the evolution of Fe3*, (b) Fe(HSO4)?,

(c) Fe(SO4)%~, (d) FeSO,*, (e) Fe?*, and (f) FeHSO, ™.

3.1.3. Effect of Temperature

Raising the temperature revealed a positive response to the rate of metal dissolution
and recovery during the dissolution process. Its effect appeared to be pronounced when
the temperature was increased from 25 to 50 °C (Figure 3b). Previous studies have reported
that more than ten times the extraction of Cu has been identified when dissolving CuFeS,
by raising the temperature from 30 to 90 °C [12]. The obtained results support the improved
Cu leaching. For instance, at 50 °C and pH 1.8, the Cu dissolution rate doubled, while at
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1.5 and 1.0, it increased by a factor of 1.6 and 1.2, respectively. Thus, it supports the positive
impact of temperature upon mineral dissolution.

3.2. Effect of Initial Solution Potential

It should be worth noting that the initial solution oxido-reduction potential (ORP)
varied according to the solution pH, probably due to the various Fe species distribution
existing at the different pH values (Figure 1), which also play a major role in the Cu
recovery different pH values. At both temperatures, it was observed that high pH (1.8)
media possessed a high initial ORP value. In all cases, the initial ORP values showed a
similar trend, which decreased at the early dissolution stage and then remained steady till
the end of the leaching. At 25 °C, A decline from 550.25 to 52931 mV, 556.183 to 547.362 mV,
and 566.434 to 539.1600 mV was recorded for the solution-free pH 0.5, 1.0, 1.5 and 1.8
respectively. While at 50 °C, their initial ORP value decreased from 608 to 572 mV, 621 to
588 mV, and 631 to 591 mV individually. This decrease could suggest the direct oxidation
of that mineral by ferric species, increasing the solution’s ferrous content. Earlier studies
showed the existence of a potential range interval, referred to as critical (400-450 mV
Ag/AgCl corresponding to 600-660 CEH approximately while using the conversion as
published by Stringgow), [27] in which optimum copper recoveries are obtained [28,29].
Except for the dissolution at pH 1.8, which was within the range and quickly dropped
(after 40 min of leaching), all the pH conditions ORP values (pH: 1.0 and 1.5) were well
below the critical potential range and could support the low recoveries observed under
the various pH regimes and could support the importance of maintaining the solution
potential within the stipulated range for the efficient dissolution process.

3.3. Effect of Initial Fe>*

Figure 4 shows copper extraction as a function of time for initial concentrations of
Fe3* jons up to 0.075 M at pH 1.8 and temperature 25 °C or 50 °C. The results show that
an improved rate and recovery are observed with an increase in Fe3*. The results(Table 1)
revealed key kinetic information and showed that Cu recovery depends on Fe®" at first
order and with a rate law of r = [Fe3*1°97° within 0.025 to 0.075 M ferric sulphate. These
results support Veloso et al. [6], who observed an increase in Cu extraction with increasing
Fe3+ up to 0.5 M and observed no further increase at 1.0 M Fe?*. Unlike Cérdoba et al. [20],
who highlighted from past studies that CuFeS, dissolution rate is strongly affected by Fe3*
only at low concentrations. In contrast, at high concentration, its effect is negligible, and no
clear kinetic effect with ferric content higher than 0.01 M. The findings of the present work
show the first-order dependency up to 0.075 M.

40 =
0.075 M 35 4 0.075 M
30 4
25 0.050 M
=
0.050 M O 204
X 0.025M
0.025 M 151
10 4
5
0
L L L L L L L L 1 L] L] L] L] L] L] L] L] L]
0 100 200 300 400 500 600 700 800 0 100 200 300 400 500 600 700 800
Time (Minutes) Time (Minutes)

(a) (b)

Figure 4. Effect of Fe* on Cu dissolution (rate and recovery): (a) dissolution at 25 °C and (b) dissolution at 50 °C.
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Table 1. Kinetic parameters of CuFeS, leaching in Fe®*.
T Fe»(SOy)3 2 K Rxt’ Order Ea
(K) M) Rate Cu M-1§-1 Fe3* (kJ/mol)
0.025 8.31 x 10~° 33 %1073
298.15 0.050 1.61 x 1074 32 %1073 0.979
—4 -3
0.075 2.45 x 10 33 x 10 79.04
0.025 9.70 x 10~4 39 x 1072
3235 0.050 191 x 103 3.8 x 1072 -
0.075 291 x 1073 3.8 x 1072

Both rate and recovery were enhanced with the increase of Fe*. A significant rate
increase was observed after increasing the Fe3* solution content. At 25 °C, 8% Cu was
obtained after 540 min (Figure 4), at a Fe3* content of 0.025 M. The dissolution increased
to 12% after 420 min with a Fe>* concentration of 0.05 M. It increased further to 22% after
320 min at a Fe®* concentration of 0.075 M. At 50 °C, Cu dissolution rate appeared to have
doubled for each Fe** concentration increase (0.025, 0.050 and 0.075 M). This result suggests
that the dissolution of Cu is related to both the Fe>* concentration and temperature.

3.4. Residues Characterisation

Figure 5 shows the mineral content of the leached residues at 50 °C for the various
pH conditions (1.0, 1.5 and 1.8) and compares their evolution to the feed sample. It was
observed that the CuFeS, leached residue main peaks (20: 29.46, 48.93 and 57.95) appeared
to have decreased in their intensity compared to the feed sample. In addition, the XRD
analysis revealed that the other copper phases different from CuFeS, also dissolved and
contributed to the overall Cu recovery. It was observed that anilite (CuyS,) and digenite
(CuySs) disappeared during the dissolution (Figure 5a—c), their contribution to the overall
Cu dissolution if completely dissolved is 5% Cu. At pH 1.8, the total Cu was 24.7%,
suggesting that Cu from CuFeS, also dissolved. Further, new copper sulphide phases
were observed in the leached residues. These phases were low and inexistent in the feed
sample and included chalcocite (Cu,S) and covellite (CuS). These new phases could be
attributed to the dissolution of CuFeS; by forming intermediate phases. The presence of
these Cu-rich intermediates appeared to support an earlier investigation by Acero et al. [30]
which underlined the preferential dissolution of Fe over Cu, leading to the formation of a
Fe deficient chalcopyrite mineral (defect chalcopyrite structure Cu;_xFe; S, ;) to which
our identified species could be part.

The covellite (CuS, 26: 28.75, 34.36 38.84 and 48.36) phase appeared to cumulate
through the dissolution, suggesting its refractoriness as it has encapsulated the unreacted
CuFeS; mineral, causing the dissolution to cease. The phases of the gypsum (Gy, 20: 11.69
& 20.81) and sulphur (So 26: 23.47, 40.71 and 50.19) were identified in all solid residues. The
former (Gy) could be related to the carbonatite host rock. Its content appeared to increase
with increasing media pH. The obtained results contradict those obtained by Tshilombo
and Ojumu [28], who highlighted gypsum’s presence, preventing further oxidation and
mineral surface availability to the leach solution. Our results have shown that despite the
presence of CaSO4-H; 0, its effect on the dissolution was minimal since its content increases
with increased pH value, at which better Cu dissolution was observed. S is attributed to
the dissolution reaction product (Equation (3)), as also reported in the studies conducted
by Hammer et al. [31] and Sokic et al. [32]. Goethite and jarosite would be formed through
the hydrolysis of Fe during leaching. Again, these two phases increased with increasing
media pH value at which high Cu recoveries were obtained and could suggest that their
effect on hindering Cu dissolution was negligible.
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Figure 5. Diffraction patterns at the various pH condition at 50 °C, mineral phases evolution and interactions. Peak
decomposition of main CuFeS, supporting the presence of intermediates phases. (a) summarises the solid residue’s mineral
phases at pH 1.0 while (b,c) displays the mineral phases at pH 1.5 and 1.8, respectively. Gy: gypsum, So: sulphur, Cv:

covellite, Cct: chalcocite, Ccp: chalcopyrite, Bn: bornite, Mg: magnetite, Gth: goethite and Ja: jarosite.

Thermodynamics could assist by predicting the formation of the various observed
phases and supporting their existence. In addition, it could assist with the determination
of the dissolution pathway model based on the solid phase changes. Bornite appears to
be the most favourable phase formed (Equation (4)), followed by chalcocite (Equation (3))
and, lastly, covellite (Equation (2)). The equations for the formation of copper intermediate

phases and the energies involved (i.e., AG in kcal) are as follows:

CuFeS; + Fez(SO4)3 = CuS +3FeSO4 +S AG=-18.6

2CuFeS, + 2F82(504)3 = CuyS + 6FeSO4 +35 AG=-30.8
5CuFeSz + 4Fe2(SO4)3 = CLI5FQS4 + 12Fe504 +6S AG=-68.7

()

®)
4)

These Cu-S phases could react further into new Cu-S richer (Equations (5)—(8)) or
leach to promote Cu recovery (Equations (8)—(10)). CusS is likely to form from CusFeS; than
Cu,S. Similarly, Dutrizac et al. [33] and Zhao et al. [28] also reported the presence of CuS
due to a transient species during the ferric leaching of CusFeSs. CuyS could also evolve
and produce CuS (Equation (7)). CusFeS; preferably dissolves before Cu,S, which also
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dissolves before CuS (Equation (10)). In addition to that, the covellite phase appeared as
phase mutation of bornite during the withdrawal of Cu.

The reaction involved of intermediate phase mutation/alterations and the change in
energy (i.e., AG in kcal) are as follows:

CusFeSy + Fez(SO4)3 = 2.5Cu,S + 3FeSO4 + 1.55 AG = —8.00 (5)
CusFeSy + 2Fe;(SO4)3 = 4CuS + 5FeSO, + CuSOs  AG = —22.14 (6)
ZCUQS + Fez(SO4)3 =2CuS + 2FeSO4 + CLI2SO4 AG =+4.42 (7)

Then, the dissolution of intermediate phases for complete copper dissolution process
and energy changes (i.e., AG in kcal) follows:

CuS + Fey(SO4)3 = 2FeSO4 + S+ CuSOs  AG = +2.12 8)
Cu,S + 2Fey(SO4); = 4FeSO, + S + 2CuSOy AG = —2.25 )
ZCUQS + Fez(SO4)3 =2CuS + 2FeSO4 + CLI2SO4 AG =+4.42 (10)

Finally, the steps and energy change in phase formation related to gangue mineral
(AG in kcal) is represented with the equation:

CaCO3 + HySO4 = CaSO4 + H;O + CO, AG=-321 (11)

Figure 6 summarizes the solid-state dissolution process, based on the thermodynamics
dissolution reactions, the evolution and interactions of the various copper phases observed
during Cu leaching from the sulphide concentrate sample (XRD-RIR phase quantification)
at pH 1.8 and a temperature of 50 °C. It was found that the rich traces of copper sulphide,
including CuyS4 and CugSs, were completely dissolved. The results suggest that most of
the existing CuFeS, have been converted to its intermediate phases: CusFeSs, Cu,S and
CuS (Equations (2)—(4)).

Thermodynamic of CuFeS, and Cu-S phases

70 Dissolution and interactions
65 -
60 " Ccp
é 55 - -~
§ T I4=l<|]q3 C|v -+5 g
£ 25+ =
Q 0
=20 Bn J ! 2
= I,=E
2 154 1=le %
=10+ <
5 AniEv --25
04 <>"Dg —

0 120 240 360 480 600 720
Time (Minutes)

Figure 6. Solid-state dissolution process at 50 °C and pH of 1.8. Bo: bornite, An: anilite, Dg: digenite,
Cct: chalcocite, Ccp: chalcopyrite and Cv: covellite.

The points of intersection in between the different transient phases could suggest,
on the one hand, the competition of dissolution between the phases. Alternatively, it
could also be attributed to the transformation from one phase to another. In this sense,
I1 observed between CusFeSs and Cu,S could suggest that CusFeS, was converted into
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the Cu,S phase (Equation (6)). While 12 for CuS and Cu;S could be attributed to the
competition of dissolving Cu among both phases, eventually, Cu,S would dissolve since
it is much soluble than CuS (Equations (9) and (10)). I3 observed for CusFeS,/CuS and
CuyS/CuS could suggest that Cu dissolves from the CusFeS, phase through the formation
of CuS (Equation (7)). Finally, I4 is attributed to the strict conversion of CuFeS, into CuS
without dissolving Cu (Equation (3)). The CuS phase appears to be more refractory than the
other intermediates. Figure 7 presents and supports its cumulative behaviour throughout
the dissolution.
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Figure 7. Leached residues morphology and chemistry (SEM-EDS): (a) displaying the mounted sample where the CuFeS,
is locked or enveloped by Cu rich intermediate phases (Cu-S); (b) showing the unmounted sample where the Ca phase
(Gypsum) represents the dissolution barrier.
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Figure 7 summarizes the morphology and the relative weight fraction of Cu, Fe
and S of 12 H solid residue. In all cases, both S and Cu have increased relative to Fe.
This confirms the preferential dissolution of Fe over Cu and supports the presence of
the Cu-S intermediate phase. S” was not identified under SEM-EDS as earlier reported
by previous authors [29]. This could be because the residual solids were mounted, and
the S could have been removed through polishing. However, the SEM-EDS results
showed that the dissolution could have been hindered by intermediates species, reaction
products and gangue minerals. Figure 7 displays an intermediate species enveloping the
chalcopyrite mineral, due to the low content of Fe (Figure 4a EDS results), this phase could
be covellite mineral (CuS). Our results support those obtained earlier by Nyembwe and
co-workers [34], who identified CuS as the refractory Cu-rich phase. In addition to that,
micrograph C showed gypsum coating the surface of Cu sulphide and could also act as a
dissolution barrier.

4. Conclusions

This work investigated the dissolution of a copper sulphide concentrate in acidic
Fe;(SO4)s3. The dissolution reaction displayed is first order with respect to the Fe;(SO4)3
within the investigated range (0.025-0.075 M). The solution speciation showed that Fe**
and its complexes (Fe(HSO,)**, Fe(SO4)*~ and FeSO4*) are responsible for Cu dissolution
from CuFeS;, leaching in HySO4-Fe;(SO4)3-FeSO4-H,O. The fast and linear first dissolution
stage was attributed to the combined effect of Fe3* and its complexes (Fe(HSO4)?*, while
Fe(SO4)?~ was the main species for the second Cu dissolution stage characterised by
a slow rate. The dissolution of CuFeS, is accompanied by intermediate phases which
could either dissolve or evolve into bornite, chalcocite and covellite, in which covellite
was identified as refractory and was also found to envelop the unreacted CuFeS, phase.
Fe precipitates (goethite and jarosite) with gypsum appeared to have little effect on Cu
dissolution hindrance.
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10.3390/min11090963/s1, Figure S1: Potential-pH diagram of the Cu-Fe-S-H,O system, Figure
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Figure S3: Set up of the leaching experiment showing picture of the actual overhead stirrer used in
the experiments and the illustration of the apparatus set up, Table S1: The thermodynamic functions
(AG0 and SY) and the equilibrium constants for the various iron species at 25, 35, 50 and 70 °C. Source
references., Table S2: The conditions for kinetics investigation and the rates obtained at pH 1.8 media.
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