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Abstract: In this paper, the effect of the cupric and chloride ions concentrations on copper dissolution
from chalcopyrite concentrate was studied in acidified media. Variables included three different
concentrations of Cu?* (0.5, 1.5, and 2.5 g L), four different concentrations of Cl~ (0, 5, 7, and
10 g L™Y), two different pH values of 1 and 2, and a constant temperature of 60 °C. Results indicated
that addition of C1~ to the system improves copper extractions, especially at higher concentrations of
Cu?*. Initial copper concentrations in the leaching solution did not significantly affect the copper
extraction when Cl~ was not present. Better copper extractions were obtained at pH 1 as compared
with pH 2. As the Cu?* and Cl~ concentrations were increased, higher values of redox potential were
obtained. According to the formation constants of the chloro-complexes, the predominant species
in the Cu?*/Cl~ system in the studied interval were CuCl* and Cu?*. Using a model of copper
speciation in the experimental range predicted for a single copper concentration with increasing
Cl~ concentration, the Cu?* concentration decreased significantly while the concentration of the
chloro-complex species CuCl* increased. In the leached residue, evidence of sulfur formation was
found using SEM and corroborated by XRD analysis. When chloride is present in the medium, the
amounts of copper and iron in the residue decrease, confirming a positive effect of chloride on the
extraction of copper from concentrate for the studied conditions.

Keywords: copper sulfide; chloro-complex; cupric ion; chalcopyrite; chloride

1. Introduction

Among the copper sulfide ores, chalcopyrite (CuFeS;) is found in greater abundance. It is well
known that chalcopyrite is processed via flotation followed by pyrometallurgy. Despite being the most
important copper mineral, chalcopyrite has been observed to be refractory under hydrometallurgical
conditions. Many researchers have concluded that a passivating layer forms on the surface of the
mineral during leaching, which hinders further copper extraction [1-5]. A large number of sulfate-based
processes have been developed to overcome the slow rate of chalcopyrite leaching. A review of acidic
sulfate, sulfate-chloride, and sulfate—nitrate process options has been provided by Watling [5]. One key
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approach to the treatment of chalcopyrite has been bioleaching, which is only viable under conditions
of sufficiently elevated temperature [6].

Increasing the oxidation kinetics of chalcopyrite has been investigated using high temperature
and pressure leaching conditions [7-10]. Activation of the mineral surfaces using ultrafine grinding
(dgo = 5-10 um) has been employed to accelerate the oxidation kinetics and increase copper extraction
from chalcopyrite [11,12]. Other methods to accelerate chalcopyrite dissolution include the addition of
activated carbon [13], coal [14], silver [15], nitrate [16], nitrite [17,18], iron powder [19], or by controlling
the redox potential [20]. The fundamental mechanisms and kinetics of the leaching of chalcopyrite
remain poorly understood. In a review by Li et al. [21], it was concluded that these phenomena are
hindered by a lack of understanding at the molecular or atomic scale.

An alternate approach to chalcopyrite leaching involves the use of chloride ions in an acidic
sulfate system at ambient temperatures. The use of chloride solutions in chalcopyrite leaching is
beneficial due to the aggressive nature of the chloride ion and to the stabilization of cuprous ions as
chloro-complex ions. Generally, the leaching of chalcopyrite is more effective in chloride solutions than
in sulfate solutions. This is possibly due to kinetic rather than thermodynamic considerations [22].
For example, higher rates of electron transfer occur in chloride solutions than in sulfate solutions,
as the chalcopyrite surface passivates more readily in the presence of sulfate ions [22-28]. Several
processing methods have been proposed for the leaching of sulfide ores and copper concentrates in
chloride media [7,29-33].

Electrochemical studies on the leaching of chalcopyrite in mixed sulfate-chloride media by
Lu et al. [27] indicated that the presence of chloride enhanced chalcopyrite oxidation. Redox potential
is a key variable due to the existence of a potential range where the chalcopyrite is not passive. Many
researchers have worked sensibly controlling this variable [20,34-37]. Nicol and co-workers [20,38—41]
conducted an extensive ranging study of the dissolution of chalcopyrite in chloride solutions containing
cupric ions and dissolved oxygen.

In chloride-containing solutions, chloride ions displace water molecules in the coordination
spheres of many metal ions forming chloro-complexes [42]. In addition, the potential series of metals
in chloride solutions are different from the standard ones. Both the Fe3*/Fe?* and CuZ*/Cu+ redox
potentials are higher in chloride solutions than in sulfate solutions. Fe3* forms strong complexes
with the sulfate in sulfate solutions, decreasing the activity of the oxidant. The complexation of
Fe3* in chloride solution is not as strong and the oxidant has a higher activity. In cupric chloride
leaching, Cu+ forms very strong complexes with chloride ions, increasing Cu* activity. In addition,
the redox potential of Cu?*/Cu+ is greater than that of Fe3*/Fe?* in concentrated chloride solutions.
This makes the dissolution more beneficial in cupric chloride solutions compared to ferric chloride
solutions [43—45]. It has also been revealed that the addition of cupric chloride to ferric chloride
leaching helps chalcopyrite dissolution [46]. The capability of chloride ions to form complexes is
crucial. Berger et al. [47] proposed the subsequent classification of the strength of Cl acceptors: AgCl >
CuCl > PbCl; > ZnCl, > CuCl, > FeCl; > FeCl, > NiCl, > HCI, NaCl, KCI (Cl~ donors). Cuprous
chloride is sparingly soluble in water, however, in concentrated chloride solutions, higher solubilities
can be achieved [44]. The cation of the added chloride salt can also affect the solubility [48,49].

The solubility of Cu(Il) declines with increasing CI~ concentration, in contrast to cuprous chloride.
It is generally agreed that in aqueous solutions, Cu+ and chloride ions form a series of complexes
[CuCIn]'™™, where n < 4. There is less agreement about the complexation of cupric ions, since
the predominant cupric species has been suggested to be both cupric ion and its chloro-complex,
CuCl* [47,50-52].
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Various authors have reported that chloride ions play the following key roles in achieving a high
leaching rate [20,22,24,26,44-46,53]:

e pHis preserved for longer at a desired valued in the presence of excess chloride ions.

e  The porosity of the product layer and its surface area are increased by the addition of chloride,
reducing the passivation tendency of chalcopyrite.

e  The oxidation-reduction potential is lower in a chloride media than in a sulfate media.

In the present study, chalcopyrite concentrate was leached using different chloride and cupric
concentrations, and two solution pH setpoints, in order to study a process for leaching copper
concentrate in an acid chloride media at moderate temperature. Soluble copper was measured during
the leaching experiments. The extraction data were analyzed in respect to the roles of major copper
species present in the initial acidified leach media.

2. Materials and Methods

2.1. Chalcopyrite Concentrate Sample

Chalcopyrite concentrate was obtained from a flotation plant in Chile. The chemical composition
of the chalcopyrite concentrate was determined using inductively coupled plasma atomic emission
spectroscopy (ICP-AES). The mineralogical composition of the concentrate was analyzed using
quantitative X-ray diffraction (QXRD) being validated with quantitative evaluation of minerals by
scanning electron microscopy (QEMSCAN).

2.2. Modeling Software

HSC version 6.0, Outotec’s chemical reaction and equilibrium software (Espoo, Finland), was
used to forecast the distribution of copper chloride species and their thermodynamics of formation in
the environment of the leaching solutions. The software is designed for numerous types of chemical
reactions and equilibrium calculations in addition to process simulation on a standard computer [54].

2.3. Scanning Electron Microscope and Energy Dispersive Spectrometry

Images from scanning electron microscopy and energy dispersive spectrometry (SEM/EDS) of
selected samples were used to study soluble minerals that may have precipitated during leaching
experiments. Images were obtained on a Nova Nano field emission gun (FEG) SEM at the Universidad
Catolica del Norte, Chile. The EDS spectra were collected with an Oxford Instruments X-MAX 20 mm?
silicon drift detector (SDD) at beam energy of 20 keV.

2.4. Quantitative Evaluation of Minerals by Scanning Electron Microscopy

A selection of mineral samples was analyzed using automated mineralogy techniques
(QEMSCAN®) housed at CISEM, Universidad Catdlica del Norte (UCN), Antofagasta, Chile. These
samples comprise various rock fragments ranging from 2 to 10 cm in size. The larger samples were cut
with a diamond tipped saw and analyzed on the unpolished surface. All samples were mounted in
resin, polished, and carbon-coated prior to analysis. The analyses were made using a QEMSCAN®
model E430 which is based on a ZEISS EVO 50 scanning electron microscope (SEM) combined with
Bruker Series 4 energy dispersive spectrometry (EDS) detectors. Routine analysis was performed with
a spot size of less than 1 um at an operating voltage of 25 kV and a beam current of 5 nA. The standard
1000 counts per point were acquired, and this yields a detection limit of approximately 2 wt. % per
element for each mineral classification. Measurements were performed using iMeasure v5.3.2 and
data reduction using iDiscover v5.3.2. The samples were analyzed in field scan mode at a field size of
1500 um (approximate magnification of 50x). Multiple analyses were made at different pixel spacing
resolution, most commonly 10, 5, or 2 um, to observe the fine-scaled textures. The backscattered
electron levels were calibrated from 0 to 255, where quartz = 42, copper = 130, and gold = 232.
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2.5. Leach Tests

Agitated leaching tests were performed using a double-jacketed glass reactor (2 L) fitted with a
lid (this system is not sealed tightly). A simplified schematic of the agitated leaching reactor is shown
in Figure 1. The leach reactors were designed and packed in order to minimize any solution losses and
changes in the solution level inside the reactor as result of evaporation have been taken into account
within the experimental results. A constant temperature of around 60 °C was set using a thermostatic
bath. A stirring speed of 450 rpm (calculated from preliminary experiments) was used in all tests,
providing a stable suspension of ore particles in the leach reactor.

Thermostatic bath Control setting

mi‘i;' /

Lid

Cylindrical glass reactor (2L)

Teflon impeller

Figure 1. A schematic diagram of the agitated leaching reactor used in this study.

When the desired temperature was achieved, 2.5 g chalcopyrite concentrate with d80 of 100 pm
was added into the reactor containing 500 mL of defined media acidified with HySO4. The leaching
tests continued for five days (optimized in preliminary tests) with variables consisting of different
concentrations of Cu?* (0, 0.5, 1.5, and 2.5 g L1), and different concentrations of C1~ (0, 5, 7, and
10 g L7!) at two different pH values of 1.0 and 2.0 (Figure 2). Each test was performed in duplicate
and the average error was 0.97%. The pH values were monitored during all experiments, and when
necessary, sulfuric acid was added to the system in order to keep the pH constant. The chemicals
(H2504, NaCl, and CuSO4-5H;0) were analytical grade reagents (AR) and all solutions were made
up using distilled water. The solution samples were collected at chosen time intervals and copper
concentrations in leachates were determined using atomic absorption spectrometry (AAS) using a
wavelength of 327.4 nm with a burner angle of 90°, and dilution to below 200 ppm according to
protocol of the chemical laboratory. Copper extraction was calculated based on the dissolved copper
concentration at a given time t and the initial copper present in the ore sample. pH values and redox
potential (versus Ag/AgCl, 3.5 M KClJ, reference electrode) were measured periodically using a pH/ORP
meter (Hanna HI991001). Buffer solutions of pH 1.00, 1.68, and 4.01 were used to calibrate the pH as
the ORP is validated with specific patterns of certain values.



Minerals 2019, 9, 639 50f 15

Leaching tests

60 °C, 2.5 g/500 mL [CrlgL?
solutions, 5 days

Figure 2. Summary of the leaching tests and parameters investigated.

3. Results and Discussion

3.1. Chalcopyrite Concentrate Sample Analysis

An inductively coupled plasma atomic emission spectroscopy (ICP-AES) analysis was made
as shown on Table 1, where copper contents reach a 24.5 wt. %. The quantitative X-ray diffraction
(QXRD) analysis indicated that chalcopyrite (CuFeS,) (74 wt. %) is the only copper-bearing mineral.
Other minerals were approximately melanterite (FeSO4-7H,0) (5 wt. %), calcite (CaCOs3) (4.5 wt. %),
quartz (Si0,) (2.5 wt. %), and pyrite (FeS;) (2 wt. %). These results were validated with quantitative
evaluation of minerals by scanning electron microscopy (QEMSCAN) (Figure 3), where it was observed
that the major mineral is chalcopyrite.

Table 1. Chemical composition of chalcopyrite concentrate as determined using ICP-AES.

Element Cu Fe S As Si Na K Al Mg Others
Amount (wt. %) 245 259 286 013 519 0.04 <0.05 0.32 0.95 <144

3.2. Effect of Cu®>* and CI~ Concentration on Copper Extraction at Different pH

The experimental schematic employing different initial concentrations of Cu?* (0, 0.5, 1.5, and
25g LY and CI~ (0,5,7, and 10 g L) at an adjusted pH of 1 or 2 that was used to examine copper
dissolution from chalcopyrite concentrate is presented in Figure 4.

Figure 4 shows the effect of the Cl~ ions on the rate of chalcopyrite dissolution, at pH 1 and 2.
When CI~ concentration is increased to 5,7, and 10 g L™! in the presence of cupric ions, better extractions
were obtained than when no chloride is added. This effect is more noticeable at pH 1 than at pH 2.
In addition, the initial copper concentrations in the leaching solution did not significantly affect the
copper extraction when Cl~ is not present on the medium. This was observed both at pH 1 and 2 with
extraction rate ranges of 5-11% and 0-5%, respectively. Accordingly, it is imperative for the presence
of cupric ion to achieve a high leaching rate as noted by Velazquez [54] using similar conditions.

At5 g L7 Cl~, the maximum copper extraction in the presence of 2.5 g L' Cu?* was 37.9% at
pH 1and 24.9% at pH 2. At pH 2, in presence of 0.5 and 1.5 g L~! Cu?*, the copper extractions achieved
were only 19.0% and 29.0%, respectively. At pH 1, it was observed that with the increase in cupric
concentration, copper extraction increases, though this was not noticeable at pH 2. With an increase in
chloride concentration to 7 g L™}, higher extractions were achieved. When the C1~ concentration was
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increased to 10 g L™!, the maximum copper extractions were obtained in the presence of 2.5 g L™! of
Cu®* of 49.7% and 39.1%, at pH 1 and 2, respectively.

The best extraction was obtained at pH 1 using 2.5 g L™! Cu?* and 10 g L~ CI~, which could be
attributed to a slower formation of the porous iron-rich reaction product layer as compared to a higher
pH of 2, where the formation of this layer could impede chalcopyrite dissolution due to high ORP
values in the range of 593-642, as suggested by other studies [3,28,37]. Although the presence of cupric
ions is necessary for accelerated chalcopyrite dissolution, in the absence of the Cl~ ions, the rates of
dissolution are not enhanced by increasing the initial copper concentration. Due to this, it is essential
to determine which CuCl species are formed at the employed concentrations.
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Figure 3. QEMSCAN output of the chalcopyrite concentrate used as a feed in this study (CPY-1

corresponds to the identity of the feed sample).

It should be noted that when no cupric ions were added to the system upfront, the obtained
copper extraction was greater when there was a high concentration of chloride, but still with a low
value reached for 10 g L~ CI~ (10.7%). This suggests that the copper dissolved during leaching is not
of sufficient concentration for the significant formation of chloro-complexes of copper that facilitate
higher extents of leaching.

As described above, the presence of chloride in the initial leach medium resulted in increased
copper extraction compared with the chloride-free medium. This result is consistent with comparative
data mostly obtained from ferric sulfate and ferric chloride leach media [55]. This result is also in
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agreement with the work by Velasquez et al. [41] and Miki and Nicol [56], who noted that chloride ion
plays an important role via complex formation in the autooxidation of ferrous and cuprous ions.
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Figure 4. Cu extraction (%) with different concentration of Cu?* and Cl~ at pH 1 and 2. a: 0 g/L Cu?*;
¢: 0.5 g/L Cu’*; @: 1.5 g/L Cu®*; m: 2.5 g/L Cu?™.
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3.3. Reaction Kinetics during Leaching

Based on the redox potential (ORP) values presented in the Table 2, it was observed that as the
Cu?* and CI~ concentrations increase, higher values of the redox potential were obtained. Increasing
the solution to pH 2 resulted in the lowering of the ORP. These results are consistent with the lower
Cu extractions at pH 2, and the increase in extraction at higher chloride concentrations. At pH 2 and
0 g L~! CI7, the measured values of redox potential are lower than 550 mV with low copper extraction
(maximum 8.5% Cu) being obtained. According to Veldsquez-Yévenez et al. [20], there is an optimal
redox potential range that results in an increase in copper extraction (550-620 mV).

Table 2. Range of redox potential or each test conducted.

pH=1 pH=2
- -1
()L™ [Cu?*)/(g L) [Cu2*]/(g L)
0.5 1.5 2.5 0.5 1.5 2.5
0 545-564 564-577 568-601 527-546 534-541 535-541
5 576-611 579-624 577-625 535-560 548-568 552-587
7 579-620 581-631 582637 536-574 540-570 552-579
10 580-627 586—638 593-642 543-592 556-582 558-593

3.4. Predicted Distribution of Major Copper Species and Free Chloride in Leach Media

Cuprous and chloride ions form a series of chloro-complex species [CuCIn]1-n, where n < 4 [57].
In our work, the chloride concentration used is low and the redox potential is high, therefore, the
chloro-cuprous species are present in a low concentration in the studied systems. For that reason,
chloro-cuprous complexes species are not considered in the speciation. There is less agreement about
the complexation of cupric ions, since the predominant cupric species have been proposed to be
both cupric ion and its chloro-complex, CuCl* [58-60]. In this study, the cupric chloro-complex
species concentrations were obtained using Excel with Solver, applying the constants of formation
(K1-Ky,—K3-Ky) given in Table 3 and obtained using Outotec’s chemical reaction and equilibrium
software HSC (version 6.0). The procedure has been previously described by Torres et al. [61].

Table 3. Formation data for cupric chloride complexes.

Reaction Reaction AG60 °C (k] mol-1) K
1) Cu?* + CI — CuCl* -3.150 K; =3.118
) CuCl* + CI" - CuClyq) 7.153 K, = 0.076
3) CuClz(aq) + ClI” - CuCl3~ 11.196 K3 =0.018
(4) CuCl;~ + CI” — CuCly% 17.197 K4 = 0.002

Figure 5 shows the predicted copper complexes at different cupric concentrations in a range of
0.1-2.5 g L™! as a function of chloride concentration (5, 7, and 10 g L™!). In Figure 6, the predicted
copper complexes at a different chloride concentration in a range of 0-10 g L~! as a function of cupric
concentration (0.5,1.5,and 2.5 g L_l) are shown.
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Figure 5. Predicted copper complexes (M) at a cupric concentration range from 0.1 to 2.5 g L1, and as
a function of chloride concentration: (a) [C1"]=5g L) [Cl"]=7 g L1 and (c), [C1"] = 10 g L1
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Figure 6. Predicted copper complex (M) at a chloride concentration range from 0 to 10 g L™!, and as a

function of cupric concentration: (a) [Cu?*]=0.5gL"1; (b) [Cu?>*]=1.5gL"};and (c) [Cu®*] =2.5g L.

Given the values of the formation constants of the chloro-complexes in Table 3, the main predicted
species in the Cu?*/Cl~ system in the considered intervals were CuCl* and Cu?* [62]. Our previous
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study indicated that the cupric monochloride complex ion CuCl* might play a role in copper extraction
from copper ore [63]. A model of copper speciation in the experimental range forecasts that for a single
copper concentration (Figure 6) with increasing Cl~ concentration, Cu®* concentration diminished
significantly while the chloro-complex species CuCl* concentration increased. Both the cupric ion
and the cupric chloride complex CuCl* are able to dissolve chalcopyrite and the chemical reactions
(5) and (6) are shown to be thermodynamically feasible under both standard conditions and at the
temperature employed in this study (see Table 4).

Table 4. Calculated Gibbs free energies for the proposed oxidation reactions.

Equation AG (25°C) AG (60 °C) Reaction
CuFeS; + 3Cu?* + 4Cl~ — 4CuCl + Fe?* + 250 —51.08 k] mol™! —61.19 k] mol~! 5)
CuFeS, + 3CuCl* + CI~ — 4CuCl + Fe2* + 25° —44.61 k] mol™! —51.74 k] mol~! (6)
4CuCl + O, + 4H* — 4CuCl* + 2H,0 —267.96 k] mol~! -250.22 kJ mol~! (7)

3.5. Characterization of the Leached Residue

Figure 7 shows two characterized residue samples. Both samples were leached using the same
leaching conditions in the initial presence of 2.5 g L' Cu?* and at pH 1 but with different chloride
addition (0and 5 g L1 CI7). The SEM-EDS analyses were made in six different locations of the samples.
Figure 7 shows two typical EDS spectra for each sample.

In the leached residue, evidence of elemental sulfur formation was found for both samples. SEM
images of selected samples (Figure 7a,b) show this phenomenon for different areas on the surface of
chalcopyrite leaching residue. This was corroborated by the XRD data (see Figure 8), where sulfur
was detected in the residue solid. Figure 8 only shows the pattern for the residue from the test
atpH 1,25 g L7! Cu?* and 5 g L! CI7!. In addition to elemental sulfur, only trace quartz and
unreacted chalcopyrite were detected. The EDS data also indirectly confirm that under the conditions
employed, the copper and iron contents of the residue solids decrease. Here, the strong sulfur peak is
predominantly associated with the elemental sulfur coating, while the weak iron/copper peaks are due
to unreacted located chalcopyrite beneath this coating, which will also make a minor contribution to
the sulfur peak from the associated sulfide ions.
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Figure 7. SEM-EDS analysis of solid residues from leaching at pH 1 and 2.5 g L™} Cu?*: (a)0 g L™! ClI-,

and (b)5g L1 CI".
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Figure 8. X-ray diffraction patterns of the solid residue from leaching at pH 1 and 2.5 g L~! Cu?* and
5gL7lCl™.

4. Conclusions

In the present paper, copper dissolution from chalcopyrite concentrate was studied using different
chloride and cupric concentrations, and two initial solution pH setpoints. The obtained data were
analyzed with respect to the roles of major copper species present in initial acidified leach media. The
main findings of this study are as follows:

1.  The addition of Cl~ to the system improves copper extractions, mainly in presence of a high
concentration of Cu?*. The initial copper concentrations in the leaching solution did not
significantly affect the copper extraction when ClI™ is not present in the medium.

2. Inall the performed tests, better copper extractions were obtained at pH 1 compared with those
at pH 2.

3. AsCu®" and CI~ concentrations increase, higher values for the redox potential are obtained.

4. The cupric chloride complex species concentrations were obtained using Excel with Solver,
applying the formation constants (K;-K,-K3-K4) and using HSC software. The predominant
species in the Cu?*/Cl~ system in the concentration intervals studied were CuCl* and Cu?*.

5. According to the modeling of copper speciation, for each copper concentration with increasing
Cl~ concentration, the Cu?* concentration decreased significantly while the chloro-complex
species CuCl* concentration increased.

6. Using the information obtained by speciation, the predominant cupric chloride complexes
species were Cu?* and CuCl*. These species contribute to the chalcopyrite leaching mechanism
according chemical reactions where the thermodynamic feasibility was indicated by negative
Gibbs free energies.

This study provides promising results for the application of chloride-bearing water sources in
leaching processes, and more specifically, when potable water is scarce or costly to generate.
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