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Abstract

Covellite is a relatively rare copper sulfide with slow dissolution kinetics. The present investigation
used the surface optimization methodology to evaluate the effect of three independent variables (time,
chloride concentration and sulfuric acid concentration) on the rate of extracting Cu from covellite. The
effects of chloride concentration and temperature over time were also studied. An ANOVA indicated
that the linear variables of time and chloride concentration have the greatest influence, this being
highly representative (R? = 0.9945). The highest copper extraction rate (71.23%) at room
temperature, was obtained with a high chloride concentration (100 g/L), a low concentration of sulfuric
acid (0.5 M), and a leaching period of 600 h. The dissolution is described by the model of the
unreacted core, the rate of leaching of the covellite is controlled by the chemical surface reaction at
temperatures between 50 and 90°C, with concentrations of 0.5 M of H2SO4, 100 g/L of chloride, and
a leaching period of up to 6 hours, where an activation energy of 72.36 kJ/mol was obtained.
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1. Introduction

While Covellite is not abundant, it is found in many copper deposits as a supergenic mineral,
usually as a coating in the sulfide enrichment zone. It is associated with other minerals, mainly
chalcocite, chalcopyrite, bornite and enargite, from which it is derived by alteration (Klein & Hurlbut,
1996). Covellite is of interest because of the quantity found in oxide ores, and because it is an
intermediate product in converting chalcopyrite (Lundstréom et al., 2016) and in transforming digenite
to covellite in oxygenated media (Ruiz et al., 1998; Senanayake, 2007)

Sulfurized copper ores are generally treated by flotation-smelting-refining (Schlesinger et al.,
2011; Shuva et al., 2016; Turan et al., 2017). Although they have reported economic (Kelm et al.,
2014) and metallurgical viability, there are environmental problems associated with the emission of
sulfur dioxide and arsenic (Afif et al., 2008; Dijksira et al., 2017; Dimitrijevic et al., 2009; Sanchez de
la Campa et al., 2008; Serbula et al., 2017). Arsenic emissions, which have been increasing steadily
in recent decades with increasing extraction of copper sulfide (Balladares et al., 2018), present a
danger to human health related to higher incidence of cardiovascular and respiratory diseases and
cancer (World Health Organization, 2018). This has resulted in stricter environmentally-motivated
controls. Hydrometallurgical methods are generally preferred to recover copper from complex low-
grade minerals because of the low cost, short construction time, operational simplicity, and good
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performance (Baba et al., 2017), as well as environmental benefits (Gonzalez et al., 2005; L et al.,
2018; Rabadjieva et al., 2009), in terms of yielding solid waste that is not considered hazardous.

Sulfuric acid and an oxidizing agent are required to break down sulfurized copper ores and release
Cu?* in solution. All copper sulfides require the presence of Fe3* and O: as oxidizing agents for
leaching to occur. Copper sulfide is oxidized by the presence of Fe3*. The resulting Fe2* is reoxidized
to Fe®* by O.. The redox pair Fe?*/Fe3* act as a catalyst in these reactions. The following reactions
occur with the main secondary copper mineral, chalcocite, when the temperature is high (Equation 1)
and the sulfur is in the form of sulphate and not elemental sulfur, as in natural conditions (Equations
2 and 3) (Schlesinger et al., 2011):

CuzS + Fez(S04)3 <> Cu?* + S04 + CuS + 2FeS04 (1)
CusS + 2Fe® «» Cu2* + 2Fe?* (2)
CuS + 2Fe® «» Cu2* + 2Fe?* + SO (3)

Several investigations into leaching covellite have proposed hydrometallurgical approaches with
different dissolution media, including ammonia (Baba et al., 2017; Reilly & Scott, 1976), nitrates
(Fisher, 1994; Vracar, et al., 2003), chlorides (Cheng & Lawson, 1991; Miki et al., 2011; Nicol &
Basson, 2017; Senanayake, 2007) and bioleaching with bacteria like thiobacillus ferrooxidans,
acidithiobacillus ferrooxidans and acidithiobacillus thiooxidans, which can grow under anaerobic
conditions where ferric ions are used as electron receptors (Donati et al., 1997; F. Monteiro et al.,

1999; Falco et al., 2003; Lee et al., 2011).

The oxidative dissolution of the chalcocite occurs in two stages in sulphated or chlorinated media
(Cheng & Lawson, 1991; Miki et al., 2011; Niu et al., 2015; Ruiz et al., 2007; Senanayake, 2009).

CuzS + 2Fe3* > Cu?* + 2Fe?* + CuS (4)
CuS + 2Fe3®* > Cu?* + 2Fe?* + S0 (5)

According to Niu et al. (2015), leaching from chalcocite to covellite is rapid (Equation 4) because
of the low activation energy needed (4-25 kJ/mol), the reaction being controlled by the diffusion of the
oxidant on the mineral surface, while the process expressed in Equation 5 is slower. Ruan et al.
(2013) and Miki et al. (2011) argued this Equation 5 is slow because this reaction is chemically and/or
electrochemically controlled and therefore requires activation energy of around 71.5-72 kJ/mol to
transform covellite into dissolved copper. Nicol & Basson (2017) recently suggested that covellite
oxidation occurs as an intermediate stage in which it is transformed into polysulfide CuS::

CuzS2 = CuS: + Cu?* + 2e" (6)
CuS2 > Cu* + 250 + 2¢- (7)

Covellite can be oxidized over a wide range of chloride concentrations or potential to the CuS:2
polysulfide, but oxidation of CuS2 can only occur under conditions of high chloride concentrations or
high potentials (Nicol & Basson, 2017).

Copper chloride-based processes are especially suitable for leaching non-ferrous minerals like
chalcocite, digenite and covellite, since in these cases the leaching solutions contain low levels of
dissolved iron (Ruiz et al., 1998).

In this study, two pure covellite leaching tests will be carried out in a chlorided medium in addition
to oxygen. The first one will be under temperature and pressure ambient to determine the influence
of the parameters to be statistically analyzed; such as sulfuric acid dosage, sodium chloride dosage



and the effect of time in copper extraction until a representative quadratic model of copper extraction
is obtained based on these parameters. The second part consists of tests with the temperature to
analyze its effect on the kinetics of copper dissolution, calculate the activation energy and the
controlling stage of the mineral under the described conditions and according to the model of the
unreacted core.

Thermodynamics

A covellite leaching is performed with the injection of Oz at ambient pressure into a solution of
H2S0O4-NaCl. In this leaching investigation of copper sulfide, no ferric ions are added but copper-
chloride complexes are added, hence, the leaching agents change. It is proposed to obtain a soluble
product of CuCl; so the general reaction is:

2CuS + 0,502 + 2H* + 4Cl- = 2Cu(l; + 2S° + H20 (8)

The general reaction for the dissolution of a sulfide with metal in a chlorinated environment is
described by Lundstrom et al. (2016) in equation:

MeSx + 2CuCl*+ 2CI- = Me?* + 2 CuCl; + xS° (9)

And in the case of the leaching of covellite in chlorinated environment, the following reaction is
obtained:

CuS + 2CuClI* + 2CI = Cu?* + 2CuCl; + S°(10)

According to the information given in table 1, the difference between equation 8 and 10 is the
addition of Oz and H*, with equation 8 above 10 being very favorable due to the diffusion of oxygen
in covellite leaching.

Cu?*, CuCl* and Cucl; are the stable species of Cu?*/Cu* in a solution at 25 ° C, and with a
chloride concentration range of between 0.02 - 2 M. According to Senanayake (2007), CuClI* is the
predominant species of Cu?* at a low chloride concentration (<0.5 M) (Cheng & Lawson, 1991), while
Cucl; is the predominant Cu* species at 25 ° C. In contrast, CuClz is the most stable Cu?* species at
high temperature (102 °C) and high concentrations of chloride.

Within the reactions that occur in the leaching of covellite with the use of NaCl, Cu?* and the
addition of Oz, leaching agents, such as Cu?*, CuCl*, CuClz and CucCl3, are continuously generated
during leaching (Herreros & Vifals, 2007; Senanayake, 2007) where finally a soluble product of CuCl;
(chloro complex), and a residue of elemental sulfur (S°) will be obtained.

Cu*2+ CI = CuCI* (11)

CuCl* + Cl- = CuClz (12)
CuCl2 + CI = CuCl; (13)
CuCl3 + CI =CuCl;? (14)

Table 1 shows all the interesting reactions within the leaching of covellite in a chlorinated medium,
analyzing the free energy of Gibbs at temperatures of 25 ° C and 90 ° C.Equilibrium constants are
based on Outokumpu HSC 5,1 Software.



Table 1. Equilibrium constants for reactions at temperatures of 25°C and 90°C.

N [ Equilibrium constant (K) | Gibbs free energy (kJ)
25°C 90°C 25°C
4,433x10™4 | 6.962x10"5 -26,521
6,253x10714 | 6.942x10711 -84,448
10 |5,033x10"-7 | 2.276x10"-5 35,946
11 2,982 5.343 -2,708
12 | 2,843x10"-5 | 1.185x10"-3 25,947
13 | 6,053x1071 1.318 -10,17
14 5x10"-3 1.207x10"-3 13,133
15 | 4,249x10"-3 | 3.206x10"-1 13,536
16 | 1,425x10"-3 | 6.002x10"-2 16.244
17 [2,924x10723|9.513x10"16 -133,93
18 | 3,245x10"-2 | 4,501x10"-2 8,497

In the reactions of the covellite solution, there is the possibility of obtaining a solid product of CuCl,
although this can be reoxidized in CuCl* which is used as a leaching agent.

CuS + Cu?* + 2Cl = 2CuCl+ S°  (15)
CuS + CuCH* + CI = 2CuCl + S°  (16)
2CuCl +0,502 + 2H* = 2CuClI* + H20 (17)

It is emphasized that with the addition of oxygen and H*, this reaction is spontaneous.
The CuCl can also be reduced to CucCl; (18) CuCl + CI- = CuCl;

However, this reaction is not spontaneous even at a temperature of 90 ° C.

2. Experimental
2.1 Materials

The covellite sample used in this research was obtained from Michilla mine Using a porcelain
mortar, the sample (apparently pure) was reduced to a size range of -150 to +106 um, and then
chemically analyzed by atomic emission spectrometry via induction-coupled plasma (ICP-AES) at the
applied geochemistry laboratory of the Geological Sciences Department of the Universidad Catélica
del Norte. Table 2 shows the chemical composition of the samples.

Table 2. Chemical analysis of the covellite ore

Cu S Ca O H
56.14 31.08 3.66 8.76 0.36

Element
Mass (%)




The studied sample was also analyzed mineralogically. Fig. 1 shows the chemical species
identified by QEMSCAN. Covellite was the most abundant mineral present (84.29%), followed by a
much lower percentage of gypsum (15.71%).
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Fig. 1. Detailed modal mineralogy

2.2 Reagent and leaching test

The sulfuric acid used in the leaching tests was grade P.A, Merck brand, with a purity of 95-97%,
a density of 1.84 kg/L, and a molecular weight of 98.08 g/mol.

The leaching tests were carried out in a 50-mL glass reactor with a 0.01 S/L ratio of leaching solution.
A total of 200 mg of covellite ore was maintained in agitation and suspension in a 5-position magnetic
stirrer (IKA ROS, CEP 13087-534, Campinas, Brazil) at a speed of 600 rpm with an oxygen addition
of 6 mL/min connecting a hose to the reactor. The tests were conducted at a room temperature of
25°C, with variations in sulfuric acid and chloride concentrations and leaching time. In the
temperature-controlled experimental trials, a coolant was added to the top, thereby avoiding
evaporation losses. The coolant was added in combination with water, at ambient temperature (25°C),
and interacts with the outgoing hot gas, causing it to condense back into liquid form. Also, the tests
were performed in duplicate, measurements (or analyses) were carried on 5 mL undiluted samples
using atomic absorption spectrometry with a coefficient of variation < 5% and a relative error between
5to 10%. Measurements of pH and oxidation-reduction potential (ORP) of leach solutions were made
using a pH-ORP meter (HANNA HI-4222). The solution ORP was measured in a combination ORP
electrode cell composed of a platinum working electrode and a saturated Ag/AgCl reference
electrode.

2.3 Experimental Design

The effects of independent variables on Cu extraction rates from leaching covellite were studied
using the response surface optimization method (Aguirre et al., 2016; Bezerra et al., 2008; Dean et
al., 2017; Toro et al., 2018). The central composite face design (CCF) and a quadratic model were
applied to the experimental design for leaching Cus.

Twenty-seven experimental tests were carried out to study the effects of time, and chloride and
H2SO4 concentrations as independent variables. Minitab 18 software was used in the modeling and
experimental design to study the linear and quadratic effects of the independent variables. The
experimental data were fitted by multiple linear regression analysis to a quadratic model, considering
only those factors that helped to explain the variability of the model. The empirical model contained
coefficients of linear, quadratic, and two-factor interaction effects.



The general form of the experimental model is represented by (Equation 19):
Y = by + byx; + byxy + baxs + bipxX, + bi3XiX3 + byzXpXz + by X2 + byyx2 + by3x2 (19)
Where, x, is time, x, is Chloride, x5 is H2SO4 concentration, and b is the variable coefficients

Table 3 shows the ranges of the parameters used in the experimental model. The following
equation (Equation 20) transformed real values (Z) into coded values (Xi) according to the
experimental design:

_ Zhigh + Zlow
2
Zhigh - Zlow
2

Z;
Xi =

(20)

Where Z; 4, and Z,,,, are respectively the highest and lowest levels of a variable (Montgomery,
2012).

Table 3. Experimental configuration and Cu extraction data

Exp. No. Time (h) Cl(g/L) H2SOs (M) Cu extraction rate (%)

1 48 20 0.5 2.50
2 48 50 0.5 3.50
3 48 100 0.5 6.00
4 48 20 1 3.00
5 48 50 1 3.63
6 48 100 1 9.13
7 48 20 2 3.25
8 48 50 2 5.50
9 48 100 2 11.38
10 72 20 0.5 5.13
11 72 50 0.5 8.75
12 72 100 0.5 11.25
13 72 20 1 5.88
14 72 50 1 9.25
15 72 100 1 13.88
16 72 20 2 6.38
17 72 50 2 11.63
18 72 100 2 18.75
19 144 20 0.5 24.63
20 144 50 0.5 24.88
21 144 100 0.5 28.75
22 144 20 1 26.25
23 144 50 1 29.75
24 144 100 1 35.00
25 144 20 2 28.75
26 144 50 2 31.25
27 144 100 2 38.75




The statistical R?, R?%qj, p-values and Mallows’s Cp indicate whether the model obtained is
adequate to describe Cu extraction under a given domain. The R? coefficient is a measure of the
goodness of fit, that is, it measures the proportion of total variability of the dependent variable with
respect to its mean, which is explained by the regression model. The p-values represent statistical
significance, which indicates whether there is a statistically significant association between the
response variable and the term. The predicted R2 was used to determine how well the model predicts
the response for new observations. Finally, Mallows's Cp is a precise measure in the model,
estimating the true parameter regression (Montgomery et al., 2012).

3. Results
3.1. Methodology

An ANOVA analysis (Table 4) showed no significant effect of the interaction {time, CI} (p > 0.05)
on the copper extraction rate. The effects of the curvature of chloride are not significant in explaining
the variability of the model. However, the effects of the curvature of time and H2SO4 must also be
considered (p < 0.1).

Table 4. ANOVA Cu extraction

Source F-Value p-Value
Regression 371.42 0.000
Time 2624.36 0.000
Cl 257.04 0.000
H2S04 105.5 0.000
Time*Time 9.7 0.006
CI*Cl 0.56 0.466
H2S04:H2S04 3.39 0.083
Time*Cl 0.81 0.379
Time*H2S04 11.22 0.004
CI*H2S04 22.6 0.000

The contour plot in Fig. 2 shows that the Cu extraction rate increases with more time, and higher
concentrations of chloride and H2SOa.
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Fig. 2. Experimental contour plot of Cu extraction in response to the independent variables of
time and chloride (a), time and H2SO4 concentration (b), and chloride concentration and H2SO4
concentration (c).

Fig. 3 and 4 show that the interactions of time, chloride and H2SO4 concentration, and of time-
H2SO4 and CI-H2SO4 affected the Cu extraction rate.
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Fig. 4. Plot for the effect on Cu extraction of the Interactions of time-chloride (a), time-H2SO4
concentration (b), and chloride-H2SO4 (c).

Equation (21) presents the Cu extraction rate over the range of experimental conditions after
eliminating non-significant coefficients.

% Extraction = 0,16969 + 0,12332 x, + 0,03904 x, + 0,02502 x5 + 0,01782 x? — 0,00870 x2
+ 0,00921 x,x5 + 0,01347 x,%5

(21)

where x;,x, y x5 are codified variables that respectively represent time and chloride and H2SOa4
concentrations.

An ANOVA test indicated that the quadratic model adequately represents Cu extraction from CuS
under the established ranges of the parameters. The model did not require adjustment and was
validated by the R? (0.9945) and R?aqj values (0.9925). The ANOVA showed that the indicated factors
influence Cu extraction from CusS, as indicated by regression Freg (371.42) > Fr,95% confidence level F7,19
(2.543).

The p-value of the model is 0.000 < 0.05, as represented by Equation (21), which indicates that
the model is statistically significant.

The Mallows’s Cp = 7.37 (constant + 7 predictors) indicates that the model is accurate and does
not present bias in estimating the true regression coefficients. It also allows for prediction with an
acceptable margin of error of RZyed = 0.9888.

Finally, the adjustment of the ANOVA analysis indicated that the factors considered explained the
variations in the response. The difference between R? and R%yed Of the model was minimal, thus
reducing the possibility that the model was overly adjusted, that is, a lower probability that the model
only fits the sample data. The ANOVA analysis indicated that time, chloride and H2SO4
concentrations, and the interactions of time-H2S04 and chloride-H2SO4 are the most important factors
in explaining the behavior of the system for the sampled data set.



3.2 Effect of chloride concentration
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Fig. 5. Extraction of Cu (%) vs time (h), depending on the addition of chloride

Fig. 5 shows that the highest rate of copper extraction (71.23%) was obtained with high
concentrations of chloride ions (100 g/L), thus demonstrating the effect of a higher chloride ion
concentration on copper extraction (Miki et al., 2011;Senanayake, 2007). However, according to
Cheng and Lawson (1991), there is a ceiling of 0.25 M, above which higher concentrations of chloride
have insignificant effects on covellite dissolution, while in the range of 20 to 50 (g/L), chloride has no
positive effects based on the leaching time, obtaining maximum copper extractions of 44.87 and
56.23%, respectively. This concurs with the results of other investigations (Miki et al., 2011), which
indicate that CuS oxidation to CuS: is possible with any chloride concentration, but the oxidation of
CusS: is only possible with very high potential or high chloride concentrations (Nicol & Basson, 2017).

3.3 Effect of temperature
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Fig. 6. Cu extraction (%) vs time (h), based onthe T ° C

Fig. 6 shows the effect of temperature on a covellite solution in a medium with a high concentration
of chloride and a low concentration of sulfuric acid. The copper extraction rate varied by up to 74%
with temperatures of 90 °C and 50 °C, with a leaching period of 6 hours. The analysis of the effect of



temperature on the copper extraction rate confirmed the significant effect of this parameter on
leaching, and in this case, the increase in leaching kinetics with 0.5 M of H2SO4, 100 g/L of chloride
and a leaching time of up to 9 hours. According to Ruan et al. (2013) and Miki et al. (2011), covellite
dissolution is controlled by chemical surface reaction. The unreacted core model is used to describe
the kinetics of covellite leaching with the application of Equation 22:

Kt=1-(1-0)3 (22)
where:
a is the fraction of dissolved copper, t is leaching time, and k is the reaction rate constant

Using the slopes of the extraction curves as a function of temperature, the linear zones were
shortened by approximately 2 hours), yielding the Arrhenius plot in Fig. 7, and resulting in an
activation energy of 72.36 kJ/mol, which was similar to the levels in other investigations under similar
conditions, such as in Cheng and Lawson (1991), who obtained an activation energy of 77 kJ/mol
with the addition of 0.5 M of H.SO4 and 0.5 M of NaCl, and in Miki et al. (2011), who obtained an
activation energy of 72 kJ/mol, with low temperature (25-45 °C), an extended leaching period, and
the addition of iron and copper catalysts.
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Fig. 7: Arrhenius plot for covellite dissolution using linear slopes of the curves in Fig. 6.
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Fig. 8: X-ray diffractogram for the covellite mineral after being leached at 90 ° C in a time of two
hours.
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Fig. 9: X-ray diffractogram for the covellite mineral after being leached at 90 ° C in a time of six
hours

An analysis is made about the XRD of the residues comparing them with the initial state which
contains an approximate 15.71% of gypsum. In fig. 8, the difractogram is presented where the
transformation of the covellite is observed after a leaching of two hours at a temperature of 90 ° C
under conditions of 1 M H2S04 and 100 g/L NaCl a 35% of copper is extracted in solution, with 85.34%
covellite and 14.66% elemental sulfur remain in the residue. In fig. 9, the XRD shows the covellite
transformation after six hours of leaching at a temperature of 90 ° C under conditions of 1 M H2SO4
and 100 g/L NacCl, achieving the extraction of 76% of copper, remaining in the residual of 47%
“synthetic covellite”, which is presumed to be CuS and CuS2, as mentioned by Nicol & Basson (2017).
Although the XRD only shows a synthetic covellite, accompanied by 53% of elemental sulfur, what
stands out is that the gypsyum remains that were present in the initial mineral were not observed in
figures 8 and 9. The CuS2 mineral is slower than the covellite and therefore requires more demanding
conditions and/or longer times to complete the extraction of Cu.

4. Conclusions

The present investigation shows the laboratory results of dissolving Cu from covellite in chlorinated
media. The highest Cu extraction rate was obtained with high concentrations of chloride in the system.
The findings of this study were:

1. The linear variables of time and chloride concentration have the greatest influence in the
model.

2. Under normal conditions of pressure and temperature, H2SO4 concentration-time and
chloride concentration-time have synergistic effects on copper extraction from covellite.

3. The Anova analysis indicates that the presented quadratic model adequately represents
copper extraction, which is validated by the R? value (0.9945).

4. The highest copper extraction rate working at room temperature of 71.23% was obtained with
a low concentration of sulfuric acid (0.5 M), a high concentration of chloride (100 g/L) and an
extended leaching time (600 h).

5. Regarding the temperature control (50-90°C) in leaching conditions of 0.5 M of H2SO4, 100
g/L chloride and leaching time of 6 hours, an activation energy of 72.36 kJ/mol is observed,
indicating that the rate of dissolution of the mineral is indeed limited by the chemical reaction.

6. Inthe XRD carried out in the leaching residues at 2 and 6 hours at a temperature of 90 ° C,
the formation of elemental sulfur is observed, which is expected as a stable and non-polluting
residue.
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