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Abstract 18 

The replacement of chalcopyrite in NaCl solutions was investigated from 310 to 365℃ 19 

and 15 to 25 MPa with ex-situ surface characterization techniques and in-situ 20 

electrochemical methods. The replacement products and reactions were analyzed ex-situ 21 

using Raman spectroscopy, scanning electron microscope (SEM) and energy dispersive 22 

X-ray spectrometer (EDS). Chalcopyrite dissolution was monitored by open circuit 23 

potential (OCP), polarization curves and electrochemical impedance spectroscopy (EIS). 24 

The ex-situ and in-situ measurements show that: (ⅰ) elevated temperature and pressure 25 

promote the oxidative dissolution of chalcopyrite by different pathways; (ⅱ) the altered 26 

chalcopyrite surface consists of an outer layer of hematite and an inner layer of covellite; 27 

(ⅲ) at elevated temperature, removal of more copper from chalcopyrite surface enhances 28 

chalcopyrite dissolution, and favors hematite formation over covellite in the alteration 29 

rind; and (ⅳ) at elevated pressure, more iron ions diffuse through the passive covellite 30 

layer by point defects, promoting chalcopyrite replacement by covellite over hematite. 31 

This study provides experimental evidence on the replacement of chalcopyrite by 32 

covellite, the precipitation of hematite and the exchange of Fe/Cu ions between 33 

chalcopyrite and hydrothermal brine.  34 

Keywords: chalcopyrite replacement; covellite; hematite; ex-situ surface characterization; 35 

in-situ electrochemical techniques 36 

1. Introduction 37 
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Chalcopyrite is one of the most ubiquitous copper bearing sulfide minerals. It mainly 38 

occurs in copper nickel sulfide deposits, porphyry copper deposits, contact metasomatic 39 

skarn copper deposits, sandstone type copper deposits, stratiform copper deposits, vein 40 

copper deposits and volcanic-hosted massive sulfide deposits (Chen et al., 2023; Duran et 41 

al., 2017; Gritsenko et al., 2022; Li et al., 2023; Suhendra et al., 2024; Syverson et al., 42 

2017; Tivey, 2007; Zhao et al., 2021). Therefore, chalcopyrite is formed in different 43 

geo-environments from low temperature to high temperature. Due to the multi-stage 44 

mineralization, the early formed chalcopyrite in high temperature geo-environments 45 

would be altered by later high temperature hydrothermal fluids. For instance, chalcopyrite 46 

is routinely encountered in magmatic-hydrothermal systems in the shallow continental 47 

crust, such as extensive porphyry deposits, where metal-bearing brines and vapors 48 

interact with evolving magmatic fluids (Blundy et al., 2015; Graham et al., 2004; 49 

Hedenquist et al., 1994; Syverson et al., 2017). The formation of chalcopyrite also occurs 50 

along the inner wall of chimneys in seafloor hydrothermal vent deposits, where it directly 51 

contacts venting hot spring fluids (Seewald and Seyfried, 1990; Seyfried and Ding, 1993; 52 

Tivey, 2007; Tivey et al., 1995). Therefore, it is necessary to research the chalcopyrite 53 

alteration at high temperature and pressure.  54 

Most often, mineral-fluid interaction primarily relies on traditional chemical 55 

processes, including decomposition reactions, synthesis reactions, double displacement 56 

reactions and replacement reactions. In traditional chemical processes, chemical reactions 57 
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usually require contact between reactants. However, chalcopyrite is a copper sulfide with 58 

semiconductor properties (Engin et al., 2011; McMillan et al., 1982; O'Connor and 59 

Eksteen, 2020). Semiconductor materials are capable of undergoing electrochemical 60 

reactions due to their unique electronic structure that allows electrons to transition 61 

between energy bands. In electrochemical reactions, electrons are transferred from one 62 

reactant to another through a conductive medium (such as an electrolyte solution), 63 

triggering a chemical reaction. This reaction mode does not require direct contact 64 

between reactants. As chalcopyrite is a semiconductor, both traditional chemical 65 

processes and electrochemical processes can occur on its surface. Recent studies indicate 66 

that chalcopyrite can be oxidized to bornite, covellite and element sulfur by 67 

electrochemical processes in different systems at ambient temperature and pressure 68 

through reactions (1), (2) and (3) (Almeida et al., 2016; Ghahremaninezhad et al., 2010; 69 

Liu et al., 2018). There are few studies focusing on the electrochemical oxidation of 70 

chalcopyrite at high temperature and pressure. 71 

5CuFeS2  → Cu5FeS4 + 6S0 + 4Fe3+  + 12e-                             (1) 72 

2CuFeS2 + 13H2O → 0.75CuS + 1.25Cu2+ + 2Fe3+ + 3.25SO4
2- + 26H+ + 28e-  (2) 73 

CuFeS2 → Cu2+ + Fe3+ + 2S0 + 5e-                                                 (3) 74 

Chalcopyrite replacement in hydrothermal systems consists of electrochemical 75 

processes and traditional chemical processes (Mikhlin et al., 2004). These 76 

electrochemical reactions obtained by electrochemical techniques are helpful to explain 77 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/chalcopyrite
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/chalcopyrite
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the exchange of Cu/Fe between chalcopyrite and fluids, the replacement of chalcopyrite 78 

by secondary copper minerals, and the pathway of chalcopyrite replacement in 79 

hydrothermal system (Chaudhari et al., 2022; Chaudhari et al., 2021). 80 

The deposits characterized by alteration are sensitive to a number of physical and 81 

chemical factors, such as porosity, grain size, duration of time for alteration, temperature, 82 

pressure, pH, total chloride and galvanic interaction in the ore-forming solution, which 83 

control the chalcopyrite oxidation rate under hydrothermal conditions (Bilenker et al., 84 

2016; Embile et al., 2018; Knight et al., 2018; Meng et al., 2021). At present, the 85 

influence of temperature and pressure on chalcopyrite-fluid reaction equilibria is not well 86 

constrained under hydrothermal conditions. Zhao et al. (2014) reported the replacement 87 

of chalcopyrite by bornite at 200-320°C in solutions containing Cu(Ⅰ) and hydrosulfide. 88 

They observed that Cu and Fe contents were controlled principally by temperature, and to 89 

a lesser degree by solution pH. Chaudhari et al. (2021) investigated the replacement of 90 

chalcopyrite by copper sulfides in Cu-rich solutions at 180-300°C; they found that 91 

covellite always formed initially, followed by high digenite, and that the replacement of 92 

chalcopyrite is driven by Cutot
2+ . Previous experimental studies of electrochemically 93 

driven chalcopyrite dissolution rarely focus on the effects of high temperature and 94 

pressure, owing to several challenges encountered in performing the experiments: 1) 95 

evolving solution conditions due to corrosion of the experimental apparatus; 2) 96 

ineffective reference electrodes for detecting in-situ electrochemical behavior at high 97 
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temperature and pressure; 3) the brittleness of chalcopyrite makes it difficult to machine 98 

the working electrode into proper shapes; and 4) electrical signals are easily interfered by 99 

other electronic devices, temperature fluctuations and pressure fluctuations (Sun et al., 100 

2009; Wang et al., 2017b). However, solutions to these challenges have recently been 101 

developed (Lin et al., 2017; Wang et al., 2017a).  102 

This study capitalizes upon these advances to investigate the effects of temperature 103 

and pressure on the oxidative dissolution of chalcopyrite in NaCl solutions. The reactions 104 

between chalcopyrite and solution were monitored in-situ using OCP curves, 105 

potentiodynamic curves, and EIS, and multiple means of ex-situ characterization 106 

including Raman spectroscopy, scanning electron microscope (SEM), and Energy 107 

dispersive X-ray spectrometer (EDS) were used to analyze the surface products. This 108 

study provides initial constraints on the altered products of chalcopyrite in NaCl solution 109 

at elevated temperature (310 to 365°C) and pressure (15 to 25 MPa). 110 

2. Materials and methods 111 

2.1. Electrode preparation 112 

The mineral chalcopyrite was collected from Shuixiexiang, Yunnan Province, China. 113 

The purity of selected chalcopyrite particles (80 - 100 mesh) was 98% as confirmed using 114 

XRD. Chalcopyrite working electrodes were prepared by high-pressure sintering selected 115 

chalcopyrite powder in a cubic multi anvil press (Wang et al., 2017a).  116 

2.2. Experimental apparatus 117 
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Dissolution and electrochemical experiments were conducted in an autoclave system. 118 

The autoclave was equipped with a tube-type heating furnace (Shanghai Y-feng Electrical 119 

Furnace Co., Ltd., SK2-5), a temperature regulator (Xiamen Yudian Automation 120 

Technology Co., Ltd., AI-518P) and a pressure sensor (Chengdutest Electronics Co., Ltd., 121 

CY201, accuracy ±1 bar). The procedure consisted of pumping argon to the desired set 122 

pressure and heating the sample solution mixture to the desired set temperature in 3 hours. 123 

Once at the intended temperature, the temperature and pressure were kept constant until 124 

the experiment ended. The pressure was maintained at 20 MPa, when the final 125 

temperatures were 310°C, 340°C and 365°C respectively. The temperature was 126 

maintained at 340°C, when the final pressures were 15 MPa, 20 MPa and 25 MPa 127 

respectively. The target temperature and pressure were maintained at ±1℃ and ±1 MPa 128 

respectively. 129 

2.3. Surface characterization 130 

Chalcopyrite was polished and immersed in 0.1 mol/L NaCl solutions for 3 hours in 131 

the heating process and 1 hour at the final temperature and pressure. The surface 132 

morphologies of corroded chalcopyrite samples were examined by the JSM-7800F 133 

scanning electron microscope (SEM) and the chemical compositions of oxide films were 134 

investigated using the connected Apollo XL energy-dispersive X-ray spectrometer (EDS). 135 

The compound compositions of the oxide film were determined by using Renishaw in-Via 136 

confocal micro-Raman spectroscopy system with a 514.5 nm argon laser excitation line. 137 
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A laser power of 8 mW was used as an excitation source to avoid the further oxidation of 138 

chalcopyrite. For each acquisition, a total of 5 spectra were accumulated, each for 60 s. 139 

The spectra were collected with a CCD detector using backscattering geometry and a 50× 140 

objective lens. 141 

2.4. Electrochemical measurements 142 

The reference electrode was an Ag/AgCl pressure-balanced external reference 143 

electrode with 0.1 mol/L KCl reference solution, and platinum was used as a counter 144 

electrode. Considering that the reference electrode was at ambient temperature (25℃) 145 

and system pressure via the reference solution bridge, the temperature gradient between 146 

the high-temperature system and the room temperature reference electrode gave rise to a 147 

thermal diffusion potential (Sun et al., 2009). This problem has been solved by 148 

Macdonald et al. (1979), and the calibrated equation of the electrode potential is as 149 

follows: 150 

∆ESHE = ∆Eobs + 0.2866 - 0.001∆T + 1.745×10-7∆T2 - 3.03×10-9∆T3         (4) 151 

where ∆Eobs is the observed potential of the working electrode vs. the Ag/AgCl external 152 

reference electrode, and ∆ESHE is the corresponding potential vs. the standard hydrogen 153 

electrode (SHE) at the experimental temperature. ∆T=T-25℃, T is the experimental 154 

temperature. 155 

The electrolyte was a 0.1 mol/L NaCl solution. All the electrochemical 156 

measurements were carried out in an autoclave with three electrodes as described in Lin 157 



Revision 1 

9 

 

et al. (2017). Prior to the start of each experiment, argon was pumped into the electrolyte 158 

for 10 minutes to maintain the dissolved oxygen concentration at 0.1 ± 0.02 mg/L. 159 

Chalcopyrite was immersed in the solution at final temperature and pressure for 1 h so 160 

that the open circuit potential (OCP) was measured until it reached the 10-5 V/s tolerance 161 

limit. Afterward, the electrochemical impedance spectroscopy (EIS) tests - fitted by 162 

ZSimpWin 3.20 (2004) software - were performed in the frequency range of 10-2 Hz to 163 

104 Hz with a peak-to-peak amplitude of 10 mV. The polarization curves were plotted by 164 

changing the electrode potential automatically from –0.4 to +0.9 V versus OCP at a scan 165 

rate of 2 mV/s.  166 

3. Results and discussion 167 

3.1. Raman spectroscopic analysis 168 

The altered chalcopyrite surface was characterized by Raman spectrometry. The 169 

obtained spectra are presented in Figure 1. It can be seen that the Raman vibrational 170 

peaks of leached chalcopyrite obtained at 310℃ and 20 MPa are located in different 171 

wavenumber ranges compared to other samples. These frequencies were checked with the 172 

standards of covellite (CuS) and hematite (Fe2O3). The strong Raman vibrational peaks at 173 

~472 cm-1 and in the region 1310-1338 cm-1 were reported as covellite and hematite 174 

respectively (Cai et al., 2012; Diliegros-Godines et al., 2019; Faria and Lopes, 2007; 175 

Urbanová et al., 2012). A mixture of covellite and hematite was detected on the 176 

chalcopyrite surface after oxidative dissolution at 310℃ and 20 MPa, indicating that 177 
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hematite doesn’t cover the chalcopyrite surface completely. However, in the spectrum of 178 

other samples, only hematite was detected, showing that hematite grains can cover the 179 

chalcopyrite surface at these conditions (various temperature of 340°C and 365°C at 20 180 

MPa, and various pressure of 15 MPa, 20 MPa, and 25 MPa at 340°C). The reference 181 

data for the covellite and hematite were obtained from 182 

https://rruff.info/covellite/display=default/ and https://rruff.info/hematite/display=default/ 183 

respectively. 184 

3.2. SEM and EDS analysis 185 

A cross-sectional SEM study was conducted to provide further details on the 186 

characteristics of the oxide films, such as their thicknesses and morphologies. 187 

Hydrothermal dissolution of chalcopyrite resulted in the formation of three types of 188 

texture in Figure 2. A sharp boundary is observed between the inner region and the 189 

middle region. They are shown in the back-scattered electron images in different shades 190 

of gray. The medium shade of gray represents chalcopyrite. As revealed by the EDS 191 

element analysis (Table 1), the lighter shade represents the inner Cu-rich layer consisting 192 

of mainly covellite. The formation of barrier-like Cu-rich layer was attribute to the 193 

preferential leaching of iron from chalcopyrite. Then the leaching iron ions precipitated as 194 

hematite to cover the inner layer and form the outermost Fe-rich layer (the darker shade 195 

in Figure 2). It was in accordance with Raman spectrum results that the covellite and 196 

hematite were the main secondary minerals of chalcopyrite oxidization as Meng et al. 197 

https://rruff.info/covellite/display=default/
https://rruff.info/covellite/display=default/
https://rruff.info/hematite/display=default/
https://rruff.info/hematite/display=default/
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(2021) reported.  198 

Figure 2 respectively presents the different effects of temperature (310℃, 340℃ and 199 

365℃) and pressure (15 MPa, 20 MPa and 25 MPa) on the cross-sectional morphologies 200 

of the chalcopyrite samples. The surface became rougher and etch pits appeared with less 201 

covellite at elevated temperature. Hematite filled in the triangular pits and laid thick on 202 

the chalcopyrite surface after leaching in 0.1 mol/L NaCl solutions for 1 hour at 365℃ 203 

(Figure 2c). At elevated pressure, the lighter region was thicker and the hematite layer 204 

was more compact. When the leaching pressure was 15 MPa, hematite exhibited on the 205 

chalcopyrite surface sparsely. However, when the pressure was up to 25 MPa, it became a 206 

flat layer. Chalcopyrite is replaced by more covellite at elevated temperature, but less 207 

covellite at elevated pressure, indicating that increasing temperature and pressure affected 208 

chalcopyrite leaching by different processes.  209 

3.3. Open circuit potential 210 

Figure 3 shows the effect of temperature and pressure on the potential of the 211 

chalcopyrite electrode in the 0.1 mol/L NaCl solutions after the autoclave system was 212 

kept at the final temperature and pressure. The increase of temperature and pressure 213 

resulted in a lower OCP. This trend suggested faster surface electrochemical reactions and 214 

a less protective layer on the chalcopyrite electrode. Therefore, the elevated temperature 215 

and pressure could intensify chalcopyrite dissolution. For all the samples, the steady state 216 

OCP was reached as a change of less than 10-5 V/s before EIS and polarization curves 217 
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measurements. It was due to the spontaneous growth of stable oxide layer on the 218 

chalcopyrite surface.  219 

3.4. Polarization curves 220 

The polarization curves of the chalcopyrite electrode in 0.1 mol/L NaCl solution 221 

with different temperatures and pressures at a scan rate of 2 mV‧s
-1 were described in 222 

Figure 4. It can be seen that the increase in temperature or pressure led to an increase in 223 

the anodic current density and a decline of the corrosion potential. Chalcopyrite in the 224 

elevated temperature system had a sharp increase in corrosion density compared to the 225 

pressure variations. It was illustrated that the oxidation reaction rate of chalcopyrite 226 

increased sharply at higher temperature. At low anodic potentials (OCP to 0.05V), the 227 

pseudo-passive region was observed due to the formation of the surface layer. However, 228 

in the elevated temperature system, the pseudo-passive region disappeared, indicating the 229 

replacement of chalcopyrite by lesser amounts of covellite (Figure 4a). Conversely, in the 230 

elevated pressure system, the pseudo-passive region appeared due to more covellite was 231 

produced on the chalcopyrite surface than hematite (Figure 4b). Hence, increasing 232 

temperature and pressure promoted the oxidative dissolution of chalcopyrite by different 233 

pathways.  234 

3.5. Electrochemical impedance spectroscopy (EIS) 235 

EIS studies on the chalcopyrite electrodes were conducted in 0.1 mol/L NaCl 236 

solution with different temperatures and pressures. The recorded EIS spectra and 237 
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corresponding fitted curves were plotted in the form of Nyquist diagrams in Figure 5. All 238 

spectra were composed of two depressed capacitive loops. The first capacitive loop at 239 

high frequencies was related to the double-layer capacitive impedance with a 240 

charge-transfer resistance. The second capacitive loop at low frequencies was attributed 241 

to the charge transfer resistance occurring within the pores of the surface layer which was 242 

considered as diffusional impedance of the oxide layer. The equivalent circuit model was 243 

shown in Figure 6 (Ghahremaninezhad et al., 2012; Tehrani et al., 2021), where Rdl and 244 

Cdl are the resistance and capacitance of the double-layer respectively. Rp and Cp are the 245 

resistance and capacitance of the passive layer respectively. The presence of the Constant 246 

Phase Angle Element (CPE) in this circuit is due to the defects in the passive layer and/or 247 

the electrode roughness. 248 

The corresponding impedance parameters obtained at different temperatures and 249 

pressures are presented in Table 2. The double-layer resistance (Rdl) can be defined as 250 

follows (Bard and Faulkner, 2001; Ghahremaninezhad et al., 2012): 251 

Rdl = RT
nFi0

                                                        (5)                                                                         252 

Where R, T, n, F and i0 are the ideal gas constant, temperature in Kelvin, number of 253 

transferred electrons, Faraday constant and the exchange current density of the 254 

electrochemical reaction respectively. Hence, as temperatures increased from 310℃ to 255 

365℃, the Rdl values increased from 4.7 Ω·cm2 to 173.3 Ω·cm2. Increasing pressure 256 

restrained the double layer by accelerating ionic diffusion in the solution. Hence, it 257 
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reduced the number of transferred electrons in the space charge transfer region, leading to 258 

the higher Rdl values being monitored. The Rp values are associated with the thickness of 259 

a passive layer. CPE elements and their associated resistance depend on the point defects 260 

in the structure of the covellite layer; a thicker covellite layer contains more point defects. 261 

With increasing temperature, the Rp values decreased sharply, the Rdl and RCPE values 262 

increased slightly, indicating that elevated temperature promoted chalcopyrite dissolution 263 

owing to less covellite forming on the chalcopyrite surface. However, with increasing 264 

pressure, the RCPE values decreased sharply, the Rdl and Rp values increased slightly. That 265 

is, elevated temperatures and pressures affected chalcopyrite replacement by different 266 

pathways. Elevated pressure accelerated chalcopyrite dissolution by making more iron 267 

ions pass through point defects, resulting in chalcopyrite replacement by more covellite. 268 

3.6. Effect of temperature and pressure on chalcopyrite oxidation 269 

In the present study, chalcopyrite oxidation was investigated at the temperature 270 

range of 310-365°C and the pressure range of 15-25 MPa. Chalcopyrite is a covalent 271 

compound containing Cu+, Fe3+ and mostly S2- (Nigel et al., 2012; Pearce et al., 2006). 272 

More Fe3+ released from chalcopyrite to solution than Cu+, leading to the precipitation of 273 

covellite on the chalcopyrite surface (reaction (2) (Ghahremaninezhad et al., 2010; 274 

Mikhlin et al., 2017; Nava and González, 2006). The dissolved Fe3+ reacted with OH- in 275 

the solution and precipitated as Fe(OH)3, then decomposed to form Fe2O3 through 276 

reactions (6), (7) and (8) (Majzlan et al., 2004; Mu et al., 2018). Though the results of our 277 
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study could also be predicted and demonstrated by the calculations of chalcopyrite 278 

oxidative behavior (Garrels and Christ, 1965), this study shows precisely the chalcopyrite 279 

dissolution at the temperature range of 310-365°C and the pressure range of 15-25 MPa. 280 

The chalcopyrite surface was parted into two layers, and the outermost hematite 281 

precipitation and the inner covellite replacement products were detected after these main 282 

electrochemical reactions occurred during chalcopyrite dissolution (Figure 1 and 2). The 283 

hematite layer did not exhibit protective properties due to the presence of large pores 284 

separating the hematite particles. Therefore, the passive layer was composed of covellite. 285 

2H2O + O2 + 4e-→4OH-                                            (6)                                                                                 286 

Fe3+ + 3OH- → Fe(OH)3↓                                           (7)                                                           287 

2Fe(OH)3 → Fe2O3 + 3H2O                                         (8) 288 

Elevated temperature and pressure play a crucial role in the oxidation processes of 289 

chalcopyrite. Firstly, they affect the mineral oxidation reactions. Secondly, they influence 290 

the rate these reactions take place. Lastly, they are significant in the formation of 291 

replacement minerals. It is clear that increasing temperature and pressure effectively 292 

promotes the oxidative dissolution of chalcopyrite by different pathways. In the present 293 

study, the ex-situ surface characterization measurements were utilized to obtain the 294 

reaction pathways of chalcopyrite dissolution together with in-situ electrochemical 295 

techniques, which improves the effectiveness and accuracy of experimental results. At 296 

elevated temperature, chalcopyrite is replaced by less covellite, which means more Cu+ 297 
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release from chalcopyrite. The results may be due to the formation of more Cu+ complex 298 

CuCl0, CuCl2
- , CuCl3

2- through reactions (9), (10) and (11) (Lin et al., 1991; Lundström, 299 

2009). Less passive covellite would result in further chalcopyrite dissolution. However, at 300 

elevated pressure, the chalcopyrite dissolution is promoted by different pathways. Higher 301 

pressure could make more iron ions diffuse through the passive covellite layer by point 302 

defects to reach the passive layer/electrolyte interface. Hence, though chalcopyrite is 303 

replaced by more covellite, the chalcopyrite oxidation is still stimulated. 304 

Cu2+ + Cl- + e- → CuCl0                                            (9)                                                                                        305 

Cu2+ + 2Cl- + e- → CuCl2
-                                           (10)                                                                           306 

Cu2+ + 3Cl- + e- → CuCl3
2-                                         (11)     307 

4. Implications for hydrometallurgical and geological applications 308 

The ex-situ and in-situ experiments on the replacement of chalcopyrite by Cu 309 

sulfides provide new insights into the mineral replacement reactions in geological 310 

systems. For minerals with semiconductor properties, such as chalcopyrite, pyrite, galena, 311 

sphalerite and so on, electrochemical processes should also be considered as part of the 312 

fluid-mineral interaction (Chen et al., 2015; Flores-Álvarez et al., 2017; Karimi et al., 313 

2017; Liu et al., 2021; Moslemi and Gharabaghi, 2017; Osadchii et al., 2015). Our study 314 

provides experimental evidence on the replacement of chalcopyrite by covellite, the 315 

precipitation of hematite and the exchange of Fe/Cu ions between chalcopyrite and fluids. 316 

This mineral replacement mechanism can be applied in copper deposits, where covellite 317 



Revision 1 

17 

 

surrounds chalcopyrite and Fe oxides coexist with chalcopyrite. Our experimental results 318 

show that temperature and pressure exert an important control on the mineralogy of 319 

chalcopyrite replacement. Cu(I) preferentially forms complexes 320 

CuCl0, CuCl2
-  and CuCl3

2-
 with chloride in chloride-rich hydrothermal fluids at elevated 321 

temperature (Brugger et al., 2016; Liu and McPhail, 2005; Liu et al., 2001). However, 322 

preferential dissolution of iron from chalcopyrite is accompanied by retention of copper 323 

on the chalcopyrite surface at elevated pressure. Therefore, abundant replacement of 324 

chalcopyrite by covellite occurs at lower temperature and higher pressure, abundant 325 

precipitation of hematite happens at higher temperature and pressure in a neutral pH and 326 

high salinity fluid.  327 

There is a consensus view in hydrometallurgy that chalcopyrite dissolution is 328 

inhibited due to the formation of a passive layer on the surface (O'Connor and Eksteen, 329 

2020). These different passive layers include a metal-deficient sulfide, a metal-deficient 330 

polysulfide, elemental sulfur or jarosite in different experimental conditions (Carneiro 331 

and Leão, 2007; Córdoba et al., 2008; Debernardi et al., 2013; Harmer et al., 2006; 332 

Klauber, 2008; Munoz et al., 1979; Parker et al., 2008; Stott et al., 2000; Wang et al., 333 

2021). Our experimental work provides an optimized strategy for the hydrometallurgy of 334 

chalcopyrite. At elevated pressure, more iron ions diffuse into the solutions, leaving a 335 

thicker covellite layer on the chalcopyrite surface to impede further chalcopyrite 336 

dissolution. However, at elevated temperature, more copper ions dissolve from the 337 
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chalcopyrite surface to inhibit the formation of a passive covellite layer on the 338 

chalcopyrite surface. Therefore, higher temperature at ambient pressure would be further 339 

studied to enhance the hydrothermal dissolution of chalcopyrite and the release of Cu. 340 
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Figure captions 526 

Figure 1. The effects of temperature and pressure on the Raman spectra of the oxide films 527 

on the surface of chalcopyrite after 1 h corrosion tests in 0.1 mol/L NaCl solutions. 528 

Figure 2. Cross-sectional SEM images of the chalcopyrite samples after leaching in 0.1 529 

mol/L NaCl solutions at different temperatures and pressures. Conditions: (a-c) different 530 

temperatures at 20 MPa; (d-f) different pressures at 340°C. Cpy: chalcopyrite; Cv: 531 

covellite; Hem: hematite. 532 

Figure 3. The open circuit potential of the chalcopyrite electrode in 0.1 mol/L NaCl 533 

solutions at different temperatures and pressures. Conditions: (a) different temperatures at 534 

20 MPa; (b) different pressures at 340°C. 535 

Figure 4. The polarization of curves of chalcopyrite electrode in 0.1 mol/L NaCl 536 

solutions at different temperatures and pressures with a scan rate of 2 mV/s. Conditions: 537 

(a) different temperatures at 20 MPa; (b) different pressures at 340°C. 538 

Figure 5. Nyquist plots of chalcopyrite electrode at OCP in 0.1 mol/L NaCl solution at 539 

different temperatures and pressures. Conditions: (a) different temperatures at 20 MPa; (b) 540 

different pressures at 340°C. 541 

Figure 6. Equivalent circuit for the chalcopyrite electrode at OCP in 0.1 mol/L NaCl 542 

solution at the temperatures and pressures. 543 

 544 
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Table 1. EDS elemental analysis of Cu-rich layer for the chalcopyrite samples in 0.1 545 

mol/L NaCl solutions at different temperature and pressure conditions 546 

Conditions 
Cu (%) Fe (%) S (%) O (%) 

T (℃) P (MPa) 

310 

20 

66.6 6.5 26.2 0.8 

340 63.1 9.9 26.2 0.9 

365 61.8 11.5 25.6 1.1 

340 

15 61.2 11.3 25.4 2.0 

20 63.1 9.9 26.2 0.9 

25 64.2 9.8 25.3 0.7 
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Tabel 2. Model parameters for equivalent circuit of Figure 6 547 

Conditions Rdl 

(Ω·cm2) 

Rp 

(Ω·cm2) 

RCPE 

(Ω·cm2) 
χ2 

T (℃) P (MPa) 

310 

20 

4.7 785.9 0.104 0.0090950 

340 116.2 150.8 3.339 0.0007332 

365 173.3 72.1 56.190 0.0016480 

340 

15 30.1 114.0 452.700 0.0004080 

20 116.2 150.8 3.339 0.0007332 

25 253.0 180.6 1.146 0.0003420 
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