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Introduction 

 

Increasing amount of dirty concentrate containing 

significant amount of arsenic is a serious problem in 

copper industry. If dirty concentrate is treated in 

conventional pyrometallurgical plant, arsenic becomes 

volatile and will goes into to the gas phase requiring 

removal to avoid arsenic contamination of exhaust gas. 

Hydrometallurgy is an alternative method to produce 

copper from dirty concentrate. Because 

hydrometallurgical operation is done at low 

temperature, arsenic does not go into the gas phase, but 

is distributed to aqueous phase or remains in solid 

residue. In hydrometallurgical operations, therefore, it is 

easier to control arsenic species.  

 

First step of hydrometallurgical process is leaching 

whereby metal ions are extracted from minerals to 

aqueous phase. One major problem with 

hydrometallurgy for copper is the extremely slow 

leaching kinetics of chalcopyrite (CuFeS2), which is a 

major copper mineral in copper concentrates. 

Chalcopyrite leaching rate is slower than other copper 

sulfide minerals such as covellite (CuS), bornite 

(Cu5FeS4), and chalcocite (Cu2S) (Nicol et al., 2010). 

 

In acid solutions, chalcopyrite is oxidized by ferric ions:  

CuFeS2 + 4 Fe3+ = Cu2+ + 5 Fe2+ + 2 So  (1) 

Hiroyoshi et al. (2004) reported that the leaching rate of 

chalcopyrite in sulfuric acid solutions depended on the 

redox potential determined by the concentration ratio of 

ferric to ferrous ions: the rate increased with increasing 

the redox potential to reach a maximum value at a 

certain potential (optimum redox potential, Eop), then it 

decreased. This suggests an idea to develop a redox 

controlled leaching for chalcopyrite, whereby redox 

potential is controlled at Eop in order to archive the 

highest leaching rate of chalcopyrite. Intensive studies 

have been carried out to develop a method to predict Eop 

in H2SO4 system (Hiroyoshi et al., 2008 and Okamoto et 

al., 2004). 
 

Chalcopyrite leaching rate is reported to be higher in 

chloride acid solutions than in sulfuric acid solutions 

(Dutrizac 1980, Yoo et al., 2010). It is also reported that 

there is an optimum redox potential for chalcopyrite 

leaching in chloride acid solutions (Yoo et al., 2010). 

Therefore, redox controlled leaching using chloride acid 

is an attractive alternative as a high rate chalcopyrite 

leaching system. However, the mechanism of 

chalcopyrite leaching in chloride acid solutions is not 

fully understood and it triggers difficult to predict the 

value of Eop under given conditions. The aim of the 

present study is to establish the mechanism of 

chalcopyrite leaching in acidic ferric chloride solutions 

and to develop a method to predict Eop. For this, effects 

of solution compositions and temperature on the redox 

potential dependence of chalcopyrite leaching in acidic 

chloride solutions containing ferric ions were 

investigated. Electrochemical study using a chalcopyrite 



electrode was also carried out to understand a detail of 

leaching mechanism. 

 

Materials and method 
 
Leaching experiment 

 
Leaching tests were performed using a double jacket 

glass reactor connected to a thermostat water bath to 

maintain a constant temperature (Fig.3). A 3 g of 

chalcopyrite sample and 12 ml of a given concentration 

of HCl was added to the reactor, and the suspension was 

agitated by magnetic stirrer under 400 rpm. The reactor 

was capped with a silicon rubber plug with gas 

inlet/outlet tubes and an ORP electrode (combination of 

Pt electrode with KCl saturated and Ag/AgCl reference 

electrode). The ORP electrode was connected to a 

potentiometer and an auto-recorder. Nitrogen gas was 

introduced to the solution to remove oxygen. After 1 

hour (when the redox potential became constant), 3 ml 

of solution containing given amounts of HCl, FeCl3 and 

CuCl2 were added to start the reaction. The redox 

potential was measured and record automatically during 

the experiments, and the amount of extracted copper 

was calculated from the measured redox potential. 

 

Electrochemical experiment 
 

Electrochemical measurements were performed using a 

computer-controlled electrochemical measurement 

system (Analytical SI 1280B, Solartron Instruments, 

UK)) with a conventional three-electrode cell 

configuration consisting of a saturated Ag/AgCl 

reference electrode, a platinum counter electrode, and a 

chalcopyrite working electrode, at 298 K in a nitrogen 

atmosphere. The cell was filled with 140 cm3 of 

electrolyte and was agitated under 300 rpm using a 

magnetic-stirrer.  

 

Results and discussion 

 
Leaching results 

 

Leaching results (not shown here) indicated that 

leaching rate of chalcopyrite decreased with increasing 

HCl and ferric concentration, but it increased with 

increasing temperature and cupric concentration. The 

peak redox potential was observed in all experiments: 

the leaching rate increased with increasing redox 

potential to reach a peak at peak redox potential (Ep), 

then it decreased. The peak redox potential did not 

depend on the temperature, as well as HCl and ferric 

concentration; it increased with increasing cupric 

concentration. The Ep value can be expressed as a 

function of total cupric concentration. 

E!   =   0.522   +   0.038  log[Cu!!]!    (2) 

 

Electrochemical results 

 
Effects of cupric and ferrous ions on the anodic 

polarization curve of chalcopyrite electrodes. 

 

In acidic solution containing ferric ions, chalcopyrite is 

oxidized as  

CuFeS2 + 4 Fe3+ = Cu2+ + 5 Fe2+ + 2 So  (1) 

From an electrochemical viewpoint, this is the overall 

reaction of two half-cell reactions: anode half-cell 

reaction in Eq. (2) and the cathode half-cell reaction in 

Eq. (3). 

CuFeS2 = Cu2+ + Fe2+ + 2 So      (3) 

4 Fe3+ + 4 e- = 4 Fe2+         (4) 

It have been reported that the anode half-cell reaction in 

sulfuric acid solutions is enhanced at low redox 

potentials when both cupric and ferrous ions coexist in 

solution (Hiroyoshi et al., 2004, 2008), but there is no 

report about the effects of these ions on the anode 

half-cell reaction of chalcopyrite in acidic chloride 

solutions. 



 

Fig. 1 shows the effects of cupric and ferrous ions on 

the anodic polarization curve of chalcopyrite electrode 

in 0.1 kmol m-3 HCl solutions at 298 K in nitrogen 

atmosphere. Without cupric and/or ferrous ions, the 

anodic current on the chalcopyrite electrode was low, 

which increased monotonically with increasing 

potential. When both cupric and ferrous ions were 

added, the shape of polarization curve changed 

dramatically (Fig. 1). In the low redox potential region 

(less than 0.65 V), the current increased with increasing 

potential to reach its peak. At high redox potential 

region (higher than 0.65 V), the current decreased with 

increasing applied potential. The current became less 

dependent on the redox potential when the potential 

passed 0.75 V.  

 

This result confirmed that even in HCl solutions, 

coexistence of both ferrous and cupric ions enhances 

anodic dissolution of chalcopyrite at low redox 

potentials. This is consistent with results of leaching 

experiments reported by Yoo et al. (2010); where higher 

leaching rate at low redox potentials was observed. This 

implied that cupric and ferrous ions play an important 

role in chalcopyrite leaching in acidic solutions. 

 

Fig. 1. Effects of cupric and ferrous ions on 

anodic-polarization curves for the chalcopyrite electrode 

in 0.1 kmol m-3 HCl solutions at 298 K in nitrogen 

atmosphere. 

 

Effects of cuprous ions on the anodic polarization curve 

of chalcopyrite electrode 

 

In the presence of cupric and ferrous ions, cuprous ions 

(Cu+) is produced in solutions, according to   

Fe2+ + Cu2+ = Fe3+ + Cu+           (5) 

In HCl solutions, cuprous ions form stable complexes 

with chloride ions. To further elucidate the effect of 

cuprous ions, anodic polarization experiment was done 

with electrolyte containing 0.001 kmol m-3 CuCl in 0.1 

kmol m-3 HCl. As shown in Fig. 2, there was a current 

peak around 0.54 V on the anodic polarization curve, 

similar to the measurements containing both cupric and 

ferrous ions. This result confirmed that cuprous ions 

formed by the reduction of cupric by ferrous ions in 

aqueous phase causes the current peak.  

 

Fig. 2. Effects of cuprous ions on the anodic 

polarization curve of chalcopyrite electrode in 0.1 kmol 

m-3 HCl solutions at 298 K in nitrogen atmosphere. 

 

Proposed mechanism 

 

Coexisting cupric and ferrous ions enhances 

chalcopyrite dissolution at low redox potentials. To 

interpret this, Hiroyoshi et al. (2004) proposed a 

reaction model assuming the formation of intermediate 

Cu2S from chalcopyrite according to Eq. 6. The 

intermediate Cu2S is then oxidized to release cupric 

ions. By assuming faster oxidation rate of Cu2S than 

chalcopyrite (CuFeS2), this reaction model successfully 



explains the larger anodic current observed in the 

presence of ferrous and cupric ions (Fig. 1) 

CuFeS2 + 3Cu2+ + 3Fe2+ = 2Cu2S + 4Fe3+    (6) 

 

As shown in Fig. 2, cuprous ions (Cu+) also enhanced 

the anodic dissolution of chalcopyrite at low redox 

potentials. Considering the role of cuprous ions, the 

present study modifies the above model. In the new 

model, the intermediate Cu2S formation (Eq. 6) involves 

three steps. Firstly, chalcopyrite reacts with proton in 

solution to release cupric ions, ferrous ions, and H2S 

into solution (Eq. 7). In the presence of both cupric and 

ferrous ions, cuprous ions are formed according to Eq. 

5. These cuprous ions continue to react with H2S to 

form intermediate Cu2S on the chalcopyrite surface (Eq. 

8) 

�   CuFeS2 + 4 H+ = Cu2+ + Fe2+ + 2 H2S        (7) 

�    4 Cu2+ + 4 Fe2+ = 4 Cu+ + 4 Fe3+                  (5) 

�    4 Cu+ + 2 H2S = 2 Cu2S + 4 H+              (8) 

The oxidative dissolution of the intermediate Cu2S 

occurs in two steps as shown below 

   Cu2S = Cu2++ CuS + 2 e-          (Fast)   (9)   

CuS = Cu2+ + S + 2 e-             (Slow) (10) 

In the first step, Cu2S dissolves to form CuS (Eq. 9), 

then CuS continue to dissolve and form elemental sulfur 

(Eq. 10) in the second step. The standard potential for 

the dissolution of Cu2S (0.508 V) is lower than that of 

CuS (0.617 V). Because of this, Cu2S can be oxidized at 

low redox potentials but not CuS. At higher redox 

potentials, CuS starts to be oxidized to form the passive 

elemental sulfur coating, which hinders diffusion of 

cupric ions to the solution, causing a slow reaction rate 

at high redox potentials. 

 

Conclusions 
 

The leaching results showed that the peak rate decreased 

with increasing HCl and initial ferric ion concentration, 

and increased with increasing temperature and initial 

cupric ion concentration, The peak redox potential was 

independent from temperature and the concentrations of 

HCl, ferric and ferrous ions; it increased with increasing 

cupric concentration. The peak redox potential, Ep, is 

calculated from cupric ion concentration by the 

following empirical equation.  

Ep = 0.511 + 0.029 log [Cu!! ] 

 

When both cupric and ferrous ions were present in 

solutions, the anodic current increased with increasing 

redox potential to reach a peak at a certain redox 

potential, then the anodic current decreased. A similar 

peak current was also observed when cuprous ions were 

added, implying that cuprous ions formed by the 

reduction of cupric by ferrous in aqueous phase caused 

the peak current. Considering the role of cuprous ions, a 

reaction model assuming the formation of intermediate 

Cu2S by the reaction between chalcopyrite and cuprous 

ions was proposed. 

 


