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Abstract
In this paper, a novel process leaching complex chalcopyrite without acid under oxygen pressure is proposed, and the leach-
ing behavior and kinetic characteristics of copper in the complex chalcopyrite is studied. The results show that in the process 
of oxygen pressure leaching of complex chalcopyrite the oxidation dissolution of  FeS2 occurs first, and then the sulfuric acid 
required by the reaction is generated, which destroys the embedded structure of various mineral phases in chalcopyrite and 
makes it dissolve into the leaching solution. The copper in the mineral reacts with sulfuric acid to form copper sulfate which 
enter into the leaching solution, and the iron in the mineral is mainly transformed to hematite and then remained in the leach-
ing slag. Under the optimal leaching conditions (initial sulfuric acid concentration 0 g/L, reaction temperature 200 ℃, partial 
pressure of oxygen 1.2 MPa, mineral particle size − 48 + 38 µm), the leaching efficiency of copper reached 99.86% after 
120 min reaction. The analysis of the kinetic process of oxygen pressure leaching of complex chalcolite based on the "shrink-
age core model" showed that the leaching process of chalcopyrite is mainly controlled by chemical reaction. The apparent 
activation energy of the reaction is 50.646 kJ/mol. In the process of chemical reaction control, the parameters of partial 
pressure of oxygen and initial radius of mineral particles are 4.040 and − 0.773, respectively. The kinetic equation can be 
expressed as 1 − (1 − X)
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Introduction

Chalcopyrite is the most widely distributed copper-bearing 
ore in nature [1–5], and it is also the main raw material for 
copper extracting. At present, 80–85% of the copper in the 
world is produced by pyrometallurgy, but along with the 
continuously exploitation of chalcopyrite ore, leading to the 

The contributing editor for this article was Zhongwei Zhao.

 * Yalong Liao 
 liaoylsy@163.com

1 Faculty of Metallurgical and Energy Engineering, Kunming 
University of Science and Technology, No.253 Xuefu Road, 
Kunming 650093, China

http://orcid.org/0000-0001-8179-2342
http://crossmark.crossref.org/dialog/?doi=10.1007/s40831-023-00658-5&domain=pdf


351Journal of Sustainable Metallurgy (2023) 9:350–362 

1 3

grade of the ore is more and more low. As the reason that 
the traditional method of pyrometallurgy mainly suitable for 
processing the chalcopyrite concentrate (copper content is 
generally greater than 18%), only poor economic and tech-
nical indicators can be arrived while it is used to deal with 
the complicated composition and low grade polymetallic 
complex chalcopyrite. In addition, a large amount of  SO2 
and other gases harmful to the environment and human 
body will be produced in the process of pyrometallurgy [6]. 
Compared with pyrometallurgical process, it is more eco-
nomical and environmentally friendly to extract copper from 
complex chalcopyrite by hydrometallurgical method [7, 8]. 
However, due to the stable structure of chalcopyrite, the 
leaching rate and the recovery efficiency of valuable metal 
in the hydrometallurgical extraction process are not high. 
Therefore, it is urgent to improve the leaching efficiency of 
chalcopyrite, relieve the pressure of copper metallurgical 
resources, achieve economic and environmental win–win, 
and strengthen the research of low-grade complex chalco-
pyrite by hydrometallurgical leaching process.

At present, the hydrometallurgical leaching process of 
chalcopyrite can be divided into three categories: oxidative 
leaching [9–11], coordination leaching [12] and bioleach-
ing [13, 14]. Bioleaching is a kind of metallurgical technol-
ogy which only emerged in the latest 40 years. Its scientific 
principle is that bacteria are added in the leaching process 
to extract valuable metals from the ore. It is more suitable 
for the chalcopyrite with low grade, but its leaching cycle is 
long and bacteria are easy to die in the leaching process, so it 
is not suitable for industrial production. Coordination leach-
ing is a method to form soluble complexes of copper and 
appropriate ligands [15] to realize chalcolite leaching. The 
most common ligands are chloride ions [16] and ammonium 
ions [17]. However, the corrosion in chloride medium condi-
tions and defects such as ammonia volatilization to the envi-
ronment during ammonia leaching have always been the dif-
ficulties in coordination leaching research. Compared with 
coordination leaching and bioleaching, oxidative leaching is 
more widely used and the technology is more mature. Oxi-
dative leaching is usually divided into atmospheric pressure 
oxidative leaching [18, 19] and pressure oxidative leaching 
[11]. At present, most of the pressure oxidative leaching 
processes of chalcopyrite reported in the literature usually 
use sulfuric acid [6], oxalic acid [20] and other acidic solu-
tions as leaching agents to leach copper in chalcopyrite, and 
few studies have reported that sulfuric acid produced by the 
dissolution of sulfur-containing minerals in chalcopyrite is 
used as the acid source of the leaching mineral.

In this paper, a typical complex chalcopyrite containing 
 CuFeS2,  FeS2, PbS and ZnS was taken as the research object, 
and distilled water was used as the leaching agent to study 
the leaching behavior and kinetic characteristics of copper 
under oxygen pressure. The effects of initial sulfuric acid 
concentration, reaction temperature, oxygen partial pres-
sure and mineral particle size on copper leaching rate were 
studied, and the oxygen pressure leaching conditions were 
optimized to achieve high efficiency copper leaching from 
chalcopyrite. In addition, the role and mechanism of  FeS2 
in the leaching process were analyzed, and the phase com-
position and distribution before and after leaching were ana-
lyzed and discussed by X-ray diffraction (XRD), scanning 
electron microscopy (SEM) and other detection methods. 
Finally, the control steps of chalcopyrite dissolution reaction 
were analyzed and the kinetic equation of copper leaching 
was obtained.

Experimental

Experimental Materials

The raw material used in present study is secondary con-
centrate of chalcopyrite produced in a company in Yunnan 
China after flotation is performed. After ball milling and 
screening, its main components and content are shown in 
Table 1. It can be seen from the table that S, Fe, Cu, Pb and 
Zn account for the vast majority of the total mass of miner-
als, and the sum of these five elements accounts for 96.00% 
of the total mass. The XRD analysis results are shown in 
Fig. 1, and the SEM and EDS analysis are shown in Fig. 2.

Table 1  Main component 
content of chalcopyrite

Ingredients Al2O3 S SiO2 Fe Zn Mg Ca Pb Cu

Content(wt%) 0.5 34.95 1.86 28.10 2.97 0.26 0.27 8.88 11.10

Fig. 1  XRD analysis of raw materials
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As can be seen from Fig. 1 that chalcopyrite, bornite, 
pyrite, sphalerite and galena are the main mineral phases 
in the raw material. In addition, the chemical phase analy-
sis of the raw materials showed that chalcopyrite and bor-
nite accounted for 84.88% and 9.91% of the total copper 
containing minerals, respectively (mass fraction), indicat-
ing that copper in the raw material mainly existed in the 
form of chalcopyrite, followed by bornite. Iron was found 
in the form of pyrite (69.43%), chalcopyrite (29.33%) 

and bornite (0.68%). Zinc and lead exist as sphalerite and 
galena, respectively.

It can be seen from the energy spectrum diagram of point 
1 in Fig. 2 that the main elements are zinc, sulfur and lead. 
Combined with the results of phase characterization analysis 
of the minerals in Figs. 1 and 2, the main components in this 
area are sphalerite and galena. Energy spectrum diagram can 
be found at point 2 that main element in this area is sulfur, 
copper and iron, and that in this region the main ingredients 

Fig. 2  SEM and EDS analysis 
of raw ore. a SEM scan map; 
b spot 1 spectrogram; c spot 2 
spectrogram; d spot 3 spectro-
gram; e spot 4 spectrogram
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are chalcopyrite, bornite and a small amount of pyrite, and 
the SEM pattern shows that in this area the sphalerite and 
galena are associated and embedded together with an integ-
rity and fine disseminated properties. The energy spectrum 
of point 3 mainly contains lead and sulfur, indicating that 
galena is the main species in this area. The most important 
elements in the energy spectrum of point 4 are iron and sul-
fur, indicating that pyrite is the main species in this area. In 
a word, multimetallic sulfides such as chalcopyrite, bornite, 
sphalerite, galena, pyrite, and etc. are embedded and dis-
seminated with each other in the raw material with a fine 
particle size.

Experimental Equipment and Experimental Protocol

The experiment was carried out in an autoclave made of 
zirconium and driven by magnetic force (GSH-2/12.5, see 
Fig. 3) with a capacity of 2 L, working temperature < 250 
℃, working pressure < 10  MPa, and stirring speed of 
1–750 rpm.

In each leaching experiment, 1000 mL leaching agent was 
first placed in the reaction kettle and heated to the specified 
temperature, then 100 g raw material was added, stirring was 
started (the stirring rate was fixed at 400 rpm), and oxygen 
at the specified pressure was fed in, and the partial pressure 
of oxygen and reaction temperature were kept constant dur-
ing the reaction process for 120 min. Samples were taken 
every 12 min during the reaction to analyze the relationship 
between copper leaching rate and leaching reaction time. 
After the end of the reaction, turn off the heating and oxy-
gen, and turn on the cooling water to cool the reaction sys-
tem to room temperature, then turn off the stirring and open 
the vent valve to release the pressure in the kettle, followed 
by opening the pressurizer and taking out the slurry to filter 
on the vacuum filter device. The filter cake was washed three 
times with 15 mL distilled water, and the copper content of 
the filter liquid was measured and analyzed. The obtained 

filter cake (leaching residue) was put into an oven to dry at 
110 ℃ for 2 h before analyzing and detecting.

Characterization and Analysis

Inductively coupled atomic emission spectrometer (ICP-
AES) was used to determine the content of each element 
in the mineral, and the carbon and sulfur analyzer (ELTRA 
CS2000) manufactured from Germany was used to deter-
mine the sulfur content, and the iodine method was used 
to detect the copper content in the leaching solution. Equa-
tion (1) was used to calculate the copper leaching efficiency. 
X-ray diffraction (XRD), scanning electron microscopy 
(SEM) and energy dispersive spectroscopy (EDS) were used 
to characterize the phase composition and morphology of 
the minerals and leaching residue.

where V0 is the total volume of leaching solution, L; Vi is 
the volume of liquid samples taken out at intervals of every 
i times, L; Ci is the concentration of copper in the liquid 
sample taken out for the first time, g /L; W is the mass frac-
tion of elements in the raw material, %.

Results and Discussion

Effects of Sulfuric Acid Concentration

Under the conditions of reaction temperature 200 ℃, partial 
pressure of oxygen 1.2 MPa and particle size − 48 + 38 µm, 
the influence of initial sulfuric acid concentration on chal-
copyrite leaching process is shown in Fig. 4. As can be seen 
from Fig. 4 that the final leaching efficiency of copper is 
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Fig. 3  Reactor structure diagram. a Kettle body structure; b Kettle cover structure
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close to 100% regardless of the initial sulfuric acid concen-
tration. This phenomenon is because there is a large amount 
of pyrite in the chalcopyrite, and pyrite is the source of sul-
furic acid needed in the leaching process [21]. When the 
initial acidity is too low, especially when the initial acidity 
is 0 g/L, pyrite will dissolve before chalcopyrite and pro-
duce sulfuric acid needed for the dissolution of chalcopyrite. 
The reaction on the production of sulfuric acid from pyrite 
and the hydrolysis of ferric sulphate to produce ferric oxide 
(hematite) are shown in Eqs. (2) and (3).

As can be seen from Eq. (2) that  Fe3+ will also be pro-
duced when pyrite oxidized and dissolved to produce sul-
furic acid. With the continuous increase of  Fe3+ concentra-
tion, the redox potential in the leaching system will also 
rise, and the increase of redox potential is widely considered 
to be the decisive factor to improve the dissolution rate of 
chalcopyrite.

In addition, it also can be found from the figure that, in 
the initial stage, the leaching rate of copper is faster with 
the increasing of initial concentration of sulfuric acid, this 
is because in early stages of the reaction, when the initial 
concentration of sulfuric acid is low, the leaching of copper 
from the mineral relies mainly on the sulfuric acid produced 
by the oxidation dissolution of pyrite which also needs a cer-
tain amount of time. However, when the initial sulfuric acid 
concentration which mainly depends on the artificial addi-
tion of sulfuric acid is at a high level, the initial acidity plays 
a dominant role in the leaching of copper. Since the initial 

(2)2FeS2 + 7.5O2 + H2O → Fe2

(

SO4

)

3
+ H2SO4,

(3)Fe2

(

SO4

)

3
+ 3H2O → Fe2O3 + 3H2SO4.

acidity has little effect on the final leaching rate of copper, 
and too high acidity will erode the leaching equipment and 
cause damage to the experimental equipment. Therefore, 
the initial acidity of 0 g/L was appropriate for subsequent 
experiments.

Effects of Reaction Temperature

Under the conditions of initial sulfuric acid concentration 
0 g/L, partial pressure of oxygen 1.2 MPa and particle size 
− 48 + 38 µm, the influence of reaction temperature on 
chalcopyrite leaching is shown in Fig. 5. As can be seen 
from Fig. 5 that the final leaching efficiency of copper also 
increases with the increase of temperature, and that the 
leaching efficiency of copper reaches 99.86% when the 
temperature is 200 ℃. This can be accounted by that the 
chemical reaction rate and diffusion rate of lixiviant in the 
leaching process will accelerate with the increase of reaction 
temperature. At the same time, it can be found that in the 
first period up to 24 min of the whole reaction duration, the 
increase of copper leaching efficiency is generally slow, but 
24 min latter, the increase of copper leaching efficiency at 
almost all temperatures is faster. This is because in the whole 
leaching process, as the initial concentration of sulfuric acid 
is 0 g/L, pyrite is dissolved first to produce sulfuric acid and 
 Fe3+ [18, 22], and then chalcopyrite reacts with the gener-
ated sulfuric acid and  Fe3+ as well as combining with oxygen 
entered in the reaction system. In the first 24 min of the reac-
tion process, the dissolution of pyrite is the main reaction, 
and the dissolution amount of chalcopyrite is not large. With 
the increasing amount of pyrite dissolution, the concentra-
tion of sulfuric acid and  Fe3+ in the solution are also higher 
and higher, which leads to the acceleration of the dissolution 
of chalcopyrite. Since the copper leaching efficiency at 200 
℃ has reached more than 99.86%, in order to ensure the 

Fig. 4  The effect of initial sulfuric acid concentration on leaching 
process

Fig. 5  The effect of reaction temperature on leaching process
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safety of the experiment and better leaching efficiency, and 
reduce energy consumption, 200 ℃ is the appropriate reac-
tion temperature for subsequent experiments.

Effects of Oxygen Pressure

Under the conditions of initial sulfuric acid concentra-
tion 0  g/L, reaction temperature 200 ℃ and particle 
size − 48 + 38 µm, the effect of oxygen partial pressure on 
chalcopyrite leaching is shown in Fig. 6. It can be clearly 
seen from Fig. 6 that the partial pressure of oxygen has a 
great influence on the chalcopyrite leaching. Both the copper 
leaching efficiency during the leaching process and the final 
copper leaching efficiency increase with the increase of the 
partial pressure of oxygen. In addition, it can be seen that in 
the whole leaching process, the higher the partial pressure 
of oxygen, the faster the rate of copper leaching increases, 
because the increase of the partial pressure of oxygen will 
increase the dissolved oxygen in the leaching solution, and 
the increase of dissolved oxygen will make the mineral par-
ticles more fully contact with oxygen, and accelerate the 
chemical reaction. At the same time, with the increase of the 
partial pressure of oxygen, the pressure difference between 
the gas phase and the liquid phase also increases, and the 
increase of the pressure difference will accelerate the speed 
of oxygen entering the liquid phase from the gas phase, thus 
promoting the acceleration of the reaction rate. It can also be 
found from Fig. 6 that in the first 24 min of the whole reac-
tion duration, the copper leaching efficiency under different 
oxygen partial pressure conditions is basically the same. 
However 24 min latter the copper leaching efficiency under 
1.2 MPa condition increases with a significantly faster rate. 
This is because when the oxygen partial pressure is 1.2 MPa, 
the main reaction in the first 24 min of the whole reaction 
process is the dissolution of pyrite, and the dissolution of 

chalcopyrite starts to accelerate due to sufficient sulfuric 
acid and a large amount of  Fe3+ production 24 min latter. 
Under the conditions of 0.8 MPa and 1.0 MPa, the time 
when turning point of accelerated chalcopyrite dissolution 
occurs is about 60 min. This is because the lower oxygen 
partial pressure will not only reduce the dissolution rate of 
chalcopyrite, but also reduce the dissolution rate of pyrite, 
thus leading to the decrease of sulfuric acid concentration in 
the system. In conclusion, 1.2 MPa is the appropriate oxygen 
partial pressure for subsequent experiments.

Effects of Particle Size

Under the conditions of initial sulfuric acid concentration 
0 g/L, reaction temperature 200 °C and partial pressure of 
oxygen 1.2 MPa, the effect of mineral particle size on chal-
copyrite leaching is shown in Fig. 7. The Fig. 7 shows that 
the leaching rate of copper increases with the reduce of min-
eral particle size, this is because the specific surface area of 
the mineral also increase with the decrease of the particle 
size, thereby increasing the contact area among mineral, 
leaching agent and dissolved oxygen, and accelerating the 
chemical reaction rate for getting more minerals dissolved. 
At the same time, the larger the mineral particle size is, the 
easier the formation of the passivation layer causes. This is 
the reason why the occurring time of turning point of copper 
leaching rate at − 48 + 38 µm is earlier than that at the other 
two particle size ranges. Therefore, it is better to choose 
− 48 + 38 µm mineral particle size in the experiment.

Optimal Leaching Conditions for Copper Leaching

According to the above experimental results, the opti-
mal leaching conditions for copper leaching from chal-
copyrite are as follows: initial sulfuric acid concentration 

Fig. 6  The effect of oxygen partial pressure on the leaching process Fig. 7  The effect of mineral particle size on the leaching process



356 Journal of Sustainable Metallurgy (2023) 9:350–362

1 3

0 g/L, reaction temperature 200 ℃, oxygen partial pressure 
1.2 MPa, mineral particle size − 48 + 38 µm. Under these 
conditions, the leaching efficiency of copper reached 99.86% 
after leaching for 2 h. The phases in the leaching residues 
were detected and analyzed by XRD and SEM, and the 
obtained results are shown in Figs. 8 and 9. It can be seen 
from the XRD spectra that lead iron vitriol, hematite, lead 
sulfide and elemental sulfur exist in the leaching residue, 
and that no chalcopyrite, bornite, pyrite, sphalerite and 
galena, have been completely reacted in the leaching pro-
cess. Among them, the copper in the raw material reacts 
with sulfuric acid to produce the copper sulfide then entering 
into the leaching solution in the form of ions. Also it can 
be seen from the SEM figure that the structure of leaching 
residue is loose and is not as dense as raw material, show-
ing that under the optimum leaching conditions the internal 
density structure of raw material is destructed which mak-
ing the mineral phases like chalcopyrite, bornite and other 
substances exposed to be reacted fully with leaching agent 
in the leaching process. In addition, from the EDS spec-
trum diagram (Fig. 9) it can be found that elements such as 
oxygen, iron, sulfur, lead exist in the leaching residue, and 
neither copper nor zinc has been found. Which is proved the 
results characterized by XRD spectra (Fig. 8), at the same 
time, further illustration indicates that the chalcopyrite, bor-
nite and zinc sulfide have reacted completely, and that the 
mineral phase of iron mainly exists in the form of hematite 
in the leaching residue. After certain treatment performed, 
the hematite can be used as high quality raw material for 
iron making.

Compared with the results reported by literatures involve 
the oxidative chalcopyrite leaching with hydrogen peroxide 
and organic additive in sulfuric acid solution which achieved 
about 55% copper leaching efficiency and 35% iron leach-
ing efficiency [23], the oxygen pressure leaching in sulfuric 
acid which the copper and iron extraction rates were 98% 

respectively under the conditions of temperature 150 °C 
and oxygen partial pressure 0.7 MPa [24], the bioleaching 
process assisted by microbial fuel cells and catalyzed by 
silver-bearing ores which the copper extraction efficiency 
from chalcopyrite arrived 10.03%[25], and the ionic liquid 
leaching process with potassium dichromate which the maxi-
mum copper extraction yield of 90.2% from chalcopyrite 
which the copper leaching efficiency arrived 90.2%[26], 
the proposed process in present work for leaching valuable 
metals like copper and zinc from complex multi-metallic 
chalcopyrite are selective and effective.

Kinetics of Oxygen Pressure Leaching 
of Complex Chalcopyrite

Kinetics Model Choice

Due to the complex composition of chalcopyrite and other 
reactants used like lixiviant and oxygen, there will be mul-
tiphases reactions between gas–solid–liquid in the leaching 
process. Therefore, an appropriate kinetic model should be 
selected before the kinetic study. In the process of chalco-
pyrite leaching, sulfur elements and other substances will 
be generated and attached to the surface of the reactive min-
eral to form a passivation layer [27]. Therefore, the reaction 
mechanism diagram of chalcopyrite leached under oxygen 
pressure can be shown as Fig. 10.

It can be seen from Fig. 10 that there are three layers dur-
ing the chalcopyrite leaching, which are mineral unreacted 
core, solid product layer and leaching agent diffusion layer. 
For the leaching process of chalcopyrite solid products layer 
consisting of elemental sulfur [10], alkaline ferric sulfate 
[28] and copper sulfide [29] and etc. form the parcel cover-
ing on the surface of unreacted mineral core, and the solid 
product layer is difficult to dissolve in the leaching process, 
causing the unreacted internal mineral is hard to contact 
with leaching agent and hampering the leaching reaction 
[30]. As can be seen from the figure,  H2SO4 and  O2 need 
pass through solid products layer and diffusion layer before 
participating leaching reaction, and the products like  Cu+, 
 Fe2+ and  Fe3+ will enter into leaching solution, with the 
progress of leaching the unreacted core will become small.

According to the above analysis of chalcopyrite leaching 
process, we can describe the chalcopyrite leaching process 
with "shrinkage core model" [31], which mainly includes 
the following steps:

(1) The liquid reactant (leachate) diffuses to the surface of 
the solid reactant through the leachate diffusion layer.

(2) Diffusion of liquid reactants through the solid product 
layer to the unreacted layer.Fig. 8  XRD analysis of leaching residue
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(3) The liquid reactant adsorbs on the surface of the unre-
acted layer and reacts with it chemically.

(4) The liquid product diffuses to the solid surface through 
the solid product layer.

(5) The liquid products are diffused into the leaching solu-
tion through the leaching agent diffusion layer around 
the mineral particles.

Generally speaking, if any of the above steps takes much 
more time than the other steps in the leaching process, then 
the total rate of the leaching reaction depends on the rate of 

this reaction step. Then the reaction rate equations controlled 
by chemical reaction control, internal diffusion control and 
their combined action are shown in Eqs. (4), (5) and (6), 
respectively [32–34].

(4)1 − (1 − X)
1

3 = K
r
t,

(5)1 −
2

3
X − (1 − X)

2

3 = K
d
t,

Fig. 9  SEM/EDS analysis of 
leaching residue. a spot 1 spec-
trogram; b spot 2 spectrogram; 
c spot 3 spectrogram; d spot 4 
spectrogram
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where: X is the copper leaching efficiency, Kr, Kd and Km 
are the reaction rate constant controlled by chemical reac-
tion, diffusion and mixture, respectively, and t is the reaction 
time (min).

Kinetics Analysis of Control Step of Pressure 
Leaching of Complex Chalcopyrite

According to the influence of various factors on chalcopy-
rite leaching process, chalcopyrite leaching process may be 
influenced by chemical reaction control and internal diffu-
sion control of solid product layer. Therefore, the experi-
mental data can be substituted into the kinetic equation, and 
the simulated  R2 value can be used to determine whether 
the leaching process of chalcopyrite is mainly affected by 
chemical reaction control or internal diffusion control.

It can be seen from the above in “Effects of Reaction 
Temperature” Section that temperature is one of the larg-
est factors influence on chalcopyrite leaching process. By 
changing reaction temperature it is easy to determine the 
controlling step whether the reaction process is controlled 
by chemical reaction or by internal diffusion [35], therefore, 
for making dynamic analysis of the influence of temperature 
the experimental data obtained in Fig. 5 were respectively 
substituted into Eqs. (4) and (5) for plotting which can be 
found as Fig. 11a, b. The fitting results are also shown in 
Fig. 11, and the parameters of the chemical reaction control 
model and internal diffusion control model are shown in 
Table 2. In addition, as the reason that poor fitting results 
were achieved when the experimental data obtained in Fig. 5 
were substituted into Eq. (6), indicating the leaching behav-
ior of copper does not conform to the mixture control steps. 
Therefore further work about the mixture control does not 
be mentioned in the present work.

(6)1 −
1

3
��(1 − X) − (1 − X)

−
1

3 = K
m
t,

Where  R2 in Table 2 is the correlation coefficient of the 
fitted straight line. As can be seen from the  R2 value given in 
Table 2 that the leaching process at each temperature is more 
in line with the control of chemical reaction, indicating that 
the oxygen pressure leaching process of copper from chal-
copyrite is mainly controlled by chemical reaction. There-
fore, the reaction rate constant K in the chemical reaction 

Fig. 10  Reaction mechanism diagram of chalcopyrite oxygen pres-
sure leaching. A: Unreacted core; B: Solid products layer; C: lixiviant 
diffusion layer

Fig. 11  Fitting results of chemical reaction control model (a) and 
internal diffusion control model (b) at different temperatures

Table 2  Parameters of chemical reaction control model and internal 
diffusion control model at different temperatures

Temperature Chemical control model Internal diffusion 
control model

Kr R2 Kd R2

140℃ 8.58 ×  10–4 0.962 7.18 ×  10–5 0.872
160℃ 1.72 ×  10–3 0.982 2.41 ×  10–4 0.980
180℃ 3.14 ×  10–3 0.982 7.25 ×  10–4 0.981
200℃ 5.68 ×  10–3 0.950 1.87 ×  10–3 0.884
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control model at different temperatures was substituted into 
the Arrhenius Equation (Eq. 7).

where A is the frequency factor; E is the apparent activation 
energy (kJ/mol); R is the gas equilibrium constant, 8.314 J/
mol; T is the thermodynamic temperature (K).

Taking logarithm on both sides of Eq. 6 at the same time, 
the Eq. (8) can be got.

The plot of LnK against 1/T, and the its fitting result is 
shown in Fig. 12. Its linear correlation constant  R2 is 0.9998, 
indicating that the fitting degree of the line is good. Accord-
ing to the slope of the fitting equation in Fig. 12, the appar-
ent activation energy of this reaction is calculated to be 
50.646 kJ/mol, which is greater than 41.8 kJ/mol, which 
further verifies that the oxygen pressure leaching process of 
chalcopyrite is controlled by chemical reaction. It is known 
that the leaching behavior is controlled by chemical reac-
tion control while the apparent active energy is larger than 
41.8 kJ/mol, and controlled by internal diffusion while the 
apparent active energy lays in the range of 4–18 kJ/mol 
[36–39].

Kinetics Equation of Main Control Step of Oxygen 
Pressure Leaching of Complex Chalcopyrite

In the process of studying the kinetics, in addition to deter-
mining its control steps by temperature, it is necessary 
to study the influence of other factors like partial oxygen 

(7)K = Ae
−

E

RT ,

(8)lnK = −
E

RT
+ lnA.

pressure and particle size of raw material on the leaching 
process. Considering the influence of various factors on cop-
per leaching rate, the relationship between the rate constant 
controlled by chemical reaction and various factors can be 
expressed as Eq. (9) [40–43].

where n1 and n2 are parameters of partial pressure of oxygen 
(MPa) and initial radius (µm), and Kʹ is rate constant related 
to temperature; E is the apparent activation energy (kJ/mol); 
R is the gas equilibrium constant, 8.314 J/mol; T is the abso-
lute temperature (K).

For particles with particle size of "− dmax + dmin", the ini-
tial radius (r0) can be estimated by the following equation 
[44]:

The data in Figs. 6 and 7 were substituted into Eq. (3) 
and fitted to obtain the fitting equations of 1 − (1 − x)1/3 for 
different oxygen partial pressures, different mineral particle 
sizes, as shown in Fig. 13a, b, respectively. It can be seen 
from Fig. 13 that the copper leaching rate under different 
conditions presents good fitting effect, and the slope K of 
each fitted line is the rate constant under different oxygen 
partial pressure and different mineral particle size. LnK is 
used to plot lnPO2 and lnr0, and the results are shown in 
Fig. 14a, b, respectively. By fitting the slope of the line, the 
parameters of oxygen partial pressure and initial radius can 
be obtained as 4.040 and − 0.773, respectively. When the 
above data and apparent activation energy are substituted 
into Eq. (8), the value K’ is obtained as 1.123 ×  104, and 
the macroscopic kinetic equation of copper oxygen pressure 
leaching is Eq. (11).

Conclusions

(1) The treatment of the complex chalcopyrite by oxygen 
pressure leaching without sulfuric acid can well destroy 
the mosaic structure of the mineral phases in the raw 
material and make chalcopyrite easier to react. In the 
process of oxygen pressure leaching of the complex 
chalcopyrite without acid, pyrite will be preferably dis-
solved to produce the sulfuric acid needed for the dis-
solution of other minerals like chalcopyrite, sphalerite, 
galena, and etc. Copper and zinc in the mineral form 
the correspondence metal sulfate, which enters the 

(9)1 − (1 − X)
1

3 = K
�
P
n1

O2

r
n2

0
e
−

E

RT t,

(10)r0 =
1

2

√

dmin ⋅ dmax

(11)1 − (1 − X)
1

3 = 1.123 × 104 × P
4.040

O2

r
−0.773

0
e

−6092

T t

Fig. 12  Relationship between lnK and 1/T in chalcopyrite leaching 
process
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leaching solution in the form of ions, while iron in the 
mineral is mainly left in the leaching slag in the form 
of hematite. The optimal leaching conditions of chal-
copyrite are as follows: initial sulfuric acid concentra-
tion 0 g/L, reaction temperature 200℃, oxygen partial 
pressure 1.2 MPa, mineral particle size − 48 + 38 µm. 
Under these conditions, the copper leaching efficiency 
can reach 99.86%. The whole leaching process is green, 
pollution-free, low energy consumption, mild reaction 
conditions, small corrosion to equipment, and simple 
operation method, easy to realize industrial production.

(2) The kinetics model for leaching copper from chalcopy-
rite is in line with the "shrinking core model". The 
leaching process is controlled by chemical reaction, and 
the apparent activation energy of the leaching reaction 
is 50.646 kJ/mol. In the chemical reaction control pro-
cess, the parameters of oxygen partial pressure and the 
initial radius of mineral particles are 4.040 and − 0.773, 

respectively, and the kinetics equation can be expressed 
as 1 − (1 − X)

1

3 = 1.123 × 104 × P
4.040

O2

r
−0.773

0
e

−6092

T t.
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