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Abstract

Chalcopyrite is the main mineral source of copper ore for extracting and producing copper. However, with the continuous
mining of copper ore, the grade of chalcopyrite decreases year by year and its composition becomes more and more com-
plex. The traditional pyrometallurgical extraction process has been unable to make efficient use of such resources, and it is
extremely urgent to explore an efficient and environmentally friendly hydrometallurgical leaching method of chalcopyrite.
In this paper, the research progress of hydrometallurgical leaching of low-grade complex chalcopyrite is reviewed, and the
advantages and disadvantages of mainstream leaching processes such as oxidation leaching, coordination leaching, and
biological leaching are analyzed. The analysis shows that bioleaching is suitable for the leaching copper from low-grade
chalcopyrite and even original ore, but the leaching rate is not high, and the time for bacterial culture and domestication,
as well as the leaching cycle is long. The time of the oxidation leaching is short, the reaction conditions are mild, but the
oxidant is difficult to recycle resulting large consumption. Coordination leaching is highly selective, but the system is highly
corrosive and requires high investigation in equipment. No matter what kind of process is adopted, the passivation layer
composed of elemental sulfur, polysulfide, and jarosite will be produced in the process, hindering the leaching. Increasing
the research on the adaptability and selectivity of microorganisms is the direction of bioleaching, and the selective leaching
in coordination leaching under ammonia medium with the synergy of oxidant and coordination agent can be realized. In
addition, the formation of passivated layer can be inhibited by controlling acidity and redox potential, and the passivated
layer can be stripped or eroded by microwave or ultrasonic reinforcement, so as to improve the efficiency of leaching reaction.
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Introduction

Copper is one of the basic natural resources supporting eco-
nomic development. More than 80% of industrial raw mate-
rials and 70% of agricultural materials depend on mining
engineering, especially copper mining [1]. Copper sulfide
is the main mineral source of copper mining and contains
many mineral types, of which the common ones are as fol-
lows (Table 1).

Among them, chalcopyrite (CuFeS,) is one of the most
abundant and widely distributed copper-bearing miner-
als, accounting for more than 70% of the earth's copper
reserves [3], and belongs to primary copper sulfide miner-
als. Although about 80% to 85% of the world's copper output
is produced by means of pyrometallurgical processes, the
hydrometallurgical process routes have gradually attracted
attention. Traditional pyrometallurgical copper is extracted
from high-grade chalcopyrite concentrate. With the

Table 1 Common types of copper sulfide ore [2]

continuous mining and utilization of copper-bearing miner-
als, the grade of the currently mined chalcopyrite is getting
lower and lower. It is becoming more and more difficult to
extract copper from low-grade chalcopyrite economically
and efficiently by the traditional pyrometallurgical method.
The low-grade chalcopyrite ores produced after ore dressing
are characterized by the low grade of copper (Cu< 18 wt%),
the fine of disseminated grain size, and most of them are
associated with other metals to form polymetallic (or mul-
timetallic) sulfides ore containing pyrite, galena, sphalerite,
etc., compared to chalcopyrite concentrate got by floatation
with common original copper ores. The lower the content
of copper in low-grade chalcopyrite is, the more the con-
tent of other metals like zinc, lead, and iron are, resulting
lots refractory by-products containing copper like smelting
slag, fume, and lead matte, while it was conducted with tra-
ditional pyrometallurgical process. At the same time, the
pyrometallurgical process will produce a large amount of

Category The name of the mineral Chemical Theoretical copper Density (g-cm?) Color Crystal system
composition content %

Chalcopyrite CuFeS, 34.56 4.1~43 Aeneous Quadratic
Bornite Cu;FeS; 55.50 45~52 - Isometric
Chalcocite Cu,S 79.80 55~5.8 Light black Orthorhombic

Copper sulfide Covellite CuS 66.44 4.5~4.6 Wathet Hexagonal
Tetrahedrite Cu;SbS; 46.70 44~51 Hoary Isometric
Tennantite CujAsS 52.70 44~45 Hoary Isometric
Enargite CujAsS, 48.40 44 Iron black Orthorhombic
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SO, and other gases [4] harmful to the environment and the
human body. In comparison, the hydrometallurgical method
of extracting copper from chalcopyrite is more economical
and environmentally friendly than pyrometallurgical smelt-
ing, especially when dealing with low-grade chalcopyrite
combining with multimetallic sulfides such as pyrite, galena,
and sphalerite [5], and hydrometallurgical smelting is used
more appropriate.

The hydrometallurgical process used to treat chalcopyrite
include acid leaching, ammonia leaching, high-valent iron
salt leaching, chloride leaching, hydrogen peroxide leach-
ing, biological leaching [6], acid dichromate leaching, and
reduction leaching. Due to the stable structure and high lat-
tice energy of chalcopyrite, as well as the similarity and
complexity in mineralogical combination and properties are
exhibited in sulfide ores [7]; the leaching rate and the recov-
ery efficiency of valuable metals in the hydrometallurgical
extraction process are not high; it is necessary to strengthen
the research on the mechanism and the intensified methods
of hydrometallurgical leaching performed on chalcopyrite
for overcoming the bottleneck problem and obtaining the
process with high-efficiency hydrometallurgical extraction.
The scientific theories and research achievements about the
hydrometallurgical leaching process of chalcopyrite are
analyzed in this paper, such as dissolution mechanism, the
formation mechanism of passivation layer during the leach-
ing process, and the main influencing factors in the leaching
process, in order to obtain the mechanism and the method
for inhibiting the formation of the surface passivation layer
during the chalcopyrite leaching process, which has cer-
tain reference and guiding significance for the research and
industrialization of chalcopyrite leaching.

Oxidation Leaching

When the oxidation—-reduction potential in the leaching
system is higher than the potential required for the leach-
ing of chalcopyrite, the leaching of chalcopyrite can be
realized. From the view point of thermodynamics, the
Gibbs free energy during the oxidation leaching reaction

Fig.1 SEM and EDX of
chalcopyrite after leaching by
potassium dichromate [19]
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at ambient temperature is negative value, indicating the
leaching method can be carried out spontaneously. The
free energy of the leaching decreases with the increase of
temperature, indicating that the leaching rate of chalcopy-
rite can be accelerated and thorough completed with the
increase of temperature. At present, the oxidation leach-
ing process of chalcopyrite includes atmospheric oxidation
leaching [8—14] and pressure oxidation leaching [15].

Atmospheric Oxidation Leaching

In principle, for leaching copper from chalcopyrite, the
sulfide of the valuable metal in the mineral must be oxi-
dized into soluble sulfate. The mechanism of the oxidation
leaching of chalcopyrite is oxidizing sulfides to oxides
by oxidants with high redox potential, and then the valu-
able metal enters the solution in the form of ions and is
separated from the impurities and gangue in the mineral.
Under normal pressure conditions, O, in the atmosphere
cannot meet the potential required for leaching copper in
chalcopyrite, and other oxidants need to be introduced to
meet the oxidation—reduction potential of the leaching sys-
tem. In recent years, Fe’*, Cr,0,>~, CI0*~, MnO*", H,0,,
and other oxidants have been widely used in the oxidative
leaching of chalcopyrite [16-24].

Fe3* Oxidation Leaching

Fe** is a commonly used oxidant. Increasing the con-
centration of Fe3* can increase the leaching efficiency of
chalcopyrite. The action mechanism that chalcopyrite can
be leached in the presence of Fe* can be accounted for
by the reaction that occurs during leaching and is shown
in Eq. (1).

CuFeS, + 4Fe’** = Cu?* + 5Fe?* 4 28° 1)

It can be seen from Eq. (1) that the higher the Fe** con-
centration, that is, the higher the redox potential, the higher

Position (5)

Fe

Fe
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the leaching rate of chalcopyrite. Hirato et al. [25] testi-
fied that the leaching of chalcopyrite showed parabolic-like
kinetics initially and then showed linear kinetics, and that
Fe** influenced the leaching rate of copper and the leach-
ing of chalcopyrite was chemically controlled. Hiroyoshi
et al. [16] found that the oxidation—reduction reaction in the
leaching process of chalcopyrite was not done in one step,
but in sequence. Due to the formation of Fe?* and Cu®* dur-
ing the leaching process, chalcopyrite will also be reduced
to chalcocite (Cu,S). Compared with chalcopyrite, Cu,S
is more likely to be oxidized by Fe®*, which is the reason
why the copper leaching rate increases at a low potential of
560~ 600 mV (SHE) [26]. Ibanez [17] found that the solu-
tion potential was in the range of 540 ~630 mV, the leaching
efficiency of chalcopyrite was significantly improved. In the
sulfuric acid system, either FeCl; or Fe,(SO,); can be used
as the oxidant; however, there are different leaching effects.
Dutrizac et al. [27] believed that when FeCl; was used as an
oxidant, the leaching process was controlled by diffusion.
However, Olvera et al. [28] believed that when Fe,(SO,);
was used as an oxidant, the leaching process was controlled
by a chemical reaction. In addition, in the system with FeCl;
as the oxidant, the permeability of the surface products was
better than that of Fe,(SO,);, which made the copper leach-
ing rate higher. However, the strong affinity of chloride ions
makes the separation of copper from the leaching solution
complicated and corrosive to equipment.

During the leaching of chalcopyrite with ferric sulfate
media, the addition of iodine can increase the rate of cop-
per dissolution and decrease the activation energy of the
leaching owing to the increasing of solution potential, and
the presence of iodine changed the reaction mechanism [29,
30]. Compared to conventional ferric leaching, the JX Iodine
Process consisting of the irrigation of ferric iron and low-
concentration iodide solutions in the column leaching test
also indicated that the effectiveness of the addition of iodine
in the leaching of chalcopyrite [31]

Dichromate Leaching

Murr et al. [18] carried out a study on the leaching of chal-
copyrite with dichromate as an oxidant in a sulfuric acid
system. The leaching rate of copper reached 97%, and the
obtained leaching solution contained less iron, which was
beneficial to the subsequent process of extracting copper. Of
course, this leaching process also has obvious shortcomings.
Aydogan et al. [32] and Hu et al. [32] found that elemen-
tal sulfur would be generated during dichromate leaching,
which would then wrap minerals and hinder the leaching
reaction, and that elemental sulfur would be oxidized as
the reaction temperature gradually increased. They found
that the surface of the chalcopyrite leached by potassium
dichromate was extensively covered with elemental sulfur

Table 2 Pressure oxidation leaching method and its temperature and
oxygen partial pressure range

Leaching method Temperature/°C ~ Oxygen par-

tial pressure/

MPa
Low-temperature pressurization <120 0.5-0.7
Medium-temperature pressurization 140~ 180 0.6-1.2
High-temperature pressurization >200 0.8-1.7

(Fig. 1), which would inhibit the leachate from entering the
chalcopyrite for a fuller reaction.

H,0, Oxidation Leaching

Hydrogen peroxide is a strong oxidant, which has a signifi-
cant effect on the leaching of insoluble copper sulfide ore.
In addition, the product after oxidizing the mineral with
hydrogen peroxide is water, which is highly environmentally
friendly. Wu et al. [33] studied the leaching of chalcopyrite
with hydrogen peroxide as the oxidant in the methanesul-
fonic acid system, and the leaching efficiency of copper was
significantly improved. Sokic et al. [34] found that the oxi-
dation rate of chalcopyrite was directly proportional to the
concentration of hydrogen peroxide when chalcopyrite was
leached with hydrogen peroxide in a sulfuric acid medium.
Petrovic et al. [21] also found the same conclusion. Petrovic
et al. used hydrogen peroxide as an oxidant to leach chal-
copyrite in a hydrochloric acid system, and found that the
maximum final copper extraction of 33% was attained with
3.0 mol/L H,0, in 0.5 mol/L HCI at room temperature after
180 min of the reaction. The leaching process was described
by the first order kinetics equation with apparent activation
energy of 19.6 kJ/mol, which suggesting the dissolution
process was under diffusion control. In addition the reason
leading to the lower leaching efficiency of copper lays the
generation of the elemental sulfur on mineral surfaces which
tended to inhibit the leaching rate.

However, hydrogen peroxide is also an oxidant with obvi-
ous advantages and disadvantages. The advantage is that the
reaction conditions are mild and it can be carried out at low
temperature and atmospheric pressure. The disadvantage
is that it consumes a lot of money and has poor economic
benefits.

Other Oxidants Leaching

In addition to the above-mentioned oxidants, there are also
other agents can be used as oxidant for leaching copper from
chalcopyrite such as O;, S,04°~, NO,™, and Ag™. The big-
gest advantage of Oj is that it does not introduce other impu-
rity ions and has a high redox potential [35]. O; is favored as
a clean oxidant to treat sulfide ore, which is also ecofriendly
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[36]. When O; leaches chalcopyrite, it can quickly oxidize
Fe2* to Fe’*, increase the oxidation—reduction potential,
and increase the leaching rate of copper [37]. S,04°~ is also
a common oxidant, which can be regenerated by electro-
chemistry [38, 39], and the cost is low. Nitric acid is both a
strong acid and a strong oxidant, and is widely used in the
leaching of copper sulfide ore. However, the nitrogen oxides
produced during the leaching process of nitric acid are not
easy to recover. Therefore, the economic and environmental
friendliness of leaching copper with nitric acid is poor. In
addition, the sulfur produced during the leaching process
will be wrapped on the surface of the mineral, making the
mineral passivated and difficult to leaching [40]. Fortunately,
research testified that silver ion contained in the sulfuric acid
solution could catalyze chalcopyrite electro-dissolution and
the addition of silver to the solution increases the appar-
ent capacitance of the chalcopyrite passive film, owing to
changes in the semiconductor properties of the film [41].

Pressure Oxidation Leaching

Pressure oxidation leaching is divided into three leaching
methods: low-temperature pressure leaching, medium-
temperature pressure leaching, and high-temperature pres-
sure leaching. The temperature and oxygen partial pressure
ranges are shown in Table 2.

The reaction at the conditions of temperature lower than
120 °C and oxygen partial pressure between 0.5 and 0.7 Mpa
is called low-temperature pressure leaching. Chaidez et al.
[42] leached chalcopyrite with O, as an oxidant in a low-
pressure reactor and sulfuric acid medium, and found that
the higher the oxygen partial pressure, the higher the leach-
ing efficiency. However, the effect of leaching chalcopyrite
with O, alone as an oxidant is not ideal, and it is often neces-
sary to cooperate with some other additives to increase the
leaching rate. In addition, the particle size of chalcopyrite is
also required to be as small as possible.

The main chemical reaction of pressure leaching under
low temperature and pressure was shown in Eq. 2.

CuFeS, + O, + 2H,S0, = CuSO, + FeSO, + 28" + 2H,0
@

The existing low-temperature pressure leaching processes
mainly include the Activox process, the Mt Gordon ferric
sulfate process, the Pasminco process, and the BGRIMM-
LPT process.

Medium-temperature pressure leaching refers to a
pressure leaching process with a reaction temperature of
140-180 °C and an oxygen partial pressure of 0.6—1.2Mpa.
Under this reaction condition, the initial reaction speed of
chalcopyrite is relatively fast, but the elemental sulfur gener-
ated as the reaction proceeds will slowly form a coating layer
on the surface of the mineral, thereby reducing the reaction

@ Springer

rate. The main reaction of pressure leaching under medium
temperature and pressure is shown in Eq. 3.

4CuFeS, + 4H,S0, + 50, = 4CuSO, + 2Fe,0; + 8S + 4H,0
3

During the reaction, part of the sulfur in chalcopyrite
will produce sulfuric acid due to oxidation. The reaction
temperature and acidity are the main factors affecting the
formation of elemental sulfur and sulfuric acid [43]. CESL
process, NSC process and Dynatec process are the main
medium-temperature pressurization processes. Both the
CESL process and the NSC process are currently only in the
experimental stage, and have not achieved industrial applica-
tion. The Dynatec [43] process was only used for the pres-
sure leaching of zinc concentrate and other minerals at the
beginning, and later it was used for the pressure leaching of
chalcopyrite. When the Dynatec process is used for leaching
chalcopyrite, charcoal with a carbon content of 25% to 55%
needs to be added to alleviate the formation of a passivation
layer on the mineral surface.

When the reaction temperature is above 200 °C and the
oxygen partial pressure is between 0.8 and 1.7 MPa, it is
called high-temperature pressurized leaching. Under these
conditions, the minerals react quickly and thoroughly, and
there is no need to finely grind the minerals like low-
temperature pressurization. There is no need to add addi-
tives to alleviate the passivation behavior of minerals. The
main chemical reactions of pressure leaching under high
temperature and pressure are shown in Egs. 4, 5 and 6.

Fig.2 SEM images of chalcopyrite surface before and after leaching
[52]: a before leaching (without ultrasound), b after leaching (with-
out ultrasound), ¢ before leaching (with ultrasound), d after leaching
(with ultrasound)
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2CuFeS, +8.50, + H,S0, = 2CuSO, + Fe,(S0,), + H,0

“4)
2CuFeS, + 16Fe, (S0,), + 16H,0 = S
2CuS0, + 34FeSO, + 16H,S0, ©)
2FeSO, + 0.50, + H,SO, = Fe, (S0,), + H,0 (©6)

Phelps Dodge-Placer Dome [44], developed in 2001
and gradually used in industrial production in 2003, is
a commonly used high-temperature pressure leaching
process. The reaction conditions controlled by this pro-
cess are reaction temperature 225 °C and oxygen partial
pressure 0.7 MPa, the reaction time is 1 h. In addition,
there are the Total Pressure Oxidation process and the
Sherritt—-Cominco process. However, due to cost con-
straints, these two processes are currently only in the
laboratory research stage and have not achieved indus-
trial production.

Greater than 94% copper was extracted from chalco-
pyrite concentrate under medium-temperature conditions
at 125-150 °C. About 80-90% oxidation of sulfide to
elemental sulfur occurred at 108 °C and was complete
oxidation to sulfate above 180 °C. Hematite formation
was favored at higher temperatures (> 150 °C), low acid-
ity, and low-to-moderate salinity. Goethite formation
was favored at lower temperatures (< 150 °C) and by
low acidity and low salinity. Jarosite was formed under
conditions of moderate-to-high acidity and its formation
was enhanced in the presence of sodium ions [45, 46]. At
present, pressure leaching in novel lixiviants with out-
standing advantages had been reported, resulting 88.5%
of copper and only 2.11% of iron extracted from chalco-
pyrite with 3 mol/L H,0, and 100 g/L H,C,0, at 170 °C
for 180 min [47]. The study of Han et al. [48] showed that
the pyrite addition significantly promoted on the dissolu-
tion of copper from chalcopyrite due to the production of
sulfuric acid from pyrite under pressure-oxidative condi-
tion. Under the obtained optimal conditions in the study,
copper extraction of 94.5% was achieved after 90 min
leaching, while a dissolution of iron at 4.2% was obtained.

Process-Enhanced Leaching
Ultrasound Enhancement

Due to the stable crystal structure of chalcopyrite, it is diffi-
cult to be leached. In recent years, many scholars have done a

(b)

Fig.3 SEM of chalcopyrite leaching residue [54]: a conventional
heating leaching slag, b microwave 300 W heating leaching slag, ¢
microwave 500 W heating leaching slag

lot of research on how to change the crystal structure of chal-
copyrite and increase its leaching rate. Literature [49-51]
reported the application of ultrasonic in the hydrometallurgi-
cal leaching of chalcopyrite, especially for low-grade chal-
copyrite, which has a very ideal leaching effect. Ultrasonic
enhancement is mainly through the formation of a cavity
for the solution, the cavity collapses causing the instantane-
ous release of a large amount of energy, resulting in a reac-
tion temperature much higher than the surroundings, and
speeding up the chemical reaction. The high-speed micro-jet
generated by the ultrasonic action corrodes the surface of
the mineral, thereby making the reaction more complete.
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Ultrasonic-enhanced leaching has a very ideal effect on the
leaching of low-grade chalcopyrite. Wang et al. [52] found
that the copper leaching rate increased by 5.6-14.8% under
different ultrasonic intensity conditions compared with the
leaching experiment without ultrasonic waves. The reason
accounts for this is that ultrasound can change the surface
morphology of minerals (Fig. 2), further expand the frac-
tures of minerals, and make the reaction more complete.
In addition, ultrasound can reduce the surface tension and
viscosity of the solution, and increase the conductivity and
dissolved oxygen of the solution, thereby speeding up the
reaction.

Microwave Enhancement

Researchers have found that a passivation layer is pro-
duced during the leaching process of chalcopyrite, which
inhibits its leaching efficiency. Therefore, on the basis of
the best conditions for conventional leaching of chalco-
pyrite, microwave radiation is introduced to strengthen
the leaching process of chalcopyrite. Wen [53] and others
believed that microwave could modify the surface struc-
ture of chalcopyrite, remove the surface passivation layer
during the leaching process, and expose the wrapped chal-
copyrite, which provided power for the leaching of cop-
per. Kang et al. [54] found through research that when the
microwave heating powers introduced were 300 W and
500 W, the copper leaching rate was increased by 6.98%
and 13.08%, respectively, compared with the copper leach-
ing rate under the conventional heating system. Through
SEM analysis (Fig. 3), compared with conventional heat-
ing, the leaching residue after microwave heating has more
cracks, more potholes on the surface and more fluffy. It
shows that chalcopyrite is eroded more severely under
the action of microwave heating, and microwave can peel
off the sulfur layer produced during the leaching process,
which slows down the passivation of the mineral surface;
all these have a positive effect on the smooth progress of
chalcopyrite leaching.

Coordination Leaching

Copper forms soluble complexes with appropriate ligands
to achieve the method of leaching chalcopyrite, which
is called copper coordination leaching. In the treatment
of low-grade insoluble copper sulfide ore, the method of
synergistic leaching of oxidant and complexing agent is
also used. Chloride ions and ammonium ions will form
complex ions with copper ions and enter the solution.
Coordination leaching in chlorine and ammonia media is
a common coordination leaching process. In coordination
leaching, the undesired elements such as iron, lead, and

@ Springer

silicon are precipitated or retained in the leaching residue
by controlling the reaction conditions such as temperature
and acidity.

Coordination Leaching in Chlorine Medium

The Intec Process of Australia Intec and the Hydro-copper
process of Finnish Outotec are currently two more mature
chlorine media coordination leaching processes. The advan-
tages of these two processes are that the leaching of chal-
copyrite can be achieved under normal pressure, and that
low energy consumption. The disadvantage, however, is that
the leaching system is highly corrosive, and the material
requirements for the leaching equipment are relatively high.
The most commonly used chloride additive in the chloride
leaching process is CuCl,, and its reaction equation with
chalcopyrite is shown in Eq. 7.

CuFeS, + 3CuCl, = 4CuCl + FeCl, + 28° @)

Yevenes et al. [55] studied the leaching of chalcopyrite
with CuCl, as an additive and found that a small amount
of Cu®* would increase the leaching rate of chalcopyrite,
but with the continuous increase of Cu?* concentration,
the leaching rate of copper in chalcopyrite hardly raised
again. NaCl is also often used as an additive to participate
in the leaching of chalcopyrite. Zhong et al. [56] studied
the influence of NaCl on the leaching of chalcopyrite and
found that the leaching rate of copper was proportional to
the concentration of NaCl. The reason accounts for this
is that chloride ions promote the formation of a porous
sulfur layer on the surface of chalcopyrite, which is ben-
eficial to the leaching of copper. In addition, chloride
ions will reduce Cu?* in chalcopyrite to Cu*, and the
amount of Cu* generated increases with the concentration

CI or NH4'

Leaching agent

+ Cu(NH3)s"
CuCl

CuCl

Cu(NH3)s™
CuCl,

Solid product layer

Unreacted chalcopyrite

Fig.4 Schematic diagram of coordination leaching mechanism

of chloride ions, which increases the critical potential of
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Cu*/Cu?*, thereby increasing the leaching rate of chal-
copyrite. In addition to the above two chlorides, HCI and
FeCl; can also be used as additives for the leaching of
chalcopyrite.

Coordinated Leaching in Ammonia Medium

In the ammonia leaching system, the leaching selectivity
for the target metal is relatively strong. While rejecting the
leaching of iron from chalcopyrite, copper and other valu-
able metals are dissolved in the leaching solution in the form
of ammonia complex ions [57]. Baba et al. [58] found that
in the ammonia leaching system, the leaching rate of copper
was greatly affected by temperature, ammonia concentration,
and mineral particle size, while the oxygen partial pressure
had little effect on it. However, some studies have shown
that in the ammonia leaching system, the partial pressure of
oxygen has a greater impact on the leaching rate of chalco-
pyrite. The total chemical reaction formula of coordination
leaching in ammonia medium is shown as Eq. 8.

CuFeS, + 4NH; + 4.250, + 20H"

8
** 1 0.5Fe,0, +250,2" + H,0 ®

= Cu(NH;),
In addition, D'yachenko [59] proposed to calcinate ammo-
nium salt and mineral first, carry out coordination reaction
during the roasting process, and finally carry out solution
leaching. However, as the calcination temperature increases,
the complexes that have been formed will be decomposed and
metal salts will be formed. Its reaction is expressed as Eq. 9.

CuS + 3NH,Cl - NH,CuCl; — CuCl, )

Outer membrane  peyipiasmic space Cytoplasmic
membrane

Fig.5 Schematic diagram of bioleaching mechanism [13]

Bell et al. [60] found that increasing the amount of oxidant
could speed up the leaching reaction. In addition, the addition
of organic compounds could stabilize the iron oxide particles
generated during the reaction, making it difficult to wrap the
mineral particles, thereby reducing the passivation effect. The
schematic diagram mechanism of coordination leaching could
be found in Fig. 4.

Bioleaching
The Effect of Microorganisms on Chalcopyrite

The debate on the ability of microorganisms to enhance leach-
ing has never stopped [61]. Although the beneficial effects of
microorganisms in the leaching process of chalcopyrite, cobalt
copper ore, and pyrite have been confirmed, it is still not effec-
tive for the use of microorganisms in the leaching of chalco-
pyrite. No unanimous conclusion has been reached. A large
number of studies have shown that many microorganisms have
the ability to oxidize or assist in the oxidation of chalcopyrite.
The mechanism of action is to realize the auxiliary leaching
of chalcopyrite through iron oxide and sulfur. The reactions
involved were shown in the following equations:

CuFeS, + 4H" + 0, = Cu®** + Fe?* + 28" + 2H,0  (10)

4Fe’™ + 4H* 4+ 0, = 4Fe** + 2H,0 an
28° 4+ 30, + 2H,0 = 2S0,*~ + 2H* (12)
CuFeS, + 4Fe** = Cu?* + 5Fe?* 4 28° (13)

Among them, Eqs. 11 and 12 are affected by bacte-
ria. It can be seen from Eq. 11 that microorganisms will
oxidize Fe?* to Fe>* during the leaching process, which
increases the redox potential in the system and accelerates
the leaching efficiency. In Eq. 12, microorganisms oxidize
the elemental sulfur produced during the dissolution of
chalcopyrite to sulfuric acid, and H in the sulfuric acid
cooperates with Fe>* to dissolve chalcopyrite.

In bioleaching, the surface of minerals is usually
embedded with bacterial extracellular polymer (EPS) [62].
EPS is considered to play a vital role in the oxidation of
iron and sulfur, and it is mainly composed of proteins,
lipids, sugars, and nucleic acids [63]. EPS is produced by
microorganisms and mediates the attachment of micro-
organisms to the mineral surface. After the cells initially
attach, a biofilm is formed within a few days, and the cells
are embedded in a continuous EPS layer to cover the min-
eral surface [64] (Fig. 5).
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Studies have shown that the iron on the surface of min-
erals is enriched by the complexation of uronic acid or
other EPS residues [65, 66], which makes the reaction
environment in a state of net positive charge; cells are
more likely to attach to negatively charged minerals. This
creates conditions for the dissolution reaction and accel-
erates the dissolution of minerals [67], thereby increasing
the leaching rate of minerals. Research by Rohwerder [68]
et al. found that Fe** absorbed electrons from the surface
of minerals in the extracellular polymer. These electrons
then reduce oxygen molecules through the redox chain in
the bacterial membrane, and further oxidize and decom-
pose minerals.

Types of Microorganisms and Factors Affecting Their
Activity

Generally, microorganisms are classified into mesophilic
thermophiles (3040 °C), moderate thermophiles (50 °C),
and extreme thermophiles (> 65 °C) according to the dif-
ferences in temperature, pH value, and ion concentration in
the leaching system. Common microorganisms are Lepto-
spirillum, Acidithiobacillus, and Sulfobacillus thermo-
sulfidooxidans ST [69]. The bacteria used for the leaching
of chalcopyrite usually include single strain leaching and
mixed strain leaching. Because mixed strains can adapt to
the changing leaching conditions during the leaching pro-
cess, the leaching efficiency of mixed strains is often higher
than that of single strains [70]. Through biological research
on the gene and metabolic function of bacteria, it is found
that proper enhancement of the physiological functions of
the bacteria can make the leaching efficiency of chalcopyrite
bacteria higher. Research by Peterson et al. [71] showed that
the temperature of thermophilic heap leaching of a chalcopy-
rite concentrate could increase to 70 °C while successively
introducing various mesophile and thermophile cultures,
and that copper extractions in excess of 90% were achieved
within 100 days.

The activity of microorganisms in the leaching system
plays a vital role in the leaching efficiency. Environmental,
physicochemical, and biological factors have a great influ-
ence on the growth activity of microorganisms. Only when
the pH value, temperature, nutrition, humidity, and energy
in the culture system are suitable, and there are no inhibitory
factors in the whole process, can colonies that grow fast and
healthily be formed. At the same time, before putting the
colony into the leaching system, there needs to be a process
to adapt to the pH value, pulp density, reaction temperature,
and ion concentration, so that the bacteria can adapt to the
reaction conditions to a greater extent and produce better
leaching efficient.

The effect of microorganisms in the solution on the
leaching process is not only related to the activity of the
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microorganisms themselves but also depends on the concen-
tration of Fe?*. At the optimal Fe** concentration, micro-
organisms can increase the leaching rate by regenerating
Fe*, but if the produced Fe’* concentration exceeds the
consumed Fe** concentration, then metal-deficient poly-
sulfides will be produced, and iron-deficient polysulfides
with poor reactivity and low diffusivity will coat the min-
eral surface, resulting in the passivation of chalcopyrite. At
this time, the microorganisms will become harmful, which
is not conducive to the leaching of chalcopyrite. The result-
ing polysulfides are difficult to be directly oxidized by Fe™,
and can only be dissolved by using potassium dichromate or
nitric acid, which are more oxidizing oxidants. Xin et al. [72]
believed that in the enhanced microbial leaching, the rational
use of the microbial population and the control of the Fe**
concentration were effective methods to increase the leach-
ing rate. Ren et al. [73] found that chalcopyrite leaching
in acidic ferric sulfate media combined with iron-oxidizing
bacterium (acidithiobacillus ferrooxidans) was improved by
addition of ethylene thiourea (ETU), and that ETU was able
to solubilize the chalcopyrite, exhibiting significant surface
corrosion and enhancing the copper extraction rate from
low-grade chalcopyrite ore.

Discussion and Analysis

There are many methods for leaching chalcopyrite by hydro-
metallurgical technology. Oxidation leaching, coordination
leaching, and biological leaching are the three mainstream
methods at present.

Oxidation leaching is currently the most mature and
widely used process. In the process of leaching chalcopy-
rite, the concentration of sulfuric acid is one of the decisive
factors. The acidity not only affects the leaching rate of cop-
per but also affects the conversion of iron in the leaching
solution. When the sulfuric acid concentration is low, the
leaching efficiency is low. When the sulfuric acid concen-
tration is high, the solubility of hematite in the sulfuric acid
solution will increase while the leaching rate of copper is
increased, which leads to the redissolution of hematite to
increase the leaching rate of iron [74]. Aydogan et al. [32]
studied the leaching of chalcopyrite with H,SO, as the leach-
ing medium and found that when the acidity in the leaching
system increased, it would inhibit the hydrolysis and precipi-
tation of Fe>* in the solution, so the formation of alkaline
sulfate passivation layer such as jarosite was inhibited, and
the iron leaching rate also increased. However, the concen-
tration of sulfuric acid in the solution cannot be increased
blindly. When the pH value of the slurry is less than 0.5, the
competition between Fe** and H* [75] leads to iron defi-
ciency on the surface of the ore, which promotes passivation.
Therefore, increasing the concentration of sulfuric acid in
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the solution within a certain range has a positive effect on
the leaching of chalcopyrite.

At the same time, temperature is also an important
factor affecting the leaching efficiency of chalcopyrite
in pressure oxidation leaching. In the medium- and low-
temperature reaction system, the reaction temperature is
often only increased by 20-40 °C, but the leaching rate
of copper can be increased by 40-80%. However, under
the high temperature in the pressure oxidation leaching
system, chalcopyrite leaching efficiency can exceed 95%,
or even close to 100%. Sokic [40] and Cordoba [76] also
found the same phenomenon in their research. In addition,
the leaching effect of chalcopyrite in the high-temperature
reaction system is better than that in the medium- and
low-temperature reaction system. Numerous experiments
have shown that when the reaction temperature reaches
180 °C, the leaching rate of copper is basically above 95%.
The reason is that temperature can greatly affect the reac-
tion kinetics in the leaching process, and high temperature
will accelerate the kinetics in the reaction process, thereby
improving the leaching efficiency. It can be seen that tem-
perature plays a vital role in improving the leaching rate of
chalcopyrite. Properly controlling the reaction temperature
under corresponding reaction conditions can maximize the
leaching efficiency of chalcopyrite. At present, most leach-
ing research of chalcopyrite is conducted at high tempera-
ture, while some oxidants with strong oxidation ability are
generally added to cooperate with chalcopyrite leaching in
medium- and low-temperature system. In addition, proper
stirring rate, liquid—solid ratio, and finer mineral particle
size all have a positive effect on improving the leaching
rate of chalcopyrite. From the phase analysis of chalco-
pyrite, it is known that copper and iron in minerals will
form sulfides with the same internal phase. Therefore, it is
necessary to achieve copper leaching with the assistance
of oxygen or other oxidants [75]. There are many types
of oxidants, such as O,, Fe3™, H,0, [77], NaNO; [40],
Cu®* [26], and Cr®" [32]. Among them, oxygen and Fe*
are commonly used oxidants in the leaching process of
chalcopyrite, especially when using oxygen pressure to

Table 3 Advantages and disadvantages of leaching process

leaching chalcopyrite, oxygen is the main oxidant, which
plays a decisive role in the leaching process.

Coordination leaching of chalcopyrite is also a popular
process at present, and chlorine coordination and ammonia
coordination are the most common. Adding an appropriate
amount of Cu®* in a chlorine medium can increase the leach-
ing rate of copper, but excessive addition of Cu>* has no sig-
nificant effect on increasing the leaching rate of copper. This
is because when the initial Cu®>* concentration is too high,
Cu™ and Cu** form a dynamic inert adduct in the chlorine
solution, thereby inhibiting copper ions and reducing the
reaction rate. In this case, the dissolution of chalcopyrite
can be promoted by adding CI~. This is because Cu®** and
CI™ form copper chloride complexes in the leaching system.
In this case, Cu>* and CuCI™ have positive promoting effect
on leaching of chalcopyrite, which is consistent with the
views of Torres et al. [78]. It can be seen that the leaching
efficiency of chalcopyrite can be improved by controlling
the initial concentration of Cu®* in the chlorine medium.

The biggest advantage of coordinated leaching with
ammonia medium is its good selectivity to copper. While
leaching copper, it can also settle iron in the leaching slag.
The reason is that ammonia forms soluble amine complexes
with copper ions, while iron cannot form soluble amine
complexes with ammonia [58]. In addition, the reaction
conditions of ammonia leaching are relatively mild and not
corrosive.

Biological leaching is a metallurgical technology that has
only emerged in the past forty years. Its principle is to add
bacteria in the leaching process to extract valuable metals
from the ore. According to the different reaction conditions,
the bacteria can be divided into medium temperature, mod-
erate, and extremely thermophilic bacteria. Among sulfide
ore, chalcopyrite is the most difficult to leaching. The current
representative chalcopyrite bioleaching process is the Bio-
COP™ process developed by BHP Billiton [79]. When chal-
copyrite is leached with mesophilic thermophiles or moder-
ate thermophiles, the dissolution kinetics of chalcopyrite is
very slow, which makes the reaction time longer and reduces
the extraction rate of copper, resulting in higher leaching
costs. Leaching chalcopyrite with extremely thermophilic

Leaching process Advantage

Disadvantage

Bioleaching

Oxidation leaching

Coordination leaching  Strong selectivity, clean and efficient, energy saving and

environmental protection

It is suitable for the leaching of copper in low-grade chalco- The leaching rate is not high. The period or time for bac-
pyrite and even raw ore, and the process is simple

terial culture and domestication is long, and the leach-
ing cycle is long. There are many process constraints

The leaching time is short, the reaction conditions are mild, The oxidant is difficult to recycle resulting a lot consump-
the operation is simple, and it is environmentally friendly

tion and a high cost

The system is highly corrosive and requires high require-
ments for equipment, and it is often necessary to add an
oxidant and a complexing agent to synergize leaching
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bacteria can significantly accelerate the dissolution kinetics
of chalcopyrite, the reason for this is the high acidity, tem-
perature, and metal ion concentration tolerance of extremely
thermophilic bacteria, especially archaea. Although leach-
ing chalcopyrite with extremely thermophilic bacteria can
reduce the leaching time, its oxygen consumption is higher,
and its sensitive cell wall is easy to cause bacteria die dur-
ing the leaching process, so it is not suitable for industrial
production. In addition, the bioleaching process will produce
polysulfide wrapped minerals to form a passivation layer,
which inhibits the leaching efficiency of chalcopyrite [80].

As the grade of copper ore continues to decrease,
researchers are constantly looking for methods that can
effectively leach low-grade copper ore. In the 1970s, in
order to improve the leaching effect of low-grade miner-
als and increase the leaching rate, researchers first proposed
heap leaching to leach low-grade ore. The process is to crush
the minerals first, then bond them with a binder, connect
them for agglomeration curing, and finally stack them for
leaching.

Heap leaching of chalcopyrite [81] is often accompanied
by biological leaching. Adding bacteria to the heap leaching
to increase the leaching rate of chalcopyrite is the current
mainstream heap leaching process of chalcopyrite. However,
there are many factors that affect the leaching efficiency in
the process of biological heap leaching, of which tempera-
ture and climate are the main influencing factors. How to
control the temperature has always been a difficult point in
the heap leaching technology. The temperature at different
depths of the leaching pile is different, which is related to
the aeration and irrigation rate [82]. The climate is also a
difficult problem to solve. Generally, the biological heap
leaching is carried out in the open air, so the environment
is relatively harsh. Solar radiation, wind, and extreme tem-
peratures will all have a great impact on the leaching effect.
Some researchers have found that climatic conditions have
an important influence on the dissolution process of chalco-
pyrite [83], especially for insoluble low-grade chalcopyrite,
usually the leaching time can be as long as several months
or even half a year. During this period, rainfall and night-
time temperature will affect the activity and growth rate of
bacteria in the pile, and slow the dissolution of chalcopyrite,
which intensifies the formation of a passivation layer on the
mineral surface and reduces the leaching efficiency. There-
fore, further research on the diversity of microorganisms in
the biological heap leaching process and overcoming the
passivation problem in the heap leaching process is of great
significance for improving the leaching rate of chalcopyrite.

In summary, the advantages and disadvantages of oxida-
tive leaching, coordination leaching, and biological leaching
treatment of low-grade complex chalcopyrite are shown in
Table 3.
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In addition, the cooperative leaching along with contact
and non-contact leaching is a promising method, such as
leaching enhanced with ultrasonic, microwave, and mechani-
cal activation or microwave-irradiated activation performed
on chalcopyrite before leaching [84, 85]. Due to various
reasons, in the process of chalcopyrite oxidative leaching,
substances such as sulfur element, polysulfide, and jarosite
will be produced to cover the surface of the reactive minerals
to form a passivation layer, which hinders the progress of
the reaction. The addition of ultrasound and/or microwaves
can erode or peel off the passivation layers that encapsulate
the reactive minerals, so that the encapsulated unreacted
minerals can be fully contacted with the lixiviant, thereby
improving the leaching efficiency. Through a large number
of experiments and references, it is found that in the oxida-
tive leaching of chalcopyrite, the leaching rate of copper
enhanced with ultrasonic or microwave is 6-15% higher
than that without ultrasonic or microwave. This shows that
ultrasonic and microwave have a certain positive effect on
the leaching of chalcopyrite.

Conclusion

Passivation is a problem that exists in all hydrometallurgi-
cal leaching processes of chalcopyrite. During the leaching
process, various species will be formed on the surface of
chalcopyrite. Some of them promote the leaching efficiency
of chalcopyrite, while others hinder the leaching of chalco-
pyrite. These species that hinder leaching form a so-called
passivation layer on the surface of chalcopyrite. Up to date,
there is no consistent conclusion on the composition and the
role of the newly formed species layer on the CuFeS, surface
in the leaching process. It can be achieved from the discus-
sion above that elemental sulfur, polysulfide, and jarosite can
all be passivation products.

In addition, alkaline iron sulfate is also a common pas-
sivation product in the leaching process of chalcopyrite.
For the formation of such a passivation layer, the ratio of
the redox potential Fe**/Fe?* in the leaching system is very
important. There is a range of oxidation—reduction potential
during the leaching process of chalcopyrite. When the oxida-
tion—reduction potential is less than this range, the degree
of oxidation in the leaching system is insufficient, and the
oxidation and dissolution of chalcopyrite is insufficient.
When the oxidation-reduction potential is greater than this
range, the ions in the solution will quickly form alkaline
iron sulfate, covering the chalcopyrite to passivate it, thereby
inhibiting the leaching of chalcopyrite. Tian et al. [86] also
obtained the same conclusion in the experiment.



Journal of Sustainable Metallurgy (2022) 8:964-977

975

The advantage of coordinated leaching under chlorine
medium is leaching under normal temperature and pressure,
low energy consumption, but the disadvantage is strong cor-
rosiveness and higher requirements for leaching equipment.
Coordinated leaching under ammonia medium has relatively
better selectivity, and the experimental conditions are rela-
tively mild, and the requirements for equipment are rela-
tively low. At the same time, iron enters the leaching residue
during the leaching process, but excessive oxygen partial
pressure is required during the process. At the same time,
there is the defect that ammonia volatilizes to the environ-
ment during the process.

Biological leaching has an ideal effect in the leaching
of various low-grade minerals. Therefore, it shows great
advantages for treating chalcopyrite with decreasing grade.
However, due to the slow leaching rate, it is not suitable for
industrial production. For biological heap leaching, it is also
subject to environmental factors such as temperature and
climate. Therefore, further research on the adaptability and
selectivity of microorganisms, as well as the mechanism of
leaching, is of great significance for tapping the potential of
bioleaching and improving the leaching rate of chalcopyrite.

Oxidation leaching of ore has a history of more than one
hundred years. With the continuous development and pro-
gress of science and technology, the pressure acid leaching
process of chalcopyrite has become mature. Compared with
biological leaching and coordination leaching, the oxygen
consumption of pressurized acid leaching is only 10.45%
and 83.33%, and the reaction period is short. At the same
time, the pressure acid leaching reaction conditions are mild,
the reaction equipment is simple to operate, the application
range is wide, and the entire operation process is green and
environmentally friendly, and no pollutants are discharged.
For low-grade chalcopyrite, due to its complex phase struc-
ture, a passivation layer is prone to appear during the leach-
ing process. The formation of the passivation layer can be
inhibited by controlling the acidity and redox potential. On
this basis, the formed passivation layer can be stripped or
eroded by auxiliary means such as microwave strengthen-
ing or ultrasonic strengthening, thereby improving the reac-
tion efficiency. Moreover, in order to optimize the leaching
selectivity, further research on leaching of chalcopyrite by
oxygen pressure acid leaching synergistic ammonia leach-
ing should be strengthened. In addition, the control of the
plasma concentration of Ca>*, Mg?*, AI**, and CI~ also has
a great influence on the leaching efficiency of chalcopyrite,
but this requires further investigation.

As the grade of chalcopyrite is getting lower and lower,
hydrometallurgical leaching of low-grade chalcopyrite has
gradually become the mainstream trend. For different grades

of chalcopyrite, the selected leaching method is different.
Therefore, choosing a suitable method for leaching chalco-
pyrite, continuously optimizing the leaching process, reduc-
ing production costs, improving the operation process, and
reducing the negative impact on the environment are the
main directions that need to be studied in the current hydro-
metallurgical leaching of chalcopyrite.
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