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Abstract: Chalcocite is one of the most industrially valuable copper-bearing minerals available for bioleaching.
However, the efficiency of chalcocite bioleaching remains unsatisfactory. To better understand the bioleaching process
of chalcocite, researches on chemical-biological dissolution mechanisms and leaching kinetics are reviewed.
The crystal structure of chalcocite is systematically characterized. The mechanisms for chemical dissolution,
electrochemical dissolution, and biological dissolution are summarized and elaborated. The effects of leaching
parameters on the leaching kinetics are discussed, and issues in industrial-scale bioleaching are identified. However, the
fine leaching process and leaching mechanism of chalcocite still require further study. New research techniques,
including synchrotron radiation-based measurements, can be employed to determine the fine mechanism for chalcocite
dissolution with interdisciplinary chemistry—biology studies, which may enable efficient extraction of copper from

chalcocite in the future.
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1 Introduction

Copper is one of the most important nonferrous
metals, and it has widespread applications in the
electrical industry, light industry, machinery
manufacturing, construction industry, and national
defense industry [1]. Currently, the majority of
copper is recovered from copper-bearing ores, the
most valuable of which are copper sulfide ores [2].

Generally, copper is extracted from copper
sulfidle by the beneficiation—pyrometallurgical
process. However, this process has drawbacks,

including a long process time, high cost, significant
pollution, and environmental unfriendliness [3.4].
As one of the advanced technologies for clean
utilization of copper sulfide minerals, bioleaching
exhibits simple operation, low cost, and
environmental friendliness [5—8]. It has been
successfully applied to the treatment of various
low-grade mineral resources and has become an
important research area in mineral processing and
metallurgy [9-12].

Chalcocite (CuzS) has a copper content of
79.86% and is one of the most industrially valuable
copper-bearing minerals available for bioleaching.
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Due to the complexity of mineralization, chalcocite
typically occurs in copper-rich and sulfur-poor
mesothermal hydrothermal deposits or in the lower
oxidation zones of copper sulfide deposits. In
addition, chalcocite is commonly associated with
pyrite, chalcopyrite, bornite and other sulfide
minerals [13,14].

The bioleaching process of chalcocite has been
researched for decades. Chile pioneered the heap
leaching—extraction—electrowinning process for
chalcocite [15], and numerous chalcocite mines
achieved the industrial practice of chalcocite
bioleaching since then. However, even after
decades of research and practice, there are still
issues, including low copper extraction, low
leaching rates, and inefficient resource utilization.

Therefore, this work 1is
chemical—-biological leaching mechanism and
leaching kinetics of chalcocite based on its
crystal structure. In particular, the application of
synchrotron radiation-based methods to determine
the chemical-biological leaching mechanism of
copper sulfide minerals is reviewed, which may
refine the leaching mechanisms and improve the
efficiency of chalcocite leaching.

focused on the

2 Crystal structure of chalcocite

The crystal structure of chalcocite is intricate.
High chalcocite is classified into the Ps.3/mmc space
group, where S atoms are most tightly packed in
hexagons, and di-coordinated, tri-coordinated, and
tetra-coordinated Cu atoms randomly fill the gaps
among S atoms [16]. The crystal structure of low
chalcocite is derived from that of high chalcocite;
it is monoclinic but differs from that of high
chalcocite. By investigating the crystal structures of
djurleite and low chalcocite, EVANS [17] found
that the crystal structure of low chalcocite may
belong to the Pc space group rather than the P».i/c
space group as previously reported. The crystal
structure of djurleite is similar to that of low
chalcocite and belongs to the monoclinic system
and P».i/n space group. There are 62 different Cu
atoms in the djurleite crystal structure, of which 52
are in threefold, triangular coordination with sulfur,
nine in tetrahedral, and one in linear coordination.
In addition, the tetrahedral, triangular and linear
Cu—S bonds in low chalcocite and djurleite exhibit
large variations in bond length compared with the

crystal structures of other copper-rich sulfides [18].
The crystal structures of high chalcocite, low
chalcocite, djurleite, and digenite are shown in
Fig. 1.

@g_ o

Fig. 1 Crystal structures of high chalcocite (a), low
chalcocite (b), djurleite (c), and digenite (d) [19,20]

It can be seen from Fig. 1 that high chalcocite
is present in the hexagonal system, and the copper
atoms are mainly combined with the sulfur
atoms via tri-coordination, tetra-coordination and
hexa-coordination. However, there are 48 S atoms
and 96 Cu atoms in the low chalcocite cell, with
lattice parameters of a=15.246 A, b=11.884 A,
c=13.494 A, a=y=90°, and =116.35°.

The oxidative dissolution properties of
minerals are determined by their crystal structures.
For copper—sulfur compounds, the Cu—S bond
length increases with increasing copper-to-sulfur
ratios, and the bond energy decreases accordingly.
Chalcocite has long Cu—S bonds and low bond
energies, which facilitates the dissolution. In
addition, chalcocite is a P-type semiconductor with
a forbidden bandwidth of approximately 1.8 eV,
and charge transfer occurs during leaching through
holes at the solution interface and through the
valence band of the mineral [21].

When chalcocite is in a solution containing
Fe¥/Fe*" pairs, the band structure of chalcocite
bends downward at the solid/liquid interface, while
crystalline Cu* is oxidized to Cu*" and dissolved,
and the S? is oxidized to S> . In this process,
copper is extracted from the chalcocite, and no S° is
generated [22].

In the early stage of chalcocite dissolution,
a fracture model of valence bonds in the
mineral crystals can be proposed, as shown in
Reactions (1)—(3) [23]:
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Cu*(crystal)-e—Cu*'(aq) (1)
S?"(crystal)-e—0.5S 3 (crystal) ()

Cu'(crystal)+0.5 S (crystal)—
0.5(Cu"),S3 (crystal) (3)

Disruption of the valence bond structure in the
chalcocite crystal upon oxidation and electron loss
is well explained in this model. The crystalline Cu*
is oxidized to Cu?*, and S*" is oxidized to S~ ; then,
the generated S~ combines with Cu” to form CuS
((Cu")2S3") due to the high migration rate of Cu* in
chalcocite crystal.

3 Dissolution mechanism of chalcocite

3.1 Chemical dissolution mechanism of chalcocite

Chalcocite is soluble in oxygenated acid
solutions, and the leaching efficiency is
significantly improved by the addition of Fe*'.
However, the process of chalcocite dissolution can
be divided into two distinct stages regardless of the
presence of Fe*" [24—28]. Reactions (4)—(8) show
the chemical reactions occurring during chalcocite
dissolution:

2Cu,S+0,+4H —2CuS+2Cu?*+2H,0 4)
2CuS+0,+4H —28%4+2Cu>+2H,0 (5)
Cu,S+2Fe* —CuS+Cu?+2Fe?* (6)
CuS+2Fe**—S8%+Cu+2Fe?" (7)
4Fe> +0,+4H —4Fe**+2H,0 (8)

Chalcocite is oxidized to covellite in the first
stage (Reaction (4) or (6)), and the generated
covellite is further oxidized to S° in the second
stage (Reaction (5) or (7)). In this process, copper is
continuously dissolved and extracted. In addition,
sufficient dissolved oxygen and H' are essential
when using Fe*" as the oxidant (Reaction (8)).

According to the chemical oxidation model for
sulfide minerals [29], second stage leaching of
chalcocite, as with leaching of covellite, follows the
polysulfide dissolution pathway. S is oxidized along
the polysulfide—S° pathway, while Cu is oxidized to
Cu?" and gradually dissolved. As early as the 1930s,
S was discovered during chemical leaching of
covellite [25].

The first stage of chalcocite leaching is
significantly different from the second stage. There
is not just one simple chemical reaction as

expressed by Reaction (4) or (6), but a series of
complex chemical reactions involving various
intermediates.  WHITESIDE and GOBLE [30]
proposed a phase transformation order of first stage
leaching chalcocite, chalcocite (Cu,S) — djurleite
(CU1_97S) —> digenite (CU1_gS) — anilite (Cu1_758) —>
geerite  (Cui6S) — spionkopite (CuisS) —
yarrowite (Cuj.12sS) — covellite (CuS). According
to the stoichiometry, when the level of copper
extraction reaches 10%, 20%, 30%, or 50%,
chalcocite is transformed into digenite, geerite,
spionkopite, or covellite.

However, the actual dissolution process of
chalcocite is complex. Due to the irregularity of the
crystals and the inhomogeneity of the particle sizes,
the leaching rates of different particles are not
synchronized, and various intermediates coexist and
interact with each other. Therefore, it is inaccurate
to speculate on the intermediates simply by copper
extraction.

HASHEMZADEH and LIU [31] investigated
the evolution of surface properties during chloride
leaching of chalcocite and reported that sulfur
was transformed sequentially from monosulfide S*~
to disulfide S3~, polysulfide S>” and elemental
sulfur S°. At a high solution potential, there was
only a small amount of S° on the mineral surface,
and copper extraction was not improved by
removing S° through washing with CS,. Conversely,
at a low solution potential, a slight increase in the
copper extraction was associated with the removal
of sulfur from the mineral surface.

Therefore, it is proposed that the leaching
process was controlled by the slow decomposition
of polysulfides at a high solution potential, whereas
it was controlled by diffusion of the S° layer
and slow decomposition of the polysulfides at a
lower solution potential. Therefore, a dissolution
mechanism for chalcocite was proposed, as shown
in Fig. 2.

First stage

Second stage

Fig. 2 Model for chalcocite dissolution mechanism [31]
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In addition, chalcocite seldom occurs alone but
is frequently associated with other minerals in
natural ores. HIDALGO et al [32] investigated the
mineral replacement reaction between coarse-
grained natural bornite—chalcocite in an acidic
solution without oxidizers at 90 °C. It was found
that the transformations followed a three-stage
reaction sequence for bornite and a one-stage
reaction sequence for chalcocite. The chalcocite and
bornite present in the unreacted samples were
converted into digenite with layered displacement
texture features. Finally, all of the phases were
replaced by covellite, which was accompanied by
the formation of pores. TORRES et al [33] found
that the dissolution rate of chalcocite was
significantly accelerated in a short period of time by
adding MnO to brine, and the effect of the H,SO4
concentration was insignificant when leaching at
high chloride and MnO, concentrations. Within
48 h, 71% of the copper was extracted from
chalcocite with reject brine, 100 mg of MnO; per
200 g of material, and 0.5 mol/L H>SOs.

3.2 Electrochemical dissolution mechanism of

chalcocite

Ferric ions and the redox potential have
important influences on the electrochemical
dissolution of chalcocite. It has been reported
that the kinetics of the first stage was controlled
by diffusion or chemical reactions. The leaching
process was dominated by ferric ion diffusion at
lower ferric concentrations (less than 0.058 mol/L),
whereas it was controlled by the anodic electro-
chemical dissolution mechanism at higher ferric ion
concentrations (greater than 0.058 mol/L) [34].
However, although the first stage of chalcocite
leaching was not sensitive to the redox potential,
the second stage was strongly affected by the redox
potential. The leaching rate of covellite at 839 mV
(vs SHE) was not much different from that at
889 mV (vs SHE), but when the redox potential was
reduced to 789 mV (vs SHE), the leaching rate
significantly decreased [26]. Furthermore, the
anodic electrochemical dissolution mechanism of
chalcocite was not affected by the leaching
temperature, and increasing the leaching temperature
accelerated only the leaching kinetics. Therefore,
the dissolution of chalcocite and covellite followed
an electrochemical mechanism, and the dissolution
rate was adjusted by controlling the redox potential.

ARCE and GONZALEZ [35] studied the
dissolution behavior of chalcocite with cyclic
voltammetry in a sulfuric acid leaching system and
found that the anode products on the surface were
subject to oxidation potential. The oxidation
product was djurleite (Cui9S) when the potential
was less than 423 mV (vs SHE), while it was
digenite (Cu;6S) when the potential was raised to
423-573 mV (vs SHE). However, blue-remaining
covellite (Cui40-136S) and covellite (CuS) were
generated once the potential exceeded 573 mV (vs
SHE). By studying the anodic polarization curve of
chalcocite in a sulfuric acid leaching system,
ELSHERIEF et al [36] found that the insoluble
intermediate Cu»-.S, produced by chalcocite
during anodic oxidation, was the major barrier for
leaching of chalcocite. By investigating the
electrochemical steady-state polarization parameters,
BOLORUNDURO [24] suggested that CuS and
S? served as passivation substances during the
electrochemical dissolution of chalcocite and that
the activity of crystalline Cu" was the primary
factor affecting the leaching rates of chalcocite and
covellite.

WEN [37] researched the electrochemical
dissolution process of chalcocite with cyclic
voltammetry. The addition of leaching micro-
organisms significantly improved the dissolution
rate of chalcocite, and the effect of sulfur-oxidizing
bacteria was greater than that of iron-oxidizing
bacteria. Moreover, the temperature had an important
effect on the electrochemical dissolution of chalcocite.
At room temperature, there was only one oxidation
peak on the cyclic voltammetry curve for chalcocite
sulfuric acid leaching, which corresponded to the
electrochemical oxidation of chalcocite to S°.
However, two oxidation peaks were obtained when
the temperature was increased, and a series of
intermediates, including djurleite, digenite, and
covellite, were generated. WU et al [38] found that
the pH and temperature had significant effects on
the corrosion current and corrosion potential of
chalcocite. The Gibbs free energy of the chemical
reaction decreased with decreasing pH and
increasing temperature, which increased the anodic
corrosion current density and promoted the
electrochemical corrosion reaction of chalcocite.

Furthermore, the electrochemical behavior of
chalcocite under different oxidizing atmospheres
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has been reported. Using an analysis of the Cu
L-edge and O K-edge absorption spectra, TODD
and SHERMAN [39] investigated the surface
oxidation process of chalcocite in air and leaching
solutions with pH of 2—11. The results showed that
the surface oxidation product of chalcocite was
Cu;O at low pH levels, but as the leaching pH
increased, the oxidation products gradually changed
to CuO and CuSO4. Using an experimental platform
combining an electrochemical workstation and
surface detection, VELASQUEZ et al [40] made
in-situ detection of the surface products at different
redox potentials. On this platform, CuO, Cu(OH),,
and Cus(SO4)(OH)s were detected on the surface
after a specific potential was applied. ARCE and
GONZALEZ [35] compared the electrochemical
behavior of chalcocite, chalcopyrite and bornite in
sulfuric acid solutions; the non-stoichiometric
sulfide Cu,-iFe,-1S,,, rather than covellite, was
found to be the intermediate of chalcopyrite, and
the reduction intermediate of chalcopyrite was
chalcocite rather than bornite.

3.3 Biological dissolution mechanism of chalcocite

The direct and indirect mechanisms are used to
indicate how microorganisms promote the
dissolution of chalcocite. According to the direct
mechanism, the leaching microorganisms directly
participate in the leaching reaction to accelerate
the leaching of chalcocite, and the final leaching
product is sulfate. The reactions are shown as
follows [41]:

Cu,S+2H*0.50, — 22y CuS+Cu*+H,0  (9)
CuS+20, — 212, CySO, (10)

However, the direct mechanism for chalcocite
bioleaching has gradually been questioned with
extensive investigations of the crystal structure and
clarification of the chemical dissolution process of
chalcocite.

The indirect mechanism indicates that leaching
microorganisms  accelerate the leaching of
chalcocite by oxidizing Fe** to Fe** or oxidizing S°
to sulfate instead of directly contributing to the
dissolution of chalcocite, and the reactions are
shown as follows [42]:

4Fe +4H'+0, —2 5 4Fe> +2H,0 (11)
S+H,0+1.50, —2_y o H+S0 (12)

Bacteria

K+3Fe**+2S0; +6H,0
KFes(S04)>(OH)s+6H" (13)

The indirect mechanism for chalcocite
bioleaching is commonly acknowledged to occur
via chemical dissolution. CHENG [43] used SEM
and XPS analyses and found that the surface of the
chalcocite leaching residue was mostly composed
of S° and jarosite, and similar results were also
reported by other researchers [28,34,44]. In addition,
the final oxidation product of secondary chalcocite
produced by chalcopyrite bioleaching was also
jarosite [45,46]. BOLORUNDURO [24] found that
SY and sulfate were reaction products of the second
stage chalcocite leaching at ambient temperature,
and S° was produced prior to sulfate. Especially
when the copper extraction level reached 70%, a
large amount of S° accumulated on the mineral
surface to prevent further dissolution of the
chalcocite. Afterward, iron-oxidizing Dbacteria
increased the redox potential by oxidizing Fe*" to
Fe**, while sulfur-oxidizing bacteria improved the
leaching rate by oxidizing S° directly. However, the
structure of the coated S° became loose and porous
when the leaching temperature was above 75 °C,
which enabled further bioleaching of the chalcocite.
Through SEM—-EDS, FTIR, and XRD analyses of
the products on the mineral surface, BAMPOLE
et al [47] also suggested that the indirect
mechanism was the dominant leaching mechanism
for the bioleaching process of mixed chalcopyrite—
chalcocite.

According to WU et al [38], the largest barrier
to oxidative dissolution of chalcocite was the
formation of significant amounts of Cu,S and S°,
which were coated on the mineral surface and
reduced the electron transport rate. However, in the
presence of leaching microorganisms, the hole
concentration and solution potential increased due
to the oxidation of Fe*", and the impedance arc
decreased, which promoted the oxidation of Cu,S
and the S° passivation layer, thereby accelerating
the dissolution of chalcocite. PHYO [48] clarified
the role of microorganisms in enhancing chalcocite
leaching. In addition to maintaining the potential
balance, acidophilic iron-oxidizing bacteria were
important in improving the diffusion driving force
of Fe** and Fe*, while acidophilic sulfur-oxidizing
bacteria were involved in the oxidation of the S°
layer to reduce the diffusion barrier.

FENG et al [49] revealed that iron—sulfur
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metabolism during chalcocite bioleaching can be
promoted simultaneously by the addition of pyrite
and sulfur oxidizing bacteria, and the underlying
mechanism is shown in Fig. 3. Numerous particles
and corrosion traces were generated on the ore
surface, and the biomass concentration was increased
to 2.19x107 cells/mL, indicating a strong relationship
between minerals and microorganisms. Moreover,
confocal laser scanning microscopy (CLSM) also
indicated the accumulation of cells and extracellular
polymers (EPS) on the ore surface, which suggested
strong contact leaching mechanism [50].

Besides, aeration with CO, and N, was
reported to have a significant effect on the
composition of the microbial community in column
bioleaching of chalcocite. Oxygen limitations
altered the microbial communities during the
bioleaching, but aeration with CO, and N, enabled
the growth of sulfur-oxidizing bacteria and iron-
oxidizing bacteria and was used to adjust the role
of microorganisms in mineral bioleaching [51].
Moreover, the concentration of Cu?’ also had an
effect on chalcocite bioleaching. It was reported
that the leaching process of high-grade chalcocite
was strengthened if the leaching solution was
extracted in a timely manner when the Cu?'
concentration was greater than 3.5g/L [52].

4 Leaching kinetics of chalcocite

The leaching kinetics of chalcocite can be
divided into two distinct stages. In the first stage, a

portion of the Cu®" is released, and the resulting
chalcocite is gradually transformed into covellite. In
the second stage, the covellite continues to release
Cu?" and produces S°. The interatomic valence bond
structure of chalcocite is more easily destroyed due
to its low lattice energy, whereas the crystal
structure of secondary covellite is more resistant to
destruction due to its high lattice energy.

The Cu’ in the chalcocite crystals was well
diffused as quickly as it did in aqueous solution.
Therefore, crystalline Cu® was rapidly transferred
to the mineral surface and oxidized to Cu*" in the
first stage of chalcocite leaching. The dissolution
process was divided into three steps, as shown in
Reactions (14)—(16) [34].

In the first step, the Cu® in the chalcocite
crystals moved to the surface, and unstable covellite
(Cu*'S?") and ionic holes (V¢ ") were generated in
the crystals:

(Cu"),2S* —Cu*'S* +Ve+Cu* (14)
In the second step, the unstable covellite

(Cu**S?") was converted into structurally stable

covellite ((Cu")2S5"):

Cu**S*—0.5(Cu"), S5 (15)
In the third step, the Cu® on the surface was

oxidized to Cu?* and dissolved in the solution:

Cu™+Fe**—>Fe’+Cu* (16)

However, in the second stage of chalcocite
leaching, the Cu" in the covellite crystals cannot

S’ release

\ Attached cell

Planktonic cell [l:

A ? "

I ] Planktonic cell

ttached cell

Iron metabolism

Jarosite layer
Sulfur Iron Copper
U A Fe* 1 Cu?
* SO* A Fe*
e H' 4 KFe,(SO,),(OH),

< Yy
B\ ﬁ’v @ 3.
F 2+ 1
& n“\/A ¢ e e - Competitive adsorption

Microbiology

@ Sulfur-oxidizing Bacteria EPS
@& [ron-oxidizing bacteria

mm Original microbial consortium

Fig. 3 Bioleaching mechanism of chalcocite in presence of pyrite, sulfur-oxidizing bacteria, and iron-oxidizing

bacteria [49]
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move quickly enough to the mineral surface and
undergo oxidation to Cu?" due to its slow diffusion
rate. Therefore, the dissolution rate in the second
stage was significantly slower than that in the first
stage.

In general, the dissolution kinetics for the first
stage leaching of chalcocite is considered to be
controlled by the diffusion of oxidants with a
moderate activation energy (4—30 kJ/mol) [27,53].
Table 1 gives the activation energy and kinetic
control model for the first stage of chalcocite
leaching.

However, the dissolution kinetics for the
second stage of chalcocite leaching is significantly
different from that of the first stage, which is
controlled by chemical reactions, electrochemical or
product layer diffusion [24,27,56]. The activation
energy is greater (55—105 kJ/mol), and the leaching
rate is sensitive to the leaching temperature [57,58].
In addition, secondary covellite is more soluble

than natural covellite [53,56]. Table 2 gives the
activation energy and kinetic control model for the
second stage of chalcocite leaching.

4.1 Effect of temperature

The effect of temperature on the leaching rate
of chalcocite is depended on the activation energy.
Due to its low activation energy, leaching during
the first stage was fast even at room temperature.
leaching in the second stage was
strongly affected by
temperature due to the high activation energy.

The leaching kinetics of the second stage may
indicate a dual mechanism. At temperatures below
60 °C, the leaching rate was controlled by chemical
reactions, whereas it was controlled by diffusion at
temperatures above 60 °C [55].

In addition, RUAN [34] systematically studied
the leaching progress of digenite in the Zijinshan
Copper Mine (China); it was found that the copper

However,
relatively low and was

Table 1 Activation energy and kinetic control model for first stage of chalcocite leaching

Mineral Temperature/°C Activation energy/(kJ-mol™") Mechanism Ref.
Synthetic Cu,S 30-60 6.3 Diffusion control [54]
Synthetic CuxS 60-90 22.2 Mixed control model [54]
Synthetic Cu,S 5-80 5-6 Diffusion control [55]

Natural Cu,S 30-90 11.7 Mixed control model [34]

Natural Cu,S 28—70 28.0 Diffusion control [53]

Natural Cu,S 35-75 34.0 Mixed control model [24]

Natural Cu,S 65-94 33.5 Diffusion control [53]

Table 2 Activation energy and kinetic control model for second stage of chalcocite leaching

Mineral Temperature/°C Activation energy/(kJ-mol ™) Mechanism Ref.
Synthetic CuS <60 92.1 Chemical reaction control [55]
Synthetic CuS 60—-80 33.5 Mixed control model [55]
Synthetic CuS 30-90 83.7 Chemical reaction control [54]
Synthetic CuS 15-95 75.3 Chemical reaction control [34]
Natural Cu,S 40-70 58.6 Chemical reaction control [34]
Natural CusS 30-90 75.3 Electrochemical control [34]
Natural CusS 35-75 96.3 Electrochemical control [24]
Chopialatin o (il 095
Synthetic CuS 25-45 72.0 Chemical reaction control [26]
e ) (e g
Natural Cu,S 30-75 65.02 Chemical reaction control [59]
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extraction exceeded 40% after only 2 min of
leaching at temperatures above 30°C, and
temperature had little effect on the first stage
leaching of digenite. However, leaching in the
second stage was relatively slow and significantly
affected by the leaching temperature. It needed 12 h
for copper extraction to increase from 40% to 45%
at 30°C, but when the leaching temperature
was increased to 75 °C, the digenite was almost
completely dissolved after 3 h of leaching.

WU [44] reported that temperature had the
highest correlation index with the kinetic equation
for dissolution of chalcocite, while other factors had
little effect on the leaching process. With column
leaching experiments, NIU et al [28] revealed that
temperature affected the leaching kinetics by
modifying the morphology of the S° coating, and
the effect of temperature on chalcocite dissolution
is shown in Fig. 4.

A 60°C
e 45°C
v 30°C

25°C

Cu Dissolution

L L L . L . L .
50 75 100 125 150 175 200 225 250
Time / h

Fig. 4 Effect of temperature on chalcocite dissolution [28]

4.2 Effect of pH

For the two chalcocite leaching stages
(Reactions (4) and (5)), H' is involved if oxygen is
employed as an oxidant. Consequently, the leaching
process is significantly influenced by the pH, with a
lower pH resulting in a higher leaching rate.

However, H' is not directly involved in the
oxidation reaction when ferric ions are used as the
oxidant (Reactions (6) and (7)), which may have no
effect on the leaching of chalcocite. THOMAS
et al [55] confirmed this result, suggesting that the
dissolution rate of chalcocite was independent of
the pH when the ferric concentration was kept in
the range 0.03—0.3 mol/L and that H" prevented
the precipitation of Fe*'. However, according to
Reaction (8), H' is essential for Fe*" regeneration,
so a lower pH should be maintained to ensure cyclic
regeneration of the Fe’'. Additionally, additional

acid is required if the ore contains significant
amounts of alkaline minerals.

4.3 Effect of ferric concentration

Ferric ions are often used as oxidants for
chalcocite dissolution due to their cheapness and
feasibility. Due to the low lattice energy of
chalcocite, a lower ferric acid concentration meets
the requirement for the first stage of chalcocite
leaching. As a result, the first stage of chalcocite
leaching was not significantly affected by the ferric
concentration at a certain point [54,55]. However,
ferric ions may have a significant impact on the
crystalline of intermediates. The crystallite size of
the intermediate was smaller in the presence of
ferric ions, which facilitated the rapid leaching of
chalcocite [60].

Nevertheless, the effect of the ferric
concentration on the second stage of chalcocite
leaching is controversial. The leaching rate in the
second stage was positively correlated with the
ferric concentration when it was higher than
0.61 mol/L, and the kinetic correlation index of
the ferric concentration was 0.3 [34]. However,
other reports have suggested that when the ferric
concentration was higher than 0.005 mol/L or
even 0.3 mol/L, leaching rate during the second
stage had litter relationship with the ferric
concentration [55]. Moreover, NIU et al [28] found
that the ferric concentration had little effect on the
leaching kinetics of chalcocite (Fig. 5).
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Fig. 5 Effect of ferric concentration on chalcocite
dissolution [28]

4.4 Effect of redox potential

The present work indicates that the redox
potential may have an important effect on the
dissolution of chalcocite. BOLORUNDURO [24]
researched the leaching kinetics of chalcocite at
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redox potentials ranging from 531 to 567 mV (vs
SHE). Although a wvariety of nonstoichiometric
copper—sulfur compounds appeared during the first
stage of leaching, the redox potential did not have a
significant effect on the leaching rate. However, the
dissolution rate during the second stage was
significantly promoted when the redox potential
was maintained at a relatively high level.

MIKI et al [26] explored the leaching kinetics
of synthetic covellite, chalcocite and digenite at
different redox potentials. The results showed that
the leaching rate of covellite at 839 mV (vs SHE)
was similar to that at 889 mV (vs SHE). However,
the leaching rate significantly decreased when the
redox potential was reduced to 789 mV (vs SHE).
Moreover, for chalcocite or digenite, leaching in the
first stage was very fast at a redox potential of
739 mV (vs SHE), but it decreased significantly
when the copper extraction reached 50% (CuxS)
or 45% (CuisS). However, the leaching rate of
secondary covellite was significantly accelerated
when the redox potential was increased to 789 mV
(vs SHE) (Fig. 6).
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Fig. 6 Effect of redox potential on chalcocite

dissolution [26]

In addition, RUAN [34] proposed that the
redox potential had little effect on the rate of
digenite dissolution when the leaching temperature
was above 60 °C and the ferric concentration was
above 0.1 mol/L, and the leaching temperature was
suggested to be the most important factor for the
dissolution of digenite.

4.5 Effect of particle sizes

It is generally accepted that the particle
size has an important influence on chalcocite
leaching [24]. HASHEMZADEH et al [61] reported
that the particle size only affected the first stage of

chalcocite leaching, and the effect was significantly
reduced in the second stage due to the influence of
the interfacial reaction area. However, some reports
have suggested that the rate of chalcocite leaching
was independent of the particle size [62,63].

PHYO et al [64] researched the effects of
particle sizes on column leaching of chalcocite.
Leaching of the large particles (31-200 mm) was
very slow and there was no inflection point
typically seen for leaching of small particles
(0.054-31 mm). At Fe*" concentration of 0.25 mol/L,
a pH of 1.54, an Ex of 664 mV (vs SHE), and a
temperature of 35 °C, the copper extraction reached
25% after 50d of leaching for 90-200 mm
chalcocite particles, but the copper extraction
reached 75% for 3.5—9.5 mm particles. In addition,
in the first stage of leaching (<45% dissolution), the
effect of particle size on the dissolution of large
particles was more pronounced than that on the
dissolution of small particles, but the dissolution
rate was not significantly affected by particle sizes
in the second stage (>45% dissolution).

5 Industrial application of chalcocite
leaching

Originating from acid leaching of copper oxide
minerals, the industrial practice of chalcocite heap
leaching has been practiced for several decades.
The Lo Aguirre Mine in Chile was the first mine to
adopt the industrial practice of heap bioleaching
in 1980. Since the 1990s, heap bioleaching has
been employed at numerous chalcocite mines for
extracting copper [65]. Part of the mines that
achieved the industrial practice of chalcocite heap
bioleaching are given in Table 3.

In terms of the copper produced and revenue
generated, chalcocite heap bioleaching is the largest
industrial application of bioleaching. Figure 7
presents a simplified showing the
solution management and heap aeration methods
used for chalcocite heap leaching [68]. Although
this seems to be a fairly straightforward process in
theory, chalcocite heap bioleaching is a fairly
complicated process in practice. DIXON and
PETERSEN [73] suggested that with leachate
trickles, four subprocesses ranging from the macro-
to the microscale occurred simultaneously within
the ore bed.

schematic
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Table 3 Part of mines that achieved industrial practice of chalcocite heap bioleaching

Country Mine Operating period Reserve/kt Copper grade/% Ore processed/(kt-d™!)  Ref.
Chile Lo Aguirre 1980—-1996 12000 1.5 16 [66]
Chile Cerro Colorado 1993— 80000 1.4 16 [67]
Chile Ivan Zar 1994— 5000 2.5 1.5 [34]
Chile Quebrada Blanca 1994— 85000 1.4 17.3 [65]
Chile Andacollo 1996— 32000 0.58 15 [34]
Chile Dos Amigos 1996— - 2.5 3 [68]
Chile Zaldivar 1995- 120000 1.4 20 [69]
USA Morenci 2001- 3450000 0.28 75 [70]

Australia Gunpowder Mammoth 1991— 1200 1.8 - [65]

Australia Girilambone 1993-2003 8000 2.4 2 [34]

Australia Nitty Copper 1998 - 1.2 5 [68]

Australia Mt Leyshon 1992—-1997 - 0.15 1.3 [68]

Myanmar Monywa 1999— 126000 0.5 18 [71]
China Zijinshan 2005— 400000 0.43 15 [27,64]
China Jinchuan 2006— 240000 0.65 - [72]

LEAHY et al [75] proposed a three-phase

el e i

The results showed that the concentration of

SOLVENT leaching bacteria was related to the leaching
temperature, and heap leaching worked in a

\ FRESHLY top—down manner. Firstly, the top part of the heap
PLS HEAP was cooled with the addition of new leachate,

Fig. 7 Simplified schematic of solution management and
heap aeration for chalcocite heap leaching [68]

During heap leaching, it is beneficial to
pumping sufficient air into the heap to satisfy the
physiological requirements of the bacteria and
optimize the bacterial activity, thus facilitating the
leaching of chalcopyrite. This practice has been
proven to be effective by heap leaching plants in
Chile and Australia [68]. Based on the culture-
independent PCR-DGGE analytical technique for
the 16S rRNA gene, HAWKES et al [74] researched
the microbiology of the heap bioleaching of
MICCL Monywa chalcocite. Six strains were
isolated, including a new archaea “Ferroplasma
Cupricumulans”. The microbial community
produced by Myanmar bioleaching contained more
biomass, and the operating parameters of the
Myanmar reactor enabled the growth of moderately
thermophilic microorganisms.

which encouraged the growth of leaching bacteria
and accelerated bioleaching of the chalcocite.
Afterward, as the top part was completely leached,
the leaching front moved down and gradually
leached the entire heap.

However, chalcocite heap leaching is a
complex system in practice, and it is not appropriate
to focus on specific subprocesses in isolation.
Instead, the potential for heap leaching should be
fully exploited by building holistic models to
explain the interactions among these processes. The
Phelps Dodge (PD) copper stockpile model [76]
and the CSIRO Heap model [58] are typical
multidimensional models used to simulate the
spatial structures of leaching reactors. The PD
model has the ability to simulate leaching
conditions within an individual lift, while the
CSIRO model is usually used to research local
structures associated with individual air distributors
and acid droplets. In addition, the two models have
the ability to simulate both the gas and liquid
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phases simultaneously.

PETERSEN and DIXON [57] employed the
comprehensive modeling tool HeapSim to reveal
the interactions between the scales of chalcocite
grains, particles, clusters and the whole heap. It was
found that even at ambient temperature, higher
copper extraction can be achieved within a few
months under optimized conditions in theory.
However, copper extraction in industrial chalcocite
heap bioleaching actually was depended on two
major factors. One was the poor distribution of
reagents in the heap due to the patterns of
local flow and stagnant solutions, and the other
was the low microbial activity attributed to
unfavorable solution chemistry and limited CO;
supplementation. The effects of these two factors on
the overall rate-limiting effect of copper extraction
were approximately of the same magnitude.

In conclusion, although the industrial practice
of chalcocite heap bioleaching has been applied
successfully for several decades, the leaching
rates and copper extraction requirements are
unsatisfactory, which limits rapid development and
industrial application of chalcocite bioleaching.

6 Application of synchrotron radiation-
based research methods

Synchrotron radiation (SR) is electromagnetic
radiation emitted by relativistically charged
particles traveling along curved orbits due to the
effect of an electromagnetic field. Compared with
traditional light sources, synchrotron radiation has
many advantages and is currently one of the most
effective light sources in the world. Synchrotron
radiation can be used to conduct a wide range of
cutting-edge scientific investigations that are not
possible with traditional light sources. At present,
there are many experimental techniques based on
synchrotron radiation, including infrared spectroscopy,
microscopic imaging, X-ray diffraction, X-ray
photoelectron spectroscopy, mass spectrometry, and
X-ray absorption spectroscopy. Additionally, these
methods have seen widespread application in many
frontier research fields such as pharmaceutical
science, environmental science, chemistry,
mineralogy, metallurgy and geology [39,77—80].

SR-based research methods have been used to
explore the chemical—biological leaching mechanism
of copper sulfide minerals. LIU et al [81,82]

established a database of K-edge XANES
absorption spectra of S and L-edge XANES
absorption spectra of Fe for various standard
substances containing S, Fe, and Cu. SR-XRD and
XANES were employed to research the phase
transitions and element migration processes on the
chalcopyrite surface in a typical bioleaching system.
When the potential was less than 871 mV (vs SHE),
bornite and chalcocite appeared as intermediates on
days 3 and 9, respectively. However, the bornite and
chalcocite disappeared successively and were
eventually transformed into covellite when the
potential was increased above 921 mV (vs SHE).
By linear fitting of the XANES spectrum, it was
found that the relative content of each intermediate
component changed continuously with increasing
leaching time, during which the redox potential
played an important role.

Additionally, YANG et al [83,84] combined
electrochemical methods with SR-based equipment
and examined the surface chemical substances
formed during the chalcopyrite bioleaching process
for different leaching bacteria. FANG et al [85]
and WANG et al [86] employed SR-XRD to study
the fine phase transformations of chalcocite
leaching in an acidic ferric sulfate solution and the
synergistic leaching mechanism of bornite and
pyrite. BEATTIE et al [87], ACRES et al [88], and
MAJUSTE et al [89] conducted a series of SR-XPS,
NEXAFS and SR-XRD tests on the leaching
residues of copper sulfide minerals. The variations
on the mineral surfaces were characterized for
different concentrations of KOH or H,SOy4, and the
leaching mechanisms were clarified.

7 Conclusions

(1) Due to its high copper content and easily
leached crystal structure, chalcocite is one of the
most valuable minerals for industrial copper
extraction. The process of chalcocite dissolution
follows the paths of polysulfur compounds, and
CuS and S° are significant intermediate products.
The bioleaching of chalcocite is generally thought
to be an indirect mechanism, and leaching micro-
organisms accelerate the leaching of chalcocite
mostly by oxidizing Fe’* to Fe** or helping to
oxidize the coating S°. The first stage of chalcocite
leaching has a lower activation energy and is
controlled by the diffusion of oxidants, while the
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second stage has a higher activation energy and is
controlled by chemical reaction, electrochemistry or
product layer diffusion. The interactions between
subprocess of chalcocite industrial heap bioleaching
are complex, and the distribution of reagents and
the activity of the microorganisms play important
roles.

(2) In the future, several advanced research
methods, including synchrotron radiation, should be
introduced to explore the chemical-biological
dissolution mechanism and leaching kinetics of
chalcocite. In addition, special attention should be
paid to key issues in industrial-scale bioleaching,
and these issues may directly improve the leaching
efficiency of chalcocite.
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