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Abstract

Molybdenite is the most important molybdenum concentrate, which is mainly recovered as a by-product from porphyry
copper deposits. Due to the low efficiency of purification processes such as flotation in the reduction of copper content of
molybdenum concentrate to a standard level (i.e., less than 0.5 wt.%), further purification by a hydrometallurgical method is
required. Although different types of chemical reagents were found to be effective in the leaching of copper minerals from
molybdenum concentrate, the mechanisms of these processes remain largely unexplored. In this study, optimal conditions
for maximum copper leaching (>99%) were obtained at the concentration of HCl1=1 M, FeCl;=0.5 M, CuCl,=0.05 M,
CaCl,=0.5M at 75 °C, 500 rpm, and S:L =1:10 during 60 min. CuCl, was identified as the most effective leaching reagent
for copper dissolution in agreement with Visual MINTEQ model results due to the formation of various types of copper
chloride complexes. Furthermore, the electrochemical behaviors of FeCl;, CuCl,, and CaCl, reagents before and after the
leaching process were investigated by the cyclic voltammetry technique. The results of cyclic voltammograms at different
scan rates verified the presence of copper chloride complexes, and ferric ions as the oxidizing reagents for better dissolution
of copper sulfides. Based on kinetic study results of shrinking core models, both chemical and diffusion reactions controlled
the copper leaching process with an obtained activation energy of 33.56 kJ/mol. For recovery of the leached copper, the
precipitation process was done by the addition of Na,S at 45 °C, S/Cu=1, and pH=9.
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1 Introduction

Molybdenum plays an important role in the energy industry
and green technologies in resistant steel, cracking agents,
the oil and gas industry, cast iron, and catalysts [44]. The
decrease of high-grade molybdenum resources has received
much attention in the processing of low-grade ore deposits
of this mineral [24]. Molybdenum can be obtained directly
or as a by-product of processing in copper mines. Por-
phyry copper deposits contain molybdenum in the form of
molybdenite (MoS,) [1]. In these sulfide minerals, a bulk
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copper-molybdenum concentrate is formed, and the reduc-
tion of the copper amount is necessary for molybdenum
separation [38].

Many metallurgical methods, such as smelting, roast-
ing [22], direct reduction of molybdenite [31], and plasma
smelting [47], have been used in the production of molyb-
denum. Chlorination methods are another common method
for the purification and separation of molybdenum [37].
The disadvantages of pyrometallurgical processes are sev-
eral processing steps, problems in reducing the trioxide to
metal, low recoveries, and SO, pollution [24]. According to
industrial demand and environmental protection rules, the
selection of non-toxic, efficient, and low-cost methods for
refractory sulfide concentrate is necessary. In this way, the
hydrometallurgical processes have become attractive due to
their low-energy consumption, no emission of SO,, and they
could be applicable for low-grade deposits to achieve highly
purified molybdenum [50].

@ Springer


http://orcid.org/0000-0003-1833-6525
http://crossmark.crossref.org/dialog/?doi=10.1007/s42461-022-00708-8&domain=pdf

142

Mining, Metallurgy & Exploration (2023) 40:141-159

The conventional method for molybdenum purification is
flotation [30, 51]. However, this method is not highly effi-
cient in the effective reduction of copper amounts in the
economic range of less than 0.5% Cu. The concentrates
produced by flotation often contain 1.0-1.5% Cu, and fur-
ther chemical purification processing for the removal of Cu
is largely required [19, 41]. The application of hydromet-
allurgical methods such as solvent extraction (SX) [14],
ion exchange [12], using sodium hypochlorite agent [53],
leaching of sulfidized iron copper sulfide [36, 45], electro-
oxidation method [43], bioleaching [40], pressure oxidative
leaching [11], alkali leaching, and acidic leaching (e.g.,
ferric sulfate, ferric chloride leaching, sulfuric acid leach-
ing (H,SO,), hydrochloric acid (HCl), nitric acid leaching
(HNO;), and cyanide leaching processes) have been used for
copper removal from molybdenum concentrates [39].

Since 1970, molybdenite leaching has been frequently
used for copper removal [5]. The application of leaching
processes for molybdenite separation and purification from
porphyry copper deposits represented slow leaching kinetics
because of the presence of primary sulfide minerals such as
chalcopyrite (CuFeS,) in comparison with the secondary
copper sulfides such as covellite (CuS) and chalcocite (Cu,S)
[15]. The formation of a passive layer (e.g., elemental sulfur,
polysulfide, jarosite, and ferric oxyhydroxide) is the other
issue to prevent copper dissolution from molybdenite [46].
Therefore, to improve the dissolution of chalcopyrite from
molybdenite, HCI acid leaching has been used under oxida-
tive conditions. In this area, oxidizing agents such as cupric
chloride (CuCl,) and ferric chloride (FeCl;) could be effec-
tive for better dissolution of refractory copper sulfides [2].
Based on previous studies, one of the advantages of using
ferric chloride in an acidic medium with HCl is the possibil-
ity of reproducing ferric ions from ferrous ions. Moreover,
the presence of chloride ions in the acidic leaching could be
an effective way to prevent the passivation and the forma-
tion of porous sulfur structures [29]. In acidic media, using
cupric chloride also plays an important role in increasing
copper leaching by the formation of various chloride com-
plexes (e.g., Cu™, CuCl*, CuCl,”, CuCly~, CuCl,") on the
external surface of chalcopyrite [49]. Moreover, cupric chlo-
ride showed a synergistic effect on the dissolution reaction
of chalcopyrite in ferric chloride [28].

This research is devoted to the important problem of
the increase in the quantity of pure molybdenite. One of
the main objectives of this research was to determine the
optimum conditions for copper removal from molybdenite
concentrates without creating a passive layer that prevents
copper dissolution. This study is a part of the research car-
ried out at Sungun copper mine plant located in East Azer-
baijan province, northwest of Iran. In Sungun copper mine,
a flotation method was used for the floating of molybdenite
and copper sulfide minerals (i.e., with depression of pyrite).
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After that, in the molybdenum plant, the purification meth-
ods were carried out for the selective separation of molyb-
denite. Whereas the copper minerals in Sungun copper mine
are located at high depths related to chalcopyrite, in this
flotation method, the consumption of sodium sulfide (i.e.,
used as an inorganic depressant) has excessively resulted in
environmental problems without efficient molybdenite sepa-
ration. On the other hand, the copper amount was increased
due to the presence of chalcopyrite in the molybdenum
concentrate and it was not at the standard level (i.e., more
than 0.5% Cu). Thus, based on mineralogical/chemical com-
positions of molybdenite, and facilities for implementing
hydrometallurgy processing units, initial laboratory experi-
ments were designed and applied. Due to the lack of com-
prehensive evaluation of acidic leaching conditions for cop-
per dissolution from molybdenum concentrates, this study
simulated the leaching conditions.

The dissolution of chalcopyrite is also dependent on
potential and electrochemical reactions. In some studies, the
relationship between the solution potential and the leaching
rate has been investigated to solve the difficulty of chalco-
pyrite leaching [48]. This research brings a new perspective
into focus on the cyclic voltammetry technique to determine
the electrochemical behavior of leaching agents for copper
removal from chalcopyrite existed in molybdenum concen-
trate. For a better understanding of electrochemical reactions
and reaction mechanisms, cyclic voltammetry was used to
study the qualitative and quantitative electrochemical prop-
erties of electroactive species in leaching solution. In addi-
tion, to obtain the leached copper from the leaching solution,
the precipitation of copper was carried out under different
conditions. The present research was conducted by kinetics,
chemical equilibrium modeling, and redox potential of the
solution to identify the optimum conditions and effective
reagents for copper dissolution without any changing phase
of molybdenite in the hope of up-scaling this leaching pro-
cess in the Sungun copper mine plant and the other mining
plants with similar conditions.

2 Materials and Methods
2.1 Materials

The molybdenum concentrate used in this study was
obtained from the copper-molybdenum processing complex
of Sungun mine, East Azerbaijan province, Iran. Chemical
reagents used for preparing leaching solutions consisted
of HCI1 (37% v/v), FeCl; (98-99 wt.%), and CaCl,. 2H,0
(98-99 wt.%) was obtained from the Chemistry Center
of Iran Co. Moreover, CuCl, 2H20 reagent was prepared
(98-99% wt.) by Dr. Mojallali Co. In the precipitation
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process, Ca(OH), (98-99 wt.%) and Na,S (98-99 wt.%)
were obtained from Merck Co and Dr. Mojallali Co.

2.2 Experimental Procedures

Leaching tests were performed in a 1-L glass reactor with
a water-cooled condenser and water bath equipment, as
shown in Fig. 1. For each test, after adjusting the desired

Copper Leaching process from
Molybdenite concentrate

Molybdenite concentrate

Copper leaching solution

Obtained precipitation from
copper leaching solution

Copper precipitation process

Fig.1 Schematic diagram of copper dissolution and copper precipita-
tion processes

temperature, 500 cm? of a leaching solution was added to
the reactor. After adding the molybdenite sample, the reac-
tor was sealed (i.e., there were three holes for keeping a
thermometer, a redox electrode, and collecting samples).
The solution was agitated at various agitation speeds with
a teflon impeller during the leaching test. During the leach-
ing process, several samples were collected to analyze the
copper (Cu) concentrations. After investigating the leach-
ing conditions, the optimum concentrations of each leaching
agent, contact time, S:L ratio, stirring speed, and tempera-
ture were obtained.

To precipitate copper from the leaching solution, and to
prevent H,S formation, pH > 7 was maintained. After adjust-
ing pH, sodium sulfide was added at different S/Cu ratios
and temperatures. At designated times, some samples were
withdrawn to analyze the copper concentration. Table 1
shows the experimental conditions for the molybdenite
leaching and copper precipitation processes. The steps of
the copper dissolution processes and copper precipitation
are shown in Fig. 1.

2.3 Methods of Characterization

Laser particle size distribution analysis (LPSA, Analysette
22 NanoTec device) was used to measure the particle size
fraction of molybdenum concentrate. To analyze the
chemical composition of the molybdenum concentrate,
inductively coupled plasma atomic emission spectros-
copy (ICP-OES, ES-730) was used by the peroxide fusion
preparation method. The concentrations of inorganic ele-
ments in the leachate solution were also measured by
ICP-OES, Varian 730-ES with HF-Multi Acid Digest.
The X-ray powder diffraction (XRD) data were recorded

Table 1 Copper leaching from

Laching process for copper dissolution

molybdenum concentrate and

copper precipitation process Effective parameters Conditions

conditions
HCI conc. (M) 0.5 1 2 3 - -
FeCl; conc. (M) 0 0.2 0.5 0.7 1 -
CuCl, conc. (M) 0 0.01 0.05 0.1 - -
CaCl, conc. (M) 0 0.5 1 3 - -
S:L ratio 1:20 1:10 1:5 - - -
Temperature (°C) 25 35 55 75 95 -
Stirring speed (rpm) 300 500 700 - - -
Leaching time (min) 5 15 30 60 180 240
Copper precipitation process
Effective parameters Conditions
pH 8 9 10 - - -
S:Cu ratio 0.5 1 1.5 - - -
Temperature (°C) 25 45 65 - - -
Contact time (min) 1 5 15 30 - -
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by Expert Pro-PHILIPS Co., diffractometer using Cu Ko
radiation in the 20 =2-80° with step time =0.03 s and
step size 260 =0.02°. To identify the mineralogical phase
of each sample, the XRD pattern was analyzed by X'Pert
High Score Plus software. Atomic absorption spectroscopy
(AAS-novAA300) was used for the determination of cop-
per concentration before/after leaching and precipitation
processes. For the mineralogy study of molybdenum con-
centrate and to find the interlocking between molybdenite
and copper sulfide minerals, optical microscopy on some
polished sections of molybdenum concentrate was carried
out by a polarizing optical microscope (SM-LUX-POL).
Field emission scanning electron microscopy and energy
dispersive spectrometer (FESEM-EDS) were also used to
characterize the morphology and semi-quantitative analy-
sis of molybdenite. An oxygen reduction potential (ORP)
electrode was incorporated with a Pt electrode into a KCI-
saturated Ag/AgCl reference electrode and inserted into
the leaching solution to measure the total potential for the
leaching process. The Laboratory pH meter 827 Metrohm
equipped with a glass pH-responsive electrode was also
used to determine pH.

The Visual MINTEQ software version 3.1 was chosen
as a freeware chemical equilibrium model for the calcula-
tion of metal concentration and activities of speciation,
percentage distribution among dissolved and adsorbent
species, and saturation index for each compound in the
leaching solution. Moreover, to investigate the electro-
chemical stability of different redox states of Cu, S, and
Mo as a function of pH, the Eh—pH diagram was drawn by
HSC Chemistry software version 6.0.

Fig.2 Electrochemical setup for
analysis of leaching solution
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2.4 Cyclic Voltammetry Measurement

The electrochemical system (Fig. 2) consists of three elec-
trodes: a platinum wire as a counter electrode, a commercial
Ag/AgCl saturated by KCl as a reference electrode, and a
platinum wire as a working electrode, respectively. After
each run, the working electrode was polished to a mirror-
like surface using Al,O; powder at a particle size of 0.3 pm.
The electrodes were rinsed with bidistilled water after pol-
ishing. A stream of Argon gas was purged into each solu-
tion for 5 min before each scan for deoxygenation. In this
experiment, open circuit potential (OCP) was measured
when no current was flowing and no external voltage was
applied. The electrochemical experiments were maintained
at the open circuit or a predetermined potential at equilib-
rium time (30 s) to continue with a negative/positive going
potential sweep from OCP in the direction of the expected
half-reactions. To investigate the impact of the scanning rate,
the sweep rates of 0.01, 0.05, and 0.1 V/s were carried out
in the presence of 0.1 M KClI. In this research, the electro-
chemical behavior of leaching agents such as CaCl,, CuCl,,
and FeCl; was analyzed individually and collectively in the
acidic aqueous solution. Cyclic voltammetry measurement
was performed using a potentiostat/galvanostat (Behpajooh,
Iran).

2.5 Kinetic Study
In this research, for a better understanding of the leaching

mechanism, a kinetic study was carried out in conducting
with the experimental data. In this area, the shrinking core
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model was found to be the most important kinetic model for
describing the leaching kinetics of metal ions [32].

The shrinking core model describes how the leaching pro-
cess can be controlled by the following: I. the external diffu-
sion of the leaching agent to the solution boundary layer; II.
internal diffusion from the solution to the core surface (i.e.,
controlled through a solid product layer), or by performing
a leaching reaction on the core surface [7].

Equations (1) and (2) can calculate the diffusion and
chemical reaction control in the shrinking core model,
respectively [8].

1—(§>X—(1—X)§=kdz )

1—(1-X)5 =kt )

where X is the reaction fraction after reactant at a given time
(1), k; and k, are the reaction rate coefficients for diffusion
and chemical reaction control, respectively. In order to dif-
fusion control from reaction product layers, the reaction can
be controlled by the unreacted core and the reaction product
layer as shown in Eq. (3) [20].

%111(1 X -1+ =X =k, 3)

To determine the effect of temperature changes on the
rate constant, Arrhenius equation can be used (Eq. (4)) [42]:

E(l

where A is the pre-exponential factor, E, denotes the activa-
tion energy of the chemical reaction, R is the universal gas
constant equal to 8.31 J/Kmol, and T is the absolute tempera-
ture associated with the reaction [6].

The value of activation energy can be helpful in determining
the controlling mechanism. If the activation energy is lower than
20 kJ/mol, the reaction is controlled by the diffusion mechanism.
However, values higher than 40 kJ/mol imply a chemically con-
trolled reaction. The activation energy of between 20 and 40 kJ/
mol indicates that the controlling mechanism is both chemical
and diffusion reactions [17].

3 Results and Discussion
3.1 Physicochemical Characterizations
of Molybdenum Concentrate Before Copper

Dissolution

The results of the LPSA analysis for molybdenum con-
centrate are shown in Fig. 3. The particle size distribution
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Fig. 3 Particle size distribution of molybdenum concentrate

Table 2 Peroxide fusion data of molybdenum concentrate composi-
tions

Composition wt.% Composition wt.%
Mo 46.38 SiO, 0.98
S 40.28 Pb <0.05
Fe, 05 5.18 P <0.05
Cu 0.81 Zn <0.05
CaO 0.32 Sr <0.05
K,0 0.18 Cr,0;4 <0.05
MgO 0.13 TiO, <0.05
MnO <0.05 BaO <0.05
L.OI 23.65

of molybdenite was reported in terms of d,;,=1.60 pm,
dsy=6.99 um, d;,=10.10 pm, and dy;=16.53 pm. The
molybdenite particle size fraction represented the range
of 0.09 to 53.20 pm.

In Table 2, the chemical compositions of molybde-
num concentrate are shown. Based on the peroxide fusion
result, the main chemical components belonged to Mo
and S. However, the other impurities, including Fe, O3,
Cu, CaO, K,0, MgO, MnO, and SiO,, were detected in
molybdenite. The amounts of the other elements can be
negligible. In this way, about 1 wt.% of molybdenite con-
tains copper elements that need to be separated.

As shown in Fig. 4, the XRD pattern of molybdenum
concentrate revealed the mineralogical composition and
phases. The obtained results indicate that the molybdenum
concentrate mainly contains molybdenite (MoS,) with the
diffraction at 20=14.5°. In molybdenum concentrate, cop-
per sulfide is mainly present in the forms of chalcopyrite
(CuFeS,) at 20=29.2°, chalcocite (Cu,S) at 26 =37.2°,
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and covellite (CuS) at 26=32.7°. Iron in this concentrate
is present as pyrite (FeS,) at 20=33.2°, 37.1°, and 56.2°,
and iron oxide (Fe,03) at 260=32.9° and 62.9°. In addition,
quartz (Si0O,) is the other impure phase in the molybdenum
concentrate at 39.6°. Based on XRD and ICP-OES data,
more than 90%wt. of molybdenum concentrate belonged to
molybdenite and less than 5 wt.%. of this concentrate was
composed of sulfide phases where chalcopyrite was the main
impurity.

To clarify the composition of the copper minerals pre-
sented in the molybdenum concentrate, the microscopic
study was carried out and shown in Fig. 5. The results
showed that most minerals are liberated without any inter-
locking. However, in some cases, there is a slight inter-
locking between molybdenite and chalcopyrite.

The morphological and semi-qualitative analyses of
the molybdenite sample were given by FESEM-EDS.
Fig. 6a illustrates the small and thin layers of molybdenum

with a blade-shaped particle. Based on the percentages of
0, Si, S, Cl, Ca, Fe, Cu, and Mo elements (Fig. 6b) and
the EDS-mapping distribution of these elements (Fig. 6¢),
molybdenum concentrate is primarily composed of molyb-
denum, iron, and copper related to molybdenite, pyrite,
and copper sulfide minerals (such as chalcopyrite, chal-
cocite, and covellite).

3.2 Effect of Different Leaching Conditions
in Lab-Scale

The effect of various concentrations of CaCl, (0-3 M) on
the copper sulfide compounds (especially chalcopyrite)
dissolution was investigated. The experiment was car-
ried out in the solution of 1 M HCI, at the temperature
of 75 °C, 500 rpm, 0.5 M FeCl; concentration, an initial
CuCl, concentration of 0.05 M, and S:L ratio of 1:10. As
shown in Fig. 7a, increasing the CaCl, concentration had

Fig.4 XRD pattern of the

molybdenum concentrate Molybdenum Concentrate

—_ - A A A A
M)
& MolybHenun disulfide 01-073-1508 Ref patterns
:; : Ar o A "
g, Chalcopyrite 00-037-0471 l
(7] M A
o
£ |chalcocite 01-084-0207 l
A A A A .
Covellite 96-101-0921 K
A A AAA
Pyrite 00-001-1295
Quartz 01-087-0703
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T T T T T T T
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Fig.5 Presence of copper
sulfide in molybdenum con-
centrate a without interlocking
and b possible interlocking of
chalcopyrite with molybdenite
using reflected light-parallel
polarization
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Elements Wt.%
(0] 10.30
Si 3.91
S 36.39
cl 1.52
Ca 1.33
Fe 1.75
Cu 2.61
Mo 42.19
e ] Ry 1

Fig.6 a FESEM image; b elemental analysis and ¢ EDS mapping of molybdenum concentrate
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«Fig. 7 Effect of a CaCl, concentration, b CuCl, concentration, ¢ HCI
concentration, d FeCl; concentration, e S:L ratio, f temperature, g
agitation speed, and h copper dissolution under specific condition

a positive effect on copper dissolution only up to 0.5 M.
After that, a significant effect on copper dissolution was
not observed. During 60-min leaching, maximum copper
recovery was obtained up to 99% and the copper dissolu-
tion was slightly changed after 60 min. The presence of
CaCl, could be helpful for copper dissolution by increas-
ing the chlorination degree and ionic strength of the solu-
tion and influencing the refractory copper sulfide (chalco-
pyrite) dissolution.

The effect of initial CuCl, concentration (0-0.1 M) on
the leaching of copper sulfides was studied in solutions
containing 1 M HCIL, 0.5 M FeCl,, 0.5 M CaCl,, at 75 °C,
500 rpm and S:L ratio of 1:10. Based on the results depicted
in Fig. 7b, the CuCl, concentration of 0.05 M was selected
as the optimum value at 60 min. As shown in Fig. 7b, the
absence of CuCl, indicated a significant reduction in copper
dissolution to 13%. Oxidizing effect of CuCl, besides its
catalytic role in the dissolution of copper was significant.

Copper leaching behavior was studied by varying HCI
concentrations (0.5-2 M). Fig. 7c depicted the copper
recovery under FeCl; concentration of 0.5 M, 0.5 M CaCl,,
0.05 M CuCl, at 75 °C, 500 rpm and S:L ratio of 1:10. 1 M
HCl represented the optimum amount for maximum copper
dissolution at 60-min leaching time.

The experiments on the effect of the FeCl; concentration
(0—1 M) on copper dissolution were carried out using 1 M
HCI, at 75 °C, 0.5 M CaCl, concentration, CuCl, concentra-
tion of 0.05 M, at 500 rpm and S:L ratio of 1:10. As shown
in Fig. 7d, the increase in FeCl; concentration improved
copper dissolution. However, the FeCl; concentration of
0.5 M showed a desirable amount to reach maximum yield.
Based on the mineralogical results, the high values of cop-
per sulfide minerals belonged to chalcopyrite; therefore,
the presence of FeCl; oxidative agent could be effective
to obtain maximum copper dissolution. In the other study
reported by Lessard and Shekhter [25], the thermodynamic
modeling of chalcopyrite dissolution indicated that for com-
plete copper leaching with minimum molybdenite leaching,
0.5 M FeCl; concentration was sufficient.

The solid/liquid ratio effect was studied in the solution
of 0.5 M HC1 0.5 M FeCl;, 0.5 M CacCl,, and 0.05 M CuCl,
at 75 °C and in various ratios (1:20, 1:10, 1:5, and 3:5).
As shown in Fig. 7e, the solid/liquid ratio affected the cop-
per extraction significantly. The dissolution curves showed
that the maximum copper recovery was obtained in dilute
suspension and the ratio of 1:10 was chosen as an optimum
amount.

As shown in Fig. 7f, the copper recovery was investigated
at different temperatures (25-95 °C) under 1 M HCI, 0.5 M

FeCl;, 0.5 M CaCl,, 0.05 M CuCl, concentration, at 500 rpm
and S:L ratio of 1:10. During 60-min leaching, the tempera-
ture represented a considerable effect on the leaching rate
by increasing the temperature from 25 to 75 °C to achieve
more than 99% copper recovery.

The effect of the agitation speed (300, 500, and 700 rpm)
on molybdenum concentrate leaching was studied under HCl
concentration of 1 M, FeCl; concentration of 0.5 M, 0.5 M
CaCl,, 0.05 M CuCl, at 75 °C and S:L ratio of 1:10. Gener-
ally, the copper recovery was slightly increased with increas-
ing agitation speed during 60 min (Fig. 7g). This result rep-
resented that mass transfer may not play an important role in
the leaching process at higher agitation speeds. Accordingly,
an agitation speed of 500 rpm was selected as an optimum
value for maximum copper leaching.

In this study, the effect of each leaching agent on copper dis-
solution, in the absence of copper, calcium, and iron chloride
for copper dissolution, was also evaluated. The results are given
in Fig. 7h and revealed that the copper recovery was located at
the lowest level when the CuCl,, FeCl;, and CaCl, were absent.

3.3 Chemical Equilibrium Modeling of Copper
Leaching Process

Visual MINTEQ is a chemical equilibrium free software that
can be used to calculate metal speciation, solubility, solid
equilibrium, and the mineral dissolved phases in aqueous
systems [3]. Therefore, in this study, Visual MINTEQ ver-
sion. 3.1 was used to simulate the concentrations of aqueous
inorganic species, the saturation indexes (SI: the logarithmic
ratio of ion activity product to solubility coefficient for each
compound), and the percentage distribution of dissolved spe-
cies in the leaching solution. The chemical equilibrium mod-
eling results provide a theoretical basis for a better under-
standing of leaching reagent behavior and aqueous reactions
for copper dissolution in the laboratory.

The simulation was performed at 75° for 50 g of molyb-
denum concentrate in 0.5 L of solution with HCl=1 M,
FeCl;=0.5 M, CuCl,=0.05 M, and CaCl,=0.5 M. The
results of the simulation data are given in Table 3. The
obtained results represented the probable molybdenite dis-
solution and the formation of various types of copper sulfide,
iron chloride, and copper chloride complexes in the leaching
solution that can cover the surface of copper sulfide minerals
in molybdenum concentrate.

According to the results of the saturation index in Table 4,
the precipitation in the leaching solution has theoretically hap-
pened. A negative value of the saturation index suggests that
compounds are under saturation and a positive value of the satu-
ration index shows the formation of precipitation. Therefore, it is
theoretically possible to form a precipitated layer on the surface
of copper sulfide minerals during the leaching process (i.e., as
a passive layer).
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Table 3 Percentage distribution among dissolved species

Table 4 Saturation index data for leaching solution

Component % of total concentration Species name Mineral Saturation index
Mo0O,*~ 0.03 H,Mog0,,*~ Atacamite -10.45
0.01 HMoO,~ CaMoO,(s) —2.604
3.50 MoO;(H,0);(aq) CaS(s) —18.935
0.06 HMo,0,,> Covellite 10.576
0.85 H;MogOag>" Cu(OH),(s) —10.848
95.55 MogOye*™ CuMoO,(s) 0.717
HS™ 100.00 H,S (aq) Cupric Ferrite -9.954
clI- 85.69 cl- Fe(OH), ,CLy(s) —-0.251
0.08 CuCI* Ferrihydrite -4.079
2.40 CuCl, (aq) Ferrihydrite (aged) —3.569
0.30 CuCl;~ Goethite —-2.259
0.01 CuCl,> H,MoO,(s) 2.261
11.52 FeCI>* Hematite —-1.809
Fe3* 0.27 Fe** Lepidocrocite —4.664
99.73 FeCI>* Lime —29.154
Cu** 473 Cu?* Maghemite —12.859
5.39 CuCI* Melanothallite —-6.797
82.88 CuCl, (aq) MoO;(s) -1.27
6.81 CuCl;~ Portlandite -20.914
0.19 CuCl42_ Powellite -1.929
Ca** 100.00 Ca”* Tenorite(am) -9.64
Tenorite(c) —-8.79
To further investigate the copper dissolution beside the
possibility of molybdenum dissolution in the leaching pro- CuFeS, — Cu* + Fet 4+ 2S° + de™ ©)
cess, the values of redox potential and pH of the solution
in optimum conditions are measured and listed in Table 5.
3Cu** +3e” — 3Cu* (10)

As shown in Table 5, the main mechanism for chalcopy-
rite as a main copper sulfide mineral in molybdenum con-
centrate in acidic solution with the presence of CuCl,, and
CaCl, (as a just spectator) could be followed by Eq. (5) or
Egs. (6) and (7). Equation (5) is reported to represent the
chalcopyrite dissolution in FeCl;. This system is faster and
more aggressive than the other ferric salts [27].

CuFeS, + 4Fe*t — Cu®" + 5Fe?* +28° 5)

Equation (5) can also be represented by the following
half-cell reaction pair (Eqgs. (6) and (7)):

CuFeS, — Cu** + Fe** 4 28° 4 ¢~ 6)

4Fe*t + 4~ — 4Fe* 7

Equation (8) is shown the use of CuCl, as an oxidant where
chalcopyrite is reported to dissolve [34].

CuFeS, + 3Cu®" — 4Cu™ + Fe?* + 28° (8)

As shown in Egs. (9) and (10), half-cell reactions for chal-
copyrite dissolution are followed as:

@ Springer

The low pH value obtained from the experiment proved
the consumption of elemental sulfur (i.e., formed from
copper sulfide leaching), at higher temperatures (about
70-80 °C). Equation (11) showed the reason for extensive
acidic media during leaching solution [25]:

S° + 4H,0 + 6FeCl; — H,S0, + 6FeCl, + 6HCl  (11)

In this study, for a better understanding of the probable dis-
solution of Mo in leaching solution, the Eh—pH diagram of the
Mo-S-H,0 system was obtained at 25 and 75 °C according to
the concentrations of Mo and S in molybdenum ore by the HSC

Table 5 Solution potential

. . Leach- Redox pH
anq pH of leac.h%ng solution at ing time  potential (V,
optimum condition (min) SHE)
15 0.659 0.07
30 0.624 0.07
60 0.617 0.06
120 0.607 0.06
240 0.608 0.01
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Fig.8 Eh—pH diagram for Mo- Eh (Volts)

Mo - S - H20 - System at 25.00 and 75.00 C
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Chemistry database. As shown in Fig. 8, at 75 °C and a redox
potential of less than 900 mV (SHE) and pH less than 1, the
molybdate species were located in a stable form (MoS,). There-
fore, the dissolution of Mo in the optimum leaching conditions
in this study (i.e., Eh~600 mV (SHE), 0.01 <pH <0.07, and
75 °C) is impossible. Therefore, the formation of H,Mo0,,*",
HMo0,~, MoO,(H,0)5(aq), HM0,0,,>~, H;M0g0,,’~, and
MogO,¢*~, based on Visual MINTEQ modeling, has not hap-
pened in the leaching solution. Moreover, the presence of CuCl,,
CuCl;™, and CuCl,>~ plays an important role in the dissolution

4 6 8 10 12 14
pH
Molality Pressure
4.800E-01 1.000E+00
1.250E+00 1.000E+00

rates of copper. As reported by Yoo et al. [52], the distribution
of copper ions with increasing chloride concentration plays an
important role in chalcopyrite dissolution. In this research, the
role of CaCl, and CuCl, beside FeCl; and acidic medium caused
the increase in the chloride concentration, so cuprous ion spe-
cies such as CuCl, CuCl,~, CuCl,*~, and CuCl,*" are formed
as chlorocuprate(I) ions, and the standard potential between
cupric and cuprous species also increases. In addition, chalco-
pyrite is leached faster when increasing the Cu**/Cu™ ratio as
the solution becomes more concentrated in Cl~ ions. Therefore,

Fig.9 3D XRD patterns of
molybdenum concentrate before Counts
and after leaching Molybdehtim concentrate befor leaching
2000 Molybdehtim concentrate after leaching
201 Molybdenum concentrate before leaching
0 A A
1000 “271 Molybdenum concentrate after leaching
10 20 \ 30 40 50 60 70 80 90
E [V Y Sy W ¢ JUENY W 5 = ==
RIS Sl G S S
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Position [°2Theta] (Copper (Cu))
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SEM MAG: 70.0 kx
WD: 4.52 mm
View field: 2.97 pm

Det: InBeam
BI: 7.00
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Fig. 10 a FESEM image; b elemental analysis, and ¢ EDS mapping of molybdenite after copper dissolution
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as reported in Eq. (10), the high Cu?*/Cu* ratio increases the
dissolution of chalcopyrite in Eq. (9) [4].

3.4 Physicochemical Characterizations
of Molybdenum Concentrate After Copper
Dissolution

In this research, to investigate the molybdenum dissolution,
further study was also performed on the leaching residue.
The results of ICP-OES data for residue under optimum con-
ditions showed only 0.03 wt.% dissolution of Mo. The XRD
results of the leaching residue confirmed the ICP-OES anal-
ysis data. Accordingly, the molybdenum was not dissolved
during the leaching process. The preservation of the main
peaks of molybdenum at 20 =14.5° was illustrated in Fig. 9.

Moreover, to study the reduction of the copper amount in
the leaching residue, the FESEM-EDS analysis was used. As
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shown in Fig. 10a—c, the dissolution of copper sulfide min-
erals such as chalcopyrite, chalcocite, and covellite resulted
in a significant decrease in Cu values and their distributions
in EDS mapping.

3.5 Electrochemical Behavior of Leaching Agents

In this study, CV is a powerful electrochemical technique
employed to investigate the reduction and oxidation pro-
cesses of molecular species in leaching solution influenced
on the leaching process. The CV scans of the leaching
solution containing 0.05 M CuCl,, 1 M HCI], and 0.1 M
KCI as supporting electrolytes at 25 °C are shown in
Fig. 11a. In the catholic peaks, the peaks started from the
onset potential of —0.22,—0.29, and —0.32 V (Ag/AgCl)
at different scan rates of 0.01, 0.05, and 0.1 V/s are related
to the formation of the solid Cu on the working electrode
surface (the reduction of Cu® to Cu) [21]. In the reverse
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Fig. 11 Cyclic voltammograms of leaching solutions each containing a 0.05 M CuCl,, b 0.5 M FeCl;, ¢ 0.5 M CaCl,, and d 0.05 M CuCl,,
0.5 M FeCl;, 0.5 M CaCl, in 1 M HCI, 0.1 M KCl as supporting electrolyte at 25 °C
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scan, anodic peaks started from the potential of 0.06, 0.11,
and 0.13 V (Ag/AgCl) at different scan rates of 0.01, 0.05,
and 0.1 V/s are related to the change of Cu to Cu™ species,
and the second peaks are located at 0.34, 0.43, and 0.43 V
(i.e., at different scan rates of 0.01, 0.05, and 0.1 V/s)
belong to the change of Cu* to Cu®* species [18]. The
peaks located at 0.19, 0.01 and 0.09 V (Ag/AgCl) (.e.,
at different scan rates of 0.01, 0.05, and 0.1 V/s) in the
cathodic scan belong to the reduction of Cu>* to Cu* [33].
According to the electrochemical investigation, at leaching
conditions of about 0.4 V (Ag/AgCl) and 1 M HCICI™ ions
could react with copper ions to form complex anions such
as CuCl;~ and CuCl,*~, which could affect the chalcopy-
rite leaching process [16].

The effect of the FeCl; agent was also investigated in a
solution containing 0.5 M FeCl;, 1 M HCI, 0.1 M KCI as
a supporting electrolyte at 25 °C (Fig. 11b). Fe’* ions are
reduced to Fe?* in cathodic reaction at potentials of 0.27,

0.0010 R-square=0.98 =
0.0005
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©
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scan rate (v/s)

0.17,and 0.11 V (Ag/AgCl) and scan rates of 0.01, 0.05, and
0.1 V/s. On the reverse scan, at potentials of 0.67, 0.83, and
0.90 V (Ag/AgCl), the oxidation of Fe** to Fe** is marked
at different scan rates of 0.01, 0.05, and 0.1 V/s respectively
[23].

As shown in Fig. 11c, the leaching solution containing
0.5 M CaCl,, 1 M HCl, 0.1 M KCl as a supporting electro-
Iyte at 25 °C shows no significant cathodic peaks. It means
that CaCl, does not react with HCI and it is a water-soluble
ionic salt. On the other hand, it means that the CaCl, is not
an electroactive species in leaching solution and it affects
the process through non-oxidative reactions or mass transfer.

Figure 11d exhibits the CV attained in a mixture of leach-
ing agents (i.e., 1 M HCI, 0.5 M FeCl,, 0.05 M CuCl,, 0.5 M
CaCl,, 0.1 M KCl as a supporting electrolyte at 25 °C). The
peaks related to cathodic reactions of Cu* to Cu are observed
at—0.23,-0.25,—-0.28 V (Ag/AgCl) and the reduction of Fe3*
to Fe* (i.e., which could be overlapped with the reduction of
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Fig. 12 The relation between peak current and a the square root of the scan rate for redox peaks of copper chloride, b the square root of the scan
rate for redox peaks of ferric chloride, ¢ the scan rate for redox peaks of copper chloride, and d the scan rate for redox peaks of ferric chloride
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Table 6 The amount of Inkd at

‘ T (K) 1000/T Kd InKd
different temperatures
298 3356 0.002 -6.215
308 3.247 0.003 -5.991
328  3.049 0.004 -5.521
348 2874 0.019 -3.974
368 2717 0.020 —-3.922

Cu** to Cu™) is also shown at 0.43, 0.38, and 0.37 V (Ag/AgCl)
at different scan rates of 0.01, 0.05, and 0.1 V/s respectively.
Moreover, on the reverse scan, at different scan rates of 0.01,
0.05, and 0.1 V/s, in these cyclic voltammograms, the peaks
belong to the anodic reaction for changing of Cu to Cu* are
detected at—0.09,—0.09, and—0.10 V (Ag/AgCl). The oxida-
tion of Fe?* to Fe®* (i.e., which could be overlapped with the
oxidation of Cu* to Cu*") is observed at 0.55, 0.57, and 0.59 V
(Ag/AgCl) at 0.01, 0.05, and 0.1 V/s respectively. From another
point of view, a higher FeCl; concentration in the sample con-
taining CuCl, changes the locations of the peaks in comparison
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with the individual solutions. In this area, as mentioned before,
the formation of chlorocuprate(I) ions are probable to derive
the leaching process.

The results of voltammetry studies also indicate that the
solution potential oxidation of Cu* to Cu* is coupled to
the higher formal potential of the Fe**/Fe?* couple. The
importance of such reaction can be understood considering
the fact that despite Fe** is a thermodynamically stronger
oxidant than Cu?*, the rate of cathodic reduction of Cu>*
is probably greater than that of Fe’™ on the chalcopyrite
surface [35]. Accordingly, the presence of Cu**/Cu™ redox
couple, which is only stable at the high concentration of
chloride, can significantly affect the kinetic of chalcopyrite
oxidation. These assumptions were evaluated through the
leaching experiments in the following part.

The CV analysis could determine the diffusion-controlled
and the surface-controlled redox reactions. The scan rate
of the experiment controls the rate of the applied potential
for scanning. When it is fast, a decrease in the size of the
diffusion layer has been carried out and the higher currents
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Fig. 13 Kinetic plots of copper dissolution based on a surface chemical reaction, b diffusion the product layer, ¢ diffusion control from reaction

product layers, and d Arrhenius plot
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Fig. 14 Effect of a pH, b S:Cu ratio, and ¢ temperature for precipitation process
are observed [9]. In electrochemically reversible electron- o NFoD 172
. . . . . — o
transfer processes with freely diffusing redox species, Ran- 1), = 0.446nFAC" (———) (12)

RT
dles — Sevcik equation (Eq. 12) describes how the peak cur-

rent ip (A) increases linearly with the square root of the scan ~ Where i, is peak current (A), n is the number of elec-
rate [13]. trons transferred in a redox cycle, F is Faraday’s con-
stant (96,485.339 C/mol), R is the universal gas constant
(8.31447 J.K‘l.mol_l), T is the absolute temperature, A is

Brown

)

Fig. 15 Color of copper leaching solution a before precipitation, b after 1 min precipitation, and ¢ after 30 min precipitation (S:Cu=1, pH=9,
and 45 °C)
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Fig. 16 XRD pattern of copper
precipitate form copper leaching
solution
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the electrode surface area in working (cm?), C is the molar
concentration of redox-active species (mol/cm?), D, is the
diffusion coefficient (cm2/s), and v is the scan rate in V/s.
The linear dependence of the peak current on the square
root of the scan rate is dependent on the diffusion. How-
ever, for molecules that adsorb on the electrode surface it
will be dependent on the scan rate. In this area, the Ran-
dles — Sevcik equation (Eq. 13) can give indications as to
whether an analyte is freely diffusing in solution [13].

*

22
i= T AT (13)

» = ART

where i, is peak current (A), n is the number of elec-
trons transferred in a redox cycle, F is Faraday’s con-
stant (96,485.339 C/mol), R is the universal gas constant
(8.31447 J.K~".mol™!), T is the absolute temperature, A is
the electrode surface area in working (cm?), v is the scan rate
in V/s, and I"" is the surface coverage of the absorbed species
in mol/cm?. As shown in Fig. 12a and b, in the diffusion-
controlled process for leaching solution, the peak currents
are linearly proportional to the square root of the scan rate.
In surface-controlled (also known as an adsorption-con-
trolled) process, as shown in Fig. 12c and d, the peak cur-
rents are linearly proportional to scan rate. Accordingly, for
both redox peaks of cupper and ferric chloride, the diffusion-
controlled process shows a higher R? (R-square) value than
surface control.

3.6 Kinetic Model

The rate of copper dissolution was controlled by both surface
chemical reaction and diffusion through the interface of the unre-
acted core, as shown by the temperature dependence of copper
leaching from the molybdenum concentrate (Fig. 7f). The model

I I I I |
30 40 50 60 70

2Theta (degree)

curves showed a good linear fit to the kinetic data with regression
coefficients, R?>0.95. As shown in Fig. 13d and Table. 6, the
calculated intrinsic rate constants K were used to construct the
Arrhenius plot. A good linear relationship (R*>0.90) is observed
in Fig. 13 which was employed to calculate the activation energy.
The activation energy was achieved at 33.56 kJ/mol, which is
typical for a process controlled by diffusion and chemical reac-
tions. A fast dissolution rate for copper dissolution at the begin-
ning of a time period verified the chemical reaction control and
then diffusion through the product layer and interfacial transport
for the dissolution mechanism.

3.7 Copper Precipitation Process
For an efficient sulfide precipitation process, Na,S reacts with

metal cations existing in an aqueous solution, according to the
reaction mechanism described in Eqs. (14)—(17) [10].

H,S < HS™ + H* (14)
HS™ <S> +H' 15)
M?* + 87~ & MS(s) (16)
M?** + HS™ & MS(s) + H* 17)

For copper cations in leaching solution, the formation of
CusS could be possible with a high pKsp value to form a sta-
ble precipitate [10]. To investigate the effect of pH on copper
precipitation, the pH of solution was adjusted from 8 to 10 at
45 °C and S/Cu=1. As shown in Fig. 14a, increasing the pH
from 8 to 9 was sufficient for complete sulfide precipitation.

When the pH of the solution was raised to 10 in bisulfide solu-
tion, the presence of copper complexes in the form of CuS(HS)™,

@ Springer



158

Mining, Metallurgy & Exploration (2023) 40:141-159

(n=2 and 3), as one possible explanation for a little increase in
copper dissolution [26]. The results showed that the appropriate S/
Cu ratio was equal to 1 to obtain the maximum precipitation rate
(Fig. 14b). The reaction temperature is the other effective param-
eter that could affect the precipitation process. The precipitation
reaction was carried out at different temperatures ranging from
25 to 65 °C. Figure 14c shows that the precipitation of copper
was very fast. By increasing the temperature up to 45 °C, copper
precipitation reached a maximum yield. After 45 °C, the precipita-
tion rate did not change significantly.

The color of the initial precipitates was the other con-
trol parameter to find the ending time for precipitation of
copper ions [26]. The changing color from green to brown
represented the fast precipitation at the beginning of a time
(1 min). A black color after 30 min showed the complete
precipitation process for copper (Fig. 15).

As shown in Fig. 16, the XRD pattern of the precipitate
obtained from the copper leaching solution indicates that
the main components in this precipitate are copper sulfides
such as covellite (CuS) and chalcocite (Cu,S)). Iron in the
precipitate is also present as ferrihydrite (Fe,05. 0.5 H,0)
and magnetite (Fe;0,).

4 Conclusion

Mineralogical studies indicated that the presence of copper
sulfide minerals such as chalcopyrite in molybdenum con-
centrate as impurities required a further purification method
to reach the standard level of copper content (< 0.5 wt.%)
from an economic point of view.

The complete dissolution of copper was carried out
by the hydrometallurgical method and selecting the opti-
mum conditions (i.e., including HCl=1 M, FeCl;=0.5 M,
CuCl,=0.05 M, CaCl,=0.5 M at 75 °C, 500 rpm,
S:L=1:10 during 60 min) to effectively reduce the copper
content (< 0.1 wt.%) without the dissolution of molybdenum.

During the first minutes of the leaching process, surface chemi-
cal reactions represented the highest correlation coefficients, and
then the interfacial transport and diffusion through the product
layer controlled the reactions. Moreover, the calculated activation
energy of 33.56 kJ/mol indicated that both chemical and diffusion
reactions controlled the copper leaching process.

The effect of CuCl, on the leaching process of copper was
greater than the other reagents. It was probably associated
with its catalytic reaction to disrupt the passivating sulfur
layer or other precipitation layers on the particle surface at
the beginning of the process. Based on CV results, the pres-
ence of Cu”>* and Fe** as the oxidizing reagents could be very
effective for copper dissolution. On the other hand, the pres-
ence of CaCl, and FeCl; in HC] media increased the concen-
tration of chloride ions. Therefore, the formation of CuCl,",
CuCl,2~, and CuCl,>~ on the surface of sulfide minerals could

@ Springer

also prevent the formation of a passive layer by the increasing
the Cu®*/Cu™ ratio and copper dissolution.

The precipitation of copper in the leaching solution
could be effective in the convenient recovery of copper.
Therefore, the recycling of the solution into the leaching
operation could be possible. The optimum conditions to
obtain the maximum precipitation rate were achieved at
45 °C, S/Cu ratio of 1, and pH=9.
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