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Abstract
Ultrasound-assisted chalcopyrite leaching has been reported previously, showing a noticeable improvement in leaching kinet-
ics. However, the effect of ultrasound on the chalcopyrite oxidation kinetics from an electrochemical perspective has not been 
addressed. This study examines the ultrasonic enhancement of chalcopyrite oxidation kinetics in sulfuric acid solution from 
both conventional leaching and electrochemistry aspects. Electrochemical techniques, including linear sweep voltammetry 
(LSV) and chronoamperometry (CA), were used to illustrate the kinetics of chalcopyrite ultrasound-assisted leaching. Tafel 
analysis by LSV showed that 20% amplitude ultrasound power had increased the chalcopyrite electrochemical dissolution 
rate by about 20% in both Fe3+-free and 10 mM Fe3+-containing 0.5 M sulfuric acid solution. The CA tests indicated a drastic 
increase in the Fe3+ reduction reaction when ultrasound was applied (20% amplitude). At 0.5 V, the Fe3+ to Fe2+ reduction 
current density at 30 min drastically increased from − 65.54 without ultrasound to − 1165.84 µA cm−2 with ultrasound.
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Introduction

Chalcopyrite accounts for 70% of global copper resources, 
and more the 90% of the chalcopyrite is treated by the pyro-
metallurgical process [1]. However, the depletion of high-
grade copper deposits brings challenges to traditional pyro-
metallurgical operations, especially with the high amounts 
of deleterious impurities, such as arsenic. In addition, the 
increasing demand for environmentally friendly processes is 
driving the industry to an efficient hydrometallurgical pro-
cessing strategy [2].

Chalcopyrite leaching is typically done under acidic con-
ditions (pH < 2), and different acid media such as chlorine 
and sulfate have been intensively studied [3]. Chalcopyrite 
leaching in chlorine media has the advantage of conducting 
under normal pressure; however, the system can be highly 
corrosive. Recent research explored the additive of NaCl 
or brine solution to participate in the leaching of chalcopy-
rite, which is much less corrosive than in the HCl media. 
Sulfate-based acid leaching is attractive to researchers due 
to less corrosive, more economical, and ease of electrowin-
ning high-grade copper compared to chloride solution [4–9]. 
However, the atmospheric leaching of chalcopyrite in sul-
furic acid media suffers from slow dissolution kinetics [2, 
10–13]. The reason has been widely debated, mainly attrib-
uted to its crystallographic structure and passive layer for-
mation on the chalcopyrite surface during leaching [14–16]. 
However, the composition of this passive layer and the 
intrinsic oxidation mechanism has not reached any firm con-
clusions. Different approaches, including pressure leaching 
[17], strong oxidants (H2O2, O3) [18, 19], and catalysts (Ag+, 
pyrite, Cl−) [16, 20, 21], have been attempted to enhance 
chalcopyrite leaching in sulfuric acid solution. Turan et al. 
studied the chalcopyrite under pressure-leaching conditions. 
At 60 °C, 3 M H2O2 as oxidant, 88.5% Cu could be extracted 
after 3 h. Wang et al. explored using O3 on chalcopyrite 
leaching. When at room temperature, 10.1 mg/L O3, and 
pulp density of 5 g/L, 100% recovery of Cu was achieved 
after 48 h without addition of Fe3+. However, the high capi-
tal cost of pressure reactor, expensive catalysts or chemical 
reagents, redundant procedures, and easy-to-decompose of 
O3 and H2O2 limited their further application.

Ultrasound-assisted leaching (UAL) has demonstrated 
to enhance chemical leaching with compelling advantages, 
such as low cost, reduce leach time, being environmen-
tally friendly, and low energy consumption [22–24]. Fac-
tors affecting UAL of chalcopyrite, including sonication 
power, temperature, particle size, and type of oxidant have 

been explored for UAL of chalcopyrite [25–27]. Yoon et al. 
investigated the UAL of chalcopyrite in FeCl3-HCl solution 
with 5 W sonication power. They found that Cu extracted 
increased from 77 to 87% in alkaline media with ultrasound 
at optimal conditions [26]. Turan et al. found that applica-
tion of ultrasound promoted the efficiency of chalcopyrite 
leaching with chelating agents, e.g., EDTA, titriplex III, etc. 
[28]. At optimal conditions, the copper and iron extraction 
could be 93% and 65%, respectively, at the reaction tempera-
ture of 45 °C. Wang et al. studied the effect of ultrasound 
on chalcopyrite leaching in acidic ferric sulfate media [27]. 
The results showed that the Cu extraction increased from 
50.4 to 57.5% with 20% amplitude power. However, pre-
vious studies only demonstrated the effectiveness of ultra-
sound-assisted chalcopyrite leaching from the perspective of 
leaching kinetics, neglecting that chalcopyrite oxidation is 
an essential electrochemical process with complex electron 
transfer processes [29]. The overall chalcopyrite leaching 
can be represented as a combination of anodic and cathodic 
half-cell reactions. The anodic reaction is the chalcopyrite 
oxidation:

While the cathodic reaction is the oxidant reduction reac-
tion, for example, Fe3+ reduction

Based on the mixed potential theory [30], the chalcopy-
rite dissolution process reaches a mixed potential when the 
sum of all anodic reaction rates is equal to the sum of all 
cathodic reaction rats. At such steady state, the total rate of 
electrode (chalcopyrite) dissolution rate follows chalcopyrite 
anodic oxidation rate. Therefore, it is possible to conclude 
the kinetics of the chalcopyrite leaching process with indi-
vidual electrode reactions. Factually, many studies have been 
conducted on the electrochemical mechanism and kinetics 
study of chalcopyrite extraction [7, 31–33]. Electrochemi-
cal studies have shown that the poor chalcopyrite leaching 
kinetics is generally related to the passivated anodic reaction 
[7, 14].

In order to further explore the application of ultrasound 
on chalcopyrite oxidation, this study, for the first time, inves-
tigates the kinetics of ultrasound-assisted chalcopyrite oxida-
tion from the perspective of electrochemistry by using differ-
ent electrochemical techniques. Linear sweep voltammetry 
(LSV) with the Tafel analysis was used to determine the 
dissolution rate of chalcopyrite with and without ultrasound 

(1)CuFeS2 → Cu2+ + Fe2+ + 2S0 + 4e−.

(2)Fe3+ + e− → Fe2+.
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in sulfuric media. Chronoamperometry (CA) was applied to 
compare the chalcopyrite anodic or oxidant (Fe3+) cathodic 
behaviors at different applied potentials with and without 
ultrasound. Conventional UAL of chalcopyrite tests with 
and without ultrasound were also conducted for comparison.

Experimental

Mineral Preparation

The chalcopyrite leaching and electrochemical tests were 
conducted on chalcopyrite concentrates originating from 
Mexico. The bulk chalcopyrite was crushed, pulverized, and 
sieved to obtain a particle size in the range of + 53/ − 75 µm.

The crystallographic structure of the mineral was char-
acterized by X-ray diffraction (XRD) using a Bruker D8 
Advance powder diffractometer and Cu kα radiation. A sec-
ondary scan with a cobalt radiation tube was used to coun-
teract background noise caused by the high iron content. The 
particle size of the concentrates was further determined by 
the Partica LA-950 Laser Diffraction Particle Size Distribu-
tion Analyzer. The Cu content in the mineral was measured 
by atomic absorption spectroscopy (AAS) using a SpectrAA 
55B instrument after acid digestion with aqua regia, filtra-
tion, and dilution.

Chalcopyrite Leaching Tests

The chalcopyrite leach tests were conducted in a 500 mL 
reactor with a controlled heating mantle. The temperature 
for the leach tests with and without ultrasound was set at 
60 °C. An ultrasonic processor (VC 750 model, Sonics & 
Materials Inc. USA) constantly delivered the ultrasound with 
a standard microtip of 13 mm immersed in the solution. The 
effects of the sonication power and S/L (solid/liquid) ratio on 
UAL of chalcopyrite in Fe3+-containing sulfuric acid solu-
tion were explored. The sonication power input was adjust-
ing the amplitude of the sonicator probe, and at an amplitude 
of 20% to 60% with a step of 20%. The sonication frequency 
was set as a constant frequency of 20 kHz for all the leach 
and electrochemical tests. The reaction time was set as 6 h, 
and the mixing rate was 600 rpm for leaching tests. During 
the leaching tests, sampling was performed at 1, 2, 4, and 
6 h. Slurry (less than 3 mL) was withdrawn and subjected 
to centrifugation, filtration, dilution, and final Cu concen-
tration measurement using AAS. The following equation 
determined the Cu leached%:

(3)Cu leached% =
Cuweight dissolved

Total Cuweight
× 100%.

Electrochemical Tests

The ultrasound in chalcopyrite electrochemical behavior 
study was conducted by a Princeton applied research 273A 
potentiostat in Fe3+- free and Fe3+-containing sulfuric acid 
solution. A conventional 3-electrode system was used. The 
working electrode was made from the chalcopyrite concen-
trate. The fabrication method was explained elsewhere [34], 
and 1 cm3 of the surface was exposed to the electrolyte. 
The reference electrode was a saturated calomel electrode 
(SCE) with saturated KCl as the internal solution, 0.241 V 
versus SHE (standard hydrogen electrode) at 20 °C. All the 
potential in this paper refers to versus SHE. For an elevated 
temperature, the correction of the measured potential was 
adjusted by Eq. 2 [35], where ESCE is the standard potential 
of the reference electrode as a function of temperature, and 
T is degrees Celsius:

At 60 °C, ESCE was calculated to be 0.216 V. The counter 
electrode was a Pt mesh electrode. All the electrochemical 
tests were conducted at 60 °C. Prior to the electrochemical 
tests, the chalcopyrite electrode was stabilized with applied 
ultrasound in the electrolyte, and the open-circuit potential 
(OCP) was monitored. The electrochemical measurements 
started only when the OCP was stabilized within ± 2 mV 
in 5 min.

Linear sweep voltammetry (LSV) with Tafel analysis was 
carried out to obtain the chalcopyrite electrochemical oxida-
tion kinetics with and without ultrasound (20% amplitude). 
The LSV test scan started from 0.4 V and ended at 0.9 V 
with a scan rate of 10 mV s−1. Chronamperometry tests 
were carried out using the same set-up at applied potentials 
of 0.5, 0.6, 0.7, and 0.8 V for 30 min. For the ultrasonic-
electrochemical tests, the ultrasound (20% amplitude) was 
performed during both the OCP measurement and CA tests.

Results and Discussion

Chalcopyrite Ore Characterization

The XRD pattern of the mineral is shown in Fig. 1a. Quan-
titative XRD analysis by Bruker EVA software showed that 
the sample contained 65.6% chalcopyrite (PDF#37-0471), 
19.1% pyrite (PDF#42-1340), and 18.9% quartz (PDF#49-
1045). Cu concentration measurement by AAS showed 
that it contained 24.32% of Cu. Particle analysis (Fig. 1b) 

(4)

ESCE(V) = 0.2412 − 0.661 × 10−3(T − 25)
− 1.75 × 10−6(T − 25)2

− 9.0 × 10−10(T − 25)3.
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demonstrated that the average diameter of the treated min-
eral was about 23.52 µm, and the P80 was approximately 
82.86 µm.

Ultrasound‑Assisted Leaching Kinetics

Effect of Sonication Power

The amplitude of the ultrasound regulated the cavitation 
intensity within liquid. The effect of sonication power tests 
compared the ultrasound at 0, 20, 40, and 60% amplitudes 
for chalcopyrite leaching at the S/L ratio of 10%, room tem-
perature. The Cu% extracted within 6 h are presented in 
Fig. 2.

As can be seen, the Cu extracted% gradually increased 
with the increasing sonication power. When no ultrasound 
was applied, only 7.95% of Cu was leached after 6  h. 

Increased sonication power to 60% amplitude, amount of 
Cu extracted was raised to 19.70%, which is about 2.5 times 
comparing to the non-UAL test. The results confirmed the 
positive effect of ultrasound brought on chalcopyrite oxida-
tion, which is consistent with previous studies [26, 27]. The 
increase could be explained as ultrasound accelerated the 
Fe3+ reduction process on the chalcopyrite surface, hence, 
the whole chalcopyrite oxidation process. As mentioned 
above, the essential electrochemical process contained two 
half-reactions: chalcopyrite oxidation and Fe3+ reduction. 
The verification of assumption will be verified in the elec-
trochemical part of this study. Another reason could be the 
high-intensity ultrasound partially removed the passive film 
built on the chalcopyrite surface, which needs to be further 
explored with multiple spectroscopy methods.

Effect of the S/L Ratio

The S/L ratio is essential for the ultrasound-assisted 
solid–liquid extraction process. A high S/L ratio slurry could 
cause enhanced probe corrosion [36]. Figure 3 shows the 
UAL of chalcopyrite at S/L ratios of 0.5, 2, 5, and 10%, 
with 20% amplitude sonication power within 6 h. Figure 4 
compares the final Cu% leached after 6 h. As can be seen, 
ultrasound increased the chalcopyrite leaching at all S/L 
ratios compared to non-ultrasound tests. Decreasing the S/L 
ratio from 10 to 0.5%, the Cu leached% rose from 4.21 to 
17.00 without ultrasound and rose from 8.13 to 24.61 with 
20% amplitude ultrasound. The reasons can be explained as 
reduced slurry viscosity and eliminated diffusion barriers of 
the low S/L ratio [27].

Fig. 1   a X-ray diffraction pattern and b particle size distribution of 
the chalcopyrite concentrates

Fig. 2   Effect of sonication power (amplitude%) on chalcopyrite 
leaching in 10  mM Fe3+-containing 0.5  M sulfuric acid solution, 
S/L = 10%
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Electrochemical Analysis

Chalcopyrite Dissolution Tafel Analysis

The electrochemical kinetics of chalcopyrite dissolution 
with and without ultrasound was measured by LSV and 
interpreted by Tafel analysis. The Tafel equation can be 
written as follows [37]:

where i0 (icorr) is the exchange current density, α is the charge 
transfer coefficient, f = F/RT, F is the Faraday’s constant, R 
is the gas constant, T is the temperature in K, η is the over-
potential (E − Ecorr). Ecorr is the equilibrium potential. icorr 
and Ecorr can be determined by the intersection of anodic and 
cathodic Tafel lines. For the anodic and cathodic half-reac-
tions, their relative Tafel equation can be written as follows:

where iA is the anodic current density, iC is the cathodic cur-
rent density, �a and �c are the anodic and cathodic transfer 
coefficient, respectively. Figure 5 shows the Tafel curves of 
chalcopyrite oxidation in 0.5 M sulfuric acid solution with 
and without ultrasound (20% amplitude).

The Tafel analysis in Fig.  5 indicated that the 20% 
amplitude ultrasound had increased the chalcopyrite’s 
electrochemical dissolution. The icorr of chalcopyrite in 
Fe3+-free acid solution boosted from 39.55 to 57.54 µA 

(5)i = i0e
−�f � ,

(6)log iA = log i0 +
�anF�

2.3RT
,

(7)log−iC = log i0 −
�cnF�

2.3RT
,

Fig. 3   Effect of S/L ratio on UAL of chalcopyrite: Cu extraction in 10  mM 
Fe3+ containing 0.5  M sulfuric acid solution with 20% amplitude sonication 
power: a 0.5%, b 2%, c 5%, d 10%

Fig. 4   Comparation of Cu% leached with and without ultrasound 
(20% amplitude) for chalcopyrite leaching in 10 mM Fe3+ containing 
0.5 M sulfuric acid solution after 6 h
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cm−2 (45% increase) after the ultrasound was added. As 
for the equilibration potential, the E0 shifted from 0.63 V 
without ultrasound to 0.60 V with ultrasound. The charge 
transfer coefficients in both graphs showed �a < �c , which 
has been generally considered as an indication of n-type 
semiconductor properties. In this case, more overpotential 
is needed for chalcopyrite oxidation since most of it has 
to overcome the electrostatic force and prompt the dif-
fusion of the electron onto the surface of chalcopyrite. 
On the other hand, the cathodic process, i.e., O2 or Fe3+ 
reduction reaction, has few obstacles. This study shows the 
same trend compared to previous reports [38, 39]. Also, it 
was also found that the ultrasound had increased both �a 
(0.18 to 0.25) and �c(0.27 to 0.39), corresponding to the 
slope of the Tafel curves. The increase of �a is due to the 
accelerated electron transfer process from bulk chalcopy-
rite to the surface layer, while the increase of �c related 

to the upsurged diffusion rate of the oxidants toward the 
mineral surface.

Figure 6 shows the chalcopyrite electrochemical dis-
solution kinetics in Fe3+-containing sulfuric acid solu-
tion. The former is larger when comparing the icorr from 
Fe3+-containing and Fe3+-free acid solutions (Fig. 5). 
The icorr increased from 67.60 to 97.72 µA cm−2 with 
20% amplitude ultrasound introduced, which is about 
45% of the increment. The equilibrium potential slightly 
shifted from 0.66 to 0.70 V. Comparing Fig. 6a and b, 
the part of the anodic reaction shows a vast difference 
in slope, with a much flatter slope for the curve of non-
ultrasound. Statistically, the �a was only 0.04 for the non-
ultrasound curve and 0.21 for the ultrasound curve. The �c 
slightly increased from 0.27 to 0.32 with ultrasound. The 
trend proved that the ultrasound had affected the anodic 

Fig. 5   Polarization curves and Tafel analysis of chalcopyrite in 
Fe3+-free 0.5  M sulfuric acid solution a without ultrasound and b 
with ultrasound (20% amplitude)

Fig. 6   Polarization curves and Tafel analysis of chalcopyrite in 
10 mM Fe3+ containing 0.5 M sulfuric acid solution a without ultra-
sound and b with ultrasound (20% amplitude)
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reaction of chalcopyrite oxidation more than the cathodic 
reaction. The mechanism study of the phenomena will be 
conducted with different spectroscopy technologies in the 
next research.

Chalcopyrite Polarization in Sulfuric Acid Solution

CA was used to study ultrasound’s effect on the chalcopyrite 
oxidation/Fe3+ reduction at controlled potentials. The time-
dependent current density during the tests was registered, 
indicating the diffusion of the electroactive species towards 
the electrode surface.

The current density vs. time curves are plotted in Fig. 7 
with 0.5, 0.6, 0.7, and 0.8 V applied potentials in sulfu-
ric acid solution. The graph shows that all the curves drop 
sharply in the initial few minutes and slowly flattened as it 
approached 30 min. The rapid decrease is due to the electro-
chemically active species quickly diffusing to the working 
electrode’s surface as a function of potential applied. The 
final current density at 30 min at all applied potentials was 
plotted as shown in Fig. 7c. At 0.5 and 0.6 V, where Fe3+ 
or dissolved O2 reduction was the primary reaction, nega-
tive current densities were recorded. While at 0.7 and 0.8 V, 
anodic oxidation of chalcopyrite was the major reaction with 
positive current densities [40]. When the ultrasound was 
introduced, the final current densities increased from 4.36 
to 9.51 µA cm−2 at 0.7 V and 9.24 to 23.8 µA cm−2 at 0.8 V. 
The results demonstrated that the ultrasonic wave could pro-
mote chalcopyrite electrochemical oxidation in the absence 
of Fe3+. The promotion has been explained as the ultrasonic 
wave expedites the diffusion through the product layer [27]. 
More evidence is necessary for the mechanism exploration.

Chalcopyrite Polarization in Fe3+‑Containing Sulfuric Acid 
Solution

Similarly, CA tests were conducted at 0.5, 0.6, 0.7, and 0.8 V 
without and with ultrasound (20% amplitude) in 10 mM 
Fe3+-containing sulfuric acid solution. The current density 
vs. time curves are shown in Fig. 8a and b. Figure 8c com-
pares the final current density at 30 min with and without 
ultrasound. At 0.5 and 0.6 V, the reduction of Fe3+ to Fe2+ 
was the main reaction. At 0.5 V, the final current density was 
− 65.54 µA cm−2 without ultrasound, while it was − 1165.84 
µA cm−2 with ultrasound. The 17.80 times increase in cur-
rent density because ultrasound is attributed to the hastened 
Fe3+ diffusion process. The final current density difference 
with and without ultrasound substantially decreased at 0.7 V, 
close to the Fe3+/Fe2+ redox potential of 0.77 V. At 0.7 V. 
The current densities overlapped by the anodic oxidation 
of chalcopyrite and cathodic Fe3+ reduction reaction. How-
ever, the ultrasound’s acceleration of Fe3+ reduction reaction 
was still evident. At 0.8 V, the current represented mainly 

Fig. 7   Anodic polarization of chalcopyrite a without and b with 
ultrasound (20% amplitude) in 10 mM Fe3+ containing 0.5 M sulfuric 
acid solution. c Comparison of polarization current density at 30 min 
with and without ultrasound
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the anodic reaction of chalcopyrite oxidation. It was still 
found that the ultrasound promotes chalcopyrite oxidation 
to some extent. At 0.8 V, the final current density without 

ultrasound was 5.22 µA cm−2, while it was 15.49 µA cm−2 
for the ultrasound test.

Conclusion

The conventional chalcopyrite oxidative leaching process 
suffers from slow kinetics, especially in sulfate media leach-
ing systems. Ultrasound has been proven to be a feasible 
method to promote chalcopyrite leaching in acid solution. 
However, the kinetics study of ultrasound-assisted chalco-
pyrite leaching had not been studied from electrochemistry. 
This study compared the chalcopyrite ultrasound-assisted 
leaching kinetics with its electrochemical oxidation kinetics. 
The conventional UAL of chalcopyrite increased with the 
amplitude (20 to 60%) of ultrasound in both Fe3+-containing 
and Fe3+-free sulfuric acid solution. From the perspective 
of electrochemistry, linear sweep voltammetry with Tafel 
analysis and chronoamperometry tests were conducted for 
the electrochemical kinetics study. Tafel analysis shows the 
electrochemical dissolution rate of chalcopyrite increased 
about 45% with 20% amplitude ultrasonication power no 
matter if Fe3+ existed in the sulfuric acid solution. In addi-
tion, the CA tests found that ultrasound drastically increased 
the Fe3+ reduction reaction due to the accelerated Fe3+ dif-
fusion onto the chalcopyrite electrode. This research pro-
vides an example for study of sulfide mineral oxidation 
kinetics with ultrasound assistance from the point view of 
electrochemistry.
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