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Abstract: The objective of this study is to compare the reaction kinetics of copper leaching from
chalcopyrite in acidic ferric sulfate media with (UAL) and without (non-UAL) ultrasound assistance.
Four leaching parameters were evaluated and optimized. The parameter with the strongest effect
was temperature, followed by ultrasonic power, the solid-to-liquid ratio (S/L), and acid concentration.
Copper recovery showed an increase with rising temperatures in both systems. Ultrasonic power
had a positive effect on copper leaching, but no significant difference was found among various
power amplitudes. Copper extraction increased with decreasing S/L. At 0.1% S/L, the UAL leaching
rate was double the non-UAL leaching rate. In both systems, acid concentration had little effect
on copper extraction. Under optimized conditions, 20% amplitude power, 1% S/L, 0.5 M acid,
and 80 ◦C leaching temperature, copper extraction was 50.4% and 57.5% in the non-UAL and UAL
treatments, respectively. Ultrasonic waves enhanced the leaching rate, shortened the reaction time,
and reduced acid consumption. Analysis of the rate-controlling step using a shrinking core model
showed that leaching occurs after diffusion through the product layer but also chemical controlled
in both non-UAL and UAL systems. The leaching mechanism was confirmed by characterizing the
chalcopyrite and leached residue with X-ray diffraction and scanning electron microscopy/energy
dispersive X-ray spectroscopy.
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1. Introduction

Chalcopyrite (CuFeS2) is the most abundant copper sulfide mineral and the main copper-bearing
mineral worldwide [1,2]. Chalcopyrite represents nearly 70% of known copper resources [3,4].
Pyrometallurgical smelting has been the industry-standard method to extract copper from high-grade
chalcopyrite, but the use is restricted due to environmental problems (i.e., SO2 emissions) and the
depletion of rich ore deposits increasing the processing costs [5,6]. Hydrometallurgical copper extraction
is therefore an attractive alternative for treating low-grade chalcopyrite concentrate: it has higher metal
recoveries, fewer air pollution hazards, and lower processing costs [7]. However, chalcopyrite is the
most refractory copper-bearing mineral to hydrometallurgical leaching due to surface transformations
that render the products very stable under oxidizing conditions [8]. In addition to ultra-fine grinding,
numerous additives to leaching solutions have been proposed to promote chalcopyrite oxidation,
including ferric sulfate (Fe2(SO4)3) in a sulfuric acid solution, efficient oxidants (e.g., O2, H2O2, and
O3), microorganisms (bioleaching), Ag+, Cr6+, and Cl− [9,10].

Leaching of chalcopyrite in ferric sulfate media has several advantages: it is easy to handle,
does not cause corrosion, is low cost, and copper recovery by solvent extraction and electrowinning
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technologies is simple [11]. However, the dissolution of copper from chalcopyrite at ambient pressure
and temperature in ferric sulfate media is typically low (less than 20%), which has impeded its industrial
application. In a sulfuric acid solution, oxidative leaching of chalcopyrite by ferric sulfate or dissolved
oxygen (DO) obeys Reactions (1) and (2), respectively [12–14].

CuFeS2 + 2Fe2(SO4)3 → CuSO4 + 5FeSO4 + 2S0 (1)

CuFeS2 + 4H+ + O2 → CuSO4 + FeSO4 + 2S0 + 2H2O (2)

In both cases, ferric ion (Fe3+) regenerates according to Equation (3) [15].

4FeSO4 + O2 + 2H2SO4 → 2Fe2(SO4)3 + 2H2O (3)

Researchers have divergent views on the steps governing chalcopyrite leaching since the
mechanism of chalcopyrite dissolution by Fe3+ has not yet been elucidated [13]. Passivation has
mainly been attributed to polysulfides, metal-deficient sulfides, jarosite, and elemental sulfur [16,17].
However, various studies have indicated the formation of elemental sulfur as a diffusion layer between
the leaching solution and chalcopyrite, which might limit dissolution [18].

Various techniques have been tested to accelerate chalcopyrite dissolution during acidic ferric
sulfate leaching, such as leaching at elevated temperatures (90–95 ◦C), adding other reactants,
or grinding chalcopyrite to very fine particles [19]. These techniques render the leaching process more
energy- and time-consuming. In recent years, ultrasound has proven to be a powerful tool to enhance
metal extraction in biological, chemical, electrochemical, and other hydrometallurgical leaching
systems [20–22]. Ultrasound-assisted leaching (UAL) is gaining increasing attention because of the
relatively low cost of ultrasonic power, availability of high-intensity ultrasound sources, environmental
friendliness, as well as energy savings compared to other leaching techniques, such as pressurized or
accelerated chemical leaching and toxic solvent extraction [21,23]. UAL has been shown to increase the
dissolution of pyrite leached with ferric sulfate in a sulfuric acid solution by 30% [24]; the leaching rate
of copper from a copper converter slag from 80.4% to 89.3% [25]; copper leaching of copper tailings
in an ammonia solution by 13.5% to a total of 89.5% copper recovery [26]; and copper recovery from
chalcopyrite leaching in an aqueous FeCl3–HCl solution by 10% [27].

The exact mechanism by which an ultrasound application affects leaching is not fully understood,
but ultrasonic cavitation is the most predominant phenomenon for promoting metal extractions
in ore processing. Cavitation has mechanical, chemical, and thermal effects [28]. For example,
cavitation affects bubble dynamics in mechanical ways—oscillation, creation, growth, and collapse—to
generate more energy. The chemical effects are then caused by free radicals and electron-exciting
substance formation involving secondary reactions, improving the metal dissolution. The high-power,
ultrasound-induced high kinetic energy of the water molecules, which can increase the solution
temperature, then produce thermal decomposition.

In this study, ultrasound was applied to oxidize chalcopyrite in an oxygenated ferric sulfate–sulfuric
acid solution with the aim of improving the copper leaching rate and(or) shortening the leaching time
relative to non-ultrasound-assisted leaching (non-UAL) under the same conditions. The effects of
ultrasound power, the solid-to-liquid ratio (S/L), sulfuric acid concentration, and leaching temperature
on the leaching kinetics of copper from chalcopyrite were investigated and the optimum conditions
were determined. The kinetic data were modeled using the classic Shrinking Core Model (SCM),
and the rate controlling step was determined. The chalcopyrite and the leached residues obtained
from UAL and non-UAL were characterized using X-ray diffraction (XRD) and scanning electron
microscopy/energy dispersive X-ray spectroscopy (SEM-EDS).



Minerals 2020, 10, 633 3 of 17

2. Experimental

2.1. Materials

Quantitative XRD analysis by X’Pert HighScore Plus software (Version 3.0e, PANalytical B.V.,
Almelo, The Netherlands) showed that the chalcopyrite-bearing ore sample was mainly composed
of chalcopyrite (57.9%), pyrite (39.6%; FeS2), and quartz (2.5%; SiO2) (Figure 1). The chalcopyrite
contained 18.2% Cu (Table 1).
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dispersion of Cu, but Fe and S were uniformly distributed as the highest proportions (Figure 3). As a 
result, pyrite was extensive on the ore surface, where chalcopyrite particles and some minor oxides 
were also evident. 

 
Figure 2. SEM images of the chalcopyrite-bearing ore at (a) ×1500 and (b) ×5300 magnification. 

Figure 1. X-ray diffraction pattern of the chalcopyrite-bearing ore sample.

Table 1. Chemical composition of chalcopyrite from inductively coupled plasma optical
emission spectrometry.

Chalcopyrite Cu Fe S Pb Zn Al As Ca K Mg P Na

wt% 18.2 30.0 34.3 0.16 0.2 0.5 0.23 1.0 0.2 0.2 0.2 0.75

SEM-EDS images (FEI Nova NanoSEM 450, FEI, Hillsboro, OR, USA) of the chalcopyrite ore
revealed a smooth surface and a compact structure (Figure 2). EDS mapping data acquired and
processed with ESPRIT software (Version 1.9, Bruker, Billerica, MA, USA) showed irregular dispersion
of Cu, but Fe and S were uniformly distributed as the highest proportions (Figure 3). As a result,
pyrite was extensive on the ore surface, where chalcopyrite particles and some minor oxides were
also evident.
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Figure 3. EDS mapping of the chalcopyrite-bearing ore.

2.2. Experimental Design

The four independent variables in the UAL and non-UAL experiments were ultrasonic power, S/L
ratio, sulfuric acid concentration, and leaching temperature.

1. The effect of ultrasonic power was studied at four amplitudes (0, 20, 40, and 70%) at 10% S/L,
0.5 M sulfuric acid concentration, 50 ◦C leaching temperature, and 800 rpm stirring speed.

2. Non-UAL (power 0%) and UAL (power 20%) experiments tested the effect of S/L (0.1, 1.0, 5.0, and
10%) at 0.5 M sulfuric acid concentration, 50 ◦C leaching temperature, and 800 rpm stirring speed.
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3. Non-UAL (power 0%) and UAL (power 20%) experiments tested the effects of the sulfuric acid
concentration (0.01, 0.1, 0.5, and 1.0 M H2SO4) at 1% S/L, 50 ◦C leaching temperature, and 800 rpm
stirring speed.

4. Non-UAL (power 0%) and UAL (power 20%) experiments tested the effect of leaching temperature
(50, 65, and 80 ◦C) at 1% S/L, 0.5 M sulfuric acid concentration, and 800 rpm stirring speed.

2.3. Experimental Procedure

Chalcopyrite ore samples (300 g) were crushed, sieved to +53/−75µm, and stored in a−25 ◦C freezer
to prevent sulfide oxidation. Prior to leaching tests, samples were dried at 40 ◦C for 24 h. The sulfuric
acid solution was prepared with concentrated 98% sulfuric acid diluted with deionized water.

Five-hour leaching experiments were performed in duplicate in a 500-mL jacketed glass reactor
with a 200 mL sulfuric acid solution in a thermostatic water bath on a hot plate with a magnetic
stirrer (Figure 4). The 400 W ultrasonic processor (UP400S, Hielscher Ultrasound Technology, Teltow,
Germany) worked at a constant frequency of 24 kHz. It had a 22-mm diameter probe with a vibrating
titanium tip attached to the transducer. The energy input was varied by changing the amplitude of the
sonotrode, which was positioned at a depth of approximately 2.5 cm into the solution.
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Figure 4. Schematic diagram of experimental leaching system: 1—oxygen cylinder; 2—gas flow
meter; 3—ultrasonic processor; 4—test bench; 5—hot plate; 6—jacketed reactor; 7—thermostatic bath;
8—magnetic stirrer.

After the required temperature was achieved, a certain amount of chalcopyrite was added to
a 0.0125 M ferric sulfate solution depending on the S/L. Oxygen was sparged continuously into the
leaching reactor at a flow rate of 0.5 L/min. A total of 5 h leaching time was chosen since there was
no significant increase after that in the preliminary experiments. At the 1, 2, 3, and 5 h time points,
the leaching solution pH, oxidation/reduction potential (ORP), and DO concentration were measured,
and 10-mL aliquots of the solution were withdrawn (and replaced with 10 mL fresh solution) with a
syringe, centrifuged at 6000 rpm for 2 min, and filtered through 0.45 µm syringe filters to remove the
insoluble particles. The filtrate was analyzed for dissolved Cu and Fe concentrations with a microwave
plasma atomic emission spectroscope (Agilent Technologies 4200, USA) to determine the extraction
yield of Cu and Fe. At the end of the leaching experiments, solutions were vacuum filtered, and the
residue was recovered, washed with deionized water several times, and dried at room temperature
prior to further analysis.
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The Cu extraction, E (%), was calculated according to Equation (4).

E =
C×V
P×M

× 100 (4)

where, E is the Cu extraction (%), C is the Cu concentration in the leaching solution (g/L), V is the
volume of leaching solution (L), P is the Cu percentage of the chalcopyrite ore (%), and M is the amount
of added chalcopyrite ore (g).

2.4. Analysis and Characterization

The mineralogical composition and crystallinity of the leached residues were measured on
powdered samples by XRD using an X’Pert Pro Philips powder diffractometer (Philips, Egham, UK)
with Co Kα radiation in the testing 2θ range of 5–80◦ at a scan rate of 0.017◦/min. Morphological
characteristics were investigated by SEM with EDS after carbon coating. The total sulfur content in the
residue was analyzed using an ELTRA CS-2000 Induction Furnace (Eltra GmbH, Haan, Germany),
while the elemental sulfur content was determined by Thermogravimetric Analysis (TGA) using a
Netzsch STA 449 F3 Jupiter model (NETZSCH-Geraetebau GmbH, Selb, Germany). All values are
reported as the means of duplicate samples.

3. Results and Discussion

3.1. Effect of Leaching Parameters on Copper Extraction

3.1.1. Effect of Ultrasonic Power

Ultrasound-enhanced Cu extraction from chalcopyrite-bearing ore. After 5 h of leaching, Cu
extraction was 5.9% higher at the highest UAL treatment compared to the non-UAL treatment (25.5%
and 19.6% Cu extraction, respectively: Figure 5). Cu extraction increased with ultrasonic power
amplitude and followed the same pattern among all treatments. At each amplitude, the increase in Cu
extraction is the most dramatic in the first hour of leaching, and more slowly thereafter. However, the
overall Cu recovery did not exhibit a substantial increase with the different ultrasonic power amplitudes.
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Figure 5. Copper extraction versus leaching time without (0%) and with ultrasound assistance at
three power amplitudes (leaching conditions: a 10% solid-to-liquid ratio (S/L), 0.5 M sulfuric acid
concentration, 50 ◦C, and 800 rpm stirring speed).

These results are consistent with previous studies showing that ultrasonic power either accelerates
Cu dissolution within a short period or shortens the time to reach a given Cu recovery [29]. This effect
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could be attributed to ultrasound treatment decreasing the resistance to mass transfer in the system
or removing insoluble substances from the solid surfaces. Therefore, dissolution of the mineral and
regeneration of ferric ions are enhanced, which combine to increase species transfer in the system.

3.1.2. Effect of the Solid-to-Liquid Ratio

Without ultrasound assistance, mean Cu recoveries after a 5 h leach at the four tested S/L ratios
were less than 22% (Figure 6a). Whereas the three lowest S/L ratios yielded similar Cu recoveries, the
highest S/L tested, 10%, resulted in a slightly lower Cu recovery (19.6% Cu recovery). The stoichiometric
requirement for the reaction probably resulted in a late-stage, acid-deficient condition [22]. In the
UAL treatment, the highest S/L also yielded the lowest Cu recovery, but an S/L of 0.1% resulted in a
dramatically higher Cu recovery (40.7%) than the other three S/L ratios (Figure 6b). This could be due
to the synergistic impacts of the reduced viscosity of the slurry and ultrasound-induced cavitation that
eliminated the diffusional mass transfer resistance and promoted the diffusion of Cu ions.Minerals 2020, 10, x FOR PEER REVIEW 7 of 16 
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Figure 6. Copper extraction versus leaching time at four solid/liquid ratios (a) without and (b) with
ultrasound assistance at 20% power amplitude (leaching conditions: 0.5 M sulfuric acid concentration,
50 ◦C, and 800 rpm stirring speed).

3.1.3. Effect of Acid Concentration

At all the tested concentrations, Cu extractions are higher in UAL than non-UAL systems.
However, acid concentration had little effect on Cu recovery. In the non-UAL treatment, the maximum
Cu recovery (22.3%) was obtained at 0.5 M sulfuric acid after a 5-h leach; the 0.01, 0.1, and 1.0 M
concentrations yielded similar recoveries (Figure 7a). In the UAL treatment, the maximum Cu recovery
was 26.4% at 0.01 M sulfuric acid, which is a 4.1% improvement over the non-UAL maximum recovery
(Figure 7b). Thus, UAL at a 20% power amplitude lowered acid consumption, which is consistent
with previous studies [30]. The chief function of sulfuric acid in the leach is to prevent hydrolysis and
precipitation of ferric ions, but the DO leaching pathway (Equation (2)) and gangue minerals may also
consume acid [31].
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Figure 7. Copper extraction versus leaching time at four sulfuric acid concentrations (a) without and
(b) with ultrasound assistance at 20% power amplitude (leaching conditions: 1% S/L, 50 ◦C, and 800
rpm stirring speed).

3.1.4. Effect of Temperature

Cu extraction increased dramatically with leaching temperature with and without ultrasound
assistance (Figure 8; note change in scale relative to Figures 5–7). The maximum Cu recovery in
the UAL treatment was 57.5%, an increase of 7.1% compared to the non-UAL treatment (50.4% Cu
recovery). Running UAL under these conditions for 4 h would achieve the same Cu recovery as the
non-UAL treatment. This concurs with research by Yoon et al. [27] on the UAL of chalcopyrite by
FeCl3 in a hydrochloric acid solution: the largest increment in Cu recovery by UAL was at the tested
maximum temperature of 99 ◦C. The positive effect of temperature on Cu recovery could be explained
by the smaller difference in DO concentration between the UAL and non-UAL tests at 80 ◦C (data not
shown). With a sufficient DO, the combined effects of temperature and the physical effects of cavitation
are more conducive to dissolving copper by disintegrating larger particles, which facilitates reagent
penetration into the interior of particles [32].
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with ultrasound assistance at 20% power amplitude (leaching conditions: 1% S/L, 0.5 M sulfuric acid
concentration, and 800 rpm stirring speed).

Overall, DO was higher in the non-UAL (Figure 9a) than UAL treatment (Figure 9b). This is to
be expected since ultrasound generally influences gassing out more than gassing in, and deaeration
by cavitation lowers DO concentrations. A similar trend is evident for OPR (Figure 9). This can be
explained by the existence of the redox couple Fe3+/Fe2+ since UAL could possibly energize the ions
increasing the activities of Fe3+ and Fe2+ in chalcopyrite leaching, which can add complexity to the
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leaching system. Three reactions can occur simultaneously: reduction of Fe3+ to Fe2+, oxidation of Fe2+

to Fe3+, and oxidation of the mineral [33,34]. In the UAL treatment, the higher Cu recovery implies
that more Fe3+ was consumed during the leach. This lowered the Fe3+/Fe2+ ratio and eventually led to
a lower ORP. However, pH did not differ between the non-UAL and UAL treatments (data not shown),
though pH increased slightly as the leaching reactions progressed due to acid consumption.
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Figure 9. Oxidation/reduction potential (ORP) and dissolved oxygen (DO) concentration versus
leaching time (a) without and (b) with ultrasound assistance at 20% power amplitude (leaching
conditions: 1% S/L, 0.5 M acid concentration, 50 ◦C, and 800 rpm stirring speed).

3.1.5. Leaching Results Summary

Overall, the relative impact of the leaching parameters on Cu recovery over a 5-h leach was
temperature > ultrasound power > S/L > acid concentration. The optimal conditions tested, weighing
Cu recovery against acid consumption and ultrasound power requirements, are as follows: ultrasound
power amplitude 20%, 1% S/L, 0.5 M H2SO4 concentration, and temperature 80 ◦C. Under these
conditions, after 5 h, the Cu recovery was 57.5%, an increase of 7.1% to the non-UAL treatment (50.4%
Cu recovery). Ultrasound also reduced the leaching time by 1 h to attain the same leaching rate as the
no ultrasound test.

3.2. Residue Characterization

XRD and SEM were used to characterize residues from UAL and non-UAL under the optimal
leaching conditions tested; results were compared to residues from a 50 ◦C leach to determine if there
is a synergistic effect of temperature and ultrasound. Chalcopyrite was not easily dissolved in any of
the four treatments: The main phase species of chalcopyrite ore were not affected by ultrasonication or
temperature (Figure 10). The relative intensity of the main chalcopyrite peak was lower in UAL than
non-UAL treatments, and the weak peaks were lost, which indicates that UAL enhanced Cu leaching.
The peak intensities of pyrite were similar among treatments. Some quartz peaks disappeared in all
treatments, possibly by mechanical collision.
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Figure 10. X-ray diffraction patterns of the chalcopyrite-leached residues: (a) non-UAL at 50 ◦C;
(b) UAL at 50 ◦C; (c) non-UAL at 80 ◦C; and (d) UAL at 80 ◦C (leaching conditions: ultrasound
power amplitude 20%, 1% S/L, 0.5 M sulfuric acid concentration, and 800 rpm stirring speed).
UAL—ultrasound-assisted leaching.

A high temperature combined with ultrasound produce a synergic effect on particle size.
The overall particle size of the leached chalcopyrite residues from all four treatments decreased
to 30–50 µm from the original particle size of 53–75 µm (Figure 11). The particle size of the residues
was smaller for the UAL at 80 ◦C (Figure 11d) than for the other three treatments. Microcracks within
particles were deeper at 80 ◦C than 50 ◦C. UAL residues had a rough, loose, and porous structure,
probably from cavitation-induced surface damage and particle fragmentation [32]. This structure
would facilitate contact of the exposed Cu to the reagent, enhancing Cu dissolution. However, small
globules extensively covered the pores in all treatments; these could suppress the diffusion of reagent
into the interior to react with the unreacted ore [35]. Extensive pyrite coverage over the surface (see
Figure 2) may also slow Cu leaching through the product layer as indicated by [36]. This evidence
clearly demonstrates ultrasonic cavitation as the main effect in promoting chalcopyrite leaching by
increasing the particle diffusion and mass transfer rate.
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The total sulfur content was slightly higher in UAL than non-UAL residues, whereas the opposite
was true for elemental sulfur (Table 2). Differences were more exaggerated at the higher leaching
temperature. Therefore, another mechanism by ultrasonic cavitation in UAL promoting Cu dissolution
is through the removal of elemental sulfur, which plays a barrier role in the ore leaching process;
the removed elemental sulfur floating in the solution is much easier to be oxidized under the
tested conditions.

Table 2. Mass of the sulfur species in the chalcopyrite residues from leaching at two temperatures
without (non-UAL) and with (UAL) ultrasound assistance.

Treatment Residue (g) Total Sulfur (g) Elemental Sulfur (g)

50 ◦C, non-UAL 1.5455 0.5687 0.0780

50 ◦C, UAL 1.5676 0.5876 0.0361

80 ◦C, non-UAL 1.4641 0.4964 0.1091

80 ◦C, UAL 1.4652 0.5778 0.0672
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3.3. Kinetic Analysis

Oxidative leaching of chalcopyrite comprises solid–liquid heterogeneous reactions and is generally
controlled by one or more of the following three successive steps:

1. diffusion through the liquid film;
2. diffusion through the ash/product layer (if present); and
3. chemical reaction at the surface of the solid.

Based on the literature [22,37,38] and the SEM images in Figure 11, it is understood that as the
leaching proceeds, a product layer forms around the particles in both the UAL and non-UAL tests. A
shrinking core model is appropriate for the kinetic analysis of these systems [39]. In this model, each
of the three controlling steps above has a corresponding equation (Equations (5), (7), and (9)). The one
that best fits the data would be considered the rate controlling step [40].

Liquid film diffusion control:
kFt = X (5)

where
kF =

3bLC
ρR0

(6)

Solid product layer diffusion control:

kPt = 1− 3(1−X)
2
3 + 2(1−X) (7)

where
kP =

6bDeC
ρR2

0

(8)

Chemical reaction control:
kRt = 1− (1−X)

1
3 (9)

where
kR =

bKSC
ρR0

(10)

where k is the apparent rate constant for each of the controlling steps, t is the time at which the X
fraction of the metal is recovered, ρ is density (kg/m3), R0 is the initial radius of particle (m), L is the
mass transfer coefficient in the liquid film (m s−1), C is the concentration of the reactant (kg/m3), De is
the effective diffusion coefficient for porous structures (m2 s−1), and Ks is the reaction rate constant at
the particle surface (s−1). The slope of the line is the rate constant kF, kP, or kR, while the temperature
dependence of the reaction rate constant (kd) can be calculated using the Arrhenius equation:

kd = A exp
(
−Ea

RT

)
(11)

where A is the frequency factor, Ea is the activation energy of the reaction, R is the universal gas
constant at 8.31 J mol−1.K−1, and T is the absolute temperature.

To determine the rate-controlling step, Equations (5), (7), and (9) were plotted for all data. Equation
(5) did not show a good fit, so diffusion through the liquid film was eliminated as a controlling step.
As the leaching reaction proceeds under mechanical stirring and ultrasonication, diffusional resistance
through the liquid film should be negligible, therefore it cannot be a limiting step in chalcopyrite
leaching [41]. Fitting Equation (7) over time for different temperatures (Figure 12) shows that product
layer diffusion is the rate controlling mechanism in both non-UAL and UAL.
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Chemical reactions at the chalcopyrite surface (Equation (9)) also played a role in controlling
leaching (Figure 13). This agrees with the SEM results that ultrasound incurs surface damage to
generate numerous voids and plaques on the particle surfaces (e.g., Figure 14). In addition, at all
tested temperatures, the higher kinetic reaction constant (k) for UAL than non-UAL is also evidence
that ultrasound helps to greatly improve the Cu leaching rate [28]. It is important to highlight that
cavitation produced by ultrasonic waves physically crushes particles; thus, it is reasonable to propose
that ultrasonic waves remove or at least destroy some parts of the product layer and further accelerate
mass transfer and diffusion for more chemical reactions. Other research supports the contention that
product layer diffusion or chemical reaction governs the rate of leaching in UAL [22,42]. Comparing
the rate determining plots for product layer diffusion control and chemical reaction control, it is
understood their R2 values are all high and very close to each other; therefore, neither of them can be
distinguished as the only rate limiting step. This implies the mixed control mechanism for both ULA
and non-ULA treatments.Minerals 2020, 10, x FOR PEER REVIEW 13 of 16 
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The Arrhenius equation for the non-UAL and UAL processes can be derived (Figure 15) in
Equations (12) and (13), respectively.

kd = 150392 exp
(
−5445.6

T

)
(non-UAL) (12)

kd = 452254 exp
(
−5754.4

T

)
(UAL) (13)
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Ultrasound treatment had no effect on the activation energy of the reaction, but instead increased
the pre-exponential factor A in Equation (11) three-fold. This effect has been reported in many
heterogeneous reactions associated with ultrasound [43–45]. Both diffusion through the product layer
and chemical reactions control the UAL process. The collision factor can be the collision of H+ ions
with SO4

2− in the crystal lattice or in the aqueous phase, and maybe the steric factor [43].
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4. Conclusions

Among the experimental leaching conditions tested, the UAL of copper from chalcopyrite over
5 h in an oxygenated acidic ferric solution was most effective at 20% amplitude power, an S/L of
1%, a 0.5 M acid concentration, and 80 ◦C. Under these conditions, the maximum Cu recovery was
57.5% compared to 50.4% for the non-UAL treatment. UAL achieved the same Cu recovery as the
non-UAL in 4 h. Temperature had the greatest effect on copper recovery, followed by ultrasonic power,
S/L, and acid concentration. Improved copper extraction by UAL is mainly attributed to ultrasonic
cavitation: breaking up large ore particles to increase the particle diffusion and mass transfer rate,
and also removing the formed elemental sulfur layer to enhance the chemical reactions for more
chalcopyrite dissolution. The cavitation effect was confirmed by the scanning electron micrographs
and elemental sulfur contents of the residues. Kinetics analysis showed that both non-UAL and UAL
followed the classical shrinking core model: both product layer diffusion and chemical reactions at the
chalcopyrite surface were the rate-controlling mechanism.
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