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Abstract: The unique properties of ionic liquids (ILs) drive the growing number of novel applications
in different industries. The main features of ILs are high thermal stability, recyclability, low flash
point, and low vapor pressure. This study investigated pure chalcopyrite dissolution in the presence
of the ionic liquid 1-butyl-3-methylimidazolium hydrogen sulfate, [BMIm]HSO,, and a bromide-like
complexing agent. The proposed system was compared with acid leaching in sulfate media with
the addition of chloride and bromide ions. The results demonstrated that the use of ionic liquid and
bromide ions improved the chalcopyrite leaching performance. The best operational conditions were
at a temperature of 90 °C, with an ionic liquid concentration of 20% and 100 g/L of bromide.
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1. Introduction

Chalcopyrite (CuFeS,) is the most important source of primary copper sulfides, representing about
70% of global copper reserves. The principal method for its processing is through pyrometallurgical
procedures, which is highly efficient. Still, the high operational costs and restricted availability of
energy and water make hydrometallurgical methods an attractive opportunity [1-5]. However, the
slow dissolution rate in traditional sulfate-acid systems makes this challenging or even impracticable
for industrial purposes. Chalcopyrite is the most refractory copper sulfide, so the leaching is even
more gradual than other copper sulfides like chalcocite (Cu,S) and bornite (CusFeSy) [6,7].

Diverse studies have contemplated further methods for leaching chalcopyrite, including the use of
alkaline glycine solution [8,9], black carbon [10], hydrogen peroxide in hydrochloric acid solutions [11],
bacteria [12,13], chlorinated media [14], and ionic liquids [15]. Ionic liquids (ILs) are salts formed by
an organic cation and an anion which can be organic or inorganic. They are found as liquids at low
temperatures, having a wide range of operating temperatures [16]. Among their excellent properties
are their high degree of thermal stability, wide electrochemical range, recyclability, low flammability,
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and low vapor pressure [17]. Additionally, they are adaptable to specific chemical tasks [18-21].
Relating with hydrometallurgy, ILs are considered “green reactive agents”, and they have been applied
to remove contaminants, extracting metal ions and additives by electrodeposition [19,22-30].

The application of ionic liquids in leaching is one of the most relevant advancements for the
treatment of chalcopyrite. These compounds offer an environmentally friendly option since the
operations involve lower temperatures, less energy consumption, and reduced acid use. They also
have unique attributes as salts that melt at room temperature [22,31]. Hu et al. [31] studied the
leaching of chalcopyrite with the addition of hydrogen peroxide as an oxidizing agent, and the ionic
liquids 1-hexyl-3-methyl-imidazolium hydrogen sulfate ((hmim][HSO,]), 1-ethyl-3-methylimidazolium
hydrogen sulfate ([emim][HSO,]), 1-octyl-3-methylimidazolium hydrogen sulfate ([omim][HSO4]),
and 1-butyl-3-methylimidazolium hydrogen sulfate ([bmim][HSO,]). The authors obtained the
highest copper dissolution of 98.3% with 10% (v/v) of IL [hmim][HSO4] in an aqueous solution,
with a particle size of under 45 pm, 25% hydrogen peroxide as an oxidant, a temperature of
45 °C, and a leaching time of 120 min. Kuzmina et al. [32] studied chalcopyrite dissolution using
the series 1-butylimidazolium hydrogen sulfate ([HC4im][HSOy]), 1-butyl-3-methylimidazolium
hydrogen sulfate ([bmim][HSO,]), imidazolium hydrogen sulfate ((HHim][HSO4]), ethyl ammonium
hydrogen sulfate ([Nggo2][HSO4]), 1-butyl-3-methylimidazolium dicyanamide ([bmim][N(CN),]),
1-butylimidazolium nitrate ((HC4im][NO3]), and 1-butyl-3-methylimidazolium acetate ([bmim][OAc]),
and found that the best IL to leach chalcopyrite was 1-butylimidazolium hydrogen sulfate, although
the recovery rate was low without an oxidizing agent. Lastly, the ionic liquid [bmim][HSO,4] has shown
the best performance in leaching mineral species, including refractory ores and precious metals [33-35].

Whitehead et al. [35] employed the ionic liquid [bmim][HSO4] to leach chalcopyrite, resulting in
markedly superior performance in the rate of copper dissolution terms. The authors compared the
ionic liquid system with the traditional ferric acid medium and obtained similar copper recoveries,
but the system employing the ionic liquid was much faster in the initial stages of copper leaching.
The system adopted by the authors included a base for comparison using 1 M H»SO4 at 70 °C, which
resulted in a dissolution of 23.3%. On the other hand, with the use of the ionic liquid from 10% to 100%
(w/w), the dissolution rates were between 55.7% and 86.6%. Dong et al. [15] evaluated the impact of
the concentration of ionic liquid on chalcopyrite solution. The researchers obtained the best copper
dissolution of 88% at 70 °C, with an ionic liquid level of 60% and a partial oxygen pressure of 17 kPa.

The literature describes the ionic liquid [bmim][HSO4] as a chalcopyrite leaching agent with the
capacity to produce protons, which occurs according to the following disassociation reactions [15,36]:

[bmin] " [HSO;] & [bmin]* + H*+S0%" 1)

[[bmim] *|[H)*[SO;]

K =
[bmim| [ HSO} |

2

The main characteristic of the ionic liquid [bmim][HSO4] is the high decrease in the pH of the
leaching solution. With concentrations of [bmim][HSO,] of 0.02 to 5.10 mol/L, the pH of the solution
decreases from 1.7 to —0.61 [15].

Another method to treat refractory ores is through halide systems (fluoride, chloride, bromide,
iodide, and astatine), which have environmental advantages over the traditional system since they
act as a substitute for cyanide in the leaching of gold and platinum. Leaching ores with halides is
characterized by high kinetic rates, complex stability, and the regeneration of leaching agents, among
other characteristics [37—44]. The excellent results reported with the addition of halides include the
use of iodine in leaching copper and gold [45-47]. The successful use of chlorinated media has been
widely reported with concentrates and other copper sulfide products [14,48,49].
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Bromide is a possible substitute for cyanide for leaching gold and other precious metals [50-57],
which can be complexed by the bromide ion (Br~) and oxidized by bromine (Br;). The mechanism
proceeds according to the following equations [44,50]:

2 Au + 3Bry +2Br — 2AuBr, 3)
Pt + 2Brp +2Br~ — PtBrg . 4)
Pd + Bry +2Br~ — PdBrj . (5)

There are few publications on copper dissolution with bromide. Still, they are numerous enough
to reveal that bromide systems are highly corrosive to metallic copper, being effective in leaching
copper sulfides and concentrates. The copper corrosion in the presence of CuBr is an electrochemical
process, and the general mechanism proposed is the following [58,59]:

Cu + Cu?" 4+ 2Br~ — 2CuBr. 6)

McDonald et al. [60] described the leaching of chalcopyrite with the addition of copper(Il) and
bromide/sodium bromide. The central conclusion raised by the authors was that a cupric bromide
system is faster than a cupric chloride one. The mechanism proposed by McDonald et al. [60] involves
the Cu(I) production as follows:

B
CuFeS, + 3Cu?t NP 4cut 4 Fe2t 4 25", @)
H,O

On the other hand, the mechanism proposed by Han and Meng [61] described the dissolution of

chalcopyrite by the following equation, and involve the Cu(II) production (represented by CuSOy):

CuFeS, + 5/2Bry +3/2H,S04 +1/6NaySOy + 2H,0 « SP4 5Br~ 4 CuSOy 41/3NaFe3(SOy4),(OH) + 5HT.  (8)

The reactions shown above represent an ideal bromide system in sulfate media, but in the presence
of nitrate ions, bromide reacts to form bromine. The mechanism is shown in the following reaction [61]:

5Br” +5/3NOj +20/3H" © 5/2Br, + 5/3NO + 10/3H,0 )

The hydrometallurgical processing of copper sulfides is an interesting alternative to substitute the
pyrometallurgical methods. This research displays the experimental results of leaching chalcopyrite
with bromide and the ionic liquid 1-butyl-3-methylimidazolium hydrogen sulfate. The approach
proposed in this paper represents a promising option, highlighting its effectiveness with refractory
species, as well as environmental benefits.

2. Materials and Methods

2.1. Chalcopyrite

The chalcopyrite mineral was provided by the Michilla Mining Company (Antofagasta, Chile).
The mineralogical composition was monitored by X-ray diffraction (XRD), using an automatic and
computerized X-ray diffractometer (Bruker model Advance D8, Billerica, MA, USA). The results that
appear in Figure 1 indicated that it was 99.9% chalcopyrite. The chemical analysis was performed by
atomic emission spectrometry via induction-coupled plasma (ICP-AES). The chalcopyrite concentrate
sample was digested using aqua regia and hydrofluoric acid. Table 1 shows the chemical composition
obtained by ICP-OES; the difference between copper and iron determined the sulfur. The samples were
ground in a porcelain mortar to reach sizes between 47 and 38 um. The procedures were performed in
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the Applied Geochemistry Laboratory of the Department of Geological Sciences of the Universidad
Catolica del Norte.
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Figure 1. X-ray diffractogram of chalcopyrite ore.

Table 1. Chemical analysis of the sample.

Element Cu Fe S
Content (%) 339 30.6 355

2.2. Leaching and Leaching Tests

The lixiviant was prepared using the ionic liquid 1-butyl-3-methylimidazolium hydrogen sulfate
(94.5-95%, molecular weight of 236.29 g/mol, Sigma Aldrich) and sulfuric acid (95-97%, P.A, Merck,
the density of 1.84 kg/L and molecular weight of 98.08 g/mol). Both reagents were dissolved in distilled
water. The NaCl and NaBr were of analytical grade, from Merck.

2.3. Leaching Test

Leaching tests were carried out in a 50 mL glass reactor with a 0.01 S/L ratio and an IL concentration
of 20% (v/v) in an aqueous solution. Chalcopyrite ore (200 mg) was kept in agitation and suspension
with the use of a five-position magnetic stirrer (IKA ROS, CEP 13087-534, Campinas, Brazil) at 600 rpm.
The temperature range tested in the experiments was 30-90 °C controlled by an oil-heated circulator
(Julabo). All tests were duplicated, and the measurements (or analyses) were carried out in 5 mL
aliquots and diluted using atomic absorption spectrometry (with a variation coefficient of <5% and a
relative error of 5-10%). The pH and oxidation-reduction potential (ORP) of the leaching solutions
were measured with a pH-ORP meter (HANNA HI-4222), by a combination of an ORP electrode cell
composed of a platinum working electrode and a saturated Ag/AgCl reference electrode.

3. Results

3.1. Influence of Agitation Velocity

Figure 2 gives the copper extraction from chalcopyrite at different mixing intensities. The optimal
extraction rate (31%) was obtained at 800 rpm. Agitating at 200 and 400 rpm, a portion of the particles
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settled, being unable to remain in the suspension, then the copper dissolution rates were low. The
extraction rate was lower at 1000 rpm than at 600 or 800 rpm since part of the mineral was not
homogenously agitated and adhered to the reactor wall. A previous study [62] argued that the essential
factor is that the mineral particles can keep in suspension, rather than having a high mixing intensity.
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Figure 2. Effect of speed stirring on copper dissolution (temperature 80 °C, 20 g/L of Br", 20% (v/v)
[bmim][HSO,], pulp density 10 g/L, 24 h).

3.2. Effect on Chloride Concentration

Figure 3 exhibits the differences in recovery rates over time for three cases: (i) a mixture of sulfuric
acid and bromide, (ii) a mixture of sulfuric acid and chloride, and (iii) sulfuric acid alone. The best
results were achieved for the mixture of sulfuric acid with chloride. Although no studies have used
the same parameters, Encina and Aguayo [63], who worked with galena, concluded that leaching a
CuBr,—NaBr system was faster than a copper-chloride system under the same conditions.

The inclusion of IL is compared in Figure 4. Three cases were studied: (i) IL alone, (ii) IL with
bromide, and (iii) IL with chloride. The highest recovery rate was 86%, obtained with the mixture
between the IL and bromide. The recovery rate was lower with pure ionic liquid than with IL and
sulfuric acid (Figure 3). A comparison of Figures 3 and 4 provide the differences between the two
leaching agents (H,SO4 and IL), with the addition of both halogens (CI~ and Br™). Interestingly, the
better extraction was achieved with ionic liquids considering bromide as an oxidizing agent (86.0%).
The opposite occurred with sulfuric acid, where better results were obtained with chloride (89.2%).



Metals 2020, 10, 183 60of 13

100
90
80
70
60
50

40

—@—Br (20 g/L)
30

Copper extraction (%)

—e—Cl(20g/L)
20
—0—H2504 (0.2 M)
10
0
0 20 40 60 80 100 120
Time (h)

Figure 3. Copper extraction percentage over time (h) comparing: sulfuric acid with bromine, sulfuric
acid with chloride, and only sulfuric acid (temperature 80 °C, 20% (v/v) [bmim][HSO4], pulp density
10 g/L).
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Figure 4. Copper extraction percentage over time (h) comparing: IL with bromine, IL with chloride,
and only IL (temperature 80 °C, 20% (v/v) [bmim][HSO4], pulp density 10 g/L).

3.3. The Effect of Bromide on the Copper Extraction Rate

Figure 5 presents the results of using a mixture of IL and bromide. As expected, the copper
extraction rate was enhanced by increasing the concentration of bromide. The highest copper extraction
was 83.6%, obtained with 100 g/L of bromide and a leaching time of 48 h. Although no studies have
presented the leaching of chalcopyrite with bromide, it should be noted that there are precedents with
similar systems. Our results are similar to those of McDonald et al. [60], who pointed out the benefits
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of using bromide when dealing with sulfur minerals. Potential and pH levels were respectively in the
ranges of 560 to 615 mV and —1.0 to 0.4 in all the tests in this study.
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Figure 5. Graph of the copper extraction percentage over time using an ionic liquid and varying
concentrations of bromide.

3.4. Influence of Temperature on Copper Extraction Rates

Figure 6 shows that copper extraction increased with higher temperatures. This can be explained
by the fact that applying heat is the most effective way to provide sufficient activation energy to
the molecules to increase the reaction kinetics. The velocity of the chemical reaction approximately
doubled with every increase of 10 °C [64], and the highest copper extraction (84.6%) was obtained at
90 °C (maximum temperature in this work). The results were similar to those reported by Aguirre
et al. [2], who worked with ionic liquid in chlorinated media.
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Figure 6. The effect of temperature on copper extraction from chalcopyrite using ionic liquid at 20%
(v/v) and 100 g/L of Br~.
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The experimental data were analyzed deeply with the recessive nucleus model to control the
surface reaction, for mono-sized particles, and explaining Cu extraction from CuFeS; with the following
equation:

w‘,_.

1 -(1-x)3% = kqt, (10)

where x is the copper concentration in the solution over time, kq is the kinetic constant, and ¢ is the
reaction time. The plot of the shrinking core model to explain the kinetic reaction mechanism is shown
in Figure 7.

T-1 /103(K1)

2.7 2.8 29 3 3.1 3.2 3.3 34

-9

-10
Figure 7. Arrhenius graph for chalcopyrite extraction using ionic liquid at 20% (v/v) and 100 g/L of Br™.

The kinetic constant kq for each temperature was obtained based on the slopes shown in Figure 7.
The kinetics study showed that the shrinking core model was consistent with the experimental data.
The Arrhenius graph (Figure 8) was obtained with the apparent kinetic constants kq. The activation
energy in the studied temperature range was 75.73 kJ/mol, similar to reported values for other IL
systems [32]. The obtained results corroborate the proposed model for the system under study. On
the other hand, the process is controlled by the chemical reaction and not by diffusive processes, this
depending on the marked effect of temperature on kinetics.
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Figure 8. Plotof 1 — (1 - x)13 versus CuFeS, dissolution time.
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Figure 9 shows the solution redox potential values over time for different temperatures. The
potential varied between 570 and 600 mV at temperatures of 30 and 50 °C, where a first increase
was found, followed by a decrease at the end, which reduced the copper dissolution kinetics. The
potential at 60 °C moved between 590 and 610 mV, with copper extraction of 30% after 24 h. No
tendency toward mineral passivation was noted at this temperature, in contrast to what observed at
30 and 50 °C. At 70 and 90 °C, the potential values located between 610 and 650 mV and high rates
of copper extraction (55% and 85%) were collected within 24 h. Previous studies indicated that the
typical potential range for leaching chalcopyrite is between 450 and 750 mV [65,66]. These values
were optimized by Veldsquez-Yévenes et al. [67], who worked with low chloride concentrations and
a controlled potential. The authors stated that the appropriate potential range to leach chalcopyrite
is between 550 and 620 mV. However, the potential values obtained in the present study differ from
that range, considering that at higher concentrations of chloride, the potential range does not increase,
because it is a complexing and non-oxidizing agent [67]. These results concur with those obtained in
the present work, in which linear dissolution rates were obtained between 610 and 650 mV.

90
660
650 . e | 80
640 0 _
630 e _M------mmmmmmmmsoomsssoosooooSoooooes 4 60 <
— e L o
g - ]
E 620 @ L I 50 -3
< 610 ° 8
e @-----mmn- L B e 40 =
M 600 B T 30 O
590 - ? C T -e 3
o e 20
580
570 @ 10
560 0
0 5 10 15 20 25

Time (min)
---®--Eh 30°C ---@---Eh 50°C -----Eh 60°C ---@--Eh 70°C  ---@-- Eh 90°C

Figure 9. Effect of potential Cu extraction from CuFeS, using ionic liquid at 20% (v/v) and 100 g/L of
Br~ at temperatures of 30, 50, 60, 70, and 90 °C.

4. Conclusions

The present study exposes the consequences of leaching chalcopyrite using ionic liquid
(1-butyl-3-methyl-imidazolium hydrogen sulfate) and sodium bromide. The assays were conducted to
compare ionic liquid and sulfuric acid with the addition of halogens (bromide and chloride). The main
findings were:

1. There was no significant improvement in Cu extractions by increasing the agitation rate of the
system, and it was only necessary to keep the suspended particles dispersed.

2. When applying ionic liquid dissolved in water, the addition of bromide as an oxidant provided
the best performance for the copper dissolution from chalcopyrite, while if sulfuric acid was used,
the most suitable outcomes were achieved with chloride as an oxidant.

3. High concentrations of bromide in the system significantly reduced the necessary copper extraction.

4. The best results of this research were obtained at 90 °C, with 20% (v/v) of ionic liquid, and 100 g/L
of bromide. The collected copper recovery was 85%.

5. High concentrations of bromide (100 g/L) raised the range of electrochemical potential suitable
for leaching, with dissolution rates between 610 and 650 mV at 90 °C.
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