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Abstract: The mining industry is facing emerging challenges as a result of the increase in energy
consumption and environmental demands. These facts have promoted the use of renewable energy
sources, such as wind, geothermal and, mainly, solar energy. This paper discusses the role of solar
energy (UV-VIS-NIR) in leaching processes, evaluating its potential application in metal extraction
from sulfide minerals, based on photochemical mechanisms that promote the regeneration of ferric
iron or the so called ferrous iron cycling. The present paper discusses the possibility that ultraviolet,
visible light and near infrared irradiation (e.g., sunlight provided) can assist the leaching processes in
two main ways: by the oxidation of sulfide minerals through in-situ generated Fenton-like reactions,
and by the photochemical activation of semiconductor minerals that contain transition metals (Fe,
Cu, and Cr, among others). Thus, this paper provides theoretical support to move towards the
future application of photoleaching, which consist of a leaching process assisted by UV, VIS, and
NIR irradiation. This technology can be considered a promising mineral processing route, using
direct photochemical solar energy that can reduce the energy consumption (electricity, fuels) and the
environmental impact, opening an opportunity for an alternative method of metal extraction from

sulfide ores.

Keywords: sulfide minerals leaching; solar advanced photoleaching; advanced oxidation; processes;
copper Chilean mining; photo-Fenton mechanisms

1. Introduction

Today, the mining industry is facing new challenges and transformations due to
economic and environmental issues. The world’s leading copper mining companies are
facing the progressive decrease in ore grades, reaching an uneconomical condition for
the pyrometallurgical route, after years of exploitation of their natural deposits [1]. At
the same time, a significant decline is observed in the oxidized mineral deposits, which
are conventionally processed using the hydrometallurgical route. In fact, Chilean annual
copper concentrate production is projected to increase from 4.3 million tonnes in 2019 to
6.3 million tonnes in 2030. This forecast also includes a decrease in copper production from
1.6 million tonnes in 2019 to 0.75 million tonnes in 2030, in the form of cathode, due to the
reduction in copper oxide ores [2] (Figure 1).

This context will force around 75% of concentrate production to be exported by
2030, but will also generate an available capacity of treatment plants of leaching solution,
which are typically solvent extraction with electrowinning plants. Therefore, there is an
opportunity to promote the development of alternative mineral processing technologies
based on hydrometallurgical processes.
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Figure 1. Projected production of copper concentrates (excluding smelting and refining), Cathodes by
solvent extraction/electrowinning (SX/EW) and reduction of cathodes production in Chile 2019-2030
by COCHILCO [2].

Other challenges faced by the mining industry are finding alternative energy sources
aiming at cost saving, and reducing the environmental impact. Currently, the mining
industry is investing in renewable energy sources such as wind, geothermal and, mainly,
solar (photovoltaic and thermosolar) energy, which has the greatest potential for future
development in this industry [3,4]. Coincidentally, the world’s major mining industries
and deposits, located in countries such as Chile, Peru, the United States of America, Mexico
and Canada, among others, are often placed in areas with high solar irradiation, provided
by sunlight (photochemical source of ultraviolet (UV), visible (VIS) and near infrared
irradiation (NIR)) [5,6]. The combination of factors such as mineral deposits and solar
energy creates an unbeatable opportunity for developing novel solar assisted technologies
for processing metal extraction, particularly to be applied in hydrometallurgical processes.
The goal of this paper is to discuss the potential role of the solar energy (UV-VIS-NIR)
as an assistant for leaching of sulfide minerals (e.g., CuFeS, and others) presenting a
theoretical support in relation to the effect of the solar energy (UV-VIS-NIR irradiation) on
the oxidative decomposition mechanisms of mineral sulfides through in-situ generated
photo-Fenton-like reactions.

2. Global Trends in the Mining Industry: Renewable Power Sources and Solar Energy

If we take Chile as a reference as the major copper-producing country in the world [7],
it can be seen from the predictions provided in economic studies that electrical consump-
tion by the copper mining industry will increase in the next decade (2020-2030), from 23.6
to 33.1 TWh [8]. This significant increase is mainly due to the decrease of ore grades and
the increasing complexity of ore bodies required to be processed more intensively to keep
the same production level of metal recovered (Cu, Mo, among others) [9,10]. This scenario
will promote the use of renewable energy sources, such as solar, wind, and geothermal en-
ergy [11]. In this sense, the future projection based on solar and storage technologies should
be highlighted, as in the cases of electrical energy storage (EES) for copper operations,
photo-voltaic electricity (PV) in copper electrowinning and solar-thermal technologies, and
most notably, concentrated solar power (CSP) for copper mining operations [12,13].

When considering, for example, the world’s largest copper producers, such as Chile
(Escondida, El Teniente), Peru (Cerro Verde II, Quellaveco), China (Zijinshan gold-copper
mine), United States (Morenci), and Australia (Olympic Dam), it can be seen that in some
countries, coincidentally, industrial areas have high levels of average irradiance, which in
some cases are far above 2000 kWh-m 2 year_1 [14,15].
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It is important to note that solar energy in mining processing is for the most part used
as a resource for solar and storage technologies (EES) and thermo-solar technologies (CSP).
It is also feasible to explore its application as a direct photonic source for photochemical
processes. Additionally, photons provided by sunlight (mainly UV and VIS radiation;
additionally NIR light in photocatalysis) can be absorbed by a semiconductor material,
such as natural doped compounds, sulfide minerals, and transition metal oxides, which are
obtained from the ore bodies [16-20], generating excited states that give rise to a sequence
of photochemical reactions (photooxidation/photoreduction) that can be exploited to
improve or assist the oxidative dissolution of these sulfide minerals and accelerate ferric
iron/ferrous cycling [21,22].

Considering the important role that solar energy can play in the mining industry,
an opportunity arises for developing alternative hydrometallurgical processes for the
treatment of sulfide minerals and copper concentrates through a complementary leaching
procedure using UV-VIS-NIR radiation, which can eventually be obtained from solar
energy [23]. This paper presents a comprehensive analysis that proposes the use of UV-
VIS-NIR irradiation as an assistant to the oxidative decomposition mechanism of sulfide
minerals (chalcopyrite, pyrite, molybdenite, chalcocite, galena, sphalerite, and others),
using thermodynamic analysis and previous experimental results. The present study
demonstrates the promising possibilities for the use of solar energy in the leaching of
metals such as Cu, Fe, Cd and others, from a diverse range of sulfide mineral ores.

3. The Role of the Free Radicals Generated by Solar Irradiation, in the Composition of
the Sulfide Orebodies and Rocks

It has been widely reported that the UV-VIS-NIR irradiation can accelerate the oxi-
dation mechanisms through generation of transitory species such as free radicals, as well
as charge carriers (electron and hole pairs) in photo-assisted processes [24]. This is also
possible through radical species that possess very powerful oxidizing capacities [25]. A
large diversity of radicals have been studied, including primarily reactive oxygen species
(ROS), reactive nitrogen species (RNS), reactive sulfur species (RSS), and reactive chloride
species (RCS), as shown in Table 1 [26].

Table 1. Standard electrode potentials in aqueous medium (E° v/s SHE) of the most common free radicals and common
oxidants. SHE: standard hydrogen electrode [26,27].

Free Radical Half Reaction Standard Electrode Potential in Aqueous Medium [E° v/s SHE]
e € <> €' (aqueous) —2.89 £0.03
Oy~ Oy +e” 0Oy~ —0.18 £ 0.02
HO, O, +H" +e™ > HOy’ +0.10 + 0.02
HOy HO; + H + e~ <> Hy,Oy +1.46 + 0.01
HO HO + H* +e~ <> H,O +2.730 £ 0.017
SO, ~ SOy~ +e > S042 +2.437 £ 0.019
SOy~ S,08%" + e~ <S04~ +50,2~ +1.44 4+ 0.08
NOs’ NO3 +e™ + NOs~ +2.446 £+ 0.019
COy ™ COy+e” < COy ™ —1.90 £ 0.02
FeO,2~ FeO,2~ + 8H* + 3e~ <« Fe** + 4H,0 +2.20
H;O, H,0, + 2H* + 2e~ «+ 2H,0 +1.76

Compared to the chemical oxidizing agents most commonly used in leaching pro-
cesses, for example, the radicals continue to have a strong oxidizing power. Some of their
radical groups, such as ROS, RSS, and RNS, have the second strongest oxidizing potential
after fluorine or hydrogen peroxide, namely HO", SO; ~, RNS, among others (Table 1) [27].

In the hydrosphere or Earth shells and solid substrates, the free radicals drive various
mechanisms for the oxidation of transition metal compounds; mostly Fe, Cu, Cr, among oth-
ers [28]. In many cases, the physicochemical characteristics of the solid substrates (minerals,
rocks, orebodies, and others) and their interaction with the environment (sunlight, ligands,
oxygen, water, electrolytes, and others) can activate the environmental self-cleaning be-
havior, through a similar pathway to the advanced oxidation mechanisms [29,30]. As an
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example, we can mention the oxidation of pyrite (FeS,) that plays an important role in the
cycling of iron (Fe(III) /Fe(II)) on the Earth’s crust and is responsible for acid mine drainage
(AMD), usually for the minerals containing sulfide compounds [31-33].

Furthermore, in metal reservoirs in the Earth’s crust, free radicals are involved in a
variety of chemical and photochemical processes that result in a continuous change of
the composition of environmental compartments, in the metal ions’ stability, and in the
transportation of metal ions in aquatic systems (Cr(Ill) and Cr(VI), Fe(Il) and Fe(IlI), and
others) [34,35]. The UV and VIS irradiation can excite the water soluble Fe(III) hydroxo-
complexes in colloidal systems (heterogeneous systems), through the ligand-to-metal
charge transfer (LMCT) mechanism [36], generating photochemical excited center Fe(II)
compounds and spontaneous production of HO" radical, in the same way as advanced
photocatalytic processes.

3.1. Oxidative Dissolution of Sulfide Minerals Promoted by Fenton-Like Mechanisms

As mentioned above, the natural oxidation of sulfide minerals plays a crucial role
in the redox cycling of transition metals in geochemical systems (water and deposits). It
has been established that the oxidative dissolution mechanism of sulfides is the primary
cause of acid mine drainage. AMD is understood as the oxidative dissolution of metallic
sulfides when exposed to oxygen and water due to geological and mining activities [37,38].
Gil-Lozano et al. (2017) proved that the dissolution of sulfide minerals, particularly pyrite
dissolution by AMD, is mediated by the Fenton-like mechanism (Equation (5)) [31]. This
pathway is promoted by the self-generated hydrogen peroxide and iron ions released from
the mineral. In addition, it is proposed that the radical oxygen species (ROS) are always
present as transient by-products and they can actively participate in the generation of
dissolution products (Equations (1)—(5)) [39].

Fe®* (qupericial) + O2(g) <+ Fe** (superficial) + 02~ 1)

Fe?" (quperficial) + 02~ + 2H" ¢ Fe>* (uperficial) + H2O2(aqueous) (2)
Fe®* uperficial) + H2O > Fe* (quperficial) + HO' (absorbed) + H ®)
HO absorbed) + HO @absorbed) ¢ H202(aqueous) 4)
HyO)aqueous) + F€*¥ (aqueous) ¢+ F&>* (aqueous) + HO (@absorbed) + OH ™ %)

Auspiciously, the oxidative decomposition mechanism of sulfide minerals AMD
mediated by Fenton-like reactions would be used to enhance the leaching process. The
combined effect of UV-VIS-NIR irradiation along with adequate control of parameters
such as pH, hydrogen peroxide concentration, and iron dissolved species, could be used
to accelerate the Fe(IIl) /Fe(Il) cycling and promote ROS generation. We propose that one
way to promote efficient control of Fe(IlI) /Fe(Il) cycling that simultaneously avoids the
formation of iron hydroxo-complexes can be the use of photochemical energy (UV-VIS-NIR
irradiation) to degrade these metal complexes (e.g., [Fe(OH)]**) [40]. At the same time, the
UV radiation can promote simultaneous redox reactions, such as the photoreduction of
aqueous species Fe(IIl) to Fe(Il), catalyzing the iron cycling [41].

This is one of the highly remarkable aspects of the present revision, since it has been
proved that the oxidative decomposition mechanism of sulfide minerals by AMD, such
as pyrite (FeSy), galena (PbS), sphalerite (ZnS), chalcopyrite (CuFeS,), and arsenopyrite
(FeAsS), among others, is driven by similar oxidation mechanisms, particularly by the
Fenton-like reaction [42].

3.2. The Role of Semiconductive Properties of Sulfide Compounds in Photochemical Processes
Photocatalysts are solid materials that have semiconductive properties allowing them

to be activated by specific radiation, according to their band gap values, e.g., giving rise

to a sequence of photochemical reactions. The most used catalysts include a variety of
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transition metal oxide, such as TiO; or ZnO [43]. However, chalcogenides as CdS, ZnS,
MoS;, and WS, have also been used due to their low band gap allowing absorption in the
visible spectrum [44—48]. In addition, copper sulfides have been employed in photovoltaic
and photoelectrochemical solar cells with high energy conversion efficiencies, including
CdS, Cu;S, CulnSy, MoS;, and other sulfides [49-51]. It is important to consider that
some of the metallurgical products, mainly concentrates, contain semiconductor materials,
primarily sulfide minerals (Chalcopyrite, Chalcocite, Covellite, Pyrite, Bornite) along
with transition metal oxidized compounds (Copper oxides, oxides, and hydroxides of
iron), natural transition metal compounds and gangue [52-54]. These compounds can,
eventually, be activated under specific UV-VIS-NIR irradiation acting as a photocatalyst in
solar assisted leaching process [55].

In relation to solar photovoltaic technologies, chalcogenides such as CdS, CuyS, or
MoS; have also been used due to their low band gap that allows absorption in the visible
spectrum, as mentioned above [56]. However, in this latter case, photocorrosion can
take place decreasing the photocatalytic efficiency and promoting metal leaching from
the metallic sulfide (MS) (Equations (6)—(14)) [57-59]. Briefly, the metallic sulfide can
photocorrode in aqueous media through two main pathways:

a. Direct photooxidation by holes

MS + hv < h+(MS) + e_(Ms) 6)
MS + 2h* () + hv 3 M?* + S 7)

b. Indirect photooxidation by oxygen, mediated by RSS

MS + h* () + hv <> M + S (8)

S0+ e sy +hv< S~ 9)

ST +0,+hv ¢SO, (10)

SO, ™ +h*s) + hv <+ SO, (11)

SO, + HyO + hv «+» HSO3 ™ + HF (12)

HSO; ™ + HyO + h* ) + hv < SO4*~ + 3H* (13)
(

MS + 20, + hv <> M?* + 50,2~ 14)

Considering the above, we propose that sulfide leaching can be enforced under specific
irradiation and adequate control of physico-chemical parameters (pH, intensity of UV-VIS-
NIR radiation, ligands, electrolytes, and others), by means of inducing photocorrosion of
natural doped compounds (e.g., sulfide minerals) [60] and transition metal oxides, thus
promoting the metal release (Fe, Cd, Cu, and others), which can play an assistant role in
the sulfide dissolution mechanism through the Fenton-like reaction [61,62].

4. The Role of the radiation (UV-VIS-NIR) in the Sulfide Photoleaching Process

As mentioned in the literature, sulfide leaching processes generally involve additional
costs associated with the highly corrosive and abrasive environments that are frequently
found in these processes. The importance of designing an efficient hydrometallurgical
process means to avoid excessive costs of energy consumption, resulting in fuel efficiency
and in equipment lifetime (i.e., reactors) [63,64]. The addition of chemical and biological
oxidizing agents requires subsequent chemical treatments to purify the leaching pregnant
solutions and to separate the refractory products [65].

In contrast to earlier treatments, the use of solar energy (UV-VIS-NIR) as a direct
activator of photochemical oxidative mechanisms could reduce the energy requirements
because it will allow work under mild conditions in aqueous or acidic media. Likewise,
sunlight can be used in a complementary way to leaching or bioleaching processes, acceler-
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ating the oxidative decomposition of sulfide minerals. The combined effect of visible light
(UV-VIS-NIR) and photoactive compounds (i.e., natural doped minerals) in leaching or
bioleaching processes has demonstrated their potential for increasing the leaching rates [66].
Consequently, it is to be expected that an increase in the leaching (or bioleaching) rates
could reduce the processing time and the associated energy requirements.

Here we raise the possibility that the UV, VIS, and NIR irradiation can improve the
leaching processes in two main ways, as follows.

4.1. The UV, VIS and NIR Irradiation Can Support the Oxidation of Sulfide Minerals through the
Use of In-Situ Generated Fenton-Like Reactions

As shown in the previous sections, the dissolution mechanisms of refractory solid
species such as pyrite in AMD is mediated by Fenton-like reactions, i.e., they make use of
the formation of free radicals with high oxidative capacity (mainly ROS and RSS) mediated
by the presence of a transition metal (mainly Fe or Cu) that catalyze the formation of
these radicals. In the case of AMD, the formation of radical species, particularly ROS, is
mediated by the interaction of H,O, with ferric and ferrous ions, where Fe(III) and Fe(II)
are provided by pyrite (or chalcopyrite) leaching under acidic oxidizing conditions, as
shown in Figures 2 and 3 [67-70].

2
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Figure 2. Pourbaix diagram, system Fe-S-H,O at 25 °C, 1 mol L~! Cu?*, Feand S (HSC Chemistry
9.0, Metso Outotec, Helsinki, Finland).

The homolysis of hydrogen peroxide in an aqueous medium at acidic pH (below pH 3)
and in the absence of irradiation or organic ligands, includes the generation of HO:, HO,-
and O,-~, radicals [71]. This is catalyzed by the redox process of the iron, which is also
present in the aqueous medium [72,73].

However, the availability of ferrous ions in the aqueous phase to catalyze Fenton-like
reactions is limited by the formation of iron hydroxo-complexes (see Figure 2) and their
oxidation to Fe(Ill). The combination of hydrogen peroxide, UV-VIS radiation and the
Fe(III) /Fe(Il) pair produces a greater amount of hydroxyl radicals than its pair without
radiation [74]. Essentially, the photolysis of the ferric ion complexes takes place when the
radiation is in the UV-VIS spectrum. For example, [Fe (OH)]**, which predominates in the
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range between pH 2 and pH 4 (see Figure 3), is being irradiated with wavelengths between
290 nm and 400 nm and decomposes according to Equation (15) [75]:

[Fe(OH)]** + hv «» Fe?* + HO' (15)

[Fe(OH),"]

Concentration (mol/L)
[=} o [=} [=}
ES wn o ~
L 1 L L

=
w

2
[N
1

0.1 -

pH

Figure 3. Chemical speciation of iron in water. Red line: [Ee3*]v/s pH; blue line: [Fe(OH),*] v/s
pH; green line [Fe(OOH)2*] and orange line: [Fe(OH)2*]. Arrows shows the maximum concentration
of each species (Ocatve-Gui 5.2.0, University of Wisconsin-Madison and University of Texas, United
Stated of America).

Also, incident radiation (UV) causes photochemical regeneration of ferrous ions by
photoreduction of ions [76]. The newly generated ferrous ions react again with hydrogen
peroxide, generating hydroxyl radical and ferric ion as shown in Equations (17) and (18):

Fe®* + hv > Fe?" (global photoreduction) (16)
Fe®* + H,O + hv <> Fe?* + HO + H* (17)
Fe3* + HyO, + hv +» Fe?* + HO,  + H* (18)

It has been reported that the photo-Fenton process is more efficient than the Fenton
process, and, in addition, the use of sunlight (UV-VIS-NIR) is a good source of photochemi-
cal energy in the UV-VIS range to generate photo-Fenton reactions [77].

It is important to note that Fenton-like processes are not only mediated by the
Fe(III) /Fe(Il) couple as a catalyst, but they also occur with other transition metals such
as copper (Equations (19) and (20)), since these metals are a suitable medium for leach-
ing [77]. Metal sulfides of economic interest, such as chalcopyrite, release Cu(Il) ions
into the medium under certain acidic oxidizing conditions (see Figure 4) [78-80]. These
transition metals can also catalyze the decomposition of hydrogen peroxide, generating
hydroxyl radicals through the Fenton-like mechanism.

Cut + H,O, < Cu®* + HO + OH™ (19)

Cu?* + H,O + hv & Cu®* + HO" + H* (20)
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Figure 4. Pourbaix diagram, system Fe-Cu-5-H,O at 25 °C, 1 mol L-1 Cu, Fe and S (HSC Chemistry
9.0, Metso Outotec, Helsinki, Finland).

4.2. The role of UV, VIS and NIR Irradiation in Photochemical Reactions in Aqueous Media for
Semiconductors Minerals That Contain Transition Metals (Fe, Cu, Cr, and Others)

As mentioned earlier, the photochemical reactions induced by solar light can play a
crucial role in the composition of the environment on the Earth’s crust, including the effect
on rocks, complexes, and ore bodies, among others. These solid materials include semicon-
ductors minerals such as transition metal chalcogenides, natural doped compounds, and
transition metal oxides, which can act as a photocatalyst under specific UV-VIS, even NIR
radiation (sunlight), that are taking part directly or indirectly in photoredox reactions [46].

It is interesting to note that in both photochemical processes, namely photocataly-
sis and photocorrosion, photodecomposition of semiconductors can occur under certain
thermodynamic conditions in the electrolytic medium [81-83]. Photodecomposition is
a consequence of simultaneous reactions of photooxidation and photoreduction in the
surface of the semiconductor, mediated by charge carriers (e~ sy and h*s)) generated
on the surface by photochemical activation (Figure 5A,B), whose mechanism in a binary
compound can be represented by the following equations:

MS +h* sy <+ M™ +S + e (g (photooxidation) (21)

MS + e (ms) <+ M +S7% + h¥ (photoreduction) (22)

The metal ions released (M**) from transition metal chalcogenides (MS) can be pro-
moted, and the sulfoxy species (represented by S™%) that produce intermediate by-products
such as H,O,, ROS (by the interaction of adsorbed molecular oxygen Oy () with the MS
surface), and RSS are by means of photocatalytic mechanisms.
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(A) UV —Vis-NIR Irradiation photoreduction
light) . - -
(sunlight) Caztgsglc MS + e Ms) < M+ Sz + h+(MS)
v
~. Conduction Band (CB
hl/
q photooxidation
¥ MS + h* g < M¥ + S + e
Valence Band (VB) ) MS) S}
. (direct photooxidation by h*ys)
MS particle
semiconductor
(e.g. CdS)
(1) (3)

indirect photooxidation by radical-like products (ROS)
UV —Vis-NIR Irradiation

. Cathodic
(sunlight D zone b 2€74ss)* Onagy > O%o(ag) * 2H > "OH gy +OH o
hy
Conduction Band (CB) _ OH-(5q) + Fe¥ + "OH, MS + 20, <> M2+ + SO
E Adsorbed
hy o,

Valence Band (VB)

zone

MS particle
semiconductor
(e.g. FeS,)

(1) (2) (3)

Figure 5. Scheme of photodecomposition mechanism of semiconductor (binary semiconductor MS) in electrolytic medium
by: charge carriers (A) and ROS or RSS (B). Stages: (1) photoactivation of SC particles, (2) charge carriers and radicals
generation, (3) photodecomposition of SC particles by charge carriers and ROS or RSS.

The leaching mechanism of sulfide mineral, mostly chalcopyrite, involves the gener-
ation of intermediates such as metal deficient polysulfide, elemental sulfur, polysulfides
and jarosite type compounds. They contribute to the formation of the passivation layer,
acting as a natural barrier for further dissolution of the mineral (CuFeS,) [84-86]. However,
radical-like oxidation products, such as ROS and RSS, can even attack the sulfur layer zones
and metal deficient polysulfide in the semiconductor surface, and oxidize them to sulfate
species (Figure 5B). Some of these compounds, namely metal-deficient polysulfide, are
semiconductor materials which can be photodecomposed under specific irradiation. This
also contributes to an increase in the permeability of the passivating layer and consequently,
improving the leaching kinetics of sulfide minerals (e.g., CuFeS, and others) [87]. Never-
theless, a future specific kinetic study is required to describe the leaching of chalcopyrite
under UV-VIS-NIR irradiation.

In addition, thermodynamic and kinetics criteria for such photodecomposition pro-
cesses should be considered. Further specific thermodynamic study is necessary to de-
termine the susceptibility of each semiconductor to photodecomposition, under specific
irradiation. We propose that this photodecomposition mechanism of natural doped semi-
conductors could be used to enforce the oxidative dissolution (or decomposition) of these
sulfide minerals.

The proposed solar assisted leaching mechanism is directly related to the photo-
catalytic contribution of semiconductive materials, namely minerals and natural doped
compounds. Another interesting aspect herein is that, due to the effects of UV, VIS, and
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NIR irradiation, the photogenerated electrons or charge carriers in the surface of the semi-
conductor can act in a variety of photoredox reactions, especially in the photoreduction
of ferric by ferrous ions, as demonstrated by Yang et al. (2017) [88] in the bioleaching
process. They observed that the ferrous iron regeneration was promoted by visible light,
and at the same time the ferrous iron consumption rate was slower than dark bioleaching.
Consequently, bioleaching under visible light was increased.

The direct effect of the solar irradiation in Cu and Fe leaching was studied by
Yepsen et al. (2018) [54] using minerals such as chalcopyrite, covellite and chalcocite,
which are a natural metal-doped transition. They showed that metal leaching increases by
effect of UV-VIS-NIR irradiation, compared to the absence of irradiation (dark process).
These experiments were carried out under controlled conditions, in order to isolate the
effect of radiation on the metal leaching. This approach would propose that UV, VIS, and
NIR irradiation are contributing factors in leaching mechanisms.

This previous research in fact demonstrated the growing interest in the use of solar
light (UV-VIS-NIR) applied to hydrometallurgical processes and their promising combined
effect that has been proven to work in, for example, bioleaching assisted by UV-VIS
irradiation and copper concentrate leaching. Therefore, the solar assisted leaching process
could be an interesting alternative in the current scenario for Chilean copper production,
for example, where concentrates produced by the copper sulfide processing plants can
be treated in photoreactors located near the SX-EW plants with the available capacity to
produce cathodes as a final product. Likewise, these processing plants are located in areas
that have high levels of irradiance (UV-VIS-NIR). In this sense, the experience of the solar
platform of Almeria could be used as a reference for the mining industry of Chile, focusing
on a more sustainable way to produce a high-quality copper product, directly using solar
energy in the extraction process [89,90].

Future studies should focus on optimal reactor designs that include a solar energy
concentrator. In addition, these studies should determine the kinetics parameters for
different copper sulfide minerals in order to assess the required equipment capacity of
the technology. The following should also be considered: (i) photochemical characteri-
zation of semiconductor compounds; (ii) thermodynamic study of susceptibility of each
semiconductor to photodecomposition; (iii) the quantification of reagent consumption,
namely, adequate doses of HyO, which are decisive for ROS generation by an induced
photo-Fenton reaction; (iv) chemical speciation of Cu and Fe in the leaching solution; (v)
the identification of solid content in the photoreactor including semiconductor minerals
containing transition metals (optical, chemical and mineralogical composition); (vi) the
study of kinetics parameters; and (vii) the establishment of solid-liquid separation stages
parameters. Furthermore, all of these studies would be necessary for future expansion on
pilot and industrial scales.

5. Conclusions

This article presents a discussion of the role of UV-VIS-NIR irradiation in solar as-
sisted leaching process. According to an extensive analysis of the leaching mechanisms
of sulfide minerals, we propose that the UV, VIS, and NIR irradiation (e.g., collected from
sunlight) can be used to enhance sulfide mineral leaching (or bioleaching). Under UV-VIS-
NIR irradiation, a natural semiconductor, such as natural doper sulfide compounds, can
be photodecomposed under determined thermodynamic conditions by means of redox
mechanisms. The charge carriers generated in the surface of the semiconductor, namely
electrons (e™) and holes (h*), can initiate a sequence of reactions, and they can assist the
oxidative dissolution of sulfide compounds by means of photooxidation and photore-
duction reactions. The photogenerated electrons under irradiation can photoreduce the
transition metal ions in the aqueous media, which are mostly ferrous iron. Simultaneously,
the UV-VIS-NIR irradiation can accelerate the ferric iron/ferrous iron cycling, avoiding the
formation of iron hydroxo-complexes (e.g., [Fe (OH)]**), which decreases the availability
of iron species, as previously reported [88]. The radicals generated as an intermediate
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product, namely ROS and RSS, can attack the semiconductor particles, oxidizing them
until sulfate [87]. Moreover, the hydrogen peroxide in the presence of transition metal
ions (Cu, Fe, others) can promote an additional source of ROS related to Fenton-like and
photo-Fenton processes which involve AMD dissolution mechanisms. In order to optimize
the leaching performance, kinetics and thermodynamics factors should be considered to
optimize the effect of UV-VIS-NIR irradiation in each semiconductor (or sulfide mineral).

This study allows us to show a promising alternative for using photochemical solar
energy (UV-VIS-NIR) in the extraction of sulfide minerals through a solar assisted leaching
process (photoleaching) involving lower demand for energy (fuels or electricity) and less
environmental impact compared to conventional pyrometallurgical processes. Hence, this
study can be used to support further studies to move forward into the industrial application
of this process.
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