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Abstract: The mining industry has faced significant challenges to maintaining copper production
technically, economically, and environmentally viable. Some of the major limitations that must
be overcome in the coming years are the copper ore grade decline due to its intense exploitation,
the increasing requirements for environmental protection, and the need to expand and construct
new tailings dams. Furthermore, the risk of a supply crisis of critical metals, such as antimony
and bismuth, has prompted efforts to increase their extraction from secondary resources in copper
production. Therefore, improving conventional processes and developing new technologies is crucial
to satisfying the world’s metal demands, while respecting the policies of environmental organizations.
Hence, it is essential that the chemical composition of each copper production stage is known for
conducting these studies, which may be challenging due to the huge variability of concentration
data concerning the ore extraction region, the process type, and the operational conditions. This
paper presents a review of chemical composition data of the main stages of copper production
from sulfide minerals, such as (1) copper minerals, (2) flotation tailings, (3) flotation concentrates,
(4) slags and (5) flue dust from the smelting/converting stage, (6) copper anodes, (7) anode slimes,
(8) contaminated electrolytes from the electrorefining stage, (9) electrolytes cleaned by ion-exchange
resins, and (10) elution solutions from the resins. In addition, the main contributions of recent works
on copper production are summarized herein. This study is focused on production sites from Chile
since it is responsible for almost one-third of the world’s copper production.

Keywords: Chilean copper production; Chuquicamata; tailings; copper electrorefining; antimony

1. Introduction

Copper is a metal that presents several industrial applications due to its attractive
properties, such as electrical conductivity, thermal conductibility, and ductility. It is mainly
used in electrical wiring, industrial machinery, plastic electroplating, printed wiring boards,
zinc die casting, automotive bumpers, and rotogravure rolls [1,2]. Copper is especially
important in the semiconductor industry because, in general, the connections on chips are
made of this metal due to its low electrical resistance, good mechanical properties, and high
corrosion resistance [3]. In addition to this, copper can form alloys with various elements.

Copper is found in nature mainly in the form of sulfide and oxide minerals, and the
main copper mines are present in Chile, Australia, Peru, China, the USA, and Mexico [4].
In Chile, the world’s largest copper producer, most of the copper is obtained from sulfide
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ores [5,6]. Since copper sulfide ores present impurities, several purification steps are carried
out to obtain a high-purity copper product. Figure 1 shows a simplified representation
of copper production from sulfide minerals. Note that the ore is submitted basically to
comminution, concentration, casting, and electrorefining stages [7,8].

Copper sulfide minerals
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Figure 1. Flowchart of the copper production from sulfide minerals showing the inputs and outputs
of the main process stages.

The comminution stage aims to reduce the ore particle size through crushing, grind-
ing, or other processes, being an energy-intensive operation with very low efficiency; it is
estimated that comminution accounts for 30%-50% of typical mining operating costs [9,10].
This is expected to intensify in the coming years due to the lower ore grades, the increase
in rock hardness, and the depth of the mines. Therefore, researchers have been evaluat-
ing methods to reduce the energy consumption in the comminution process of copper
ores [9,11-13].

The copper concentration stage is usually conducted via flotation to separate the
valuable minerals from the gangue material. The most important factors that affect the
flotation performance are the ore characteristics, such as its mineral structure and the
surface properties of the particle, the mechanical parameters of the cell, and the operating
conditions, such as the solution pH [14,15]. One of the major concerns regarding flotation
is the generation of tailings, which is the waste material that may still contain copper
and other valuable metals. It is expected that the tailings production will increase in the
coming years due to the intense extraction of low-grade copper ores [16]. This may limit
the copper production in Chile due to the scarcity of areas available to expand tailings
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dams or construct new ones [5]. Hence, authors have been evaluating methods to improve
flotation processes, reduce and reprocess fresh and old tailings [17-21].

The pyrometallurgical route involves smelting, converting and fire refining steps,
which aim to separate the metal from its minerals and obtain copper anode. In the smelting
stage, the concentrated flotation product (copper concentrate) is converted to molten
high-Cu sulfide matte at temperatures of 1200-1300 °C [7]. In the converting stage, air is
injected into the liquid phase, which is composed basically of copper and iron sulfides;
the iron sulfide is oxidized and the copper sulfide is converted into crude molten copper
(~99%) [22]. In the fire refining stage, the remaining sulfur and oxygen in the blister copper
are eliminated through oxidation; sulfur is removed by adding O, (air), which reacts with S
to form SO,, whereas CO and H; are added to reduce Cu,O and form Cu, CO, and H,O [7].
Thus, the fire-refined copper complies with the chemical specifications to be electro-refined.
In these processes, large amounts of waste are generated, especially flue dust and slags [23].
As flue dust contains copper with several impurities, such as As, Sb, Bi, Pb, and Cd, it
cannot be returned directly to the smelting furnace since this would increase the content
of impurities in the feed material and decrease the furnace processing capability [24,25].
The formation of huge amounts of slags generates technical and environmental problems
since they are deposited at landfills [26]. Therefore, researchers have been evaluating the
minimization of dust and slag formation, the recovery of copper, and the extraction of
valuable metals from these waste materials [22,27-29].

Lastly, the electrorefining stage aims at purifying the copper anode to generate the
final copper product as a cathode. One of the major challenges in this process is control-
ling the concentration of metals in the tankhouse electrolyte that dissolve from the anode
along with copper, such as arsenic, antimony, and bismuth. In general, the molar ratio of
As/(Sb+Bi) is controlled and kept in a suitable range where Sb and Bi produce a minor
effect. However, this increases health problems and the impurities are lost in the anode
slime [30,31]. Antimony and bismuth are valuable metals widely used in semiconductor,
thermoelectric, pharmaceuticals, chemicals, ceramics, and pigments, also being considered
as critical elements by the European Commission [32,33]. Thus, extracting and recover-
ing these metals from copper production has become increasingly important. In recent
years, several methods have been tested for removing these impurities from tankhouse
electrolytes, such as chemical precipitation [34,35], solvent extraction [36,37], using acti-
vated carbon [38,39], chemical leaching [40], electrodialysis [41], electrowinning [32], and
ion-exchange resins [30,42]. Among these technologies, ion-exchange resins are used on
industrial scale worldwide [30].

In the coming years, the mining industry will face a challenging scenario due to the
gradual reduction in the mineral resources’ purity, while the global demand for copper and
the stringency of environmental policies tend to increase considerably. The reduction in
copper ore grade that occurred in the recent years and the projection for the coming years
in Australia, Peru, Chile, Indonesia, Mexico, and USA may be seen in Figure 2 [43]. This is
particularly challenging for Chile since mining is the most important economic activity in
the country [44]. Lagos et al. [5] have recently projected that, from 2030, copper production
in Chile will decrease due to the lack of technologies that would make the extraction of
low-grade ores feasible. This can be seen in Figure 3, which shows the projection of copper
production from oxide (blue line) and sulfide (red line—concentrates) ores obtained by
Lagos et al. [5] considering economic, regulatory, and environmental constraints. Similar
trends were reported by Northey et al. [45], who presented scenarios for copper production
worldwide until 2150 based on a detailed assessment of global copper resources and historic
mine production. The results for historic and modelled copper production by selected
countries are shown in Figure 4. Note that, by 2040, all countries will experience a strong
reduction in their production, and this will be more critical for Chile because this country
will be the largest copper producer before the decline in its production.
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Figure 2. Reported (symbols) and forecasted (lines) ore grade by country (Adapted from [43]
with permission).
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Figure 3. Projection of copper production in Chile in the coming years from oxide and sulfide
(concentrate) ores (Adapted from [5] with permission).

Several studies have been carried out to improve Chilean copper production, reducing
operational costs, reprocessing tailings, reducing losses of valuable metals, and making
the processes safer for the environment and human health [8,20,22,28,46-52]. For the
development of these studies, knowing the chemical composition of each processing stage
is essential; one of the limitations in the studies on copper production is the huge variability
of concentration data depending on the region where copper is obtained, the process
type, and the operational conditions. Thus, the knowledge of the chemical composition of
each production stage may encourage the development of technologies to improve copper
production and recover products from wastes, assisting the industrial supply of resources
to feed the circular economy:.
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Figure 4. Historic copper production data (symbols) and modelled (line) scenarios for selected
countries [45].

The present work provides a review of the copper production from sulfide minerals
focused on the concentration data of the main stages of the process (shown in Figure 1)
and the recent advances in the development of technologies for copper mining. The data
shown herein are focused on production sites from Chile since this country is responsible
for almost one-third of the world’s copper production. The main objective of this review is
to assist future works on optimization of copper production in Chile, making the processes
economically and environmentally viable, and allowing the recovery of valuable and critical
metals from secondary resources, which will strengthen the circular economy.

2. Copper Sulfide Minerals

Copper is found in nature mainly in oxide and sulfide ores. The oxide ores are pro-
cessed via hydrometallurgical routes because they are easily dissolved in acid. Conversely,
sulfide ores are practically insoluble in acid and must undergo pyrometallurgical routes [40].
Table 1 shows the main copper minerals found in nature [40,53-55].

About 80% of the world’s copper production comes from sulfide minerals, but their
composition varies considerably depending on the region where the ore is obtained [56].
Table 2A shows the mineralogical composition of copper sulfide ores from different Chilean
regions. Note that the main copper mineral from Lomas Bayas, El Salvador, and Escondida
mines is chalcocite (15.3%, 21% and 53%, respectively), whereas the main copper mineral
from Chuquicamata mine, one of the largest copper producers in the world, is covellite
(17%). The copper ores from El Teniente and Andina mines are mainly composed of chal-
copyrite (86%-90% and 81%, respectively) [57,58]. It is worth highlighting the presence of
molybdenite in Chilean minerals, such as in El Salvador, Andina and Escondida mines, mak-
ing Chile one of the world’s major producers of molybdenum [59]. A recent and detailed
characterization of copper sulfide ores from Antofagasta region, Chile, is shown in Table 2B.
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Note that pyrite accounts for 0.68% of the mineral, whereas chalcocite/digenite/covellite
account for 0.42% and chalcopyrite/bornite 0.08%. Data on the mineralogical composition

of copper oxide ores from Chile may be found elsewhere [60].

Table 1. Main copper minerals found in nature.

Type Mineral Formula
Cuprite Cu,0
Tenorite CuO
. Malachite CuCO3-Cu(OH),
Oxides Azurite (CuCO3),-Cu(OH),
Chrysocolla Cu0O-S5i0,-2H,0O
Atacamite Cu,CI(OH)3
Chalcocite Cu,S
Covellite CuS
Chalcopyrite CuFeS,
Bornite CusFeS,
Sulfides Stannite CuyFeSnSy
Enargite CuzAsSy
Tennantite CuqpAsySy3
Famatinite CuzSbS,
Tetrahedrite CuqpSbsSy3

Table 2. Mineralogical composition of copper ore samples from Chile (wt%).

A
Ref. [51] [61] [61] [61] [61] [571 [62]
Mine ]]“3?;:: Salxlri;i dor Chuquicamata Andina  Escondida El Teniente Unknown
Pyrite 55.9 38 35 6.2 30
Chalcocite 15.3 21 11.2 1.5 53 5.92
Bornite 11.3 1.51 1.65 0.27 0.11 6-9 18.85
Covellite 7.9 14 17 1.1 0.6 0.71
Chalcopyrite 7.7 75 12 81 4.8 86-90 74.51
Digenite 0.6
Enargite 2.1 5.3 0.6 0.36 0.01
Molybdenite 0.29 0.89 0.29
Metallic copper 0.46 0.16
Cuprite 0.5
Hematite 0.2 0.08
Others 1.3 15.44 17.7 7.9 10.07
B
Antofagasta Region
Ref. [63]
Pyrite 0.68 Magnetite 0.11 Kaolinite Group 1.88
Chalcocite/Digenite/Covellite 0.42 Goethite 0.01 Muscovite /Sericite 0.74
Chalcopyrite/ Bornite 0.08 Qther Cu 0.38 Chlorite/Biotite 10.87
Enargite/Tennantite/ Tetrahedrite 0 Other Fe 0.26 Other 0.92
& Oxides/Sulfates ) Phyllosilicates ’
Native Cu/Cuprite/Tenorite 0 Quartz 24.44 Others 0.53
Molybdenite 0.01 Feldspars 58.66

The chemical composition of Chilean copper sulfide ores in terms of Cu and Fe
concentrations are shown in Table 3A, whereas Table 3B shows a more detailed chemical
composition of copper sulfide ores from northern Chile. Note that the copper concentration
varies between approximately 0.7 and 2.1 wt% depending on the region. Concentration
data for other elements in copper ores, such as the critical metals, are scarce in the literature
due to the difficulty in determining the composition of trace elements. Data on the chemical
composition of oxide copper ores from Chile may also be found in the literature [60].
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Table 3. Chemical composition of copper sulfide ores from Chile (wt%).
A Chemical Composition (wt%)
Ref. Mine/region Cu Fe
[64] Northern Chile 1.49 10.36
[65] Cerro Colorado 1.28-2.05 1.47-1.99
[57] El Teniente 1.20
[7] Los Bronces 1.06
[7] Candelaria 0.9-1.0
[66] Unknown 0.7-0.86
B Chemical Composition (wt%)
Ref. Mine/region Cu Fe Si0,  ALOj3 As Pb Zn Ag S CaO Mg Au
[64] Northern Chile ~ 1.49 1036  48.09 8.6 <0.1 0.049  0.037 <5 226 807 292 <02

3. Mineral Processing: Comminution

The first stage of copper processing is the comminution, which is carried out to liberate
the copper-bearing minerals from the gangue by reducing the ore particle size. Firstly,
explosions are made in the mine to crack the rocks, generating various fragments of ore.
Then, these large fragments are compressed in crushers, which is also generally done
in the mine. Lastly, water is added to the crushed ore and this mixture is forwarded to
grinding mills, where the ore particle size is further reduced, and the copper minerals are
liberated [7]. The comminution process is energy-intensive, the energy consumption being
strongly dependent on the composition and texture of the ore, such as the mineral grain
size distribution and mineral association [59,67].

4. Mineral Concentration: Flotation
4.1. Copper Concentrate

After being subjected to the comminution step, the minerals proceed to the concen-
tration step via flotation, filtration, and drying. Flotation aims at the selective separation
and recovery of copper-bearing minerals. Thus, it generates a process stream concentrated
in copper, which is subsequently forwarded to the smelting and converting stages, and
another stream of flotation tailings. The flotation technique allows concentration of copper
sulfide minerals by exploiting differences in their surface properties, by adding chemical
reagents able to make copper sulfide minerals hydrophobic [68,69]. Then, air is injected
at the bottom of the flotation cell to promote the migration of hydrophobic copper sulfide
minerals to the surface. Lastly, this copper-rich material is dewatered, achieving a copper
concentration of 20%—45% [69].

The efficiency of a flotation operation depends on the nature and texture of the particles
(such as mineralogy, morphology, particle size, mineral association) as well as the type and
design of flotation cells and operating variables (such as pH, air flowrate, pulp density,
reagent type and dosage). Therefore, several authors have investigated methods to increase
the efficiency of flotation processes [21,64,70-74]. In particular, the influence of particle size
on flotation has been frequently evaluated since fine and coarse particles follow different
trends in flotation, affecting the process efficiency considerably [21,65]. In general, the
maximum recovery of copper from sulfide ores is achieved at the intermediate particle size
range of 50-70 um [75].

Another factor that must be evaluated to guarantee the efficiency of flotation is the
mineral composition. In copper flotation, non-valuable iron sulfides (mostly pyrite) are
often associated with valuable sulfide minerals, such as chalcocite and chalcopyrite. Thus,
the separation of pyrite from copper minerals is crucial in the flotation stage [14,76].

Figure 5 shows the mineralogical composition of several flotation concentrates from
the world’s leading copper producers, including the Chilean ones [77]. Note that they are
mostly composed of chalcopyrite, chalcocite, and pyrite. In Chuquicamata mine, the frac-



Minerals 2022, 12, 250

8 of 32

tion of covellite is also high. These results differ from those reported by Fuentes et al. [52],
who reported the mineralogical composition of two flotation concentrate samples from
Chuquicamata; the results obtained by Fuentes et al. are shown in Table 4. According to
the authors, digenite is the main mineral containing copper in both samples, followed by
chalcopyrite and covellite. These results showed by Fuentes et al. [52] agree with those
presented in another work of the authors [49]; it was reported that the main mineral com-
ponents in the flotation concentrates from Chuquicamata are digenite, pyrite, chalcopyrite,
bornite, covellite, and sphalerite, with minor amounts of enargite, galena, and molybdenite.
This difference between the data reported by the authors can be explained by the change in
the mineralogy of the ore as the exploitation of Chuquicamata has intensified, since the data
reported by Flores et al. [77] are recent (2020), whereas those reported by Fuentes et al. [52]
are from 2009.

Table 5 presents the chemical composition of copper concentrates obtained in different
regions and companies from Chile.

Ccp mCc mCv Py mPo

Prominent Hill —_e—r—re——r—0o-——>—) E——
Salobo e e =
Las Bambas ]
Antapaccay fr——sm = 1
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Figure 5. Mineralogical composition of copper concentrates from the world’s leading copper pro-

ducers. Ccp, Cc, Cv, Py, and Po are chalcopyrite, chalcocite, covellite, pyrite, and pyrrhotite, respec-
tively [77].
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Table 4. Mineralogical composition of concentrates from Chuquicamata mine (% v/v, relative to the
total sulfide phase) [52].

Mineral Sample 1 (% v/v) Sample 2 (% v/v)
Digenite 34 26
Pyrite 24 35
Chalcopyrite 23 21
Covellite 9 9
Bornite 6 3
Sphalerite 3 4
Enargite 1 2
Molybdenite ~0.1 ~0.1
Galena ~0.1 ~0.1

Table 5. Chemical composition (wt%) of Chilean copper concentrates.

Ref. [52] [52] [27] [28] [71
Mine/Region Chuquicamata Unknown Potrerillos
Cu 33.5 31.8 36.1 36.1 30
Fe 21.6 18.3 22.9 22.9 25
S 33.4 31.8 32.6 32.6 32
Pb 0.090 0.091 0.20 0.20
Zn 2.10 3.07 0.70 0.70
Bi 0.0069 0.011 0.1 0.05
Sb 0.012 0.042 0.01 0.01
As 0.48 0.79 0.7 0.7
Hg 0.0021 0.00069
Mo 0.16 0.055
Te 0.00047 0.001
Tl 0.00004 0.00011
Cd 0.0103 0.0110
5i0, 54 8.0 4

According to Table 5, in Chuquicamata mine, the concentrate contains ~33 wt% of
Cu and several other species, mainly Fe, S, Si, Zn, As, Pb, Mo, and Sb. Concentrates from
Potrerillos mine possess a Cu concentration of 30 wt%, whereas the concentration data of
other elements are scarce in the literature.

4.2. Flotation Tailings

Flotation tailings are stored in dams located near the mine. Water is reclaimed from
these dams and recycled to the concentrator. In some regions of Chile, such as the northern
region, water is scarce. Therefore, some mining companies use seawater in the flotation
operation, such as the Las Luces mine, owned by the Las Cenizas Mining Group [78]. A
recent review showed that the use of seawater in the Chilean mining industry will increase
in the coming years due to the depletion of other water resources and because the mineral
concentration step requires large volumes of water [79]. The seawater can be directly
used in mining or can undergo a desalination step. The first case does not involve the
costs and impacts of the demineralization process, but the presence of chloride ions is
challenging due to equipment corrosion. In the second case, additional operational costs
are involved due to electricity consumption, besides the environmental impacts. Therefore,
new demineralization technologies are expected to be developed in the coming years for
application in the mining industry.

One of the biggest challenges that Chilean mining companies have faced is the genera-
tion and disposal of tailings. According to the report released in 2020 by SERNAGEOMIN
(Servicio Nacional de Geologia y Mineria de Chile), most of the flotation tailings dam in
Chile are inactive or abandoned [80]. It is estimated that by 2035 the generation of tailings
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per year will be 3.25 times greater than the amount generated in 2015 [5]. This causes huge
concerns due to the scarcity of areas available, besides the social and environmental risks
involved [18]. In 1965, an earthquake caused the disruption of a tailings dam in El Cobre
(Chile), which killed approximately 200 people [81]. In 2015 and 2019, two other tragedies
involving tailings dams occurred in the region of Minas Gerais, Brazil, which culminated in
deaths and significant destruction of the environment. These events in Brazil increased the
social and regulatory resistance to the construction of tailings dams in Chile [5]. Figure 6
shows the number of accidents involving tailings dam failures in several countries from
1910 to 2018 [81]; note that Chile is responsible for the second largest number.

100
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80

Number of failures
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Figure 6. Number of accidents involving tailings dam failures in several countries from 1910 to
2018 [81].

Another problem regarding flotation tailings dams is the occurrence of acid mine
drainage due to the oxidation of liberated sulfide minerals, which may cause severe detri-
mental effects on underground and surface water bodies [82]. This occurrence is often due
to the presence of chalcocite, chalcopyrite, and mainly pyrite in the tailings. In Chile, the
pyrite content in tailings varies between 4% and 8% [18].

A tertiary issue may arise whilst reprocessing the flotation tailings, as is observed
in Codelco Salvador (Chile), where a secondary flotation tailings stream presenting high
levels of SiO; and Al,O3 and lower copper content is generated, which hinders its further
processing [83].

In light of the above-mentioned concerns, in recent years, several authors have evalu-
ated the reprocessing of fresh and old tailings from the mining industry in
Chile [17,44,48,50,84,85]. Recently, authors have also investigated the use of Chilean copper-
treated tailings as supplementary cementitious materials to improve properties of con-
crete [86,87], the use of copper tailings deposits for the sequestration of CO; [88], and the
re-processing of tailings to obtain critical raw materials [89,90]. Considering the impor-
tance of determining the chemical composition of tailings to reduce their generation or to
reprocess it, Table 6A,B present composition data of flotation tailings from several Chilean
regions. The data presented in Table 6B, which were recently reported by Araya et al. [89],
show the concentration of several valuable and critical metals in flotation tailings from five
Chilean regions (Sierra Gorda, Mantos Blancos, Talabre, Esperanza and Laguna Seca). Data
on the composition and mineralogical characterization of porphyry copper tailings from
Chilean mines may also be found in Refs. [85,87].
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Table 6. Chemical composition of Chilean flotation tailings from copper production.
A (wt%)
Ref. [91] [44] [92] [64] [50] [93] [18] [94] [7]
Mine/ El Northern Chile, Northern Chile, Northern Commune of Taltal, Commune of Taltal, Atacama Las Tortolas, El Soldado/Los
Region Teniente Atacama Desert Atacama Desert Chile Antofagasta Region  Antofagasta Region Desert Central Chile Bronces/Mantos Blancos
Cu 1.05 1115 1.0571 0.050 0.1527 0.1315-0.6566 0.260 0.0485 0.180/0.133/0.120
(respectively)
Fe 41.78 3.5015 3.5488 9.86 7.20 16.12
SiO, 40.5 54.2
AlLO3 10.13
Al 2.3841 8.30
Pb 0.01832 0.007565 0.034 0.0015-0.02041
Ni 0.0017-0.0085
Zn 0.02822 0.02967 0.047 0.0221 0.0167-0.0381 0.0041
S 0.03 2.71
SO, 0.21982 0.33826
Au 0.1 0.00001-0.00005
Ag <5
CaO 6.54
Ca 0.02925 0.02797 2.9
MgO 3.74
As 0.000363 <0.01 0.00155-0.00306
Mg 0.01066 2.3
K 0.001804 41
Na 0.3265 0.32701 15
Cr 0.000289
Ti 04
Mo 0.01337 0.0109
Mn 0.03525 0.03228 0.1379 0.0952-0.1631
Sr 0.0219
P 0.1384
Cl 0.8774
Ba 0.069
Cd 0.000134 <0.000002
B 0.00641
Ce 0.0234

0.00006-0.0011
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Table 6. Cont.
A (Wt%)
Ref. [91] [44] [92] [64] [50] [93] [18] [94] [71
Mine/ El Northern Chile, Northern Chile, Northern Commune of Taltal, Commune of Taltal, Atacama Las Tortolas, El Soldado/Los
Region Teniente Atacama Desert Atacama Desert Chile Antofagasta Region = Antofagasta Region Desert Central Chile Bronces/Mantos Blancos
Mine/Region B (g/t and wt%) [89]
Cu(g/) vy Colg/y Y (g/ Nb Ba (g/t) Sc (/1) Hf(g/) (o Sb(g/t) D Ni (g/1)
8 (g/1) 8 ) (g/1) 8 8 8 (g/1) 8 (g/1) &
981 125 12 82 28 486 11 8.56 0.13 10.31 <10 84
Rb As Mo Sn
. n(g/Y) gy ST/ Zr (g/1) Pb (/1) Cs (/1) Th (g/t) U(g/1) @/t @/t (g/b Ag (g/1)
élc‘jrréaa 159 329 68 557 50 6.53 55.93 22.23 <20 415.97 85.2 21.4
Cde/) o)y Lae/y Ce (g/1) Pr (g/1) Nd (g/1) Sm (g/1t) Bug/) (o TPED (g Ho (/1)
12.1 <10 4271 80.38 10.15 34.12 7.55 1.01 6.07 0.85 447 0.87
Tm Au 0 SlOz A1203 Ti02 o,
Er (g/t) (/1) Yb (g/t) Lu (g/t) (/1) Hg (g/t) Cr(g/t) S Total (%) (%) (%) (%) Fe; O3 (%)
241 0.36 2.35 0.32 <0.02 0.03 41 0.85 63.09 14.43 0.55 5.91
CaO (%) 1\(/([,%)0 MnO (%) NayO (%) K50 (%) P,0s5 (%) PPC (%) SO; (%)
0.8 2.05 0.09 1.58 6.01 0.13 4.74 -
Cug/t Yy  Colg/b Y (g/t) Nb Ba (g/1) Sc (g/1) Hf(g/t) % Sb(g/y D Ni (g/1)
8 (g/1) 8 8 (g/1) & & 5 (g/1) & (g/1) &
1932 120 10.33 70 43 <20 16.33 6.303 <0.01 <10 <10 83.33
gty R sr(g Zr (g/1) Pb (g/1) Cs (/1) Th (g/t) Uy Mo sn Ag (/9
Mant (g/1) &/  (&/1bH  (g/V
antos 72 29 108 347 140 1.9 14.11 4.867 <20 <5 106 25.8
Blancos W Gd Dy
Cd@@/t (g Lal/y Ce (g/1) Pr(g/t) Nd (g/1) Sm (g/1) Eu (g/1) @/ P&/ (/0 Ho (g/1)
11.2 <10 24.063 60.057 8.07 30.48 7.11 1.33 6.367 0.883 5.22 1.027
Tm Au 0, 5102 A1203 Ti02 o,
Er (g/1) g/t Yb (g/t) Lu (g/t) (g/t) Hg (g/1) Cr (g/t) S Total (%) (%) (%) (%) Feo O3 (%)
2.99 0.42 2.83 0.387 <0.02 0.02 48.33 0.257 64.72 13.79 0.5 438
CaO (O/o) I\(/{,/%)C) MI‘lO (O/o) NazO (Cyo) Kzo (0/0) P205 (0/0) PPC (0/0) SO3 (cyo)
2.037 2.26 0.06 7.36 0.543 0.153 3.47 -
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Table 6. Cont.

A (Wt%)
Ref. [91] [44] [92] [64] [50] [93] [18] [94] [7]
Mine/ El Northern Chile, Northern Chile, Northern Commune of Taltal, Commune of Taltal, Atacama Las Tortolas, El Soldado/Los
Region Teniente Atacama Desert Atacama Desert Chile Antofagasta Region = Antofagasta Region Desert Central Chile Bronces/Mantos Blancos
Mine/Region B (g/t and wt%) [89]
Cu(g/t) oy Colg/v Y (g/1) NP Ba (/1) Sc (/) HE@/Y) ooy SbE/M Ni (/1)
8V (g/1) 8 8 (/1) 8 8 & (/1) 8 (/1) 5
2296 70 6 62 39 518 22 6.3 <0.01 55.33 <10 77
Zn(g/t) P Sr(g/h) Zr (/9 Pb (/1) Cs (/1) Th (g/1) U/ B Mo o Ag (8/9)
&Y (/1 & & & & & & g/H (@Y (&Y &8
Talabre 231 124 498 568 741 0.89 1.74 1.67 783 124.39 46.7 17.9
Cde/) o)y Lae/y Ce (g/1) Pr (g/1) Nd (g/1) Sm (g/1t) Bug/) oy TPED o Ho (/1)
3.29 88.8 6.98 11.88 1.44 5.54 1.02 0.4 0.86 0.11 0.6 0.12
Tm Au 0 SlOz A1203 Ti02 o,
Er (g/t) (/1) Yb (g/t) Lu (g/t) (/1) Hg (g/t) Cr(g/t) S Total (%) (%) (%) (%) Fe; O3 (%)
0.33 0.05 0.34 0.05 <0.02 0.5 19 0.96 67.81 14.34 0.18 2.06
CaO (%) I\(/([,/%)O MnO (%) NayO (%) K>0 (%) P,0s5 (%) PPC (%) SO3 (%)
1.89 0.38 0.03 1.06 4.09 0.08 4.79 2.4
Cu(g/t) (o  Colg/) Y (g/0) Np Ba (g/1) Sc (/1) HE@G/) ooy SPE/D (o) Ni (/)
&7V (g/1) 8 8 (/) & & 5 (/1) & (/1) 8
675 160 11 49 21 185 26 3.88 <0.01 <10 <10 70
Zn(g/t) p Sr(g/b) Zr (g/1) Pb (/1) Cs (/9 Th (g/4) U/ S My Ag (g/1)
8V (g/1) 8 8 8 8 & 5 ®/H (/Y (g/Y 818
Esperanza 83 99 295 313 20 1.71 4.28 1.44 <20 16.94 60.93 25.5
Cd(e/) o)y Lale/y Ce (g/1) Pr (g/1) Nd (g/1) Sm (/1) Bug/) oy TPED Ho (g/1)
<1 <10 15.96 32.32 4.31 17.46 3.65 1.06 3.43 0.49 2.87 0.55
Tm Au 0, 5102 A1203 Ti02 o,
Er (g/1) g/t Yb (g/t) Lu (g/t) (g/t) Hg (g/1) Cr (g/t) S Total (%) (%) (%) (%) Feo O3 (%)
1.71 0.26 1.6 0.23 <0.02 0.24 29 2.58 48.06 13.50 0.62 5.86
CaO (O/o) I\(/{,/%)C) MnO (O/o) NazO (Cyo) Kzo (0/0) P205 (0/0) PPC (0/0) SO3 (cyo)

3.41 0.07 0.07 3.73 2.79 0.16 9.66 6.45
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Table 6. Cont.
A (Wt%)
Ref. [91] [44] [92] [64] [50] [93] [18] [94] [71
Mine/ El Northern Chile, Northern Chile, Northern Commune of Taltal, = Commune of Taltal, Atacama Las Tortolas, El Soldado/Los
Region Teniente Atacama Desert Atacama Desert Chile Antofagasta Region = Antofagasta Region Desert Central Chile Bronces/Mantos Blancos
Mine/Region B (g/t and wt%) [89]
Culg/t) vy Colg/v Y (g/1) e Ba (g/9) Se (g/9) HE(g/) ooy Sb(s/t) (o Ni (g/9)
879 (g/1) 8 8 (g/t) 8 8 8 (g/t) 8 (g/b &
1335 96.67 30.67 45 10.33 508 18.667 3.463 0.29 26.33 <10 16.33
g/t KB sr(g/y Zr (3/4) Pb (/9 Cs (g/t) Th (g/4) ugrn o Ss Moo e Ag (8/9)
L &/ ®/9  (&/H  (8/1)
%%‘Cl;‘a 609 176 341 433 90 1.71 6.15 1.71 <20 176.15  47.33 20.2
Cde/) o)y Lae/y Ce (g/1) Pr (g/1) Nd (g/1) Sm (g/1t) Bug/) (o TPED (o Ho (/1)
3.22 30.8 17.967 40.15 5.14 21.407 444 1.293 3.757 0.457 2.6767 0.537
Tm Au 0 SlOz A1203 Ti02 o,
Er (g/t) (/1) Yb (g/t) Lu (g/t) (/1) Hg (g/t) Cr(g/t) S Total (%) (%) (%) (%) Fe; O3 (%)
1.487 0.237 1.533 0.25 <0.02 1.443 35 0.577 62 20.68 0.553 3.26
CaO (%) 1\(/([,/‘%)0 MnO (%) NayO (%) K>0 (%) P>0s5 (%) PPC (%) SOz (%)
0.527 2.25 0.043 1.057 3.61 0.173 5.177 -
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Note in Table 6A that the composition data show a huge variability: the Cu concen-
tration varies between ~0.05 wt% (Las Tértolas, Central Chile) and ~1.1 wt% (Northern
Chile, Atacama Desert), while other elements such as Fe, Si, Al, Mn, Na, S, Zn, Ni and
Au are also present in these flotation tailings. Thus, the copper concentration in flotation
tailings is relatively high, especially in northern Chile. This becomes more evident when
the concentration data from Table 6A are compared with those shown in Table 3 for copper
ores; note in Table 6A that the copper concentration in some flotation tailings (mainly from
northern Chile) is similar to the copper concentration in sulfide ores from some Chilean
regions (~1wt%—Table 3). According to Table 6B, several critical and valuable metals
are present in Chilean flotation tailings, especially V and Sc in Esperanza mine, Nb in
Mantos Blancos, W and Sb in Talabre, Y, Ce, La and Nd in Sierra Gorda, and Co in Laguna
Seca. Thus, reprocessing tailings may be a promising alternative for recovering critical and
valuable metals, in addition to copper. However, this presents some challenges, such as the
high iron content (Table 6A) and the large portion of fine particles in the tailings, increasing
considerably the costs involved in both liberation and separation processes [17,48].

5. Anode Casting: Smelting and Converting Processes

After the flotation stage, the copper concentrate proceeds to a pyrometallurgical route
which involves a smelting step, where a molten high-Cu sulfide matte is obtained, followed
by a converting step, where iron and sulfur present in the matte are oxidized, producing
blister copper, while also generating dust and slag [95]. The blister copper is forwarded to
an anode furnace to be converted into an anode plate (~98.5%-99.6% purity). Finally, the
anode proceeds to the electrorefining stage, yielding high-purity copper cathodes (~99.99%
purity) by electrolysis in a solution of copper sulfate and sulfuric acid [96].

Seven smelters operate in Chile, one of them owned by Glencore (Altonorte), one
owned by Anglo American (Chagres), four owned by Codelco (Chuquicamata, Potrerillos,
Ventanas, and Caletones), and one owned by Enami (Hernan Videla Lira). These smelters
operate with Flash furnaces, Peirce Smith, Teniente, and Noranda Converters [22,97]. The
most important converting technology is the Chilean El Teniente, which has been subjected
to several improvements [98-100]. The developments in Chilean processes of copper
smelting and converting are presented in the review article published by Devia et al. [22]
in 2019.

5.1. Copper Anode

The concentration of impurities in copper anodes has been increasing steadily for
several decades due to the increasing extraction of low-grade copper ores. This can be seen
in Figure 7, which shows the evolution of the presence of As, Sb, and Bi as impurities in
copper anodes over the last 30 years worldwide [101].

Table 7 presents the chemical composition of copper anodes from different Chilean
regions. Note that the anodes from all Chilean smelters contain high concentrations of
valuable metals, such as Sb, Ni, Au, Ag, Te, and Se; unlike other countries, the concentration
of bismuth in Chilean copper anodes is not relevant when compared to the other metals. As
all these metals are considered impurities in the copper product, they must be eliminated
from the anode in the subsequent steps. Therefore, they will be present in the waste
materials generated, from which they can be recovered and used in various applications.
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Figure 7. The evolution of the presence of As, Sb, and Bi as impurities in copper anodes over the last
30 years worldwide [101].

Table 7. Chemical composition (in ppm) of copper anodes from Chilean smelters.

Ref. [7] [102] [103] [104] [103] [104] [104] [104] [103]
. . Fundicion Fundicion Fundicion
. E E Hernan Hernan Hernan
Smelter Chuquicamata Teniente Teniente Videla Videla Videla Ventanas  Ventanas
Lira Lira Lira
Cu (%) 98.57-99.76 99.62 99.61 99.6
As 365-1587 1200 917.4 952.4 292.48 196.8 169.7 828.2 808.44
Sb 60-235 200 140.95 153.1 52.61 59.3 48.5 609.9 366.38
Bi 6-55 <10 3.45 3.4 5.38 8.4 5.0 8.2 8.14
Fe 6-31 29 12.65 13.4 75.75 439 37.6 70 44.8
Ni 13-107 32 138.4 146.2 355.0 657.0 320.2 371.6 256.72
Pb 18-139 <13 37.9 43.7 652.25 1539.0 580.0 453 321.8
S 10-21 29 16.0 20.0 42
(@] 1069-1624 1335.0 1641.0 2113
Au 1-16 1.83 1.2 1.2 29.61 31.7 35.2 30.9 22.84
Ag 155-431 270 133.5 134.0 407.42 469.0 481 717 477.2
Se 86-277 120 218.08 209.1 160.5 164.0 156.3 227 201.0
Te 10-40 33 10.3 10.0 30.33 27.1 27.6 104 53.1
Sn 1.5 5.5 3.1 5.2

5.2. Smelter and Converter Slag

On the account of transport and disposal costs and in order to maximize the copper
production efficiency, managing the slags generated in smelters/converters is one of the
major concerns in the copper industry. Generated in the smelting and converting stages,
the slag contains, in general, a great amount of copper, which must be recovered [95]. In the
El Teniente Converter, for example, the slag is forwarded to the El Teniente Slag Cleaning
Furnace Process, which is a batch decoppering process that reduces magnetite and copper
contents in the slag. This is achieved through the injection of a solid, liquid or gaseous
reductant directly into the equipment. At the Caletones Smelter (Chile), pulverized coal
is used as a reductant in the three existing Slag Cleaning Furnaces [91]. Considering the
above, several authors have been evaluating methods to reduce slag production and its
recycling [26,83,105-107]. Data on the composition of Chilean slags from smelting and
converting processes are shown in Table 8. A complete characterization of slags from
Paipote Smelter (Chile) may be found in Ref. [108].
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Table 8. Chemical composition (%) of slags from Chilean smelters/converters.
Ref. [109] [83] [107] [110] [27] [83] [91] [108] [71 [83]
. . Peirce-Smith
Type Flash Smelting Furnace Teniente Converter
Converter
Smelter/ Chuquicamata Unknown Unknown Hernin Chuquicamata Unknown Unknown Hernan Potrerillos Unknown
Converter ! Videla Lira ! Videla Lira
Cu 1.61 3.23 2.27 0.75 8.0 74 7.2 7.03 8.0 13.3
Fe (total) 35.8 41.3 41.45 38.4 39.4 38.11 38 411
Fe;04 7.35 11.8 5.14 18.1 19.73 28.4
Fe203 15.76
FeO 27.25 37.79
SiO, 27.7 27.89 26.1 375 24.19 25 18.9
Si 154
Al 1.6
Al,O3 291 3.56
Ca 0.49
CaO 2.10 1.26
MgO 0.88 0.76
S 3.57 0.83 1.9 2.37 2.38 1.98 0.79
Zn 7.9
ZnO 2.54
Pb 0.11 0.1
Bi 0.1
As 0.0074 0.4
Sb 0.06
CI‘203 0.05
Cl 0.12
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Note in Table 8 that the slags are mostly composed of iron (~40 wt%), silica (~15-37 wt%),
and copper (~0.8-13 wt%). The mass fraction of the latter in the slags is considerably greater
than in the copper sulfide ores (Table 3). This, associated with the high concentration of
iron, indicates that slags from Chilean smelters/converters are potential resources of raw
materials for the copper, iron, and steel industry [6,107]. The most evaluated methods to
separate and recover these metals have been atmospheric leaching using different oxidant
and leaching agents (acids, alkalis, and salts) [105,111,112], and high pressure oxidative
acid leaching [113-115]. However, researchers have shown that these methods present
technical limitations, because the high concentration of iron and silica hinders the copper
separation [105,116,117]. Therefore, new processes of copper extraction from slags must be
developed in the coming years.

5.3. Smelter and Converter Flue Dust

Smelting and converting processes generate flue dust with a high content of copper
and impurities, such as As, Sb, Bi, and Zn. Around 60% of the total input of As and 50%—-60%
of Bi from the flotation concentrate is transferred to the dust [118], which are composed
of fine and fragmented particles, and condensed compounds [119]. If dust is directly
returned to the smelting furnace, the content of these impurities increases considerably,
which reduces the furnace efficiency and hinders the electrorefining process.

The formation of flue dust may be harmful for the population living near smelters
due to the contamination of soil, air, and water. Berasaluce et al. [120] evaluated the human
health risks involved in the exposure to trace elements in soil and indoor dust in Puchuncavi
Valley, Chile. The authors noted high carcinogenic risks due to arsenic exposure, mainly
for young children (1-5 years old) in all evaluated regions, and for children (6-18 years
old) in the exposed areas. Considering the above-mentioned concerns, several reports on
hydrometallurgical routes to treat flue dust from copper smelters/converters have been
conducted, and one of the most commonly used techniques for this purpose is leaching
with sulfuric acid [23,25,118,121,122]. Table 9 presents the chemical composition of flue
dust from some Chilean smelters.

Table 9. Chemical composition (%) of flue dust from Chilean smelters/converters.

Ref. [27,28] [123] [124] [119]
Smelter/Region =~ Chuquicamata Unknown Northern Chile Chagres
Cu 10.4 24.5 5.6 22.98-25.51
Fe 0.8 14 0.3 17.64-22.74
S 10.4 7.2 8.26-11.53
Zn 15.6 0.15 21.3 0.197-0.291
Pb 7.8 0.08 5.7 0.067-0.133
Bi 3.5 0.013-0.043
As 19.4 0.9 10.5 0.82-2.04
Sb 0.1 0.012-0.057
Mo 0.45 0.092-0.190
Al 12 0.2 1.3-1.43
Ca 0.3 0.46-0.49
K 1.8
Mg 0.06
Na 0.3
P <0.1
Si 1.1 2.92-3.01
Ni 0.004-0.005

The composition data of Chilean flue dust (Table 9) show strong variability in func-
tion of the smelter/region; in Chuquicamata, it is mainly composed of As (~20 wt%), Zn
(~15 wt%), Cu (~10 wt%), S (~10 wt%), Pb (~8 wt%), and Bi (3.5 wt%). The hydrometallurgi-
cal treatment of flue dust has been extensively studied by many authors [23,25,118,121,122],
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which is usually conducted to recover copper and to stabilize the impurities; however, the
high concentration of arsenic limits this process. Pyrometallurgical routes can also be used
to treat As-rich flue dust, for example by roasting it at 750 °C in an oxygen-rich atmosphere.
In this case, the commercial-grade As,Oj3 is recovered after cooling the vapors. As;Oj is a
valuable component in several fields, such as in the production of herbicides, pesticides
and in the semiconductor industry. However, its commercialization has faced restrictions in
developed countries due to environmental risks [23,118]. Thus, As,O3; must be disposed at
landfill sites, generating technical and environmental inconveniences. Moreover, pyromet-
allurgical stages increase the energy consumption and can make the process unfeasible.
Thus, new hydrometallurgical processes must be proposed in the coming years to recover
copper from flue dusts, especially high-arsenic ones, which are generated in Chuquicamata
mine (Table 9).

With composition data of the anode, slag, and flue dust from Chuquicamata mine
shown in Tables 7-9, respectively, Figure 8 was constructed. Figure 8 shows the distribution
(mass fraction) of Cu, Fe, As, Sb, and Bi, in the three materials generated in the smelting and
converting stages. Note that the fraction of copper in the slag and dust is similar, indicating
that both are potential sources of copper. The valuable Sb and mainly Bi metals are mostly
present in the dust, which means that effective methods to recover both metals from this
material need to be evaluated. In this case, the large amount of As must be considered since
it may hinder the separation of the metals. The slag also shows to be a valuable resource of
Sb and, in this case, the high concentration of Fe needs to be considered.
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Figure 8. Distribution (mass fraction) of Cu, Fe, As, Sb and Bi present in the anode, slag, and flue
dust from Chuquicamata mine.

6. Copper Electrorefining

Since the pyrometallurgical route is unable to remove the impurities from the cop-
per concentrate completely, copper anodes from the smelting/converting stages must be
submitted to the electrorefining process. In this stage, the anode is immersed in a tank
containing an acid electrolyte and a cathode so that the copper from the anode is deposited
onto the cathode. However, some impurities that could not be eliminated in previous stages
are also released from the anode. Some of the impurities dissolve in the electrolyte, while
others form a slime at the bottom of the cell, which is referred to as anode slime. Lastly,
part of the copper is not oxidized in the electrorefining process and remains at the anode,
being called anode scrap.
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6.1. Anode Scrap

In the electrorefining stage, approximately 85% by weight of the copper present at the
anode is oxidized, while 15% is not dissolved and remains at the anode, which is referred
to as anode scrap [125]. The anode scrap is generated mainly due to the inhomogeneous
morphology of the anode and its passivation [126]. Furthermore, there is also a significant
part of the anode that connects to the power source, which makes it unable to be completely
submerged into the electrolyte, and in turn has to return to the process as anode scrap [125].
The greater the amount of anode scrap, the greater the energy consumption, which is
minimized by casting thick and equal mass anodes, and by equalizing the current between
all anodes and cathodes [7].

Anode scraps are typically washed, dried, remelted, and cast into new anodes that
are then resent to the electrorefining stage [7,127]. In recent years, some authors have
evaluated methods that reduce the formation of anode scraps or alternative techniques
that enable copper recovery. Loira and Mikenberg [128] evaluated the substitution of the
conventional copper anodes by bar-shaped anodes coming from an extrusion and wire
drawing process, which improved the surface quality and homogeneity of the copper
anode. Cifuentes et al. [125,129] have conducted modeling and experimental studies to
evaluate the use of electro-electrodialysis in the recovery of copper from anode scraps;
in this case, copper ions are oxidized from the anode, migrate across a cation-exchange
membrane, and deposit at the cathode. The cation-exchange membrane was present in
the system to prevent the cathode contamination by the sludge formed during the metal
oxidation. Although copper was recovered from the anode scrap, the energy consumption
was between three and four times greater than that of the conventional process without an
ion-exchange membrane; therefore, conducting additional studies is needed.

Although information on chemical composition of anode scraps is scarce in the
literature—from the best of our knowledge, there is no composition data of Chilean anode
scraps reported—data on chemical composition of anode scraps from a refinery from the
USA may be found in Ref. [130].

6.2. Anode Slime

While copper from the anode dissolves in the electrolyte and deposits at the cath-
ode, impurities do not dissolve and sediment at the bottom of the electrolysis cell; this
material is referred to as anode slime [30]. The quantity, morphology, pore structure, and
adhesion properties of the slimes are factors that must be evaluated because they affect
the mass transfer mechanisms at the anode/electrolyte interface considerably [131]. The
concentration of As, Sb, and Bi in the anode slime is particularly important. As will be
presented in Section 6.3, high levels of As are usually maintained in the electrolyte to allow
the precipitation of Sb and Bi into the slime, preventing cathode contamination [7,31,132].
On the other hand, its toxicity raises concerns regarding human health.

After an electrorefining cycle, the slime is drained from the bottom of the cell and for-
warded to the recovery of copper and byproducts. Several authors have evaluated methods
to reduce anode slime formation or alternative techniques to recover copper and valuable
metals from it, as shown in the review articles recently published [127,133-135]. Table 10
presents the composition of anode slimes from Chilean companies. The significant variation
of composition data shown in the table may be explained by the strong dependence of
anode slimes composition on the mineral raw materials, composition of copper anode
(Table 7), casting quality, and technical conditions of electrolysis. Despite these variations,
note in Table 10 that the anode slimes from most Chilean refineries contain high mass
fraction of copper and other valuable metals, such as Sb, Se, Ag, Au, with Ni, Bi and Te in
lower concentrations. This has encouraged authors to conduct extensive research on the
recovery of valuable metals from anode slimes, involving basically four broad categories of
processes: pyrometallurgy, partial hydrometallurgy, surface chemical (e.g., flotation) and
physical separation processes, and hydrometallurgical processes [133]. These processes
present several limitations, as shown in Refs. [127,133-135]. According to Liu et al. [133],
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the major difficulties in the treatment of anode slimes are low precious metal recovery rate,
high consumption of chemicals, and large amounts of residues generated. Hydrometallur-
gical processes show additional challenges, such as the lack of solvents able to leach all the
elements present in the slime, the toxicity of reagents, the need to treat the wastes before
their final disposal in the environment, and the long times required. To overcome these
limitations, metallurgical methods should be developed in the coming years involving, for
example, metal-organic frameworks (MOFs), supercritical technology, vacuum metallurgy
technology, biological metallurgy, ion exchange technologies, electrochemical processes,
and the use of new materials such as graphene and nanoparticles [133,135]. Liu et al. [133]
also emphasized the importance of the role of governments in strengthening policies of
precious metals recovering from anode slimes since they are rich metal resources, as shown
in Table 10, and have great economic value. Thus, the governments should implement a
loose tax policy to encourage industries to explore copper anode slimes.

Table 10. Composition (wt%) of Chilean anode slimes.

Ref. [134] [102] [134] [104] [104] [104] [136] [136]
El Fundicion El
Refinery Chuquicamata Chuquicamata Salvad Hernan Tenient Ventanas Ventanas  Potrerillos
alvador . . eniente
Videla Lira
Cu 27 229 5 19.8 28.8 12.05 24.27 7.8
As 5 6.6 0.7 1.51 9.2 2 6.2 9.22
Sb 4 5.56 3 0.058 8.06 0.18 5.5 10.45
Bi 0.21 0.19 0.29 0.12 0.3 0.41
Te 0.59 0.77 0.14 0.82 0.8 0.66
Fe 0.29 0.26 0.07 0.21 0.1 0.19
Pb 0.52 32.2 1.76 23.25 8.1 1.16
Ni 0.02 0.43 0.12 0.68 0.1 0.02
Se 4 492 21 3.9 9.3 3.14 7.9 8.65
Ag 12 219 24 14.77 15.42
Au 0.07 0.14 14 7.74 0.47 11.34 54 0.47
/n 0.077 0.02 0.1
Mg 0.004 0.01
Ca 0.3 414 0.6
Al 0.44
SOy 7.8
SiO, 6.94
P <0.02
Cl 1.06 0.7

6.3. Acid Electrolyte

The tankhouse electrolyte is composed of sulfuric acid, copper sulfate, and some
additives that control the structure and morphology of the deposits, such as thiourea, glue,
and chloride ions [7,137]. Copper ions migrate from the anode towards the cathode, which
is the product of the overall process (99.99% purity). However, some impurities present at
the anode, such as As, Sb, Bi, S, Fe, Zn, Ni, and Co, can affect negatively the electrorefining
stage as these elements dissolve into the electrolyte [96]. Among them, Sb and Bi cause
major concerns since they have standard reduction potentials similar to that of copper [138].
This may reduce the cathode purity, cause the passivation of the anode, and intensify
the anode slime formation [30,40,139]. Therefore, part of the electrolyte is continuously
bled from the tankhouse and forwarded to a set of electrowinning cells in order to be
treated [132]. This method presents some drawbacks, such as high energy consumption
and the formation of toxic arsine gas [31]. Another technique conventionally used in this
industry comprises the addition of As in the electrolyte, which leads to the deposition of
Sb and Bi into the anode slime (Table 10) due to the reduction in their solubility [34,35].
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However, this method presents health concerns due to the toxicity of arsenic. Furthermore,
the valuable antimony and bismuth metals are lost in the formed slime [132].

Antimony and bismuth have been considered as critical metals [32,140], which has
been intensified by China’s dominance in their production; it accounts for about 90% and
75% of the world’s production of Sb and Bi, respectively [32,141], causing concerns due to
the several applications of these valuable metals. Antimony is an important constituent
of lead-acid batteries, and its major use is for flame-retardants. It is also used as a cata-
lyst for PET production, in the electronic industry, in pesticides, medicines, detonators,
glass decolorizers, ammunitions, and pigments. Lead-antimony alloys have also several
applications, such as in corrosion-resistant pumps and pipes, roofing sheets, solder, and
cables [33,141,142]. In addition to some above-mentioned applications, bismuth is used
in cosmetics and in the pharmaceutical industry [143,144]. Bi-Sb alloys are also used as
semiconductors in electronics [145]. The widespread use of antimony and bismuth and the
growing concerns regarding their scarcity point to the need to recover these metals in the
copper electrorefining stage. In Chile, the impurities responsible for the greatest incidence
of cathode contamination and operational problems are As and Sb [96]; the concentration
of Bi in Chilean electrolytes is usually very low [36,38].

Considering the limitations of the conventional techniques used to treat tankhouse
electrolytes, several authors have evaluated alternative methods, such as solvent displace-
ment crystallisation [146,147], solvent extraction [36,37], activated carbon [38,39], chemical
leaching [40], electrodialysis [41], electrowinning [32], and ion-exchange resins [30,42].
Among these techniques, ion-exchange resins have shown special relevance in the litera-
ture, in addition to already being used in industries worldwide [30]. Henceforth, we will
focus on the use of ion-exchange resins to treat copper electrolytes.

Table 11 presents the concentration of Chilean electrolytes from the electrorefining
stage, which are composed mainly of HySO4 (~200 g/L), Cu (~45 g/L), and some impurities,
such as As (~6-21 g/L), Ni (~18 g/L), Sb (~0.2-0.6 g/L), and Fe (~0.2 g/L). It is worth
mentioning that the concentration of bismuth shown in Ref. [148] differs considerably from
the Chilean data presented in the other works.

Table 11. Concentration (in g/L) of Chilean electrolytes from the electrorefining stage of
copper production.

Ref. [38] [96,149] [148]
H,SO04 (g/L) 160 220 202.2
Cu(g/L) 45.6 39.4 455
As (g/L) 21.2 9.76 6.4
Sb (g/L) 0.44 0.2167 0.58
Bi (g/L) 0.60
Ni (g/L) 18.2
Fe (g/L) 0.174

7. Ion-Exchange Resins

Amino-phosphonic resins have been extensively tested on laboratory and industrial
scale worldwide to remove mainly antimony and bismuth from contaminated copper
electrolytes [30,42,150-153]. In general, the most evaluated factors in these studies are
the mass of resins, the contact time, and the concentration of metals. In addition to these
parameters, researchers have been evaluating the influence of the temperature [154], the
use of thiourea as an additive [30], the oxidation from Sb(III) to Sb(V) [42], the precipitation
of species in the resin pores [150], the poisoning of the resins by ferric ions, and washing
procedures of the resin before the elution stage [30].

7.1. Clean Electrolyte after Passing through Ion-Exchange Resins

To the best of our knowledge, few data on the chemical composition of real solu-
tions leaving ion-exchange resins from Chilean factories are reported in the literature.
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Cifuentes et al. [149] evaluated the removal of antimony from Chilean copper electrolytes
on a laboratory scale using three ion-exchange resins: MX-2 (Jacobi Resinex, Osaka, Japan),
UR-3300S (Unitika, Osaka, Japan), and Duolite C-467 (DuPont, Wilmington, IL, USA). The
contaminated electrolyte tested by the authors came from a refinery located in the north of
Chile and presented the composition shown in Table 12. Concentration data for the clean
solution that left the resin over time are shown in Table 13. Even though only the data
regarding Sb ions were reported, it is worth mentioning that all copper ions that entered the
resin were expected to leave it, whereas a part of the ferric ions has probably been adsorbed
by the resin. On another report, Cifuentes et al. [96] evaluated the same three ion-exchange
resins for treating a Chilean contaminated electrolyte: the authors obtained very similar
results on the concentration of Sb that left the resin to those shown in Table 13. Note in the
table that the resin UR-3300S behaves very differently from the MX-2 and Duolite C-467,
which indicates that the UR-3300S presents greater antimony extraction capacity than the
other resins. Composition data on clean electrolytes from Japan [155] and Spain [30] leaving
ion-exchange resins can also be found in the literature.

Table 12. Initial concentration (in g/L) of the Chilean contaminated electrolyte treated by
Cifuentes et al. [96] using ion-exchange resins.

H,SOy4 Cu Sb Fe As
220 39.4 0.2167 0.174 9.76

Table 13. Concentration of Sb (in g/L) in Chilean clean solutions that left the ion-exchange resins
tested by Cifuentes et al. [96].

Sb Concentration (g/L)

Time (h) MX-2 UR-3300S Duolite C-467
1 0.0296 0.0366 0.0398
2 0.1025 0.0544 0.1085
3 0.1071 0.0615 0.117
4 0.1095 0.0616 0.1139
5 0.1195 0.0605 0.1175
6 0.1198 0.0611 0.1186
7 0.1201 0.0617 0.1191
8 0.1201 0.0619 0.1189

7.2. Elution Solution from Ion-Exchange Membranes

After passing the electrolyte through the ion-exchange resin, the adsorbed species
must be extracted from the resin. Therefore, an elution process is conducted, in which the
resin is regenerated by ion exchange between protons and the impurities adsorbed, such
as Sb and Bi. In general, the elution is performed with HCI solutions at concentrations
of 5-7 mol/L [101,154], where the metals are eluted as complex chlorine-based anions
(SbCly~ and BiCly ™). In Chilean refineries, the main species eluted is antimony, because
the concentration of bismuth is extremely low, as mentioned previously.

In recent years, several authors have studied the factors that affect the elution stage
in order to enhance the desorption of metals and the lifetime of the resins. One of the
evaluations often conducted is the poisoning phenomenon and the inactivation of the resin
after several cycles of adsorption and elution. According to Riveros et al. [150], this occurs
mainly due to the much lower elution rate of Sb(V) compared to Sb(III). Therefore, Sb(V)
ions tend to accumulate in the resin, decreasing its loading capacity and hindering the
next adsorption cycles. To overcome this limitation, the use of thiourea in the HCl solution
has been tested and very promising results have been obtained. In the study conducted
by Riveros et al. [156], the use of thiourea in a concentration of at least 0.002 mol/L
increased considerably the elution rate of Sb(V). Similar results were obtained by Kryst



Minerals 2022, 12, 250

24 of 32

and Simmons [157], who suggested that this improvement of the Sb elution rate using
thiourea occurred due to the reduction of Sb(V) to Sb(III). This suggestion on the reduction
of Sb(V) by thiourea was supported in the study performed by Riveros et al. [42]. Recently,
Arroyo-Torralvo et al. [30] tested the use of several additives in the elution stage together
with HCJ, such as thiourea, CuCl, NaCl, and thiourea with CuCl. Among them, the use of
thiourea in 1 g/L showed to be the most promising additive to eluate Sb and Bi from the
resin. Another advantage of using thiourea in the elution process is that this component
is usually available in refineries since it is used to improve the quality of the cathodes.
However, researchers still need to study the Sb desorption mechanisms in depth in addition
to conducting tests on an industrial scale.

As mentioned in Section 7.1, chemical composition data of solutions from ion-exchange
resin processes in the electrorefining stage are scarce in the literature. Since no data for
elution solutions from industrial processes were found during this research, composition
data of antimony in elution solutions obtained in tests conducted by authors worldwide
are shown in Table 14. Some of these data were extracted from figures, and others from
tables. The origin of the contaminated electrolytes tested in Refs. [42,150,156] is unknown,
whereas the study presented in Ref. [30] was performed with solutions from a Spanish
refinery. In Ref. [30] composition data of bismuth were also reported. Solutions of HCl
ranging from 4 to 6.7 mol/L were used as eluent agent in the investigations compiled in
Table 14.

Table 14. Concentration of Sb and Bi (in g/L) in HCI elution solutions leaving ion-exchange resins.

[156] [42] [150] [30]

Time (h) Sb (g/L)  Bed Volume Sb (g/L) Bed Volume Sb (g/L) Cycle Sb (g/L) Bi (g/L)
6 0.021 0 0.000 0 0.000 1 1.233 1.000
12 0.056 1.1 0.148 0.6 0.013 2 1.367 0.933
18 0.049 3.0 0.579 1.7 0.013 4 1.133 0.667
24 0.043 4.7 0.613 2.8 0.168 5 1.083 0.667
29 0.040 6.5 0.279 39 0.946 6 1.217 0.633
46 0.032 8.2 0.099 5.1 2.290 7 1.067 0.517
57 0.026 10 0.030 6.2 1.740 8 1.133 0.517
71 0.021 11.7 0.010 7.3 1.080 9 0.933 0.467
78 0.019 13.7 0.003 8.5 0.712 10 1.000 0.417
94 0.016 15.8 0.000 9.7 0.505

189 0.000 10.8 0.376
21.8 0.000 12.1 0.207
15.0 0.052
17.1 0.000

As shown in Table 14, the elution solution from ion-exchange resins is a valuable
resource of antimony and bismuth, and this has not yet been widely explored in the
literature. In general, after the elution step, the HCI solution containing the metals (mainly
Sb for Chilean electrolytes) is forwarded to the HCl recovery stage, which is conventionally
carried out by fractional distillation. This method generates gaseous Clp, which is corrosive
and harmful to human health. Therefore, the recovery of HCI from the elution process
using reactive electrodialysis has been evaluated [138]; however, antimony and bismuth
were not added to the HCI solutions evaluated in that study. This indicates that studies
on the recovery of Sb and Bi present in the elution solution are needed, and the use of the
reactive electrodialysis technique for this purpose may be promising since it allows the
HCl recycling, which can return to the elution step, simultaneously to the recovery of the
valuable Sb and Bi metals. Thus, additional studies must be conducted considering the
presence of Sb and Bi in the HCl solutions, besides evaluating the influence of operational
parameters, such as metals concentration, pH, electrode material, membrane type, and
applied current density. Other methods able to separate Sb and Bi from the HCl solution
are also expected to be tested in the coming years.
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8. Conclusions and Perspectives

According to the literature, in the coming years, Chilean mining companies will face
significant challenges, such as ore grade decline, increase in energy and water consumption,
and the need to expand and construct new tailings dams. Furthermore, the risk of a supply
crisis of critical metals, such as antimony and bismuth, will encourage companies to extract
these metals from secondary resources in copper production. In order to conduct studies
on the development of new technologies able to overcome these challenges, it is crucial to
know the chemical composition data of each stage of the process. Thus, the present paper
provides a review of composition data of the main stages of Chilean copper production
from sulfide minerals and the recent advances in the development of technologies for
copper mining reported in the literature.

A summary of the copper concentration ranges in the main Chilean copper production
steps is shown in Figure 9. Concentration data of antimony are also shown in the figure,
since the recovery of this valuable metal as a secondary resource in copper production has
been evaluated intensively in recent years. In addition to Sb, several other valuable metals
such as Se, Te, Au, Ag and Ni are present in significant amounts in the waste materials
generated, such as flotation tailings, slags and flue dust from the smelting/converting stage,
anode slime and contaminated electrolyte from the electrorefining stage, in addition to the
elution solution from the ion-exchange resins. The results shown in the present paper point
to urgent need to conduct more studies aimed at developing new technologies capable of
increasing the efficiency of copper production. This will make the copper production more
competitive, will favor the recovery of critical metals that are at risk of becoming depleted
in the coming years, will reduce the environmental concerns associated with areas occupied
by tailings, will reduce the risks of contamination with dangerous metals, and will favor
the circular economy. Optimizing copper production in the coming years is especially
important for the Chilean economy since this country is strongly dependent on copper
production and several authors have estimated that it will decrease from 2030 due to the
lack of technologies that would make the copper production technically, economically, and
environmentally viable.

There is a large number of potential directions for future works on optimization of
copper production. One of them is the reduction of energy consumption of the comminution
process, because this stage is one of the major responsible for the operational costs of mining
industry, which tend to increase in the coming years due to the ore grade decline. To conduct
these studies, authors need to develop techniques to quantify trace elements in copper ores,
because these data are scarce in the literature and the mineralogical composition strongly
influences the comminution performance. It is also expected that new investigations on
flotation will be developed to increase the process efficiency and minimize the generation
of tailings. In addition, studies on the extraction of valuable metals present in flotation
tailings, such as Sb, V, Sc, Nb, W, Y, Ce, La and Nd, should be carried out. For this, authors
need to consider the high concentration of iron and the large portion of fine particles in
the tailings, which hinder the extraction of metals. Investigations on copper recovery
from slags generated in smelters/converters are also expected to intensify in the coming
years. In this case, authors must develop alternative techniques since the conventional
atmospheric leaching is limited by the high concentration of iron and silica in the slag.
Studies involving copper recovery from flue dusts should also be intensified but, in this
case, the high concentration of As must be considered. Investigations on the extraction of
valuable metals from slags and flue dusts, such as Sb and Bi, respectively, should also be
conducted. Lastly, several studies regarding the electrorefining stage are expected to be
carried out in the coming years, involving mainly (i) alternative methods to treat anode
slimes considering the low precious metal recovery rate, high consumption of chemicals,
and large amounts of residues generated; (ii) techniques to treat tankhouse electrolytes,
especially ion-exchange resins; and (iii) methods such as electromembrane processes to
recover Sb and Bi present in the elution solution from the ion-exchange resins.
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Figure 9. Flowchart of the copper production from sulfide minerals showing the concentration ranges
of copper and antimony in the main Chilean process stages.
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