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On the one hand, copper slag is nowadays a waste in copper pyrometallurgy despite the significant quantities of
iron (>40 wt. %) and copper (1 to 2 wt. %). On the other hand, solar energy, when properly concentrated, offers
great potential in high-temperature processes. Therefore, concentrated solar power (CSP) could be used in the
treatment of copper slag to transform fayalite into magnetite and copper sulfides and oxides into copper nodules.
This is the objective of this paper. The results show that fayalite was partially decomposed into magnetite and
silica. Moreover, copper nodules (65-85 wt. % Cu) were identified in the treated samples, while the initial slag,
analyzed by X-ray diffraction, X-ray fluorescence, and SEM-EDX, did not show the presence of metallic copper.
Finally, the treated copper slag was crushed and grinded down to 40 um, and two fractions were obtained by
magnetic separation. The magnetic fraction (85%) was mainly comprised of magnetite, while the non-magnetic
fraction (15%) had 5-10 wt. % Cu. Considering the experimental results, 7.5-18 kg Cu/t slag might be recovered
from the slag. A preliminary economic analysis, considering the current copper price, indicates that only the
recovery of copper could represent a significant economic benefit (>30 €/t slag). Therefore, CSP might be a

potential candidate for the treatment of copper slag to recover copper and iron.

concentrated solar power (CSP) copper slag copper environment

sustainable metallurgy solar energy

| 1. Introduction

Copper is one of the most mined metals on the Earth due to the applications of this metal in different fields.
However, a lot of tailing material, currently unprocessed, is generated in the process, and provides a huge
opportunity to use concentrated solar power (CSP).

The pyrometallurgical technique is the most important to produce copper, and the smelting conversion process is
the most widely used within this route . Thus, 80% of the copper is currently produced by the concentration,
smelting, and refining of sulfide ores [, which include chalcopyrite (CuFeS2), bornite (Cu5FeS4), and chalcocite
(Cu2S). Different products are generated in the fusion conversion process (Figure 1). These include matte, which
is heavy and contains most of the copper as sulfide (it is later treated in the converter to obtain blister copper, and
finally metallic copper is produced after fire refining and electrowinning) and slag, which contains most of the iron
as fayalite.
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Figure 1. Flow diagram of the smelting conversion process of copper.

Two slags are produced in the smelting conversion process: first, in the smelting furnace, and second in the
converter. However, these slags contain (apart from fayalite and magnetite, which are the main phases) significant
guantities of copper (sulfide (matte) dragged or trapped by the slag, or oxide associated with other oxides of the
slag W&, The slags are reprocessed in the smelting furnace or in the slag cleaning furnace (electric furnaces,
where carbon and pyrite are used as additives) to recover some of the copper. Finally, the final slag is disposed of

in a controlled landfill when the copper concentration is approximately in the range 1 to 2 wt. % Cu.

Copper slags might be considered a residue/by-product with great potential due to both the copper (1-2 wt. % Cu)
and iron (>40 wt. % BIBIEIIIEIRIL0Y contents as a secondary resource for metal recovery [, A total of 20 Mt of
primary copper are produced worldwide, and this involves 45 Mt of slag generated in the process (2.2—-3 tons of
slag/ton copper @12I13)) which would represent >20 Mt Fe and 0.5-1 Mt Cu yearly sent to controlled landfills.
Therefore, copper slag represents an environmental impact [4: risks of heavy metals lixiviation, a visual impact,
and sometimes occupation of cultivable areas. Researchers have tried to find a use for copper slags, but a
massive industrial utilization has still not been found 4. Copper slags have been used as abrasives (polishing and

cleaning) for metallic structures 2226 and mainly in the building industry: concrete manufactured with copper slag
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BBl: copper slags as fine particles in concrete manufacturing 23l copper slag as a replacement for the sand in
cements & copper slag as a filler in glass—epoxy composites 2: and copper slag as a construction material in
bituminous pavements 18 Research has also focused on the recovery of iron from the slag: by using coke as
reductant of the copper oxide and the magnetite 22!: by modifying the molten slag with the purpose of promoting
the mineralization of recoverable mineral phases and inducing the growth of the mineral phases 29; by using a
method based on coal, Direct Reduction Iron (DRI), and magnetic separation [21; by means of a process based on
aluminothermic reduction 22; by reduction in an electric furnace with the objective of obtaining a Cu-Pb-Fe alloy
(28l by carbothermic reduction to transform the copper slag into pig iron and glassy material [24l; by irradiation with
a microwave as a support of the carbothermal method [22; or by reduction with coke powders and magnetic

separation 28],

Solar energy has been widely used in materials science and metallurgy 2. The main types of research in the field

of metallurgy carried out with concentrated solar power (CSP) are listed in Table 1.

Table 1. Main types of research in the field of metallurgy and mineral processing using CSP (abbreviations: OSF,
Odeillo Solar Furnace; PSI, Paul Scherrer Institute; WIS, Weizmann Institute of Science; UKR, Institute for

Problems of Materials Science of NAS of Ukraine; PSA, Plataforma Solar de Almeria).

able 1. Main types of research in the field of metallurgy and mineral processing using CSP (abbreviations: OSF,
Odeillo Solar Furnace; PSI, Paul Scherrer Institute; WIS, Weizmann Institute of Science; UKR, Institute for

Problems of Materials Science of NAS of Ukraine; PSA, Plataforma Solar de Almeria).
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The utilization of concentrated solar power (CSP) to treat copper slag is proposed in this paper. Since most of the
copper is produced in mines located in the west of the American continent (from Arizona (United States) to Chile),
where high values of solar radiation are measured, the use of CSP might have great potential to recover copper
and iron from slags. Figure 2 shows a flow-sheet of the process to examine Cu tailings using CSP. The main
results are schematically indicated. Therefore, the aims of the research are: to transform the fayalite into
magnetite, as iron could be collected from the slag as magnetite using magnetic methods; and to transform copper

oxide and copper matte (the occluded matte in the slag) into metallic copper and concentrate it.
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Figure 2. Flow-sheet for the process to examine Cu tailings using CSP.

| 2. Macroscopic Analysis

Samples were subjected to visual observation. Some remarkable questions can be deduced from this analysis.
The average dimensions of the volume affected by the beam of CSP were: 19 mm in diameter and 13 mm in
depth. This layer of treated material (material that completely melted during the process) blocks the heating until
melting of all the material available in the crucible. Therefore, the slag remains unreacted below the above-
indicated layer. On another note, the sample was clearly magnetic after the treatment with CSP. The initial slag was
not magnetic (fayalite was the main constituent of the initial slag, which is not magnetic), so the magnetite content

increased during the process and became the main constituent of the final product.

On another note, elemental sulfur (greenish yellow) is identified in the face located in contact with the unaffected

material. It is the product of the thermal decomposition of the occluded matte (copper sulfides). In this context,
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Winkel studied the thermal decomposition of copper sulfides under concentrated irradiation 28!, He observed that
metallic copper, iron sulfide, and elemental sulfur can be obtained after the treatment of copper concentrates at a
high temperature under an inert atmosphere. To a certain extent, copper slag always contains a certain amount of
copper sulfides as occluded matte (a binary mixture of Cu2S and FeS). The elemental analysis of the slag used in
our experiments indicates 0.52 wt. % S, which is combined with iron and copper. Moreover, our experiments were
performed under an ambient atmosphere impoverished in oxygen promoted by the utilization of the glass chamber
and the pump. Additionally, the layer of molten slag blocks the circulation of gases (oxygen) through the slag and
there is both a high temperature and an inert atmosphere in part of the charge. Under these conditions, occluded
matte can decompose and give copper, as in Winkel's work B8, This explains the presence of metallic copper in
the final samples (apart from the decomposition of the copper oxides under reductant conditions). It is necessary to
consider that this mechanism is very limited due to the small proportion of occluded matte (there was around 0.52

wt. % S in the initial sample).

| 3. SEM-EDX

Samples were also analyzed using a scanning electron microscope and point analysis. The objective of this
analysis was to check for both the presence of copper and the increase in magnetite in the final samples that
resulted from the treatment with solar energy. Copper nodules were identified using this technique (65-85 wt. %
Cu). Magnetite was also identified, the same as fayalite. Four representative SEM-EDX analyses of the treated

samples are shown in Figure 3.
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Figure 3. (a) SEM-EDX sample identified as CusinBonus; (b) SEM-EDX sample identified as CuCon3; (c) SEM-
EDX sample identified as CuConl; (d) SEM-EDX sample identified as CuSin1.

A representative zone of the sample CusinBonus is observed in Figure 4a. Point 1 corresponds to a copper-rich
nodule (79.12 wt. % Cu; 9.66 wt. % Fe; 5.02 wt. % O); point 2 shows magnetite; while point 3 and point 4 represent
non-decomposed fayalite. It was observed that the presence of copper-rich nodules causes the impoverishment in

copper of the surrounding areas.

A representative zone of the sample CuCon3 can be observed in Figure 4b. Point 1 corresponds to copper-rich
nodules (79.03 wt. % Cu; 7.63 wt. % Fe; 5.72 wt. % O; 0.33 wt. % S) and point 2 indicates a ferrite of calcium and
silicon. In the case of the sample CuConl (Figure 4c), it is possible to check that point 1 corresponds to the
fayalite, point 2 represents the magnetite, while point 3 represents the copper-enriched nodule (80.51 wt. % Cu;
10.01 wt. % Fe; 3.71 wt. % O).

Sample CuSinl (Figure 3d) was also analyzed using SEM-EDX. Point 1 represents copper nodules (82.45 wt. %

Cu; 8.98 wt. % Fe; 2.91 wt. % O), point 2 represents magnetite, while point 3 represents non-decomposed fayalite.
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The formation of magnetite is also significative in the experiments due to the decomposition of the fayalite (into
magnetite and silica). Therefore, oxidizing conditions were also verified during the experiments because magnetite
was clearly formed. Figure 4 shows a large region of the sample where magnetite was massively formed. Points 1,
2, 3, and 5 (40-50 wt. % Fe, 25-29 wt. % O) represent iron oxides. The well-developed tetrahedrons of magnetite
in the region represented by point 3 can clearly be observed. Magnetite refers in this manuscript to a series of
phases belonging to the iron spinel as magnesioferrite (MgFe204), magnetite (FeFe204, where one Fe is +2 and
two Fe's are +3, respectively), and maghemite (y-Fe203, Fe (ll)-deficient magnetite). Cuprospinel (CuFe204)
would also belong to this series of iron spinel. Point 4 corresponds to the non-decomposed fayalite (22.72 wt. % Si,
36.52 wt. % O, 11.58 wt. % Si).

Figure 4. SEM-EDX sample identified as CuCon2.

| 4. Discussion

In the case presented in this paper, either the Cu,S or the Cu,0O, in slightly reductant environments propitiated by
the presence of Fe;04 (magnetite) and FeO (wustite), cause the thermodynamically stable species for the copper

to be the metallic copper and not the oxide or the sulfide 7.

In this way, it is feasible that, when treating a copper slag (which mainly comprises fayalite) that contains in the
form of solid solution or as sulfides or oxides dispersed in a matrix of fayalite copper atoms in quantities of around

2 wt. %, the reduction of copper in an environment controlled by the oxidizing potential of the FeO—Fe30, system
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takes place (the same could be indicated with respect to the fact that the reductant for the fayalite would be the
FeO). The high heating rate, but also the high cooling rate, that can be reached in solar furnaces propitiate that the
phases obtained at high temperatures could be also observed at room temperature due to the kinetics, and, in this
way, remarkably, changes are not produced (it possible to think about the Time-Transformation—Temperature

curves) 8159 However, the short duration of the treatments impedes the development of the copper nodules.

The recovery of both iron and copper from copper slags has been studied using concentrated solar power (CSP),
but in a preliminary manner. This research offers results about the utilization of CSP to transform fayalite into
magnetite, and to decompose CuFe,O,4 to recover copper from the slag (and additionally to transform occluded
copper matte into copper). Once the feasibility of using solar energy in this field has been demonstrated, it will be
time to think about the improvement of the experimental conditions for the purpose of maximizing the
transformation of fayalite into magnetite, and the destruction of both the CuFe,O, and the occluded matte. This
way, it is reasonable to think about the design of the reactor, and even evaluating the possibility of scaling up the
process to the industrial scale. The commercialization of the process will depend on how much copper can be
recovered using this process, but also will depend on how much iron can be collected as magnetite. A problem
could arise from the installation costs for this technology as they are in the range of other high-energy
technologies, such as plasma or even lasers 9 and because it is still an immature technology (in the field of
materials). In fact, concentrated solar power (CSP) has not been scaled up to the industrial level for materials
science or metallurgical applications 4. Apart from the technical limitations (such as the obtaining of high-quality
mirrors at a reasonable price), the above-mentioned economical limitations should be considered. It is necessary to
consider that nowadays copper slags are disposed of in a controlled landfill despite the copper and iron contents. If
it was possible to recover both elements, the cost of obtaining both elements (transportation costs, installation
costs, etc.) should be lower than the revenues produced by selling the copper and iron concentrates. Additionally,
copper, as observed in the analysis, is not pure copper, and for that reason it should be treated after the process.
Further studies should be performed to increase the purity of the copper (and to make the copper nodules grow up
to a reasonable size for the subsequent metallurgical operations), but also to study the question of how to separate
all phases in a proper way. Anyway, it is possible to concentrate 3—6.5 times the copper in the non-magnetic phase.
If the commercial copper grade for copper oxides is considered (0.6 wt. %), the copper concentrate obtained using
solar energy would be 3—-6.5 times richer than the commercial one using a waste that is not necessary to mine.
Another potential application of concentrated solar power (CSP), also in copper metallurgy, is in the furnaces used
to treat slags before their disposal, where significant electrical energy is used to heat the furnaces, although the

CSP-based process is still not competitive nowadays.

A preliminary study of the potential economic impact of the treatment of the slag with CSP was carried out. The
slag, as was checked in the characterization, mainly comprises fayalite (>85%). For that reason, energy
requirements were calculated considering only this phase. A total of 275 kWh/t slag is the latent heat, and 125
kWhlt slag is the enthalpy of fusion. It was assumed that the cost of the energy provided by the solar furnace,
considering amortization, development, and operation, is 0.40 €/kWh. Thus, the cost of melting the fayalite slag in
the solar furnace would be 160 €/t slag. It is possible to see that the levelized cost of energy of concentrated solar
power plants fell by 47% between 2010 and 2019 (from 0.346 €/kWh to 0.182 €/kWh). The capital cost for
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concentrated solar power was 1.2-1.8 k€/kW (50—-1000 kW) according to Flamant et al., 1999 9. On the other
hand, the benefit that would be obtained from the recovery of 2.0% Cu in the slags at the current price of the slag
(around 9000 €/t Cu in the London Metals Exchange Market) would be 190 €/t slag of fayalite treated with
concentrated solar power. If it is considered that 50% of the magnetite could be recovered per ton of fayalite slag
being processed, the benefit would be 300 €/t slag.

The presented results show that some of the fayalite was transformed into magnetite, and some of the initial
copper oxides and sulfides were transformed into metallic copper. Considering the separation of the phases
(magnetite, metallic copper, and clean slag), it would be possible to take advantage of the properties of the
different phases: physical (metallic copper has a density close to 9 g/cm®, magnetite has a density of around 6
g/cm3, and the slag has a density of around 3—4 g/cm?), electrical (electrical properties of the copper can be
considered to separate it from the slag), and magnetic (magnetite can be separated using magnetic methods).
Grinding operations should be considered before the separation. If the size of the copper nodules is considered,
the treated slag should be fine-grinded to less than 10 pm, although this size would require an energy-consuming

process, so conditions to have larger copper nodules should be further studied.

The recycling and reutilization of materials has become an important subject for modern societies to comply with
environmental regulations and, therefore, improve people’s quality of life, for instance in the case of plastics 1 or
other metallurgical by-products. In addition, recycling and reutilization of materials increases the efficiency of the
industrial processes and, thus, the economic profitability of the industrial sector. In this context, new uses are being
given to industrial wastes [621[631641[65] and new potential processes are being considered, such as solar energy 68!,
In this manuscript, we proposed the utilization of concentrated solar power (CSP) in the treatment of copper slag to
recover/concentrate copper and iron from these slags. The recovery of these valuable phases would reduce the

volume of wastes generated in copper metallurgy and, therefore, the environmental impact of metals industries.
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