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Abstract

:

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 μm, 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.
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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 [1]. Thus, 80% of the copper is currently produced by the concentration, smelting, and refining of sulfide ores [2], 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.



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 quantities of copper (sulfide (matte) dragged or trapped by the slag, or oxide associated with other oxides of the slag [1,3]). 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. % [4,5,6,7,8,9,10]) contents as a secondary resource for metal recovery [11]. 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 [2,12,13]), 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 [14]. Copper slags have been used as abrasives (polishing and cleaning) for metallic structures [15,16] and mainly in the building industry: concrete manufactured with copper slag [5]; copper slags as fine particles in concrete manufacturing [13]; copper slag as a replacement for the sand in cements [9]; copper slag as a filler in glass–epoxy composites [17]; 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 [19]; by modifying the molten slag with the purpose of promoting the mineralization of recoverable mineral phases and inducing the growth of the mineral phases [20]; 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 [23]; by carbothermic reduction to transform the copper slag into pig iron and glassy material [24]; by irradiation with a microwave as a support of the carbothermal method [25]; or by reduction with coke powders and magnetic separation [26].



Solar energy has been widely used in materials science and metallurgy [27]. The main types of research in the field of metallurgy carried out with concentrated solar power (CSP) are listed in Table 1.



Concentrated solar power (CSP) has also been used in materials processing and non-metallic materials. The use of CSP in these latter fields can be found in Fernández-González et al. [27]. The application of CSP in materials science and metallurgy has been widely investigated by our research group. The following fields can be mentioned: synthesis of calcium aluminates [50], iron metallurgy [46,51,52], the treatment of Basic Oxygen Furnace (BOF) slag [53], the production of silicomanganese [54], and transformations in the Ca-Si-O system [55].



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.




2. Materials and Methods


2.1. Materials


Original copper slag from the slag cleaning furnace was used in the experiments (Figure 1). It was homogenized, milled, and screened into four granulometric fractions: >4 mm, 2–4 mm, 1–2 mm, and <1 mm, and only the last three were considered to facilitate chemical reactions. They were mixed in equal parts (33.3%).



The chemical composition of the slag (Table 2) was obtained by X-ray fluorescence. X-ray fluorescence measurements were performed with a wavelength dispersive X-ray fluorescence spectrometer (Axios, PANalytical) equipped with a Rh-anode X-ray tube with a maximum power of 4 kW. All samples were measured in a vacuum with a 15–50 eV energy resolution. For quantitative analysis of the spectra, the PANalytical standardless analysis package Omnian was used.



Original copper slag was studied by X-ray diffraction of powders. X-ray diffraction measurements were conducted with an Empyrean PANalytical diffractometer using kα1 and kα2 radiation from a Cu anode. All measurements were performed with the Bragg–Brentano setup at room temperature with a 0.006° step size in the 5–90° 2θ scanning range and 145 s of measurement time for each step. Data analysis and the peak profile fitting were carried out using XPowder 01.02 (Database PDF2 (70 to 0.94)). The quantitative analysis of the crystalline phases was also performed using the software XPowder12 Ver. 01.02.



The main crystalline phase in the slag was fayalite (Fe2SiO4), 85.80 ± 1.30% in the quantitative analysis. Other important crystalline phases were magnetite (Fe3O4) and copper–iron oxide (cuprospinel, CuFe2O4, with Cu2+ and Fe3+), 7.90 ± 1.60% and 6.20 ± 1.80%, respectively, in the quantitative analysis.




2.2. Experimental Procedure


Tests were performed in a vertical axis 1.5 kW solar furnace located in Font Romeu-Odeillo-Via (PROMES-CNRS laboratory (Procédés, Matériaux et Énergie Solaire—Centre National de la Recherche Scientifique), Font Romeu-Odeillo-Via, France). The operation of the solar furnace is based on making solar radiation converge on a small surface (12–15 mm in diameter), called the focal point, using optical systems (or mirrors). In the case of this furnace (Figure 3), a heliostat directs sun radiation towards a parabolic concentrator (2.0 m in diameter), which makes radiation converge at the focal point, where the experimental device is located.



This solar furnace allows for a maximum concentration of 15,000 times the incident radiation. It is possible to control the value of the power applied to the sample by a shutter (Figure 3). This way, the value of the power can be calculated with Equation (1).


Power (W) = Incident radiation (W/m2) × 1.5 × ShOp/100,



(1)




where ShOp is the shutter opening value, which is 0 when the shutter is completely closed and 100 when it is totally open. Fast heating and cooling rates are usual in solar furnaces. This allows us to obtain metastable phases even at room temperature. The temperature was controlled by a type K thermocouple (cromel-alumel thermocouple). It was located at half height outside of the crucible. The maximum temperature inside of the crucible (in the range 1700–1900 °C, calculated by Finite Element Method (FEM)-based software) is reached when the temperature stabilizes at approximately 600 ± 30 °C in this thermocouple. The sample was held at the maximum temperature for 10 min. Both the temperature and time were enough to perform the experiments according to the thermodynamic calculations (theoretical) and, thus, achieve the decomposition of the fayalite into magnetite and silica, and the formation of metallic copper nodules from copper oxide (and from the occluded matte) [56]. From the thermodynamics point of view, the decomposition of the fayalite is possible in an oxidizing environment, while obtaining metallic copper is favorable under reductant conditions [56]. Both processes compete between them and it is not possible to complete them in a single step. Reductant agents were not used during the experiments. However, the addition of reductant agents would favor the obtaining of metallic copper. In this case, the decomposition of the fayalite into magnetite and silica would be less favorable. Future research might focus on the addition of wastes from other metallurgies to promote the formation of copper nodules or fayalite decomposition. An option is the utilization of blast furnace powders. This by-product is rich in carbon, which would promote reductant conditions, and rich in iron, which would increase the iron content in the slag.



Crucibles of tabular alumina (55 mm in height, 30 mm in upper diameter, 25 mm in lower diameter, and 3 mm in thickness) were used in the experiments. Samples were located under a glass chamber as in Figure 3. No special atmosphere was used in the experiments. However, the glass chamber was connected to a pump to facilitate the extraction of the gases generated in the process. This ensured a pressure of 0.85 atm inside the chamber.



Seven experiments were carried out in total. The conditions are collected in Table 3. The duration of the experiments was controlled by the temperature in the thermocouple T1. Samples were held at the maximum temperature for 10 min once this temperature had been reached. Except for the samples CuSin3 and Cusinbonus, the rest of the samples were subjected to similar values of power.





3. Results


3.1. 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, Winkel studied the thermal decomposition of copper sulfides under concentrated irradiation [57]. 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 [57]. 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).




3.2. 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 4.



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 CuCon1 (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 CuSin1 (Figure 4d) 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.



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 5 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 (MgFe2O4), magnetite (FeFe2O4, where one Fe is +2 and two Fe’s are +3, respectively), and maghemite (γ-Fe2O3, Fe (II)-deficient magnetite). Cuprospinel (CuFe2O4) 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).




3.3. Size of the Nodules


Strictly, copper nodules are not formed. It would be more convenient to talk about nodules enriched in copper (65–85 wt. % Cu; 5–10 wt. % Fe; 2–10 wt. % O; <3 wt. % S). The size of the nodules was determined using the scanning electron microscope in different sections and SEM images obtained from crushed final specimens. Most of the nodules had a size between 5 and 10 µm (see Figure 6). However, individual copper nodules with a larger size were detected in some samples (between 20 and 35 µm). The size of the nodules will define the grinding size for the subsequent separation. Figure 7, Figure 8 and Figure 9 show fields of copper nodules formed during the treatment of the copper slag with CSP. It is possible to see that reductant conditions were also promoted during the experiments since copper nodules are formed. The presence of magnetite formed during the decomposition of the fayalite promotes an environment with reductant potential; this ensures the formation of the copper nodules and prevents during the cooling the reversion of the process. It is also necessary to consider that some of the copper nodules are formed because of the occluded matte decomposition according to the mechanism proposed by Winkel [57]. The clustering mechanism is evident (Figure 7, Figure 8 and Figure 9) because many copper nodules are formed in the same field. However, the growth mechanism did not take place because these nodules did not merge to form larger nodules. This is a consequence of the short duration of the treatment, the viscosity of the liquid phase (due to the presence of magnetite), and the high cooling rate.




3.4. Grinding and Magnetic Separation


Treated samples (19 mm in diameter and 13 mm in thickness) were crushed and grinded down to 40 μm. Then, they were separated into two fractions: magnetic and non-magnetic. Each fraction was analyzed by X-ray diffraction and X-ray fluorescence. In some cases, the quantity of sample was not sufficient to separate magnetic and non-magnetic phases, so analyses were made on the available fraction. In those samples where both magnetic and non-magnetic fractions were available, the ratio magnetic to non-magnetic was >80 (average value: 83.3625, in weight). This is reasonable because it was expected that the treated material would be magnetic due to the partial transformation of the fayalite into magnetite under the conditions of the experiments.



The X-ray fluorescence results are collected in Table 4 and Table 5. The copper concentrated in the non-magnetic phase 3–6.5 times with respect to the initial slag (1.84 wt. % Cu). The grade in mining is an important factor about how much a deposit is worth. The average grade of copper ores in the 21st century is below 0.6% Cu. This means that copper slags might be a potential secondary source of copper, especially if it is possible to concentrate copper using free and renewable energy sources (as concentrated solar power (CSP)).



Powdered samples were analyzed using the X-ray diffraction technique in homogenized samples. The objective was to evaluate the phases that resulted from the treatment of copper slag with concentrated solar power (CSP). Figure 10, Figure 11, Figure 12 and Figure 13 compare the original slag with the treated slag (not separated), the treated slag (magnetic phase), and the treated slag (not magnetic). The quantity of non-magnetic fraction was very limited, so diffraction analyses are available for only a few samples. If the peaks are analyzed, it is possible to check that the main crystalline phase in the original slag was the fayalite (Fe2SiO4), being the magnetite (Fe3O4) and cuprospinel (CuFe2O4) the other important crystalline phases. It can be observed that the peaks of the fayalite decrease in intensity for the treated samples because the quantity of magnetite increases, being particularly relevant in the case of the magnetic sample. The non-magnetic phase mainly comprises fayalite and copper, which is consistent with the SEM analyses. Copper sulfides (Cu2S, Cu0.98S) and copper oxide (CuO) were also identified, which indicates that not all the copper in the initial slag decomposed during the treatment and that the nodules are not from pure copper. The presence of magnetite formed during the treatment provides an environment with reductant potential and prevents the oxidation of the copper to a certain extent.





4. Discussion


In 1944, Ellingham studied the representation and quantitative evaluation of the periodic system elements’ different affinities (80% of the elements of the periodic system are metallic) by the O2 (g) and S2 (g) through the standard free energy of the reactions [58,59]. As a result of his investigations, Ellingham’s diagrams were published (these diagrams were enriched/complemented by Richardson and Jeffers in 1948) [60].



Thermodynamically speaking, the standard free energy of the reactions of the metallic oxides’/sulfides’ formation is related to the equilibrium constant. In this way, it is possible to make a classification of the oxides and sulfides into three categories: oxides and sulfides that are easily reduced, oxides and sulfides situated in an intermediate position, and oxides and sulfides that are difficult to reduce.



However, for some oxides and sulfides that are easily reduced, such as the combinations of copper with either sulfur or oxygen, it is possible that the thermodynamic stability is changed for these compounds with the simple action of the temperature, and the stable phase would be the metal and neither the oxide nor the sulfide. The temperature at which the thermodynamically stable phase is the metal (neither the oxide nor the sulfide) is known as inversion temperature. Another situation that can take place is that in those elements with different oxidation states, the oxide stable at a low temperature is different from the stable oxide at a higher temperature (the transformation of magnetite (Fe3O4) into hematite (Fe2O3) at a high temperature takes place at around 1400 °C). In this context, fayalite decomposition into magnetite and silica takes place under an ambient atmosphere with oxidizing potential. As the oxygen available in the experiments is very limited due to the utilization of the glass chamber and the pump to remove the gases, the complete decomposition of the fayalite and the oxidation of the magnetite to obtain hematite are not possible. This is the reason for having such a quantity of magnetite at the end of the process (a similar situation was observed when treating BOF slags from the steel industry [53]), which otherwise is advantageous since it might be easily separated using magnetic methods.



In the case presented in this paper, either the Cu2S or the Cu2O, in slightly reductant environments propitiated by the presence of Fe3O4 (magnetite) and FeO (wustite), cause the thermodynamically stable species for the copper to be the metallic copper and not the oxide or the sulfide [56].



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–Fe3O4 system 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) [61,62]. 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 CuFe2O4 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 CuFe2O4 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 [63], 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 [27]. 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 kWh/t 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 concentrated solar power was 1.2–1.8 k€/kW (50–1000 kW) according to Flamant et al., 1999 [63]. 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/cm3, magnetite has a density of around 6 g/cm3, and the slag has a density of around 3–4 g/cm3), 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 µm, 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 [64] 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 [65,66,67,68] and new potential processes are being considered, such as solar energy [69]. 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.




5. Conclusions


Slags from copper metallurgy are a residue/by-product of great interest due to the high quantity of iron (>40 wt. %), but also due to the copper content (1–2 wt. %). Conventional recovery of copper from copper slags involves electric furnaces and additions of carbon and pyrite, being energetically intensive and giving as a result slag with 1–2 wt. % in optimal conditions. The copper in the slag is usually matte (Cu2S·FeS) or an oxide associated with the other oxides of the slag. The problem of electric furnaces is the energy consumption. Concentrated solar power (CSP) could be an alternative in the treatment of copper slags due to the great potential in high-temperature processes, such as those involved in most metallurgical processes. The utilization of CSP in the treatment of copper slags was proposed in this manuscript.



Thermal decomposition of fayalite is thermodynamically favorable at the temperatures and conditions involved in the process. The presence of an oxidizing environment leads to the decomposition of the fayalite but the reduction of copper oxide to metallic copper requires reductant conditions. Both processes compete with each other, as different conditions are required, so searching for a situation where the maximum quantities of both phases are recovered should be considered. The results indicate that fayalite was partially decomposed during the experiments into magnetite and silica because the slag became magnetic after the treatment and the magnetite content significantly increased. However, the fayalite decomposition was not complete since it was still detected in the treated samples. 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, samples of treated slag were crushed and grinded down to 40 μm with the aim of separating the iron and copper. Two fractions were obtained by magnetic separation: a magnetic fraction (85%), mainly comprised of iron as magnetite; and a non-magnetic fraction (15%) that was a copper concentrate with 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 slags to recover copper and iron, although further research is still required to think about the scalation of the process up to the industrial level.
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Figure 1. Flow diagram of the smelting conversion process of copper. 
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Figure 2. Flow-sheet for the process to examine Cu tailings using CSP. 
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Figure 3. Scheme of the equipment used in the experiments. 
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Figure 4. (a) SEM-EDX sample identified as CusinBonus; (b) SEM-EDX sample identified as CuCon3; (c) SEM-EDX sample identified as CuCon1; (d) SEM-EDX sample identified as CuSin1. 
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Figure 5. SEM-EDX sample identified as CuCon2. 
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Figure 6. SEM-EDX image of a copper nodule. 
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Figure 7. SEM-EDX sample identified as CuCon1. 
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Figure 8. SEM-EDX sample identified as CuCon3. 
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Figure 9. SEM-EDX sample identified as CuSin3. 
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Figure 10. (a) Specimen Cubonus (C, CuFe2O4; F, Fe2SiO4; M, Fe3O4 and all the iron spinel; Cu, metallic copper). (b) Specimen CuSin1 (C, CuFe2O4; F, Fe2SiO4; M, Fe3O4 and all the iron spinel; Cu, metallic copper). 
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Figure 11. (a) Specimen CuSin2 (C, CuFe2O4; F, Fe2SiO4; M, Fe3O4 and all the iron spinel; CuS, Cu2S, Cu0.98S). (b) Specimen CuSin3 (C, CuFe2O4; F, Fe2SiO4; M, Fe3O4 and all the iron spinel; CuS, Cu2S, Cu0.98S; CuO). 
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Figure 12. (a) Specimen CuCon1 (C, CuFe2O4; F, Fe2SiO4; M, Fe3O4 and all the iron spinel; Cu, metallic copper; F’, Fe0.92Mg1.08O4S; D, CaMg(SiO3)2; FeS). (b) Specimen CuCon3 (C, CuFe2O4; F, Fe2SiO4; M, Fe3O4 and all the iron spinel). 
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Figure 13. Specimen CuCon2 (C, CuFe2O4; F, Fe2SiO4; M, Fe3O4 and all the iron spinel; Cu, metallic copper). 
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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 Almería).
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	Material
	Process
	Temperature
	Installation
	Researcher





	Si
	Dissociation of Si3N4 by carbothermal reduction of SiO2 under an N2 atmosphere
	>1400 °C
	OSF
	Jean P. Murray, Gilles Flamant, Carolyn J. Roos [28]



	Si
	Carbothermic reduction of SiO2 under vacuum conditions at a high temperature
	1725–2000 °C
	PSI
	Peter G. Loutzenhiser, Ozan Tuerk, Aldo Steinfeld [29]



	Al
	Production of aluminum via carbothermal reduction
	>2000 °C
	PSI and OSF
	Jean P. Murray [30,31,32]



	Al
	Production of aluminum using both electricity and heat generated using solar energy
	≃1000 °C
	UKR
	Y. M. Lytvynenko [33]



	Zn
	Production of zinc via CSP to be used in water and carbon dioxide splitting (scaled up to demonstration plant scale [34])
	>1750 °C
	Mainly at the PSI, OSF, and WIS
	E. A. Fletcher, R. D. Palumbo, T. Osinga, M. Epstein A. Steinfeld, C. Wieckert, L. Schunck, W. Villasmil, E. Koepft, and others [35,36,37,38,39,40,41,42,43,44,45]



	Fe, Mn, Cd
	Treatment of different materials containing iron
	>1100 °C
	Mainly at the PSI, PSA, OSF, and WIS
	F. Sibieude, A. Steinfeld, E. A. Fletcher, I. Ruiz-Bustinza, J. Mochón and others [46,47,48,49]
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Table 2. Elemental analysis of the copper slag (wt. %) determined by X-ray fluorescence.
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	Fe
	O
	Si
	Al
	Cu
	Ca
	Na
	S
	Others





	42.82
	36.15
	10.36
	3.24
	1.84
	1.76
	0.99
	0.52
	2.32
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Table 3. Conditions used in the experiments.
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	Sample
	Lime
	Shutter Opening
	Time (min)
	Average Incident Radiation (W/m2)
	Power (W)





	CuSin1
	No
	80
	20
	941.2
	1129



	CuSin2
	No
	88
	25
	955.8
	1262



	CuSin3
	No
	41
	30
	915.5
	563



	Cusinbonus
	No
	60
	23
	867.8
	781



	CuCon1 (stop in the middle of the experiment)
	Yes
	92
	-
	938
	1294



	CuCon2
	Yes
	100
	15
	939.5
	1409



	CuCon3
	Yes
	84
	20
	973
	1226
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Table 4. X-ray fluorescence results.






Table 4. X-ray fluorescence results.





	
Element

	
Original Copper Slag

	
CuSin1

	
CuSin2

	
CuSin3




	
Magnetic

	
Magnetic

	
Non-Magnetic

	
Magnetic

	
Non-Magnetic






	
Cu

	
1.84

	
1.34

	
1.29

	
11.72

	
1.27

	
7.09




	
Fe

	
42.82

	
38.53

	
44.75

	
43.51

	
45.45

	
45.34




	
O

	
36.15

	
37.98

	
36.17

	
32.50

	
35.94

	
33.43




	
Si

	
10.36

	
12.28

	
10.39

	
6.20

	
9.85

	
6.90




	
Al

	
3.24

	
5.94

	
2.47

	
1.16

	
2.67

	
1.82




	
Ca

	
1.76

	
0.88

	
1.06

	
1.64

	
1.10

	
2.08




	
Na

	
0.99

	
0.71

	
0.87

	
0.30

	
0.78

	
0.43




	
K

	
0.69

	
0.64

	
0.75

	
0.56

	
0.76

	
0.62




	
S

	
0.52

	
0.25

	
0.63

	
0.88

	
0.60

	
0.58




	
Others

	
1.63

	
1.46

	
1.62

	
1.52

	
1.58

	
1.70
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Table 5. X-ray fluorescence results.






Table 5. X-ray fluorescence results.





	
Element

	
Cubonus

	
CuCon1

	
CuCon2

	
CuCon3




	
Magnetic

	
Magnetic

	
Non-Magnetic

	
Magnetic

	
Non-Magnetic

	
Magnetic






	
Cu

	
0.88

	
1.28

	
7.25

	
1.01

	
5.34

	
1.52




	
Fe

	
39.05

	
42.21

	
23.24

	
38.02

	
32.27

	
38.26




	
O

	
37.63

	
34.64

	
35.68

	
37.83

	
34.78

	
37.55




	
Si

	
11.63

	
7.22

	
6.42

	
11.48

	
7.32

	
11.31




	
Al

	
5.80

	
2.85

	
10.02

	
6.50

	
5.24

	
6.31




	
Ca

	
1.93

	
8.52

	
14.29

	
2.05

	
12.24

	
2.22




	
Na

	
0.62

	
0.47

	
0.27

	
0.69

	
0.33

	
0.53




	
K

	
0.67

	
0.62

	
0.46

	
0.67

	
0.46

	
0.65




	
S

	
0.25

	
0.71

	
0.76

	
0.30

	
0.58

	
0.24




	
Others

	
1.53

	
1.47

	
1.61

	
1.45

	
1.44

	
1.42
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