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Abstract

:

Nowadays, research on promoting the dissolution of chalcopyrite is important. As a natural symbiotic mineral of chalcopyrite, arsenopyrite will have an impact on the dissolution of chalcopyrite. This paper shows the influence of arsenopyrite on the dissolution of chalcopyrite in an acidic culture medium. The leaching results showed that adding arsenopyrite increased the leaching concentration of copper by 332 mg/L. The residues showed a decrease in sulfur through X-ray diffraction analysis (XRD) and an increase in dissolution degree through scanning electron microscope (SEM). Electrochemical experiments have shown that the rest potential of arsenopyrite is higher than that of chalcopyrite, so there is a galvanic interaction, and the impact on chalcopyrite is greater than that of arsenopyrite. The polarization curve also proves this. Under the interaction of galvanic couples, the reduction of S0 production and the enhancement of Cu2+ release can promote the dissolution of chalcopyrite. In addition, X-ray photoelectron spectrometer (XPS) analysis under the action of galvanic coupling indicates that more SO42− is generated on the surface of chalcopyrite, replacing Sn2−/S0, and SEM shows a stronger corrosion morphology. All results confirm that the electrochemical effect between arsenopyrite and chalcopyrite promotes the dissolution of chalcopyrite in the acidic culture medium.
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1. Introduction


Copper resources are one of the fundamental resources in the development process of human society, and the most abundant primary copper ore in the world is chalcopyrite (CuFeS2), which accounts for about 70% of known copper reserves [1,2,3,4,5]. The traditional method of extracting copper from copper ore is through pyrometallurgical smelting, but this pyrometallurgical process not only requires high energy and cost, but also leads to environmental pollution problems [2,5,6,7]. With increasingly strict requirements for environmental protection, biological leaching technology has attracted widespread attention. Due to its advantages of low cost and environmental friendliness, it is considered a promising alternative method [5,8,9]. However, a key factor currently hindering its large-scale application is its slow dissolution kinetics [1,8,9].



The main reason for the slow dissolution rate of chalcopyrite is the formation of a passivation layer on the mineral surface. The current research on passivation mechanisms is still controversial, but most of it focuses on polysulfides, metal-deficient sulfides, jarosite, elemental sulfur, and iron-oxyhydroxide as the main candidates [3,10,11,12,13,14]. At present, there have been many reports on promoting the leaching of chalcopyrite. Some studies use thermophilic microorganisms or mixed strains [8,15,16], or add metal ions for catalysis, such as Ag+ [1,7,9,17], Fe2+ [18,19], Cd2+ [5], etc., or add another ore to form a galvanic cell [1,20,21,22].



In order to explore methods to improve the dissolution kinetics of chalcopyrite, some researchers have chosen to study the addition of minerals that have a galvanic interaction with chalcopyrite. These minerals usually have an associated/symbiotic relationship with chalcopyrite, such as pyrite [13,22,23], bornite [6,13], magnetite [4], etc. When two minerals exist simultaneously, owing to the difference in potential, a galvanic effect occurs, and the mineral with lower potential becomes the anode part, enhancing its oxidation ability and improving the kinetics of leaching [4,20,23]. In nature, pyrite is usually associated with chalcopyrite and exists in natural sulfide copper ores or flotation copper concentrates [24,25]. Therefore, one of the most studied galvanic interactions with chalcopyrite is the pyrite−chalcopyrite interaction. Research has shown that pyrite promotes the dissolution of chalcopyrite, as the rest potential (open circuit potential, OCP) of pyrite is usually higher than that of chalcopyrite, and chalcopyrite acts as the anode [13,22,23]. Although there have been many studies on mineral additives that can promote the dissolution of chalcopyrite, there are still many types of minerals related to chalcopyrite that have not been studied.



Arsenopyrite (FeAsS) is a monoclinic crystal with a spatial group of P21/c that evolved from marcasite (orthorhombic FeS2) and is a diamagnetic semiconductor [26,27,28]. Arsenopyrite usually has a symbiotic relationship with chalcopyrite [29]. Studies have shown that its rest potential is generally 550 mV (vs. SHE) [30], which is higher than the rest potential of chalcopyrite (400-500 mV vs. SHE) [6,12,13]. Therefore, when it comes into contact with chalcopyrite minerals, it can form a galvanic cell, theoretically promoting the dissolution of chalcopyrite. However, according to previous reports, because of the toxicity of As, typical studies use physicochemical processes to directly reduce the arsenic content in copper ore, forming high-quality copper concentrates [29,31,32]. Therefore, there is currently a lack of research on the behavior of arsenopyrite in the leaching system of chalcopyrite, as well as a lack of exploration on whether arsenopyrite can promote the dissolution of chalcopyrite. It should be considered that these two types of ores naturally coexist, and the lack of research on their interaction is inconvenient for the utilization of chalcopyrite resources.



In order to propose a new mineral additive to promote the dissolution of chalcopyrite, it is necessary to explore the interaction of chalcopyrite and arsenopyrite in acidic culture media. This study focused on chalcopyrite and arsenopyrite, and systematically investigated the effect of arsenopyrite on the dissolution of chalcopyrite in an acidic culture medium through leaching experiments, X-ray diffraction analysis (XRD), scanning electron microscopy (SEM), electrochemical experiments, and X-ray photoelectron spectroscopy (XPS). The purpose of this study is to demonstrate that the presence of arsenopyrite can enhance chalcopyrite dissolution in acidic culture media, and to confirm the galvanic interaction between arsenopyrite and chalcopyrite.




2. Experimental


2.1. Minerals


The chalcopyrite and arsenopyrite samples used in this study were obtained from Qibaoshan in Liuyang, Hunan, China. Before utilizing the obtained minerals, photographs were taken to observe the basic surface characteristics of the minerals used. Samples were prepared by crushing, manual sorting to remove gangue minerals, grinding, and sieving to 0.037–0.074 mm. The two types of mineral samples were subjected to X-ray fluorescence (XRF) (Axios mAX, PANalytical, Almoro, the Netherlands) spectrometric analysis and X-ray diffraction (XRD) (RIGAKU, Smartlab SE, Tokyo, Japan) analysis, respectively. The samples were stored in air-tight plastic bags to minimize oxidation.




2.2. Leaching Experiments


The sterile leaching experiment was performed in a 250 mL flask using 100 mL of iron-free 9K culture medium, which is a commonly used acidic culture medium for studying minerals leaching/bioleaching [11,33]. The formula of iron-free 9K culture medium is 3 g/L (NH4)2SO4, 0.5 g/L K2HPO4, 0.5 g/L MgSO4·7H2O, 0.01 g/L Ca(NO3)2, and 0.1 g/L KCl. The initial pH was adjusted to 2.0 with 20% sulfuric acid. To investigate the influence of arsenopyrite on the dissolution of chalcopyrite, a controlled experiment with and without arsenopyrite was designed, with 4 g of chalcopyrite or 4 g of chalcopyrite and 2 g of arsenopyrite added to each flask. The speed and temperature of the incubator were set to 170 r/min and 30 °C, respectively. Each experiment was repeated three times. A volume of 1 mL of leaching solution was taken daily as a sample to analyze the concentration of copper and iron. A volume of 1 mL of iron-free medium was used to compensate for sampling losses, and distilled water with pH = 2.0 was promptly used to compensate for evaporation losses. Redox potential was monitored periodically through a pH meter (PHSJ-4A, Shanghai, China) with a Pt electrode with reference to a Ag/AgCl electrode (3.0 M KCl) (BPP-922). The concentrations of the copper ions, total iron, and ferrous ions in the leaching solution were measured by a SPECTRO BLUE inductively coupled plasma atomic emission spectroscope (ICP-AES) (SPECTRO BLUE, Kleve, Germany). All other chemical reagents were of analytical grade in the tests.



The leached residues were detected using XRD and SEM techniques. Before testing, the residues were filtered, separated, and vacuum dried. The instrument model for XRD was the same as that for detecting mineral raw materials. The SEM instrument model used was TESCAN Bmo, s.r.o. (TESCAN MIRA, Brno, Czech Republic).




2.3. Electrochemical Studies


2.3.1. Working Electrodes Preparation


The working electrodes used in this work were Carbon Paste Electroactive Electrodes (CPEE). A total of 0.8 g of minerals and 0.1 g of graphite were mixed with 0.1 g of paraffin, and the mixture was heated in a 50 mL beaker using an alcohol lamp. The paste was then compacted in a cylindrical chromium steel mold with a diameter of 15 mm under a pressure of 35 MPa for 10 min. The compressed cylinder was loaded into a PTFE sample holder, exposing an area of 1 cm2 to the electrolyte. The chalcopyrite–arsenopyrite pair was prepared by uniformly mixing equal amounts of chalcopyrite and arsenopyrite. Before each electrochemical test, the working electrode needed to be polished with 500 grit, 1000 grit, and 2000 grit sandpaper sequentially, and rinsed several times with distilled water and ethanol to form a fresh working surface.




2.3.2. Electrochemical Measurements


This study applied a conventional three electrode electrochemical system, and all electrochemical experiments were carried out on the CHI760e electrochemical station (CH Instruments Ins., Shanghai, China) equipped with a computer. The electrolytic cell was a glass reactor with an effective volume of 200 mL. The auxiliary electrode was a graphite electrode, while the reference electrode used a saturated Ag/AgCl electrode (199.9 mV vs. SHE, 25 °C). The pH = 2.0 iron-free 9K medium was used as the electrolyte solution.



The rest potential (open circuit potential, OCP) of the newly prepared working electrodes were measured in open circuit mode for 20 min. The Tafel polarization curves were measured within the potential range of −200 mV to 1000 mV, with a scanning rate of 2 mV/s. The Tafel slope, corrosion current density, and polarization resistance were calculated using CHI760e 18.04 software (CH Instruments Ins., Austin, TX, USA) within the corrosion potential range of 50–100 mV. The cyclic voltammetry (CV) measurements were scanned from OCP in the negative direction to −800 mV, then reversed in the positive direction to 800 mV, then returned to OCP in the reverse direction, forming a complete cycle. Each cyclic voltammetry experiment was repeated three times with a scanning rate of 50 mV/s. All potentials reported in this study were relative to the saturated Ag/AgCl reference electrode (vs. Ag/AgCl), and they were conducted under constant conditions without deoxygenation, repeated three times.





2.4. Analytical Methods


Exploring the mineral electrode after electrochemical measurement helps see how chalcopyrite–arsenopyrite galvanic coupling affects chalcopyrite. After 30 cycles of cyclic voltammetry scanning, chalcopyrite electrodes generally achieved a certain degree of corrosion effect. Corrosion of chalcopyrite electrodes without arsenopyrite was called self-corrosion, while corrosion with arsenopyrite was called galvanic coupling corrosion. The reason for requiring 30 cyclic voltammetry scans was to amplify the differences in surface properties of chalcopyrite after self-corrosion and galvanic coupling corrosion [33].



X-ray photoelectron spectroscopy (XPS) test was carried out with the model Thermo Scientific K-Alpha (Thermo Scientific, Waltham, Massachusetts, USA). Using an Al Kα X-ray (1486.6 eV) source, comprehensive spectra were recorded at the constant pass energy of 100 eV and 1 eV/step, while spectra of Cu 2p, Fe 2p, and S 2p were recorded at the constant pass energy of 50 eV and 0.1 eV/step. The data were processed using Avantage 5.9931 (Thermo Scientific, Waltham, MA, USA) software. After aligning the C 1s peak with 284.8 eV, all spectra were fitted and calculated based on existing research results. The differences in surface morphology were studied using SEM under two different conditions, and the SEM instrument model used was the same as the previous one.





3. Results


3.1. Minerals Analysis


Figure 1a,b shows the basic surface morphology of the obtained chalcopyrite and arsenopyrite before their utilization. The surface of the obtained chalcopyrite had a metallic luster and a yellow color similar to gold, which is consistent with its nickname of Fool’s Gold. Arsenopyrite was white gray with gray black streaks and overall presented a metallic luster. Chemical analysis (XRF) showed that the chalcopyrite sample contained 36.92% Cu, 30.16% Fe, and 30.79% S (wt.%), while the arsenopyrite sample contained 39.02% As, 31.44% Fe, and 15.57% S (wt.%). The XRD of chalcopyrite and arsenopyrite sample is shown in Figure 1c,d. Quantitative XRD analysis indicated that the purity of chalcopyrite was higher than 95%, and the purity of arsenopyrite was higher than 85%. The secondary phases observed in the arsenopyrite sample, namely ZnS and amphibolite, have a minor composition of less than 4%. However, previous research has not revealed any significant effect of these substances on the dissolution of chalcopyrite. Therefore, the influence of impurities in the arsenopyrite sample can be disregarded, allowing us to consider the arsenopyrite with its predominant content of up to 85% as the main active phase.




3.2. Leaching Results


To study how chalcopyrite dissolves differently when arsenopyrite is also present, an experiment was set up to compare the dissolving (leaching) of chalcopyrite alone to when it is mixed with arsenopyrite. The copper concentration in the solution during the leaching process is shown in Figure 2a. After 29 days of leaching, approximately 937 mg/L of copper was extracted from pure chalcopyrite. However, in the presence of arsenopyrite, a copper concentration of nearly 1269 mg/L was obtained, which was 332 mg/L higher than that of pure chalcopyrite leaching. Figure 2b,c show the changes in the solution redox potential and iron (Fe2+ and Fe3+) concentration during the leaching process of chalcopyrite under two different conditions. From Figure 2b, it can be seen that in both the presence and absence of arsenopyrite, the solution redox potential during the leaching process of chalcopyrite remained within a certain range. The solution redox potential for pure chalcopyrite leaching ranged from 320 mV to 340 mV, while the addition of arsenopyrite increased the leaching redox potential of the solution, ranging from 340 mV to 360 mV. For the iron concentration during the leaching process (Figure 2c), the Fe2+ concentrations (c(Fe2+)) were relatively low, within the range of 0–200 mg/L, while the Fe3+ concentrations (c(Fe3+)) increased with time. The maximum c(Fe3+) that could be achieved without and with the addition of arsenopyrite was 714 mg/L and 960 mg/L, respectively. From the trend of iron concentration changes, the system with the addition of arsenopyrite had a higher Fe2+ content in the early stages and decreased with time. The rate of increase in Fe3+ in the early stage was faster, and the overall concentration was higher.




3.3. Leached Residues Analysis


To better observe leaching changes, we analyzed chalcopyrite residues using XRD and SEM under two conditions. Figure 3a shows the XRD results of the leached residues of chalcopyrite with and without arsenopyrite after 29 days of leaching. In Figure 3a, the residue after leaching chalcopyrite alone showed chalcopyrite and sulfur as main phases, with sulfur peaks more noticeable. On the other hand, co-leaching with arsenopyrite resulted in a residue detecting chalcopyrite, arsenopyrite, and sulfur, but with weakened sulfur peaks.



SEM characterization allows for a more direct observation of the morphology of leaching residues. The surface morphology of different systems at different stages is shown in Figure 3b–d at a scale of 5 μm. Figure 3b shows the morphology of chalcopyrite that had not been leached, and it can be seen that it had a flat surface without any parts in the form of grooves. The surface of pure chalcopyrite after leaching in an acidic culture medium (pH = 2) for 29 days is shown in Figure 3c. The morphology shown in Figure 3c had the characteristics of surface cracking and uneven surface pits, which could be clearly distinguished as the morphology after undergoing the corrosion process. For the residual surface after co-leaching of arsenopyrite and chalcopyrite shown in Figure 3d, the same corrosion surface as Figure 3c can also be observed, with a higher corrosion degree, greater surface undulation, and deep depressions.




3.4. Galvanic Potential and Tafel Polarization Plots


The rest potentials of different mineral electrodes were tested, and Figure 4a shows the rest potentials of three electrodes, namely chalcopyrite, arsenopyrite, and chalcopyrite–arsenopyrite galvanic couple, with a 20 min immersion time in an iron-free 9K medium (pH = 2). The rest potentials of chalcopyrite and arsenopyrite were 226 and 331 mV, respectively, with a difference of 105 mV between them. The galvanic potential between chalcopyrite and arsenopyrite was stable at 325 mV, located between the rest potential of chalcopyrite and arsenopyrite. It could also be noticed from the graph that the rest potential of the galvanic couple was only 6 mV lower than the rest potential of the arsenopyrite.



Figure 4b displays Tafel polarization curves for chalcopyrite, arsenopyrite, and the chalcopyrite–arsenopyrite galvanic couple in an acidic culture medium (pH = 2). Table 1 contains the analyzed data. The corrosion potential (φcorr) for arsenopyrite was 260 mV, higher than chalcopyrite at 175 mV. The galvanic couple had a φcorr of 218 mV, positioned between chalcopyrite and arsenopyrite. For the galvanic couple, a higher Jcorr (5.39 μA/cm2) was obtained compared to the Jcorr (0.46 μA/cm2) of chalcopyrite, and the polarization resistance (Rp) was the opposite, with the galvanic couple (10.26 kΩ) smaller than chalcopyrite (43.06 kΩ). The cathodic curves of chalcopyrite and chalcopyrite–arsenopyrite galvanic couple were in the range of −200 mV to ~200 mV. The trends of the two curves were similar, but the cathodic current density of this couple was much higher than that of chalcopyrite. For the anode curve of the galvanic couple, within the range of ~200 mV to 1000 mV, the trend of the curve was similar to that of chalcopyrite, with changes around ~600 mV. However, in terms of current density, it was similar to that of arsenopyrite, with a high degree of overlap.




3.5. Cyclic Voltammograms


In order to further investigate the effect of the galvanic interaction with arsenopyrite on the surface properties of chalcopyrite, the cyclic voltammograms of the pure chalcopyrite electrode and chalcopyrite arsenopyrite galvanic electrode were measured, and the results are shown in Figure 5.



We can analyze the reactions for each peak in the cyclic voltammogram of chalcopyrite alongside existing research conclusions. For peak A located within 0–200 mV, the main reaction was related to the reduction of some species produced like Cu2+ in different states and Fe3+, which could be described by reaction Equations (1)–(8) [3,11,15,34]. There was a peak B mainly attributed to the reactions in Equations (9) and (10) [11,15,34], which were related to the reduction of S0 and the transformation of CuFeS2 to Cu2S. However, in Figure 5, there was no obvious peak pattern around −200 mV, which might be due to the weak reaction not being shown. The corresponding potential of peak C was below −400 mV. Based on existing research, it mainly represents the generation of Cu2S and Cu0, and the related reactions are shown in Equations (11)–(14) [8,11,15,34,35].


Cu2+ + S0 + 2e− → CuS



(1)






Cu2+ + CuS + 2e− → Cu2S



(2)






Cu2+ + 2e− → Cu0



(3)






CuFeS2 + 3Cu2+ + 4e− → Cu5FeS4 + Fe2+



(4)






CuFeS2 + 3Cu2+ + 4e− → 2Cu2S + Fe2+



(5)






9CuFeS2 + 4H+ + 2e− → Cu9Fe8S16 + 2H2S + Fe2+



(6)






5CuFeS2 + 12H+ + 4e− → Cu5FeS4 + 6H2S + 4Fe2+



(7)






Fe3+ + e− → Fe2+



(8)






2CuFeS2 + 6H+ + 2e− → Cu2S + 2Fe2+ + 3H2S



(9)






S0 + 2H+ + 2e− → H2S



(10)






2CuS + 2H+ + 2e− → Cu2S + H2S



(11)






2CuFeS2 + 6H+ + 2e− → Cu2S + 2Fe2+ + 3H2S



(12)






Cu2S + H2O + 2e− → 2Cu0 + HS− + OH−



(13)






2CuFeS2 + 4H+ + 2e− → Cu0 + 2H2S + Fe2+



(14)







For the cyclic voltammetry curve of the chalcopyrite electrode, the three main peaks A, B, and C generated constitute the cathodic scanning process, and in the anode scan from −800 mV to 800 mV, five anode peaks can usually be detected. The peak D between −500 mV and −400 mV represented the oxidation reaction of metal copper to chalcocite (Cu2S) according to Equation (15) [11,15,34]. Peaks E and F were continuous anode peaks with potential positions around −200 mV. The possible reactions can be summarized in Equations (16) and (17) [11,15,34], which were mainly related to the generation of S0. Peak G was commonly believed to be formed by varying degrees of oxidation of chalcocite (Cu2S), forming a series of sulfides, including djurleite (Cu1.92S), digenite (Cu1.60S), and covellite (CuS), as shown in Equations (18)–(21) [11,15,34]. Peak H was in the potential range of about 300 mV to 800 mV, where the main oxidation reaction of Cu2+ release occurred. The oxidation reaction of peak H can be shown in Equations (22)–(25) [8,11,15,34,35].


2Cu0 + H2S → Cu2S + 2H+ + 2e−



(15)






H2S → S0 + 2H+ + 2e−



(16)






CuFeS2 → CuS + S0 + Fe2+ + 2e−



(17)






Cu2S → CuxS + (2−x)Cu2+ + (4−2x)e−



(18)






Cu2S → Cu1.92S + 0.08Cu2+ + 0.16e−



(19)






Cu1.92S → Cu1.6S + 0.32Cu2+ + 0.64e−



(20)






Cu1.6S → CuS + 0.6Cu2+ + 1.2e−



(21)






CuFeS2 → Cu1−xFe1-yS2−z + xCu2+ + yFe2+ + zS0 + + 2(x + y)e−



(22)






CuS → Cu2+ +S0 + 2e−



(23)






2CuFeS2 + 5H2O → 2CuO + Fe2O3 + 4S0 + 10H+ + 10e−



(24)






CuFeS2 → 0.75CuS + 1.25S0 + 0.25Cu2+ + Fe2+ + 2.5e−



(25)







Comparing cyclic voltammograms of chalcopyrite with and without arsenopyrite showed noticeable changes, mainly in peaks B and C, during the cathodic scanning of the galvanic couple electrode. The current density of peak B increased while peak C decreased, indicating an enhanced reduction of S0 and a decrease in the generation of Cu2S products, as well as a weakened reduction of CuFeS2/Cu2S to Cu0. Observing the anodic scanning process, it can be observed that peaks D and H were enhanced, while peaks E, F, and G were weakened. The decrease in peaks E and F suggests reduced S0 generation. Meanwhile, the increase in peak D and the weakening of peak G indicate that Cu2S became the primary oxidation product. The higher current density of peak H indicated that the oxidation reaction releasing Cu2+ was more likely to occur.




3.6. XPS Characterization


Figure 6 shows the comprehensive XPS spectra of chalcopyrite electrodes after self-corrosion and galvanic coupling corrosion. Table 2 shows the relative contents of copper, iron, and sulfur on the surface of two types of chalcopyrite obtained from the spectrum, without considering carbon and oxygen. According to Table 2, the Fe 2p spectra of the chalcopyrite−arsenopyrite galvanic couple showed a low energy peak signal. The reason for this result may be due to the uneven distribution of elements on the surface of the chalcopyrite sample after galvanic coupling corrosion, which affects the determination of the Fe 2p. When analyzing the content of carbon, copper, iron, and sulfur elements on chalcopyrite after galvanic corrosion, the carbon content can reach up to 90.31%. Consequently, the C 1s may be one of the main factors affecting the peak strength of iron. Furthermore, the electrode has a certain thickness, which may also be a factor that affects the detection of iron content [33]. Since there were coordination sites on the surface of chalcopyrite after fragmentation and grinding, the surface atomic content was significantly different from the composition of bulk elements [2]. As shown in Table 2, the Cu/S ratio (0.34) in chalcopyrite after self-corrosion was lower than that in chalcopyrite after galvanic coupling corrosion (0.37), indicating a slightly higher surface copper content in chalcopyrite when coupled with arsenopyrite.



Figure 7 displays the Cu 2p, Fe 2p, and S 2p spectra of chalcopyrite with and without galvanic coupling with arsenopyrite. The binding energies of Cu 2p3/2 on the chalcopyrite in both situations were 932.81 and 932.78 eV, respectively (Figure 7a). The Cu 2p3/2 peak near 932.4 eV indicates the presence of Cu (I) sulfide species on the surface of chalcopyrite [2,10,12]. Figure 7b shows the presence of peaks in the Fe 2p spectra near 711 eV and below 708.0 eV. It was reported that the Fe 2p3/2 peak below 708.0 eV represents iron in the chalcopyrite lattice, while the Fe 2p3/2 peak near 711 eV indicates the presence of iron-oxyhydroxides on the chalcopyrite surface [2].



The S 2p spectra was fitted, and the results after subtracting the background and removing spin orbit splitting are shown in Figure 7c,d. Table 3 lists the binding energy and relative content of each of S 2p. Based on previous reports, the binding energy positions of each sulfur species can be determined [2,3]. The peak of S2− is located near 161.3 eV, while the peak of S22− is approximately 162.7 eV. The energy region around 163.7 eV represents Sn2−/S0. The peak near 168.3 eV in the higher region corresponds to S from SO42−. For the surface of chalcopyrite after self-corrosion, S2− was the main species of sulfur, accounting for 47.04%. The contents of S22−, Sn2−/S0, and SO42− were 19.82%, 22.23%, and 10.91%, respectively. After galvanic coupling with arsenopyrite, the contents of S2− and Sn2−/S0 decreased to 33.35% and 5.84%, respectively, and the total content of SO42− increased to 37.60%. It is noticeable that the content of S22− after galvanic coupling (23.20%) was only 3.38% different from the content after self-corrosion (19.82%).




3.7. Morphology Analysis


Figure 8 presents an intuitive SEM morphology of chalcopyrite after self-corrosion and galvanic coupling. It could be observed that the corrosion degree of the chalcopyrite electrode after self-corrosion at a scale of 100 μm was lighter than that after galvanic coupling, with only some areas exhibiting erosion shape, and the dissolution range mainly located in the surface layer. The integrity of some parts of the appearance can also be seen in Figure 8, which had a relatively flat characteristic. The surface after galvanic coupling exhibited a deep etch interface, with a high degree of mineral dissolution, and the dissolution range extended to the interior of the electrode, resulting in a form similar to holes with longitudinal depth.





4. Discussions


In this study, the influence of arsenopyrite on the dissolution of chalcopyrite in an acidic culture medium was comprehensively investigated from four aspects. Firstly, monitoring the leaching experiments of chalcopyrite without or with arsenopyrite. Secondly, XRD and SEM were used to detect the leached residues. Then, electrochemical measurements of chalcopyrite, arsenopyrite, and the chalcopyrite–arsenopyrite galvanic couple were taken. Finally, XPS and SEM analysis of the corroded electrode with and without the galvanic effect were conducted. It can be concluded that the galvanic effect of chalcopyrite and arsenopyrite promotes the dissolution of chalcopyrite in an acidic culture medium.



The leaching experiment showed the copper concentration in the co-leaching system of chalcopyrite and arsenopyrite is higher than that in the leaching of pure chalcopyrite (Figure 2a), indicating that arsenopyrite helps chalcopyrite dissolve in an acidic culture medium. The commonly used analysis factors affecting the leaching process of chalcopyrite include pH, Fe2+/Fe3+, and redox potential [1,10]. During the leaching process, due to the control of pH at 2.0, this study mainly explored two factors: Fe2+/Fe3+ and redox potential. During the dissolution of chalcopyrite without arsenopyrite, the potential jump in Figure 2b was observed, which is believed to be caused by the instability of the solution state in the early stages of the leaching process. The system gradually stabilized over time, and the initial fluctuations may be within an acceptable range. The redox potential of the solution was maintained in a lower range and almost unchanged over experimental time (Figure 2b). Existing studies have considered that the solution redox potential only increases with the enhancement of iron oxidation activity [4,20,23]. It can also be understood that the redox potential in the leaching solution is related to c (Fe3+)/c (Fe2+) [10,25,36]. Figure 2c shows that when arsenopyrite is added, there are more soluble ferrous ions in the initial solution compared to when only chalcopyrite is being leached. During the later stage of leaching, there was a slight increase in the concentration of Fe2+, while the increase in Fe3+ concentration can be attributed to the oxidation of Fe2+ to Fe3+ and the partial dissolution of arsenopyrite. In addition, the dissolved Fe2+/Fe3+ can also affect the redox potential. Research has shown that the leaching rate of chalcopyrite increases with the increase in redox potential, reaching its maximum value at the critical potential (about 450 mV vs. Ag/AgCl) [3,37]. The addition of arsenopyrite raises the redox potential of the leaching solution of chalcopyrite, while the increase in the leaching solution’s redox potential below the critical potential enhances the dissolution rate of chalcopyrite. Therefore, adding arsenopyrite can boost the reactivity of chalcopyrite and facilitate its dissolution.



Different forms of sulfur (polysulfides, metal-deficient sulfides, jarosite, and elemental sulfur) combine to form a passivation layer of chalcopyrite [10,11,12,13,14]. The changes in the phase sulfur in the XRD (Figure 3a) of the leached residues to some extent indicate that the addition of arsenopyrite can reduce the production of elemental sulfur and weaken the hindrance of sulfur to the dissolution of chalcopyrite. The morphology of the leached residue is similar to that shown in previous studies [3]. The observation of residual morphology indicates that the addition of arsenopyrite exacerbates the surface corrosion morphology of chalcopyrite, supporting the evidence that co-leaching of arsenopyrite and chalcopyrite promotes the dissolution of chalcopyrite.



The leaching process of chalcopyrite involves complex reaction changes, and electrochemical characterization is a commonly used method for analyzing chalcopyrite leaching [38]. The rest potential results can reflect the charge rearrangement in the interface double layer of the electrode and the chemical reaction at the interface. The test results (Figure 4a) indicate that the reactivity of chalcopyrite in iron-free 9K medium is higher than that of arsenopyrite, because there was a difference in the other potentials. Therefore, they can form a galvanic cell when the chalcopyrite has a lower rest potential than the anode and the arsenopyrite has a with higher rest potential than the cathode. Since the galvanic potential represented a new equilibrium point between chalcopyrite and arsenopyrite, and the galvanic potential was more positive than the rest potential of chalcopyrite, the galvanic interaction can lead to anodic polarization of the chalcopyrite electrode, which helps accelerate the oxidation of chalcopyrite. The phenomenon that the galvanic potential was closer to the rest potential of arsenopyrite indicates that the galvanic interaction between arsenopyrite and chalcopyrite affects the rest potential of chalcopyrite more than it does arsenopyrite.



The Tafel polarization curve can analyze the kinetic information during the reaction process, in addition to the corrosion potential (φcorr), as well as corrosion current density (Jcorr), Tafel slope, and polarization resistance (Rp). On the basis of the data analysis in Table 1, the corrosion potential results of the Tafel curve are consistent with the testing conclusions of the rest potentials. The increase in corrosion current and the decrease in polarization resistance both indicate that the galvanic interaction with arsenopyrite helps to improve the dissolution of chalcopyrite. The results of the cathodic curves of chalcopyrite and galvanic couple represent similar reduction behaviors. Based on the linear relationship between reaction rate and current density, the galvanic coupling electrode promotes the cathodic reduction of chalcopyrite. The anodic oxidation process around ~600 mV of the galvanic couple represents possible reactions, as shown in Equations (26)–(28) [24], which reflect the release of Cu2+:


Cu1−x−zS2 → (1 − x − z)Cu2+ + 2S0 + 2(1 − x − z)e−



(26)






CuFeS2 + 8H2O → Cu2+ + Fe3+ + 2SO42− + 16H+ + 17e−



(27)






CuFeS2 + 3H2O → Cu2+ + Fe2+ + S2O32− + 6H+ + 8e−



(28)







Both chalcopyrite and arsenopyrite were affected by the galvanic effect, and their impact on chalcopyrite was greater than that on arsenopyrite. This finding was confirmed by analyzing the rest potential. The comprehensive polarization curve data analysis and observation of the comparison curve shape show that the dissolution of chalcopyrite promoted by the galvanic couple is mainly related to the cathodic reduction enhancement in the presence of arsenopyrite.



Cyclic voltammetry can qualitatively and semi-quantitatively analyze the electrochemical reactions involved in the redox process. The results first demonstrate that during the dissolution process of chalcopyrite after the galvanic couple with arsenopyrite, resulting from the enhanced reduction of S0 and the reduced generation of S0, the surface aggregation coverage of S0 will be reduced, which reduces the obstruction of sulfur on the dissolution of chalcopyrite. This conclusion is consistent with the XRD conclusions mentioned earlier. Secondly, there is an enhanced release of Cu2+, which intuitively indicates the promotion of the dissolution of chalcopyrite, which is consistent with the research conclusion of this article. This confirms that the galvanic effect between chalcopyrite and arsenopyrite can change the surface of chalcopyrite, reduce the obstruction of the sulfur layer, and increase the chemical reactivity of the chalcopyrite surface.



After analyzing the electrochemical results, the surface element detection and morphology observation results were discussed. For the Cu 2p spectrum (Figure 7a), the binding energy of Cu 2p3/2 after self-corrosion of chalcopyrite is higher than that after electro coupling of chalcopyrite with arsenopyrite, indicating that leaching copper from chalcopyrite after self-corrosion is much more difficult. Comparing the Fe-O-OH/Fetotal ratios (Figure 7b), the ratio of chalcopyrite after self-corrosion (80.69%) was higher than the galvanic couple of chalcopyrite with arsenopyrite (68.12%). It has been reported that the formation of iron-oxyhydroxides inevitably leads to the formation of an indurative phase on the surface [14], which can hinder the dissolution of chalcopyrite. Thus, higher iron-oxyhydroxides can also explain the weak dissolution of chalcopyrite after self-corrosion. The S 2p spectra (Figure 7c,d) indicate that the increase in SO42− is mainly because of the conversion of S2− and Sn2−/S0, and the galvanic effect of chalcopyrite enhances the oxidation reaction of S2− and Sn2−/S0. Compared with other sulfur species, S2− is the most reactive chemical state [2], therefore its content in all sulfur species in this study accounted for more than 30%. Sulfur is a surface phase present in all corrosion samples, and its composition changes as the corrosion process progresses. SO42− mainly represents jarosite, which accumulates and forms a passivation layer to hinder dissolution [10,12,13]. After self-corrosion, the passivation layer on the surface of chalcopyrite is mainly composed of S2− and Sn2−/S0. However, under the galvanic effect with arsenopyrite, the surface of chalcopyrite becomes a passivation layer containing S2− and SO42− as the main parts. This conclusion is supporting evidence for XRD and CV analysis of S0, and further reveals the transformation direction of S0. The observation results of electrode morphology are consistent with the above conclusions of this study, further confirming that the dissolution of chalcopyrite after galvanic coupling is better than that of the chalcopyrite after self-corrosion.



In the leaching process of chalcopyrite in acidic culture medium, in the absence of arsenopyrite, passivation layers such as polysulfides, metal-deficient sulfides, jarosite, elemental sulfur, and iron-oxyhydroxide are usually formed on the surface, hindering the release of dissolved ions. Nevertheless, when arsenopyrite comes into contact with chalcopyrite, chalcopyrite acts as the anode for this galvanic interaction, producing e− and promoting the release of Cu2+. Additionally, it may provide electrons for the reduction of Fe3+ and S0, thereby reducing the aggregation of passivating substances on the surface and weakening the hindering effect of the passivation layer. Consequently, copper and iron ions can migrate from the surface to the solution.



This study confirms that the presence of arsenopyrite in acidic culture media can promote the dissolution of chalcopyrite. Due to their natural symbiotic relationship [29], this work enriches the study of the interaction between chalcopyrite and its natural symbiotic minerals, and proposes a new mineral additive for promoting chalcopyrite dissolution. However, this study had not conducted further research to determine the optimal conditions under which the presence of arsenopyrite can have the greatest effect on the dissolution of chalcopyrite. Therefore, it is currently inappropriate to compare our findings with other additives such as pyrite and bornite that have significant effects. In addition, since the requirements of actual industrial applications for arsenic content in copper resources [29,31,32], this study lacks experiments to control the mass ratio of arsenopyrite to chalcopyrite, and there is also a lack of exploration for its application in biological leaching. In future research, it is necessary to conduct more detailed and in-depth supplementary studies on these aspects.




5. Conclusions


In an acidic culture medium (pH = 2 iron-free 9K medium), the addition of arsenopyrite increases the copper leaching concentration of chalcopyrite and weakens the passivation layer, allowing dissolved ions to migrate from the surface to the solution. During the leaching process, due to the galvanic effect between chalcopyrite and arsenopyrite, the high rest potential of arsenopyrite acts as the cathode to accelerate the anodic oxidation of chalcopyrite. Through cyclic voltammetry analysis, it was found that the S0 content of chalcopyrite–arsenopyrite galvanic couple decreased, the release of Cu2+ increased, and the surface of chalcopyrite was altered, reducing the hindrance of sulfur and increasing the chemical reactivity of chalcopyrite surface. Compared with the chalcopyrite after self-corrosion, the corrosion surface under galvanic effect has a lower content of iron-oxyhydroxide on the one hand, and on the other hand, it strengthens the oxidation reaction of S2− and Sn2−/S0, accelerating the conversion process of jarosite. Jarosite replaces Sn2−/S0 as the main component of the passivation layer. In addition, there is a more severe corrosion morphology, which indicates that the galvanic effect in the presence of arsenopyrite is the main reason for promoting the dissolution of chalcopyrite. Finally, it is necessary to explore under what conditions the greatest promotion effect can be achieved and to study the effect of the mass ratio of arsenopyrite to chalcopyrite on the leaching behavior of chalcopyrite. In addition, further research will be conducted on the galvanic interaction between chalcopyrite and arsenopyrite in the presence of leaching microorganisms.
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Figure 1. Photograph of the obtained chalcopyrite (a) and arsenopyrite (b); XRD of chalcopyrite (c) and arsenopyrite (d) samples. 
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Figure 2. Influence of arsenopyrite on copper concentration (a), redox potential (b), and iron concentration (c) during chalcopyrite leaching in acidic culture medium (pH = 2). 
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Figure 3. (a) XRD of leached residues from chalcopyrite with and without arsenopyrite; (b) SEM of un leached chalcopyrite; (c) SEM of leached chalcopyrite; (d) SEM of co-leached chalcopyrite with arsenopyrite. 
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Figure 4. (a) Rest potentials of chalcopyrite and arsenopyrite and the galvanic potential of the chalcopyrite–arsenopyrite couple. (b) Tafel polarization curves of chalcopyrite, arsenopyrite, and chalcopyrite–arsenopyrite galvanic couple. 
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Figure 5. Cyclic voltammograms of chalcopyrite and galvanic coupling with arsenopyrite. (The peaks were related to the main reactions as followed: A, the reduction of some species; B, the reduction of S0 and the transformation of CuFeS2 to Cu2S; C, the generation of Cu2S and Cu0; D, the oxidation of metal copper to chalcocite; E and F, the generation of S0; G, the oxidation of chalcocite; H, the Cu2+ release). 
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Figure 6. Comprehensive XPS spectra of chalcopyrite electrodes after self-corrosion and galvanic coupling corrosion. 
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Figure 7. XPS spectra of chalcopyrite electrodes after self-corrosion and galvanic corrosion: (a) Cu 2p; (b) Fe 2p; (c) S 2p after self-corrosion; (d) S 2p after galvanic corrosion. 






Figure 7. XPS spectra of chalcopyrite electrodes after self-corrosion and galvanic corrosion: (a) Cu 2p; (b) Fe 2p; (c) S 2p after self-corrosion; (d) S 2p after galvanic corrosion.



[image: Minerals 14 00050 g007]







[image: Minerals 14 00050 g008] 





Figure 8. The SEM of chalcopyrite surfaces after self-corrosion (a) and galvanic coupling with arsenopyrite (b). 
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Table 1. Electrochemical kinetics parameters calculated from polarization curves.
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	Electrode
	φcorr/mV
	Jcorr/

(μA·cm−2)
	ba/

(V·Decade−1)
	bc/

(V·Decade−1)
	Rp/kΩ





	Chalcopyrite
	175
	0.46
	15.462
	6.298
	43.06



	Arsenopyrite
	260
	3.25
	6.835
	5.150
	11.17



	Galvanic couple
	218
	5.39
	4.263
	3.598
	10.26







ba and bc are the anodic and cathodic Tafel slopes in the Butler–Volmer equation, J = Jcorr[exp(2.3η/ba) − exp(−2.3η/bc)], and η is the ove