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Abstract

:

In this study, ethylene diamine phosphate (EDP) was employed as an activator to improve the sulfidization and flotation of chrysocolla. The micro-flotation experiment results indicated that EDP could greatly increase the flotation recovery of chrysocolla. BET and TEM measurements confirmed that the porous structure of the chrysocolla’s surface would lead to large amounts of the reagents. ICP-AES analysis revealed that the addition of EDP caused more active Cu sites formed on the chrysocolla’s surface, enhancing the adsorption of S2− on its surface. Meanwhile, a redox reaction occurred between the S2− and [Cu(en)2]2+ ions causing the Cu, S, and N in the solution to counter-adsorb onto the chrysocolla’s surface by forming new complexes. During this reaction, the Cu(II) species reduced to Cu(I) species and the sulfide ions in the form of S2−, S22−, Sn2−, and SO42− appeared on the mineral surface. The zeta potential measurements further revealed that the EDP-activated chrysocolla surfaces adsorbed more sulfide species and xanthate species, thereby improving the floatability of the chrysocolla.
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1. Introduction


The majority of mined copper is extracted from copper sulfide minerals. The development and utilization of copper oxide minerals are particularly important with the increasing depletion of sulfide mineral resources. Copper oxide minerals include malachite (CuCO3·Cu(OH)2), chrysocolla ((Cu, Al)2H2Si2O5(OH)4·nH2O), cuprite (Cu2O), azurite (2CuCO3·Cu(OH)2), tenorite (CuO), and atacamite (Cu2(OH)3Cl). Among these, malachite and chrysocolla are the most common oxidized copper ore minerals, and the reserves of chrysocolla in the Earth’s crust are lesser than those of malachite. Malachite and chrysocolla are very different in nature. Chrysocolla is the most refractory copper mineral, and the difficulties in its flotation are well known. These difficulties are due to its varying crystallo-chemical structure and the porous nature of its surface [1]. The most common formula for chrysocolla is (Cu, Al)2H2Si2O5(OH)4·nH2O [2,3,4]. Because of this, chrysocolla is often discarded as tailings, leading to a waste of resources. Thus, the effective flotation recovery of chrysocolla is a difficult and important problem to solve.



In the current study, the most common methods of recovering copper oxide minerals are hydrometallurgy and flotation [5]. Although the leaching technology with acids that is involved in hydrometallurgy can recover copper oxide minerals, it is noteworthy that these acids also interact with large amounts of gangue material, such as the calcium and magnesium in the ores, which results in an increase in acid consumption. Another problem concerning chrysocolla is that the silicates interact with the acids to form the colloid H2SiO3 in solution, making solid-liquid separation very difficult. Leaching technology that uses alkalis could avoid these problems, but the leaching rate and efficiency of chrysocolla recovery is very slow when alkalis are used [6,7]. Hence, it is difficult to achieve efficient industrial production using hydrometallurgy. In recent years, bioleaching technology has also been applied to the recovery of copper oxide minerals [8,9]. However, the research results have not been satisfactory due to the lack of effective and economical autotrophic bacteria, which has limited the industrialization of this method [10]. Few studies have been conducted on the flotation of chrysocolla, but many have been conducted on the properties of chrysocolla and the effect of collectors on its flotation. A study by Gonzalez et al. [11] concluded that using a carboxylic acid or its salts, sodium dodecyl sulfate (SDS), and long-chain cationic collectors could achieve good flotation recovery of chrysocolla at pH 6–9. Aplan and Fuerstenau [12] used mercaptan as a collector to directly float chrysocolla in water, proving that the formation of copper mercaptide on its surface improved the hydrophobicity of chrysocolla. More recently, chelating collectors have been employed in the froth flotation of metal minerals [13]. This technique involves the formation of metal chelates on the mineral’s surface to improve the mineral’s hydrophobicity, and it has attracted a great deal of attention. These chelating collectors, such as 1-phenylthiosemicarbazide and potassium octyl hydroxamate, can be used to change the contact angle of the chrysocolla’s surface [13]. Hope et al. [14,15] also confirmed that n-octanohydroxamate can act as a collector because the formation of multiple layers of copper hydroxamate can result in good chrysocolla recovery. These collectors exhibit superior affinities for copper oxide minerals, but their poor selectivity for gangue minerals and the expensive reagents restrict their industrial application.



Flotation by sulfidization using xanthate as a collector remains the most promising and economical method for the industrial recovery of chrysocolla. However, using xanthate or higher xanthate as a collector cannot directly float chrysocolla [12], while Na2S affects the ability of the collector to stably coat the chrysocolla’s surface. However, during this process, the weak adsorption capacity of the sulfide ions on the chrysocolla’s surface results in the presence of large amounts of residual sulfide ions in the solution, and some oxidized species such as thiosulfate have a depressing effect on flotation, which is difficult to eliminate, limiting the chrysocolla’s floatability [16,17]. Parks et al. [18] and Gonzalez et al. [19] determined that heating chrysocolla to 500 °C–600 °C prior to sulfidization with xanthate as a collector can to obtaining good chrysocolla flotation recovery. Although thermal activation can recover copper minerals well, heating the minerals to 500 °C–600 °C before flotation is difficult to do economically at an industrial scale. Hence, the selection of cost-effective chemicals as mineral activators for chrysocolla sulfidization and xanthate flotation is a better solution for copper recovery.



Thus, in this study, an effective activator, ethylene diamine phosphate (EDP), was used to enhance the sulfidization reaction in chrysocolla flotation with xanthate as the collector, and the activation mechanism was investigated through a series of flotation experiments and analytical techniques. Understanding the enhancement of the sulfidization mechanism using EDP would provide an economical and effective method for the industrial production of chrysocolla by flotation.




2. Materials and Methods


2.1. Minerals and Reagents


Pure chrysocolla ((Cu, Al)2H2Si2O5(OH)4·nH2O) was collected from Dongchuan, Yunnan Province, China, was crushed to 45–74 μm using a hammer. Then, it was pulverized in an agate mortar for several minutes and dry screened using a Tyler sieve. Due to chrysocolla’s varying crystallo-chemical structure, it is difficult to qualitatively analyze chrysocolla. A Fourier Transform Infrared Spectrometer (FTIR) was used to identity its composition, the results of which are presented in Figure 1.



Figure 1 shows the H–O–H stretching vibrations and the bending vibrations of bound water in chrysocolla at 3416.53 cm−1 and 1629.91 cm−1. The Si–O stretching vibration absorption region is seen at 1031.14 cm−1, which is the typical characteristic peak of silicate minerals. Therefore, this sample is present in an SiO4 framework. The characteristic vibration peak of Si–O–Si in quartz appears at 795.62 cm−1, and a strong absorption region is seen at 471.21 cm−1 due to the Si–O bending vibration and the lattice vibration. The FTIR analysis indicates that this sample exhibits silicate mineral characteristics, which is consistent with the results of other authors [20]. In addition, the chemical analysis of chrysocolla (Table 1) reveals that the sample is composed of 31.02% Cu, 5. 77% Al2O3, and 40.57% SiO2. This combined with the FTIR analysis reveals that the sample used has a high degree of purity.



Later, some of the chrysocolla particles 45–74 μm in size and 13 μm in size were used for BET and transmission electron microscopy (TEM) analyses, respectively. Particle in the size range of 45–74 μm were used in the flotation tests, inductively coupled plasma-atomic emission spectrometry (ICP-AES) and X-ray photoelectron spectroscopy (XPS) analyses. Particles less than 5 μm in size were prepared for zeta potential analysis.



The EDP used as the activator was a white solid analytical grade powder. Sodium isoamyl xanthate (NaIX, C6H12OCSSNa, commercial grade) and Na2S·9H2O (purchased from Tianjin Jinhuitaiya Chemical Reagents Co. Ltd., Tianjin, China) were used as the collector and sulfidizing agent, respectively. The other chemicals used in this study were all analytical grade chemicals.




2.2. Micro-Flotation Experiments


The chrysocolla flotation experiments were conducted in a Hallimond tube with a total pulp volume of 50 mL. Prior to flotation, 2.0 g of pure chrysocolla mineral particles was conditioned in deionized water, EDP at the concentration of 2 × 10−3 M was added and allowed to activate the chrysocolla for 3 min, followed by the addition of 5 × 10−4 M and 4 × 10−3 M Na2S·9H2O and sulfidization for 10 min. Subsequently, the pulp’s pH was adjusted from 5.09 and 5.22 to 9.0 using sodium hydroxide and hydrochloric acid, respectively, and various concentrations of NaIX were added. Finally, bubbling air flotation occurred for 8 min with N2 as the air supply at a rate of 20 mL/min, which was repeated 3 times for each experiment.



After drying the collected products, the weight distribution of the floated and unfloated minerals was used to calculate the flotation recovery. All of the reagents used for experiment were fresh and all of the flotation experiments were conducted at ambient temperature.




2.3. TEM and BET Measurements


TEM (JEM-2100) and BET were used to investigate the microstructures of the chrysocolla’s surface. The TEM observations were carried out under an accelerating voltage of 200 kV, a column vacuum pressure of 10−5 Pa, and a beam current density of 15 pA/cm2. The BET analyses were conducted using QUADRASORB evo (Quantachrome, Boynton Beach, FL, USA) equipment and 0.2891 g of chrysocolla at less than 1 × 10−3 Pa. N2 was used as the adsorbate. The sample was statically adsorbed at a liquid nitrogen saturation temperature of 77.3 K, outgas time was 6 h and outgas temperature was 200 °C. The specific surface area, pore volume, and pore size were calculated using the BET theoretical model and the BJH theoretical formula.




2.4. Adsorption Experiments


The sulfur adsorption experiments on the chrysocolla’s surface after the chrysocolla was treated with EDP solutions as well as when it was not treated were also conducted in the water bath reactor. 2.0 g of chrysocolla particles was conditioned in 20 mL of deionized water with 5 × 10−4 M and 4 × 10−3 M Na2S·9H2O solutions in the absence and presence of EDP, respectively. The activation and sulfidization times were 3 min and 10 min, respectively. Finally, 15 mL of the liquid obtained from the pulp was stored in closed vials. Then, solid-liquid separation was conducted using a filter machine and the obtained solid products were thoroughly rinsed with pure deionized water to eliminate the effect of the weak adsorption of other impurities.



After drying, the solid samples were analyzed using XPS, which was performed using a K-Alpha+ (Thermo fisher Scientific, Waltham, MA, USA) and a monochromatized Al-Kα X-ray source. The operating parameters were as follows: an energy of 1486.6 eV and 4.2 mA × 12 kV, and an optimal energy resolution of <0.5 eV. The analysis chamber’s vacuum pressure was 5 × 10−9 mbar, and the pass energies of the survey scan and element scan were 100 eV and 30 eV, respectively. The samples were scanned 5 times and the x-ray exposure time was 6 min for each sample. The C1s spectrum at 284.80 eV was used as an internal standard for the charge compensation to calibrate all of the measured spectra.



The 15 mL liquid samples were separated using a centrifuge (9000 r/min), then 3 mL of supernatant was analyzed using ICP-AES (ICPS-1000II, Shimadzu, Japan), and the remaining solids in the solution were dried and weighed using an electronic balance (FA-JY).




2.5. Zeta Potential Measurements


Zeta potential measurements were conducted using a NanoBrook ZetaPlus electrophoretic analyzer (Brookhaven Instruments, Holtsville, NY, USA). One tenth of a gram of chrysocolla was suspended in 100 mL of 2 × 10−3 M KCl solution. The pH range investigated was from pH 2 to 12. When necessary, EDP solutions of 2 × 10−3 M were added to the suspension at the beginning of the conditioning period. Freshly prepared Na2S·9H2O solutions were added to the mixture. The resultant suspensions in the absence and presence of NaIX were allowed to settle for 10 min, and the supernatant of the dilute fine particle suspension was transferred to the measurement vessel for zeta potential measurements at room temperature. The zeta potential of each sample was measured 3 times.





3. Results and Discussion


3.1. Surface Structure and Properties of Chrysocolla


Mineral surface properties were found to have a direct effect on the flotation recovery. The mineral surface micro-structures not only affected the surface’s hydrophobicity, but also affected the adsorption of the flotation reagents onto the surface. Therefore, we investigated surface micro-structures of the chrysocolla to interpret the relationship between the surface properties and mineral flotation. The results of the BET analyses are shown in Figure 2.



According to the IUPAC classification, the N2 adsorption/desorption isotherms in Figure 2 correspond to Type I. Type I isotherms are mainly characteristic of microporous materials. N2 adsorption/desorption isotherms may also occur when the pore size of the mesoporous material is close to that of the micropores. The chrysocolla isotherms have a hysteresis loop, which is associated with the capillary condensation that occurs in the mesopores. For chrysocolla, the hysteresis loops correspond to Type H2. A Type H2 hysteresis loop is characteristic of solids consisting of particles crossed by nearly cylindrical channels and the pores that are not uniform in size or shape. This is usually attributed to a difference in size between the narrow mouth and the wide body of the pore. We used Equation (1) to calculate the value of the specific surface area and the BJH method to calculate the pore size and pore volume of chrysocolla.



The linearized form of the BET equation is


    p  v (  p 0  − p )   =  1   v m  ⋅ c   +   ( c − 1 )    v m  ⋅ c   ⋅  p   p 0      



(1)




where p is the nitrogen partial pressure, p0 is the saturated vapor pressure of N2 at the liquid nitrogen temperature, p/p0 is the relative vapor pressure of the adsorbate, v is the volume of the adsorbed gas, vm is the volume of the adsorbed gas in a monolayer, and c is a constant related to the energy of adsorption.



The calculation results are shown in Figure 2 and Table 2, the pore size of the chrysocolla fell mainly within the range of 1–5 nm with one significant peaks near 1.2 nm, indicating that the amount of micropores (<2 nm) existed in the chrysocolla. In addition, the pore size of the chrysocolla within the range of 2–5 nm was mesopores (2–50 nm), the amount of mesopores were second to micropores. Although the mesopores account for the large proportion, their size indicates that they are almost micropore. Therefore, the chrysocolla sample is a porous mineral rich in micropores and with an approximately microporous structure. The data from Table 2 shows that the specific surface area of the chrysocolla particles 45–74 μm in size was 242.51 m2·g−1 and that of malachite particles in same size was 0.363 m2·g−1. This indicates that chrysocolla has a larger specific surface area than malachite, which may be the reason that enormous amounts of EDP, sodium sulfide, and xanthate are needed to float chrysocolla compared to that required to float malachite [21,22].



When using analytical equipment for N2 adsorption/desorption experiments, false peaks may be formed, leading to analytical errors. Therefore, based on the BET results, we conducted a more intuitive TEM measurement of the chrysocolla particles, the results of which are shown in Figure 3. As shown in Figure 3, many pores were observed within the chrysocolla at sites 1, 2, 3, 4, and 5. As a result, the BET results for chrysocolla were corrected, proving that chrysocolla is a porous mineral with a large specific surface area.




3.2. Effect of EDP on Sulfidization Flotation of Chrysocolla


The flotation behavior of chrysocolla sulfidized with Na2S·9H2O solution in the absence and presence of EDP is plotted as a function of the NaIX concentrations in Figure 4. Sodium sulfide plays an important role in the flotation of oxidized ores by forming a sulfide metal film on the mineral’s surface and enhancing the binding ability between the mineral’s surface and the xanthate collectors, increasing the mineral surface’s hydrophobicity and increasing flotation recovery. This is the same sulfidizing mechanism used for chrysocolla. In Figure 4, the flotation recovery of chrysocolla increased with increasing NaIX concentrations in the absence of EDP. However, whether chrysocolla was sulfidized using high concentration of Na2S or low concentration of Na2S solution the flotation recovery are very low, even with enormous amounts of xanthate. This may be attributed to the lower surface activity of chrysocolla. The sulfide ions do not have enough energy to force the chemical bonds of the Cu-SiO3 in the chrysocolla to break, making it difficult to form a sufficiently stable copper sulfide film, i.e., xanthate cannot adsorb well on the chrysocolla surfaces. Therefore, EDP was added to modify the properties of the chrysocolla surfaces.



The flotation recovery of chrysocolla was increased dramatically at the same concentration of Na2S and NaIX when EDP was added, indicating that the addition of EDP prior to sulfidization was beneficial to the floatability of chrysocolla. Under these experimental conditions, the flotation recovery of chrysocolla increased considerably with increasing Na2S·9H2O concentration. Although larger quantities of regulators and collectors were used, this may be an effective means of flotation recovery of chrysocolla using the conventional sulfidization-xanthate method. Treating chrysocolla with EDP prior to sulfidization may result in excellent flotation for two reasons. The first reason is that the EDP has enough energy to force the chemical bonds in the chrysocolla to break and the Cu(II) in the chrysocolla to dissolve into the solution as copper-ammonia species ([Cu(en)2]2+), creating a large number of highly active copper sites exposed on the mineral surfaces, which has been confirmed by Xiaojun Xu [23]. This facilitates the adsorption of the sulfide ion species onto the chrysocolla’s surface, which leads to the formation of more copper sulfide species. The second reason that this method improves the flotation behavior may be that the [Cu(en)2]2+ in the solution counter-adsorbs onto the chrysocolla’s surface when Na2S is added, with a strong chemical reaction taking place during this process. This result was confirmed by XPS and ICP-AES analyses.




3.3. XPS Analysis


Our flotation experiments demonstrate that chrysocolla does not float in the absence of EDP, regardless of the amount of Na2S and xanthate used, while the excellent flotation recovery of chrysocolla was observed in the presence of EDP. This result suggests that a greater change in the surface properties of chrysocolla occurred when it was activated with EDP, which is supported by the XPS analyses.



Figure 5 shows the Cu2p spectra of four kinds of chrysocolla samples treated with different conditions. Except for the satellite peaks in the Cu2p spectrum, two pairs of spin–orbit split peaks made up of a Cu2p3/2 and Cu2p1/2 doublet were fitted. The binding energies at 935.17–934.86 eV (cupric) and 932.66–932.57 eV (cuprous) are attributed to Cu2p3/2 [21,24,25,26].



Figure 5a,c show the Cu2p spectra of chrysocolla sulfidized with low and high concentrations of Na2S solution in the absence of EDP. After the chrysocolla was treated with 4 × 10−3 M Na2S solution, the binding energies of the Cu(II) and Cu(I) species shifted from 935.17 to 935.01 eV and from 932.66 to 932.58 eV, respectively. This shift to lower binding energies indicates differences in the electronic environment of the two chrysocolla surfaces. As we known, chrysocolla contains only divalent copper ions, while the peak of monovalent copper ions can be seen to occur in Figure 5a,c. These results may be attributed to two reasons. First, the x-ray irradiation the chrysocolla from the analyzing chamber was inevitable, and due to this irradiation, Cu(I) is produced very quickly (few minutes) from Cu(II) [27,28]. This may be the main reason for the appearance of the Cu(I) peaks. Another reason may be the occurrence of a redox reaction between S2− and Cu2+, which would cause the Cu2+ to be reduced to Cu1+. However, the probability of this is very low since the presence of sulfur was not detected on the chrysocolla’s surface (as shown in Figure 6a,c). Therefore, we conclude that the sulfidization of Na2S on the chrysocolla’s surface was very weak in the absence of the EDP solution, which is consistent with the results of the flotation tests.



The Cu2p spectra of chrysocolla treated with EDP prior to sulfidization are shown in Figure 5b,d. As can be seen, the area inside the curve and the peak intensity of the Cu(I) species are obviously larger than those that occur in the absence of EDP. The atomic concentration of Cu(I) was 4.15% and that of Cu(II) was 5.62% (as shown in Table 3b). The atomic concentration of Cu(I) was 7.28% and that of Cu(II) was 6.16% (as shown in Table 3d). Thus, it can be seen that the atomic concentration of Cu(I) increases gradually as the amount of sodium sulfide increases. One possible reason for this is that a strong redox reaction occurred between the [Cu(en)2]2+ and S2− in the solution, causing the Cu(II) in the complex to be reduced to Cu(I), which was then counter-adsorbed onto the chrysocolla’s surface in the form of a new copper-ammonia complex (mainly cuprous), which formed more dense and stable hydrophobic films. The S2p and N1s spectra and the ICP-AES analyses (presented in Section 3.4) also confirm this conclusion. Figure 6b,d show that the two chrysocolla samples were divided into four pairs of spin-orbit split peaks, which were composed of an S2p3/2 and S2p1/2 doublet. The binding energies of the four peaks in Figure 6b,d are 161.11–161.46 eV, 162.09–162.32 eV, 163.86–163.31 eV, and 168.42–168.20 eV and correspond to S2−, S22−, Sn2−, and SO42−, respectively [22,29,30,31]. The change in the valence state of sulfur and the presence of SO42− suggest that a strong redox reaction occurred throughout the pulp system. Therefore, we can infer that the S2− in the solution had two main effects. The first effect is that the S2− underwent a redox reaction with the [Cu(en)2]2+, and the other effect is that it directly bonded to the fresh copper ions on the chrysocolla’s surface to form copper sulfide, and the S2− detected by the XPS is caused by this effect.



Figure 7 is further interpreted as the effect of EDP on the adsorption of sulfide ion species onto the chrysocolla’s surface. As shown in Figure 7, the N1s spectra of the three chrysocolla samples treated with different conditions. Figure 7a shows that N is not present on the chrysocolla’s surface when the chrysocolla is only activated with the EDP solution, indicating that the EDP has only a micro-dissolution effect on the chrysocolla’s surface and has not been adsorbed onto its surface in any form (shown by the ICP-AES analysis). While Figure 7b,c show the presence of N (C–N) on the chrysocolla’s surface, indicating that the EDP bonded to the copper ions adsorbed onto the chrysocolla’s surface when the Na2S and EDP solutions were both present, which the evidences for [Cu(en)2]2+ counter-adsorbed onto chrysocolla’s surface in the form of new complex.




3.4. ICP-AES Analysis


The flotation of chrysocolla was completed in a complex slurry system. Changes in the surface properties of the minerals and changes in various ions in the solution are important factors affecting the flotation of chrysocolla. The XPS analysis described in the previous section indicates that the presence of EDP increases the adsorption of sulfur and Cu(I) onto the chrysocolla’s surface and forms a dense hydrophobic film. This section focuses on variations in the concentrations of the ions in the solution and shows that EDP activates chrysocolla effectively.



In this section, four conditions (shown in Table 4) were selected for study. As shown in Table 4, after the chrysocolla is conditioned with deionized water and the EDP solution for 13 min, only copper ions exist in the solution and the copper ion concentration of the solution is about three times that of the deionized water, indicating that the addition of EDP promoted the dissolution of the copper ions on the chrysocolla’s surface. This is the strong evidence for the fact that the EDP will react with the copper ions and enter the solution. When only 4 × 10−3 M Na2S·9H2O was added to the solution, a large amount (93.33 mg/L) of black copper sulfide colloids (as shown in Figure 8a) appeared and was suspended in the pulp. Some ionic sulfur (25.42 mg/L) was still present in the solution. This may be due to the excessive amounts of sodium sulfide added, resulting in excess sulfide ions remaining. When both 2 × 10−3 M EDP and 4 × 10−3 M Na2S·9H2O were added, after conditioning, the pulp solution is clear and the black copper sulfide colloid disappears (as shown in Figure 8b). The colloid in the solution was not observed, the remaining sulfide ion and copper ion concentrations were 9.63 mg/L and 0.38 mg/L, respectively, indicating that both the dissolved copper ions and the added sulfide ions were transferred to the chrysocolla’s surface. Therefore, both the intuitive representation of the experimental phenomena and the analysis of the experimental data indicate that the results of the XPS analysis are correct, i.e., the EDP added first reacts with the copper ions on the chrysocolla’s surface, and then, it enters the solution as copper ammine complex ions, causing the fresh chrysocolla surface was exposed. After the Na2S·9H2O was added, some of the S2− directly bonded to the copper ions on the fresh surface of the chrysocolla to form a sulfide metal film, while the rest of the S2− participated in a redox reaction with the copper ammonium complex ions in the solution causing the copper ions in the solution to counter-adsorb onto the chrysocolla’s surface in the form of a new complex (mainly monovalent copper), which facilitated the adsorption of the xanthate and enhanced the hydrophobic properties of the chrysocolla’s surface.




3.5. Zeta Potential Measurements


The adsorption of sulfide ion and xanthate onto the mineral’s surface may influence the zeta potential of the dispersed chrysocolla particles. The zeta potential measurements were performed to estimate the interaction between the mineral particles and the reagents in the flotation experiments. This study investigated the effects of flotation regents on changes in the chrysocolla’s surface, the results of which are presented in Figure 9. As shown in Figure 9, the zeta potential decrease with increasing pH for pH of 2 to 12, i.e., chrysocolla in water has no isoelectric point (IEP) across the pH range investigated. This result is consistent with the study of Gonzalez and Soto [19]; however, other authors have reported an IEP for chrysocolla at a pH of 2 and at a pH of 6.5 [32,33]. These different results may be due to excessive conditioning prior to analysis, which would lead to more copper ions being dissolved into the pulp solution, while the surface of the chrysocolla became more negatively charged. Another possible explanation for the different IEP results may be differences in the compositions of minerals from different areas. Chrysocolla has a greater specific surface area, higher solubility, and no fixed composition, which has a significant effect on the zeta potential. Therefore, it is normal for different IEPs to be measured by different authors. For the chrysocolla’s surface was treated with the same concentration of Na2S·9H2O in the absence and presence of EDP, it can be seen that only the addition of sodium sulfide had even a small effect on the zeta potential of the chrysocolla. This suggests that the sulfide ions species were not adsorbing onto the surface of the chrysocolla, while the negative charge of the chrysocolla’s surface decreased dramatically in the presence of EDP, and the zeta potential of the EDP-activated chrysocolla was more negative than that of the original chrysocolla. This result indicates that in the presence of EDP, larger amounts of sulfide ion species in the pulp solution were adsorbed onto the chrysocolla’s surface forming copper sulfide species than in the absence of it.



The adsorption of a collector onto the chrysocolla’s surface ultimately depends on the higher activity Cu sites on the mineral’s surface. Thus, the zeta potentials of chrysocolla in the absence and presence of EDP were used to determine the adsorption states of the xanthate species onto the sulfidized chrysocolla surfaces. The data presented in Figure 9 shows that the addition of NaIX caused the zeta potential of the sulfidized chrysocolla to decrease regardless of the presence of EDP, suggesting that the negatively charged xanthate species were adsorbed onto the sulfidized chrysocolla surfaces. Compared to the shift in the zeta potential that occurred in the presence of EDP, the shift in the zeta potential observed for sulfidized chrysocolla without EDP was minor. This indicates that EDP enhances the ability of sodium sulfide to adsorb onto the chrysocolla surface, which leads to an increase in the number of active Cu sites on the chrysocolla’s surface. It also indicates that chrysocolla is not easily sulfidized without EDP.



Chrysocolla was activated after modification with EDP, which facilitated the adsorption of sulfide ions and xanthate species onto the mineral’s surface, thereby improving the flotation recovery of chrysocolla. Based on these findings, a speculative model (Figure 10) is presented to describe the activation process and flotation behavior.





4. Conclusions


This study investigated the flotation behavior of chrysocolla in the absence and presence of EDP during sulfidization-xanthate flotation. The primary conclusions of the study are as follows:




	(1)

	
TEM and BET analyses indicate that the chrysocolla’s surface is porous and has a large specific surface area, which may be an important reason large amounts of reagents are consumed when better flotation recovery is obtained for chrysocolla.




	(2)

	
EDP has a positive effect on the sulfidization flotation of chrysocolla. Chrysocolla was not floated with Na2S and xanthate in the absence of EDP, while excellent flotation recovery was achieved when chrysocolla was activated with EDP prior to sulfidization using xanthate as a collector.




	(3)

	
EDP enhanced the sulfidization-flotation of chrysocolla for two reasons. First, the low-activity Cu sites on the chrysocolla’s surface were dissolved into the pulp solution as copper-ammonia complex ions after the amount of EDP was increased, resulting in more high-activity Cu sites being exposed on the chrysocolla’s surface, which improved the sulfidization reaction on its surface. Second, a redox reaction occurred between the S2− and [Cu(en)2]2+ ions, causing the copper ions in the solution to counter-adsorb onto the chrysocolla’s surface as a new complex, and during this process, the Cu(II) was reduced to Cu(I) and the main sulfidization products were S22−, Sn2−, and SO42−. In conclusion, our results indicate that a denser hydrophobic film were formed on the chrysocolla’s surface, improving the flotation behavior of chrysocolla.
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Figure 1. FTIR pattern of pure chrysocolla. 
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Figure 2. N2 adsorption/desorption isotherms and pore size distribution of chrysocolla. 
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Figure 3. TEM images showing the porous structure of chrysocolla. 
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Figure 4. The flotation behavior of chrysocolla sulfidized with Na2S·9H2O solution in the absence and presence of EDP. 






Figure 4. The flotation behavior of chrysocolla sulfidized with Na2S·9H2O solution in the absence and presence of EDP.



[image: Minerals 08 00216 g004]







[image: Minerals 08 00216 g005 550] 





Figure 5. Cu2p XPS spectra of (a) chrysocolla sulfidized with 5 × 10−4 M Na2S, (b) EDP-activated chrysocolla sulfidized with 5 × 10−4 M Na2S, (c) chrysocolla sulfidized with 4 × 10−3 M Na2S, and (d) EDP-activated chrysocolla sulfidized with 4 × 10−3 M Na2S. 
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[image: Minerals 08 00216 g005]







[image: Minerals 08 00216 g006 550] 





Figure 6. S2p XPS spectra of (a) chrysocolla sulfidized with 5 × 10−4 M Na2S, (b) EDP-activated chrysocolla sulfidized with 5 × 10−4 M Na2S, (c) chrysocolla sulfidized with 4 × 10−3 M Na2S, and (d) EDP-activated chrysocolla sulfidized with 4 × 10−3 M Na2S. 






Figure 6. S2p XPS spectra of (a) chrysocolla sulfidized with 5 × 10−4 M Na2S, (b) EDP-activated chrysocolla sulfidized with 5 × 10−4 M Na2S, (c) chrysocolla sulfidized with 4 × 10−3 M Na2S, and (d) EDP-activated chrysocolla sulfidized with 4 × 10−3 M Na2S.
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Figure 7. The N1s XPS spectra of (a) chrysocolla activated with 2 × 10−3 M EDP, (b) EDP-activated chrysocolla sulfidized with 5 × 10−4 M Na2S, and (c) EDP-activated chrysocolla sulfidized with 4 × 10−3 M Na2S. 
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Figure 8. Chrysocolla treated with (a) 4 × 10−3 M Na2S and (b) 2 × 10−3 M EDP + 4 × 10−3 M Na2S. 
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Figure 9. Zeta potential of chrysocolla was treated with multiple reagents. 
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Figure 10. The proposed activation model of EDP on the sulfidization xanthate flotation of chrysocolla. 
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Table 1. The chemical composition of chrysocolla.
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	Element/Oxide
	Cu
	Fe
	Mn
	Al2O3
	MgO
	CaO
	SiO2





	wt (%)
	31.02
	0.25
	<0.005
	5.77
	0.17
	0.25
	40.57
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Table 2. Surface parameters of pure chrysocolla and malachite from BET analysis.
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	Minerals
	Pore Size (nm)
	Pore Volume (cm3/g)
	Specific Surface Area (m2/g)
	Particle Size (μm)





	Chrysocolla
	2.26
	0.1751
	242.51
	45–74



	Malachite
	–
	–
	0.363
	45–74
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Table 3. Atomic concentration of the Cu, S, and N species (%) on the chrysocolla’s surface.
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Element

	
Atomic Concentration of Cu, S, and N Species (%)




	
a

	
b

	
c

	
d






	
Cu(II)

	
7.05

	
5.62

	
7.52

	
6.16




	
Cu(I)

	
1.26

	
4.15

	
1.43

	
7.28




	
S

	
0.00

	
6.31

	
0.00

	
8.65




	
N

	
–

	
1.65

	
–

	
2.46
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Table 4. The colloids, Cu ion concentrations, and S ion concentrations (mg/L) of the solutions.
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	Conditions
	Colloid
	Cu Ions Concentrations
	S Ions Concentrations





	Chrysocolla + aqueous solution
	–
	26.43
	–



	Chrysocolla + 2 × 10−3 M EDP
	0.00
	75.38
	–



	Chrysocolla + 4 × 10−3 M Na2S
	93.33
	0.54
	25.42



	Chrysocolla + 2 × 10−3 M EDP + 4 × 10−3 M Na2S
	<0.000
	0.38
	9.63











© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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