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Abstract:



The effect of mechanical activation on the copper leaching of copper sulfide, CuS, in 1 M HNO3 (slurry density: 10 g/L) was investigated by analysis of the leachability and the apparent activation energy. Mechanical activation produced an increase in the leachability and a decrease of the activation energy in this leaching reaction. The leachability increased proportionally to the degree of mechanical activation, reaching 96.6% leaching within 60 min at 80 °C from CuS ground at 700 rpm for 15 min. This leaching process was controlled by surface chemical reaction following the shrinking-core model. The apparent activation energy of leaching for CuS (71.5 kJ/mol) in the range of 50 to 80 °C decreased with an increase of the degree of mechanical activation, reaching 44.3 kJ/mol for Cu leaching from CuS ground at 700 rpm for 15 min.
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1. Introduction


Copper has been one of the most commonly used metals for thousands of years. Traditional industrial use of copper has continued to survive and flourish due to its excellent properties of corrosion resistance, machinability, conductivity, and malleability [1,2,3]. At present, copper and its alloys are used in various fields such as building construction, electrical and electronic equipment, industrial machinery equipment, transportation equipment, etc. Additionally, the promotion and security of copper as a non-conventional energy source and its application in solar heating is expected to prompt the further use of the metal in large quantities in the near future [4]. For these reasons, the demand and global market consumption of copper has been increasing steadily in recent decades, and this trend will be continued for decades to come [5,6].



As a traditional type of extractive metallurgy process for copper production, pyrometallurgical processes have been used to process sulfide minerals with a high grade of copper. However, falling grades of mined copper ore and stricter environmental protection legislations necessitate development of more selective and efficient hydrometallurgical processes to extract copper from minerals. This has led to increased interest in the extraction of copper from low-grade sulfides in aqueous solutions. Moreover, there has been a growing interest in secondary copper sulfides as the dominant mineral source of copper [7,8,9].



Among secondary sulfides, covellite (CuS) is a representative mineral containing 66% copper and is now considered to occur as a dimer (two molecules of CuS forming Cu2S2) with the copper existing as Cu(I). This occurs very often in nature, associated with such minerals as chalcopyrite and chalcocite, among others. In addition, covellite is also formed as an intermediate product during the leaching of chalcocite, copper matte and other complex copper sulfide materials because covellite is more stable against oxidation in the presence of sulfur than other copper sulfides. In addition, during reactions to extract copper from covellite in strongly acidic conditions, elemental sulfur may be formed on the particle surface. This layer is called ‘passivation layer’, and it acts as a blocking layer for copper leaching in solution [10,11,12,13,14,15,16].



To overcome the passivation layer and improve leaching efficiencies (leachability, leaching rate, etc.), several alternative processes using mechanochemical, electrochemical and sonochemical treatments have been tested and reported, but they were focused mainly on primary sulfide minerals such as chalcopyrite and chalcocite. In particular, the mechanochemical process has advantages over the others, including no need for additional equipment and procedural simplicity, despite this method had some drawbacks such as agglomeration of fine particles and the relatively lower energy efficiency in the prolonged grinding [17,18,19,20].



For example, ultrafine grinding of chalcopyrite increases its activity so that less severe leaching conditions are required to recover the copper. Thus, the term of mechanical activation (MA) refers to mechanically induced enhancement of the chemical reactivity of a system produced through the action of mechanical energy without altering the chemical composition. In conventional ball milling, the particle size is reduced by fracturing, but the composition and microstructure of the particles do not change. During mechanochemical milling, however, the microstructure and chemistry of the powders change due to the occurrence of solid-state reactions between the particles. MA provides a number of favorable conditions to allow these solid-state reactions to occur [21,22,23,24,25].



For these reasons, our research group studied the applicability of MA treatment for copper extraction by comparing leachability in several kinds of covellite treated mechanically under different conditions. This research may provide information to facilitate the use of covellite as a main source of copper production.




2. Experimental Procedure


2.1. Materials


Copper sulfide with a purity of over 99.0% (CuS, −100 mesh, Aldrich, St. Louis, MO, USA) was used as an initial material in this research. MA treatment was conducted as follows: 4 g of the original sample (CuS) was added to a stainless pot (pot diameter: 3.8 cm, depth: 4.0 cm, inner volume: 45 cm3) with seven stainless-steel balls that were 15 mm in diameter. The ball filling ratio was 52 vol. % and the mass ratio of ball-to-sample was kept constant at 25:1. A planetary mill (model Pulverisette 7, Fritsch Gmbh, Idar-Oberstein, Germany) was used for MA of the sample, and the activation was carried out for 15 min with two rotation speeds, 300 and 700 rpm. Three kinds of CuS (as received, two CuS ground at 300 and 700 rpm for 15 min) were prepared as the starting materials for the leaching procedure.



These samples were characterized by high-resolution X-ray diffraction (HRXRD) analysis (X’pert-pro MPD, PANalytical, Almelo, The Netherlands) using Cu-Kα radiation (λ = 1.5406 Å) to identify the phase changes during mechanical activation. In addition, the particle size and distribution were measured with a particle size analyzer (Mastersizer 2000, Malvern Instruments Ltd., Malvern, Worcestershire, UK).




2.2. Leaching


Leaching experiments were carried out in a 500 mL three-necked reactor into which 400 mL of leaching solution and 4 g of the starting sample were added. One neck held a thermometer, another a Teflon stirrer, and the third was used for sampling. This setup provided stable conditions and allowed heating at constant temperature (50, 60, 70 and 80 °C). A 1 mol/L nitric acid (HNO3) solution was prepared and used as a leaching reagent. 400 mL of HNO3 at the adjusted concentration was added to the reactor and heated to the selected temperature. When the temperature was reached, 4 g of the starting sample was added, and the leaching commenced. The stirring speed was set to 400 rpm in all experiments. After selected time intervals between 5 min and 1 h, 1 mL of the sample solutions was taken for chemical analysis of Cu, which was carried out with an inductively coupled plasma spectrometer (ICP, OPTIMA 7300DV, Perkin Elmer, Waltham, MA, USA). To acquire more accurate data, each experiment was repeated at least three times and the results were averaged. The content of Cu in both the leached solution and leached residue was analyzed. To dissolve the residue completely, a wet chemical digestion method was adopted, using aqua regia at the boiling temperature of this solution. The leachability was determined via the following equation:
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(1)




where Cu content (A) is the Cu mass calculated from the Cu concentration in the leached solution, and Cu content (B) represents the Cu mass in the leached residue after complete dissolution.





3. Results and Discussion


3.1. Mechanical Activation (MA) Treatment of CuS


Figure 1 shows the XRD patterns of as-received CuS and the two CuS samples ground for 15 min at 300 and 700 rpm, which were used as the starting materials in this study. As shown in Figure 1, all detected peaks corresponded to those of CuS (Hexagonal, JCPDS No. 65-3588), despite the decrease in their intensities and the broadening of peak width progressing gradually with an increase of rotation speed. These changes can be observed in the product of MA treatment as reduced particle size and crystalline defects in the CuS powder. Figure 2 shows the size distribution of the three kinds of CuS mentioned in Figure 1. In the case of the CuS ground at 300 rpm, the major particle size decreased slightly, despite that the portion of particles over 100 µm in size increased dramatically. In the CuS ground at 700 rpm for 15 min, changes in major particle size and the size distribution were also observed. In particular, the CuS ground at 700 rpm exhibited a bimodal particle size distribution wherein the distribution was focused approximately 10 and 420 μm. The particles with sizes approximately 420 μm might be strong agglomerates of fine particles, and these strong agglomerates have been reported previously in many cases of prolonged and intensive grinding under dry conditions [26,27,28,29,30]. Although the major particle size and the size distribution changed according to the grinding conditions, the average particle sizes calculated in the cumulative distribution curves were similar, approximately 23 µm, as shown in Table 1.


Figure 1. XRD patterns of CuS with various grinding conditions: (a) No grinding; (b) Ground for 15 min at 300 rpm; and (c) Ground for 15 min at 700 rpm.
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Figure 2. Particle size analysis profiles of CuS samples used as staring materials in this study.
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Table 1. Representative particle sizes and specific surface area (SSA) of three types of CuS used as the starting materials in this study.


	Starting Materials
	d10 (µm)
	d50 (µm)
	d90 (µm)
	SSA (m2/g)





	CuS as received
	9.10
	23.80
	59.66
	1.11



	CuS ground at 300 rpm for 15 min
	5.87
	23.80
	124.68
	2.82



	CuS ground at 700 rpm for 15 min
	5.73
	23.36
	316.43
	2.08










3.2. Copper Leaching of the Mechanically Activated CuS


Because the purpose of this study was to analyze the MA effect on leaching of Cu from CuS, leaching experiments were carried out for three kinds of CuS one as-received CuS and two mechanically activated CuS samples under varied leaching times and temperatures. The other conditions were fixed as follows: leaching reagent 1 M HNO3, slurry density 10 g/L and stirring speed 400 rpm. These results were organized in two graphs, Figure 3 and Figure 4. In Figure 3, the leachabilities were presented in each leaching temperature in order that the effect of MA treatment on Cu leaching would be explained. In addition, the same leachabilities were arranged for each type of CuS to observe the temperature effect on Cu leaching from three kinds of CuS.


Figure 3. Effect of mechanical activation and leaching temperature on the dissolution of Cu from CuS: (a) 50 °C; (b) 60 °C; (c) 70 °C; and (d) 80 °C (1 M HNO3, slurry density 10 g/L, stirring speed 300 rpm).
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Figure 4. Leachability of Cu with the change of temperature from 50 to 80 °C (1 M HNO3, slurry density 10 g/L, stirring speed 300 rpm): (a) CuS as-received; (b) CuS ground at 300 rpm for 15 min; and (c) CuS ground at 700 rpm for 15 min.
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As shown in Figure 3, the leachability increased as an increase of grinding speed at all leaching temperature conditions, from 50 to 80 °C, even though the specific surface area (SSA) of CuS ground at 700 rpm for 15 min was lower than that of CuS ground at 300 rpm for 15 min (Table 1). These results imply that the Cu leachability of CuS can be improved by intensive grinding and it increases in sequence of grinding intensity.



In the case of the as-received CuS (Figure 4a), the extraction of Cu at 50 °C barely increased during 60 min of leaching, and it never reached 5%. This leachability increased proportionally to the leaching temperature as well as leaching time. The Cu extraction for 60 min at each temperature was 15.1% (60 °C), 28.1% (70 °C), and 38.3% (80 °C). However, though the extraction percentage increased considerably with rising leaching temperature, the maximum leachability for as-received CuS was only less than 40%. Especially at 50 °C, this low leachability and the extraction rate might be a result of the formation of elemental sulfur as well as the insufficient activation energy for the extraction reaction of Cu from CuS. This sulfur would build up as a protective layer, or “passivation layer”, on the surface of the CuS particles, and it might play a role in blocking acidic leaching for various sulfides including CuS [31,32,33].



Meanwhile, the leachability improved dramatically for the activated CuS. For the CuS ground at 300 rpm for 15 min, leachability increased with an increase in temperature and time. Within 60 min, it reached 15.0% (50 °C), 32.1% (60 °C), 58.1% (70 °C), and 70.1% (80 °C). This improvement was further enhanced by extending the degree of activation. Higher leachability was accomplished with the CuS ground at 700 rpm for 15 min, yielding 30.2% (50 °C), 42.4% (60 °C), 71.5% (70 °C), and 96.6% (80 °C). These results indicate that mechanical activation provides a way of overcoming leaching interruptions such as the development of an elemental sulfur layer. As seen from the results, the extraction of Cu from CuS could be improved considerably, attaining an excellent leachability of 96.6% within 60 min through the use of mechanical treatment.




3.3. Kinetics of Copper Leaching for the Mechanically Activated CuS


To evaluate the effect of MA on the leaching process, a study of the leaching kinetics was conducted using the obtained leachability data, with results presented in Figure 4. All of the linear fitting in least square method were carried out by using the data analysis and graphing software (OriginPro 8, OriginLab Co., Northampton, MA, USA).



Acidic leaching of sulfide minerals can be represented by many reaction models. Of these models, the previously established shrinking-core model plays an important role in the fluid-solid system and has been applied in the study of leaching for various sulfides [34,35,36,37,38,39,40,41]. Therefore, the shrinking-core model was applied to describe the leaching kinetics for this experiment. The simplified equations of the shrinking-core model can be expressed as follows [41,42]:
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(2)
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(3)




where, α is the fraction of extracted Cu at time t and k is the apparent reaction rate constant. Equation (2) assumes that the controlling step is the chemical surface reaction, and Equation (3) assumes that the controlling step is the product layer diffusion.



In the literature, it is stated that the diffusion-controlled heterogeneous reactions (Equation (3)) are slightly dependent on temperature, while the chemically controlled processes (Equation (2)) are strongly dependent on temperature. In addition, the activation energy of a diffusion-controlled process is usually below 40 kJ/mol, while for a chemically controlled reaction, this value is usually greater than 40 kJ/mol [43,44,45,46,47,48]. To apply the reaction-controlling equation adequately for this study, the authors considered these two statements. As shown in Figure 4, the leachability increased significantly with an increase of leaching temperature for all samples. In addition, the apparent activation energies were substantially greater than 40 kJ/mol when they were calculated from Equation (3) on the basis of the leaching data. Therefore, the analysis of the leaching kinetics in this study was conducted using Equation (2).



Using the leaching results, plots of Equation (2) versus time are presented in Figure 5. For leaching of the as-received CuS at 50 °C, as presented in Figure 5a, the correlation coefficient, R2, calculated from the leaching data was below 0.9. An R2 value lower than 0.9 implies that the application of the surface-reaction controlled Equation (2) may be inadequate for analyzing the kinetics of leaching for the as-received CuS at 50 °C. The unsound coefficient may be caused by the extremely low leachabilities, which is an effect that has been reported in previous research [10,49]. Except for this condition, the leaching data were fitted well by Equation (2), with a coefficient between 0.9208 and 0.9627 for the as-received CuS, 0.9538 and 0.9858 for the CuS ground at 300 rpm and 0.9556 and 0.9968 for the CuS ground at 700 rpm. Therefore, these results suggested that the leaching of the CuS used in this research was controlled by the surface chemical reaction. The apparent rate constant, k, was calculated from the slopes of the straight lines in Figure 5 and was used for the Arrhenius plot shown in Figure 6. The activation energy was determined by the Arrhenius equation, Equation (4):
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(4)




where k is the rate constant (min−1), A is the frequency factor (min−1), Ea is the apparent activation energy (kJ/mol), R is the gas constant (8.314 J/K·mol) and T is the leaching temperature (K).


Figure 5. Plots of [1 − (1 − α)1/3] versus time at various leaching temperature for (a) the as-received CuS; (b) the CuS ground at 300 rpm for 15 min; and (c) the CuS ground at 700 rpm for 15 min.
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Figure 6. Arrhenius plots for the leaching of Cu from three different types of CuS.
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Plots of ln k versus 1/T were straight lines with correlation coefficients of 0.9407 and 0.9986 (Figure 6). The apparent activation energy (Ea) for the as-received CuS was evaluated at 71.5 kJ/mol. This value is similar to that obtained by Cheng (1991) [34], and by Dutrizac (1974) [50], and the activation energy decreases with MA treatment. The activation energy of copper leaching in the temperature range of 50 to 80 °C was calculated at 53.2 kJ/mol for the CuS ground at 300 rpm for 15 min and at 44.3 kJ/mol for the CuS ground at 700 rpm for 15 min. These results imply that the activation energy decreases in reverse proportion to the grinding speeds, which can be interpreted as the degree of mechanical activation. This decrease resulted in the improvement of leachability, and 96.6% of Cu could be extracted from CuS at 80 °C in only 60 min.





4. Conclusions


The mechanical activation effect on the leaching kinetics of copper sulfide (CuS) was studied and discussed by means of the copper leachability and the apparent activation energy. Mechanical activation increases Cu leachability and decreases the activation energy of the leaching reaction. The rate of leaching was enhanced significantly by mechanical activation treatment, and it enabled us to achieve 96.6% Cu leachability at 80 °C in only 60 min from the CuS ground for 15 min at 700 rpm. The kinetics data showed a good fit to the shrinking-core model, and the rate-controlling step was also identified as a surface reaction. The apparent activation energy (71.5 kJ/mol) of leaching from CuS in the range of 50 to 80 °C, decreased with an increase of the degree of mechanical activation, and it descended to 44.3 kJ/mol for Cu leaching from the CuS ground at 700 rpm for 15 min.
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