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Abstract

:

The wettability and floatability of oxidized chalcocite, bornite, and chalcopyrite with the conditions of sodium hydrosulfide (NaHS) dosages and pHs were studied by contact angle measurements, and single and mixture mineral flotation tests. To evaluate the results of the flotation, the flotation kinetic model for copper sulfide minerals treated by NaHS was derived. In this study, we focused on the activation and depression by NaHS, a well-known activator and depressant of copper minerals. The flotation results showed that there can be a threshold NaHS dosage to activate the mineral surfaces, as evidenced by the depression of the minerals and reduction of recoveries at higher dosages of NaHS. Chalcocite recoveries increased with an increase of NaHS dosage. Bornite recoveries tended to be depressed with a smaller amount of NaHS as pH increased. The recoveries of chalcopyrite increased as pH increased at an optimum NaHS dosage. Moreover, the flotation kinetic model that includes the surface properties and the reaction rate constant between the copper sulfide minerals and NaHS was derived. The trends of the flotation rate constants and mass fractions with NaHS dosages and pHs could quantitatively well-explain the flotation results.
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1. Introduction


Copper is a valuable metal and used in various products such as copper wire and electronic devices. Copper sulfide minerals are widely known as a major source of copper resources. Copper sulfide minerals are separated from other gangue minerals by a flotation method. Flotation utilizes the surface wettability property evaluated by a contact angle degree. Law and Zhao [1] demonstrated that the tangential angle at liquid-solid-air interface can quantitatively describe the wetting of a solid surface by a liquid. Contact angle, θ is defined by Young’s equation as follows [2]:


   γ  S V   =  γ  L V   cos θ +  γ  S L    



(1)




where    γ  S V     is the solid surface tension,    γ  L V     is the liquid surface tension,    γ  S L     is the liquid-solid interfacial tension. It can be understood that the greater the contact angle the greater is the adhesion force between the particle and bubble [3]. The slightly oxidized surface of copper sulfide mineral, chalcopyrite, is hydrophobic with contact angles around 70° because of produced sulfur-rich products ex. sulfur, metal-deficient sulfides, and polysulfides [4,5,6]. Therefore, the slightly oxidized copper sulfide mineral is easy to recover to the froth phase because of their hydrophobic surface property. As the oxidation progresses or surfaces are more strongly oxidized, however, surfaces become hydrophilic because surfaces are covered with oxides and/or hydroxides [4,7,8,9,10,11], and the contact angle becomes low [4]. Thus, it is difficult to recover because of their hydrophilic surface property.



To evaluate these minerals’ flotation results, flotation kinetic models are used. Various models have been investigated to evaluate the flotation kinetics as shown in following Table 1 [12,13,14,15,16,17].



In recent years, secondary sulfide ores (ex. chalcocite) have sometimes been associated with primary sulfide ores (ex. chalcopyrite and bornite), which have been the main ore of copper until now. Secondary sulfide ores and bornite are strongly affected by oxidation, such as on stockpiles and during the grinding process. An activator can be added to increase the recovery of low floatability minerals. Finkelstein [28] and Allison and O’Connor [29] reported the activation of various sulfides by copper ion. Activation of sphalerite by copper ions is widely known as a typical example of copper ion’s activation [30,31]. Moreover, Zhou and Chander [32] indicated that the sulfurizing agent, NaHS, can be used to activate a copper oxide mineral, malachite. By using a sulfurizing agent, an oxidized surface is sulfurized by the following reaction [33].


8CuO + 5S2− + 8H+ ⇄ 4Cu2S + SO42− + 4H2O



(2)






CuO + S2− + 2H+ ⇄ CuS + H2O



(3)







As a result, the hydrophobicity is increased and the adhesiveness with air bubbles is increased to improve the recovery. On the other hand, NaHS also works as a depressant for chalcopyrite in copper and molybdenum selective flotation [3,34,35].



In this study, we focused on the effect of NaHS as both activator and depressant for oxidized copper sulfide minerals and investigated the quantitative conditions of NaHS activation and depression. Pure mineral specimens of chalcocite, bornite, and chalcopyrite as typical primary and secondary sulfide ores were used for contact angle measurements and single mineral flotation tests. Mixture mineral flotation tests were conducted using Chilean copper ore sample that included chalcocite, bornite, and chalcopyrite. Both of the flotation tests were conditioned at several NaHS dosages and alkaline pHs. Moreover, based on the floatability component model and the surface properties of the copper sulfide minerals, the flotation kinetic model for activated and depressed copper sulfide minerals by NaHS was derived. The derived model was constructed with three components (which were based on copper sulfide minerals’ surface properties) and it included the reaction rate constant between the copper sulfide minerals and NaHS. The model was fitted to the flotation results and their results were discussed.




2. Materials and Methods


2.1. Materials


2.1.1. Preparation of Mineral Specimens for Contact Angle Measurements and Single Mineral Flotation Tests


Mineral specimens of chalcocite (Flambeau Mine, America), bornite (Leonard Mine, America), and chalcopyrite (Kosaka Mine, Japan) were used. The samples were characterized by X-ray fluorescence (Supermini 200, Rigaku Co., Ltd., Tokyo, Japan) (see Table 2).



Each mineral was cut to 1 cm3 for use in contact angle measurements. The minerals were embedded in an epoxy resin (Epofix, Struers, Tokyo, Japan). After solidification, the surface of each sample was polished with SiC #1200, #2000, and #4000 polishing papers, followed by 3 µm and 1/4 µm diamond pastes on MD Sat and MD Dur (Struers, Tokyo, Japan) fine polishing disks placed on a polishing machine (Laboforce-Mini, Struers, Tokyo, Japan).



The samples were ground using an agate mortar to less than 20 µm for use in single mineral flotation tests. To remove oxidized species from the surfaces, 2 g of the minerals were immersed in 20 mL of a 1 M HNO3 solution and sonicated (UT-205S, Sharp Co., Ltd., Osaka, Japan) for 1 min. The minerals were filtered and rinsed three times with pure water to remove nitrates. The samples were freeze-dried (FDU-1200, Tokyo Rikakikai Co., Ltd., Tokyo, Japan) over 12 h and prepared as fresh samples [36].



Before treatment with NaHS, the surfaces of the fresh samples were oxidized slightly in an oven (WFO-520, Tokyo Rikakikai Co., Ltd., Tokyo, Japan) at 90 °C for 12 h for use in contact angle measurements and for 96 h to conduct single mineral flotation tests.




2.1.2. Mixed Copper Sulfide Minerals Ore Sample for Mixture Mineral Flotation Tests


A Chilean copper ore sample that contained chalcocite, bornite, and chalcopyrite was used in the mixture mineral flotation tests. The mineral composition of the sample analyzed using a Mineral Liberation Analyser (MLA 650, FEI, Tokyo, Japan) is shown in Table 3 and Table 4. The copper grade of the sample was 1.0%, and the sample contained bornite, chalcopyrite, and chalcocite as copper sulfide minerals and calcite, orthoclase, albite, and quartz as gangue minerals. The sample was crushed using a jaw crusher (1032-B, Yoshida Seisakusho Co., Ltd., Tokyo, Japan) to −1.7 mm and divided into 480 g sub-samples. The divided samples were ground to P80 = 70 µm with a rod mill and ball mill (1140-A-S, Yoshida Seisakusho Co., Ltd., Tokyo, Japan) for the flotation tests [36].





2.2. NaHS Treatments Before Each Measurement and Test


2.2.1. Contact Angle Measurements


The block minerals in epofix resins were immersed in 100 mL NaHS solutions of varying concentrations of 1.0 × 10−9 M, 7.0 × 10−9 M, 1.0 × 10−8 M, 1.2 × 10−6 M, and 1.0 × 10−3 M at natural pHs for 10 min.




2.2.2. Single Mineral Flotation Tests


The surfaces of mineral specimens after oxidation treatment were treated with NaHS to sulfurize surfaces. The solution (100 mL pure water) was adjusted to pH 8, 9, or 10 using 1% NaOH. NaHS was added to the solution to several concentrations, and the pH was adjusted to the desired pH using 1% H2SO4. Thereafter, 1 g of oxidized pure sample was added to a solution, the pH was adjusted to the desired values, and the NaHS treatments were performed for 5 min [36].




2.2.3. Mixture Mineral Flotation Tests


In the conditioning stage, pulps after grinding by the rod mill and ball mill had a 37% pulp concentration in a 1-L Denver-type flotation cell (D-12 Denver, CO, USA). Pulps were agitated using an impeller at 900 rpm. The pH was controlled by Ca(OH)2 and H2SO4 to maintain the pH at 8, 9, or 10. Figure 1 shows that copper and iron existed in the form of oxides on the mineral surfaces at these pHs. After pH adjustment, NaHS dosages of 0 g/t, 50 g/t, 100 g/t, or 200 g/t was added to the cell, and the pH was readjusted to the desired value. Afterward, flotation reagents, the collector diisobutyl dithiophosphate (AERO 3477 promoter, Solvay S.A., Brussels, Belgium), and the frother, methyl isobutyl carbinol (MIBC), were added and conditioned for 5 min [36].





2.3. Contact Angle Measurement


Contact angles were measured following the steps conducted by [38]. After oxidation and NaHS treatments, the contact angles of the mineral surfaces were measured by the captive bubble method in a goniometer (OCA15EC, DataPhysics, San Jose, CA, USA). The air bubble volume was 7.0 µL. The air bubble was generated by a microsyringe and attached to each mineral surface. The contact angles of untreated, oxidized, and NaHS-treated mineral samples were measured at different five points on the mineral surfaces and the average values were reported in this paper.




2.4. Single Mineral Flotation Tests


The single mineral flotation tests were conducted using small column flotation cell to evaluate the floatability of each mineral specimen. The 1 g of the sample treated with NaHS at definite pH and NaHS concentration was added into the small column cell and flotation was conducted for 2 min with 0.3 L/min aeration. After the flotation test, recovered froth and tail samples were dried in an oven at 90 °C for more than 12 h, then their weights were measured and the recoveries were calculated.




2.5. Mixture Mineral Flotation Tests


A Denver-type flotation machine was used for the mixture mineral flotation tests. At impeller speed of 900 rpm, after NaHS treatment at definite pH and NaHS concentration and addition of collector and frother, the air was self-aerated at 1.6 L/min. The froth was recovered at 1, 3, 6, 18, 30, and 45 min and dried in an oven at 90 °C for more than 12 h. The dried froth and tail samples were analyzed by ICP-AES and MLA to obtain copper concentrations and recovery of each copper sulfide mineral.





3. Results and Discussion


3.1. Contact Angle Measurements


Figure 2 shows the results of contact angle measurements of chalcocite, bornite, and chalcopyrite. The contact angles of untreated chalcocite, bornite, and chalcopyrite were 58.4, 65.3, and 73.9 degrees, respectively. After oxidation treatment, the contact angle of each mineral decreased to 43.7, 58.1, and 63.2 degrees, respectively. The decrease in the contact angle after oxidation treatment indicates that untreated surfaces changed into hydrophilic, i.e., the floatability of these minerals decreased.



After oxidation treatments, NaHS treatments were conducted. At 1.0 × 10−9 and 7.0 × 10−9 M NaHS treatment to chalcocite, the contact angle of the surface turned from 43.7 degrees to 59.9 degrees. That is because NaHS activated the chalcocite surface. As the NaHS concentration was increased over 1.0 × 10−8 M, the effect of activation was not able to be confirmed. Moreover, when NaHS concentration was increased to 1.0 × 10−3 M, the contact angle drastically decreased and the surface of chalcocite became hydrophilic. This indicates that high concentration NaHS treatments have a depressive effect on chalcocite flotation. In the case of bornite, after 1.0 × 10−9 M NaHS treatment, the contact angle value of bornite did not almost change, which indicates that 1.0 × 10−9 M NaHS treatment did not alter the oxidized bornite surface. As the NaHS concentration was increased to 7.0 × 10−9 M, the contact angle of the bornite surface increased. The contact angle of the bornite decreased with increasing NaHS concentration similar to chalcocite. In the case of chalcopyrite, it was found that the contact angle trend was almost the same as bornite.



The results of each mineral’s contact angle measurements indicate that NaHS works differently depending on the concentration. Low concentrations of NaHS (i.e., 1.0 × 10−9 to 1.0 × 10−8 M) had the effect of activation on the oxidized surfaces of copper sulfide minerals, while high concentrations (i.e., over 1.0 × 10−8 M) contributed to the depression of minerals.




3.2. Single Mineral Flotation Tests with the Small Column Cell


According to Figure 3, flotation tests at several conditions of oxidation time were conducted to decide a condition of oxidation time. The results of chalcocite showed that the recoveries during 12 h to 72 h maintained high recovery, while the recovery suddenly decreased at an oxidation time of 96 h. The recoveries of bornite decreased gradually as oxidation time increased. Surprisingly, the recovery of chalcopyrite was less than 20% at 12 h and kept low recoveries at most of the conditions. The different trends of the minerals’ floatability after oxidation could contribute in the content ratio of iron. Chalcopyrite, which has a high iron content, was oxidized and its surface was covered with large amount of iron oxides. Dissolution of copper oxides and sulfates led to surface exposure of sulfides, but iron oxides remained on surfaces [36]. Therefore, it was considered that the floatability of chalcocite containing no iron was the highest, followed by bornite and chalcopyrite having the highest iron content. Based on Figure 3, the condition for more heavily oxidized copper sulfides, i.e., 96 h, was chosen for use in succeeding flotation tests to evaluate the activation and depression of minerals by NaHS.



Figure 4 shows the single mineral flotation results of chalcocite, bornite, and chalcopyrite. Compared to the recovery without NaHS (0 mol/g), the recoveries of chalcocite increased at NaHS dosage of 1.0 × 10−7 mol/g, regardless of pH. On the other hand, as the NaHS dosage further increased, the recoveries decreased sharply. The behaviors of bornite recoveries indicated the dependence on pH. Without NaHS treatment, the recovery at pH 8 was the highest value in all pHs. After NaHS treatments, the recoveries increased within NaHS dosage of 1.0 × 10−7 to 1.0 × 10−6 M, and the result at pH 8 showed the highest recovery. Then the recoveries decreased as NaHS dosage increased. The flotation results of chalcopyrite showed that the floatability was completely low at any condition of NaHS dosage and pH. The floatability of chalcocite increased by the addition of a small amount of NaHS because of activation by NaHS, because oxidized copper species produced on the chalcocite surface were reacted with NaHS, and their species changed into copper sulfides [36]. Bornite recoveries also increased at any pH condition by a small dosage of NaHS. Moreover, the effect of pH was confirmed, and it was found that the floatability at low pH (pH 8) was higher than the high pH condition. This can be because of complex ion, Fe(HS)20 [36]. Iron oxidized species were dissolved into solutions as Fe(HS)20 by NaHS addition, and it was stable at a low pH. Therefore, floatability of bornite was high at low pH compare than the condition at high pH. A heavily oxidized chalcopyrite did not have the effect of activation by NaHS, because chalcopyrite surface after oxidation could be covered with large amount of iron oxides and/or hydroxides.




3.3. Mixture Mineral Flotation Tests


Figure 5a shows that the recoveries of chalcocite increased as pH increased and as the amount of NaHS dosage increased. At NaHS dosage of 200 g/t, the chalcocite recovery was more depressed by NaHS at the initial stage of the flotation as shown in Figure 6. Figure 5b suggested that the bornite was activated at low pH and its recovery increased. On the other hand, as pH increased, the bornite was activated only by a small amount addition of NaHS and tended to be depressed even with a relatively small amount of NaHS. In Figure 7, the depression of bornite occurred at NaHS dosage of 200 g/t. The results of chalcopyrite in Figure 5c indicated that chalcopyrite was activated and its recovery increased at high pH and an optimum NaHS dosage. Figure 8 shows that the initial stage of chalcopyrite recoveries decreased at NaHS dosage of 200 g/t by the depression effect of NaHS. Therefore, it was considered that the pH and the NaHS dosage had significant influences on the activation and depression of each mineral. Compared with the results of single mineral flotation tests, the recoveries of the single mineral flotation tests were lower than that of mixture mineral flotation tests, because of the difference in the progress of oxidation. However, it was considered that the trends of activation and depression by NaHS and effect of pH were same between single and mixture mineral tests. The summarized diagrams are shown in Table 5.



It was considered that the three minerals had in common trends of positive correlation between the activation and the NaHS dosage. One explanation is that the more the NaHS dosages there were, the more amount of copper oxides changed into copper sulfides, and the surfaces became more hydrophobic. On the other hand, there can be a threshold NaHS dosage to activate the mineral surfaces, as evidenced by the depression of the minerals and reduction of their recoveries after an observed increasing recovery with NaHS dosage. In terms of depression, the minerals had in common trends of a positive correlation between the depression and the pH and a positive correlation between the depression and the NaHS dosage. HS− ion could be more stable at higher pH and larger NaHS dosage in a solution. Remaining larger amounts of HS− ion contributed to the depression of minerals by adsorbing to the mineral surfaces [39]. The excess HS− ion after a reaction with the mineral surfaces, which contributed to the depression, is released to the atmosphere with time by the influence of air oxidation, thus the effect of depression was gradually weaker with time. Figure 9 shows the final copper recoveries at any condition of pH and NaHS dosage. The copper recoveries of the sample reflected the mineral compositions of chalcocite, bornite, and chalcopyrite. The sample was rich in bornite and chalcopyrite. Bornite recoveries increased with an optimum NaHS dosage at each pH, and chalcopyrite recoveries increased with a small amount of NaHS dosage at higher pH. Therefore, the copper recoveries increased with NaHS dosage of 50 g/t at pH 10.




3.4. Derivation of Flotation Kinetic Model


In a flotation cell, the rate of disappearance of particle mass (−dW/dt) is proportional to the particle mass in a cell (W), by the following equation [3]:


  −   d W   d t   = k W  



(4)




where k is the flotation rate constant. The first-order model [11] is given by integrating from time 0 to t when mass in the cell decreases from W0 (initial particle mass) to W [3]:


  −   ∫   W 0   W     d W  W  = k   ∫ 0 t   d t  



(5)






   ln  W   W 0    = − k t    



(6)






  W =  W 0  e x p  (  − k t  )   



(7)







Equation (7) is rearranged by recovery, where R = (W0 – W)/W0 (R on a fractional basis) gives [3]:


  R = 1 − e x p  (  − k t  )   



(8)







In this experimental system, NaHS was added to modify the surface properties of the minerals. To derive the flotation kinetic model, it was necessary to consider the rate of NaHS decreasing from the flotation system when NaHS reacted with the minerals. Therefore, the rate of NaHS decreasing, which decreased by the reaction with minerals, was substituted into k in Equation (4):


  k = K  [  1 − A ∗ e x p  (  − B ∗ t  )   ]   



(9)




where K is the flotation rate constant, A is defined as the concentration of NaHS times 103, B is the reaction rate constant between the surfaces and NaHS. The calcurated A and B were shown in Supplementary Tables S1 to S3. The surface properties of the copper sulfide minerals reacted with NaHS were analyzed by [36], and the results of surface analyses by X-ray photoelectron spectroscopy showed that fresh copper sulfide minerals, copper sulfides produced by NaHS, and copper and iron oxides and hydroxides precipitates were generated after NaHS treatments. Therefore, the surface properties were focused on, and the three surfaces: (1) the fresh surfaces, (2) the surfaces activated by NaHS, and (3) oxides and/or hydroxides surfaces, were defined as floatability components. These considerations had been reflected in the following models:


  −   d W   d t   =   ∑  i = 1  3    K i   [  1 − A ∗ e x p  (  − B ∗ t  )   ]  ∗ W  



(10)






   R =   ∑  i = 1  3    φ i  ∗  R i     



(11)






    ∑  i = 1  3    φ i  = 1    



(12)




where Ki are the flotation rate constants of the three components, Ri are the flotation recovery rates of the three components, φi are the mass fraction of each component. When i = 3, A and B are defined as 0, because oxides and hydroxide were produced by alkalinity of a solution. The equations were fitted to each mineral’s results of batch flotation tests, and each flotation rate constant of chalcocite, bornite, and chalcopyrite is shown in Figure 10, Figure 11, Figure 12, respectively.



Figure 10(a1,a2) suggested that fresh surface (Cu2S) dominated the floatability of chalcocite. φ2 had a peak at each pH, and the NaHS activation was significantly influenced at pH 8. The correlation trends of all Figure 10(a3) K3 were very low values for all minerals because the floatability of oxides and/or hydroxides was significantly low. Figure 10(b3) shows that φ3 gradually decreased as NaHS dosage increased. This trend suggested that the oxidized surface changed into sulfides by NaHS dosage. Figure 11b shows that φ1 gradually decreased as NaHS dosage increased, while φ2 increased as NaHS dosage increased. This can be because of the activation of the bornite surface by NaHS. Figure 11(a2) indicated that K2 increased from NaHS dosage of 0 g/t to 100 g/t, and at higher dosage decreased at pH 8 but increased at pH 9 and 10. Figure 11(b2) shows that φ2 at pH 8 especially increased with the increase of NaHS dosage 0 g/t to 200 g/t. The amount of activated surface was increased by the increase of NaHS dosage and this explains the trend. Figure 11(b3) shows that φ3 at pH 8 drastically decreased from NaHS dosage of 0 g/t to 100 g/t while it decreased from 0 g/t to 50 g/t at pH 9 and 10. Then, φ3 at pH 8 increased from 100 g/t to 200 g/t whereas at pH 9 and 10 increased from 50 g/t to 200 g/t. This is because the oxidized surface was sulfurized by NaHS until NaHS dosage reached an optimum value, and oxides and/or hydroxides might have increased on the surface after reaching the optimum NaHS dosage. Figure 12(a2,b2) show that chalcopyrite K2 increased with the increase of pH, and φ2 had the highest point depending on pH. This point of φ2 with NaHS dosage of 50 g/t at pH 10 was the highest followed by pH 9 and 8. Figure 12(b3) indicated that φ3 at each pH decreased with NaHS dosage of 50 g/t, and increased as NaHS dosage increased. These trends were similar to the chalcopyrite results of copper ore flotation tests.





4. Conclusions


The surface wettability and floatability of chalcocite, bornite, and chalcopyrite affected by NaHS dosage and pH were investigated. The results of the contact angle measurement showed that NaHS works differently depending on the concentration. The NaHS activation was observed at low concentrations of NaHS, while the depression of each mineral occurred at high concentrations. The floatability of chalcocite was affected by NaHS dosage, and the recoveries increased with the increase of NaHS dosage. The bornite floatability at lower pH was the highest compared to high pHs, and bornite recoveries tended to be depressed with a smaller amount of NaHS as pH increased. The recoveries of chalcopyrite increased as pH increased at an optimum NaHS dosage. Moreover, it was suggested that there can be a threshold NaHS dosage to activate the surface, as evidenced by the depression of the minerals and reduction of recoveries at higher dosages of NaHS. The well-fitted flotation kinetic model to the results of the mixture mineral flotation tests based on the floatability component model and the surface properties of the minerals was generated. The trends of the flotation rate constants and mass fractions with NaHS dosages and pHs could be similar trends with the flotation results. Therefore, considering the surface properties of the copper sulfide minerals affected by NaHS and the reaction rate between NaHS and the minerals, the model which could produce the behavior of activation and depression was created successfully.
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Figure 1. pH-Eh diagram for the Cu–Fe–S–H2O system with the preponderant copper and iron species shown in each domain [37]. 
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Figure 2. The results of contact angle measurements on untreated, oxidized, and NaHS-treated chalcocite, bornite, and chalcopyrite at several NaHS concentrations. 
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Figure 3. The flotation recoveries of chalcocite, bornite, and chalcopyrite after oxidation treatments at 0, 12, 24, 48, 72, 96 h at pH 9. 
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Figure 4. The recoveries of the minerals versus several NaHS dosages for (a) chalcocite, (b) bornite, and (c) chalcopyrite at pH 8, 9, and 10 with the small column cell (NaHS 0 M means only oxidation treatment was conducted.). 
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Figure 5. Final recoveries of (a) chalcocite, (b) bornite, and (c) chalcopyrite without NaHS and with NaHS dosages of 50 g/t, 100 g/t, and 200 g/t at pH 8, 9, and 10. 
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Figure 6. Chalcocite recoveries without NaHS and with NaHS dosages of 50 g/t, 100 g/t, and 200 g/t at (a) pH 8, (b) pH 9, and (c) pH 10. 
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Figure 7. Bornite recoveries without NaHS and with NaHS dosages of 50 g/t, 100 g/t, and 200 g/t at (a) pH 8, (b) pH 9, and (c) pH 10. 
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Figure 8. Chalcopyrite recoveries without NaHS and with NaHS dosages of 50 g/t, 100 g/t, and 200 g/t at (a) pH 8, (b) pH 9, and (c) pH 10. 
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Figure 9. Final copper recoveries without NaHS and with NaHS dosages of 50 g/t, 100 g/t, and 200 g/t at pH 8, 9, and 10. 
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Figure 10. The chalcocite results of (a) flotation rate constants, (1) K1, (2) K2, (3) K3, and (b) mass fraction, (1) φ1, (2) φ2, (3) φ3, without NaHS and with NaHS dosages of 50 g/t, 100 g/t, and 200 g/t at pH 8, 9, and 10. 






Figure 10. The chalcocite results of (a) flotation rate constants, (1) K1, (2) K2, (3) K3, and (b) mass fraction, (1) φ1, (2) φ2, (3) φ3, without NaHS and with NaHS dosages of 50 g/t, 100 g/t, and 200 g/t at pH 8, 9, and 10.



[image: Minerals 10 01027 g010]







[image: Minerals 10 01027 g011 550] 





Figure 11. The bornite results of (a) flotation rate constants, (1) K1, (2) K2, (3) K3, and (b) mass fraction, (1) φ1, (2) φ2, (3) φ3, without NaHS and with NaHS dosages of 50 g/t, 100 g/t, and 200 g/t at pH 8, 9, and 10. 
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Figure 12. The chalcopyrite results of (a) flotation rate constants, (1) K1, (2) K2, (3) K3, and (b) mass fraction, (1) φ1, (2) φ2, (3) φ3, without NaHS and with NaHS dosages of 50 g/t, 100 g/t, and 200 g/t at pH 8, 9, and 10. 
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Table 1. Seven kinds of flotation kinetic models (adapted from [18]).
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	Name of the Model
	Formula





	Classical first-order model [19]
	   R = 1 − e x p  (  −  k 1  t  )    



	First-order model with rectangular distribution of floatability [20,21]
	   R = 1 −  1   k 2  t    [  1 − e x p  (  −  k 2  t  )   ]    



	Floatability component model [22,23]
	   R =  φ f   [  1 − e x p  (  −  k f  t  )   ]  +  (  1 −  φ f   )   [  1 − e x p  (  −  k s  t  )   ]    



	Fully mixed reactor model [24]
	   R = 1 −  1  1 + t /  k 3      



	Improved gas and solid adsorption model [25]
	   R =    k 4  t   1 +  k 4  t     



	Second-order model with rectangular distribution of floatability [26,27]
	   R = 1 −  1   k 6  t    [  l n  (  1 +  k 6  t  )   ]    







R = recovery; k1, 2, 3, 4, 5, 6 = rate constant; kf = fast floating rate constant; ks = slow floating rate constant; φf = fast floating mass fraction.
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Table 2. Chemical composition of chalcocite, bornite, and chalcopyrite samples.
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Element

	
Cu

	
Fe

	
S

	
Si

	
As

	
Ag

	
Pb




	
(Mass%)






	
Chalcocite, Cu2S

	
83.9

	
1.64

	
14.3

	
0.04

	
0.03

	
-

	
-




	
Bornite, Cu5FeS4

	
71.5

	
8.78

	
19.3

	
0.12

	
-

	
0.19

	
-




	
Chalcopyrite, CuFeS2

	
38.2

	
31.6

	
28.4

	
0.05

	
-

	
-

	
1.64
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Table 3. Mineral composition of the Chilean copper ore sample.
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	Minerals
	Content Ratio (Mass %)





	Calcite
	69.3



	Orthoclase
	11.2



	Albite
	6.4



	Quartz
	5.7



	Copper sulfides
	2.0



	Others
	5.4
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Table 4. Distribution of bornite, chalcopyrite, and chalcocite in the copper sulfides of the sample.
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	Copper-Sulfide Minerals
	Content Ratio (Mass %)





	Bornite
	53.9



	Chalcopyrite
	27.7



	Chalcocite
	18.4
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Table 5. The relationship between the minerals and the conditions of pH and NaHS dosage. “+” means positive correlation, “−” means negative correlation.
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Minerals

	
pH

	
NaHS






	
Chalcocite

	
Activation

	
+

	
+




	
Depression

	
+

	
+




	
Bornite

	
Activation

	
−

	
+




	
Depression

	
+

	
+




	
Chalcopyrite

	
Activation

	
+

	
+




	
Depression

	
+

	
+
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