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Abstract

:

Intimate knowledge of the mineralogical assembly of the Yushui complex ore rich in Cu, Pb, and Ag is essential if efficient separation processing is to be conducted. With the aid of testing instruments, such as scanning electron microscope (SEM), X-ray diffractometer (XRD), and mineral liberation analyzer (MLA) combined with energy-dispersive X-ray analysis (EDX), the texture, such as the size distribution, dissemination, and association of the minerals, was investigated. The results demonstrate that the ore consists of 35 categories of minerals, assaying Cu 7.99%, Pb 9.39%, and Zn 1.96% in the forms of chalcopyrite, galena, and sphalerite, respectively, and silver assaying 157.9 g/t is closely associated with these sulfides; sulfides are present in amounts of 80.31% of the total, traditional gangues only 19.69%, and pyrite as a Cu-Pb-Zn-Ag carrier mineral up to 44.80%. According to the characteristics of the ore, the innovative process of flash copper flotation in weak acidic pulp and lead flotation, followed by further copper recovery, was developed. The closed-circuit test shows that copper concentrate assays Cu 16.33%, Pb 7.98%, Ag 242 g/t at Cu recovery of 86.67%; lead concentrate contains Pb 46.23%, Cu 3.75%, Ag 165 g/t at Pb recovery of 56.84%; total recovery of silver in both concentrates is 75.57%.
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1. Introduction


Pyrite in complex metallic ore is a widely distributed sulfide on earth, commonly associated with copper, lead, and zinc sulfides, as well as gold and silver [1,2]. The production of separate concentrates from ores containing economic amounts of copper, lead, and zinc is complicated [3], especially for ores with high pyrite content [4,5,6,7]. Due to copper, lead, and zinc, valuable sulfide minerals are closely intergrown with the carrier mineral (pyrite), and pyrite has a similar flotability to these valuable minerals, so it is very difficult to separate them from each other [8,9,10]. Therefore, the complex sulfide ore with high sulfur content is also called “easy-to-float” and “difficult-to-separate” ore. So far, the effective separation of the complex polymetallic sulfide ore has been one of the hot research topics for mineral processors in the world [11,12,13,14].



Yushui Cu-Pb-Zn sulphide ore is a rare polymetallic ore with extremely high sulfur and high contained metals such as copper, lead, and silver within the ore, which is of high economic value in utilization [15]. The separation performance of the flotation in arithmetic average from 2016 to 2018 is as follows: the ore assays Cu 9.05% and Pb 11.11%, and the copper concentrate contains Cu 11.47% and Pb 15.42% at the copper recovery of 85.40%; the lead concentrate contains Pb 50.94% and Cu 6.64% at the lead recovery of 33.91%. The copper concentrate assays a high lead content and low recovery; in particular, the poor quality of both concentrates makes the ore difficult to be effectively utilized. In the past years, several research institutes in China have conducted numerous laboratory flotation tests to separate these valuable minerals from each other; however, the satisfactory separation performance of copper and lead in the ore was not achieved in the end, and copper and lead in the separate concentrates both contained with low grade and recovery could not meet the need of smelters.



In general, iron sulfides pyrite (FeS2) and pyrrhotine (Fe1-XS) are often associated with galena (PbS), chalcopyrite (CuFeS2), and sphalerite (ZnS) in complex sulphide ores. Pyrite as the main carrier mineral of copper, lead, and zinc, instead of traditional gangue minerals, impairs flotation separation because the iron sulfide minerals can easily float or be depressed with valuable minerals, resulting in poor quality of concentrates. Therefore, it becomes more and more important to the efficient and rapid removal of these minerals while they get adequately liberated [16,17]. In order to find some solutions for the separation of these valuable minerals, it is necessary to understand not only the nature of the valuable and gangue minerals but also the ore’s “texture” [18]. Therefore, it is necessary to investigate the mineralogy of the complex ore by all means, such as SEM [19,20,21,22,23], XRF [5,19,21,22,23,24], XRD [5,19,20,23,24], MLA [21,23,24,25,26], XPS [22,23,27] et al., which gives technical references for processing the ore in further tests and production.



The flotation separation of common copper-lead ore includes copper depression and lead flotation, or lead depression and copper flotation. The former often uses cyanide to depress chalcopyrite, pyrite, and sphalerite; the latter uses dichromate to depress galena, and also has depression effect on pyrite [28,29]. However, the above depressants used in these two methods are of harmful reagents, therefore, it is particularly important to find non-toxic and green depressants for the copper–lead separation process [30,31,32].



The appropriate dosage of depressant can maximize the depression effect and reduce the influence of the depressed mineral on other minerals. In addition, the pH value of the pulp will affect the flotability of the minerals in the pulp, and then affect the flotation separation process [33,34]. The choice and dosage of depressants and pH value in flotation are critical not only for the bulk flotation but also for the subsequential separation, as well as the preferential flotation. According to the process mineralogy characteristics of the ore, Cu-Pb-Zn bulk flotation, partial Cu-Pb bulk flotation, and preferential flotation tests were conducted. The results of the preliminary tests demonstrated that the Cu-Pb-Zn bulk flotation and partial Cu-Pb bulk flotation, followed by separation deal with a complex process flowsheet and reagent scheme, were difficult to realize the purposes of “discarding gangue minerals as soon as possible” as well as the Cu-Pb-Zn separation, due to good flotability of pyrite. For preferential flotation, concentrate quality in the flotation of copper first is much better than that of lead flotation first, which needs a shorter conditioning time and helps to recover copper minerals rapidly, i.e., realizing copper recovery as soon as possible and reducing the separation effects on the coming lead recovery, where copper minerals need to be depressed.



This study develops an advanced flotation technology that uses the copper-lead sulphide separation in a weak acidic condition by using sulfuric acid to adjust to pH = 6, sodium sulfite, and zinc sulphate as a combined depressant of PbS, ZnS and FeS2, and O-isopropyl-N-ethyl thionocarbamate (Z-200) and ammonium dibutyl dithiophosphate (ADD) as a combined collector for flash copper flotation, and its tailings for lead separation, followed by further copper recovery. Finally, the marketable end products such as the separate copper and lead concentrates are expected to be produced.




2. Materials and Methods


2.1. Mineralogical Study


Representative ore samples of about 800 kg at −100 mm were taken by the owner (Yushui Copper Mine, Meizhou, China) and provided to the State Key Laboratory of Complex Nonferrous Metal Resources Clean Utilization of Kunming University of Science and Technology. The bulk ore used for the mineralogical investigation was taken out from the above sample, and polished sections were prepared and examined using the optical and scanning electron microscope (SEM, FEI quanta-650, Portland, OR, USA). The rest of the sample was crushed, mixed, and homogenized to produce around 400 kg of −2 mm sample for flotation tests, from which the samples were taken for mineral composition, chemical analysis, and phase analysis. The ground sample at −0.074 mm 70% was used for preparing resin samples by secondary mosaic, followed by mineral liberation analysis (MLA, FEI quanta-650, Portland, OR, USA). Mineral liberation analysis results were obtained by the analysis and statistics of 179,335 mineral particles in the ore.




2.2. Flotation and Reagents


The ore sample was finely ground by the laboratory grinding mill (XMQ Φ 240 mm × 90 mm Wuhan Exploring Machinery Plant, Wuhan, China), and the slurry concentration was kept at 65%. Then, the XFD series laboratory flotation cells (volumes in 1.5 L, 1.0 L, and 0.5 L, Jilin Exploring Machinery Plant, Jilin, China) were used according to different purposes. For roughing, scavenging, and cleaning operations, the pulp concentrations were at the solid content of 25%–45%. The specific flotation reagents were added to the cell and stirred for a few minutes before tests were conducted.



Sulfuric acid and lime were used as pH regulator for the flash flotation of copper, lead flotation, and further copper recovery, respectively; sodium sulfate and zinc sulfate were used as the combined depressants for galena, and ammonium dibutyl dithiophosphate (ADD) and O-isopropyl-N-ethyl thionocarbamate (Z-200) as combination collectors of the flash flotation. Sodium thioglycolate and diethyldithiocarbamate (DDTC) were used as the depressant and collector for subsequent selective lead flotation, and butyl xanthate (SBX) was used as the collector for the further copper recovery. In the whole process, terpilenol was used as the frother. All above reagents (from Tiefeng Mineral Processing Reagent Co., Ltd., Kunming, China) were chemically pure and were diluted in water to a concentration of 1–5% before the flotation tests were carried out.





3. Results and Discussion


3.1. Composition, Content and Disseminated Particle Size


Figure 1 shows the XRD results of ore samples. The main metal minerals in the ore include pyrite, chalcopyrite, galena and sphalerite, while the transparent minerals mainly include quartz, siderite, dolomite and calcite.



Main chemical composition of the ore is Cu 7.99%, Pb 9.39%, Zn 1.96%, Fe 32.93%, Ag 157.9 g/t, S 33.68%, SiO2 7.44%, CaO 4.11%, Sb 0.021%, MgO 0.93%, Al2O3 0.57% and K2O 0.13%. Using the polarizing microscope, SEM, XRD, EDX and MLA, it was determined that there are 35 categories of minerals such as sulfide, oxide, carbonate, silicate, and phosphate in the ore accounting for 80.31%, 9.70%, 7.89%, 1.78% and, 0.32%, respectively. Mineral composition and disseminated particle size are presented in Table 1.



It can be observed from Table 1 that valuable minerals in the ore promising to be recovered are chalcopyrite, bornite, galena, sphalerite, as well as the associated silver; main gangue minerals are quartz, siderite, dolomite, etc. The disseminated particle sizes of the valuable minerals change a lot from minimum 1 micron to maximum 5000 microns, as does the gangue mineral.




3.2. Occurence of Valuable Minerals


Copper occurs mainly in the forms of chalcopyrite and bornite, accounting for 17.70% and 2.5% of the total minerals, respectively.



Chalcopyrite. Allotriomorphic granules are shown in pyrite, galena and bornite. Chalcopyrite precipitates along with fractures in pyrite (Figure 2A) or is replaced by pyrite, or included in pyrite, galena, sphalerite, bornite, pyrrhotite, etc. (Figure 2B), or intergrown with each other (Figure 2C). “Clean” liberation of chalcopyrite is quite difficult for the chain-like distribution practices with a surface coating of pyrite, which can be effectively recovered into a bulk concentrate by froth flotation. Separate “clean” concentrates of copper, lead and zinc is difficult to produce, and contamination of the concentrates with other metals is likely to happen [3]. The grain size of chalcopyrite generally ranges from 0.001 mm to 2.0 mm.



Bornite. Allotriomorphic granules. The pyrite grains are replaced by bornite, and the fragments are presented in subspherical, preserving the outlines of the pyrite grains about 0.005–3.5 mm. Bornite in a small amount is associated with chalcocite, betekhtinite stromeyerite and pyrite (Figure 3A).



Lead and zinc in the forms of galena and sphalerite, respectively, occupy a distribution rate of over 95%.



Galena. Allotriomorphic granules. Galena with a grain size ranging from 0.005 mm to 4.0 mm is enclosed in chalcopyrite, tennantite, sphalerite, bornite, pyrite, pyrrhotite, etc. (Figure 4A). Galena grains are often intergrown with pyrite, chalcopyrite, sphalerite, bornite, tennantite, etc., or fills pyrite fissures with chalcopyrite.



Sphalerite. Allotriomorphic granule sphalerite is usually associated with chalcopyrite and galena or distributed in some transparent minerals (Figure 5A). Sphalerite grains from 0.005 mm to 2.2 mm are finely disseminated and dotted in chalcopyrite.



Silver minerals. The majority of the silver mineral occurs in stromeyrite with a grain size of 0.001 mm–0.2 mm. Stromeyrite is allotriomorphically granular, intergrown with chalcocite and included in bornite (Figure 6A) or disseminated in chalcocite and bornite in vein-like and foliated forms.




3.3. Occurrence of Other Minerals


Pyrite. Hemihedral-allotriomorphic granular aggregates are present in fragmented forms, and the fractures are filled with chalcopyrite and galena; in some cases, the pyrite grains are intergrown with chalcopyrite and bornite, preserving the grain outlines of the pyrite, or in separated island-shape form. The pyrite grain sizes are generally from 0.001 mm to 1.6 mm.



Sulfur occurs mainly in pyrite with a distribution rate of 71.08%, while the distribution rates of sulfur in chalcopyrite, galena, and sphalerite are 18.35%, 4.31%, and 2.73%, respectively. The content of pyrite is as high as 44.80% with little pyrrhotite and both account for 45.90% of the total mineral content.



Compared with common Cu-Pb-Zn sulfide ores, a large amount of pyrite as the Cu-Pb-Zn carrier mineral instead of gangue is the main feature of the ore, where the traditional gangue accounts for only 19.69%. Since the flotability of pyrite is similar to that of chalcopyrite, galena, and sphalerite, the separation of copper, lead and zinc sulfides will surely be a greater challenge not only from the traditional gangue minerals but also from the carrier mineral (pyrite) in the flotation process.



Gangue minerals. The main gangue minerals are quartz and siderite with a small amount of 6.25% and 6.80%, respectively, followed by dolomite and ankerite, totaling 2.8%. The optical microscopic images show that the quartz exists in allotriomorphic granular and is distributed in the ore in the form of fragments. The recrystallized muscovite is distributed in the quartz fragments (Figure 7A) with a particle size ranging from 0.004 mm to 5.5 mm. The siderite is an allotriomorphic granule infiltrated by ferruginous clay, and some malachite is occasionally present in the uninfiltrated siderite (Figure 7B). Occasionally, the aggregates of microcrystalline siderite, metallic minerals, and kaolinite are intergrown in vein-like form (Figure 7C), at the size ranging from 0.004 mm to 0.8 mm.



In summary, the Cu-Pb-Zn valuable minerals are closely associated with pyrite, mostly in allotriomorphic granular structures and the texture of the ore is complex in multiple patterns, such as vein-like, plate-like network, angular, fine crystalline, fragment, metasomatism, residual, solid solution and and inclusion ways. The pyrite particles are in fine grain sizes, and the other valuable minerals are in coarse grain sizes. Compared with that of copper, lead, and zinc minerals, the grain size of pyrite is only one-half of them. Even if these valuable minerals get completely liberated at a certain grinding fineness, due to the intergrowth relationships among pyrite and valuable minerals, a large number of “locked” particles (middling) promises to be produced during the grinding process, affecting the separation of valuable minerals from each other.




3.4. Development of Innovative Flash Flotation Separation Technology


The process mineralogy of Yushui polymetallic ore was studied. It is found that a large number of pyrite and valuable minerals are associated with each other. Generally, the grain size of pyrite is smaller than that of valuable minerals. Preliminary tests found that copper minerals with good flotability are preferred to float within a few minutes while few chalcopyrites with poor flotability need a longer time to float, so the flash copper flotation process was put forward. The flash copper flotation process can make full use of the characteristics of the liberation and the flotability differences between the minerals, and realizes the preferential flotation of most of the copper minerals with good flotability, which greatly reduces the subsequent difficulty in lead separation. Therefore, flash flotation was introduced to effectively recover copper as soon as possible, followed by lead recovery in differential flotation.



In flash copper flotation, the following conditions (grinding fineness −0.074 mm 80%, H2SO4 3000 g/t, Na2SO3 + ZnSO4 3000 + 2000 g/t, ADD + Z-200 10 + 40 g/t, terpilenol 10 g/t) are fixed and the flotation time was set at 2 min 4 min and 6 min to produce rough copper concentrates of 1, 2 and 3, respectively. The flash flotation time of the copper recovery were shown in Table 2.



It can be seen from Table 2, that the yield of the concentrate 1 within 2 min is 25.67%, the copper assays are as high as 18.49% with only Pb 5.05% at the copper recovery of 59.08%, which indicates most of the copper minerals with good flotability are recovered; however, the Cu grade in the concentrate 2 obtained in the 2nd two minutes does not change too much, but the lead content increased obviously, containing Pb 8.42% at the Cu recovery of 15.07% only, indicating that a small amount of galena began to float. The grade of copper in the concentrate 3 decreases rapidly and the grade of lead increases sharply, asdoes the recovery of copper and lead. In summary, the optimum time of the copper flotation is set at 4 min, and therefore an innovative flash flotation was put forward. In this case, a qualified copper concentrate containing Cu 18.31% and Pb 5.77% can be obtained, with the copper recovery as high as 74.15%.



The influence of flotation reagent dosage on the flotation performance is shown in Figure 8. The following conditions (grinding fineness −0.074 mm 80%, flash flotation: Na2SO3 + ZnSO4 3000 + 2000 g/t, ADD + Z-200 10 + 40 g/t, terpilenol 10 g/t; lead flotation: CaO 2000 g/t, sodium thioglycolate 250 g/t, DDTC 250 g/t, terpilenol 10 g/t) are fixed. It can be observed from Figure 8A that the separation performance of copper and lead in natural pH medium is better than that in an alkaline medium, while the separation effect of copper and lead in the acidic condition is better than that in the natural pH medium. With the decrease in pH, Cu content decreases too, but Pb content and Cu recovery go up gradually as Pb recovery decreases. The most suitable of pulp pH is at 6.



The effect of the dosage of the combination depressant Na2SO3 + ZnSO4 is shown in Figure 8B. The following conditions (grinding fineness −0.074 mm 80%, flash flotation: pH = 6, ADD + Z-200 10 + 40 g/t, terpilenol 10 g/t; lead flotation: CaO 2000 g/t, sodium thioglycolate 250 g/t, DDTC 250 g/t, terpilenol 10 g/t) are fixed. As can be observed from the figure, the different dosage of the combined depressant has a significant impact on the separation of copper and lead, especially when the dosage of Na2SO3 + ZnSO4 is 3000 + 2000 g/t, and better flotation performances of copper and lead can be obtained.



Z-200, a copper selective collector, and ADD, a weak selective collector for pyrite, were used to study the synergistic effect of their combined use. The following conditions (grinding fineness −0.074 mm 80%, flash flotation: pH = 6, Na2SO3 + ZnSO4 3000 + 2000 g/t, ADD 10g/t, terpilenol 10 g/t; lead flotation: CaO 2000 g/t, sodium thioglycolate 250 g/t, DDTC 250 g/t, terpilenol 10 g/t) are fixed. The results are presented in Figure 8C. It can be observed from the figure that the copper grade decreases and its recovery increases as the dosage of Z-200 go up gradually. It is noteworthy that when the dosage is at 40 g/t and 50 g/t, the recovery does not change too much. Considering all aspects, the optimum dosage of Z-200 is at 40 g/t.



Using lime as a regulator for lead flotation, the lime can effectively depress pyrite in ore. The following conditions (grinding fineness −0.074 mm 80%, flash flotation: pH = 6, Na2SO3 + ZnSO4 3000 + 2000 g/t, ADD + Z-200 10 + 40 g/t, terpilenol 10 g/t; lead flotation: sodium thioglycolate 250 g/t, DDTC 250 g/t, terpilenol 10 g/t) are kept constant. The test results of lime dosage are shown in Figure 8D. As the lime dosage increases, the grade of rough lead concentrate gradually increases too, but its recovery decreases gradually. When the lime dosage is 2000 g/t, the recovery of lead reaches its peak. Increasing the lime dosage, the lead grade of the concentrate is still increasing, but the recovery begins to fall. Therefore, the optimum lime dosage of 2000 g/t was determined.



In the process of Cu depression during the Pb flotation, the sodium thioglycolate, an environmental-friendly organic substance, is used as a selective depressant of copper minerals and pyrite at a low dosage. The following conditions (grinding fineness −0.074 mm 80%, flash flotation: pH = 6, Na2SO3 + ZnSO4 3000 + 2000 g/t, ADD + Z-200 10 + 40 g/t, terpilenol 10 g/t; lead flotation: CaO 2000 g/t, DDTC 250 g/t, terpilenol 10 g/t) are fixed. The results of the sodium thioglycolate dosage test are shown in Figure 8E. With the increase in the sodium thioglycolate dosage, the grade of rough lead concentrate gradually improves and the recovery decreases gradually. Considered comprehensively, the optimum dosage of sodium thioglycolate is at 300 g/t.



Inspection on the lead flotation tailings by an optical microscope shows that some chalcopyrite and a little bornite with poor flotability are still highly intergrown with galena, sphalerite and pyrite. Due to the low content of lead and zinc minerals in the tailings, the chalcopyrite and bornite liberated are needed to be further recovered as far as possible by using lime to deeply depress the pyrite. In this case, the middlings containing copper, lead and zinc will surely be produced in a small amount.




3.5. Closed-Circuit Test


A flowsheet of the closed-circuit test is shown in Figure 9, and the results are demonstrated in Table 3. The test results of Table 3 show that the final copper concentrate assays Cu 16.33% and Ag 242 g/t at Cu recovery 86.67% and Ag recovery 65.63%, respectively; lead concentrate assays Pb 46.23% and Ag 165 g/t at Pb recovery 56.84% and Ag recovery 12.20%, respectively.



The grade of Cu, Pb and Zn in tailings is 1.40%, 1.50% and 0.84% at the recovery of 7.90%, 7.18% and 16.14% respectively. Since most of Zn is enriched and evenly distributed in copper and lead concentrates, and the rest of the zinc in the tailings is a little amount, it seems to be uneconomic to further recover the zinc from the tailings at present. However, due to most pyrite being depressed in the tailings, pyrite is expected to be further recovered in the future.





4. Conclusions


This research was to investigate the mineralogy of the complex sulfide ores with the aid of modern testing instruments. Characterized by high contents of metal sulfides and sulfur, and low content of traditional gangue minerals, the ore is of rare polymetallic sulfide ore, assaying Cu 7.99%, Pb 9.39%, Zn 1.96%, S 33.68%, and Ag 157.9 g/t, respectively.



The flotation time and pH value of the pulp are critical for the Cu-Pb preferential flotation, because most chalcopyrite with good floatability can float in a short time, while the rest of the intergrown particles with poor floatability need more time to float.



The innovative process of flash copper flotation in acidic pulp and lead flotation, followed by further copper recovery, is developed to find the solution for the refractory ore. The results demonstrate that in weak acidic conditions, Na2SO3 and ZnSO4 were used as depressants to depress galena, sphalerite and pyrite, while Z-200 and ADD were used as collectors to recover copper minerals with good floatability; adding the selective organic depressant, sodium thioglycolate, to the tailings of flash copper flotation, it can depress the rest copper minerals with poor flotability and a large amount of pyrite in lead flotation; in order to further recover the copper and lead, a copper scavenging operation was conducted by xanthate to produce the middlings, which can be mixed with the copper concentrate to produce the marketable end product, i.e., copper concentrate in the closed circuit assays Cu 16.33%, Pb 7.98% and Ag 242 g/t at Cu recovery of 86.67%, lead concentrate assays Pb 46.23%, Cu 3.75%, Ag 165 g/t at Pb recovery of 56.84%, and the associated silver was enriched and recovered in both concentrates with a total recovery of 75.57%.



Compared with the separation performances in practice beneficiation plants, the flotation performances in flash flotation increased copper grade and lead recovery greatly in separate concentrates. At the same time, the content of the associated silver in copper and lead concentrate was increased too. The marketable end product, the separate clean concentrates, can be obtained.



The grade of Cu, Pb, and Zn in tailings is 1.40%, 1.50% and 0.84% at the recovery of 7.90%, 7.18% and 16.14% respectively. Since most of Zn is enriched and evenly distributed in copper and lead concentrates, and the rest of the zinc in the tailings is in little amounts, it seems to be uneconomic to further recover the zinc from the tailings at present.
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Figure 1. Results of XRD of ore samples. 
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Figure 2. Images and EDS analysis of chalcopyrite (Abbreviations used: Gn = galena, Clp = chalcopyrite, Py = pyrite, Bn = bornite, Po = pyrrhotite, Tt = Tetrahedrite, Sp = sphalerite, Cc = Chalcocite, Bet = Betekhtinite and Str = Stromeyerite. Green arrows indicate minerals); (A–C) represents the symbiotic relationship between chalcopyrite and other minerals); (D) represents the EDS analysis of chalcopyrite. 
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Figure 3. Images and EDS analysis of bornite (Py = pyrite, Bet = Betekhtinite, Cc = Chalcocite, Str = Stromeyerite, Bn = bornite); (A) represents the microscope image of the valuable mineral; (B) represents the EDS analysis of bornite. 
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Figure 4. Images and EDS analysis of galena (Po = pyrrhotite, Bn = bornite, Py = pyrite, Clp = chalcopyrite, Tt = Tetrahedrite, Gn = galena, Sp = sphalerite); (A) represents the microscope image of the valuable mineral; (B) represents the EDS analysis of galena. 
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Figure 5. Images and EDS analysis of sphalerite (Gn = galena, Clp = chalcopyrite, Bn = bornite, Po = pyrrhotite, Sp = sphalerite); (A) represents the microscope image of the valuable mineral; (B) represents the EDS analysis of sphalerite. 
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Figure 6. Images and EDS analysis of stromeyrite (Bn = bornite, Cc = Chalcocite, Str = Stromeyerite). (A) represents the microscope image of the silver mineral; (B) represents the EDS analysis of the silver mineral. 
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Figure 7. Images of main gangues (Abbreviations used: Qtz = Quartz, Ms = Muscovite, Sd = siderite, Mlc = Malachite, Fc = Ferruginous clay, Kln = Kaolinite and Mm = Metal minerals. Green arrows indicate minerals). The (A–C) subfigures show the microscope images of gangue and other minerals in the ore. 
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Figure 8. Effects of flotation parameters on Cu-Pb recovery: (A) slurry pH, (B) Na2SO3 + ZnSO4 dosage, (C) ADD + Z-200 dosage, (D) lime dosage and (E) sodium thioglycolate dosage. 
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Figure 9. Closed−circuit process flow chart of flotation (X stands for agitation). 
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Table 1. Mineral composition and disseminated particle size.
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Category

	
Mineral

	
Disseminated Size (mm)

	
Content (%)






	
Sulfide

	
Chalcopyrite

	
0.001–2.0

	
17.70




	
Bornite

	
0.005–3.5

	
2.50




	
Tennantite

	
0.005–0.65

	
0.30




	
Covellite

	
0.001–0.02

	
0.05




	
Chalcocite

	
0.005–0.85

	
0.15




	
Digenite

	
0.001–0.03

	
Occasionally




	
Betekhtinite

	
0.01–0.5

	
0.03




	
Stromeyerite

	
0.001–0.2

	
0.02




	
Galena

	
0.005–5.0

	
10.84




	
Sphalerite

	
0.005–2.2

	
2.80




	
Pyrite

	
0.001–1.6

	
44.80




	
Pyrrhotite

	
0.001–0.4

	
1.10




	
Polydymite

	
0.001–0.01

	
0.05




	
Oxide

	
Hematite

	
0.005–0.35

	
0.15




	
Gahnite

	
0.001–0.08

	
0.08




	
Rutile

	
0.005–0.12

	
0.03




	
Anatase




	
Quartz

	
0.004–5.5

	
6.25




	
Carbonate

	
Malachite

	
0.01–0.2

	
Occasionally




	
Siderite

	
0.004–0.8

	
6.80




	
Dolomite

	
0.004–1.0

	
1.70




	
Ankerite

	
0.004–1.0

	
1.10




	
Calcite

	
0.004–0.15

	
0.10




	
Silicate

	
Willemite

	
0.001–0.03

	
0.05




	
Muscovite

	
0.004–1.1

	
0.90




	
Biotite

	
0.01–1.5

	
0.10




	
Hornblende

	
0.004–0.3

	
0.18




	
Kaolinite

	
0.004–0.1

	
0.20




	
Plagioclase

	
0.004–0.1

	
0.15




	
Pyrope

	
0.004–0.1

	
0.20




	
Zircon

	
0.01–0.08

	
Occasionally




	
Thalenite

	
0.004–0.06

	
0.22




	
Sulfate

	
Sardinianite

	
0.001–0.06

	
Occasionally




	
Phosphate

	
Monazite

	
0.01–0.03

	
0.05




	
Apatite

	
0.01–0.02

	
0.05




	
Total

	
/

	
/

	
100
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Table 2. Flash flotation time of the copper recovery.
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Product

	
Yield/%

	
Grade/%

	
Recovery/%




	
Cu

	
Pb

	
Cu

	
Pb






	
Rough copper concentrate 1

	
25.67

	
18.49

	
5.05

	
59.08

	
13.91




	
Rough copper concentrate 2

	
6.86

	
17.65

	
8.42

	
15.07

	
6.19




	
Rough copper concentrate 3

	
5.29

	
12.28

	
14.04

	
8.09

	
7.96




	
Copper tailings

	
62.18

	
2.29

	
10.79

	
17.77

	
71.94




	
Feed

	
100.00

	
8.03

	
9.33

	
100.00

	
100.00
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Table 3. The results of closed-circuit flotation test (* Unit: g/t).
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Product

	
Yield/%

	
Grade/%

	
Recovery/%




	
Cu

	
Pb

	
Ag *

	
Zn

	
Cu

	
Pb

	
Ag *

	
Zn






	
Copper concentrate

	
42.82

	
16.33

	
7.98

	
242

	
2.59

	
86.67

	
35.98

	
65.63

	
65.37




	
Lead concentrate

	
11.68

	
3.75

	
46.23

	
165

	
3.59

	
5.43

	
56.84

	
12.20

	
18.49




	
Tailing

	
45.50

	
1.40

	
1.50

	
76.94

	
0.84

	
7.90

	
7.18

	
22.17

	
16.14




	
Feed

	
100.00

	
8.07

	
9.50

	
157.9

	
2.02

	
100.00

	
100.00

	
100.00

	
100.00
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