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Abstract

:

The distribution of copper, iron, and sulfur during the oxidation of La Caridad copper concentrate particles under simulated flash smelting conditions was studied in a laboratory reactor. Six wet-sieved size fractions and the unsieved copper concentrate were oxidized at 1123 K and 40% and 70% O2 by volume in the process gas during the experiments. Samples of partially oxidized particles were collected at 0.2, 0.8, and 0.9 m from the point of entry and analyzed in a QEMSCAN® unit to determine the elemental composition within the population of particles. The distribution of the major elements during oxidation was strongly dependent upon the size and chemical composition of the initial particles. Overall, the copper content tended to increase and sulfur content decreased along the reactor length within all sizes. In contrast, the distribution of iron did not follow a general trend, as it was found to increase, decrease, or remain unchanged depending on the particle size. This finding may represent a key feature to further investigate the reaction path followed by particles during flash smelting, especially those associated with particle fragmentation. In general, the larger the particle size was, the larger the change in the content of the major elements within the particle population. Based on the experimental results, particles within a size fraction of <45 µm tended to follow a reaction path consisting of rapid melting followed by the collision and coalescence of reacting droplets during flight. In contrast, particles within the fraction of 45–53 µm tended to react individually. The oxidation behavior of the unsieved concentrate particles showed a combination of both reaction paths.
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1. Introduction


The flash smelting process (FSP) is the predominant technology by which metallic copper is currently produced from sulfidic raw materials in the world. In the process, finely divided copper concentrate particles (5–200 µm) enter the reaction shaft of the flash smelting reactor, where they are oxidized with an oxygen-enriched gas stream at a high temperature (1473–1673 K). Upon entering the reaction shaft, the particles are heated up by radiation from the furnace walls and by interface heat transfer from the surrounding gas. The particles are oxidized as they travel through the reaction shaft. Because the oxidation reactions are highly exothermic, the particles melt before they reach the molten bath. Here, additional interface reactions produce the matte, containing a 70 pct. weight of copper on average, and the slag, which contains most of the iron of the concentrate. The oxidation of the particles generates SO2 gas, which is used to produce sulfuric acid as a by-product. Despite the fact that the FSP is considered a consolidated technology, a number of phenomena occurring within the flash smelting furnace are yet not understood [1]. Of particular relevance are the uncertainties in the physical and chemical changes experienced by the particles during flight in the reaction shaft. Such a sequence of transformations along the particle trajectory is usually referred to in the literature as the reaction path. This may include size changes such as fragmentation, agglomeration, collision and coalescence of droplets, and chemical transformations, as well as the exchange of momentum, heat, and mass transfer under highly turbulent conditions. The elucidation of the reaction path in the reaction chamber of the flash smelting furnace is relevant because it has strong implications for the reactor’s performance. It is also related to common operation problems faced by process engineers, such as the generation of large amounts of dust, the thermal control of the reactor, recovery of valuable metals, and emissions reduction, among other issues.



The reaction path of sulfide particles in a flash smelting reactor has been studied by several authors in the literature [2,3,4,5,6,7,8,9,10]. The experimental approach typically involves the use of a laminar flow reactor in which oxidation tests are conducted under controlled laboratory conditions. A few studies [11,12,13] have also been conducted in pilot-plant facilities. A thorough review on the subject was included in a recent publication by Perez-Tello et al. [14]. Thus, only a brief summary is provided here. Overall, the reaction path is strongly dependent upon the chemical composition of the particles and the density of the particle–gas suspension. At a low density of the particle–gas suspension, the particles may be assumed to react individually and, thus, no particle–particle interactions occur. In such a case, the reaction path originally proposed by Kim and Themelis [2] and further modified by Jokilaakso et al. [9] is widely accepted to explain most of the experimental observations. The model is shown in Figure 1 and assumes that the oxidation starts at the particle surface, forming a porous crust of oxide products surrounding the unreacted core of sulfides. The heat of the exothermic reactions causes the particle temperature to increase rapidly until the sulfide core melts. The sulfur dioxide gas produced by the oxidation reactions accumulates as bubbles within the molten core. As the bubbles coalesce and grow, the pressure inside the particle increases. When the internal pressure overcomes the resistance of the oxide crust, the particle undergoes fragmentation. The extent to which fragmentation occurs strongly depends on the oxidation conditions prevailing in the reactor. In an alternative path, the particle melts completely before significant oxidation occurs. The droplets thus formed disintegrate violently.



On the other hand, under conditions of high density of the particle–gas suspension, the probability of particle–particle collisions increases, and a possible mechanism is shown in Figure 2. This was adapted from the original model proposed by Themelis et al. [16] and is supported by recent microscopic observations made in this laboratory [14]. Here, the particles become fully molten shortly after they enter the reaction chamber. Because the number of droplets being formed is very high, they collide with each other and form larger droplets by coalescence. Under such conditions, the collision and coalescence of the droplets occur simultaneously with the oxidation reactions. Because the coalescence of droplets gradually decreases the surface area available for gas–liquid contact in the particle population, this reaction path is deleterious for the elimination of sulfur from the reacting droplets. Figure 1 and Figure 2 may represent the two extremes of reaction paths in an industrial flash smelting furnace. Because the density of the particle–gas suspension is not uniform throughout the reaction shaft, it is likely that both mechanisms occur simultaneously at different locations in the reactor.



The present work continues the previous study on the oxidation of copper concentrate particles conducted in this laboratory [14]. Some relevant findings of that study included the following: (1) the chemical composition of the initial particles was strongly size-dependent; (2) the smallest size fraction in the feed (<45 μm) tended to create particles that were larger than the original sizes, whereas particles with sizes of >45 μm tended to fragment and produce dust particles (<20 μm); (3) the smallest particles in the feed (<45 μm) showed lower reactivity than larger particles (>45 μm); and (4) the oxidation behavior of unsieved concentrate particles showed trends of both small (<45 μm) and large (>45 μm) particles in the feed. The overall observations were explained in terms of a series of chemical reactions and the mechanisms shown in Figure 1 and Figure 2.



It is noted that the above trends represent the behavior of the particle population as a whole. Furthermore, it was of interest to investigate the evolution of the chemical composition of the reacting particles within the particle population along the laboratory reactor. The first step to achieve this goal is by measuring the content of the major elements in the particles by means of a sophisticated electron microscopic analysis technique in a reduced number of particles from the population collected along the reactor. Furthermore, the goal of this investigation was twofold: first, to analyze the distribution of copper, iron, and sulfur within the particle population of copper concentrate particles oxidized under simulated flash smelting conditions, and second, to correlate the trends observed in the distribution of the major elements with the reaction path followed by the particles in the reactor.




2. Materials and Methods


2.1. Experimental Work


Details of the experimental setup used in the oxidation tests are described elsewhere [14]. Thus, a brief description is provided here. The experimental system consisted of a solid feed unit (SFU), a gas feed unit, a reaction shaft, a product receptacle, and a gas-cleaning unit. The SFU consisted of a vibrating feeder and a water-cooled solid feed lance aligned with the centerline of the reaction chamber. The lance was mobile so that it could penetrate the reactor to a prespecified position. This allowed for control of the residence time of the particles in the reaction chamber. The process gas was provided by two cylindrical vessels containing pure oxygen and nitrogen, which were connected to two rotameters to set the flow rate. The reaction shaft consisted of a vertical ceramic tube heated by two electrical resistances embedded within the tube. The reacting particles were collected using a stationary water-cooled receptacle placed at the outlet of the reaction chamber. The experimental conditions were established based on the following overall chemical reactions:
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which represent the main goal of the flash smelting process, i.e., the production of copper matte. During the experiments, the amount of oxygen supplied to the furnace was 1.3 times the stoichiometric amount calculated for reactions (1) and (2), and the oxygen concentration was set to volumes of 40 and 70%. Copper concentrate from La Caridad, Mexico, was used as raw material. Six wet-sieved size fractions and the unsieved concentrate were used for the oxidation tests. In a typical experiment, the reactor was first heated up to 1123 K, and the SFU was set to the prespecified position for the run. Next, the oxygen and nitrogen flow rates were set, and the oxidizing gas mixture was injected into the reactor. During the experiments, both particles and gas traveled downwards through the reaction chamber. The chemical composition of the particles was determined by atomic absorption spectroscopy techniques (Cu and Fe) and gravimetric methods (S and SiO2). Selected samples were also analyzed by a quantitative evaluation of minerals by scanning electron microscopy (QEMSCAN®) using a Tescan-Vega system (Brno, Czech Republic) model LSH with four energy-dispersive X-ray spectroscopy (EDS) detectors.



The experimental conditions relevant to the present investigation are shown in Table 1. The oxygen concentration values were based on typical operating conditions in the industrial flash smelting reactor. The selection of the size fractions was based on the fact that about 70% of the particle population of the original concentrate was found to be in sizes of less than 53 µm [14]. For comparison purposes, unsieved concentrate particles were also analyzed. The sampling locations included the initial particles (0 m) and three positions along the laboratory reactor at 0.2, 0.8, and 0.9 m from the lance tip.



All chemical analyses and size distributions reported in this paper were obtained utilizing a QEMSCAN® unit at the University of Concepcion, Chile. For that purpose, a probe of epoxy resin was constructed using about 0.68 g of the sample. Next, the probe surface (7 cm2) was thoroughly polished, and the probe was placed into the QEMSCAN® unit. The probe surface was scanned, and the particles were identified, counted, and sorted by size by means of the iDiscover 5.3 data processing software built within the QEMSCAN® unit. The scanning resolution was set to 2 µm, representing an area of 2 × 2 µm2. Particle size measurements were made in Particle Mineralogical Analysis (PMA) mode by dividing the total sample area into quadrants. The software randomly selected candidate particles to be read, thus separating the particles from the background. Once the particles were selected, a scan was made of each particle, focusing the electron beam and collecting the X-rays emitted by the particle. Each particle was analyzed until the exposed area of each selected particle was completed. In each measurement, both brightness and EDS data were obtained. This information was further processed by the iDiscover 5.3 software (FEI Company, Brisbane, Australia) to obtain the elemental analysis of the selected particle. In a typical analysis, about 30,000 particles, corresponding to each sample location in Table 1, were identified, counted, and analyzed.




2.2. QEMSCAN® Data Processing


For each experimental condition in Table 1, the QEMSCAN® unit provided the chemical composition and size of particles in the form of a sizeable numerical matrix. Because the number and composition of particles within each size range defined by the QEMSCAN® unit varied within a given population, the composition provided by the analysis is the average of all measurements conducted within the given size range. The large quantity of data thus obtained were further processed in Excel to obtain the chemical composition of the major elements (copper, iron, and sulfur) within the particle population. In this work, the experimental data are discussed in terms of the changes in the content of the major elements in the particles. This information was obtained from the following expression:


  Δ  ω  i , j  z  =  ω  i , j  z  −  ω  i , j  0   



(3)




where    ω  i , j  z    is the content in the weight fraction of element i in a particle with size j in the population collected at position z in the reactor, and    ω  i , j  0    is the corresponding composition of element i in a particle with size j in the feed (z = 0 m). Consequently, the symbol   Δ  ω  i , j  z    represents the change in the composition of element i in a particle with size j relative to its value in the feed. In this notation, subscript i represents any of the elements: copper, iron, and sulfur. The selection of Equation (3) to analyze the experimental data was based on the fact that the composition of the feed material was not uniform, even within the sieved fractions, and thus,    ω  i , j  0    was found to be size-dependent. As will be discussed later in this paper, Equation (3) also allowed the visualization of the major trends in the distribution of the elements during particle oxidation.





3. Results and Discussion


This section is divided into subheadings to provide an organized discussion of the experimental findings.



3.1. Overall Chemical Composition and Size Distribution of the Feed Particles


Figure 3 shows the overall chemical composition of the size fractions and the unsieved concentrate used in this work. As expected for a chalcopyrite-based concentrate, the major elements were copper, iron, sulfur, and silicon. It is noted that the overall chemical composition was not uniform. In general, the copper content decreased as the particle size fraction increased. Also, the amount of iron increased as the particle size fraction increased [14]. The sulfur content followed a similar trend to iron. The chemical composition of the unsieved material was similar to that of the fraction of 45–53 µm.



The major species detected in the particles by X-ray diffraction analysis included chalcopyrite and pyrite, with minor amounts of several copper sulfides and silica. The mineralogical compositions of the size fractions of <45 μm and 45–53 µm and the unsieved concentrate are shown in Table 2 [14]. In general, the smaller the size of the feed was, the higher the content of chalcopyrite was and the lower the pyrite content was. The fact that the chemical composition in the feed was strongly size-dependent is relevant in the present context. This is because the reactivity of mineralogical species is known to be different. Furthermore, this may have implications for the reaction path followed by the particles.



Figure 4 shows the size distributions measured by the QEMSCAN® unit for the size fractions and the unsieved material used in this study. The fraction of <45 µm comprised particles in the range of 3.5 µm to 64.5 µm, i.e., particles larger than the maximum expected size were detected. It is also noted that the volume occupied by the finest particles in the population was small, and most of them were in the range of 3.5 µm to 46 µm. In contrast, the size fraction of 45–53 µm showed the common normal-size distribution shape. The largest size detected in this case was 108 µm. Finally, the volume of particles in the unsieved concentrate was distributed over a wide range of sizes, with a maximum size of 152.5 µm. The mean size of the particle population was calculated using the following equation:


  〈 x 〉 =  1  100     ∑   i = 1  N   x i   v i   



(4)




where N is the number of discretized sizes in the population, and vi is the percentage in volume of the particle population occupied by size xi. In this work, any particle within the range of 0 to 20 µm is defined as dust, regardless of its origin and chemical composition. The fraction of <45 µm contained 76% dust, and its mean size was 15.3 µm. In contrast, the volume of dust in the fraction of 45–53 µm was considerably lower (17%) with a mean size of 39.8 µm. Finally, the unsieved concentrate contained 42% dust particles.



Figure 5 shows the distribution of copper as a function of the particle size in the two size fractions and the unsieved concentrate. Most of the experimental values were between the stochiometric values for chalcopyrite (CuFeS2) and pyrite (FeS2), which are shown as references in dashed lines. The copper content in the size fraction of <45 µm showed the lowest variations within the particle population, with a mean value of about 0.30. The fraction of 45–53 µm showed copper content of close to 0.20 in the smallest particles and increased with particle size but keeping values lower than those of the fraction of <45 µm. The values of the copper content in the unsieved material were located at intermediate values relative to the other two fractions. The most significant differences in copper content were observed in dust particles (<20 μm). This suggests that the proportion of the major mineralogical species in such particles may differ from other sizes.



Figure 6 shows the corresponding distributions of iron in the feed material. Here, the experimental data showed lower variability than Figure 5. The experimental values in most of the particles were found to be in the range of the stochiometric values for chalcopyrite and pyrite. In particles of the order of 100 µm and larger in the unsieved material, the iron content reached values of close to 0.46, corresponding to the stoichiometric content of pyrite. A distinctive feature of Figure 6 is the iron content in dust particles (<20 µm) in all the fractions analyzed, as their values were lower than those of chalcopyrite. A possible explanation is the presence of other copper sulfides, such as chalcocite, in dust particles.



Figure 7 shows the distribution of sulfur in the initial particles. Overall, the larger the particle size was, the higher the sulfur content was. The finest particles in the size fraction of 45–53 µm contained less sulfur than other particles. Most of the values in the sieved fractions of <45 µm and 45–53 µm lay within the range of the stoichiometric amounts of chalcopyrite and chalcocite. This is because such fractions contained significant amounts of several copper sulfides and small amounts of iron sulfides. A mineralogical analysis of the samples using the QEMSCAN® unit will be the subject of a future publication. Finally, it is noted that the experimental data in Figure 5, Figure 6 and Figure 7 represent the values of    ω  i , j  0    on the right-hand side of Equation (3).




3.2. Distribution of Major Elements: Size Fraction of <45 μm after Oxidation


Overall, the analysis of the experimental data showed that the oxygen concentration in the process gas did not play a significant role in the distribution of copper, iron, and sulfur when it was varied in the range of 40%–70% in volume [14]. Therefore, the present discussion is only focused on the results obtained under 70% O2, as this is the typical oxygen concentration used in industrial operations [17]. Figure 8 shows the change in copper content in the particles within the size fraction of <45 μm that was calculated with Equation (3). For further reference, in this and all the subsequent plots, two dashed lines are added. The horizontal dashed line at zero represents no change in the chemical composition with respect to the feed. Furthermore, any point above or below this reference line indicates that the content of the element at the given particle size either increased or decreased with respect to its value in the feed. The vertical dashed line indicates the largest particle size detected in the feed and was obtained from Figure 4. It is emphasized that the interpretation of Figure 8 cannot be in terms of a Lagrangian approach. This is because particles of any size collected at 0.2, 0.8, and 0.9 m did not necessarily follow the same reaction path, and particles may be created or destroyed according to the reaction paths shown in Figure 1 and Figure 2. The above criteria are also valid in the discussion of the subsequent plots in this paper.



Overall, Figure 8 shows that particles within the size fraction of <45 µm, in general, increased their copper content in all sizes with respect to the feed at all sampling locations. Because the copper content increased along the reactor in all sizes, most of the particles in the population likely followed a similar reaction path. Such increase was possibly the result of particle oxidation, which eliminates sulfur and allows oxygen to enter the particle, forming copper and iron oxides. Most of the oxidation reactions proposed in the literature to represent the oxidation of sulfide particles in the flash smelting reactor [10,18,19] involve particle weight loss. Furthermore, the proportions of copper and iron in the particles are expected to increase due to oxidation. It is also noted that the larger the particle size is, the greater the increase in copper content. This behavior is likely due to the differences in the chemical compositions of the feed material, as shown in Figure 5, Figure 6 and Figure 7. Furthermore, the larger the particles are, the higher the content of pyrite, which is more reactive than chalcopyrite under identical oxidation conditions [19]. A relevant feature in Figure 8 is noted at 0.2 m from the lance tip and farther down the reactor, as new particles of larger than 64.5 µm were detected. This suggests that such particles were formed by the collision and coalescence of partially reacted and molten droplets according to the reaction path shown in Figure 2. This hypothesis was supported by microscopic observation of the reacted particles [14].



Figure 9 shows the corresponding changes in iron content. The behavior of iron deviated from that of copper, as shown in Figure 8. At 0.2 m from the lance tip, the iron content increased substantially with respect to the values in the feed. This occurred in particles with sizes of smaller than about 50 μm. However, at 0.9 m from the lance tip, the iron content in such particles was just slightly higher than their values in the feed. Although this result may seem unexpected, it is recalled that these are Eulerian values. The quantities of free chalcopyrite and free pyrite particles within the size fraction of <45 µm represented 52% and 16%, respectively, of the total population by weight [14]. Therefore, this observation supports the hypothesis that the reaction path followed by the particles was not uniform due to differences in particle composition. Figure 9 also shows evidence of the generation of new particles that were larger than those in the feed containing iron.



Figure 10 shows the changes in sulfur content. Unlike the trends observed in Figure 8 and Figure 9, the sulfur content decreased as the particles traveled through the reaction shaft. This is an expected trend because the flash smelting process aims to eliminate sulfur from the particles. Furthermore, sulfur removal may be considered a quantitative indicator of particle oxidation. The trends observed in Figure 10 are mirror images of those shown in Figure 8. The changes in sulfur content depended on the particle size in the population. All particles began oxidation at 0.2 m. Also, the larger the particle size was, the higher the loss of sulfur. It is noted that the content of sulfur in the new particles formed with sizes of >64.5 µm was similar to that of the initial particles. This suggests that collision and coalescence of droplets occurred between initial and partially reacted particles during flight.




3.3. Distribution of Major Elements: Size Fraction of 45–53 μm after Oxidation


Figure 11 shows the changes in copper content in particles within the size fraction of 45–53 µm. Significant differences were noted with respect to the trends observed in Figure 8 for the size fraction of <45 µm. In this case, the small changes observed at 0.2 m from the lance tip suggest that particle oxidation was initiated farther down the reactor. At 0.8 m, a drastic change in composition was observed, which did not vary significantly at 0.9 m from the lance tip. Again, the larger the particle size was, the greater the copper content increase during oxidation, likely due to the differences in the chemical compositions of the particles in the feed. Unlike the features shown in Figure 8, in this case, no particles larger than the maximum size were detected in the feed. This suggests that particles within this fraction followed the reaction path shown in Figure 1. Figure 11 also shows that the finest particles decreased their copper content with respect to the feed. This was possibly due to the fragmentation of partially oxidized particles, which may produce daughter particles with varying compositions. This hypothesis agreed with previous observations [14], indicating that particles within the size fraction of 45–53 µm produced dust particles upon oxidation.



Figure 12 shows the changes in iron content for particles within the size fraction of 45–53 µm. Significant differences are noted in Figure 9 for the size fraction of <45 µm. At 0.2 m from the lance tip, no significant changes in iron content were measured in the particles. This suggests that the oxidation of most particles in the population initiated farther away from the lance tip. At 0.8 and 0.9 m, three ranges of sizes were noted: dust sizes (0 to 20 µm), intermediate sizes (20 to 60 µm), and large sizes (60 to 110 µm). In general, dust sizes increased their iron content, whereas the intermediate sizes showed no significant changes. Finally, large sizes showed a significant decrease in iron content with respect to their values in the feed. Such behavior points out the complexity of the reaction path followed by the particles and is difficult to explain. A possible explanation is that such changes may be associated with fragmentation phenomena according to the reaction path shown in Figure 1, which may produce daughter particles with varying compositions. However, further investigation is necessary to clarify this point.



Figure 13 shows the changes in sulfur content in particles within the size fraction of 45–53 μm. The trends observed agreed well with those shown in Figure 11 and Figure 12. A significant decrease in this quantity was observed at 0.8 m from the lance tip and did not change significantly at 0.9 m. Also, the larger the sizes were, the higher the sulfur depletion from the particles. Figure 7 showed that dust particles in this size fraction contained less sulfur than other sizes. Figure 13 suggests that dust sizes showed a reaction path essentially different from other sizes, as the loss of sulfur in this range was small compared to those achieved in other sizes along the reactor.




3.4. Distribution of Major Elements: Unsieved Concentrate after Oxidation


The study of the unsieved concentrate is relevant in the present context because it represents the typical feed to the industrial reactor. Furthermore, it is interesting to compare its behavior with those of the sieved fractions discussed above. Figure 14, Figure 15 and Figure 16 show the distribution of copper, iron, and sulfur, respectively. Because particles in the unsieved concentrate were distributed over a wide range of sizes (0 to 154 µm), the experimental data in Figure 14, Figure 15 and Figure 16 showed higher variability than that observed in the sieved fractions. Despite such difficulty, some trends were noted regarding the distribution of copper (Figure 14) and sulfur (Figure 16). The copper content (Figure 14) within all sizes increased along the reactor length. In addition, the higher the particle size was, the higher the increase in copper content. A relevant feature of Figure 14, Figure 15 and Figure 16 is that no particles larger than the maximum size were detected in the feed (154 μm). Because the unsieved concentrate included particles from the <45 µm and 45–53 μm size fractions, the reaction paths discussed previously were expected to occur here as well. However, the wide range of sizes may have masked such phenomena.



Figure 15 shows that the iron content in the unsieved concentrate particles did not follow a clear trend. This is likely due to the wide range of sizes and compositions contained in the feed. Such results emphasize a general observation made in the discussion of the sieved fractions: the distribution of iron during oxidation was significantly more complex than those of copper and sulfur. This finding may represent a key feature to further investigate the reaction paths followed by particles during flash smelting, in particular, their possible association with particle fragmentation.



Finally, Figure 16 shows the changes in sulfur content in particles within the unsieved concentrate. The behavior of this response variable showed similar features to those observed in the sieved fractions (Figure 10 and Figure 13): the amount of sulfur gradually decreased along the reactor. Also, the small sizes showed less reactivity than the intermediate and large sizes. Overall, the behavior of the unsieved concentrate was likely a combination of the reaction paths followed by the sieved fractions discussed previously. The experimental data shown in Figure 14, Figure 15 and Figure 16 point out the relevance of continuing the study of the reaction path under flash smelting conditions using sieved fractions of the original concentrate. This is because the behavior of unsieved concentrate particles provides information on the particle population as a whole. However, it may mask relevant phenomena occurring within specific sizes of the population.





4. Concluding Remarks


The distribution of copper, iron, and sulfur during the oxidation of La Caridad copper concentrate particles under simulated flash smelting conditions was strongly dependent upon the size and chemical compositions of the initial particles. In contrast, the oxygen concentration in the process gas did not play a significant role in the range of 40%–70% in volume.



Because the initial content of the major elements in the particles was not uniform even within the sieved size fractions, the distribution of the major elements during oxidation showed various trends. Overall, the copper content increased and the sulfur content decreased within all sizes along the reactor length. This, in general, agreed with a reaction path of gradual oxidation of individual particles. However, the distribution of iron did not follow a general trend, as it increased, decreased, or remained unchanged depending on the particle size. This finding may represent a key feature to further investigate particle reaction paths during flash smelting, especially those related to particle fragmentation.



In general, the larger the particle size was, the greater the change in the content of the major elements within the population of particles was upon oxidation. The present work verified that particles within the size fraction of <45 µm tended to follow a reaction path consisting of rapid melting followed by the collision and coalescence of reacting droplets during flight. In contrast, particles within the fraction of 45–53 µm tended to react individually. The experimental data with unsieved concentrate particles showed high variability and suggested a combination of both reaction paths. To help clarify the trends observed in this investigation, further research is necessary regarding the distribution of the chemical species within the particle population.
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Figure 1. Reaction path of sulfide particles during flash smelting assuming low density of the particle–gas suspension. Adapted from references [9,15]. 
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Figure 2. Reaction path of sulfide particles during flash smelting assuming high density of the particle–gas suspension. Adapted from references [14,16]. 
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Figure 3. Overall chemical compositions of size fractions of <45 µm and 45–53 µm and the unsieved concentrate. The values in parentheses represent the summation of copper, iron, and sulfur contents. 
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Figure 4. Particle size distributions of size fractions of <45 µm and 45–53 µm and unsieved concentrate determined by the QEMSCAN® unit. 
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Figure 5. Copper content in the sieved fractions and unsieved La Caridad copper concentrate particles. 
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Figure 6. Iron content in the sieved fractions and unsieved La Caridad copper concentrate particles. 
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Figure 7. Sulfur content in the sieved fractions and unsieved La Caridad copper concentrate particles. 
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Figure 8. Changes in copper content in particles within the size fraction of <45 µm oxidized under 70 pct. O2 in the process gas. 
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Figure 9. Changes in iron content in particles within the size fraction of <45 µm oxidized under 70 pct. O2 in the process gas. 
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Figure 10. Changes in sulfur content in particles within the size fraction of <45 µm oxidized under 70 pct. O2 in the process gas. 
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Figure 11. Changes in copper content in particles within the size fraction of 45–53 µm oxidized under 70 pct. O2 in the process gas. 
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Figure 12. Changes in iron content in particles within the size fraction of 45–53 µm oxidized under 70 pct. O2 in the process gas. 
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Figure 13. Changes in sulfur content in particles within the size fraction of 45–53 µm oxidized under 70 pct. O2 in the process gas. 
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Figure 14. Changes in copper content in particles within the unsieved concentrate oxidized under 70 pct. O2 in the process gas. 
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Figure 15. Changes in iron content in particles within the unsieved concentrate oxidized under 70 pct. O2 in the process gas. 
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Figure 16. Changes in sulfur content in particles within the unsieved concentrate oxidized under 70 pct. O2 in the process gas. 
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Table 1. Experimental conditions considered for the present work.
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Variable

	
Value






	
Oxygen concentration in the process gas, vol pct.

	
40




	
70




	
Size fraction in the feed, µm

	
<45

45–53

Unsieved




	
Sampling location from the lance tip, m

	
0.0

0.2

0.8

0.9











 





Table 2. Mineralogical compositions of the size fractions of <45 µm and 45–53 µm and the unsieved concentrate, wt.%.
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	Mineral
	<45 µm
	45–53 µm
	Unsieved





	Chalcopyrite, CuFeS2
	62.0
	46.0
	46.3



	Pyrite, FeS2
	20.3
	35.2
	36.4



	Chalcocite, Cu2S
	6.46
	8.01
	5.07



	Silica, SiO2
	4.12
	4.75
	4.61



	Others
	7.12
	6.00
	7.67
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