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Abstract

:

The preparation of high-purity sulfur and pyrrhotite by pyrolysis holds great potential to realize the high-value utilization of pyrite concentrate (FeS2), i.e., a by-product during the flotation of sulfide ore. In this study, the pyrrhotite obtained from the pyrolysis of pyrite concentrate was taken as the study object, and the effects of acid types, initial acidity, leaching time, leaching temperature, oxygen pressure, and liquid-to-solid ratio on the leaching behavior of pyrrhotite under oxygen pressure, were explored. The results show that elemental sulfur and hematite-based iron residue can be obtained by oxygen pressure leaching of pyrrhotite. It is found that the optimal experimental conditions for pyrrhotite oxygen pressure leaching are hydrochloric acid with 0.8 mol/L of initial acidity, 5 h of leaching time, 0.8 MPa of oxygen partial pressure, and 9:1 of liquid to solid ratio at 150 °C; moreover, the yield of sulfur reached 88.37%. Under optimal conditions, the leaching ratios of Fe, Pb, and Zn were 19.8%, 92.25%, and 99.11%, respectively. The sieved leaching residue was roasted at a low temperature of 500 °C, where the grade of Fe in the obtained hematite iron powder was 61.46%, and the grades of Pb, Zn, and S were 0.082%, 0.024%, and 0.1%. Clearly, the results meet well with the standard of the first grade of pyrite cinder, and this process realizes the comprehensive recovery of Fe and S resources in pyrolysis slag, which provides a superb technical route for the high-value utilization of pyrite concentrate.
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1. Introduction


Pyrite concentrate (FeS2) is an important by-product obtained from sulfide ore flotation, which is mainly used to produce sulfuric acid [1,2]. The pyrite concentrate obtained from lead–zinc flotation contains high levels of impurity elements (e.g., lead and zinc), which pose a serious problem for the traditional acid-making process. Moreover, the current surplus in the sulfuric acid market has limited the sales of sulfuric acid, resulting in a large accumulation of pyrite concentrates [3]. Due to its high impurity content, pyrite slag produces complex iron phases that are harmful to subsequent iron refining processes, rendering it effectively unusable [4,5,6]. Although different methods (e.g., magnetic separation, gravity separation [7], flotation [8], and magnetic roasting [9]) have been developed to recover iron from pyrite slag, they suffer from high energy consumption and production costs [10], and it is difficult to reduce impurity elements to the required level in the final product. This leads to poor comprehensive utilization of iron and sulfur resources, and significantly reduces the value of pyrite concentrate [11,12,13]. Moreover, the traditional roasting method for acid production normally generates flue gas and roasted slag from long-term storage, which could lead to serious environmental issues [14,15]. Therefore, developing a green and efficient way to realize the high-value utilization of pyrite concentrate has never been more imperative.



Currently, the sulfur market in China is in short supply [16], and thus recovering sulfur from pyrite concentrate in the form of elemental sulfur is expected to realize the high-value utilization of pyrite concentrate. Nevertheless, effective methods to obtain elemental sulfur from concentrate have not yet been developed.



According to the Θ-pH diagram of metal sulfides, it is known that the properties of FeS2 are quite stable and theoretically require a pH of less than −2 to achieve optimal leaching, while FeS2 is more reactive and would be leached at a pH greater than 1 [17,18,19]. Through screening the literature [20], metal sulfides (e.g., FeS2 and MoS2) with a metal-to-sulfur atomic ratio of 1:2 are classified as sulfate ion-forming sulfides, and oxygen pressure leaching only produces SO42− from these sulfides, while metal sulfides (e.g., CuFeS2, ZnS, PbS and Fe7S8) with a metal-to-sulfur atomic ratio close to or greater than 1:1 are classified as elemental sulfur-forming sulfides [21], and oxygen pressure leaching of these sulfides could produce elemental sulfur with a yield approaching 100% [22]. This suggests that if pyrite concentrate can be pyrolyzed to remove parts of sulfur, then sulfur products and pyrolytic slag pyrrhotite can be obtained, and the slag can be further processed through oxygen pressure acid leaching to obtain sulfur, and the concurrently obtained hematite can be further processed into iron concentrate [23]. Thus, the thermal decomposition–oxygen pressure leaching process can potentially achieve the high-value utilization of iron and sulfur resources in pyrite concentrate.



In our previous experiments, we obtained high-purity sulfur (99.5%) and pyrrhotite pyrolysis slag by pyrolyzing pyrite concentrate at high temperatures (600–700 °C) under an inert atmosphere of N2 [24]. The main objective of this study is to investigate the behavior of magnetic pyrrhotite in oxygen pressure leaching of pyrolysis slag. More specifically, the effects of hydrochloric and sulfuric acid on oxygen pressure leaching products were initially compared, suitable acid reagents were chosen, and the effects of initial acidity, leaching time, leaching temperature, oxygen partial pressure, and liquid-to-solid ratio on the sulfur yield, iron residue morphology, and partitioning behaviors of valuable elements in the two phases were subsequently investigated using single-factor conditional experiments. Simultaneously, X-ray diffraction (XRD) was conducted to elucidate the phase transformation mechanism under different oxygen pressure leaching conditions of magnetic pyrite. Consequently, the residue phase was subjected to a purification process and a process flowchart for the utilization of pyrite concentrate was proposed. This paper beyond any doubt offers a potential green and economic technological route for the high-value utilization of pyrite concentrate.




2. Materials and Methods


2.1. Materials


The pyrite concentrate originated from a lead–zinc mine in Hunan, China, and the slag was obtained by pyrolyzing pyrite concentrate at high temperatures (600–700 °C) under an inert atmosphere of (N2). The composition of the blended pyrolysis slag sample is presented in Table 1.



Clearly, Table 1 reveals that the pyrolysis slag is primarily composed of Fe, S, Pb, and Zn, where Fe accounts for 54.26% of the total composition, followed by S at 36.70%, Pb at 0.78%, and Zn at 0.36%. The XRD pattern of the pyrolysis slag in Figure 1 indicates that the main iron-bearing phase is pyrrhotite.




2.2. Experimental Procedures


The pyrolysis slag was ball milled and sieved to ensure that more than 95% of the particles had a size below 50 μm. A solid-to-liquid ratio of the pyrolysis slag (30 g with a theoretical sulfur content of 11 g) with hydrochloric (or sulfuric) acid and water, was added to the autoclave (LC-KH-200, 200 mL with stainless steel housing and Teflon lining, LiChen Instrument Technology Co., Shanghai, China), which was subsequently sealed to ensure gas tightness. The mixture was then stirred and heated with oxygen passing through. Upon completion of the oxygen pressure leaching process, the slurry inside the autoclave was pumped out and subjected to vacuum filtration to separate the liquid and solid components. The leachate was kept sealed and the leaching residue was placed in a vacuum drying oven at a certain temperature of 70 °C for 12 h for further characterization. The detailed process parameters of the study on the utilization of the pyrrhotite pyrolysis slag under various leaching conditions are shown in Table 2. Moreover, the obtained leaching residue was roasted under air at 500 °C for 2 h with heating rates of 10 °C/min to obtain pyrite cinder first grade.




2.3. Characterization Methods


XRD (X’Pert3 Powder, PANalytical, Alemelo, The Netherlands) with Cu Kα radiation (40 kV, 44 mA) was used to characterize the phase of the leaching residues. An inductively coupled plasma optical emission spectrometer (ICP, Spectro Blue, SPECTRRO Analytical, Kleve, Germany) was used to analyze the element (Fe, Zn, and Pb) content in the leaching solution. The frequency and power of the isotropic generator are 27.12 MHz and 700–1700 W, respectively. Carbon and sulfur concentrations are measured by a carbon and sulfur analyzer and other element concentrations were determined by atomic absorption spectrometry (AA6800, Shimadzu, Kyoto, Japan).





3. Results and Discussion


3.1. Leaching Conditions


3.1.1. Effect of Different Acid Types


Sulfuric acid and hydrochloric acid are commonly utilized for leaching. Herein, the effects of hydrochloric and sulfuric acid on the pressure leaching were investigated and the related results are shown in Table 3 and Figure 2.



Based on the results shown in Table 3, it is evident that the leaching ratio of iron is marginally lower and the sulfur yield is slightly higher when the hydrochloric acid is used, as compared to the sulfuric acid. Furthermore, Figure 2 reveals that the use of sulfuric acid results in a more complex iron phase in the red pressure leaching residue, where numerous stray peaks appear, which could be attributed to the high sulfate content. This indicates that a portion of iron in the form of (K, H3O)Fe3(SO4)2(OH)6 and PbFe6(SO4)4(OH)12 exists, which makes the subsequent iron recovery more challenging. In light of these findings, it can be concluded that hydrochloric acid proved to be a more suitable reagent for the oxygen pressure leaching of pyrrhotite. Therefore, hydrochloric acid was selected for leaching for further experiments.




3.1.2. Effect of Initial Acidity


The initial acidity of the used acid has a significant effect on the leaching rate and leaching ratio. Therefore, the effect of initial acidity on oxygen pressure leaching of pyrrhotite was investigated to obtain an optimal initial acidity, and the test results are shown in Figure 3, Figure 4 and Figure 5.



The leaching residues at different acidities are shown in Figure 4. The bulk sulfur yield is only 0.2 g at a 0.5 mol/L acidity. With the increase in initial acidity, the yield of bulk sulfur significantly increased, which could be attributed to the initial acidity of acid changing the surface tension of the sulfur, making it agglomerate.



As shown in XRD patterns (Figure 5), pyrrhotite peaks are absent at a 0.5 mol/L acidity, indicating successful leaching of pyrrhotite at a low pH. Upon increasing the acidity, peaks of hematite become more prominent. As the acidity increases beyond 1 mol/L, hematite peaks diminish and goethite peaks rise. Thus, an initial acidity of 0.8 mol/L was selected to minimize the iron leaching and to optimize the sulfur yield. The results show that, under this acidity, the sulfur yield was 78.4% with 2.6 g of bulk sulfur, and iron leaching was 33.4%, while the lead and zinc leaching were 84.1% and 99.0%, respectively.




3.1.3. Effect of Leaching Time


In hydrometallurgy production, the residence time of minerals in the high-pressure reactor is an important factor that affects the leaching ratio. This study investigates the effect of leaching time on the oxygen pressure leaching of pyrrhotite based on an acidity experiment and the results are presented in Figure 6, Figure 7 and Figure 8.



Figure 6a and Figure 7 displayed that the leaching time has a significant effect on the formation of the bulk sulfur. Clearly, no bulk sulfur was formed when the leaching time was 2 h, indicating that the leached elemental sulfur has not yet condensed into a solid block. As the leaching time increased, the liquid sulfur gradually accumulated into a solid block, leading to an increase in the content of bulk sulfur. With a leaching time of 5 h, the bulk sulfur content exceeded 7.86 g, and the sulfur yield reached 80.84%, where the sulfur quality obtained under these conditions was the best. According to Figure 6b, the leaching ratio of iron remains at approximately 33% as the leaching time increased from 2 to 5 h, and that of the lead remained between 70% and 85%, while that of the zinc remained at around 99%. It can be observed from the XRD pattern in Figure 8 that when the leaching time was short, iron may exist partially in the form of jarosite [i.e., KFe3(SO4)2(OH)6], with other impurities. Especially at 5 h, the peaks of Fe2O3 in the XRD pattern are mostly consistent with the standard pattern, and the impurity peaks were less pronounced. Therefore, a leaching time of 5 h was considered to be the optimal condition.




3.1.4. Effect of Leaching Temperature


During the pressurized oxidation process, the temperature is a crucial factor that significantly affects the acid leaching results. The products obtained from oxygen pressure leaching of pyrrhotite mainly depend on the used temperature. When the temperature was between 180–200 °C and the oxygen partial pressure was 1.5–3.0 MPa, the sulfur present in pyrrhotite would be converted into SO42-. Conversely, at a lower temperature of 100–150 °C, pyrrhotite could be oxidized to produce elemental sulfur [25]. This section mainly investigated how temperature affected the oxygen pressure leaching of pyrrhotite. The results are shown in Figure 9, Figure 10 and Figure 11.



As shown in Figure 9a, the yield of elemental sulfur remained relatively stable at the temperature range of 120–160 °C, which maintained a value of over 78%. However, the yield of bulk sulfur exhibited significant fluctuations, i.e., an initial increase followed by a decrease as the temperature increases. Figure 10 illustrates that almost no bulk sulfur was produced at 120 °C, and all sulfur remained in a dispersed powder form within the leach residue. In contrast, 6.56 g of bulk sulfur was produced at 150 °C. Moreover, the viscosity of the liquid sulfur increases dramatically when the temperature reached 160 °C, making it challenging to be collected in the kettle. As a result, the yield of bulk sulfur significantly decreased. As shown in Figure 9b, incomplete leaching of pyrrhotite occurred at 120 °C due to the lower temperature, resulting in the presence of divalent Fe in the solution with a relatively higher Fe leaching ratio of 46.28%. As the temperature increased, Fe ions underwent further oxidation to form hematite, and only about 34% of the Fe was leached at 160 °C, resulting in the least amount of Fe loss. The leaching ratio of Pb remained in the range of 80% to 90% at the temperature range of 120–160 °C.



Figure 11 displays the XRD patterns of the red pressure leaching residue obtained at various temperatures. Through a close inspection of all the XRD results, it is found that the intensity of the hematite peak and the crystalline purity increased as the temperature increased. Additionally, the area of the hematite peaks gradually enlarged, while the spurious peaks of other iron phase compounds diminished. After a comprehensive evaluation, a leaching temperature at 150 °C was demonstrated to be an optimal value, where the sulfur yield was 78.1%, the bulk sulfur yield was 6.56 g, the leaching ratio of Fe was only 34.4% and the iron loss was minimized.




3.1.5. Effect of Oxygen Pressure


Oxygen pressure is another key parameter in the production of hematite through pyrrhotite leaching, and the effect of oxygen partial pressure on oxygen pressure leaching of pyrrhotite was studied by controlling the optimal initial acidity, leaching time, and temperature obtained from previous experiments. The specific experimental results are shown in Figure 12, Figure 13 and Figure 14.



It can be seen in Figure 12a and Figure 13 that when the oxygen pressure is 0.4 MPa, it is not enough to leach sulfur, which enables a quite low sulfur yield, and the residue was black, indicating that almost no hematite was generated. With the continuous increase in oxygen pressure, the sulfur yield and bulk sulfur gradually increased. At 0.8 MPa, the sulfur quality was the best, which was quite easy to be separated from the red residue. Figure 12b shows that the leaching ratio of iron gradually decreases with oxygen pressure, and iron was gradually oxidized into hematite. When the oxygen pressure was 0.4 MPa, the leaching ratio of iron reached 72.83%, which indicated that the acid is basically used to decompose pyrrhotite, while the PbS was difficult to be leached with a value of only 27.71%. Furthermore, the oxidation of iron ions continued with the increase in oxygen pressure. According to Equations (1) and (2), the oxidation process of iron would produce acid, which increased the leaching ratio of lead.


2Fe7S8 + 7O2 + 28H+ = 14Fe2+ + 16S + 14H2O



(1)






4Fe2+ + O2 + 4H2O = 2Fe2O3 + 8H+



(2)







According to the XRD patterns of leaching residue (Figure 14), the pyrrhotite was gradually leached and the hematite peak was gradually sharped with the increase in oxygen partial pressure. When the oxygen partial pressure was 0.8 MPa, as compared to other conditions, the leaching residue showed fewer miscellaneous peaks, and the hematite possessed the highest crystalline purity. This suggested that 0.8 MPa was the optimal oxygen pressure condition with a comprehensive consideration, where the highest sulfur yield was 90%, together with a bulk sulfur yield of 8.96 g and a Fe leaching ratio of only 33.82%.




3.1.6. Effect of Liquid-to-Solid Ratio


The liquid-to-solid ratio, as another important economic and technical parameter in the hydrometallurgical leaching process, was further investigated. It is well known that a high liquid-to-solid ratio could reduce the viscosity of the slurry at a certain concentration of leaching agent, which is beneficial for improving the leaching ratio. However, an excessive liquid-to-solid ratio could result in a high requirement for liquid-solid separation equipment, which inevitably results in an undesirable economic burden. Therefore, an optimal liquid-to-solid ratio often needs to be determined through experimental investigation. On the basis of the abovementioned studies, the effect of the liquid-to-solid ratio on the oxygen pressure leaching of pyrrhotite was thus explored. The experimental results are shown in Figure 15, Figure 16 and Figure 17.



It can be seen that the viscosity of the slurry was too high when the liquid-to-solid ratio was 3:1 (Figure 15a), which was not conducive to the mass transfer since an agglomeration phenomenon was observed (Figure 16), where the sulfur yield and the bulk sulfur content were both low. Clearly, a decrease in the viscosity of the slurry could improve the sulfur yield and bulk sulfur content as the liquid-to-solid ratio increased. Moreover, the liquid-to-solid ratio of 9:1 only achieved bulk sulfur, and negligible changes were observed in the sulfur yield and the bulk sulfur production when the liquid-to-solid ratio was further increased. In the meantime, the acid content gradually increased as the liquid-to-solid ratio increased (Figure 15b), and the leaching ratios of iron and lead continued to rise. However, an excessive liquid-to-solid ratio was not conducive to the recovery of iron elements.



It can be observed from the XRD patterns in Figure 17 that the hematite peaks in the red residue were the strongest ones and the miscellaneous peaks were the lowest, suggesting that the content of hematite in the red residue was quite high, which was close to a value of over 90%. It is thus believed that the optimal liquid-to-solid ratio was 9:1.



In light of all the studies involving acid type, initial acidity, leaching time, leaching temperature, oxygen pressure, and liquid-to-solid ratio, it is determined that the optimal test conditions for pressurized oxidation acid leaching of pyrolysis slag are determined to be an initial acidity of 0.8 mol/L of hydrochloric acid, a leaching time of 5 h, an oxygen partial pressure of 0.8 MPa and a liquid to solid ratio of 9:1 at a temperature of 150 °C. With all the optimal leaching conditions, the sulfur yield achieved a value of 88.37%, and all sulfur was bulk sulfur with a value of 9.71 g. Moreover, the leaching ratio of iron in the slag was only 19.8%, while the leaching ratios of Pb and Zn were 92.25% and 99.11%, respectively.





3.2. Preparation of Target Products


The crude sulfur product and hematite leaching residue were obtained from the pyrolysis slag through oxygen pressure leaching. The content of elemental sulfur in the crude sulfur product obtained under the optimal conditions was 96.6%, and its grade could be further improved to meet the standard of first-class products by means of hot melting and other methods. In addition, the elemental content of the red leaching residue after a simple screening was tested, and the results are shown in Table 4.



It can be seen that the leaching residue contained 0.22% of elemental sulfur, and the iron grade was 55.14%, as illustrated in Table 4. Therefore, the obtained leaching residue of hematite was roasted at a low temperature of 500 °C, and the XRD patterns of the roasted slag were shown in Figure 18, where only characteristic peaks of hematite and silica appeared in the slag, indicating that small amounts of goethite and alum were transformed into hematite. Concurrently, the sulfur content of the leaching residue was reduced, and the quality of hematite was greatly improved.



The element analyses of the roasted leaching residue are shown in Table 5. It shows that the Fe grade was 61.46%, the S grade was 0.1%, and the content of Pb and Zn was 0.106%, all of which were well in line with the first-grade iron concentrate for the GB/T 29502-2013 of pyrite cinder (Table 6).



To sum up, the process of pyrolysis-oxygen pressure leaching for comprehensive utilization of valuable elements of pyrite concentrate is shown in Figure 19. The Fe in the pyrite concentrate mainly exists in the form of FeS2, with small amounts of FeCO3, Fe2O3, and FeSiO4, and Pb mainly exists in the form of PbSO4 and PbS. By pyrolyzing the pyrite concentrates under the inert atmosphere, high-purity elemental sulfur and pyrolysis slag were obtained, where the pyrolysis slag could be further processed through oxygen pressure acid leaching to prepare sulfur crude products and leaching residue. The sulfur crude products could be further treated by hot melting (114 °C) to become liquid sulfur and separated from solid impurities to obtain high-grade sulfur. Moreover, after the leaching residue was roasted, qualified first-grade pyrite cinder could be obtained.





4. Conclusions


	(1)

	
The phase of leaching residue obtained with hydrochloric acid is simpler and closer to hematite, while the iron phase of the autoclaved residue obtained with sulfuric acid is complex. In addition to hematite, there are goethite, alum, and other substances, which are more stringent for the subsequent roasting conditions;




	(2)

	
Sulfur can be obtained through oxygen pressure leaching of pyrolysis slag. The yield of elemental sulfur significantly increases with oxygen pressure, and the bulk sulfur increases first and then decreases with initial acidity and temperature, and steadily increases with reaction time and oxygen pressure. The leaching ratio of iron increases with initial acidity and the liquid-to-solid ratio, and gradually decreases with oxygen pressure. The oxygen pressure leaching has a good effect on the leaching of Pb and Zn in the pyrolysis slag, where the leaching ratio reaches a value of more than 90%, while the content of Pb and Zn in hematite products is extremely low;




	(3)

	
The optimal experimental conditions for oxygen pressure leaching of pyrolysis slag are determined to be an initial acidity of 0.8 mol/L, a leaching time of 5 h, an oxygen partial pressure of 0.8 MPa, a liquid-to-solid ratio of 9:1 at a temperature of 150 °C. Under these conditions, the yield of sulfur elemental reaches 88.37%, and the leaching ratio of Fe is only 19.8%, while the leaching ratios of Pb and Zn are 92.25% and 99.11%;




	(4)

	
After roasting the leached residue, the sulfur content in the hematite is reduced to 0.1%, and the content of Pb and Zn in the slag is 0.106%. The element content analysis result of the roasted slag well meets the standard of the first-grade pyrite cinder. Apparently, the proposed technical route holds great potential for the high-value utilization of pyrite concentrate.
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Figure 1. XRD patterns of the pyrolysis slag. 
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Figure 2. XRD patterns of the hydrochloric acid and sulfuric acid on red pressure leaching residue. 
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Figure 3. The effect of the initial acidity on oxygen pressure leaching of pyrrhotite: (a) sulfur yield and bulk sulfur content; (b) leaching ratios of Fe, Pb, and Zn. 
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Figure 4. Images of the pressure leaching products with different initial acidity. 
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Figure 5. XRD patterns of the red pressure leaching residue with different initial acidity. 
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Figure 6. The effect of the leaching time on oxygen pressure leaching of pyrrhotite: (a) sulfur yield and bulk sulfur content; (b) leaching ratios of Fe, Pb, and Zn. 






Figure 6. The effect of the leaching time on oxygen pressure leaching of pyrrhotite: (a) sulfur yield and bulk sulfur content; (b) leaching ratios of Fe, Pb, and Zn.



[image: Minerals 13 00726 g006]







[image: Minerals 13 00726 g007 550] 





Figure 7. Images of the pressure leaching products with different leaching times. 
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Figure 8. XRD patterns of the red pressure leaching residue with different leaching times. 
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Figure 9. The effect of the leaching temperature on oxygen pressure leaching of pyrrhotite: (a) sulfur yield and bulk sulfur content; (b) leaching ratios of Fe, Pb, and Zn. 
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Figure 10. Images of the pressure leaching products at different leaching temperatures. 
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Figure 11. XRD patterns of the red pressure leaching residue at different leaching temperatures. 
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Figure 12. The effect of oxygen pressure on oxygen pressure leaching of pyrrhotite: (a) sulfur yield and bulk sulfur content; (b) leaching ratios of Fe, Pb, and Zn. 
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Figure 13. Images of the pressure leaching products at different oxygen pressure. 
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Figure 14. XRD patterns of the red pressure leaching residue with different oxygen pressure. 
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Figure 15. The effect of liquid-to-solid ratio on oxygen pressure leaching of pyrrhotite: (a) the sulfur yield and bulk sulfur content; (b) the leaching ratios of Fe, Pb, and Zn. 






Figure 15. The effect of liquid-to-solid ratio on oxygen pressure leaching of pyrrhotite: (a) the sulfur yield and bulk sulfur content; (b) the leaching ratios of Fe, Pb, and Zn.
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Figure 16. Images of the pressure leaching products with different liquid-to-solid ratios. 
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Figure 17. XRD patterns of the red pressure leaching residue with different liquid-to-solid ratios. 
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Figure 18. XRD pattern of the roasted leaching residue. 
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Figure 19. The process of pyrolysis-oxygen pressure leaching for comprehensive utilization of valuable elements in pyrite concentrate. 
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Table 1. The chemical multi-element analysis of the pyrolysis slag.






Table 1. The chemical multi-element analysis of the pyrolysis slag.





	Element
	Fe
	S
	Pb
	Zn
	Mg
	Si
	Ca
	As
	Al
	C
	K
	Others





	Content (wt.%)
	54.26
	36.70
	0.78
	0.36
	0.095
	2.16
	1.35
	0.0073
	0.38
	0.037
	0.16
	3.7107
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Table 2. Process parameters to study the effects of different leaching conditions.
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	Effects/Leaching Conditions
	Acid Types
	Initial Acidity/mol/L
	Leaching Temperature/°C
	Leaching Time/h
	Oxygen Pressure/Mpa
	Liquid-to-Solid Ratio





	Different acid types
	Sulfuric/hydrochloric acid
	0.8
	140
	4
	1
	15:1



	Initial acidity
	Hydrochloric acid
	0.5/0.6/0.8/1.2/1.5
	140
	4
	1
	15:1



	Leaching time
	Hydrochloric acid
	0.8
	140
	2/3/3.5/4/5
	1
	15:1



	Leaching temperature
	Hydrochloric acid
	0.8
	120/130/140/150/160
	5
	1
	15:1



	Oxygen pressure
	Hydrochloric acid
	0.8
	150
	5
	0.4/0.6/0.8/1.0
	15:1



	Liquid-to-solid ratio
	Hydrochloric acid
	0.8
	150
	5
	0.8
	3:1/6:1/9:1/12:1/15:1
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Table 3. The pressure leaching products with different acid types.
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	Acid Types
	Red Pressure Leaching Residue/g
	Fe in Leaching Residue/wt.%
	Bulk Sulfur/wt.%
	Powdered Sulfur/wt.%
	Fe in Leaching Solution/wt.%





	Hydrochloric acid
	23.21
	66.57
	23.64
	54.27
	33.43



	Sulfuric acid
	21.96
	58.92
	35.09
	39.45
	41.08
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Table 4. Quantitative analysis of elements of pressure leaching residue.
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	Element
	S
	Fe
	Pb
	Zn
	Others





	Content (%)
	0.22
	55.14
	0.079
	0.019
	44.542
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Table 5. Quantitative analysis of elements in hematite.






Table 5. Quantitative analysis of elements in hematite.





	Element
	S
	Fe
	Pb
	Zn
	Others





	Content (%)
	0.1
	61.46
	0.082
	0.024
	38.334
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Table 6. Chemical composition of pyrite cinder (GB/T 29502-2013).






Table 6. Chemical composition of pyrite cinder (GB/T 29502-2013).





	
Grade

	
Chemical Composition (%)




	
TFe

	
SiO2

	
S

	
P

	
As

	
Cu

	
Pb + Zn






	
First-grade

	
≥60.0

	
≤6.0

	
≤1.0

	
≤0.05

	
≤0.05

	
≤0.2

	
≤0.3




	
Second-grade

	
≥58.0

	
≤10.0

	
≤1.5

	
≤0.08

	
≤0.08

	
≤0.3

	
≤0.5




	
Third-grade

	
≥54.0

	
≤12.0

	
≤2.5

	
≤0.12

	
≥0.12

	
≤0.4

	
≤1.0

















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
Leaching time: 2 Leaching tme: 4h

Sultur. 029 uitur: 269





media/file4.png
Intensity(a.u.)

S v Fe,0,
— HCI + Si0, +FeOOH
—H;SO, 1 (K,H30)Fe5(S0,),(OH)s
A PbFegS0,)4(OH),,

10 20 30 40 50 60 70 80
20 (°)





media/file30.png
Sulfur yield (%)

100 20 _ 00—
—_— . - E — ’
80./ 1158 £80¢ ——Fe
g 2 ——2n
i - ! ——Pb
60 110 8 E’ﬁo .
a0} 2 £}
—— Sulfur yield 15 2 S
20} —o— Bulk sulfur content x E 20 |
10 5
0 L 3 " 3 " 0 " N " L "
3 6 9 12 15 3 6 9 12 15
Liquid to solid ratio Liquid to solid ratio

(a) (b)





media/file18.png
100 20 100 —_— ~ s <
(*)) —A—
?80 i _ ] 15 ‘E °‘\o’ 80 i A/A ——
S . -od:-’- g —s—Fe
T 60 —= Sulfuryield 10 o o O60F —e—7n
_1; —o— Bulk sulfur content I o ;’ —s+—Pb
> 40l . 3 £ 40} T~
“_3 / \ i 5 a _t:% ] ] e S—
n 20t s = o 20t
— 10 3 =
0 1 1 1 1 1 1 1 1 1 1
120 130 140 150 160 050 130 140 150 160
Temperature (°C) Temperature (°C)

(a) (b)





media/file35.jpg
Intensity(a.u.)

v Fe,0,
+ SiO,

10 20 30 40 50 60 70 80

26 (°)






media/file21.jpg
Intensity (a.u.)

vFe;0; + FeOOH o FeSO,H,0
+Si0, .S

| M l l I I n 160 °C
. II I I l XX 150 °C
140 °C
130 °C
\M

10 20 30 40 50 60 70 80
20 (°)






media/file26.png
Leaching pressure: 0.4 MPa
. Sulfur: 0g

»

Leaching pressure: 0.6 MPa
Sulfur: 0g

-’ 4

g AR ‘“\ . *.' !& b
| \Q‘;‘: e

Leaching pressure: 0.8 MPa

ulfur: 8.96¢g






media/file27.jpg
Intensity (a.u.)

vFe,0; ¢Si0, oS

™~ 1 l I x l 0 1.0 MPa
" I t l x v ] ,x 0.8 MPa

" her l 1 X I " 0.6 MPa
T~ l kX 0.4 MPa

10 20 30 40 50 60 70 80
20 (°)






media/file3.jpg
Intensity(a.u.)

.S v Fe,0,

+Si0, &FeOOH
1(K,H;0)Fe3(S0,);(OH)s
A PbFeg(S0,)4(OH),,

——Hcl
——H,S0,

10 20 30 40 50 60 70 80
20 (°)





media/file22.png
Intensity (a.u.)

v FezO3 + FeOOH o FCSO4H20
¢ SiOz o S

Mo I | I I Y x I II 160 °C

i I 1 | l I I l 'Y 150 °C

S, = 11 l h Y Y I 0 140 °C
«

M. xlxﬁn Ih v v x v 130 °C
\\., xl Ilh I] ! x X 120 C

10 20 30 40 50 60 70 80
20 (°)





media/file19.jpg
. ‘.“Q'

o A

Leaching temperature: 120°C [ i eaching :em,,e:tnfe 450°C ~
Sulfur: 0g lfur: 6.569






media/file7.jpg
Initial acidity: 0.5 mollL nitial acidity: 0.8 mollL Initid acidity: 1.0 oL
| suitur: 029 uttur: 2.6g Sulfur. 459






media/file28.png
Intensity (a.u.)

v Fe203 ¢ SiO, S

- l x l l I I I xx 1.0 MPa
\N—.uv—l—lw-l_ ‘_‘_..I—.-l* -_...lew-g:‘av-*M:'j a.‘
T [I |: I I l I l Yy 0.6 MPa

*

T

K \ Y | \ 0.4 MPa

10 20

30 40 50 60 70 80
20 (°)





media/file10.png
Intensity (a.u.)

vFe,0; « FEOOH + SiO, - S

[, I + . x“l xl x 2 * 1.5 mol/L
R hl X 1.2 mol/L
Mo % I I I l x 4 I Y 1.0 mol/L
e :“ xn l I '| x I vy 0.8 mol/L
N—_ 1 I II l I M X I ) 0.6 mol/L
R 1 Ill I & Y X ] 84 0.5 mol/L

10 20 30 40 50 60 70 80
20 (°)





media/file33.jpg
Intensity (a.u.)

v Fe,0; ¢ SiO;

15:1

NPT
e Ly

10 20 30 40 50 60 70 80
20 (°)






media/file32.png
<

Liquid to solid ratio: 3:1
Sulfur: 5.629g-






media/file14.png
Leaching time: 2 h.

Sulfur:. 0.2 g

) poee ¢
&
ﬂ
. '

e Bl
1 b ‘ J Q

8 oo

K%

Leaching time: 4h
¢ Su‘fur: zs-g Vorin gy e 2

-

-~ IS

v{q ﬁ‘p.ld 4

a"\’

» =

Leach &Q‘ Ol

Sulfur: 7. 8% g






media/file11.jpg
100

Sulfur yield (%)
o 8 &8 8 8

20 _ 100,
—e g Ew} T
- —r
e sutoryiold 10 60| -
et o [ =
/ s £4
s B
o é 820
s o

20 25 30 35 40 45 50
Time (h)

(a)

20 25 30 35 40 45 50
Time (h)

(b)





media/file6.png
Sulfur yield (%)

100

80}
60}
40}

20+

—«— Sulfur yield 10
—— Bulk sulfur content 18
T T e
|4

12

lo

02 06 08 10 12 14 16

Acidity (mol/L)
(a)

Bulk sulfur content (g)

Leaching ration (%)

100

80+

60+

40+

20+

0 . . . . :
04 06 08 10 12 14

Acidity (mol/L)

(b)

1.6





media/file36.png
Intensity(a.u.)

e

v F9203
¢ S|02

10 20 30 40 50 60 70 80

20 (°)






media/file15.jpg
Intensity (a.u.)

A PbFe,(SO,),(OH),, ¥ Fe,0; & FeOOH
® FeSO,H,0 +Si0, oS

T
S T

3.5h

v 3h

b 2h

10 20 30 40 50 60 70 80
20 (°)






media/file37.jpg
Solid sulfur

Pyrite concentrate

036

Fe | s
s oz
m | oom
[ o0 Juet e Bemrm——
|
e | ol
s or
Pyrite cinder first grade Pb. 0.082
w | oo






nav.xhtml


  minerals-13-00726


  
    		
      minerals-13-00726
    


  




  





media/file16.png
Intensity (a.u.)

A PbFe (SO,),(OH),, ¥ Fe,0, & FeOOH
® FeSO,H,0 ¢Si0, oS

et Ikt 1 o
N 795 | TR SR

v 3h |

WW

10 20 30 40 50 60 70 80
20 (°)






media/file2.png
Intensity (a.u.)

¢+ Fe,S;
t « SiO,

oo

10 20 30 40 50
20 (°)

60 70 80





media/file20.png
Q-‘.

A58,

Leaching temperature 120 °C . Leaching tempe;}e: 150 °C °
~ Sulfur: 0g _Sulfur: 6569 AL






media/file23.jpg
20 100, ———
: g —re
155 £ 80 ——zn
0§ £
E-]
53 5
A— = 3w
—— Bulk sulfur content] 0 @ H
%406 08 10 04 o6 08 10

Oxygen pressure (MPa)

(a)

Oxygen pressure (MPa)
(b)






media/file5.jpg
100,

10 100,
[~ sutfur yield Kl ==
e o . 62 Eao
g oy [ 8§ -
6 £ 2 60l
4 8 s
M ° S
- o
23 % -
i

9206 08 10 12 14 16

Acidity (mol)
(a)

o
04 06 08 10 12

Acidity (moliL)
(b)

14

16





media/file24.png
100 20 _ 100 v - =
. . o 2

- ) —=—Fe

~ 80} 155 &£ 80f ——2n
g 60+ 10 § © 60}
> 40} 2 £ a0l

% 15 (?: .(:% y T
» 20 " Sulfur yield = g 20¢

0 : * —— Bulk sulfur content| 0 m 0
0.4 0.6 0.8 1.0 0.4 0.6 0.8 1.0
Oxygen pressure (MPa) Oxygen pressure (MPa)

(a) (b)





media/file29.jpg
100, 20 100
< 8 15T 80 —r
g /—‘.—‘—- 5 - / e
g ws Eel a4
5 40| 2 £40
2 ey 53 %
@ 20 euksdurcontent | 2 829

o o & -

3 6 9 12 15 o 3 6 9 12 15
Liquid to solid ratio Liquid to solid ratio

(a) (b)





media/file1.jpg
Intensity (a.u.)

+ Fe,S;
* Si0,

10 20 30 40 50 60 70 80

20 (°)






media/file31.jpg
Liquid to solid ratio: 3:1
Sulfur: 5629






media/file25.jpg
Leaching pressure: 0.4MPa | Leaching pressure: 0.6 MPa
Sulfur. 0g Sulfur: 0g






media/file12.png
Sulfur yield (%)

100

80+
60}
40+

20+

\'_—‘__'_’____, )

~—u— Sulfur yield

—— Bulk sulfur content

A
—_—

o O, — N
o (4] o
Bulk sulfur content (g)

050 25 30 35 40 45 50

Time (h)
(a)

100

Leaching ratio (%)

o

N A O ©
o o©Oo o o

2.0 25 30 35 4.0 45 50
Time (h)
(b)






media/file9.jpg
Intensity (a.u.)

+Fe,0; « FeOOH + S0, + §
\L!.Ml. st s 4 AsmollL

T N o X 1.2 mol/L
. PR l[ Lo a0 moin

L 4 0.8 mol/L

Mt Ll LI X1 X xgomon |
I~ txd lk X 1 I xxO.SmoIlL

10 20 30 40 50 60 70 80
26 (°)






media/file0.png





media/file38.png
Element

Content{%o)

Fe 42.44
s 48.58

Pb 0.63

Zn 0.25

Pyrite concentrate

Pyrolysis

Solid sulfur

FeS, — FeS .y + (1-X)S l

Pyrolysis slag

|

Element Content(%)
Fe 54.26
S 36.70
Pb 0.78
Zn 0.36

| Oxidation leaching |

Element Content(%)
Fe 55.14
5 0.22
Pb 0.079
Zn 0.019

|

Leaching residue

Roasting

Pyrite cinder first grade

:

Crude sulfur product

Element Content(%0)
Fe 61.46
0.1
Pb 0.082
Zn 0.024






media/file8.png
Initial acidity: 0.5 mol/L
"Sulfur: 0.2¢9g

.,

o8 .\ Q

Initial acldlty 0. 8 moIIL
Sulfur: 2.6-g

-
= ;
b ]
. . . e
- —

Initial acidity: 1.0 moIIL
- Sulfur: 459 |






media/file34.png
Intensity (a.u.)

10 20 30 40 50 60 70 80
20 (°)





media/file17.jpg
100

Sulfur yield (%)

20 _ 100,
g 15; £ 80 /\‘ ——
Sutryiota Y e
sutr R s
ot i E =
P ofel~_ "
¥E =2
£ i
0 3
0

120 130 140 150 160
Temperature (°C)

(a)

120 130 140 150 160
Temperature (°C)

(b)






