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Abstract

:

Germanium-containing residues (GCR) are a secondary resource rich in zinc (Zn) and germanium (Ge) produced in the Zn pyrometallurgical process and an important raw material for recovering Zn and Ge. To recycle the residue by hydrometallurgy, sulfuric acid is used to leach the residue under normal pressure. In this study, the experimental conditions (leaching temperature, leaching time, liquid/solid (L/S) mass ratio and initial acidity) were optimized through the experimental design to make the optimized experimental conditions consistent with the current industrial production conditions, so as to maximize the leaching rate of Zn and Ge, and the main reasons for the low leaching rate of germanium were analyzed. The results show that the optimum reaction conditions are as follows: initial acidity 160 g·L−1, leaching temperature 90 °C, L/S mass ratio 5:1, leaching time 60 min and stirring speed 400 r·min−1. Under the optimum reaction conditions, the leaching rates of Zn and Ge are 83.22% and 77.29%, respectively. The reason for the low leaching rates of Zn and Ge in GCR was obtained through atmospheric leaching experiment, electron probe microanalysis (EPMA), scanning electron microscopy (SEM) and energy dispersive spectroscopy (EDS), X-ray diffraction (XRD) and chemical phase analysis. GCR is mainly composed of phases such as zincite (ZnO), galena (PbS), wurtzite (ZnS) and anglesite (PbSO4), and the main elements are Zn, lead (Pb), germanium (Ge), oxygen (O), sulfur (S), silicon (Si), aluminum (Al) and Fe. This study can provide a certain reference value for researchers, in order to provide a reference for the large-scale recycling of Zn and Ge resources in the future.
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1. Introduction


Ge is an important and scarce associated resource, which has a wide and important application in semiconductors, biomedicine, aerospace, optical fiber communications, electronic equipment, photocells and other fields. The United States, Japan and China have listed it as a strategic reserve resource. Germanium is a critical raw material. Europe defines raw materials as critical raw materials mainly according to two criteria: their economic importance for European industry and their supply risk, that is, the risk of interruptions in the supply to Europe [1]. Germanium is of great significance to the development of a national economy, military and science and technology [2,3,4]. There are clear global trends and tendencies showing that the demand for Ge will increase dramatically in the near future.



Independent Ge deposits are rare in nature. Ge is mainly associated with other metal minerals. Therefore, Ge is mainly recovered from some Ge-rich coal seams and Pb–Zn metallurgical by-products [5,6,7]. China is the largest producer of most of the critical raw materials, including the rare earth elements, magnesium, tungsten, antimony, gallium and Ge. The Zn sulfide concentrate produced from Pb–Zn ore in southern China is rich in Ge. The hydrometallurgy of Zn process is the main method for extracting metallic Zn from Zn sulfide concentrate. In neutral leaching and weak acid leaching stages, sphalerite and Zn ferrite are difficult to effectively leach, and the important element Ge is not leached, almost all of them are enriched into Zn leaching residue [8,9]. With the gradual depletion of sulfide ore, valuable metals are recovered from various waste resources such as dust, scum, and waste residues in the metallurgical industry, and the world is paying more and more attention to these waste resources [10,11,12,13,14]. The content of Zn and Ge in Zn leaching residue is low, so Ge enrichment should be considered in the industrial extraction of Ge. Rotary kiln volatilization and fuming furnace volatilization are widely used in Ge-rich treatment of Zn leaching residue [15]. The main chemical components of GCR are Zn, Pb, S, Fe, As, Ge and Si, with special attention to the Ge content as high as 500–1000 g/t. Zn sulfide in the residue is reduced to Zn powder, and Zn powder is oxidized to Zn oxide. Therefore, the Zn-containing phases in the GCR are ZnO and ZnS, and the GCR phases are Ge oxide (GeO) and Ge dioxide (GeO2) [16,17,18,19,20]. Therefore, Zn and Ge in GCR have high recovery values [21,22,23,24,25,26].



At present, sulfuric acid leaching is the most widely used industrial method to treat GCR [27,28,29]. The leaching residue is sent to fire to recover Pb and Ag. The leaching solution is used to precipitate Ge with tannic acid to produce Ge residue, which is burned to get Ge concentrate. After neutralization and Fe removal, the solution is sent to purification and electrolysis to extract Zn [30]. However, when using atmospheric leaching of germanium in the GCR, the leaching rate is only 70%–80%. The main reason for the low Ge leaching rate caused by the leaching of GCR by atmospheric methods has not yet been clearly explained, which leads to the lack of suitable industrial methods to solve this problem in industrial production.



In this study, the GCR was produced in the process of fuming Zn leaching residue from a Pb and Zn smelter in Yunnan Province. The company adopts the most widely used sulfuric acid leaching process and tannic acid to precipitate Ge and recover Zn and Ge from Ge-containing GCR. To study the best conditions for the treatment of GCR by atmospheric leaching process, and to find out the main reason for the low leaching rate of Zn and Ge, an atmospheric leaching test was carried out on GCR. The main reasons for the low leaching rate of Zn and Ge were analyzed by means of chemical phase analysis, X-Ray Fluorescence Spectrometer (XRF), Inductively Coupled Plasma Optical Emission Spectrometer (ICP-OES), Electron Microprobe (EPMA), X-ray powder diffraction (XRD) and Scanning Electron Microscope–Energy Dispersive Spectrometer (SEM-EDS).




2. Experiments


2.1. Materials and Methods


The raw material GCR used in the experiments was provided by a company in Yunnan, China. The samples were dried for 24 h at 105 ± 5 °C in an oven for the removal of moisture. After the material was pulverized to a particle size of 0.075 mm, the subsequent acid leaching experiment was carried out. All reagents used in this article are analytical-grade products manufactured by Chengdu Kelong Chemical Co., Ltd., Qionglai City, Sichuan Province, China. The leaching solution was prepared with deionized water.




2.2. Leaching Experiment


The schematic diagram of the leaching experiment device is shown in Figure 1. All experiments in this study were completed in 250 ml flasks (Gongyi Yuhua Instrument Co., Ltd., Zhengzhou, China). First, weigh 30 g of materials for use. Add a certain concentration of sulfuric acid solution to the flask according to the L/S mass ratio (4–8:1), and turn on the constant temperature heating magnetic stirrer (DF-101S, Sichuan ShuBo (Group) Co., Ltd., Chongzhou, China) to heat the solution. A condensation reflux pipe was installed at the flask mouth to prevent evaporation of the solution and insert a thermometer. The mouth of the flask is sealed with a rubber stopper to prevent evaporation. The actual temperature of the solution is measured by a thermometer inserted into the flask, and the temperature range is 0–100 °C. After the sulfuric acid solution is heated to a predetermined temperature, the weighed GCR is slowly added to the leaching solution. Then turn on the magnetic stirring function of the magnetic stirrer, and stir GCR and sulfuric acid solution for a certain time. After the leaching reaction, the filter residue and filtrate were obtained by liquid–solid separation (Filter: SHZ-D (III), Tianjin Huaxin Instrument Factory, Beijing, China). The leaching residue was washed and dried to characterize, and the leaching solution was tested for the content of Zn and Ge in the solution (Drying oven: DHG-9030A, Shanghai Yiheng Scientific Instrument Co., Ltd., Shanghai, China). Each group of experiments was repeated three times under the same reaction conditions, and the average value was taken.




2.3. Analytical Methods


X-ray fluorescence spectroscopy (XRF, PANalytical Axios, PANalytical B.V., Almelo, Netherlands) and X-ray powder diffraction (XRD, Philips pw1825, PHILIPS, Eindhoven, Netherlands) were used to determine the main components and phase compositions of the materials. The composition and content of Zn-containing phases were determined by chemical phase analysis. The samples were analyzed by scanning electron microscope (Nova-NanoSEM-450, FEI, Hillsboro, USA) and EPMA-1720 series electron microprobes, which provided the microstructure, mineralogy information and elemental distribution of the samples. The metal content of the samples in the solution was determined using ICP-OES (PlasmaQuant PQ9000, Analytik Jena, Jena, Germany). During the experiment, the Origin software was used to plot and analyze the data, and the Jade software was used to analyze the phase. The leaching rate (λMe) was calculated according to the following Equation (1) [31,32]:


   λ  Me   =    θ  Me   × V    θ  Me  0  × m    



(1)




where θMe(g·L−1) is the concentration of Zn or Ge in the filtrate, V(L) is the volume of the filtrate, θMe0(%) is the mass fraction of Zn or Ge in the sample before acid leaching, and m(g) is the weight of the sample.





3. Results and Discussion


3.1. Characterization of the GCR


Due to the different production processes and raw materials of different Pb–Zn smelting enterprises, the properties of GCR are also different, but the main phases are ZnO, ZnS, ZnFe2O4, PbSO4, PbS, GeO, (Fe,Ge)2O4 and GeO2. Table 1 lists the XRF quantitative analysis results of the GCR [33]. According to our previous research, the Zn-containing phases of GCR samples are mainly composed of ZnO, ZnS, ZnSO4 and ZnFe2O4, and the composition structure is shown in Table 2 [33]. The XRD results of GCR were shown in Figure 2 [33]. Because the XRD instrument cannot detect the phase with low content or poor crystallinity, only four phases with high content appear as diffraction peaks, which are ZnO, ZnS, PbS and PbSO4. Sulfide (such as ZnS and PbS) in the sample is difficult to be dissolved in sulfuric acid solution without oxidant.



To intuitively understand the micromorphology and element composition of GCR, SEM-EDS analysis was carried out, as shown in Figure 3. The microstructure of the raw material is spherical, acicular, cubic and flocculent aggregates. The main constituent elements are Zn, Pb, O, S, Si, Al and Fe. To know the chemical composition of the four typical structures, the five regions (spot. 1–5 in Figure 3a) were analyzed by EDS [34]. Due to the low Ge content in GCR, a scanning electron microscope cannot detect the Ge content. According to the analysis results in Figure 3a and Table 3, the following conclusions can be drawn: spot 1 is a cubic structure, which is a mixture of PbSO4 and PbS, with a small amount of ZnO and ZnS embedded; spot 2 is a spherical structure, which is ZnO, with a small amount of ZnS, PbSO4, PbS, Fe oxide and aluminosilicate embedded. Spot 3 is a flocculent structure, which is mainly composed of ZnO wrapped ZnS mixed particles; spot 4 is an acicular structure, which is composed of high content of ZnO and low content of ZnS, PbSO4 and PbS; spot 5 is a spherical structure, which is composed of high content of ZnO and low content of ZnS, PbSO4, PbS and SiO2.



Therefore, EDS analysis shows that the spherical particles are mainly the mixture of Zn oxide and Pb–Zn oxide, the cubic particles are PbS phase, and the flocculent and acicular particles are mostly ZnO phase. In general, the results of SEM-EDS analysis are consistent with those of Table 1 and Table 2 and XRD analysis.



Figure 4 shows BSE (Backscatter electron) image (a) and EPMA element analysis diagrams (b-h) of the GCR. The bright regions in Figure 4b–h correspond to the positions of Zn, Pb, O, S, Si, Fe and Ge, respectively, and the distribution of elements confirms that the main elements of the GCR are Zn, Pb and S. From Figure 4b–h, it can be found that the positions of Zn, Pb, O and S are almost overlapped, which indicates that the phases of GCR may be ZnS, ZnO, PbSO4 and PbS. Similarly, the distributions of O and Si elements in regions 1 and 3 and regions 2 and 4 in Figure 4d,f are highly consistent, indicating that this region is an oxide of Si; the element distributions of O and Fe in regions 2 and 5 in Figure 4d,g are highly coincident, indicating that the region is an oxide of Fe. Due to the low Ge content, the electron probe cannot detect the obvious enriched region of Ge, so it is speculated that the Ge in the GCR may be dispersed in the phases containing Zn, Pb, Si and Fe according to Figure 4h. Therefore, the results of EPMA are consistent with those of XRD and SEM-EDS.



In conclusion, through chemical analysis, XRD analysis, SEM-EDS analysis and EPMA analysis, it is concluded that the main phases of GCR are ZnO, ZnS, PbSO4, PbS, Fe oxides, Si oxides and Al oxides.




3.2. Atmospheric Leaching Experiment


To study the reasons for the low leaching rates of Zn and Ge in GCR leaching under normal pressure and to explore the best reaction conditions, atmospheric leaching experiments were carried out on GCR. The effects of L/S mass ratio, leaching time, initial acidity and temperature on the leaching rate of Zn and Ge are shown in Figure 5, Figure 6, Figure 7, Figure 8 and Figure 9. With reference to the actual process conditions of the enterprise and the research conditions of others. is a reference, not a use. is a reference, not a use.The leaching temperature is generally 50–100 °C, the initial acidity is about 160 g·L−1, the L/S mass ratio is 4–7:1, and the leaching time is about 60 min [9,35]. To match the enterprise and existing research, the range of the research parameter value is selected as L/S mass ratio 4–8:1, the leaching temperature is 50–90 °C, and the initial acidity is about 100–200 g·L−1. The time is 30–240 min. According to Section 3.1, the main chemical composition of the GCR is known, so the main reaction of the GCR in sulfuric acid system is as follows.


ZnO + H2SO4 = ZnSO4 + H2O



(2)






GeO + H2SO4 = GeSO4 + H2O



(3)






GeO2 + 2H2SO4 = Ge(SO4)2 + 2H2O



(4)







The leaching rates of Zn and Ge at different L/S mass ratios (4–8:1) are shown in Figure 5. Figure 5 shows that the leaching rates of Zn and Ge increase significantly from 58.58% and 40.22% of 4:1 L/S mass ratio to 89.39% and 81.92% of 8:1 L/S mass ratio, respectively. However, increasing the L/S mass ratio will increase the total content of the leaching agent, resulting in more Fe leaching and increasing the Fe ion concentration in the solution, which will affect the subsequent processing procedures. The φ–pH diagram for a Zn−Fe−H2O system (aMen+ = 0.01, 25 °C, 1.0 bar) has been depicted using the HSC 6.0 software (Figure 6) [36]. During the experiment, it was found that when L/S mass ratio was 4, 5, and 6, the pH values of the filtrate after the experiment were pH ≥ 5, pH = 1.5–2, and pH ≤ 0.5, respectively. It can be seen from Figure 6 that Fe3+ begins to precipitate in the form of Fe(OH)3 at pH ≥ 2.0, which is consistent with previous research results [37,38,39,40]. This results in the resorption of free Zn and Ge in solution into the residue by Fe(OH)3. Therefore, the L/S mass ratio was selected as 5:1 in the following experiments.



It can be seen from Figure 7 that the leaching rate of Ge reaches the maximum value of 77.29% in 60 min, and begins to decrease with the increase of time after leaching for 60 min. The leaching rates of Zn first increased and then decreased with the increase of time, but the difference was not significant. This shows that under this method, most of the minerals containing Zn and Ge soluble in sulfuric acid solution can be leached within 60 min. When the leaching experiment continues, other impurity metal minerals may react with sulfuric acid, thereby dissolving the impurity metals into the solution or absorbing and precipitating Zn and Ge in the solution into the residue. Therefore, the best leaching time of GCR is 60 min.



It can be seen from Figure 8 that the leaching rate of Zn increases from 50 °C, decreases slightly at 60 °C and tends to be flat at 90 °C, at which time the leaching rate is 83.22%. The leaching rate of Ge started to increase from 50 °C, and it leveled off at 90 °C, and the leaching rate was 77.29%. During the leaching process, increasing the temperature can effectively ease the binding of mineral particles, promote molecular diffusion and promote the reaction [40]. Therefore, the best leaching temperature of GCR is 90 °C.



The effect of the initial acidity changes from 100 to 200 g·L−1 on the leaching rates of Zn and Ge was studied under the conditions of optimal leaching temperature, L/S mass ratio and leaching time. The results are shown in Figure 9. Figure 9 shows that the concentration of H2SO4 has a great influence on the leaching rates of Zn and Ge. This is because when the L/S mass ratio is constant, the sulfuric acid content in the solution will increase with the increase of sulfuric acid concentration, thereby increasing the collision probability of hydrogen ions with compounds and promoting the reaction. However, when the initial acidity increases to 160 g·L−1, the leaching rate of Ge reaches the maximum value of 74, and when the initial acidity increases to 180 g·L−1, the leaching rate begins to decline. This may be because the solubility of GeO2 in sulfuric acid decreases with the increase of initial acidity. Therefore, the optimal concentration of H2SO4 in this experiment is 160 g·L−1.



Based on the above results and analysis and discussion, the best reaction conditions for leaching GCR at atmospheric pressure are: initial acidity of 160 g·L−1, L/S mass ratio of 5:1, leaching time of 60 min, and leaching temperature of 90 °C. However, the leaching rates of Zn and Ge were only 83.22% and 77.29% under the optimal pH control conditions.




3.3. Characterization and Analysis of Leaching Residue


The leaching residue obtained after leaching was characterized and analyzed by XRF, XRD, and SEM-EDS. The main chemical composition of the residue is shown in Table 4. Compared with the results in Table 1, the Zn content in Table 4 is significantly reduced, and the Ge content is also reduced, but most of the Ge is still not leached, while the Pb, Si, S and Fe elements are significantly enriched, indicating that the atmospheric leaching process cannot completely leach Ge, nor can it leach sulfide.



XRD analysis of leached residue is shown in Figure 10. Only the diffraction peaks of PbS, ZnS and PbSO4 appear in Figure 10. Compared with Figure 1, the diffraction peaks of ZnO in Figure 10 disappear, but PbS, ZnS and PbSO4 still exist, which indicates that ZnO is easily soluble in sulfuric acid, while PbS and ZnS are difficult to be leached by atmospheric leaching without oxidant.



Figure 11 is a SEM image of the leaching residue. The EDS analysis results of the five points selected in Figure 11 for the leaching residue are shown in Table 5. The structure and shape of the leaching residue are mainly composed of five shapes: sphere, acicular, block, tetragonal and flocculent (marked with numbers 1–5). According to the analysis results in Figure 11, the following conclusions can be drawn: spot 1 is a spherical structure, the main phase of which is ZnS, and contains trace PbS, PbSO4 and SiO2. Spot 2 is a needle structure, the main phase of which is PbSO4, and contains trace ZnS, PbS, SiO2 and Fe oxides. Spot 3 is a block structure, the main phase is PbSO4, and contains a small amount of ZnS and PbS; the tetragonal structure of the monomer at spot 4 is mainly composed of PbSO4 particles and contains trace PbS and ZnS; and the flocculent structure of the monomer at spot 5 is mainly composed of PbSO4 and contains trace PbS and ZnS.



According to the SEM-EDS analysis in Figure 3 and Figure 11, Table 3 and Table 5, the spherical structure is mainly composed of ZnO particles; the tetragonal structure is mainly composed of Pb sulfate and PbS particles; and the acicular structure is mainly composed of ZnO and ZnS with a small amount of PbSO4 and PbS mixed particles. Compared with Figure 3 and Figure 11, the spherical structure in Figure 11 is reduced, indicating that ZnO has been leached, while the tetragonal structure and acicular structure still exist, indicating that the two phases are difficult to leach. EDS analysis of Table 5 shows that the leaching residue is mainly composed of Zn, Pb, S, O, Fe and Si, which are composed of PbS, ZnS, PbSO4, SiO2 and Fe oxide. Compared with the previous research results, the above research results are similar in shape, structure and phase of the leaching residue, and the difference is that the Zn content of the atmospheric leaching residue is higher, which indicates that the atmospheric leaching method is difficult to leach sulfide, thus causing the loss of some Zn. SEM-EDS analysis is consistent with XRD analysis. In summary, PbSO4, PbS, ZnS, SiO2 and Fe oxides are difficult to leach under atmospheric leaching, which is consistent with the results in Table 4 and Figure 10. This may be one of the main reasons why the leaching rates of Zn and Ge cannot be improved by the atmospheric leaching process.



Figure 12a,b are the SEM images of the GCR sample and the leaching residue, respectively. From the surface scanning maps, it can be concluded that the brightness and density of Zn and O elements in the leaching residue are significantly lower than those of GCR, while the brightness and density of Pb, S, Si and Fe elements are significantly lower than those of GCR. It is significantly higher than GCR, which indicates that Zn is mostly leached out by atmospheric leaching, while Pb, S, Si and Fe elements are abundantly enriched, indicating that the compounds composed of Pb, S, Si and Fe are more difficult to be leached under conventional conditions. At the same time, the distribution of Pb, O and S in the leaching residue is highly consistent, which proves that the leaching residue contains a large amount of PbSO4. Zn and S, Si, Fe and O have similar distribution characteristics in the leaching residue, which indicates that the leaching residue contains ZnS, SiO2 and Fe oxides. Due to the low content of Ge, the presence of Ge could not be detected by SEM-EDS. The surface scanning analysis results in Figure 12 show that PbSO4, PbS, ZnS, SiO2 and Fe oxides are difficult to leaching, which is consistent with the chemical analysis, XRD analysis and SEM-EDS analysis results. According to the research results of Jiang et al., Ge mainly exists in PbS, and it is difficult to leach sulfides by atmospheric leaching without oxidant, which may be the main reason for the low leaching rate of Ge [35].





4. Conclusions


According to the research results of this article, the following conclusions can be drawn:




	(1)

	
The GCR samples studied in this paper are mainly composed of the following elements: Zn, Pb, S, As, Si, Fe and Ge. XRF, XRD, SEM-EDS and EPMA analysis show that the main phases of GCR are ZnO, ZnS, PbS and PbSO4.




	(2)

	
The results of atmospheric leaching experiments show that the best reaction conditions under pH control are: leaching temperature of 90 °C, L/S mass ratio of 5:1, stirring speed of 400 r·min−1, leaching time of 60 min, and initial acidity of 160 g·L−1; under these conditions, the leaching rates of Zn and Ge are 83.22% and 77.29%, respectively. XRD and SEM-EDS show that the leaching residue is mainly composed of ZnS, PbS and PbSO4, and contains a small amount of SiO2 and Fe oxides.




	(3)

	
Ge may be dispersed in ZnO, ZnS, PbS, PbSO4, SiO2 and Fe oxides. ZnO is easy to be leached by acid, while ZnS and PbS are difficult to be leached by sulfuric acid without oxidant, and SiO2 and sulfuric acid do not react. This may be one of the main reasons why the atmospheric leaching process cannot increase the Ge leaching rate.




	(4)

	
The author believes that under the premise of not increasing the leaching cost and not introducing impurity ions, green and pollution-free oxidants should be added during the leaching process and external field strengthening methods should be introduced to strengthen the leaching of sulfides, such as ultrasonic waves, microwaves, etc., to achieve a low cost, high leaching rate and short leaching process which does not affect the purpose of recovering Zn and Ge in subsequent processes.
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Figure 1. Schematic diagram of the leaching experimental setup. 
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Figure 2. XRD pattern of characterization of the GCR. 
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Figure 3. SEM image and EDS analysis areas of the GCR. 
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Figure 4. BSE image (a) and EPMA elemental images (b–h) of GCR. 
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Figure 5. Effect of L/S mass ratio on metal leaching rate (initial acidity = 160 g·L−1, leaching time = 240 min, leaching temperature = 90 °C, and stirring speed = 400 r·min−1). 
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Figure 6. φ−pH diagram for Zn−Fe−H2O system at 25 °C (aMen+ = 0.01, 25 °C, 1.0 bar). 
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Figure 7. Effect of leaching time on metal leaching rate (L/S mass ratio = 5:1, initial acidity = 160 g·L−1, leaching temperature = 90 °C, and stirring speed = 400 r·min−1). 
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Figure 8. Effect of leaching temperature on metal leaching rate (leaching time = 60 min, initial acidity = 160 g·L−1, L/S mass ratio = 5:1, and stirring speed = 400 r·min−1). 
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Figure 9. Effect of initial acidity on metal leaching rate (L/S mass ratio = 5:1, leaching time = 60 min, leaching temperature = 90 °C, and stirring speed = 400 r·min−1). 
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Figure 10. XRD pattern of atmospheric leaching residue (initial acidity = 160 g·L−1, leaching temperature = 90 °C, leaching time = 60 min, and L/S mass ratio = 5:1). 
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Figure 11. SEM image and EDS analysis areas of atmospheric leaching residue (initial acidity = 160 g·L−1, leaching temperature = 90 °C, leaching time = 60 min, and L/S mass ratio = 5:1). 
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Figure 12. SEM images and EDS mapping: (a) the GRC sample; (b) the leaching residue (initial acidity = 160 g·L−1, leaching temperature = 90 °C, leaching time = 60 min, and L/S mass ratio = 5:1). 
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Table 1. XRF results of the GCR.
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	Element
	Zn
	Pb
	S
	Fe
	As
	K
	Si
	Cd
	Ag
	Ge
	Others (e.g., O)





	Content, wt.%
	49. 65
	15.92
	4.70
	3.02
	0.99
	0.66
	0.58
	0.48
	314.8 g/t
	620.4 g/t
	23.90
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Table 2. Chemical phase analysis results of Zn in GCR.
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	Phase
	ZnO
	ZnS
	ZnSO4
	ZnFe2O4
	Total





	Zn content, wt.%
	42.66
	5.31
	0.92
	0.76
	49.65



	Distribution, %
	85.92
	10.69
	1.85
	1.54
	100
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Table 3. The EDS analysis results of the selected area of the raw material sample GCR in Figure 3a.
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Item

	
Spot 1

	
Spot 2

	
Spot 3

	
Spot 4

	
Spot 5




	
wt.%

	
at.%

	
wt.%

	
at.%

	
wt.%

	
at.%

	
wt.%

	
at.%

	
wt.%

	
at.%






	
Zn

	
12.24

	
11.1

	
46.74

	
25.09

	
65.12

	
32.50

	
60.41

	
35.14

	
63.86

	
36.86




	
Pb

	
64.01

	
18.31

	
9.25

	
1.57

	
0.00

	
0.00

	
11.31

	
2.07

	
8.20

	
1.49




	
O

	
14.39

	
53.3

	
21.56

	
47.29

	
31.34

	
63.90

	
24.57

	
58.39

	
24.21

	
57.09




	
S

	
9.36

	
17.3

	
2.52

	
2.76

	
3.54

	
3.60

	
3.71

	
4.40

	
2.84

	
3.34




	
Si

	
0.00

	
0.00

	
9.56

	
11.95

	
0.00

	
0.00

	
0.00

	
0.00

	
0.90

	
1.21




	
Al

	
0.00

	
0.00

	
7.17

	
9.33

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00




	
Fe

	
0.00

	
0.00

	
3.18

	
2.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00
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Table 4. XRF results of atmospheric leaching residue.
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	Element
	Pb
	Zn
	S
	Fe
	Si
	Al
	As
	Ge
	Others (e.g., O)





	Content, wt.%
	35.77
	19.00
	10.34
	6.35
	2.24
	1.26
	1.00
	0.03
	24.01
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Table 5. The EDS analysis results of the selected area of atmospheric leaching residue in Figure 11.
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Item

	
Spot 1

	
Spot 2

	
Spot 3

	
Spot 4

	
Spot 5




	
wt.%

	
wt.%

	
wt.%

	
wt.%

	
wt.%






	
Zn

	
59.0

	
30.4

	
18.0

	
6.8

	
21.5




	
Pb

	
19.7

	
35.4

	
23.6

	
68.0

	
40.6




	
O

	
16.7

	
29.3

	
51.9

	
15.1

	
28.1




	
S

	
4.0

	
4.2

	
6.4

	
10.1

	
9.8




	
Si

	
0.6

	
0.4

	
0.00

	
0.00

	
0.00




	
Fe

	
0.00

	
0.2

	
0.00

	
0.00

	
0.00
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