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Abstract

:

The purpose of this study was to liberate gold from sulfide minerals in a gold concentrate through microwave-nitric acid leaching and to separate the light minerals in an insoluble residue using a hydro-separation process. The representative sulfide minerals in the gold concentrate were pyrite with minor galena. Mineralogical characterization was conducted on the gold concentrate using 1715.20 g/t based on lead-fire assays. During the leaching experiment, the effect of nitric acid concentration was studied. The results indicated that the metal leaching rate of the gold concentrate increased with increasing nitric acid concentration. After the microwave-nitric acid leaching, the resulting main feature was consistent with the increased exposure to reactive sulfide minerals and decrease in weight. Characterization techniques such as X-ray diffraction (XRD), scanning electron microscope energy dispersive spectroscopy (SEM-EDS) and scanning electron microscope backscattered electron imaging (SEM-BSE) were performed to characterize the minerals in the insoluble residue using microwave-nitric acid leaching and the hydro-separation process. The XRD patterns of the insoluble residues were compared. The intensities of the pyrite peak decreased and disappeared under different nitric acid concentrations, whereas intensities of the quartz peak increased. The hydro-separation process focused on the separation of heavy (e.g., native gold) and light (e.g., quartz) minerals from the insoluble residues. After the hydro-separation treatment process, the heavy minerals exhibited typical diffraction lines of gold, as obtained using the XRD analysis.
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1. Introduction


Gold is mainly produced from pyrite and arsenopyrite [1]. The gold produced from sulfide minerals is divided into visible and invisible gold [2]. Whereas visible gold can be observed using an optical microscope or a scanning electron microscope (SEM), invisible gold is very difficult to observe using these techniques. The fact that gold is present as microparticles makes it difficult to observe using an optical microscope (detection limit = 1 µm or less) or SEM (detection limit = 0.1 µm) [3]. Therefore, gold that is produced in these states cannot be observed with the resolutions of these microscopes [4].



However, when gold is produced in a microparticle size, its presence can be confirmed through qualitative or quantitative analysis based on energy dispersive spectroscopy (EDS) or electron microprobe analysis (EPMA) after selecting the bright gold microparticles using backscattered electron (BSE) imaging. In the SEM-BSE images, minerals with low average atomic numbers, such as quartz, fluorspar, and muscovite, appear in dark or gray color, whereas native gold, electrum (Au–Ag alloy), and platinum group elements (PGEs) with high average atomic numbers appear in bright or a white color [5]. In addition, when invisible gold is chemically bound to sulfide minerals as a solid solution, its presence can be easily and quantitatively confirmed through EPMA or secondary ion mass spectrometry analysis [6].



Gold is recovered by applying cyanide or non-cyanide solvent to the gold-bearing concentrate and dissolving the gold. However, this method cannot effectively dissolve gold because invisible gold is trapped by sulfide minerals as microparticles or forms a solid solution. In addition, these solvents can dissolve not only the gold but also the sulfide minerals. Therefore, the consumption of cyanide or non-cyanide solvent increases, resulting in an increase in the gold-production cost.



However, when a gold-bearing concentrate is subjected to microwave-nitric acid leaching, only the sulfide minerals are selectively and completely dissolved within a few minutes (approximately 12 min), and gold is not dissolved. In other words, when the sulfide minerals are completely dissolved and removed, the invisible gold trapped inside such minerals is naturally separated [7]. The invisible gold liberated from the sulfide minerals is left in insoluble residues while maintaining its own morphology and size. Of course, in this instance, silica minerals such as quartz and muscovite are also included in the insoluble residues without being dissolved by the nitric acid. Therefore, the liberated gold particles are still mixed with silica minerals in the insoluble residues. Kim et al. (2019) separated and recovered gold from insoluble residues using a lead-fire assay [8]. Their study, however, could not identify the morphology of the gold particles mixed in the insoluble residues. However, when insoluble residues containing gold particles were observed through SEM-BSE images, gold particles in bright or white color could be easily distinguished. Hydro separation can readily separate the gold particles (which are heavy minerals) from silica minerals (which are light minerals). In other words, discharging light minerals such as quartz and retaining heavy minerals such as gold particles in a glass tube are possible by adjusting the speed of water injected into the glass tube [9]. Therefore, through observation of the heavy minerals separated by hydro separation using X-ray diffraction (XRD) analysis and SEM-BSE images, the separation efficiency of invisible gold and the morphology of the invisible gold trapped in sulfide minerals can be identified. In addition, because hydro separation can separate heavy from light minerals using water in an ecofriendly manner, it can be effectively used to separate platinum group minerals and weathered gold ores in the oxidation zone.



Therefore, the purpose of the current study was to identify whether gold in gold-bearing ore minerals exists as microparticles or as a solid solution by conducting optical microscopy, SEM-EDS, and SEM-BSE analyses. The objective of this study was to investigate the effect of microwave-nitric acid leaching in gold concentrate and the possible separation of light minerals from insoluble residue using the hydro-separation process. This study contributes to the alternative treatment of a complex or refractory gold concentrate, which improves the process performance of fine and invisible-gold recovery. We focus on the development of a simple microwave-nitric acid leaching process.




2. Materials and Methods


2.1. Gold Concentrates


The gold-concentrate sample used in this study was obtained from Jinsan Gold Mine (Geumsan, Korea) and was separated from black shale debris by gravity using a shaking table. The chemical analysis revealed that the contents were 11.9% Fe, 0.80% Cu, 0.28% Pb, 0.20% Zn, and 1715.20 g/t (Table 1). The gold particles obtained using the lead-fire assay are shown using a stereoscopic microscope in Figure 1. XRD analysis was conducted on the concentrate samples, which mainly consisted of adularia, calcite, fluorspar, muscovite, pyrite, and quartz (Figure 2).




2.2. Microwave-Nitric Acid Leaching Experiment


Gold and PGEs are elements with a severe nugget effect. Therefore, very large analysis errors occur owing to the nugget effect in the sampling process. To minimize the nugget effect, the entire sample (5 kg) was sufficiently mixed [10], and 100.0 g samples were prepared using the cone and quartering method [11].



Microwave-nitric acid leaching was performed in a 5-L Erlenmeyer flask containing 1 L of nitric acid (1.0 to 6.0 M) and 100.0 g of gold concentrate. The processing times were set to 15 min in all tests. The Erlenmeyer flask was placed in an industrial microwave system (2.45 GHz, 3 kW) [12]. The generated fume gas was discharged to four gas-cleaning vessels, an activated carbon-adsorption device, and discharge ducts via the reflux condenser and gas outlet. After the leaching experiment, the contents were cooled to ambient temperature. The leaching solution was filtered using a filter paper (No. 53). The weight of the leach residue was measured after leaching. The insoluble residues were analyzed using atomic-absorption spectrophotometry (AAS) and fire assay.




2.3. Hydro-Separation


The light and heavy minerals included in the insoluble residue were separated using hydro separation. Hydro separation is a process (Figure 3) in which the light and heavy minerals included in an insoluble residue are separated according to their Stokes’ behavior in a pulsating water flow [13]. Tap water at a flow rate of 410–420 mL/min was injected into the glass tube and discharged. In this instance, light minerals such as quartz were discharged, whereas heavy minerals such as native gold were left at the bottom of the horizontal glass tube. After collecting the heavy minerals, XRD, SEM-BSE and SEM-EDS analyses were conducted.




2.4. Analysis Method


After the leaching experiment, the residue was analyzed using AAS (AA-7000, Shimadzu, Japan) to determine the amount of metal leached. Furthermore, the gold content in the residues was analyzed using a lead-fire assay [14]. The concentrate, insoluble residue, and heavy minerals were subjected to XRD (X’Pert Pro MRD, PANalytical, Amsterdam, The Netherlands) analysis. Cu–Kα X-ray was used at an acceleration voltage of 40 kV, a current of 30 mA. The 2θ section from 10° to 70° was analyzed for the insoluble residues, whereas for the heavy minerals the 2θ section analyzed was used 20° to 95°. Field emission scanning electron microscopy (S4800, Hitachi, Tokyo, Japan) and BSE diffraction (C960593, Hitachi, Tokyo, Japan) images were obtained under 15 kV voltage and 10 nA current conditions. The SEM and BSE images of the same samples were simultaneously obtained. In addition, EDS (energy dispersive analyzer, ISIS310, Jeol, Tokyo, Japan) quantitative analysis was conducted under the conditions of an acceleration voltage of 15 kV, a current of 10 nA, and an electron beam diameter of 0.1 µm. In the SEM-BSE images, EDS point or area analysis was conducted for mineral surfaces that appeared to be bright or white.





3. Results


3.1. Ore Sample


The observation of the ore minerals by polarization microscopy revealed that the main sulfide minerals consisted of small quantities of pyrite and chalcopyrite. Microscopic observations were performed on polished samples, but native gold or electrum was not found (Figure 4a). The pyrite crystals were angular and irregularly shaped with varying size distribution. Textures such as pores and cracks were found. SEM-EDS analysis was conducted on the macrocrystalline (maximum length = 1105 µm) pyrite crystals, but Au was not detected on the surfaces of both idioblastic and anhedral crystals (Figure 4b, Table 2). However, we found that Ag minerals (Figure 4c, Table 2) and ultrafine Pb minerals (Figure 4d, Table 2) were trapped inside these pyrite crystals through the SEM-BSE and SEM-EDS analyses. The major components of the pyrite were Fe, Pb, and S; small amounts of Si were detected in the elemental using SEM-EDS analysis (Table 2). When the SEM-EDS analysis was conducted on the ultrafine (maximum length = 106 µm) pyrite crystals (Figure 5, Table 3), Au was detected from the surface of the anhedral particles.




3.2. Microwave-Nitric Acid Leaching: Effect of Nitric Acid Concentrate


For sub-samples of the concentrate (100 g), the microwave-nitric acid leaching experiment was performed using 1 L of nitric acid. As shown in Figure 6, Cu, Pb, Zn, Ag and Fe showed increasing leaching efficiency with increasing nitric acid concentration from 1.0 up to 6.0 M. The extractions of Cu and Ag increased as the nitric acid concentration increased, and the maximum values at 6 M were found to be 37% and 30%, respectively. In addition, the Pb extraction decreased such that the values were 29% at 2.0 M and 38% at 3.0 M. The lower leaching efficiency of Pb can be attributed to passivation by basic sulfate [15,16]. Because higher nitric acid concentrations produce additional sulfate, there will be less sulfur on the surface. Upon increasing the nitric acid concentration from 1.0 to 5.0 M, the Pb leaching increased from 40.0% at 1.0 M to 100.0% at 5.0 M. Complete leaching, however, occurred at 3 M for Fe, 5 M for Pb, and 6 M for Zn. Au was not detected in any of the leaching solutions, with nitric acid concentrations ranging from 1 to 6 M and remained in the insoluble residue. As the concentration of nitric acid increased, weight reductions were observed (Figure 6). This indicates that the fraction of dissolved metal ions increased as the concentration of nitric acid increased.




3.3. Characterization of Insoluble Residue and Heavy Minerals Using Hydro-Separation


Insoluble residues were collected by performing the microwave-nitric acid leaching experiment for each nitric acid concentration (1–6 M). When XRD analysis was conducted on these insoluble residues, quartz, fluorspar, adularia, gypsum, and pyrite were detected (Figure 7). Whereas pyrite was detected at 1 M, it had disappeared at 2 M, while the intensity of the quartz peaks increased in the leach residues. This confirms the dissolution of pyrite during the microwave-nitric acid leaching. However, gypsum appeared in all insoluble residues. The reactions of the pyrite with the nitric acid can be expressed in Equations (1) and (2) [17]. Gypsum appeared to have been formed through the reaction of the fluorspar with the nitric acid, as expressed in Equation (3) [17].


FeS2 + 4HNO3 = Fe(NO3)3 + NO(g) + 2S0 + 2H2O



(1)






2HNO3 + S0 → H2SO4 + 2NO(g)



(2)






CaF2 + H2SO4 + 2H2O = CaSO4·2H2O + 2HF



(3)







The SEM-EDS analyses were conducted on the collected insoluble residues (Figure 8). First, minerals that were bright or white in the SEM-BSE images were selected. When the minerals that contained bright or white columnar crystals in the 1 M insoluble residue were subjected to SEM-EDS area analysis, they were found to be pyrite (Figure 8a). In addition, EDS analysis was conducted on the bright or white minerals and the dark grey minerals attached to their surfaces. As a result, the bright or white columnar crystals in the insoluble residue of 1 M were found to be galena. It was observed that this galena penetrated into the cracks developed in pyrite crystals. In BSE images, galena that contains Pb always appears to be bright or white [5]. When EDS analysis was conducted on all bright or white minerals in the BSE images of 2, 3, 4, 5, and 6 M, Ag and Au were detected in all of them. Therefore, all of these bright or white minerals were found to be native gold or electrum [5]. In the SEM-BSE images of the 2 and 3 M insoluble residues, the bright or white minerals were combined with the sulfide minerals (gray color) (Figure 8b,c). In the 4–6 M insoluble residues, however, all the bright or white minerals were liberated from the sulfide minerals (Figure 8d–f, respectively). When SEM-EDS analysis was conducted on the bright or white minerals in the SEM-BSE images of 2–6 M, Ag and Au were detected in all of them. In addition, when SEM-EDS analysis was conducted on the dark minerals on the surface of the native gold or electrum shown in Figure 8d–f, they were found to be silicate minerals. This is because microwave-nitric acid leaching at a nitric acid concentration of higher than 1 M dissolves pyrite but not silicate minerals.



The heavy minerals were recovered by applying hydro-separation to selected insoluble residues (4–6 M). XRD analysis (2θ = 20° to 95°) was conducted on these heavy minerals. The diffraction lines of gold (38.18°, 44.39°, 64.57°, 77.54°, and 81.72°) were found in all heavy minerals of the 4–6 M residues. This result appeared to be due to the complete liberation of the heavy minerals at 4–6 M (Figure 9).



The SEM-BSE image and SEM-EDS analyses were conducted on the heavy minerals that were recovered at each nitric acid concentration (4–6 M). When all the bright and white minerals in the SEM-BSE images were subjected to SEM-EDS analysis (point analysis, red dot), Ag and Au were detected in all of them (Figure 10). In the SEM-BSE images of the hydro-separated heavy minerals, the frequency of the gangue minerals decreased, but that of native gold or electrum showed a tendency to increase. In particular, when the native gold or electrum of the 5 and 6 M residues was magnified and shown in Figure 11, we found through the SEM-EDS analysis that quartz (gray minerals, arrow) was attached to the surface of the native gold or electrum crystals.





4. Conclusions


In this study, the liberation of gold from gold-bearing ore minerals as microparticles or as a solid solution was studied using optical microscopy, SEM-BSE imaging and SEM-EDS analyses. More specifically, the characteristics of insoluble residues obtained using microwave-nitric acid leaching of a gold concentrate and hydro-separation to recover the heavy minerals were investigated. From the leaching experiments, XRD analysis indicated that pyrite in the sulfide minerals was decomposed to a small extent by nitric acid at <1.0 M. When the nitric acid concentration was increased from 2.0 to 6.0 M the pyrite was decomposed and the gold content of the residue was increasingly enhanced. Hydro-separation of the leach residues enabled the separation of the heavy and light minerals allowing gold or electrum to be identified in the heavy fraction. The liberation and mineral composition of the leach residues and heavy minerals were investigated using XRD and SEM-EDS analyses. The results of this study can be summarized as follows:




	1.

	
Observation of the ore minerals using polarization microscopy revealed that the main sulfide mineral in the concentrate was pyrite. The pyrite crystals were angular and irregularly shaped, with a varying size distribution. Textures such as pores and cracks were found. SEM-EDS analysis was conducted on the produced ultrafine pyrite crystals, and Au was detected at the surface of the anhedral crystal.




	2.

	
After microwave-nitric acid leaching, the metal extractions increased with the nitric acid concentration due to the oxidation of insoluble sulfides into soluble sulfate phases. The weight reduction reached 52% at 5.0 and 6.0 M.




	3.

	
Comparison of the XRD patterns for the insoluble residues revealed that the intensities of the pyrite peak decreased and disappeared at 2.0 M nitric acid concentration and above, whereas those of the quartz peak increased. It was concluded that the pyrite in the sulfide minerals can be destroyed. SEM-EDS analysis was conducted on the insoluble residues, and this showed that gold particles were combined with gangue minerals (and/or trace levels of residual sulfide minerals).




	4.

	
XRD analysis was conducted on the heavy minerals obtained by performing hydro-separation on the insoluble residues. The gangue minerals decreased, and the native gold or electrum increased as the nitric acid concentration increased. In particular, the heavy minerals after leaching with 4.0–6.0 M nitric acid exhibited typical gold diffraction lines. SEM-EDS analysis was conducted on the heavy minerals, and it was shown that silicate minerals and quartz were attached to the surface of the native gold after leaching with 4.0–6.0 M nitric acid concentrations.
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Figure 1. Stereoscopic microscope image of a gold particle from raw concentrate by lead-fire assay. 
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Figure 2. X-ray diffraction (XRD) patterns of the raw concentrate. A: adularia; C: calcite; F: fluorspar; P: pyrite; Q: quartz. 






Figure 2. X-ray diffraction (XRD) patterns of the raw concentrate. A: adularia; C: calcite; F: fluorspar; P: pyrite; Q: quartz.



[image: Minerals 10 00327 g002]







[image: Minerals 10 00327 g003 550] 





Figure 3. Schematic diagram of the hydro-separation process. 
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Figure 4. Reflected light photomicrograph (a) and SEM-backscattered electron (BSE) image (b–d) of a pyrite grain of the ore sample. 
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Figure 5. SEM-EDS (a) and SEM-BSE image (b) of fine pyrite grain on the ore sample. 






Figure 5. SEM-EDS (a) and SEM-BSE image (b) of fine pyrite grain on the ore sample.



[image: Minerals 10 00327 g005]







[image: Minerals 10 00327 g006 550] 





Figure 6. Effect of the HNO3 concentration on the leaching efficiencies of Cu, Pb, Zn, Ag, and Fe and weight loss from the gold concentrate. Leaching conditions: HNO3 Concentration; 1.0 to 6.0 M, reaction time; 15 min. 
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Figure 7. Comparative XRD patterns of raw concentrate and leach residue after microwave-nitric acid leaching as a function of nitric acid concentration. A: adularia; C: calcite; F: fluorspar; P: pyrite; Q: quartz and Gy: gypsum. Leaching conditions: HNO3 Concentration; 1.0 to 6.0 M, reaction time; 15 min. 
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Figure 8. SEM-BSE image and SEM-EDS of native gold grains, sulfide minerals and gangue minerals on the insoluble residue ((a–f); nitric acid 1.0–6.0 M, respectively). Red dots and arrows are EDS spot positions. 
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Figure 9. XRD patterns of the heavy fraction from insoluble residue by hydro-separation. A: adularia; Ch: chalcopyrite; F: fluorspar; G: gold; M: magnetite; P: pyrite; Q: quartz. 
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Figure 10. SEM-BSE image and SEM-EDS of native gold grains and gangue minerals from hydro-separation. Red dots and arrows are EDS spot positions. The heavy minerals ((a–c); nitric acid 4.0–6.0 M, respectively). 
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Figure 11. Close up SEM-BSE image of native gold particles in Figure 10b,c. Red dots and arrows are EDS spot positions, and the numbers are concentration of elements in wt.%. (a) Figure 10b; (b) Figure 10c. 
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Table 1. Chemical composition of raw concentrate by atomic-absorption spectrophotometry (AAS) (wt.%) and lead-fire assay.
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	Element
	Fe
	Ca
	Cu
	Pb
	Zn
	Ag (g/t)
	Au (g/t)





	wt.%
	11.9
	3.83
	0.80
	0.28
	0.20
	103
	1715.20
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Table 2. SEM-EDS analyses (wt.%) for a coarse pyrite grain (Figure 4) on the ore sample.
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	Spot Position
	Fe
	S
	Si
	O
	Pb
	Al



	1
	34.8
	61.3
	
	
	3.94
	



	2
	32.6
	62.5
	
	
	4.90
	



	3
	35.6
	64.5
	
	
	
	



	4
	33.4
	61.7
	
	
	4.99
	



	5
	34.8
	65.2
	
	
	
	



	6
	33.5
	61.7
	
	
	4.85
	



	7
	24.86
	32.73
	7.71
	29.42
	
	5.27



	8
	28.53
	45.89
	2.42
	21.43
	
	1.72



	9
	33.9
	60.8
	
	
	5.37
	



	Spot position
	Fe
	S
	Si
	O
	Ag
	Pb



	10
	1.78
	
	11.92
	47.76
	38.55
	



	11
	1.55
	
	12.03
	47.85
	38.56
	



	12
	1.86
	
	12.50
	45.87
	39.77
	



	13
	2.24
	0.84
	11.58
	44.51
	36.93
	3.90



	Spot position
	Fe
	S
	Pb
	As
	
	



	14
	10.9
	30.0
	59.1
	
	
	



	15
	3.79
	17.4
	78.7
	0.11
	
	



	16
	2.17
	10.8
	87.1
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Table 3. SEM-EDS analyses (wt.%) for fine pyrite grain (Figure 5b) on the ore sample.
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	Spot Position
	S
	Fe
	O
	Co
	Au
	Pb





	17
	61.2
	34.8
	
	2.11
	1.91
	



	18
	58.1
	28.2
	
	1.92
	1.54
	10.3



	19
	43.5
	20.5
	33.6
	1.42
	1.01
	



	20
	61.2
	29.4
	
	
	
	9.44



	21
	61.9
	29.6
	
	
	
	8.52
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