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Abstract

:

The processing of refractory gold-containing concentrates by hydrometallurgical methods is becoming increasingly important due to the depletion of rich and easily extracted mineral resources, as well as due to the need to reduce harmful emissions from metallurgy, especially given the high content of arsenic in the ores. This paper describes the investigation of the kinetics of HNO3 leaching of sulfide gold-containing concentrates of the Yenisei ridge (Yakutia, Russia). The effect of temperature (70–85 °C), the initial concentration of HNO3 (10–40%) and the content of sulfur in the concentrate (8.22–22.44%) on the iron recovery into the solution was studied. It has been shown that increasing the content of S in the concentrate from 8.22 to 22.44% leads to an average of 45% increase in the iron recovery across the entire range temperatures and concentrations of HNO3 per one hour of leaching. The leaching kinetics of the studied types of concentrates correlates well with the new shrinking core model, which indicates that the reaction is regulated by interfacial diffusion and diffusion through the product layer. Elemental S is found on the surface of the solid leach residue, as confirmed by XRD and SEM/EDS analysis. The apparent activation energy is 60.276 kJ/mol. The semi-empirical expression describing the reaction rate under the studied conditions can be written as follows: 1/3ln(1 − X) + [(1 − X)−1/3 − 1] = 87.811(HNO3)0.837(S)2.948e−60276/RT·t.
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1. Introduction


Russia possesses large reserves of gold—more than 14 thousand tons—which exceeds the reserves of the world’s main producers, China and Australia, and is slightly inferior to South Africa and Canada. The Russian Federation accounts for 8% of the total world gold production and is among the three largest global producers of the precious metal. Gold-sulfide-quartz and gold-arsenic-sulfide deposits occupy a leading position in the structure of Russia’s reserves; the quality of ores is comparable to the world objects of this type [1]. Very important are gold-polysulfide deposits, characterized by relatively high concentrations of gold (3.5–7 gpt).



At the same time, there is a global problem in the metallurgical industry that the quality of processed raw materials is deteriorating due to the depletion of mineral reserves and the extraction of the richest and most easily extractable ore layers. As a result, there is a need to engage poorer and more refractory ores, which are often not amenable to traditional enrichment methods.



The deterioration of ore quality, especially with the transition to the production of lower horizons, occurs in terms of reduction of metal content as well as in terms of increasing proportion of ores with fine and emulsive impregnation of sulfides in one another and the latter in waste minerals.



The share of gold ores of non-ferrous metals, where gold is an associated valuable component, accounts for 18% of the global reserves [2]. Among them, a special place belongs to ores from which gold cannot be extracted by traditional technologies.



Refractory gold-containing ores refer to materials, the extraction of gold from which by cyanidation is low or requires significant amounts of energy and reagents [3].



Currently, it is considered proven that the refractory characteristics of gold associated with sulfides is not only due to the presence of nanoparticles of native gold [4,5,6,7], but also due to the existence of solid solution, colloidal particles, surface gold [8,9,10,11]. The size of such “invisible” gold may be on the order of nanometers, which explains why it is impossible to extract it by cyanidation, even with the use of ultrafine grinding. It has also been established that in pyrite, which is one of the main carriers of gold in refractory ores, the content of “invisible” gold is greater proportionately to the higher content of arsenic in pyrite and to the finer grain. For example, in the ores of the Twin Creeks deposit, relatively coarse-grained pyrite (10–30 µm) is associated with the lowest arsenic and gold contents (less than 1% As and 17–60 g/t Au), while fine-grained pyrites (less than 2 µm) are the highest (1–2.4% As and 600–1500 g/t Au) [12].



Also important in the detection of “invisible” gold in pyrite grains is the uneven distribution of As and Au over the grain section. A thin peripheral layer of pyrite grain is enriched with arsenic, forming the so-called arsenic pyrite Fe(As,S)2. It tends to contain most of the gold [13].



The nature of the chemical bond of gold, which is in the form of a solid solution in arsenic pyrite, has not been fully established and is the subject of discussion [12,14].



Invisible gold may also exist in arsenopyrite in the simple form of nanoparticles (Au0) and in the oxidized state (Au1+), and their ratio may vary significantly. For example, in the arsenopyrite deposits Jinya (China) [15], Elmtree (Canada) [16], Sao Bento (Brazil) [8] and Sheba (South Africa) [8,16] solid gold (Au1+) is the predominant form as compared with nanogold (Au0). On the contrary, arsenopyrite of the Olimpiadinskoe deposit (Russia) [17] contains “invisible” gold mainly in the form of nanoparticles (Au0) [10].



Traditional methods of processing such refractory materials consist in the oxidation of gold-containing minerals (pyrite or arsenopyrite) in order to destroy their crystal lattice and release the gold particles by oxidative roasting [18]. This process is associated with the oxidation of iron-containing sulfides and converting arsenic to the gaseous phase. At the same time, arsenic is one of the most dangerous and carcinogenic elements [19,20,21,22,23,24] and its content in drinking water in several countries already exceeds the concentration recommended by the World Health Organization (WHO) and the United States Environmental Protection Agency (USEPA) [25,26]. Therefore, hydrometallurgical methods of sulfide oxidation have been widely implemented in recent years. The most common of them are pressure and bacterial oxidation, and leaching after fine grinding [27].



One of the possible methods of hydrometallurgical processing of refractory sulfide raw materials is the use of HNO3 to oxidize the materials without the use of high pressure or fine grinding [28,29,30,31], as nitric acid is one of the most effective oxidizing and leaching agents [32,33].



Among the most famous technologies based on the use of HNO3: NSC-process (nitrogen species-catalyzed pressure leaching), implemented in 1984–1995 at the Sunshine plant in the USA [34]; NITROX (in atmosphere air) and ARSENO PROCESS® (use of compressed oxygen) [35]; a subspecies of ARSENO, the REDOX PROCESS® (at above 180 °C to eliminate the formation of elemental S) [36]; the HMC process (a mixture of salts of nitric and hydrochloric acids) [37]; the Caschman process and its modification Artek Caschman, which aims to process gold-containing arsenic materials using chlorine-containing reagents [3]. However, none of these is currently used commercially for one reason or another.



Therefore, it seems relevant to conduct further studies of alternative energy saving and environmentally efficient hydrometallurgical technologies for processing sulfide gold-containing raw materials using HNO3. There are only a few published works devoted to the theoretical aspects of HNO3 leaching of sulfide gold-containing concentrates [38], which demonstrates the need for additional investigation using other types of concentrates with different mineralogical compositions. At the same time, there is a sufficient amount of work showing that various types of leaching reactions of raw materials with HNO3 can be described quite accurately using the shrinking core model [39,40,41,42,43], which makes it possible to obtain more data on the limiting stages of the reactions.



Considering the above factors, this paper studies the kinetics of HNO3 leaching of refractory gold-containing concentrates with the use of shrinking core models, focusing on the role of temperature, concentration of HNO3, which, in our opinion, has not been sufficiently studied theoretically or practically. Particular attention is paid to the initial content of sulfur in the raw materials as one of the most important factors affecting the intensity, completeness and kinetic characteristics of the leaching process.




2. Materials and Methods


2.1. Analisys


The chemical analysis of the original materials and the resulting solid products of the studied processes was performed using an Axios MAX X-ray fluorescence spectrometer (XRF) (Malvern Panalytical Ltd., Almelo, Netherlands). The chemical analysis of the obtained solutions was performed by mass spectrometry with inductively coupled plasma (ICP-MS) using an Elan 9000 instrument (PerkinElmer Inc., Waltham, MA, USA). The phase analysis was performed on an XRD 7000 Maxima diffractometer (Shimadzu Corp., Tokyo, Japan).



Scanning electron microscopy with microprobe energy dispersive analysis was performed using a JSM-6390LV microscope (JEOL Ltd., Tokyo, Japan) with the INCA Energy 450 X-Max 80 adaptor, with an accelerating voltage of 20 kV.



The study on the distribution of gold in sulfide minerals was carried out using inductively coupled plasma mass spectrometry (LA-ICP-MS—NexION 300S quadrupole mass spectrometer, PerkinElmer Inc., Waltham, MA, USA) with laser ablation of the sample with the NWR 213 adaptor for a Jeol JSM-6390LV.




2.2. Experiments


Laboratory experiments on HNO3 leaching were carried out on an apparatus consisting of a 2 dm3 borosilicate glass round bottom reactor (Lenz Laborglas GmbH & Co. KG, Wertheim, Germany), with openings for injecting HNO3, as well as for temperature control and removal of nitrous gases through a water-cooled reflux condenser. The reactor was thermostated. The materials were stirred using an overhead mixer at 400 rpm, which ensured uniform density of the pulp. A portion of the concentrate weighing 60 g was added to a prepared solution of HNO3 of a required concentration. At the end of the experiment, the leaching pulp was filtered in a Buchner funnel (ECROSKHIM Co., Ltd., St. Petersburg, Russia); the solutions were sent for ICP-MS analysis; the leaching cake was washed with distilled water, dried at 100 °C to constant weight, weighed and sent for XRF analysis. All the experiments were performed three times and the mean values are presented here.



To trap the nitrous gases formed during the leaching process and to regenerate HNO3, we used a system consisting of three successively connected absorption columns filled with distilled water and a sanitary column with a solution of thiourea to recover the residual amount of oxides to elemental nitrogen.




2.3. Materials and Reagents


The materials used in the study are three samples of refractory gold-containing sulfide flotation concentrates (size 90% less than 74 microns) from a Russian deposit of Yenisei ridge (Yakutia), obtained under different enrichment conditions. The compositions of the samples are presented in Table 1. The chemical agents were of analytical grade; the water had been purified by distillation using a GFL-manufactured device (GFL mbH, Burgwedel, Germany).



Figure 1 shows the X-ray diffraction pattern of the phase composition of the original concentrate-3. Table 2 presents the results of the mineralogical composition study of the concentrate samples. The results were obtained in X-ray phase analysis and X-ray microanalysis.



Figure 2 presents a general view of concentrate-3 in backscattered electrons. The red dots indicate the place of LA-ICP-MS analysis; the analytical point diameter is 25 microns.



The study showed the almost complete absence of gold in antimonite. The concentration of gold in pyrite is fairly evenly distributed and does not exceed 16 gpt. The arsenopyrite distribution is uneven. The gold content ranges from 1 to 172 gpt (Table 3).





3. Results and Discussion


3.1. Chemistry of HNO3 Leaching


As shown by the results of the LA-ICP-MS method with the NWR 213 adaptor, a characteristic feature of the material is that most of the gold is enclosed in finely disseminated form in the crystalline lattice of pyrite and arsenopyrite. Therefore, the main goal of the process is to reveal these two sulfide minerals. Their interaction with HNO3 can follow these typical reactions (Equations (1)–(7)):


FeS2 + 8HNO3 = Fe(NO3)3 + 2H2SO4 + 2H2O + 5NO,



(1)






2FeS2 +10HNO3 = Fe2(SO4)3 + H2SO4 + 4H2O + 10NO,



(2)






FeS2 + 18HNO3 = Fe(NO3)3 + 7H2O + 2H2SO4 + 15NO2,



(3)






2FeS2 + 8HNO3 = Fe2(SO4)3 + S0 + 8NO + 4H2O,



(4)






FeAsS + 17HNO3 = Fe(NO3)3 + H3AsO4 + H2SO4 + 14NO2 + 6H2O,



(5)






FeAsS + 14HNO3 = FeAsO4 + H2SO4 + 14NO2 + 6H2O,



(6)






3FeAsS + 12HNO3 = 3FeAsO4 + 2H2SO4 + S0 + 12NO + 4H2O.



(7)







In addition, at the initial moment, NO+ ions could be formed, which, according to Anderson et al. [44], acts as the strongest oxidizer in such systems.



Previously, we had studied the thermodynamic characteristics for the above interactions [33]. The study found that the oxidation potential of the system is to be maintained at 0.6 V or higher for reactions with transfer of iron and arsenic into the solution. A high oxidation potential is also necessary for the sulfide S2− to be oxidized into sulfate SO42− with minimized formation of elemental S0 that impedes a more complete oxidation of sulfide minerals and reduces subsequent recovery of gold. The results of the performed thermodynamic studies and laboratory experiments allowed us to establish the ranges of the leaching process parameters: temperature of 70–100 °C, acid concentration of 10–60% at L:S 20:1. Lower values of L:S are also possible; however, it was previously found that at low values of L:S and a high acid concentration, the reaction is very intense, which impedes temperature control, while the degree of extraction in this case changes slightly [33].




3.2. The Effect of Process Parameters on the Oxidation of Sulfides


According to Table 1 and Table 2 and Figure 1, it is obvious that the concentrates studied in this work differ greatly in the content of sulfides; therefore, the study considered only the kinetics of HNO3 leaching of each of the concentrates. The effect of temperature, HNO3 concentration and sulfur content on iron extraction in HNO3 leaching is shown in Figure 3. Iron recovery was considered as the main component indicating the degree of sulfide oxidation, as it is included in both pyrite and arsenopyrite. For each of the concentrates, experiments were carried out at three different HNO3 concentrations and at four temperatures. Figure 3a–c, for example, shows the kinetic leaching curves of concentrate-1 at a concentration of nitric acid of 10, 20 and 40%, respectively, that could be used to evaluate the influence of HNO3 concentration on leaching efficiency. It is possible to evaluate the influence of sulfur content in concentrate on the oxidation of sulfides, for example, by comparing Figure 3a,d,g.



It can be concluded that temperature has a significant effect on iron recovery. Increasing the temperature from 70 to 85 °C effected an increase in iron extraction from concentrate-1 from 35.53 to 48.52% after 1 h of leaching with a 10% solution of HNO3. A similar effect of temperature on iron extraction was observed for all types of concentrates and HNO3 concentrations.



It is obvious that the increase in the concentration of nitric acid should accelerate the reaction rate of sulfide oxidation, since the excess acid facilitates the diffusion of the reagent to the reaction interface. The data on Figure 3 allows one to conclude that the concentration of HNO3 has approximately the same effect on iron extraction as temperature. Increasing the concentration of HNO3 from 10 to 40% for all temperatures and concentrates can increase the degree of iron extraction by an average of 20%.



The sulfur content in the concentrate has the greatest effect on the extraction of iron. Thus, an increase in sulfur content from 8 to 22% makes it possible to increase iron recovery into the solution by an average of 45% at all temperatures and concentrations of HNO3. This is most likely due to the fact that the increase in the content of sulfides in the raw material make easier the diffusion of the reagent to them even on the last stage of the process.



Thus, particular parameters must be in place to achieve a more complete extraction of iron, and accordingly, the oxidation of sulfides for different samples of the concentrate. For example, a low-sulfur concentrate requires the maximum temperature at a high concentration of HNO3, while for a high-sulfur concentrate, a temperature of 70 °C and a 10% HNO3 solution is sufficient.




3.3. Characteristics of Solid Residue


The cake obtained as a result of HNO3 leaching of the samples was subjected to scanning electron microscopy to study changes in the morphology of the sample in the course of the leaching process. Figure 4 shows micrographs of the original sample and the cake obtained by leaching.



As can be seen from Figure 2 and Figure 4a, the original concentrate consists of particles ranging in size from 1 to 100 μm, and the surface of the particles is rather smooth. In the course of leaching (Figure 4b), a large number of cavities form on the surface of the particles, which is associated with the dissolution of sulfide minerals. Figure 5 shows micrographs of solid residue of concentrate-3 (points 001-010) and concentrate-1 (points 011-019), differing by the degree of extraction.



Energy dispersive spectroscopy was used to determine the chemical composition at different points of the samples (Table 4).



The measurement results in Table 4 confirm the presence of a large amount of unoxidized sulfides in the cake of the first sample and the almost complete absence of sulfur in the second cake, which agrees well with the results of the analysis of the liquid phase. Therefore, the surface of the particles of the concentrate-3 cake does not have a layer formed by the reaction product, elemental sulfur, which is also confirmed by the results of X-ray phase analysis, as shown in Figure 6. The absence of the reaction product on the surface of the concentrate-3 solid residue also explains the faster kinetics of leaching of the concentrate with high sulfur content because diffusion limitation is lower in this case. The absence of elemental sulfur could be attributed to the high intensity of the process, amount of the heat of exothermic reactions and the amount of gas produced that can lead to a higher oxidation potential.




3.4. Kinetic Model


Since the degree of sulfide oxidation is greatly influenced by the temperature and concentration of HNO3, the leaching of refractory gold-containing concentrates with HNO3 can be controlled by diffusion as well as by kinetic stages. That is, the slowest stage can be the reagent diffusion towards the reaction surface as well as the chemical reaction itself. To determine the limiting step, it is necessary to conduct a study of the kinetics.



The shrinking core model (SCM) is generally used to describe the kinetics of heterogeneous reactions involving non-porous materials. The SCM assumes that the process rate is controlled either by the diffusion of the reactant to the surface through the diffusion layer (a liquid film), or by the diffusion through the product layer, or by a surface chemical reaction. During leaching, the inert layer of solids shrinks toward the center. A porous film of the reaction product is formed around the inert core.



The slowest stage with the greatest resistance is the limiting step, and its intensification allows to increase the leaching efficiency.



The equations describing the several limiting stages of SCM [45] are given in Table 5. A large number of studies [40,42] show that the new version of SCM proposed by Dickenson and Heal [46] may be preferable to describe the kinetics of leaching reactions controlled by interfacial transfer and diffusion through the product layer (Equation (7) in Table 5).



According to Equation (7) in Table 5, if the interfacial transfer and diffusion through the product layer represent the limiting stage, then the function 1/3ln(1 − X) + [(1 − X)−1/3 − 1] on the time “t” will be a straight line with the slope angle “k”.



For the kinetic analysis using SCM, the equations for leaching of refractory gold-containing concentrate-1 at a 10% concentration of HNO3, presented in Table 5, were evaluated. The obtained data made it possible to determine the correlation coefficient (R2) showing the average square deviation of the experimental data from the straight line. The results of the calculations are shown in Table 6.



As can be seen from the data obtained, SCM Equations (4)–(6) in Table 6 are poorly suited to describing these leaching reactions, since the correlation coefficient is less than 0.9. It is also obvious that the kinetic data best of all correspond to the new shrinking core model at all temperatures, which indicates diffusion limitations during leaching reactions.



The slope k for each straight line obtained by substituting the experimental data of leaching concentrate-1 with a 10% HNO3 solution into the SCM Equation (Figure 7a) was calculated. Then Arrhenius plots for the dependence of lnk on inverse temperature (Figure 7b) were used. Building a straight line y = ax + b in this plane of coordinates made it possible to find the coefficient a, which determines the slope of straight line. Knowing the slopes in these coordinates, allowed to find the apparent activation energy of 60.276 kJ/mol, using Arrhenius law. According to the literature data [39,47], a high value of the activation energy is not always representative of the kinetic controlled reaction.



The slope of the straight lines (Figure 8a) obtained by substituting the concentrate-1 leaching results into the SCM equation at 70 °C at various concentrations of HNO3 was plotted as lnk-ln(HNO3) to determine the order with respect to nitric acid (Figure 8b). The resulting empirical order with respect to nitric acid concentration was 0.837.



In the same way, we determined the empirical order with respect to sulfur content in the concentrate by plotting the dependence lnk-lnS for leaching various concentrates with a 10% solution of nitric acid at 70 °C (Figure 9). The order with respect to sulfur was 2.948, which confirms the conclusions about the pronounced effect of the sulfide content in the concentrate on the degree of iron recovery.



Substituting the Arrhenius equation (Equation (8)) into the equation of the new SCM model (Equation (7) in Table 5) gives Equation (9).


k = koe−Ea/RT,



(8)






1/3ln(1 − X) + [(1 − X)−1/3 − 1] = koe−Ea/RT·t.



(9)







In Equation (9), the Arrhenius constant ko depends on the initial parameters of the process, including the initial sulfur content in the concentrate and the concentration of HNO3 in the initial solution; hence, Equation (9) can be represented as follows (Equation (10)).


1/3ln(1 − X) + [(1 − X)−1/3 − 1] = ko(HNO3)n(S)me-Ea/RT·t,



(10)




where n and m are orders of concentration of HNO3 and sulfur content in the original concentrate, respectively.



Based on the previously obtained results, the following equation for leaching refractory gold-containing concentrate with HNO3 (Equation (11)) can be derived:


1/3ln(1 − X) + [(1 − X)−1/3 − 1] = ko(HNO3)0.837(S)2.948e−60276/RT·t.



(11)







Building off the Arrhenius plots for all temperatures, HNO3 concentrations and concentrates gives coefficients b of straight lines at a fixed slope a = 7250. The obtained values of the “b” coefficients and the corresponding correlation coefficients R2 are shown in Table 7. To determine ko, an exponent from the “a” coefficient was taken, and then it was divided by (HNO3)0.837(S)2.948. The determined average ko value was 87.811.



Substituting this value into Equation (11) gives the following empirical equation describing the leaching process under study (Equation (12)):


1/3ln(1 − X) + [(1 − X)−1/3 − 1] = 87.811(HNO3)0.837(S)2.948e−60276/RT·t,



(12)







Table 8 shows the calculated correlation coefficient (R2) of experimental data and data obtained using Equation (12). As can be seen from the table, the obtained empirical expression shows a high degree of convergence with experimental data at almost all temperatures, concentrations of HNO3 and sulfur contents in the concentrate.





4. Conclusions


The kinetics of dissolution of refractory sulfide gold-containing concentrates by a solution of HNO3 in the temperature range of 70–85 °C was investigated. The data obtained allowed one to draw the following conclusions:



Increasing the temperature from 70 to 85 °C effected an increase in iron extraction from concentrate-1 from 35.53 to 48.52% after 1 h of leaching with a 10% solution of HNO3. Increasing the concentration of HNO3 from 10 to 40% has same effect. Changing sulfur content in the concentrate produces a much greater effect. The highest degree of iron recovery in 1 h for high-sulfur concentrate was 98.10%, while recovery from low-sulfur concentrate under the same conditions was 67.83%.



EDS and XRD showed elemental sulfur and non-leached arsenopyrite in the residue from leaching of low-sulfur concentrate, while quartz was the main phase in the residue from leaching of high-sulfur concentrate.



The iron recovery from the concentrate is well described by a new shrinking core model, which suggests that the speed of the process is controlled by interfacial diffusion and diffusion through the product layer. The calculated apparent activation energy was 60.276 kJ/mol, and the reaction order with respect to the initial concentration of HNO3 was 0.837; the reaction order with respect to the initial S content in the concentrate was 2.948. The obtained data allowed us to derive a semi-empirical equation describing the leaching kinetics of iron:


1/3ln(1 − X) + [(1 − X)−1/3 − 1] = 87.811(HNO3)0.837(S)2.948e−60276/RT·t











Comparison of the experimental data obtained in the whole range of the studied parameters and the derived equation showed high convergence of the results. Thus, it can be concluded that the increase of sulfur content in the concentrate can be used to ensure more energy-efficient oxidation of sulfide minerals. The focus of our further research will be the study of HNO3 regeneration and methods of arsenic disposal in the form of environmentally friendly compounds. The new study will aim at finding the optimal conditions for the process and could lay the basis for the development of an alternative commercial technology.
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Figure 1. X-ray diffraction (XRD) pattern of the phase composition of concentrate-3. 
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Figure 2. General view of concentrate-3 in backscattered electrons: AsP—arsenopyrite, Py—pyrite, Sbn—stibnite (antimonite), Ag—silver, dark gray grains—silicate minerals. 






Figure 2. General view of concentrate-3 in backscattered electrons: AsP—arsenopyrite, Py—pyrite, Sbn—stibnite (antimonite), Ag—silver, dark gray grains—silicate minerals.



[image: Metals 09 00465 g002]







[image: Metals 09 00465 g003 550]





Figure 3. The dependence of iron extraction in the leaching of refractory gold-containing concentrate on temperature: (a) concentrate-1 and 10% HNO3 concentration; (b) concentrate-1 and 20% HNO3 concentration; (c) concentrate-1 and 40% HNO3 concentration; (d) concentrate-2 and 10% HNO3 concentration; (e) concentrate-2 and 20% HNO3 concentration; (f) concentrate-2 and 40% HNO3 concentration; (g) concentrate-3 and 10% HNO3 concentration; (h) concentrate-3 and 20% HNO3 concentration; (i) concentrate-3 and 40% HNO3 concentration. 
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Figure 4. Scanning electron microscopy (SEM) images of the original sample of concentrate-3 (a) and the cake obtained by leaching (b). 
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Figure 5. SEM images of solid residue with the EDS points: (a) solid residue of concentrate-3 leaching and (b) solid residue of concentrate-1 leaching. 
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Figure 6. XRD patterns of the solid residue of the concentrate-3 and concentrate-1. 
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Figure 7. Calculation of slope k (a) and dependence of lnk-1/T (b) for leaching concentrate-1 with 10% HNO3. 
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Figure 8. Calculation of slope k (a) and dependence lnk-ln(HNO3) (b) for leaching conc-1 at 70 °C. 
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Figure 9. Calculation of slope k (a) and dependence of lnk-lnS (b) for leaching of various concentrates at a temperature of 70 °C with a 10% HNO3. 
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Table 1. Chemical composition of samples of refractory gold-containing sulfide concentrates, wt.%.
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	Element
	Al
	As
	Fe
	S
	Si
	Sb
	K
	Ca
	Mg
	Au (gpt)
	Other





	Concentrate-1
	2.38
	3.00
	7.26
	8.22
	19.50
	2.96
	1.15
	7.25
	2.17
	15–20
	46.11



	Concentrate-2
	5.15
	4.68
	13.14
	13.08
	22.02
	2.25
	2.49
	1.35
	1.02
	30
	34.82



	Concentrate-3
	2.49
	13.20
	23.60
	22.44
	7.72
	2.51
	1.84
	0.73
	0.55
	60–80
	24.92
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Table 2. The results of the mineralogical composition study of the concentrate samples.
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Mineral

	
Formula

	
Concentrate-1

	
Concentrate-2

	
Concentrate-3




	
wt.%






	
Quartz

	
SiO2

	
36.43

	
35.63

	
10.97




	
Pyrite

	
FeS2

	
10.79

	
20.72

	
29.57




	
Arsenopyrite

	
FeAsS

	
6.52

	
10.18

	
28.68




	
Stibnite

	
Sb2S3

	
4.13

	
3.15

	
3.50




	
Muscovite

	
KAl2[AlSi3O10](OH)2

	
11.70

	
19.15

	
12.24




	
Calcite

	
CaCO3

	
9.14

	
-

	
-




	
Dolomite

	
CaMg(CO3)2

	
16.49

	
6.21

	
3.01




	
Other

	
-

	
4.80

	
4.96

	
12.03
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Table 3. Gold content in minerals 1 of flotation concentrate-3, gpt.
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	Element
	Pyrite
	Pyrite
	Arsenopyrite
	Antimonite
	Arsenopyrite



	Au
	15.77
	11.23
	13.61
	3.47
	65.71



	Element
	Arsenopyrite
	Arsenopyrite
	Arsenopyrite
	Arsenopyrite
	Arsenopyrite



	Au
	1.71
	172.45
	26.36
	12.48
	0.558







1 The materials were determined according to the content of Fe, As, Sb, S. Sulfur was used as an internal standard.
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