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Abstract

:

At present, the processing of refractory gold–arsenic sulphide concentrates is becoming more relevant due to the depletion of rich crude ore reserves. In the process of the nitric acid leaching of arsenic sulphide minerals, solutions are formed containing 20–30 g/L of arsenic (III). Since market demand for arsenic compounds is limited, such solutions are traditionally converted into poorly soluble compounds. This paper describes the investigation of precipitating arsenic sulphide from nitric acid leaching solutions of refractory sulphide raw materials of nonferrous metals containing iron (III) ions using sodium hydrosulphide with a molar ratio of NaHS/As = 2.4–2.6, which is typical for pure model solutions without oxidants. The work studied the effect of temperature, the pH of the solution and the consumption of NaHS and seed crystal on this process. The highest degree of precipitation of arsenic (III) sulphide (95–99%) from nitric acid leaching solutions containing iron (III) ions without seed occurs with a pH from 1.8 to 2.0 and a NaHS/As molar ratio of 2.8. The introduction of seed crystal significantly improves the precipitation of arsenic (III) sulphide. An increase in seed crystal consumption from 0 to 34 g/L in solution promotes an increase in the degree of transition of arsenic to sediment from 36.2 to 98.1% at pH = 1. According to SEM/EDS and XRF sediment data, from the results of experiments on the effect of As2S3 seed crystal consumption, acidity and molar ratio of NaHS/As on the precipitation of arsenic (III) sulphide and the Fetotal/Fe2+ ratio in the final solution, it can be concluded that the addition of a seed accelerates the crystallisation of arsenic (III) sulphide by increasing the number of crystallisation centres; as a result, the deposition rate of As2S3 becomes higher. Since the oxidation rate of sulphide ions to elemental sulphur by iron (III) ions does not change significantly, the molar ratio of NaHS/As can be reduced to 2.25 to obtain a precipitate having a lower amount of elemental sulphur and a high arsenic content similar to that precipitated from pure model solutions.
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1. Introduction


At present, the processing of refractory gold–arsenic sulphide concentrates is becoming more relevant due to the depletion of rich crude ore reserves. Within such processes, various pyro- and hydrometallurgical technologies are used to break down the sulphide matrix. However, when used with highly toxic arsenic raw materials, pyrometallurgical technologies (roasting, smelting, etc.) can be harmful to the environment because arsenic passes into the gas phase, concentrating in fine dust and dirty acid wastewater that requires additional processing technologies [1]. Conventional cyanide leaching of gold [2] may not always be viable without preliminary disintegration of the material. Among hydrometallurgical technologies for processing refractory sulphide raw materials, autoclave leaching [3,4,5] and bioleaching [6,7] are the most commonly used in world. These technologies provide a high efficiency of the target components extraction, but due to the complexity of the processes and capital intensity, their use is still limited.



Ultrafine grinding techniques are also widely used in order to intensify hydrometallurgical processes [8]. The Albion, Leachox and Activox processes are the most used [9,10,11]. The main difficulties and limitations of these technologies are the high energy costs associated with the need to obtain highly dispersed materials for hydrometallurgical processing. In this context, a promising area of research consists in nitric acid leaching [12,13,14].



Nitric acid is one of the most effective oxidizing and leaching agents [15]. Among the most famous technologies based on the use of HNO3 are: the NSC process (nitrogen species-catalysed pressure leaching), Sunshine plant in the USA [16]; the Nitrox (in atmosphere air) and Arseno process (use of compressed oxygen) [17]; Redox (at above 180 °C to eliminate the formation of elemental S) [18]; the HMC process (a mixture of salts of nitric and hydrochloric acids) [19] and others.



The main advantages of using nitric acid in the leaching of such raw materials are the high efficiency of the process due to the exothermic reactions of sulphide oxidation with nitric acid and the possibility of completely evacuating the formed nitrous gases in the absorption system, followed by the regeneration of nitric acid [20,21,22].



In the process of the nitric acid leaching of refractory raw materials containing arsenopyrite, enargite, tennantite or other arsenic sulphide minerals, solutions are formed containing 20–30 g/L or more of arsenic (III). Since market demand for arsenic compounds is limited, such solutions are traditionally converted into poorly soluble compounds suitable for disposal in specially equipped landfills [23].



One of the simplest methods used to precipitate As (III) and As (V) solutions in the form of arsenites and calcium arsenates at pH 11–12 consists of their neutralisation with lime. It has been shown that the type and solubility of the resulting compound depend on the pH of the solution, as well as temperature, aging period and initial Ca:As molar ratio [24,25,26]. Although the lime precipitation process is a relatively economical method for immobilising arsenic, the resulting precipitation demonstrates poor long-term stability.



The precipitation of arsenic from iron solutions having an arsenate–ferrihydrite form is a promising approach due to the exceptional high stability of this compound according to the standard toxicity characteristic leaching procedure (TCLP) test (<0.5 mg/L). In this case, an increase in the Fe:As molar ratio results in greater stability. However, the presence of arsenic (III) requires the use of expensive oxidants (MnO2, H2O2) to transform it into arsenic (V). Over prolonged storage, ferrihydrite begins to transform into goethite, which leads to the partial dissolution of arsenic [27].



Another common method for segregating arsenic consists in its precipitation into sulphide form. Thus, for example, weakly acidic effluents containing As (III) and solutions for processing converter dust from copper smelting production are neutralised with sodium hydrosulphide to fix As (III) in a sulphide form (As2S3), containing 30–60% arsenic [28,29,30,31]. As compared to the traditional neutralisation method, the production of arsenic (III) sulphide without the formation of free acid or the use of additional oxidants and lime as a neutraliser contributes to the production of a more concentrated arsenic sludge for a given volume. Arsenic trisulphide is stable under reducing conditions at pH < 4.



Despite the above-described advantages of the method of precipitation of arsenic in the form of As2S3, it has a number of limitations and is currently used mainly in the production of sulphuric acid for the purification of acidic wastes from effluent gases in copper smelting furnaces. The presence of oxidants and metal ions in a solution can result in increased consumption of expensive NaHS due to sulphide ion oxidation and the formation of insoluble metal sulphides.



The purpose of the present study is to demonstrate the possibility of precipitating arsenic sulphide from nitric acid leaching solutions of refractory sulphide raw materials of nonferrous metals containing iron (III) ions using sodium hydrosulphide with a molar consumption of NaHS/As = 2.4–2.6, which is typical for pure model solutions without oxidants [32,33]. In addition, the work studied the effect of temperature, the pH of the solution and the consumption of NaHS and seed crystal on this process. Combined with mathematical experiment planning methods, this allowed the process of precipitation of arsenic sulphide from such multicomponent solutions to be described with high accuracy. The novelty of this study is the investigation of the arsenic sulphide precipitation from leaching solutions containing oxidants with minimization of sodium hydrosulphide oxidation.




2. Materials and Methods


2.1. Materials and Reagents


The study used solutions obtained after nitric acid leaching of gold–arsenic sulphide concentrates of the Uderey deposit (Krasnoyarsk Region), containing %: 21.6 Fe, 12.2 As, 20.0 S, 3.5 Al and 30 g/t Au [34,35]. The method and conditions of leaching were previously described in detail [34]. In order to remove free nitric acid as much as possible and increase the degree of its utilisation, a new batch of the concentrate with an excess (t = 80 °C) was added to the solution following leaching until the end of the evolution of nitrous gases, comprising products of the interaction of HNO3 and sulphides, after which the pulp was allowed to stand for 30 min and then sent for filtration. The resulting solution had a pH = 1 and contained (g/L): 23.2 As (III), 29.0 Astotal, 56.0 Fetotal, 4 Fe (II), 0.07 Cu, 0.1 Zn, 0.001 Pb, 8.5 NO3− and 161 SO42−. Sulphate ions were obtained by nitric acid oxidation of sulphides. All subsequent experiments were carried out using this solution. For precipitation, a sodium sulphide solution containing 70 g/L NaHS was used [28,32,33,36].



The H2SO4 and NaOH used in this work were of analytical grade. The water was purified using a GFL distillation unit. In order to improve the reliability of the obtained results, each experiment was carried out twice.




2.2. Analysis


The chemical analysis of solid products of the studied processes was performed using an Axios MAX X-ray fluorescence spectrometer (XRF) (Malvern Panalytical Ltd., Almelo, The 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 (SEM) was performed using a JSM-6390LV microscope (JEOL Ltd., Tokyo, Japan) equipped with a module for energy-dispersive X-ray spectroscopy analysis (EDS).



Samples from each experiment were taken and analysed using inductively coupled plasma mass spectrometry (ICP-MS—NexION 300S quadrupole mass spectrometer, PerkinElmer Inc., Waltham, MA, USA). The Fe (II) concentration in the solution was determined by potassium dichromate (K2Cr2O7) titration. For the aqueous samples containing both As (III) and Fe (II), they were separated using an ion exchange column and then determined by titration [37]. To determine the Fe (II) concentration, transfer the sample solution into an Erlenmeyer flask. Using a graduated cylinder, add 25 mL of 1 M H2SO4 to flask. Then, add 10 cm3 of the phosphoric acid solution and 8 drops of sodium diphenylamine sulfonate indicator to the flask. The intense purple colour produced by the first drop of excess K2Cr2O7 signals the end point for the titration.



In order to obtain regression equations and Pareto diagrams, experimental data were processed using the Statgraphics Centurion Software Version 18 (Statgraphics Technologies, Inc., The Plains, VA, USA).



The Pourbaix diagram was constructed using the HSC Chemistry Software Version 6.0 (Outokumpu Research Oy, Finland).




2.3. Experimental Procedure


A solution comprising a volume of 200 mL was poured into a thermostated reactor. After reaching the required temperature, stirring was switched on, and the supply of sodium hydrosulphide was started according to the assumption that the arsenic sulphide precipitation process lasts for about 1 hour. The pH of the system was changed by adding a diluted 1:1 solution of H2SO4 (7.1 M) and NaOH (8.1 M). Following the completion of the precipitation process, the pulp was allowed to stand for 10–20 min to undergo exchange reactions between iron and arsenic. Next, the pulp was filtered to form cakes, which were dried at a temperature of 60 °C to a constant sediment mass.





3. Results and Discussion


3.1. Thermodynamics of Arsenic Sulphide Precipitation


The reaction mechanism according to which arsenic precipitates from acidic solutions in sulphide form has been described in previous studies [32,38,39]:


2NaHS(l) + H2SO4(l) = 2H2S(g) + Na2SO4(l) (ΔG0298 = −61.85 kJ/mol),



(1)






3H2S(g) + 2H3AsO3(l) = As2S3(s)↓ + 6H2O(l) (ΔG0298 = −137.59 kJ/mol),



(2)






H2S(g) + H3AsO4(l) = S0(s)↓ + H3AsO3(l) + H2O(l) (ΔG0298 = −82.38 kJ/mol),



(3)






5H2S(g) + 2H3AsO4(l) = As2S5(s)↓ + 8H2O(l) (ΔG0298 = −77.25 kJ/mol).



(4)







According to these reactions, when sodium hydrosulphide enters an acidic environment, it decomposes to hydrogen sulphide, which in turn interacts with arsenic (III) ions to form insoluble As2S3.



Data obtained from previous studies have shown [32,39,40] that the precipitation of arsenic (V) from solutions takes place in two stages. At the first stage, arsenic (V) ions oxidise sulphide ions to elemental sulphur, reducing to As (III) (Reaction 4). At the second stage, As2S3 is precipitated according to Reaction 1. Since the rate of reduction of As (V) to As (III) is much lower than the rate of formation of As2S3, the process is limited by the first stage [24,32]. Despite the negative values of the Gibbs energy change, As2S5 does not form significantly in acidic media due to its solubility being higher than that of As2S3 (the solubility is 4.4 × 10−6 and 8.13 × 10−7 M, respectively) [41]. This is also confirmed by the data presented in the Pourbaix diagram (Figure 1). Concentrations of As, S and Fe are 1 mol/dm3.



Within the considered pH range, the arsenic sulphide field is within the redox potential from −0.2 to 0.5 V. According to the data of previous studies, with an increase in the molar ratio S:As ≥ 1.5, the range of existence of As2S3 expands within the oxidation potential from 0 to 1.1 V at pH from 0 to 6 [32].



In solutions containing iron (III) ions, sulphide ion can be oxidised to elemental sulphur with the formation of iron (II) ions, according to the following reaction:


H2S(g) + Fe2(SO4)3(l) = 2FeSO4(l) + H2SO4(l) + S0(s)↓ (ΔG0298 = −41.9 kJ/mol).



(5)






H2S(g) + 2Fe(NO3)3(l) = 2Fe(NO3)2(l) + 2HNO3(l) + S0(s)↓ (ΔG0298 = −54.98 kJ/mol).



(6)






2FeSO4(l) + 2HNO3(l) + H2SO4(l) = Fe2(SO4)3(l) +2NO2(g) + 2H2O(l) (ΔG0298 = −113.7 kJ/mol).



(7)






H2S(g) + 2HNO3(l) = 2NO2(g) + S0(s)↓ + 2H2O(l) (ΔG0298 = −177.1 kJ/mol).



(8)








3.2. Influence of the Main Parameters Governing the Precipitation of Arsenic (III) Sulphide from Nitric Acid Leaching Solutions on the Degree of Reduction of Fe3+ Ions to Fe2+


According to the results of previous studies, the complete removal of arsenic in the case of its precipitation from pure model solutions containing As (III) is achieved at a NaHS/As molar ratio ≥ 2.5. Although the stoichiometrically required ratio of NaHS/As is 1.5, in this case, arsenic is precipitated by a ratio of only 70% [32,33]. The As (V)/As (III) ratio in solution—i.e., the above-described process of As (V) reduction to As (III) [32,39,40] —has a significant influence on the kinetics of the process.



3.2.1. Effect of pH and NaHS/As Molar Ratio


In order to study the effect of pH and molar ratio of NaHS/As on the precipitation of arsenic from nitric acid leaching solutions containing iron (III) ions in the form As2S3, we used a mathematical experimental planning approach involving second-order orthogonal central compositional design [36,42,43,44]. The variable parameters were the pH (X1) and NaHS/As molar flow rate (X2). The temperature of 25 °C and duration of 1 h were constant.



Two parameters at five levels, considered as independent variables, had central values (zero levels) as follows: X1 = 1.25; X2 = 1.91. Table 1 shows the results of design experiments performed to evaluate the dependent variable (arsenic deposition rate). The processing of experimental data to obtain a mathematical model and Pareto diagram was carried out using the Statgraphics program. The optimal pH and NaHS/As molar ratio values were selected using program data and graphical optimisation tools [42,43,44].



Based on the model sum of squares, the highest order polynomial was selected as the experimental model. This model is significant and not aliased. To assess the variance and accuracy of the model, a correlation coefficient of 0.96 was used; this indicated that independent variables having a probability of 96% describe the change in the degree of precipitation of arsenic from the solution.



Table 2 determines the statistical significance of each coefficient of the equation by comparing the mean square against the experimental error estimate. According to the obtained data, four coefficients have a p-value less than 0.05, which confirms their significance at a confidence level of 95.0%. The coefficient X22 is not statistically significant due to the p-value being greater than 0.05. The significance of each coefficient is presented on the Pareto chart (Figure 2).



The pH and NaHS/As molar flow rate have almost equal influence on the precipitation of arsenic (III) sulphide; the coefficient X22 is not statistically significant (Figure 2).



The obtained mathematical model for the precipitation of arsenic sulphide from nitric acid leaching solutions containing iron (III) ions can be described by the equation presented below on a dimensional scale:


As (%) = 92.71 − 100.54X1 − 51.08X2 + 21.96X12 + 36.62X1X2.



(9)







Figure 3 shows the relationship between the actual arsenic deposition values and those predicted by the model: the reliability of the chosen model (Equation (9)) is confirmed due to the close coincidence of the predicted and actual data.



Figure 4 shows the predicted model response surface for the degree of precipitation of arsenic (III) sulphide from nitric acid leach solutions containing iron (III) ions depending on pH and the NaHS/As molar flow rate at 25 °C.



From the data presented in Figure 4, it follows that the precipitation of arsenic (III) sulphide from nitric acid leaching solutions is significantly influenced by both considered parameters. The deposition of arsenic above 50% is observed only at pH > 1.2. A noticeable (20%) precipitation of arsenic (III) sulphide with a stoichiometric consumption of NaHS/As = 1.5 begins only at pH 1.7. An increase in pH to 2.0 promotes an increase in the transition of arsenic to a precipitate up to 30%. These data differ significantly from the results of precipitation from model solutions, from which, according to previous studies, up to 70% As was extracted from the solution under identical conditions [32,33]. This effect can be associated with the oxidation of the sulphide ion by iron (III) ions to elemental sulphur according to Reactions 5 and 6. For the removal of 96–99% of arsenic (III) from pure model solutions, a consumption of NaHS/As = 2.4–2.5 is required. The highest degree of precipitation of arsenic (III) sulphide (95–99%) from nitric acid leaching solutions containing iron (III) ions can be seen in the range of pH from 1.8 to 2.0 with a NaHS/As molar ratio of 2.8. The difference from model solutions can be attributed to the influence of iron (III) ions present in the solution.



The analysis of the effect of pH and molar ratio of NaHS/As on the degree of reduction of iron (III) ions to iron (II) at 25 °C is shown in Figure 5. In order to compare the results, we used the ratio of the total amount of iron in solution to iron (II) (Fetotal/Fe2+).



The increase in the molar ratio of NaHS/As, which is due to the oxidation of the sulphide ion by iron (III) ions to elemental sulphur according to Reactions 5 and 6 (Figure 5), contributes to a decrease in the Fetotal/Fe2+ ratio. The pH of the solution has a significant influence on the reduction of iron (III) ions. An increase in pH leads to a decrease in the Fetotal/Fe2+ ratio in solution, promoting the oxidation of the sulphide ion and an increase in the NaHS/As molar ratio, which in turn negatively affects the precipitation of arsenic (III) sulphide.



The values of the Fetotal/Fe2+ ratio at pH = 1.0–1.5 become almost identical, with an increase in the NaHS/As molar flow rate from 1.0 to 2.2. An increase in pH from 1.5 to 2.0 leads to a sharp decrease in the Fetotal/Fe2+ ratio, which, at the NaHS/As molar ratio of 2.8 required for the precipitation of 95–99% As, is 1.25. This indicates an almost complete reduction of iron (III) ions to iron (II).




3.2.2. Influence of Temperature


The effect of temperature on the degree of precipitation of arsenic (III) sulphide from nitric acid leaching solutions containing iron (III) ions and the value of the ratio Fetotal/Fe2+ in solution at a molar flow rate of NaHS/As = 2.8 are shown in Figure 6.



From the data in Figure 6a, it can be seen that an increase in temperature leads to a significant decrease in the deposition of arsenic (III) sulphide, which is different from that obtained when precipitating arsenic from pure model solutions [33]. As the temperature rises from 25 to 60 °C, the degree of arsenic transfer to the precipitate is almost halved for the entire studied pH range from 1.0–2.0. This is due to an increase in the oxidation state of the sulphide ion by iron (III) ions to elemental sulphur, which is also confirmed by a decrease in the ratio Fetotal/Fe2+ in solution to 1.05–1.01 (Figure 6b), indicating the complete reduction of iron ions (III) to iron (II).




3.2.3. Influence of As2S3 Seed Crystal Consumption


For seed crystal purposes, we used arsenic sulphide precipitated from solutions of nitric acid leaching at a temperature of 25 °C, a pH of 2 and a NaHS/As molar flow rate of 2.8 having the composition (%): As–34.8; S–53.1; Fe–1.1; Cu–0.2; Zn–0.3.



The effect of temperature on the degree of precipitation of arsenic (III) sulphide from nitric acid leaching solutions containing iron (III) ions and the value of the ratio Fetotal/Fe2+ in solution at a molar flow rate of NaHS/As = 2.8 is shown in Figure 7.



From Figure 7a, it can be seen that the introduction of seed crystal significantly improves the precipitation of arsenic (III) sulphide. An increase in the seed consumption from 0 to 34 g/L in the solution increases the degree of arsenic transfer to sediment from 36.2 to 98.1% at pH = 1. The solubility of arsenic (III) sulphide decreases with decreasing acidity and is minimal at pH = 4 [38]. Thus, an increase in the pH of the solution from 1 to 2 leads to a decrease in the solubility of arsenic (III) sulphide to produce a supersaturated solution. This leads to the formation of solid phase nuclei capable of reaching a critical size and serving as crystallization centres, whose further growth, initially accompanied by a decrease in the Gibbs energy, then proceeds spontaneously. The positive effect of increasing the pH of the solution can also be associated with an increase in the formation of solid particles of elemental sulphur, as indicated by an increase in the concentration of iron (II) ions in the solution (Figure 7b) or iron hydroxide, which can serve as additional crystallisation centres for arsenic (III) sulphide. The introduction of the As2S3 seed crystal neutralises the effect of pH on the precipitation of arsenic (III) sulphide by increasing the number of its crystallisation centres.



Figure 7b shows that an increase in the consumption of As2S3 seed crystal promotes a decrease in the Fetotal/Fe2+ ratio in a solution with the same molar ratio of NaHS/As = 2.8. For pH = 1.0–1.5, the Fetotal/Fe2+ ratio decreases from 1.84 to 1.55, while at pH = 2.0 it decreases from 1.30 to 1.05. According to the literature data, the oxidation of arsenic (III) sulphide by iron (III) ions in Reaction 10 at a temperature of 25 °C also occurs at a low rate [45]. This effect can also be associated with sorption and the mechanical capture by the developed surface of the precipitated arsenic (III) sulphide of compounds H3As3S6 and H2As4S7. When a crystal seed is added to the solution, these compounds dissociate with the formation of H2S, according to Reactions 11 and 12, which in turn can interact with iron (III) and arsenic (V) ions according to Reactions 3, 5 and 6 [24,39,46].


As2S3(s)↓ + 1.5Fe2(SO4)3(l) + 4H2O(l) = 2H3AsO3(l) + 3.5S(s)↓ + 3FeSO4(l) + H2SO4(l),



(10)






H2As3S6(l) + H+ + 9H2O(l) = 3H3AsO3(l) + 6H2S(g),



(11)






HAs4S7(l) + H+ + 12H2O(l) = 4H3AsO3(l) + 7H2S(g).



(12)







The introduction of As2S3 mitigates the effect of pH on the precipitation of arsenic (III) sulphide, while the oxidation state of sulphide ions to elemental sulphur decreases with decreasing pH due to an increase in the ratio Fetotal/Fe2+ in the final solution. In order to reduce the NaHS/As molar ratio, the effect of As2S3 34 g/L seed crystal consumption on the degree of precipitation of arsenic (III) sulphide at a temperature of 25 °C, pH = 1.5 was investigated. The results are shown in Figure 8.



The maximum precipitation of arsenic (III) sulphide of 99.9% is achieved at a molar flow rate of NaHS/As = 2.25 and does not change significantly with its further increase. Thus, the introduction of the As2S3 seed crystal in an amount of 34 g/L at pH = 1.5 allows the molar ratio of NaHS/As to be reduced from 2.80 to 2.25 by decreasing the oxidation state of sulphide ions to elemental sulphur by iron ions (III).





3.3. Residue Characteristics


Changes in the morphology and composition of the sample depending on the experimental conditions were assessed using XRD and SEM–EDS methods to study the cakes obtained after precipitation of arsenic (III) sulphide from nitric acid leaching solutions containing iron (III) ions. Micrographs of the sediments obtained with and without the introduction of As2S3 seed crystal at a temperature of 25 °C and a pH of 1.5 are shown in Figure 9. The chemical composition of the sediments is presented in Table 3.



According to the data in Table 3, the precipitate of arsenic (III) sulphide obtained without introducing seed crystal is characterised by an increased sulphur content and a reduced arsenic content relative to the precipitate obtained at a consumption of As2S3 seed crystal of 34 g/L. As a result, the precipitation of arsenic (III) sulphide from nitric acid leaching solutions containing iron (III) ions at a temperature of 25 °C, a pH of 1.5 and an As2S3 seed consumption of 34 g/L results in a sediment that is similar in chemical and phase composition to cakes obtained from pure model solutions with a reduced molar ratio of NaHS/As = 2.25 (for model solutions NaHS/As = 2.5), containing 25–36% sulphur [32,33].



From the micrographs (Figure 9), it can be seen that the precipitation, which does not significantly vary, is represented by variously shaped agglomerates, having a porous, rough and very developed surface (Figure 9a,b). As confirmed by the X-ray phase analysis data shown in Figure 10, this is due to the low level of crystallinity of the sediments.



The large amount of noise in the X-ray diffraction patterns is due to the low level of crystallinity of the resulting As2S3 precipitate. The sediment contains a significant amount of elemental sulphur along with traces of FeS (Figure 10). The presence of such a quantity of elemental sulphur can be explained in terms of the oxidation of sulphide ions by iron (III) and arsenic (V) ions according to Reactions 3, 5 and 6. The presence of only As2S3 in the sediment confirms the data of thermodynamic studies into the mechanism of the precipitation of arsenic (V) from solutions in two stages according to Reactions 2 and 3.



The micrographs and points of composition determined using energy-dispersive X-ray spectroscopy (Figure 11) are shown both for sediments obtained without the introduction of As2S3 seed crystal and for those obtained with its introduction at a temperature of 25 °C and a pH of 1.5 (Table 4).



Arsenic (III) sulphide particles do not have any films on their surface. The nonuniform distribution of sulphur and arsenic shown in Figure 11b is due to the oxidation of sulphide ions to elemental sulphur by iron (III) and arsenic (V) ions according to Reactions 3, 5 and 6 in the case of running the process without seeding. With an As2S3 seed consumption of 34 g/L, a more homogeneous sediment containing a lower amount of sulphur (Figure 11a) is formed as confirmed by the EDS results.



According to Figure 12, the sulphur content on the surface of the particles increases during the deposition without seeding, while arsenic content decreases.



The micrograph, X-ray phase analysis and EDS mapping data confirm a decrease in the content of elemental sulphur on the surface of particles and an increase in the content of arsenic in the sediment when using As2S3 crystal seeding.



According to the precipitation analysis showing the influence of the As2S3 seed crystal consumption, acidity and molar ratio of NaHS/As on the degree of the precipitation of arsenic (III) sulphide and the ratio Fetotal/Fe2+ in the final solution, it can be concluded that the addition of seed crystal accelerates the process of arsenic (III) sulphide crystallization by increasing the number of crystallization centres. As a result, the deposition rate of As2S3 increases, while the oxidation rate of sulphide ions to elemental sulphur by iron (III) ions does not change significantly. This, in turn, allows the molar ratio of NaHS/As to be reduced to 2.25 to obtain a precipitate with less elemental sulphur and a high arsenic content similar to that obtained when precipitating arsenic from pure model solutions.



The flowchart of the leaching and further arsenic (III) sulphide precipitation processes is shown in Figure 13.



The applications of these research results in industry would allow for a reduction in the consumption of expensive NaHS.



The hydrothermal mineralization stabilization can be adopted to improve the stability of amorphous As2S3. The results showed that the As leaching concentration of mineralized As2S3 was only 4.82 mg/dm3. Furthermore, the amorphous As2S3 could be transformed into crystallized As2S3 (orpiment) in the presence of the mineralizer Na2SO4. Simultaneously, the As leaching concentration of crystallized As2S3 was further reduced to 3.86 mg/dm3 [33].





4. Conclusions


The study investigated the process of the precipitation of arsenic (III) sulphide from multicomponent solutions of nitric acid leaching of refractory sulphide raw materials of nonferrous metals containing iron (III) ions. As a result, the following conclusions were drawn:




	-

	
The highest degree of precipitation of arsenic (III) sulphide (95–99%) from nitric acid leaching solutions containing iron (III) ions occurs with a pH from 1.8 to 2.0 and a NaHS/As molar ratio of 2.8. An increase in the molar ratio of NaHS/As and pH promotes a decrease in the Fetotal/Fe2+ ratio due to the oxidation of the sulphide ion by iron (III) ions to elemental sulphur.




	-

	
An increase in temperature leads to a significant decrease in the precipitation of arsenic (III) sulphide. As the temperature rises from 25 to 60 °C, the degree of arsenic transfer to the precipitate is almost halved for the entire studied pH range from 1.0 to 2.0. This is due to an increase in the oxidation state of the sulphide ion by iron (III) ions to elemental sulphur, which is also confirmed by a decrease in the Fetotal/Fe2+ ratio in solution to 1.05–1.01.




	-

	
The introduction of seed crystal significantly improves the precipitation of arsenic (III) sulphide. An increase in seed crystal consumption from 0 to 34 g/L in solution promotes an increase in the degree of transition of arsenic to sediment from 36.2 to 98.1% at pH = 1.




	-

	
According to SEM/EDS and XRF sediment data, from the results of the experiments on the effect of As2S3 seed crystal consumption, acidity and molar ratio of NaHS/As on the precipitation of arsenic (III) sulphide and the Fetotal/Fe2+ ratio in the final solution, it can be concluded that the addition of a seed accelerates the crystallisation of arsenic (III) sulphide by increasing the number of crystallisation centres; as a result, the deposition rate of As2S3 becomes higher. Since the oxidation rate of sulphide ions to elemental sulphur by iron (III) ions does not change significantly, the molar ratio of NaHS/As can be reduced to 2.25 to obtain a precipitate having a lower amount of elemental sulphur and a high arsenic content similar to that precipitated from pure model solutions.




	-

	
As compared to the traditional neutralisation method, the production of arsenic (III) sulphide without the formation of free acid or the use of additional oxidants and lime as a neutraliser contributes to the production of a more concentrated arsenic sludge for a given volume containing 42% arsenic. Arsenic trisulphide is stable under reducing conditions at pH < 4.
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Figure 1. Pourbaix diagram of As-S-H2O system at 25 °C. 
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Figure 2. Pareto chart for arsenic sulphide precipitation. 
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Figure 3. Real and predicted values of the removal efficiency of arsenic (III). 
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Figure 4. Dependence of the removal efficiency of arsenic (III) sulphide on pH and molar ratio of NaHS/As (contour response surface). 






Figure 4. Dependence of the removal efficiency of arsenic (III) sulphide on pH and molar ratio of NaHS/As (contour response surface).



[image: Metals 11 00889 g004]







[image: Metals 11 00889 g005 550] 





Figure 5. Dependence of the Fetotal/Fe2+ ratio on the molar ratio of NaHS/As at different pH values and 25 °C. 
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Figure 6. Dependence of the removal efficiency of arsenic (III) sulphide (a) and the ratio Fetotal/Fe2+ (b) in solution on temperature at a molar ratio of NaHS/As = 2.8. 
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Figure 7. Dependence of the removal efficiency of arsenic (III) sulphide (a) and the ratio Fetotal/Fe2+ (b) in solution on seed crystal consumption at a molar NaHS/As consumption of 2.8 and a temperature of 25 °C. 
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Figure 8. Dependence of the removal efficiency of arsenic (III) sulphide on the NaHS/As molar ratio at 25 °C, pH = 1.5 and As2S3 seed consumption = 34 g/L. 
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Figure 9. Micrographs of precipitates obtained without seed crystal introduction at NaHS/As = 2.80 (a) and with the introduction of As2S3 34 g/L seed crystal at NaHS/As = 2.25 (b). 
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Figure 10. Diffraction pattern of the obtained precipitates of arsenic (III) sulphide with the introduction of As2S3 seed crystal in the amount of 34 g/L (a) and without seed crystal introduction (b). 
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Figure 11. Micrographs with composition determination points for sediments of arsenic (III) sulphide with the introduction of As2S3 seed crystal in the amount of 34 g/L (a) and without seeding (b). 
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Figure 12. Micrographs of arsenic (III) sulphide precipitates with the introduction of As2S3 at 34 g/L (a) and without its introduction (d); EDS mapping for arsenic (b,e) and sulphur (c,f). 
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Figure 13. The flowchart of the leaching and further arsenic (III) sulphide precipitation processes. 
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Table 1. Central composite design arrangement and results.






Table 1. Central composite design arrangement and results.





	
Experimental

Runs

	
pH

	
Molar Ratio (NaHS/As)

	
Precipitation Degree of As, %

	
Concentration in Solution, g/L




	
Fe2+

	
Fetotal






	
1

	
0.34

	
1.91

	
16.4

	
28.3

	
46.4




	
2

	
0.50

	
1.22

	
14.9

	
13.9

	
45.3




	
3

	
0.50

	
2.60

	
24.1

	
27.0

	
41.8




	
4

	
1.25

	
1.08

	
13.3

	
12.6

	
53.8




	
5

	
1.25

	
1.91

	
19.1

	
22.6

	
56.3




	
6

	
1.25

	
1.91

	
22.4

	
23.3

	
57.4




	
7

	
1.25

	
1.91

	
21.7

	
25.6

	
57.7




	
8

	
1.25

	
1.91

	
22.0

	
24.0

	
57.0




	
9

	
1.25

	
2.74

	
37.6

	
30.4

	
43.6




	
10

	
2.00

	
1.22

	
14.2

	
22.6

	
46.0




	
11

	
2.00

	
2.60

	
99.2

	
32.0

	
43.9




	
12

	
2.16

	
1.91

	
59.3

	
31.8

	
49.6
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Table 2. Analysis of variance (ANOVA) of the response surface quadratic model.
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	Source
	Sum of Squares
	Degree of Freedom
	Mean Square
	F-Ratio
	p-Value





	X1
	2302.76
	1.00
	2302.76
	42.39
	0.0006



	X2
	2205.15
	1.00
	2205.15
	40.59
	0.0007



	X12
	654.26
	1.00
	654.26
	12.04
	0.0133



	X1X2
	1436.41
	1.00
	1436.41
	26.44
	0.0021



	X22
	64.68
	1.00
	64.68
	1.19
	0.3171



	Total error
	325.94
	6.00
	54.32
	-
	-



	Total (corr.)
	6989.19
	11.00
	-
	-
	-
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Table 3. Chemical composition of arsenic trisulphide, wt%.
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	Material
	As
	S
	Fe
	Zn
	Cu





	Without seed
	34.8
	53.1
	1.1
	0.2
	0.3



	With seed
	42.2
	42.9
	0.9
	0.2
	0.2
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Table 4. The results of energy dispersive spectroscopy, wt%.
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	Element
	S
	As
	Total





	Figure 11a. Point 001
	87.8
	12.2
	100.0



	Figure 11a. Point 002
	62.6
	37.4
	100.0



	Figure 11a. Point 003
	57.3
	42.7
	100.0



	Figure 11a. Point 004
	82.7
	17.3
	100.0



	Figure 11a. Point 005
	69.8
	30.2
	100.0



	Figure 11a. Point 006
	58.9
	41.1
	100.0



	Figure 11a. Point 007
	64.8
	35.2
	100.0



	Figure 11a. Point 008
	74.6
	25.4
	100.0



	Figure 11b. Point 001
	54.8
	45.2
	100.0



	Figure 11b. Point 002
	56.5
	43.5
	100.0



	Figure 11b. Point 003
	51.8
	48.2
	100.0



	Figure 11b. Point 004
	54.1
	45.9
	100.0



	Figure 11b. Point 005
	55.4
	44.6
	100.0



	Figure 11b. Point 006
	52.7
	47.3
	100.0



	Figure 11b. Point 007
	53.4
	46.6
	100.0



	Figure 11b. Point 008
	55.8
	44.2
	100.0
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