

  metals-12-01934




metals-12-01934







Metals 2022, 12(11), 1934; doi:10.3390/met12111934




Article



Utilization of Converter Slag from Nickel Production by Hydrometallurgical Method



Alexander G. Kasikov *, Elena A. Shchelokova[image: Orcid], Olga A. Timoshchik[image: Orcid] and Artem Yu. Sokolov





Tananaev Institute of Chemistry, Federal Research Centre “Kola Science Centre of the Russian Academy of Sciences”, 184209 Apatity, Russia









*



Correspondence: a.kasikov@ksc.ru







Academic Editor: Jean François Blais



Received: 10 September 2022 / Accepted: 8 November 2022 / Published: 11 November 2022



Abstract

:

The possibility of hydrometallurgical processing of converter slag from nickel production aimed at integrated use of mineral raw materials and environmental protection is shown. The scheme of hydrometallurgical processing of slag using hydrochloric acid is proposed. The method involves leaching the slag with hydrochloric acid in the presence of ferric ions. The high values of iron and nonferrous metals extraction into the leaching solution are achieved during hydrochloric acid leaching. Silicon is concentrated in an insoluble residue. Liquid extraction was used to extract iron from hydrochloric acid leaching solutions. Silica-containing residues can be successfully used in the construction industry.
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1. Introduction


Due to the gradual depletion of mineral resources, obtaining additional products from waste is a fundamental principle of sustainable development [1]. In this connection, research aimed at increasing the complexity of raw materials utilization and recovering valuable elements from waste has been recently developed. Slags from non-ferrous metallurgy plants containing various valuable metals are of particular importance.



The metallurgical complex of the Russian Federation produces more than 80 million tons of slag annually, of which 68.5% are dumped into waste dumps. Slag reserves in dumps are currently at 120 million tons and continue to grow as slag output exceeds its total processing and utilization [2,3]. Slags occupy large areas and cause environmental degradation in adjacent areas due to the gradual leaching of toxic metals from their waste [4,5,6,7,8,9].



In the Orenburg region (Russia), the “Southern Urals Nickel Plant PJSC” (UNKL) was the major polluter in terms of the amount of waste generated. The currently implemented technologies of slag waste processing to extract valuable components do not find positive results [10]. Waste slag masses are moved from place to place, mixed, and as a result of crushing and separation, the content of the 100 mm fraction in the dumps increases, making it much more difficult for further processing. The area occupied by the dumps is expanding due to the winds carrying the fine fraction. On the other hand, even more depleted waste nickel slag reduces the commercial interest in its further disposal. As a result, the utilization of waste nickel slag has not yet been completely solved and it is an acute environmental problem.



The building industry is one way of using slags [5,11,12,13,14,15]. However, the direct use of slags in the construction industry is complicated by several technological features of this type of material. On the one hand, the low activity of slag prevents the synthesis of slag binders. On the other hand, the instability of construction and technical properties, unstable structure, and a large number of metallic impurities does not give reason to consider the involvement of slag in the concrete composition as inert aggregates and fillers. Moreover, hazardous components must be identified and recycled before being used in construction in order to eliminate any risk of dangerous impacts that could affect the ecology of humans and other living beings [16]. In addition, the direct use of slags in the construction industry results in a total loss of base metals.



In recent decades, numerous methods have been developed to extract and utilize valuable metals from slags, including pyro-metallurgical, hydrometallurgical (flotation, chemical leaching or bioleaching) and combined pyro-hydrometallurgical approaches [8,17,18,19,20,21,22]. Since the slags contain a minor part of non-ferrous metals in the form of sulfides and metallized magnetic phase, the hydrometallurgical processes are the most effective in processing this type of waste. Sulfuric acid, hydrochloric acid, chloric acid, nitric acid, iron sulfate or chloride, potassium dichromate, sulfur dioxide and hydrogen peroxide have been suggested for the extraction of metals from slag [6,23,24,25,26,27,28,29]. However, these works are devoted to processing copper production slags and are focused primarily on extracting only non-ferrous metals to a predominant extent [30,31]. The extraction of exclusively non-ferrous metals from slags cannot be commercially feasible, due to the bulk of the production costs are iron, silicon dioxide, and magnesium [32]. Therefore, the search for solutions for integrated slag processing with maximum metal extraction and effective use of the silicate part remains a very urgent task.



This work aims to develop a method of integrated hydrometallurgical processing of waste slags of the Southern Urals Nickel Plant PJSC (UNKL) plant to extract non-ferrous metals and iron in commercial products and obtain a waste rock suitable for application in the construction industry. In addition, mineralogical and chemical slag characterization were investigated in detail.




2. Materials and Methods


2.1. Materials


The initial material was converter slag produced during the conversion of nickel matte obtained during reduction-sulfidation smelting shaft furnaces of sinter from oxidized nickel ores (UNKL, Orenburg region, Russia). Control slag samples were taken from a specialized solid waste storage site at various points to assess the quality of technogenic waste. The dry grinding of slag was carried out in grinding cups on a laboratory roller conveyor with the ratio grinding Bodies:Slag = 4:1 to ensure a material fineness of less than 80 μm. The technical mixture of the 1-octanol and 1-decanol (51.9% and 47.5%, respectively, Crestmont Sdn Bhd, Selangor, Malaysia) and 2-undecanone (Treatt, Suffolk, England) were used as received without any purification. All other reagents employed in the experiments were of analytical reagent grade.




2.2. Characterization Methods


The mineralogical composition of the slag was studied by X-ray diffractometer XRD 6000 (Shimadzu, Kyoto, Japan) with Cu_Kα radiation source. The metallographic studies of the internal structure of the slag were carried out using an Ultraphot-3 (Opton, Jena, Germany) microscope in reflective light, on the ground and polished samples. The structure of slag was studied by scanning electron microscopy using a scanning digital electron microscope with software SEM LEO-420 (ZEISS, Jena, Germany), equipped with the microprobe attachment INKA ENERGY-400 (OXFORD Instrument, Abingdon, UK). The surface area, pore diameter and pore volume were determined according to Brunauer-Emmett-Teller (BET) and Barrett-Joyner-Halenda (BJH) methods from N2 sorption isotherm using a micrometric (TriStar II 3020, Micromeritics, Norcross, GA, USA) surface area and porosity analyzer. The determination of non-ferrous and noble metals in the samples was carried out using the atomic absorption spectrometer “HGA” 4100 ZL (Perkin Elmer, Shelton, CT, USA), emission spectrometer ICPS-9000 (Shimadzu, Kyoto, Japan) and mass spectrometer ELAN 9000 DRC-e (PerkinElmer, Shelton, CT, USA). In order to determine sulfur, the analyzer CS-2000 (ELTRA, Haan, Germany) was used. The gravimetric method was used to determine the silicon content.




2.3. Hydrochloric Acid Leaching Test


Slag leaching was carried out in periodic mode in a 2 L jacketed reactor (Double glass Reactor, XC-2L, Henan, China) containing 1 L slag suspension. In this case, 28 wt.% hydrochloric acid was used to leach slag. Leaching performed in the presence of an oxidizing agent (Fe3+) was taken in stoichiometric or over the amount of the resulting hydrogen sulfide. An iron chloride solution containing 200 g·L−1 Fe(III) was used as an oxidizer. The redox potential was 350–450 mV. The speed of the stirrer was 600 rpm−1. The slag was added to the leaching solution preheated to 50 ± 2 °C. Slag loading into the leaching solution was carried out at a rate of 2.0–2.2 g·min−1. After loading, the slurry was kept stirring for 1–2 h at 80 ± 2 °C. The pulp was filtered through a Buchner funnel. The undissolved residue was first washed with hydrochloric acid at solid-liquid ratio (S:L) = 1:3–5 to reduce the loss of metals with the discharge solution, then washed with distilled water for neutral reaction. The washing hydrochloric acid was used in the leaching stage.




2.4. Solvent Extraction Test


The selected volumes of aqueous (A) and organic (O) phases were placed in a separatory funnel and mixed vigorously for 5 min. After phase disengagement, the raffinate was separated for the determination of concentrations of contained metals. Iron stripping was carried out in the separatory funnel by distilled water for 5 min. After the phase settle, the aqueous phase was separated from the organic phase. All of the processes of solvent extraction and stripping were carried out at room temperature (20 ± 2 °C).



The distribution coefficient (D) were calculated follows equation:


  D =    C o     C r    ,  



(1)







Co is a metal concentration in an organic phase, g·L−1; Cr is a metal concentration in raffinate, g·L−1.





3. Results and Discussion


3.1. Characterization of Nickel Converter Slag


A chemical composition analysis was performed for all specimens. The obtained data on chemical composition and the number of control points are presented in Table 1.



According to X-ray phase analysis, fayalite (Fe2SiO4) was the main mineral component of the initial slag samples (Figure 1); magnetite (Fe3O4) was found in smaller amounts. The deviation from the number of phases in the quantitative content was observed in the following ranges: 15–40% magnetite and 60–85% fayalite. A deviation from the standard in the spectrum of magnetite was also recorded. This shift in the spectra is due to the isomorphic impurities’ inclusion of nonferrous and light metals in the magnetite structure [33]. The silicate part of the slag on the X-ray was represented by a group of lines, an isomorphic compound of variable composition (Fe,Ca,Mg)(SiO4) with the olivine-fayalite structure.



The samples selected differ in coloring, granularity, and glassiness. Colors are divided mainly into two colors: light grey (the most common) and black (the rarest). Upon crushing, black specimens were observed to be more brittle under load than grey specimens. Figure 2 represents the X-ray patterns of these samples. As can be seen, the light grey samples are X-ray amorphous, and the black ones, based on the intensity of the lines, have a greater degree of crystallinity.



The metallographic samples were prepared by embedding the solid specimen in epoxy resin and polishing. A mineralogical analysis of the slag showed that the slag was a complex heterogeneous formation that consisted of crystalline and amorphous matter, with inclusions of phenocrysts of sulfides and oxides. As a result of the microscopic examination of the slag, the main mineral constituents were fayalite, which did not contain impurities in its composition, and magnetite, and also kirschstenite, olivine and augite, which differed in their contents (Figure 3 and Figure 4).



Inclusions of sulfides in the slag are distributed unevenly and not in all grains of the mass (matrix slag) consist of fayalite and magnetite. Sulfides generally have a round shape (balls, drops), and less common oval excretions and complex sulfide formations with a curvilinear shape are found. The size of sulfides vary from 5 to 30 microns. Smelting captures some of the nickel from the sulfide components of the slag, which, in turn, concentrates the iron-nickel matte. Cobalt, as an associated nickel metal, passes almost all into the slag, where it was accumulated in silicate phases rather than being extracted as a metallic phase (Figure 4b).



The mineralogical analysis allowed us to conclude that non-ferrous metals are contained in all slag phases. This fact predetermines the hydrometallurgical approach to processing waste, as the deep extraction by magnetic separation or flotation will not have a positive result.




3.2. Hydrochloric Acid Leaching Studies


Based on the mineralogical composition of the slag determined by XRD, the process of decomposition of its target soluble forms by hydrochloric acid can be represented by the following chemical reactions:


Me2SiO4 + 4HCl = 2MeCl2 + SiO2 + 2H2O,



(2)




where Me—metal (Fe, Ni, Cu, Mg and other).


MeS + 2HCl = MeCl2 + H2S↑



(3)






MeS2 + 2HCl = MeCl2 + H2S↑ + S↓



(4)




where Me—metal (Fe, Ni, Cu and Co).



Hydrochloric acid decomposition of slag was carried out according to the previously developed approach of metallurgical Cu-Ni converter slag processing [34]. According to the method, slag leaching occurs in 28 wt.% hydrochloric acid at 80 ± 2 °C in the presence of oxidizing agent (Fe3+) and portion loading of slag into the hydrochloric acid solution. The portion loading of slag into the concentrated hydrochloric acid solution provides good filterability of the solid phase residue and reduces the silicon transfer into the solution [35]. Adding an oxidizing agent into the hydrochloric acid solution makes it possible to limit the release of hydrogen sulfide in the reaction volume and prevents its release into the atmosphere of the working area during slag leaching. An oxidizing process of hydrogen sulfide binding in the presence of an oxidizer can be represented by the following reaction:


H2S + 2FeCl3 = 2FeCl2 + 2HCl + S0



(5)







Since the addition of iron chloride solution to the hydrochloric acid leaching solution dilutes it, the effect of iron content on the recovery of target components was studied using sample 774 (Table 2). A sample containing mainly fayalite (sample 774) and an averaged sample 813 obtained by mixing specimens 807–812 were used for hydrochloric acid leaching studies.



As can be seen from the data presented in Table 2, reducing the concentration of hydrochloric acid leads to a negligible decrease in the extraction percentage of the target components. At the same time, the sulfur content in the insoluble residue increases, which indicates the effectiveness of the iron (III) ions being introduced into the reaction mass to prevent the release of hydrogen sulfide in the process of slag leaching.



The influence of the S:L ratio on the extraction of the Fe and non-ferrous metals was studied (Table 3). The results demonstrated that increasing the S:L ratio leads to an insignificant increase in the degree of decomposition of slag components and dilution of the resulting filtrate. The optimal ratios of S:L = 1:4–5 make achieving iron-concentrated filtrates possible.



Experiments for studying the effect of leaching time on the extraction percentages of target components were performed in the solution mixture of 25.6 wt.% HCl and 20 g·L−1 Fe3+ with a solid-liquid ratio of 1:5 at 80 ± 2 °C for 0–6 h (Figure 5). Samples of slag that were different in mineral and chemical composition—samples 774 and 813—were selected for these studies. Since the slag was loaded in portions during the first two hours, the sampling was started after 2.5 h. The experimental results revealed that all component extraction percentages increased with increasing leaching time. However, the extraction percentages of iron, calcium, aluminum and magnesium in the leaching solution during the decomposition of sample 813 were lower than those of sample 774; this was due to the inclusion of these elements in the mineral augite—a chemically stable mineral. The extraction of non-ferrous metals in the leaching solution is steadily high (85–100%). Note that loading the slag in portions resulted in insignificant extraction of silicon in the leaching solution (0.03–0.05%). The concentration of silicon in the leaching solution was 5–7 ppm. A comparison of residue composition after leaching of samples 813 and 774 was presented in Table 4.



As shown in Table 3 and Figure 5, the overall extraction rates of the target components are higher than their extraction into the filtrate. The reason is that the undissolved residue after slag leaching contains significant amounts of metal chlorides. The metal extraction in the washing solution washed with water had percentage ranges of: 10–12 Fe, 16–18 Ni, 18–20 Co, 18–20 Cu. Thus, to optimize the leaching process and reduce the loss of valuable components, the residue was initially washed with a hydrochloric acid solution and then with water. The undissolved residue was washed with 28 wt.% hydrochloric acid solution at 50 °C for 30 min in repulsion mode. A volume of acid necessary in order to leach the slag was taken for washing. This solution was used in the slag decomposition stage. Table 5 shows the compositions of solutions and residueas well as the degree of extraction of valuable components in the process of slag leaching with hydrochloric acid washing solution. The data presented in the Table 5 were obtained by processing Sample 813 mass 1 kg in batch mode. As can be seen from the data presented in Table 5, the additional operation of washing the undecomposed residue with hydrochloric acid and its use at the stage of leaching allows for the obtainment of more concentrated content of the target components, as well as reducing their losses with the washing solution.



According to the X-ray phase analysis, the basis of the residue after hydrochloric acid leaching was an amorphous phase with crystalline phases of augite and sulfur (Figure 6). The residual humidity was 7–15%. The value of the BET specific surface area of the silicon-containing residue was found to be 250–300 m2·g−1. The use of such material in the construction industry is directed towards reducing the cost of production [36].



The residue after hydrochloric acid leaching was dissolved in 4N NaOH solution, then diluted in CCl4 to remove sulfur and boiled in concentrated hydrochloric acid. The reduction in the residue after decomposition of sample 774 was 68%, and the total decrease from the initial slag sample was 87%. The residue reduction after decomposition of sample 813 was 44%, and the total decrease from the original slag sample was 65%. Thus, the insoluble part of the slag is about 13% in sample 774 and 35% in sample 813. According to X-ray phase analysis, the basis of the residue after additional treatment is hard-soluble mineral augite (Ca,Mg,Fe,Al)(Si,Al)2O (Figure 7). Residue composition, wt.%: 21.7–26.0 Si, 10.5–11.8 Fe, 8.5–10.1 Ca, 2.9–3.6 Al, 2.8–3.7 Mg.



The electron probe micro-analyzer (EPMA) images of the augite show the distribution of elements (Figure 8). Color modification showed that all components were distributed on the sample sufficiently uniformly.



The solutions obtained by hydrochloric acid leaching of slag contain g·L−1: 60–120 Fe, 0.6–1.0 Ni, 0.2–0.3 Co, 0.03–0.05 Cu, 1.5–5.3 Mg, and 3.2–4.6 Ca, and can be used for subsequent separation by extraction methods of iron and nonferrous metals and production of magnesium hydroxides.




3.3. Solvent Extraction of Iron from Slag Leaching Solution


A prerequisite for the economic efficiency of hydrochloric acid technology is the ability to regenerate hydrochloric acid. The pyrohydrolysis of purified iron(III) chloride solution solutions may be the most effective method for regeneration. For the extraction of iron(III) from its concentrated solutions, liquid extraction is the most suitable method. We considered the possibility of selective extraction of iron from slag-leaching solutions using alcohols and ketones as extractants. Since iron is present as iron(II) in the slag leaching solution, its quantitative oxidation for subsequent extraction is necessary. Oxidation was carried out with chlorine according to the method [37]. Previously, we have shown that mixtures of aliphatic alcohols and ketones effectively extract iron from chloride solutions of various compositions [38,39]. As a result, it was found that an extractant containing 70 vol.% of a technical mixture of 1-octanol and 1-decanol and 30 vol.% of 2-undecanone is optimal for iron(III) extraction. However, the concentration of iron in the solution did not exceed 15 g·L−1. In the present study, the use of extracting iron from the slag leaching solution was examined using a mixture of this composition. Figure 9 presents the McCabe-Thiele plot for iron extraction from a solution of hydrochloric acid leaching of slag was obtained (Figure 9). The complete extraction of iron occurs in 4, 3, and 2 stages at a ratio of the organic phase to the aqueous phase (O:A), respectively, 1:1, 2:1, and 3:1.



To reduce the number of extraction stages, the ratio O:A = 3:1 was used at two stages. The concentration of some metals in the initial solution and in the raffinate, and the logarithm of the distribution coefficient of metals during extraction, are shown in Figure 10. The concentration of iron in the aqueous solution decreased from 67.4 to 0.001 g·L−1. Moreover, the minimum amount of non-ferrous metals was extracted into the organic phase. It can be assumed that the low co-extraction of impurities is associated with a high concentration of iron in the initial solution. As a result, iron displaces non-ferrous metals already at the extraction stage. Thus, after two extraction stages, a raffinate was obtained containing g·L−1: Fe—0.001, Al—3.14, Ca—4.70, Mg—5.50, and Ni—1.35. The resulting solution is directed either to the slag leaching stage or to further processing to extract the remaining non-ferrous metals.



The resulting extract is directed for stripping to obtain a ferric chloride solution. Previously, we have shown that an almost complete stripping from the organic phase containing 20 g·L−1 of iron is possible in 2 steps at a ratio of O:A = 2:1 [39]. In this case, to obtain a more concentrated strip solution, stripping was carried out at a ratio of O:A = 3:1. The stripping was carried out by 0.2 M HCl solution in order to avoid a third phase formation. From the McCabe-Thiele plot for iron stripping, it was found that the iron passed to the aqueous phase in 3 stages (Figure 11). As a result, from the extract obtained during the extraction, containing 21 g·L−1 of iron, a strip solution was obtained, g·L−1: Fe—62.9, Ni—0.004, Al—0.030, Ca—0.045, Mg—0.042. Thus, the solution obtained can be directed to evaporation to receive a concentrated ferric chloride solution, which is often used as a coagulant [40].



The conceptual flow sheet of hydrochloric acid slag leaching is shown in Figure 12. According to the scheme, the crushed converter slag is leached in a 28% hydrochloric acid solution in the presence of an oxidizer (Fe3+) with conversion to a leaching solution of iron and non-ferrous metals. The solution is then subjected to extraction processing to obtain an iron chloride solution free of non-ferrous metals. Pure iron oxide is obtained from the solution by pyrohydrolysis. Given the composition of the solution and the low concentration of base metals, the subsequent separation of elements was carried out by their precipitation at a controlled pH. Initially, aluminium hydroxide was precipitated, and then non-ferrous metals were precipitated. After extraction of non-ferrous metals, magnesium hydroxide was precipitated. The leaching residue is proposed for use in the building industry. We are currently studying the possibility of using the residue from hydrochloric acid leaching of converter slag as an active additive in cement.





4. Conclusions


	
Mineralogical and chemical analyses of converter nickel slag from the “Southern Urals Nickel Plant PJSC” (UNKL) showed that the slag is characterized by an uneven distribution of the target components throughout the slag dump.



	
Mineralogical composition is the most significant factor that influences the leaching of slag components. It is shown that the sparingly soluble form of augite in slags reduces the degree of extraction of iron, magnesium and calcium, which are part of this mineral.



	
Large-scale laboratory tests confirmed that the proposed process is applicable to the total volume of slag. With this process used in industry, it is possible to involve in processing large volumes of nickel-cobalt technogenic raw materials.



	
The possibility of the extraction processing of filtrates from slag decomposition using a mixture of alcohols and ketone as an extractant to obtain concentrated solutions of iron chlorides has been established.



	
Obtained using the proposed scheme, silicon-containing residue is characterized by a high specific surface area (250–300 m2·g−1). The use of such material in construction industry is directed towards reducing the cost of production.



	
The main advantage of the proposed hydrometallurgical slag processing scheme is the possibility of selective separation of iron from non-ferrous metals with the release of all valuable components into marketable products and the use of the insoluble residue in the construction industry.



	
Two urgent tasks at once—providing technogenic raw materials for the production of new and traditional building materials and eliminating the negative impact of waste on the environment during their storage—can be solved through the use of slag processing products in the construction industry.
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Figure 1. XRD patterns of samples of converter slag. 
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Figure 2. XRD patterns of slag samples varieties: (a)—black color, (b)—light gray color: 1—fayalite, 2—magnetite. 
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Figure 3. SEM micrograph of slag showing components of the slag: (a)—sample 807, (b)—sample 809. 
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Figure 4. SEM micrograph of slag showing components of the slag: (a)—sample 807, (b)—sample 809. 
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Figure 5. The extraction percentages of target components from converter slag (Sample 774 and Sample 813) as a function of leaching time (a—Sample 774; b—Sample 813). Conditions: t = 80 °C, CFe3+ = 20 g·L−1, CHCl = 25.6 wt.%, S:L = 1:5. 
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Figure 6. X-ray diffraction patterns of residue after leaching by 28% hydrochloric acid. 
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Figure 7. X-ray diffraction patterns of augite. 
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Figure 8. EDAX map of elements distribution. 
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Figure 9. McCabe-Thiele plot for iron extraction. C(Fe3+)a = 69.1 g·L−1, t = 20 °C, τ = 5 min. 
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Figure 10. The results of solvent extraction of iron(III) from slag leaching solution. (a)—Fe, Al, Ca, Mg); (b)—Ni, Co, Cu. O:A = 3:1, 2 stages, t = 20 °C, τ = 5 min. 
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Figure 11. McCabe-Thiele plot for iron extraction. C(Fe3+)a = 69.1 g·L−1, t = 20 °C, τ = 5 min. 
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Figure 12. A conceptual flow sheet for leaching of slag with HCl. 
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Table 1. The chemical composition of slag samples from different points of the slag dump.
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Sample

	
Content (wt.%)




	
Fe

	
Ni

	
Co

	
Cu

	
Al

	
Mg

	
Ca

	
SiO2

	
S






	
811

	
29.22

	
0.46

	
0.07

	
0.021

	
2.09

	
3.40

	
6.49

	
23.71

	
1.8




	
809

	
19.23

	
0.28

	
0.03

	
≤0.01

	
3.22

	
4.66

	
8.97

	
36.30

	
0.93




	
807

	
42.13

	
0.98

	
0.30

	
0.045

	
1.04

	
1.80

	
2.07

	
26.70

	
2.40




	
810

	
20.63

	
0.61

	
0.04

	
0.014

	
2.95

	
5.14

	
7.95

	
32.85

	
1.40




	
808

	
26.34

	
0.28

	
0.06

	
0.016

	
2.52

	
4.04

	
6.93

	
31.43

	
1.40




	
774

	
41.90

	
0.27

	
0.12

	
0.033

	
0.92

	
1.82

	
2.57

	
18.70

	
2.70




	
813 *

	
27.5

	
0.50

	
0.10

	
0.02

	
2.36

	
3.81

	
6.48

	
30.20

	
1.59








* Sample 813—average sample of samples 807–811.
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Table 2. The influence of iron concentration in the initial hydrochloric acid solution on the leaching of slag sample 774. Conditions: t = 80 ± 2 °C, S:L = 1:10, τ = 5 h.
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CFe, g·L−1

	
CHCl, wt.%

	
Metal Extraction, %

	
S Content in

Residue, wt.%




	
Fe

	
Ni

	
Co

	
Cu

	
Mg

	
Al

	
Ca






	
0

	
28.0

	
76.3

	
88.0

	
93.9

	
99.9

	
60.7

	
35.9

	
57.9

	
2.1




	
10

	
26.8

	
71.1

	
86.2

	
90.0

	
99.9

	
57.8

	
35.6

	
55.6

	
4.5




	
20

	
25.6

	
70.4

	
84.7

	
87.5

	
96.3

	
57.0

	
32.2

	
53.2

	
6.9
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Table 3. The influence of solid-liquid ratio on the leaching of a slag sample 774. Conditions: t = 80 °C, CFe = 20 g·L−1, CHCl = 25.6%, τ = 5 h.
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S:L

	
Filtrate Content, g·L−1

	
Metal Extraction, %




	
Fe

	
Ni

	
Co

	
Cu

	
Fe

	
Ni

	
Co

	
Cu






	
1:4

	
119.6

	
0.64

	
0.30

	
0.08

	
61.4

	
59.7

	
70.0

	
76.5




	
1:5

	
95.5

	
0.58

	
0.23

	
0.07

	
66.0

	
75.7

	
75.1

	
91.4




	
1:8

	
71.7

	
0.43

	
0.20

	
0.05

	
68.5

	
81.8

	
95.1

	
93.2




	
1:10

	
61.5

	
0.15

	
0.33

	
0.04

	
70.4

	
84.7

	
87.5

	
96.3
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Table 4. The residue composition of slag leaching with hydrochloric acid (Sample 813). Conditions: t = 80 ± 2 °C, CFe = 20 g·L−1, CHCl = 25.6%, S:L = 1:5, τ = 6 h.






Table 4. The residue composition of slag leaching with hydrochloric acid (Sample 813). Conditions: t = 80 ± 2 °C, CFe = 20 g·L−1, CHCl = 25.6%, S:L = 1:5, τ = 6 h.





	
Sample

	
Residue Content, %




	
SiO2

	
Fe

	
Ni

	
Co

	
Cu

	
Mg

	
Ca

	
Al

	
S






	
774

	
60.1

	
4.4

	
0.03

	
0.01

	
0.002

	
0.9

	
3.1

	
1.33

	
5.5




	
813

	
49.8

	
7.5

	
0.06

	
0.01

	
0.0003

	
2.7

	
7.6

	
1.32

	
1.6
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Table 5. Valuable component distribution in slag leaching with hydrochloric acid washing solution (Sample 813). Conditions: t = 80 ± 2 °C, S:L = 1:5, τ = 5 h.
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Product

	
Metal Content, g·L−1/wt.%

	
Metal Extraction, %




	
Fe

	
Ni

	
Co

	
Cu

	
Mg

	
Ca

	
Al

	
Fe

	
Ni

	
Co

	
Cu

	
Mg

	
Ca

	
Al






	
Initial

	
27.5

	
0.52

	
0.1

	
0.02

	
3.81

	
6.48

	
2.36

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
Filtrate

	
67.4

	
1.25

	
0.23

	
0.04

	
5.3

	
4.6

	
3.14

	
76.0

	
74.2

	
72.1

	
77.7

	
43.1

	
22.1

	
41.2




	
Washing acid

	
8.8

	
0.28

	
0.05

	
0.01

	
1.8

	
0.85

	
1.32

	
10.3

	
17.6

	
18.1

	
18.6

	
17.1

	
5.4

	
16.9




	
Washing solution

	
1.2

	
0.01

	
0.005

	
0.001

	
0.1

	
0.35

	
1.1

	
1.3

	
0.8

	
1.5

	
0.04

	
1.3

	
4.8

	
12.4




	
Residue

	
7.5

	
0.06

	
0.01

	
0.0003

	
2.7

	
7.6

	
1.32

	
11.2

	
6.9

	
4.1

	
0.7

	
29.1

	
48.2

	
23.0
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