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Abstract

:

In order to achieve efficient resource utilization of metal tailings, taking the roasted clinker of silver tailings (RCST) as the object, the dissolution behaviors of Si, Al and Fe in the water–acid two-stage leaching process and the water leaching kinetics of Si were investigated in this study. Single-factor experiments were performed to investigate the effects of the leaching parameters; the XRF, XRD and SEM-EDS methods were used to characterize the leaching residues with different leaching times, and the leaching kinetics models of Si were established. The results demonstrate that, in the water leaching stage, the sodium silicate and a small part of the structurally unstable sodium aluminosilicate in RCST are dissolved, while the nepheline, most of the sodium aluminosilicate and the mixed materials containing iron enter the water leaching residue. The first 5 min of water leaching is controlled by both interfacial transfer and diffusion across the product layer, with an apparent activation energy of 22.36 kJ/mol, and the dissolution reaction during 5–15 min is controlled by the unsteady diffusion of the liquid film, with an apparent activation energy of 14.22 kJ/mol. The structure of the materials in the clinker is completely destroyed, and a great number of fissures and pores are produced by the continued dissolving action of the water. Thus, in the acid leaching stage, the amorphous Si-, Al- and Fe-containing substances in the water leaching residue are rapidly dissolved in the sulfuric acid solution at a lower temperature.
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1. Introduction


The enormous accumulation of mine tailings and the consequent environmental problems are getting worse [1,2,3]. However, tailings contain a large number of useful components that can be exploited [4,5]. In the current context of increasing scarcity of mineral resources, it has become a consensus that tailings are a type of secondary resource [6,7]. For this reason, discovering how to make effective use of tailings is the focus of current research.



In recent years, a lot of studies have been carried out on the recovery of useful components from tailings [8,9,10,11,12,13]. However, previous studies only focused on the recovery of a part of the trace metallic elements and neglected the value of the major elements, such as silicon, aluminum, etc., resulting in the discharge of large amounts of secondary tailings, which cannot fundamentally solve the problems of environmental pollution and resource waste. In addition, the major elements are also precious mineral resources. For example, aluminum has been established in second position on the list of most commonly used metals in modern society [14] and is one of the strategic mineral resources in China [15]. Silicon is the elemental building block of today’s ‘high-tech’ materials [16], needed in aerospace [17], biomedicine [18] and photovoltaic materials [19], and is classified as a strategic mineral by Japan [20]. Therefore, if the major elements such as SiO2 and Al2O3 can be firstly separated and recovered, not only can it greatly decrease the tailings accumulation and effectively use resources, but also it can enormously concentrate the trace elements to be further divided and extracted, which achieves the maximum resource utilization of tailings and even complete recycling.



In our previous study, the basic characteristics of silver tailings from Shaanxi Silver Mining Co., Ltd., China, were investigated, of which the combined amount of SiO2, Al2O3 and Fe2O3 was 74.30%. The sodium carbonate roasting method was used to activate the formerly stable and insoluble minerals in the tailings to become structurally loose and soluble materials [21]. For the leaching of the components, there are two categories of methods: acid leaching and alkaline leaching (Table 1). Therein, most silicon leaching utilizes alkali methods [22,23]. To leach aluminum, either alkali [24] or acid methods [25] can be applied, while the leaching of iron is chiefly achieved by acid methods [26,27]. Recently, several approaches have been carried out for recovering Al and Fe elements from tailings. For example, Zhang et al. [28] reported that 88.64% of Al leaching from bauxite tailings was obtained with a mixed acid concentration of 60%, liquid–solid ratio of 4 mL/g, temperature of 373 K and time of 3 h. Tao et al. [29] showed that the leaching ratio of Fe was 66.45% with the conditions of 0.53 mol/L H2SO4, 10 mL/g L/S ratio, 313 K and 2 h. Almeida et al. [30] showed that the recovery ratio of Fe was approximately 94% with high leaching parameters levels (10.8 mol/L HCl, 353 K and 2 h). Hernández et al. [31] studied the recovery of Fe, Co and Ni from nickel tailings in Cuba using a mixed acid solution of tartaric acid and oxalic acid. The results showed that 50% of Fe and 80% of Ni and Co could be extracted after leaching with a mixture of 0.15 mol/L tartaric acid and 0.05 mol/L oxalic acid at room temperature for 5 days. However, the conventional leaching processes are difficult to put into practical production due to their prolonged leaching time and low efficiency. In addition, limited studies have reported on the leaching of Si from mine tailings.



Based on the above, a modified water–acid two-stage leaching process was carried out to sufficiently recover Si, Al and Fe from silver tailings, the advantages of which are: (1) it can dissolve the water-soluble substances in the roasted clinker and separate some of the components; (2) it can save acid consumption and improve components’ leaching efficiencies. Herein, a theoretical analysis of the leaching of Si, Al and Fe was performed by taking the silver tailings’ sodium carbonate roasting activated clinker as the object. Then, the behavior of Si, Al and Fe during the leaching process and the kinetics of Si leaching were investigated. The aim of this study is to provide theoretical foundation for the industrial application of and efficient resource utilization of metal tailings.




2. Materials and Methods


2.1. Materials and Reagents


The silver tailings were obtained from Shaanxi Silver Mining Co., Ltd. (Shangluo, China). The roasted clinker, which was the subject of this research, was prepared by mixing the silver tailings with 99% purity sodium carbonate and our self-developed catalysts at a mass ratio of 1:1.3:0.004 and then it was roasted in a muffle furnace at 1023 K for 30 min, after which it was cooled to room temperature and ground to pass through a 200-mesh sieve. The chemical composition of the silver tailings and the roasted clinker was measured using the X-ray fluorescence spectrum (XRF, Shimadzu 1800, Kyoto, Japan), and the contents of the main components are listed in Table 2. As shown in Table 2, the contents of SiO2, Al2O3 and Fe2O3 in the roasted clinker were 27.93%, 8.43% and 8.32%, respectively. The mineralogical analysis and the analysis of the micromorphology with chemical composition of microregions of RCST were performed using X-ray diffraction analysis (XRD, Rigaku D/MAX 2200X, Akishima-shi, Japan) and scanning electron microscopy equipped with an energy-dispersive X-ray spectrometer (SEM-EDS, MLA650F, F.E.I., Hillsboro, USA), as shown in Figure 1. It is shown that the crystalline phases contained in RCST were sodium silicate with flake aggregates (Na2SiO3, Spot 1) and aluminosilicate phases with a layered structure (NaAlSiO4, Spot 2), including nepheline or sodium aluminosilicate, as well as a small amount of sodium ferrate (NaFeO2). In addition, there were also a mixture of various elements (Spot 3) in the clinker which was dense, blocky and not shown in XRD due to its low content. Typically, the particles in the clinker are irregularly shaped and have plenty of defects on the surface, resulting in a large reaction interface, indicating that the clinker has a strong reaction capacity.



The concentrated sulfuric acid (Chengdu Colon Chemicals Co., Ltd., Chengdu, China) and hydrogen peroxide at a concentration of 30% (Tianjin Tianli Chemical Reagent Co., Ltd., Tianjin, China) were of analytical grade. The concentrated sulfuric acid was diluted with water to different concentrations. Deionized water was used in all experiments.




2.2. Experimental Procedure


The water–acid two-stage leaching procedures of RCST are shown in Figure 2.



2.2.1. Water Leaching


A 10g amount of RCST was weighed accurately for use. A certain amount of deionized water according to the liquid–solid ratio of 5–25 mL/g was added into a 300 mL glass beaker and was heated to a given temperature in the range of 303–363 K in a constant-temperature heating magnetic stirrer (DF-101S, Gongyi Yuhua Instrument Co., Ltd., Gongyi, China). When the set temperature was reached, the weighed RCST was slowly added to the stirred hot water, and 1–2 drops of 30% hydrogen peroxide were promptly added, then it was covered with a glass cover and leached for 2–30 min at an agitation rate of 100 r/min. After leaching, the slurry was quickly filtered under a vacuum. The water leaching residue was washed with heated distilled water at least three times to pH = 7 and then dried at 378 K for 2 h.




2.2.2. Acid Leaching


A 10 g amount of the water leaching residue was weighed and poured into a 300 mL beaker. Sulfuric acid with a concentration of 2–10 mol/L was slowly added to the beaker at a liquid–solid ratio of 3–7 mL/g, placed in a constant-temperature heating magnetic stirrer and kept at a speed of 100 r/min from room temperature to 333 K for 1–5 min. After the acid leaching was finished, the slurry was quickly filtered, and the acid leaching residue was rinsed with water three times until it was neutral (pH = 7) and then it was dried at 378 K for 2 h.





2.3. Analysis and Calculation


The chemical analyses of the leaching residues were determined using the X-ray fluorescence spectrum (XRF, Shimadzu 1800, Kyoto, Japan), and all experimental data are the average of three parallel experiments. The leaching ratios of the components in RCST were calculated using Equation (1). The phase compositions of the leaching residues were detected using X-ray diffraction analysis (XRD, Rigaku D/MAX 2200X, Akishima-shi, Japan), and the analysis of micromorphology with chemical composition of microregions of the leaching residues was performed using scanning electron microscopy equipped with an energy-dispersive X-ray spectrometer (SEM-EDS, MLA650F, F.E.I., Hillsboro, OR, USA).


   x i  =    ω s  ×  m s  −  ω i  ×  m i     ω s  ×  m s    × 100 %  



(1)




where    x i    is the leaching efficiency of the element;    ω s    is the element content of the solid sample treated by leaching;    m s    is the mass of the solid sample;    ω i    is the element content of the leaching residue; and    m i    is the mass of the leaching residue.





3. Results and Discussion


3.1. Chemical Reactions during the Leaching Process


From the analysis of RCST (Section 2.1), it was found to principally contain sodium silicate Na2SiO3, NaAlSiO4 (nepheline), NaAlSiO4 (sodium aluminosilicate) and a small amount of sodium ferrite NaFeO2. The chemical reactions that may occur during the leaching of the Si, Al and Fe elements are as follows.



3.1.1. Water Leaching Stage


In the water leaching stage, the water-soluble Na2SiO3 is dissolved and hydrolyzed. In essence, it is the ion exchange between the Na+ and H+ of the aqueous solution that makes the solution alkaline and generates orthosiliconic acid (H4SiO4) [32]. The chemical reaction is shown as Equation (2).


   Na 2   SiO 3  + 3  H 2  O   ⇋ 2 NaOH +  H 4   SiO 4   



(2)







NaAlSiO4 (sodium aluminosilicate) is slightly soluble in alkaline solutions [33] and undergoes hydrolysis to generate NaAl(OH)4 and H4SiO4 [34,35]; the chemical reaction is shown in Equation (3):


   NaAlSiO 4  + 4  H 2  O   ⇋ NaAl   ( OH )  4  +  H 4   SiO 4   



(3)







NaFeO2 undergoes hydrolysis to produce a precipitate of Fe(OH)3, and the reaction is shown in Equation (4):


NaFeO2 + 2H2O = Fe(OH)3↓ + NaOH



(4)







In addition, Na2SiO3 in the solution also combines with the NaAl(OH)4 generated by the hydrolysis of NaAlSiO4 as a precipitate of hydrated sodium aluminosilicate [36], as seen in Equation (5):


Na2SiO3 + NaAl(OH)4 = NaAlSiO4·H2O↓ + 2NaOH



(5)







As a result, the sodium silicate in RCST, as well as a small amount of sodium aluminosilicate, enters the water leaching solution, while insoluble nepheline, as well as the precipitates formed by the hydrolysis of sodium ferrite and the generated hydrated sodium aluminosilicate, enters into the water leaching residue. This means that some of the Si and a small amount of Al in the clinker go into the water leaching solution, and another part of the Si and most of the Al and Fe go into the water leaching residue.




3.1.2. Acid Leaching Stage


After the water leaching, the aluminosilicates in the water leaching residue, including nepheline and sodium aluminosilicate, as well as Fe(OH)3, can react with sulfuric acid to generate metal sulfate and silicic acid, as per the reaction equations in Equations (6) and (7). Therefore, all the Si, Al and Fe in the water leaching residue enter the acid leaching solution during the acid leaching process.


2NaAlSiO4 + 4H2SO4 = Al2(SO4)3 + Na2SO4 + 2H4SiO4



(6)






2Fe(OH)3 + 3H2SO4 = Fe2(SO4)3 + 6H2O



(7)









3.2. Effects of Experimental Conditions


3.2.1. Water Leaching Stage


The RCST water leaching experiments were performed with different leaching temperatures, leaching times and liquid–solid ratios, and the SiO2, Al2O3 and Fe2O3 leaching efficiencies were measured. The effects of these parameters on the leaching of Si, Al and Fe were investigated, as shown in Figure 3.



As shown in Figure 3a, the influence of variations in the leaching temperature (between 303 and 363 K) of the RCST on the SiO2, Al2O3 and Fe2O3 leaching efficiencies was investigated at a liquid–solid ratio of 10 mL/g for 10 min. As seen, the leaching efficiency of SiO2 was raised when the temperature increased from 303 K and 353 K, while it declined when the temperature increased to 363 K. The variation of Al2O3 leaching efficiency was similar to that of SiO2, which also increased and then decreased with the increase in temperature. The leaching efficiency of Fe2O3 was below 3% at all temperatures and was almost not leached. This indicates that increasing the temperature favors the leaching of Si and Al from the clinker. The reason is that the higher temperature accelerates the movement of ions, which promotes the dissolution of soluble substances in the clinker in the water. Moreover, it is known from the literature [36,37] that, in the Na2O–Al2O3–SiO2–H2O system, there is a process of dissolution of the unstable sodium aluminosilicates and precipitation of the stable forms. Thus, the reduction in the leaching efficiencies of SiO2 and Al2O3 at 363 K is presumed to be caused by the generation of insoluble aluminosilicates in the solution. Accordingly, to attain a favorable leaching performance, a 353 K water leaching temperature is appropriate.



The results in Figure 3b display the effects of time on the leaching efficiencies of SiO2, Al2O3 and Fe2O3, which were obtained at a temperature of 353 K and a liquid–solid ratio of 10 mL/g. As shown, the leaching efficiency of SiO2 dramatically increased from 1 to 5 min, slightly increased from 6 to 15 min, leveled off from 15 to 20 min and showed a decreasing trend from 20 to 30 min. In addition, the leaching efficiencies of Al2O3 and Fe2O3 did not alter significantly. It demonstrates that the water leaching reaction is essentially completed within 15 min, with a fast reaction rate from 1 to 5 min and a moderate reaction rate from 6 to 15 min, whereas, when the water leaching time is extended to 20 min, it is assumed that insoluble aluminosilicates are formed in the solution, which results in a decrease in the leaching efficiencies of SiO2 and Al2O3 in the solution [38]. Therefore, in order to obtain a favorable leaching effect, the water leaching time of RCST should be set at 15 min.



Leaching experiments with various liquid–solid ratios were conducted, for which the conditions were a temperature of 353 K and time of 15 min (Figure 3c). As shown, at a low liquid–solid ratio (5 mL/g), the leaching efficiencies of SiO2 and Al2O3 were lower due to the insufficient amount of solution preventing the soluble substances in the clinker from leaching altogether. However, as the liquid-to-solid ratio was raised to 10 mL/g, the leaching efficiencies of SiO2 and Al2O3 increased and then leveled off. Similarly, the leaching efficiency of Fe2O3 was less than 5%. Therefore, the RCST water leaching liquid–solid ratio should be set to 10 mL/g.




3.2.2. Acid Leaching Stage


Acid leaching experiments with various sulfuric acid concentrations, liquid–solid ratios, leaching temperatures and leaching times were performed to investigate the effects on the leaching efficiencies of SiO2, Al2O3 and Fe2O3. The results are shown in Figure 4.



As shown in Figure 4a, the effect of sulfuric acid concentration (from 2 to 10 mol/L) on SiO2, Al2O3 and Fe2O3 leaching efficiencies was evaluated at indoor temperature (measured as 299 K), time of 3 min and a liquid–solid ratio of 5 mL/g. It can be seen that the leaching efficiencies of SiO2, Al2O3 and Fe2O3 increased with increasing acid concentration from 2 to 6 mol/L and remained virtually constant from 6 to 10 mol/L. This indicates that increasing the acid concentration promotes the leaching of Si, Al and Fe from the water leaching residue. This is because, as the acid concentration is lower, the amount of H+ reacting with NaAlSiO4, Fe(OH)3, etc., in the system is insufficient, so the substances in the water leaching residue cannot react completely, resulting in components’ low leaching efficiencies. As the acid concentration increases, the amount of H+ reacting with the water leaching residue increases, which promotes acid leaching, and the acid leaching reaction reached equilibrium at a sulfuric acid concentration of 6 mol/L. Consequently, subsequent acid leaching experiments were performed with 6 mol/L sulfuric acid.



As shown in Figure 4b, the effect of the liquid–solid ratio on the SiO2, Al2O3 and Fe2O3 leaching efficiencies was investigated at a sulfuric acid concentration of 6 mol/L, indoor temperature (measured as 299 K) and time of 3 min. As can be observed, the leaching efficiencies of SiO2, Al2O3 and Fe2O3 increased as the acid leaching liquid–solid ratio increased from 3 to 5 mL/g and remained almost unchanged as the liquid–solid ratio increased from 5 to 7 mL/g. This is due to the relatively low acid leaching liquid–solid ratio, wherein the insufficient amount of the acid solution limits the contact area between the solid particles with the acid and the reaction mass transfer, resulting in components’ low leaching efficiencies. As the liquid–solid ratio increases, the contact area between the liquid and solid increases, which promotes the acid leaching reaction. Therefore, the liquid–solid ratio for the acid leaching process should be set at 5 mL/g.



Figure 4c shows the effect of leaching temperature on the SiO2, Al2O3 and Fe2O3 leaching efficiencies at a sulfuric acid concentration of 6 mol/L, liquid–solid ratio of 5 mL/g and time of 3 min. When the initial temperature was room temperature (299 K), the leaching efficiencies of SiO2, Al2O3 and Fe2O3 reached 93.03%, 94.24% and 93.44%, respectively; when the temperature was set to 303 K, the leaching efficiency of the components was slightly increased to 95.56%, 95.41% and 96.91%, respectively; and when the temperature continued to increase to 308 K and 313 K, the leaching efficiencies of the components were approximately constant. The results demonstrate that, after the RCST water leaching process, favorable leaching performance can be achieved even at a low temperature during the acid leaching process. Considering the energy savings, the temperature of acid leaching process should be set at 303 K.



The effect of leaching time on SiO2, Al2O3 and Fe2O3 leaching efficiencies was investigated at a sulfuric acid concentration of 6 mol/L, liquid–solid ratio of 5 mL/g and temperature of 303 K, and results are given in Figure 4d. It can be seen that the leaching efficiencies of SiO2, Al2O3 and Fe2O3 increased when the leaching time was increased from 1 min to 3 min. However, the leaching efficiencies of SiO2, Al2O3 and Fe2O3 remained in equilibrium when the leaching time was increased from 3 min to 5 min. This is due to a violent reaction in the initial stages of the acid leaching process, and, as a result, the leaching efficiencies of the components increase significantly; however, after 3 min, the SiO2, Al2O3 and Fe2O3 leaching efficiencies essentially cease to change due to the fact that the acid leaching reaction has reached equilibrium. Meanwhile, it was also concluded from the results that, in only one minute of the acid leaching, the leaching efficiencies of SiO2, Al2O3 and Fe2O3 reached 79.49%, 90.69% and 89.14%, respectively.



The above experimental results show that, under the conditions of temperature 353 K, time 15 min and liquid–solid ratio 10 mL/g in the water leaching stage and sulfuric acid concentration 6 mol/L, liquid–solid ratio 5 mL/g, temperature 303 K and time 3 min in the acid leaching stage, the total recovery rate of SiO2, Al2O3 and Fe2O3 reached 98.39%, 96.02% and 96.96%, respectively.





3.3. Analysis of Leaching Residues


To determine the dissolution behavior of the Si-, Al- and Fe-containing substances from the RCST during the water–acid two-stage leaching process, XRF, XRD and SEM-EDS were used to characterize the residues.



3.3.1. Water Leaching Residue


The qualities and the main components of the water leaching residues for different leaching times at temperature of 353 K and liquid–solid ratio of 10 mL/g are shown in Figure 5, and the XRD patterns of the water leaching residues are shown in Figure 6. Figure 5 shows that the residue quality increased from 5 to 10 min, changed slightly from 10 to 15 min, and then increased with time. Therein, the SiO2, Al2O3 and Na2O contents gradually decreased from 5 min to 15 min, remained constant from 15 min to 25 min, and increased to 30 min. It can be seen in Figure 6 that the water leaching residues were nearly all amorphous, except for the 5 min and 30 min water leaching residues, which contained a small amount of the crystalline phase of nepheline, and the diffraction peaks corresponding to sodium silicate and sodium ferrite in RCST disappeared. This demonstrates that, during the water leaching process, the crystal structure of the substances in RCST is destroyed and then dissolved in the solution. From comparing Figure 5 and Figure 6, it can be seen that the large amount of Si, Al and Na remaining in the 5 min residue (Figure 5) was the undissolved nepheline phase, and, from Figure 3b, showing that there were certain leaching ratios of SiO2 and Al2O3 at 5 min, it is indicated that the structure of most of the substances in the clinker is destroyed and transformed into amorphous phases, and a small amount of sodium silicate and sodium aluminosilicate is dissolved, which can be explained by Equations (2) and (3). At 10 min of leaching, the intensity of the characteristic diffraction peak of nepheline was significantly reduced or not even visible, suggesting that the structure of the materials in RCST was further disrupted and that many more soluble materials were dissolved in the water. It indicates that Equations (2) and (3) occur further. This corresponds to the decrease in SiO2 and Na2O in Figure 5. By 15 min of the water leaching, the structure of the materials in the clinker was completely destroyed, and, at 30 min water leaching, the nepheline phase appeared again in the residue, confirming that the reduction in the leaching efficiencies of SiO2 and Al2O3 was due to the generation of an insoluble silicate phase in the solution, which can be explained by Equation (5).



The morphological images and the related EDS results of the water leaching residues at different times under the conditions of leaching temperature 353 K and liquid–solid ratio of 10 mL/g are shown in Figure 7 and Figure 8. Figure 7 shows the SEM photograph and EDS analysis of the 5 min water leaching residue. It can be observed from the SEM photo that the 5 min water leaching residue contained massive grains with a particle size of about 100 μm, as well as minor particles of 20–30 μm scattered around the massive grains. The surface of the particles was rough and fractured. The results of the EDS analysis show that the massive particles were a mixture phase containing multiple elements, as well as an aluminosilicate phase containing Na, Al, Si and O elements, while the minor particles were sodium silicate, mainly containing O, Si and Na. Moreover, element Fe was distributed in all three phases. This indicates that a fraction of the sodium silicate contained in the clinker was dissolved after 5 min of water leaching. In contrast, the mixture phase and aluminosilicate phase (including nepheline and sodium aluminosilicate) were undissolved and remained in the water leaching residue. Furthermore, combined with the fact that the residue contained most of the amorphous phase displayed in Figure 6, it can be concluded that the continuous infiltration of water causes fragmentation of the particles in the clinker.



In Figure 8, the SEM photo and EDS analysis of the water leaching residue at 10 min are shown. As seen, the residue was dominated by two phases of the multielement mixture and the aluminosilicate. Compared with the 5 min water leaching residue (Figure 7), the content of Na element in both phases was decreased, and there were larger fractures and obvious pores on the surface of the 10 min leaching residue. It is demonstrated that the leaching infiltration effect by water for 5–10 min was further conducted, meaning the sodium silicate in the clinker was essentially dissolved, and the structures of the mixture phase and aluminosilicate phase were destroyed further.



Figure 9 shows SEM photos and EDS analysis of the residues obtained at 15 min and 30 min for the leaching process. From Figure 9a–c, it can be seen that there were plenty of fine particles with large pores in the 15 min water leaching residue. Combined with the results of XRD analysis, showing the overall amorphous phase of the water leaching residue at this time (Figure 6), and showing that the leaching efficiencies of SiO2 and Al2O3 did not increase significantly at 10–15 min (Figure 3b), it can be concluded that the soluble substances in the clinker were essentially dissolved at 10 min, and 10–15 min of leaching predominantly destructed the structure of the substances. From Figure 9d–f, it can be seen that the content of Na in the 30 min water leaching residue increased, which confirms the results of the presence of the nepheline phase in the XRD analysis (Figure 6), indicating that insoluble aluminosilicate was generated in the water leaching solution at this time.




3.3.2. Acid Leaching Residue


The water leaching residue obtained by leaching RCST at 353 K, liquid–solid ratio of 10 mL/g for 15 min was leached with 2 mol/L sulfuric acid for 1 min and 6 mol/L sulfuric acid for 3 min at 303 K with 2 mol/L sulfuric acid for 1 min and 6 mol/L sulfuric acid for 3 min at 303 K with a liquid–solid ratio of 5 mL/g. The characteristics of the acid leaching residues are shown in Table 3 and Figure 10 and Figure 11.



As can be seen from Table 3, the contents of SiO2, Al2O3 and Fe2O3 in the resulting acid leach residues decreased from 17.24% to 7.69%, 15.52% to 5.73% and 15.26% to 4.32% with 2 mol sulfuric acid for 1 min and 6 mol sulfuric acid for 3 min, respectively, while the contents of BaO and SO3 increased from 12.78% to 30.57% and 18.71% to 31.15%. As observed from the SEM photo (Figure 10), the acid leaching residue obtained after 1 min of leaching of the water leaching residue using 2 mol/L sulfuric acid had an overall crushed granular shape. The results of EDS analysis (Figure 10) revealed that there were three major phases in the residue, including an aluminum silicate phase containing Na, Al, Si and O, similar to that in the water leaching residues (Spot 1), a mixture phase of silicon oxide, iron oxide and barium sulfate (Spot 2), and iron oxide (Spot 3). However, the contents of Si and Al elements in the acid leaching residue were reduced compared to that of the water leaching residue, indicating that sulfuric acid had already leached a part of Si and Al from the water leaching residue under this condition. This was accompanied by an increase in elemental Ba, suggesting that it was enriched in the acid leach residues. In addition, since there were still aluminum silicates and iron oxides in the acid leaching residue, this means that the acid leaching reaction did not occur entirely at this time. Figure 11 shows the properties of the acid leach residue obtained in the condition of 6 mol/L sulfuric acid at 3 min. It can be seen that the particles in the acid leach residue at this time were in the form of flaky aggregates. The XRD analysis results show that the main crystalline phase of the residue was barite (BaSO4). The results of the EDS analysis also show that the residue predominantly contained O, S and Ba elements. It demonstrates that, by this time, Si, Al and Fe elements contained in the water leaching residue had been leached out in large quantities in the acid leaching solution.



The results of the above analysis indicate that the structure of the materials in the silver tailings’ roasted clinker was sufficiently destroyed during the water leaching stage, forming a large number of fissures and pores on the particles surface, which allowed the components to be effectively dissolved in sulfuric acid solution at a lower temperature of 303 K and an extremely short time of 3 min.





3.4. Product Preparation and Cost Analysis


3.4.1. Product Preparation


	(1)

	
Silica micronized powder







The water leaching solution was cyclically leached for five rounds under optimal conditions (temperature 353 K, time 15 min, L/S ratio 10 mL/g). Afterwards, the solution was kept at 353 K, and a CO2 gas with a concentration of 38% was passed through. Ventilation was stopped when the solution pH was 11.0 and filtered. After that, carbonation continued until the solution pH reached 9.0. The insoluble material after filtration was SiO2·nH2O, and the silica micronized powder was obtained after. The rest was sodium carbonate solution, which can be returned after evaporation and used as the roasting aid. It was determined that the silica powder contained 93.19% SiO2 and 1.0% Al2O3 and 0.26% Fe2O3, which meets the SF93 level index requirement of the Chinese industry standard YB/T 115-2004 and can be used to make refractory materials.



	(2)

	
Silica gel







The acid leaching solution was kept at 358 K for 30 min to facilitate the polymerization of the silicic acid, and the insoluble material after filtration was silica gel. The silica gel was measured to contain 99.12% water, which can be used as a water-retaining agent for soil moisturization. Upon drying, the dried silica gel contained 99.78% of SiO2 and 0.1% combined Al2O3 and Fe2O3, meeting the index requirements for the production of white carbon black, and can also be used as a raw material for the preparation of silicon compounds.



	(3)

	
Polyaluminum ferric sulfate water purifying agent







After the silica gel was separated from the acid leaching solution, its composition was dominated by Al2(SO4)3 and Fe2(SO4)3. Cyclic acid leaching was carried out until Al2(SO4)3 and Fe2(SO4)3 reached saturation and then the aluminum iron sulfate crystals were obtained by filtration. The aluminum iron sulfate crystals were put in distilled water with a liquid–solid ratio of 1.5 mL/g and heated up to dissolve; the solution was adjusted to pH 3.0 with Ca(OH)2 emulsion with a mass concentration of 20%, filtered to remove impurities, and then stirred at a constant temperature of 353 K for 7 h to obtain polyaluminum ferric sulfate water-purifying agent. The combined amount of Al2O3 + Fe2O3 was 9.35%, which meets the Chinese chemical industry standard (HG/T 5565~5566-2019) and can be used for the dewatering treatment of industrial water, sewage and sludge.



	(4)

	
Multi-metal solution







After separation of the aluminum iron sulfate crystals, the solution’s pH was adjusted using ammonia, and the metal elements such as Cu and Co were recovered by stepwise precipitation.




3.4.2. Cost Analysis


The treatment cost of silver tailings includes raw materials, fuel and power consumption and other costs such as labor, manufacturing, operations, administration and finance (Table 4). Therein, the consumption of raw materials was calculated based on the results of this experiment; the rest of the cost items were estimated with reference to the economic benefits of the industrial test project for the resource utilization of Baihe sulfide mine tailing slags in Shaanxi Province implemented by our research team. It should be noted that the metal elements were enriched in the acid leaching solution pending further precipitation and separation and that the costs of this experiment did not include the consumption of extracted metal elements. The primary products obtained from the treatment of silver tailings to recover the major elements Si, Al and Fe are silica micronized powder, silica gel and polyaluminum ferric sulfate water-purifying agent. The economic benefits of per ton of tailings were initially estimated, as shown in Table 5.



From Table 4 and Table 5, it can be seen that the full cost of treatment per ton of silver tailings is RMB 1526.08, the resulting products revenue is expected to be RMB 2042.41, the total profit would be RMB 453.33, and the profit after tax would be RMB 334.48.





3.5. Leaching Kinetics


From the analysis of the acid leaching stage in Section 3.2.2, it is clear that the leaching ratios of SiO2, Al2O3 and Fe2O3 reached 79.49%, 90.69% and 89.14%, respectively, after only 1 min of the acid leaching process (Figure 4), indicating that the duration of the acid leaching reaction is very short and controlled by the chemical reaction. Therefore, the kinetics of the acid leaching stage were not further investigated, but the water leaching stage was of primary interest. From the analysis of the water leaching residue characteristics in Section 3.3.1, the reaction that primarily occurred in the water leaching stage was sodium silicate leaching in water, with a small variation in the leaching ratio range of 5.04–13.98% of Al2O3 and nearly no leaching of Fe (Figure 3). Hence, the kinetics of the water leaching stage were explored with Si to ascertain the control steps of the reaction rate.



3.5.1. Analysis of Kinetics Model


Water leaching of RCST is a liquid–solid heterogeneous reaction that can be explained by the classical shrinking core models [29,40,41,42]. The leaching reaction rate is generally controlled by the following steps: (1) external diffusion of the leaching agent through the liquid film to the solid phase surface; (2) internal diffusion of the leaching agent through the solid film; (3) chemical reaction at the surface of the core of the unreacted solid; or (4) diffusion of reactants through the residual layer [43].



Assuming that the leaching ratio is controlled by the external diffusion, the shrinking core model can be described using the following expression [44]:


1 − (1 − x)2/3 = k1t



(8)







Similarly, when the product layer diffusion controls the rate, the following expression is used [45]:


1 − 2/3x − (1 − x)2/3 = k2t



(9)







When the surface chemical reaction is the slowest step, the following equation of the shrinking core model describing the dissolution kinetics can be used [46,47]:


1 − (1 − x)1/3 = k3t



(10)







In addition to the above models, a new variant of the shrinking core model describes the mechanism by which interfacial transfer and diffusion across the product layer both influence the dissolution rate [48,49,50]. The equation of this model is as follows:


1/3ln(1 − x) + (1 − x)−1/3 − 1 = k4t



(11)







Moreover, from the aforementioned analyses, it can be seen that there were solution caves in the water leaching residues at 10 and 15 min (Figure 7 and Figure 8) when the leaching agent diffused through the pores to the interior of the solids. As a result, a liquid film was formed between the pores and fissures, which can constitute a resistance layer for the unsteady diffusion of ions. Therefore, the leaching ratio has the potential to be controlled by the unsteady diffusion of the liquid film. The expression is as follows [51,52]:


4x + 3[(1 − x)4/3 − 1] = k5t1/2



(12)




where x is the leaching ratio of SiO2; k1, k2, k3, k4 and k5 are the rate constants for the corresponding control models, respectively; t is the leaching time.



The kinetics control step of Si in RCST during the water leaching process was determined by fitting equations. The aforementioned analyses suggest that Si in RCST is completely leached out of the water at 15 min. Thus, the clinker was subjected to water leaching dissolution experiments at 303–353 K for 1–15 min. The effect of leaching time on the SiO2 leaching efficiency at various leaching temperatures is shown in Figure 12. It can be seen that the leaching ratio of SiO2 increased rapidly from 1 to 5 min, while the increase became slower from 5 to 15 min, implying that the reaction mechanism or the control step altered after 5 min. Thereby, the water leaching process of Si was divided into two stages: the first stage of 1–5 min and the second stage of 5–15 min [23].



The first- and second-stage experimental data were fitted linearly with the five kinetics models described above, and the regression coefficients are given in Table 6. From Table 6, it can be seen that Equation (11) is more suitable for all the reaction temperatures in the first stage, with regression coefficients greater than 0.99, which is higher than the other equations, and Equation (12) gives a better fit at the second stage, with regression coefficients greater than 0.97. This means that the leaching reaction in the first stage is controlled by both the interfacial transfer and diffusion across the product layer, and the second stage of leaching is controlled by the unsteady diffusion of the liquid film.




3.5.2. Establishment of Kinetics Equation


The fitted curves between the experimental data and the calculated values of the kinetics models for silicon at the first stage (1–5 min) and the second stage (5–15 min) of the water leaching reaction are illustrated in Figure 13. It can be seen that the straight lines fitted to the experimental data for each reaction temperature have a good linear relationship. The rate constant k was determined from the slope of the fitted straight line for each temperature in Figure 13 and brought into the Arrhenius equation to calculate the apparent activation energy of the leaching reaction. The Arrhenius equation is as follows:


k = A·exp[−Ea/(RT)]



(13)




where k is the rate constant; A is the pre-exponential factor; Ea is the apparent activation energy of the leaching reaction, kJ/mol; R is the molar gas constant, J/(mol·K); T is the thermodynamic temperature, K.



The relationship between lnk and 1000/T was constructed from the rate constants k obtained in Figure 13 and is shown in Figure 14. Based on the slopes of −2.69, −1.71 and the intercepts of 3.20, 2.64 for the fitted lines of the first and second water leaching stages shown in Figure 14, the apparent activation energies of 22.36 kJ/mol and 14.22 kJ/mol and the pre-exponential factors of 24.53, 14.01 were calculated, respectively. In general, the activation energy of the leaching process is less than 20 kJ/mol if the reaction is controlled by diffusion, and 20–40 kJ/mol if it is controlled by mixing [53]. Consequently, the calculated results are in accordance with the principle and demonstrate that the water leaching reaction of silicon in RCST is controlled by both the interfacial transfer and the diffusion across the product layer within 1–5 min and by the unsteady diffusion of the liquid film within 5–15 min. According to the above analyses, the kinetics equations for the first and second stages of the water leaching reaction are derived as shown in Equations (14) and (15), respectively.


    ln   1 − x    3  +     1 − x     −  1 3    − 1 = 24.53 · exp   − 22360 /   8.314 T     · t  



(14)






  4 x + 3 [   ( 1 − x )   4 3   − 1 ] = 14.01 · exp [ − 14220 / (  8.314 T  ) ] ·  t   



(15)









3.6. Mechanism of the Leaching Process of RCST


Based on the above studies, the proposed leaching mechanism is illustrated in Figure 15. In the water leaching stage, sodium silicate and a small part of the structurally unstable sodium aluminosilicate in RCST are dissolved in the water leaching solution, while the aluminosilicates (including nepheline and most of the sodium aluminosilicate) and mixed materials containing iron enter the water leaching residue and can be leached in the acid leaching stage. The main reaction occurring during the water leaching process is the dissolution of sodium silicates, the essence of which is the ionic exchange between Na⁺ and H⁺, alkalizing the aqueous solution and promoting the leaching of small amounts of structurally unstable sodium aluminosilicate from the solution. The temperature is the main factor affecting the progress of this reaction, which accelerates as it increases. Moreover, during the first five minutes of the reaction, the hot water immediately reacts violently with the surface-activated sodium silicate due to the large reaction interface caused by the large number of defects on the clinker surface. The reaction within the time frame is controlled by both interfacial transfer and diffusion across the product layer. After 5 min of the reaction, cracks and pores appear in the solid particles due to the continuous leaching action of the water, through which the leaching agent can diffuse to the interior, and the liquid film formed between the voids constitutes a resistance layer for the non-stationary diffusion of ions so that the reaction is controlled by the unsteady diffusion of the liquid film. However, excessive water leaching time (30 min) and temperature (363 K) can produce insoluble aluminosilicates in the solution, which hampers the leaching of Si and Al. After the water leaching, the residue mainly contains amorphous phases of O, Si, Al and Fe elements due to structural disruption. Such a structure allows for a rapid acid leaching reaction, with almost all of the Si, Al and Fe being dissolved at a lower temperature of 303 K and in an extremely short time of 3 min.





4. Conclusions


In this study, the leaching behavior of Si, Al and Fe in the silver tailings’ roasting clinker during the water–acid stepwise leaching process and the water leaching kinetics of Si were investigated, and the conclusions were drawn as follows:




	(1)

	
The effect of temperature on the water leaching of Si and Al is significant, as is the effect of H2SO4 concentration on the acid leaching of Si, Al and Fe. At a temperature of 353 K, liquid–solid ratio of 10 mL/g and time of 15 min in the water leaching stage, and at an acid concentration of 6 mol/L, liquid–solid ratio of 5 mL/g, temperature of 303 K and time of 3 min in the acid leaching stage, the recoveries of SiO2, Al2O3 and Fe2O3 were finally obtained as 98.39%, 96.02% and 96.96%, respectively;




	(2)

	
The water leaching solution was prepared as silica micronized powder by carbonation, and silica gel and aluminum iron sulfate crystals were isolated from the acid leaching solution and used for the preparation of silica compounds and the water-purifying agent, respectively. The metal elements were enriched in the final acid leaching solution and can be further separated and extracted. In this way, efficient resource utilization of the tailings can be achieved without discharging secondary solid waste, and economic benefits can be achieved;




	(3)

	
The results of the kinetics model calculations and analysis show that the dissolution of Si during the first 5 min of water leaching is controlled by both interfacial transfer and diffusion across the product layer, with an apparent activation energy of 22.36 kJ/mol, and the dissolution reaction during 5–15 min is controlled by unsteady diffusion of the liquid film, with an apparent activation energy of 14.22 kJ/mol. The rate control equations are:     ln   1 − x    3  +     1 − x     −  1 3    − 1 = 24.53 · exp   − 22360 /   8.314 T     · t   and   4 x + 3     ( 1 − x )   4 3   − 1   = 14.01 ·  exp      − 14220 /   8.314 T     ·  t   , respectively;




	(4)

	
In the water leaching stage, sodium silicate in the clinker leaches out of the water and undergoes hydrolysis, making the solution alkaline and promoting the leaching of a small amount of structurally unstable sodium aluminosilicate into the solution. Under the continued dissolving action of the water, the structure of the materials in the clinker is completely destroyed, and a great number of fissures and pores are produced. Thus, in the acid leaching stage, the amorphous Si-, Al- and Fe-containing substances in the water leaching residue are rapidly (3 min) and effectively dissolved in the sulfuric acid solution at a lower temperature (303 K).
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Figure 1. SEM images with EDS analyses and XRD pattern of silver tailings’ roasted clinker: (a) SEM image and (b) XRD pattern of silver tailings roasted clinker; (c), (e) and (g) enlarged images and (d), (f) and (h) EDS analyses of Spot 1, Spot 2 and Spot 3, respectively, in (a). 
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Figure 2. The leaching experimental process of silver tailings’ roasted clinker. 
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Figure 3. Effects of different water leaching conditions on the leaching efficiencies of silicon, aluminum and iron: (a) leaching temperature, (b) leaching time and (c) liquid–solid ratio. 
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Figure 4. Effects of different acid leaching conditions on the leaching efficiencies of silicon, aluminum and iron: (a) acid concentration (b) liquid–solid ratio (c) leaching temperature and (d) leaching time. 
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Figure 5. The element contents and the weight of water leaching residues. 
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Figure 6. XRD patterns of water leaching residues. 
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Figure 7. SEM image and EDS analysis of the water leaching residue at 5 min: (a) SEM image of the water leaching residue at 5 min; (b), (c) and (d) EDS analysis of Spot 1, Spot 2 and Spot 3, respectively, in (a). 
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Figure 8. SEM image and EDS analysis of the water leaching residue at 10 min: (a) SEM image of water leaching residue at 10 min; (b) enlarged image for the frame area in Figure 8a; (c) and (d) EDS analysis of Spot 1 and Spot 2 in (a). 
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Figure 9. SEM image and EDS analysis of water leaching residue at 15 min (a–c) and 30 min (d–f). 
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Figure 10. SEM image and EDS analysis of the acid leaching residue of 2 mol/L H2SO4 at 1 min: (a) SEM image of the acid leaching residue; (b), (c) and (d) EDS analysis of Spot 1, Spot 2 and Spot 3, respectively, in (a). 
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Figure 11. SEM image with EDS analysis and XRD pattern of acid leaching residue of 6 mol/L H2SO4 at 2 min: (a) SEM image and (b) XRD pattern of the acid leaching residue of 6 mol/L H2SO4 at 2 min; (c) enlarged image of the frame area in (a); (d) EDS analysis of Spot 1 in (c). 






Figure 11. SEM image with EDS analysis and XRD pattern of acid leaching residue of 6 mol/L H2SO4 at 2 min: (a) SEM image and (b) XRD pattern of the acid leaching residue of 6 mol/L H2SO4 at 2 min; (c) enlarged image of the frame area in (a); (d) EDS analysis of Spot 1 in (c).



[image: Minerals 13 00105 g011]







[image: Minerals 13 00105 g012 550] 





Figure 12. Effect of leaching time on the Si leaching efficiency at various leaching temperatures. 
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Figure 13. Fitting curves between experimental data and the calculated values with reaction rate control models under various temperatures: (a) mixed control of the first stage; (b) unsteady diffusion of the liquid film control of the second stage. 
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Figure 14. Arrhenius plot of lnk vs. 1/T: (a) the first stage; (b) the second stage. 
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Figure 15. Schematic of the mechanism of the water–acid leaching of silicon, aluminum and iron from the silver tailing roasted clinker. 
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Table 1. Leaching conditions and efficiency of useful components from mine tailings.






Table 1. Leaching conditions and efficiency of useful components from mine tailings.





	Method
	Raw Material
	Target Element
	Leaching Conditions
	Leaching Efficiency
	Ref.





	NaOH leaching
	High-aluminum

fly ash
	SiO2
	NaOH 110–140 g/L, L/S = 3;

first stage: 338 K, 12 h;

second stage: 368 K, 4 h
	33.58%
	[22]



	NaOH leaching
	Al2O3 extracted slag of fly ash
	SiO2
	NaOH to SiO2 mass ratio 2, L/S = 10, 363 K, 30 min
	95.66%
	[23]



	Na2CO3 leaching
	Magnetic separation tailings of red mud
	Al
	Na2CO3 20%, L/S = 15, 343 K,

1 h
	80.25%
	[24]



	H2SO4 curing and H2SO4 leaching
	Titanium-bearing blast furnace slag
	Al, Ti
	H2SO4 70%, L/S = 1.4, 523 K,

2 h
	Al 81.17%, Ti 85.96%
	[25]



	Mixed acid leaching
	Bauxite tailings
	Al
	Acid concentration 60%, L/S = 4,

373 K, 3 h
	88.64%
	[28]



	H2SO4 leaching
	Copper tailings
	Fe
	H2SO4 0.53 M, L/S = 10, 313 K,

2 h
	66.45%
	[29]



	HCl leaching
	Iron tailings
	Fe
	HCl 10.8 M, L/S = 1.67, 353 K,

2 h
	94%
	[30]



	Mixed organic acid leaching
	Nickel tailings
	Fe, Co, Ni
	Tartaric acid 0.15 M and oxalic acid 0.05 M, room temperature, 5 days
	Fe 50%, Co, Ni 80%
	[31]
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Table 2. Chemical composition of the silver tailings’ roasted clinker (wt%).
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	Element
	SiO2
	Al2O3
	Fe2O3
	Na2O
	CaO
	MgO
	BaO





	Silver tailings
	46.00
	16.80
	11.50
	0.54
	4.27
	1.13
	2.39



	Roasted clinker
	27.93
	8.43
	8.32
	43.52
	2.85
	0.76
	1.82
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Table 3. Chemical component of acid leaching residues (wt%).






Table 3. Chemical component of acid leaching residues (wt%).





	Element
	SiO2
	Al2O3
	Fe2O3
	Na2O
	CaO
	MgO
	BaO





	2 mol for 1 min
	17.24
	15.52
	15.26
	0.95
	8.74
	12.78
	18.71



	6 mol for 3 min
	7.69
	5.73
	4.32
	0.95
	10.64
	30.57
	31.15
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Table 4. Cost estimation of processing per ton of silver tailings.






Table 4. Cost estimation of processing per ton of silver tailings.





	
No.

	
Items

	
Units

	
Price (RMB/Unit)

	
Consumption

(Unit/Per Tailings)

	
Costs (RMB/Per Tailings)






	
1

	
Raw materials

	

	

	




	
1.1

	
Tailings

	
ton

	
0

	
1

	
0




	
1.2

	
Sodium carbonate

	
ton

	
2700

	
0.169

	
456.30




	
1.3

	
Sulfuric acid

	
ton

	
200

	
0.96

	
192.00




	
1.4

	
Water

	
ton

	
1.79

	
2.15

	
3.85




	
1.5

	
Lime

	
ton

	
350

	
0.18

	
63.00




	
Subtotal

	

	

	
715.15




	
2

	
Fuel *

	

	

	




	
2.1

	
Natural gas

	
Nm3

	
3.74

	
152.86

	
571.68




	
Subtotal

	

	

	
571.68




	
3

	
Power *

	

	

	




	
3.1

	
Dynamic electricity

	
kW·h

	
0.43

	
278.41

	
119.72




	
3.2

	
Steam

	
ton

	
107.13

	
0.96

	
102.84




	
Subtotal

	

	

	
222.56




	
4

	
Other *

	
Labor, manufacturing, operations, administration and finance

	
79.69




	
5

	
Full cost

	

	

	
1589.08








* Estimated according to reference [39].
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Table 5. Revenue estimation of major element products for per ton of silver tailings.
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Products

	
Price (RMB/Ton)

	
Output (Ton)

	
Revenues (RMB)






	
Silica micronized powder

	
1000 (1)

	
0.28

	
279.06




	
Silica gel

	
1000 (2)

	
0.16

	
161.00




	
Water-purifying agent

	
1100 (3)

	
1.46

	
1602.34




	
Revenue from products

	
2042.41




	
Retained profits

	
453.33




	
Corporate tax payment

	
118.85




	
Profit after tax

	
334.48








(1) According to market research, the price of silica micronized powder is RMB 650 to 2000 per ton, taking the middle price to calculate. (2) The price of solid water purification agents with 16% to 20% amount of Al2O3 + Fe2O3 is about RMB 2000 per ton, taking the 50% discount price to calculate the revenue. (3) The market price of white carbon black is RMB 4000/ton, taking its 1/4 price to calculate the silica gel revenue.
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Table 6. Correlation coefficients (R2) of various kinetic models with the experimental data.
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Reaction

Stage

	
Kinetic Models

	
R2




	
303 K

	
313 K

	
323 K

	
333 K

	
343 K

	
353 K






	
First

stage

	
1 − (1 − x)2/3 = k1t

	
0.868

	
0.873

	
0.875

	
0.877

	
0.879

	
0.880




	
1 − 2/3x − (1 − x)2/3 = k2t

	
0.984

	
0.986

	
0.987

	
0.988

	
0.989

	
0.989




	
1 − (1 − x)1/3 = k3t

	
0.884

	
0.892

	
0.897

	
0.900

	
0.904

	
0.906




	
1/3ln(1 − x) + (1 − x)−1/3 − 1 = k4t

	
0.997

	
0.998

	
0.999

	
0.999

	
0.998

	
0.998




	
4x + 3[(1 − x)4/3 − 1] = k5t

	
0.956

	
0.955

	
0.955

	
0.954

	
0.954

	
0.953




	
Second

stage

	
1 − (1 − x)2/3 = k1t

	
0.672

	
0.673

	
0.674

	
0.674

	
0.675

	
0.676




	
1 − 2/3x − (1 − x)2/3 = k2t

	
0.715

	
0.718

	
0.720

	
0.721

	
0.723

	
0.724




	
1 − (1 − x)1/3 = k3t

	
0.676

	
0.679

	
0.680

	
0.682

	
0.683

	
0.684




	
1/3ln(1 − x) + (1 − x)−1/3 − 1 = k4t

	
0.732

	
0.741

	
0.747

	
0.752

	
0.757

	
0.761




	
4x + 3[(1 − x)4/3 − 1] = k5t

	
0.979

	
0.979

	
0.979

	
0.980

	
0.980

	
0.980
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