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Abstract

:

Lithium is an important non-renewable resource, and the study of the tiered separation of rare earths and lithium from rare earth molten salt slag is an important approach to solving the current global resource shortage. This article adopts a sulfuric acid leaching process and a lithium-containing solution iron lithium extraction separation process to recover lithium from rare earth molten salt slag. The method systematically investigates the impact of sulfuric acid concentration, liquid-to-solid ratio, leaching temperature, leaching time, pH, P507 concentration, phase ratio, extraction temperature, and extraction time on the lithium extraction effect and iron lithium separation effect in rare earth molten salt slag. The results show that under the conditions of a sulfuric acid concentration of 0.9 mol/L, a liquid-to-solid ratio of 8:1 mL/g, a leaching temperature of 70 °C, a leaching time of 90 min, a pH of 0.9, a P507 concentration of 50%, a phase ratio of 5:3, an extraction temperature of 30 °C, and an extraction time of 20 min, the lithium leaching rate reaches 97.8%, and the separation of iron and lithium is fully achieved. This method can efficiently recover the valuable element lithium from rare earth molten salt slag, which is of great significance for the subsequent preparation of lithium products and the realization of a closed-loop production of rare earth alloys by molten salt electrolysis.
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1. Introduction


Rare earth metals are a category of high-performance materials [1], widely used in various industries such as metallurgy, chemical engineering, and aerospace [2,3,4]. However, rare earth resources are limited and unevenly distributed, making the recycling and utilization of rare earths an important issue in the rare earth industry. Rare earth molten salt slag is the material that forms after the cooling of molten salts used in the molten salt electrolysis process for the preparation of rare earth metals or alloys. During the production of rare earth metals or alloys using the molten salt electrolysis method, approximately 5% of the rare earths (calculated as oxides) enter into the molten salt electrolysis waste slag. According to statistics, about 5000 tons of rare earth oxides are lost through this route annually. Rare earth molten salt slag, a solid waste produced during the smelting process of rare earths, contains not only rare earth elements but also other utilizable elements like lithium. Recycling rare earth molten salt slag can improve the utilization rate of rare earth resources and reduce the environmental pollution from smelting processes. Typically, rare earth molten salt slag contains 20–80 wt% of rare earths and about 1.5 wt% of lithium. Therefore, researching the recovery technologies for rare earths and lithium from molten salt slag, exploring the recovery mechanisms, and developing more efficient separation technologies to enhance the recovery rate of rare earths are of significant importance for ensuring the supply of rare earths and lithium and promoting the sustainable development of the rare earth industry.



Since rare earths in the molten salt slag mostly exist in the form of fluorides and hardly react with sulfuric acid, various pretreatment operations are often required to transform the raw materials or to place them under suitable external conditions. The current research directions mainly include four types: physical methods, acid methods, alkali methods, and pyrometallurgical-wet method combined synergistic treatments. The physical method involves treating the physical properties of the waste, including vacuum distillation [5], magnetic separation [6], and heavy media separation [7,8], etc. Liu et al. [9] used an acid method, namely a hydrochloric acid/nitric acid mixed acid system to treat rare earth metal electrolytic slag, resulting in two types of rare earth products with broad applications, rare earth fluorides, and rare earth oxides, as well as lithium fluoride solids, achieving the goal of comprehensive recovery and utilization of secondary resources. Hu et al. [10] used an alkali method, namely the alkali roasting method with sodium hydroxide, achieving a total rare earth extraction rate of 99.19%. Xiao et al. [11] studied the roasting of rare earth molten salt slag with the addition of borax and sodium carbonate, with rare earth leaching rates of 97.35% and 96.98%, respectively. The combined pyrometallurgical-wet method for treating rare earth molten salt slag is gaining more attention in the industry due to its simple operation and environmental protection and energy-saving advantages [12,13,14,15]. Li et al. [16] used the NaOH roasting-hydrochloric acid leaching method to extract rare earths from the electrolytic slag. Under the process conditions of a roasting temperature of 600 °C, a roasting time of 1.5 h, a mass ratio of NaOH to rare earth molten salt slag of 0.8:1, a hydrochloric acid concentration of 2 mol/L, a liquid-to-solid ratio of 8:1, a leaching temperature of 40 °C, and a leaching time of 15 min, the rare earth leaching rate was 99.22%. Currently, the combined pyrometallurgical-wet method for synergistic treatment of rare earth molten salt slag has been widely applied.



The lithium industry is considered one of the most critical energy pillars of the 21st century [17,18,19,20], and due to its non-renewable nature, the increasing demand for lithium has made the multi-path development and recycling of lithium resources an inevitable choice for the sustainable development of the global lithium industry [21,22]. Zhong et al. [23] studied the method of extracting lithium from fluoride salt system rare earth molten salt electrolytic slag, creating a systematic, complete, and feasible process for the recovery of lithium from the raw material to the product. The process also allows for the recovery of leaching residue and pre-treatment residue, significantly improving the resource utilization rate. Ultimately, lithium carbonate is obtained, completing the recovery of lithium and reducing the cost of rare earth recovery.



The combination of physical methods, roasting, and leaching processes is more conducive to the extraction of rare earth elements such as rare earths and lithium from molten salt slag, which can efficiently reduce waste caused by various reasons and low recovery efficiency issues [24,25,26].



At the current stage of industrialization, the main methods are sulfate roasting and sodium hydroxide roasting [27], but generally, only the recycling of rare earth elements is focused on, and elements like lithium are rarely considered. Both rare earths and lithium in rare earth molten salt slag are non-renewable and important resources. The lithium industry, as a significant strategic direction of the 21st century, must pay attention to its recycling and utilization. Focusing solely on the recovery of rare earth elements while ignoring the utilization of lithium can lead to resource wastage. The multi-threaded recovery of various resources still faces significant challenges. Therefore, conducting research on the tiered separation of rare earths and lithium from rare earth molten salt slag and exploring multi-channel, comprehensive recycling and utilization of rare earth molten salt slag is an essential pathway to addressing the current global resource shortage [28].




2. Experiment


2.1. Experimental Materials


The rare earth molten salt slag is crushed, ball-milled, and screened to 74 μm. The main elemental content and rare earth distribution in the rare earth molten salt electrolysis slag are shown in Table 1 and Table 2. Among the rare earth elements, Nd and Pr have higher contents, accounting for 29.35% and 8.35%. Non-metal elements F and O account for 10.17% and 9.99%. Since the molten salt electrolysis is conducted in an iron crucible, iron rust falls into the slag after cooling, which results in a relatively high content of Fe, reaching 12.88%, and there are also small amounts of other elements present. The rare earth distribution in the slag indicates that Nd2O3 and Pr6O11 account for 75.98% and 22.44% of the distribution, with the two together comprising 98.42% of all rare earths.



The XRD diffraction pattern of the rare earth electrolysis slag is shown in Figure 1. As can be seen from the figure, due to the fact that the rare earth molten salt electrolysis is carried out in a graphite crucible, the peak of C is quite pronounced. The main components of the rare earth molten salt slag are Neodymium fluoride NdF3, PrOF, LiF, Fe3O4, and C. The rare earth electrolysis slag also contains small amounts of AlF3, CaF2, MnF2, and SiO2, which are not detectable by XRD because they are encapsulated by fluorides and oxyfluorides.



The SEM-EDS spectrum of the electrolytic slag is shown in Figure 2. It can be observed that the distribution of rare earth elements Pr and Nd is quite similar to that of F, indicating that rare earths mostly exist in the form of REF3. The distribution of other impurity elements is more scattered, and the particles of fluorinated rare earths and lithium fluoride are primarily irregular blocky geometric polyhedra and spheres, which is consistent with the analysis of the XRD patterns.




2.2. Experimental Process


2.2.1. Sulfuric Acid Leaching Process


The experiment used the method of controlling variables to investigate the effects of sulfuric acid concentration, leaching time, leaching temperature, and liquid-to-solid ratio on the leaching rate during the leaching process. The specific experimental procedure is as follows: Take the raw material of rare earth electrolytic slag and place it in a beaker with a magnetic rotor. According to the variable conditions, add the sample to a certain volume and concentration of dilute sulfuric acid and seal it (prepare according to the required concentration, and weigh according to the required liquid-to-solid ratio). After heating to the set temperature in a water bath magnetic stirrer, place the beaker in and start stirring at a fixed speed of 150 r/min. After a certain time, the leaching process is completed, and then use a vacuum filtration machine to filter the sample, obtaining the filter cake containing the leaching residue and the leaching liquid.



In this experiment, the effects of sulfuric acid concentration (0.5, 0.7, 0.9, 1.1, 1.3 mol/L), liquid-to-solid ratio (2:1, 4:1, 6:1, 8:1, 10:1 mL/g), leaching temperature (50, 60, 70, 80, 90 °C), and leaching time (20, 40, 60, 90, 120 min) on the leaching rates of rare earths, lithium, and iron from rare earth molten salt slag were investigated. The compounds AlF3, CaF2, MnF2, and SiO2 in the rare earth molten salt slag do not react with sulfuric acid and directly enter the residue, thus achieving the separation effect.




2.2.2. Extraction and Separation Technology of Iron Lithium Containing Lithium Solution


Since the leaching solution, which contains lithium, also has iron elements, a certain volume of the extractant P507 and the organic solvent sulfonated kerosene are used as the organic phase in the extraction process to remove iron.



P507, with the molecular formula C16H35O3P, is a commonly used non-polar organic phosphorous extractant, typically represented by the structural shorthand HA in equations. During the complexation reaction with iron ions, the hydroxyl group of P507 loses a hydrogen atom, allowing the oxygen to form a complex with Fe3+, thus facilitating the transfer of Fe3+ from the aqueous phase to the organic phase. The chemical reaction is written as follows:




Fe3+ + 3HA = FeA3 + 3H+









The experiment uses the method of controlling variables to investigate the effects of pH, extractant dosage, O/A volume ratio, temperature, and time on the extraction rate during the extraction process. The specific experimental procedure is as follows: Prepare a leaching wash solution with a lithium content of about 800 ppm, measure 15 mL, place it in a separatory funnel, and close its valve. According to the variable conditions, add a certain amount of the organic phase, seal and place it in a shaking box, adjust the time and temperature, and fix the shaking speed at 300 r/min. After a certain time, the extraction process is completed, and the lithium-containing sample solution and organic phase after extraction are obtained.



For this experiment, the effects of pH values (0.5, 0.7, 0.9, 1.1, 1.3), P507 concentrations (30, 40, 50, 60, 70%), O/A ratios (1:1, 4:3, 5:3, 2:1, 7:3), extraction temperatures (20, 30, 40, 50, 60 °C), and extraction times (10, 20, 30, 40, 50 min) as reaction conditions in the extraction experiment were investigated to explore the impact of each factor on the extraction rate of iron and lithium from lithium-containing solutions.






3. Results and Discussion


3.1. Sulfuric Acid Leaching Process


3.1.1. Effect of Sulfuric Acid Concentration on Leaching Rate of Rare Earths, Lithium and Iron


Under the conditions of a leaching time of 90 min, a leaching temperature of 70 °C, and a liquid-to-solid ratio of 8:1 mL/g, the impact of sulfuric acid concentration (0.5 mol/L, 0.7 mol/L, 0.9 mol/L, 1.1 mol/L, 1.3 mol/L) on the leaching rates of rare earths, lithium, and iron was investigated. The results are shown in Figure 3.



It can be seen from the figure that the sulfuric acid concentration has a certain impact on the leaching rates of various elements. Initially, when the sulfuric acid concentration is less than 0.9 mol/L, the leaching rates of lithium and iron both increase slightly, reaching their maximum values at 97.8% and 81%, at 0.9 mol/L. Further increasing the sulfuric acid concentration slightly reduces the leaching rates of lithium and iron. This is because as the sulfuric acid concentration increases, iron and lithium are transformed into soluble sulfates that enter the liquid phase, thereby increasing the leaching rates. As the concentration of sulfuric acid continues to increase, its volatility becomes stronger and stronger, which will inevitably affect the operating environment. At the same time, it causes a large consumption of reagents and increases production costs. The leaching rates of praseodymium and neodymium are both below 5%, especially when the sulfuric acid concentration is within the range of 0.5 mol/L and 0.9 mol/L praseodymium and neodymium are essentially not leached out. This is due to the fact that fluoride rare earths do not react with sulfuric acid. Considering all factors, a sulfuric acid concentration of 0.9 mol/L is chosen as the optimal concentration.



The XRD patterns of the leaching residue at different sulfuric acid concentrations are shown in Figure 4. It can be observed that changing the sulfuric acid concentration does not alter the types of phases present, but it does cause variations in the intensity of the diffraction peaks. The peaks for LiF and Fe3O4 are no longer visible, indicating that lithium and iron have been leached out, while AlF3 and SiO2 do not react with sulfuric acid and enter the residue, which is consistent with the results obtained.




3.1.2. Effect of Liquid-Solid Ratio on Leaching Rate of Rare Earths, Lithium, and Iron


Under the conditions of a sulfuric acid concentration of 0.9 mol/L, a leaching temperature of 70 °C, and a liquid-to-solid ratio of 8:1 (mL/g), the impact of the liquid-to-solid ratio (2:1, 4:1, 6:1, 8:1, 10:1 mL/g) on the leaching rates of rare earths, lithium, and iron was investigated. The results are shown in Figure 5.



As can be seen from the figure, under conditions of a lower liquid-to-solid ratio, a slight increase in the amount can significantly improve the leaching rates of various elements. The leaching rates of lithium and iron increased from 35% and 59.2% at a liquid-to-solid ratio of 2:1 to 71.5% and 84.6% at a ratio of 4:1, respectively. Continuing to increase the liquid-to-solid ratio results in a downward trend, with the leaching rate reaching its maximum at a ratio of 8:1. This is because, at a low liquid-to-solid ratio, the liquid phase cannot fully wet the material, preventing it from entering the liquid phase. When the liquid-to-solid ratio is increased to 8:1, lithium has essentially entered the leaching solution, and the leaching rate reaches its maximum value. When the liquid-to-solid ratio is further increased, it is equivalent to diluting the sulfuric acid, which can cause the sulfuric acid concentration to deviate from the optimal concentration conditions, resulting in a decrease in leaching rates. Therefore, conditions with a liquid-to-solid ratio of 8:1 and higher are not considered. Considering all factors, the optimal liquid-to-solid ratio should be selected as 8:1 mL/g.



Figure 6 shows the XRD patterns of the leaching residue at different liquid-to-solid ratios. It can be observed that the peak shapes are similar at different liquid-to-solid ratios, and there are no observable peaks for LiF and Fe3O4, indicating that lithium and iron have been leached out by sulfuric acid. AlF3 and SiO2 do not react and thus enter the residue, which is consistent with the results obtained.




3.1.3. Effect of Leaching Temperature on Leaching Rate of Rare Earths, Lithium, and Iron


Under the conditions of a sulfuric acid concentration of 0.9 mol/L, a leaching time of 90 min, and a liquid-to-solid ratio of 8:1 mL/g, the impact of temperature (50 °C, 60 °C, 70 °C, 80 °C, 90 °C) on the leaching rates of rare earths, lithium, and iron was investigated. The results are shown in Figure 7.



As can be seen from the figure, the leaching temperature has a slight effect on the leaching rates of various elements. When the temperature is below 70 °C, the leaching rates of lithium and iron increase with the rise in temperature using a concentration of sulphuric acid of 0.9 mol/L, with the leaching rate of lithium reaching a maximum of 97.8% at 70 °C, and then slightly declining as the temperature continues to increase. This is because an increase in temperature can enhance the reaction rate between lithium and sulfuric acid. The leaching rate of iron remains stable between 68% and 82%, reaching 81% at 70 °C. The leaching rates of praseodymium and neodymium are consistently below 2%, essentially remaining unleached, and because rare earth sulfates have inverse solubility, that is, their solubility decreases with an increase in temperature [29,30,31] thus, a slight decrease in the leaching rate of trace rare earth sulfates can occur at temperatures above 60 °C. Considering all factors, 70 °C is chosen as the optimal leaching temperature.



The XRD patterns of the leaching residue at different temperatures are shown in Figure 8. It can be observed that the phase composition remains unchanged, but at 70 °C, the diffraction peaks become significantly more intense, especially for the fluorinated and oxyfluorinated rare earths, with increased peak values. Lithium, due to being almost completely leached out, no longer has visible LiF diffraction peaks in the residue. This is consistent with the results obtained.




3.1.4. Effect of Leaching Time on Leaching Rate of Rare Earths, Lithium, and Iron


Under the conditions of a sulfuric acid concentration of 0.9 mol/L, a leaching temperature of 70 °C, and a liquid-to-solid ratio of 8:1 mL/g, the impact of leaching time (20 min, 40 min, 60 min, 90 min, 120 min) on the leaching rates of rare earths, lithium, and iron was investigated. The results are shown in Figure 9.



As can be seen from the graph, the leaching rates of lithium and iron first increase and then decrease with the increase in leaching time. This is because both lithium and iron readily react with sulfuric acid, so even with a short leaching time, they can achieve a high leaching rate. When the leaching time is 90 min, the leaching rates of lithium and iron reach their maximum. However, when the leaching time exceeds 90 min, under the condition of 70 °C, the extension of the leaching time leads to easy volatilization of sulfuric acid, causing the leaching rate to drop. The leaching rate of praseodymium and neodymium remains consistently below 1.5%, indicating that they are essentially not leached out. Taking all factors into consideration, 90 min is selected as the optimal leaching time.




3.1.5. Phase Analysis of Acid Leaching Residue


Under the conditions of a sulfuric acid concentration of 0.9 mol/L, a liquid-to-solid ratio of 8:1 mL/g, a leaching temperature of 70 °C, and a leaching time of 90 min, SEM-EDS and XRD analyses were performed on the acid-leached residue, with the results shown in Figure 10, Figure 11 and Figure 12. It can be observed that since C does not react with sulfuric acid, the most prominent peak belongs to C. Compared to the raw material, the LiF peak is no longer visible, indicating that sulfuric acid leaching can effectively extract lithium from the molten salt slag. Rare earth fluorides and oxyfluorides, which do not react with sulfuric acid, are still clearly identifiable by their diffraction peaks. Aluminum is present in the form of AlF3, and SiO2 remains unleached. SEM images reveal that the acid-leached residue contains a significant amount of Pr and Nd compound particles with irregular shapes and varying sizes, and many areas show signs of aggregation. The EDS spectra and elemental mapping further confirm the high content of Nd, Pr, and F elements in the residue, with the main impurity element Fe present in smaller amounts.





3.2. Extraction and Separation Technology of Iron Lithium Containing Lithium Solution


3.2.1. Preconditioning


Due to the presence of two common valences of iron ions, Fe2+ and Fe3+, and the fact that ICP-AES detection can only quantitatively analyze elemental content but cannot identify the valence state, P507 exhibits a preferential selectivity for trivalent metal elements [32,33,34]. Therefore, it is necessary to add hydrogen peroxide for pretreatment to oxidize Fe2+ to Fe3+ in order to enhance the extraction efficiency. In this experiment, a 30% volume fraction of hydrogen peroxide solution is used, and because it is prone to decomposition, the amount added for each group is set to 100 times the theoretical amount.



Under the conditions of a pH of 0.7, an O/A volume ratio of 1:1, a P507 concentration of 20%, an extraction temperature of 30 °C, and an extraction time of 20 min, the impact of the addition of an oxidizing agent on the extraction rate of iron and lithium was investigated. Group 1 and Group 2 represent the extraction rates of Fe before and after the addition of hydrogen peroxide, respectively, with the results shown in Table 3.



As can be seen from Table 3, there is a 66.8% difference in the extraction rate of iron before and after oxidation, indicating that there is a significant amount of Fe2+ in the original lithium-containing mother liquor. Therefore, it is necessary to add an excess of hydrogen peroxide for oxidation pretreatment before the experiment.




3.2.2. Effect of pH on Extraction Rate of Lithium and Iron


Under the conditions of an O/A volume ratio of 5:3, a P507 concentration of 50%, an extraction temperature of 30 °C, and an extraction time of 20 min, H2SO4 (1 mol/L) and NaOH (1 mol/L) were added dropwise to adjust the solution pH, and the effect of pH (0.5, 0.7, 0.9, 1.1, 1.3) on the extraction rates of iron and lithium was investigated. The results are shown in Figure 13.



As can be seen from the figure, pH has a significant effect on the extraction of iron, with its extraction rate increasing from 86.5% at pH = 0.5 to 99.4% at pH = 0.9. When the pH is less than 0.9, the trend of the extraction rate gradually stabilizes. This is because, under lower pH conditions, a large number of H+ ions compete with Fe3+ for extraction. Lithium is hardly extracted under low pH conditions, but as the pH increases, its extraction rate also gradually increases, reaching 10.8% at pH = 1.3, causing a loss of lithium. This is because changing the pH introduces hydroxide ions, which cause a certain degree of saponification reaction in the extraction process. The functional groups combine with Li+, promoting the extraction of Li+ by P507. Considering all factors, the optimal pH value is 0.9.




3.2.3. Effect of Concentration of P507 on Extraction Rate of Lithium and Iron


Under the conditions of a pH of 0.9, an O/A volume ratio of 5:3, a P507 concentration of 50%, an extraction temperature of 30 °C, and an extraction time of 20 min, the effect of P507 concentration (30%, 40%, 50%, 60%, 70%) on the extraction rates of iron and lithium was investigated. The results are shown in Figure 14.



As can be seen from the figure, different P507 concentrations have a significant effect on the extraction rate of iron. Under low concentration conditions, the extraction rate of iron gradually increases with an increase in P507 concentration, reaching 99.4% at 50%, and then the extraction rate tends to stabilize with further increases in concentration. Meanwhile, the extraction rate of Li is relatively low, and when the concentration exceeds 50%, the extraction rate of lithium increases. This is because the low concentration of the organic phase has a smaller number of P-OH groups that react sufficiently with iron, and when the concentration of P507 is too high, it reacts with Li. Considering all factors, the optimal concentration of P507 is selected to be 50%.




3.2.4. Effect of Phase Ratio on Extraction Rate of Lithium and Iron


Under the conditions of a pH of 0.9, an extraction temperature of 30 °C, a P507 concentration of 50%, and an extraction time of 20 min, the effect of the O/A ratio (1:1, 4:3, 5:3, 2:1, 7:3) on the extraction rate of iron was investigated. The results are shown in Figure 15.



As can be seen from Figure 15, the O/A ratio has a significant impact on the extraction of iron. Since the greater the volume of the organic phase, the more deprotonated hydroxyl groups are available to react with Fe3+, the extraction rate of iron also increases with the increase in the organic phase volume ratio, reaching 99.4% at a ratio of 5:3, and decreasing when the ratio is 2:1. The change in the O/A ratio has a lower impact on the extraction rate of lithium; therefore, a ratio of 5:3 is the optimal O/A ratio.




3.2.5. Effect of Extraction Temperature on Extraction Rate of Lithium and Iron


Under the conditions of a pH of 0.9, a P507 concentration of 50%, an O/A volume ratio of 5:3, an extraction temperature of 30 °C, and an extraction time of 20 min, the effect of extraction temperature (20 °C, 30 °C, 40 °C, 50 °C, 60 °C) on the extraction rates of iron and lithium was investigated. The results are shown in Figure 16.



As can be seen from Figure 16, the extraction temperature has a minor impact on the extraction rates of iron and lithium. When the extraction temperature is below 30 °C, the extraction rates of both iron and lithium increase with the rise in temperature, with the extraction rate of iron reaching 99.4% at 30 °C. When the temperature exceeds 30 °C, the extraction rates of iron and lithium tend to level off. Considering that temperatures higher than room temperature can intensify the occurrence of side reactions in the extraction process, 30 °C is chosen as the optimal extraction temperature.




3.2.6. Effect of Extraction Time on Extraction Rate of Lithium and Iron


Under the conditions of a pH of 0.9, a P507 concentration of 50%, an O/A volume ratio of 5:3, and an extraction temperature of 30 °C, the effect of extraction time (10 min, 20 min, 30 min, 40 min, 50 min) on the extraction rates of iron and lithium was investigated. The results are shown in Figure 17.



As can be seen from the figure, different extraction times have a minor impact on the extraction rates of iron and lithium. The extraction rate of iron first increases and then stabilizes, reaching the maximum value at 20 min. For lithium, as the time is extended, the P-OH groups have more opportunities to fully react with metal elements such as lithium; hence, its extraction rate increases with time. Considering all factors, 20 min is chosen as the optimal extraction time.






4. Conclusions


	(1)

	
The sulfuric acid leaching process can fully achieve the hierarchical separation of rare earth and lithium. The optimal experimental conditions are as follows: sulfuric acid concentration of 0.9 mol/L, leaching temperature of 70 °C, leaching time of 90 min, and a liquid-to-solid ratio of 8:1 mL/g. Under these conditions, the lithium extraction rate can reach 97.8%, the iron extraction rate is 80%, and the leaching rate of rare earths (praseodymium and neodymium) is less than 2%, essentially achieving the separation of lithium and rare earths.




	(2)

	
P507 can accomplish the purification of lithium-containing solutions. The optimal conditions for this experiment are as follows: a pH of 0.9, a P507 concentration of 50%, an O/A volume ratio of 5:3, an extraction time of 20 min, and an extraction temperature of 30 °C. Under these conditions, the extraction rate of iron can reach 99.4%, and the loss rate of lithium is relatively low, achieving an effective separation of iron and lithium.
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Figure 1. XRD pattern of rare earth molten salt slag. 
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Figure 2. SEM-EDS diagram of rare earth molten salt slag (a) 50 μm, (b) 50 μm, (c) 100 μm, (d) 300 μm and (e) EDS figure. 
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Figure 3. Influence of different sulfuric acid concentrations on the leaching rates of Li, Fe, Pr, and Nd (at 70 °C). 
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Figure 4. XRD pattern of leaching residue at different sulfuric acid concentrations. 






Figure 4. XRD pattern of leaching residue at different sulfuric acid concentrations.



[image: Metals 14 01247 g004]







[image: Metals 14 01247 g005] 





Figure 5. Influence of different liquid-solid ratios on the leaching rate of Li, Fe, Pr, and Nd (at 70 °C). 
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Figure 6. XRD pattern of leaching residue with different liquid-solid ratios. 
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Figure 7. Influence of different leaching temperatures on the leaching rates of Li, Fe, Pr, and Nd. 






Figure 7. Influence of different leaching temperatures on the leaching rates of Li, Fe, Pr, and Nd.



[image: Metals 14 01247 g007]







[image: Metals 14 01247 g008] 





Figure 8. XRD pattern of leaching residue at different temperatures. 
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Figure 9. Influence of different leaching times on the leaching rate of Li, Fe, Pr, and Nd (at 70 °C). 
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Figure 10. EDS point map of acid leaching residue. 
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Figure 11. EDS surface map of acid leaching residue. 
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Figure 12. XRD pattern of acid-leaching residue. 
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Figure 13. Effects of different balance the pH values on the extraction rate of iron and lithium. 
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Figure 14. Effect of different concentrations of P507 on the extraction rate of iron and lithium. 
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Figure 15. Effect of different comparisons on the extraction rate of iron and lithium. 
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Figure 16. Effect of different extraction temperature on extraction rate of iron and lithium. 
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Figure 17. Effect of different extraction times on extraction rate of iron and lithium. 
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Table 1. Content of main components of rare earth molten salt slag.
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	Element
	O
	F
	Na
	Al
	Si
	Ca
	Li





	Content (wt%)
	9.99
	10.17
	0.65
	1.66
	2.42
	1.78
	1.63



	Element
	Mn
	Fe
	Pr
	Nd
	Mo
	Ba
	



	Content (wt%)
	1.22
	12.88
	8.35
	29.35
	0.39
	0.61
	










 





Table 2. Rare earth fraction of molten salt slag.






Table 2. Rare earth fraction of molten salt slag.





	Compound
	Pr6O11
	Nd2O3
	Sm2O3
	Tb4O7
	Dy2O3
	Others





	Content (wt%)
	22.44
	75.98
	0.29
	0.13
	0.67
	0.49










 





Table 3. Effect on iron extraction before and after oxidation.
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	Group
	Iron Extraction Rate [%]





	1
	28.46



	2
	95.26
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