

  minerals-14-00359




minerals-14-00359







Minerals 2024, 14(4), 359; doi:10.3390/min14040359




Article



Efficient Extraction of Lithium from Calcined Kaolin Lithium Clay with Dilute Sulfuric Acid



Wenlin Zhong 1,2, Lang Yang 1,2,*, Feng Rao 1,2, Liangzhou Tong 3 and Haipeng Feng 3





1



Zijin School of Geology and Mining, Fuzhou University, Fuzhou 350108, China






2



Fujian Key Laboratory of Green Extraction and High-Value Utilization of New Energy Metals, Fuzhou 350108, China






3



Yunnan Yuntianhua Co., Ltd., Kunming 650228, China









*



Correspondence: siryanglang@fzu.edu.cn







Citation: Zhong, W.; Yang, L.; Rao, F.; Tong, L.; Feng, H. Efficient Extraction of Lithium from Calcined Kaolin Lithium Clay with Dilute Sulfuric Acid. Minerals 2024, 14, 359. https://doi.org/10.3390/min14040359



Academic Editors: Weiping Liu, Savaş Özün, Xinbo Yang, Qingming Feng and Rajesh Kumar Jyothi



Received: 22 November 2023 / Revised: 22 December 2023 / Accepted: 26 December 2023 / Published: 29 March 2024



Abstract

:

In this study, the structure and phase transition of kaolin lithium clay at different calcination temperatures were studied and discussed; subsequently, the effects of Li leaching with sulfuric acid under various factors were investigated in detail. The experimental results indicated that an optimal Li leaching rate of 81.1% could be achieved when kaolin lithium clay was calcined at 600 °C for 1 h, followed by leaching with 15.0% sulfuric acid at 80 °C for 2 h. The TG-DSC, XRD, and SEM analyses showed that the layered structure of the clay was not destroyed during the leaching and calcination processes. During the process of calcination, kaolinite was converted to metakaolinite via dehydroxylation. During the process of leaching, the Al on the surface of the metakaolinite was dissolved by sulfuric acid, resulting in the destruction of the Al-O structure; then, Li+ was exchanged for H+ to the surface of the mineral and entered the solution under the action of diffusion. The leaching kinetics showed that the leaching process was controlled by a diffusion model, and the activation energy (Ea) was 41.3 kJ/mol. The rapid extraction of Li from calcined kaolin lithium clay with sulfuric acid leaching offers a high-efficiency, low-energy-consumption strategy for the utilization of new lithium resources.
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1. Introduction


The ever-increasing demand for Li caused the price of Li2CO3 to rise rapidly. As such, diversifying the global Li supply chain by finding new lithium reserves is an imperative [1,2,3]. Fortunately, a new clay-type lithium resource deposit has been discovered in China [4]. Clay minerals are lithium’s most probable host mineral: Li+ may occur in the interlayer structure of clay [5,6,7]. According to the main different clay minerals present, lithium clay can be divided into the kaolinite type and montmorillonite type. The properties and structures of these two types are different, so the extraction methods used for each clay type also differ. Usually, montmorillonite is a 2:1 type structure composed of two layers of tetrahedral silicon oxygen sheets sandwiching one layer of octahedral aluminum sheet, so the interlayer carries a negative charge and has strong ion exchange capabilities [8]. Kaolinite is a 1:1 structure formed by the connection of one tetrahedral silicon oxygen sheet and one octahedral aluminum sheet. The layers are connected to each other through hydrogen bonds, which has a strong interlayer binding force and makes ion exchange between the layers almost impossible [9].



At present, researchers have mainly focused on montmorillonite lithium clay, and they have agreed that the leaching of Li+ occurs via a special ion exchange process, rather than via mineral dissolution [10]. Sun exchanged Li+ with Na+ in montmorillonite clay via high-energy milling, where the leached recovery of lithium reached 60.0% [11]. To further improve the leaching rate of Li, Zhu et al. studied the leaching of roasted montmorillonite lithium clay using different sulfate solutions, and the results indicated that the use of Fe2(SO4)3 solution could achieve a maximum Li extraction rate of 73.6% [12]. Notably, the presence of excessive amounts of metal ions (e.g., Na+ and Fe+) may have a negative impact on the subsequent preparation of Li2CO3. However, H2SO4 contains a large amount of H+, so was found to be suitable for Li exchange in clay. Zhang et al. employed mixed high-concentration acid for the direct leaching of Li-rich bauxite mine tailings, which mainly contained kaolinite, and a high Li leaching rate of 96.4% was achieved. Nevertheless, the high-concentration acid in the leaching process increases costs and would lead to environmental pollution [13]. A previous study found that calcination could greatly promote the leaching of Li using a simple and low-concentration-acid system. A Li leaching rate of 73.6% could be achieved from roasted montmorillonite lithium clay with 15.0% H2SO4 solution [14]. The calcination and acid leaching method may also be suitable for kaolin-type lithium clay. In comparison with the extensive investigations on leaching Li from montmorillonite-type lithium clay, the Li extraction from kaolin-type lithium clay has been less studied. Additionally, there have been few studies on the effect of the calcination and leaching process on Li, and its Li leaching mechanism has not been accurately described.



In this study, kaolin lithium clay was characterized, and its thermodynamic properties were analyzed. Furthermore, the leaching efficiency of Li in calcined clay was studied by changing the calcination temperature, calcination time, leaching temperature, leaching time, and sulfuric acid concentration. Finally, the morphology and structure of kaolin lithium clay before and after leaching were studied, and the leaching mechanism of Li+ in kaolin clay was further explained through leaching kinetics. This study will be beneficial for the further processing of lithium clay.




2. Experimental Materials and Methods


2.1. Materials


The lithium clay used in this study was collected from Yuxi City, northeast Yunnan, China. Table 1 describes the composition of the clay as measured using X-ray fluorescence (XRF). Alumina oxides and silicon oxides were the main components of the clay. The content of Li2O in the ore was 0.4%, and the content of Li was calculated as 1867 μg/g. Cui reported that lithium clay contains an average of 980 μg/g Li (with the highest concentration reaching 3453 μg/g) [15]. This means that the lithium clay used in this study had a relatively high lithium content.




2.2. Methods


After crushing and grinding, samples less than 74 µm in size were obtained, which were calcined in a muffle furnace at 600 °C for 1 h. Then, the calcined clay was leached in 15.0% H2SO4 solution using a solid–liquid ratio of 1:5 g/mL, which was stirred at 300 r/min for 2 h at 90 °C. After filtration, NaOH was added into the leaching solution to adjust the pH to 4, which was left to stand for 6 h. Al3+ and Fe2+ were precipitated and removed.




2.3. Characterization


The element concentrations in the leaching solutions were determined using inductively coupled plasma–atomic emission spectrometry (ICP-OES). Differential scanning calorimetry (DSC) and thermogravimetric analysis (TGA) were performed using a STA 449F5 DSC-TG Jupiter test machine (Netzsch, Germany) at a heating rate of 10 °C/min to characterize the decomposition behavior of lithium clay in nitrogen atmosphere from 0 to 1200 °C. The morphology and element distribution of the lithium clay samples calcined at different calcining temperatures were characterized using scanning electron microscopy (SEM).





3. Results and Discussion


3.1. Composition and Thermodynamic Properties of Kaolin Lithium Clay


The thermodynamic properties of lithium clay can be analyzed using TG-DSC. This method can be used to simply and accurately analyze the phase transition characteristics of lithium clay and reflect the initial temperature of the phase transition of lithium clay [16]. Figure 1 shows the TG and DSC curves of the lithium clay. The TG curve decreases slightly before 300 °C, drops sharply from 300 °C to 800 °C, and barely changes after 800 °C. According to mass variation trend, the DSC curve can be divided into three temperature regions. In region I, from 40 °C to 350 °C, the first endothermic peak at around 100 °C in DSC curve corresponds to the dehydration of adsorbed water [17]. In region Ⅱ, from 300 °C to 800 °C, the loss of structural water causes the weight loss to increase sharply; the second endothermic peak at 520 °C on the DSC curve is related to the hydroxylation of the lithium clay sample [18]. In region Ⅲ, from 800 °C to 1200 °C, no weight was lost, and the exothermic peak at 980 °C suggests the recrystallization of lithium clay [19].



It can be seen from Figure 2 that the main minerals in the clay were kaolinite, boehmite, goethite, and their peaks gradually disappeared after 600 °C, which were converted to metakaolinite, γ-Al2O3, and hematite, respectively. With further increases in the calcination temperature, metakaolinite was converted to mullite at 900 °C [20,21,22]. This is consistent with the TG and DSC results above.




3.2. Lithium Ion Leaching Rate under Different Influencing Factors


Clay minerals are present in different phases at different calcining temperatures; combined with the thermodynamic properties of clay minerals, the leaching mechanism can be analyzed [23]. Figure 3a shows the leaching behaviors of the metals from raw lithium clay and its converted products calcined at different temperatures. Before 500 °C, with the increase in temperature, the adsorption water started to decrease, and the weight loss increased gradually, which led to the decrease in the interlayer spacing of the lithium clay, so the H+ in the solution experienced difficulty in entering the interlayer. This process can explain why the leaching rate of Li was almost 0 in the lithium clay calcined at 300 °C and 400 °C [24]. In the range of approximately 500 °C to 800 °C, lithium clay undergoes structural collapse because of the loss of structural water. Here, smaller ions can enter into the Al-O structure, which replace Li. This behavior may be thought of as a special ion exchange process [16,19]. Moreover, the Al-O structure may retighten as temperature increases [14]. This behavior can explain the higher leaching rate of Li in solution at 500 °C and 600 °C, and then the moderate rise from 600 °C and 800 °C. The aluminum in clay was mainly found in kaolinite and boehmite, the structure of which is relatively stable and is not easily dissolved using sulfuric acid. After 500 °C, kaolinite transformed into structurally unstable metakaolinite under dehydroxylation, and the aluminum on its surface was dissolved by sulfuric acid. Meanwhile, the boehmite converted to Al2O3 and was easily dissolved by sulfuric acid. This explains why the recovery rate of Al increased with increasing temperature before 800 °C. The iron in clay is usually present in the form of hydroxide, which can be dissolved using inorganic acids at room temperature or under heating conditions [25]. After 500 °C, brown goethite FeO(OH) dehydrated into red hematite Fe2O3, which has a more compact structure, which explained why the Fe leaching ratio remained at 90.0% below 500 °C but decreased steadily with increasing leaching temperature [26]. At temperatures above 900 °C, the kaolinite recrystallized to form mullite, which solidified the metals, preventing their leaching by the solution and causing the leaching rates of all three investigated metals to sharply decrease at 900 °C [27]. The leaching rate of Li was about 80.0% at 600 °C to 800 °C, while the leaching rate of Al was 51.0% and 81.6% at 600 °C and 800 °C, respectively. Al is an important contaminant in the extraction process that presents difficulties for subsequent separation, so it is very important to reduce the content of aluminum in the leaching solution. As discussed above, it was suggested that a calcination temperature of 600 °C is the optimal condition [28].



The calcination time has an important effect on the leaching rate: an appropriate calcination time can ensure the crystal phase of the mineral completely transforms [29]. Figure 3b shows the change in metal leaching amount with calcining time. Li and Al were barely leached from the uncalcined lithium clay, while the leaching rate of Fe at this time reached the highest value of 91.2%. When the calcination time reached 30 min, the leaching rate of Li was 80.0% and that of Al was 45.4%. With the increase in calcination time, the leaching rate of Li changed little, while the leaching rate of Al increased greatly, reaching 73.8% when the calcination duration was 120 min. The leaching rate of Fe decreased with the increase in calcination time, reaching 73.8% at 90 min. The lower the contents of Fe and Al, the better the subsequent process. The leaching of Al and Fe were less than 51.0% and 76.1% at 60 min, respectively. Therefore, the optimum calcination time for Li extraction was 60 min, and the extraction rate of Li was 82.5%.



The concentration of sulfuric acid in the leaching process is very important because different concentrations of H2SO4 have different H+ concentrations. As shown in Figure 3c, the leaching rate of the three metal ions increased with the increase in the sulfuric acid concentration when the sulfuric acid concentration was less than 15%. The highest leaching rate of Li was 85.9%. This is because with the increase in the sulfuric acid concentration, sulfuric acid ionization resulted in the increase in the hydrogen ion concentration. Higher H+ concentrations are conducive to the release of cations from soluble minerals [30]. The increases in Li and Al leaching were less than 2.0%, but the leaching rate of Fe increased obviously as the H2SO4 concentration rose. The low concentration of ions of impurities is beneficial for the subsequent purification process; therefore, 15% H2SO4 was found to be the optimal condition.



An increase in temperature in the leaching process increases the internal energy of the reactants, which improves the leaching reaction rate and shortens the time required for the leaching to reach the equilibrium point [31]. Figure 3d shows the variation in the metals that leached with increasing leaching temperature. The leaching of Li increased before 80 °C and then remained at about 80%, while the leaching of Al and Fe increased with temperature. So, choosing 80 °C as the leaching temperature can effectively reduce the content of ion impurities. The leaching rate of Li reached 80.6%, which was higher than those of Al and Fe, which were 39.7% and 76.1%, respectively.



Finding the appropriate leaching time can effectively improve the leaching rate and reduce the cost. When the leaching time is too short, the leaching reaction is not balanced, and when the leaching time increases, the ion leaching rate is higher. However, as the leaching time continues to increase, the leaching rate of metal ions does not increase much [32]. The change in the rate of metal leaching with increasing leaching time is shown in Figure 3e. The leaching recoveries of the three metal ions apparently increased in the first 120 min, and then a slow increase was observed. The leaching rate of lithium reached 82.4% when the leaching time was 120 min, which was higher than those of Al and Fe, which were 74.3% and 78.0%, respectively. When the leaching time was further extended to 300 min, the leaching rate of Li was 91.7%; those of Al and Fe were 83.3% and 90.8%, respectively. Beyond 120 min, the increase in leaching time had a weak impact on the leaching rate but greatly increased the cost. Therefore, the optimal leaching time is suggested as 120 min.



In summary, the optimum conditions for extracting lithium from kaolin lithium clay with sulfuric acid are calcination at 600 °C for 1 h and leaching with 15.0% sulfuric acid for 80 °C for 2 h. Under these conditions, recoveries of 81.1% Li, 76.1% Fe, and 51% Al were achieved, respectively.




3.3. Morphology and Structure of the Residue


The SEM images before and after leaching under the optimal conditions are shown in Figure 4. It can be seen that the clay always maintained a layered structure after the calcination and leaching process, but the surface of the mineral became more blurred, which indicated that the structure of the clay was maintained, except for some minimal surface dissolution. In the calcination process, kaolinite is transformed into structurally unstable metakaolinite under the action of dehydroxylation, resulting in the mineral surface becoming rough. During the leaching process, the Al on the surface of metakaolinite is dissolved by sulfuric acid, resulting in the destruction of the Al-O structure of the mineral, making the surface of the mineral more blurred.



Figure 5 shows XRD patterns of the raw lithium clay, the calcined lithium clay, and the leaching residues at different temperatures. The lithium clay calcined at different calcination temperatures produced different leaching rates. There was no new phase formed and the original phase disappeared during the leaching process, which indicated that the clay did not undergo phase change during the leaching process.




3.4. Kinetics Study


Kinetic analysis is a useful tool for understanding the reaction rate and mechanism of the leaching process [33]. Currently, for the kinetic analysis of the leaching process, the shrinking core model is primarily used [34]. The leaching process is generally considered to be controlled in the following steps: (1) by surface chemical reactions (Equation (1)); (2) by diffusion through the product layer (Equation (2)); (3) mixed control by surface reactions and product layer diffusion (Equation (3)) [35]. And, the activation energy of extracting lithium from roasted ore by sulfuric acid is calculated using the Arrhenius equation (Equation (4)). The α is the leaching efficiency of Li, which was shown in Figure 6.
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The leaching kinetics of Li were studied in the temperature range of 70~90 °C. As shown in Figure 7, the R2 values of the product layer diffusion model were 0.997, 0.994, and 0.970, respectively, being higher than those of the other two models. The R2 values of the surface chemistry model were 0.933, 0.962, and 0.978, respectively; the R2 values of the mixed-control model were 0.946, 0.93,7 and 0.920, respectively. It can be seen from the fitting results and the R2 values that the diffusion model accurately fit the leaching process of Li, indicating that the leaching rate of Li is mainly controlled by the diffusion reaction.



The above three models were studied. As shown in Figure 8, the accuracy of the model can be easily judged using the average R2 values. From Table 2, the R2 of the product layer diffusion model was 0.957, which was higher than that of the other two models. The R2 of the surface chemical model was 0.908, and the R2 of the mixed-control model is 0.919, so the diffusion model could more accurately fit the leaching process of Li, and the activation energy was 41.3 kJ/mol. This further indicates that Li+ is extracted by ion exchange. In the leaching process, the Al on the surface of metakaolinite is dissolved by H2SO4, resulting in the destruction of the Al-O structure, in which Li+ is exchanged by H+ to the surface of the mineral and enters the solution under the action of diffusion.





4. Conclusions


	(1)

	
The main minerals in the sampled clay were kaolinite, boehmite, and goethite, while there was no independent lithium mineral. The lithium content in the clay was 1867 μg/g, which was found to exist in the form of ions in the kaolinite structure.




	(2)

	
In the calcination process, the dehydroxylation of kaolinite produced an unstable metakaolinite. In the leaching process, the Al on the mineral surface was dissolved by H2SO4, resulting in the destruction of the Al-O structure of the mineral. The Li+ in the mineral was exchanged by H+ and entered the solution under the action of diffusion.




	(3)

	
The results of t leaching test showed that the calcination temperature had the greatest influence on the leaching of Li. After calcination at 600 °C for 1 h, then using 15.0% sulfuric acid at 80 °C for 2 h, the optimal leaching rate of lithium was 81.1%. The main ions in the leaching solution were Al3+ (12,696 mg/L), Fe2+ (3983 mg/L), and Li+ (336 mg/L).




	(4)

	
The results of leaching kinetics analysis showed that the leaching of lithium was controlled by a diffusion model, with a special model ion exchange. The activation energy (Ea) of the process was 41.3 kJ/mol.
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Figure 1. Thermal analysis curves of the lithium clay. 
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Figure 2. XRD of lithium clay and its calcining products at different temperatures. 
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Figure 3. Effects of different factors on the leaching efficiency of Li, Al, and Fe from lithium clay: (a) calcination temperature, (b) calcination time, (c) acid concentration, (d) leaching temperature, and (e) leaching time. 
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Figure 4. SEM images of (a) raw lithium clay, (b) lithium clay calcined at 600 °C, and (c) the leaching residue after the acid leaching process. 
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Figure 5. XRD patterns of the raw lithium clay; lithium clay calcined at 400 °C, 600 °C, and 800 °C; as well as the leaching residues after the acid leaching process. 
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Figure 6. Effect of the leaching time on the leaching efficiency of Li from lithium clay at different leaching temperatures. Calcined at 600 °C for 90 min at under leaching conditions of 15.0% H2SO4 with a liquid–solid ratio of 5:1 mL/g. 
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Figure 7. Fitting of Li leaching at 70–90 °C using (a) chemical reaction model, (b) diffusion model, and (c) mixed-control model. 
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Figure 8. Arrhenius plot of Li leaching kinetics. 
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Table 1. Chemical compositions of the lithium clay.






Table 1. Chemical compositions of the lithium clay.





	Component
	Al2O3
	SiO2
	TFe
	Li2O
	MgO
	CaO





	wt%
	41.02
	36.99
	3.01
	0.40
	0.22
	0.074










 





Table 2. The numerical values of Li leaching kinetics.






Table 2. The numerical values of Li leaching kinetics.





	Leaching Process
	Linear Fitting Equation
	Average R2
	Ea





	Chemical reaction model
	y = −2.932x + 2.417
	0.908
	24.4 kJ/mol



	Mix controlled model
	y = −8.555x + 17.311
	0.919
	71.1 kJ/mol



	Diffusion model
	y = −4.961x + 6.955
	0.957
	41.3 kJ/mol
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