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Abstract

:

The environmental and economic benefits of recycling spent LiFePO4 batteries are becoming increasingly important. Nevertheless, the reprocessing of this type of material by conventional processes remains a challenge due to the difficulties of Li and Fe separation and low product purity. Herein, a new approach for recovering Li to separate iron and phosphorus from spent LiFePO4 cathode materials is developed. Selective separation of Li can be achieved by oxidation roasting followed by low-acid pressure leaching. During the oxidation-roasting stage, almost all the stable LiFePO4 cathode materials were first transformed into Li3Fe2(PO4)3 and Fe2O3, with the most suitable oxidation-roasting temperature determined to be 550 °C. Then, >96% of Li could be extracted using 0.5 mol·L−1 H2SO4 with an L/S ratio of 150 g·L−1 at 110 °C for 1 h; in contrast, the leaching of Fe was 0.03%. The mineral-phase composition of the leaching residues mainly includes FePO4·2H2O, Fe2O3, and C, which can be used as a raw material for preparing battery-grade FePO4. These findings demonstrate that the recycling process has the advantages of high selectivity for Li, excellent reaction kinetics, low acid consumption, and free oxidizing agent that may benefit the development of a circular economy.
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1. Introduction


Lithium-ion batteries have drawn attention worldwide since their commercialization by Sony in 1991 [1]. They are widely applied in computers, communication, consumer electronics (3C), electric vehicles (EVs), and large-scale storage systems [2,3]. It has been forecasted that the global consumption of lithium-ion batteries will expand from approximately 8 million in 2019 to 50 million by 2025 and close to 140 million by 2030; these increases correspond to an annual average growth rate of close to 30% [3,4]. Olivine-structured lithium iron phosphate batteries (LiFePO4) have attracted significant attention for their inherent advantages of excellent safety, thermal stability, low cost, low toxicity, and long lifecycle [5,6]. Due to the wide applications and rapid increase in LiFePO4 cathode materials, particularly in China, the total number of retired LiFePO4 batteries will significantly increase within the next decade. Apparently, it is necessary to develop recovery techniques for Li, Fe, and P from spent LiFePO4 batteries and further prepare battery-grade FePO4 and Li2CO3 to resynthesize LiFePO4 cathode materials [7].



To date, numerous studies have focused on two main methods for recycling spent LiFePO4, direct regeneration and utilization of LiFePO4 cathodes, in which a proper amount of raw materials is added to spent LiFePO4 cathodes on the basis of the needed molar ratio of Li, Fe, and P through the high-temperature solid-phase synthesis of new LiFePO4 [8,9,10]. According to the cost calculation, spent LiFePO4 can yield a profit after direct regeneration and utilization. However, impurities are present in the newly prepared LiFePO4, and the performance of the prepared battery is not stable [11,12]. In relative terms, the current recycling technologies for recovering spent LiFePO4 cathode materials are mainly based on the hydrometallurgy process by acid leaching, including inorganic acids of sulfuric acid, hydrochloric acid, phosphoric acid, nitric acid, and organic acids of citric acid, oxalic acid, ascorbic acid, etc. [13,14,15,16,17,18,19,20,21,22,23]. The hydrometallurgy process is practiced by most LiFePO4 recycling enterprises because of its low cost. However, a large amount of acid is consumed, a large amount of salt-containing wastewater needs to be treated, and iron phosphate (FePO4, 95%), the main component of LiFePO4, is not recycled, resulting in a waste of resources.



In recent years, some combined methods, such as the acid-free leaching process and salt roasting with water leaching, have been proposed to preferentially extract Li from spent LiFePO4 cathode materials [24,25,26,27]. The core concept of the acid-free approach is to selectively transfer a majority of Li (>90%) into a water-soluble chlorate [28], sulfate [29], and Fe and P as nonsoluble oxides or precipitates. Nevertheless, the selective separation of Li and Fe is not sufficient during leaching and has significant issues that need to be solved before the method can be utilized on an industrial scale. Furthermore, the leaching kinetics of such methods are relatively slow; for example, Li from cathode materials is only totally converted to lithium chlorate or lithium sulfate with reaction times >6 h [24,28]. Moreover, fluoride ions will be enriched in the leaching solution in the Li-rich leach solution after oxidative acid leaching treatment [30]. In order to reduce fluoride ion emissions, a low-temperature thermal pretreatment process was also proposed for treating LiFePO4 cathode scrapes [31]. Selective extraction has been widely used to separate valuable metals by homogeneous reactors and hydrothermal synthesis in recent years, which could enhance mass transfer and accelerate chemical reactions [32]. Jenni Lie et al. reported the leaching of valuable metals from spent lithium-ion battery cathode powders in subcritical water extraction under optimum conditions using 0.5 mol·L−1 ascorbic acid at 100 °C with a 10 g·L−1 solid–liquid ratio within 30 min [33,34]. Liu et al. discovered that more than 98% of REEs can be leached from roasted spent Nd-Fe-B magnet materials with a roasting pretreatment by pressure leaching [35]. However, selective extraction of Li from LiFePO4 cathode scrapes by oxidation roasting followed by low-acid pressure leaching has not been reported previously.



This current study proposes a novel LiFePO4 recycling method that uses an oxidation-roasting pretreatment followed by low-acid pressure leaching to selectively extract lithium in a homogeneous reactor. Via this process, almost all of the lithium present can be selectively converted into water-soluble lithium sulfate within only 30 min, while Fe and P remain in the form of insoluble stable compounds. Moreover, in this process, battery-grade Li2CO3 can be obtained without the requirement for further complicated separation and purification procedures; currently, the demand for lithium-battery materials for Li2CO3 as raw materials is increasing. Another advantage is that harmful gases are removed in the oxidation-roasting process, and FePO4·2H2O in leaching residues with a complete crystalline form can be achieved. Therefore, this study aimed to selectively recover Li to separate Fe from spent LiFePO4 cathode materials, which could be promising in industrial applications.



Compared with direct leaching of sulfuric acid and hydrogen peroxide, low-acid pressure leaching of calcine was carried out in this study. Free oxidizing agents, such as hydrogen peroxide, reduce the amount of acid and the discharge of salt-containing wastewater. Meanwhile, the electrolytes coated on the surfaces of lithium iron phosphate cathode powders are almost all decomposed after roasting, and the contact angle of the surface of the cathode materials becomes small. The hydrophilicity of the cathode materials is improved, the adhesion between the cathode materials and the reaction vessel is avoided during the reaction process, and the reaction speed is accelerated. The existence of pressure is conducive to the crystal formation of FePO4·2H2O, and the recovery rates of the P and Fe resources are improved.




2. Materials and Methods


2.1. Materials and Characterization


A company in southern China working in the recycling business of batteries and accumulators provided the input materials used in this research. The spent LiFePO4 cathode had been subjected to a pretreatment—dismantling, sieving, and grinding—and was used in the experiments as received. The mean particle size was measured by a Malvern Mastersizer 3000 (Malvern-Instruments-Ltd, Marvin, UK) and was 15.1 µm. The morphology images of the spent LiFePO4 cathode materials measured by field emission scanning electron microscopy (SEM, MLA650F, FEl, Thermo Fisher Scientific Corporation, Waltham, Massachusetts, USA) are shown in Figure 1. All chemicals, including H2SO4, Na2CO3, and NaOH, were of analytical grade. All the solutions used in this study were prepared with ultrapure water (electrical conductivity < 0.055 μs·cm−1). The average mass fraction of the cathode materials was measured by inductively coupled plasma–optical emission spectrometry (ICP-OES, PerkinElmer Optima 7100 DV, PerkinElmer Corporation, Massachusetts, USA). The trace impurities in the rich lithium leachate were measured by inductively coupled plasma source mass spectrometry (ICPMSMS, Agilent8800, Agilent Corporation, Santa Clara, California, USA), and the contents of C were measured by a carbon–sulfur analyser (EMIA-820 V, Horiba, HORIBA Corporation, Kyoto, Japan), as shown in Table 1. The main mineral phases of the spent LiFePO4 materials and leaching residues were identified by XRD (PANalytical X’Pert Pro Powder, PANalytical, Almelo, The Netherlands) using a CuKα radiation source with a 40 kV acceleration potential and current of 40 mA. XRD diffractograms were analysed by using HighScore 4.0 Plus software (Malvern Panalytical Company, Malvern, UK). The spent LiFePO4 materials are consistent with LiFePO4 (standard PDF card JCPDS#83-2092), as shown in Figure 2.




2.2. Experimental Procedures


2.2.1. Oxidation Roasting


The raw materials were implemented in a horizontal tube furnace (GSL-1600X, HF-Kejing, Hefei Kejing Materials Technology Co., Ltd., Hefei, China), and the temperature was measured by a K-type thermocouple controlled by a Keithley 2000 multimeter intelligent temperature controller (accuracy of ±1 °C, Tektronix, Inc., Beaverton, OR, USA). The experiments were conducted with a preset temperature (400–700 °C) at a heating rate of 10 °C·min−1 and with an airflow of 400 mL·min−1, and the samples were placed in an Al2O3 crucible prior to insertion into the cold furnace. The crucibles were removed and cooled at room temperature after oxidation roasting. The phase changes before and after roasting can be characterized by XRD analysis.




2.2.2. Low-Acid Pressure-Leaching Process


The low-acid pressure-leaching experiments of roasted materials were conducted in a 100 mL cylindrical stainless homogeneous reactor (maximum temperature limit: 200 °C, maximum pressure limit: 1.0 MPa). The low-acid leaching experiments of roasted materials were performed by mixing the roasted materials and a certain concentration of a sulfuric acid solution at a predetermined L/S ratio in a 100 mL cylindrical stainless homogeneous reactor. After the reactor was heated to the set temperature for a certain time, the heating was stopped, and the reactor was naturally cooled to room temperature. After leaching, the slurry was vacuum filtered, the filtrate was collected, and its volume was recorded. The leachate was sampled and analysed to calculate the leaching of Li and Fe. The leaching residues obtained were also characterized to confirm the elemental content, the main phases, and their morphology.



The extraction of Li and Fe (%E) was calculated based on the solution samples via Equation (1):


  % E = (   C   i   × V ) / (   m   o   ×   w   o   ) × 100 %  



(1)




where     m   o     (g) and   w  o (%) are the mass of the cathode materials and the compositions of element (  i  ) after the oxidation-roasting transformation of the waste cathode materials, respectively, and   V   and     C   i     are the volume of the leaching solution and the concentration of element (  i  ).




2.2.3. Preparation of Lithium Carbonate


The lithium-rich solution obtained from the leaching process was first purified by adjusting the pH to 5–6 with 3 mol·L−1 NaOH followed by filtering to remove precipitated impurities, such as Fe and Al. Then, the pH of the solution was further adjusted to 12 to remove other minor impurities. Lithium in the leachate was first concentrated to 25 g·L−1 by evaporation, and the concentrated solution was added dropwise into a saturated sodium carbonate solution with a fixed molar ratio of Na2CO3:Li+ = 0.6:1 at 95 °C to produce lithium carbonate. The products were washed with 95 °C ultrapure water three times and then dried at 105 °C in a drying oven for 6 h. The purity of Li2CO3 and the contents of the impurities were measured according to the methods proposed by the Standardization Administration of the PRC, including acid–base titration, AAS, and ICP–OES [36]. The particle size distribution of Li2CO3 was analysed with a Malvern Mastersizer 3000 (Malvern-Instruments-Ltd, Marvin, UK).






3. Results and Discussion


To achieve efficient leaching of lithium from the spent LiFePO4 cathode materials, the stable LiFePO4 cathode materials are first oxidized and roasted to convert them into a soluble phase. After that, Li can be separated from roasted cathode materials by low-acid pressure leaching without the introduction of any oxidant.



3.1. Oxidation Roasting of Spent LiFePO4 Cathode Materials


3.1.1. Effect of Roasting Temperature


The effect of roasting temperature on the raw materials was investigated in detail within 60 min, as seen in Figure 3. The colour change of the roasted materials was grey when the roasting temperature was below 550 °C. The LiFePO4 cathode materials gradually became brick red as the roasting temperature increased. The reason might be the oxidation of Fe2+ to Fe3+ during the roasting process. Meanwhile, the XRD results also verified this speculation, as shown in Figure 4. The temperature can drastically increase the degree of oxidation, and temperatures below 550 °C are not sufficient to achieve the complete oxidation of the raw materials in the present study. When the temperature reached 550 °C, the cathode materials were almost all oxidized to Li3Fe2(PO4)3 and Fe2O3. This result is consistent with the XRD analysis results of Zheng et al. [14] and Yafei Jie et al. [33]. However, as the temperature further increased, the diffraction peak of both Li3Fe2(PO4)3 and Fe2O3 changed slightly. Therefore, 550 °C was selected as the temperature for the oxidation roasting of spent LiFePO4 cathode materials. The main reaction that occurred is shown in Equation (2) [14,33].


12LiFePO4 + 3O2 = 4Li3Fe2(PO4)3 + 2Fe2O3



(2)








3.1.2. Effect of Roasting Time


The effect of roasting time on cathode materials was investigated at 550 °C with an airflow of 50 mL·min−1. The results (shown in Figure 5) indicate that the roasting time can drastically increase the degree of oxidation and that a roasting time within 60 min is not sufficient to achieve the complete oxidation of the raw materials in the present study. The cathode materials were almost all oxidized to Li3Fe2(PO4)3 and Fe2O3 when the roasting time was up to 60 min, which is consistent with the XRD analysis results (shown in Figure 6). However, as the roasting time further increased, the diffraction peak of both Li3Fe2(PO4)3 and Fe2O3 changed slightly. Therefore, 60 min was chosen as the optimum roasting time for the oxidation roasting of spent LiFePO4 cathode materials.





3.2. Leaching of Roasted LiFePO4 Cathode Materials


Following the roasting of LiFePO4 cathode materials at 550 °C within 60 min, the roasted materials were subjected to low-acid pressure leaching to achieve the selective separation of Li from the roasted materials.



3.2.1. Effect of H2SO4 Concentration


The effect of the H2SO4 acid concentration (0.2–0.7 mol·L−1) on the leaching of Li and Fe was investigated at 110 °C with an S/L ratio of 150 g·L−1 within 60 min, and the results are shown in Figure 7. The leaching of Li increased from 64.56 to 96.45% as the H2SO4 concentration increased from 0.2 to 0.5 mol·L−1 (corresponding to an initial pH from 1.08 to 0.53), although a further increase in the H2SO4 concentration from 0.5 to 0.7 mol·L−1 resulted in only minor changes in the extraction of Li. Different from the leaching behaviour of Li, the dissolution of Fe was found to be only minor (<0.03%) when the H2SO4 concentration was <0.5 mol·L−1 because the formation of FePO4·2H2O (Ksp = 1.30 × 10−22 at 25 °C) always remained low [37,38]. However, with a further increase in the acid concentration between 0.5 mol·L−1 and 0.7 mol·L−1 (corresponding to an initial pH from 0.53 to 0.26), the extraction of Fe is only slightly increased from 0.003 to 0.22%. In contrast, the leaching efficiency of Li remained nearly constant at approximately 96% over the H2SO4 concentration range. The reason for the increase in Fe leaching is attributed to the dissolution of FePO4·2H2O at higher acid concentrations. Figure 8 shows that the iron phosphate begins to dissolve when the pH is less than 1.5, and with a further decrease in pH to 1.0, nearly 90% of the iron phosphate is dissolved into the solution. The XRD results (Figure 9) show that the leaching residues obtained at the optimal H2SO4 concentration are mainly composed of FePO4·2H2O.




3.2.2. Effect of Leaching Temperature


The effect of temperature on the leaching of Li and Fe was examined by varying the temperature from 80 to 130 °C with an H2SO4 concentration of 0.5 mol·L−1 at an S/L ratio of 150 g·L−1 within 60 min. The results, shown in Figure 10, indicate that the leaching efficiency of Li increased substantially from 64 to 96.45% as the reaction temperature increased from 80 to 110 °C. However, a further increase in leaching temperature to between 110 and 130 °C leads to a slight decrease in Li extraction due to the rapid precipitation of FePO4·2H2O crystals, and some lithium ions are lost by entrainment. Different from Li, the extraction of Fe decreased obviously, from 20.0% to 0.03%, with an increase in the leaching temperature from 80 to 100 °C. However, with a further increase in the leaching temperature between 100 and 130 °C, the extraction of Fe changes slightly. This is mainly because increasing the temperature is beneficial to the formation of iron phosphate. Under these conditions, Fe and P precipitated as FePO4·2H2O, and Li almost completely remained in the pregnant solution. The results shown in Figure 11 verified that the precipitation efficiency of FePO4·2H2O increased gradually in the pregnant solution in the range of 80 to 130 °C. The reason can be understood in the following manner. At the early stage, the precipitation of FePO4·2H2O was amorphous, resulting in a relatively low precipitation efficiency due to its high solubility. As the reaction proceeds, the amorphous precipitate with a disordered arrangement transforms into a thermodynamically stable phase of crystalline precipitate to decrease the embodied energy [33]. Since the leaching of Li peaked at 96.45% at a temperature of 110 °C, this temperature was chosen for further experiments. However, there is a slight influence on the leaching of Li and Fe as the temperature is in the range of 100 to 130 °C. The results also illustrate that the selective separation of Li and Fe could be achieved mainly because of the experiments performed by pressure leaching, which had little influence on the concentration of H2SO4 and the reaction time. The leaching residues are also mainly composed of FePO4·2H2O, Fe2O3, and C, as shown in Figure 12. When the reaction temperature is below 100 °C, the XRD diffraction peaks of Fe2O3 are weak, while the peaks are stronger at temperatures above 100 °C. It can also verify that the higher temperature was also helpful to the more complete crystal form of FePO4·2H2O.




3.2.3. Effect of Leaching Time


The effect of leaching time was investigated in a range from 30 to 120 min. The other conditions were as follows: H2SO4 concentration of 0.5 mol·L−1, leaching temperature of 110 °C, and solid-to-liquor (S/L) ratio of 150 g·L−1. As shown in Figure 13, the leaching time caused no obvious change in the leaching efficiency of Li and Fe. Even when the leaching time was 30 min, the leaching efficiency of Li could reach 91.95% and that of Fe could be as low as 0.01%. Li and Fe could be almost selectively separated completely in the range of 30 to 150 min studied. Due to the best separating effect of Li and Fe at a leaching time of 60 min, this time was chosen for further experiments. When the reaction time was less than 30 min, the XRD diffraction peak of FePO4·2H2O was not obvious, and that of Fe2O3 decreased gradually, as shown in Figure 14. This illustrated that crystals of FePO4·2H2O grow more completely and that Fe2O3 is gradually dissolved by acid when the time is longer than 60 min.




3.2.4. Effect of the Solid-to-Liquor (S/L) Ratio


The effect of the solid-to-liquor (S/L) ratio was investigated in a range from 50 to 250 g·L−1. The other leaching conditions were as follows: H2SO4 concentration of 0.5 mol·L−1, leaching temperature of 110 °C, and leaching time of 60 min. As shown in Figure 15, when the solid-to-liquor (S/L) ratio increased in the whole studied range, and as more H2SO4 was added, the total volume of the leaching solution increased. The solid-to-liquor (S/L) ratio obviously affected the leaching efficiency of Li, and the Li leaching efficiency rose from 62.92 to 96.45% as the S/L ratio increased in the range of 50 to 150 g·L−1. However, the leaching efficiency of Fe remained relatively stable at a low level of 0.08%. When the S/L ratio was 250 g·L−1, the leaching efficiency of Fe reached 0.08%. To make the volume of the leaching solution as low as possible to reduce the following evaporation costs and decrease the additional amount of H2SO4, an S/L ratio of 150 g·L−1 was selected for further experiments. It was apparent that the appropriate addition amount of H2SO4 was very low compared to its theoretical value (experimental ratio of 150 g·L−1 vs. theoretical ratio of 150 g·L−1). As a result, the alkali amount added in the following experiments on impurity removal can be decreased. The XRD diffraction peaks of FePO4·2H2O and Fe2O3 are slightly weaker than those under the other conditions when S/L is 50 g·L−1, as shown in Figure 16. It could be that the quantities of FePO4·2H2O and Fe2O3 are less than when the additional amount of H2SO4 is insufficient.





3.3. Li2CO3 Products


The concentrations of Fe3+, Al3+, and Cu2+ were 16 mg·L−1, 6 mg·L−1 and 3.2 mg·L−1, respectively, in the leachate from the low-acid pressure-leaching process under optimum conditions. Then, NaOH solution with 3 mol·L−1 was added to adjust the pH = 6, and impurities, such as Al3+, Fe3+ and Cu2+, were further removed. After filtration, the concentration of Fe3+, Al3+ and Cu2+ were 3.5 m mg·L−1, 1.8 mg·L−1 and 1.5 mg·L−1 in the leachate, respectively. Then, the pH was adjusted to 12 to remove the other impurities such as Mg, while the content for Fe3+, Al3+ and Cu2+ were almost unchanged at a pH from 6 to 12. Subsequently, the purified leach solution was evaporated to a high concentration (25 g·L−1), and the content of minor impurities for Ca2+, Mg2+, K+, Pb2+, and Cl− was almost undetectable. The purified, Li-rich solution then underwent carbonation with saturated Na2CO3 to prepare Li2CO3, and the products were washed three times with ultrapure water after filtration.



Under optimum conditions of 95 °C using the purified Li-rich solution (25 g·L−1) obtained from the purification process, Li recovery is up to 87.5%, a level that is significantly higher than that previously reported for solvent extraction or evaporation followed by carbonation (ca. 75–85%) [39,40]. The purity of the final Li2CO3 products is presented in Table 2, which can also meet the requirements of battery-grade materials. In comparison, most of the Li2CO3 produced by other methods, with a purity of 90.0%, does not meet the standards needed for battery-grade Li2CO3 [40], which indicates that additional cleaning processes are necessary to improve the purity of Li2CO3. The SEM image (Figure 17) illustrates that the obtained Li2CO3 was composed of agglomerated blocks in which the particle size distribution was measured to be approximately 6.5 microns. The final products are consistent with Li2CO3 (standard PDF card JCPDS#87-0728), as shown in Figure 18.




3.4. Analysis of Leaching Residues


After drying, the residues were measured by XRD, which was well matched with the standard pattern of FePO4·2H2O, Fe2O3, and C, as discussed in the previous chapter, which demonstrated that Fe precipitated as FePO4·2H2O and Fe2O3 in the leaching residues. Therefore, Fe was recovered in the forms of FePO4·2H2O and Fe2O3. These results agree well with the previous publication, while the residues shown were different morphologies at 90 °C and 110 °C, as can be observed in the SEM images (Figure 19a,c). The shapes of crystallized FePO4·2H2O were lower at 90 °C than at 110 °C, as shown in Figure 19b,d [41]. The content of Li was fairly low, while the contents of Fe, P, and O were very high, as seen in Figure 20. It can be confirmed that Li was almost entirely in the leaching solution, which is consistent with the previous section.




3.5. Flowsheet Development


From the above results, a new process for the selective separation and recovery of Li from spent LiFePO4 batteries by oxidation roasting followed by low-acid pressure leaching is outlined, and the mass balance of the valuable metals throughout the recovery process is shown in Figure 21. The composition of the raw materials and byproducts obtained from the proposed flowsheet are shown in Table 3. The application of the current process could significantly improve the separation and recovery of Li and Fe from spent LiFePO4 cathode materials. This research provides a reference case for the selective separation and recovery of Li from spent LiFePO4 batteries. For the roasted materials followed by low-acid leaching in a homogeneous reactor, the lithium-rich solution obtained can be further used to remove impurities by preparing battery-grade Li2CO3, whereas the leaching residue byproduct can be used to prepare FePO4 products.




3.6. The Economic Analysis of the Proposed Process


The economic analysis was conducted by spotting the local market prices for the bulk amount of the chemicals in China, as shown in Table 4. The costs for total raw materials, chemical reagents and products were approximately USD 1915, USD 20.9264, and USD 2764.71, respectively. The products for the Li2CO3 weighing 95.96 kg and the byproducts for leaching the residue weighing 517.71 kg could be recycled from spent LiFePO4 cathode materials of 500 kg. Consequently, a net revenue of approximately USD 601.5186 can be obtained by the current recycling process, in which only raw materials, the reagent cost, and the product values were considered. The cost of equipment, water consumption, labour costs, and factory construction costs are ignored.



The current recycling process can be divided into five parts: oxidation roasting; low-acid pressure leaching; filtering, drying, and sieving; purification and evaporation; and precipitation. The economic feasibility based on the energy consumption of the present recycling process is subsequently calculated. The consumption of energy per unit operation to treat 500 kg of spent LiFePO4 cathode materials is considered in Table 5. With respect to the mass balance of the main elements from the flow sheet presented in Figure 21, such an example may vary with the change in parameters and operational conditions, such as the scale of treatment. The energy consumption is mainly electric power consumption, and the total energy consumption and the cost of energy are 2085 kWh and USD 172 in this process, respectively, according to the local energy price in China.



Finally, the total dealing revenue in this study was calculated as USD 601.5186, with a 500 kg scale of spent LiFePO4 cathode materials in China. Such an economic analysis of the proposed process is clearly in favour of being greener and more economically attractive in the recovery of Li2CO3 products from the LiFePO4 cathode material industrial solid wastes.





4. Conclusions


This research proposes an efficient method to selectively separate Li and Fe from spent LiFePO4 cathode materials. The results show that:




	(1)

	
Through the selective recovery of Li and Fe by oxidation roasting following low-acid pressure leaching, the spent LiFePO4 cathode materials were oxidized to Li3Fe2(PO4)3 and Fe2O3, the remaining electrolyte and some of the carbon in the raw materials decomposed, and the selective extraction of Li was achieved by carbonated water leaching. The results showed that it was more effective and efficient in the selective separation of Li and Fe than the conventional method;




	(2)

	
Under optimal conditions, by a low-acid pressure-leaching process using 0.5 mol·L−1 H2SO4 at 110 °C with a 150 g·L−1 S/L ratio, >96% Li was extracted, and, within 60 min, the leaching process could be adapted to a wide range of pH values. The reaction temperature played a significant role in the selective recovery of Li and Fe from roasted materials and the phase of FePO4·2H2O in leaching residues;




	(3)

	
Oxidation roasting following the pressure-leaching process showed the advantages of higher efficiency, shorter reaction time, and lower acid concentrations needed. Economic and energy consumption analyses clearly show that this recycling process has great potential to become industrially viable. It has very good potential as an alternative process for spent LiFePO4 recycling.
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Figure 1. SEM images of the spent LiFePO4 cathode materials. 
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Figure 2. X-ray diffraction patterns of the spent LiFePO4 cathode materials. 
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Figure 3. Images of the spent LiFePO4 cathode materials at different roasting temperatures. 
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Figure 4. X-ray diffraction patterns of the spent LiFePO4 cathode materials at different roasting temperatures. 
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Figure 5. Images of the spent LiFePO4 cathode materials at different roasting times. 
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Figure 6. X-ray diffraction patterns of the spent LiFePO4 cathode materials at different roasting times. 
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Figure 7. Effect of H2SO4 concentration on the leaching efficiency of Li and Fe from roasted materials (T = 110 °C; t = 60 min; S/L = 150 g·L−1). 
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Figure 8. Effect of pH on dissolution of FePO4·2H2O S/L = 150 g·L−1). (CFe = CP = 0.2 mol·L−1, T = 30 °C; t = 60 min). 






Figure 8. Effect of pH on dissolution of FePO4·2H2O S/L = 150 g·L−1). (CFe = CP = 0.2 mol·L−1, T = 30 °C; t = 60 min).



[image: Metals 13 01884 g008]







[image: Metals 13 01884 g009] 





Figure 9. X-ray diffraction patterns of the leach residues at 0.5 mol·L−1 H2SO4 (T = 110 °C; t = 60 min; S/L = 150 g·L−1). 
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Figure 10. Effects of reaction temperature on the leaching efficiency of Li and Fe from roasted materials (C = 0.5 mol·L−1; t = 60 min; S/L = 150 g·L−1). 
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Figure 11. Effects of reaction temperature on the precipitation rate of t = 60 min and S/L =150 g·L−1, FePO4·2H2O (CFe = CP = 0.2 mol·L−1, initial pH = 0.5; t = 60 min). 
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Figure 12. X-ray diffraction patterns of the leach residues from different reaction temperatures. 
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Figure 13. Effect of reaction time on the leaching efficiency of Li and Fe from roasted materials (T = 110 °C; C = 0.5 mol·L−1; S/L = 150 g·L−1). 
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Figure 14. X-ray diffraction patterns of the leach residues from different reaction times. 
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Figure 15. Effects of solid-to-liquid ratio on the leaching efficiency of Li and Fe from roasted materials (T = 110 °C; C = 0.5 mol·L−1; t = 60 min). 
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Figure 16. X-ray diffraction patterns of the leaching residues from different solid-to-liquid ratios. 
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Figure 17. SEM images of the obtained Li2CO3 products. 
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Figure 18. X-ray diffraction patterns of the obtained Li2CO3 products. 
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Figure 19. SEM images of residue samples obtained from different leaching temperatures: (a) 90 °C; (b) 90 °C, magnified; (c) 110 °C; and (d) 110 °C, magnified. 
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Figure 20. Elemental maps of the leaching residues in the local area. 
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Figure 21. Proposed flowsheet for the selective recovery of Li from spent LiFePO4 cathode materials. 
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Table 1. The main composition of the spent LiFePO4 cathode (mass fraction, %).
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	Elements
	Li
	Fe
	C
	P
	Cu
	Al





	wt %
	4.18
	33.26
	4.63
	19.56
	<0.001
	0.17










 





Table 2. The composition of the products of Li2CO3 (wt%).
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	Element
	Li
	Fe
	Cu
	Al
	Mg
	Ca



	Standard Values
	99.5
	0.001
	0.0003
	0.001
	0.008
	0.02



	Measured Values
	99.7
	0.0006
	0.0002
	0.0004
	-
	-



	Element
	Na
	K
	Pb
	SO42−
	Cl−
	Hydrochloric Acid Insoluble Matter



	Standard Values
	0.04
	0.01
	0.002
	0.08
	0.003
	0.05



	Measured Values
	0.03
	-
	-
	0.05
	-
	0.01










 





Table 3. Elemental composition of raw materials and byproducts obtained from the proposed flowsheet.






Table 3. Elemental composition of raw materials and byproducts obtained from the proposed flowsheet.





	Samples Description and Units of Elemental Assay
	Li
	Fe
	Al
	P
	C
	Sample Mass (g) or Volume (mL)





	Raw materials (%w/w)
	4.18
	33.26
	0.17
	19.56
	4.63
	10.16



	Roasted materials (%w/w)
	4.39
	35.01
	0.18
	20.60
	2.82
	9.64



	Lixivium(g·L−1)
	6.35
	0.016
	0.006
	0.08
	-
	64.26



	Li2CO3 products (%w/w)
	18.82
	0.0006
	0.0004
	-
	-
	1.95



	Leaching residue (%w/w)
	0.096
	31.48
	0.15
	18.45
	2.55
	10.52










 





Table 4. Raw materials, chemical reagent, and product prices to treat 500 kg of spent LiFePO4 cathode materials by the present green process in China.
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	Substance
	Price (USD/kg−1)
	Consumption (kg)
	Economic Benefits (USD)





	Raw materials
	3.83
	500
	−1915



	H2SO4
	0.041
	162.72
	−6.671



	NaOH
	0.82
	0.47
	−0.3854



	Na2CO3
	0.38
	36.5
	−13.87



	Leaching residue
	0.547
	517.71
	283.19



	Li2CO3 products
	25.86
	95.96
	2481.52










 





Table 5. The energy consumption to treat 500 kg of spent LiFePO4 cathode materials for adopting this recycling process in China.
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	Process
	Price (USD/kWh)
	Energy Cost (kWh)
	Total Price (USD)





	Oxidation roasting
	0.109
	750
	81.75



	Low-acid pressure leaching
	0.109
	562.5
	61.3125



	Filtering, drying, and sieving
	0.109
	357.5
	38.9675



	Purification and evaporation
	0.109
	240
	26.16



	Precipitation
	0.109
	175
	19.075



	Total
	
	2085
	227.265
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