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Abstract

:

The exponential growth of electric and hybrid vehicles in the last five years forecasts a waste problem when their batteries achieve end-of-life. Li-ion batteries for vehicles have been assembled using materials from natural resources (as Li, Fe, Al, Cu Co, Mn and P). Among them, LiFePO4 cathode materials have demonstrated advantages such as charge–discharge cycles, thermal stability, surface area and raw materials availability (against Ni and Co systems). Due to the performance, LFP batteries stand out in heavy duty fleet, achieving 90% of new energy buses in China. To achieve the circular economy, the recycling of LFP batteries may be carried out by pyrometallurgy (thermal processing), hydrometallurgy (aqueous processing) or both in combination. Comparatively, hydrometallurgical processing is more advantageous due to its low energy consumption and CO2 emissions. In addition, Li may be recovered in a high-pure grade. This work is a literature review of the current alternatives for the recycling of LFP batteries by hydrometallurgy, comparing designed processes in the literature and indicating solutions towards a circular economy. The major recycling steps of hydrometallurgy routes such as pre-treatments, leaching and purification steps will be gathered and discussed in terms of efficiency and environmental impact.
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1. Introduction


Lithium-ion batteries (LIBs) have been gradually replacing other batteries such as lead-acid, nickel–metal hydride and nickel–cadmium storage technologies due to their higher energy density, life cycle and low self-discharge [1,2]. LIBs have a feasible specific energy density between 100 Ah/kg and 165 Ah/kg, allowing for applications in compact devices and electric vehicles. Additionally, their inherently higher life cycle (500 to 2000 charge and discharge cycles) and their cost decreasing from USD 1100/kWh in 2011 to USD 150/kWh in 2022 enhanced their attractiveness [3].



LIBs are used in different applications: electric and electronic equipment (EEE), energy storage systems (ESS) and electric vehicles (EV). EEEs include laptops, smartphones, tablets, e-scooters, e-bikes and small household devices. Once applied for industrial purposes or for energy storage from renewable sources (for instance, wind and solar), LIBs are classified as ESS. Other applications include vehicles, such as pure electric vehicles (EV), plug-in hybrids (PHEV), hybrid electric vehicles (HEV) and motorized two-wheelers [4].



Currently, LIBs are the most common technology applied to EVs and account for more than 40% of EVs’ prices. An on-board LIB pack in an EV contains hundreds of single-LIB cells packed together to provide a combined power supply, with the absence of tailpipe emissions and a reduced carbon footprint [5]. For example, the Nissan Leaf 24 kWh battery pack has 192 cells and weighs 290 kg, and the Chevrolet Volt 16 kWh battery pack has 288 cells and weighs 197 kg [6].



Among LIBs, LFP batteries take advantage of the absence of Co and the phosphate’s capacity to stabilize the structure, enhance the electrode stability against overcharging and provide a higher tolerance to heat [7]. In this sense, an LFP cathode tends to dominate large-sized applications such as buses, large vehicles and large equipment [8]. In the future, the recycling of spent LFP batteries from EVs will be a secondary source of critical raw materials (Li, P and C) [9].



Thus, the main objective of this review is contemplating the recycling paths of LFP batteries, in terms of circular economy. The hydrometallurgical process will be discussed because of its environmental compatibility, lower energy demand, high-priced products and less air pollution. Leaching and purification steps will be gathered and discussed in terms of efficiency and environment protection.




2. Lithium-Ion Batteries (LIBs)


Figure 1 depicts the battery cycles and set-up configuration of inner components. The main components in commercial LIBs cells are the positive and negative electrodes (cathode and anode), separator and electrolyte, all of them involving a metallic extern protection. The cathode has an active material bonded in an aluminum foil, and each active material in the cathode generates a different type of battery (Section 2.1). The anode usually has graphite bonded in a copper foil.



Ref. [11] summarized the mass percentages of each component for three common batteries on the market. Metallic extern protection or housing may be of metallic aluminum or steel and vary between 17 and 27% of the mass percentage of the cell. The cathode has two main components, active material and aluminum foil, varying between 26% and 41% for the active material and 4 and 7% for the aluminum foil. In the anode, the main components are the anode active material and copper foil, corresponding to 13–18% and 7–17% of the cell, respectively. The separator corresponds to 3% of the cell, and the electrolyte varies between 10 and 16%. As reported by the authors, the mass fraction of each component in battery cells must change among different manufacturers.



2.1. Cathode Materials


The cathode is a composite material with active material coated in an aluminum foil. Polyvinylidene fluoride (PVDF) is usually used to bond the active material at the Al foil [12]. It might have conductive carbon and additives for improved performance [13].



The active material is a black powder constituted by oxides of transition metals (TMO2); the composition determines the type of battery. Commercial LIBs have been developed with the chemical formulas LiNixMnyCozO2 (NMC), LiNiO2 (LNO), LiMn2O4 (LMO), LiNixCoyAl1−x−yO2 (NCA) and LiCoO2 (LCO). There is also the active material composed of phosphate of lithium and iron—LiFePO4 (LFP). Crystalline structures reported in commercial LIBs are layered (LCO, NCA and NMC), spinel (LMO) and olivine (LFP).



The chemical composition and crystalline structure must change the electrical properties. Also known as intercalation materials (IMs), those oxides should accept or release Li+ at the crystalline structure with the generic redox reaction described in Equation (1).


    TMO  2  +   xLi  +  +      xe   −  ↔      Li   x    TMO  2   



(1)







Li incorporation into oxides’ crystalline structure must occur with low-volume expansion and contraction to provide mechanical and electrochemical stability and long-term use for the battery [14]. Other characteristics of intercalation materials include the weak structure perturbation by the incorporation of metal-ions, the low concentration of transition metal ions in the structure and the host stoichiometries for Li+ 1:1 or 1:2 [14].



In a layered structure model, two octahedron units (LiO6 and TMO6) should be selected, and Li diffusion throughout the oxide is directly influenced by the valence state of TM ions and the size of TMO6 [15]. In general, high nickel contents in transition metal oxides lead to a higher specific capacity of 270–285 Ah/kg for NMC batteries [16].



Lithium manganese oxides (LiMnO2 or LiMn2O4) should have several compositions, but the LiMn2O4 spinel is the most applied in commercial LIBs. In spinel crystalline structures, octahedral and tetrahedral structures intercalate in the spatial arrangement. This cathode stands out for a three-dimensional diffusion pathway, which guarantees good reversibility for charging and discharging, despite the lower specific capacity of 110 Ah/kg compared to that of other cathode materials in Table 1.



Iron phosphate batteries (LiFePO4) have the same structure as olivine minerals. In this crystalline network, FeO6 disposes in octahedrons, forming plane structures connected by PO4 tetrahedra. These FeO6 octahedra structures share oxygen bonds with LiO6 octahedrons, forming a 1D channel for Li-ion diffusion [15]. This molecule stands out in the absence of nickel and cobalt and may achieve a 170 Ah/kg theoretical specific capacity and a 3.5 V cell voltage against the graphite anode [7].



Table 1 summarizes comparative analyses among commercial LIBs. The LFP cathode has the best safety in comparison with other cathode materials because of the phosphate’s capacity to stabilize the structure, enhance electrode stability against overcharging and provide a higher tolerance to heat, which limits the thermal runaway [7].



Despite the advantages of the LFP cathode performance, its chemistry has shown drawbacks in EVs. The olivine structure has a lower theoretical specific capacity than NCA (LiNiCoAlO2) and NMC (LiNxMyCzO2) chemistries and a limited nominal potential in 3.2 V, causing LIBs manufacturers to choose high potential cathodes for power gain with a smaller battery package [17]. Furthermore, Li ions diffusion hardly affects LFP batteries’ efficiency once it has poor electrical conductivity (10−9 to 10−8 S/cm), ionic conductivity (10−11 to 10−9 S/cm) and ionic diffusivity (10−17 to 10−12 cm2/s) [18]. Additionally, LFP batteries have a low electrochemical performance at temperatures below 0°C [19]. These drawbacks lead to a difficult application for high-capacity EVs, and efforts have been made to enhance their efficiency.



For this reason, the LFP cathode has characteristics that lead to a share of the world market of 2% in 2020 [20]. Improvements in Li ion diffusion and electrical conductivity have led to the LFP cathode dominating electric bikes and heavy-duty fleet [8]. The high cycle performance (2000 cycles), thermal stability, low density (1.0–1.4 kg/m3) and high surface area (1200–2000 m2/kg) stimulated the large-sized applications, including in large equipment. Due to the performance, about 90% of new energy buses in China are equipped with LFP batteries [16]. Therefore, LFP batteries have an important share in the large vehicle market.




2.2. LiFePO4 Cathode


The safety of LFP batteries is due to LiFePO4 two-phase lithiation, leading to a stable voltage plateau in contrast to the single-phase intercalation process of layered oxide materials [21]. Equation (2) summarizes electrochemical reactions at the electrode/electrolyte interface; the direct reaction of equilibrium consists in the discharge process. Separating by electrodes, Equation (3) indicates the lithiating process in the cathode. Equation (4) shows the reactions in the anode.


    Li  n   C 6  +   Li   m − n     FePO  4    ⇆      Li   0   C 6  +   Li  m    FePO  4   



(2)






    Li   m − n     FePO  4  +   nLi  +  +   ne  −    ⇆      Li   m    FePO  4   



(3)






    Li  n   C 6  ⇆      Li   0   C 6  +   nLi  +  +   ne  −   



(4)







Once the LFP crystalline structure has only one diffusion path for Li-ions, the good cathode performance depends on synthesis parameters. An adequate cathode preparation must avoid impurities, reduce the active material cost and improve electrochemical characteristics.



The cathode active material (LiFePO4) may be produced by a solid-state reaction, mixing Fe and Li sources (FePO4 and LiCO3) under an inert atmosphere and high temperatures. Frequently, this process led to few impurities in the final product, such as Li3Fe2(PO4)3, Fe2O3 and LiPO4 as subproducts of the thermal treatment [13]. To obtain fine particles, avoid impurities and improve electrochemical properties, wet-synthesis routes such as precipitation, sol–gel, polyol, hydrothermal, solvothermal, reverse micelle and spray pyrolysis have been explored [13,14,15,16,17,18,19,20,21,22].



The carbon coating process has been widely applied because the conductive carbon layer increases the electron migration rate during the charge/discharge cycles [23]. Carbon coating is commonly obtained in the synthesis of LFP cathodes at solution routes, dispersing carbonaceous materials in an aqueous or nonaqueous solution. The product of this process is an LiFePO4/carbon composite. The surface covered with conductive carbon also contributes to reducing the particle size, inhibiting particle growth during sintering [19]. The size of the particles decreased as the carbon content increased. Finally, LFP/C composites with about 2 wt% carbon covering displayed an improved discharge capacity, capacity retention and rate capability compared to those without coating [22].




2.3. Anode Materials


The most common anode active material of the commercial LIBs is carbon-based (graphite), while other materials such as graphene and lithium titanate (Li4Ti5O12) are possible. Graphite has a high specific capacity of 370 Ah/kg and a low average voltage (150 mV vs. Li/Li+) [7]. Graphite stands out in LIBs applications due to its high electrical conductivity, low cost, mature production process and abundant resources [24].



Graphene has a specific capacity of 744 Ah/kg because both sides of the graphene may host Li ions (Li2C6) [24]. This guarantees that graphene has a two times higher specific capacity than graphite anode. Lithium titanate (LTO) is based on a redox couple (Ti4+/Ti3+), which works at approximately 1.55 V and has a specific capacity of 175 Ah/kg [25].




2.4. Separator


The separator is a physical porous membrane soaked in electrolytes that leads Li-ions to move between the cathode and anode. As one of the key components for LIBs, the separator avoids short-circuiting during the battery operation, promotes lithium ions transfer between the electrodes, regulates cell kinetics and suppresses the formation of dendrite structures [26]. There are four types of battery separators: single/monolayer polymers, polymer blends, composites and solid separators.



Single polymers are separators based on a monolayer of polyolefins such as polyethylene (PE) and polypropylene (PP). The fabrication process aims to control key parameters such as pore diameter and porosity while soaked with the electrolyte. Low-porosity and small-pore-sized membranes protect the internal short circuit, while high-pore-sized membranes enhance ion conductivity [27]. Those polymers are widely used in commercial LIBs due to their affinity with electrolytes, mechanical strength, short migration paths for Li-ions, electrochemical stability and cost-effectiveness [28]. Furthermore, PE separators are preferred, as they show an improved cyclic stability in comparison with PP separators [29].



Polymer blends are usually the combination of PE and PP, forming bilayer PE/PP or multilayer PP/PE/PP. Those separators are commonly called “shutdown separators”, owing to the fact that they act as a safety device, based on the lower melting point of PE compared to that of PP. Once the internal temperature rises to the melting point of PE, it melts to close the inner pores of the PP structure, preventing Li-ions diffusion and stopping electrochemical reactions [30]. Blends of polymers would raise the melting point of the mixture, enhancing thermal stability and sustaining the ionic diffusion throughout the membrane [31].



New batteries have tested composite membranes to enhance thermal stability, overcoming the low melting point of polyolefin-based separators. Ceramic-coated separators (CCS) stand out with the commercial application because of the enhanced physical properties, thermal stability and cost-effectiveness [32].



The CCS is a composite membrane formed by a polyolefin separator (PE and PP), with ceramic materials coated on the surface (Al2O3, MgO, SiO2 and γ-LiAlO2) [27]. Polymeric binders such as polyvinylidene fluoride-hexafluoropropylene (PVDF-HFP), polymethyl methacrylate (PMMA) and polyvinylidene fluoride (PVDF) have been used for coating inorganic material onto the polyolefin membrane [33]. Despite previous advantages, there is still a safety issue due to the low melting point of the binders, which should desquamate the ceramic layer and raise the total cost of the separator [33].




2.5. Electrolyte


Liquid electrolytes are the standard physical media for ion conduction in most commercial electrochemical energy storage devices, including LIBs [34]. Conventional LIBs electrolytes are composed of carbonate liquid solvents, either singular or a mixture of them, with lithium salt and organic additives dissolved into those solvents [35]. In general, the electrolyte is mixed with about 12 wt% lithium salt, 83 wt% solvent and 5 wt% additives [36].



Organic solvents make up a higher proportion in the electrolyte mixture and must exhibit a high dielectric constant (ε0), low viscosity (η), a high flash point, nontoxicity and economic feasibility. Further, the solvent maintains the chemical stability of the cells and must remain at the liquid state during the battery operation (wide temperature range between the melting and boiling point) [37]. The term “green solvents” has specified organic solvents that show characteristics such as a low toxicity, low vapor pressure and biodegradability [38].



LIBs have used nonaqueous solvents, commonly aprotic apolar, due to Li electrolytes’ reactivity in water [21]. The use of green solvents has been increasing, such as organic carbonates, which present a large liquid temperature range (melting point = −49 °C and boiling point = 243 °C), low toxicity and biodegradability [38]. Further, organic carbonates have a large supply chain for attaining a high LIBs demand [39].



The literature has reported the use of organic solvents such as ethyl carbonate (EC), propylene carbonate (PC), methyl ethyl carbonate (EMC), dimethyl carbonate (DMC) and diethyl carbonate (DEC). Linear carbonates present a high dielectric constant, leading to high ionic conductivity and good penetrating ability into polyolefin-based separators, decreasing the electrolyte viscosity and forming a stable solid electrolyte interface (SEI) film on the graphite surface electrode [40].



The cathode’s contact with the electrolyte at high voltages causes the oxidation of solvent molecules, while the anode depends on the formation of an SEI. Further, the graphite structure can be easily destroyed during the intercalation/deintercalation of lithium ions and electrolytes into the graphite layer at a high C-rate or after long-term cycling [41]. In order to improve the solvent ionic conductivity and effectively passivate electrodes, lithium salts such as LiPF6, LiPF4, LiAsF6, LiClO4, LiCF3SO3 and LiBC4O8/LiBOB have been used [36]. Among them, lithium hexafluorophosphate (LiPF6) is the main salt in commercial LIBs [2].



The solid electrode interface (SEI) is a thin layer formed on the anode surface, composed of Li2O, LiOH, (LiCO2)2, LiOCH3, Li2CO3 and LiF (being the main reagent) [41]. A desirable SEI film should be electron-insulating, uniformly and compactly cover the graphite surface and allow for Li+ diffusion paths at the anode [42]. Throughout this solid interface, lithium ions transfer from lithiated graphite (LiC6) to the solution, or the opposite path. One of the SEI possibilities, for instance, is the layer of LiF at the graphite edge produced by the decomposition of LiPF6, as depicted in Equation (5) [41].


    LiPF  6    → LiF +   PF  5   



(5)







Electrolytes such as LiClO4, LiBF4 and LiPF6 have high toxicity. The standard electrolyte in commercial LIBs (LiPF6) showed a high reactivity upon the exposure to air and might hydrolyze. In contact with air moisture by incorrect disposal in soils, this salt releases HF, causing serious environmental damages (Figure 2). Equations (6) and (7) present the decomposition of LiPF6 that might occur, even at room temperature [37]. Initially, PF5 is formed by the reaction with water traces, which should produce hydrofluoric acid (HF), lithium fluoride (LiF) and phosphoric acid (H3PO4) [21,22,23,24,25,26,27,28,29,30,31,32,33,34,35,36,37,38,39,40,41,42,43].


    LiPF  6      (  sol .  )    +  H 2   O    ↔      LiF     ( s )    + 2   HF    (  sol .  )    +      POF   3      (  sol .  )     



(6)






    PF  5      (  sol .  )    +  H 2   O    ↔   2   HF    (  sol .  )    +      POF   3      (  sol .  )     



(7)









3. LIBs Demand and Waste Generation


Recently, the mature stage of LIBs technology has led to a rapid increase in its application for electric vehicle (EV), plug-in hybrid electric vehicles (PHEV) and hybrid electric vehicles (HEV). EVs have only electric batteries as the power supply. The difference between PHEV and HEV is the higher battery size in PHEV, which allows for running long distances with only electric power [44].



Figure 3 depicts the global electric vehicles on the road from 2010 to 2021 [45]. In 2014, 1 million EVs were on world’s roads, and electrification became more evident in the following years. Between 2019 and 2020, the world’s EVs fleet increased by 43%, with the number of EVs being higher than 10 million [46]. In 2021, 16.5 million EVs were on the roads, and sales achieved 9% of the global car market share [45].



China maintained the world’s largest EV fleet in 2021 with 7.8 million units, followed by the European Union, with 5.5 million, and the USA, with over 2 million in 2021 [45]. China is expanding its market, having employed government subsidies for EVs during pandemic (2020–2022), and the country achieved the mark of 16% electric cars sales in the domestic market [45]. The European Union achieved the mark of 17% of EVs in auto sales, and the USA achieved a market share of 4.5% of EVs. Compared with 2020, the market share of EVs in auto sales was 5.7%, 10% and 2% in China, the EU and the USA, respectively [46]. The EV market will have a strong influence in the EU, the USA and the BRICS countries [10].



Countries such as the Netherlands, Norway, France, India and the United Kingdom have explicitly launched a ban on selling internal combustion vehicles in the coming years [47]. The Norwegian Parliament has decided that all new passenger cars and light vans should be zero-emission by 2025. The country has been stimulating the EVs market through the exemption of registration taxes for new EVs, free access to bus lanes, reduced parking fees and rebates in car ferry crossings [48].



The increased demand for LIBs tends to generate high amounts of spent LIBs waste during manufacturing and end-of-life (EoL). When LIBs achieve an 80% rate capacity, they no longer meet the requirements for EVs applications. After that, the batteries should be applied in less-demanding capacity applications and then enter the end of life with less than 60% initial capacity, becoming electronic waste [49]. It is predicted that more than 25 billion units and 500 thousand tons of LIBs will become waste in 2020 [50].



China has been the largest electric vehicle market and battery manufacturer since 2019 [51]. With the exponential growth of the EVs market in China, many LIBs will be scrapped soon, making it the country with the most spent LIBs generated [36]. It is estimated that the total number of spent batteries in China will reach 605,800 tons in 2030, while about 313,300 tons will be from spent LiFePO4 batteries [52].




4. Critical Raw Materials


As shown in previous sections, companies have assembled LIBs with several compositions. The demand and pression for the electrification of the vehicles fleet has created a scenario of increasing the production of raw material and mineral extraction to supply the LIBs market. LiFePO4 batteries materials that are receive special attention are Li, graphite and phosphate minerals. Those materials are classified as critical for a wide group of countries, while other metals such as Cu, Al and Fe have abundant resources [10].



Natural graphite is an abundant material on earth, but only China has 70% of the world’s production share in 2017 [53]. The supply concentration in some countries has led the market to mix synthetic and natural graphite for LIBs applications, despite synthetic graphite’s cost (almost double that of natural graphite) [54]. Further, the major part is destined to steelmaking, impacting the availability of natural graphite for battery applications. By 2050, the global graphite demand for energy storage applications is expected to increase by 500% compared with that in 2018 [55].



Mined phosphorous is majorly destined to the food industry, with 85% of the global production destined to fertilizers and 10% to animal feed supplements [56]. In estimating the demand of phosphorous per year, considering the increase in the EVs and LFP markets, around 5% of the current global phosphorous demand will be just from light electric vehicles by 2050 [56], drawing attention to the competition between the food and energy industries. On the other hand, in the largest LFP batteries market (China), 102.90 million tons of phosphate rocks (30% of P2O5) were produced in 2022, increasing by 13.8% compared to the previous year [57].



Chile and Argentina are the major producers of Li from brines, while Australia and China stand out in mines extraction [58]. The global consumption of lithium in 2020 was estimated to be 70,000 tons, and it was 93,000 tons in 2021 (which represents a 33% increase) [59]. The increase in global Li consumption may be related to the end-use of Li in batteries. The final destination of Li to batteries has changed from 34% in 2015 to 74% in 2022, pushed by the demand for EVs and portable electronic LIBs [59,60]. Only China accounts for 50% of the Li global consumption, and it is the world’s largest consumer [36]. The cumulative demand for Li in China will exceed the current Li reserves by 2028 [61].



Commodity production should be affected for political and social issues. The biggest world suppliers may protect their domestic market, restricting imports and causing market stress and uncontrolled prices. Further, increasing demand in the sector of renewable energy raised prices for the abovementioned raw materials. Concerns about the supply chain of raw materials for LIBs production led countries to classify some commodities as critical or strategic raw materials [59,60,61,62].



According to the European Union (EU), critical raw materials include materials with economic importance and supply risks for the bloc. The EU list of 2020 contains 30 materials, including materials important for cathode and anode manufacturing. Materials such as cobalt, phosphate rock, phosphorous, natural graphite and bauxite (aluminum source) have been listed since 2017, while Li was included in 2020. The increasing demand for graphite and phosphorous, along with the import dependence of the EU, includes those minerals as critical for the bloc. Despite the absence of iron in the list of critical materials, EU countries do not have iron natural resources, except for Sweden, with a production of 35 million metric tons per year, representing 1.5% of the global iron ore production in 2020 [63].



The USA geological survey disposed a list of “salient critical mineral statistics”. Critical minerals are defined as minerals that are essential for economic or national security, are under supply chain interruption risks or serve to manufacture an essential product [59]. The USA is totally dependent on the import of its critical list once the consumption surpasses the primary and secondary productions. The list includes cobalt, manganese, lithium, natural graphite and aluminum (the latter being included in the fabrication of LFP batteries as an electron collector and cases). Bauxite (Al) stands out with the highest consumption among the listed materials, but Li and natural graphite have more scarcity and impact the applications for renewable storage systems [64].



Brazil summarizes the “strategic materials”, which are raw materials that are heavily dependent on imports or minerals of which the country has an abundance in natural reserves and production [10]. The materials listed as strategic for Brazil, regarding LIBs applications, include: lithium, aluminum, copper, cobalt, iron, manganese and phosphor [65]. Brazil still needs more studies summarizing the critical raw material for the national economy and evaluating the domestic and importations supply risk [66].



Those materials do not have primary or secondary production (lower than 5%, in spite of the fact that 95% of aluminum cans, for instance, are recycled), indicating that the recycling process should be an alternative to promote the circular economy and the reinsertion of materials into the production chain. For instance, the lithium secondary production recovered from end-of-life LIBs must significantly reduce the need for lithium raw materials [36].




5. LIBs Waste and Circular Economy


The extensive use of LIBs must raise the number of spent LIBs generated every year. In those spent LIBs, there are many valuable chemicals (Li, P, C, Ni and Co). Furthermore, incorrect disposal would be harmful for the environment. Some components such as organic flammable solvents and toxic salts classified spent LIBs as hazardous waste [67]. Spent LIBs must be disposed safely and properly recycled to avoid polluting the environment and recovering the valuable metals [68].



The circular economy is a concept designed to change the linear chain of the products life cycle (take–make–use–dispose) to a model that reintroduces residues in the market. For this model, all material and energy streams need to be reintroduced to the economy cycle [69]. In an ideal scenario, all of the energy input into the cycle comes from renewable resources, and the input of virgin raw material might be reduced [70]. Reducing, reusing, refurbishing and recycling are the major ways to reintroduce material raw materials to the life cycle chain.



Reducing has an intrinsic relation with the fabrication of new LIBs. The manufacture of new LIBs should consider second uses and recycling, as well as the substitution of critical raw materials in LIBs. The cobalt content has been reduced in cathode active material, replacing it with a high Ni content (NCA and NMC) or substituting it for other battery types, such as LFP batteries (without Co and Ni). In addition, the substitution for Fe phosphate is benefited due to its abundant sources and reducing Co extraction from D.R. Congo (the main Co resource in the world, related to social and political issues) [54].



Reusing spent LIBs is to give them a second life. Spent LIBs from EV applications that retain 80–85% of their original capacity may be directly applied in stationary uses [71]. Less essential purposes such as residential backup systems and generating energy for LED (light emitter diode) would not demand a high energy density and must consist of reusing spent LIBs from EVs applications [1]. In recent years, second utilization has attracted wide attention because it extends the LIBs life cycle, reduces the cost of batteries for EVs and other applications, alleviates the recycling pressure, reduces the raw material demand and promotes a circular economy for LIBs [69].



Refurbishing is sometimes needed for secondary applications. Refurbishing at the cell level consists of disassembling batteries modules into single cells; then, the cells are tested and sorted to be remanufactured into a new module for lower-energy-density applications [69].



Recycling is a fundamental path to achieving an LIBs circular economy. Reducing, reusing and refurbishing should postpone the LIBs life cycle but will not recover the components of the spent cells. Recycling might be a way to recover valuable chemicals, save natural resources and avoid the environmental impact hazards involved in mining activity, the manufacture of new LIBs and incorrect disposal [72].



Recyclers are interested in NMC batteries due to the intrinsic value of Ni and Co. Despite this, a heavy duty fleet has the potential to produce high amounts of battery waste, and the volume of LFP batteries disposed must not be neglected. Once LFP batteries are classified as hazardous waste, the final users may pay for the final disposal, increasing the attractiveness of recycling LFP batteries.




6. Recycling Routes


6.1. Industrial Processing


LIBs may be recycled by pyrometallurgy, hydrometallurgy or combination of both [73]. Figure 4 depicts the steps for LIBs recycling. Batteries recycling starts with discharging to avoid short circuits; then, the cells may be dismantled or directly comminuted (pre-treatment steps). Metal extraction is the pyro/hydrometallurgical step, which involves the recovery of metal using temperature or acid solutions. Then, the metal may be separated in the purification steps.



Table 2 summarizes the recycling process of the main recycling companies. Pyrometallurgy is the most common method currently used, such as by Umicore (Belgium), Inmetco (USA) and JX Nippon (Japan) [74,75]. Hydrometallurgy remains a part of a few industrial applications in battery recycling, the most important being Retriev (Canada and US) and Recupyl (France) [76].



Among industrial plants (Table 2), Accurec recovers lithium by combining pyrolytic and hydrometallurgical process steps. The final products are lithium carbonate (Li2CO3) and high-priced metal alloys [60]. Further, lithium recycling processes are carried out by AEA Technology Group plc (UK), by Batrec Industrie AG (Switzerland) as well as by Recupyl (France) [60].



LiFePO4 batteries are forecasted to become a waste problem in the future, as China represents a large consumer for the application of large vehicles assembled with LFP (Section 2 and Section 3). The lack of industrial recycling plants for reintroducing Li, C and PO43− at the supply chain, concerns about the release of GHG and toxic gases and the high energy demand (usually from fossil fuels) at the pyrometallurgical processes draws attention to the need for technology development in the hydrometallurgical process of LFP batteries recycling. In the next sections, pre-treatments and pyrometallurgy for LIBs recycling will briefly be discussed. Then, literature studies on the hydrometallurgy recycling of LiFePO4 batteries will be summarized and discussed in terms of environmental risks. The aqueous processing steps included were leaching and purification steps (precipitation, solvent extraction, ionic exchange, electrodialysis, ionic liquids and deep eutectic solvents).




6.2. Pre-Treatment


Batteries may follow the recycling route initially by pre-treatment stages, such as sorting, discharging, disassembling, dismantling and mechanical treatments [77]. A process designed to operate with LIBs may not support other battery types such as alkaline, NiMH, lead-acid and nickel-cadmium and may lead to effluent contamination and decreased efficiency. Sorting has two objectives: avoid contaminations by other types of batteries and separate LIBs by cathode chemistry [76].



The manual inspection has been used in LIBs recycling plants, and it is still the most common method in the EU [4]. The combination of automatic and mechanic sorting has been reported to separate LIBs, using techniques such as magnetic separation, X-ray fluorescence and electromagnetic and UV sorting [4,76,78].



After sorting, the spent LIBs must be completely discharged to avoid little residual power. If exposed to air when charged, short circuits may occur in the battery cells or packs, as well as liquid leakage, explosions or fires, leading to serious injuries for operators [78,79,80]. A method widely reported in the literature is submerging spent LIBs in saline solutions for a fast and low-cost discharge [10].



Discharged LIBs should be disassembled to isolate the cells and separate the main parts of the battery pack. This process efficiently recovers the aluminum household (or case), copper electric wires, the printed circuit board, cooling systems and plastics from the battery pack. Dismantling separates the components of the cell: the aluminum shell, the cathode (aluminum foil and active material), the anode (copper foil and graphite) and the separator. For a large industrial scale, it should be necessary to automate processes or robots for the removal of internal cell components [78]. Releasing cells and separating inner components have challenges at a large scale: the automatic system should contemplate possible module and cell formats (cylindrical, prismatic and pouch) and cathode active materials.



For this reason, mechanical or comminution processes have been used in LIBs recycling to decrease the particles’ size and change morphologies. There are several types of crushing equipment: shredders, hammer mills, balls mills and cutter mills. Beyond mechanical equipment, many techniques may be used: wet crushing, dry crushing, impact crushing and shear crushing [79]. Hammer mills break materials by fast-rotating hammers, shredding uses two rotating disks with a high torque and low speed and cutter mills use high-speed knives to cut materials [80].



Hammer mills are commonly used, and they were developed for the comminution of brittle materials (materials that fracture near to the elastic limit) [81]. Hammer mills shatter particles by impact crushing with the rotating hammers and striking them against the inner surface/breaker plate of the shell [82]. Waste materials are usually inhomogeneous; most of them show non-brittle behavior (metals, plastics, rubber, wood, paper and biomass) [83]. The comminution of non-brittle materials must contemplate mechanical processes: shearing, cutting, pulling, tearing and tensile stresses [84].



Shredders with horizontally mounted rotors have been used for the comminution of spent cars, and they are mainly employed to achieve material liberations of aluminum, lead-acid batteries and electronic scraps [85]. The shear shredder uses two opposing counter-rotating blades to cut or shear wastes, producing a higher uniformity in comparison with hammer mills [86].



Cutter mills are usually employed for fibrous materials, largely applied in the pulp and paper industry [87]. Based on cutting, shearing and impact grinding mechanisms, fine-grinding materials are achieved by material attrition with rotor blades [88]. The mechanical processing of LIBs using a knife mill has been reported to active material liberation, the separation of the less valuable fraction (plastics) and efficient metals leaching [89].




6.3. Pyrometallurgical Processing


Pyrometallurgy is well known as a process for recovering target metals at high temperatures (above 500 °C). The techniques widely applied for the treatment of batteries are smelting, roasting/calcination, incineration and pyrolysis. Microwave-assisted carbothermic reduction, smelting slag system design and salt-assisted roasting are under study [74,75].



In the smelting step, the batteries are heated above the metals and oxides melting point (up to 1400 °C), forming a liquid phase of molten alloys and another called a slag [75]. The degradation of organic compounds provides energy to raise the temperature and form the molten layers, while carbon and Al act as reducing agents. Valuable reduced metals are concentrated at the molten alloy phase. Pretreatment stages such as sorting and dismantling are negligible once the spent batteries are fed directly into a high-temperature furnace [74].



The roasting technique is a solid–gas reduction at temperatures above 600 °C. Unlike smelting, the reaction is conducted bellow the melting point temperature, and the objective is to reduce the metals to a lower valence stage for leaching efficiency improvement [74]. A roasting example is carbothermal reduction (CTR), which is used to repair the LiFePO4 structure [75,76,77,78,79]. In carbothermic reduction, reductant carbonaceous materials are mixed with the cathode material and heated to 650–1000 °C. The main products of smelting and roasting techniques are metal alloys, slag, gases and precursors for the hydrometallurgical route [8].



Incineration consists in burn batteries cells or modules under oxygen atmosphere. Incineration has been applied as a pretreatment for battery modules releasing cells, reducing waste volume and removing plastics. Once applied in dismantled cells, it is capable of burning graphite, PE/PP polymers, PVDF and organic compounds at temperatures above 800 °C [90]. Pyrolysis burns material under inert atmosphere (N2 or Ar) and seems to be an eco-friendlier process than incineration, considering the chemical compounds in LiBs [91]. For example, the pyrolysis of PE gives alkanes and alkenes, while PP gives a very small amount of its monomer during pyrolysis [92].



In the thermal treatment, the PDVF binder decomposes at 475 °C, releasing HF gases and short-chain hydrocarbons [93]. Furthermore, significant energy is demanded in order to maintain high temperatures, which release greenhouse gases. The Umicore pyrometallurgical process demands 5000 MJ per ton of processed batteries, mainly to maintain the temperature in ovens [94].



One of the main disadvantages of pyrometallurgy in LIBs recycling is the Li recovery, since it does not occur because the element goes through a slag phase which complicates its recovery, even by acid leaching. Above 1650 °C, Li forms volatile species, increasing its loss at the flue dust [94]. Moreover, the main products are metallic alloys, which are less profitable than the highly pure products obtained in hydrometallurgy processing [74].




6.4. Hydrometallurgical Processing of LFP Batteries


Hydrometallurgy routes involve processes for dissolving metals, mainly the cathode, by acid or alkali aqueous media, followed by separation and purification steps for obtaining the metallic compounds [95].



Compared with pyrometallurgy, aqueous processing demands lower energy and less GHG emissions (lower carbon footprint). In addition, organic compounds (PVDF and additives) are usually removed by solvents extraction or acid solution, preventing environmental contamination with toxic organic vapors and persistent organic pollutants from thermal degradation. On the other hand, final products are obtained as single-metal salts that are separated (FePO4, LiCO3, Al(OH)3), which are more valuable than metallic alloys [8].



6.4.1. Leaching


Leaching depends on different parameters: stirring speed, solid/liquid ratio, acid concentration, temperature, time, reducing/oxidant agent and particle diameter. Several authors have studied the parameters for LFP cathode leaching, controlling the extraction percentage of metals. Two types of leaching for metal recovery are currently used: non-selective and selective recovery. The first technique recovers the whole cathode into the leach solution (such as Li, Fe and PO4), while the selective recovery technique involves recovering Li from the leaching solution and FePO4 as a leaching residue [96].



The literature supports the acid leaching with mineral (Table 3) and organic acids (Table 4). Among mineral acids, H2SO4 has the lowest price and high availability, and it has shown good results for industrial applications [97,98,99,100]. Table 3 depicts examples of acid leaching with H2SO4, where this mineral acid achieves up to 98% of LFP cathode leaching. Mineral acids have not shown selective properties in leaching, and the literature focuses on the recovery of all the metals. Despite that, the use of oxidizing agents (H2O2 and O2) increases the selectivity towards Li leaching [101,102]. Equations (8) and (9) represent the non- and selective leaching of LiFePO4 in H2SO4.


  2   LiFePO  4      ( s )    + 3  H 2    SO  4      (  aq  )    →      FeSO   4      (  aq  )    +   Li  2    SO  4      (  aq  )    + 2  H 3    PO  4      (  aq  )     



(8)






  2   LiFePO  4      ( s )    +      H   2    SO  4      (  aq  )    +      H   2   O 2      (  aq  )    →   FePO  4      ( s )    ↓ +   Li  2    SO  4      (  aq  )    + 2  H 2   O   (  aq  )     



(9)







Ref. [97] discharged and dismantled the LFP battery for the separation of electrodes sheets. Then, the authors crushed and heated the cathode sheet at 450–650 °C for the thermal degradation of the PVDF binder and the conductive carbon. The powder was separated from the Al metallic via an oscillating sieve and leached with H2SO4 in the absence of H2O2. The leaching efficiency was 97% Fe and 98% Li, using optimal leaching conditions: 2.5 mol/L H2SO4 concentration, solid-liquid ratio 10 mL/g, 60 °C and 4 h.



Ref. [99] evaluated the leaching performance of LFP spent powder in H2SO4 without H2O2. The H2O2 acts as an oxidizing agent, promoting the redox reaction Fe2+/Fe3+ and FePO4 precipitation. LiFePO4 powder was obtained by the discharging, dismantling and alkaline leaching of the PVDF polymer (cathode immersed in 1 mol/L NaOH solution). The researchers reported a leaching efficiency of 96.67% Li and 93.25% Fe, under optimized conditions: 2 mol/L H2SO4, solid-liquid ratio 20:1, 70 °C and 2 h.



Ref. [100] leached a mixture of crushed LFP cathodes, without removing the Al sheet. The cells were dismantled to separate the cathode sheet and crushed. The optimal conditions that were selected were the higher leaching percentages of Li, Fe and P and the lower leaching efficiency for Al. The optimized leaching conditions were 20 °C, an AMR (analytical grade H2SO4 volume per mass of active material) of 0.35:1, a leaching time of 90 min, a liquid:solid ratio of 5:1 and a stirring speed of 800 rpm. The leaching efficiencies were 92.19% Li, 91.53% Fe, 91.01% P and 15.8% Al.



The aforementioned works focused on non-selective recovery, achieving leaching percentages above 90% for the target materials in LFP batteries (Li, Fe, PO4 and Al foils). As presented in Table 3, a large quantity of the leaching agent (acid concentrations above 2 mol/L) is necessary to destroy the olivine structure [96]. A process designed to work with non-selective leaching may generate higher amounts of secondary waste, in terms of acid effluents. On the other hand, successive purification steps for separating metals from the solution enhance the reagents consumption for pH neutralization and result in a large amount of contaminated water.



Despite the poor selectivity, the addition of oxidizing agents to mineral acids may decrease Fe leaching. Ref. [101] demonstrated that the H2SO4 leaching controlled the stoichiometry ratio between the leaching agent and Li content and added an oxidizing agent for Li selective extraction. The powder was obtained by discharging spent LFP batteries, dismantling to separate the cathode and immersing the cathode in a 0.4 mol/L NaOH solution for Al removal. Leaching experiments were carried out with 5 g of active material with different amounts of H2SO4 and H2O2, temperatures and leaching times. Under the optimized conditions (0.3 mol/L H2SO4, H2O2/Li molar ratio 2.07, H2SO4/Li molar ratio 0.57, 60 °C and 120 min), it extracted 96.85% of Li, 0.027% of Fe and 1.95% of P.



Ref. [102] reported an increase in the selectivity of H2SO4 by using O2 as an oxidant agent. Spent LiFePO4 batteries were pre-treated to remove Al and Cu and leached with H2SO4 and bubbling O2. Leaching was carried out with the following conditions: 0.6 mol/L H2SO4, a 0.525:1 H2SO4/Li molar ratio, an O2 partial pressure of 1.3 MPa, 120 °C and 90 min. At the best selectivity, 97% of the Li was leached, and more than 99% of the Fe was recovered at the residue as FePO4 or Fe5(PO4)4(OH)3.2H2O. Despite the increased selectivity with oxidizing agents, Fe and PO43− impurities remain at the leaching solution, and the selective leaching has been better exploited with organic acids.



In addition to leaching studies using mineral acids, the literature has reported organic acids leaching because of availability and biocompatibility. Citric acid, oxalic acid and malic acid are commonly used because of their high and widespread content in the environment, produced by plant roots secretion, the metabolism of microorganisms and the decomposition of organic matter [104]. Organic acids have good selectivity and are usually employed to leach Li from LiFePO4 spent cathodes.



Table 4 summarizes the leaching of the LFP cathode with organic acids. Some organic acids such as acetic acid (CH3COOH), citric acid (C6H8O7), maleic acid (C4H4O4), formic acid (HCOOH) and oxalic acid (C2H2O4) have been reported for the leaching of spent LFP cathodes. Studies report the use of organic acids for the selective leaching of Li, where FePO4 remains at a solid state [98]. Equations (10) and (11) represent the Li leaching and FePO4 solid formation, using citric and formic acid as leaching agents.


  3  H 3    Cit    (  aq  )    + 6   LiFePO  4      ( s )    + 3  H 2   O 2      (  aq  )      →   6   FePO  4      ( s )    + 2   Li  3    Cit    (  aq  )    + 6  H 2   O   (  aq  )     



(10)






    HCOOH    (  aq  )    +   LiFePO  4      ( s )    + 1 / 2  H 2   O 2  →      HCOO   −      (  aq  )    +   Li  +      (  aq  )    + 3   FePO  4      ( s )     



(11)
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Table 4. Organic acids leaching of LFP batteries.






Table 4. Organic acids leaching of LFP batteries.





	Pre-Treatment
	Raw Material
	Reagent
	Conditions
	Leaching Efficiency
	Authors





	Discharging, dismantling, manual cutting
	Spent LFP cathode
	2.5 mol/L H2SO4
	120 g/L S/L ratio, 50 °C and 30 min
	Li = 95.05%

Selectivity = 94.8%
	[95]



	Discharging, dismantling, Alkaline leaching, crushing and sieving
	LiFePO4 spent powder
	2 mol/L H2SO4
	10% pulp density, 500 rpm, 30 °C and 30 min
	Li = 90%

Fe < 0.5%
	[105]



	Grinding
	LFP battery
	AMR (H2SO4 98%wt volume/mass spent LFP) = 0.35:1
	300 rpm, 8 h grinding time and 25 BPR
	Li = 97.82%

Fe = 95.62%
	[106]



	Discharging,

dismantling, cathode scrapped off, grounding and sieving
	LiFePO4 spent powder
	10 g LiFePO4

0.32 mol/L H2SO4

H2O2
	67 g/L S/L ratio and 90 min
	Li = 94.8%

Fe = 4.1%

Al = 47.2%

P = 0.8%

Cu = 96.92%
	[98]








Ref. [95] explored the use of CH3COOH as a leaching agent for a selective Li extraction. Spent LFP batteries were discharged, immersing them in a 5%wt NaCl solution. The discharged batteries were dismantled in the cathode, anode, plastics and metal case. After 30 min, under conditions of 0.8 mol/L CH3COOH, 6%vol. H2O2, 120 g/L S/L ratio and 50 °C, the Li extraction was 95.05%. Comparing the Li extraction with the other metals leached, the ratio between the Li percentage and Fe percentage was 94.8% (selective leaching).



Ref. [105] explored the use of HCOOH for selective leaching. Spent LFP batteries were discharged in 1.0 mol/L NaCl solution and then dismantled. The cathode powder was separated from Al foils, immersing the cathode plates in 1.5%wt NaOH solution for 30 min under ultrasound with a 10% (w/v) pulp density. The cathode powder was washed with deionized water and dried at 60 °C for 48 h. The dried cathode material was crushed and sieved through a 74 μm sieve, and the fine cathode powder was leached. The optimized conditions were a 10% pulp density, HCOOH/Li molar ratio 3.23 with a 10% (v/v) solution of 50 wt% H2O2, 30 °C and 30 min. High-selectivity leaching has been achieved with 90% Li and 0.5% Fe.



Ref. [106] investigated the leaching with C6H8O7 as a leaching agent. The leaching and grinding stages were carried out at the same time. The effects of the mass ratio of C6H8O7 and LFP (10–80), the ball-to-powder ratio (BPR) (15–55 g/g), the volume of H2O2 (0–2 mL), the grinding time (0.5–4 h) and the rotation speed (100–500 rpm) were explored. The experimental results achieved optimal conditions of 25 BPR, 20 g/g C6H8O7-to-LFP ratio, a BPR of 45, 8 h grinding time, 300 rpm rotation speed and 1 mL H2O2. The extraction efficiencies of Li and Fe were 97.82% and 3.86%, respectively.



Ref. [98] used natural sources of C6H8O7 (apple, orange and lemon juices) as leaching agents. The spent LFP was pre-treated initially by discharging and dismantling. The cathode was separated manually, and the LiFePO4 was separated from the Al foil. The black powder was ground and sieved. The lemon juice presented the best results, and the optimized conditions were 100% of lemon juice, 6 vol% of H2O2, S/L ratio of 67 g/L and 90 min. Selective leaching was achieved with 94.83% Li and 4.05% Fe.



Salt leaching was also reported in the literature [107], efficiently recovering Li without acid and avoiding secondary pollution. Ref. [108] applied salt leaching with a solution of Fe2(SO4)3 in theoretical-molar dosage with the LiFePO4 spent cathode. Spent batteries were first disassembled, removing the external plastic cases, and then dismantled and separated into cathode electrodes, anode electrodes, organic separators and plastic shells. The cathode scraps were mechanically separated from the Al foil by crushing, pulverizing and sieving. The spent LFP cathode leaching achieved an Li efficiency of 97.07%, even under a 500 g/L solid:liquid ratio (molar ratio Fe2(SO4)3:LiFePO4 = 1:2, at 28 °C for 30 min).



Ref. [107] demonstrated the leaching of a spent LFP cathode using an inexpensive salt FeCl3 solution. Fe3+ substitutes Fe2+ at the LiFePO4 structure, leaches Li+ ions and forms FePO4 precipitate. To simulate the LiFePO4 spent cathode, the authors leached a commercial sample with a 97% mass of active material. It was necessary to use H2O2 in the proportion of 2:1 of LFP:H2O2 to attain Fe3+ oxidation. The best leaching conditions were a molar ratio of FeCl3:LiFePO4 1:1, solid:liquid ratio of 300 g/L, 40 °C and 30 min of reaction time, whereas 99% Li leaching efficiency was obtained.



Beyond the environmental compatibility of organic acids, they have presented a higher performance for selective leaching than mineral acids. The environmentally friendly process is attained by three main characteristics: (1) selective recovery of Li promotes the one-step separation from FePO4, (2) less secondary waste by the use of weak acid solutions and (3) less water contamination by purification steps.




6.4.2. Precipitation


Precipitation has been used for the purification and separation of metals, which consist of removing the metal ion from the solution using chemicals. The pH, redox potential, ionic activities and temperature influence the formation of insoluble species. Precipitation in aqueous media is controlled by standard Gibbs-Free Energy (Gf°). Based on Gf°, the Pourbaix Diagram may be plotted to indicate the predominant species formed and the possible solid products obtained. Figure 5 shows the Pourbaix Diagram of the Li–Fe–P–H2O system at 25 °C. In redox potentials above 0 V, Fe is preferentially precipitated at pH 2 in the form of FePO4 or in the hydroxide form of Fe(OH)3 at pH 7. Insoluble Li species such as Li2CO3 and Li3PO4 would precipitate by the addition of the reagents Na2CO3 or Na3PO4 [97,101,103].



Table 5 summarizes some precipitation processes applied to treat the leaching liquors of spent LFP batteries. Ref. [101] presented a purification process for the direct recovery of Li from H2SO4 leaching liquor. Li was selectively leached, and the concentration in the solution was 3.55 g/L Li, 1.72 mg/L Fe and 0.31 g/L P. Before leaching, the solution was heated to concentrate and achieved an Li concentration of 8.1 g/L. Stoichiometry Na3PO4.12H2O was introduced for Li3PO4 precipitation, following Equation (12), for 2 h at 250 rpm and 65 °C. The Li3PO4 precipitation efficiency was 95.6%.


3Li2SO4(aq) + 2Na3PO4(aq) → 3Na2SO4(aq) + 2Li3PO4(s)



(12)







Ref. [103] studied the precipitation process using, as precipitating agents, NaOH and Na3PO4. In the leaching liquor, 7.5 mL of 2.0 mol/L NaOH solution was added, and FePO4.H2O precipitated. The remaining solution was evaporated, 1.0 mol/L Na3PO4 was added to the solution and Li3PO4 was recovered. The recovery rates of Fe and Li were 97.6% and 96.9%, respectively.



Figure 6 shows the Pourbaix Diagram for the Al–H2O system at 25 °C. Up to pH 2, Al3+ is predominant, and it is commonly found in leach solutions from spent batteries treated with the Al foil [100]. After increasing the pH of the solution above 5, and in a wide range of Eh (−1.5 to 1.5 V), the predominant species is Al(OH)3 (Figure 6). Ref. [109] precipitated insoluble Al(OH)3 in a solution from acid mines drainage, using the precipitating agents NaOH, Ca(OH)2 and Na2CO3, pH 5.5 and H2O2 addition, achieving Al precipitation percentages between 70.4 and 82.2%.




6.4.3. Solvent Extraction


Some solvents have been reported for the extraction of Li+, Fe3+ and Al3+ from aqueous solutions such as di-(2-ethylhexyl)phosphoric acid (D2EHPA), tributyl phosphate (TBP) and malonamides [107,110,111,112].



Ref. [110] used four malonamides with phenyl and methyl groups as N,N’-substituents to extract Fe3+ from hydrochloric acid solutions. The removal of Fe(III) from the HCl solution may be used in leaching solutions of the spent LFP cathode in HCl. The extraction of Fe3+ from chloride solutions consists in the solvation of the FeCl3 species by the solvent, and 90% Fe3+ extraction was obtained.



Ref. [111] studied the liquid–liquid extraction of lithium ions from aqueous solutions using the organic extractant di-(2-ethylhexyl)phosphoric acid (D2EHPA), diluted into cyclohexane or TBP. Solvent extraction was carried out in batch and continuous experiments, and the results indicated an improved adsorption performance of microchannels when compared with conventional liquid–liquid extractors [111]. At the continuous process, the solvent and aqueous phases were mixed in a slug flow microreactor, composed of two syringe pumps connected to glass or a PTFE tube. By controlling the aqueous phase pH, the mixture achieves sludge flow at the tube and mass transfer coefficients of 1.62 to 2.48 1/s for Li+ extraction. At the best condition, with an organic phase mixture of D2EHPA and TBP, flow through a PTFE tube, a pH of 11.9 and an extraction time of 10 s, more than 50% of the Li+ was extracted to the organic phase.



Additionally, D2EHPA has been used to selectively remove Al3+ ions from spent Al-bearing LiFePO4 cathodes leaching solution [113]. The organic phase was composed of D2EHPA and sulfonated kerosene, and the optimal conditions were a three-stage counter-current extraction experiment caried out at an aqueous-to-organic-phase ratio equal to 1 and 25 °C. The results showed that 96.4% of the aluminum was extracted, with only 1.1% Fe loss at the optimal conditions.



The organic extractant try-n-butyl phosphate (TBP), diluted in sulphonated kerosene, with a concentration of 3 mol/L of the extractant, has been used for Li and Fe separation from the aqueous phase [107]. Leach liquor from a selective salt leaching using LiCl3 as the leaching agent was the aqueous phase, and it was mixed at the separator funnel and shaken mechanically for 10 min at 25 °C. The authors proposed a countercurrent solvent extraction in three stages, and after this process, 80% of the Li+ and 80.34% of the Fe3+ were extracted as the [LiFeCl4] complex to the organic phase. To provide an Li-rich solution, a one-stage stripping process with 6 mol/L HCl solution achieved a 60% Li stripping efficiency and less than 9 mg/L of Fe in the stripping solution, due to the HFeCl4 complex at the organic phase. To increase the Li stripping to 90.23%, the aforementioned process has been carried out in five-stage countercurrent extraction, providing an Li-rich solution for precipitation as Li2CO3.



Confirming the outstanding capacity for selective Li extraction by the complex formation FeCl4− on TBP, Ref. [114] studied extraction using TBP, with FeCl3 as a co-extractant in kerosene. The aqueous phase was a synthetic solution simulating the LIBs waste leaching solution in HCl. Solvent extraction experiments were carried out in batch at the separation funnel, with an organic phase of 80% (v/v) TBP and 20% (v/v) kerosene and FeCl3 at the aqueous phase, to promote the selective Li extraction. In single-stage extraction, with an O/A ratio = 1, and at 25 °C, the Li purity of the loaded organic phase was 65.6%. After organic phase washing and stripping with 6 mol/L HCl, the resulting Li solution contained 13.95 g/L and 99.1% purity.



The general downsides of solvent extraction are the concerns about environmental pollution (water, air and soil), the danger to the operator’s health and the expensive purchase [115]. Common organic solvents are highly volatile, and during extraction, the extractant may depart the organic phase (extractant and diluent mixture) and enter the aqueous phase, called the “extractant dissolution” phenomenon [116].



The extractant dissolution increases the organic content of water, and in some cases, it can be toxic for human beings. The proposed mechanisms for extractant dissolution include the diffusion of the extractant into an aqueous phase, the formation of metal/extractant complexes and the return of complexes to an organic phase [117]. Further, other variables, such as the pH, type of metals, extractant/diluent weight ratio and solubility of the extractants, impact the extractant dissolution [116].



According to the New Jersey Department of Health, D2EHPA must be toxic by inhalation or absorption through the skin, it is a corrosive chemical and it causes breath diseases (NJDHSS, 2006). TBP can bioaccumulate and persists in environment as a pollutant. TBP is volatile and has become one of the most significant indoor air pollutants. In the aquatic environment, TBP bioaccumulates from water to fish and from fish to birds have been found in fish and bird muscle samples collected in Guangdong, China (Ma et al., 2013). Bioaccumulation increase concerns about toxicity in humans; epidemiologic studies have found that TBP is neurotoxic, and exposure is associated with DNA oxidative stress, reactive oxygen species (ROS) overproduction, the induction of DNA lesions and increased lactate dehydrogenase leakage [118].




6.4.4. Ionic Exchange Resins


Adsorption is a separation process by which one or more components in a fluid are transferred to the surface of a solid adsorbent [119]. The fluid is passed through a fixed bed of small solid particles, and the solid phase adsorbs the components until it is almost saturated, so the flow is stopped and the bed is regenerated by a desorption process. Ion exchange extracts metal ions from aqueous solutions and resembles techniques with adsorption processes [120]. In ion exchange, an insoluble solid phase previously bonded with cations or anions (adsorbent) is in contact with the ions of the solution (adsorbate), where ionic reactions replace ions between the solution and solid phase.



Ion-exchangers may be classified into four groups: (1) cationic resins with a strong acid exchange ability, (2) cationic resins with a weak acid exchange ability, (3) anionic resins with a strong base exchange ability and (4) anionic resins with a weak base exchange ability [121]. Common functional groups for the first category include the sulfonic acid group, and those for the second category include carboxylic acid groups. Regarding anionic resins, strong and weak base exchange properties are often due to quaternary ammonium groups and ammonium groups, respectively [121].



A variety of functional groups have been employed for water treatment, such as iminodiacetate, aminophosphonic, bispicolylamine, amidoxime, dithiocarbamate, 8-hydroxychinoline, diphosphonic, thiol and thiourea [122]. Ion exchange has a simple operation, low energy consumption and operation costs, a fast reaction, good cycling stability, simplicity in operation and easy post-treatment [123,124]. Additionally, it has resistance to temperature and physical degradation, along with reversible reactions, which allow for reuse many times [122].



Despite these advantages, only a few reports have described the application of the ion exchange method to the recycling of spent NCM-based cathodes or the purification of leaching solutions from mixed LIBs. Some ionic exchange techniques focus on removing transition metals such Ni, Co, Fe and Mn using chelating resins [125], and others focus on removing the Li by selective extraction [126,127].



Ref. [127] have shown ionic exchange with polycrystalline samples of Cs5K4Fe7(PO4)10 for Li removal from an LiNO3 solution and the production of the Li9Fe7(PO4)10 compound for electrode applications. The iron phosphate polycrystalline samples (Cs5K4Fe7(PO4)10) were synthesized from the mixture of (NH4)H2PO4, Fe2O3, Cs2CO3 and K2CO3, with a stoichiometric molar ratio of 10:3.5:2.5:2, at 750 °C for 2 days. Then, 100 mg of polycrystalline powders were immersed in 10 mL of the LiNO3 solution at a 1 mol/L concentration for ionic exchange reaction. The reaction was carried out in hydrothermal conditions (200 °C), achieving 100% of Li+ ion exchange and producing cathode material without pyrometallurgical regeneration methods, such as those discussed in previous sections.



As discussed previously, LFP cathode selective leaching is usually carried out to recover Li from scrapped cathode materials. Ref. [126] explored four kinds of H+-form resins, among weak and strong acid cation exchange resins (with the functional groups carboxylic acid and sulfonic acid), to investigate Li-H ion exchange and its removal from oxalic acid, citric acid and H2SO4 leching solutions. Further, they explored ionic exchange in resins loaded with K ions (Li-K form) to recover Li and introduce K into a PO43− stock solution. The studies indicated that resins with sulfonic acid functional groups are favorable for Li extraction, and the equilibrium capacity was calculated to be 14.5 and 6 mg of Li/g for the resin for the best condition and for the resin of the Li-H and Li-K ion exchange reaction.



Chelating resin with the aminomethylphosphonic functional group (Lewatit TP260) was capable of removing Fe, Al, Mn and Cu from the leach solution, while leaving valuable Co, Ni and Li [125]. A pure and high-value mixture in the raffinate with a battery grade was aimed for. The separation performance was higher at pH 3 and 60 °C, improving the purity and productivity. Despite the feasible and facile separation, the mineral acids did not efficiently elute the resin, and a two-step elution procedure was necessary. Cu and Mn are first removed with sulfuric acid, followed by Fe and Al removal with potassium oxalate. The suggested process produced pure Li-Co-Ni solution (battery grade—a > 99.6%), along with an Mn- and Cu-rich sulfuric acid solution and an oxalate solution of Fe–Al as by-products [125].



The commercial cationic chelating resin Purolite S950 (Purolite International Co., LTD) is composed of a polymer structure (styrene-divinylbenzene) with aminophosphonic functional groups. Phosphonic groups contain two types of active centers: phosphonic oxygen and hydroxyl acid groups (Equation (13)). The adsorption of transition elements ions proceeds via coordination bonds with phosphonic oxygen and ionic interaction with the hydroxyl groups [128]. Resin must require washing with acid solutions to convert the resin to the hydrogen form, using hydrochloric acid between 2 mol/L and 4 mol/L [129,130]. Aminophosphonic acid (AP) groups have presented good selectivity toward Fe3+, achieving loadings of 98% Fe3+ against 1% Ni2+ at 0.2 g resin/mL (Silva et al., 2019). Additionally, PuroliteS950 chelating resins have been used for Fe removal from phosphoric acid and nitric acid solutions with Al3+ ions, successfully removing 100% of Fe3+ [123].


    HSO  4 −  + R − NH − PO    (  OH  )    2 , r     ⇄    R  −  (    NH  2 +    HSO  4 −   )  − PO    (  OH  )    2 , r    



(13)








6.4.5. Electrodialysis


There are few reports about electrodialysis in LFP batteries recycling. Despite this, Li recovering using monovalent cation exchange membranes in electrodialysis has found application in recovering Li from Li3PO4 solutions and suspending LiFePO4 in Li2SO4 solution.



Ref. [131] applied an electrodialysis system to separate Li from P in an Li3PO4 solution. Li3PO4 is the most insoluble Li specie, and to produce Li2CO3, it is necessary to separate Li from P. In this sense, it is possible to use, as the first purifying step in LFP, leaching solutions, separating Li from Fe and P. At 0.6 Ah and a current density of 184 A/m2, throughout cation-exchange membranes (DuPont NAFION-117), authors have achieved a P interception rate of 95%.



Ref. [132] created a new process combining electrolysis and electrodialysis. The authors assembled a system with LiFePO4 suspension in an Li2SO4 solution. The system has two electrodes in two chambers (the cathode and anode), where lithium ions could be released from spent LFP by a positive potential. The released lithium ion can migrate through a selective cation membrane to the cathode chamber, producing LiOH as a high-value product. Under the optimal conditions of a 60 mA/cm2 current density, 50 g/L Li2SO4, 20 g/L LiOH and 100 g/L LFP, more than 96% of Li is leached without the addition of any chemical regents such as acid and oxidizing agents’ consumptions, commonly used in hydrometallurgical processes.




6.4.6. Ionic Liquids


Ionic liquids (ILs) are composed of organic cations (C+) and anions that can be organic or inorganic (A−). The resulting salt (C+A−) has melting points below 100 °C [133]. Room temperature ionic liquids (RTILs) are an interesting class of solvents, basically by non-volatility and intrinsic ionic conductivity [134]. Ionic liquids should be used in four different manners: as the only extracting phase, as diluted in molecular solvents, as diluents for classical extractants and as an ionic exchange with ionic liquid cations (C+) [112].



To the best of our knowledge, ionic liquids have not been used for the purification of leaching solutions of LFP batteries. Despite this, studies have used ionic liquids to extract lithium from aqueous solutions, resembling the techniques for the selective leaching of LFP cathode materials that produce lithium solution.



Ref. [112] showed the separation of lithium from LiCl solution using hydrophobic ionic liquid imidazolium. The classical extractant tri-n-butyl phosphate (TBP) was diluted in 1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide ([C2mim] [Tf2N])—imidazolium ionic liquid in different proportions to obtain an organic phase. The aqueous phase was obtained by dissolving lithium salts in HCl, HNO3, DNO3 and HTf2N acid solutions. Solvent extraction was carried out at 25 °C, and the liquid–liquid mixture was shaken for 10 min at 1400 rpm in a thermo-shaker. The authors proved that by increasing the acidity of the aqueous solution, the Li extraction decreased, the IL cation C2min+ substituted Li+ at the aqueous phase and the IL anion (Tf2N) dissolved in the aqueous phase and was back-transferred to the organic phase with the TBP-Li+ complex.



Ionic liquids have a usage cycle limit and subsequently become waste. Additionally, they have miscibility in water, presenting a threat to the aquatic environment and ecosystems [133].




6.4.7. Deep Eutectic Solvents


Deep eutectic solvents (DES) are considered cheap, wide sources, and they have biodegradability [135]. Further, the simple preparation of DES does not generate waste and has no need for further purification steps [136]. DES stands out as an alternative for ionic liquids, which have a higher toxicity, challenging preparation and relatively higher cost [137].



DES is usually produced by mixing two components under heating, which produces a resulting mixture with a lower melting point than that of the pure substances. DES’ raw materials may include metal chlorides such as ZnCl2 and FeCl3 (anidrous or hydrate), hydrogen bond acceptors (the most common being choline chloride) and hydrogen bond donors (glucose, urea, carboxylic acids and polyols) [135]. There are four types of DES: (1) metal chloride and quaternary ammonium salt, (2) metal chloride hydrate and quaternary ammonium salt, (3) hydrogen bond acceptors and hydrogen bond donors and (4) metal chloride and hydrogen bond donors [138].



The DES for LIBs recycling have been reported for the leaching of cathode materials as organic extractants and for PVDF binder removal. The application of DES specific to LFP batteries has not been carried out yet. Despite this, some works have used LCO and NMC batteries leaching [135] and separation to remove Fe(III) from mixed batteries leaching liquor [139]. In this sense, applications in Fe(III) solutions may be an analogous process to extraction from LFP leaching solutions.



Ref. [135] studied HDES for the extractive separation of Li(I), Co(II), Ni(II), Mn(II) and Fe(III) and subsequent recovery. Aliquat336 and L-menthol, the last environmentally friendly solvent, have been mixed, and the eutectic point was determined. The properties of the optimal proportion (3:7 Aliquat336/L-menthol molar ratio) and extraction profile for metals separation were determined. Extraction tests were carried out at 25 °C under atmospheric pressure and an O/A ratio of 1/5, and the phases were mixed at 35 rpm until the equilibrium. The aqueous phase was a leaching HCl solution of mixed metals. The results showed 99% recovery rates of Fe(III) for all the parameters studied, without Li coextraction. Thus, Aliquat 336/L-menthol-based HDES was used as the only extractant for efficient metal separation, without using volatile and toxic organic solvents.



Ref. [139] proposed a choline chloride–ethylene glycol deep eutectic solvent (ChCl:EG) for recovering cobalt from the electrode powder of end-of-life lithium-ion batteries (LIBs). The electrode powder included Fe impurities from physical treatments of LCO batteries, and the eutectic solvent was used to recover Co without Fe extraction. The aforementioned eutectic solvent was at 90 °C, and after 24 h of leaching, Cu was selective; additionally, a second leaching with the same mixture at 180 °C and 20 h leached Co and Mn, and in both processes, Fe impurities remained at the solid state. As Fe(III) is a commonly known impurity in LIBs hydrometallurgical processing, this process may separate Fe and increase the purity of other batteries.






7. Conclusions


LIBs stand out in applications such as portable electronic devices and electric vehicles, as they are the main technology in electric storage. Advances in LiFePO4 batteries have gained priority in recent years. China, as the largest electric vehicles market in 2022, forecasts a high waste production only from LFP spent batteries. Secondary production by recycling end-of-life LFP batteries must recover critical materials such as Li, C(graphite) and PO43−, reduce the incorrect disposal and release toxic chemicals to the environment [140]. The intrinsic downsides of the pyrometallurgical processes, combined with the scarcity of hydrometallurgical industrial processes around the world, increase the demand for new recycling processes based on aqueous processing for a lower carbon footprint and environmental protection.



In hydrometallurgical processing, the choice of organic acids with a higher environmental compatibility for selective Li leaching has shown the reduced consumption of chemical reactants and fewer purification steps, which reduces the effluent pollution. Classical purification steps such as precipitation and solvent extraction increase the chemical consumption and aqueous pollution. Organic extractants (D2EHPA and TBP) have a high toxicity and must persist in the environment. For these reasons, alternative ionic exchange, electrodialysis, ionic liquids and deep eutectic solvents steps have been proposed to make recycling environmentally friendly, with a decreased energy demand and decreased secondary pollution.
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Figure 1. Charge and discharge process in LIBs. Ionic transfer between the cathode and anode [10]. 
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Figure 2. Carbonates decomposition by PF5 [37]. 
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Figure 3. Electric cars on the world’s roads in 2021 [45]. 
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Figure 4. Classical recycling process for spent lithium-ion batteries [9]. 
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Figure 5. Pourbaix Diagram for the Li–Fe–P–H2O system at 25 °C [108]. 
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Figure 6. Pourbaix Diagram of the Al–H2O system at 25 °C. Simulation in the software Hydra-medusa. 
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Table 1. Comparison among cathode materials [16].
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	Cathode
	LiCoO2
	LiMn2O4
	LiNxMyCzO2
	LiFePO4





	Tap density (kg/m3)
	2.8–3.0
	2.2–2.4
	2.0–2.3
	1.0–1.4



	Specific surface area (m2/kg)
	400–600
	400–800
	200–400
	1200–2000



	Theoretical specific capacity (Ah/kg)
	274
	148
	270–285
	170



	Specific capacity (Ah/kg)
	135–140
	100–115
	155–165
	130–140



	Voltage (V)
	3.6
	3.7
	3.5
	3.2



	Cycle life
	300 cycles
	500 cycles
	800 cycles
	2000 cycles



	Abundance of raw materials
	Poor
	Abundant
	Poor
	Very abundant



	Cost of raw material
	Very expensive
	Cheap
	Expensive
	Cheap



	Environment
	Containing cobalt
	Nontoxic
	Containing nickel and cobalt
	Nontoxic



	Safety
	Poor
	Better
	Better
	Best
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Table 2. Current major commercial processes for recycling spent LIBs [10,74,75,76].
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	Company
	Country
	Capacity (ton/year)
	Recycling Process
	Products





	Umicore
	Belgium
	7000
	Pyro-dominant
	Ni-Co alloy, NiCO3, NiSO4, CoCO3, CoSO4



	Xstrata (Glencore)
	Switzerland
	7000
	Pyro-dominant
	Co alloy



	Inmetco
	USA
	6000
	Pyro-dominant
	Co–Ni–Fe alloy



	Accurec
	Germany
	6000
	Pyro-dominant
	Li2CO3



	JX Nippon Mining and Metals
	Japan
	5000
	Pyro-dominant
	Co Alloy



	Retriev
	Canada
	4500
	Hydro-dominant
	Li2CO3 and Ni



	Recupyl
	France
	110
	Hydro-dominant
	MnCO3 and Co
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Table 3. Spent LFP cathode acid leaching treatment with the H2SO4 leaching agent, comparing the leaching efficiency among authors.
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	Pre-Treatment
	Raw Material
	Reagent
	Conditions
	Leaching Efficiency
	Authors





	Discharge
	LiFePO4 spent powder
	2.5 mol/L H2SO4
	Solid:liquid ratio 10 mL/g, 4 h, 60 °C and 500 rpm
	Li = 97%

Fe = 98%
	[97]



	Manual
	LiFePO4 spent powder
	2 mol/L H2SO4
	Solid:liquid ratio 20:1, 70 °C and 2 h
	Li = 97.7%

Fe = 93.3%
	[99]



	Separation
	LiFePO4 spent powder and Al foil
	AMR (H2SO4 98%wt volume/mass spent LFP) = 0.35:1
	20 °C,

90 min,

Solid:liquid ratio 5:1 and

800 rpm
	Li = 92.19%

Fe = 91.53%

P = 91.01%

Al = 15.98%
	[100]



	Calcining (600 °C)
	LiFePO4 spent powder
	10 g LiFePO4

0.32 mol/L H2SO4

H2O2
	60 °C
	Not mentioned
	[103]



	Discharge, Manual
	LiFePO4 spent powder
	0.3 mol/L H2SO4,

2.07 H2O2/Li molar ratio
	0.57 molar ratio H2SO4/Li, 200 rpm, 60 °C and 120 min
	Li = 96.85%

Fe = 0.03%

P = 1.95%
	[101]



	Separation and Alkaline Leaching
	LiFePO4 spent powder
	0.6 mol/L H2SO4

1.3 MPa O2
	Solid:liquid ratio 0.525:1,

120 °C and

90 min
	Li = 97%

Fe = 1%
	[102]
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Table 5. Organic acids leaching of LFP batteries.
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	Purification Process
	Reagent
	Conditions
	Purification Efficiency
	Authors





	Precipitation
	NaOH

Na3PO4
	65 °C

2 h

250 rpm
	Li3PO4 = 95.56%
	[101]



	Precipitation

Regeneration
	NH3

Na2CO3

LiCO3 FePO4
	Boil point

Ball-milling, 7 h

300 °C, 4 h

700 °C, 10 h
	Not mentioned
	[97]



	Resynthesis

(Hydrothermal reaction)
	Leachate liquor Li:Fe:P = 3:1:10 Glucose 8:100 weight ratio

LFP cathode
	200 °C, 6 h

Filtration

50 °C, 8 h

200 °C, 6 h
	Not mentioned
	[99]



	Precipitation
	NaOH

Na3PO4
	Room temperature

240 min
	Fe = 97.6%

Li = 96.9%
	[103]



	Precipitation

Regeneration


	NaOH

Na2CO3

FePO4

LiCO3

C6H12O6
	700 °C, 8 h Air

and

700 °C, 3 h Air
	Li = 84.8%

Fe = 96.4%


	[98]
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