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Abstract

:

Lithium-ion batteries (LIBs) are currently one of the most important electrochemical energy storage devices, powering electronic mobile devices and electric vehicles alike. However, there is a remarkable difference between their rate of production and rate of recycling. At the end of their lifecycle, only a limited number of LIBs undergo any recycling treatment, with the majority go to landfills or being hoarded in households. Further losses of LIB components occur because the the state-of-the-art LIB recycling processes are limited to components with high economic value, e.g., Co, Cu, Fe, and Al. With the increasing popularity of concepts such as “circular economy” (CE), new LIB recycling systems have been proposed that target a wider spectrum of compounds, thus reducing the environmental impact associated with LIB production. This review work presents a discussion of the current practices and some of the most promising emerging technologies for recycling LIBs. While other authoritative reviews have focused on the description of recycling processes, the aim of the present was is to offer an analysis of recycling technologies from a CE perspective. Consequently, the discussion is based on the ability of each technology to recover every component in LIBs. The gathered data depicted a direct relationship between process complexity and the variety and usability of the recovered fractions. Indeed, only processes employing a combination of mechanical processing, and hydro- and pyrometallurgical steps seemed able to obtain materials suitable for LIB (re)manufacture. On the other hand, processes relying on pyrometallurgical steps are robust, but only capable of recovering metallic components.
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1. Introduction: The Societal and Economic Importance of Lithium-Ion Batteries


A secondary lithium-ion battery (LIB) is a rechargeable electrochemical energy storage device. Since their development in the 1970s, and because of their unique characteristics of high energy capacity and long lifespan, LIBs have become important in the field of portable electronic goods [1,2]. Compared to other types of batteries (e.g., NiMH and Pb-acid), LIBs present lower environmental risks, longer life-span, compact design, better resistance to self-discharge, higher resistance to elevated temperatures, and higher voltage output (e.g., 3.7 V for a LIB vs. 1.2 V for a Pb-acid battery) [3,4]. These technical advantages make them attractive for urban or industrial mobility applications [2,5,6,7] (e.g., the Tesla S car is powered by 7104 LIB cells [8]). In addition, as electrical vehicles are being pushed forward due to government and societal awareness of climate change, LIBs have become a promising option for the reduction CO2 emissions. The importance of LIBs as power sources is reflected by their constant increase in production rate and their continuously growing share of the market. In 2011, nearly 4500 million LIB cells were produced, an estimated increase of 43% compared to 2008 [9]. In 2015, at least 5600 million LIB cells were sold worldwide [10], and the LIB market size is forecasted to increase by another 10.6% from 2016 to 2024, reaching a market value of USD $56 billion by 2024 [11]. In addition, the electric power supplied by LIBs has presented unprecedented growth, shifting from approximately 100,000 MWh in 2016 to approximately 125,000 MWh in 2017, for example [12]. Notably, the 2019 Nobel Prize in Chemistry was awarded to the developers of LIBs, attesting to the importance of these energy storage devices in our modern society.



Consequently, there has been a direct increase in the exploitation required of mineral deposits to provide the raw materials needed by the LIB market [12,13,14]. Natural mineral deposits, however, are reaching critical grades of valuable metals. This has resulted in an increased environmental footprint associated with metals extraction, in direct conflict with the pursuit of climate change alleviation via electrically powered goods, in particular EVs. Furthermore, it has been estimated that 95% of the LIBs produced globally remain untreated in households [15]. Another typical pathway for end-of-life (EoL) LIBs is their exportation to emerging economies, where they can be treated at low cost [16]. In Europe alone, the LIB market reported a total of 65,500 tons of LIB consumed between the years 2013–2014 [5], while only about 1900 tons were recycled in the same period. The low recycling rates for LIBs can be presently attributed to several factors, ranging from deficient legislation, inefficient collection systems, and the lack of feasible recycling technologies for the rapidly changing stream of LIB waste.



The gap between recycling and production currently represents an untapped source of valuable materials. Apart from representing a direct economic loss and an environmental hazard, this gap results in a growing need for virgin raw materials, with their associated environmental footprint [15,17,18]. For example, an EV battery with an energy density of approximately 78 kWh/kg produces an estimated 172–196 kg of CO2 eq per kWh from raw material extraction, cell manufacturing, and assembly [19,20]. Ellingsen et al. (2013) [21] also demonstrated that a significant environmental footprint is incurred during production of the cathode paste and current collector.



Recycling processes thus represent a viable option for the reintroduction of LIB compounds into the economic cycle, reducing the need for primary raw materials [22,23,24,25,26]. Recycling processes are a fundamental aspect of the circular economy (CE) as they enable internal material flows, reducing the consumption of resources associated with the production of primary raw materials [26,27,28,29]. Indeed, the circular economy (CE) is intended to mimic natural process, where no waste is generated. It is worth noting that the stages of the circular economy are highly interdependent. For instance, to accomplish the expected CO2 reduction from LIB-powered transportation, the energy for their production should ideally come from renewable sources [30]. Evidently, a CE also depends on environmental, political, and financial conditions, turning it into a living and complex organism.



Geissdoerfer [28] presented conceptual means to achieve CE by “long-lasting design, maintenance, repair, re-use, remanufacturing, refurbishing, and recycling” of consumer goods. Van Schalkwyk et al. (2017) [31] described the need to define the CE concept by including thermodynamic losses into the loop.



In a similar fashion, Figure 1 shows a recently proposed CE model that accounts for the losses of material inherent to the production and recovery of materials [32]. In the loops shown in Figure 1, the material moves from the input stage (1) towards the EoL of the product (6), where recovery systems (7) take action and reintroduce elements into the value generation chain. Unlike other models, Figure 1 shows different reintroduction points relative to the recovery process and their energy intensiveness. That is, the further the reinsertion point is from the waste disposal and management (7) point, the more resource-intensive the recovery process will be. It is well known that both economic and technological feasibility are bounded to the market trends, which decide whether LIBs will be processed down to level of elements and compounds [33]. Indirectly, these drivers also define the usability of the recovered materials. In other words, materials on the level of elements and compounds have a potentially broader field of application than those obtained through refurbishment. For example, elemental Li recovered from spent LIBs can be used for electrolyte production or as a construction additive [34]. In reality, industrial-scale LIB recycling processes present inefficiencies, resulting in inevitable material losses. It has also been suggested that state-of-the-art (SoA) technologies are lagging behind by approximately four years against the physical and chemical complexity of LIB compounds [15]. Indeed, only Al, Fe, and Co are currently targeted by LIB recycling processes, as their separation and refinement is technically simple and economically feasible, while other compounds such as graphite and Li are lost.



This critical review offers an analysis of the SoA and emerging technologies for LIB recycling from a CE perspective, i.e., by considering the entire spectrum of recovered compounds and their quality. Thus, any emerging process claiming to be a “closed loop” is of special interest. It should be noted that, in this review, materials recovered for a purpose other than LIB production have been considered a downgrade, following the definition of an ideal CE loop.



Methodology and Scope


This review utilized as baseline the previous works of Xu et al. (2008), Espinosa et al. (2004), Bernardes et al. (2004), Farella et al. (2008), Ruffino et al. (2011), Ordoñes et al. (2016), Sayilgan et al. (2009), Vezzini (2014), and Zeng et al. (2014) [22,27,35,36,37,38,39,40,41] regarding battery recycling at industrial and laboratory scales. Other references were collected from scientific literature databases such as Scopus, Google Scholar, ResearchGate, ScienceDirect, and Google Patents. The search included original scientific articles, patents, edited books, online-available presentations, and, battery organizations’ webpages, employing keywords as “lithium-ion battery recycling” and “LIB recycling” with additional strings of “mechanical processing”, “separations”, company names, and owner patents. From all the data gathered regarding primary (disposable) and secondary (rechargeable) LIB recycling, the focus was narrowed down to processes targeting secondary LIBs, either as a single feed stream or as the major feed fraction. In addition, the processes were required to be in accordance with the European Council Directive 2006/66/EC and to recover a minimum of 50% by mass. The different processes thus identified and included in this review can be classified as follows:




	
Established industrial processes with LIBs as the major or unique feed;



	
Emerging technologies designed for LIB recycling;



	
Processes which do not use LIBs as either a major or unique fraction of the feed, but accept them as secondary feed.








Due to the broad number of emerging technologies reported in the literature, those chosen include those in pilot plant stages, under permitting procedure, under commercialization, or that have produced several patents. The technologies chosen clearly support towards the CE philosophy by offering a broad range of recovered LIB material components. Hence, this review encompassed the following recycling technologies:




	
Established: Umicore Valéas™ (Umicore, Bruxelles, Belgium), Retriev Technologies (Retriev), Recupyl Valibat (Recupyl), Akkuser, and Sumitomo–Sony (Sumitomo).



	
Emerging: LithoRec, Accurec, Battery Resources, Steven Loop: OnTo Technology (OnTo), Aalto University Process.



	
Other industrial processes accepting LIBs: BatRec, Inmetco, and Glencore.








The so-called “Aalto University Process” is a theoretical process partially based on the developments of Reference [42], applying laboratory-scale results to processing real LIB waste [43]. This process, analyzed by Reference [44], was classified into the “Emerging” category because it recovers all the LIB compounds.



Moreover, the recycling processes were analyzed using the following guidelines:




	
What type of battery feed does the process accept?



	
What are the main recoveries? What is their final quality?



	
Which processes, i.e., hydro- or pyrometallurgy and/or mechanical processing, are used? What are their limitations?



	
What other material inputs does the process require?








This review is divided into five main sections. Section 2 discusses the challenges of LIB recycling processes from a material and process perspective. Section 3 first describes the established processes (Section 3.1), followed by emerging technologies (Section 3.2). Section 4 provides a comparative analysis of all recycling processes from two different perspectives: based on the complexity of the process itself (Section 4.1), and based on the quality of recyclates (Section 4.2). Conclusions are presented in Section 5.





2. Challenges in LIB Recycling


Compound Challenges


In general terms, a LIB is formed of either a single or multiple electrochemical cells connected and enclosed in a metallic or plastic case. Table 1 presents the composition of a typical LIB based on Reference [17,22,45,46].



A cell, the basic construction unit of all LIBs, is formed of a transition metal compound as the cathode, graphite as the anode, Al and Cu as current collectors, Li salt as electrolyte, a polymeric separator, and a metallic cell casing [1,2,47]. The cathode, usually a lithiated transition metal oxide/phosphate (Table 1), defines the obtainable voltage of the LIB if there are no changes in the anode material [47]. The anode material, most commonly graphite, but also Li4Ti5O12 in some stationary applications, should enable the efficient flow of Li ions without excessive structural and volume changes, while being able to conduct electrons [47,48,49]. The polymeric separator is placed between the electrodes to prevent direct contact and short circuits. Nevertheless, the separator should have enough porosity to allow Li-ion migration [47]. The electrolyte consists of a Li salt dissolved in an organic solvent, its main purpose being to efficiently conduct the Li ions between electrodes [15,50,51]. PVDF binds the cell together and, thus, it should present high mechanical strength and good chemical and environmental endurance [52]. The electric current is carried through Al and Cu foils connected to the cathode and anode, respectively [15]. Finally, the cell components are enclosed in an Al, Fe, or plastic casing [47,48].



The five cathode chemistries displayed in Table 1 are currently dominant in the market. However, in the search of better performance, stability, and/or longer lifespan, an increasing number of cathode chemistries are being explored, potentially resulting in a higher degree of material complexity. For example, LiCoO2 provides a good specific capacity, but is expensive and presents safety risks at elevated temperatures [47,53]. The specific capacity, measured in mAh/g, describes how much electricity is delivered by a cell [2]. These drawbacks have been reportedly tackled by replacing the Co with Mn, either partially or totally, as LiMn2O4 offers a lower economic cost, higher stability at high temperatures, and better tolerance to overcharging [45,48]. Simultaneously, LiMn2O4 presents an irreversible loss of capacity during operation due to the dissolution of Mn ions into the electrolyte [45,54]. As LIB chemistries become more specialized, they include a larger amount of elements, increasing the cost of recycling [15,18,55,56,57]. The wide variety of mixed LIB chemistries reaching recycling streams is already generating further challenges in recycling processes [18]. In addition, consumer electronics powered by LIBs reach an EoL point at between 3 to 4 years, while EV or PHEV applications take 10 years or more, broadening the lag of recycling systems.



As the focus of the LIB recycling processes is driven by market value, Co and metallic fractions are currently their main target [58]. Currently, metallic components are commonly recovered as metallic alloys as a result of pyrometallurgical processes or, in the case of large casing materials, during mechanical dismantling. The remaining materials, e.g., Li compounds, electrolyte, plastics, and organic materials, are lost, except in China and South Korea, where Li is recovered as LiCO3 [59]. The latter is a useful material, since cathode compounds are manufactured from Li metal oxide/phosphate or Li carbonate/hydroxide [60]. While SoA processes successfully recover metallic fractions, emerging processes are focused on the recovery of cathode salts or their precursors. Co may be recovered in different chemical forms, either as a pure metal or as part of a chemical compound (e.g., cathode precursor salts).





3. Description of LIB Recycling Processes


The various stages in the recycling process can be broadly classified into pre-processing and mechanical, hydrometallurgical, and pyro-metallurgical methods. Pre-processing is here considered to be any process which does not alter the structure of the LIB cells, e.g., sorting by battery type from mixed waste. Mechanical processing involves the use of different techniques to liberate, classify, and concentrate materials without altering their chemistry. These techniques operate based on relative differences in the physical properties of materials, for instance density, shape, and size, and they generally occur before stages involving chemical reactions [61,62,63,64]. After mechanical processing, the material obtained is refined by hydrometallurgy, pyrometallurgy, or a mixture of both. Pyro-metallurgy refers to operations at elevated temperatures where redox reactions are activated to smelt and purify valuable metals [15,22,27]. Hydrometallurgy involves the leaching of valuable elements from a solid matrix and their subsequent precipitation through modification of the solvent-phase chemistry [65]. These techniques are highly resource-intensive, and they are thus strongly influenced by economic constraints [65].



3.1. Established LIB Recycling Processes


3.1.1. Retriev Technologies


Initially called “Toxco”, and developed for primary LIBs, this technology is nowadays also applied to secondary LIBs, and offers a capacity of 4500 tons/year. [66,67,68]. A schematic representation is presented in Figure 2.



The Toxco process begins by shredding LIBs submerged in a brine solution to deactivate the cells and prevent fire due to Li oxidation. Large LIB packs undergo preliminary manual disassembly, while small batteries and cells may be processed as-is [40,66,69]. Depending on the feed characteristics (i.e., between primary and secondary LIBs) the protective environment may change from brine to liquid N2 (cryogenic crushing), the latter being employed when the quantity of primary LIBs is high [40,66,69,70].



After shredding, the slurry is processed with a hammer mill, and the larger particles, containing mainly metallic components, are separated by screening. The resulting Cu–Co-rich overflow is treated with a shaking table to remove Al particles and plastics. The cathode-rich undersize particles are filtered to obtain a cake rich in C and metallic oxides (MeO). The filtered liquid is also rich in Li and may be reacted with Na2CO3 or CO2 to produce Li2CO3 [66,70]. The metallic oxide and Li2CO3 cakes are used in metal industry, and are thus considered downcycled [67,70].



Furthermore, the Retriev Technology company patented a method (Figure 3) to recover and regenerate cathode-grade material from spent LIBs [71]. However, this process is still undergoing commercialization and, at the time of writing this review, no evidence of its productivity was available [69].



Similarly to the original Retriev process, this modified version starts by shredding the waste LIBs in an artificial atmosphere of N2 or spray water. Coarser particles of Al and Steel (Fe) are removed from the slurry using a shaking table. The remaining slurry, rich in electrode material, is split with a 105 µm sieve. The undersize fraction is heated at 500 °C for two hours, permitting the evaporation of water, pyrolysis of the binder, and structural modification of the carbon, while avoiding the ignition of the latter. The dry, binder-free material is subsequently mixed with distilled water and sent to a flotation process, where anode and cathode particles are separated via their differences of hydrophobicity. Anode powder reports to the froth phase, while cathode is recovered from the non-floated fraction [71].




3.1.2. Sumitomo–Sony


The Sony Process, with a capacity of 150 tons/year, was developed by a cooperation between Sony Electronics and Sumitomo Metal Mining Company [68,72]. Although the information regarding this process is scarce, this process was reportedly designed for the recycling of LIBs.



The Sony process starts with a calcination step to remove the electrolyte and other organic materials. The remaining fractions are subdued to a pyrometallurgical transformation, leading to the recovery of a metallic alloy consisting of Co, Ni, and Fe, while the Li is lost to the slag. Co is subsequently extracted from the metallic alloy by a leaching process. The main product of the Sumitomo–Sony process is CoO of sufficient quality that it can be used to manufacture LIBs [72]. Cu and Fe are by-products that are separated mechanically [72,73].




3.1.3. Recupyl Valibat


The Recupyl process, with a nominal capacity of 110 tons/year, was developed as a low-temperature LIB recycling technology, directly addressing the gas emissions resulting from pyrometallurgy in the above-mentioned processes. Figure 4 presents the Recupyl process.



The feed in the Recupyl process may be either primary or secondary LIBs [74]. Batteries are then transferred to a two-step comminution. First, LIBs are treated in a low-speed rotary shear (11 rpm) in Ar or CO2 atmosphere to expose the internal compounds. The inert atmosphere ensures the safe processing of potentially charged batteries. When CO2 is used, it passivates the metallic Li of the primary LIBs, forming a surface of Li2CO3 and reducing fire risks. Secondary grinding is carried out in an impact mill at 90 rpm to reduce particles to a size lower than 3 mm. The target particle size is obtained with the help of a vibrating screen, thus creating over- and undersize fractions.



The oversize fraction is processed using a high-induction magnetic separator to remove ferrous metals. The non-magnetic fraction is then processed with a densimetric table. The relative difference in density creates a high-density fraction (containing Cu and Al) and a low-density fraction, formed by paper and plastics [74]. The 3 mm sieve undersize fraction is further classified using sieves with a 500 μm opening size. There, most of the remaining Cu particles are removed, the passing material containing only <0.3% of Cu [40,74]. Cu removal is a crucial step, since this metal is an impurity that will affect subsequent hydrometallurgical steps.



The electrode-rich fine fraction (i.e., <500 μm) is then mixed with water, and its pH is adjusted to 12. This step releases H2 due to hydrolysis. Li salts are then dissolved into the aqueous phase, leaving MeO and graphite suspended in the solution, to be separated by a filtration process. At this stage, it is possible to recover Li2CO3 or LiCoO2 from the liquid phase by the addition of gaseous CO2 or by solid/liquid separation [74].



The remaining solid fraction undergoes a series of leaching steps, first being treated by H2SO4 at 80 °C. C is filtered out from the solution and Cu is then cemented with steel, i.e., reduced to its elemental form. The possible remaining Li can be precipitated at this point as Li3PO4 by the addition of H3PO4. Finally, Co may be recovered as Co(OH)2 in the presence of NaClO, or as elemental Co by electrolysis [74].




3.1.4. Akkuser


The Akkuser process employs low-temperature stages aimed at obtaining a metal-enriched fraction suitable for subsequent refining. This process involves only a mechanical pre-processing treatment and does not encompass hydro-or pyrometallurgical steps [40,75]. It is reported that Akkuser has a capacity of 4000 tons/year [68]. As this review is focused LIB recycling, the Akkuser process for this type of battery is presented, as depicted in Figure 5.



This process accepts a mixed feed, as the batteries are pre-sorted by type [75]. After sorting, LIBs are processed by two continuous cutting mills. The first mill operates at a temperature range of 40 °C to 50 °C, at 100–400 rpm, reducing the battery size to the range of 1.25 to 2.5 cm. There is no mention in the literature of a protective atmosphere during size reduction; however, it may be inferred that fire risks are considered low. Naturally occurring gases, H2 and O2, are extracted and filtered using a cyclonic system. The filtration residues, most being plastic–metal particles, are then processed to recover Ni and Co by leaching. Upon reaching a pristine quality, the exhaust gases are then released into the atmosphere [75].



The shredded material is then transferred through an air-tight cooling tube into a secondary mill operating at 1000–1200 rpm. The secondary cutting mill reduces the material to a size <6mm. Volatile fine particles are captured with a secondary cyclonic air system, from which ferrous metals are recovered employing a magnetic separator. The resulting non-volatile fraction rich in Co and Cu is ready to be refined by either hydro- or pyrometallurgy [75].The final recovery composition is not detailed in the literature, but is likely a mixture of electrode materials and traces of Al [76].




3.1.5. Umicore Valéas™ (Bruxelles, Belgium)


The Umicore process is focused on the recovery of Co and Ni, primarily from LIBs and NiMH batteries, and it presents the largest capacity of the discussed processes, with 7000 tons/year [68]. It involves a combination of pyro- and hydrometallurgical steps, as presented in Figure 6.



The batteries undergo preliminary dismantling, removing unnecessary material (metallic or plastic casing) and exposing the cells. The process begins by introducing the cells into a shaft furnace which, in this case, may be divided into three different sections according to temperature: low = 300 °C; medium = 700 °C; and high = 1200–1450 °C [17,40]. Each section accomplishes pyrolysis of different materials and refinement of the recovery is as follows:




	
Low temperature section: evaporation of electrolyte;



	
Medium temperature: plastics pyrolysis;



	
High temperature: smelting and reduction (1200–1450 °C).








Generally Na, Ca, or ZnO are introduced to capture halogens and volatile compounds. In cases where the feed contains alkaline batteries, their ZnO content is considered sufficient for such purposes [40,70]. The metallic product of the shaft contains Cu, Co, Ni, Li, and traces of Fe, while Al, Si, Ca, Fe, Mn, Li, and Rare earth elements (REEs) report to the slag [40,67]. The presence of Al and Fe in the slag is crucial, as they are considered impurities for the subsequent leaching stages [17,77]. The metallic alloy is then processed by hydrometallurgical means. Initially, Fe and Cu are enriched by an undisclosed leaching solution. The remaining fraction is treated with HCl, resulting in a solution of Ni(OH)2 and CoCl2, and the latter may be processed to obtain cathode grade LiCoO2 [67,70].



The Umicore process pays special attention to the exhaust gases. For example, the mid-section exhaust is recirculated into the low-temperature section, aiding with the electrolyte evaporation and reducing energy consumption. Additionally, the exhaust gases of the high temperature section are cooled down to avoid the formation of dioxins and furans, and are finally filtered [40,77].




3.1.6. Other Industrial Processes Accepting LIBs


Batrec


Batrec began battery recycling in the end of the 1980s, processing a mixture of alkaline and Zn–C batteries, focusing on the recovery of Zn and Hg [39,78]. The BatRec process presents a capacity of 200 tons/year and is a modification of the Japanese Sumitomo process [35]. LIBs are stored and shredded under a CO2 atmosphere to minimize possible reactions, then the batteries are neutralized by moist air [79]. The neutralized batteries are then crushed to expose the valuable components. However, details of the possible subsequent steps were not available in the literature [17,67,79,80].




Inmetco


In the Inmetco process, the batteries and other scrap (possible electric arc furnace fumes) are fed into a rotary hearth furnace along with reducing pellets. The molten material is then refined in an electric arc furnace. In this process, only Co, Ni, and Fe are recovered in the form of an alloy. Other metals are lost to the slag phase and organic materials are burned [17,27]. Inmetco operates with a capacity of 6000 tons/year.




Glencore


In similar manner, the Glencore process targets the recovery of Co, Ni, and Cu through pyrometallurgical and hydrometallurgical methods, and presents a capacity of 7000 tons/year. Any other components are consumed in the process, either as a source of energy or reducing agents or being lost to the slag phase [17,81]






3.2. Emerging LIB Recycling Processes


3.2.1. Accurec


The process designed by the German company Accurec GmbH® (Krefeld, Germany) was initially designed to treat Ni–Cd batteries. Nevertheless, it has broadened its scope to process various types of batteries, including LIBs [27,29,40,82]. At the moment, LIB recycling by this process operates at a batch-industrial scale in Germany [82]. The Accurec process for LIBs, presented in Figure 7, is a combination of mechanical, pyrometallurgical and hydrometallurgical processes aimed at recovering a Li2CO3 cathode precursor and a Co–Ni–Mn alloy.



The process begins with the sorting, cleaning, and manual dismantling of spent LIBs from consumer goods and EVs [82]. The dismantled feed is transported to the company’s proprietary vacuum thermal treatment, where it is treated at 250 °C under a vacuum to remove electrolytes, solvents, and volatile hydrocarbons [82,83]. The produced fraction is then transported to milling and grinding operations to expose the enclosed constituents. Ground material undergoes a series of mechanical separation steps consisting of a vibrating screen, magnetic separator, and zig-zag classifier (“separation” box in Figure 7), although the exact order of these operations is not specified in the literature. The mechanical separation produces fractions of Fe–Ni, Al, and Al–Cu, from which base metals can be extracted. The remaining fraction is sent to agglomeration and a two-step pyrometallurgical process. The first pyrometallurgical step is carried out in a rotary kiln at 800 °C. The second pyrometallurgical operation is carried out in an electric arc furnace (EAF) (“reducing meltdown” box in Figure 2), where graphite is consumed to enhance the recovery of either Co or Mn, depending on the composition of the previously added slag. As the current market value of Co is higher than that of Mn, the purification of the former is favoured, while the latter is mostly lost in the slag phase [17]. According to Georgi-Maschler et al. (2012), the Co alloy recovered at this stage has commercial value. Similarly to Mn, Li is lost in the slag or volatilized as flue dust during EAF operation.



The concentration of Li in the flue dust and slag has been estimated to be 5 times higher than in the feed, thus offering the possibility of recovery by hydrometallurgical means in the form of the cathode precursor Li2CO3. In such cases, the slag is processed mechanically to obtain a particle size <100 μm, while the flue dust fraction is sent directly to hydrometallurgical treatment. Li is then leached using H2SO4, yielding Na2SO4 as a by-product. After extraction, Li is precipitated in the form of Li2CO3. The Accurec process claims to achieve a Li2CO3 recovery of 90%; it can then be used either as a cathode precursor or as a raw material for glass manufacturing [17].




3.2.2. Battery Resources “Closed Loop” Process


The Battery Resources process is considered a “closed loop” process by its developers, since it recovers battery components suitable for LIB production [84,85,86]. According to Heelan et.al. (2016) this process is currently in the commercialization phase, with a pilot plant operation ongoing since the summer of 2018 [87,88,89]. The Battery Resources process uses mostly mechanical and hydrometallurgical operations, with a single sintering step at the end for product refining. The Battery Resources process is designed to treat LIBs with LiNixMnyCozO2 cathode chemistry. Figure 8 presents a schematic representation of the process.



Initially, spent LIBs undergo a discharging step to reduce the risk of spontaneous explosion during shredding. After discharging, the spent LIBs are shredded with a hammer mill to liberate the constituents and reduce the particle size to <6.3 mm. The shredded mixed material is treated by magnetic separation, producing a magnetic fraction with high content of steel and a cathode-containing non-magnetic fraction. The final destination of the magnetic fraction has not been mentioned in the literature [84,85], but refining could be carried out by a third party company. The non-magnetic fraction is mixed with NaOH in order to extract Al in the form of NaAlO2 (“dissolving” box in Figure 8). The resulting slurry is then filtered and dried at 60 °C, followed by sieving with an opening size of 250 μm. The coarser fraction is treated by dense media separation (DMS) to obtain a Cu-rich fraction. The fine fraction is sent to a four-step hydrometallurgical process. The first stage removes C, LiFePO4, and the remaining plastics in the presence of H2O2 and H2SO4 at a temperature between 65–70 °C. The remaining solution contains ionic forms of Co, Ni, Mn, Li, Al, and Cu. Adjusting the pH to 6.5 with the addition of NaOH promotes the precipitation of the remaining Al, Fe, and Cu (“2. Leaching and Precipitation” in Figure 8). At this stage, N2 gas is also added to prevent the oxidation of Mn2+ ions [86]. In the third leaching stage, different amounts of MnSO4, NiSO4, and CoSO4 are added (“3. Leaching and Precipitation” in Figure 8), to obtain a ratio of 1:1:1 of Co, Mn, and Ni in the solution. There were no details available in the literature about the origins of the Ni, Mn, and Co salts added [84]. Increasing the pH of the solution to 11 with additional NaOH promotes the precipitation of solid Co(OH)2, Mn(OH)2, and Ni(OH)2. During the final hydrometallurgical step (“4. Leaching and Precipitation” in Figure 8), Na2CO3 is added at a temperature of 40 °C to precipitate Li2CO3 from the remaining solution. The previously extracted Co(OH)2, Mn(OH)2, and Ni(OH)2 are mixed with the precipitated Li2CO3 and some additional virgin Li2CO3 to synthesize battery-grade cathode material through compression into pellets and sintering at 900 °C.




3.2.3. LithoRec


The LithoRec process, in general reference to the German projects LithoRec I and LithoRec II [90,91], aims to recover high-grade cathode material from traction LIB modules, mostly used in vehicles, e.g., forklifts, trucks, EVs, HEVs, and e-bikes [92]. It has been reported that this process offers a capacity of 2000 tons/year [68]. Currently, the company Duesenfeld in Germany bases its continuous operation on this process [93]. Compared to an average LIB (Table 1), those used for traction purposes contain 63% cell material, 5% electric components, 21% steel, and an additional 11% plastics [94]. Their comparatively larger plastic content, which aims to reduce the vibration during normal operation of the vehicle, requires a more complex process compared to the recycling of traditional LIBs. As the content of battery cell components in traction LIBs is low, it becomes highly important to achieve proper and efficient separation of casing materials. Hence, the LithoRec relies heavily on mechanical processing and hydrometallurgical operations rather than pyrometallurgy. A schematic flowsheet of the LithoRec process is displayed in Figure 9.



As the LIBs fed into the LithoRec process are larger than the LIBs used for traditional applications (e.g., mobile phones), the risk of sudden explosion is higher. Thus, the LithoRec process begins with the discharging of batteries [91]. After discharging, the LIB modules are manually disassembled to remove peripherals, i.e., protective case, wiring, plastics, and contaminants (“Peripherals” in Figure 9). The dismantled LIB modules are then crushed with a 20 mm rotary shear crusher between 100–140 °C under an N2 atmosphere, volatilizing solvents and evaporating the electrolyte. The crushed modules are subsequently sent for initial classification in a zig-zag sifter (“1. Air Classification” in Figure 9), where Al, Fe, Cu, and plastics are separated. The remaining fine solids (a.k.a., black mass) are mostly cathode and anode materials, and are further sent to a secondary crushing stage [91,92]. The crushed black mass is then sieved with a mesh opening size of 500 μm. The overflow is transferred to a second classification step (“2. Air Classification” in Figure 9), where it is split into fractions containing Al–Cu and plastics. The sieved underflow is directed to a leaching phase in the presence of an undisclosed extraction agent.



During leaching, graphite is initially removed from the solution, followed by Co, Ni, and Mn, which are precipitated in oxide form. The Li remaining in solution is then precipitated as LiOH, Li2CO3, by crystallization, or as a mixture of LiOH and Li2CO3 by electrochemical precipitation (“Leaching and Precipitation” in Figure 4). The Li-containing precipitates may include CoO, Ni, and MnO depending on which metals are carried in solution up to this point [95]. Finally, the Li precipitates are mixed with the extracted Co, Ni, and Mn oxides and sent to the “Calcination” process, producing a suitable precursor material for LIB production [96].




3.2.4. OnTo Technology


The OnTo Process (sometimes also referred to as EcoBat) aims to recover a wide range of LIB components, including anode, cathode, and metals, explicitly mentioning polymeric materials as the single loss [97,98,99]. At present, this process includes several patents and an operation at the laboratory scale [51,100,101,102,103,104]. Figure 10 presents a graphical representation as accurate as the publicly available information allowed.



Similarly to the Battery Resources and LithoRec processes, the OnTo process proposes an initial discharging to reduce the risk of explosion, followed by disassembling to remove large components in the feed. The clean, exposed cells undergo a perforation stage to expose the internal components [100]. After perforation, the cells are enclosed in a chamber with CO2 at supercritical condition (i.e., 74 bars and 31 °C). These conditions reportedly make possible the extraction and recovery of the solvent and electrolyte. The remaining cell, i.e., casing, anode, cathode, and separator, are then stabilized at atmospheric pressure and temperature. Shredding is then carried out, but is not performed under any particular environment, although an atmosphere free of moisture and oxygen has been suggested to avoid contamination of the material [51]. After shredding, Sloop (2010) presents the idea of sorting the elements into the following materials: (i) metal oxides, (ii) propylene, (iii) Li2CO3, (iv) Cu and Al, and (v) graphite. Hailey and Kepler (2015) [97] suggested the metals be separated based on particle size and magnetic properties, although they did not present the details of these proposed stages (“Sieve/Magnetic Separation” box in Figure 10).



The overflow fraction, rich in Al, Fe, Cu, and propylene, is extracted from the process, which can then be further treated to separate the metallic fractions. The underflow fraction, containing a mixture of electrode material, can be separated using dense media separation (DMS) to refurbish anode (graphitic carbon) and cathode (Li2CO3) materials. DMS is carried out in media of about 2.2 to 3.5 g/cm3 [97].



Cathode and anode streams are then directed to parallel hydrometallurgical purification processes. As the DMS process is not 100% efficient, anode particles need to be removed from the cathode fraction and vice versa. Anode purification occurs in two different environments to remove possible impurities: a low-pH treatment removes the remaining cathode particles, then a high-pH environment extracts Al and Cu particles. Cathode purification happens in a basic solution to extract anode particles. Further details about these stages were undisclosed, likely due to intellectual property concerns, but purification was reported to reach a purity of 99% for both anode and cathode materials [97].



Anode and cathode fractions are transferred to a pyrometallurgical stage, where the cathode material is regenerated in a high-energy environment with the addition of pristine Li2CO3 or LiOH. Anode regeneration occurs at a high temperature, where moisture, carbon, unreacted Li, and polymer impurities are eliminated. During pyrometallurgical treatment of the anode fraction, no additional input of chemical additives is required. After the regeneration stages, anode and cathode materials are reportedly suitable for LIB production.




3.2.5. Laboratory Process Suggested by Aalto University


The process discussed by References [43,44] encompasses a mixture of mechanical pre-processing stages followed by a pyrometallurgical step and a thorough hydrometallurgical treatment to recover 99% of the LIB materials.



The process, shown in Figure 11, begins with crushing and sieving, resulting in two distinctive fractions: one formed mostly of the electric peripherals, current collectors, and foils, and a second one formed mostly of the electrode materials. As seen in Figure 10, the two fractions obtained mechanically are processed via two parallel paths: a hydrometallurgical and a pyrometallurgical process designed to treat the electrode material and metallic fraction, respectively. The hydrometallurgical treatment consists of a series of 11 steps specifically designed to obtain cobalt oxalate, CoC2O4, while recovering other elements found in the electrode material fraction, including Li, Ni, Fe, and Co. A pyrometallurgical treatment in a rotary kiln has been proposed to recover Al and Cu. Based on laboratory-scale experiments and process simulations, the Aalto University process has been claimed to recover the vast majority of elements contained in LIBs with a high efficiency [44]. That is, the hydrometallurgical stage recovers 99% of Al, 93% of Li, 89% of Co, 97% of Ni, 98% of Cu, 98% of Mn, and 99% of Fe. The pyrometallurgical path produces a molten phase with 74% of Al with 26% of Cu. It should be noted, however, that the hydrometallurgical products are not in their elemental forms, but rather in chemical compounds, which may require further treatment to be considered usable raw materials for the LIB industry.






4. Discussion


4.1. Recycling Processes


In this section, a critical discussion on the suitability of the recycling processes and their viability to support a CE model is presented. Table 2 presents a summary of processing stages, final products and their target use, for all technologies discussed in Section 3.



As seen in Table 2, only two of the state-of-the-art recycling processes are specialized for treating LIB, i.e., Sumitomo–Sony and Akkuser. Of the emerging processes, only the OnTo Process is capable of treating primary and secondary LIBs simultaneously. The rest of the processes are specialized for one or the other. Nevertheless, while Umicore and Recupyl processes were not initially designed for the processing of LIB, the increasing presence of these types of battery in waste streams pushed for a redesign to accept LIBs as part of their feed. At the same time, the Umicore and Sumitomo–Sony processes claim that their products can be mixed with virgin materials and used as raw materials for batteries. In this manner, the requirement for pristine material is reduced without sacrificing quality requirements.



In the new process developed by Retriev Technologies (Figure 3), the material is ground to a smaller particle size (105 μm vs. 707 μm) compared to the original process (Figure 2). This change in particle size improves the separation of anode and cathode by froth flotation while removing carbon and binder, the presence of which deteriorates the performance of remanufactured cathode [104,105]. Nevertheless, employing a water-intensive technology such as froth flotation involves environmental risks, as it is well known that some hazardous battery components are water-soluble [51]. On the other hand, the wet-crushing system of the original Retriev Process, Figure 2, is at a disadvantage for carbon–binder separation [106]. This drawback is tackled by thermal treatment at 500 °C, where the binder is decomposed.



The Recupyl process is capable of recovering Co-containing cathode powder and LiFePO4 whenever it is present in the feed. In addition, processing of the electrolyte LiPF6 is possible, recovering PF6 and an ammonium salt during a hydrolysis phase (Figure 4) [80]



The high levels of recycling efficiency of the Akkuser process (i.e., >90%) and its low energy consumption (0.3 kWh/kgmaterial) set this process in a privileged position compared to the rest. It is, however, only possible to reach this cost/efficient value because this process is based only on mechanical processing steps, and aims to obtain a black mass for cathode precursor manufacturing by a third party [107,108]. Thus, the stages for refinement are not directly related to Akkuser, and have been left out of this process [75]. Moreover, the Akkuser process reports losses of plastics only during processing. The process was included in this review because it is a real industrial-scale operation [75,108].



There has been a general shift regarding the final aim for materials recovery from the SoA to emerging technologies. While the former focus on metals recovery (or alloys), the latter also aim to recover cathode or cathode precursor material. In addition, the goal of diminishing material losses is more explicitly pursued by the emerging processes. The extensive processing in emerging processes is directly related to the quality of the final recovery. In processes dominated by pyrometallurgy, the only expected product is a metallic alloy. More complex processes entailing hydro- and pyrometallurgy and mechanical processing are able obtain a wider variety of materials. Additionally, processes using pyrometallurgical operations report larger losses, e.g., Umicore Valéas™ and Sumitomo–Sony processes do not recover electrolyte, plastics, organic material, metals, and graphite. In the case of the Umicore Valéas™, the slag is not listed as a loss, but as a by-product, because this process explicitly pursues an afterlife for the slag phase as additive for the construction industry [34]. However, using a material in applications with low economic value can be considered a downgrading operation. Nevertheless, as seen in Table 2, methods presenting an initial pyrometallurgical step do not require a discharging step, as is the case for mechanical and hydrometallurgical processes. Discharge in a controlled environment is bound to the mechanical and hydrometallurgical stages, due to the risk of ignition [51,91]. For example, the Akkuser process requires environmental control carried out by a cyclone air system. In the Retriev process, the concentration of O2 in the environment needs to be adjusted, as it is highly reactive with the pure Li found in primary LIBs.



Other significant differences between SoA technologies and emerging processes is that the main products of the former are not specifically recovered for LIB manufacturing. In comparison, the emerging technologies aim to recover cathode and/or anode precursor materials to satisfy the specific needs of the LIB industry.



Consequently, the emerging technologies require a larger number of mechanical processing stages, in addition to a combination of hydro- and pyrometallurgical stages. Evidently, the higher complexity of the emerging technologies raises questions of their viability compared to simpler process recovering a limited variety of products. For instance, the Battery Resources process requires the consumption of various chemical reagents (e.g., MnSO4, NiSO4, and CoSO4) but obtains the most suitable product for use as a cathode material, at least out of the processes analyzed herein. This brings up the need for balance between the total number of stages, the overall process complexity, and the quality of the products [45]. It is well known that a more complex process, of any nature, is associated with a higher possibility of failure, and requires larger quantities of energy and chemical reagent input while not fully eliminating the generation of waste. For instance, the Aalto University process presents a high quality of products, but also demands a large number of reagents in the hydrometallurgical stages and high energy in the pyrometallurgical step, in addition to efficient mechanical pre-processing stages.



Comparing the different operations present in the processes, there is a clear advantage to the use of mechanical processing coupled hydrometallurgical operations from a CE perspective, i.e., an increase in the variety and usability of the recoveries [73]. This can especially be seen in the products of the Toxco and Recupyl processes, where the losses are diminished considerably in comparison to Umicore Valeas™ or Sumitomo–Sony. Even if the main recoveries of the Umicore Valeas™, Toxco, and Recupyl processes are intended to be used for cathode production, only the latter two recover Li2CO3 and LiCO2 in the same operation, which are considered cathode precursors. If a cathode precursor is defined as a material that do not require further processing to be used in cathode manufacture, the CoCl2 obtained in the Umicore Valeas™ process cannot considered a cathode precursor, as it requires further chemical treatment for cathode material synthesis [70,97]. Thus, it is possible to say that the Toxco and Recupyl are more in line with the idea of circular economy, in comparison to the rest of the processes.



As seen in Table 2, how close the recovered Li components are from being re-used as cathode material is directly related to the complexity of the process. For example, the Recupyl process recovers a cathode precursor, while Sumitomo–Sony produces CoO. Evidently, there are advantages and drawbacks for recycling processes based on either pyro- or hydrometallurgy. In general, pyrometallurgical processes are more energy intensive and lead to larger material losses, but the metallic components are easily upgraded to a commercially valuable state. On the other hand, processes based on hydrometallurgy can recover materials with chemical characteristics suitable for LIB manufacturing, thus “closing the loop” in a more efficient manner. However, hydrometallurgical processes are bound to mechanical processing operations in order to liberate the valuable elements confined in the LIBs. In addition, hydrometallurgical operations require vast amounts of reagents and strictly controlled chemical environments to perform dilution or precipitation of the target materials. In summary, the technologies presented in Table 2 suggest that processes with a higher degree of complexity are necessary to close the materials cycle for all components of LIBs.



From a CE perspective, the preferred processes should entail multiple layers of closed material loops using the fewest possible external inputs to obtain, for instance, cathode precursors. As described in previous sections, both emerging and state-of-the-art processes achieve to some extent the aims of CE for LIBs, bringing valuable materials back into the economic cycle. However, the recovery of materials is only one aspect of the CE. In a closed loop process, resource inputs should also be minimized. Emerging processes require the consumption of additional reagents to achieve the target recoveries. The internal loops in the Battery Resources and LithoRec processes support reduced consumption of external resources for the pyrometallurgical refining process for cathode precursors, e.g., Li2CO3. In addition, the OnTo process reports the possibility of recovering battery components suitable for LIB manufacturing [100,101,102].



Even though emerging processes appear to be closer to the ideal of circular economy, they are not without their drawbacks. For instance, they are mostly focused on one type of battery chemistry, reducing the flexibility of the feed compared to SoA technologies. Some of these technologies require chemical reagents considered hazardous, e.g., the bromoform used in the OnTo process to separate anode and cathode during dense media separation has been associated with kidney and liver injuries [109]. Evidently, there is still room for improvement. For example, the Accurec and LithoRec processes do not recover electrolyte, while the available information on the Battery Resources process does not mention electrolyte recovery whatsoever. The OnTo process is unique in this sense as it allegedly recovers the electrolyte components, i.e., solvent and Li salt [51,100,110]. It has been expressed that the OnTo process is able to recover about 80% of the LIB components, making it an attractive possibility for development at the industrial scale [99]. Interestingly, during a test conducted by Rothermel et al. [111] graphite recovered from the OnTo process outperformed new synthetic graphite in discharge capacity, although it presented a lower discharge capacity compared with non-synthetic graphite. This drawback was attributed to the environment used during the extraction of electrolyte with supercritical CO2, as it may have damaged the crystalline structure of the graphite [111]. As the emerging processes are still in early stages of development, additional risks may become evident during the scale-up phase [27,29,65,73].




4.2. Recovery of Materials


4.2.1. Cathode Active Material


The cathode active powder is the main target of most of emerging recycling processes because of its high economic value, particularly in formulations containing Co [58,70]. Indeed, Co-containing cathode chemistries (LiCoO2, LiNixMnyCozO2) have a relatively higher cost than other commercial cathode materials (LiMn2O4, LiNiO2, LiFePO4).



The recovery of cathodes is, however, a complicated process. As discussed in previous sections, it requires a vast number of preparation and enrichment stages before undergoing final hydrometallurgical refining. Proper purification of the EoL cathode material is crucial because of its high chemical sensibility, where minor contaminants may compromise the quality of the final product. For example, a concentration of Cu above 1.8% slows down the cathode capacity retention compared to pristine chemistries of LiNixMnyCozO2 [86,92], while Al in a concentration higher than 0.6% decreases the capacity from 6–14% within the first 500 cycles [96]. (A cycle is herein defined as the process of full charge and discharge of a battery.) Nevertheless, a concentration up to 0.3% of Al in the recycled cathode material does not result in a significant difference on the cell capacity compared to pristine material [84]. Moreover, the chemical sensibility of the hydrometallurgical steps is affected by the composition of the throughput. For example, during Ni precipitation processes Cu traces are co-precipitated, effectively resulting in Ni losses [85]. Nevertheless, the detrimental effect of impurities should be further researched in order to define tolerable concentrations. It is possible that the materials currently considered impurities could be turned into useful components at the right concentrations. This would make the recycling processes more flexible and, therefore, more suitable for industrial-scale operations. Table 3 presents a summary of the processes from a cathode recovery perspective.



On the other hand, efforts to recycle LiFePO4 and LiMn2O4 cathode chemistries have been limited, mainly due to their relative lower commercial value [67,112]. However, these chemistries cover a larger share of the energy demand in the market, with LiFePO4 and LiMn2O4 representing 22% and 15%, respectively. In comparison, Co-containing chemistries represent only 10% of the market [9]. In addition, between the years 2008 to 2014, the market share for these cathode chemistries increased from 4 to 9% for LiFePO4 and 11 to 16% for LiMn2O4, while the share for LiCoO2 was reduced from 61% to 40% in the same period [15].



The emerging technologies Battery Resources, LithoRec, and OnTo are, however, capable of processing these upcoming chemistries. Although the Battery Resources process is mainly focused on Co-containing chemistries, it is claimed that it is able accept other chemistries. The Onto and LithoRec processes accept LiFePO4 and LiNixMnyCozO2 chemistries, respectively. The Battery Resources and LithoRec processes are of special interest from the circular economy perspective as they include an internal loop, where previously recovered materials (i.e., Li, Mn, Ni oxides, Li2CO3) are consumed in the final pyrometallurgical stages [84,105]. In both of these processes, the final product, i.e., cathode precursor of pristine quality, is obtained with marginal amounts of additional reagents. Such internal loops may require more complex process control strategies and additional energy for operation. On the other hand, the OnTo process is the only one to address direct use of the cathode material after re-lithiation [98]. The Aalto University process, on the other hand, does not obtain a cathode quality material, rather producing precursors containing Co and Li in solution.



Finally, an economic–energetic analysis conducted by Reference [113] revealed that the process of manufacturing of these cathode chemistries from either primary or secondary sources would surpass economic feasibility. Hence, until the economic panorama changes for LiFePO4 and LiMn2O4, these chemistries will remain secondary priorities for the recycling industry.




4.2.2. Lithium Recovery


Elemental Li is currently not a primary driver for LIB recycling, being mainly recovered as part of the cathode active materials. Other forms of Li (e.g., in electrolyte) are generally lost. Being present in at least two different compounds, the recovery of this element is complicated and not pursued by SoA recycling processes. In addition, Li is not considered to be a critical element by the EU [114,115,116], and the global reserves of this metal are deemed sufficient [117]. Li recovery is, thus, in a disadvantageous position compared to other LIB components. However, the losses of Li into waste contribute to unnecessary mining operations. Additionally, the importance of this metal may increase moving forward, and its recyclability may be justified by the increasing demand for LIBs [9,18,45,110,118].



As previously mentioned, Li recovery as part of the cathode is chemically demanding and requires carefully controlled environments. Thus, efficient Li recovery methods should be developed [84], or a replacement material found that is easier to recycle. Further complications come in the form of stability of the hydrometallurgical process feed, where Li precipitation is usually the final stage and therefore is highly dependent on the separation efficiency of previous stages. Table 4 summarizes the recycling processes from a lithium recovery standpoint, including recovery method, process efficiency, quality, and potential use of recovery.



As seen in Table 4, the efficiency of the processes varies from 76% to 95% of Li being recovered, reflecting processes with a potentially positive economic impact [17,85,91]. It has been proposed that Li recovery could lead to different possible uses after enrichment, ranging from ceramics and glass to cathode precursors, depending on its purity. Clearly, the quality of recovered Li salt from the emerging processes can be considered suitable for LIB industry and, thus, using them as glassware raw material would be a downgrade of the original material. Indeed, Accurec reports a 99% purity of Li recovery, while Battery Resources reports a “high purity” product. The Li2CO3 obtained in the Accurec and Battery Resources recoveries can also be used during Al production as an electrolyte additive [117]. However, the recovery process for Li compounds is a delicate process; for instance, as Li2CO3 cannot be precipitated from aqueous solutions, it is easily lost as a by-product [84]. In the Aalto University process, a high recovery of Li can be achieved (up to 93%), although in a highly diluted form. Since the recovery of Li–Ni in solution is, in fact, one of the last hydrometallurgical stages, there can be a high accumulation of liquid solvents. In addition, the extractant may not be highly efficient at separating Li from the cathode, thus requiring large quantities to effectively separate this compound into its elements.



Accurec, Battery Resources, and LithoRec mention active cathode powder manufacturing as the intended use for Li salts, although Accurec also mentions flask production as an alternative option. The OnTo technology recommends its Li compounds for battery production, among other unspecified uses. As the purity requirement for Li2CO3 to be reused in cathode production is 99.5% [119], it is likely that the only process able to achieve such quality will involve blending it with virgin materials. This strategy is already followed in some emerging processes. However, the purity requirements may rise up to 99.9% [119], in which case downgrading may be the most suitable afterlife for this element. In fact, Li could be used in the glass and ceramic industries, which represent a market share for Li2CO3 of similar size (32%) to batteries (35%) [117]. Other possible uses for Li salts could be as an electrolyte additive during Al production and metal casting [117].




4.2.3. Metals Recovery


The recovery of metals is the major driver for the SoA LIB recycling processes, and remains essential in the emerging processes. In emerging technologies, the extraction of metals entails collateral benefits, as Cu, Al, and Fe act as impurities in the hydrometallurgical cathode recovery process. Table 5 summarizes the recycling processes from a metal enrichment perspective.



Those processes relying on pyrometallurgy as main recycling step present losses of metals in addition to the electrode components. However, the metallic fractions (mostly present in the form of foils) may be recovered by mechanical processing steps during pre-treatment [120]. This shows again that recycling processes employing a more thorough pre-processing may indeed recover the majority of the LIB components.



As see in Table 5, most of the processes recover Fe and Cu through mechanical processing operations, e.g., Retriev Technologies employing shaking tables, or the recovery of Fe in the Battery Resources process using magnetic separation. Those processes overlooking pre-concentration report further losses, i.e., Al is lost as slag in the Umicore and Sumitomo–Sony processes. Retriev employs shaking tables for metal separation, which is a reasonable choice as the intended application of products is in metals manufacturing, and materials of superior quality are not required. The two-step comminution process used by Recupyl and Akkuser seems to be associated with safe and controlled processing of the active cells. Even though the comminution parameters in the Akkuser process were not discussed in relation to separation efficiency, it is notable that a cutting mill was specifically chosen out of all available comminution options. Thus, there is some indication that cutting stress is associated with good separation results. In the Recupyl process, particular attention is paid to comminution due to the presence of primary Li cells. In the LithoRec, a two-step comminution under mild cutting stress was chosen for improved separation efficiency.



In the LithoRec and OnTo processes, metallic components such as Cu can be separated by sieving, as they report to specific particle size fractions after shredding [50,111]. However, shredding also delivers fine particles of which recovery may only be possible through leaching during the electrode purification stage, as in the OnTo process. The Accurec process uses an air separator followed by magnetic separation to promote the separation of Fe from the Al and Cu phases. Originally, LithoRec claimed to be able to separate steel without magnetic separation, although this step was added to the process in a follow-up project [50,111]. Detailed information about the exact methods OnTo implements for casing and foil separation was unavailable, but different types of density-based methods are mentioned as suggestions. The Aalto University process, on the other hand, relies on sieving followed by a rotary kiln to recover Al and Cu in alloy form.



As can be seen, casing and foil materials can be recovered by physical means, although they may require further processing to become raw materials suitable for LIB manufacturing. In addition, precipitation may be necessary during the hydrometallurgical steps for cathode recovery in order to further remove finer metallic fractions.




4.2.4. Graphite Recovery


Even though graphite is presently not of major interest for the battery recycling industry [92], promoting its reinsertion into the economic cycle is a valid concern from the CE perspective, as it will decrease the exploitation of mineral deposits and their associated environmental impact. Table 6 present a summary of the recycling processes based on their corresponding graphite recovery abilities.



As shown in Table 6, details related to graphite recovery are scarce. It is also necessary to emphasize that, in most cases, the real recovery of graphite remains uncertain. Indeed, graphite is extracted from the feed but the subsequent phases are not typically discussed. In processes that use pyrometallurgical methods, like the Umicore, Sony, Accurec, and Aalto University processes, graphite is used as energy source and reducing agent. Retriev technologies recover graphite in an elemental form in a MeO filter cake. The Akkuser process seems to recover graphite as part of the black mass containing cathode material. In Recupyl and LithoRec, graphite is removed from the solution at the beginning of the leaching step. However, it is mentioned that utilizing such recovered graphite is not feasible at the moment [92], even though it has been proven technically possible to produce battery-grade graphite via subcritical CO2 cleaning combined with thermal treatment [112]. Battery Resources and OnTo state that they recover graphite, but the details of the exact method have not been provided. Nevertheless, the electrolyte recovery step with supercritical CO2 is capable of removing reactive functional groups from the graphite surface [51,111]. Monadi et al. [121] stated that to separate graphite by hydrometallurgical methods, the anode has to be treated separately from the cathode, pointing out the need for pre-separation of graphite.



As seen, OnTo is the only process in Table 6 that explicitly recovers graphite for LIB anode manufacturing using CO2 in supercritical conditions followed by thermal treatment [51]. The anode recovered from the OnTo process has the same physical characteristics (i.e., grain size and morphology) as pristine graphite [97]. However, the OnTo process is particularly complicated, since it requires pH control for the different components embedded in the cathode and anode. The Accurec process explicitly mentions the use of graphite as a reduction agent during the pyrometallurgical process. The Battery Resources and LithoRec processes are able to extract graphite as a by-product during their leaching processes, but they do not mention any particular use for the anode after extraction [92].



Compared to the cathode and metallic components, graphite production constitutes a small share of the total energy consumption of the cell materials during their life cycle [105]. Even though there is proof of the potential use of recycled graphite, further economic studies may be needed to demonstrate their feasibility [111].






5. Conclusions and Recommendations


This review offers a critical analysis of emerging and SoA recycling processes for LIBs, focusing on their potential to contribute to CE. It discussed emerging processes that are more in line with the concept of CE, as they recover a larger variety of components and aim to reduce the waste streams or repurpose the generated by-products. The OnTo process is of particular interest, as it recovers cathode and anode material from spent LIBs to a point where they can be reused directly for LIB manufacturing. Similar processes, like Battery Resources, LithoRec, and Accurec, obtain similar products in line with the CE concept. However, their processes still have flaws, i.e., losses in the form of non-recovered anode material. In addition, the Aalto University process presents a recovery of the vast majority of the LIB compounds; however, the recovered forms still require further processing to be considered usable raw materials. Contrastingly, the SoA technologies result in significant material losses, e.g., electrolyte, graphite, Cu, Ni, Li, etc.



Furthermore, the importance of developing processes that rely on fewer external inputs and lower waste generation was addressed. For instance, the LithoRec process reports a single battery type in the feed, leachant and multiple reagents as part of its regular operation, and output streams of cathode material, metallic fraction, electrolyte, and volatile material, which may be used again for LIB production. In comparison, the OnTo process requires multiple inputs (i.e., bromoform, CO2, and Li compounds) to recover suitable anode and cathode mixed materials, while also producing mixed waste containing electrolyte, C, and organic material. Thus, an ideal recycling process with a true attachment to the CE concept obtains materials in the same chemical form as those found in the products with a minimum input of external resources and negligible waste streams. From this perspective, the OnTo process may be the technology with a closest attachment to the goals of CE, from the alternatives studied in this review. In other emerging technologies, the recycling products require further chemical transformations before their use in the manufacturing of LIBs is possible. Although these processes still aim to fulfil the ideals of CE, additional processing is inevitably associated with the consumption of additional resources and generation of waste.



Further research on the subject of processing diluted mixtures and the correlation between feed and product quality is therefore advisable. Different authors have approached this challenge by proposing and discussing the use of process simulators, e.g., HSC Sim® (Outotec, Pori, Finland), Aspen Plus® (Hyprotech, Calgary, AB, Canada), Chemcad® (Chemstations, Smithfield, NC, USA), etc., to evaluate the costs of these complex physical and chemical transformations [122,123,124,125]. This type of metallurgical process analysis surpasses the capacity of traditional and expensive in situ testing through the calculation of thermodynamic and engineering parameters such as:




	
Energy cost calculations,



	
Plant efficiency.








Moreover, References [32,44] used process simulation to obtain a systemic assessment based on statistical entropy and material flow analysis. Such approaches describe recycling processes based on the material concentrating efficiency of a system, where the material losses (dilutions) have a measurable impact on the final entropic value. This use of process simulation tools, sometimes referred to as the “digitalization of circular economy”, is a necessity in systems with intricate materials such as LIBs, in order to objectively evaluate their impact on the circular economy.



Furthermore, the diversity of cathode chemistries presents an additional challenge, since they may require diverse conditions for an efficient recycling process. Thus, treating them simultaneously may increase the required resources (e.g., energy and time consumed by a sorting mechanism) or may have a negative impact on the quality of recovered components (e.g., incompatibilities among cathode chemistries or processing conditions). Current developments in battery chemistry may also introduce additional elements in the future. As countermeasure for these drawbacks, it is worth exploring the concentration limits for impurities in secondary raw materials. On the other hand, consensus between battery manufacturers as to the use of a standardized LIB labeling system (e.g., based on the cathode chemistry) might allow automatic sorting operations. In this way, resources would be better used to obtain a suitable feed for efficient processing. This review thus intended also to offer a starting point for serious discussion on the need to design batteries while taking into consideration the technical challenges currently present in recycling processes.
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Figure 1. Circular economy model from a material-centric perspective based on Martinez et al. (2019) [32]. 
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Figure 2. Schematic representation of the Retriev LIB recycling process. 






Figure 2. Schematic representation of the Retriev LIB recycling process.



[image: Batteries 05 00068 g002]







[image: Batteries 05 00068 g003 550] 





Figure 3. Schematic representation of the Retriev LIB recycling process for cathode-grade material regeneration. 
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Figure 4. Schematic representation of the Recupyl Valibat recycling process. 
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Figure 5. Schematic representation of the Akkuser recycling process. 
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Figure 6. Schematic representation of the Umicore Valéas recycling process. 
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Figure 7. Schematic representation of the Accurec process. 
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Figure 8. Schematic representation of the Battery Resources recycling process. 
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Figure 9. Schematic representation of the LithoRec recycling process. 
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Figure 10. Schematic representation of the OnTo recycling process. 
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Figure 11. Schematic representation of Aalto University’s suggested recycling process. 
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Table 1. Lithium-Ion Battery (LiB) Constructive Components and Materials.






Table 1. Lithium-Ion Battery (LiB) Constructive Components and Materials.





	Battery Component
	%w/w
	Most Commonly Used Material





	Case
	~25%
	Steel/plastics



	Cathode
	~27%
	LiCoO2, LiNixMnyCozO2, LiMn2O4, LiNiO2, LiFePO4



	Anode
	~17%
	Graphite/Li4Ti5O12



	Copper and aluminium foils and current collectors
	~13%
	Cu/Al



	Electrolyte
	~10%
	Solution of LiPF6, LiBF4, LiClO4, and LiSO2 dissolved in propylene carbonate, ethylene carbonate, or dimethyl sulfoxide



	Separator
	~4%
	Microporous polypropylene



	Binder
	~4%
	Polivinylidene Difluoride (PVDF)
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Table 2. Summary of LiB recycling processes.
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	Process
	Feed
	Pre-Processing
	Mechanical Processing
	Pyro
	Hydro
	Main Recoveries
	Secondary Recoveries
	Use of Main Recoveries
	Use of Secondary Recoveries
	Losses





	Umicore ValÉas™
	LIB, NiMH
	Dismantling
	-
	Shaft furnace
	Leaching

solvent extraction
	Co, Ni, Cu, Fe

CoCl2
	Slag: Al, Si, Ca, Fe, Li, Mn, REE
	Metal industry, cathode production
	Construction industry
	Electrolyte, plastics,

graphite



	Sumitomo–Sony
	LIB.
	Sorting

Dismantling
	-
	Calcination
	Hydro
	CoO
	Co–Ni–Fe alloy

Cu, Al, Fe
	Battery industry
	Metal industry
	Electrolyte, plastics,

Li, Ni, graphite



	Retriev Technologies
	LIB

Primary Li
	Dismantling
	Wet comminution,

screening,

shaking table,

filtration,
	
	Precipitation
	Li2CO3

MeO
	Steel

Cu, Co, Al
	Cathode production,

metal industry
	Metal industry
	Plastic



	Recupyl

Valibat
	LIB

Primary Li
	-
	crushing,

vibrating screen,

secondary screen,

magnetic separator,

densimetric table,
	-
	Hydrolysis

leaching
	Li2CO3, LiCO2,

Li3PO4
	Steel

Cu, Al

Cu,

MeO, C
	Cathode Production.
	Metal industry
	Cu,

graphite



	Akkuser
	LIB
	Sorting
	1st cutting,

air filtration,

cutting,

magnetic separator
	-
	-
	Co, Cu powder

Fe
	Non-ferrous metals
	Various including metal industry
	Metal industry
	Plastic



	Accurec
	LIB
	Sorting

Dismantling
	Milling, separation, agglomeration, filtration, ambient
	Vacuum thermal treatment, reduction
	H2SO4
	Li2CO3

Co-Alloy
	Metallic alloy
	Production of cathode material
	Metal recovery
	Electrolyte, polymers,

graphite



	Battery Resources
	LIB
	Discharge
	Shredding, magnetic separation, sieving,

dense media;

ambient
	Sintering
	Leaching by: NaOH, H2O2, H2SO4, and Na2CO3
	Li2CO3

NMC(OH)2
	Ferrous metals
	Battery cell production
	Metal industry
	Electrolyte



	LithoRec
	LIB
	Discharge

Manual disassembly
	Two-stage crushing,

two-stage air classification; inert.
	Drying, calcination
	Undisclosed leaching agent
	Li2CO3

metal oxides
	Al–Cu, plastic fractions
	Battery cell production
	Metal industry
	Electrolyte



	OnTo
	LIB

Primary Li
	Discharge

Dismantling
	Shredding, sieving

dense media separation;

supercritical CO2
	Present (undisclosed).
	Leaching purification, dissolution
	Refurbished cell cathode powder
	Ferrous and non-ferrous metals
	Battery cell production
	Metal industry
	Binder,

graphite



	Aalto University
	LIB
	-
	Shredding,

sieving
	Aluminium smelter
	Leaching
	CoC2O4

Al
	Jarosite, manganese dioxide, copper hydroxide, Li–Ni solution.
	Reprocessing required
	Reprocessing required
	Graphite, binder

plastic, Cu, water
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Table 3. Cathode material recovery summary of the recycling processes.
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	Process
	Co Recovery
	Quality of Recovery





	Umicore
	CoCl2
	Ready for LiCoO2 synthesis



	Sumitomo–Sony
	CoO
	Recovery needs pyrometallurgical processs before cathode synthesis



	Retriev Technologies
	MeO + cake
	Elemental cobalt



	Recupyl
	LCO/Co(OH)2/Co
	final product



	Akkuser
	Co + graphite
	Recovery requires hydro- and/or pyrometallurgical processes before cathode synthesis



	Accurec
	Co alloy
	Elemental cobalt



	Battery Resources
	NMC(OH)2
	Ready for cathode synthesis



	LithoRec
	MeO
	Ready for cathode synthesis



	OnTo
	Cathode powder (refurbished)
	Final product



	Aalto University
	CoC2O4
	Recovery requires processing
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Table 4. Lithium recovery summary of the recycling processes.
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	Process
	Li Product
	Recovery Method
	Efficiency
	Recovery Quality
	Target Use of Recovery





	Umicore
	Not recovered
	-
	-
	-
	-



	Sumitomo–Sony
	Not recovered
	-
	-
	-
	-



	Retriev Technologies
	Li2CO3
	Precipitation with Na2CO3/CO2
	90%
	No data
	Metal manufacture



	Recupyl
	Li2CO3/Li3PO4
	Precipitation with CO2
	No Data
	No data
	Not discussed



	Akkuser
	Not recovered
	-
	-
	-
	-



	Accurec
	Li2CO3
	Precipitation
	76–90%
	>99%
	Glass production/cathode synthesis



	Battery Resources
	Li2CO3
	Precipitation with Na2CO3
	67–80%
	“High Purity”
	Cathode powder synthesis



	LithoRec
	Li2CO3/LiOH
	Precipitation
	85–95%
	No Data
	Cathode powder synthesis



	OnTo
	Li2CO3/cathode
	Undisclosed
	Undisclosed
	99%
	Battery production



	Aalto University
	Li–Ni solution
	Leaching
	93–97%
	0.1%
	Not discussed
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Table 5. Metal recovery summary of the recycling processes.
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	Process
	Fe Casing
	Al and Cu Foils
	Losses





	Umicore
	Fe: recovered in alloy
	Cu: recovered in alloy
	Al, polymer



	Sumitomo–Sony
	Fe: recovered in alloy
	Cu: recovered.in alloy
	Al, polymer



	Retriev Technologies
	Fe, Al, and plastics: recovered in shaking table
	Not mentioned.
	Not mentioned



	Recupyl
	Fe: recovered with magnetic separator
	Al, Cu, and plastics: recovered with density separation
	Not mentioned



	Akkuser
	Fe: recovered with magnetic separator

Plastics: recovered via air filtration
	Al and Cu: recovered from fin powder
	Fraction of Cu and Al



	Accurec
	Fe: recovered with magnetic separator
	Al and Cu: recovered via air separator
	Polymer



	Battery Resources
	Fe: recovered with magnetic separator
	Al: recovered during leaching

Cu: recovered via dense media separation and precipitation
	Not mentioned



	LithoRec
	Fe, Al, and plastics: recovered via air separator
	Al and Cu: recovered via sieves and zig-zag sifter
	Not mentioned



	OnTo
	Fe, Al, and plastics: recovered
	Al and Cu: recovered
	Not mentioned



	Aalto University
	Fe: extracted at pre-processing
	Rotary kiln
	Cu, graphite.
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Table 6. Graphite recovery summary in emerging processes.






Table 6. Graphite recovery summary in emerging processes.





	Process
	Graphite





	Umicore
	Used as reducing agent in furnace



	Sumitomo–Sony
	Lost during calcination



	Retriev Technologies
	Recovered during filtration as: MeO–graphite cake



	Recupyl
	Filtered off in leaching step



	Akkuser
	Remain as fraction of the black mass



	Accurec
	Used as reduction agent



	Battery Resources
	Extraction, no use expressed



	LithoRec
	Extraction, no use expressed



	OnTo
	Recovered by leaching for LIB purposes



	Aalto University
	Lost in rotary kiln
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