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[bookmark: _Hlk183702030]Abstract: Carbothermal reduction roasting is an important medium-temperature pyrometallurgical process for efficiently recovering valuable elements from spent lithium-ion batteries (LIBs). In this study, Combined carbothermal reduction-acetic acid leaching was proposed aiming to step-wisely recover Li, Ni, Co and Mn from spent ternary LIBs containing lithium nickel cobalt manganese oxide (LiNixCoyMnzO2, NCM). The biomass waste materials, chitosan, and chitin were chosen as sustainable reducing agents for the carbothermal reduction roasting. The synergistic effect of the reducing gases and biochar produced during pyrolysis led to the reduction of transition metals in NCM into Ni, Co, and MnO, respectively. Meanwhile, lithium reacted with CO2 to form Li2CO3. Additionally, an acetic acid leaching process was employed to treat the roasting slag, achieving selective leaching of Li and Mn with leaching efficiencies of 98.45% for Li, 1.20% for Ni, 3.10% for Co, and 98.43% for Mn under optimal conditions. Compared to traditional carbothermal reduction roasting methods, this approach used extracts from shrimp/crab shell solid waste as a source of reducing atmosphere and biochar. More importantly, the leaching behaver of Li, Ni, Co and Mn were also carried out. Li and Mn were subsequently recovered as lithium carbonate (Li2CO3) and manganese carbonate (MnCO3), respectively. An economic evaluation was also conducted to present a promising strategy for efficiently recycling valuable metals from spent LIBs.
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1. Introduction
Due to their high energy density, low cost, excellent cycling performance with a high specific capacity, and relatively stable structure, LIBs with ternary NCM positive electrode materials have become the dominant power source in consumer electronics, accounting for over 80% of market1. However, the substantial increase in LIB consumption will lead to a rapid accumulation of spent LIBs as they reach the end of their lifespans (typically around 3-10 years) 2, 3. These spent NCM LIBs, often referred to as “urban mines”, are rich in valuable resources, containing significant levels of Li, Ni, Co and Mn (5 to 20% Co, 5 to 10% Ni, 5 to 7% Li, 5 to 13% Mn, along with 5 to 10% of other metals such as Cu, Al and Fe) 4, 5. Therefore, spent NCM LIBs electrode materials are currently considered an important secondary source of Li, Ni, Co and Mn. In the coming decades, the world will face significant challenges in the disposal of spent LIBs 6. Therefore, developing an efficient and sustainable recycling process for spent NCM LIBs is crucial from both environmental and economic perspectives 7.
Currently, recovery strategies for spent NCM primarily rely on either hydrometallurgy or pyrometallurgy 8, 9. The hydrometallurgical approach is regarded as particularly promising due to its high reaction efficiency 10, excellent metal selectivity11, and superior product purity 12. However, this method often involves the use of expensive extractants that are challenging to recycle 13,14. In contrast, the pyrometallurgical process employs a high-temperature roasting to recover the valuable elements from spent NCM in the form of metals or alloys. This method boasts high chemical reaction efficiency, operational simplicity, and effective separation of metallic elements 15-17. However, Li is frequently lost as a by-product in the slag or evaporated during high-temperature treatments, leading to a relatively low Li recovery efficiency (~70%) 18-20. To improve Li recovery efficiency and optimize the utilization of spent NCM electrode materials, researchers have developed combined hydrometallurgical and pyrometallurgical strategies, such as hydrogen-reduced and methane-reduced roasting. Nonetheless, these methods present challenges related to tail gas treatment and safety in large-scale production. Furthermore, the use of thermal reductants such as graphite 21, (NH4)2SO422, H2 23, and CH4 24 tends to be expensive. Therefore, the development of greener and more cost-effective thermal reductants is crucial for the sustainable recycling of spent LIBs. 
Currently, carbothermal reduction roasting as a typical medium-temperature pyrometallurgical recovery method has been widely investigated aiming to selectively extract Li while effectively utilizing the transition metals. Carbothermal reduction involves roasting of cathode powder with carbonaceous materials like graphite, coal, and biomass. This process reduces high-valence metals to lower-valence metal oxides or alloys and converts Li into soluble Li2CO3. While the use of lignite can reduce the cost of reductants, it also introduces new metal impurities, complicating further separation and purification processes. Waste biomass, a renewable and environmentally friendly carbon resource, is gaining attention in thermochemical processes and is considered a promising carbon precursor. Recently, waste materials such as soybean 25 and pine sawdust 26 have been used for the reductive roasting of spent NCM. The reducing gases (CH4, NH3, CO) generated through the decomposition or vacuum pyrolysis of biomass can improve the efficiency of the carbothermal reduction process. Consequently, waste biomass presents itself as a viable, green, and cost-effective alternative for reducing agents, benefiting both economic and environmental aspects.
[bookmark: _Hlk183700598]Crawfish are found worldwide and are commonly boiled or steamed as a popular food. However, around 80% of crawfish shells become waste 27. The improper disposal of these shells in nature or landfills can cause environmental pollution 28. Crawfish shells have a unique composition, containing three basic components: protein (20%-30%), calcium carbonate (30%-40%), and chitin (20%-30%) 29. Notably, chitin is the main component of crawfish shells and is the second most abundant natural polymer after cellulose, with an annual production of up to 1011 tons 30. Chitosan, a homogeneous substance derived from the deacetylation of chitin, exhibits strong reaction properties. Both chitin and chitosan contain numerous amino, hydroxyl, and acetyl functional groups, which can produce reducing gases during pyrolysis. Consequently, chitin and chitosan have the potential to serve as green carbon resources for carbothermal reduction roasting after undergoing pyrolysis or carbonization.
In this study, initially the thermodynamic feasibility of using chitin and chitosan as reductants and carbon resources was assessed. Next, the carbothermal reduction roasting mechanism was elucidated by analyzing the pyrolysis products of chitin and chitosan and examining the compositions of the reaction slag. Acetic acid leaching was further employed for the stepwise recovery of Li and Mn, which were precipitated in the form of Li2CO3 and MnCO3, respectively, thereby separating from Ni and Co Moreover, economic analysis and practical application assessments verified that crawfish biomass waste exhibits significant potential as an efficient reductant for the sustainable recycling of spent LIBs. This method not only offers a viable solution for the resource utilization of crawfish waste but also enables the stepwise recovery of valuable Li and Mn from spent NCM, yielding substantial economic and environmental benefits. 
2. Materials and methods 
2.1 Materials and reagents
[bookmark: _Hlk183460292]The spent electrode powder used in the experiments was sourced from Fujian Evergreen New Energy Technology Co., Ltd. Analytical grade chemical reagents included chitin ((C8H13NO5)n), chitosan ((C6H11NO4)n), CH3COOH, NaOH, Na2CO3 and NH4HCO3. Elemental analysis revealed that the mixed electrode material primarily comprised 22.35% Ni, 13.19% Co, 8.18% Mn, and 9.00% Li (See Table S1). The recycling process of spent NCM LIBs, the Cu foil in lithium-ion batteries can be completely recovered after sieving, since it is more difficult to crush due to the better ductility of Cu. Therefore, it resulted in the low content of Cu in the spent electrode materials. The phase composition and morphological characteristics of the spent electrode powder are illustrated in Fig. S1. The X-ray diffraction (XRD) pattern corresponded well with the standard ternary NCM material (PDF #56-0147), while scanning electron microscopy (SEM) images indicated that the spent powder was spherical with a diameter of 1-3 μm. Chitosan and chitin were provided as flakes, possessing specific surface areas of 1.38 m2/g and 1.44 m2/g, respectively (Fig. S2).
[bookmark: _Hlk170895808]2.2 Carbothermal reduction roasting
The biomass derivative obtained from the crawfish shell, either chitosan or chitin, was mixed with spent electrode powder. This mixture was then placed in a tube furnace for reduction roasting, under a nitrogen atmosphere with a flow rate of 100 mL·min-1. The mass ratio of the biomass derivative (chitosan or chitin) to the spent NCM ranged from 0.04-0.32. Roasting was conducted at a temperature between 500°C to 900°C for 10-240 min. After the roasting, the product was transferred to a mortar and ground for several minutes before undergoing an acid-leaching process.
2.3 Acid leaching process
[bookmark: _Hlk182768723]Various acids, including H2SO4, HCl, formic acid, and acetic acid, were employed to leach Li, Ni, Co, and Mn. The conditions for acid leaching, such as acid concentration, leaching time, and leaching temperature, were systematically investigated to optimize the process. Typically, 5 g of the roasted product and 100 ml of acid at a specified concentration were added to a 250 ml round-bottom flask, maintaining a liquid-to-solid ratio of 20 g/L, with continuous stirring. The efficiency of the leaching process for the valuable metals was calculated using the following equation.

where ci (g/L) is the metal concentration in the leaching solution, Vi (L) is the volume of the leaching solution, m0 (g) represents the mass of the roasting slag in the leaching experiment, and wi (%) is the mass fraction of the corresponding metal elements in the roasting slag.
2.4 Stepwise recovery of MnCO3 and Li2CO3
First, the pH of the leaching solution was adjusted to 7.5 by adding ammonia dropwise. MnCO3 precipitation was achieved by adding NH3HCO3 in an amount 1.3 times the theoretical requirement, followed by stirring at 45°C for 2 h. Next, the resulting filtrate was treated with a 4 mol/L NaOH solution to adjust the pH to 11.5 in a water bath at 40°C to remove a small amount of transition metal ions such as Al and Cu. The purified solution was then heated to 90°C, and Na2CO3 of 1.2 times the theoretical amount was added. The solution was continuously stirred for 3 h to obtain the Li2CO3 Product. The recovery efficiency of various transition metal elements was defined as follows: 

where Mi is the mass of transition metal "i" obtained from the leaching solution and Mp refers to the mass of the same element present in the mixed electrode powder. 
2.5 Characterizations
The concentration of metal elements (Li, Ni, Co, Mn, and Al) was determined using inductively coupled plasma optical emission spectrometry (ICP-OES, ICAP 7400). The crystal phase composition was analyzed with an X-ray diffractometer (XRD, Shimadzu X-6000). Surface morphology and elemental content were examined using scanning electron microscopy (SEM, JSM-7900F) coupled with an energy-dispersive X-ray spectroscope (EDS). Functional groups and chemical bonds were identified with a Fourier transform infrared spectroscope (FT-IR, Thermo Fisher/Nicolet iS50). The chemical valence states were analyzed using X-ray photoelectron spectroscopy (XPS, PHI5700 ESCA). The thermal behaviors of the samples were investigated with a thermogravimetric analyzer (TG-DTG, NETZSCH STA449F3). Standard Gibbs free energies of the relevant chemical reactions were theoretically calculated using HSC Chemistry 6.0 software.
3. Results and discussion 
The complete recycling process for valuable elements from spent electrode power encompasses several stages: reduction roasting, acetic acid leaching, solid-liquid separation, and the recovery of valuable metals, as shown in Figure 1.
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Figure 1. Schematic diagram of the stepwise recycling process.

3.1 Thermodynamic feasibility analysis
In this study, biomass waste chitin and chitosan were utilized as reduction agents. The reduction process can be divided into two stages: pyrolysis for the generation of reducing gases and subsequent carbothermal reduction. The reductive gases produced (CO2, NH3, CH4, CO) along with biochar were assumed to react with mixed electrode materials during the roasting process. Thermodynamic data for the relevant chemical reactions were analyzed to assess the relationship between temperature and the change in Gibbs free energy, determining whether the reactions were spontaneous. A negative ΔrGm(T) value indicated that the reaction could be spontaneous and vice versa. The feasibility of reactions between the pyrolysis products (C, CO2, NH3, CO, and CH4) and the spent electrode powder was thermodynamically evaluated using HSC Chemistry 6.0 software. As shown in Figure S3 and detailed in Eqs. R-1 to R-13, the reactions of transition metal oxides (NiO, Co3O4, and MnO2) with the reductive substances were found to be thermodynamically favorable. Consequently, NiO, Co3O4, and MnO2 were reduced to Ni, Co, and MnO, respectively 31.
	(1) Thermal reduction based on C
	

	2NiO + C = 2Ni + CO2(g)
	R-1

	2MnO2 + C = 2MnO + CO2(g)  
	R-2

	Co3O4 + 2C = 3Co + 2CO2(g)
	R-3

	(2) Thermal reduction based on CH4
	

	4NiO + CH4(g)= 4Ni +2H2O(g)+ CO2(g)
	R-4

	4MnO2 + CH4(g) = 4MnO + CO2(g) + 2H2O(g)
	R-5

	Co3O4 + CH4(g) = 3Co + 2H2O(g) + CO2(g) 
	R-6

	(3) Thermal reduction based on CO
	

	NiO + CO(g) = Ni + CO2(g)  
	R-7

	MnO2 + CO(g) = MnO + CO2(g)
	R-8

	Co3O4 + 4CO(g) = 3Co + 4CO2(g)  
	R-9

	(4) Thermal reduction based on NH3  

	2NH3(g) + 3NiO = 3Ni + 3H2O(g) + N2(g)  
	R-10

	2NH3(g) + 3MnO2 = 3MnO + 3H2O(g) + N2(g)  
	R-11

	2NH3(g) + 3CoO = 3Co + 3H2O(g) + N2(g)  
	R-12

	(5) Formation of Li2CO3 from CO2 

	Li2O + CO2(g) = Li2CO3   
	R-13


3.2 Thermal behaviors of chitosan and chitin
[bookmark: _Hlk182680819]A Thermogravimetric-Differential Thermogravimetric (TG-DTG) measurement was conducted to analyze the thermal behaviors. As illustrated in Figure 2a-b, the pyrolysis process of both chitosan and chitin can be divided into three stages: dehydration, pyrolysis, and carbonization. The total weight loss for chitosan and chitin was 76.4% and 69.8%, respectively. In the temperature range of 30-108°C, the weight loss rates were 3.8% and 6.3%, attributed to the removal of adsorbed crystalline water and/or volatiles 32. The most significant weight loss rate occurred in the 250-400 °C range, corresponding to the decomposition of carbon-containing organics in chitosan and chitin. Notably, the pyrolysis temperature of chitosan was much lower than that of chitin, which is corroborated by the gas products generated at lower temperatures for chitosan, as shown in the TG-MS results (Figure 2c-d). During pyrolysis, reducing gases such as NH3, CO2, CO, and CH4 were generated. Thus, chitosan and chitin can be expected to serve as reducing agents in the form of biochar for reduction roasting.


Figure 2. TG/DTG curves of (a) chitosan, (b) chitin. The mass spectra of gases produced during the roasting process using (c) chitosan and (d) chitin. Gaseous products such as NH3, CO2, CO, and CH4 other than amorphous carbon were detected, which might react with the cathode active materials.
FT-IR investigations were conducted to identify the intermediate products during the reaction process and determine the optimal roasting temperature. As depicted in Figure 3(a), chitosan and chitin contain functional groups such as -OH, -CH, C=O, -OH, and -C-O. During pyrolysis, these compounds undergo various transformations, including the shedding of hydroxyl group, breaking of side chains, ring-opening degradation, and structural reorganization. Biochar is left behind as volatiles are released. The FT-IR spectra in Figure 3(b) shows residual O-H and C-H signals, along with a broad absorption band near 1200-1700 cm-1 which is likely due to the C-C stretching modes, indicating the presence of carbon in the residue. The TG/DTG curves of the mixture of chitosan and spent electrode powder are shown in Figure 3(c). The volatilization of crystalline water occurs in the temperature range of 100-220°C. Additionally, the volatilization of carbonaceous organics in the mixture of spent electrode powder and chitosan is observed between 280-595°C. This volatilization process was consistent with that of individual chitosan. Similarly, in the temperature range of 595-800°C, amorphous carbon, NH3, CO2, CO, and CH4 were produced. Both chitosan and waste electrode powder underwent significant reactions between 600-800 °C. Figure 3(d) presents the TG/DTG curves for the mixture of chitin and spent electrode powder. The volatilization of crystalline water occurred between 100-280°C. Additionally, the volatilization of carbonaceous organics from the mixture was predominant in the 280-600°C range. The generation of amorphous carbon gases such as NH3, CO2, CO, and CH4 was prominent between 600-800°C. 


Figure 3. FT-IR analysis of chitosan and chitin (a) before and (b) after calcination. TG/DTG curves of the mixture of spent electrode powder and (c) chitosan and (d) chitin with a mass ratio of 0.2.
3.3 Experiment on optimization of conditions in the roasting section.
Based on the thermodynamic and thermogravimetric analyses, it was inferred that the pyrolysis of chitosan/chitin could facilitate the decomposition of spent electrode powder. To optimize the roasting process, the effects of the roasting temperature, biomass addition, and roasting time on both the leaching efficiency and the chemical compositions of the roasting products were investigated. Unless specified, the roasting conditions were as follows: conducted with a mass ratio of biomass (chitosan or chitin) to spent electrode powder of 0.2 at 650°C for 2 h in an N2 atmosphere. The subsequent acid-leaching process was performed using 0.5 M acetic acid at 25°C for 30 min.
3.3.1 Roasting temperature 
Figure 4 illustrates the impact of roasting temperature on the phase compositions of the residues obtained from roasting a chitosan/spent electrode powder mixture and its subsequent leaching efficiency. In Figure 4(a), at a reaction temperature of 500 °C, the electrode powder predominantly dissociates; however, medium-valance products or oxides persist, which are difficult to dissolve, leading to suboptimal leaching efficiency. As the temperature rises to 600°C, the signal of the typical NCM phase vanishes, indicating complete dissociation. Additionally, the peaks corresponding to oxides such as CoO and NiO diminish, while those for metals (metallic Ni Co) increase, signifying that NiO and CoO are reduced to their metallic forms. At 650 °C, the roasting residues primarily consist of metallic Ni Co, Li2CO3 and MnO. Within the temperature range of 500 °C to 900 °C, Li2CO3 appears in its physical phase. At 900 °C, the peaks of the metal oxides disappear entirely, indicating thorough reduction. Figure 4b shows that the leaching efficiency of Li varies with increasing roasting temperature, potentially due to the volatilization of Li at high temperatures. Typically, the reduction residue is leached with water to selectively extract Li, but Li2CO3 is only slightly soluble in water. Weak acids, such as acetic acid, can enhance the solubility of Li2CO3 and MnO, thereby improving the leaching rates of Li and Mn. In this experiment, acid leaching was optimized to achieve high leaching efficiencies for both elements. Under the conditions of a 0.5 mol/L acetic acid concentration, a liquid-to-solid ratio of 30:1, a temperature of 25 °C, and a leaching time of 30 minutes, the spent electrode powder calcined at 500-600 °C did not completely dissociate, leaving some Li unreleased. As the temperature increased, the leaching efficiency of Li gradually improved, reaching its peak at 650 °C. Figure 6(a) indicates exceeds 650°C, the leaching efficiency of Li decreases, probably due to possible volatilization of metallic Li under high roasting temperature 25,26. While Mn existed in the form of MnO, which could react with acetic acid. Additionally, Ni and Co oxides were fully reduced to metals, with the standard Gibbs free energy indicating that Ni and Co metals were less likely to react with acetic acid. When the reaction temperature was further increased to 800 °C, the leaching efficiency of Li began to decline, likely due to the loss of Li at such high temperatures. Notably, the leaching efficiency of Mn also reached its maximum at 650 °C, making this temperature the optimal choice for the reaction. As shown in Figure S4(a-b), the effect of temperature on the mixed roasting of chitin and spent NCM was nearly identical to that of chitosan. Consequently, 650 °C was chosen as the optimal roasting temperature for both chitosan/chitin.
[bookmark: _Hlk183163930]3.3.2 Biomass addition
[bookmark: _Hlk183462196]The impact of chitosan dosage on the reductive roasting of spent electrode material was studied. Figure 4(c) illustrates that the decomposition of spent NCM progressively increased as the mass ratio of chitosan to spent electrode powder increased from 0.04 to 0.20. Beyond this ratio, no significant changes were detected in the XRD patterns, suggesting that LiNixCoyMnzO2 had been completely decomposed and reduced to Li2CO3, MnO, and metallic Ni Co. As depicted in Figure 4(d), the leaching efficiencies of Li and Mn improved with the increasing chitosan dosage, reaching their maximum values at a chitosan dosage of 0.20. Meanwhile, the leaching ratios of Ni and Co remained below 4%. Similar trends were observed for different chitosan/spent electrode powder compositions, as shown in Figure S4(c-d). Consequently, a biomass dosage of 0.20 is deemed optimal for reduction roasting.
3.3.3 Roasting time
The effect of roasting time was examined at a temperature of 650°C with a chitosan dosage of 0.20. As illustrated in Figure 4(e-f), a roasting duration of 2 hours resulted in the complete 
decomposition of the spent electrode powder, converting it into Li2CO3, Ni, Co, and MnO. Under these conditions, the leaching efficiencies of Li and Mn reached their peak values of 98.43% and 98.45%, respectively. Extending the roasting time did not yield any significant improvement in the leaching efficiency of these valuable metals. Therefore, 2 hours was found as the optimal roasting time for chitosan. Figure S4(e-f) confirms that this 2-hour duration is also optimal for chitin. Comparatively, the reaction was faster with the use of chitosan and chitin as biomass-reducing agents than with lignite, as reported by33. This increased efficiency is likely due to the favorable effect of reducing gases produced during the decomposition of chitosan or chitin. 
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Figure 4. XRD patterns of roasting residues with (a) different temperatures, (c) different content of chitosan, and (e) different roasting time. Effect of (b) temperature, (d) different content of chitosan, and (f) different roasting time on the leaching efficiencies of valuable metals.

3.4 Acid leaching process
[bookmark: _Hlk183199541]3.4.1 Optimization of acid leaching conditions. The impact of different acid species on the selective leaching of Li and Mn was initially assessed using roasting products prepared under consistent conditions. The results in Fig 5(a) showed that the introduction of acetic acid resulted in maximum leaching efficiencies for both Li and Mn, while other metals, such as Co and Ni remained largely insoluble, which is advantageous for the separation of Li and Mn. Consequently, acetic acid was chosen as the leaching agent, and further experiments were conducted to optimize the acetic acid leaching process. Figure 5(b) demonstrates the effect of varying acetic acid concentrations on the leaching efficiency of Li, Ni, Co, and Mn. It was observed that an appropriate concentration of acetic acid significantly improved the leaching efficiency of Li and Mn. At an acetic acid concentration of 0.5 mol/L, the leaching efficiencies for Li and Mn reached 98.45% and 98.43%, respectively. Increasing the concentration beyond this point leads to the gradual dissolution of Ni and Co, indicating that 0.5 mol/L is the optimal acetic acid concentration for selective leaching. The leaching behavior of valuable metals at various temperatures was studied using an acetic acid concentration of 0.5 mol/L and a reaction time of 30 minutes. As illustrated in Figure 5(c), the leaching efficiencies of Ni and Co increased with rising temperatures, whereas the leaching efficiencies of Li and Mn remained relatively unchanged. Specifically, at 25 °C, the leaching efficiencies for Li and Mn were 98.5% and 98.4%, respectively, while those for Ni and Co were only 3.2% and 1.2%. Further investigation was conducted to determine the effect of the leaching time under the conditions of 0.5 mol/L acetic acid concentration and a temperature of 25 °C. Figure 5(d) shows that the leaching efficiencies of Li and Mn gradually improved with longer reaction times, reaching their maximum values at 30 minutes. In contrast, the leaching efficiencies of Ni and Co remained largely unaffected by the duration. Similarly, the optimal leaching conditions for the mixed roasting slag of chitin and spent electrode powder were found to be essentially the same, as depicted in Figure S5(a-c). Thus, the optimal conditions were established as 0.5 M acetic acid, a temperature of 25 °C, and a leaching time of 30 minutes. The relatively low temperature of diluted acid favored the preferential leaching of Li2CO3 and MnO while preserving the metallic Ni Co, aligning our stepwise recovery approach for NCM. As shown in Figure 6(a) the mixed roasting of chitosan and spent cathode material offers significant advantages. This method not only achieves high leaching efficiencies for Li and Mn but also minimizes the dissolution of Ni and Co. Therefore, due to additional benefits such as low pyrolysis temperatures and the ease of achieving a homogeneous mixture, chitosan was selected for further study of the roasting mechanism and the subsequent recovery of Li and Mn products. 
3.4.2. Leaching kinetics. The leaching kinetics was further studied to understand the leaching behavior of valuable metals in the obtained reduced slag and to determine the rate-limiting steps. In the specific leaching kinetics experiment, the leaching temperature was fixed at 25℃, the concentration of acetic acid was 0.5 mol/L, and the liquid-to-solid ratio of 20 g/L was employed to investigate the leaching kinetics of Li, Ni, Co and Mn. As can be seen from Fig. 6(b), the Li, Ni, Co and Mn leaching efficiency increases gradually with the increase of reaction time, and the leaching behavior is also fitted with the assumptions of the shrinking core model, and the leaching kinetic models obtained were fitted separately. The results show that they are consistent with the internal diffusion control model (1-2/3x-(1-x)2/3=k3t), where x (%) is the leaching rate of the metal, k3(min-1) is the rate constant and t is the leaching time (min).
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[bookmark: _Hlk183201603]Figure 5. (a) Leaching rates of valent metals under different acid conditions. Effect of (b) acetic acid concentration, (c) leaching temperature, (d) leaching time on leaching efficiencies of valuable metals from chitosan roasting residue.
[image: 图表, 图示, 直方图

描述已自动生成]
Figure 6. (a) Comparison of the leaching efficiencies of Li, Ni, Co, Mn, and Al after the roasting of the mixture of chitin/chitosan and spent electrode powder. (b)Effect of leaching time on leaching efficiencies of valuable metals from chitosan roasting residue.
3.5 Synergistic reduction mechanisms of pyrolysis gases and biochar
The XRD pattern (Figure S7) of the roasted residues under optimal conditions revealed that the primary physical phases after roasting consisted of Li2CO3, Ni, Co, and MnO. Thermogravimetric analysis (TG) of both biomass and black powder (Figure 3c-d) highlighted the reaction temperature interval of the associated mass change. TG-MS (Figure 2c-d) indicated that the reducing gases produced during pyrolysis facilitated the reductive roasting process. To gain further insight into the valence changes of Li, Ni, Co, and Mn during the reaction, XPS analysis was conducted as shown in Figure 7. Li in the spent electrode powder initially existed as Li-O (Figure 7a). During the roasting process, Li was gradually converted into Li2CO3 with a characteristic peak at 55.9 eV. No lithium signal was detected after carbonate water leaching, suggesting that almost all Li was recovered as Li2CO3. In the Ni 2p spectrum (Figure 7b), the spent electrode powder showed two main peaks at 855.2 eV and 872.5 eV, corresponding to Ni2+. During calcination, these peaks shifted to 855.4 eV and 873.1 eV. Additionally, peaks at 860.1 eV and 878.6 eV corresponded to Ni2+, which remained unchanged after subsequent processing. In the Ni 2p spectrum of the roasted leaching product, characteristic peaks at 855.6 eV and 873.2 eV confirmed the presence of Ni0. This finding suggests that most of the Ni2+ was reduced to metallic Ni by the action of reducing gases and biochar, while a small amount of Ni2+ remained in the slag phase 34. The Co 2p spectrum of the spent electrode powder (Figure 7c) displays peaks at 780.3 eV and 795.3 eV, which are characteristic of Co 2p3/2 and Co 2p1/2 states of Co3+. Additionally, peaks at 781.6 eV and 797.0 eV correspond to Co2+, indicating the presence of mixed Co2+/Co3+ chemical valences. After the roasting process, the binding energies of Co 2p3/2 and Co 2p1/2 in the roasted product and leaching slag shifted to 778.9 eV 


Figure 7. XPS spectra of spent electrode mixture, calcined samples and leaching residue. (a) Li 1s, (b) Ni 2p, (c) Co 2p and (d) Mn 2p.
[bookmark: _Hlk170916960]and 794.2 eV, and 778.8 eV and 794.1 eV, respectively, which are consistent with metallic Co0. This suggests that Co3+/Co2+ was completely reduced during roasting 35. Similarly, the Mn 2p spectrum of the spent electrode powder (Figure 7d) reveals peaks at 641.7 eV for Mn 2p3/2 and 653.4 eV for Mn 2p1/2, indicating that Mn primarily existed as Mn4+. Post-roasting analysis showed that a significant amount of Mn was reduced to Mn2+. After further leaching, most of the Mn had dissolved into the solution, leaving no detectable Mn signal 36. Supporting data in Figure S7 demonstrate that both Li and Mn were effectively dissolved into the solution, while Ni and Co remained predominantly in the solid phase following roasting at 650°C. Raman spectra (Fig. S8) showed the E2g mode at 1582 cm-1 (G band) and the A1g mode at 1330 cm-1 (D band), with a peak at 576 cm-1 originating from metal-O bonds. The intensity ratio of the D-G band (denoted as ID/IG) is crucial for assessing defect density and the degree of graphitization in carbo materials. The ID/IG ratio increased from 0.86 to 1.03 upon the addition of biochar, indicating the presence of numerous defects, disorder, carbon symmetry in interlayer stacking, and an incomplete crystal structure after mixing and roasting with chitosan.
 SEM-EDS images (Figure 8a-c) revealed that the spent electrode powder consisted of particles approximately ~8 μm in size. When the spent NCM was mixed with chitosan and subjected to roasting under specific conditions, these original particles aggregated to form significantly larger counterparts. This aggregation was primarily attributed to the short- duration, high-temperature smelting process. The resulting particles comprised Ni/Co metals (or alloys), MnO, and Li2CO3. Roasting at a temperature of 900°C further exacerbates particle agglomeration, resulting in a much looser pore structure. Elemental mapping demonstrated a uniform distribution of Ni, Co, Mn, and Al elements. The morphology of the roasted product after carbonic acid leaching is depicted in Figure 8(d). It was observed that Mn was almost entirely leached out, whereas the concentrations of Ni and Co remained largely unchanged.
Based on the TG-MS and thermal behavior of chitosan and chitin, it is speculated that the considerable reducing gases such as CO2, NH3, CH4, CO produced during the pyrolysis process have a strong affinity for the oxygen within the metal-oxygen octahedra. This affinity facilitates the release of oxygen from the cathode material in the spent electrode powder. The creation of oxygen vacancies promotes the migration of transition metals into the Li layer, resulting in the disruption of the layered structure of the cathode material and its decomposition into Li2O, Ni/Co, and MnO. Compounds of Li further react with CO2 during reduction to form Li2CO3. When the optimal roasting conditions are reached, the spent electrode powder is completely decomposed, and the oxides of Ni and Co forms are reduced to metallic Ni and Co under reducing gas and high temperature conditions, and the oxides of high valence Mn are reduced to MnO. In the leaching solution, acetic acid reacts with the produced Li2CO3 and MnO, effectively leaching Li and Mn into the solution. Meanwhile, Ni and Co have difficulty in reacting with the acetic acid, thus remaining in the solid phase. This process enables the stepwise leaching of Li, Ni/Co, and Mn, facilitating the preliminary purification and subsequent recovery of valuable metals. This approach achieves the preliminary separation of Li and Mn, streamlining the recovery process for these critical materials.
3.6 Stepwise recovery of Li2CO3 and MnCO3
The aforementioned results indicate that after the leaching process, Li and Mn are dissolved in the liquid phase while Ni and Co remain in the solid phase. The dissolved Li and Mn in the leaching solution were subsequently recovered in the form of their respective carbonates. MnCO3 and Li2CO3 were prepared by pH adjustment and addition of NH3HCO3 and Na2CO3, respectively. As depicted in Fig. 8(e1) and Table S2, the composition was matched well to the characteristic peaks of MnCO3. The granular MnCO3 precipitate with a high purity of 98.3% was successfully obtained. More importantly, uniform Li2CO3 particles with an impressive purity of 99.5% were recovered, as shown in Figure 8(e2) and Table S3. This demonstrates significant potential to produce battery-grade Li2CO3 with a purity exceeding 99.9% through further purification steps.
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Figure 8. Compositional and morphological characterizations. (a) spent electrode mixture, spent electrode mixture calcined at (b) 650 °C and (c) 900 °C, (d) Leaching residue. (e1) XRD pattern and (e2) SEM image of MnCO3 product. (f1) XRD pattern and (f2) SEM image of recycled Li2CO3. 
3.7 Economic analysis and evaluation of application prospects
[bookmark: _Hlk182667542][bookmark: _Hlk183706849]The recycling process for spent electrode material is illustrated in Figure 9. The procedure begins with reduction roasting to achieve the initial separation of Li and Mn from Ni and Co. This is followed by acetic acid leaching and stepwise precipitation to recover MnCO3 and Li2CO3. In the solid phase, the Ni and Co are subsequently dissolved using sulfuric acid. Compared with traditional recycling processes, chitosan, as a biomass solid waste, has a wide range of sources. Moreover, carbothermal reduction roasting can cascade recover valuable metals such as Li, Ni, Co, and Mn from batteries, avoiding the use of extractants and reducing the cost of the recovery process. A carbothermal reduction roasting process is adopted with a wide source of biomass carbon, which can be utilized as solid waste. Mild acetic acid is used as the leaching solution, which reduces the consumption of subsequent acid-base neutralizing reagents. Dilute alkali is used to adjust the pH value of the leaching solution to realize the 
1

20

[image: 图片包含 表格

描述已自动生成] 
Figure 9. A flow chart for the full-component recovery from spent electrode powder through the traditional process and the proposed recycling process.

Table 1. A brief review of published laboratory work on carbothermal reduction roasting recovery programs for spent Li-ion batteries.
	Cathode
material
	Additives
	Thermal
treatment
condition
	Separated materials
	Secondary process
	Recovery rate
	Ref.

	NCM
	bean dregs
	700 °C, 40min
	Li2CO3, Ni, Co and MnO
	water leaching
	93.78% Li
	25

	NCM
	invasive plant Bidens pilosa
	700 °C, 30min
	Li2CO3, Ni, Co and MnO
	water leaching
	94.18% Li
	37

	NCM
	herb-medicine residue
	650 °C, 10min
	Li2CO3, Ni, Co and MnO
	oxalic acid leaching
	99.60% Li
	38

	NCM
	starch
	600 °C, 0.5h
	Li2CO3, Ni, Co, MnO, Al foil, and Cu foil
	water, ammonia leaching, and solvent extraction
	82.00% Li 99.90% Ni 90.90% Co 96.91% Mn 98.40% Cu
	39

	NCM
	lignite
	650 °C, 3h
	Li2CO3, Co, Ni, NiO,
MnO and CaO
	water, acid
leaching (H2SO4) and solvent extraction
	84.70% Li 99.40% Ni 99.90% Co 99.70% Mn
	33

	NCM
	antibiotic bacteria residues
	650 °C, 1h
	Li2CO3, Co, Ni, NiO, and MnO
	acid
leaching (H2SO4)
	99.90% Li 99.40% Ni 99.50% Co
99.90% Mn
	40

	NCM
	waste bamboo powder
	650 °C, 1.5h
	Li2CO3, Co, Ni, NiO, and MnO
	water and acetic acid
	99.90% Li
	41

	LiCoO2
	pine sawdust
	673K, 2h
	Co/CoO and Li2CO3
	water leaching
	94.00% Li
97.00% Co
	26

	[bookmark: _Hlk176173801]NCM
	chitosan
	650 °C, 2h
	Li2CO3, Co, Ni, NiO and MnO
	acetic acid leaching
	98.45% Li 1.20% Ni
3.20% Co
98.43% Mn
	This work









gradual precipitation of lithium and manganese. Numerous studies have focused on carbothermal reduction roasting, exploring the effects of biomass additives, roasting conditions on product formation and leach efficiency as shown in Table 1. The use of chitosan as a sustainable reducing agent offers significant advantages for the recovery of valuable metals. Compared with the traditional carbothermal reduction process, adopting mild acetic acid leaching, reducing the use of alkali in the neutralization process, realizing the graded recovery and selective separation of Li, Ni, Co and Mn. Reduces the consumption of extractant in the traditional separation process. This makes our recovery process more efficient and sustainable. 
An economic analysis was conducted using this carbothermal reduction-acetic acid leaching method to recycle 1 ton of spent NCM electrode materials. We got the coarse Li2CO3 product from the acetic acid leaching solution after stepwise precipitation. Considering that the separation and purification process is mature, and the cost is fixed, battery grade Li2CO3 and MnCO3 was used for the economic evaluation. The table shows the analysis considered costs related to raw materials, reagents, energy, labor, and equipment maintenance, with the details presented in Table 2. The recovery of Li2CO3 and MnCO3 yielded a total profit of 7057.41$ - 27000.71$, indicating substantial economic benefits even when accounting for the lowest market price of Li2CO3. In summary, the economic assessment results demonstrate that the enhanced recycling strategy we proposed, which employs chitosan as a biomass carbon source in combination with the acetic acid leaching process, is economically viable. 

[bookmark: _Hlk172792974][bookmark: _Hlk172792981]Table 2 Economic analysis for recycling 1 ton of spent electrode mixture by the proposed method
	

Revenue
	Product benefits

	
	Product
	Mass (kg)
	Price ($·kg−1)
	Benefits ($)

	
	MnCO3
	151.72
	2.7
	409.64

	
	Li2CO3
	426.96
	[bookmark: _Hlk166674678]15.57~62.28
	6647.77 - 26591.06

	
	Total
	
	
	7057.41 - 27000.71

	









Cost
	Reagent cost

	
	Reagents
	Mass (kg)
	Price ($·kg−1)
	Cost ($)

	
	Spent NCM
	1000
	0
	0

	
	CH3COOH
	900
	0.46
	-414

	
	NH4HCO3
	66.4
	0.17
	11.29

	
	Na2CO3
	152.53
	0.37
	-56.44

	
	Chitosan
	200
	4.23
	-846

	
	Energy cost

	
	
Procedure
	Energy consumption (kWh)
	Price ($·k·Wh−1)
	Cost ($)

	
	Roasting
	40
	0.19
	-7.6

	
	Separation and purification
	200
	0.19
	-1219.88

	
	Other costs

	
	
Water
	Water
consumption (ton)
	Price ($·ton−1)
	Cost ($)

	
	
	8
	0.91
	-7.28

	
	Labor
	
	
	−28.31

	
	Depreciation of equipment
	
	
	−38.0

	
	Maintenance of equipment
	
	
	−7.5

	
	Total
	
	
	-2636.30

	Profit ($)
	4421.11 - 24364.41


(Price range for lithium carbonate over the last five years is 15.57 - 62.28 $)  
4. Conclusion
A novel combined carbothermal reduction roasting and acetic acid leaching process was proposed for the stepwise recovery of Li and Mn from spent NCM LIBs. This method demonstrated superior separation of Li and Mn from Ni and Co compared to the traditional recovery process. In this strategy, biomass derivative chitosan was selected as reduction agent, with chitosan exhibiting better homogeneity and reduction efficiency. Under optimized reduction roasting conditions, the spent electrode powder was decomposed into Li2O (which subsequently reacted with CO2 to produce Li2CO3), Ni/Co metal (or alloy), and MnO at 650°C with a mass ratio of chitosan/electrode powder of 0.20. The leaching efficiencies of Li and Mn reached 98.45% and 98.43%, respectively, while the leaching efficiencies for Ni and Co were significantly lower at 1.20% and 3.20%, respectively. The reductive gases generated from biomass pyrolysis create optimal roasting conditions for gas-solid reactions, facilitating the decomposition of NCM cathode material and reducing overall energy consumption. Concurrently, the leachate was precipitated and separated to obtain Li2CO3 and MnCO3 with high purities of 99.5% and 98.3%, respectively. Further economic evaluation demonstrated that this process boosts high recovery efficiencies and significant practical application potential. This work offers a promising solution for utilizing shrimp and crab shell biomass waste as a reduction roasting agent, presenting a new perspective and alternative for the industrial recovery of spent LIBs in the future.

Supporting information
Detailed element composition of spent electrode powder is provided in Table S1. The XRD pattern and SEM image of the spent electrode mixture are depicted in Fig. S1. Additionally, SEM images of both chitosan and chitin are included. N2 adsorption/desorption curves for chitosan and chitin are illustrated in Fig. S2. The calculated relationships between the Gibbs free energy change and temperature for the reactions during the reduction roasting process are shown in Fig. S3. The XRD patterns of roasting residues and Leaching efficiencies of valuable metals with different conditions are illustrated in Fig. S4. The different factors of leaching efficiencies of valuable metals from chitin roasting residue are presented in Fig. S5. Linear relationship diagrams of leaching kinetic data are shown in Fig. S6. The XRD pattern of the leached phase of the mixture of spent electrode and chitosan are shown in Fig. S7. Raman spectra for the spent electrode mixture and for the mixture of chitosan with the spent electrode are shown in Fig. S8. Elemental composition of the recovered MnCO3 is detailed in Table S2. The chemical composition of the recovered Li2CO3 is listed in Table S3. This information is available free of charge via the Internet at http://pubs.acs.org/.
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