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Abstract

:

This study introduces a straightforward and effective amorphous ZrP/polyacrylonitrile composite ion exchange method for separating Li from the leachate of spent Li-ion batteries (NMC 111). The cathode materials were leached with a series of optimized experiments. The influence of operating variables, including the H2SO4 concentration, temperature, H2O2 concentration, and pulp density, on leaching efficiency was examined to determine the optimal conditions for sorption experiments. The leaching efficiencies of Li, Co, Ni, and Mn were found to be 99.9%, 99.5%, 98.8%, and 99.9%, respectively. Subsequently, batch sorption experiments were performed by using am-ZrP/PAN, including the determination of the effect of pH, sorption kinetics, and the sorption isotherm. The effect of pH on adsorption was examined in 1 mmol/L equimolar solutions of Li, Ni, Mn, and Co. Li was separated from Mn, Co, and Ni in the leaching liquor. The adsorbent for Mn, Co, and Ni sorption better fitted pseudo-second-order kinetics. High selectivity for Li was observed, even at the higher solution concentration of 15 mM Li, Ni, Co and Mn. In addition, the column loading process demonstrated selectivity for Li over Co, Ni, and Mn metal ions. The preliminary evaluation of the whole process with mass flow demonstrated that it would be feasible to achieve full separation and metal recovery by integrating a combined hydrometallurgical method in future studies. However, much work is still needed to develop a practical separation flowsheet.
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1. Introduction


In recent years, the demand for lithium-ion batteries (LIBs) has constantly increased due to their use in energy storage devices and various types of portable equipment, such as cell phones and personal computers [1,2,3]. In these batteries, the use of lithium (Li), nickel (Ni), cobalt (Co) and manganese (Mn) oxides (NMC) has become customary because of the advantage of high specific energy [4,5,6]. A typical mixed cathode of LIBs (NMC) contains critical metals such as Li, Ni, Mn, and Co, which is of economic concern due to future supply chain risks [7]. Apart from the economic point of view, improper disposal of end-of-life batteries results in environmental problems. Several research groups have reported potential impacts of transition metals on environmental and human health [8,9,10]. However, the significant quantities of metals contained in end-of-life LIBs could, if recycled, become a secondary source to address the shortage of these metals [7,11]. Therefore, developing a sustainable and efficient method for recycling these metals from end-of-life LIBs is highly desirable.



Currently, hydrometallurgy, biometallurgy, and pyrometallurgy are the most widely used processes for the treatment of end-of-life LIBs [12,13,14]. Among these, hydrometallurgy has become the most researched process due to its low energy consumption [15,16]. Leaching is an important step in hydrometallurgy to dissolve valuable metals from the cathode powder of spent LIBs using organic or inorganic acids such as sulfuric acid, hydrochloric acid, tartaric acid, and nitric acid [17,18], and the metals are then separated from the leachate by precipitation, solvent extraction, ion exchange, or a combination of these techniques [19,20,21]. The precipitation process has a low yield of the target metal because of the co-precipitation of other highly concentrated metals, and it is also time-consuming. In solvent extraction, the organophosphorus extractants include PC88A (2-ethylhexylphosphonic acid mono-2-ethyl-hexyl ester), Cyanex 272 (di-isooctyl phosphonic acid), and D2EHPA (di-2-ethylhexyl phosphoric acid). Although these extractants are commercially available, the use of volatile and flammable dilutants such as kerosene, which are environmental pollutants, is required. In addition, for end-of-life LIB cathodes, which contain Li, Co, Mn, and Ni, multiple extractants are used to recover the target metals, and they tend to cause the loss of transition metals [22,23,24,25]. For example, D2EHP as an extraction agent can help separate Co, Ni, and Mn from Li, but can cause a loss of metals [26]. Furthermore, the product of these treatments is a mixed solution of different extractants and organic or inorganic chemicals, and countless separation stages and pH adjustments are needed to obtain the metals from the leachate.



The current traditional recovery methods place emphasis on the extraction of transition metals (Co, Ni, and Mn), but is difficult to separate them from each other. This also tends to cause the severe loss of metal ions due to the use of multiple extraction stages to separate them [27,28]. Manganese, nickel, and cobalt are considered as elements of the same type due to their similar physical and chemical properties. Thus, separating them from lithium could be a more attractive approach, as the mixture can be directly used to prepare ternary material precursors [26,29], or to separate cobalt, manganese, and nickel, it can be used to prepare cobalt sulfate, manganese sulfate, and nickel sulfate without Li impurities [30,31]. For instance, Yue et al. [32] proposed that the co-extraction of transition metals from the leachate of spent LIBs with neodecanoic acid could avoid the loss of metals that occurs during the traditional process of separating metals one by one. Their results revealed that the extraction efficiency of Mn, Ni, and Co could reach 97.05%, 99.18%, and 98.47%, respectively.



Although remarkable results have been achieved, less attention has been paid to the recycling of the extractant, as the method consists of two extraction steps, primary and secondary extraction, which is of great interest for practical use. An inorganic ion exchanger has been employed in the purification of metal ions and adsorption as an alternative method to solvent extraction to obtain high purity fractions due to its high selectivity, ease of operation, reusability, and resistance to radiation [33,34,35]. Existing methods are challenged by their adsorption capacities for leachate transition metals (Co, Ni, Mn), which makes it difficult to separate them from lithium. For example, lithium-ion sieves can separate lithium from a ternary solution (Li, Co, and Ni) after five adsorption–desorption cycles. It has been reported that about 92% Li, 66% Ni, and 11% Co were recovered, while almost 34% of Ni and 89% of Co were lost due to the relatively low selectivity of the adsorbent [36]. Lister et al. [37] applied Dowex M4195 resin as an absorbent to separate transition metals from lithium. According to their experimental results, approximately 87% of Ni and 59% of Co were eluted, and no separation between Li and Mn was achieved using continuous flows. Sami et al. [38] also proposed the removal of Mn from a leachate solution using Lewatit TP260, whereby Li–Ni–Co as the targeted precursor is left in raffinate, which is a mixture of Li, Ni, Co, and a byproduct. However, to the best of our knowledge, although these methods have achieved some success, the highly efficient selectively separation of Li from a solution of Li, Ni, Co, and Mn requires further investigation. Considering this topic from the perspective of reverse thinking, the recovery of ternary Co, Ni, and Mn metals from spent lithium leachate containing Li, Ni, Co, and Mn via sorption is a challenging and important task, but a good option to achieve their separation. It appears that the strategy of adsorption using a suitable sorbent that can selectively adsorb Co, Ni, and Mn from the leachate (NMC) could address various issues, such as reducing the number of separation stages/extractants in the process and/or eliminating the use of a highly toxic dilutant, minimizing the loss of transition metals, and reducing the ecological impact.



Inspired by previous research, we conducted a leaching experiment on the cathode powder of end-of-life LIBs (NMC 111). Considering the low leaching efficiency of end-of-life LIBs (NMC 111) at a high pulp density, we commenced leaching experiments to obtain a high concentration of the cathodic material in the acid leaching solution, and only important parameters such as the H2SO4 concentration, temperature, H2O2 concentration, pulp density, and time were investigated. For Li separation, a simple and efficient method was demonstrated in which Co, Mn, and Ni were adsorbed from end-of-life LIBs (NMC) using am-ZrP/polyacrylonitrile (am-ZrP/PAN) and were separated from Li. To predict the possibility of separation, the ion exchange batch experiment examined the effect of pH, the kinetics equilibrium, isothermal sorption and column test experiment separation were performed for further separation (Figure 1).




2. Experimental


2.1. Chemicals


Lithium sulfate monohydrate (99%+) was purchased from Damas-beta, nickel (II) sulfate hexahydrate (98%), nitric acid (65–68%), sulfuric acid (98%), hydrogen peroxide 30% aqueous solution, and sodium hydroxide 96% from Sinopharm Chemical Reagent (Shanghai, China), cobalt sulfate heptahydrate (99%) and manganese sulfate monohydrate (99%) from Aladdin, polyacrylonitrile (PAN) (average Mw 150,000), dimethylformamide (>99.9%), Tween® 80, and zirconium tetrachloride (>99.9%) from Sigma-Aldrich (St. Louis, MO, USA), Li-ion battery cathode powder (NMC 1:1:1), model SN1B, batch number 0012008, was purchased from Shenzhen Kejing Star Technology Company (Shenzhen, China), and water from MTI. Milli-Q® water (18.2 MΩ) (Merck, Rahway, NJ, USA) was used. All chemicals were used as received, without further purification.




2.2. Characterization


A field emission scanning electron microscope (FESEM) (SU-8010, Tokyo, Japan) and a Hitachi SU3500 scanning electron microscope were used for characterization. X-ray powder diffraction (XRD) patterns were recorded using a MiniFlex600 X-ray powder diffractometer operating at a potential of 40 kV and a current of 40 mA, with Cu-Kα (λ = 1.542) radiation. X-ray computed tomography (XCT) analysis was performed with a GE Phoenix v|tome|x s 240 using a 180 kV/15 W nanofocus tube with a 60 kV accelerating voltage and a 410 μA current, resulting in a tube power of 24.6 W with the second smallest focus mode. In total, 2700 projections were taken during a 360° rotation. At each angle, the detector waited for a single exposure time and then took an average over three exposures. With a single exposure time of 2000 ms, the total scan time was thus six hours. Reconstruction was performed with ring artifact reduction but without beam hardening correction. The resulting spatial resolution was 1.19 μm. The images were analyzed using ThermoFisher PerGeos 2020.2. A Mettler Toledo pH meter (FG2/EL2) was used to measure pH values. Thermogravimetry (TG) was applied with a Metter Toledo TGA850 in N2 flow with a heating rate of 10 °C min−1. The concentrations of Li, Co, Ni, and Mn in the solutions were determined by inductively coupled plasma-atomic emission spectrometry (ICP-AES, Perkin Elmer Avio200, Waltham, MA, USA).




2.3. Synthesis of am-ZrP/PAN


Am-ZrP material was prepared according to a previously published method [39]. Briefly, 400 mL of 1.25 M phosphoric acid (H3PO4) was added to a mixture of 30.7 g of zirconium tetrachloride (ZrCl4) and 430 mL of 2 M hydrochloric acid (HCl). The formed precipitate was left in the mother solution overnight. After phase separation, the full conversion of the materials to H-forms was achieved by treating the precipitates with 1 L of 1 M nitric acid (HNO3). Finally, the product was washed with water until pH 3 and air-dried at 60 °C for 2 days. The am-ZrP/PAN composite was then prepared. First, 7.2 g of am-ZrP and 2 mL of Tween® 80 were mixed with 84 mL of N, N-dimethylformamide (DMF) at 60 °C for 2 h by magnetic stirring to obtain a homogeneous solution. Then, 4.8 g of PAN was added to the solution and continuously stirred for another 2 h. The gelled composite beads were obtained by dripping the mixture into deionized water using a needle with a 0.6 mm diameter.




2.4. Leaching Procedure


All leaching experiments were conducted using a 250 mL glass reactor placed in a water bath with a magnetic stirrer and a temperature controller, and the reactor was covered to avoid water loss. The effect of various reaction parameters, such as the H2SO4 concentration (0.5–2.5 M), temperature (25–90 °C), H2O2 concentration (0.0–2.0%), pulp density (10–100 g/L), and time (0.25–72 h), were investigated at a fixed stirring speed of 650 rpm. After leaching, the insoluble residues were separated from the leachate via filtration and then washed and dried at 60 °C. The LiNi1/3Co1/3Mn1/3O2 cathode material was dissolved in aqua regia (HCl to HNO3 ratio 3:1) to enable the analysis of its metal content. The metal contents were found to be 7.80% Li, 19.24% Mn, 20.71% Co, and 21.06% Ni. The leaching efficiency of Li, Co, Ni, and Mn could be calculated according to Equation (1).


  L e a c h i n g   e f f i c i e n c y =    M e t a l   c o n t e n t   i n   l e a c h a t e   T o t a l   a m o u n t   o f   m e t a l   i n   c a t h o d i c   m a t e r i a l s    × 100 % .  



(1)








2.5. Effect of pH on Metal Uptake


The effect of pH on metal uptake by am-ZrP/PAN was examined over a pH range of 1–5 at 298 K. Typically, 50 mg of am-ZrP/PAN was placed in a glass vial and 20 mL of a 1 mM equimolar solution of Li, Co, Ni, and Mn was added and equilibrated in a rotary mixer (60 rpm) for three days. After equilibration, the pH values and metal concentrations of the supernatant solution were measured.



The adsorption capacity (qe) is defined as the amount of metals sorbed onto the adsorbent (mg g−1), and the distribution coefficient kd can be described as the distribution of metal ions between the concentration solution and adsorbent. They were calculated from Equations (2) and (3), respectively.


    q   e   =    (   C   i   −   C   e   ) V   m     



(2)




and


    k   d   =    (   C   i   −   C   e   ) V     C   e   m     



(3)




where Ci is the initial metal concentration in the solution (mg L−1), Ce is the equilibrium concentration of metal ions in the solution (mg L−1), V is the volume of the solution (L), and m is the mass of the adsorbent (g).




2.6. Adsorption Kinetics Studies


Adsorption kinetics were investigated under varying reaction times (from 0.25 to 72 h), with 50 mg of am-ZrP/PAN being placed in a glass vial with 20 mL of a 1 mM equimolar solution of Li, Co, Ni, and Mn at pH 2.5. The concentration of the metals in the supernatant solution was measured using ICP-AES.




2.7. Isotherm Studies


Fifty milligrams of am-ZrP/PAN was placed in a glass vial with 20 mL of a solution of Li, Co, Ni, and Mn at varying concentrations (1.0–20 mM, with a sufficient interval) and was equilibrated at pH 2.5 for three days in a rotary mixer (60 rpm). The concentration of the metals in the supernatant solution was measured using ICP-AES.




2.8. Column Chromatography Experiments


Column chromatography experiments were conducted in Bio-Rad glass columns of 100 mm height with an inner diameter of 10 mm at room temperature (298 K), with 1.0 g of am-ZrP/PAN being carefully packed into the columns. The breakthrough curves were studied by pumping the leachate solution from the end-of-life NMC with a feed concentration of approximately 48.7 ppm Co, 46 ppm Mn, 50.0 ppm Ni, and 19.0 ppm Li at approximately pH 2.5. All column chromatography studies were conducted at 2 bed volumes (BV) per 1 h speed.



The recovery of metals from leachate NMC 111 by the am-ZrP/PAN columns was calculated by applying Equation (4).


  R e c o v e r y ( % ) =      C   i   −   C   L       C   i      × 100  



(4)




where Ci (mmol L−1) is the initial concentration of metal ions in the leachate solution, and CL is the concentration of metal ions in the fractions collected after elution from the am-ZrP/PAN columns.





3. Results and Discussion


3.1. Characterization of am-ZrP/PAN


The beads of am-ZrP/PAN were characterized by FESEM, XCT, XRD, and TGA (Figure 2). The beads had a spherical shape and an average size of 2 mm. Surface imaging of the beads revealed internal porosity, which is desirable for stronger sorption (Figure 2a). The internal structure of the am-ZrP/PAN composite was examined by XCT. The image in Figure 2b illustrates the internal porosity of the beads. According to the analysis, the internal porosity, matrix, and density of the beads were about 50%, 47%, and 3%, respectively, indicating the high porosity of the am-Zrp/PAN. The bead of am-Zrp was characterized in our previous study [39,40]. As the main focus of the present study was on the separation of metals in solution, only typical characterizations of the obtained material were performed to check the properties. The XRD pattern in Figure 2c indicates a typical amorphous character for the am-ZrP phase, exhibiting some broad and low-intensity peaks at 10–70 degrees.



The TG curves of the am-Zrp, PAN beads, and am-Zrp/PAN beads are presented in Figure 2d. The weight loss of am-Zrp/PAN beads occurring below 300 °C can be attributed to the elimination of absorbed water, while the weight loss in the temperature range 300–800 °C can be attributed to the decomposition of H2PO4 functional groups of am-ZrP and PAN [41]. According to the thermal analysis above, the percentage of am-ZrP in the composite was calculated to be 42.7%.




3.2. Leaching Experiments


3.2.1. Effect of H2SO4 Concentration on Leaching Efficiency


The effect of the H2SO4 concentration on the leaching efficiencies for Li, Mn, Co, and Ni was examined under the conditions of 40 g/L pulp, 1.0% H2O2, and a leaching time of 1 h at 40 °C, as illustrated in Figure 3a. The leaching efficiencies for all the metals increased with an increase in the H2SO4 concentration from 0.5 to 2.5 M. When the concentration of H2SO4 reached 2.5 M, the leaching efficiencies were 97.4% for Li, 93.0% for Co, 93.3% for Mn, and 95.8% for Ni. Therefore, 2.5 M was determined as the optimal concentration of H2SO4.




3.2.2. Effect of Temperature on Leaching Efficiency


The effect of temperature on the leaching efficiencies for Li, Mn, Co, and Ni was examined under the conditions of 40 g/L pulp, 1.0% H2O2, 2.5 M H2SO4, and a leaching time of 1 h, as illustrated in Figure 3b. The leaching efficiencies for Li, Co, Ni, and Mn were found to increase with an increase in temperature because metal leaching is an endothermic reaction. When the temperature was increased to 60 °C, the leaching efficiencies for Li, Co, Ni, and Mn were found to be 99.9%, 98.0%, 96.9%, and 96.6%, respectively. However, the leaching efficiencies for Li and Ni decreased, while those for Co and Mn slightly increased when the temperature was further increased to 80 °C. For example, the leaching efficiencies decreased from 99.9% to 98% for Li and from 96.9% to 94.3% for Ni, while they increased from 98% to 99.9% for Co and from 96.6% to 97.7% for Mn. The leaching efficiencies for all the metals drastically decreased when the temperature reached 90 °C. This was due to H2O2 decomposition when heated to a high temperature [42]. Therefore, 60 °C was determined to be the optimal temperature.




3.2.3. Effect of H2O2 Concentration on Leaching Efficiency


The effect of the H2O2 concentration on the leaching efficiencies for Li, Co, Ni, and Mn was examined under the conditions of 40 g/L pulp, 2.5 M H2SO4, and a leaching time of 1 h at 60 °C, as illustrated in Figure 3c. The leaching efficiencies for Li, Co, Ni, and Mn were found to be 86.2%, 39.5%, 39.9%, and 25.6% in the absence of H2O2. However, when 1.5% H2O2 was added, the leaching efficiencies increased to 99.7% for Li, 99.9% for Co, 99.9% for Ni, and 99.9% for Mn. The increase in the leaching efficiencies can be attributed to H2O2 acting as a reducing agent and accelerating the leaching reaction. The leaching efficiencies for all the metals remained nearly constant when the H2O2 concentration was further increased to 2.0%. Therefore, 1.5% was determined to be the optimal H2O2 concentration.




3.2.4. Effect of Pulp Density on Leaching Efficiency


The effect of pulp density on the leaching efficiencies for Li, Co, Ni, and Mn was examined under the conditions of 1.5% H2O2, 2.5 M H2SO4, and a leaching time of 1 h at 60 °C, as illustrated in Figure 3d. The results demonstrated nearly constant leaching efficiencies for Li, Co, Ni, and Mn in the pulp density range 10–40 g/L. However, the leaching efficiencies for all the metals drastically decreased when the pulp density was increased to more than 40 g/L. This was probably due to a decrease in the contact areas between the solid and liquid, resulting in a decrease in the leaching reaction [43]. Therefore, 40 g/L was determined as the optimal pulp density.




3.2.5. Effect of Time on Leaching Efficiency


The effect of time on the leaching efficiencies for Li, Co, Ni, and Mn was examined under the conditions of 40 g/L pulp, 1.5% H2O2, and 2.5 M H2SO4 at 60 °C, as illustrated in Figure 3e. The leaching efficiencies for all the metals increased with increasing time. For instance, the leaching efficiencies for Li, Co, Ni, and Mn were 91.2%, 95.4%, 96.9%, and 99.9%, respectively, at 10 min. When the time was increased to 60 min, the leaching molar ratios of Li, Co, Ni, and Mn were 3.25: 1.00: 1.02: 1.01, respectively. In addition, the calculated leaching efficiencies for Li, Co, Ni, and Mn were found to be 99.9%, 99.5%, 98.8%, and 99.9%, respectively. However, the leaching efficiencies for all the metals were nearly constant over the time range from 60 to 150 min. Therefore, 60 min was selected as the optimal leaching time.





3.3. Sorption Experiments


3.3.1. Effect of pH on Adsorption


The effect of pH on the adsorption of Li, Co, Ni, and Mn was investigated with 1 mM solutions of Li, Co, Ni, and Mn over a broad pH range from 1 to 5 (Figure 4a). The adsorption of Co, Ni, and Mn increased with increasing pH, and no plateaus were observed in the adsorption curves due to hydrogen ions competing with other metal ions in ion exchange metal recovery. There was little or no metal uptake at approximately pH 1.0–2.0. This was most likely due to the inability of the ion exchanger to adsorb metals when the feed solution had a high H2SO4 concentration. The maximum adsorption values for Co, Ni, and Mn were obtained at approximately pH 5.0, being 19.01 mg g−1, 15.29 mg g−1, and 21.04 mg g−1, respectively, while Li was left in the raffinate. The Kd values were lowest at pH 1–2, which was evident due to little or no adsorption onto the ion exchanger (Figure 4b). After this, the Kd values rapidly increased with an increase in pH. The maximum Kd values for individual metals were 2.8 × 10 mL g−1 for Li, 1.1 × 103 mL g−1 for Co, 5.5 × 102 mL g−1 for Ni, and 2.7 × 103 mL g−1 for Mn, which were obtained at pH 5.




3.3.2. Kinetics Study


The efficiency of an ion exchanger is defined by the reaction kinetics. The rate-determining step of ion exchange was investigated using pseudo-first-order, pseudo-second-order, and intra-particle diffusion equations


  l o g     q   e   −   q   t     = l o g   q   e   − (      k   1     2.303    ) t  



(5)




and


     t     q   t      =    1     k   2     q   e   2      +    1     q   e        t ,  



(6)




where qe and qt are the amounts (mg g−1) of metal ions at equilibrium and at time t, respectively, and (k1 h−1) and k2 (mg g−1 h−1) are the pseudo-first-order and pseudo-second-order rate constant models, respectively. qt is determined by


    q   t =   k   i n t     t   1 / 2   + C    



(7)




where Kint (mg g−1 h−1/2) is the intra-particle diffusion constant, C (mg g−1) is a constant proportional to the thickness of the boundary layer, and qt (mg g−1) is the concentration of metal ions in the ion exchanger at any given time.



The reaction kinetics of synthesized am-Zrp/PAN were evaluated in a 1 mM H2SO4 solution containing Li, Co, Ni, and Mn at pH 2.5 (Figure 4c). The uptakes for Co, Ni, and Mn had almost reached equilibrium at about 9 h. The kinetics of Co, Ni, and Mn were found to be faster than our previously studied equilibration time of 12 h for REE (dysprosium and neodymium) adsorption using am-Zrp/PAN [39]. This demonstrates the potential application of this ion exchanger to a more complex mixture of metal ions on a large scale.



The sorption of Co, Ni, and Mn ions by am-Zrp/PAN was better fitted by the pseudo-second-order kinetics model, with correlation coefficients of 0.993, 0.983, and 0.983 for Mn, Co, and Ni, respectively, than by the pseudo-first-order kinetics and intra-particle diffusion models (Table 1). This indicates that the adsorption mechanism may be chemical sorption rather than diffusion-related phenomena [33]. The results suggest that sorption appears to be a result of ion exchange between H+, Mn2+, Co2+, and Ni2+.




3.3.3. Adsorption Isotherms


Adsorption isotherms were investigated at an equilibrium pH value of around 2.5. The adsorption of Co, Ni, and Mn increased with increasing concentrations of Li, Co, Ni, and Mn in the solution up to a concentration of approximately 8 mM (Figure 4d). At the highest solution concentration, Ni adsorption slightly decreased and Co adsorption increased, but the uptake of Mn was constant when comparing solution concentrations of 8 mM and 15 mM, which is evidently due to the consequential desorption and substitution of Ni by Co. However, the uptake values for Ni and Mn reached a plateau at a concentration of about 8 mM. The uptake values were 12.06 mg g−1 for Ni and 22.60 mg g−1 for Mn. In contrast, the maximum uptake of Co was 19.36 mg g−1 at a solution concentration of 20 mM. In summary, no Li uptake was observed, even at the higher concentration of 15 mM Li, Ni, Co and Mn.





3.4. Column Chromatography Loading and Desorption Studies


The separation of Co, Ni, and Mn from the leaching solution was examined with feed concentrations of 48.7 ppm Co, 46 ppm Mn, 50.0 ppm Ni, and 19.0 ppm Li at pH 2.5. In the column loading experiments, the column breakthrough curves for the adsorption of Li, Ni, Mn, and Co displayed similar adsorption behavior to the batch experiments, and no Li uptake was observed (Figure 5a). The metals exhibited a preference order of Mn, Co, Ni, and Li. Consequently, Li was the first to elute, with no uptake during loading, and the saturation time order for metals was recorded as Ni > Co > Mn. The loaded amounts of metal ions were calculated as 0.003 meq g−1 for Li, 0.061 meq g−1 for Ni, 0.123 meq g−1 for Co, and 0.170 meq g−1 for Mn. Therefore, a total of 0.357 meq g−1 ions were loaded in the fixed bed relative to the maximum loading of 100%.



In the desorption experiments (Figure 5b), elution was performed with the series 0.05 M H3PO4, 0.1 M H3PO4, 0.1 HNO3, and then finally with 0.5 M HNO3. Desorption with 0.05 M H3PO4 resulted in modest separation of the metals in different BV. The calculated separation weight ratios of [Mn/Co], [Co/Ni], and [Mn/Ni] were 1.5, 1.7, and 2.6, respectively. One band appeared to be Mn, which was eluted as the concentration of H3PO4 increased to 0.1 M H3PO4. When employing 0.1 HNO3 as the eluate, no metal was observed. Further increasing the concentration to 0.5 M HNO3 resulted in the separation of a small amount of Ni. The column results demonstrated the high selectivity of Li over Co, Ni, and Mn metal ions, and that effective Li separation can be achieved during loading. However, the sorption capacity was low. Thus, it is crucial to increase the adsorption capacity to optimize the separation of metals.




3.5. Preliminary Evaluation of the Process


An integrated hydrometallurgical production flowsheet for recovering metals (Li, Mn, Co, Ni) from NMC 111 cathode materials in end-of-life lithium-ion batteries is presented here, with the mass flow illustrated in Figure 6. The process begins with a leaching stage designed to dissolve the targeted metals: Li, Co, Ni, and Mn. The resulting leachate is then processed through a sequential batch adsorption stage, in which Li is effectively and selectively captured using am-ZrP-PAN. Additionally, consistent outcomes can be achieved through column experiments. Subsequently, the ternary metal ions (Co, Ni, and Mn) are extracted in a batch process using an HNO3 solution, yielding a solution enriched in metal ions. The recovery efficiency of the metal ions reached 99.1% for Co, 98.9% for Ni, and 97.8% for Mn. Considering the results of the overall batch experiments, it is feasible to integrate metal recovery through a combined approach of leaching, adsorption, and solvent extraction.





4. Conclusions


In summary, transition metals can be effectively separated from lithium with am-ZrP/PAN. The optimal leaching conditions were determined to be a pulp density of 40 g/L, H2O2 concentration of 1.5%, H2SO4 concentration of 2.5 M, temperature of 60 °C, and leaching time of 60 min. Under these experimental conditions, the leaching efficiencies for Li, Co, Ni, Mn, and Co were 99.9%, 99.5%, 98.9%, and 99.9%, respectively. In batch sorption, am-ZrP/PAN favors the metal ions Co, Ni, and Mn over Li, which indicates high selectivity towards the divalent ions. The isothermal data for am-ZrP/PAN followed pseudo-second-order kinetic models, with a theoretical maximum sorption of 0.045, 0.037, and 0.095 mmol g−1 for Co, Ni, and Mn, respectively, corresponding to the experimental maximum sorption, which indicates that the adsorption mechanism was chemical adsorption. In addition, the desorption theoretical data indicated a high metal ion recovery of 99.1% Co, 98.9% Ni, and 97.8% Mn. The results of the column loading/stripping experiment corresponded with those of the batch sorption experiment. The loading process demonstrated selectivity for Li over Co, Ni, and Mn, indicating that Li separation could be achieved. For the stripping, highly pure Mn and Ni were separated using 0.1 M H3PO4 and 0.5 M HNO3, respectively. Compared with traditional solvent extraction processes, not only can this method help to simplify the process for recovering transition metals from spent LIBs, but it could also reduce the use of highly toxic solvents. However, as the adsorption capacity of am-ZrP/PAN is still low, further investigation to improve this capacity is much needed for industrial applications.
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Figure 1. Scheme of the proposed method for the leaching, batch sorption, and corresponding column experiments on NMC 111 cathode metals from end-of-life lithium-ion batteries. 
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Figure 2. (a) SEM image of the surface of an am-ZrP/PAN bead. (b) XCT cross-section of one am-ZrP/PAN bead. (c) XRD pattern of the synthesized am-ZrP and am-ZrP/PAN. (d) TGA curves of the PAN beads, am-ZrP, and am-ZrP/PAN beads. 
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Figure 3. The effect of (a) H2SO4 concentration, (b) temperature, (c) H2O2 concentration, (d) pulp density, and (e) time on the leaching efficiencies for Co, Mn, Ni, and Li. 
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Figure 4. (a) The effect of pH on the absorption of Li, Co, Ni, and Mn by am-ZrP/PAN from a sulfuric acid solution with an initial metal concentration of 1 mM. (b) The Kd value at different pH values for am-ZrP/PAN. (c) The kinetics of Co, Mn, and Ni sorption by am-ZrP/PAN. Feed: Co = 1 mM, pH = 2.5, m = 0.05 g, V = 20 mL, mixing = 60 rpm at 298 K. (d) The sorption isotherms of Li, Co, Ni, and Mn in a sulfuric acid solution for am-ZrP/PAN adsorbent at a pH of 2.5. 
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Figure 5. (a) Breakthrough curves for Li, Co, Ni, and Mn from the leachate solution of a spent lithium-ion battery at pH 2.5. Feed: Co 48.7 ppm, Mn 46 ppm, Ni 50.0 ppm, and Li 19.0 ppm. (b) Desorption curves for Li, Co, Ni, and Mn. 
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Figure 6. Mass flow scheme for metal recovery from NMC 111 cathode powder from end-of-life lithium-ion batteries. 
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Table 1. Fitted pseudo-first-order and pseudo-second-order model parameters, and intra-particle diffusion for Li, Co, Ni, and Mn adsorption.
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Metal Ion

	
qmax,epo. (mmol g−1)

	
Pseudo-First-Order Kinetics

	
Pseudo-Second-Order Kinetics

	
Intra-Particle Diffusion




	
K1 (h−1)

	
qeq (mmol g−1)

	
R2

	
K2 (mg g−1 h−1)

	
qeq (mmol g−1)

	
R2

	
C (mg g−1)

	
Kini. (mg g−1 h−1/2)

	
R2






	
Co

	
0.045

	
0.101

	
0.047

	
0.976

	
0.095

	
0.045

	
0.983

	
0.107

	
0.065

	
0.882




	
Ni

	
0.037

	
0.006

	
0.017

	
0.997

	
0.015

	
0.037

	
0.989

	
0.121

	
0.055

	
0.814




	
Mn

	
0.095

	
0.060

	
0.176

	
0.976

	
0.015

	
0.095

	
0.993

	
0.027

	
0.013

	
0.933
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