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Abstract 

Recovery of iron phosphate from the leaching slag of used lithium iron phosphate cathode materials 

is a crucial step for achieving closed-loop recovery of lithium iron phosphate, which has not yet been 

effectively achieved. The study employed ultrasonic-assisted sulfuric acid leaching to eliminate 

impurity elements in iron phosphate, ensuring compliance with stringent requirements for battery-

grade iron phosphate regarding impurity content. Optimization of leaching conditions involved a 

sulfuric acid concentration of 0.2 mol∙L-1, acid-leaching time of 30 min, power of 50 W, and reaction 

temperature of 80℃. Under these conditions, the removal efficiencies of Cr, Cu, Ni, and Zn in iron 

phosphate were 26.09%, 83.0%, 75.9%, and 96.3%, respectively. Simultaneously, the content of 

impurity elements Cr and Zn concurred with the standard for battery-grade iron phosphate (HG/T 

4701-2021), with both 50 ppm and 10 ppm contents. The leaching results indicated the effectiveness 

of ultrasound in enhancing the removal of impurity elements in iron phosphate within a sulfuric acid 

solution. Further analyses, including XRD, particle size, TEM, and XPS indicated that the surface of 

the iron phosphate particles cavitated after ultrasonic acid leaching, resulting in the formation of 

numerous pores. Additionally, particle collisions led to a reduction in particle size, with no generation 

of by-products during the process. This innovative approach not only contributed to the removal of 

impurity elements but also provided insights into the reuse of leaching slag (iron phosphate) and 

offered guidance for the recovery of metals from waste lithium iron phosphate cathode materials. 
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1. Introduction 

The lithium, iron, and phosphorus resources inherent in discarded lithium iron phosphate cathode 

materials represent valuable metallic assets[1, 2]. The recycling of these materials not only yields 

economic value but also serves to reduce environmental pollution[3, 4]. A leach solution, enriched 

with metal ions was derived from waste lithium iron phosphate cathode materials using 

hydrometallurgical method[5]. The controlled precipitation of metal ions under specific conditions 

resulted in the formation of metal products, facilitating metal recovery[6, 7]. However, this method 
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of recycling metal from waste lithium iron phosphate cathode materials inevitably generates leaching 

slag, a residue comprising residual iron and phosphorus after the recovery of lithium[8, 9]. Improper 

handling of this residual slag poses a risk of wasting valuable metal resources and causing 

environmental pollution, emphasizing the imperative need for recycling[10, 11]. Studies have shown 

that the physical phase of leaching slag is primarily iron phosphate, making the regeneration of 

battery-grade iron phosphate crucial for the closed-loop recovery of lithium iron phosphate[12, 13]. 

Interestingly, this vital aspect has been overlooked and remains unrealized. Iron phosphate derived 

from leaching slag, holds potential as a raw material for manufacturing lithium iron phosphate 

cathode materials[13]. To harness the reuse of iron phosphate in the leaching slag, stringent control 

of impurity elements within iron phosphate is essential to meet purity requirements for raw 

material[14]. 

Given this objective, this study focused on the removal of impurity elements, namely Cr, Cu, Ni, 

and Zn, from iron phosphate, proposing an innovative “waste into wealth”, guiding the efficient and 

environmentally friendly recycling of waste lithium iron phosphate cathode materials[15]. This study 

introduced ultrasonic enhancement technology to remove impurity elements, promoting a closed-loop 

recycling process for the utilization of lithium iron phosphate cathode materials. The experiments 

employed ultrasonic-assisted sulfuric acid conditions, exploring the effects of time, power, and 

reaction temperature on impurity removal. The optimal conditions for impurity removal were 

determined, accompanied by an in-depth analysis of the underlying mechanism.  

2. Experiments 

2.1. Experimental materials 

The chemicals used, including sulfuric acid (98 wt% H2SO4) and hydrogen peroxide (30 wt% 

H2O2), were of analytical grade and used without purification. The experimental material consisted 

of leaching slag produced during the leaching process of waste lithium iron phosphate cathode 

material. In Fig. 1(a), XRD analysis confirmed the physical phase of the leaching slag as iron 

phosphate (PDF#34-0134). As a raw material for lithium-ion batteries cathode preparation, iron 

phosphate must meet strict requirements for impurity elements Cr, Cu, Ni, and Zn. ICP-OES analysis 

revealed that the content of these elements in the iron phosphate exceeded the specified limits (Table 

1). 

Table 1 Content of impurity elements in iron phosphate 

Element Cr Cu Ni Zn 

Raw material (ppm) 69 1000 830 27 

Lithium battery enterprises (ppm) ≤ 50 ≤ 8 ≤ 20 ≤ 50 

From Table 1, it was observed that the iron phosphate as a raw material for the preparation of 

cathode materials for lithium-ion batteries met industry requirements for Cr ≤ 50 ppm, Cu ≤ 8 ppm, 

Ni ≤ 20 ppm, and Zn ≤ 50 ppm. The ICP-OES analysis results indicated that the content of Cr, Cu, 

Ni, and Zn in the iron phosphate was 69 ppm, 1000 ppm, 830 ppm, and 27 ppm. The particle size 

analysis of iron phosphate was conducted and the results are shown in Fig. 1(b). The particle size 

analysis of iron phosphate indicated a particle size distribution with D10 = 4.66 μm, D50 = 9.45 μm, 

D90 = 14.95 μm, and D99 = 19.68 μm. These values elucidated the size distribution of iron phosphate 

particles, essentially assessing its suitability as a raw material for cathode materials. 
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Fig. 1 (a) XRD analysis results of iron phosphate; (b) Particle size analysis of iron phosphate 

2.2. Experimental process 

Water was introduced to fill two-thirds of the ultrasonic cleaner volume, followed by preheating 

the water to match the temperature specified in the experimental design. Subsequently, 1.6 g of the 

iron phosphate was weighed and introduced into a pre-prepared sulfuric acid solution of known 

concentration (the leaching solution was 100 mL). The addition of hydrogen peroxide solution was a 

gradual process. The beaker was then sealed and positioned within the ultrasonic cleaner for heating. 

The power of the ultrasonic cleaner was systematically adjusted to align with the experimental design 

conditions. Upon completion of the acid-leaching experiment, both the heating and ultrasonic power 

controls of the ultrasonic cleaner were deactivated. Subsequently, the beaker was promptly removed 

for filtration and separation. The leaching slag of the iron phosphate underwent multiple rinses during 

the filtration process. The filtered filter cake was dried in a vacuum drying oven for 12 h. After drying, 

the content of the impurity elements was analyzed through ICP-OES. 

The removal efficiency of Cr, Cu, Ni, and Zn is expressed using Equation (1): 

𝜏 =
𝐴 − 𝐵

𝐴
× 100% 

(1) 

Where 𝐴 denotes the content of Cr, Cu, Ni, and Zn in the iron phosphate (ppm); 𝐵 denotes the 

content of Cr, Cu, Ni, and Zn in the iron phosphate after acid leaching (ppm); and 𝜏 denotes the 

removal efficiency of Cr, Cu, Ni, and Zn (%). 

2.3. Removal principle 

Under ultrasonic-assisted sulfuric acid conditions for removing impurity elements in iron 

phosphate, the underlying removal mechanism relies on ultrasound waves propagating through the 

liquid. This action induces liquid flow and the creation of numerous minuscule bubbles. These 

bubbles form and expand within negative pressure zones, swiftly collapsing within positive pressure 

zones—a phenomenon known as cavitation[16, 17]. Therefore, when the bubbles ruptured, it 

generated an impact force and a significant amount of energy. This resulted in an instantaneous high-

pressure impact on the material, causing it to collide and fragment into smaller particles. This process 

significantly enhanced the surface area of the material available for reaction contact, thereby 

augmenting its dissolution in the acid[18]. This mechanism is illustrated in Fig. 2. 
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Fig. 2 Schematic diagram of ultrasonic acid leaching for removal of impurity elements from iron phosphate 

2.4. Characterization techniques 

X-ray diffractometer (XRD, X'pert3Powder, Netherlands) was employed to characterize the iron 

phosphate and iron phosphate leaching slag. ICP-OES (ICP-OES, 7700x, USA) was employed to 

analyze the content of the impurity elements in iron phosphate. The morphological changes of iron 

phosphate before and after ultrasonic leaching were analyzed using a high-resolution transmission 

electron microscope (TEM, TecnaiF20, USA, FEI Company). The particle size of the iron phosphate 

was analyzed using a laser particle size analyzer (Winner2000, Jinan, China). To clarify the change 

of chemical valence state of elements in the iron phosphate before and after ultrasonic leaching, X-

ray photoelectron spectroscopy (XPS, PHI5000VersaProbe-∥, Japan) was used to conduct the analysis. 

3. Results and discussion 

3.1. Effect of sulfuric acid concentration on impurity removal 

In elucidating the effectiveness of ultrasound in facilitating the removal of impurity elements in 

the acid-leaching process of iron phosphate, it is necessary to discuss the effect of the concentration 

of the acid-leaching solution on the removal of impurity elements. Hence, before conducting 

experiments to determine the optimized conditions for ultrasonic-assisted sulfuric acid removal of 

impurity elements from iron phosphate, leaching experiments were conducted under different acid 

concentration conditions (Table 2). 

Table 2 Conditions of leaching experiments 

Experiment 
Sulfuric acid 

concentration 
Power (W)  Time (h) 

Reaction 

temperature (℃) 

1 sulfuric acid 50 1 80 

2 4 mol∙L-1  50 3 80 

To elucidate the leaching results of the iron phosphate under different acid concentration conditions, 

the leaching slag of the iron phosphate was subjected to XRD physical phase analysis. The XRD 

analysis results of the leaching slag of the iron phosphate under different acid concentrations were 

consistent (thus, this study presented a singular set of graphs), and the results are shown in Fig. 3. 
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Fig. 3 XRD patterns of leaching of iron phosphate at different sulfuric acid concentrations 

The XRD analysis results from Fig. 3 indicated that the physical phase of the leached slag was C 

(graphite), which was derived from conductive carbon black and polyvinylidene fluoride binder for 

lithium iron phosphate batteries. Fig. 3 shows that dilute sulfuric acid (4 mol∙L-1) and concentrated 

sulfuric acid serving as leaching solution fragmented the structure of the iron phosphate, resulting in 

its complete dissolution into the solution in the form of ions. Therefore, to preserve the crystal 

structure of the iron phosphate, a low concentration of sulfuric acid served as the leaching solution. 

The combination of a low-concentration sulfuric acid solution and ultrasonic assistance was more 

advantageous in highlighting the enhanced efficacy of ultrasonic action in removing impurities such 

as Cr, Cu, Ni, and Zn from iron phosphate. 

3.2. Effect of time on impurity removal 

Based on the above experimental results, the experimental design conditions were sulfuric acid 

concentration of 0.2 mol∙L-1, power of 50 W, and reaction temperature of 80℃. Figs. 4(a) and (b) 

depict the analysis of the removal effect of the acid-leaching time on Cr, Cu, Ni, and Zn. Upon 

increasing the acid-leaching time from 20 min to 90 min, the contents of Cr, Cu, Ni, and Zn decreased, 

indicating that acid leaching exhibited a significant effect on the removal of impurity elements. When 

the acid-leaching time reached 20 min, the contents of Cr, Cu, Ni, and Zn were 50 ppm, 160 ppm, 

210 ppm, and 10 ppm, and the removal rates were 27.54%, 84%, 74.7%, and 62.96%, respectively. 

Notably, the contents of Cr and Zn met industry requirements. Upon extending the acid-leaching time 

from 20 min to 50 min, the content of Cr, Cu, Ni, and Zn continued to decrease. Thus, the removal 

rates of Cr, Cu, Ni, and Zn were 34.78%, 86%, 77.11%, and 77.78%, respectively. However, with a 

further extension to 90 min, contents of Cr, Cu, Ni, and Zn increased slightly compared with that at 

50 min, indicating a reduction in the removal effect of impurity elements with prolonged leaching 

time. Therefore, the leaching time was identified to be between 20 min and 50 min, with 30 min 

selected for subsequent experiments to conserve energy consumption. 
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Fig. 4 Effect of acid leaching time on the removal of impurity elements 

3.3. Effect of power on impurity removal 

Theoretically, stronger ultrasonic waves facilitate surface cavitation, forming voids and breaking 

particles into smaller fragments via collision. This process increased the contact reaction area of the 

particles and acid solution, ultimately enhancing the removal efficiency of impurity elements[19]. 

Under specific conditions (sulfuric acid concentration of 0.2 mol∙L-1, acid-leaching time of 30 min, 

and reaction temperature of 80℃), the removal effects of Cr, Cu, Ni, and Zn were studied under three 

different powers of 15 W, 35 W, and 50 W (Figs. 5(a) and (b)). From Fig. 5, it was observed that as 

power gradually increased, the contents of Cr, Cu, Ni, and Zn exhibited a gradual decreasing trend. 

When the power was 15 W, the contents of Cr, Cu, Ni, and Zn were 62 ppm, 190 ppm, 370 ppm, and 

10 ppm, and the removal rates were 10.14%, 81%, 55.42%, and 62.96%, respectively. Furthermore, 

upon increasing the power to 35 W, the removal rate of Ni increased significantly. The Ni removal 

rate was 74.7%, while the Cr, Cu, and Zn removal rates were marginal. Subsequently, increasing the 

power to 50 W, the contents of Cr, Cu, Ni, and Zn exhibited a slight decrease. In comparing the 20 

min in Fig. 4 with the 15 W influence factor experiment in Fig. 5, the results indicated that the power 

exhibited a significant influence on the removal of Cr, Cu, Ni, and Zn than that of the acid-leaching 

time. At 50 W, the contents of Cr and Zn met the requirements of the Chinese chemical industry 

standard for battery-grade iron phosphate (HG/T4701-2014), leading to the determination that 50 W 

was the optimal power for the experiment. 

 

Fig. 5 Effect of power on the removal of impurity elements 
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3.4. Effect of reaction temperature on impurity removal 

The experiments were conducted in a low concentration of sulfuric acid solution, omitting the 

consideration of its effect on impurity element removal. The impact of reaction temperatures (35℃, 

50℃, and 65℃, and the removal rate at 80℃ is shown in Fig. 4) on impurity elements removal was 

studied under the conditions of sulfuric acid concentration of 0.2 mol∙L-1, power of 50 W, and acid-

leaching time of 30 min (Figs. 6(a) and (b)). Fig. 6 illustrates that with an increased reaction 

temperature, the content of impurity Ni decreased, while Cr and Zn exhibited minimal changes. The 

content of Cu remained relatively stable, indicating that the reaction temperature exhibited less 

influence on the removal of impurity elements. 

 

Fig. 6 Effect of reaction temperature on the removal of impurity elements 

Upon optimizing the conditions affecting the removal of impurity elements, the optimal ultrasonic 

acid-leaching conditions were obtained as follows: sulfuric acid concentration of 0.2 mol∙L-1, acid-

leaching time of 30 min, power of 50 W, and reaction temperature of 80℃. Under these conditions, 

the removal of Cr, Cu, Ni, and Zn from iron phosphate was achieved, with removal rates of 26.09%, 

83.0%, 75.9%, and 96.3%, respectively. Impurity elements were effectively removed from iron 

phosphate via ultrasonic acid leaching. The existence of impurity elements can be explained by 

doping into the iron phosphate lattice, and impurities that cannot be removed by conventional acid 

leaching need to be removed by external forces that break the lattice and expose the impurity 

elements[20]. 

To study the leaching behavior of Cr, Cu, Ni, and Zn during acid leaching, the thermodynamic 

characteristics of the different metal phases, especially the stable regions, were analyzed using Eh-

pH diagrams in HSC 6.0 software. Fig. 7(a) shows the Eh-pH diagram of the Cr-H2O system, where 

the Cr (III) phase reached a redox potential of -0.4299 V–1.4756 V. It was acid-soluble in this stable 

region at a pH of 2.0768, providing an easily achievable leaching condition. The Eh-pH plot of the 

Zn-H2O system in Fig. 7(d) expresses the same information. Specifically, the Zn (II) phase was 

soluble in acid at a redox potential of -0.7630V–2.0 V, and at a pH of 5.6077. Fig. 7(b) depicts the 

Eh-pH diagram of the Cu-H2O system, indicating that the soluble Cu (II) phase was formed under 

strongly acidic and strongly reducing conditions. Fig. 7(c) depicts the Eh-pH diagram of the Ni-H2O 

system, revealing that the Ni (II) phase was soluble in acid at a redox potential of -0.2367 V–2.0 V, 

and at a pH of 4.8912. The above analysis indicated that the leaching conditions for Cr and Zn were 

more conducive than those for Cu and Ni. This observation correlated with the findings of the study, 

indicating that the contents of Cr and Zn met the standard requirements after undergoing acid-leaching 
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treatment. The use of ultrasonic-assisted leaching method can reduce the amount of acid used and 

increase the contact between the solution and the impurities, which is an effective method to improve 

the removal of impurities. 

 

Fig. 7 Eh-pH diagram of Cr, Cu, Ni and Zn leaching system (concentration =1.0 M at 298 K and 1 atm 

pressure): (a) Cr-H2O; (b) Cu-H2O; (c) Ni-H2O; (d) Zn-H2O 

3.5. Impurity phase change and characterization in the acid-leaching process 

(1) Changes in the physical phase of iron phosphate 

To analyze the removal mechanism of impurity elements in the ultrasonic acidic leaching process, 

the analysis and characterization of iron phosphate after leaching process, the characterization of iron 

phosphate after leaching under different powers was conducted. XRD was employed to analyze the 

physical phase of iron phosphate under different power, determining whether the iron phosphate 

particles changed during the leaching process. The XRD physical phase analysis results of iron 

phosphate after leaching under different powers are shown in Fig. 8. Additionally, with increasing 

power, the intensity of the iron phosphate diffraction peaks decreased sequentially, and no other 

phases were found to be generated. Thus, it was observed that the sulfuric acid did not react with iron 

phosphate to generate other products during the acid-leaching process. 



 

9 

 

 

Fig. 8 Results of phase analysis of iron phosphate leaching under different power 

(2) Morphology and structure characterization of iron phosphate 

The TEM characterization results of iron phosphate before and after ultrasonic acid leaching are 

shown in Figs. 9(a)–(f). As seen in Figs. 9(a)–(c), the surface of iron phosphate particles before 

ultrasonic acid leaching was smooth and without notable cracks. From Figs. 9(d)–(f), it was seen that 

a large number of pores appeared on the surface of the iron phosphate after ultrasonic acid leaching, 

indicating that ultrasonic waves exhibited a cavitation effect on the particle surface. Furthermore, it 

was observed that the particle structure of iron phosphate particles was altered by ultrasonic energy[21, 

22]. Therefore, after ultrasound treatment, the surface of the iron phosphate particles cavitated to form 

a large number of pores. This exposed the metal impurities and increased the reaction area to promote 

the chemical reaction between the impurities and the acid solution, facilitating the removal of 

impurity elements. 

 

Fig. 9 Results of TEM characterization and analysis of iron phosphate: (a)-(c) without ultrasonic leaching of iron 

phosphate; (d)-(f) after ultrasonic leaching of iron phosphate 

The results of XPS characterization analysis of the iron phosphate before and after ultrasonic acid 

leaching are shown in Figs. 10(a)–(h). The fine spectrograms of Fe2p in Figs. 10(a) and 10(e) 

exhibited two notable peaks at 725.9 eV and 712.2 eV, corresponding to Fe2p1/2 and Fe2p3/2 for Fe3+, 
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respectively[23, 24]. The fine spectrograms of P2p in Fig. 10(b) exhibited P2p1/2 and P2p3/2 at the 

binding energy located at 134.2 eV and the fine spectrograms of P2p in Fig.10(f) both corresponded 

to PO4
3-. The C1s in Fig. 10(d) corresponded to C at the binding energy located at 284.5 eV, which 

correlated with the XRD analysis of the iron phosphate. However, the fine spectrogram of C1s in Fig. 

10(h) exhibited a peak corresponding to Fe3C at a binding energy of 283.9 eV, owing to the presence 

of Fe3+ in the solution. The XPS results indicated that the physical phase of the iron phosphate after 

ultrasonic acid leaching was FePO4, corresponding to the results of the XRD analysis. 

 

Fig. 10 Results of XPS characterization of iron phosphate: (a)-(d) without ultrasonic leaching of iron phosphate; 

(e)-(h) after ultrasonic leaching of iron phosphate 

3.6. Effect of ultrasound on particle size and morphology of iron phosphate 

Particle size analysis and particle shape analysis of the iron phosphate at different powers were 

conducted (Fig. 11 and Table 3). It was observed from Fig. 11 that when the power was 15 W, the 

particle size distribution was D10 = 4.22 μm, D50 = 8.01 μm, D90 = 12.2 μm, and D99 = 15.34 μm. 

Similarly, at 35 W, the particle size distribution was D10 = 4.17 μm, D50 = 7.41 μm, D90 = 10.71 

μm, and D99 = 13.61 μm. At 50 W, the particle size distribution was D10 = 4.14 μm, D50 = 7.22 μm, 

D90 = 10.33 μm, and D99 = 12.67 μm. Finally, when the power was 50 W, the particle size distribution 

was D10 = 4.14 μm, D50 = 7.22 μm, D90 = 10.33 μm, and D99 = 12.67 μm. It was evident that after 

ultrasonic acidic leaching, the particle size distribution interval was narrower, indicating that the 

particle distribution was more concentrated after leaching. As presented in Table 3, the standard 

deviation of D [3,2] and D [4,3] both decreased after ultrasonic acidic leaching, indicating that the 

particles of the iron phosphate were almost spherical after ultrasonic acidic leaching. Thus, the 

addition of ultrasonic destruction of the shape of the original iron phosphate resulted in more regular 

particles. Therefore, the removal process of metal impurities was accompanied by a change in the 

shape of the iron phosphate. Given the comprehensive analysis in Fig. 5, ultrasound fragmented the 

iron phosphate particles into tiny particles, increasing the contact area with the acid solution, and 

achieving the purpose of removing the impurity elements[24, 25]. Fig. 1 (b) and Fig. 11 illustrate a 

significant change in the particle size of the iron phosphate before and after ultrasonic leaching. 
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Fig. 11 Analysis results of iron phosphate particle size at different power: (a) 15W; (b) 35W; (c) 50W 

Table 3 Analysis results of shape parameters of iron phosphate particles under different power 

Particle size 

parameters 
Iron phosphate Power 15 W Power 35 W Power 50 W 

D [3,2] 7.56 6.65 6.35 6.24 

D [4,3] 9.64 8.10 7.43 7.23 

Note: D [3,2] - surface area average diameter and D [4,3] - volume average diameter 

Additionally, when iron phosphate particles were leached in the acidic solution, voids formed on 

their surface under the action of ultrasound, leading to collisions, particle cracking, and size reduction. 

This process provided a gateway for the exposure and removal of impurity elements without 

generating other by-products. 

4. Conclusion 

Ultrasonic acid leaching was employed to remove impurity elements from iron phosphate under 

the following experimental conditions: Sulfuric acid concentration 0.2 mol∙L-1, acid-leaching time 30 

min, power 50 W, and reaction temperature 80℃. Under these conditions, the removal rates of Cr, 

Cu, Ni, and Zn in the iron phosphate were 26.09%, 83.0%, 75.9%, and 96.3%, respectively. Iron 

phosphate was analyzed using XRD, TEM, XPS, and particle size characterization to elucidate the 

removal mechanism of impurity elements. The XRD diffraction pattern of the iron phosphate 

indicated a sequential decrease in the intensity of the diffraction peaks with increasing power, with 

no other phases detected. The particle size analysis revealed that the iron phosphate particles tended 

to be nearly spherical after ultrasonic leaching, indicating that ultrasonic treatment altered the original 

shape of iron phosphate during the impurity removal process. This study served as a foundation for 

the introduction of other key technologies to achieve the closed-loop recycling of waste lithium iron 

phosphate cathode materials, addressing the technicalities facing the development of the lithium 

battery recycling industry. 
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Fig. 1 (a) XRD analysis results of iron phosphate; (b) Particle size analysis of iron phosphate 
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Fig. 2 Schematic diagram of ultrasonic acid leaching for removal of impurity elements from iron phosphate 

 

Fig. 3 XRD patterns of leaching of iron phosphate at different sulfuric acid concentrations 

 

Fig. 4 Effect of acid leaching time on the removal of impurity elements 
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Fig. 5 Effect of power on the removal of impurity elements 

 

Fig. 6 Effect of reaction temperature on the removal of impurity elements 
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Fig. 7 Eh-pH diagram of Cr, Cu, Ni and Zn leaching system (concentration =1.0 M at 298 K and 1 atm 

pressure): (a) Cr-H2O; (b) Cu-H2O; (c) Ni-H2O; (d) Zn-H2O 

 

Fig. 8 Results of phase analysis of iron phosphate leaching under different power 
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Fig. 9 Results of TEM characterization and analysis of iron phosphate: (a)-(c) without ultrasonic leaching of iron 

phosphate; (d)-(f) after ultrasonic leaching of iron phosphate 

 

Fig. 10 Results of XPS characterization of iron phosphate: (a)-(d) without ultrasonic leaching of iron phosphate; 

(e)-(h) after ultrasonic leaching of iron phosphate 
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Fig. 11 Analysis results of iron phosphate particle size at different power: (a) 15W; (b) 35W; (c) 50W 

Table 1 Content of impurity elements in iron phosphate 

Element Cr Cu Ni Zn 

Raw material (ppm) 69 1000 830 27 

Lithium battery enterprises (ppm) ≤ 50 ≤ 8 ≤ 20 ≤ 50 

Table 2 Conditions of leaching experiments 

Experiment 
Sulfuric acid 

concentration 
Power (W)  Time (h) 

Reaction 

temperature (℃) 

1 sulfuric acid 50 1 80 

2 4 mol∙L-1  50 3 80 

Table 3 Analysis results of shape parameters of iron phosphate particles under different power 

Particle size 

parameters 
Iron phosphate Power 15 W Power 35 W Power 50 W 

D [3,2] 7.56 6.65 6.35 6.24 

D [4,3] 9.64 8.10 7.43 7.23 

Note: D [3,2] - surface area average diameter, D [4,3] - volume average diameter 

 


