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A B S T R A C T

The recovery and reuse of resources from spent lithium-ion batteries present significant potential for sustainable 
development and environmental protection. However, challenges remain, particularly in addressing complex 
issues such as the removal of aluminum (Al) impurities. This paper introduces an efficient and selective process 
for leaching lithium (Li) from LiFePO4 cathode material powder, even in the presence of hard-to-remove Al 
impurities. First, the LiFePO4 cathode material was separated from damaged Al foil current collectors using an 
environmentally friendly water stripping method, resulting in the active material powder containing Al impu
rities. In the subsequent process, a small amount of H3PO4 was used as a leaching agent, H2O2 as an oxidant, and 
the cathode material was subjected to mechanical activation by ball milling. After continuous optimization of all 
conditions, an efficient leaching of 99.5 % Li was achieved, with almost all (>99 %) Fe and Al impurities 
separated as precipitates. Li in the leachate was precipitated as Li2CO3 by adding Na2CO3 at 95 ◦C, achieving a 
purity of 99.2 %. A magnetic separation scheme is presented to successfully separate FePO4 from Al-containing 
impurities in the leaching residue. After five magnetic separation cycles, the purity of FePO4 exceeded 98.5 %. 
Additionally, the mechanisms of the entire reaction system were investigated using characterization methods 
such as laser particle size analysis, XPS, and XRD. A comprehensive economic evaluation of the entire system 
confirms its feasibility. This eco-friendly selective separation process shows strong potential for industrial ap
plications and makes a valuable contribution to sustainable development.

1. Introduction

Lithium iron phosphate (LiFePO4) batteries, with a high energy 
density, long lifespan, large capacity, and low self-discharge rate, are 
crucial for electric vehicles (EVs) and stationary energy storage [1]. The 
lifespan of LiFePO4 batteries generally ranges from 2000 to 4000 char
ge–discharge cycles, roughly equivalent to 5 to 10 years [2]. More and 
more spent batteries will be accumulated over the next five years. Proper 

storage and disposal of these batteries are crucial, as improper handling 
can lead to the leakage of organic electrolytes, explosions, and fires [3]. 
A battery generally consists of components such as the cathode, anode, 
separator, and electrolyte. LiFePO4 is used as the active material for the 
cathode in LiFePO4 batteries and contains a rich source of Li and Fe 
resources. Therefore, recycling spent batteries is an urgent and signifi
cant global task, critical for safety, economic value and environmental 
protection [4].
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For the recycling of cathode materials, the most common methods 
currently include direct regeneration, pyro-metallurgical, and hydro
metallurgical processes. In the direct regeneration method, the LFP 
cathode material is typically re-lithiated to achieve direct regeneration 
[5,6]. However, the direct regeneration method struggles to remove 
metal impurities (Al and Cu) [7], which can affect the lifespan and ef
ficiency of the new battery [8]. Pyrometallurgy involves extracting and 
recovering metals from materials at high temperatures [9,10]. It 
generally operates at temperatures above 800 ◦C, leading to the vola
tilization of highly reactive Li and the collapse of the FePO4 framework, 
thereby reducing Li recovery efficiency. Additionally, the high energy 
consumption of pyrometallurgy significantly increases the cost of recy
cling, reducing profitability and process sustainability. Hydrometallur
gical processes can be conducted at ambient temperature and pressure, 
offering good metal selectivity and high reaction efficiency, making 
them more suitable for extracting Li from retired LFP batteries [11,12].

Typical hydrometallurgical methods use various acids as leaching 
agents, including both organic and inorganic acids [13]. Numerous 
previous studies have utilized organic acids for leaching cathode ma
terials from waste lithium-ion batteries (LIBs). Li et al. used 0.3 M oxalic 
acid H2C2O4 at 80 ◦C, achieving a Li leaching rate of 98 % and an Fe 
leaching rate of 92 % [14]. Yadav et al. achieved a 94 % Li leaching rate 
and a 95 % Fe leaching rate at room temperature using 4 M methane 
sulfonic acid CH3SO3H [15]. These organic acids not only provide 
acidity, but also have a certain degree of oxidation, which can achieve a 
dual effect of acidity and oxidation. Compared to organic acid, inorganic 
acids, such as the strong acids H2SO4 and HCl, are much preferred in the 
leaching process due to their low cost and high efficiency. Song et al. 
utilized sulfuric acid [16] for leaching, achieving Li and iron leaching 
efficiencies of 96.67 % and 93.25 %, respectively, when the liquid–solid 
(L/S) ratio was 20:1, the sulfuric acid concentration was 2 mol/L, the 
leaching temperature was 70 ◦C, and the leaching time was 2 h. Liu et al. 
employed a hydrochloric acid and sodium hypochlorite [17] leaching 
system. Under optimal conditions (0.6 mol/L HCl solution, Li:H:ClO =
1.0:1.3:0.6, 20 ◦C), they achieved a Li leaching rate of over 95 % and an 
iron leaching rate of less than 0.12 % within just 20 min of reaction time. 
But inorganic acids usually do not have oxidizing properties, so they 
often need to be used in combination with other oxidants. Phosphoric 
acid, as a moderately strong acid, undergoes stepwise ionization in 
aqueous solution and gradually reaches the ionization equilibrium, 
which has been employed in the leaching process of LIB cathode mate
rials. Chen et al. demonstrated that over 99 % of Co can be separated and 
recovered as Co3(PO4)2 from waste LiCoO2 cathode materials under the 
leaching conditions of 40℃, 60 min, 4 vol% H2O2, 20 mL g− 1 (L/S) and 
0.7 mol/L H3PO4[18]. Yang et al. used 0.6 M H3PO4 and mechanically 
activated LiFePO4 for 2 h with EDTA-2Na, maintaining the S/L ratio at 
50 g/L. The Li leaching rate reached 94.29 % and the Fe leaching rate 
reached 97.67 % [19].

Hydrogen peroxide has been widely used as an oxidant in acid 
leaching processes, because it does not introduce other elements and has 
a sufficient oxidation potential to meet the requirements [20]. In our 
laboratory’s previous studies, Zhang et al. used an optimized 
H2SO4–H2O2 leaching system assisted by a mechanical activation pre
treatment, achieving 99 % Li leaching and 0.01 % iron leaching, suc
cessfully separating Fe and Li [21]. Moreover, their work also 
demonstrated the positive effect of mechanical activation (ball milling) 
before Li leaching, indicating that the particle size of the powder during 
grinding also has an impact on Li leaching [22]. Normally, in the recy
cling and separation process, it is difficult to eliminate small Al foil 
fragments during disassembling, crushing and sieving [23]. Especially, 
when dealing severely damaged electrodes, it is impossible to 
completely remove the Al impurities during the pretreatment stage [24]. 
The presence of Al impurities can compete with the target metals during 
the leaching and separation process [25]. However, to the best of our 
knowledge, it is rare to see methods can effectively address the problem 
of Al impurity in hydrometallurgy technologies. Therefore, developing a 

green process that can separate Fe and Li in the presence of Al impurities 
is urgently needed.

In this study, an innovative recycling process was developed to 
remove Al impurity in harvesting Li and FePO4 from spent LIBs. This 
work adopted an environmentally friendly water peeling method to 
separate the cathode material from the Al foil in spent power battery 
electrode sheets. Phosphoric acid was used as the basic leaching agent 
with H2O2 as the oxidant, with assistance from ball milling pretreatment 
for mechanical activation. To achieve the optimal process conditions, 
ball milling pretreatment was performed under various conditions. In 
addition, the effects of acid concentration, oxidant addition, the solid
–liquid ratio, temperature, and stirring speed were thoroughly investi
gated. Subsequently, the magnetic method was employed to separate Al 
and FePO4 from the obtained metal residues. Finally, the separation 
mechanism of Li+, FePO4, and Al impurities was illustrated.

2. Experimental

2.1. Material and reagents

The LiFePO4 cathode material used in this study was sourced from a 
local LIB company in China. The 160 Ah power batteries had undergone 
800 charge–discharge cycles at a 0.5C rate (80 A) within a voltage range 
of 2.5 to 4.0 V. After this cycling, the degraded LiFePO4 batteries were 
employed for the study. The reagents used in this work, including the 
phosphoric acid (H3PO4, 98 %), hydrogen peroxide (H2O2, 30 %), so
dium carbonate (Na2CO3, 99.8 %), and sodium hydroxide (NaOH, 96 
%), were all analytical grade reagents purchased from Sinopharm 
Chemical Reagent Co. and were used without further purification. A 
neodymium–iron–boron (NdFeB) magnet with a magnetic grade of N35 
was used for magnetic separation. All solutions were prepared using 
deionized water with a resistivity of 18.2 MΩ.

2.2. Instruments and analytical methods

A Planetary Ball Mill (QM-QX1L) was employed for the mechanical 
grinding of materials. X-ray powder diffraction (XRD) (Rigaku Miniflex 
600) with the setting of 40 kV, 40 mA, and Cu − Kα radiation was uti
lized for crystal structure and phase analysis. An X-ray photoelectron 
spectroscope (XPS) (Thermo Fisher ESCALAB 250xi) was used for 
analyzing the valence states of elements in the LiFePO4 and FePO4 
samples. Field-emission scanning electron microscopy (FE-SEM) was 
used to analyze the morphology of the LiFePO4 samples. A micron-level 
laser particle size analyzer (LS-I3-320) was used to analyze the particle 
size distribution of the cathode active substances after grinding. Cathode 
active substances were digested with a microwave digestion system 
(MWD-500, METASH, Shanghai, China), and elemental analysis was 
conducted using an inductively coupled plasma optical emission spec
trometer (ICP-OES, PerkinElmer Instrument, Avio 200). The quantita
tive spectral lines used were as follows (wavelength in nm): Li-670.773, 
Al-396.159, Fe-238.204.

2.3. Treatment of cathode material

An optimized novel water stripping method was used to separate the 
cathode material powder from the Al foil current collector [22]. Firstly, 
the electrode sheets of the power battery were cut into 1 cm × 1 cm 
squares and calcined in air at 450◦C for 2 h to remove organic binders 
such as PVDF and impurities like carbon, facilitating the subsequent 
separation of the active material from the Al foil [23]. The dried cathode 
material was then placed in deionized water (at room temperature) to 
peel the active material from the Al foil. The separated active material 
was collected and dried at 60 ◦C overnight. Subsequently, agate balls 
and the cathode material sheets were mixed at a mass ratio of 3:1 in a 
ball mill at room temperature. A mixture of medium and small zirconia 
grinding balls (D80 = 10 mm) was used as the grinding media. The 
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mixture underwent mechanical activation at different speeds and du
rations, with the forward and reverse rotation intervals set at 5 min to 
prevent heat accumulation. Finally, the powder was analyzed using 
XRD, a laser particle size analyzer, and FE-SEM.

2.4. Chemical element analysis

A microwave digestion system was used to digest the cathode ma
terial powder for its chemical element analysis. Typically, 0.1 g of 
cathode material powder is digested using 9–10 mL of aqua regia at 185◦

C and 2.5 MPa pressure. After filtration, the solution was used for 
measurement by inductively coupled plasma optical emission spec
trometry (ICP-OES).

2.5. Batch leaching procedure

The batch leaching of raw material powder was conducted in 25-mL 
beakers. Typically, H3PO4 or H3PO4-H2O2 solution was used to leach 
raw material powder at different temperatures and reaction time ranges. 
After the leaching process, the solid residues were filtered using a sin
tered glass funnel. The solid residues were washed 3–5 times with 
deionized water and then dried at 60 ◦C for 12 h. The leachate was 
diluted and filtered using a syringe filter with a pore size of 0.22 μm for 
ICP testing. The effects of the phosphoric acid concentration, solid
–liquid ratio, amount of hydrogen peroxide added, and temperature on 
the leaching rate were investigated.

The leaching rate of metal ions was calculated using Eq. (1), 

Lx =
Cx • Vx

m • ωx
(1) 

where Cx (g/L) and V (L) represent the concentration of element “x” 
and the volume of the filtrate, respectively. And m (g) and ωx denote the 
mass of the cathode active material and the weight content of element 
“x” in the initial active material.

2.6. Li recovery

The Li-rich leachate was recovered in the form of Li2CO3 by adding 
sodium carbonate. Firstly, 15 g of Na2CO3 powder was added to 50 mL of 
deionized water to prepare a saturated sodium carbonate solution. To 
increase the Li concentration, the leachate was evaporated at 70 ◦C by 

heating, while NaOH was added to adjust the pH value to 8–9 [19]. 
Finally, the saturated sodium carbonate solution was added dropwise to 
the leachate at 95 ◦C, resulting in the formation of a white powder. The 
powder was filtered using a Buchner funnel and washed with deionized 
water, and then dried at 60 ◦C for 24–48 h.

2.7. FePO4 separation and recovery

In this study, the leaching residue contained Al impurities mixed 
with iron phosphate. A magnetic separation procedure was used for the 
recovery of iron phosphate. A total of 5 g of the dried leaching residue 
was placed in a 25-mL glass beaker, and a magnet was then placed 
externally to separate the FePO4 from the residue mixture, repeating this 
step several times. The FePO4 powder was finally collected and dis
solved in acid for ICP testing to determine the purity and recovery rate.

The recovery rate (θ) of FePO4 was calculated using Eq. (2), 

θ =
mx • px • MF

m0
(2) 

Where mx and px represents the mass and the purity of the final 
product after x rounds of magnetic separation, MF refers to the molar 
mass proportion of Fe in FePO4, and m0 is the mass of Fe in the raw 
active material as tested by ICP.

3. Results and discussion

3.1. Physical separation and characterizations

In this study, an optimized environmentally friendly water stripping 
method was utilized based on our previous published methods [19]. To 
remove organic binders such as PVDF and impurities like carbon and 
facilitate faster separation of the cathode material from the Al foil, the 
sheets were cut into 10 × 10 mm pieces, calcinated at 450 ◦C for 120 
min. After cooling, the sheets were immersed in deionized water, 
assisting the separation with ultrasonic agitation (Fig. 1a). The separa
tion time was tested, and complete stripping of the cathode active ma
terial from the Al was achieved in ~ 30 s, which is faster than the 
reported ~ 70 s in our previously published laboratory study [20]. 
Throughout the entire stripping process, an aluminum stripping effi
ciency of 93.7 wt% was achieved, indicating that a portion of Al im
purities had migrated into the active material powder. The residual Al, 

Fig. 1. (a) Schematic diagram of the ultrasonic separation of aluminum foil and cathode material. (b) SEM image of the cathode powder. (c) XRD pattern of the 
cathode powder. (d) The mass percentage of each metal element in the cathode material.
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which is difficult to strip, will be removed through selective leaching, 
with over 99 wt% ultimately recovered as solid Al2O3. The obtained 
cathode active material was ground into fine powder, and SEM imaging 
of cathode active material revealed some degree of obvious agglomer
ation Fig. 1b, which is in line with previously published SEM images 
[20]. The structure of the ground powder was identified from the XRD 
pattern, as presented in Fig. 1c. The active material powder displayed a 
good match with the standard PDF card no. 40–1499 for LiFePO4. The 
composition of active material powder was analyzed by ICP-OES in its 
digestion solution, and the metal elemental contents (wt%) of the 
cathode active powder were 8.39 wt% Li, 81.23 wt% Fe, 0 wt% F and 
9.21 wt% Al (Fig. 1d), The three elements Li, Fe, and Al account for 
nearly 100 % of the total mass, demonstrating the effective removal of 
impurities such as PVDF and carbon.

3.2. Selective leaching of Li

3.2.1. Effect of phosphoric acid concentration
The effect of different concentrations of phosphoric acid on the metal 

leaching rates was examined, with the phosphoric acid concentration 
ranging from 0.3 to 1.8 mol/L (Fig. 2a). When the concentration of 
phosphoric acid was increased from 0.3 to 0.6 M, the leaching rate of Li 
increased from 71.52 % to 80.63 %, while the leaching rate of Fe dis
played a slight increase from 0 % to 0.2 %, and the leaching rate of Al 
increased from 0 % to 7.05 %. When the phosphoric acid concentration 
was further increased to 1.8 M, the leaching rate of Li remained almost 
constant, while the leaching rates of Fe and Al increased to 13.44 % and 
31.28 %, respectively. Based on the above results, the phosphoric acid 
concentration has a positive effect on the leaching of all metal ions, but 
Li leaching does not significantly increase when the phosphoric acid 
concentration is raised beyond 0.6 M. The possible reason for this may 
be related to the thermodynamic effects of the leaching reaction of 
LiFePO4. In this solution, phosphoric acid maintains a certain ionization 
equilibrium in aqueous solution, and under this equilibrium, continu
ously adding more phosphoric acid may not significantly enhance the 
activity and concentration of H+ [17]. To minimize the leaching of Fe 
and Al impurities, 0.6 mol/L of H3PO4 acid was chosen for the following 
experiments.

3.2.2. Effect of solid–liquid ratio
The solid–liquid (S/L) ratio is one important testing factors for the 

leaching rate of metals. In this study, The S/L ratio was varied from 0.2 
to 1.0 g/10 mL with other conditions kept constant (Fig. 2b). The 
leaching rate of Li decreased slightly between 0.2–0.6 g/10 mL. The 
maximum leaching of Li was observed at 0.8 g/10 mL, with the leaching 
rate being 81.32 %. Conversely, the leaching rate of Fe decreased from 
11.7 % to 0.5 % and that of Al decreased from 42.66 % to 7.2 % at 0.8 g/ 
10 mL, and then remained relatively stable. By appropriately increasing 
the S/L ratio, ensuring that the amount of solid phase remains within the 
leaching capacity of the acid and the recovery rate of Li can be increased. 
Thus, an S/L ratio of 0.8 g/10 mL was selected for the subsequent 
experiments.

3.2.3. Effect of H2O2 amount
To better understand the leaching efficiency, an Eh–pH diagram for 

the Li–Fe–P–H2O system at 298.15 K was produced by using HSC 
Chemistry 6.0 software (Fig. 2c) [18,19]. Based on the Eh–pH diagram, it 
can be observed that increasing the oxidation potential can achieve a 
higher conversion of LiFePO4 to FePO4, with the intermediate state 
being the ionic form of divalent Fe. This demonstrates that this method 
requires disruption of the spatial structure of LiFePO4 and an increase in 
the oxidation potential to achieve the desired transformation. Thus, the 
addition of H2O2 can promote the conversion of Fe from divalent to 
trivalent, forming iron phosphate in situ, which facilitates the release of 
Li and enables the separation of Li and Fe [18]. In this experiment, we 
explored the optimal relative proportions of H3PO4 and H2O2 by 
adjusting the amount of H2O2. The impact of different H2O2 contents on 
the leaching rates of metal ions is illustrated in Fig. 2d. It can be 
observed that with an increase in the amount of H2O2, the leaching rate 
of Li continuously increases, reaching a maximum of 91.42 % at 6 vol% 
H2O2, and thereafter begins to decrease. The possible reason for this is 
that excessive H2O2 can oxidize divalent iron to trivalent iron and hy
drolyze to produce iron hydroxide colloids that cover and wrap around 
the material surface, hindering the release of Li and reducing its leaching 
rate However, the leaching rates of Fe and Al continuously decrease to 
nearly 0 % and remain stable thereafter. This indicates that the addition 
of H2O2 not only enhances the leaching rate of Li but also aids in the 

Fig. 2. The effect of leaching conditions on the leaching rates of Li, Fe, and Al. (a) Effect of the phosphoric acid concentration (S/L = 0.8 g/10 mL; 25 ◦C; 120 min; 
without H2O2). (b) Effect of the S/L ratio (0.6 M H3PO4; 25 ◦C; 120 min; without H2O2). (c) Eh–pH diagram for the Li–Fe–P–H2O system at 298.15 K (data were 
obtained from HSC Chemistry 6.0 software). (d) Effect of the H2O2 content (0.6 M H3PO4; S/L = 0.8 g/10 mL; 25 ◦C; 120 min). (e) Effect of leaching time (0.6 M 
H3PO4; S/L = 0.8 g/10 mL; 6 vol% H2O2; 25℃), (f) Effect of leaching temperature (0.6 M H3PO4; S/L = 0.8 g/10 mL; 6 vol% H2O2; 120 min).
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removal of Fe and Al impurities.

3.2.4. Effect of leaching time
To investigate the progress of the leaching reaction over time, this 

study examined the effect of leaching time under the optimized reaction 
conditions determined in the previous experiments (phosphoric acid 
concentration of 0.6 M, S/L ratio of 0.8 g/10 mL, H2O2 concentration of 
6 vol%, and room temperature). The leaching time ranged between 30 
and 180 min, as shown in Fig. 2e. After 30 min of reaction, the leaching 
rate of Li reached 81.3 %, while the leaching rates of Fe and Al were 
nearly zero. By 120 min, the Li leaching rate exceeded 93 %, with Fe and 
Al leaching rates displaying minimal changes and remaining close to 
zero. When the reaction time was extended to 180 min, the increase in 
the Li leaching rate slowed and stabilized, with an increase of less than 2 
%, while the Al leaching rate began to rise to around 3 %. Through linear 
regression analysis of the leaching time-kinetics data, it was found that 
the overall linear trend before 120 min aligns more closely with the first- 
order reaction kinetics model: ln(1 − LLi) = − kt. The calculated 
equation is ln(1 − LLi) = − 0.0145 t − 1.21, with a correlation coeffi
cient R2 = 0.952. However, after 120 min, a significant deviation occurs. 
Fitting analysis revealed better agreement with the diffusion-controlled 
mechanism (shrinking core model), yielding the equation (1)− (1 −

LLi)1/3 = 0.0038 t + 0.332, with a correlation coefficient R2 = 0.985. In 
conclusion, the leaching process conforms to a two-stage mixed control 
model: during the initial reaction stage (<90 min), it is controlled by 
chemical reactions, while in the middle and late stages (≥90 min), it is 
governed by the shrinking core model. Considering factors such as en
ergy efficiency and metal separation purity, 120 min was selected as the 
optimal leaching reaction time.

3.2.5. Effect of leaching temperature
The reaction temperature plays a crucial role in influencing the 

outcomes of thermodynamically driven processes, such as leaching re
actions. The leaching experiments on LiFePO4 active material were 
conducted at different temperatures ranging from 25 ◦C to 65 ◦C, and the 
results are presented in Fig. 2f. As the temperature increased, the 
leaching rate of Li continuously increased, reaching a maximum of 99.5 
% at 55 ◦C. At this temperature, the leaching rates of Fe and Al slightly 
decreased, with values of 0.424 % and 1.824 %, respectively. However, 
when the temperature was further increased to 65 ◦C, the leaching rate 
of Li decreased. This is because during the leaching process, H3PO4 re
acts with LiFePO4, breaking down and dissolving the Li+ components. 
This leaching reaction requires energy to break the bonds in LiFePO4, 
and it is therefore generally characterized as an endothermic reaction. 

Fig. 3. (a) Effect of rotation speed (grinding time = 2 h). (b) Effect of grinding time (rotation speed = 200 rpm). The particle size distribution after (c) 1 h, (d) 2 h. 
(e–f) SEM images of the powders under the optimal ball milling conditions. (g–i) Element distributions for Al, Fe and P.
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Moreover, during this reaction, acid interacts with the solid material 
through ion exchange or dissolution, where energy is typically 
consumed to facilitate the leaching of Li. Additionally, due to the ioni
zation equilibrium of phosphoric acid, as the acid concentration in
creases, the activity of H+ and the leaching efficiency may not improve 
significantly, further supporting the notion that this process is endo
thermic. However, when the temperature further increased to 65 ℃, the 
leaching rate of Li slightly decreased, which may be due to the high 
temperature affecting the stability of H2O2. Therefore, 55 ◦C was chosen 
as the optimal leaching temperature.

3.3. Effect of mechanical activation

In our previous study, the particle size of active materials signifi
cantly influenced the leaching efficiency in the H2SO4–H2O2 system 
[16]. In this study, the optimal leaching efficiency in relation to particle 
size was achieved by optimizing the speed and duration of mechanical 
activation. The effect of milling speed on the leaching rates of various 
metals is illustrated in Fig. 3a, with the ball-to-powder ratio (BPR) set at 
3 and the milling time maintained at 2 h. As the speed increased, the 
leaching rate of Li initially rose continuously, reaching a peak at 200 
rpm before slightly decreasing. The leaching rates of Fe and Al remained 
near zero. This phenomenon can be attributed to the possibility that 
excessive speed may cause powder agglomeration and adhesion, leading 
to a reduction in the leaching rate. Therefore, 200 rpm was chosen as the 
optimal rotation speed for mechanical activation.

Fig. 3b illustrates the effect of milling time on the leaching rates of 
various metals when the BPR was 3 and the rotation speed was 200 rpm. 
The leaching rate of Li initially slowly increased as the ball milling time 
increased, reaching its highest rate at 2 h. In addition, the leaching rates 

of Fe and Al remained close to zero. Finally, 2 h was selected as the 
optimal milling time at the rotation speed of 200 rpm. In summary, it 
can be observed that mechanical activation indeed exerts a positive ef
fect on lithium leaching, primarily due to mechanical forces inducing 
the cleavage of chemical bonds, the generation of unsaturated groups, 
free ions, and electrons, as well as the formation of reactive surfaces. 
These processes are accompanied by the creation of lattice defects and 
an increase in internal energy under ambient pressure and temperature 
conditions.

To reveal the influence of ball milling conditions on the Li leaching 
rate, the particle size of LiFePO4 cathode material powders under 
different ball milling conditions was determined. As presented in 
Fig. 3c–d, in the mechanical activation speed test, 200 rpm yielded the 
highest Li leaching efficiency of 84.25 % with good selectivity, 
achieving a particle size D50 of 521.26 μm after 1 h. After optimization, 
extending the grinding to 2 h at 200 rpm increased the Li leaching ef
ficiency to 90.16 % with good selectivity, and reduced the particle size 
D50 to 446.706 μm. However, as shown in the particle size distributions 
under different conditions Fig. S1–S2, further reductions in particle size 
(D50 313.653 μm after 2.5 h and 303.603 μm after 3 h of grinding at 200 
rpm) did not significantly improve the leaching efficiency.

After consideration of the leaching results and the energy con
sumption, milling of cathode material powders under conditions of 200 
rpm for 2 h was chosen for the selected optimal operation conditions. 
Additionally, SEM images of the powders obtained under these condi
tions Fig. 3e–f revealed ~ 400 μm particles with nanoscale fine particles 
assembled on the surfaces. The corresponding SEM-EDS mapping of 
elemental distribution Fig. 3g–i demonstrates the uniform distribution 
of Al, Fe, and P, with a significantly lower Al content compared to Fe and 
P. This result is consistent with the previous ICP test results.

Fig. 4. (a) XRD pattern of Li2CO3. (b) Effect of magnetic separation time on the purity of FePO4. (c) XRD pattern of FePO4. SEM images of (d) Li2CO3 precipitate and 
(e–f) FePO4. (g–i) Element distributions of FePO4.
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3.4. Recovery of Li and FePO4

The Li-rich leachate was recovered as a Li2CO3 precipitate by adding 
sodium carbonate as a precipitating agent. The leachate obtained under 
the optimized conditions was further concentrated through evaporation. 
The precipitation temperature for Li2CO3 was set at 95 ◦C, as the solu
bility of Li2CO3 in water decreases with increasing temperature. XRD 
testing of the precipitated Li2CO3, as illustrated in Fig. 4a, exhibited 
peak patterns that closely match the standard PDF card for lithium 
carbonate, indicating successful precipitation of Li2CO3. According to 
the ICP test results, the purity of the precipitated lithium carbonate was 
99.2 %.

Magnetic separation was utilized to remove Al impurities, as FePO4 
exhibits certain magnetic properties, while Al impurities do not. How
ever, due to the friction and adhesion between the powder particles, 
complete separation cannot be achieved in a single process. Thus, a 
multi-stage magnetic separation method was used to separate FePO4 
from Al impurities, with the results presented in Fig. 4b. After each 
magnetic separation, a purity test was conducted. The relationship be
tween the number of magnetic separations and the purity of FePO4 is 
illustrated in Fig. 4b. After five magnetic separations, the purity of 
FePO4 reached 98.5 %, and it further increased after six and seven 
magnetic separations, with the purity of FePO4 being maintained at over 
99 %. Furthermore, the recovery rate of FePO4 was calculated to be 97.6 
%. Fig. 4c presents the XRD pattern of FePO4 recovered by this process. 
It can be observed that the pattern matches well with the PDF standard 
card of FePO4, and no other impurity peaks were observed.

Fig. 4d presents an SEM image of Li2CO3, which displays some de
gree of agglomeration. The SEM images of FePO4 are displayed in 
Fig. 4e–f, in which noticeable agglomeration can be observed. EDS 

analysis Fig. 4g–i revealed the presence of the elements O, P, and Fe, all 
exhibiting a very uniform distribution. Additionally, no Al or other 
impurity elements were detected.

3.5. Mechanism analysis

To investigate the mechanism in the entire reaction, XPS tests were 
conducted on the active material powder before and after leaching. 
Fig. 5a presents the full XPS spectra analysis of the raw material and the 
leaching residue by H3PO4 acid leaching and the H3PO4–H2O2 leaching 
system. Peaks of elements such as Li, Al, Fe, P, C, and O were identified 
in the raw material, whereas only the Li peak disappeared in the 
leaching residue, indicating the selectivity of the leaching process for Li. 
Fig. 5b illustrates that the broader Fe peak in the raw material is mainly 
composed of Fe2p1/2 and Fe2p3/2 peaks at binding energies of 724.6 eV 
and 711 eV, respectively. The deconvolution of the Fe2p3/2 peak reveals 
peaks at 710.86 eV and 713.3 eV, corresponding to Fe2+ and Fe3+, 
respectively. Similarly, the Fe2p1/2 peaks at 724.54 eV and 726.06 eV 
represent Fe2+ and Fe3+, respectively. Additionally, two satellite peaks 
around 720 eV and 735 eV indicate the coexistence of Fe2+ and Fe3+. 
Fig. 5c presents the Fe2p spectrum of the leaching residue, in which only 
the corresponding Fe3+ peaks are present in both Fe2p1/2 and Fe2p3/2, 
indicating a valence change of Fe during the leaching process. This 
observation is consistent with the XRD results for the recovered FePO4 
(Fig. 4c), with Fe valence 3 and no other impurities detected.

XPS fine spectra of Al before and after leaching were also analyzed, 
as presented in Fig. 5d–e. Before leaching, Al existed in both metal form 
(Al) and oxidized states (Al3+), possibly due to partial oxidation of the Al 
foil used as the current collector. After leaching, only the oxidized state 
of Al remained, indicating that Al impurities did not form ionic Al3+

Fig. 5. (a) Full XPS spectrum of spent LFP cathode powder and leached residue; (b–c) XPS spectrum of Fe2p from spent LFP cathode materials after milling at a speed 
of 200 rpm for 2 h and leached residue from the H3PO4–H2O2 leaching system. (d–e) XPS spectrum of Al2p from spent LFP cathode materials after milling at a speed 
of 200 rpm for 2 h and leached residue from the H3PO4–H2O2 leaching system. (f) The XRD pattern of leaching Al residue after magnet separation. (g) The proposed 
mechanism of the H3PO4-H2O2 leaching system for the obtained active black materials.
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through reaction with H+ but instead formed Al2O3 in situ under the 
action of H2O2. This interpretation was validated by the XRD pattern of 
the Al residue following magnetic separation from FePO4, which had 
undergone treatment in the H3PO4-H2O2 leaching process. As shown in 
Fig. 5f, the obtained XRD results align well with the standard PDF card 
for Al2O3. The H3PO4-H2O2 leaching process may be related to the 
Fenton reaction, where under the action of H2O2, part of it acts on the 
intact olivine structure of LiFePO4, converting it in situ into FePO4 with 
the same spatial structure. Another part reacts with free Fe2+ in a het
erogeneous Fenton-like reaction, generating ⋅OH radicals that promote 
the transformation of LFP to FePO4 [26]. During this process, the overall 
reaction, as shown in Eq. (3)–(4), continuously transforms Fe(II) into Fe 
(III), and this process is accompanied by the release of Li+, which is a 
crucial factor in achieving the separation of Li and Fe. 

LiFePO4 + H2O2 → Li+ + FePO4 + OH− + • OH
(3) 

Fe2+ + • OH + PO4
3− → FePO4 + OH−

(4) 

This process allowed a large amount of H+ to replace Li, promoting 
the release of Li from the LiFePO4 olivine structure. This explains why 
the addition of hydrogen peroxide enhanced the leaching of Li.

The Li leaching process during the reaction is illustrated in the 
accompanying diagram (Fig. 5g). Under the combined action of phos
phoric acid and hydrogen peroxide, Li is extracted from the spatial 
framework formed by FeO6 octahedra and PO4 tetrahedra. This process 
involves the deintercalation of Li into free Li+ ions.

3.6. Process economic assessment

Based on the experimental results presented in Fig. 6 and the data 
from the literature (Table 1), material turnover and energy consumption 
were calculated and evaluated. A preliminary assessment of the process 
cost was conducted. The expense for a single batch experiment (1 kg of 
waste LIBs treatment) is approximately $2.59 (Table 1), while the value 
of the products (Li2CO3, FePO4) contributes significantly to the profit, 
totaling $5.31 (Table 2). The value of the products easily offsets the costs 
associated with chemicals and electricity. Furthermore, the overall 
process cost could be further reduced when scaled up to an industrial 
level. Comparing the expense and profit, it is evident that our process 
consumes fewer chemicals and energy while achieving a higher-purity 
Li2CO3 and FePO4 product. This optimized strategy demonstrates sig
nificant potential for the efficient recovery of LIBs. For future work, a 
comprehensive evaluation of both the economic and environmental 
aspects, including labor costs, maintenance, CO2 emission and second
ary waste treatment, is recommended, particularly at a laboratory pilot 
scale.

4. Conclusions

In this study, a green and efficient selective recovery process was 
developed and optimized for the recycling of LiFePO4 batteries. During 
the pretreatment stage, an environmentally friendly water stripping 
method was used to successfully separate the damaged Al foil from the 
cathode active material. In subsequent work, the optimal leaching 
conditions were determined through the adjustment of leaching pa
rameters: 0.6 mol/L H3PO4, S/L ratio of 0.8 g/10 mL, 6 vol% H2O2, at a 
temperature of 55 ◦C, with the active material subjected to ball milling 
at 200 rpm for 2 h. Under these conditions, 99.5 % of Li was successfully 
leached, while Fe and Al impurities remained in the solid phase. Sodium 
carbonate was used as a precipitating agent to convert Li3PO4 to Li2CO3, 
achieving a purity of over 98 %. A convenient and environmentally 
friendly magnetic separation method was designed to separate FePO4 

Fig. 6. The flowsheet of the developed green recycling process of cathode 
materials from spent LIBs.

Table 1 
Experimental inputs, energy consumption and waste products from one batch 
(one batch for 1.0 kg LIBs).

Materials Flow per 
batch

Cost/ US$ per ton 
(Market price in China in 
2024)

Cost/ US$ per 
batch

Water (L) 12.5 0.59 0.01
H3PO4 (L) 0.214 1,250 0.26
H2O2 (L) 0.1 700 0.07
Na2CO3 (kg) 0.264 1,680 0.44
Waste LIBs (kg) 1.0 1,330 1.33
Electricity − 0.15/kWh 0.48
Calcination 0.088
Stripping 0.15
Drying 0.066
Ball milling 0.82
Leaching 0.66
Filtration 0.09
Magnetic 

separation
0.74

Precipitation/ 
drying

0.66

Total ​ ​ 2.59

Table 2 
Cost and net products value for one batch experiment.

Categories Cost/ US$

Chemicals and waste LIBs, etc. 2.11
Electricity 0.48
Landfilling as hazardous waste − 0.37
Products value (Li2CO3, FePO4) − 5.31
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from Al impurities. After seven cycles of magnetic separation, the purity 
and the recovery rate of FePO4 reached 99 % and 97.6 %, respectively. 
Additionally, the leaching mechanism revealed the oxidation behavior 
of LiFePO4 under the given process conditions, forming FePO4 with an 
olivine structure. The dual action of H+ replacement and the Fenton 
reaction with H2O2 facilitated the release of Li, while Al remained in the 
solid phase as an oxide for separation. This study demonstrates practical 
significance in the recovery of LiFePO4 with Al impurities and empha
sizes the environmental friendliness and efficiency of the process, and A 
preliminary economic assessment of the developed recycling process 
indicates considerable promise for industrial application, showing great 
potential for addressing a series of related issues in the recycling of 
lithium iron phosphate batteries.
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