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Introduction 

Lithium Ion Batteries (LIBs) recycling is conventionally focused on the recovery of the most valuable metals (Co, 
Mn and Ni) from Cobalt-based cathodes (Larouche et al., 2020). However, Lithium Iron Phosphate (LFP) cathodes are 
expected to hold almost 35% of LIBs’ market share by 2025 (Forte et al., 2020). A bottleneck of state-of-the-art LIBs’ 
recycling technologies is the disadvantageous costs-benefits trade-off associated to the recovery of Li, Fe and P. LIBs’ 
recycling at full-scale happens through pyrometallurgy, hydrometallurgy, or a combination of the two. Li, Fe and P 
recovery from LFP cathodes involves hydrometallurgy processes, based on acid leaching followed by a recovery phase. 
Excellent leaching efficiencies have been found for Li using inorganic acids, e.g., hydrochloric (Liu et al., 2023), 
phosphoric (Yang et al., 2017) and sulfuric (Li et al., 2017; Qin et al., 2019). The topic needs further research to improve 
the selectivity of Li recovery after the leaching phase (Forte et al., 2020). 

This work describes some preliminary tests aimed at the leaching and recovery of Li, Fe and P from waste LFP 
cathodes. Acid leaching was explored by comparing two agents, e.g. sulphuric and citric acids. The process based on 
sulphuric acid involves Li, Fe and P leaching at 25-80°C (Dai et al., 2020; Wu et al., 2022; Larouche et al., 2020) and 
their further recovery as precipitates. On the other hand, citric acid entails selective leaching at 25°C of Li, then recovered 
as precipitate, while Fe and P remain in the solid phase (Kumar et al., 2020). Citric acid looks interesting as mild acidic 
leaching agent, but its use was preliminary investigated by few studies (Larouche et al., 2020). This work aims to search 
for further evidence, with the novelty of adding hydrogen peroxide to aid citric acid in the selective and efficient leaching 
of Li. Hydrogen peroxide has been reported by literature as auxiliary chemical in the leaching of Co, Ni and Mn from 
waste LIBs’ cathodes (Larouche et al., 2020), but not yet applied to Li leaching. 

Materials and methods 

This study considered waste LFP cathodes provided by an Italian LIBs’ producer. The waste cathodes have been pre-
treated, to detach the active materials from the Al current collector, thermally (at 350°C for 0.5 hours) and mechanically 
(in a Retsch MM 200 ball mill in zirconia, at 14 Hz for 5 min). Two leaching agents have been compared, defining the 
experimental conditions according to literature (Larouche et al., 2020): 1M sulphuric acid at 40°C for 2 h, applying 50 
g/L as solid-to-liquid ratio; 0.25M and 1M citric acid, eventually aided by 6%-vol H2O2, at 25°C for 1 h by applying 67 
g/L as solid-to-liquid ratio. Recovery was achieved through chemical precipitation by adding 10M NaOH to adjust pH at 
2, 6 and 12, obtaining three solid phases. The residual leachate was heated at 95°C for 2 h and mixed with Na2CO3 in 
stoichiometric amount to precipitate Li2CO3. All solid phases were dried, and analysed through a PANanalytical X'Pert 
XRD and a Perkin Elmer 7000 DV ICP-OES. The two leaching agents have been compared considering the recovery 
efficiencies of Li, Fe, and P. 

Results and discussion 

The results of the tests (Figure 1) showed excellent leaching efficiencies (95±3% for Fe and 94±3% for P) for sulphuric 
acid. On the other hand, the citric acid route is based on Li selective leaching and on leaving Fe and P in the solid phase. 
The achieved results showed that adding H2O2 to citric acid was crucial to avoid Fe and P leaching (90±3% for Fe and 
91±1% for P with citric acid alone, and 23±5% for Fe and 30±8% for P with H2O2). A lower concentration of citric acid 
(0.25M instead of 1M) allowed to improve the process, and further limit Fe and P leaching to 1.4±1% and 5.3±1% 
respectively. 

The powders recovered through sulphuric acid leaching were identified as mixtures of Iron Phosphate and Lithium 
Phosphate minerals, with overall efficiency values (involving leaching and further recovery) equal to 60% for Fe, 53% 
for P, and 25% for Li. These values suggest that even if the leaching was highly efficient, the recovery phase requires 
further research, particularly about Li. 

The powders recovered through citric acid leaching aided by H2O2 were identified as Lithium Phosphate and 
Carbonate, while the residual solid phase was identified as Iron Phosphate, with overall efficiency values (involving 
leaching and further recovery) equal to 85% for Fe, 79% for P, and 15% for Li. These values confirmed the need to 
improve Li recovery from the leachate, however citric acid exhibited interesting performances about Fe and P. 

 
 



 
 

 

 
Figure 1. Process efficiencies for leaching (left), and final recovery (right) of Li, Fe and P with sulfuric acid 1M and citric 
acid 0.25 M and 6%-vol H2O2 leaching  

 

Conclusions 

Citric acid has been found to be a valid alternative to selectively recover Iron Phosphate and Lithium Carbonate from 
spent LFP cathodes. Despite a full environmental assessment and cost analysis of the two alternatives is still to be 
performed, the main advantages of the application of citric acid is the limited energy demand (leaching at room 
temperature), the reduced number of steps to precipitate the desired precursors, and eventually the low concentration of 
impurities in the recovered materials. 

References 

Dai, Y., Xu, Z., Hua, D., Gu, H., Wang, N., 2020. Theoretical-molar Fe3+ recovering lithium from spent LiFePO4 batteries: an acid-
free, efficient, and selective process. J. Hazard. Mater. 396, 122707. https://doi.org/10.1016/j.jhazmat.2020.122707 

Forte, F., Pietrantonio, M., Pucciarmati, S., Puzone, M., Fontana, D., 2020. Lithium iron phosphate batteries recycling: An 
assessment of current status. Crit. Rev. Environ. Sci. Technol. https://doi.org/10.1080/10643389.2020.1776053 

Kumar, J., Shen, X., Li, B., Liu, H., Zhao, J., 2020. Selective recovery of Li and FePO4 from spent LiFePO4 cathode scraps by 
organic acids and the properties of the regenerated LiFePO4. Waste Manag. 113, 32–40. 
https://doi.org/10.1016/j.wasman.2020.05.046 

Larouche, F., Tedjar, F., Amouzegar, K., Houlachi, G., Bouchard, P., Demopoulos, G.P., Zaghib, K., 2020. Progress and Status of 
Hydrometallurgical and Direct Recycling of Li-Ion Batteries and Beyond. Materials (Basel). 
https://doi.org/10.3390/ma13030801 

Li, H., Xing, S., Liu, Y., Li, F., Guo, H., Kuang, G., 2017. Recovery of Lithium, Iron, and Phosphorus from Spent 
LiFePO<inf>4</inf> Batteries Using Stoichiometric Sulfuric Acid Leaching System. ACS Sustain. Chem. Eng. 5, 8017–8024. 
https://doi.org/10.1021/acssuschemeng.7b01594 

Liu, K., Wang, M., Zhang, Q., Xu, Z., Labianca, C., Komárek, M., Gao, B., Tsang, D.C.W., 2023. A perspective on the recovery 
mechanisms of spent lithium iron phosphate cathode materials in different oxidation environments. J. Hazard. Mater. 445. 
https://doi.org/10.1016/j.jhazmat.2022.130502 

Qin, X., Yang, G., Cai, F., Wang, B., Jiang, B., Chen, H., Tan, C., 2019. Recovery and Reuse of Spent LiFePO4 Batteries. J. New 
Mater. Electrochem. Syst. 22, 119–124. https://doi.org/10.14447/jnmes.v22i3.a01 

Wu, Y., Zhou, K., Zhang, X., Peng, C., Jiang, Y., Chen, W., 2022. Aluminum separation by sulfuric acid leaching-solvent extraction 
from Al-bearing LiFePO4/C powder for recycling of Fe/P. Waste Manag. 144, 303–312. 
https://doi.org/10.1016/j.wasman.2022.04.007 

Yang, Y., Zheng, X., Cao, H., Zhao, C., Lin, X., Ning, P., Zhang, Y., Jin, W., Sun, Z., 2017. A Closed-Loop Process for Selective 
Metal Recovery from Spent Lithium Iron Phosphate Batteries through Mechanochemical Activation. ACS Sustain. Chem. 
Eng. 5, 9972–9980. https://doi.org/10.1021/acssuschemeng.7b01914 

 

0%

20%

40%

60%

80%

100%

Li Fe P

H₂SO₄ Citric acid

0%

20%

40%

60%

80%

100%

Li Fe P

H₂SO₄ Citric acid


