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Abstract:

The increasing global demand for rare earth elements (REE) has intensified the need for
sustainable recycling strategies for end-of-life (EoL) NdFeB permanent magnets (PMs).
Neodymium (Nd) and praseodymium (Pr), critical constituents of NdFeB magnets, are currently
supplied predominantly by China (~98%), while the recycling rate within the European Union
(EU) remains below 1%. This highlights the urgent need to develop resilient and circular REE
supply chains.

In alignment with the objectives of the EU Critical Raw Materials Act (CRMA), a sustainable
and scalable hydrometallurgical process was developed for the recovery of REE from EoL PMs.
The proposed closed-loop process incorporates water and reagent recovery, minimizing both
environmental impacts and operational costs while enabling the production of high-purity rare
earth oxides (REO).

Pilot-scale operation demonstrated stable and safe process integration under industrially relevant
conditions. Process optimization enabled REE recovery efficiencies exceeding 95%, with final
REO purities of 98-99%. Moreover, the process shows substantial environmental advantages
compared with conventional primary REE production, including significantly lower electricity
consumption, reduced thermal energy demand, decreased water use and reduced transport
requirements. In addition, the process generates negligible solid and radioactive waste, in contrast
to the mining tailings and radioactive residues typically associated with primary REE extraction.
The recovery and reuse of HCI and oxalic acid further contribute to reducing virgin reagent
consumption and associated environmental burdens.

Overall, the results demonstrate the technical feasibility, scalability, and environmental
sustainability of the proposed hydrometallurgical process, highlighting its potential contribution
to a circular and resilient European REE supply chain.
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