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The transition toward a greener and more resilient European economy requires secure and sustainable access to
critical raw materials. Among them, rare earth elements (REEs) are indispensable for high-tech and clean-energy
technologies, particularly permanent magnets for electric vehicles, wind turbines, and advanced electronics.
However, the global supply of REEs is highly concentrated, with China holding about 49% of the known reserves
and over 90% of refining capacity, raising significant concerns regarding supply risk and environmental footprint
(IEA, 2025). In this context, recovering REEs from secondary resources has become a strategic priority to reduce
primary extraction and strengthen the circular economy. Furthermore, the establishment of interconnected balances
in sustainable waste management is the most compelling reality presented by international initiatives attempting
to build a synergistic living space between the environment and the circular economy.

Phosphogypsum (PG), a by-product of phosphoric acid production, represents one of the most abundant and
underexploited REE-bearing wastes. More than 100 million tonnes of PG are generated annually worldwide,
potentially reaching 300 million tonnes, and its REE content can be as high as 1%. This implies that up to 3 million
tonnes of REEs could theoretically be recovered each year from PG, positioning it as a promising alternative
feedstock. In this regard, the FIC-FIGHTERS project addresses these challenges by developing integrated process
chains for the sustainable management and valorisation of PG waste from six European storage sites which have
been disputed environmental consequences. Beyond mitigating the environmental impact of long-debated PG
stacks, the project aims to demonstrate how PG valorisation can contribute to circular solutions in batteries,
construction materials, packaging, detergents, and fertilisers, while simultaneously reducing Europe’s dependency
on primary REE sources.

Recent studies highlight various methods for recovering REEs from PG deposits. To achieve high recovery rates,
comparing different pH values using the selective precipitation process and determining the optimal approach is
one of the effective practices in terms of both environmental impact and efficiency (Masmoudi-Soussi et al. 2020).
According to the literature, nitric acid leaching, hydrochloric acid leaching, microwave-assisted leaching, resin-
in-leach, and ionizing radiation are among the most well-known and highly efficient methods used for the recovery
of REEs from PGs (Céanovas et al. 2019; Jebali et al. 2024; Kurkinen et al. 2021). Water pretreatment can be
combined with any processes to remove impurity remaining and increase the recyclates efficiency with no
solubility effect on REEs. However, it is more reliable to compare process efficiencies under each specific
condition due to various impurities, different PG compositions, mineral structures. The gypsum in PG contains
different REESs, such as solutions rich in fluorine and aluminium.

Fraunhofer IKTS has extensive experience in developing recycling strategies that enable a robust assessment of
recyclates and a reduction of purification steps, thereby improving the economic feasibility of complete value-
chain recycling. This expertise has been demonstrated particularly in the recovery and reintegration of battery
materials, where IKTS has successfully closed the loop by returning recycled feedstocks into the same application.
Building on this background, the current work aims to validate these concepts using phosphogypsum-derived input
materials, ultimately integrating them into battery applications. This approach focuses on implementing processing
techniques aimed at identifying the tolerable impurity level of such stream, facilitating its incorporation into the
synthesis of cathode active materials as doping. Based on the composition of the recyclates, various concentrations
of dopants are employed alongside precipitation and complexation methods to assess potential impurity removal.
This evaluation aims to understand the effects of these dopants and the tolerance or influence of impurities on the
overall performance of the battery. To examine the effect of REEs as doping agents in NMC622 cathode active
material, a pre-liminary evaluation was carried out involving synthetic samples with targeted doping. Synthetic
pregnant solutions were prepared with four REEs (cerium, neodymium, lanthanum and yttrium) based on the ICP-
OES results of the samples provided by Abo Akademi University. Sulphate salts (Ce2(SO4)3 - 8 H,0, Nd2(SOy4)s -
H,0, Lax(S04)3, Y2(SO4)3 - 8 H,0O) are used for simulating a doping rate of 3 mol% to assess the recyclates



evaluation methodology and its impact on the resynthesis. These elements were chosen not only for their
concentrations in the source material and likelihood of successful recovery, but also to evaluate if there is an
influence of light rare earth (LREE) and heavy rare earth (HREE) on the battery performance when they are used
as doping.

The (Nip.sMno2Coo.2)1-xREE«(OH); precursor was produced (Figure 1) through a co-precipitation reaction with
ammonia as complexing agent and 6M NaOH for pH increasing and nitrogen supply to prevent oxidation reactions
in inert atmosphere (Han 2020). NaOH is widely used in alkali leaching processes due to effectiveness in breaking
down ores and facilitating the extraction of valuable metals (Thi et al. 2024). Ammonia is similarly used for
preparing alkali conditions which have a high ability of precipitating of REEs as mostly hydroxides and achieving
high recovery efficiency at specific pH levels (Masmoudi-Soussi et al. 2020). For the chemical composition, the
liquid phase obtained after filtration was analysed by ICP-OES to evaluate the precipitation success of all valuable
elements. The analysis of the filtrates revealed only the presence of by-product Na>SOs, with no detectable
valuable metals or REEs, indicating a full conversion to hydroxides for the precursor. Subsequently, the precursors
containing individual REEs were
calcined in two heating stages (500
°C for 6 hours and 800 °C for 11
hours, heating rate of 5 K/min) to
confirm the effectiveness of the
doping process in the battery
applications. The resulting active
materials were further examined
by SEM-EDX to assess potential =3 —
compositional or morphological . =] -
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influencing battery performance.
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