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Rare earth elements (REEs) are essential components of low-carbon energy technologies, advanced 

manufacturing, and emerging clean-energy systems. Developing sustainable recovery pathways from 

secondary resources is increasingly important to enable the circular use of critical materials. Acid mine 

drainage (AMD) is an underutilized secondary resource that contains recoverable concentrations of REEs 

while also posing an environmental liability. Our research group has developed and patented a process for 

recovering mixed REE concentrates from AMD treatment streams, creating an opportunity for further value 

generation through selective downstream separation. 

This study presents a solid-phase hydrometallurgical approach for sustainable group separation of REEs 

into light rare earth elements (LREEs) and heavy rare earth elements (HREEs) using regenerable ion-

exchange systems. Cation-exchange and chelating resins were evaluated for selective separation of REEs 

from precipitation-derived mixed concentrates. To enable selective desorption, multiple complexing agents 

(EDTA, DTPA, HEDTA, NTA, IDA, and CDTA) were screened based on their coordination behavior and 

affinity toward individual REEs. 

EDTA exhibited a superior selectivity factor of about 3000 for HREE desorption over LREEs, enabling 

effective group-wise separation, whereas the selectivities of other agents ranged from 20 to 1000. Chelating 

resins outperformed strong cation-exchange resins due to differences in functional groups and adsorption 

mechanisms. Chelating resins facilitate selective coordination interactions with REEs, whereas strong 

cation-exchange resins primarily operate through electrostatic ion exchange. These findings suggest that 

effective selective separation requires balancing the affinity of the resin functional groups for REEs with 

the complexation strength of the desorption agent to achieve preferential and controlled desorption. Process 

parameters, including complexing-agent concentration, solution pH, flow rate, and desorption strategy, 

were systematically optimized. Increasing EDTA concentration, pH, and flow rate reduced HREE/LREE 

selectivity, indicating the importance of balancing mass transfer and complexation kinetics. A novel kinetic 

framework based on dimensionless analysis showed that REE desorption follows first-order kinetics, with 

LREE desorption predominantly reaction-controlled and HREE desorption governed by internal diffusion. 

The use of dimensionless analysis to interpret REE desorption kinetics remains largely unexplored and 

provides new mechanistic insights for process optimization and selective separation. As per the Weisz-

Prater criterion, Cwp < 1 for LREEs, which also further confirms that internal diffusion through the pores 

is not limiting.  The Mears criterion values (MR) for all REEs are << 0.15, indicating that there are no 

external diffusion limitations for all REEs, which is also evident from similar internal (η) and overall 

effectiveness factors (Ω). This mechanistic understanding enabled process optimization by adjusting 

operating conditions based on differences in mass-transfer characteristics, thereby improving separation 

performance. The proposed process demonstrates how selective solid-phase extraction can support circular 

hydrometallurgy through recovery from secondary resources, reduced reagent consumption, resin 

reusability, and lower process footprint compared with conventional solvent extraction approaches. 


