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Abstract 

Coal combustion residues including fly ash and bottom ash are known to be 

enriched in valuable metals such as rare earth elements (REEs), herein defined as the 

lanthanides, yttrium and scandium. While the leachates of coal fly ash are enriched in 

REEs, these leachates typically have other dissolved ions (e.g. Si, Al, Fe, Ca) at orders 

of magnitude greater in concentrations than REEs. This matrix composition is 

challenging for traditional REE purification techniques. This study compared liquid-liquid 

extraction methods for the recovery of REEs from leachates of coal fly ash. Liquid 

emulsion membranes (LEM) and supported liquid membranes (SLM) were compared to 

conventional solvent extraction techniques for REE purification. The results 

demonstrated that LEM separation resulted in similar recoveries of REEs compared to 

solvent extraction and the time scale for recovery was generally faster. REE separation 

from coal ash leachates were slower for the SLM process. However, the SLM was more 

selective for the REE compared to major ions and resulted in a product with greater 

REE purity.   

 

 

Introduction and Approach 

This research investigated the recovery of rare earth elements (REEs) from 

leachates of coal fly ash, a large volume waste material that is enriched in REEs.1, 2 

Various acid and alkaline leaching techniques have been proposed to extract the REE 

from coal fly ash.3, 4. These methods result in leachates with individual rare earth 

element concentrations in the range of 1 to 200 g L-1 and ions of other elements (e.g., 

Si, Al, Fe, Ca, Na, and K) that are 103 to 105 times greater than REE concentrations. As 
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such, production of REEs from coal ash leachates will require purification methods that 

can be sufficiently selective for the REEs.  

Liquid-liquid solvent extraction methods for REE entail the use of REE-selective 

chelator such as di-2-ethylhexylphosphoric acid (DEHPA) dissolved in a non-aqueous 

solvent (such as kerosene). Purification of the REEs from coal ash leachates entail the 

partitioning these elements into the non-aqueous solvent. The REEs are then back 

extracted into the aqueous phase using an acid stripping solution.  

Here, we investigated two types of liquid membrane separation methods, liquid 

emulsion membrane (LEM) and a supported liquid membrane (SLM), for their potential 

to effectively concentrate REEs from fly ash leachates. The LEM process involves an 

emulsion of the non-aqueous solvent and acid strippant, rather than batch extractions 

as performed in the conventional approach (Figure 1). For the SLM, the non-aqueous 

solvent is embedded in a hydrophobic membrane, and the REE from the feed side of 

the membrane migrate through the non-aqueous solvent to the acid strippant solution 

on the product side of the membrane (Figure 2). The advantage of these separation 

approaches (relative to conventional solvent extraction) is they maximize the interfacial 

surface areas between the feed leachate, non-aqueous solvent, and acid strippant 

solutions. These methods could also reduce the usage of hazardous solvents and other 

costly chemicals that are challenges in conventional REE separation methods. This 

work, which is described in greater detail in Smith et al. 5, focused on the separation of 

REEs from other major metal ions in leachates and the mechanism controlling REE 

selectivity.  

 

 

 
Figure 1. Comparison of configurations for REE extraction methods: (A) Conventional 

solvent extraction; (B) Liquid emulsion membrane. 
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Figure 2. Schematic showing the general configuration 

of the supported liquid membrane system. 

 

 

Results and Discussion 

The LEM configuration, which separated REEs by immersing an acid-in-oil 

emulsion in the ash leachate, resulted in similar recovery percentages of individual 

REEs as the conventional solvent extraction approach (Figure 3). REE flux was 

generally faster (minutes to 1 hour) for the LEM compared to the solvent extraction 

(requiring several hours for similar recovery percentages). 

The recovery of REEs in the SLM configuration was slower than the LEM 

process. However, the SLM process was notably more selective for the heavy (and 

higher value) REEs, while the conventional extraction and LEM processes were more 

selective for the light REEs (Figure 3).  

A flux-based model of the extraction processes suggested that recovery rates 

were limited by REE affinity for the solvent chelator in the SLM, while the rates of REEs 

separation via LEM were limited by diffusive mass transfer across the liquid membrane. 

Altogether, these results help to identify specific steps in the recovery process that 

future work should target in the development of scalable liquid membrane separations 

for REE recovery from coal ash. 
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Figure 3. Recovery of rare earth elements as well as other ions of interest from 

leachates of coal fly ash through two types of liquid membrane processes: Liquid 

emulsion membranes (top graph) and Supported liquid membrane (bottom graph). 

Results are modified from Smith et al.5 
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