
Physical Sciences Inc. Phase II Final Summary Report Grant No. DE-FE0027167 

 

PSI-1966 

 

 

 

High Yield, Economical and Environmentally Benign Production of 

Rare Earth Elements from Coal Ash 
 

Phase II Final Summary Report 

 

 

DoE Federal Grant No.: DE-FE0027167 

 

Sponsoring Program Office: DoE – NETL 

 

Recipient Organization:  

Physical Sciences Inc. 

20 New England Business Center 

Andover, MA 01810-1077 

 

Project Director/Principal Investigator:  

Dr. Dorin Preda, dpreda@psicorp.com 978-738-8243 

 

Teaming Members:  

Winner Water Services 

University of Kentucky/Center for Applied Energy Research 

Equinox Chemicals 

 

 

 

Revised June 24, 2022 

 

 

 

Acknowledgement: This material is based upon work supported by the U.S. Department of Energy under Award DE-

FE0027167. 

Disclaimer: This report was prepared as an account of work sponsored by an agency of the United States Government. 

Neither the United States Government nor any agency thereof, nor any of their employees makes any warranty, express or 

implied, or assumes any legal liability or responsibility for the accuracy, completeness, or usefulness of any information, 

apparatus, product, or process disclosed, or represents that its use would not infringe privately owned rights. Reference 

herein to any specific commercial product, process, or service by trade name, trademark, manufacturer, or otherwise does 

not necessarily constitute or imply its endorsement, recommendation, or favoring by the United States Government or any 

agency thereof. The views and opinions of authors expressed herein do not necessarily state or reflect those of the United 

States Government or any agency thereof.  

 

mailto:dpreda@psicorp.com


Physical Sciences Inc. Phase II Final Summary Report Grant No. DE-FE0027167 

iii 

Table of Contents 

Table of Contents ......................................................................................................................................... iii 

List of Figures ............................................................................................................................................... iv 

List of Tables ................................................................................................................................................. v 

Abstract ......................................................................................................................................................... 1 

1. Executive Summary ............................................................................................................................... 2 

2. Summary of Phase I Work ..................................................................................................................... 4 

2.1 Program Goals and Achievements ................................................................................................ 4 

2.2 Key Results .................................................................................................................................... 5 

2.2.1 Ash Feedstock Characterization and Selection ..................................................................... 5 

2.2.2 Physical Separation Process .................................................................................................. 6 

2.2.3 Chemical Separation Process ................................................................................................ 8 

3. Summary of Phase II Work .................................................................................................................... 9 

3.1 Program Goals and Achievements ................................................................................................ 9 

3.2 Key Results .................................................................................................................................. 10 

3.2.1 Pilot Plants and Unit Operations ......................................................................................... 10 

3.2.2 Qualification of Selected Products and Byproducts ........................................................... 13 

4. Summary of Phase II Follow-on Work ................................................................................................. 15 

4.1 Program Goals and Achievements .............................................................................................. 15 

4.2 Key Results .................................................................................................................................. 17 

4.2.1 Production of REOs: REY-enriched Product ........................................................................ 17 

4.2.2 Production of CMs: Scandium Product ............................................................................... 19 

4.2.3 Production of CMs: Aluminum Product .............................................................................. 20 

4.2.4 Techno-Economic Analysis (TEA) ........................................................................................ 21 

5. Conclusions and Recommendations for Further Developments ........................................................ 23 

6. Supporting Information ...................................................................................................................... 26 

“High Yield and Economical Production of Rare Earth Elements from Coal Ash” Poster  
Presentation at: 2016 Crosscutting Research and Rare Earth Elements Portfolio Reviews,  
Pittsburgh, PA, 19 April 2016 .............................................................................................................. 26 

“High Yield and Economical Production of Rare Earth Elements from Coal Ash”, Presentation to: 
2017 Rare Earth Elements Portfolio Review (DOE/NETL), Pittsburgh, PA, 22 March 2017 ................ 32 

“High Yield and Economical Production of Rare Earth Elements from Coal Ash”, Presentation to: 
Rare Earth Elements (REE) Program Portfolio. 2018 Annual Review Meeting, Pittsburgh, PA,  
10 April 2018 ....................................................................................................................................... 42 

“High Yield and Economical Production of Rare Earth Elements from Coal Ash”, Presentation to: 
Presentation to: Rare Earth Elements (REE) Program Portfolio, 2019 Annual Review Meeting, 
Pittsburgh, PA, 9-11 April 2019 ........................................................................................................... 58 

“High Yield and Economical Production of Rare Earth Elements from Coal Ash”,  
Presentation to: Presentation to: Rare Earth Elements (REE) Program Portfolio, 2020 Annual 
Review Meeting (Virtual), 15 September 2020 ............................................................................................... 75 

“High Yield and Economical Production of Rare Earth Elements from Coal Ash”, Presentation to: 
Presentation to: Rare Earth Elements (REE) Program Portfolio, 2021 Annual Review Meeting 
(Virtual), 25 May 2021 ........................................................................................................................ 89  



Physical Sciences Inc. Phase II Final Summary Report Grant No. DE-FE0027167 

iv 

List of Figures 

Figure 1. Ash pond overview. ...................................................................................................................... 5 

Figure 2. HRTEM analysis. ......................................................................................................................... 6 

Figure 3. Physical separation step outlined in the context of the overall process. ....................................... 7 

Figure 4. Individual elemental REYSc content for the selected ash fraction. .............................................. 8 

Figure 5. Chemical separation step outlined in the context of the overall process. ..................................... 8 

Figure 6. Analysis of Phase I postprocessing steps. ..................................................................................... 9 

Figure 7. Phase II Process for the REY and Sc recovery from coal ash .................................................... 10 

Figure 8. Ash feedstocks used for the Phase II program. ........................................................................... 11 

Figure 9. Physical Separation Pilot Plant (0.4 tpd capacity). ..................................................................... 11 

Figure 10. Photographic analysis of the physical and chemical processing feedstocks. ............................ 12 

Figure 11. Micropilot Plant (0.5 kg/day capacity). .................................................................................... 12 

Figure 12. Pilot Plant for Chemical Processing: plant overview (left); hot side operation- digestion and 

preconcentration steps (center) and Cold Side Operation – LLX units (right). .......................................... 13 

Figure 13. REYSc analysis of a product sample. ....................................................................................... 14 

Figure 14. ASTM C-618 evaluation of ash cake samples resulted upon digestion runs. ........................... 14 

Figure 15. Sample product deliverables – photographic analysis. ............................................................. 17 

Figure 16. CCLLX circuit. ......................................................................................................................... 18 

Figure 17. Analysis of REY oxide production runs. .................................................................................. 18 

Figure 18. REY oxide product. .................................................................................................................. 19 

Figure 19. Scandium recovery process – initial runs. ................................................................................ 19 

Figure 20. Sc product samples. .................................................................................................................. 20 

Figure 21. Photographic and SEM analyses of the aluminum product. ..................................................... 20 

Figure 22. Final aluminum product. ........................................................................................................... 21 

Figure 23. Process diagram for the techno-economic model. .................................................................... 21 

Figure 24. Commercial plant model. .......................................................................................................... 22 

Figure 25. Emerging markets analysis. ...................................................................................................... 23 

 

 



Physical Sciences Inc. Phase II Final Summary Report Grant No. DE-FE0027167 

v 

List of Tables 

Table 1. Key Findings and Process Parameters ........................................................................................... 3 

Table 2. Phase 1 Performance Metrics and Results Achieved ..................................................................... 5 

Table 3. Phase I Coal Ash Samples .............................................................................................................. 5 

Table 4. Phase II Project Metrics and Achieved Values ............................................................................ 10 

Table 5. Analysis of the Final Samples ...................................................................................................... 13 

Table 6. Analysis - Annual Production of Major REE Salts, Sc Salt, and Byproducts .............................. 15 

Table 7. Key Performance Parameters ....................................................................................................... 16 

Table 8. Deliverable Samples ..................................................................................................................... 16 

Table 9. Phase II Follow-on Sample Deliverables ..................................................................................... 17 

Table 10. Updated Analysis - Annual Production of Major REE Salts, Sc Salt, and Byproducts ............. 22 

 

 



Physical Sciences Inc. Phase II Final Summary Report Grant No. DE-FE0027167 

1 

Abstract 

Fly ash stored in landfills and ponds across the United States is an attractive, abundant domestic resource 

for the cost-effective recovery of rare earth elements (REE) and other critical minerals (CM). Physical 

Sciences Inc. (PSI) and its team members, Winner Water Services (WWS) and University of 

Kentucky/Center for Applied Energy Research (UK/CAER) successfully executed a multiphase program 

that developed technologies and their implementation in a pilot plant. We demonstrated plant operations 

for cost-effective and environmentally-friendly production of rare earth element oxide (REO) 

concentrates, and the critical minerals scandium and aluminum (in the forms of salts or oxide products), 

from coal ash. We also constructed and demonstrated  a research-scale (0.5 kg/day) micropilot facility to 

validate the key physical and chemical processing operations, predict yields, and troubleshoot process 

bottlenecks. The project team then designed, constructed and operated two decoupled pilot plants: (1) an 

operational pilot plant for physical separation processes with  capacity of 0.4 metric tons per day (tpd), 

where we optimized processes to produce selected ash fractions as the feedstock for chemical processing 

and as valuable byproducts such as cenospheres, magnetic ash, and secondary fuel carbon, and (2) an 

operational pilot plant for chemical ash processing with a capacity of 0.5 tpd that developed optimized 

processes for the production of: (a) REO concentrates, (b) critical minerals (Sc, Al), and  (c) beneficiated 

ash as a valuable byproduct suitable for cement applications. 

In Phase I, the project team (with Equinox Chemicals in place of WWS) developed and demonstrated the 

feasibility of the physical and chemical separation processes, developed the design of a pilot plant, and 

began the development of a preliminary techno-economic model.  

In the baseline (initial) Phase II program, the project team developed and demonstrated the above pilot 

scale plant, producing salable REE concentrates, including Y and Sc (REYSc), plus commercially viable 

byproducts, using environmentally safe and high-yield physical and chemical enrichment processes. The 

team successfully demonstrated chemical pilot design, construction, shakedown, and operations of the 

plant. We produced the Phase II deliverable REYSc concentrate ((50 g of >60 wt.% purity REYSc salts 

on elemental basis), generated the feed for the Phase II follow-on program, identified processing 

challenges for future optimizations, and refined the techno-economic model.  

In the Phase II follow-on program, the project team: (1) developed and demonstrated processes to 

increase the REE amount by 3X (content basis) and convert the Phase II REE salt mixture to an oxide 

mixture, (2) produced/delivered >38 g of REO mixture with >85 wt.% purity (elemental basis); 

(3) developed processes to recover critical minerals scandium and aluminum from intermediate streams; 

(4)  produced/delivered > 1 g of scandium salt mixture with >85 wt. % purity (elemental basis); 

(5) produced/delivered > 100 g of aluminum oxide type material with >70% wt. purity (elemental basis); 

and (6) updated the techno-economic model from the baseline Phase II program to assess CAPEX and 

OPEX of a commercial operation. 

This program has developed extensive databases on process chemistry, unit operations, plant engineering, 

and techno-economics that will enable further scale-up toward commercial plant design. Specific future 

developments will be focused on achieving dramatic savings in energy, reagent usage, and operating 

costs. The combined results will contribute significantly for maturing the technologies of REE recovery 

from coal byproducts and promote the establishment of domestic REE and CM supply chains. 
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1. Executive Summary 

This report summarizes the results of work performed by the Physical Sciences Inc. (PSI) team 

(collaborators outlined for each Phase below) during the multiphase program DE FE0027167. The work 

performed on the program and the corresponding results/achievements include: 

 Phase I (Team: Physical Sciences Inc. (PSI), University of Kentucky/Center for Applied Energy 

Research (UK/CAER), and Equinox Chemicals, LLC (ECL)) 

o Developed and demonstrated the feasibility for physical and chemical separation 

processes. 

o Developed a preliminary design of pilot plant built and operated in Phase II. 

 Phase II (Team: Physical Sciences Inc. (PSI), University of Kentucky/Center for Applied Energy 

Research (UK/CAER), and Winner Water Services, LLC (WWS) 

o Completed detailed design, developed and demonstrated a pilot scale plant to produce 

salable REE concentrates, including Y and Sc (REYSc), and commercially viable co-

products, using environmentally safe, and high-yield physical and chemical enrichment 

processes.  

o Demonstrated chemical pilot design, construction, and shakedown 

o Produced the Phase II deliverable REYSc concentrate ((50 g of >60 wt.% purity REYSc 

salts). 

o Generated the LLX feed for the Phase II follow-on program. 

o Identified processing challenges for future optimization and refined the techno-economic 

model. 

 Phase II follow-on (Team: Physical Sciences Inc. (PSI) and Winner Water Services, LLC 

(WWS)) 

o Developed and demonstrated processes to increase the REE production by 3X and 

convert the Phase II REE salt mixture to REO mixture. 

o Produced/delivered >38 g of REOs with >85% purity (elemental basis).  

o Developed processes to recover critical minerals scandium and aluminum from 

intermediate streams. 

o Produced/delivered > 1 g of scandium salt mixture with >85 wt.% purity (elemental 

basis). 

o Produced/delivered > 100 g of aluminum oxide type material with >70 wt.% purity 

(elemental basis). 

o Updated the techno-economic model from baseline Phase II program to assess CAPEX 

and OPEX of a commercial operation. 

This program also developed extensive knowledge on process chemistry, unit operations, plant 

engineering, and techno-economics that will enable further scale-up and commercial plant design. 

Specific developments will contribute to significant savings in energy, reagent usage, and operating costs. 

The combined results will contribute significantly for maturing the technologies of REE recovery from 

coal ash. 

Table 1 summarizes the key performance/process parameters we achieved. Details are provided below in 

the sections of individual phases of the program and in the supporting information section. 
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Table 1. Key Findings and Process Parameters 

Key Parameter(s) Selected Value(s) 

 Weight% (wt%) of REY in deliverable concentrate 

 

40-60 wt. %  Elemental basis (Phase II) 

85-90% wt. Elemental basis (Phase II 

add-on) 

 Products from PSI’s process: coarse non-magnetic ash 

used as geopolymer, carbon, magnetite substitute, 

aqueous REYSC solution, Product 1 (REY-rich Dry 

Mixture), Product 2 (Sc-rich Dry Mixture) 

Pilot scale process produced all the 

anticipated products and byproducts at 

high yields and relative content. Selected 

products were analyzed as outlined in 

various sections of this report. 

Anticipated uses of byproducts: coarse 

non-magnetic ash usable as geopolymer, 

carbon-rich fraction usable as secondary 

fuel and as inexpensive feed for higher 

value carbon forms, magnetic magnetite 

substitute usable in heavy media 

separation, product 1 usable for REY 

separation and refining, Product 2 usable 

for Sc separation and refining, 

beneficiated ash after digestion usable as 

cement substitute. 

 Plant capacity (1-5 tons (0.5-2.5 cubic meters) of ash 

processed per day)  

0.4 tons-per-day – physical processing 

0.5 tons-per-day – chemical processing 

 Mesh size (<200 mesh), type of laboratory analyses 

(EDS, HRTEM), and analytical results (counts as a 

function of voltage), and images 

The coal ash fraction with a particle size 

of <200 mesh, non-magnetic, with 

carbon removed was selected for the 

chemical processing. Various analyses 

(ICP, HRTEM, microscopic imaging) 

indicated high REE concentrations 

(>500 ppm).  

 Site-specific sources of ash feedstock, type of 

laboratory analysis (ICP-MS), REYSc concentration, 

tons of ash reserve, tons of REYSc reserve, life of 

reserve expressed as % of U.S. annual demand for “x” 

years  

Ash from two sites from Eastern 

Kentucky (Phase II Dale ash and an 

additional feedstock) were used for the 

pilot runs. Table with ash locations was 

provided at the end of Phase I 

 Concentration of individual REEs, ppm on a whole 

sample basis, in selected ash fraction 

A typical analysis indicated good content 

of individual REYSc, with significant 

content of Nd (~170 ppm), Y (~70 ppm), 

and Sc (~40 ppm), and reasonable 

(>~10 ppm) content of Pr, Gd, Dy, Er, 

Tb. 

 REY yield (%), REY wt% concentration, Sc yield 

(%), Sc wt% concentration  

REY and Sc  yields of 10-30 wt.% were 

recorded in micropilot and chemical pilot 

operations. The concentrations of the 

samples at the conclusion of the program 

were >85% wt. for both the REY and Sc 

products. 
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Key Parameter(s) Selected Value(s) 

 REY and Sc relative content (enrichment wt%) for 

REY, LREE, and HREE+Y through progressive 

processing steps, including Post Process Step 1 and 

Post Process Step 2 

Phase I indicated significant enrichment 

to generate products with relative 

REYSc content as high as 30 wt.%. 

Further developments in Phase II and 

Phase II add-on showed the capability 

for further enrichment to generate 

products with the following 

concentration on elemental basis: REY 

(>85%); Sc (>85%); Al (>68%) 

 Ton per day capacity, products, and annual production 

for individual REEs, carbon, magnetic, non-mag > 

200 mesh, non-mag < 200 mesh) in a commercial 

scale REE processing plant, and number of years to 

provide Return on Investment; degree of recycling/re-

use of reagents required  

A capacity of 1200 tons-per-day physical 

processing with a corresponding of ~600 

tons-per-day chemical processing is the 

commercial baseline. Number of years 

for the return of investment will depend 

on selected plant capacity, 

recyclability/reuse of reagents (>90% 

threshold/>95% objective), make-vs-

buy/import decisions on highest-use 

reagents, byproduct market volumes and 

market penetration including effects of 

prevailing economic conditions, 

economics of critical minerals 

production (e.g., aluminum), REYSc 

pricing environment including 

international aspects, public 

infrastructure contributions from the 

government for REYSc as 

critical/strategic materials, structure and 

terms of public/private partnership, and 

government subsidies and price supports.  

2. Summary of Phase I Work 

In Phase I, the project team developed and demonstrated feasibility of the physical and chemical 

separation processes, developed a preliminary design of a pilot plant to be built and operated in Phase II 

and began the development of a preliminary techno-economic model. Key findings of this program are 

summarized below. Details of the performed work are provided in Appendix A (Phase I Summary 

Report). 

2.1 Program Goals and Achievements 

The broad objective of the Phase I program was to demonstrate the feasibility of developing a pilot scale 

plant to economically produce high-yield rare earth element concentrates and commercially viable co-

products from coal ash using environmentally safe physical and chemical enrichment processes. The 

project specific metrics and the achieved the values presented in Table 2. All major requirements of the 

proposed Phase I threshold/objective goals were met or exceeded. 
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Table 2. Phase 1 Performance Metrics and Results Achieved 

Performance Parameter Threshold Value Objective Value Phase I Results 

Feedstock REE (REE+Yttrium) 

Content 
300 ppm > 500 ppm > 500 ppm 

Total REE (REE+Yttrium) 

Relative Content in Final 

Concentrate 

~ 5 wt% REE 

(Elemental) 

> 10 wt% REE 

(Elemental) 

30 wt% 

(Elemental) 

 

2.2 Key Results 

2.2.1 Ash Feedstock Characterization and Selection 

The project team considered and screened/landfilled ash at several power plants, Table 3. The table 

shows our measured values of REE on ash basis via the ASTM D6357-11-1 standard. Based on the REE 

content, size of reserves, and logistics considerations, the Dale ash (#6) was selected as the feedstock for 

the physical/chemical separation processes for the initial Phase II: 

Table 3. Phase I Coal Ash Samples 

# Sample Ash Description Location Total REE +Y (ppm) 

1 Coal Ash from Cooper Power Station 
Burnside, KY 

(Pulaski County) 
794 

2 Coal Ash from Williams Plant 
Goose Creek, SC 

(Berkeley County) 
669 

3 Coal Ash from KSU Stoker Plant 
Kentucky State U. 

(Franklin County) 
1113 

4 Coal Ash from EW Brown Plant 
Burgin, KY (Mercer 

County) 
622 

5 
Coal Ash from Northampton Power 

Plant 

Northampton, PA 

(Northampton 

County) 

492 

6 Coal Ash from Dale Power Station 
Ford, KY (Clark 

County) 
528 

Approximately 20 samples were collected from several locations (ash pond shown in Figure 1) and a 

composite sample was created for analysis and experimental work. 

 

Figure 1. Ash pond overview. 
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A preliminary assessment of the REE content in a Kentucky power plant ash fraction was performed by 

High Resolution Transmission Electron Microscopy (HRTEM) analysis (Figure 2). The results indicate 

high Nd content and provided confirmation that REEs are tied up with glassy aluminosilicate matrix. 

 

Figure 2. HRTEM analysis. 

The ash selection and characterization findings in Phase I are summarized below: 

 Ash source analyses and selection completed 

o Analyzed four PCC power plant ash sources that use primarily Eastern KY coal & one 

FBC power plant ash source that uses anthracite/culm from Central PA 

 Cooper, Williams, Brown, and Dale (PCC), plus Northampton (FBC) 

o All ash sources analyzed via ICP-MS; REYSc content > 500 ppm 

 Ash from Dale power station, Ford, KY was selected as ash source for plant demonstration on 

Phase 2 of this program 

o REYSc = 556 ppm, exceeding 500 ppm objective requirement 

o ~ 2Mt of ash reserve; ~1200 tons REYSc reserve (~10% of US annual demand) 

o Adequate for 1200 tpd commercial scale plant (~1.5% annual demand for ~ 7 y) 

o A vast reserve for an envisioned 1-5 tpd pilot plant 

 Feed ash, physically separated ash, and chemically pre-treated ash characterized via various 

optical/other techniques 

o REE concentrates present in glassy ash particles in feed ash 

o REE also present in carbon deposits around glassy particles 

2.2.2 Physical Separation Process 

The physical separation (Figure 3) entailed standard mineral processing methods that were applied to 

coal ash to generate a selected feedstock for the subsequent chemical separations.  
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Figure 3. Physical separation step outlined in the context of the overall process. 

Key Phase I findings of the physical separation are summarized below: 

 Each of the five ash sources were separated into five fractions 

o +60 mesh (>250 μm): Oversize, discarded 

o  Froth product (principally C): Use as supplementary fuel, higher C products 

o Magnetic: Use as cheap magnetic substitute 

o Non-magnetic: 

 +200 mesh (>75 μm): Use as conventional cement substitute 

 -200 mesh (<75 μm): High REY content fraction for chemical processing 

 Developed flowsheets for physical separation process 

 Developed a spreadsheet economic model of the process 

 Integrated physical processing with the chemical process model, and used for techno - economic 

assessment 

Further analysis of the selected fraction indicated good content of individual REYSc, with significant 

content of Nd (~170 ppm), Y (~70 ppm), and Sc (~40 ppm), and reasonable (>~10 ppm) content of Pr, 

Gd, Dy, Er, Tb (Figure 4). 
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Figure 4. Individual elemental REYSc content for the selected ash fraction. 

2.2.3 Chemical Separation Process 

The chemical process (Figure 5) was optimized and applied to the selecetd ash fraction generated by the 

physical processing steps discussed above: 

 

Figure 5. Chemical separation step outlined in the context of the overall process. 

Key Phase I findings of the chemical separation are summarized below: 

 Determined optimal parameters for each process step to recover REE from selected ash at high 

yield consistent with high enrichment 

 Developed post-processing steps that yield two higher value product streams: 

o REY-rich: REY Yield > 18%, Conc > 30 wt%; Sc Yield ~ 18%, Conc ~ 0.5 wt% 

 REE conc >> objective target (10 wt%) 

o Sc-rich: Sc Yield ~ 18%, Conc ~ 1.5 wt%; REE Yield > 4%, Conc ~ 6 wt% 

 REE conc >> threshold target (5 wt%) 

 Reduced process time for individual steps and avoided elevated temperatures 
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 Experimental development of process scale up 

 Process implementable on commercial scale; requires different optimization parameters for 

project economics 

o Tradeoff some of the high REYSc yield/enrichment to achieve better economics 

The postprocessing steps were demonstrated to provide additional enrichment (Figure 6). For instance, 

post-processing step 1 led to 3X increase in REY enrichment and efficient separation from other 

contaminants to generate a product well-suited for additional REY separation. 

 

Figure 6. Analysis of Phase I postprocessing steps. 

 

3. Summary of Phase II Work 

In the baseline Phase II, the project team developed and demonstrated a pilot scale plant to produce 

salable REE concentrates, including Y and Sc (REYSc), and commercially viable co-products, using 

environmentally safe, and high-yield physical and chemical enrichment processes. The project team 

successfully demonstrated a chemical pilot design, construction, and shakedown in two stages, produced 

the Phase II deliverable REYSc concentrate ((50 g of >60 wt.% purity REYSc salts), generated the feed 

for the Phase II follow-on program, identified processing challenges for future optimization, and refined 

the techno-economic model. Key findings of this program period of performance are summarized below. 

Details of the performed work are provided in the supporting info section. 

3.1 Program Goals and Achievements 

The broad objective of the initial Phase II was to demonstrate REYSc separation/enrichment technology 

in pilot plant(s) with decoupled operating capacities of ~ 0.4 tpd physical processing, and ~ 0.5 tpd 

chemical processing (both pilot designs are modular and transportable). The project specific metrics and 

the achieved values are presented in Table 4. All major requirements of the proposed Phase II 

threshold/objective goals were met or exceeded. 
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Table 4. Phase II Project Metrics and Achieved Values 

Performance 

Parameter 

Threshold 

Value 

Objective Value Achieved Value 

Feedstock REYSc 

Content 

>300 ppm 

(Whole Mass) 

>500 ppm 

(Whole Mass Basis) 
475 – 515 ppm 

Total REYSc 

Enrichment in Final 

Concentrate 

>10 wt% 

(Elemental 

Basis) 

>20 wt.% 

(Elemental Basis) 

56 wt.%  

(Elemental Basis) 

Return on Investment <12 yr <10 yr 
Carryover to Phase II Follow-

on program 

Delivered Concentrate 

Quantity 
~50 g ~0.5 kg 51 g 

3.2 Key Results 

3.2.1 Pilot Plants and Unit Operations 

construct and operate pilot plants for the physical and chemical separation steps. The integrated process 

comprised a physical separation stage, followed by a chemical separation stage, followed by a post-

processing stage. 

The primary products were REY-rich and Sc-rich concentrates. The key byproducts included beneficiated 

ash cement substitute, a magnetic ash product, cenospheres and a carbon product used as a secondary 

fuel. The Phase II process is shown in Figure 7. 

 

Figure 7. Phase II Process for the REY and Sc recovery from coal ash 

 

Ash from two eastern KY coal fire power plants was recovered and used as process feedstocks. Analysis 

of both ash sources (Ash C and D in Figure 8) indicated significant content of Nd (~180 ppm), Y 

(~50 ppm), and Sc (~25 ppm) as well as reasonable (~10 ppm) content of Pr, Gd, Dy elements. 
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Figure 8. Ash feedstocks used for the Phase II program. 

The physical separation plant at the UK/CAER location was built and operated at a capacity of 0.4 tpd. 

Approximately 20 tons of coal ash were processed with > 50% yield to produce ~ 10 tons of the fraction 

suitable for chemical processing (carbon-removed, non-magnetic ash with particle size < 75 microns). An 

overview of the physical separation plant showing the equipment for various unit operations is presented 

in Figure 9. 

 

Figure 9. Physical Separation Pilot Plant (0.4 tpd capacity). 

 

Physical processing created an ash fraction that is a suitable feed to chemical separation. Key properties 

are: (1) low carbon content; (2) low magnetics content and (3) small particle size. Processed ash collected 

in super sacks, shipped to and processed in the chemical pilot. Figure 10 shows a comparative 

photographic analysis of the physical and chemical processing feedstocks. Note that the color changes 

from dark black to brown, indicating removal of carbon.  

Physical processing created an ash fraction that is a suitable feed to chemical separation. Key properties 

are: (1) low carbon content; (2) low magnetics content and (3) small particle size. Processed ash collected 
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in super sacks, shipped to and processed in the chemical pilot. Figure 10 shows a comparative 

photographic analysis of the physical and chemical processing feedstocks: 

 

 

Figure 10. Photographic analysis of the physical and chemical processing feedstocks. 

 

In order to streamline the chemical pilot plant operations and reduce risk, the project team developed a 

micropilot plant (0.5 kg/day capacity). The micropilot facility demonstrated target yield and enrichment 

performance requirements and was successfully used for validating and troubleshooting chemical pilot 

processes. Key micropilot unit operations include digestion, filtration, pre-concentration, LLX feed 

preparation, and liquid-liquid extraction and re-extraction. Figure 11 outlines equipment used for critical 

unit operations. Approximately 15 kg of coal ash was processed through the PSI micropilot facility.  

 

 

Figure 11. Micropilot Plant (0.5 kg/day capacity). 

The project team designed, constructed and operated a chemical processing pilot plant (0.5 tpd capacity) 

based on the process development from the Phase I and micropilot efforts. The chemical processing pilot 

is located at the WWS facility in Sharon, PA. This pilot plant (Figure 12) processed ~ 8 tons of coal ash 

and was demonstrated to produce REE concentrates with >15% yield and >50% purity (elemental basis). 
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The chemical pilot plant contains all of the equipment necessary to extract REE metals from coal ash, and 

purify the REEs to meet the target concentrations. The pilot plant contained to LLX systems, a bench top 

system (capacity of ~1 gal/hr), and a commercial system (capacity ~50 gal/hr), denoted LLX1 and LLX2 

in the figure, respectively.  

 

 

Figure 12. Pilot Plant for Chemical Processing: plant overview (left); hot side operation- digestion and 

preconcentration steps (center) and Cold Side Operation – LLX units (right). 

3.2.2 Qualification of Selected Products and Byproducts 

As discussed above, the operation of the Phase II pilot plants resulted in the production of significant 

amounts of valuable products and byproducts. Selected materials were qualified for their commercial 

potential using concentration measurements and functional evaluation.  

The main product, REY concentrate was analyzed by ICP-OES and ICP-MS and demonstrated for 

adequate purity for subsequent refining and separation. Multiple ash batches were processed and the 

materials were sampled at various process stages analyzed via three independent methods: 

 ICP-MS Analysis at Environmental Service Lab, Pittsburgh, PA (WWS) 

 ICP-OES Analysis at University of Massachusetts Lab, Lowell, MA (PSI) 

 ICP-MS Analysis at National Analytical Lab, Londonderry, NH (PSI) 

The comparative analyses of the final liquid samples produced upon chemical processing of the ash 

feedstocks are shown in Table 5 (sample 3 was used to generate the Phase II deliverable sample): 

Table 5. Analysis of the Final Samples 
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The REE product contained significant quantities of the valuable Nd, Y, Sc and HREE content as 

exemplified in Figure 13: 

 

Figure 13. REYSc analysis of a product sample. 

The ash cake materials resulting from the digestion step were functionally qualified for the use as cement 

substitutes. ASTM C-618 protocol was used to qualify the samples using as criterion the >75% of 

strength activity index (SAI) after 28 days metric. As shown in Figure 14, five out of six samples 

(originating from both ash feedstocks) passed the ASTM C-618 requirements. These results indicate that 

the ash cake is suitable as a cement substitute and the digestion process does not greatly impact cement 

suitability. 

 

Figure 14. ASTM C-618 evaluation of ash cake samples resulted upon digestion runs. 
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3.2.3 Techno-economic Considerations 

In Phase II the project team further developed key elements of the techno-economic model. Economics of 

the physical and chemical processing steps were modeled using Aspen Plus and spreadsheet analyses. The 

plant size used for the analysis was 1200 tpd for the ash physical processing plant and 600 tpd for 

chemical processing plant. Key plant attributes are: co-location at ash source to significantly reduce 

transportation costs, decoupled operations and modular designs for operational flexibility and 

transportability. Ash fractions shipped to local markets used for analysis were: carbon, magnetic ash, and 

the  >200 mesh non-magnetic ash. Table 6 outlines the annual production of major REE salts, Sc salt, and 

byproducts. The analysis indicated that non-REE products significantly offset effects of REYSc 

commodity price fluctuations (pricing of non REYSc products varies with general economic conditions): 

Table 6. Analysis - Annual Production of Major REE Salts, Sc Salt, and Byproducts 

 

Table 6 shows the quantity of each product produced per year at a nominal feed rate of 1200 tpd of coal 

ash. The high quantity products are those directly derived from the ash feed material (carbon, magnetic 

ash, cenospheres and non-magnetic ash fractions). These materials are important for the economic picture 

because they represent consistent revenue sources that are independent from REE markets. It’s also 

important to note that these quantities are fare from the Worldwide market quantity, in order to avoid 

market saturation. The table also shows the portion of revenue derived from each of the product streams 

under 2018 and 2011 REE pricing. At 2018 REE prices, only 27% of the revenue is derived from REYSc 

products. This is because the price of REEs was relatively low in that year. However, under 2011 REE 

pricing, nearly 45% of the revenue comes from REYSc products, due to the very high prices of selected 

elements in that year.  

4. Summary of Phase II Follow-on Work 

In the Phase II follow-on program, the project team: (1) developed and demonstrated processes to 

increase the REE production by 3X and convert the Phase II REE salt mixture to REO mixture, 

(2) produced/delivered >38 g of REOs with >85% purity (elemental basis); (3) developed processes to 

recover critical minerals such as scandium and aluminum from intermediate streams; 

(4) produced/delivered > 1 g of scandium salt mixture with >85 wt.% purity (elemental basis); 

(5) produced/delivered > 100 g of aluminum oxide type material with >70 wt.% purity (elemental basis): 

(6) updated the techno-economic model from initial Phase II program to assess CAPEX and OPEX of a 

commercial operation. 

4.1 Program Goals and Achievements 

The overall goal of The Phase II follow-on program was to demonstrate the production of REE products 

with enhanced purity, recovery of critical minerals (CMs) and development of techno-economic analysis 

for further technology maturation and commercial transition. Specific objectives included: 

(1) demonstrate a process to convert the salts mixture with >10-20 wt% REYSc (relative content) from 

Phase II program to >85 wt.% REY-enriched (relative content) oxides mixture; (2) Produce Sc-enriched 
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oxide mixture with >85% wt.% REYSc relative content; (3) Increase total quantity of REY in deliverable 

REY-enriched product by >3X; (4) Develop a process to recover the critical material aluminum from 

intermediates of the REYSc extraction process developed under Phase II program; (5) demonstrate 

production of a >50 wt.% (relative content) aluminum oxide product; (6) update the techno-economic 

model developed under the Phase II program for a commercial scale plant that will provide < 10-12 years 

return on investment. The key performance parameters are shown in Table 7 and the target deliverable 

samples are shown in Table 8. 

Table 7. Key Performance Parameters 

 
 

Table 8. Deliverable Samples 

 
 

Table 9 and Figure 15 outline the metrics and the appearance of samples deliverables that were 

produced/delivered (KPP requirements met or exceeded). The REY delivered samples samples are the 

oxide equivalent of the originally proposed salt forms. These samples have the same or higher purity as 

the original deliverables and provided the DOE customer with samples positioned further in the supply 

chain as the REY refining processes are commercially designed to use oxides as feedstock.   
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Table 9. Phase II Follow-on Sample Deliverables 

 

 

 

Figure 15. Sample product deliverables – photographic analysis. 

 

4.2 Key Results 

4.2.1 Production of REOs: REY-enriched Product 

The REY enriched product was generated using a combination of LLX and post-processing steps. 

The LLX process was further optimized based on the initial Phase II findings. Multiple runs were 

performed and key findings are summarized below.  

 Use of specific extractants allows selective extraction of rare earth salts 

 Two important measures of performance are: 

1. High yield of REE salt from the feed solution 

2. Purity of REE salts evaluated by relative content 

 Selectivity of REE salts over other components 

 Reduces impurities levels 

 Achieved purities (relative content) of 40-60% using LLX feed optimization 

 Post processing steps were developed to increase REY purity from the LLX to >85% 

To produce program deliverables the counter current liquid-liquid extraction (CCLLX) circuit  

(Figure 16) was operated in continuous campaigns. These campaigns produced REE solution that were 

further refined to meet program relative content goals. 
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Figure 16. CCLLX circuit. 

The post-processing steps were developed and PSI and scaled-up in the pilot plant operations by WWS. 

The REY oxide product was produced in multiple production runs. Figure 17 outlines the results with the 

amount of REY oxide produced shown in blue and the corresponding REY relative content shown in red 

for each REY oxide production run. As shown in Figure 17, consistent high product purity was obtained 

after post processing optimization: 

 

Figure 17. Analysis of REY oxide production runs. 

The LLX optimization resulted in an LLX product with an REY purity consistently in the range of             

40-60% relative content.  The post-processing processing steps were demonstrated to consistently 

generate REY oxide material (~90% relative content) from the LLX products. The scaled-up post 

processing steps generated the REY oxide concentrates deliverable materials (22 g of >85% REY 

content) and 16 g of >90% REY content – Figure 18. The samples were delivered to DoE. 
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Figure 18. REY oxide product. 

4.2.2 Production of CMs: Scandium Product 

Production of the CM scandium product was performed from the dry precipitate resulting from post-

processing steps. The project team validated an LLX process (developed under IRAD funding) for the 

selective recovery scandium, a high value critical mineral. In the initial runs, using this LLX process the 

project team was able to increase Sc relative content from 3.3 wt.% in the feed to 41 wt.% in the strip 

phase which indicated >12X enrichment in scandium content for a single cycle A 51% Sc yield was 

achieved using two stripping stages. The analysis of this initial runs is shown in Figure 19: 

 

Figure 19. Scandium recovery process – initial runs. 

Two liquid-liquid extraction (LLX) cycles were used to achieve the required Sc relative content. The 

project team generated a total product (three samples) of 1 g with >85% Sc relative content. The samples  

(Figure 20) were delivered to DoE: 
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Figure 20. Sc product samples. 

 

4.2.3 Production of CMs: Aluminum Product 

The project team developed a process to recover the critical mineral aluminum for the feedstock provided 

by the LLX waste stream (see Figure 5). This feedstock was enriched in aluminum as analysis of various 

samples indicated ~ 45% Al relative elemental content. Recovery of aluminum represents an additional 

potential value stream from the LLX waste product. The aluminum recovery process was developed by 

PSI and scaled up by WWS. Key results are:  

 Developed and demonstrated a bench scale process to selectively recover aluminum from LLX 

waste stream 

 Optimized, scaled up process and produced 100 g of material with >70% purity (Figure 21) 

 SEM analysis indicated similar morphologies of the bench scale and pilot materials (Figure 21) 

 

Figure 21. Photographic and SEM analyses of the aluminum product. 

WWS produced five batches of aluminum product based on the scaled up aluminum recovery process. 

Samples were combined, ground to a powder by mortar and pestle, and elemental analysis was performed 

on the powder using ICP-OES, The project team produced 101 g of aluminum oxide type product with 

>70% aluminum relative content that was delivered to DoE (Figure 22): 

 



Physical Sciences Inc. Phase II Final Summary Report Grant No. DE-FE0027167 

21 

 

Figure 22. Final aluminum product. 

4.2.4 Techno-Economic Analysis (TEA) 

TEA was performed using the findings of initial Phase II and Phase II add-on programs. An updated 

techno-economic model from initial Phase II program to assess CAPEX, OPEX and revenues of a 

commercial operation was developed as discussed below. 

Figure 23 shows the process diagram that was used for the techno-economic model development. The 

process comprised a physical separation stage, followed by a chemical separation stage, followed by a 

post-processing stage. The primary products are REY-rich and Sc-rich concentrates. The byproducts are 

cement substitute, cenospheres, secondary fuel and magnetics. CAPEX and OPEX estimates are based on 

REYSc concentrate. 

 

Figure 23. Process diagram for the techno-economic model. 
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A commercial plant model (Figure 24) was developed (Hatch Ltd contracted for CAPEX and OPEX 

estimates) using the following assumptions:  (1) plant located at ash landfill site; (2) onsite physical and 

chemical processing; (3) model includes ash feedstock delivery, preparation, and staging operations: 

 

 

Figure 24. Commercial plant model. 

Table 10 outlines the updated annual production (relative to Phase II base program – see Table 6) of 

major REE salts, Sc salt, and byproducts. The analysis indicated that non-REE products significantly 

offset effects of REYSc commodity price fluctuations (pricing of non REYSc products varies with 

general economic conditions): 

Table 10. Updated Analysis - Annual Production of Major REE Salts, Sc Salt, and Byproducts 

 

The project team updated the techno-economic model from initial Phase II program to assess CAPEX and 

OPEX of a commercial operation. The analysis took into account emerging applications for REEs 

projected to boost demand and increase prices. Emerging markets for REEs included wind turbines, 

electrified vehicles and appliances. For instance, the use of an REE permanent magnet motor was 

estimated to reduce overall vehicle cost by $3,800 USD/vehicle (Lynas Investor Day Presentation, 2019, 

Figure 25): 
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Figure 25. Emerging markets analysis. 

Using these estimates the TEA resulted in the following observations: 

 CAPEX was constructed using pricing and sizing of actual equipment necessary  

 OPEX is heavily controlled by energy consumption, reagents and recycling efficiency, and labor.  

 Byproducts are major sources of revenue adding to the REYSc revenues.  

 Projected increases in REYSc prices will result in a faster/earlier positive cash flow. 

 Cash flow depends on plant design, public/private partnership agreements, product and byproduct 

pricing, financing terms, and conditions including government support. 

 Earnings are highly sensitive to inflation on the revenue side and emergence of new product 

markets 

5. Conclusions and Recommendations for Further Developments 

This program demonstrated that selected U.S. fly ash deposits are attractive feedstocks for the cost-

effective recovery of rare earth elements (REE) and other critical minerals (CM). The project team 

successfully executed a multiphase program that developed and demonstrated pilot plant operations for 

cost-effective and environmentally-friendly production of rare earth elements oxide concentrates (REO) 

and critical minerals scandium and aluminum (in the forms of salts or oxide products). The  team 

designed, constructed and operated two decoupled pilot plants: (1) an operational pilot plant with a 

capacity of 0.4 tpd  for physical separation that used optimized processes to produce selected ash fractions 

as  (a) feedstock for subsequent chemical processing and (b) as valuable by-products such as cement 

substitute, cenospheres, magnetic ash and secondary fuel carbon, and (2) an operational pilot plant with a 

capacity of 0.5 tpd for chemical processing that used optimized processes validated in PSI’s micropilot 

plant  for the production of: (a) REO concentrates, (b) critical minerals recovery (Sc, Al), and (c) 

beneficiated ash as valuable byproduct suitable for cement applications.  

This program developed extensive databases on process chemistry, unit operations, plant engineering, and 

techno-economics that will enable further scale-up and commercial plant design. Specific developments 

will contribute to significant savings in energy, reagent usage, and operating costs. The combined results 

will contribute significantly for maturing the technologies of REE recovery from coal ash. The project 

team recommends further work to identify technology gaps and approaches to their closures based on the 
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program results, and eventual commercial implementation. Table 11 lists the technology gaps that need to 

be closed on path to commercialization (identified during performance of Phase I and Phase II programs. 

Table 11. Preliminary List of Technology Gaps Identified in Phase I and Phase II Programs 

Process 

Operation 

 

Demonstrated 

Pilot Scale 

Technology 

Alternate 

Technologies / 

Improvements 

Evaluation 

Objective 

Evaluation 

Methods 

Comments 

Carbon Removal 

from Ash  

 

Froth Floatation 

Electrostatic 

Precipitation, 

Fluidized Bed 

Roasting 

Minimize feed ash 

loss on ignition 

(LOI), maximize 

decarbonized ash 

yield 

Bench scale 

technology 

evaluation, pilot 

scale testing 

Use data from 

literature & other 

PSI/WWS 

programs 

Ash Digestion 

 

Single Stage 

Digestion 

Sequential 

Digestion 

Minimize acid 

consumption and 

energy expenditure 

 

Micropilot and 

pilot scale testing 

Use data from 

literature & other 

PSI/WWS 

programs 

Rare Earth 

Purification 

 

Counter-Current 

Liquid-Liquid 

Extraction (LLX) 

Solid Phase 

Extraction,  

Co-Current LLX, 

Post-processing 

Maximize REE 

purity and yield, 

and extractant 

consumption, 

increase equipment 

lifetime 

Pilot scale testing 

Reproducibly 

demonstrate high 

REE purity at pilot 

scale 

Scandium 

Recovery 

 

Batch Process 
Continuous Liquid-

Liquid Extraction 

Maximize 

scandium product 

purity and yield 

Bench scale and 

pilot scale testing 

Scandium is 

important for 

process economics 

Aluminum 

Recovery 
Batch Process 

Commercial 

filtration, washing 

and drying 

equipment, 

alternate reagents 

Maximize 

aluminum product 

purity and yield 

Bench scale and 

pilot scale testing 

Aluminum 

represents an 

abundant critical 

mineral in coal ash 

Acid Recovery / 

Recycle from 

Raffinate  

To be 

demonstrated 

Ion Exchange, 

Conversion to a 

value –added 

Product 

Weight recovery of 

salt 

Thermo-

gravimetric 

analysis, oven 

calcination 

Essential for high 

recovery of acid 

 

Our team recognizes that key formal design and feasibility studies must be completed in order to retire 

technical risks and to seek funding from government as well as private investors for a commercial 

venture.  Toward this goal, we suggest the roadmap below following the conclusion of the above-

described Phase I and Phase II programs and conduct of additional studies to close the technology gaps in 

Table 11. A typical chemical plant project development path is outlined in Figure 26 (key stages of the 

roadmap are presented below): 

 

Figure 26: Roadmap - Chemical Plant Development Path 
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1. Conceptual Design Study (Indicated Accuracy – 50% to + 50%)  

a. Engineering Concept Screening 

b. Analysis of Alternatives (AoA) 

c. Identification of Requirements and Cost of Pre-feasibility/Feasibility Studies 

d. Outcome: Business Planning, Technology Assessment, Project Options 

2. Pre-feasibility Study (Indicated Accuracy – 30% to +30%) 

a. Techno-Economic Analysis (TEA) 

b. Validity of Business Case 

c. Outcome: Select Best Project Option, Set Project Objectives, Target Cost and Schedule, 

and GO/NOGO Decision Points 

3. Feasibility Study (Indicated Accuracy – 10% to +20%) 

a. Project Control Baseline, Monitor Budget Variations 

b. Outcome: Detailed Project Basis consistent with Project Objectives and Business Plan, 

ROI Projects, and Project Implementation Planning 
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6. Supporting Information 

1. “High Yield and Economical Production of Rare Earth Elements from Coal Ash” Poster 

presentation at: 2016 Crosscutting Research and Rare Earth Elements Portfolio Reviews, 

Pittsburgh, PA, 19 April 2016 
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2. “High Yield and Economical Production of Rare Earth Elements from Coal Ash”, Presentation to: 

2017 Rare Earth Elements Portfolio Review (DOE/NETL), Pittsburgh, PA, 22 March 2017 
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3. “High Yield and Economical Production of Rare Earth Elements from Coal Ash”, Presentation to: 

Rare Earth Elements (REE) Program Portfolio. 2018 Annual Review Meeting, Pittsburgh, PA, 

10 April 2018 
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4. “High Yield and Economical Production of Rare Earth Elements from Coal Ash”, Presentation to: 

Presentation to: Rare Earth Elements (REE) Program Portfolio, 2019 Annual Review Meeting, 

Pittsburgh, PA, 9-11 April 2019 
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5. “High Yield and Economical Production of Rare Earth Elements from Coal Ash”, Presentation to: 

Presentation to: Rare Earth Elements (REE) Program Portfolio, 2020 Annual Review Meeting 

(Virtual), 15 September 2020 
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6.  “High Yield and Economical Production of Rare Earth Elements from Coal Ash”, Presentation to: 

Presentation to: Rare Earth Elements (REE) Program Portfolio, 2021 Annual Review Meeting 

(Virtual), 25 May 2021 
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