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What Are Rare Earth 
Elements?

Why Are We Researching Rare 
Earth Elements in Coal?
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Sc Ceramics, lasers, and high performance alloys.

La Hybrid Engines, Metal Alloys 

Ce Auto Catalyst, Petroleum Refining, Metal Alloys 

Pr
Magnets, Magnesium Alloy for Jet Engines; Carbon Arc 

Lights

Nd
Auto Catalyst, Petroleum Refining, Hard Drives In 

Laptops, Headphones, Hybrid Engines 

Sm
Sm-Co Magnets (high temp), Cancer Treatment, 

Radioactive Dating

Eu Red Color For Television and Computer Screens 

Gd Magnetic Resonance Imaging, X-rays, Color TV tubes 
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Y
Red Color, Fluorescent Lamps, Ceramics, Metal Alloy 

Agent 

Tb Phosphors, Permanent Magnets 

Dy
Permanent Mags, Hybrid Engines (100 gms per EV), 

Lazers

Ho Glass Coloring, Lasers 

Er Phosphors 

Tm Medical X-ray Units 

Yb Lasers, Steel Alloys 

Lu Catalysts In Petroleum Refining 



Ref: R.C. Bryan et al., 2015. Tetra Tech Report Submitted to U.S. 
DOE, January, Document No: 114‐910178X‐100‐REP‐R001‐00. 



REE Forms in Coal

• Mineral association
– monazite (Ce,La,Pr,Nd,Th,Y)PO4

– xenotime YPO4

– bastnaesite (Ce, La)CO3F
– Other

• Ion substitution in clay
• Organic association



Element Mapping Energy Dispersive 
Spectroscopy

 RE mineral particles have a top size of around 10 
microns and a bottom size of around 150 nm.



REEs Distribution in Coal
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Relative REE Concentration by Coal Basin

 

 

Northern Appalachia
Central Appalachia
None Given
West/Northwest
Southern Appalachia
Illinois Basin
Gulf Lignite
Mountain Pass

Ore deposits, like Mnt. Pass 
are concentrated in the 
“least valuable” REE’s.

DOE “Critical” Material



NETL EDX Database

0 25 50 75

Central Appalachia

Northern Appalachia

None Given

West/Northwest

Southern Appalachia

Illinois Basin

Gulf Lignite

Zinc: $59Gold: $30

Copper: $27

Silver: $16

Maximum Value of $172 / t

Maximum Value of $156 / t

Maximum Value of $93 / t

Contained Value ($/tonne of feed)

Contained Value of REEs in 1 Tonne of Material



Project Scope

Deliverables
• ¼ TPH Feed
• Coal or Coal 

Byproducts
• Economically 

Produce 
Concentrates

• Environmentally 
Acceptable

• 6M – 30 months

Current State
• Anticipate 98+% 

Concentrate
• 12 Months into 

30 Months
• On Budget



Time Line
    2017 2018 2019 2020 

Task 
No. Task Description Start 

Date 
End 
Date 

Q1 Q2 Q3 Q4 Q5 Q6 Q7 Q8 Q9 Q10 
O N D J F M A M J J A S O N D J F M A M J J A S O N D J F M 

Phase 2 Budget Period 2 (Phase 2 Award Through Shakedown & Commissioning) 
1 Project Management & Planning 10/1/17 3/30/20                               
2 Site Host Agreements                                 
3 Detailed Systems Engineering                                 
4 Environmental Controls Assessment                                 
5 Site Rehabilitation                                 
6 Bidding & Procurement                                 
7 Fabrication & Construction                                 
8 Installation & Assembly                                 
9 Systems Safety Analysis & Training                                 

10 Startup & Shakedown                                 
Phase 2 Budget Period 3 (System Testing Through Project Completion) 

1 Project Management & Planning                                 
2 Environmental Monitoring & Management                                 
3 Feedstock Collection & Preparation                                 
4 Exploratory Testing                                 
5 Test Plan Revision                                 
6 Detailed Parametric Testing                                 
7 Optimization & Validation                                 
8 Provide Split Samples                                 
9 Secondary Feedstock Testing                                 

10 Plant Relocation & Recommissioning                                 
11 Modeling & Simulation                                 
12 Sample Analysis                                 
13 Technical & Economic Analysis                                 
14 Commercialization Analysis                                 
15 Decommissioning & Disposition                                 
16 Phase 2 Summary Report                                 

 



Specific Tasks
1. Project Management & 

Planning
2. Site Host Agreements
3. Detailed Systems 

Engineering
4. Environmental Controls 

Assessment
5. Site Rehabilitation
6. Bidding & Procurement
7. Fabrication & Construction
8. Installation & Assembly
9. Systems Safety Analysis & 

Training
10. Startup & Shakedown
11. Project Management & 

Planning
12. Environmental Monitoring & 

Management

13. Feedstock Collection & 
Preparation 

14. Exploratory Testing 
15. Test Plan Revision 
16. Detailed Parametric Testing 
17. Optimization & Validation 
18. Provide Sample Splits 
19. Secondary Feedstock Testing 
20. Plant Relocation & 

Recommissioning 
21. Modeling & Simulation
22. Sample Analysis
23. Technical & Economic 

Analyses
24. Commercialization Analysis
25. Decommissioning & 

Disposition
26. Phase 2 Summary Report



Generalized flow diagram for the rare earth 
element production system



So What Does This Mean?

1. Product Purity
2. Economics and Capital 

a) Cap Ex
b) Op Ex

3. Performance Determination
a) Operational Knowledge
b) Throughput 
c) Predict Performance (Model and 

Data)



Challenges and Opportunities
• Inventing the Process
• Scaling the Process
• Equipment Design and Sourcing
• Work Force

– Experience (Students)
– Sourcing (3-20 Personnel 9 

months)
• Logistics
• Conflicting Priorities 

– (Teach, Research, Serve)



Systems and Philosophies

• Six Sigma 
– Control Plans, FMEAs

• Evernote
– See, Learn, Together

• Correlation Meetings
• Assignments and Ownership

– Clear Objectives
– Trust and Responsibility (Its on You!)
– Safe to Make Mistakes
– Return and Report 







At a Location in Kentucky…



Technology Description
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Technology Description

Coal
Rock

X-Ray
Source

Feed
Conveyor

(Low Speed)
Scanning
Conveyor

(High Speed) Compressed
Air Jets

X-Ray
DetectorElectronics & Controls

Reject Clean



REE Pre-concentration – Dual 
X-Ray Sorter



Sorter Technology



Pilot Plant Layout



Mineral Processing



Leachability Characteristics

• 1.2 M 
H2SO4

• 1% solids
• 75OC
• 2 hour 

leaching 
time



Leaching Circuit



Solvent Extraction

Solvent extraction is 
performed using an organic 
extractant that is dissolved in 
an organic phase

The organic phase is allowed 
to contact with an aqueous 
phase containing the 
dissolved metal species

Phase separation is achieved 
in a settler section of the SX 
unit.



Solvent 
Extraction/Precipitation Pilot 

Plant



Solvent Extraction Products



Cleaning Circuit



Water Treatment

Waste Water

pH Monitoring & 
Adjustment

Waste Water Filter

Precipitation Tank

Clarified/Treated 
Water



Control and Containment



Conclusions

• 1/4-tph REE pilot plant will be operating in 
September 2018 and tested through February 
2020.

• Project currently in startup phase
• Project deliverables include determining process 

performance and economics
• Other valuable elements including Cu, Ni, Co, and 

Zn were also recovered in the REE pre-
concentrates

• Final REE products containing 98% of rare earth 
oxides were generated by oxalic acid precipitation.



Thank You

Questions?
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