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Project Overview (Part I)

– Funding (DOE $200,000 and Cost Share $50,000)
– Overall Project Performance Dates (1/16/22-4/16/23)
– Project Participants 

• University of Utah (UofU) 
• Virginia Tech (VT)
• Other original partners (noncontract partners)

Blacksand Technology, LLC
Grimstone Mining, LLC
Minerals Refining Company
Energy Fuels Resources Inc.
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Project Overview (Part II)

Overall Project Objectives: 

The general objectives of this project are to develop concepts 
for rare earth metal and critical mineral production from coal-
based and related (minerals associated with coal) resources and 
incorporate them into a Technical Research Plan with an 
associated overall flow sheet and develop appropriate industry 
partnerships. 



Schematic diagram to 
illustrate an example 

of what a process flow 
sheet could look like 

for REE/CM 
extraction and 

purification system 
into the required types 
of high purity products 

for AOI 1a for 20 
elements. 



Why are some 
elements so critical?  

They are needed for 
many common 

products, but their 
supply is small or 

unstable.



Distribution 
of specific 
rare earth 
element 
uses in 
different 

applications



How large is the world market?



Salient Statistics



Rare Earth Elements

US Consumption by End-Use (USGS)

US Imports by Form (USGS)



Cobalt and Nickel
US Consumption by End-Use (USGS) US Imports by Form (USGS)



Magnesium, Lithium and Zinc

US Consumption by End-Use (USGS)

US Imports by Form (USGS)



• U.S. coal industry has been discarding fine 
coal waste

– ∼4 billion tons
• 40% carbon feedstock for carbon-based materials
• 60% kaolinite feedstock for REE extraction
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Ion-Adsorption Clay (IAC) in US
 USGS discovery (Foley, 2015)
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Ion-Exchange Leaching Tests
(Artificial IACs)

• Pure 
• Passivated by PO4

- ions



• Clay from the Upper 
Freeport coal, WV

• Step 1: Activation
− 10% NaOH, 0.1 M EDTA, 60oC, 24 h

• Step 2: Ion-exchange leaching
− 0.5 M AS, pH 3-4
− 1 hr
− Ambient temperature

• Another clay source
• 30% NaOH

− 80oC, 1 h

14

Activation Leaching of IACs
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Ion-Exchange Leaching of Monazite at pH 4-5 
(Liu et al., Mineral Engineering 188 (2022) 107817
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• Flowsheet

• Preconcentration

• PDU design 
– Effect of solids content
– Necessary for the design of pilot plant
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Analytical Background
Role of Concentration

• One key feature of our process is the use 
of HHS to concentrate the feedstock prior 
to hydrometallurgical processing.

• This pre-concentration imparts notable 
cost reductions versus that of treating 
virgin material.

• Our current data suggest we can 
upgrade a 250 ppm REE material to 
10,000 ppm at 50% to 70% recovery.

• This will in turn prompt a 60 to 80 fold 
reduction in volume for downstream 
processes.

Rozelle et al., 
2009
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Chemical separations are feasible when the 
equilibrium data are significantly different
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		Ecoef		Kconc		Kcalc		delta K		CH+		pH		CRH		CM+ est		CRM		C Mtotal		Crtotal				Sel Index

		31.8876383583		0.001		0.0010487091		-0.0000487091		0.000001		6		0.0304065616		0.0304065616		0.9695934384		1		1				5.422033416

		21.4242172392		0.001		0.0010184932		-0.0000184932		0.00000212		5.6736641391		0.0445946447		0.0445946447		0.9554053553		1		1				5.5297404175

		14.7137505338		0.001		0.0010391422		-0.0000391422		0.0000044944		5.3473282781		0.063638531		0.063638531		0.936361469		1		1				5.5207849213

		10.1050481594		0.001		0.0010692184		-0.0000692184		0.0000095281		5.0209924172		0.0900491367		0.0900491367		0.9099508633		1		1				5.5096939925

		6.6244895731		0.001		0.0010202501		-0.0000202501		0.0000201996		4.6946565563		0.1311563207		0.1311563207		0.8688436793		1		1				5.743063564

		4.4433490876		0.001		0.0010357523		-0.0000357523		0.0000428232		4.3683206954		0.1837104297		0.1837104297		0.8162895703		1		1				5.8473434587

		2.9481883888		0.001		0.0010567403		-0.0000567403		0.0000907852		4.0419848344		0.2532807206		0.2532807206		0.7467192794		1		1				6.0049311834

		1.9229914514		0.001		0.0010818223		-0.0000818223		0.0001924647		3.7156489735		0.3421152667		0.3421152667		0.6578847333		1		1				6.2381484471

		1.1562778701		0.001		0.0010173112		-0.0000173112		0.0004080251		3.3893131126		0.4637621217		0.4637621217		0.5362378783		1		1				6.9979524887

		0.6956036739		0.001		0.0010202555		-0.0000202555		0.0008650132		3.0629772516		0.5897604584		0.5897604584		0.4102395416		1		1				7.784248237

		0.397226731		0.001		0.0010178035		-0.0000178035		0.001833828		2.7366413907		0.7157034559		0.7157034559		0.2842965441		1		1				9.0014287702

		0.2295349595		0.001		0.0010971959		-0.0000971959		0.0038877154		2.4103055298		0.8133156299		0.8133156299		0.1866843701		1		1				10.1197435693

		0.1142026741		0.001		0.0010487472		-0.0000487472		0.0082419567		2.0839696689		0.8975027823		0.8975027823		0.1024972177		1		1				12.8957058709

		0.0548571593		0.001		0.0010110978		-0.0000110978		0.0174729483		1.7576338079		0.9479956516		0.9479956516		0.0520043484		1		1				16.4591116839

		0.0271643361		0.001		0.0010335728		-0.0000335728		0.0370426504		1.431297947		0.9735540506		0.9735540506		0.0264459494		1		1				19.5019337428

		0.0136216227		0.001		0.0010842829		-0.0000842829		0.0785304189		1.1049620861		0.9865614324		0.9865614324		0.0134385676		1		1				21.6617995948

		0.0059975307		0.001		0.0010044843		-0.0000044843		0.166484488		0.7786262251		0.9940382252		0.9940382252		0.0059617748		1		1				25.994132851

		0.0028539634		0.001		0.0010101729		-0.0000101729		0.3529471146		0.4522903642		0.9971541586		0.9971541586		0.0028458414		1		1				27.6194775559

		0.0013643539		0.001		0.0010222678		-0.0000222678		0.7482478829		0.1259545033		0.998637505		0.998637505		0.001362495		1		1				28.351198998

		0.0006601804		0.001		0.001047926		-0.000047926		1.5862855118		-0.2003813576		0.9993402551		0.9993402551		0.0006597449		1		1				28.1256422003





Sheet1

		6

		5.6736641391

		5.3473282781

		5.0209924172

		4.6946565563

		4.3683206954

		4.0419848344

		3.7156489735

		3.3893131126

		3.0629772516

		2.7366413907

		2.4103055298

		2.0839696689

		1.7576338079

		1.431297947

		1.1049620861

		0.7786262251

		0.4522903642

		0.1259545033



loading

stripping

K=75000

pH

Extraction Coefficient

172.8958407359

118.4703599815

81.2314520829

55.6757231371

38.0448646976

25.9817882225

17.7036683904

11.9959061366

8.0915775984

5.4147516721

3.5756081243

2.32283493

1.4727240949

0.9029001108

0.5297570828

0.2950688601

0.1559006111

0.0788249772

0.0386810691



Sheet2

				6

				5.6736641391

				5.3473282781

				5.0209924172

				4.6946565563

				4.3683206954

				4.0419848344

				3.7156489735

				3.3893131126

				3.0629772516

				2.7366413907

				2.4103055298

				2.0839696689

				1.7576338079

				1.431297947

				1.1049620861

				0.7786262251

				0.4522903642

				0.1259545033



metal 1
(valuable)

metal 2
(impurity)

K=0.001

K=0.03

pH

Fraction of Metal in Organic Phase

0.9942494312

0.9916297231

0.9878392029

0.9823557611

0.9743884373

0.9629379642

0.9465345525

0.9230526914

0.8900080883

0.84410932

0.7814498154

0.6990521585

0.5955877156

0.474486341

0.3463014414

0.2278402865

0.1348737163

0.0730655842

0.0372405642



Sheet3

		



pH

Selectivity Index (K=0.03/K=0.001)



		Ecoef		Kconc		Kcalc		delta K		CH+		pH		CRH		CM+ est		CRM		C Mtotal		Crtotal

		172.8958407359		0.03		0.0300658676		-0.0000658676		1.00E-06		6		0.0057505688		0.0057505688		0.9942494312		1		1

		118.4703599815		0.03		0.0300058367		-0.0000058367		0.00000212		5.6736641391		0.0083702769		0.0083702769		0.9916297231		1		1

		81.2314520829		0.03		0.0300216044		-0.0000216044		0.0000044944		5.3473282781		0.0121607971		0.0121607971		0.9878392029		1		1

		55.6757231371		0.03		0.0300656446		-0.0000656446		0.0000095281		5.0209924172		0.0176442389		0.0176442389		0.9823557611		1		1

		38.0448646976		0.03		0.0300056756		-0.0000056756		0.0000201996		4.6946565563		0.0256115627		0.0256115627		0.9743884373		1		1

		25.9817882225		0.03		0.0300205796		-0.0000205796		0.0000428232		4.3683206954		0.0370620358		0.0370620358		0.9629379642		1		1

		17.7036683904		0.03		0.0300611247		-0.0000611247		0.0000907852		4.0419848344		0.0534654475		0.0534654475		0.9465345525		1		1

		11.9959061366		0.03		0.0300047941		-0.0000047941		0.0001924647		3.7156489735		0.0769473086		0.0769473086		0.9230526914		1		1

		8.0915775984		0.03		0.0300164509		-0.0000164509		0.0004080251		3.3893131126		0.1099919117		0.1099919117		0.8900080883		1		1

		5.4147516721		0.03		0.030045618		-0.000045618		0.0008650132		3.0629772516		0.15589068		0.15589068		0.84410932		1		1

		3.5756081243		0.03		0.0300024933		-0.0000024933		0.001833828		2.7366413907		0.2185501846		0.2185501846		0.7814498154		1		1

		2.32283493		0.03		0.0300069314		-0.0000069314		0.0038877154		2.4103055298		0.3009478415		0.3009478415		0.6990521585		1		1

		1.4727240949		0.03		0.0300142423		-0.0000142423		0.0082419567		2.0839696689		0.4044122844		0.4044122844		0.5955877156		1		1

		0.9029001108		0.03		0.0300207743		-0.0000207743		0.0174729483		1.7576338079		0.525513659		0.525513659		0.474486341		1		1

		0.5297570828		0.03		0.0300193509		-0.0000193509		0.0370426504		1.431297947		0.6536985586		0.6536985586		0.3463014414		1		1

		0.2950688601		0.03		0.0300091817		-0.0000091817		0.0785304189		1.1049620861		0.7721597135		0.7721597135		0.2278402865		1		1

		0.1559006111		0.03		0.030001439		-0.000001439		0.166484488		0.7786262251		0.8651262837		0.8651262837		0.1348737163		1		1

		0.0788249772		0.03		0.0300140417		-0.0000140417		0.3529471146		0.4522903642		0.9269344158		0.9269344158		0.0730655842		1		1

		0.0386810691		0.03		0.0300625753		-0.0000625753		0.7482478829		0.1259545033		0.9627594358		0.9627594358		0.0372405642		1		1

		0.0185679983		0.03		0.0300010512		-0.0000010512		1.5862855118		-0.2003813576		0.9817704873		0.9817704873		0.0182295127		1		1
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In practice, multiple stages are needed to realistically 
reach most of the chemical separation that is 

thermodynamically possible



Individual element separations are most challenging 
for elements with similar atomic numbers.

Data from Peppard, D.F., Driscoll, W.J., Sironen, R.J., McCarty, S., 1957b. Nonmonotonic ordering of lanthanides in tributyl phosphate-nitric acid 
extraction system. Journal of Inorganic & Nuclear Chemistry 4, 326–333.





The most effective precipitating agent of the ones 
examined was Na2SO4. Utilizing sodium sulphate 
at a stoichiometric ratio of 2-3 times at 70 °C, the 
lanthanides can be precipitated. In this instance, 
the yttrium precipitation only reached roughly 40% 
by weight. Eight times the stoichiometric amount of 
sodium sulphate was needed to precipitate all of 
the yttrium, and 70 °C was the ideal temperature. 

Selective Precipitation



Precipitation

Initial 
precipitate 

after 
removing 

iron shows 
enriched rare 

earth 
elements.
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Electrowinning is the process of reducing metal by applying a 
negative potential to an electrode (cathode) on which the metal 
deposits by means of a power supply and a counter electrode and 
the associated reaction(s).
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Electrorefining is the process of electrolytically dissolving a metal with 
impurities and redepositing the dissolved metal in a purified form at a cathode 
surface by applying an appropriate potential between the electrodes as shown.



M = M2+ + 2e-

Potential

log|i|

∆Vanodic overpot.

∆Vapplied

Increasing the applied potential,
increases the electrorefining 
rate

log|ielectror.|

M2+ + 2e- = M

EoCu

∆Vcathodic overpot.

Electrorefining 
Potential/Current 

Diagram

Electrorefining consumes a lot less energy than electrowinning
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Through controlled conditions, 
metals can be recovered and 
purified through electrolysis.

Electrolytic Processing



• Nanoporous
material

• Use of high 
surface area 

• Use of organic 
materials

• Treated to create 
functional group

Mesoporous 
Materials Name of Mesoporous material Specific Selectivity for

Dy3+‐imprinted SBA‐15‐type 
mesoporous silica modified 

with acetyl acetone

Dy3+

0IIP-HQP/SiO2 Pr3+

EDTA and DTPA 
functionalized chitosan

Nd3+

Maleic anhydride 
functionalized OMS

Sm3+, Eu3+, and Gd3+

KIT‐6‐1,3‐PA Ce3+, Pr3+, Nd3+, and Sm3+

KIT-6-1,2-PA Lu3+

CMK‐8‐DGO Light lanthanides
Sc (III) ion-imprinted polymers Sc3+

ion‐imprinted mesoporous 
carbon with vinylsilane

Gd3+

(PAN) doped hybrid silica Tb3+



At pH 3: 50% dysprosium is separated 
and enriched into 93.4% composition

Effect of pH on (a) adsorption (%), (b) composition in the liquid phase (%). 
At 23°C room temperature and 0.00625 mol/L per REEs salt.

(a
) 

(b) 

The results show that light REEs (Nd & Pr) can be separated from heavy REEs (Dy)  using 
mesoporous materials



HAMR of Y2O3 to form Y



Background-HAMR of TiO2
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 Ti-O can absorb hydrogen and becomes Ti-O-H

 O potential of Ti-O-H is higher than that of Ti-O 

 In effect, Ti-O is destabilized by H

 Enabling Mg to extract O from Ti-O until O is very low

 Mg reduction of TiO2 is a straightforward idea and is thermodynamically 
feasible, however, Ti metal can contain up to 14%wt of oxygen 

 Ti-O with 2%O is more stable than MgO, rendering Mg incapable of producing 
low oxygen Ti. Industry requires O% in Ti to be less than 0.2%

Ref.: Y. Zhang, et al. Thermodynamic Destabilization of Ti-O Solid Solution by H2 and 
Deoxygenation of Ti Using Mg, JACS, 2016, 138: 6916-6919. 

Challenges Solution: Hydrogen

Outcomes



Production of Nd metal from oxide 

Electrolysis method

Metallothermic Reduction

Ref.: https://www.lesscommonmetals.com/

https://www.lesscommonmetals.com/


HAMR of Nd2O3

EDS element mapping of cross-section

 Nd2O3 was reduced by Mg under hydrogen at 700-800 C
 Nd dissolved in molten Mg to form Mg-Nd alloy
 During cooling, Nd absorbed hydrogen to form Nd hydride 

on the top of the molten alloy
 Eutectic reaction happened at 550C



HAMR of Nd2O3 to form Nd 

N
d

M
g

O



Pilot Equipment

Ball Mill Column Flotation Circuit

Nominal Capacity: 250 lb/hr
Nominal Capacity: 250 lb/hr



Pilot Equipment
Stirred Attrition Mill

Nominal Capacity: 100 lb/hr

HHS Process

Nominal Capacity: 200 - 400 lb/hr



Pilot Scale Ore Concentrating (Virginia Tech)
Capable of processing 200-400 lb/hr of material



Pilot Scale Processing Units 
(University of Utah)

HAMR Unit 0.1-2 kg metal /hr

Columns (0.1-2 kg metal /hr) Electrowinning/refining (0.1 kg metal /hr)
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Summary Slide

We have assembled a team of researchers and 
companies with feedstock and downstream 
processing capabilities at the pilot scale for rare earth 
element extraction, separation, and purification into 
appropriate product streams.

We have evaluated a variety of technologies and 
prepared a general concept for a flow sheet to 
produce 20 REE/CM products to meet DOE 
requirements.
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Organization Chart
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Gantt 
Chart

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
T1.0 Project Management Plan
T1.1 Project Management

T2.0
Development and Description of the technical and 
industrial partner team

T3.0
Identification of project-focused REE and CM 
market(s)

T4.0
Identification of critical materials used in 
markets/applications.

T5.0
Evaluation and selection of coal-based resource 
feedstock materials

T6.0
Assessment and Description of the extraction, 
separation and recovery processes

T6.1
Assessment of first stage extraction processes 
(including literature review)

T6.2
Assessment of advanced stage separation processes 
(including literature review)

T7.0
Description of advanced concept/process ISHP 
REO, RES, CM production

T7.1
Assessment of hydrogel /mesoporous materials-
based separation processes

T8.0
Description of advanced concept/process for 
production of REM from ISHP REO

T9.0
Technological Advances (description, performance 
capabilities, equipment etc.)

T10.0
Description of concept/process for production of 
CM 

T 11.0
Development of a Technical Research Plan and 
Process Flow Diagram (PFD)

T12.0 Final report preparation and submission

Task ID Task description
Duration (month)
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