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Project Objectives

[ Develop, design and demonstrate a pilot-scale processing
system for the efficient, low-cost and environmentally
benign recovery of high-value rare earth elements (REES)
from coal and coal byproducts.

e Integrate both physical and chemical separation processes;

e Pilot-scale circuit will have a dry solids feed rate of ¥4-ton/hr
(0.23 tonne/hr) and will be capable of producing 5 - 7 pounds
(2.3 — 3.2 kg) per hour of combined concentrates with purity
levels of at least 2% total REEs by weight;

e Technical and economic feasibility of the proposed system wiill
be fully evaluated with respect to separation performance,
throughput capacity, capital/operating costs, and
environmental acceptability.
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Feed Stocks Evaluated

JCoal Sources
e Fire Clay
e West Kentucky No. 13
e Lower Kittanning

JProcess Streams
e Thickener Underflow
e Middlings
e Coarse Reject
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IN-Situ Value of REE In Coal
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REE Forms in Coal

 Mineral association
e monazite (Ce,La,Pr,Nd,Th,Y)PO,
e Xenotime YPO,
e bastnaesite (Ce, La)CO5F
e Other

 Clay adsorbed REES

 Aluminum octahedron association in clays

1 Organic affinity




Element Mapping Energy Dispersive Spectroscopy

Fire Clay Thickener Underflow
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1 RE mineral particles have a top size of around
10 microns and a bottom size of around 150
nm.




Organic Association
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REE Clay Adsorption
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REE Distribution in Coal

TREE Content (ppm, whole mass)
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O Similar trend was observed at 20 coal processing plant located
across the nation (R. Honaker, 2014)




Fire Clay Seam REE Distribution

v . REE m, ash-basis REE m, whole-basis HREE

ID Description Lithology —rppy mpLIfEE HR)EE TREE(N]L;{EE HRE}E /LREE
Bl Roof Shale Roof Shale 54523 49092 7004 47669 42921 6124  0.14
B2 Carb. Shale  Carb.Shale 647.06 57192 9324 32619 28831 47.00  0.16
BI3 Flint Clay Flint Clay 14495 12994 2128 11774 10555 1729  0.16
B16 T Tael Bone Coal 59091 50648 100.82 29859 25592 5094  0.20
Total Rock  431.5  383.5 609 3198 2843 451  0.16
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Sample Characterization Findings

!,  Although the heavy REEs are concentrated in
= Q the low density fractions, crushing and grinding

the material to liberate the mineral matter from
the fraction is uneconomical.
‘/  Ultrafine waste processing stream
e Least amount of energy required for liberation
puUrposes.
d The 1.60 x 2.00 SG fraction
e Typically rejected to meet coal quality specs

e Approximately 5% to 10% of total plant feed.

e Crushing and grinding liberates both coal and RE
minerals.

e Heavy REE concentrations are significant.




REE Recovery Flowsheet
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REM Concentration by Flotation
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REM Concentration by Flotation
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Hydrophobic Hydrophilic Separation (HHS)

- Step | Step | Step I
e Hydrophobic particles are Coal in Recycle
transferred to a b Evaporate
hydrophobic liquid ‘
= Spontaneous process O = @
1 Step 11
e Hydrophobic particles are ' l

separated from

hydrophobic liquid
= Solid/liquid separation o o

= Vaporization/condensation

Coal in Dry Coal
e Spent hydrophobic liquid is Water
recycled

H< —— = DR R AG,> 0

MINERALS REFINING COBIPANY




HHS REE Concentration

Feed

REE = 346 ppm

HHS Rougher

|

HHS Cleaner_I

Rougher Talls

Cleaner Conc
REE = 9,539 ppm

REE = 229 ppm
Cleaner Talls
REE = 542 ppm
Ash REE Assays (ppm) Mass Yield |REE Recovery
Process Stream o o o

(%) Ash Basis |[Whole Mass (%) (%)
Cleaner Concentrate 48.7 9539 4644 1.8 26.9
Cleaner Tails 90.0 542 487 8.3 13.0
Rougher Tails 91.4 229 210 89.8 60.1
Feed 90.5 346 313 100.0 100.0




Recent HHS REE Concentration

Weight Ash TREE Content
Process Sample (%) (%) (ppm, ash

basis)

Rghr/Clnr Conc 0.7 15.1 17,428

Rghr/Clnr Conc Tail 1.3 75.4 5,155
Rghr/Clnr Talil 11.8 91.0 581

Scvgr/Clnr Conc 0.3 51.4 11,478
Scvgrl/Clnr Conc Tail 3.7 89.6 548
Scvgrl/Clnr Tail 3.9 92.5 251
Scvgr 2/Clnr Conc 2.5 91.9 572
Scvgr2 /Clnr Conc Tail 2.5 90.3 235
Scvgr2 /Clnr Tail 3.7 92.6 197
Rghr/Scvgrl/Scvgr2 Tail 69.5 93.1 156
Feed 100.0 91.7 331
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lon-Exchange Experiments

.Y eV

Total Reflux Condenser

Q (NH,),SO, = 0.1 mol/L

Temperature Monitoring

O Solution pH of 5 adjusted using HNO,

O Solid : Liquid =1 : 20 (w:v)
Q Temperature: 75 °C

KENTUCKY"




lon Exchange
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1 West Kentucky 13 seam showed the best potential;
d However, REE recovery was low;
 The response using Fireclay coal sources was the lowest.




lon-Exchange Using Novel Lixiviant

d Thickener U/F @ 50°C

c Feed Solid Residue REE
e e . onc.
Lixiviant Ash REE Wt. Ash REE Wt. Recovery
(moles/I) 0
(%wt) | (ppm) | (&) | (%wt) | (ppm) | (g) (%)
(NH,),SO, 0.5 92.03 | 234.58 30.0 90.85 232.05 29.2 3.7
A 0.5 92.03 | 234.58 30.0 90.01 198.79 28.1 20.6
B 0.5 92.03 | 234.58 30.0 89.51 227.96 29.2 5.4
O Artificial lon-Exchange Clay at 25°C
Feed Solid Residue REE
. Conc.
Lixiviant REE Wt. REE Wt. Recovery
(moles/I) 0
(ppm) (2) (ppm) (2) (%)
(NH,),S0, 0.5 18125 | 150 | 7268 | 14.9 60.1
A 0.5 1812.5 15.0 932.9 14.9 48.7
B 0.5 1812.5 15.0 1235.9 14.8 329
C 0.05 1812.5 15.0 643.3 14.4 65.9
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Acid Leaching System

Total Reflux =
L<a\ Condenser

pH
Measuring

/Sampling ” > * Monitoring

N

Temperature

W ater Bath & Stirring System

Objective:

To determine ion-
exchangeable REE in coal
refuse.

Conditions:

Leaching Solution: 1% Nitric
Acid (pH =1.0)

Temperature: 80 °C

Solid Concentration: 1%~5%
Analytical Method: ICP-OES

Variable:
Leaching Time




Leaching Kinetics
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Differential REE Leaching
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Leaching Selectivity
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West Kentucky #13 Core

Total REEs on whole basis (ppm)

L
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Kentucky #13 Core

Leaching Recoveries %

0.60 ft Roof Description
0.85 ft Total LREE + Sc  HREE +Y
0.24 ft [ ClBYStonE Roof 26.96 21.22 48.76
Coal @ 89.77 83.76
1.88 ft
— Claystone 53.10 34.12 88.39
0.90 ft Partings
Coal 87.76 89.77 83.76
5 91 ft Claystone Partings 9.61 6.67 22.42
Coal 75.68 67.73 94 .82
1.10 ft : .
Etsain;Caal Fusain 46.56 38.99 69.73
Coal 72.91 68.21 88.89
1.43 ft
Direct Floor 60.53 48.40 83.02

0.25 ft
WZERil | Seat Rock Seat Rock 20.01 16.77 31.38
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REE Recovery from Leachate
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Recent REE Concentration Results
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Solvent Extraction Products

Rare earth content (ppm, dried mass basis)

Dotiki Fireclay Leer
Rare Earth Element  Dotiki TUF Middling Fireclay TUF Middling Leer TUF Middling

Scandium 0 0 0 0 92 84
Yttrium 22579 34438 12126 22050 2446 177
Lanthanum 128 757 4146 28 6 85
Cerium 1694 7586 28615 527 2057 285
Praseodymium 465 1142 5200 150 188 150
Neodymium 3441 6021 20615 545 645 181
Samarium 3277 4610 8466 375 487 53
Europium 1083 1380 777 98 141 15
Gadolinium 8280 9152 6909 950 842 95
Terbium 1413 1519 851 360 135 10
Dysprosium 11295 11883 6312 4475 1107 75
Holmium 1268 1388 689 727 139 9
Erbium 2306 3149 1145 2392 295 17
Thulium 269 603 128 442 65 5
Ytterbium 329 1558 102 1228 149 9
Lutetium 23 171 35 123 22 2
Total 57852 85357 96117 34470 8816 1250
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!  Coal waste materials at three mining operations

- ~7 located in different coal basins were found to
Q contain rare earth elements having significant

contained REE values.

‘/  Physical concentration of RE minerals from a

thickener underflow was achieved using the
HHS process. The TREE content increased from
0.033% ppm to 1.74%.

1 Selective leaching of the TREEs in middling
sources was successful with REE recovery
values up to around 85%.

 Solvent extraction produced RE oxide products
from each coal waste source. TREE
concentrations up to 10% was achieved from
around 300 ppm feedstocks.




