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Rare Earth Elements:
Essential Components of Modern Technology

s o s

Electronic Applications - ; i3 od
#  LCD Monitors
«  MRI machines -
« TV Screens Green Energy Applications
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Rare Metals in a smart phone

Dy

Dysprosium

Yttrium

Terbium

Dy
G d Dysprosium

Gadalinium

Li

Lithium

http://www.outsiderclub.com/report/how-to-invest-in-rare-earth-metals-and-profit/1446
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Homeland Security &
Advanced Military Applications

Predator Drone Smart Bomb Tomahawk Cruise Missile
Neodymium, Samarium Neodymium, Samarium i
Electric Motors and Guidance Electric Motors and Guidance Ele'z:;)cd ::,T’ﬁ%"g;::‘nce

2
g
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Night Vision Goggles F-22 Fighter Jet Bullet Proof Vest
Terbium, Erbium, Gadolinium Europium, Yttrium Terbium, Erbium Yttrium
Optical Lenses Optical Systems, Visuals and Fiber Optics Hardened Ceramics

Bradley Tank Radar Detection Nuclear Submarine
Yttrium Europium, Lutetium Europium, Lutetium
Hardened Ceramics Signal Amplification Sonar Detection
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http://sun-bin.blogspot.com/2010/10/rare-earth-elements-what-do-they-look.html
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- rock-forming elements
L (major elements in green field and
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Russia and other
former Soviet Union countries
Mine Production (mt) -
Reserves (mmt) 19.0
Reserve Base (mmt)  21.0

United States
Mine Production (mt)

Reserves (mmt) ;
Rgsewe Bise (mmt) 14.0

Mine Production (mt) 130,000
Reserves (mmt) 55
Reserve Base (mmt) 9.

A
Brazil ) 4
Mine Production (mt) 550 (high)
- | Reserves (mmt) small
| Reserve Base (mmt) - 3 M Critical
L [<}]
' & 3 [C] Near-critical
i | =
| 3 B Not critical
' ©
Mine Production (2010): 133,600 mt Reserves (2010): 110 mmt fe 2
()]
India (2,700, i 3]
(/lj!lri 2.0%(2' ) China Russia (19) 17} %
(39.000) e ST B Us.(1912% | 5 1
A42% the Australa | @ | (low)
Mc}l&&'a (350) 1615% | E
2 India (2.7) 2.5 -
1(low) 2 3 4(high)
https://www.emaze.com/@AFOCCFTI/Plan-to-Reduce
Source: U.S. Geological Survey, Mineral Commodity Summaries, 2008-201 | Supply risk >

o http://V\{ww.hybridcars.com/th[eat-rare-earths-shortages-hybrids-and-evs-remains-unclear-34571/
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Commodity Prices vary, but can be significant

RARE EARTH METALS
HEF A Rare Earth Providing quality rare earth products and more

Source LIGHT RARE EARTH METALS Last Price % Week 31.Dec.2015 Units
mineralprices.com 05 Jul 2016 Lanthanum metal = 99% -3.0 7.00 -30.0% -30.0% 10.00 USS/kg
mineralprices.com 05 Jul 2016 Lanthanum Oxide = 99.5% -2.8 2.00 -58.3% -58.3% 4.80 USS/kg
mineralprices.com 05 Jul 2016 Cerium metal = 99% -3.0 7.00 -30.0% -30.0% 10.00 USS/kg
mineralprices.com 05 Jul 2016 Cerium Oxide = 99.5% -2.4 2.00 -54.5% -54.5% 4.40 USS/kg
mineralprices.com 05 Jul 2016 Praseodymium metal = 99% -90.0 85.00 -51.4% -51.4% 175.00 USS/kg
mineralprices.com 05 Jul 2016 Praseodymium Oxide = 99.5% -53.0 52.00 -50.5% -50.5% 105.00 USS/kg
mineralprices.com 05 Jul 2016 Neodymium metal = 99.5% -27.0 60.00 -31.0% -31.0% 87.00 USS/kg
mineralprices.com 05 Jul 2016 Neodymium Oxide = 99.5% -17.0 42.00 -28.8% -28.8% 59.00 USS/kg
mineralprices.com 05 Jul 2016 Samarium metal = 99.9% -13.0 7.00 -65.0% -65.0% 20.00 USS/kg

Source Time HEAVY RARE EARTH METALS Last Price % Week % Year 31.Dec.2015 Units
mineralprices.com 05 Jul 2016 Europium Oxide = 99.99% -530.0 150.00 -77.9% -77.9% 680.00 USsskg
mineralprices.com 05 Jul 2016 Gadolinium metal 99.9% -40.0 55.00 -42.1% -42.1% 95.00 USsskg
mineralprices.com 05 Jul 2016 Gadolinium Oxide = 99.5% -7.0 32.00 -17.9% -17.9% 39.00 USsskg
mineralprices.com 05 Jul 2016 Terbium metal = 99.9% -260.0 550.00 -32.1% -32.1% 810.00 USsskg
mineralprices.com 05 Jul 2016 Terbium Oxide = 99.5% -200.0 400.00 -33.3% -33.3% 600.00 USsskg
mineralprices.com 05 Jul 2016 Dysprosium metal = 99% -120.0 350.00 -25.5% -25.5% 470.00 USsskg
mineralprices.com 05 Jul 2016 Dysprosium Oxide = 99.5% -110.0 230.00 -32.4% -32.4% 340.00 USsskg
mineralprices.com 05 Jul 2016 Erbium metal = 99.9% -70.0 95.00 -42.4% -42.4% 165.00 USsskg
mineralprices.com 05 Jul 2016 Erbium Oxide = 99.5% -43.0 34.00 -565.8% -55.8% 77.00 USsskg
mineralprices.com 05 Jul 2016 Yitrium metal = 99.9% -42.0 35.00 -54.5% -54.5% 77.00 USsskg
mineralprices.com 05 Jul 2016 Yttrium Oxide = 99.99% -9.0 6.00 -60.0% -60.0% 15.00 USs$ikg
mineralprices.com 05 Jul 2016 Scandium metal 99.9% -3000.0 15,000.00 -16.7% -16.7% 18.000.00 USs$ikg
mineralprices.com 05 Jul 2016 Scandium Oxide = 99.95% -3000.0 4,200.00 -41.7% -41.7% 7.200.00 USs$ikg
mineralprices.com 05 Jul 2016 Mischmetal = 99% -2.0 6.00 -25.0% -25.0% 8.00 USs$ikg

http://www.baotou-rareearth.com/
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Resources distributed between two main types of
deposits: Primary Ores and Lateritic Soils/Paleosols

B Primary REE deposits
A Lateritic REE deposits

http://repository.azgs.az.gov/sites/default/files/dlio/files/nid1570/ree_cocker_chp4.pdf
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https://www.netl.doe.gov/research/coal/rare-earth-elements

U.S. Department of Energy analyzed hundreds of coal and coal by-product samples and
found highest rare-earth assays in the northern Appalachian region
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TECHNOLOGY HOME RESEARCH NEWSROOM BUSINESS
LABORATORY

RARE EARTH ELEMENTS

A  Research Coal

REE Home

Overview

Key Focus Areas

Project Information Y
News Center

Publications

REE-EDX

Key Contacts

FAQ

RARE EARTH ELEMENT

FROM COAL AND COAL BY-PRODUCTS

RARE EARTH ELEMENTS FROM COAL AND COAL BY-PRODUCTS

Comprising 17 elements from the periodic table, the p ~
group known as rare earth elements (REEs) provide a
significant value to our national security, energy

L
Q.. X *
independence, environmental future, and economic L4
growth. REEs are important elements used in high- E E
technology products such as catalysts, cell phones, hard ﬂ .

drives, hybrid engines, lasers, magnets, medical RARE EARTH ELEMENTS

devices, televisions, and other applications. The RopucCr
development of an economically competitive domestic supply of REEs will help to maintain our nation’s
economic growth and national security.

https://www.netl.doe.gov/research/coal/rare-earth-elements
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m West Virginia Geological & Economic Survey

Stratigraphic Nomenclature
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WVGES Coal Program Interactive Mapping Application:
Decades of Coal Research and Field Study

Eagle Coal Coal Bed Mapping Project

Coverage Explanations
8 Kanawha Group |l Map Help & Tips

Zoom in and click on coal mining, boundaries, structural contours to get further information.
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Challenge 1: Identity Prime Feedstocks
Fgwo?

REEs During Fractional Crystallization

Magma is REE-enriched.
Lower REE CONCENITAtON  ses—-- ngher REE concentration

Rare-earth element sorting by estion ; they literally won't fit
in the crystal lattice of the forming minerais.

==

.

Laternite Environment
(Jiangx Province, South China)

Hydrothermal Mineralization:
Iron, Niobium, Fluorite, REE
(Bayan Obo, Inner Mongolia)

{
MULTIPLE MODESEOF ENRICHMENT

Bryanetal.,, 2015
o~ Supergene Enrichment

West Virginia Governor's Energy Summit
October 6, 2016
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Multiple Enrichment
Modes:
several possibilities for
concentration within
coal measures

PARTINGS/
LAMINATES

UNDER CLAY/ =
Bryan et al., 2015 SEATEARTH ™

| i z West Virginia G 'sE S it
| uceEe est Virginia Governor's Energy Summi =
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Enrichment in Roof Rock and Underclay:
Lower Kittanning, Clarion Co. PA

b
=
-
2
= 1 {= REE Content not Reported
g Iq— 5.3% Ash

g 11-5 T

=

= - REE Content not Reported
E 2

= -

=

Underclay
2.2

0 100 200 300 400 500 600 700
Reported REE PPM

- < 20wit% Ash =20wt% Ash

Figure 18: Stratigraphic Distribution of REE Content, huwer Kittanning Bed, Clarion
County, Pennsylvania, Data from Schatzel and Stewart ™. Bryan et al., 2015

West Virginia Governor's Energy Summit
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Enrichment in High-Ash Coals:
Fire Clay Coal Bed, Letcher Co., KY

0

2.28% Ash

= 1 3.54% Ash
2 +— 4.89% Ash
= 1.5 '
= 5.88% Ash
E 2 17.1% Ash
(1] y
a5 «— 9.97% Ash 83.63% Ash
]
= 3
2
3.5 <—92.71% Ash

+— 19.38% Ash

0 100 200 300 400 500
REE PPM

- < 20wt% Ash I >20wt% Ash

Figure 135: Stratigraphic Distribution of REE Content, Fire Clay Coal Bed, Letcher
County, Kentucky, Data from Hower et al.% Bryan et al., 2015
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Late Carboniferous 306 Ma

Anciant Landmass ’
Modern Landmass (2

Subduction Zore {trianges point in the

O wwmio_n}_,i\[‘_ http://geomaps.wr.usgs.gov/parks/pltec/sc306ma.html
Saa Flcor Spreading Ridge {}
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WVGES is conducting detailed sampling and research in conjunction
with TetraTech in support of NETL award

KAOLINITIC SEAT EARTHS/UNDERCLAY
UPPER FREEPORT

LARGE REMAINING RESOURCE & CURRENT MINING LOWER & MIDDLE KITTANNING

FIRE CREEK
BENS CREEK

MIDDLE WAR EAGLE

KNOWN TONSTEINS (VOLCANIC ASHES)
FIRE CLAY

GEOLOGY UNDERLIES IT ALL
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Challenge 2: Extract REEs from
Host Material

HV | det [mag @] WD | HFW [spot]
20.00 kV|IBSED |10 000 x|11.2 mm |[25.6 ym| 4.0

West Virginia Governor's Energy Summit

October 6, 2016

22



Underground e sirfica Surface Mining Methods
Mining Methods P

Rock spoil ~. Mountaintop mine

nnnnn —

L.--..-.F_-

https://www.uky.edu/KGS/coal/images/Coal_mining_methods_med.jpg

ll\ z’::c West Virginia Governor's Energy Summit 53
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Large volumes of material must be processed to

obtain REEs from host rock

L
Gravity
Air
Upgrading by methods

.~ RELATIVE COST
' ¥
' &
# SINTERING

<
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'DRYING

# | DEWATERING BY
¢ | TUBE

oA | Y a® PRESSES
_HA . W . DEWATERING BY
' \ : PRESSURE FILTERS
» LY | »
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Satie o #DEWATERING BY SCREENS -
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-
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D mm 10mm 1 mm 100 micron 10 micron 1 micron
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300 -

250

200

Calculated PPM REE

th
=

Bryan et al., 2015

150 -

100 -

1.29Sink 1.33Sink 1.40Sink 1.60 Sink
1.29 Float 1.33Float 1.40Float 1.60 Float

http://www.motioncontrolonline.org/content-detail.cfm/Motion-Control-Technical-
Features/Market-Update-Rare-Earth-Magnet-Prices-and-Motion-Control/content_id/322
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Post-combustion (fly) ash: Appalachian coals have highest
REEs; more difficult to extract due to glassy encapsulation
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http://pubs.acs.org/doi/pdf/10.1021/acs.est.6b00085
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Goal: Water-Soluble Rare-Earth
Concentrate

AN/ Ee West Virginia Governor's Energy Summit
- October 6, 2016
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Challenge 3: Separate the
Individual Rare Earth Elements

L LUAY o 3 West Virginia Governor's Energy Summit
\ October 6, 2016



Traditional Separation Methods:
Multiple Steps, Multiple Solvents

oo
- Wasie Syeam

Vahable RE
Stream
B erocessng s

http://www.slideshare.net/CallumBrowning/Ica-of-re-production-from-mz
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It’s not easy being green...

AN/ Ee West Virginia Governor's Energy Summit
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...but technologies are advancing

White Paper on Separatf  of Rare EarthiElements; Fepruany 202016

Molecular

Recognition

Technology:

{EMISTRY PROCESS FOR SEPARATION
RE EARTH METALS

http://ucore.com/documents/WhitePaper_REE_Separations.pdf
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REEs During Fractional Crystallization

Magma is REE-enriched.
& Higher REE concentration

Lower REE concentration

Rare-earth efement sorting by “exclusion™; they literalty won't fit
in the crystal lattice of the forming minerats.

LIGANDS

——SuperLig ®
Ligands attached to solid particles

Solid Particle

- Ligands are customized molecules that attract
specific elements
- SuperlLig® particles use specialized ligands

GEOLOGY UNDERLIES IT ALL Advanced Technologies

- Ligands are covalently attached to SuperLig®
particles

- SuperLig® particles fill the column to selectively
extract REE

30



MRT Columns
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Treated PLS




SUMMARY

* Coal measures in WV demonstrate significant
resource potential with regard to rare earth elements

* REEs can occur in multiple rock types, and
identification of optimal feedstock material is key

* Large volumes of material must be processed at the
preparation-plant level; each feedstock stream will
require customized processing

* Opportunities exist for recycling of waste products




SUMMARY

* West Virginia possesses the experience, knowledge,
and trained workforce to develop and enhance
these emerging technologies

* Cooperation and collaboration is essential to
overcoming operational challenges

West Virginia Governor's Energy Summit
October 6, 2016
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