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A Various alternative sources of critical
metals are being explored:
A Lithium -rich brines
A Acid mine drainage
A Mine tailings
A Industrial waste
A Electronic waste, etc.

~70 to 140 ppm REE
DOI: 10.1016/j.c0al.2016.04.005

A Critical metals content  may vary I I 1

significantly from source to source Acid Mine Drainage Coal Rock Refuse Coal Fly Ash
(~450 ppm REE)

(0.07-7 ppm)

(~25

A Transporting samples from the field to
lab for characterization increases cost
and delays feedback

A Rapid, sensitive, and portable
characterization saves time and
transportation/processing costs

b Lo o :“» S ) \‘ X A .
~ = 3
DOI: 10.1016/}.c0al.2006.01.009 DOI: 10.1016/j.c0al.2011.05.006 DOI: 10.1007/s11356-015-4111-9

*REE: Rare Earth Element
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Sensors for Process Monitoring
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DOI: 10.1021/acs.energyfuels.9b00295
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Cost

Inductively-Coupled ~$180k Part-per-trillion

Plasma MassSpectrometry

X-Ray Fluorescence ~$1317k 10s of parper-million Yes
Spectroscopy

LaserInduced Breakdown ~$30-50k 10s of parper-million Yes
Spectroscopy

Luminescence ~$1835k 10s of parper-billion  Yes
Spectroscopy

Luminescent sensors can provide significantly higher sensitivity than por
XRF or LIBs techniques at a comparable cost, while providing significant

and time savings over [OFS



https://www.geology.pitt.edu/facility/elemental-analysis-instrumentation
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Raymond Lab, Cal Berkle 1 .I't I‘h, - DOI: 10.1021/acs.inorgchem.7b02861
w 3 .

smi, Eul,

L

DOI: 10.1016/j.crci.2010.05.007
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http://www.cchem.berkeley.edu/knrgrp/ln.html
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Sensitizer

DEPARTMENT OF

% u.s.
.2/ ENERGY




For Further Readinge N=|Nanona:

TL TECHNOLOGY
LABORATORY

J | of " o OVAL SOCIETY Luminescent Sensors for Rare Earth Elements
ourna' o 1 o OF CHEMISTRY Widely . Limited
Materials Chemistry C e Increasing Maturity Exploration

S 1 7
o0 $
W) Check for updates Materials for the photoluminescent sensing of Organic ~  Metal-Organic  Metal
rare earth elements: challenges and Molecules Frameworks Biomolecules  Complexes Nanoparticles Polymers
Citethis: DOI; 10.1039/d0tc01939%a OpportunitiES‘}' )
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Scott E. Crawford, "=/ * Paul R. Ohodnicki Jr'® and John P. Baltrus L~ —
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Comprehensive analysis (as of 2020aferials, techniques, and outlodér luminescencérased sensors of REEs




Opportunity for Material Science Solution
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Organic Compounds ‘ Biomolecules Metal Complexes Nanoparticles
Sensitive? Vv Vv Vv Vv ? ?
selective? X V X ? ?
Water Compatible? x v V X x x
Easy to Synthesize? x V x X V x
rormbiesensors?  V vV ? ? v v
For additi onal det ai | s, see our recent revi ew
El ements: Challenges and Opportunitipgso




Opportunity for Material Science Solution N=|NAToNAL

T L TECHNOLOGY
LABORATORY

Widely Increasing Maturity Limited
Explored Exploration
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sensitive? 1/ v v v ? ?
selective? '/ X v X ? ?
Water Compatible? ) v vV X
EasytoSynthesize? X vV X X
v v ? ?

MOFs

Incorporated into
Portable Sensors?

< < X
= X X

Crawford*, Ohodnicki , Baltrus, Journal of Materials Chemistry C 2020, 8, 7975
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MOFs: A Flexible Sensing Material for REEs

Metal-Organic Framework REE Sensors

Zinc-Adeninate MOFs
REE Encapsulated by lon Exchange

4

IL MOFs

| REE Chelated by Linker
UiO MOFs —

v" Highly Tunable
v' Easy Synthesis

X Long term instability

v Facile Sensor Integration

v Dispersible in Water & Organics
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Ligand-to-Metal
Charge Transfer
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Emissive Metal Center
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Metal-to-Metal
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Metal-to-Ligand
Charge Transfer

Ellis, Crawford, and Kim, Mater. Adv. 2020, 2, 6169-6196

Increasing Eu(lll)

DOI: 10.1021/acs.cgd.7b00219
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Crawford*, Gan, Lemaire, Millstone, Baltrus, and Ohodi{¢gi Sens@8194, 1986




Sub-ppm Limits of Detection for Six REES!
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Sub-ppm Limits of Detection for Six REES! N‘ NATIONAL
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REE

170 550 572 18

180 600 597 24

18 60 61/ 36

280 850 980 24

d 360 1200 1056 24

Subppm limits of detection (LODs) measured for all REEs analyzed, withnoar ppblevel limits of
guantification (LOQs). The best results are obtainédifomd Th.

Crawford*, Gan, Lemaire, Millstone, Baltrus, and Ohodh€gi Sens@8194, 1986




Selectivity Is a Significant Challenge

Location olg

Total REE

Fe (ppm)

Al (ppm)

Ca (ppm)
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Mg (ppm)

(Ppm)

Sitai Mine, China 3.61 .0612 4,73 8.83 249 1.03
Clarion, PA 4.4 1.134 385 9.1 149 236
Pittsburgh, PA 6.3 0.00029 22 0.1 66 20.1
Germany 4.8 0.073 0.01 4.01 405 193
Germany 3.8 4.7 404 88.2 57.8 1,139
Romania 3.0 1.58 1500 237 402 88.3
Romania 3.0 0.38 538 74.8 386 141
Sweden 3.2 0.035 6.3 1.10 396 57.4

Competing metal ions have concentrations that can be thousands of times higteRE&hcontent, in

addition to highly acidic matrices
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Emission in Acid Mine Drainage Matrix: 3.3 pH, [Cal = 59 ppm, [Mn] = 29 ppm, [Al]l = 10 ppm

Crawford, S.,* Ellis, J., Ohodnicki, P., BaltrusC 3, Applied Materials & Inter28244.3 6 7268
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Development of Low -Cost Systems

Sample LOD (ppb) LOQ (ppb) Source power (Watt)
Our Sensor Fluorolog 3 Our Sensor  Fluorolog 3  Our Sensor Fluorolog 3
Tb 2153 8§x1 71+ 10 T4 0.024 450
Eu 43 £2 70+ 10 143+ 8 220 + 40 0.024 450
Dy 324+26 17010 1081 + 88 550 + 30 0.04 450
Sm S75+42 600+90 1917141 2000+ 300 0.04 450
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’ 3 _/ : A=

3
£
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>
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Wu, Z., Crawford, S., Buric, M., Splain, Z., Chen, K; |EEE Sens. J2023, 23(11), 11574-11581
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A Collaboration with
University of Pittsburgh

A Sensitivity on par or better
than a commercial system
tested under identical

conditions

A Similar performance at a
fraction of the cost (~$2,000
vs. $100,000)




Integration onto Portable Fiber Optic Platform

ARapid detection (minute timescale)
ADetection limits in the tens of ppb range for Th, Eu
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AReusable tip/Inexpensive tip replacement ($0.06/MOFcoated tip)
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Integration onto Portable Fiber Optic Platform N=|NAnoNAL
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A Assembled from offhe-shelf,
commercially available components

A Total cost is ~$20Kk, the bulk of which
comes from theQEPraspectrometer

A Advantages over commercial systems
include lower cost, portability, and low

power consumption
Lenses,

FilteLA Bifurcated
Fiber 'OAptlc'

2EPro
. trometer

s -
s‘[ . -
—

Crawford, S., Burgess, W., Kim, K. -J., Baltrus, J., Diemler, N.; RSC Appl. Int. 2024, 1, 689
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Integration onto Portable Fiber Optic Platform N=|NAnoNAL
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1. Emissive Anionic BTC-1 4. Sensitized REE-Centered Emission

4k

Zinc
Adenine
1,3,5-Benzenetricarboxylate

REE@MOF Emission

YD Excitation

400 450 500 550 600 650 700 750 Q. Uptake of REE Cations 400 450 500 550 600 650 700
Wavelength (nm) 3. Energy Transfer from Wavelength (nm)
MOF to REEs

Crawford, S., Burgess, W., Kim, K. -J., Baltrus, J., Diemler, N.; RSC Appl. Int. 2024, 1, 689
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Solvent Removal Enhances Signal
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Crawford, S., Burgess, W., Kim, K. -J., Baltrus, J., Diemler, N.; RSC Appl. Int. 2024, 1, 689
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Can reduce the detection limitdayfactor of 2

Table 1 Limits of detection and quantification for visible-emitting REEs
in water and after drying using immobilized BTC-1 MOF as a sensitizer

REE Solution Dry

Th LOD (ppb) 140 + 20 60 + 10
LOQ (ppb) 450 + 80 210 + 40

Dy LOD (ppb) 600 + 80 440 + 20
LOQ (ppb) 2000 + 200 1460 + 60

Sm LOD (ppb) 780 + 80 620 + 80
LOQ (ppb) 2600 + 300 2100 + 300

Eu LOD (ppb) 110 + 20 90 + 10
LOQ (ppb) 380 + 60 290 + 30




Sensitive, Reversible Sensing Response
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Qualitative regeneration
of signal across
multiple cycles using
dilute acid




Performance in Simulated Process Stream N
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100:1 each of: K,
Al, Fe, Ca, Na,
Mg, Zn, Sr:REE

Ability to detect trace (low ppm)
concentrations of REEs even in
complex environments such as
acid mine drainage, simulated
leachate streams, and in the
presence of high concentrations
of interfering metal ions is an
encouraging step towards a
commercially viable technology
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Global Cobalt Supply by Country Supply vs. Demand
New Caledonia et ;::m:ies
3% Morocco

Brazil

Canada
6%

DOI: 10.1080/00986445.2018.1442332 DOI: 10.3133/pp1802F ExaneBNP Parisbas
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Synthesis of Cobalt -Responsive Carbon Dots N=|NaToNAL
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Phosporic Acid +Ethylenediamine Localized Heating Centifgation,

Sucrose filtration, and dilution
Urea UV Light







Selective Quenching Response to Cobalt
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Crawford, S.E., Kim, K,J., and Baltrus,d,R/ater. Chem. ¢202210, 1650616516
7% U.S. DEPARTMENT OF

28/ ENERGY
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The portable sensor is capable ofarh detection limits in water and low ppm detection limits in acid. T
response to cobalt addition is nearly instantaneous

Crawford, S.E., Kim, K,J., and Baltrus, d,®later. Chem. 202210 1650616516
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Cobalt Detection on a Portable Sensor N=|NATioNAL
TL TECHNOLOGY
1.2 LABORATORY

No Co
With Co

1.0
0.8
’:';-“ The portablesensorns selective for cobalt
. 06 against 13 different metals commonly
Z encounteredin coal and coal utilization
~c 0.4 byproducts
0.2
0.0

A" Fe" Cud" Mg Cd" zn"Na© K™ Mrf" Fé" Ni" Nd*"'Cé"Mix Co*

Metal lon

;- % U.S. DEPARTMENT OF
Ve

'.{__'. ,; EN ERGY




Cobalt Test Strips: Sensitivity N=|raTonaL

TL TECHNOLOGY
LABORATORY

A mM S mM 1TmM 5mM 10 mM 20 mM 50 mM 100 mM
Co Co Co

Co Co Co Co Co
3 \. \. C Lot S % ‘FZ

Ambient
Light

uv
Light

&5 %, U.S. DEPARTMENT OF

¢/ ENERGY

s O )
e —




Cobalt Test Strips: Selectivity

NATIONAL

TECHNOLOGY
LABORATORY




Challenges and Implications of Fe(lll) for REEs —|NaTioNAL

T1 [rEcHNOLOGY

Chemasphere
Chemosphere
Volume 277, August 2021, 130131 -

The role of iron in the rare earth elements and
uranium scavenging by Fe—Al-precipitates in

1T MP Materials Mountain Pass Mine, 67750 Bailey Rd, Mountain Pass, CA 92366, USA acid mine drainage

2 Department of Mining Engineering, University of Kentucky, Lexington, KY 40506, USA

Removal of Iron from Pyrite-Rich Coal Refuse by Calcination and
Magnetic Separation for Hydrometallurgical Extraction of Rare Earth ELSEVIER

Elements
by ) Tushar Gupta ' @, ) Ahmad Nawab 2 @ and ) Rick Honaker2* 2 ©

Mateus Lanna Borges de Moraes * ° L =, Ana Claudia Queiroz Ladeira *

* Author to whom comrespondence should be addressed.

Show more ~

Minerals 2023, 13(3), 327; https:idoi.org/0.3390/min13030327 + Addto Mendeley o2 Share =3 Cite

https:/{dol.org/10.1016/j.chemosphere.2021.130131 A Get rights and content A

Optimization of Iron Removal in the Recovery of Rare-Earth Elements from Coal Fly Ash Using a Recyclable
lonic Liquid
Laura Stoy, Yamini Kulkarni, and Ching-Hua Huang*

& Cite this: Environ. Scii Technol. 2022, 56, 8, 5150~ Article Views Altmetric Citations Share Addto Export
=160

Publication Date: April 5, 2022 ~ ‘I 1 5 O - 2 @ @
hitps:/fdoi.org/10.1021/acs.est. 1c08552 LEARN ABOUT THESE METRICS

Copyright © 2022 American Chemical Society
RIGHTS & PERMISSIONS + Subscribed

U.S. DEPARTMENT OF

ENERGY




