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What are Critical Minerals (CMs)?

® Under U.S. Presidential Executive, and Interior Secretarial Orders, the USGS
Director was asked to produce a list of mineral substances critical to the U.S.
economy or national security, that are vulnerable to disruption in supply.

® These 50 “critical minerals” include elements, minerals, and rare earth
elements (REEs):
Aluminum, antimony, arsenic, barite, beryllium, bismuth, cerium, cesium,
chromium, cobalt, dysprosium, erbium, europium, fluorspar, gadolinium, gallium,
germanium, graphite, hafnium, holmium, indium, iridium, lanthanum, lithium,
lutetium, magnesium, manganese, neodymium, nickel, niobium, palladium,
platinum, praseodymium, rhodium, rubidium, ruthenium, samarium, scandium,
tantalum, tellurium, terbium, thulium, tin, titanium, tungsten, vanadium, ytterbium,

yttrium, zinc, and zirconium.
Source: USGS, 2022



What are Rare Earth
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REE Applications and Sources

® REEs are needed in aerospace,
defense, energy, electronics, World REE Production
transportation, medical uses, and
many other modern applications.

W China
M Australia

® China dominates current world REE =

production.

Burma
M Russia

® New sources of domestic REE ® India

production are needed for current
and projected uses.

W Other

> Source: J. Gambogi, 2019,
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REEs in Coal and Coal Fly Ash

* Coal, especially coal ash, has long been
considered a potential source of REEs and
other valuable elements (Goldschmidt, 1935)

* REEs are strongly retained in solids remainin
after coal is burned (fly ash, bottom ash).

e REEs are next most abundant in waste coal.

* USGS role: understand how REEs occur, to
help engineers develop extraction methods.
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Rare Earth Elements in Coal and Coal Fly Ash

Introduction

The rara earth elements (REE:) are

2 group of 17 alaments sharing similar

chemical properties. They inchude ytfrivm

(¥, atomsic mumber 39), scandim (S¢,

atomic mumber 21), and the 15 elements
fhamid

1a 2017, coal use accounted for
about 30 percent of the electric power
generated in the United States (U.S.
Energy Information Administration,
2018). Fly ash, produced during the bum-
ing of eoal, is 2 fine-grained solid derived
from f coal,

of the .
bers 57 (lanthanum, La) to 71 (lutetium,
Lu). Because promethium (P, atomic
‘mumber 61} does not oceur in the Earth's
crust and scandium typically has diffsrent
geological oceumences from other REEs,
they are not discuszed frther herein
REE: are, on average, more abun-

dant than precious metals (for example,
gold, silver, 2nd platizum), but because
of their unique geochemical properties,
they do net commonly form economi-
cally viable ore deposits (Van Gosen.

and others, 2014). Nevertheless, REEs
ars increasingly required for  range

of modem applications in defense and
renewable energy techmologies and in
commercial produicts, primarily 25 mag-
nats, batteries, and catalysts. The United
States currently (2018) produces REEs
fiom a single mine in Califormiz, account-
ing fox just O percent of global produc-
tion, whereas 70 percent of global REE
prodnction comes from China (Gambogi,
2019; fig. 1). For thase razsons, REEs

are considered a critieal resowrce, and.
the U.S. Geological Survey (USGS) bas
an interest in helping o identify zew
sources of REE: for domestic production
(Hammarstrom and Dicken, 2019)
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such as clay minerals and quariz. When
coal is bumed, REEs are retained and
enriched in the fly ash and, 2 a result, fly
ash has long been considered a potential
resource for REEs (Goldschmidt, 1935;
Seredin and Dai, 2012)

The United States has the world's
largest coal reserves and, even though
gas-fired power generation has increased
significantly in the Last decade, the United
States contimues to produce vast quanti-
ties of fly ash, about half of which is
‘beneficially reused, primasly in con-
struction materials (American Coal Ash
Association, 2017). The remainder is
stored, mostly in landills and impormd-
ments. Thus, ammual fly ash production,
combined with fly ash already in stor-
age, constifutes a large potential resource
(Hower and others, 2017)

Research into how to wilize coal and
coal fiy ash as sources of REE: is onzo-
ing (National Energy Technology Labora-
tory, 2018). Vizble recovery of REEs
from coal and coal ash requires identifica-
tion. of coals and ashes with the highest
REE concentrations and development of
worksble methods for REE extraction and
recovery. Understanding how REEs occur
within fly ash, deseribed in this fact shest,
is ome of the keys to developing possible
methods for their recovery.

Figuro 1. World mina production of rare
aarth eloments {REE) by couniry for 2018
(data from Gambagi, 2019, The total world
production for 2018 was 170,000 matrc tons {d;
11=2204 pounds. Country ttals may nt add
axactly o the world ol bacause of munding,

US. Geological Survey Rese
on Rare Earth Elements in Fly Ash

To better understand how REE: are
distributed in coal ash, we investigated
the distribution of REE: on a fine scale in
19 coal fly ssh samples (table 1) having
aranze of REE contents determined by
various workers and compiled by Kolker
and others (2017, table 1). The samples
include fiy a<h from U.S. power stations
buming bituminous coal from the central
Appalachian basin of the eastern United
States and from the Iinois basin and sub-
bituminous coal from the Powder River
basin in the northern Rocky Mountain
1egion. In addition, we studied four US.
£y ash samples having mixed or waspeci-
fied sources and three samples of fiy ash
obtzined from a Chinese powerplant burn-
ing bituminous eoal. Fly ash samples fom
the central Appalachian basin include four
samples of ach from the Fire Clay coal

of Kentucky, which is knovn for its REE
enrichment (table 1)

Fly ach consists of glasses formed by
melting at the high femperatures present
in powarplant boilers, together with min-
exals remaining from coal, such 35 quartz,
and new minerals not presext in coal.
Before our study, it was poorly under-
stood how REE: are distributed in fly ash.
In one Iypothesis, suggested by Hower
and ofhers (2013) and Taggart and others
(2016), REEs from coal enter fiy ash
zlasses. These glasses consist mostly of
silicon (i) and alumimum (AD) and s0 are
called sluminosilicate glasse:. To tast the
bypothesis that REE: enter iy ash glasses,
we first identified the various glasses and
minerals present in iy ash by sing a
seanning electron microscope and an elec-
tzon microprobe, and we produced magni-
fied images and maps of major chemical
constituents present (fi. 2). Using this
approach, we chose areas of inferest for
Later REE analysis and identified four
comman glazs or mineral constiments in
the ash samples: (1) ALS; aluminosilicate
lasses; (2) aluminosilicate glasses that
aze also entiched in caleium (Ca), iron
(Fe), o both Ca and Fe; (3) iron oxide
minerals; and (4) quartz (Si0,).

U, Deparruent ofth s
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Source: Scott and Kolker, 2019




REEs in Coal and Coal Byproducts

More

. Material

Less
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Fly Ash Progress
Pilot-scale
Coal Waste projects
are underway to
Raw Coal recover REEs
from each coal
material.
Acid Mine

Drainage (AMD)

Advantages

REEs from coal are strongly
retained in a smaller mass.
Non-coal material is REE-
enriched relative to coal itself.
Abundant and well
understood.

REEs already in solution or in
a colloidal form. Precipitates
from AMD concentrate REEs.

Source: U.S. Dept. of Energy National Energy Technology Laboratory, 2022



Coal Preparation

lllinois Coal Preparation Plant

® Coal preparation minimizes
mineral matter, thereby
increasing thermal energy.

® Material removed during
coal preparation is a waste.

® Coal waste includes rock
material, underclays, coal
overburden, and some
discarded coal.

2 USGS
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Pilot Scale REE Extraction from Waste Coal

* Multistage process developed
at Univ. of Kentucky, using
calcination (pre-heating) to
Increase REE mobility.

* High level of concentration of
REEs from U.S. lllinois Basin
waste coal from Kentucky.

* Set-up is modular and can be
moved to waste sites.

>
a2 USGS Source: University of Kentucky
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REEs and Critical Elements from Waste Coal

® Waste from coal mining and preparation requires no new mining.
Extraction of REEs could help reduce the impact of this waste.

® (Good news: Coal waste shows relative enrichment in REEs and other
lithophile elements such as Li, Al, Ti, Sc, Rb, Y, Zr, Cs, Ba.

® Bad news: Coal waste is also enriched in harmful chalcophile
elements, such as Hg, As, Sb, and Pb, as pyrite is concentrated in
waste from coal preparation.

® Nonetheless, recovery of REEs from waste coal is one of the more
promising approaches to REE recovery, at the pilot scale.

2 USGS



REEs in Coal and Coal Byproducts

More

. Material
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Drainage (AMD)

Advantages
® Fly Ash Progress ® REEs from coal are strongly
Pilot-scale retained in a smaller mass.
® Coal Waste projects ® Non-coal material is REE-
are underway to enriched relative to coal itself.
* Raw Coal recover REEs * Abundant and well
from each coal understood.
* Acid Mine material. ® REEs already in solution orin

a colloidal form. Precipitates
from AMD concentrate REEs.

Source: U.S. Dept. of Energy National Energy Technology Laboratory, 2022



Concentration of REEs in Fly Ash (Calculated)

® REEs from coal are
strongly retained in a
smaller mass in coal
ash.

® High REEs in coal and
low ash yield lead to
highest REE contents
in coal ash. ’ 50 40 30 20 10 5

® REE contents are still Coal Ash Yield (%)

below those in primary
REE ores Calculation assumes100% retention of REEs from coal

in coal ash and a 75:25 proportion of fly ash to bottom ash.
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aUSGS Source: Kolker and others, in press.



REEs and Critical Elements from Fly Ash

® Fly ash has long been considered a source of valuable constituents
because certain elements, including REEs, are strongly retained
during coal combustion.

® Good news: Of coal-related sources, fly ash shows the greatest REE
enrichment because REEs from coal are retained in a smaller mass.

® Bad news: Extraction can be difficult because a significant fraction of
REEs in fly ash is contained in aluminosilicate glasses.

® Chemical and physical pretreatment approaches currently being
tested may help improve the extractability of REEs from coal ash.

2 USGS



REEs and Critical Minerals from Raw Coal

® On average, lanthanide REEs in U.S. coal are <40% of the average
upper continental crust (UCC).

® Good news: Coals can become unusually REE-enriched by
interaction with REE-bearing fluids, or volcanic activity concurrent with
coal deposition. Within-bed REE enrichment occurs mostly at the top
or bottom (underclays) of coal beds.

®* Bad news: Within-bed REE enrichment requires detailed sampling to
delineate the most enriched zones, and selective mining to extract.

® Ongoing DOE CORE-CM Initiative seeks to identify the most
promising REE and CM sources within U.S. coal basins.

2 USGS




REEs and Critical Minerals from Coal Mine AMD

® Research in areas of past coal mining shows potential for recovery of
REEs and CMs from coal mine acid mine drainage (AMD).

® Good news: REEs occur in a dissolved state or as precipitates. The
most REE-enriched precipitates are at or slightly above the DOE 300
ppm interest level.

¢® Bad news: Dissolved concentrations are much below those in coal-
related solids. Coal mine AMD is limited to areas of past mining.

®* REEs and CMs from coal mine AMD are waste-derived resources.

2 USGS



REEs and Critical Elements from Coal Mine AMD

® Figure shows REE 107
contents for fluids wr e
. . 10° messsssssssssssmsmnsWEeanfman EEssssssmnnEnn —
and _prempltates S w ) ? = - - 300 o
relative to UCCand |3 w — oS
300 ppm total REE % 10° : _| Ee i;ecipita_te_it
. | Ca-Mg precipitates
DOE interest level. ¥ + s precpitates
10°
. . . 106
® Enrichment is highly o

dependent on fluid or

precipitate chemistry. REE concenftration values in AMD from U.S. lllinois Basin; and

U.S. Appalachian Basin; REE concentration values in Fe, Cao-
Mg and Si-Al precipitates from U.S. Appalachian Basin.
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Summary

® Critical elements are those that are essential but whose supply is
limited or controlled by external sources.

® Potential coal-related sources of critical REEs include fly ash, waste
from coal mining and preparation, coal-mine acid mine drainage, and
coal itself.

® Each material source has been considered in DOE-supported
investigations outside of USGS, and each has advantages and
disadvantages, as outlined in this presentation.

2 USGS



Summary

When coal is burned, REEs are strongly retained in coal combustion
fly ash, making it the most REE-enriched coal-related material.

® But fly ash also poses the biggest challenge to REE extraction due to
retention of REEs in aluminosilicate glasses.

® Waste coal is next most enriched in REES, but these too are much
below REE contents of primary REE ores.

® Recovery of REEs from each coal-related material has shown
promise at the pilot scale, but without commercial development.

2 USGS
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Questions on Critical Minerals from Coal Waste
Provided by the NASEM Panel

® Can we expect the currently developed coal-waste-based critical

materials (CMs) extraction technologies to be commercialized in the
next 5 years?

* This is largely dependent on market forces, and likely, support from

agencies outside the USGS. It is not possible for me as a geologist to
predict.

® The pace of coal-fired retirements is being accelerated. Will coal

wastes still be targeted as an important CMs (especially REEs)
production resource?

There are large portions of these wastes from past coal use that could be
targeted even if the rate of new waste generation declined.

2 USGS
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Questions on Critical Minerals from Coal Waste
Provided by the NASEM Panel

® What is the percentage of heavy REEs among the total recoverable
REEs in coal wastes in the U.S.?

* Coal and coal wastes generally exhibit a crustal distribution of REEs which,
by definition, is light rare earth (LREE) enriched. If heavy rare earths
(HREEs) are defined as the sum of Sc, Y, Gd, Tb, Dy, Ho, Er, Tm, Yb, and Lu,
the percentage of HREEs is typically about 30%, with Y (not a lanthanide)
commonly the most abundant HREE.

* Seredin and Dai (2012) introduced a classification based on economic
utility, in which “critical” REEs are Y, Nd, Eu, Tb, Dy, and Er. In this
classification, some non-critical HREE, such as Ho, Tm, Yb, and Lu are
excluded, and Nd, an important LREE, is added. The proportion of “critical”

- REEs in U.S. coal and coal combustion products is typically 30 to 40%.
a2 USGS



Questions on Critical Minerals from Coal Waste
Provided by the NASEM Panel

® How do the quantities of critical minerals in coal waste compare to the
guantities in other types of mining waste?
* This is very dependent on the specific mining waste being compared. Coal
waste is potentially a source of some non-REE CMs that include Cr, V

(present in illite-smectite); Sb, As (present in pyrite); and Rb, Cs (lithophile
elements enriched similarly to REEs).

Reference:

Seredin, V.V,, and Dai, S., 2012, Coal deposits as potential alternative sources
for lanthanides and yttrium. International Journal of Coal Geology, 94, 67-93,
https://doi.org/10.1016/j.coal.2011.11.001.
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