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Abstract

Coal fly ash has long been considered a potential resource for recovery of valuable elements, such as rare earth elements (REE),
which are retained and concentrated upon combustion of coal feedstocks. Understanding REE occurrence within fly ash is a
key to developing possible recovery methods. Recent results using modern analytical approaches shed light on the distribution
REE in fly ash and the approaches required for their recovery. Some of the highest REE contents occur in fly ash derived
from U.S. Appalachian Basin coals, and among these, coals influenced by input volcanic ash (Fire Clay coal, Kentucky) are
especially enriched. Leaching studies of bulk fly ash show that, as a proportion of the total REE present, samples from eastern
U.S. coals are generally less readily extractible than fly ash derived from western U.S. coals having lower REE contents. Direct
determinations by ion microprobe show that REE in a range of fly ash samples are partitioned into aluminosilicate glasses
formed during melting at boiler temperatures. These glasses comprise the largest mass fraction of coal fly ash. REE-enriched
domains are present locally in fly ash at the nanometer scale (as shown by TEM), and these REE coexist with the glass phase.
To enable systematic study of these REE, Ce has been proposed as a proxy for the trivalent lanthanides, as supported by
speciation determinations demonstrating that Ce occurs in the trivalent form in fly ash. Despite a decreasing proportion of
coal use for electric power generation in the U.S. and elsewhere, annual fly ash production, combined with coal ash already in
storage, make up a large resource for potential recovery of rare earths and associated critical elements. Further developments
in extraction technologies are needed to overcome difficulties in REE concentration and purification to produce REE materials

of saleable purity derived from coal ash.
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Coal fly ash has long been considered a potential resource for recovery
of valuable elements, such as rare earth elements (REE), which are
retained and concentrated upon combustion of coal feedstocks.
Understanding REE occurrence within fly ash is a key to developing
possible recovery methods. Recent results using modern analytical
approaches shed light on the distribution REE in fly ash and the
approaches required for their recovery. Some of the highest REE
contents occur in fly ash derived from U.S. Appalachian Basin coals, and
among these, coals influenced by input volcanic ash (Fire Clay coal,
Kentucky) are especially enriched. Leaching studies of bulk fly ash show
that, as a proportion of the total REE present, samples from eastern U.S.
coals are generally less readily extractible than fly ash derived from
western U.S. coals having lower REE contents. Direct determinations by
ion microprobe show that REE in a range of fly ash samples are
partitioned into aluminosilicate glasses formed during melting at boiler
temperatures. These glasses comprise the largest mass fraction of coal
fly ash. REE-enriched domains are present locally in fly ash at the
nanometer scale (as shown by TEM), and these REE coexist with the
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glass phase. To enable systematic study of these REE, Ce has been
proposed as a proxy for the trivalent lanthanides, as supported by
speciation determinations demonstrating that Ce occurs in the trivalent
form in fly ash. Despite a decreasing proportion of coal use for electric
power generation in the U.S. and elsewhere, annual fly ash production,
combined with coal ash already in storage, make up a large resource for
potential recovery of rare earths and associated critical elements.
Further developments in extraction technologies are needed to
overcome difficulties in REE concentration and purification to produce
REE materials of saleable purity derived from coal ash.
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Abstract

Coal fly ash has long been considered a potential resource for recovery of valuable elements,
such as rare earth elements (REE), which are retained and concentrated upon combustion of coal
feedstocks. Understanding REE occurrence within fly ash is a key to developing possible
recovery methods. Recent results using modern analytical approaches shed light on the
distribution REE in fly ash and the approaches required for their recovery. Some of the highest
REE contents occur in fly ash derived from U.S. Appalachian Basin coals, and among these,
coals influenced by input volcanic ash (Fire Clay coal, Kentucky) are especially enriched.

Leaching studies of bulk fly ash show that, as a proportion of the total REE present, samples
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from eastern U.S. coals are generally less readily extractible than fly ash derived from western
U.S. coals having lower REE contents. Direct determinations by ion microprobe show that REE
in a range of fly ash samples are partitioned into aluminosilicate glasses formed during melting
at boiler temperatures. These glasses comprise the largest mass fraction of coal fly ash. REE-
enriched domains are present locally in fly ash at the nanometer scale (as shown by TEM), and
these REE coexist with the glass phase. To enable systematic study of these REE, Ce has been
proposed as a proxy for the trivalent lanthanides, as supported by speciation determinations
demonstrating that Ce occurs in the trivalent form in fly ash. Despite a decreasing proportion of
coal use for electric power generation in the U.S. and elsewhere, annual fly ash production,
combined with coal ash already in storage, make up a large resource for potential recovery of
rare earths and associated critical elements. Further developments in extraction technologies are
needed to overcome difficulties in REE concentration and purification to produce REE materials

of saleable purity derived from coal ash.

1. INTRODUCTION

Rare earth elements (REEs) are critical in the production of a wide array of electronics,
magnets, catalysts, metal alloys, optics, and other items needed in modern society (Greene, 2012;
Hatch, 2012; Dobransky, 2013; U.S. Geological Survey, 2014; Basu, 2017; Watson, 2018;
Home, 2020). Coal, coal waste, and coal combustion products make up one of the most actively
investigated categories of secondary sources for potential REE recovery (U.S. Department of
Energy, 2018). Coal use currently accounts for about 30 percent of the electric power generated
in the United States (Energy Information Administration (EIA), 2018). Fly ash, produced during

the burning of coal, is a fine-grained solid derived from non-combustible mineral constituents of
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coal. Coal combustion results in the retention and enrichment of REEs in fly ash (Clarke and
Sloss, 1992; Ratafia-Brown, 1994). As a result, fly ash has long been considered a potential
resource for recovery of REEs and other valuable elements (Goldschmidt, 1935; Seredin and
Dai, 2012). The United States has the world’s largest coal reserves (World Energy Council,
2016). World coal consumption for power generation is projected to increase from 2017 to
2040, with reductions in the US, the European Union, and Japan offset by more-or-less steady
trends in China and increases in coal-fired generation in India (International Energy Agency,
2018; Patel, 2019; Kaplan, 2020). Even as gas-fired power generation has increased
significantly in the last decade, production of vast quantities of fly ash has continued. Advanced
power generation systems will account for some of the growth in coal-fired power generation,
resulting in greater generating efficiency, implying about 1/3" less coal will be required per
MWh of generation (Sloss, 2019). About 55.5% of the 36.2 Mt of fly ash produced annually in
the U.S. is beneficially reused (2018 data; American Coal Ash Association, 2019). The
remainder is stored, mostly in landfills and impoundments. Thus, annual fly ash production,
combined with fly ash already in storage, constitutes a huge potential resource (Hower et al.,
2017b). For example, the annual production of the unused (and presumably discarded) portion
of coal fly ash in the U.S. comprises a REE reserve that is similar in scale to the the Mountain
Pass mine (Taggart et al., 2016). Of coal-related materials investigated for potential REE
recovery, fly ash has among the highest REE contents, and due to its fine grain size, ostensibly
requiring minimal processing compared to mining and extraction of conventional REE ores.
Viable and sustainable recovery of REE from fly ash greatly depends on geochemical and

physical properties of the ash matrix.

1.1 Nature of Fly Ash
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During coal combustion for electric power generation, the inorganic constituents in the
parent coal experience a variety of processes at boiler temperatures (1300-1600 °C) that largely
govern the geochemical properties of fly ash collected from the flue gas. Clay minerals in coal
melt to form a glass (i.e., an amorphous solid); quartz undergoes a phase transformation to the
high-temperature B form, eventually becoming B cristobalite; and pyrite is oxidized to iron
oxides (Ward and French, 2006; Kutchko and Kim, 2006; Hower, 2012; Kolker, 2018). Melting
temperatures of some of the most common REE-bearing minerals in coal, such as zircon and
monazite, are higher than the boiler temperatures and, as a result, these trace phases should
survive the combustion process. However, these phases are commonly dispersed throughout the
fly ash matrix compared to their distribution in the feed coal (Section 2.2). In addition to the
phase transformation of parent minerals, new (neoformed) minerals, such as mullite (Al¢Si1,03),
form by high-temperature reactions in the boiler. Glass formed by quenching of the melt is the

most abundant constituent of fly ash.

Classification of coal ash is based on its major element characteristics expressed as the
sum of SiO, + Al,05 + Fe,O3 compared to other major constituents. “Cementitious” ash is
classified as Class C where SiO, + Al,O; + Fe,0s is greater than or equal to 50 weight percent.
For fly ashes with the sum of these constituents greater than or equal to 70 weight percent, the
“pozzolanic” ash is classified as Class F (ASTM International, 2017). Each classification has
specific properties for use in concrete. Other beneficial reuses of coal fly ash include structural
fill and other construction materials (American Coal Ash Association, 2019). Unused ash is
stored as solid waste, often in landfills or surface water impoundments located adjacent to coal
fired power plants. In the U.S., a ruling by the Environmental Protection Agency (EPA, 2014)

upheld the “nonhazardous” classification for fly ash while also recommending improved
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monitoring of existing disposal impoundments. This policy allows for continued beneficial use
of coal fly ash in construction materials and in other applications, while also encouraging

exploration of new reuse opportunities (EPA, 2014).

1.2 REE in Coal and Coal Ash

The International Union of Pure and Applied Chemistry (IUPAC; Connelly et al. 2005)
defines the rare earth metals as the lanthanides, plus scandium (Sc) and yttrium (Y). Apart from
literature referring to other nomenclature, the REE designation for the lanthanides, Y, and Sc, as
per Connelly et al. (2005) 1s followed here. The lanthanide series and its range in atomic number
from 57 to 71 results from progressive filling of 4f valence electron orbitals; lanthanum (La,
atomic number 57) does not have 4f electrons, whereas Lutetium (Lu, atomic number 71) has
fourteen and a full 4f level. As such, the 15 elements of the lanthanide series exhibit a
continuous distribution of chemical and physical properties (e.g., atomic radii). Nonetheless,
various classification approaches have been introduced to understand similarities and differences
among the elements in the series. Traditionally, the lanthanides are divided into light, middle,
and heavy rare earths (Hanson, 1980). For some studies involving coal, the series has been
divided only into light rare earth elements (LREE; La to Sm) and heavy rare earth elements
(HREE; Eu to Lu), with Y sometimes included among the HREE (Seredin, 1996; Hower et al.,
1999, 2016a; Mardon and Hower, 2004; Dai et al., 2016b; Lin et al., 2017a; among others).
Others have used the LREE/HREE ratio in evaluations of REE distribution in coal and coal
products (Seredin, 1996; Balashov, 1976). In other coal-related studies, REY (lanthanides + Y)
have been divided into light, medium, and heavy fractions: LREY (La through Sm), MREY (Eu
through Dy plus Y), and HREY (Ho through Lu). Following normalization of REE abundances

to crustal averages (indicated here by the suffix “N”), further delineation can be made of L-type
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(light type; Lan/Luy > 1), M-type (medium type; Lan/Smy < 1, Gdn/Luy > 1), and H-type (heavy

type; Lan/Luy < 1) enrichment patterns (Seredin and Dai, 2012).

The concentration of REE in fly ashes from three US coal basins was shown by
Taggart et al. (2016, their Fig. 2). The ash-basis concentrations in the coal are similar to the ash-
basis concentrations in the resulting fly ashes. For the samples discussed by Taggart et al.,
Central Appalachian Basin-derived fly ashes had the highest REE concentration followed by
Illinois Basin- and Powder River Basin-derived fly ashes. Normalization of the REE series
facilitates observations of enrichments or depletions relative to natural abundances, which
display a sawtooth pattern where elements with even atomic numbers are more abundant than
their nearest odd-numbered neighbors (Figure 1A). This pattern reflects the Oddo-Harkins
effect, in which elements with even atomic numbers are more abundant in the universe than odd-
numbered elements due to the enhanced stability of nuclei with spin-paired protons (i.e., an even
number of protons: Oddo, 1914; Harkins, 1917). To more easily compare the REE abundance
distribution of different samples and eliminate the sawtooth pattern resulting from the Oddo-
Harkins effect, REE are commonly “normalized” by dividing by a reference such as the REE
content of the upper continental crust (UCC; Figure 1B), or by that of chondrites, a group of
stony meteorites (Figure 1C). Chondrites were chosen by geochemists because they are among
the most primitive materials in the solar system, and therefore, approximate the bulk Earth prior
to its differentiation into a core, mantle, and crust. Relative to chondrites, the upper continental
crust is enriched with light REEs, and most coals show a similar crustal REE distribution. This
distribution pattern is retained during coal combustion, but with overall enrichment (Figure 1) or
concentration. Besides normalization to UCC or to chondrites, in some REE studies,

normalization to shale composites such as the North American Shale Composite (NASC; Gromet
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et al., 1984) have been used. In presenting REE data, any of these standard normalization

approaches are acceptable.

The inclusion of Y and Sc in many REE studies is motivated by their industrial utility
rather than some geochemical motivation; Sc is seldom found in the same minerals as the other
REEs. However, owing to the price commanded for Sc, several U.S.-based coal- and coal-
combustion fly-ash-based projects are relying on the co-extraction and concentration of Sc in
order to underwrite the economics of their projects (Wraich, 2017). This is challenging because
Sc exhibits a distinct behavior from the lanthanides, which behave similarly as a group, largely
due to their common occurrence and trivalent form and similar ionic radii, with Y fitting in with
the heavy REE. Exceptions include Ce and Eu, which may also exist in tetravalent and divalent
forms, respectively. As such, Ce and Eu are, in some cases, fractionated from the trivalent
lanthanides under certain redox conditions (Hanson, 1980). This fractionation results in so-
called anomalies, where the content of a single element diverges from the smooth pattern defined
for all the remaining trivalent lanthanides on normalized plots. Europium commonly shows such
anomalies on chondrite-normalized plots but these may be absent in UCC-normalized plots
because a negative europium anomaly (relative to chondrites) is inherent in the crustal
distribution (Figurelc). Surprisingly, in certain coals with UCC-normalization, similar
anomalies have been shown for non-redox sensitive trivalent-only lanthanides such as Gd (Dai et
al, 2016a). If present in feed coals, such anomalous lanthanide distributions would be retained

by the ash during coal combustion.

REE-bearing minerals in coals include major constituents such as clays, carbonates, and
phosphate minerals, as well as REE trace phases such as monazite ((Ce, La, Nd, Th) PO,),

allanite ((Ce,Ca,Y), (ALFe3"); (SiO4); (OH)), zircon (ZrSiOy), and xenotime (YPO,; Finkelman,
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1981). Additional REE minerals reported in some coals include rhabdophane ((Ce, La, Y) POy
H,0) (Dai et al., 2014a), florencite (CeAl;(PO4),(OH)s) (Hower et al, 2020a), and Ce-Nd-
bearing carbonates (Dai et al., 2016b, 2017; Zhao et al., 2017). Organic-hosted REE are also

indicated, especially for the heavy rare earths (Eskanazy, 1987a, b; 1999).

In some cases, REE minerals present in coal have been shown to survive combustion.
For example, during combustion of Polish hard coal in the Upper Silesian region, Smolka-
Danielowska (2010) found that monazite, zircon, and xenotime remained in fly ash following
combustion at unspecified conditions. In a combined X-ray diffraction (XRD) and scanning
electron microscopy (SEM) study, Brownfield et al. (1999, 2005) found REE-bearing minerals
(zircon, apatite, and monazite) were retained in the fly ash and bottom ash from the burning of a
Powder River Basin, Wyoming, coal. An unidentified REE-bearing Ca-P-silicate was also found
in the fly ash (Brownfield et al., 2005; their Figure 30). As noted above, REE-bearing minerals
are more dispersed in fly ash than in the respective feed coal (section 2.2), despite the relative
enrichment of REE in fly ash. In SEM examination of a Kentucky coal and its corresponding
ash, Zhang et al. (2015) found that REE-bearing trace phases were more apparent in the coal and
the separation of trace phases from the ash did not result in increased REE contents in the trace
mineral fraction, suggesting that these trace phases were not the primary mode of REE

occurrence.

1.3 Trends in Coal Production and Use

REE contents and composition in fly ash depend greatly on the parent coal feedstock.
Thus, the amount and type of coal burned for electricity have considerable implications for the
quantity and quality of the REE reserves in fly ash. In the U.S., coal production and the

proportion of coal-based electric power generation has been declining since 2011. Houser et al.
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(2017) noted three primary reasons for the decline in the U.S.: (1) a decline in the consumption
of electricity, with the 2016 consumption being less than in 2007 in spite of a larger economy;
(2) the rapid increase in production of shale gas, resulting in a 70% decrease in the price of
natural gas from 2008 to 2016 (in 2016 dollars); and (3) the incursion of wind- and solar-
powered power generation into the previously coal-dominated market. Of these, the supply, low
price, and price stability of natural gas dominated the transition away from coal-fired power
generation. In addition to these factors, in some coalfields, particularly in the Appalachians, the
impact of declining coal reserves and a general decrease in quality and thickness of the
remaining reserves has led to a striking increase in the cost of mining and processing coal. As an
example of a cost factor, the average amount of land surface required to extract each ton of coal

mined in eastern Kentucky tripled from 2008 to 2015 (Wright, 2018).

The decline in coal-fired power generation versus the corresponding rise in gas-fired
generation is reflected in a doubling of the U.S. gas capacity and a halving of the coal capacity
from 2015 to 2017, with each accounting for about 85-90 million MWh/year of generation by
2017 (Hoff, 2017). The decline in coal-fired generation has also triggered other major
operational changes, such as conversion of generation stations to natural gas, modifications to
another coal source, or retirement/closure of power plants. For plants previously burning low-S
Central Appalachian coal, such a switch has often been to high-S Illinois Basin coal because (1)
it is substantially cheaper ($34.00/short ton vs. $56.90/short ton, for the week ending 12 June
2020, where a short ton is a U.S. ton, equivalent to 907.19 kg or 2,000 lbs,; EIA, 2020) and (2)
with the implementation of revised SO,-emission and Hg-control standards (EPA, 2019, 2020)
and the need to install some form of emission-control system, the choice of high-S coal became

viable. Overall, 43 GW of coal-fired capacity was retired from 2012 to 2017, and this was
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somewhat offset by efficiencies of new coal-fired units; new units had a heat rate of 10,197
kJ/kWh compared to 10,912 kJ/kWh for the retired units, an added efficiency equivalent to 19.45

GW of capacity (EIA, 2017).

As an example of the cumulative impact of the factors noted above, of the 58 power
plants burning Central Appalachian coal in 10 eastern U.S. states in 2008 (information from
Keystone Coal Industry Manual, 2009), roughly 22 were still using Central Appalachian coal in
2018 (based on personal knowledge and checks of publicly available information by the first
author). Since Central Appalachian coals, particularly those from eastern Kentucky, have some
of the best prospects for REE recovery among eastern U.S. coals (Hower et al., 1999, 2016b,
2020b; Mardon and Hower, 2004; Lin et al., 2018a), the proportionately large decrease in
Central Appalachian-sourced coal means that active production of some of the inherently
highest-REE-concentration (e.g., those derived from the Fire Clay coal) fly ashes has diminished.
Discussions of the geology of REE incorporation and occurrence in coal are out of the scope of
this chapter; global observations by Seredin and Dai (2012) and Appalachian-centered
discussions by Hower et al. (2016b, 2020c) cover aspects of the subject. Overall, the decrease in
coal-fired generating capacity implies a decrease in the amount of fly ash being generated, from
78.454 Mt in 2008 to 36.2 Mt in 2017 (American Coal Ash Association, 2019). The long history
of use of such coals, though, means that much of the ash generated over decades of coal
utilization remains in pond or landfill storage throughout a large portion of the U.S., but
environmental and regulatory factors for recovering this material have not been addressed.
Altogether, the coal power and coal ash industries continue to change at a rapid pace, and this

evolution will alter the outlook for fly ash as an unconventional REE resource.

1.4 Critical Elements and U.S. Fly Ash Resources
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Critical materials are defined as those that are essential to the economy but whose supply
might be limited (Neuendorf et al., 2005). Apart from inclusion of all REE among a group of 35
elements deemed critical to the U.S. (Fortier el al., 2018),division among REE into critical (Nd,
Eu, Tb, Dy, Y, and Er), uncritical (La, Pr, Sm, and Gd), and excessive (Ce, Ho, Tm, Yb, and Lu)
groups (after Seredin, 2010; Seredin and Dai, 2012) is somewhat subjective and transient,
contingent upon the current demands of the market and the supplies on hand (Hatch, 2012). For
example, Nd and Pr are in demand (in 2018) for use in permanent magnets with Dy used to
increase the performance of the magnets in high-T environments (Roskill, 2017, 2018).
Potentially economic levels of REEs occur in many U.S. coals (data from Bragg et al., 1998;
Palmer et al., 2015). However, because most coals and coal fly ashes are LREE-enriched, and the
most abundant elements of the LREE (La and Ce) are not in the critical category, the proportion
of critical elements is limited to about 45% of the total REE (using the classification of Seredin
(2010) and Seredin and Dai (2012)). Nevertheless, a mix of elements tending towards the less-
valuable uncritical and excessive categories can directly influence the economics of a mining or
processing operation (Miller, 2015). Most of the REE mining and processing has been
concentrated in China, and even newer, non-Chinese operations turn to the Chinese market for

processing and downstream manufacturing (Merriman and Backeberg, 2018).

2. GEOCHEMICAL CHARACTERIZATION OF FLY ASH

Knowledge of the geochemical distribution of REE in coal or fly ash can inform REE recovery
strategies. Primary approaches to determine targeted REE mineral hosts in devising REE
recovery strategies include extraction of bulk samples using a variety of techniques; elemental
analysis methods, such as inductively coupled plasma mass spectrometry (ICP-MS); and grain-

scale trace element microanalysis using either laser ablation or ion microprobe approaches.
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Speciation of relatively abundant REE such as Ce can be accomplished using synchrotron-based
X-ray absorption near-edge structure (XANES) on either the bulk- or micro-scale. Transmission
electron microscopy (TEM) is useful in characterizing nanometer-scale REE-bearing domains,
which may differ considerably from macro- and micro-scale REE hosts. We detail some of the

major findings of these efforts in the following discussion.

2.1 Bulk Characterization of Rare Earth Elemental Contents via ICP-MS

The determination of trace element contents in coal fly ash generally requires a
combination of robust methods to solubilize the target analytes from the ash followed by

sensitive detection methods that can accommodate the matrix complexity of the digests.

For the analysis of REEs, the elements must first be liberated from the particles into an
aqueous solution phase. Because these elements are mostly encapsulated within aluminosilicate
glasses of fly ash particles and, further, can be difficult to dissolve, the extraction step generally
require reagents that can decompose this matrix. Common leaching methods entail heated wet-
digestion methods developed for geological materials, including heated acid digestion with HF
alone or combined with other acids (e.g., HNOs, H,0,, HCI, HC1O,,) (Lichte et al., 1987;
Taggart et al., 2016). The acid mixture is then dried and re-dissolved in a dilute acid (e.g.,
HNO5/HCI) that is compatible with the sample introduction system of analytical instrumentation.
Alternatives to acid digestion which are more effective in breaking down insoluble REE-bearing
trace phases such as zircon include flux fusion methods with lithium metaborate (Bank et al.,
2016) and alkaline roasting with Na,O, or NaOH (Taggart et al., 2018a).

The analysis of rare earth elements in the digestate solution requires highly sensitive
analytical methods such as ICP-MS. Because rare earth elements can be prone to polyatomic

interferences, especially for
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complex matrices such as the acid leachates of coal fly ash, care must be taken to address such
interferences. Collision or reaction cell technologies with a reaction gas (e.g., helium or
hydrogen) for quadrupole ICP-MS can greatly reduce such polyatomic interferences and are now
standard features in modern ICP-MS instrumentation. However, even with these improvements,
other polyatomic interferences can greatly influence the accuracy of analysis for specific REE.
For example, coal fly ash often contains large amounts of barium (Ba), resulting in 13°Ba'®O*
interference of the mass isotope signal for >'Eu’. The correction for this interference has been
addressed through a variety of approaches that include steps to remove Ba from the sample (Yan
et al., 2018) or the use of high resolution mass spectrometry (Thompson et al., 2018). Other
major constituents that might be relevant for digested coal fly ash include Ca, which interferes as
44CaH" with *Sc*, and oxide forms of light REE that have the same mass as heavy REE isotopes
(Thomas, 2013).

Inductively coupled plasma optical emission spectrometry (ICP-OES) has also been used
to determine REE. Hower et al. (2020b) discussed the comparisons between ICP-OES and ICP-
MS, showing that there was a good correlation between the techniques for the more abundant

REE but that ICP-MS was more suitable for the HREE, in particular, Tb and Ho through Lu.

2.2 Fly Ash and Bottom Ash Petrology

The various techniques for the examination of coal combustion ashes are all dependent
on the scale of the investigation. Optical petrology is a valuable tool for the examination of plus-
micron-size particles. The optical characterization of fly ash and bottom ash, typically done on
polished, epoxy-bound particulate pellets (Hower, 2012; Suarez-Ruiz et al., 2017; Valentim,
2020), utilizes polarized reflected-light, oil-immersion optics in the analysis. While some

studies, particularly for scanning electron microscopy, employ dispersed powder specimens
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(Valentim et al., 2009), those types of preparations cannot match the petrographic detail seen in
the cross sections of particles. In general, petrographic classifications of the ash are its coal
maceral-derived constituents (including other organic-derived material such as biomass,
petroleum coke, and tires), and inorganic-derived portions of the ash. In general, sub-micron

particles cannot be seen or identified by optical microscopy.

Of the maceral-derived fly ash and bottom ash constituents, the products of the melting
and repolymerization of bituminous vitrinite can be identified in both relatively unaltered
inertinite and isotropic and anisotropic cokes (Figure 2 A&B). Also illustrated are the chars
derived from lignite and subbituminous coals and anthracitic-vitrinite-derived carbons (Figure

2C&D).

The inorganic fly ash and bottom ash constituents include glass and glass with heated, but
not melted, rock and carbon (Figure 3). As will be discussed below in this section and in section
2.6, fine-grained minerals, many of them below the resolution of optical petrology, can be
enclosed within the glass. Spinel minerals (Figure 4), which include magnetite, are less
abundant than glass, but can be common minerals in the combustion products of moderate- to
high-pyrite coals. Spinels are often found within a glassy matrix. In both Figures 4B and 4C,
note that some grains have a few-micron-thick red (hematite) oxidation rim. While such a
feature would be a dominant feature in a powder-dispersion specimen, the views on the images
shown here demonstrate that exploring only the surface conceals the rich variety of the interior
of the particles. Mullite (Figure 5) is one of the neoformed minerals found in both fly ash and,
more commonly, in bottom ash or stoker ash resulting from the combustion of high-Al-Si eastern
U.S. bituminous coals. Mullite formation depends on the temperature and chemistry of the melt

phase, with the mineral forming along with cristobalite during the cooling of an Al,Os-rich melt



AGU Books

15

in the Al,03-Ca0-Si0,; system (Osborn and Muan, 1960; Ehlers, 1972; Alekseev and
Vereshchagin, 1997). Increased concentrations of CaO in the melt, as would be common in the
combustion of western U.S. low-rank coals, would result in the precipitation of neoformed

anorthite from the melt (Hower et al., 2017c).

Although not common, optical microscopy reveals REE-minerals such as monazite in fly
ash (Figures 6A and 6B). So, if monazite and other REE-rich minerals are rarely seen by optical
microscopy, where are the REE in the fly ashes with over 1000 ppm REE? As the melting
temperatures of pure phases of monazite (+/-2000 °C) and zircon (1690 °C) are well above
normal combustion temperatures (1400-1500 °C), it is not likely that there was much, if any
melting of these minerals (Hikichi and Nomura, 1987; Finch and Hanchar, 2003; Seydoux-
Guillaume et al., 2002; Quercia et al., 2007). Interestingly, Hood et al. (2017) demonstrated that
monazite will shatter by 1400 °C, well below its melting temperature, a mechanism attributed to
the thermal expansion of helium, a product of the radioactive decay of the Th in the monazite

(Farley, 2007; Cherniak et al., 2009; Cherniak and Watson, 2013; Guenthner et al., 2013).

In a study of sized fly ashes from the economizer, mechanical, and ESP rows at a power
plant burning eastern US bituminous coal, Liu et al. (2017) demonstrated that the size-dependent
variations in fly ash petrology influenced the distribution of the REE. Fly ash petrology and
chemistry varies between the rows of the pollution control system, usually an array of a
combination of economizer, cyclone (mechanical), electrostatic precipitator (ESP), and/or
baghouse (fabric filter) units. Each successive row away from the boiler experiences a
concomitant reduction in temperature and, usually, a decrease in the particle size of the ash

(Hower et al., 2017¢). Unlike volatile elements such as Zn or As, the concentration of REE
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generally shows little variation between the progressive treatment rows, although the

LREE/HREE ratio can vary (Hower et al., 2013Db).

2.3 Trace element microanalysis
2.3.1 Laser-ablation ICP-MS'\ and secondary ion mass spectrometry

Instrumentation for REE analysis on the scale of individual fly ash particles includes
laser-ablation ICP-MS (LA-ICP-MS) and secondary ion mass spectrometry (SIMS; also called
ion microprobe analysis). Each approach is discussed in detail elsewhere: for LA-ICP-MS these
include Sylvester (2001, 2008) and Longerich (2008); for SIMS, these include Stern (2009), and
Ireland (2014). This section will therefore emphasize cases with application of trace element
microanalysis to coal ash. A fundamental difference in these microanalysis techniques is the
rate and depth of penetration within the sample. In LA-ICP-MS, geologic samples are ablated to
tens of micrometers in a matter of seconds. As a result, LA-ICP-MS is useful in studies of
compositional variation with sample depth. In SIMS, a primary beam of incident ions sputters
secondary ions from the sample at a much slower rate, typically leading to penetration depths of
only about 1-5 micrometers, despite much longer analysis times. Compared to smaller ion
microprobes, the SHRIMP-RG ion microprobe and other SHRIMP configurations (Section 2.3.2)
employ a large format magnetic sector mass spectrometer with high mass resolution, thereby
minimizing the effect of isobaric interferences in SIMS. In both LA-ICP-MS and SIMS, it is
helpful to obtain standards that are homogenous on a grain scale and a good matrix match to the

material being analyzed (Sylvester, 2001, 2008; Stern, 2009).

Early on, application of LA-ICP-MS to coal and coal ash focused on quantifying the
distribution of elements of environmental interest, such as As and transition metals (Chenery et

al., 1995; Querol and Chenery, 1995). In the fly ash study by Spears (2004), these also included
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Pb, Se, Ga, and Ge). More recently, LA-ICP-MS has been used to map major and minor element
distribution in fly ash particles (Bauer et al., 2017) and to compare results obtained by LA-ICP-
MS to results by SEM-EDS (Piispanen et al., 2009) for major fly ash constituents such as Si, Al,
Ca and Fe. Kostova et al. (2016) used LA-ICP-MS to determine bulk fly ash concentrations for
a large range of elements by analyzing prepared fused glass discs of whole sample material. In a
study of fly ash samples derived from the Fire Clay coal, Kentucky, Hood et al. (2017) used
reconnaissance LA-ICP-MS to obtain semi-quantitative results for the REE together with bulk
major and trace element analysis, grain size distributions, and TEM investigation of samples
collected from mechanical and ESP hoppers. However, the available LA-ICP-MS spot size (100
um) was too large to analyze REE-bearing domains found within these samples by SEM and
TEM, and the matrix of NIST standard glasses used for standardization differed from that of
measured particles. Thompson et al. (2016, 2018) emphasized ablation of fine-grained (less than
2 um) REE-bearing trace phases such as zircon, apatite, and monazite found to be embedded in
aluminosilicate glasses in two U.S. fly ash samples; the presence of REE trace phases was
revealed both in LA-ICP-MS depth profiles and corresponding SEM-EDS studies. LA-ICP-MS
quantification for 36 elements, including REE, in randomly selected spots was achieved by
internal summation of results to 100%, rather than by use of external standards, with excellent
results for all 36 elements determined in NIST SRM 610 run as an unknown (Thompson et al.,

2018).

2.3.2 SHRIMP-RG ion microprobe

Compared to smaller SIMS instruments, and especially LA-ICP-MS, deployment of
sensitive high-resolution ion microprobe (SHRIMP) facilities is much more limited. These large

format instruments were developed in the late 1970s at Australian National University in order to



Page 19 of 78

AGU Books

18

conduct grain-scale isotopic studies of geologic materials (Ireland et al., 2008). The primary
application of this instrumentation is for radiometric dating using U-Th-Pb isotopes. A later
generation of the SHRIMP with reversed geometry (SHRIMP-RG) allowed ultra-high mass
resolution, especially useful in isotopic studies, and providing superior resolution of isobaric
interferences in trace element determinations. Using electron beam methods and the
Stanford/USGS SHRIMP-RG ion microprobe (Bacon et al., 2012), Kolker et al. (2017) studied a
suite of fly ash samples from eastern, Illinois Basin, and western U.S. coals and determined REE
contents of ash constituents on a grain scale. .. These authors were especially interested in
determining the distribution of lanthanide REE in fly ash glasses, following from Hower et al.
(2013a), who obtained counts for Ce in such glasses, but were limited by detection limits of the
electron beam instrumentation. Results from the SHRIMP-RG show that glasses consisting
almost entirely of Al and Si (aluminosilicates) had REE distributions comparable to or slightly
below the bulk fly ash, whereas aluminosilicate glasses that also contained Fe or Ca trended
towards higher REE contents (Figure 7). SHRIMP-RG analysis of co-occurring Fe-oxides
showed that these also contain REE, confirming, on a grain scale, the findings of Yang et al
(2014) for Fe-oxides separated from fly ash. As might be predicted from its crystal chemistry,
quartz present in fly ash contains little or no REE and is essentially a diluent in efforts to recover

REE from fly ash.

2.4 Synchrotron-based techniques

Another strategy to discern the chemical form of individual rare earth elements in coal fly
ash is to employ synchrotron X-ray spectroscopy-based techniques. For those REE of relatively
high abundance in fly ash samples (such as La, Ce, Nd, and Y), X-ray absorption spectroscopy of

a fly ash sample allows the assessment of bulk-level element speciation. For example, bulk
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XANES has been used to identify major phases of Ce, Nd, and Y, primarily through linear
combination fitting models of the sample spectrum with spectra of reference compounds
(Stuckman et al., 2018; Taggart et al., 2018b; Liu et al., 2019). The analyses generate relative
percentages of the element as different reference species. This approach generally requires
careful selection of known reference materials that could be reasonable approximations of the
elemental forms in fly ash. Thus, the selection of reference materials must consider the
conditions of fly ash formation and collection. This selection process can be especially
challenging if the individual elements distribute diffusely within aluminosilicate glasses. In this
case, the commercially available materials do not readily represent the localized coordination

states of REE, nor are they easy to mimic in laboratory-synthesized materials.

The utility of XANES analyses is often limited by the relatively high concentration
requirements of the method, particularly as coal-combustion fly ash is also enriched in other
elements that might be interfering (Tablel). Quantitative identification of species also requires
sufficient differences in the spectral features of candidate reference compounds, which can be
difficult to achieve a priori. In a previous application of yttrium K-edge XANES for coal fly ash
(Taggart et al., 2018b), the spectral features of a yttrium carbonate mineral (Y,(CO;);-3H,0)
were very similar to Y-doped glass and monazite reference materials. Thus, in the fitting of
XANES spectra for coal fly ash samples, the replacement of one of these references with the
other did not substantially alter the quality of the model fits. These subtleties emphasize the need
for careful and cautious interpretation of XANES results. In other words, often the results are
limited to qualitative descriptions (e.g. Samples A and B are similar or different in Y speciation),
rather than quantitative interpretations (e.g., the 20% Y,(COs3); in sample A is significantly

different from 25% Y,(COj3); in Sample B).
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For elements that can exist in multiple oxidation states (e.g., Ce), bulk XANES can be
especially useful for quantitative analysis of chemical form. For example, a recent study by
Stuckman et al. (2018) demonstrated that greater than 85% of the Ce is in the Ce(III) form,
suggesting that Ce is mostly distributed within the glassy matrix of fly ash and less frequently as
distinct Ce minerals (e.g., CeO,). The predominance of Ce(III) over Ce(IV) forms also supports

the use of Ce as a proxy for other rare earth elements that share the trivalent ionic form.

The analysis of extended X-ray absorption fine structure (EXAFS) data can be used to
determine the local bonding environment of the absorber atom (generally up to 5 A). Insights
provided by EXAFS techniques such as coordination number and bond distance can further help
differentiate compounds (i.e., between Y-O and Y-P structures) and complement results of the
XANES analysis. However, in the recent studies that employed bulk X-ray absorption
spectroscopy for Ce and Y (Stuckman et al., 2018; Taggart et al., 2018b; Liu et al., 2019), the
samples were not sufficiently concentrated to allow for EXAFS analysis. Thus, more work with
EXAFS or other similar bulk elemental speciation methods is need to improve the quantitative

determination of REE chemical forms in fly ash.

X-ray microprobe configurations at synchrotron beamlines enable similar analyses at 1-
10 um spatial resolution, and more recent advances have improved this resolution to the
nanometer scale (Ice et al., 2011). Spatially resolved approaches allow for “mapping” of element
composition (via microprobe X-ray fluorescence spectroscopy (LXRF)). Element maps via
uXRF require careful interpretation due to overlapping signals of multiple elements (i.e., non-
unique assignments are possible). For example, V and Ba emission signals were previously
observed to overlap with Ce emission energies (Stuckman et al., 2018). Regardless, for spots of

sufficient concentration, micro-XANES and micro-EXAFS can discern the chemical form of the
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target element. For REE in coal fly ash, this approach can help identify ‘hotspots’ —i.e., discrete
particles of REE-bearing minerals associated with or encapsulated in the ash matrix. While
developments at microprobe beamlines represent a forefront of synchrotron-based techniques,
their application for understanding REE recovery potential from fly ash is somewhat limiting

because these hotspots represent a small proportion of the total element in fly ash particles.

2.5 Electron Microscopy

Electron microscopic examination of fly ash and bottom ash generally begins with SEM
and energy-dispersive X-ray spectroscopy (EDX) examination of either powder samples or
epoxy-mounted and polished pellets (as were used for optical petrography) (for example Hood et
al., 2017; Hower et al. 2017b, 2018a, 2019). Individual minerals or mineral assemblages of
interest are isolated and extracted by a dual-beam Focused Ion Beam (FIB)/SEM in order to
monitor the chemistry of the minerals during the extraction process. Following FIB extraction,
samples are thinned to less than 100 pm for examination by transmission electron microscopy
(TEM) and related techniques. Selected area electron diffraction (SAED) is employed for
mineralogical identification of grains. Either in conjunction with SAED or for grains too small
for SAED, mineral identification can be accomplished with high resolution TEM (HRTEM). Fast
Fourier transform (FFT), computed by image analysis software, is used to determine the lattice
spacing in HRTEM micrographs. Chemical identification in TEM is available in some units via

electron energy loss spectroscopy (EELS).

REE-bearing minerals observed by TEM in select eastern Kentucky coals include a
mixed monazite/kaolinite grain from the Fire Clay coal (Figure 8) (Hower et al., 2018b, 2018c).
The Fire Clay coal is of particular interest as a REE resource as the coal, as the coal preparation

products (Honaker et al., 2018; Zhang and Honaker, 2018; Zhang et al., 2018; Huang et al.,
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2018), and as the fly ash resulting from the coal utilization (Zhang et al., 2015; Hower et al.,
2015, 2017b, 2020b; Hood et al., 2017). In the case illustrated here, the original layered
monazite and volcanic glass from the volcanic ash fall (Hower et al., 2016b) were altered to a
monazite/kaolinite mixed grain. The Manchester coal, Clay County, eastern Kentucky, contains

florencite ((REE)AIl;(PO4),(OH)s) nodules (Hower et al., 2020a).

As shown by optical petrology (section 2.2), monazite and other REE-bearing minerals
occur in combustion ashes. Figure 9 illustrates a relatively large La-Ce-Nd monazite grain with
a Y-rich xenotime inclusion. Small (tens of nm) REE-phosphate grains on a mullite crystal are
shown on Figure 10. Mullite is a more important constituent of this ash as compared to most fly
ashes due to the larger particle size and the consequent longer cooling time of the stoker ash; the
mineral has the time required to crystallize versus the formation of an Al-Si glass (also see
Figure 5 for an optical view of the same ash). In contrast to the visible minerals in the latter
ashes, other REE-rich areas have no discernable minerals (Figure 11). In this case, while there is
an indication (via SAED) of crystallinity, the minerals are too small, overlap, and/or have
disparate orientations, making mineral identification impossible with current techniques. In
addition to monazite and Y-bearing zircon, davidite-Ce ((Ce,La)(Y,U)(Ti,Fe),00sg) or
(Ce,La)(Y,U, Fe)(Ti,Fe),0(OH,0)s5)) was found in a stoker ash from the combustion of the Fire

Clay coal (Hower et al., 2019).

Studies of fly ash carbons (Hower et al., 2008, 2017a, b; Wilcox et al., 2015; Hood et al.,
2017; Hower and Groppo, 2020) indicate that graphitic and fullerene-like carbons, often with
included/entrained few-nm minerals and/or metals, occur in the fly ash resulting from the
combustion of bituminous coals. Spinel minerals (Figure 12 and 13) occur in association with

REE; for example, Ce found within the carbon surrounding the Fe-spinel (Figure 12C).
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Similarly, Nd, Ce, Sm, and Y occur in the carbon surrounding a spinel from the same fly ash
(Figure 13). Figure 14 illustrates an Al-Si glass with an Fe-O core, possibly spinels, surrounded
by Ce-Nd-Sm-Y-graphitic carbon. Another grain showing the dispersion of the Nd and Ce in the
carbon surrounding the Al-Si glass is shown on Figure 15. The EDX carbon overlapping the Al-
Si glass is blacked out on the upper right image, concealing the dense Nd and Ce concentrations
coincident with the glass. The TEM image and the derivative EDX scans are really capturing
some semblance of three dimensions; therefore, the REE elements overlying the glass appear to
be associated with the carbon, just as they are in the carbon corona adjacent to the glass. EELS
imaging of a fly ash particle shows Ce to be associated with needle-shaped minerals (Figure 16),

an occurrence similar to that in Figure 10, above.

3. EXTRACTIONS AND SEPARATIONS FOR REE RECOVERY FROM FLY ASH

The extraction of REEs and other critical metals from fly ash and bottom ash requires a
combination of acid leaching (or roasting followed by acid leaching), physical separations, and
ion separation processes (Zhang et al., 2020; Rybak and Rybak, 2021). Economically feasible
methods to produce saleable REE products from coal fly ash have yet to be fully proven and
research on methods remain in early stages of development.. In the development of REE
extraction methods, lessons can be learned from past studies on recovery of other elements (e.g.,
aluminum and germanium) from fly ash and from the processes used to recover REEs at
conventional mining operations (Arroyo and Fernandez-Pereira, 2008; Bai et al., 2011; Fang and
Gesser, 1996; Gilliam et al., 1982; Kelmers et al., 1982; Meawad et al., 2010; Molycorp

Minerals LLC, 2010; Dai et al., 2014b, 2014¢c; Rayzman et al., 1997).

At traditional mining sites, ores are first excavated and then processed to finer particles

using milling, crushing, and grinding units (Molycorp Minerals LLC, 2010; Peak Resources
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Limited, 2017) (Figure 17). As this step would not be necessary for coal ash, the first step
involves physical separations such as sieving, magnetic separation, or froth flotation to remove
materials with low-REE content and/or materials which would interfere with the downstream
processing (e.g., high Fe-content and/or high-C-content particles). For example, slight
enrichment of REE contents have been observed in the non-magnetic fraction and small size
fraction (<200 mesh) of coal fly ashes (Blissett et al., 2014; Lin et al., 2017b). Thus,
preprocessing steps to remove magnetic and coarse material aid in the concentration of REE as

well as remove interferences (such as iron) for downstream ion separations.

Physical separations are followed by a leaching step that typically requires strong acids
(e.g., sulfuric, nitric, or hydrochloric acids) to solubilize the metals from the material. For a
subset of coal fly ashes, such as Ca-rich fly ashes that are characteristic of western U.S. coals,
acid leaching is usually sufficient for full extraction of REE (Cao et al., 2018; King et al., 2018).
For other coal fly ashes, an alternative process could entail alkaline treatment that decomposes
aluminosilicate glasses (Bai et al., 2010; McDowell and Seeley, 1981; Padilla and Sohn, 1985;
Querol et al., 2002). This approach might be implemented as a wet alkaline digestion or a dry
roasting process as a way to convert the REEs in coal fly ash to an acid-soluble phase (Honaker
et al., 2019; King et al., 2018; Lin et al., 2018b; Taggart et al., 2018a; Wang et al., 2019;

Yakaboylu et al., 2019).

After the extraction of REE from the fly ash, the REEs need to be further purified from
the aqueous acidic mixture. In conventional REE hydrometallurgical processes, this step often
entails liquid-liquid separations, selective precipitation, or solid phase extraction (Hu et al.,
2018). For leachates of coal-derived fly ash and other geologically-derived brine solutions,

researchers have proposed a wide variety of approaches to purify REEs. In one patented method



AGU Books

25

(Joshi et al., 2013), researchers proposed a combination of an organophosphate chelating
compound (e.g., tributylphosphate) saturated in an organic phase (e.g., kerosene) to selectively
separate the trivalent rare earth cations over other ions, followed by back extraction into the
aqueous phase and recycling of the organic solvent. This liquid-liquid (solvent) extraction
approach closely mimics methods utilized for traditional recovery of uranium and REEs from
ores (Brown and Sherrington, 1979; Flett, 2005). Other methods for purification could also
include selective precipitation of Fe- and Al-hydroxides through the addition of sodium
hydroxide or lime (Mutlu et al., 2018; Middleton et al., 2020), and while these approaches are
favorable from a scalability perspective, they tend to have relatively high operating expenses due

to substantial requirements for reagents to adjustment pH.

Several other ion separation methods have been proposed for the separation of coal fly
ash and other geological waste materials, including ion exchange, sorption, and membrane
filtration (Callura et al., 2018; Das and Das, 2013; Kose-Mutlu et al., 2020; Lo et al., 2014;
Mutlu et al., 2018; Park et al., 2017; Park et al., 2020; Smith et al., 2019). Other REE
purification technologies that have been directly tested on fly ash leachates include biosorption
with bacterial cells that have been genetically engineered to express lanthanide binding tags on
their cell envelope (Park et al., 2017; Park et al., 2020). Others have attempted supported liquid
membranes (Smith et al., 2019), a liquid-liquid extraction approach that entails the use of a
hydrophobic membrane embedded with an organic solvent/extractant mixture. Likewise,
nanomaterial-enabled electrochemical methods for REE separation and recovery have the
potential to selectively precipitate REEs due to local generation of hydroxide (from water and
oxygen) that serves to precipitate mixed rare earth oxide and hydroxide cakes (O’Connor et al.,

2018). Other novel, nano-enabled sorbents or chelating agents that have the potential to separate
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REEs selectively are being explored but have not yet been assayed against the complex mixture
of coal ash (Rahman et al., 2020; Bie et al., 2020; Hamza et al., 2021; Chen et al., 2020). While
filtration-based methods could provide advantages relative to conventional solvent extraction
methods by reducing liquid chemical consumption, decreasing the footprint of the process and
enhancing modularity, the primary barriers towards applying these technologies for coal ash are
the relatively low purity REE content and the high abundance of interfering ions (e.g., Si, Al, Fe)
that co-leach with the REE during processing (see Figure 18). Nevertheless, selective pre-

treatments or future innovations may help surmount those challenges.

4. OUTLOOK AND RESEARCH NEEDS

The realization that coal fly ash can be a large and untapped reserve for REEs has
sparked great interest for recovery technologies, particularly with motivations to increase the
diversity of the global REE supply market. Furthermore, additional reuse markets for coal fly ash
could decrease disposal needs for coal ash, the largest industrial waste streams for nations
heavily reliant on coal energy. As noted previously, existing hydrometallurgical methods for
REE separations are now in early stages of development. However, scale-up of these processes
for profitable recovery of REE products remains elusive. Ongoing challenges in the recovery and
concentration of REE from fly ash could offer another benefit — innovations in separation
technologies (such as those described in later chapters of this volume) that could greatly advance

the overall field of metals separation and waste reuse.

Major challenges currently hinder successful and sustainable recovery of REE from coal
fly ash. First, the enrichment of REEs in coal fly ash is /ow relative to REE contents of ores
found at rare earth mines or REE contents in other secondary feedstocks (e.g., electronic wastes,

where there has been much development in extraction efforts; e.g., Bahaloo-Horen et al., 2020;
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Makarova et al., 2020). As such, recovery operations must overcome high hurdles in extraction
and separation efficiency. Potential processes must be especially selective for rare earth metal
ions because other major elements such as Na, K, Ca, Mg, Fe, Al, and Si are 10* to 10° times
more concentrated than individual rare earths in fly ash leachates (King et al., 2018: Taggart et
al., 2018a). Metal ions of Fe, Ca, and Al could be especially problematic given their high
abundance as well as moderate to high affinity for ion exchange resins and chelating agents used
to purify REEs (King et al., 2018: Taggart et al., 2018a). Elements of health concern, such as
uranium (U) and thorium (Th), also require strategic separation and present a technological
challenge that has long been identified but remains in nascent stages of investigation (Bie et al.,
2020). Thus, pre-processing steps may be essential to reduce these interfering ions (and pH
adjustments with NaOH, which adds interfering ions, may be counterproductive). Moreover, the
challenge of moderate levels of enrichment requires novel separations that improve REE

selectivity as a means to recover REE materials of saleable purity.

Second, development of an environmentally sustainable REE recovery process is a major
challenge in REE separations from fly ash. With previous work demonstrating that complete
dissolution of fly ash particles may be required to fully liberate REEs into solution (Hower et al.,
2017b), large volumes of chemicals including strong acids and organic solvents may be required
for REE recovery operations. New innovations in process engineering are needed to facilitate
recycling these chemicals during the recovery process, both to keep operating expenses low and
to avoid the generation of another large-volume waste stream. Moreover, novel REE separation
approaches could aim to reduce the usage of chemicals, especially organic solvents. Advanced
sorbents, ion exchange resins, electrochemical or biosorption methods, or new configurations of

liquid-liquid separations might offer benefits in this respect (Callura et al., 2018; Kim et al.,

Page 28 of 78



Page 29 of 78

AGU Books

28

2015; Park et al., 2020; O’Connor et al., 2018; Smith et al. 2019; Couto et al., 2020), as long as

they can overcome needs for REE selectivity.

Finally, with REE recovery technologies from fly ash still in their infancy, current
techno-economic analyses are fraught with high degrees of uncertainty. Chemical consumption
and waste handling are likely to be major contributors to costs (Das et al., 2018; Hendren et al.,
2017) and therefore, these need careful consideration as innovations progress. As noted
previously, revenue estimates in these assessments are highly reliant upon the value of Sc in fly
ash. Of the REE elements, Sc is currently one of the highest valued on a price per kg basis, but it
is also produced at low volumes. For example, on 28 February 2020, Sc was priced at $U.S.
3487 per kg (Berlet and Samnani, 2020) and global production was 15-20 tons (Gambogi, 2017).
In contrast, the market price on the element basis of Ce and Nd, with 24,000 and 33,000 tons of
global production, respectively, is $U.S. 4.59 per kg and $US 52.66 per kg, respectively (28
February 2020 from Berlet and Samnani, 2020; based on 22 June 2020 Chinese Yuan to US
Dollar conversion). The recovery of Sc from coal fly ash may inundate the Sc supply market,
resulting in a decrease in the market price for this commodity and much lower revenue potential
than values in current estimates. These uncertainties suggest that the design of REE recovery
technologies would greatly benefit by other saleable products generated in the process. Thus,
engineering for co-production is likely to be essential for overcoming these challenges and the

attainment of REE production from coal combustion residuals.
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Figure captions

1. Plots showing how REE data are represented, including distributions for: 1) fly ash from a
Kentucky power station burning Appalachian Basin Fire Clay coal (fly ash), data from Taggart et
al. (2016); 2) the upper continental crust (UCC), data from Taylor and McLennan (1985); 3) U.S.
coal in USGS COALQUAL database (coal), data from Finkelman (1993); and 4) chondrite
normalizing values (chondrite), as suggested by Korotev (2009). Plots show how normalization
of REE concentration data results in smooth patterns for distribution for elements plotted in order
of atomic number.

A. REE concentration data in parts per million showing a sawtooth pattern with even-atomic-
numbered elements (Ce, Nd, Sm, Gd, Dy, Er, and Yb) more abundant than odd-numbered
elements (Pr, Eu, Tb, Ho, Tm, and Lu) due to the Oddo-Harkins effect. Promethium (Pm, atomic
number 61) is omitted because it is not stable in nature.

B. REE normalized to upper continental crust (UCC). Plot shows that REE distribution of fly
ash and coal nearly parallel UCC, with greatest REE enrichment in fly ash. REE in coal are less
than in UCC.

C. REE normalized to chondrite showing similar patterns for fly ash, UCC, and coal, with each
showing enrichment in light rare earths relative to chondrite. The prominent dip in the patterns at
europium (Eu, atomic number 63), is a europium anomaly (see text). Chondrite lacks this Eu
anomaly. A chondrite-normalized plot is used later in this chapter.

2. Coal-derived carbons from the combustion of eastern US bituminous coals. A/ Inertinite (1)
and anisotropic coke (ac). Image MD PR 01. B/ Inertinite (i), isotropic coke (ic), and anisotropic
coke (ac). Image 93902 11.

C/ US San Juan Basin subbituminous coal-derived char. Image 92922 04 from Hower et al.
(2017a).

D/ Chinese Yunnan anthracite-derived carbon. Image Yunnan 2 02 from Silva et al. (2012).

3. Glassy fly ash particles from the combustion of eastern US bituminous coals. A/ Glass
cenospheres. Image 93685 06. B/ Particle with glass and dark, partially vitrified shale or silt
bands. Image MD PS 10.

4. Spinel minerals from the combustion of eastern US bituminous coals. A/ Spinel forms in a
bottom ash. Image 93662 01. B/ Spinels in fly ash. Image 93614 04. C/ Spinel from a bottom
ash. Image 93933 08.

5. Stoker combustion ash from the burning of eastern US bituminous coals. Much of the left
portion of the image, the triangular lower right areas, and the “bubble” in the upper right are void
spaces. Much of the rest of the particle is packed with varying densities of mullite crystals in a
glassy matrix. The left, rounded edge of the particle has an oxidation rim. Image 93962 06 from
Hower et al. (2018a).

6. A/ Monazite (m) with glassy particles in an eastern US bituminous coal-derived fly ash.
Image 93954 04 from Hood et al. (2017). B/ Zircon (z) in fly ash from Powder River Basin
subbituminous coal-derived fly ash. Image 93971 02.

7. Chondrite-normalized plot of SHRIMP-RG results for constituents of a fly ash sample derived
from Appalachian Basin Fire Clay coal. Figure is modified after Kolker et al. (2017). Bulk REE
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distribution (heavy solid line) is from Taggart and others (2016). Plot demonstrates the relative
enrichment of REE in Fe-bearing aluminosilicate glass relative to Fe-poor glasses. Quartz shows
relative REE depletion or is below detection. Promethium (Pm, atomic number 61) is omitted
because it is not stable in nature.

8. A/ Mixed monazite (mz) and kaolinite (k) grain in Fire Clay coal. B/ The EDX scan shows
the segregation of the kaolinite (Al and Si) from the monazite (using Ce as a proxy for the REE
in monazite). After Hower et al. (2018c).

9. Monazite with included xenotime in the fly ash from the combustion of an Eastern US
bituminous coal blend. After Hower et al. (2017b).

10. Ce-phosphate on mullite in stoker ash from the combustion of an Eastern US bituminous coal
blend. After Hower et al. (2018a).

11. Opposing sides and different sizes of the FIB liftout slice (A & B). C/ EDX image for Y, La,
and Ce showing the diffuse nature of the REE distribution. From Hood et al. (2017).

12. A/ TEM image of Fe-spinel minerals (sp) in fly ash from the combustion of an Eastern US
bituminous coal blend. B/ Composite EDX image based on the elements mapped individually in
(C). After Hower et al. (2017Db).

13. A/ TEM image of spinel (sp) surrounded by carbon. The area scanned by EDX is shown by
the rectangle on the lower right of (A). The fly ash is from the combustion of an eastern US
bituminous coal blend. B/ EDX scan of area shown on (A), indicating that the carbon deposit on
the surface of the spinels includes/entrains Nd, Ce, Sm, and Y. After Hower et al. (2017b).

14. High resolution TEM image (right) of Al-Si glass sphere surrounded by graphitic carbon
deposits. The fly ash is from the combustion of an eastern US bituminous coal blend. The
composite of 50 EDX scans (left) indicates that the carbon contains Ce, Nd, Sm, and Y. After
Hower et al. (2017D).

15. High resolution TEM image (upper left) of Al-Si glass sphere surrounded by graphitic carbon
deposits. EDX images of C, Nd, and Ce are shown in the upper right, lower left, and lower right
images, respectively. The EDX C overlapping the Al-Si glass is blacked out on the upper right
image, concealing the basis for the dense Nd and Ce concentrations coincident with the glass.
The fly ash is from the combustion of an Eastern US bituminous coal blend. After Hower et al.
(2017b).

16. EELS imaging indicating the presence of Ce associated with needle-shaped minerals (in
circles). The fly ash is from the combustion of an eastern US bituminous coal blend. After
Hower et al. (2017D).

17. Example sequence of unit processes for the recovery and separation of rare earth elements at
conventional mining operations (top schematic) and potential modifications to the recovery
process for REE-enriched coal fly ash (bottom schematic).
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Table 1. Rare earth elements in coal fly ash that could be analyzed for bulk speciation by
X-ray absorption spectroscopy and potential interfering elements to consider in coal fly
ash. The concentration values (from Taggart et al., 2016) correspond to fly ashes generated
from coals of the central Appalachian basin in the U.S. (generally the more enriched of
U.S. coal fly ashes). Fly ash samples are also enriched in other elements with absorption or
emission energies that could interfere with the target element energies (Kortright and

Thompson, 2009; Williams, 2009).

Concentration in Absorption Emission .Potentla!l
Element fly ash energy energy interfering
elements
Cerium (Ce) 100 —200 mg kg! 5732 eV 4840.2 eV V, Ba
(Ls-edge) (Lay)
Lanthanum (La) 70 — 110 mg kg! 5483 eV 4651.0 eV Ti
(Ls-edge) (Lay)
Neodymium (Nd) 60 —90 mg kg! 6208 eV 5230.4 eV Possibly Ce
(Ls-edge) (Lay)
Yttrium (Y) 80— 100 mgkg! 17038 eV 14958 eV None likely
(K-edge) (Lay)
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Figure 1. Plots showing how REE data are represented, including distributions for: 1) fly ash
from a Kentucky power station burning Appalachian Basin Fire Clay coal (fly ash), data from
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Taggart et al. (2016); 2) the upper continental crust (UCC), data from Taylor and McLennan
(1985); 3) U.S. coal in USGS COALQUAL database (coal), data from Finkelman (1993); and 4)
chondrite normalizing values (chondrite), as suggested by Korotev (2009). Plots show how
normalization of REE concentration data results in smooth patterns for distribution for elements
plotted in order of atomic number.

A. REE concentration data in parts per million showing a sawtooth pattern with even-atomic-
numbered elements (Ce, Nd, Sm, Gd, Dy, Er, and Yb) more abundant than odd-numbered
elements (Pr, Eu, Tb, Ho, Tm, and Lu) due to the Oddo-Harkins effect. Promethium (Pm, atomic
number 61) is omitted because it is not stable in nature.

B. REE normalized to upper continental crust (UCC). Plot shows that REE distribution of fly
ash and coal nearly parallel UCC, with greatest REE enrichment in fly ash. REE in coal are less
than in UCC.

C. REE normalized to chondrite showing similar patterns for fly ash, UCC, and coal, with each
showing enrichment in light rare earths relative to chondrite. The prominent dip in the patterns at
europium (Eu, atomic number 63), is a europium anomaly (see text). Chondrite lacks this Eu
anomaly. A chondrite-normalized plot is used later in this chapter.

50 pm

Figure 2. Coal-derived carbons from the combustion of Eastern US bituminous coals. A/
Inertinite (i) and anisotropic coke (ac). Image MD PR 01. B/ Inertinite (i), isotropic coke (ic),
and anisotropic coke (ac). Image 93902 11.

C/ US San Juan Basin subbituminous coal-derived char. Image 92922 04 from Hower et al.
(2017a).

D/ Chinese Yunnan anthracite-derived carbon. Image Yunnan 2 02 from Silva et al. (2012).

Page 48 of 78



Page 49 of 78

AGU Books

48

100 microns

Figure 3. Glassy fly ash particles from the combustion of Eastern US bituminous coals. A/
Glass cenospheres. Image 93685 06. B/ Particle with glass and dark, partially vitrified shale
or silt bands. Image MD PS 10.

Figure 4. Spinel minerals from the combustion of Eastern US bituminous coals. A/ Spinel
forms in a bottom ash. Image 93662 01. B/ Spinels in fly ash. Image 93614 04. C/ Spinel
from a bottom ash. Image 93933 08.
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Figure 5. Stoker combustion ash from the burning of Eastern US bituminous coals. Much of the
left portion of the image, the triangular lower right areas, and the “bubble” in the upper right are
void spaces. Much of the rest of the particle is packed with varying densities of mullite crystals
in a glassy matrix. The left, rounded edge of the particle has an oxidation rim. Image 93962 06
from Hower et al. (2018a).

f——
50 pm

Figure 6. A/ Monazite (m) with glassy particles in an Eastern US bituminous coal-derived fly ash.
Image 93954 04 from Hood et al. (2017). B/ Zircon (z) in fly ash from Powder River Basin
subbituminous coal-derived fly ash. Image 93971 02.
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Figure 7. Chondrite-normalized plot of SHRIMP-RG results for constituents of a fly ash sample
derived from Appalachian Basin Fire Clay coal. Figure is modified after Kolker et al. (2017).
Bulk REE distribution (heavy solid line) is from Taggart and others (2016). Plot demonstrates
the relative enrichment of REE in Fe-bearing aluminosilicate glass relative to Fe-poor glasses.
Quartz shows relative REE depletion or is below detection. Promethium (Pm, atomic number
61) is omitted because it is not stable in nature.
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Figure 8. A/ Mixed monazite (mz) and kaolinite (k) grain in Fire Clay coal. B/ The EDX scan
shows the segregation of the kaolinite (Al and Si) from the monazite (using Ce as a proxy for the
REE in monazite). After Hower et al. (2018c¢).

Figure 9. Monazite with included xenotime in the fly ash from the combustion of an Eastern US
bituminous coal blend. After Hower et al. (2017b).
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Figure 10. Ce-phosphate on mullite in stoker ash from the combustion of an Eastern US
bituminous coal blend. After Hower et al. (2018a).
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Figure 11. Opposing sides and different sizes of the FIB liftout slice (A & B). C/ EDX image for
Y, La, and Ce showing the diffuse nature of the REE distribution. From Hood et al. (2017).
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Figure 12. A/ TEM image of Fe-spinel minerals (sp) in fly ash from the combustion of an Eastern
US bituminous coal blend. B/ Composite EDX image based on the elements mapped
individually in (C). After Hower et al. (2017b).
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Figure 13. A/ TEM image of spinel (sp) surrounded by carbon. The area scanned by EDX is
shown by the rectangle on the lower right of (A). The fly ash is from the combustion of an
Eastern US bituminous coal blend. B/ EDX scan of area shown on (A), indicating that the
carbon deposit on the surface of the spinels includes/entrains Nd, Ce, Sm, and Y. After Hower et

al. (2017b).
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Figure 14. High resolution TEM image (right) of Al-Si glass sphere surrounded by graphitic
carbon deposits. The fly ash is from the combustion of an Eastern US bituminous coal blend.
The composite of 50 EDX scans (left) indicates that the carbon contains Ce, Nd, Sm, and Y.
After Hower et al. (2017b).
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Figure 15. High resolution TEM image (upper left) of Al-Si glass sphere surrounded by graphitic
carbon deposits. EDX images of C, Nd, and Ce are shown in the upper right, lower left, and
lower right images, respectively. The EDX C overlapping the Al-Si glass is blacked out on the
upper right image, concealing the basis for the dense Nd and Ce concentrations coincident with
the glass. The fly ash is from the combustion of an Eastern US bituminous coal blend. After
Hower et al. (2017D).
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Figure 16. EELS imaging indicating the presence of Ce associated with needle-shaped minerals
(in circles). The fly ash is from the combustion of an Eastern US bituminous coal blend. After
Hower et al. (2017b).
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Figure 17. Example sequence of unit processes for the recovery and separation of rare earth
elements at conventional mining operations (top schematic) and potential modifications to the
recovery process for REE-enriched coal fly ash (bottom schematic).

Figure 18. Scanning electron micrograph with energy dispersive x-ray spectroscopy (SEM-EDS)
of rare earth elements separated from coal ash leachate using electrochemical deposition on
carbon nanotube filters. Pre-treatments included an alkaline sintering of the coal ash, followed
by a nitric acid extract and a pH titration using sodium hydroxide. Residual sodium is visible on
top of the rare earth element oxide “cake,” where terbium and dysprosium were the main REEs
collected. The enrichment of the final cake was approximately 1.8% total REE.
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Figure 1. Plots showing how REE data are represented, including distributions for: 1) fly ash from a
Kentucky power station burning Appalachian Basin Fire Clay coal (fly ash), data from Taggart et al. (2016);
2) the upper continental crust (UCC), data from Taylor and McLennan (1985); 3) U.S. coal in USGS
COALQUAL database (coal), data from Finkelman (1993); and 4) chondrite normalizing values (chondrite),
as suggested by Korotev (2009). Plots show how normalization of REE concentration data results in smooth
patterns for distribution for elements plotted in order of atomic number.

A. REE concentration data in parts per million showing a sawtooth pattern with even-atomic-numbered
elements (Ce, Nd, Sm, Gd, Dy, Er, and Yb) more abundant than odd-numbered elements (Pr, Eu, Tb, Ho,
Tm, and Lu) due to the Oddo-Harkins effect. Promethium (Pm, atomic number 61) is omitted because it is
not stable in nature.

B. REE normalized to upper continental crust (UCC). Plot shows that REE distribution of fly ash and coal
nearly parallel UCC, with greatest REE enrichment in fly ash. REE in coal are less than in UCC.

C. REE normalized to chondrite showing similar patterns for fly ash, UCC, and coal, with each showing
enrichment in light rare earths relative to chondrite. The prominent dip in the patterns at europium (Eu,
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atomic number 63), is a europium anomaly (see text). Chondrite lacks this Eu anomaly. A chondrite-
normalized plot is used later in this chapter.
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Figure 2. Coal-derived carbons from the combustion of Eastern US bituminous coals. A/ Inertinite (i) and
anisotropic coke (ac). Image MD PR 01. B/ Inertinite (i), isotropic coke (ic), and anisotropic coke (ac).
Image 93902 11.

C/ US San Juan Basin subbituminous coal-derived char. Image 92922 04 from Hower et al. (2017a).
D/ Chinese Yunnan anthracite-derived carbon. Image Yunnan 2 02 from Silva et al. (2012).
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Figure 3. Glassy fly ash particles from the combustion of Eastern US bituminous coals. A/ Glass
cenospheres. Image 93685 06. B/ Particle with glass and dark, partially vitrified shale or silt bands. Image
MD PS 10.
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Figure 4. Spinel minerals from the combustion of Eastern US bituminous coals. A/ Spinel forms in a
bottom ash. Image 93662 01. B/ Spinels in fly ash. Image 93614 04. C/ Spinel from a bottom ash. Image
93933 08.
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Figure 5. Stoker combustion ash from the burning of Eastern US bituminous coals. Much of the left portion
of the image, the triangular lower right areas, and the “bubble” in the upper right are void spaces. Much of
the rest of the particle is packed with varying densities of mullite crystals in a glassy matrix. The left,
rounded edge of the particle has an oxidation rim. Image 93962 06 from Hower et al. (2018a).

337x141mm (96 x 96 DPI)



Page 67 of 78

AGU Books

o
50 pm

Figure 6. A/ Monazite (m) with glassy particles in an Eastern US bituminous coal-derived fly ash. Image
93954 04 from Hood et al. (2017). B/ Zircon (z) in fly ash from Powder River Basin subbituminous coal-
derived fly ash. Image 93971 02.
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Figure 7. Chondrite-normalized plot of SHRIMP-RG results for constituents of a fly ash sample derived from
Appalachian Basin Fire Clay coal. Figure is modified after Kolker et al. (2017). Bulk REE distribution (heavy
solid line) is from Taggart and others (2016). Plot demonstrates the relative enrichment of REE in Fe-
bearing aluminosilicate glass relative to Fe-poor glasses. Quartz shows relative REE depletion or is below
detection. Promethium (Pm, atomic number 61) is omitted because it is not stable in nature.
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Figure 8. A/ Mixed monazite (mz) and kaolinite (k) grain in Fire Clay coal. B/ The EDX scan shows the
segregation of the kaolinite (Al and Si) from the monazite (using Ce as a proxy for the REE in monazite).
After Hower et al. (2018c).
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Figure 9. Monazite with included xenotime in the fly ash from the combustion of an Eastern US bituminous
coal blend. After Hower et al. (2017b).
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Figure 10. Ce-phosphate on mullite in stoker ash from the combustion of an Eastern US bituminous coal
blend. After Hower et al. (2018a).
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Figure 11. Opposing sides and different sizes of the FIB liftout slice (A & B). C/ EDX image for Y, La, and Ce
showing the diffuse nature of the REE distribution. From Hood et al. (2017).
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Figure 12. A/ TEM image of Fe-spinel minerals (sp) in fly ash from the combustion of an Eastern US
bituminous coal blend. B/ Composite EDX image based on the elements mapped individually in (C). After
Hower et al. (2017b).
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Figure 13. A/ TEM image of spinel (sp) surrounded by carbon. The area scanned by EDX is shown by the

rectangle on the lower right of (A). The fly ash is from the combustion of an Eastern US bituminous coal

blend. B/ EDX scan of area shown on (A), indicating that the carbon deposit on the surface of the spinels
includes/entrains Nd, Ce, Sm, and Y. After Hower et al. (2017b).
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Figure 14. High resolution TEM image (right) of Al-Si glass sphere surrounded by graphitic carbon deposits.
The fly ash is from the combustion of an Eastern US bituminous coal blend. The composite of 50 EDX scans
(left) indicates that the carbon contains Ce, Nd, Sm, and Y. After Hower et al. (2017b).
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Figure 15. High resolution TEM image (upper left) of Al-Si glass sphere surrounded by graphitic carbon
deposits. EDX images of C, Nd, and Ce are shown in the upper right, lower left, and lower right images,
respectively. The EDX C overlapping the Al-Si glass is blacked out on the upper right image, concealing the
basis for the dense Nd and Ce concentrations coincident with the glass. The fly ash is from the combustion
of an Eastern US bituminous coal blend. After Hower et al. (2017b).
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Figure 16. EELS imaging indicating the presence of Ce associated with needle-shaped minerals (in circles).
The fly ash is from the combustion of an Eastern US bituminous coal blend. After Hower et al. (2017b).
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Figure 17. Example sequence of unit processes for the recovery and separation of rare earth elements at
conventional mining operations (top schematic) and potential modifications to the recovery process for REE-

selective
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enriched coal fly ash (bottom schematic).
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Figure 18. Scanning electron micrograph with energy dispersive x-ray spectroscopy (SEM-EDS) of rare earth
elements separated from coal ash leachate using electrochemical deposition on carbon nanotube filters.
Pre-treatments included an alkaline sintering of the coal ash, followed by a nitric acid extract and a pH
titration using sodium hydroxide. Residual sodium is visible on top of the rare earth element oxide “cake,”
where terbium and dysprosium were the main REEs collected. The enrichment of the final cake was
approximately 1.8% total REE.
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Table 1. Rare earth elements in coal fly ash that could be analyzed for bulk speciation by
X-ray absorption spectroscopy and potential interfering elements to consider in coal fly
ash. The concentration values (from Taggart et al., 2016) correspond to fly ashes generated
from coals of the central Appalachian basin in the U.S. (generally the more enriched of
U.S. coal fly ashes). Fly ash samples are also enriched in other elements with absorption or
emission energies that could interfere with the target element energies (Kortright and

Thompson, 2009; Williams, 2009).

Concentration in Absorption Emission .Potentla!l
Element fly ash energy energy interfering
elements
Cerium (Ce) 100 —200 mg kg! 5732 eV 4840.2 eV V, Ba
(Ls-edge) (Lay)
Lanthanum (La) 70 — 110 mg kg! 5483 eV 4651.0 eV Ti
(Ls-edge) (Lay)
Neodymium (Nd) 60 —90 mg kg! 6208 eV 5230.4 eV Possibly Ce
(Ls-edge) (Lay)
Yttrium (Y) 80— 100 mgkg! 17038 eV 14958 eV None likely
(K-edge) (Lay)
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