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ABSTRACT: Coal fly ash is an alternative source of rare earth
elements (REEs), which are critical in modern energy and
electronic technologies. Current hydrometallurgical processes,
however, yield variable recovery rates because of the limited
understanding of the microscale phenomena controlling the
extraction of REEs from fly ash. This work investigates the
microscale processes that dictate the recovery of REEs from ash
particulates via a spatiochemical analysis. We find that REE-bearing
minerals are hosted in three modes with distinct recovery
mechanisms: (i) REEs encapsulated in dense particles are
recovered via the cation exchange between matrix metals (Al,
Ca, Mg, etc.) and solution cations, (ii) REEs within permeable
particles are recovered via intraparticle pore-scale fluid flow, and
(iii) discrete and surface-bound REE-bearing minerals are recovered via direct exposure to reagents. The role of metal content and
the limiting transport mechanisms are further probed for dense particles, the predominant mode of occurrence. This study
highlights, for the first time, how the morphology and the elemental makeup of the ash matrix play a critical role in the accessibility
of REEs, furthering the knowledge base required for the design of cost-effective and environmentally benign REEs recovery
techniques.
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INTRODUCTION
Rare earth elements (REEs), comprised of the lanthanides
group plus yttrium and scandium, are critical material
components for the manufacturing of key technologies used
in energy, transportation, medicine, and electronics.1−4 In
2018, goods and materials requiring REEs accounted for ∼10%
of the global economy.5 As a result of their ubiquitous use and
lack of suitable substitute materials,6−8 REEs demand is
expected to increase in the upcoming years, with neodymium
and dysprosium demands rising as high as 1100 and 2400%,
respectively, by 2050.9,10 Identifying nontraditional sources of
REEs is, therefore, fundamental to ensuring that we meet our
ever-increasing societal needs.
Coal fly ash, aerosolized waste particulates (∼10 nm to 100
μm) from coal combustion,11,12 offers a promising alternative
for REEs recovery and in supporting a circular economy.
Excitingly, fly ash contains REEs concentrations of up to 1500
ppm5,13 and is an abundant and accessible material. Between
2000 and 2019, the USA produced more than 1 billion short
tons of fly ash, yet only ∼42% of it was repurposed.14 The
unused fly ash is traditionally disposed of in landfills and poses
environmental concerns over the leaching of heavy metals into
local hydrology.15−17 Conventional REEs mining operations
are similarly detrimental to the environment. Specifically, land
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clearing and excavation, high energy consumption, greenhouse
gas emissions, and acid mine drainage severely impact
neighboring ecosystems.18−20 Heavy REEs mining, for
example, consumes up to 20 times more energy than
steelmaking.19 Repurposing unused fly ash as a REE resource,
therefore, presents an opportunity to help meet the REE
demands while simultaneously reducing the environmental
footprint associated with current ash disposal and ore mining
practices.
Extracting REEs from fly ash relies on reagent-based
methods such as acid leaching. Key questions remain, however,
on the underlying processes that control REE recovery.
Specifically, previous bulk recoveries range from ∼20 to
100%21−26 and render the prediction and control of REE
extraction from coal wastes challenging. The recovery of REEs
via leaching is directly impacted by their spatial distributions
within the fly ash matrix. Previous studies have either focused
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on the modes of REE occurrences13,27−33 or the controls on
extractability at the bulk scale (e.g., reagents, reagent
concentration, etc.)25,34−36 but fail to resolve the fundamental
coupling between microscale properties of fly ash, the
accessibility of reagents to the REEs, and the reactive transport
mechanisms dictating REE extraction. Specifically, at the
microscale, reagent transport is controlled by the local
chemical and morphological variations of the ash matrix that
have not been accounted for in previous bulk-scale experiments.37,38 To develop economically and ecologically feasible
extraction methods, a fundamental understanding of the
processes dictating the recovery of REEs is required.
In this work, we provide a spatiochemically resolved
characterization of fly ash and relate, for the first time, the
physicochemical properties of the ash matrix to fundamental
extraction mechanisms. Specifically, we investigate the
processes dictating the recovery of REEs from fly ash by
examining the microscopic properties of the REE-hosting ash
matrix pre- and postrecovery. We leverage fine spatial and
chemical species resolutions (∼nm, elements) offered by
electron microscopy paired with spectroscopic techniques to
investigate the properties of REE-hosting ashes at the scales of
interest.28,39 Interestingly, we find that the recovery of REEs
from dense aluminosilicates, the most common REE-hosting
ash matrix, is controlled by the progressive leaching of metals
from the encapsulating matrix. The recovery of REEs hosted in
permeable aluminosilicates, on the other hand, was enabled by
intraparticle pore fluid flow. Moreover, morphological changes
were negligible for both dense and permeable matrix particles,
as evidenced by microvisualization leaching experiments.
Discrete and surface-bound REE-bearing minerals were also
found in this study where, due to their direct accessibility,
recovery is controlled solely by the dissolution kinetics of the
REEs mineral. Our results show how elemental composition
and the morphology of the hosting matrix, enable, or hinder,
the recovery of REEs from fly ash and inform the design of
more efficient REE extraction processes.
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REE accessibility, elemental distribution (via EDS) and
morphological data of 97 REE-bearing minerals and their
surrounding ash matrix were collected from the initial ash
sample. Imaging settings and conditions are detailed in the
Supporting Information (Text S2).
Acid Leaching Experiments. Leaching experiments, run
in triplicate, were conducted using aqua regia (AR), a 3:1 ratio
mixture of 12 M HCl and 15 M HNO3, and the resulting
effluents and solids were analyzed to understand the processes
dictating REE recovery. For each run, 35 mg of ash was
leached in 2 mL of AR for 3 days at 120 °C. The effluent was
diluted and analyzed using ICP-MS. The solid residue was
thoroughly washed, epoxy-mounted, and milled following the
method described for the initial characterization. Polishing the
residual ash particles after leaching enabled the observation of
microscopic changes in the chemical composition internal to
the ash matrix. Characterization of elemental distribution and
morphological changes to the ash residue was performed using
SEM. The Mann−Whitney U-test was computed using the
DataTab software to determine if statistical differences exist
between the composition of the pre- and postleached ash
matrix.
Single Particle Leaching. Direct microscopic visualization
of the leaching process was facilitated by a particulate
attachment procedure (Figure 1) inspired by mineral embed-

MATERIALS AND METHODS

Phase and Elemental Characterization of Initial Ash.
A fly ash sample from Powder River Basin feed coal was used
in this study. The phases present in the fly ash were
characterized using X-ray diffraction (XRD, Rigaku R-Axis
Spider). Major elemental composition was determined via Xray fluorescence (XRF, NSL Analytical). REE concentrations,
as well as contents of other trace elements, were quantified via
acid digestion, followed by inductively-coupled plasma mass
spectrometry (ICP-MS, Agilent 7500). Specifically, acid
digestion was carried out in triplicate using hydrofluoric acid
(HF, optima grade, Fisher Scientific), hydrochloric acid (HCl,
trace metal grade, Fisher Scientific), and double-distilled nitric
acid (HNO3, 15 M, Fisher Scientific) until the ash was fully
dissolved. The complete details on the digestion procedures
and ICP-MS analysis are provided in the Supporting
Information (Text S1).
Microscale spatial characterization of the ash was performed
using a scanning electron microscope (SEM, Scios 2 HiVac)
equipped with energy-dispersive X-ray spectroscopy (EDS)
detector and a backscattered electron (BSE) detector. The
initial ash sample was mounted in epoxy (Pelco 24-hour epoxy,
Ted Pella), hand-polished, argon ion-milled, and carboncoated to enable direct visual access to the interior of the ash
particles. To understand the microscale properties controlling

Figure 1. PDMS fly ash attachment procedure for single particle
leaching microvisualization. (A) Droplet of uncured PDMS is placed
on a preheated microscope glass and precured for 5 min at 90 °C. (B)
Fly ash is sprinkled on the semicured PDMS droplet and further cured
at 120 °C for 15 min. (C) PDMS substrate is carefully detached from
the microscope slide and rinsed with DI water. The system enables
the direct tracking of microscale morphological changes, as illustrated
by a FeO-rich aluminosilicate particle imaged (D) before and (E)
after acid leaching. The scale bar represents 10 μm.

ment devices.40 Specifically, Sylgard 184 silicon elastomer
polydimethylsiloxane ((PDMS), Dow) was mixed using a 10:1
ratio of base to curing agent, degassed, and a drop (∼100 μL)
of the mixture was placed on a glass microscope slide that was
preheated to 90 °C. The PDMS was cured partially for 5 min
at 90 °C before fly ash was sprinkled on top. The semicured
PDMS, with embedded ash, was heated at 120 °C for an
additional 15 min to finish curing. The ash-embedded PDMS
was rinsed using deionized (DI) water to remove those
particles that had not been secured in the PDMS, and the
substrate was air-dried overnight. The PDMS-mounted
particles were kept intact (i.e., not milled) to visualize potential
B
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Table 1. Minor and Trace Elemental Composition, Including Rare Earth Elements, Measured Using ICP-MS
content (ppm)
content (ppm)

Li

V

Cr

93.8
Sc

108
Y

73.0
La

17.3

48.8

71.0

Mn

Co

Ni

Cu

Zn

130

14.7

53.4

10.2

changes to particle surface morphology prior to and following
2 hours of AR leaching (70 °C) using SEM.
Image-Based Quantification of REEs in Ash. Spatioelemental characterization of the initial and the postleached ash
was conducted using a Scios 2 HiVac SEM-EDS and a BSE
detector. SEM micrographs were collected in an automated
manner over an area of 14.9 mm2 for the initial ash
characterization, and a 14.6 mm2 area for the leached sample
characterization, all at a resolution of 80 nm/pixel. The zcontrast arising from atomic weight sensitivity in BSE images
(i.e., heavier elements appear brighter than lighter ones), with
corroboration from EDS data, enables the distinction of
heavier rare earth elements from the light elements that
comprise the ash matrix. Pixels containing less than 1 wt % of
REEs were categorized as lacking REEs, whereas the
microscale physicochemical properties of REE-bearing minerals and the adjacent ash matrix, if present, were investigated
using image segmentation and pixel classification. Although the
data presented here was acquired from a two-dimensional (2D) slice of the total material, variations in the third dimension
are accounted for because of the large data set (∼3000
micrographs per analysis). Furthermore, the EDS data were
only used as a tool to help understand the spatial controls on
REEs recovery from the ash particles (i.e., local particle
morphology on REE recovery), where measurements for REE
recovery rates using SEM-EDS and ICP-MS differ only by
∼5%.
For permeable matrix particles, the pore size distribution was
characterized via image segmentation of the SEM images from
10 permeable matrix particles. Epoxy-filled pores were
distinguished from unfilled pores based on the EDS signals
associated with the epoxy composition (i.e., strong C signals in
the epoxy) in contrast to weak or lacking EDS signals that are
characteristic of voids (i.e., pores).

■

As

Rb

Sr

Zr

266
10.2
26.6
89.2
62.4
20.7
51.8
1664
Ce
Pr
Nd
Sm
Eu
Gd
Tb
Dy
2.5

10.4

1.6

9.1

Ba

Pb

Th

U

191
Ho

3768
Er

47.4
Tm

21.7
Yb

8.8
Lu

1.9

5.4

0.8

5.1

0.8

detailed characterization. We do note that in the few REE
minerals that were larger (i.e., ∼μm), no internal pores were
observed.
Interestingly, REE minerals were found in three modes of
occurrences (Figures 2 and S3−S5): (i) in a dense

RESULTS AND DISCUSSION

Initial Ash Characterization. The major metals present in
the fly ash, measured as oxides using XRF, include aluminum
(17.5%), calcium (6.0%), iron (4.3%), magnesium (2.4%),
sodium (1.6%), and potassium (1.2%). As determined by XRD
measurements, the major and minor phases present include an
amorphous phase, quartz, mullite, hematite, and anhydrite
(Figure S1). SEM imaging revealed that ash particulates,
predominantly composed of aluminosilicate oxides, ranged in
diameter between sub-micron levels to ∼60 μm. Total REE
concentrations in the acid-digested sample were 384 ± 32 ppm
as measured by ICP-MS (Table 1) and, when normalized
relative to the upper continental crust (Figure S2), showed no
preferential enrichment toward light or heavy lanthanides.
Microscopic elemental characterization of the initial ash
shows that the major elements associated with the REEs are
phosphorous and oxygen (Figures S3−S5 and Table S1),
suggesting that the REEs are held as phosphate minerals.
Morphological characteristics of the REE-bearing minerals
were below the spatial resolution of the SEM (REE minerals
∼700 nm, SEM resolution ∼80 nm/pixel) and not suitable for

Figure 2. REE-bearing minerals are encapsulated in a dense matrix
(A1, A2), encapsulated in a permeable matrix (B1, B2), or exist as
discrete or surface-bound minerals (C1, C2). (A2, B2, C2)
correspond to the EDS maps of the highlighted white squares, and
(A3, B3, and C3) show the EDS spectra of the REE-bearing minerals.
(D) Compositional analyses of the ash matrix encapsulating the REEbearing minerals show that the dense matrix has lower concentrations
of major metals (Al, Ca, Mg, Na, K, Fe) than the permeable matrix.
The white scale bars correspond to 5 μm.

aluminosilicate matrix, as reported previously28,29,31 (∼78%,
Figure 2A), (ii) in a permeable aluminosilicate matrix (∼12%,
Figure 2B), and (iii) as discrete or surface-bound minerals
(∼10%, Figure 2C). Specifically, we find, for the first time,
morphological differences in the hosting matrix (dense vs
permeable) that influence REE accessibility and, therefore, the
reactive transport mechanisms that control their recovery from
fly ash.
First, REEs are associated primarily with particles comprising a dense matrix. Elemental analyses of the dense matrix
C
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Figure 3. (A) SEM image of a particle with a permeable matrix, where unfilled pores are marked in blue and accessible, epoxy-filled pores, are
depicted in green. (B) Pore size distribution for 10 permeable particles shows that most intraparticle pores fall below a pore diameter size of 1 μm.
(C) Zoomed-in SEM image shows pores as small as ∼60 nm in the particle’s matrix.

surrounding the REE-bearing minerals show concentrations of
aluminum ranging from less than 1 wt %, to up to 12 wt %
(Table S2). Minor concentrations of metals such as Ca, Mg,
Na, K, and Fe were also found to be dispersed throughout the
glassy phase (8 wt % on average). Although microscopic pores
are present within the dense matrix, they lack the
interconnectivity required for intraparticle fluid transport.
Second, particles with a permeable matrix also host REEbearing minerals, albeit to a lesser extent (∼12% of all REEs
found) than the dense matrix particles. The chemical
composition of the permeable matrix is characterized by the
high aluminum content (21 ± 2 wt %) with a ∼1:1 Al/Si ratio
by mass (Figure 2D). Other metals (Ca, Na, Mg, K) occur
only in small concentrations (<4 wt % in total). Notably,
permeable matrix particles are highly porous (porosity ϕ up to
∼32%), presenting pore interconnectivity that enables intraparticle fluid flow (e.g., epoxy partially filling accessible pores
in Figure 3, green). The chemical and physical features of the
permeable matrix suggest that such ash particles were exposed
minimally to the combustion furnace and retained their
original mineral structure.41
Lastly, discrete and surface-bound REE-bearing minerals
account for ∼6 and ∼4% of all REE occurrences, respectively.
The REE-bearing minerals range between ∼400 nm and 2.5
μm in diameter. Favorably, discrete and surface-bound
minerals have surfaces exposed to the leaching solution and
allow for direct REE recovery.
REE Distribution and Modes of Occurrence after
Leaching. Microscale SEM-EDS analysis of the leached ash
(Figures 4 and S6 and Table S3) shows distinct differences in
the recovery efficiency for each mode of occurrence. The vast
majority (96%) of REEs remaining after leaching were found
encapsulated in particles with a dense matrix. No discrete and
surface-bound REE-bearing minerals were imaged after
leaching (i.e., ∼100% recovery). In particles with a permeable
matrix, ∼92% of REEs were recovered. Interestingly, in the
particles with a dense matrix, over 60% of all encapsulated
REEs were extracted. This is surprising given the lack of direct
access to the REEs. Our image analyses show a total REE
recovery of ∼68%, consistent with the REE recovery of ∼63%
measured in the leachates via ICP-MS (Figure S7).
REE Recovery from the Dense Matrix. The chemical
and morphological characteristics of the solids remaining after
the aqua-regia leach were investigated using SEM-EDS. We

Figure 4. Microvisualization of the modes of REE occurrences before
and after leaching. (A) SEM images of the REE modes found in the
initial ash and the remaining ash after leaching. (B) REE
concentrations, estimated via image analysis, before and after leaching.
White bar scales correspond to 2.5 μm.

find a strong relationship between REE recoverability and the
concentration of major metals (Al, Ca, Mg, Na, Fe) in the
dense matrix. The analysis of the dense matrix particles before
and after leaching using SEM-EDS enables the tracking of bulk
chemical and morphological changes that occur in such a
matrix. Notably, most REEs in dense matrix particles with high
metal content were recovered via acid leaching, whereas REEs
in dense matrix particles with lower concentrations of metals
were not recovered (Figure S8A and Table S4). Our results
support previous studies22,42 that show that metal-rich fly ash
samples are more responsive to REE recovery via leaching.
D
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Figure 5. (A1, B1, C1) Partially reacted dense particles remaining after acid leaching and (A2, B2, C2) their corresponding concentration profiles,
measured via SEM-EDS line scans. Particle A shows a uniformly leached matrix layer surrounding a metal-rich core. Particles B and C show two
unrecovered REE-bearing minerals (white minerals in the particle) found in the unreacted region. The concentration profiles show the unreacted
region (in blue), a transition region (in pink), and the leached region (in green). The thicker transition zone on particle C indicates greater
resistance to diffusion than particles A and B. White scale bars correspond to 5 μm.

Figure 6. (A1, B1, C1) SEM images of permeable matrix particles found after leaching and (A2, B2, C2) their corresponding EDS line scans,
showing aluminum concentration profiles nearly constant across the particles. The REE recovery from permeable matrix particles, therefore, occurs
independently of matrix leaching. White bar scales correspond to 10 μm.

In a metal-rich dense matrix, REE recovery is governed by
heterogeneous surface reactions coupled with cation interdiffusion (Figure 5). Concentration profiles of partially reacted
metal-rich dense particles obtained via EDS line scans showed
three distinct regions: outer leached layers that were devoid of
major metal cations (green regions in Figure 5), transition
regions (pink regions in Figure 5), and inner unreacted regions
with the initial cation concentrations preserved (blue regions
in Figure 5). These results indicate that major metals (Al, Ca,
Mg, Na, Fe) were recovered, layer by layer, from the matrix of
the particles during leaching. Specifically, mobile metal cations
present in the matrix diffuse outwardly in exchange for H+ ions
from the bulk solution diffusing into the particle, creating an
outer leached zone that grows as the exchange reaction
progresses.43,44 Notably, REE-bearing minerals remaining after

the acid leach were found only in the inner unreacted portions
of the particles (Figure 5B,C). The leaching of mobile cations
present in the surrounding ash matrix is, therefore, a required
step to enable the delivery of reagents to REE-bearing minerals
and their subsequent recovery from the dense matrix. It is
worth noting that such outer metal-poor shells in the partially
reacted particles were not formed during coal combustion; no
such particles were present in the initial ash and the higher
melting points of silicate minerals favor limited to no phase
changes,45,46 making metal-poor silicate condensation onto
other metal-rich phases unlikely.
Surprisingly, for a significant fraction of partially reacted
metal-rich particles (∼72%), the transition region held a sharp
solid-phase concentration gradient (Figure 5A2,B2), suggesting that ion diffusion through the leached layer occurred at a
E
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Figure 7. Microscale leaching visualization of particles representing the predominant REE-hosting dense and permeable matrices. Dense matrix
particles have their surface minerals leached. Permeable matrix particles showed some removal of smaller particles present in their larger pores,
suggesting that flow pathways exist within these particles.

exposure enables dissolution with no requirements of glass
leaching (as in the dense matrix) or fluid flow through
intraparticle pores (as in the permeable matrix). For this type
of REE occurrence, recovery is limited by the kinetics of REEbearing mineral dissolution at the mineral surface and the
saturation conditions of the solution.52,53
Morphological Changes as a Result of Leaching.
Microscale physical properties of the matrix surrounding REEbearing minerals influence the ultimate recovery achieved. To
investigate potential morphological changes that occur during
leaching on the surface of dense and permeable matrix
particles, we performed leaching microvisualization experiments where PDMS-embedded ash was characterized. No
major morphological changes were observed in the dense
matrix particles following acid leaching (Figure 7). Nanosized
(<1 μm) minerals attached to the particle surfaces were
washed off, but no visible physical changes to the matrix
structure were observed. These findings corroborate that the
recovery of REEs is controlled by ion exchange across the glass
matrix,43,44 as shown in Figure 5, with little to no changes to
the morphology of dense matrix particles. Similarly, permeable
matrix particles do not undergo morphological changes
following acid leaching. Smaller particles contained in the
particle pores, however, appear to be removed, further
suggesting that these particles enable flow through their pores.

rate faster than that of the ion-exchange reaction at the
unreacted−leached interface. According to the shrinking core
model,23,47−51 outer shell layers completely devoid of products
indicate a reaction-controlled process, whereas concentration
gradients across the outer leached shell suggest a diffusioncontrolled process. The concentration profiles measured in our
study, therefore, approximate a reaction-limited process rather
than a diffusion-limited process. The remainder of the particles
showed thick transition zones (pink region in Figure 5C2),
where concentration gradients are noticeable. The thick
transition region suggests a diffusion or mixed control on
reactive transport.
Of the REEs hosted in the dense matrix, approximately 30%
remained unrecovered. Specifically, dense matrix particles that
bore REEs after leaching were predominantly metal-poor,
suggesting that a low metal content in the surrounding matrix
may slow or fully inhibit the recovery of REEs.
REE Recovery from Permeable Matrix Particles. REEbearing minerals hosted in permeable matrix particles that are
poorly burnt and highly porous were recovered almost in their
entirety (∼92%). Surprisingly, however, we find that REE
recovery is controlled mainly by fluid flow through the pores,
with little to no contributions from matrix leaching. Chemical
data collected after leaching reveals negligible changes in the
main composition of the matrix. That is, unlike the dense
matrix, there are no statistical differences between the
composition of the permeable particles before and after
leaching (Figure S8B and Table S4). Moreover, the
concentration profiles of major metals across the leached
permeable matrix particles remain unchanged as a result of
leaching (Figure 6). Potential preservation of crystallinity due
to incomplete phase conversion would explain how these
particles withstand the leaching treatment despite having
higher metal concentrations than dense matrix particles. These
findings suggest that metal removal from the permeable matrix
of a particle is slower than the fluid’s ability to travel through
the entire particle. REE recovery is, therefore, controlled by
fluid flow through the particle rather than by the sequential
leaching of cations present in the particle’s matrix.
REE Recovery from Discrete and Surface-Bound
Minerals. Discrete and surface-bound REE-bearing minerals
were fully recovered during acid leaching. Their direct surface

■

ENVIRONMENTAL IMPLICATIONS
Fly ash waste piles pose serious environmental, ecological, and
human health concerns. Coal fly ash disposed of in landfills
and surface impoundments has been shown to leak
contaminants into neighboring water resources.53 Moreover,
coal ash is one of the main sources of anthropogenic
nanomaterials in the atmosphere, contributing to air pollution
and posing a risk to human health.54−56 Repurposing unused
coal fly ash into a source of REEs offers the opportunity to
mitigate the environmental footprint of current ash disposal
practices.
This work furthers the knowledge base required to develop
efficient and environmentally friendly REE extraction methods
from coal fly ash. Specifically, we provide a microscale analysis
of REE occurrences in the ash, and the matrix properties that
may render REEs accessible, or, inaccessible. Notably, we find
F
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three types of REE occurrences: encapsulated by dense matrix
particles, embedded in permeable matrix particles, and existing
as discrete or surface-bound minerals. Most REE-bearing
minerals were found to be encapsulated in the dense
aluminosilicate matrix, and their recovery relies on the
sequential leaching of metals from the surrounding matrix
that enables reagents to reach the encapsulated REE-bearing
minerals via matrix diffusion. Our characterization work
suggests that dense matrix particles with higher metal contents
are more amenable to REE recovery. Specifically, unrecovered
REE-bearing minerals in the dense matrix were found to be
associated with metal-poor ash matrix or in the unreacted
portion of the ash particles. Moreover, while we elucidate some
coupling between the chemistry and morphology in permeable
matrix particles, their combined effect remains unclear and
should be investigated in future work.
The work presented here, although focused on one ash type,
offers a general approach and a first insight into how the
chemistry and morphology of ash particles are variable at the
microscopic scales and how such variability impacts the
recovery mechanisms occurring at fundamental scales.
Specifically, the impact of this work lies in elucidating and
bridging the microscale mechanisms that control REEs
leaching from ash and bulk-scale recovery efficiency. We
note that the chemistry of the source coal and the combustion
conditions determine the microscale chemical and morphological transformations that the material undergoes during the
ash formation process. Subsequent work should address how
variable ash chemistries impact the recovery mechanisms for
REEs in fly ash.
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