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Rare earth elements (REEs) are crucial for technological advancement in semiconductors, artificial
intelligence development, and defense technologies. With the growing demand for and heavy import
reliance of the U.S. on REEs, identifying and developing sustainable domestic REE feedstocks such as
coal fly ashes (CFAs) is critical. In this study, the chemical speciation of yttrium (Y) as an REE probe was
characterized at the bulk- and micro-scales in CFAs using synchrotron X-ray absorption spectroscopy
(XAS). The results from bulk X-ray absorption near edge structure (XANES) showed bulk speciation
primarily as a Y oxide, followed by Y incorporation into phosphate, iron oxide, and/or glass phases.
Micro-X-ray fluorescence microscopy (u-XRF) and p-XANES showed varied Y speciation and co-
localization with other REEs within the same particle, consistent with the heterogeneous nature of CFA
particles. Sequential chemical extraction indicated that REEs were mainly present in the residual fraction
typically associated with glass, aluminosilicate, or iron oxide phases. The second highest fraction of REEs

was found in the reducible fraction associated with carbonates and partially dissolved iron oxide phases.
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Accepted 29th January 2026 However, the fractions of certain REE species may have been over- or underestimated due to the

intrinsic limitations of XAS analyses. Therefore, a complementary suite of analytical or characterization
techniques is needed to fully understand the REE speciation in complex matrices such as CFA and
evaluate the related extractability for resource extraction and recovery purposes.
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Environmental significance

Coal fly ashes (CFAs), a byproduct of coal combustion, contain significant concentrations of rare earth elements (REEs) that are essential for clean energy and
defense technologies. Understanding the chemical speciation and partitioning of REEs in CFAs is critical for evaluating their environmental mobility and
recovery potential as an alternative REE source. This study provides a systematic, multi-scale characterization of REE speciation across CFAs from major U.S.
coal basins using synchrotron-based X-ray absorption and fluorescence spectroscopy. Results reveal that REEs predominantly occur as oxides, phosphates, and
glass-associated phases with strong spatial heterogeneity. Such speciation governs both environmental stability and extractability during potential resource
recovery. The findings inform about strategies for sustainable REE extraction from coal combustion residues while mitigating environmental risks associated
with their disposal and reuse.

as trace phases in minerals such as phosphates (e.g., monazite,
apatite, and xenotime), carbonates (e.g., bastnisite and limori-

1. Introduction

Rare earth elements (REEs) are critical for technologies in clean
energy (e.g., wind turbines, electric vehicles, etc.), energy
storage, electronics (e.g., smartphones, electronic displays, etc.),
and defense (unmanned aerial vehicles, submarines, etc.)
applications.”* REEs are composed of the lanthanide series as
well as scandium (Sc) and yttrium (Y), due to their similar
physical and chemical properties." REEs are typically divided
into light REEs (LREEs; La to Gd) and heavy REEs (HREEs; Y, Tb
to Lu).® Despite the similar concentration of REEs in Earth's
crust compared to other transition metals such as Zn and Cu,
REEs typically do not occur as concentrated and readily
exploitable ore deposits. Instead, REEs are commonly dispersed
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ite), silicates (zircon and allanite), as well as other adsorbed
phases such as ion-adsorption clays.*® As a result, REEs are
often acquired as byproducts from the mining of other
resources including iron (i.e., Bayan Obo) and phosphate.”®
There are several pitfalls with traditional REE mining, including
negative environmental impacts® and high operating and
capital costs.’ Due to the rapid advancement of modern tech-
nologies across various sectors, the demand for REEs has been
steadily rising over the past few decades. More importantly, the
current geopolitical environment has highlighted the heavy
import reliance of REEs and the lack of sizeable domestic
operational REE processing facilities in the U.S."* Therefore,
identifying non-conventional and alternative REE resources and
developing viable technologies for REE recovery are critically
needed.
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Previous research has explored a variety of non-conventional
or waste materials as potential REE resources, including mined
kaolin,”* red mud,"*** municipal solid waste incineration
ash,’*® and coal fly ashes (CFAs)."*** Among these alternative
resources, CFAs have garnered much attention due to the long-
established energy infrastructure, an estimated $8.4 billion
value of REE oxides from legacy CFAs between 1972 and 2021
(based on 2020 market values),”* and continued production.
Recovering REEs from CFAs may reduce the remediation costs
and environmental impacts associated with conventional REE
mining and facilitate beneficial utilization of CFAs.?® Further-
more, REE recovery from these combustion byproducts may
also mitigate the environmental impacts of direct landfilling
and valorize waste.'®*® CFAs have been extensively characterized
in terms of mineral phases, morphology, average particle size,
and major and trace metal compositions (e.g., hazardous trace
metals).””*® As a potential REE resource, CFAs have also been
investigated for REE concentrations, REE associated phases and
transformation, and extraction techniques.*>**%%-3* However,
systematic studies on the influence of coal source/type and
combustion conditions on the molecular scale REE speciation
and partitioning are still lacking. REE concentrations and their
mineral association in CFAs are affected by the original coal
source/type. Combustion conditions (e.g., furnace type, emis-
sion control, etc.) further alter the chemical form and parti-
tioning of REEs during coal combustion. In sum, these factors
heavily influence the molecular-scale chemical speciation,
bonding environment, and physical distribution of REEs in
CFAs, which directly impact the effectiveness of recovery
technologies.

The Electric Power Research Institute (EPRI) recently per-
formed a survey study on current coal electrical generating units
(EGUs) in the U.S.*® CFAs were collected based on this survey
study with detailed information on coal and combustion
conditions including furnace type, particulate matter and
emissions control. Initially, coal formation occurs through the
decomposition of vegetation and their accumulation in
swamps, forming peat. Over millions of years, erosion or
flooding may increase the burial depth of this peat and lead to
the formation of various coal ranks, based on burial depth and
temperature.’® These coal ranks progress as first peat, then
lignite, sub-bituminous, bituminous, and lastly anthracite.*”**
During the pulverized coal combustion process, coal combus-
tion occurs in the furnace primarily through tangential (burners
at each corner) or opposed (burners on opposite walls) furnaces.
Alongside electricity generation is also flue gas generation.
Before this flue gas is released into the environment, it
undergoes these sequential environmental controls: nitrogen
oxide (NOx), particulate matter, and sulfur oxide (SOx) removal.
In the U.S., common NOx emission control strategies were
found to be selective catalytic reduction (SCR) and the use of
low-NOx burners, while particulate matter control, CFA being
particulate matter, was found to be mainly achieved with
baghouse filters (BHs) or electrostatic precipitators (ESPs).
Lastly, SOx control approaches primarily included wet-flue gas
desulfurization (WFGD) or the use of low-sulfur coal.*® The bulk
composition, mineralogy and surface characteristics of CFAs
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were characterized by X-ray fluorescence spectroscopy (XRF),
inductively coupled plasma mass spectrometry (ICP-MS), X-ray
diffraction (XRD), and surface area analysis. Synchrotron X-ray
absorption near-edge structure (XANES) spectra of Y K-edge
were collected as an REE representative to determine REE
speciation, owing to its distinct absorption edge, minimal
interference, and relatively high abundance. Y speciation at the
micron-scale was investigated using micro-X-ray fluorescence
microscopy (W-XRF) coupled with micro-XANES (u-XANES).
Investigating the influence of coal combustion conditions on
REE speciation may help understand potential underlying
patterns of their occurrence in CFAs and contribute to the
design of extraction techniques and reduction of associated
costs.

2. Materials and methods

2.1 Sample collection

CFAs were obtained by the EPRI from 6 coal-fired electrical
generating units (EGUs), based on representative conditions for
EGUs from across the U.S.** Representative coal basins include
the Powder River Basin (PRB), Illinois Basin (ILB), and Northern
Appalachia (N. App), where N. App is classified as Pennsylvania
and certain counties of New York, Maryland, and Ohio.** Table 1
details these representative parameters as well as coal type (sub-
bituminous or bituminous), furnace type (tangential or
opposed), NOx emission control method (selective catalytic
reduction, SCR, or low NOx burners), and fly ash capture
method (electrostatic precipitator, ESP, or baghouse filter, BH).

2.2 Bulk characterization

Samples were characterized for mineral phases, average particle
size, bulk density, surface area, volatile content (Loss on Igni-
tion, LOI), major elemental composition, and REE concentra-
tions. Mineral phases were identified using XRD on a Malvern
PANalytical Empyrean X-ray diffractometer. Data collection was
conducted at 45 kV, 40 mA, a step size of 0.01° in 26, and 26 = 10
to 70°, with spectra normalized by quartz (101), shown in
Fig. S1.** The particle size, surface area, and density were
analyzed by SGS TEC Services using ASTM C188-17 and laser
diffraction. The LOI, elemental composition, and REE concen-
trations were analyzed by the Peter Hooper GeoAnalytical Lab at
Washington State University. The major elemental composition
was performed with a Thermo Scientific ARL X-ray fluorescence
spectrometer. REE concentrations were determined by total
digestion using a perchloric fume hood, and solutions were
analyzed with an Agilent 7700 ICP-MS equipped with a collision
cell.*

2.3 Synchrotron microscopy and spectroscopy analyses

2.3.1 Y K-edge bulk XANES. Bulk Y K-edge XANES spectra
were collected for CFAs and model compounds at Beamline 11-2
at Stanford Synchrotron Radiation Lightsource (SSRL, Menlo
Park, CA) and Beamline 5-BM-D at the Advanced Photon Source
(APS, Lemont, IL, USA). Samples 9, 10, 11, 12, 13, 14, 1B, and 2S
were selected for bulk XANES analysis based on representative

This journal is © The Royal Society of Chemistry 2026
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Table 1 CFA sample information and combustion parameters®°
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Sample ID Coal source Coal type Furnace type SOx control NOx control Particulate matter control
1 PRB Sub. Opposed ESPc

2 PRB Sub. Opposed ESPc

3 PRB Sub. Opposed ESPc

4 PRB Sub. Opposed ESPc

5 PRB Sub. Opposed ESPc

6 PRB Sub. Opposed ESPc

7 PRB Sub. Opposed ESPc

8 PRB Sub. Opposed ESPc

9 PRB + MSW 85% sub. + 15% bit. Tangent ESPc

10 ILB Bit. Tangent WFGD ESPc + BH
11 ILB Bit. Opposed WFGD ESPc + BH
12 ILB Bit. Opposed WFGD ESPc + BH
13 N. App. Bit. Opposed SCR ESP

14 N. App. Bit. Opposed SCR ESP

1B ILB Bit. Tangent WFGD SCR ESPc/BH
28 PRB Sub. Tangent WFGD SCR BH

“ PRB: powder river basin, MSW: municipal solid waste, ILB: Illinois basin, N. App.: North Appalachia, Sub.: subbituminous, Bit.: bituminous,
WEFGD: wet flue gas desulfurization, SCR: selective catalytic reduction, ESP(c): electrostatic precipitator (cold side), and BH: baghouse.

coal parameters in Table 1. Samples and model compounds
were finely ground with an agate mortar and pestle and
mounted in a sample holder. Energy -calibration used
Y,(CO3);-2-3H,0 (tengerite, Y K-edge at 17 056.5 eV). 4-5 scans
were collected for each sample and 2-5 scans for model
compounds in fluorescence and transmission modes, respec-
tively. Spectra were processed using the software Athena for
energy calibration and linear combination fitting (LCF) anal-
ysis.** LCF was performed in the energy range from —50 to
+150 eV, and fits were chosen based on individual component
weight percentages =10% and based on criteria listed in Liu
et al.** Fits with the smallest R-factor were chosen, and a third
component was added if the R-factor decreased by =10%.
2.3.2 p-XRF and p-XANES. Petrographic thin sections of
CFAs were prepared by the National Petrographic Service on
quartz slides. Samples selected for p-XRF and p-XANES analyses
were 5, 8,9, 10, 11, 12, 13, 14 1B, and 2S, since samples 1-8 had
similar coal parameters (Table 1). These thin sections were
analyzed by synchrotron p-XRF and p-XANES at Beamline 2-3 at
SSRL and Beamline 13-ID-E at APS. p-XRF analysis involved
collecting large area maps with a step size of 10 um and a dwell
time of 50 or 100 ms at 17.2 keV. Once Y hot spots were located,
smaller maps were collected at a step size of 1 or 2 um and
a dwell time of 25 or 50 ms at 17.2 keV. n-XANES spectra were
processed with SixPack and Athena, whereas u-XRF were pro-
cessed with SMAK.*>** Energy calibration used Y,(COj;)s-2-
3H,0 (tengerite K-edge at 17 056.5 eV) or yttrium foil (K-edge at
17 038 eV), and 3-4 scans were collected per sample. LCF results
were selected based on the same parameters for bulk XANES.

2.4 Statistics

To assess the significance of coal combustion parameters on
REE speciation or REE concentrations, non-parametric tests for
quantitative data were applied. The Mann-Whitney U test
(Wilcoxon test) and Kruskal-Wallis test were performed in

This journal is © The Royal Society of Chemistry 2026

RStudio using “wilcox.test()” and “kruskal.test()”.** A 95%
confidence level interval was used for both tests, so a p-value
<0.05 is statistically significant.

2.5 Sequential extraction

Sequential chemical extraction was performed to target REE
fractions following previous procedures.** Initially, 0.5 g of
coal fly ash was reacted with 8 mL of 1 M MgCl, (pH 7) at room
temperature for 1 hour at 140 rpm to target fraction 1 (ion-
exchangeable). Next, 16 mL of 1 M NaOAc (pH 5) was added,
and the mixture was shaken at 140 rpm for 6 hours (fraction 2,
associated with carbonates). Then, the residue was reacted with
20 mL of 0.04 M NH,OH HCl in 25% (v/v) CH;COOH at 96 °C for
6 hours with agitation every 30 minutes (fraction 3, Fe-Mn
oxides). Lastly (fraction 4, oxidizable phase), 3 mL of 0.02 M
HNOj; and 5 mL of H,0, (30%) were added to the residue, the
pH was adjusted to 2 and heated at 85 °C for 3 hours (repeated).
After the mixture was cooled, 5 mL of 3.2 M CH;COONH, in
20% (v/v) HNO; was added. After each reaction step, the mixture
was centrifuged at 10 000 rpm for 10 minutes, the supernatant
was syringe filtered (0.22 pm) and acidified for ICP-MS analysis,
and the residue was rinsed with deionized water and re-
centrifuged. The REEs associated with the residue were calcu-
lated based on REE concentrations leached from each step and
the total REE concentration, determined by total digestion.

3. Results and discussion
3.1 Bulk composition

Bulk CFA properties are presented in Table S1, including the
average particle size, bulk density, and ASTM-C618. Overall, 8
samples are potential candidates for class C based on calcium
oxide wt% ((CaO) =18%), 7 samples are class F (=18% CaO),
and one sample does not meet either composition require-
ments (sample 10). XRD analysis identified periclase, por-
tlandite, mullite, magnetite, hematite, calcite, anhydrite,
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thenardite, lime, gehlenite, and quartz as the major mineral
phases, which agreed with previous studies (Fig. S1).%*

3.1.1 REE concentrations. The U.S. Department of Energy
(DOE) has designated a total REE concentration of 300 ppm as
commercially viable for recovery from coal and coal by-prod-
ucts.*® Table S2 summarizes the REE concentrations of CFAs in
this study. Samples that contain over 300 ppm of total REEs
include samples 5, 6, 8, 9, and 2S from the Powder River Basin,
samples 11, 12 and 1B from the Illinois Basin, and samples 13
and 14 from Northern Appalachia. To better understand the
trends in REE enrichment or depletion for this sample set, REE
concentrations were normalized to the upper continental crust
(Fig. 1A).* An M-type distribution that is typical for CFAs, with
Gdy/Luy >1 and Layn/Smy <1,>%°>** can be observed in Fig. 1A,
where samples are presented by coal basin source (blue (PRB),
green (ILB), and yellow (N. App.)). Based on Fig. 1A and previous
work,* sample 10 is quite different compared to other CFAs. To
delve into REE composition based on coal basin for CFAs,
averages for the normalized values were calculated. Based on
Fig. 1B, CFAs from N. App have a higher Gdy/Luy ratio, sug-
gesting a higher enrichment of MREEs compared to ILB and
PRB. However, the averages of PRB and ILB show a slight
enrichment in HREESs (Lay/Luy < 1) with values of 0.77 and 0.75
compared to N. App. samples (0.96). This differs from a previous
study where CFAs from the Appalachian (APP) basin showed
greater HREE and MREE enrichment compared to the PRB and
ILB.” Ce anomalies (Ce*) are not apparent in Fig. 1A, and based
on values of 0.9-1 (Ce* = 2Ce/(La + Pr)),** the same was true for
Eu anomalies (Eu*), which were all 1 (Eu* = 2Eu/(Sm + Gd)).

Based on previous work,” REE outlook coefficients (Coyt)
were calculated as follows:

Co Nd+Eu+Tb+Dy+Er+Y
out — ZREY

Ce+Ho+Tm+ Yb+Lu
S"REY '

View Article Online

Paper

4

| A PRB A N.App. A ILB

41 4 Sample 10
A

40 4

39 4

PRB

38 ILB

%REY critical

37 4

36
{ N.App

35—- @

34 T T T T T T T T T T T T
0.90 0.95 1.00 1.05 1.10 1.15 1.20
Outlook Coefficient

Fig. 2 Outlook coefficient and critical REY% for CFAs calculations
based on Seredin and Dai,*® samples are naturally grouped by coal
basin.

The REE outlook coefficient takes into consideration the
amount of critical REEs (i.e., Nd, Eu, Tb, Dy, Y, and Er), and
a higher outlook coefficient indicates a more promising REE
source. The results for REE outlook coefficients are plotted
against critical REY% in Fig. 2, and CFAs fall into 3 groups
based on coal basin. In Fig. 2, CFAs from the N. App basin are
shown in blue with a C,,, of 0.93 and a critical REY% of 35%,
indicating a less promising source of REEs compared to CFAs
from PRB (C,y of 1.03-1.09 and critical REY% of 37-38%).
Sample 10 is not grouped with the remaining ILB samples,
suggesting it as an outlier and a more promising REE source
than the remaining CFAs. Specifically, sample 10 has a Cyy of
1.18 and a critical REY% of 40%, the highest in this sample set.
In terms of bulk properties, sample 10 has the lowest particle
size (8.3 um), SiO, content (24.13%), and Al,O; (11.24%)
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Fig. 1 (A) REE concentrations (excluding Sc and Y) in the CFA samples normalized to the upper continental crust (UCC) for each sample;
(B) average concentration for all samples from PRB, ILB, and N. APP basins.
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content, concurrently with the largest LOI (9.72). Moreover,
sample 10 fails to meet standard specifications in ASTM C618-
22, so it is neither class C nor class F fly ash. Generally, CFAs
that fail to meet these standards are disposed of. Overall, all
CFAs in this study fall within cluster II (Coy of 0.7-1.9 and
critical REE of 30-51%) according to Seredin and Dai's study
and are promising sources of REEs.*

3.2 Bulk Y speciation by bulk XANES

While characterizing the mineralogy, morphology, and REE
concentrations in CFAs may offer valuable insight into potential
REE recovery, synchrotron XAS analyses allow us to determine
the primary chemical speciation of REEs and acquire a deeper
understanding of REE extractability. Bulk Y K-edge XANES
spectra were analyzed to determine its bulk speciation using
a library of model compounds. Model compounds for Y were
consistent with previous work in CFAs*** and are grouped as
dissolved REEs and REE-bearing carbonates, oxides, organics,
iron oxides, phosphates, glass phase, and zircon (Fig. S2).
Details on model compounds are listed in Table S3.>' Relative
percentages of model compounds were identified in CFAs using
linear combination fitting to predict Y speciation (Table 2). XAS
spectra of samples 9, 10, 11, 12, 1B, and 2S are illustrated in
Fig. 3A. The LCF results reveal that all 8 samples contain 28-
78% of Y,03, and the majority of samples (12, 13, 14, 1B, and 2S)
contain 29-41% of Y-phosphate (Fig. 3B). Samples 10 and 12 are
predicted to have 22-26% of Y associated with iron oxide, and
sample 9 has 72% of Y in the glass phase, as shown in Fig. 3B.

Although pure REE oxides are not commonly found in coal,*
they can exist as trace phases in silicates (substitution into
zircon), phosphate minerals (e.g., monazite, xenotime, and
apatite), carbonates (e.g., bastnisite), iron oxides, and organic
matter.>****** Overall, bulk XANES results reveal Y oxide (Y,O3)
as a major Y species in CFAs (28-78%), as REE carbonates and
organics will decompose into REE oxides at temperatures
greater than 300 °C.***>*® However, organics may be found in
CFAs due to their incomplete combustion, leading to the
formation of polycyclic aromatic hydrocarbons (PAHs).”” While
Taggart et al. identified REE-doped glass (22-76%) in all CFAs,
in this study, only 1 sample was found to contain a significant
glass fraction (72%).*> The results from bulk XANES were
similar to previous studies where CFAs comprised 18-55% of
REE oxides, 20-30% of phosphates, and 20-35% of iron oxides,

Table 2 Linear combination fitting results of Y K-edge bulk XANES
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respectively.***> The representativeness of results from these
previous studies were limited by their smaller sample sizes. One
study included 4 CFAs (two from NIST and two from the
southeastern U.S.), while another study had 9 samples from the
Appalachian, Powder River, and Illinois basins, along with
a sample from South Africa. Acknowledging the limitations
from previous studies provides a context for limitations in this
study, which include using Y as a proxy for all REEs and sample
size. Using Y as an REE proxy may highlight the behavior of
heavy REEs compared to light REEs; however, in the next
section, 1-XRF images show the colocalization of other REEs
with Y. An additional factor to consider is the sample size of this
study. There are 16 representative samples, but only 8 were
analyzed. Although more data would have been provided if all
samples were analyzed, the results may have been repetitive
compared to our previous arsenic and selenium studies.**>®
Future work may involve acquiring more samples under repre-
sentative combustion conditions.

3.3 Micro-scale Y speciation by n-XANES

Bulk XANES spectra indicated that REEs in CFAs are primarily
present as REE oxides, with the remaining fractions of REEs
associated with phosphates, iron oxide, or glass. Complemen-
tary to the global view of REE speciation by bulk XANES is the
micron scale analysis of REE speciation within individual
particles using p-XANES. Elemental distribution maps obtained
by p-XRF were used to identify the elemental association of Y
and locate Y-bearing particles (hot spots), which were subse-
quently analyzed by p-XANES for micro-scale Y speciation.
Based on CFA parameters (e.g., combustion conditions and coal
source), 10 out of the 16 samples were selected for u-XANES.
Among the Y-bearing particles located for the 10 samples, some
spectra were too noisy to be analyzed by LCF, possibly due to the
low Y concentration. A complete list of LCF results for 1-XANES
are shown in Table S4.

According to u-XRF images, the average size of Y-bearing
particles ranged from ~8 to ~90 pum, consistent with the
typical size range reported by previous studies using different
techniques (e.g., 10-20 pm by p-XRF; 4-35 pm and 1-20 pm by
electron microscopy).®****® Among the 44 fitted p-XANES
spectra, 39 contained Y,0; at 36-99%. Similarly, among the 44
hot spots with fitted u-XANES spectra, 6 of them were predicted

Y speciation%

Sample Y,0; Glass Hematite Churchite (YPO,-H,0) Sum R-Factor
9 28.8 £ 3.6 72.4 £ 3.5 101.2 0.002567
10 74.7 £ 1.6 211+ 1.5 95.8 0.002345
11 71.5 £ 1.3 25.6 £ 1.3 97.1 0.001615
12 68.4 £ 1.5 28.1 £ 1.5 96.5 0.001894
13 575+ 1.4 39.7 £ 1.3 97.2 0.001515
14 65.5 £ 1.7 31.1 +£1.7 96.6 0.002361
28 70.8 £ 2.0 23.7 £ 1.9 94.5 0.003382
1B 68.8 £ 1.6 27.5 +1.6 96.3 0.002145

This journal is © The Royal Society of Chemistry 2026
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to contain 14-100% of Y associated with the glass phase. Both
Y,0; and Y-doped glass cases are discussed below.

Two hot spots (2S_11 and 2S_12) were selected from a Y-
containing particle (approximately 70 pm wide) in the p-XRF
image of sample 2S (Fig. 4A). The elemental heat maps indi-
cated that Y is co-localized with other REEs including Yb and
Sm but not with Fe. The corresponding p-XANES LCF results for
2S_11 and 2S_12 show speciation differences within the same
particle: Y in 2S_11 consists of 36% Y,03 and 62% zircon, while
2S_12 contains 37% Y,0s;, 18% Y-carbonate (tengerite), and
43% zircon (Fig. 4B). The predicted Y speciation of these hot
spots is notably different from the bulk XANES LCF results of
sample 2S (75% Y,0; and 25% Y-phosphate).

LCF results suggest that one spot within sample 14 and one
within sample 1B contained Y-doped glass, with hot spots 14_02

Fig. 4
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(A) Y K-edge bulk XANES spectra of CFAs (black lines) and LCF results (red lines). (B) Y species determined by LCF of CFAs, summed to 100.

and 1B_03 at 14% and 90% (Table S4). However, LCF results of
bulk XANES for samples 14 and 1B suggest that Y is primarily
present as 70% Y,03 and 30% Y-phosphate (churchite). The
discrepancies in the predicted Y speciation for bulk- and p-
XANES highlight the heterogeneity of REEs in CFAs, which can
be ascribed to the complexity of REE host phases in coals,
spatial variations in local bonding environments during
combustion processes, and sampling bias of u-XRF/p-XANES
analyses.

Moving forward, Fig. 5 features hot spots with element heat
maps of Y, Ce, Si, P, Ca, and Fe in samples 1B, 8, 9, and 14. The
W-XRF images show variation in the particle size, in which
smaller Y-bearing particles (=40 um) were observed for hot
spots 8_02, 9_05, 9_04, and 14_05, while hot spots 1B_01 and
8_01 have a larger particle size (=40 pm), with Y concentrated at
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(A) Synchrotron p-XRF elemental maps for two Y-containing hot spots (shown as black or white circles) marker 1 and marker 2. (B) Y K-

edge p-XANES spectra (black lines) and LCF results (red lines) for the corresponding hot spots.
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Fig. 5 Synchrotron p-XRF maps for Y-containing hot spots (shown as black or white circles) and corresponding Ce, Si, P, Ca, and Fe elemental
maps. (A) sample 1B hot spot 1B_01; (B) and (C) are sample 8 hot spots 8_01 and 8_02; (D) and (E) are sample 9 hot spots 9_05 and 9_04; (F) is

sample 14 hot spot 14_05.

the curves forming a bilobed morphology (Fig. 5A). The corre-
sponding pu-XANES spectra and LCF results are shown in Fig. S3
and Table S4. Based on the LCF results, hot spots 8_01 and 8_02
in sample 8 vary significantly in Y speciation. The hot spot 8_01
contains 59% of Y,03, 29% zircon (ZrSiO4), 9% Y-phosphate
(monazite), and 2.5% Y-iron oxide (hematite), and the p-XRF
maps indicate co-localization with Si (Fig. 5B). Similarly, Y in
hot spot 8_02 is also co-localized with Si; however, LCF results
indicated 37% zircon, 46% Y-phosphate (apatite), 11.5% Y-
phosphate (xenotime), and 5.5% of Y as Y,Os3, suggesting that
this Y-bearing particle may be embedded in Si-containing
phases. Additionally, LCF results for hot spot 14_05 in Fig. 5F
suggest that this particle is composed of 42% Y,03, 36% Y-iron
oxide (hematite), 21% Y-phosphate (monazite), and 4% zircon,
and the p-XRF maps also show co-localization of Y and P. Based
on LCF results, hot spots 1B_01, 9_04, and 9_05 in Fig. 5 contain
5-42% of Y as Y,03, 47-93% as Y-iron oxide (hematite), and Y-
phosphates (churchite, apatite, or monazite) (Table S4). -XRF
maps for hot spot 1B_01 show co-localization with P, and the
overall p-XANES LCF results revealed sample 1B had various
speciation results with either Y,0; Y-glass, Y-iron oxide

This journal is © The Royal Society of Chemistry 2026

(hematite), Y-carbonate (tengerite), or Y-phosphate, while bulk
XANES results showed Y speciation as 29% Y-phosphate
(churchite) and 71% Y,0;. Comparably, hot spots 9_05 and
9_04 varied in Y speciation, while the overall bulk XANES
revealed Y speciation as 72% Y-glass and 28% Y,0;.

Overall, Y,0; was identified as the predominant Y-bearing
phase in the 44 analyzed p-XANES spectra, which accounts for
~31-99% of Y speciation in 35 out of the 44 fitted hot spots in
the 9 CFAs (Table S4). Following that, Y-phosphates (churchite
and apatite) represent ~12-69% of Y in 9 hot spots, and Y-glass
accounts for ~14-100% of Y in 8 hot spots. While LCF results
also suggest Y-carbonate (tengerite) as an important Y-bearing
phase, it is thermally and chemically less stable than Y,0;, Y-
phosphates, and Y-glass and thus may be formed due to
incomplete coal combustion. Another possible reason is that as
a mathematical tool, one limitation of LCF is that it may not be
able to distinguish between the spectra of model compounds
that are highly similar. The XANES spectra of Y-carbonates
(including tengerite and bastnésite) display a very similar
spectral feature to that of Y-hematite, in which a strong
absorption peak is observed at around 17 056 eV without any
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shoulder. Hence, the LCF results in this case may not reflect the
actual Y speciation. Other minor mineral phases that were also
associated with Y include calcite, zircon, and hematite. In
addition, previous studies using p-XANES have also reported the
presence of Y as Y,03, Y-phosphate, Y-carbonate, Y-iron oxide,
and glass in CFAs.*"** Meanwhile, electron microscopy and ion
microscopy have found REE particles to be associated with
aluminosilicate glass, particularly glass enriched with Ca and Fe
or as discrete particles.***** In general, u-XANES revealed
varied Y speciation within the same particle and variation at
a microscale compared to the overall bulk speciation results, as
well as varied particle morphology with spherical and bilobed
structures.

3.4 Statistical significance

Overall, characterization of REEs by XANES, with Y as a proxy,
revealed the heterogeneous nature of CFAs. Since CFAs in this
study are systemic, and information on their corresponding
coal parameters and combustion conditions is provided, there
is a need to investigate possible correlations between coal
parameters, combustion conditions, REE speciation, and REE
concentrations. Therefore, the influence of these quantitative
coal parameter features was analyzed using the Wilcoxon rank
sum test and the Kruskal-Wallis test. The Wilcoxon rank-sum
test (also referred to as the Mann-Whitney U test) is a non-
parametric statistical test that assumes data are unevenly
distributed and used to test statistical significance between the
two groups.®-*> This test also produces a test statistic “W” that
is used in calculating the p-value and may be compared to the
expected W (Wegpectea = 7(n + 1)/2). The closer the W in
magnitude to0 Weypectea Suggests no difference, while a larger
magnitude suggests a potential difference, but the p-value is the
final value that determines statistical significance.®*** While the
Kruskal-Wallis test provides further analysis for statistical
significance for >2 groups.®>°® Properties investigated were total
REE concentrations and bulk XANES K-edge linear combination
fitting results: Y,03, glass, hematite, and churchite% for a total
of 5 properties. These properties were investigated between two
groups for NOx control (SCR and no SCR), furnace type
(opposed and tangential) and between three groups for coal
basin (PRB, ILB, and N. APP). Although the sample size for the
three different coal basins is limited to only two samples from
the N. APP, this sample set contains current representative coal
parameters and robust coal combustion conditions for EGUs.
The results for the Wilcoxon test are shown in Table S5 at
95% confidence interval. Table S5 shows no statistical signifi-
cance between any 2 coal basins and REE concentrations (p-
values from 0.24 to 1). However, there was a statistical signifi-
cance between REE concentrations and NOx technology with
a p-value of 0.02. This suggests that the SCR may impact REE
concentrations in CFAs. Our previous work has suggested SCR
impacts the oxidation state of arsenic (As) and selenium (Se) in
CFAs by promoting lower oxidation states (e.g., As(u1) over As(v)
and Se(0) and Se(IV) over Se(vi)).***® There was no statistical
significance between NOx technology (SCR and no SCR) and Y-
bulk composition with p-values between 0.10 and 0.67. Lastly,
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there was no statistical significance between furnace type
(opposed and tangential) and Y-bulk composition with p-values
of 0.18-1. As for REE concentrations, there was no statistical
significance between any two of the coal basins with p-values
ranging from 0.24 to 1.

Meanwhile, the results for the Kruskal-Wallis test are pre-
sented in Table S6. Based on a p-value of 0.36, there is no
statistical significance between total REE concentrations and
the PRB, ILB, and N. APP coal basins (p-value of 0.36) or Y-bulk
composition and coal basins (p-values between 0.11 and 0.32).
The overall findings suggest that SCR may impact REE
concentrations in CFAs, but future work is needed to build on
these findings to examine a possible mechanism.

3.5 REE mobility through sequential extraction

As a complementary tool to bulk XANES and p-XRF/pu-XANES,
sequential extraction was used to determine the fractions
associated with individual REEs, which can provide valuable
information on the distribution, mobility, and chemical
availability/bioavailability of REEs in CFAs. Although sequential
extraction does not provide direct insight into local coordina-
tion of Y or REE, it can assess their mobility under various
environmental and geochemical conditions. Samples selected
for sequential extraction were 5, 13, and 2S from the PRB, N.
App, and PRB, respectively. Samples 5 and 13 contained <18%
CaO, while 2S contained 28.7% CaO, and SCR technology was
used for samples 13 and 28 (for more details, see Table 1). Direct
phases associated with each sequential extraction step of CFAs
are derived from Liu et al.,* based on XRD analysis of CFA
residues after each step and dissolution of Y model compounds
as affected by pH (PHREEQC calculations). Briefly, the pH of
each sequential extraction step influences mineral dissolution,
where the exchangeable fraction at pH 7 dissolves any adsorbed
species, the acid-soluble fraction at pH 5 dissolves carbonates
and oxides (as well as lime, periclase, and anhydrite), the
reducible fraction at pH 2 with total dissolution of carbonates
and partial dissolution of iron oxides (ie., hematite and
magnetite), the oxidizable fraction at pH 2 with dissolution of
organics, and the residual phase corresponds to the remaining
aluminosilicates, phosphates, and incomplete dissolution of
iron oxides.

The results for sequential extraction of all REEs are illus-
trated in Fig. 6. Unlike samples 5 and 2S, sample 13 had
a majority of REEs (an average of 96%) in the residual fraction
that is typically associated with aluminosilicate or zircon and
incomplete dissolution of hematite (iron oxides), while samples
5 and 2S had a smaller portion of REEs in the residual fraction
(an average of 87% and 79%). In addition to the residual frac-
tion, the reducible fraction had the second highest REEs
(averages of 11%, 3%, and 20% for samples 5, 13, and 28,
respectively), associated with partial dissolution of iron oxide
phases and complete dissolution of carbonates. The complete
dissolution of carbonates in the reducible fraction may explain
the higher concentrations of REEs released in sample 2S, due to
its higher CaO content, including anhydrite and lime in this
sample. The acid-soluble fraction had the third highest REEs

This journal is © The Royal Society of Chemistry 2026
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Fig. 6 Sequential extraction results for exchangeable (surface adsorbed species), acid soluble (carbonates), reducible (iron and manganese
oxides), oxidizable (organic matter and sulfides), and residual (glass or aluminosilicates) fractions for REEs for (A) sample 5, (B) sample 13, and

(C) sample 2S, shown as a percentage of the total in mg g~ solid.

(an average of 1% for all samples), and the oxidizable fraction
had the fourth highest REEs with an average of 0.1%, 0.4%, and
0.3% for samples 5, 13, and 2S, respectively. Lastly, the smallest
portion of REEs was associated with the ion-exchangeable
phase as 0%, 0%, and 0.4% for samples 5, 13, and 2S,
respectively.

Overall, the sequential extraction results partially agree with
the LCF results of bulk XANES. For example, sequential
extraction results suggest that REEs are primarily associated
with the glass, aluminosilicate, iron oxide, and phosphate
fractions (79-96%), in agreement with the bulk XANES results
that Y-glass, Y-phosphate (churchite), and Y-iron oxide (hema-
tite) account for 72%, 25-41%, and 22-26% of Y speciation,
respectively. Likewise, REEs associated with incomplete disso-
lution of carbonates (acid-soluble fraction), organics (oxidizable
fraction), and adsorbed species (exchangeable fraction) are
=1%, and these phases were not revealed by bulk XANES. This
agrees with the fact that less thermally stable phases like
carbonates and organics are not commonly found in CFA
because they are prone to transformation into more stable
phases (e.g., oxides, phosphates, etc.) during high-temperature
combustion.

This journal is © The Royal Society of Chemistry 2026

On the other hand, while bulk XANES results revealed REE
oxides (Y,03) as a major fraction (28-78%) in all CFAs analyzed,
sequential extraction indicates that only 1% of REEs are asso-
ciated with oxides in the acid-soluble fraction. Such discrepancy
can be attributed to several reasons. Discrepancies between
XANES and sequential extraction may be due to their inherent
limitations, and XANES does not provide direct information on
physical distribution. REE-bearing particles may be trapped or
encapsulated in acid-resistant silicate phases like glass and
zircon that are formed by thermal transformation of mineral
impurities during coal combustion.***¢”%® Encapsulation of
REE-bearing particles can significantly impede REE dissolution
during sequential extraction, resulting in underestimation of
more soluble REE-species (e.g., oxides, carbonates, etc.) and
overestimation of less soluble ones (e.g., glass, zircon, etc.). The
dominant presence of Y-glass (72.4%) in sample 9 could be such
an example (Table 2), especially considering that quartz
accounts for a significant fraction of its mineral phases
(Figure S1). This also corroborates with results from sequential
extraction that a majority of REEs (=79%) may reside in the
residual phase (associated with glass, iron oxide, or phosphate).
Additionally, LCF is inherently incapable of distinguishing
highly similar XANES spectra (e.g., churchite vs. monazite;
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tengerite vs. hematite; shown in Fig. S2) and may suggest
different compositions of Y speciation without significantly
compromising the fitting quality (e.g., less than 5% change in
the R-factor). These discrepancies may also be attributed to
a limitation of sequential extraction, which is the partial
dissolution of a given fraction, causing incomplete targeting
between fractions. Although sequential extraction results are
not in complete agreement with bulk XANES results in certain
REE-species, both techniques complement each other and offer
valuable insight into the chemical speciation and extractability
of REEs in CFAs.

4. Conclusion

In this study, the chemical speciation of REEs in representative
CFAs from 3 coal basins in the U.S. were systematically char-
acterized by synchrotron XANES and XRF at both the macro-
and micro-scales using Y as an REE probe. According to the LCF
results of bulk XANES, Y is primarily present as 28-78% Y,0s;,
29-41% Y-phosphate (churchite), and 22-26% hematite, except
for 1 sample from PRB that contains 72% of Y as the glass
phase. pu-XRF images revealed that REEs were found to co-
localize together within particles. Importantly, CFAs were
found to be highly heterogeneous in REE speciation at different
spatial scales, which corroborates with previous studies. While
W-XANES analyses of individual Y-containing particles selected
from p-XRF images also indicate Y,0;, Y-phosphates, and Y-
glass as the major REE-bearing phases, the predicted Y speci-
ation of selected particles is notably different from the bulk
XANES and even varies among different hot spots within the
same particle. The heterogeneity of CFAs likely arises from the
diverse REE host phases in the original coals, spatial variation
in local bonding environments of REEs formed during coal
combustion, and the inherent sampling bias of p-XRF/p-XANES.
Sequential extraction suggests that REEs mainly exist in the
residual fraction that is typically associated with silicate phases
and iron oxides, which nevertheless can be overestimated due
to inherent limitations of LCF. Lastly, the results from this
study suggest that SCR may affect REE concentrations in CFAs,
but further studies are needed to validate this. Owing to the
representative nature of CFAs in this study, CFAs across the U.S.
are crucial alternative REE sources with critical outlook coeffi-
cients greater than 0.9 and REE critical% greater than 36%.
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