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ARTICLE INFO ABSTRACT

Editorial Handling by: Zimeng Wang A robust and sustainable supply of rare earth elements (REE) is critically needed for clean-energy technologies,
which has stimulated substantial interests in REE recovery from waste streams. Municipal solid waste inciner-
ation ash (MSWIA) was recently recognized as a potentially important REE resource, yet REE speciation in
MSWIA remains poorly understood. This study employed synchrotron X-ray spectroscopy and microscopy
techniques to elucidate the speciation of representative REE (Y, Ce, and Nd) in different MSWIA samples. Linear
combination fitting of bulk X-ray absorption near edge structure (XANES) data indicated that Y-bearing Al/Fe
oxides and phosphates are the primary Y-hosting phases. Micro-XANES of individual Y-containing particles
identified by micro X-ray fluorescence (uXRF) mapping revealed notably different Y speciation at micro-scale
from the bulk, consistent with the highly heterogeneous nature of MSWIA samples. The main REE-bearing
phases in different size-fractionated MSWIA are similar: Y and Nd as oxides and xenotime/monazite, and Ce
as apatite and monazite. Our results provide important insights for designing pre-screening processes (e.g.,
density separation) and optimizing extraction methods (e.g., pH, use of ligands) for cost-effective REE recovery
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from MSWIA.

1. Introduction

Rare earth elements (REE) play a pivotal role in global energy
transition due to their irreplaceable roles in many clean energy tech-
nologies (Geng et al., 2023; Jowitt et al., 2018; Li et al., 2020; Prommer,
2023). For example, Nd and Pr are indispensable in permanent magnets
used in wind turbines and electric vehicles. Manufacturing of
high-temperature superconductors requires Gd and Eu. The global de-
mand for REE is projected to increase five-fold from ~60,000 tons in
2005 to ~315,000 tons in 2030, yet the supply chain has been the
“lagging strand” due to environmental considerations (Alonso et al.,
2012; Li et al., 2020; Tukker, 2014). On average, producing one ton of
purified REE from raw ores generates 9600-12,000 m® of toxic gas
containing flue dust concentrate, HF, SOy, and HySO4, 200 m°® of acid
mine drainage containing heavy metals (e.g., Pb and Cd) and radioactive
wastes (e.g., U and Th), and 2000 tons of solid residue (Lee and Wen,
2017; Navarro and Zhao, 2014; Paul and Campbell, 2011). In contrast,
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recycling REE from waste streams has the potential to strengthen REE
supply while eliminating pollution at the same time. Technoeconomic
and life cycle analysis suggested that REE recycling features a lower
chemical/energy demand and lighter environmental impact compared
to mining (Li et al., 2019; Sanchez Moran et al., 2024). The European
Commission has passed a law that mandates 15% of REE consumption in
the European Union to be covered by recycling by 2030 (Geng et al.,
2023).

Municipal solid waste (MSW) contains energy-rich materials such as
food wastes, wood-derived products, plastics, as well as many valuable
metals including Cu, Mn, Zn, and REE (Beikmohammadi et al., 2023;
Setoodeh Jahromy et al., 2019; Vergara and Tchobanoglous, 2012).
MSW had a massive global production of 2.2 billion tons in 2020, and
this number was projected to increase to 3.9 billion tons by 2050
(Vergara and Tchobanoglous, 2012). Due to environmental concerns
associated with direct landfill, incineration of MSW in waste-to-energy
(WTE) facilities has become a more appealing option (Mukherjee
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et al., 2020). This process produces municipal solid waste incineration
ash (MSWIA) as the solid residual, with up to 90% reduction in vol-
ume/mass and generates electricity from heat (Jung et al., 2004; Scarlat
et al., 2019). Fly ash is the fraction of MSWIA collected by air pollution
controls (~20 wt%), and bottom ash comprises incombustible phases
(~80 wt%) (Clavier et al., 2020; Mukherjee et al., 2020). While repur-
posing of MSWIA (e.g., as substitution materials in asphalt pavement
and Portland cement) is commonly practiced in many countries with
space constraints, over 95% of MSWIA produced in the U.S. is disposed
of in landfills, posing potential risks of pollution (Clavier et al., 2019;
Magnuson et al., 2023; Sarmiento et al., 2019; Wang et al., 2022). It has
been previously overlooked that the volume/mass reduction during
MSW incineration can enrich the total REE concentration to ~100-400
ppm in MSWIA, which is comparable to other REE-containing wastes (e.
g., coal fly ash (Liu et al., 2023), spent magnets (Ding et al., 2022),
phosphogypsum (Canovas et al., 2019), and mine tailings (Ayora et al.,
2016)). Note that the REE concentration in these secondary feedstocks is
markedly lower than that in hard rock ores (>30,000 ppm) and ion
adsorption clays (500-10,000 ppm) used in mining (Dushyantha et al.,
2020). Nevertheless, REE recovery could be a promising alternative to
supplement the primary production from mining, considering the
massive and continuous production of these wastes (Allegrini et al.,
2014; Funari et al., 2016).

However, major knowledge gaps need to be filled before feasible
technologies can be developed for REE recovery from MSWIA. Charac-
terizations of MSWIA in the literatures were mostly limited to miner-
alogy and REE concentrations in bulk samples, with very little
information on the chemical speciation of REE (Allegrini et al., 2014;
Burlakovs et al., 2018; Yao et al., 2014). REE can mainly exist in the
natural environments as REE-oxides, bastnasite [(Ce,La)COsF], mona-
zite [(Ce,La,Nd)PO4], and xenotime (YPQOy), or as trace phases in iron
oxyhydroxides, apatite, zircon, glass, and organics (Stuckman et al.,
2018). The extractability of REE is heavily governed by the solubility of
REE-bearing phases and leaching chemistry. Dissolution of these phases
is facilitated under acidic conditions and occurs at different pH ranges:
REE-oxides and REE-carbonates at pH < 5.5, REE-apatites at pH < 3.5,
REE-phosphates at pH < 1.5 (Liu et al., 2019; Stoy et al., 2021). Besides
pH, certain organic ligands can enhance REE dissolution by forming
REE-ligand complexes (Wen et al., 2024). A systematic understanding of

Table 1
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the primary REE speciation in MSWIA can facilitate the design of effi-
cient recovery technologies. In addition, determining the characteristics
of REE in different size fractioned MSWIA particles is crucial from an
engineering perspective. However, efforts have not been made in these
regards, and such knowledge gaps need to be addressed.

In this study, we employed synchrotron X-ray spectroscopy and mi-
croscopy to characterize the REE speciation in MSWIA. Since MSWIA
compositions are highly variable due to the lack of established MSW
presorting in the U.S., we acquired 8 MSWIA samples from three WTE
facilities from different geographic regions to account for different
feedstock compositions and incineration conditions. One MSWIA sample
representative with the highest total REE concentration was size-
fractionated and characterized. X-ray absorption near edge structure
(XANES) spectra of bulk MSWIA samples were collected to analyze the
average REE speciation in the bulk phase. Micro X-ray fluorescence
(PXRF) microscopy was conducted to identify the distribution and
elemental association of REE-containing particles, accompanied with
micro-XANES (uXANES) analysis for REE-speciation at micro-scale. Y
was selected as the probe for heavy REE (HREE) and the major repre-
sentative for all REE because: (1) the K-edge of Y has a characteristic
XANES feature with little interference, and (2) the local coordination of
Y often closely resembles that of other HREE such as Dy, Ho, and Yb
(Elzinga et al., 2002; Kolker et al., 2017; Liu et al., 2019; Taggart et al.,
2018; Tanaka et al., 2008). Ce and Nd were selected to represent light
REE (LREE) because of their relatively high concentrations in our sam-
ples (Table 1) (Stuckman et al., 2018).

Combining spectroscopic and microscopic data allowed us to retrieve
unique information on REE distribution and speciation. The oxidation
states of REE and major REE-bearing phases in MSWIA were elucidated
by fitting XANES spectra with reference compounds using linear com-
bination fitting (LCF). The XANES spectra of REE collected at both the
macro and micro scales provided valuable information on the hetero-
geneity and variability of REE-bearing phases in MSWIA. Together,
these results could help fill up the current knowledge gap in under-
standing the speciation and extractability of REE in MSWIA and
contribute to improving current REE recovery technologies.

Weight percentages of major oxides and REE concentrations in MSWIA samples measured by ICP-MS and ICP-OES after microwave digestion (particle size: 2 mm; BDL:

below detection limit of 1.0 ng/g).

Sample C1 (Bottom ash) C2 (Bottom ash) C3 (Bottom ash)

C4 (Bottom ash)

S1 (Fly ash) S2 (Bottom ash) E1 (Combined ash) E2 (Combined ash)

Major oxides (wt%)

Si0, 345+ 1.4 350+1.7 335+12 30.5+0.8 7.3 +£0.5 342+1.2 276 £ 1.1 21.0 £ 0.8
Al,O03 10.1 £ 0.6 9.0 £ 0.4 9.8 £0.8 9.9+ 0.6 2.8+ 0.3 15.8 + 0.8 9.6 £ 0.7 9.2+ 0.5
Fe;03 9.9 £ 0.6 12.3 £0.5 10.3 £ 0.7 10.2 £ 0.7 0.9 +£0.2 129+ 0.4 8.2+0.7 57+04
CaO 19.2+0.8 187 £1.1 17.9 £ 0.5 18.9 £ 0.3 419+ 1.0 15.0 £ 0.4 155+ 0.8 24.0+1.2
REE (mg/kg)

Sc 5.41 £ 0.31 5.63 £ 0.45 4.98 + 0.53 3.23 £ 0.27 1.18 +£ 0.25 4.65 £+ 0.77 4.06 £+ 0.66 3.62 £ 0.74
Y 17.02 +1.21 14.04 + 0.78 10.26 + 0.64 41.32 £ 1.64 4.52 £+ 0.67 16.10 + 0.94 13.46 + 0.75 21.02 £1.71
La 17.75 £ 1.02 15.19 + 1.20 17.91 £ 1.32 15.67 + 1.44 5.75 £ 0.45 28.88 +£1.43 21.72 £1.22 15.89 + 0.88
Ce 37.81 +1.57 33.58 + 1.44 27.53 +1.58 34.07 £ 1.03 9.83 £ 0.77 70.92 + 2.18 45.19 + 2.31 30.95 +1.33
Pr 5.17 £ 0.28 3.24 +£0.37 2.90 +£0.11 2.97 £ 0.54 0.89 +£0.13 12.09 + 0.58 4.38 + 0.64 2.74 +£0.31
Nd 13.45 £+ 0.65 11.30 + 0.14 11.24 + 0.86 11.97 + 0.88 3.52 £0.28 44.23 +£1.38 17.11 +£ 0.95 11.01 + 0.74
Sm 3.80 £ 0.22 2.81 £+ 0.03 1.78 + 0.08 1.70 + 0.43 0.51 £0.14 3.37 £ 0.11 2.32 £0.13 1.74 £ 0.24
Eu 2.34 £ 0.08 1.13 £ 0.05 0.62 £+ 0.07 0.49 + 0.07 0.11 £+ 0.09 0.85+0.13 0.51 + 0.08 1.12 £ 0.33
Gd 3.51 £ 0.06 2.03 £ 0.07 1.51 £ 0.12 1.49 £ 0.11 0.40 £ 0.14 2.96 £ 0.74 2.15£0.17 1.63 £ 0.28
Tb 2.17 £0.11 0.76 £ 0.07 0.30 £ 0.07 0.23 £ 0.03 BDL 0.28 £+ 0.05 BDL 0.44 £ 0.12
Dy 3.38 £0.15 2.02+0.10 1.42 +£0.14 1.28 +£0.14 0.39 + 0.08 3.95 +0.14 1.92 +£0.23 1.35 £ 0.18
Ho 1.97 £ 0.03 0.59 £+ 0.04 0.22 £+ 0.04 BDL BDL 0.30 £+ 0.04 BDL BDL

Er 3.05 £+ 0.05 1.72 £ 0.12 1.48 + 0.55 0.97 £ 0.11 0.12 £ 0.05 1.78 £ 0.22 1.04 + 0.08 0.72 £ 0.27
Tm 1.70 + 0.03 0.38 + 0.06 BDL BDL BDL BDL BDL BDL

Yb 3.53 £ 0.08 1.22 £0.11 0.82 £ 0.06 0.83 + 0.09 0.20 £+ 0.06 1.32 £0.17 0.89 + 0.09 0.65 + 0.17
Lu 8.17 £ 0.12 0.50 £ 0.07 0.52 £ 0.05 1.43 £0.12 0.48 £ 0.05 BDL BDL BDL

ZREE 130.24 + 7.58 96.13 £ 6.12 83.51 + 5.57 117.64 £ 7.12 27.90 + 3.15 191.76 £+ 9.89 114.99 + 8.56 92.91 +£8.31
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2. Experimental section
2.1. Municipal solid waste incineration ash (MSWIA) samples

A total of 8 MSWIA samples were provided by three WTE facilities in
the U.S. (two in the northeast and one in the northwest) and were
labeled as C1, C2, C3, C4, S1, S2, E1, and E2. The as-received MSWIA
samples were size fractionated using a standard testing sieve with a pore
size of 2 mm, and the samples with a particle size of <2 mm (~60 wt%)
were used in this study. Prior to characterizations, MSWIA sample was
ground to fine powders using a pestle and mortar. The morphology and
mineralogy of MSWIA samples were examined using scanning electron
microscopy-energy dispersive spectroscopy (SEM-EDS) and X-ray
diffraction (XRD). The elemental concentrations in the samples were
measured using inductively coupled plasma-mass spectrometry (ICP-
MS) and ICP-optical emission spectrometry (ICP-OES) after microwave
digestion (Supporting Information Text S1). The S2 sample was
further size-fractionated using standard testing sieves with size openings
of 600 pm and 100 pm and then analyzed for REE concentrations and
speciation.

2.2. Analytical methods

Details for SEM and XRD are described in Text S2. For synchrotron X-
ray absorption spectroscopy (XAS) and microscopy analysis, Y was
selected as the REE representative. Y K-edge bulk XANES of all MSWIA
samples (particle size < 2 mm) and reference compounds were collected
at Beamline 12-BM and 5-BM-D at Advanced Photon Source (APS),
Argonne National Laboratory (Lemont, IL). Bulk XANES spectra of Ce
and Nd Ljj-edge were not collected due to interference from other
metals (e.g., Ti and Ba) (Li et al., 2023). Finely ground samples were
dusted onto Kapton tapes. Y5(CO3)s was used for energy alignment
(17056.5 eV). Multiple scans (4-6) were collected for each sample. The
spectra of reference compounds were collected using the same settings.

pXRF mapping of selected hotspots and pXANES spectra of Y K-edge,
Ce Lyjj-edge, and Nd Ly-edge were collected at Beamline 13-ID-E at APS.
Selected areas were mapped with a spatial resolution of 5 pm x 5 pm and
a dwell time of 100 ms. Y5(CO3)s was used for energy alignment
(17056.5 eV). Ce2(CO3)3 and Nd»(CO3)3 were used for energy alignment
at 5726.5 eV for Ce Lyjj-edge and 6725.5 eV for Nd Lyj-edge, respectively.
puXANES spectra of selected Y hotspots were collected to determine
micro-scale REE speciation. Due to the inference from other elements at
Ce and Nd Lj-edges and the common co-occurrence of rare earth ele-
ments, the strategy was to collect XRF maps above Y K-edge, identify Y
hot spots as candidate particles, then collect two smaller maps above
and below Ce or Nd Ljj-edge around the candidate particles. The sub-
tracted data from these two maps represent the distribution of “true” Ce/
Nd-containing particles and were used for pXANES analysis.

In order to identify and quantify the REE speciation in MSWIA
samples, LCF analyses were conducted by fitting the XANES spectra of
samples with those of reference compounds using the software Athena.
Reference compounds of Y, Ce, and Nd are described in Table S1. The Y
K-edge, Ce Lyj-edge, and Nd Lyj-edge XANES spectra of reference com-
pounds are shown in Figs. S1-S3. One limitation of LCF is that the fitting
results is affected by the selection of reference compounds and the re-
sults may not reflect the actual chemical speciation of the sample if
certain phases are missing in the reference compounds. To address this
limitation, we selected an inclusive set of reference compounds based on
our understanding of MSWIA, common REE-bearing phases in geolog-
ical samples, and thermally-stable REE-bearing phases in incineration
byproducts from literatures (Liu et al., 2019, 2020; Stuckman et al.,
2018; Taggart et al., 2018). Details of the reference compounds are in
Table S1, including: dissolved REE (Y3, ce®*, Nd®%), REE oxides (Y5Os,
CeOg, and Nd203), REE carbonates (Y-tengerite, Nd-tengerite, cerium
carbonate, bastnasite), REE phosphates (Y-churchite, xenotime, mona-
zite, Nd-rhabdophane), REE-containing phosphors (Eu-doped Y»Os,
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Y-Al garnet, Y-Fe garnet), REE-bearing hematite, REE-bearing calcite,
REE-organic complex (REE-lignin, REE-chitosan), REE-bearing glass
phase, REE-bearing apatite, and REE-bearing zircon. Note that Eu-doped
Y203 and two Y-doped garnets were included as reference compounds
because they are commonly found in spent phosphors and could be a
major REE source in MSW (Hossain et al., 2021; Liu et al., 2019; Taggart
et al., 2018; Tan et al., 2015).

The fitting energy range for both bulk and micro XANES was from
—30 eV to +150 eV. All weights of reference compounds were set to be
within 0-1, but the sum of weights was not forced to be 1. EO was
allowed to float. The maximum number of reference compounds
involved in LCF for each XANES spectrum was limited to 4. Fits were
selected to minimize the R-factor and the number of reference com-
pounds involved. The XANES spectra were first fitted using two refer-
ence compounds. Then a third reference compound was introduced to
the fitting combination and was kept in the LCF results only if it: (1)
reduced the R-factor by at least 10% and (2) accounted for at least 5% of
total weight. A forth reference compound was then introduced and
analyzed following the same procedure. The fitting results with the
lowest R-factor were reported.

3. Results and discussion
3.1. Elemental composition of MSWIA

Sample C1-C4 (bottom ash) and E1-E2 (combined ash) have a
similar YREE concentration ranging between ~90 and 130 mg/kg,
whereas the XREE concentrations in S1 (fly ash) and S2 (bottom ash) are
drastically different at 27.9 and 191.8 mg/kg, respectively (Table 1).
The enrichment of REE in S2 bottom ash can be attributed to the low
volatility of REE (Funari et al., 2016; Morf et al., 2013). Sample S2 with
the highest XREE concentration among all samples was further
size-fractionated into three fractions: 600 pm to 2 mm, 100-600 pm, and
below 100 pm (hereafter denoted as 2 mm, 600 pm, and 100 pm sample,
respectively). Interestingly, the XREE concentration was markedly
enriched from the 2 mm fraction to the 100 pm fraction (Table S2),
agreeing well with a previous study (Ma et al., 2019). The particularly
high REE concentration in sample S2, especially Ce, Pr, and Nd, could be
due to high content of electronic wastes in the raw MSW. Besides REE,
the MSWIA samples are also abundant in many other elements such as
Si, Ca, Fe, Al, and Mg (Table S3). Note that owing to the low Si content
(<35 wt%), MSWIA could be more acid-soluble than other Si-rich
REE-containing feedstocks such as Class-F coal fly ash and thus more
feasible for recovery (e.g., does not require alkaline pretreatment to
dissolve zircon/glass phases) (Liu et al., 2023; Wen et al., 2023).

3.2. Morphology and mineralogy of MSWIA

SEM images show that the particle size of MSWIA ranges from
several microns to ~1-2 mm (Figs. S4-S5). MSWIA particles covers a
variety of morphology, including spherical, near-cubic shaped, and
irregularly shaped particles and clusters. Some smaller particles appear
to be welded on the surface of larger particles, likely as a result of par-
ticle agglomeration at high incineration temperatures (Chang and Wey,
2006). Based on the XRD patterns, the major crystalline phases in the
MSWIA samples are quartz and calcium magnesium aluminum silicate,
with some minor fractions of halite, hematite, and calcite (Fig. S6).
Although the typical incineration temperature of MSW in the U.S.
(~990-1100 °C) is above the decomposition temperature of calcite,
short retention time of MSW during incineration (~1-2 s) might result in
incomplete decomposition (Giraud et al., 2021). The presence of several
unidentified peaks could be attributed to the complex matrix of MSWIA
and varying incineration procedures/conditions of different WTE
facilities.
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3.3. Y speciation in MSWIA — bulk XANES

The Y K-edge XANES spectra of reference compounds are shown in
Fig. S1, which display four types of spectral features. A strong single-
peak spectrum at ~17056 eV is observed for Y3* (aq), Y-doped iron
garnet (YsFes012), Y-tengerite [Y2(CO3)3-2-3H20], bastnasite [(Ce, La,
Nd)CO3(F,0H)], Y-bearing hematite (Fe;O3), and REE-organic com-
plexes (chitosan and lignin). A strong peak followed by a weak shoulder
hump at ~17066 eV is observed for Y-doped aluminum garnet (YAG,
Y3Al5015), churchite (YPO4-2H,0), monazite [(Ce, Th, La, Nd)POy4],
xenotime [(Y, Dy)PO4], and Y-bearing zircon (ZrSiO4). A weak peak
followed by a shoulder hump is observed for Y-oxide (Y203), Eu-doped
Y203 (Y1.92Eug,0803), Y-bearing apatite [Cas(PO4)3(F,Cl,0H)], and Y-
bearing glass. In addition, Y-bearing calcite (CaCOs3) shows a unique
dual-peak spectrum. The difference in spectral features of these refer-
ence compounds reflects different local coordination environment of Y
in these phases.

To determine the bulk Y speciation in MSWIA, LCF was performed on
the bulk XANES spectra of the MSWIA samples using the reference
compounds (Fig. 1a). Initially, LCF was performed without including the
three reference compounds for spent phosphors (Table S4). The LCF
results indicate the primary presence of Y as 26.4-93.1% Y-bearing
oxides (Y203 and hematite) and 5.3-73.7% Y-phosphates (apatite and
xenotime) in all samples. The R-factor of LCF ranges from 0.00255 to
0.0054, except for sample S1, which has a markedly higher value due to
high signal noise. Surprisingly, Y-lignin as an unstable phase at high
temperature accounts for ~11.5-30.0% of Y speciation in most of
MSWIA samples.

On the other hand, the LCF results that include the Y-containing
phosphors are shown in Fig. 1 and Table 2. The updated fitting results
suggest that Y predominantly exist as Y-bearing Al/Fe oxides (Y3Al5012
and hematite) and Y-phosphates (apatite and xenotime), in which
Y3Als012 completely replaces Y;03 and Y-organics. Samples C1-C4
exhibit very similar profiles, with Y3Al5015 (22.5-50.4%) and hematite
(33.8-56.2%) together accounting for over 75% of Y speciation, and the
remaining fraction is apatite (15.9-24.5%). Samples E1-E2 show a
higher fraction of Y-bearing hematite (47.5-72.5%), and about
10.9-35.1% of Y as xenotime instead of apatite. Sample S1 as the only fly
ash representative contains Y mostly as apatite (74.5%), whereas sample
S2 as the bottom ash from the same WTE facility comprises 44.5% of Y as
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Table 2
LCF results of Y K-edge bulk XANES (particle size: 2 mm; LCF-derived errors are
shown in parentheses).

Bulk Y species (%) R-factor
1

sampie Y-bearing Al/Fe oxides Y-phosphates

YAG Hematite Apatite Xenotime

(Y3Al5012)
C1 28.4 (7.7) 51.8 19.8(5.1) - 0.00447

(11.2)
Cc2 22.5 (5.8) 56.2 (7.4) 21.4(6.5) - 0.00276
Cc3 38.9(7.5) 36.5 (8.8) 24.5(6.6) - 0.00421
c4 50.4 (6.3) 33.8(5.9) 15.9 (4.3) - 0.00312
S1 15.7 (7.6) 9.9 (5.7) 74.5 0.01423
(11.2)

S2 41.4 (8.9) 13.9 (6.9) - 44.5(7.4)  0.00422
E1l 16.5 (3.7) 72.5 (8.8) - 10.9(5.1) 0.00241
E2 17.5 (8.4) 47.5 (8.5) - 35.1(9.6) 0.00367

xenotime, 41.4% as Y3Al501, and 13.9% as hematite. For sample S1-S2,
inclusion of Y-containing phosphors notably improves the R-factor by
~22-42% and thus reflects the Y speciation more accurately (Table 2 vs.
Table S4). Note that Y-bearing hematite is the only reference compound
in Table 2 that displays a single-peak spectrum at ~17056 eV, whereas
the other three all have a single peak followed by a weak shoulder hump
at ~17066 eV (Fig. S1). As aresult, the spectra of samples S1 and S2 with
the lowest fraction of Y-bearing hematite (<14%) exhibit an obvious
shoulder hump, and those of sample C2 and E1 with the highest fraction
of hematite (>56%) show a clear single-peak feature (Fig. 1a).

Although the difference in R-factor of sample C1-C4 and E1-E2 with
and without including Y-containing phosphors is mathematically
indistinguishable (<10%), the updated fitting results that included
phosphors are more reasonable. The absence of thermally unstable Y-
organic complexes could be attributed to decomposition during MSW
incineration (~990-1100 °C) to form oxides and phosphates, which are
stable phases at temperature up to 1500 °C (Giraud et al., 2021; Liu
et al., 2020). Previous speciation studies on coal ash did not consider
REE-containing phosphors because they are irrelevant, but we included
them in this study because of their potential presence in unsorted MSW
(Hossain et al., 2021; Liu et al., 2019; Taggart et al., 2018).

(b) [1 Y-doped Al garnet [ ] Hematite
[ Apatite 1 Xenotime
T T T T T T T T T T

C1 | | |

c2 | \ |

cs3 | \ |

c4 [ | |

st [ ] \

s2 ] |

SN | |

E2 [ [ |

Y Speciation%

Fig. 1. (a) Normalized spectra of Y K-edge bulk XANES (black lines) of the MSWIA samples (particle size: 2 mm) and fitted LCF curves (red lines); (b) corresponding

Y speciation with the lowest R-factor determined by LCF.
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3.4. Micro-scale Y speciation in MSWIA — uXRF and uXANES

As the average Y speciation at the bulk scale is revealed by bulk
XANES, pXRF mapping followed by pXANES were also performed to
elucidate REE speciation at the micro-scale and correlation with other
elements. Sample C1 and C4 were selected because of their high Y
concentration (Table 1). According to the LCF results of bulk XANES, the
main Y speciation in sample C1 includes 51.8% hematite, 28.4% YAG,
and 19.8% apatite, whereas sample C4 contains 50.4% YAG, 33.8%
hematite, and 15.9% apatite (Table 2).

Representative pXRF maps of selected hotspots are shown in Fig. 2.
The two Y hotspots in sample C1 (C1_1 and C1_2) have a size of ~10 pm
(Fig. 2a-b). Hotspot C1_1 is co-localized with Nd, Eu, and P, but not with
Fe. The pXANES spectrum of C1_1 shows a weak peak followed by a
shoulder hump, which closely resembles that of Y,03 (Fig. 3a, Fig. S1).
As expected, the LCF results indicate that Y predominantly exists as
86.6% Y203 (Fig. 3b, Table 3), which could be formed via decomposition
of Y-organics or Y-carbonates during incineration (Liu et al., 2020). The
co-localization of Y with P can be attributed to 13.4% of Y as apatite, and
the absence of Fe-containing phases is also consistent with the uXRF
map. The pXRF maps of C1_2 show the co-localization of Y with Ce, Nd,
Eu, and Fe. The presence of 43.1% Y as YAG and 30.4% as xenotime in
C1_2 gives it a distinct feature with a strong peak followed by a weak
shoulder hump (Table 3). The co-localization of Y with Fe can be
ascribed to 26.4% of Y as hematite. Based on LCF results and the pXRF
map, hotspot C1_2 is likely a small YAG/xenotime particle fused with a
bigger LREE-bearing hematite particle.

For sample C4, hotspot C4_1 has a size of ~10 pm, whereas C4_2 is
smaller at ~5 pm (Fig. 2c-d). Co-localization of Y with other LREE (e.g.,
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Ce, Nd, and Eu) is observed on both hotspots. The pXANES spectra of
C4_1 and C4_2 exhibit a similar feature as that of C1_1, as they all
contain a significant fraction of Y as Y203 (68.7% in C4_1 and 84.3% in
C4_2) (Fig. 3, Table 3). The co-localization of Y with Fe in C4_1 can be
attributed to 24.2% of Y as hematite, while the concurrence of Y and P in
C4_2 is likely due to Y-bearing xenotime. Hotspot C4_2 could be an Y503
particle fused with a piece of REE-bearing phosphate mineral that can
accommodate light-to-medium REE (e.g., monazite).

Interestingly, the composition of Y-bearing phases in all examined
hotspots are not completely the same as the bulk XANES results
(Table 3). This implies the significant heterogeneity of Y distribution in
MSWIA, in which the average Y speciation determined by bulk XANES
might not represent the local speciation of individual particles. On the
other hand, while pXRF/pXANES can reveal REE distribution and
identify REE-bearing phases at the micro-scale, the representativeness of
results is limited by the randomness of hotspot selection (Liu et al.,
2019). Hence, bulk XANES and pXRF/uXANES complement each other
at the bulk and micro-scale to help us obtain a comprehensive under-
standing of REE speciation in MSWIA. We also point out that despite the
difference in results, the major Y speciation at the macro- and
micro-scales can be categorized into similar phase groups: ~70-87%
Y-bearing (Al/Fe) oxides and ~13-30% Y-bearing phosphates for sam-
ple C1; ~84-90% Y-bearing (Al/Fe) oxides and ~10-16% Y-bearing
phosphates for sample C4 (Table 3).

3.5. Micro-scale speciation of Y, Ce, and Nd in size-fractionated MSWIA

Since it has been reported that many metals can partition into
particle sizes

different of MSWIA (Allegrini et al, 2014

Fig. 2. Representative pXRF maps of selected REE and other elements in hotspots of C1 and C4 samples. (a) Y, Nd, Eu, Fe, and P maps in hotspot 1 of sample C-1; (b)
Y, Ce, Nd, Eu, and Fe maps in hotspot 2 of sample C1; (c) Y, Ce, Nd, Eu, and Fe maps in hotspot 1 of sample C4; (d) Y, Ce, Nd, Eu, and P maps in hotspot 2 of sample
C4. The hotspots are indicated by yellow circles and selected for pXANES analysis (shown in Fig. 3).
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Fig. 3. (a) Normalized spectra of Y K-edge bulk XANES of sample C1 and C4, pXANES of selected hotspots (black lines), and fitted LCF curves (red lines); (b)

corresponding Y speciation with the lowest R-factor determined by LCF.

Table 3
LCF results of Y K-edge bulk- and pXANES spectra for sample C1 and C4 (particle
size: 2 mm; LCF derived errors are shown in parentheses).

Bulk Y species (%) R-factor
1
:::ilp e Y-bearing (Al/Fe) oxides Y-phosphates
hotspots Y,03 YAG Hematite = Apatite  Xenotime
(YSAISOlZ)
C1_bulk - 28.4 (7.7) 51.8 19.8 - 0.00447
(11.2) 5.1)
Cl.1spot 86.6 - - 13.4 - 0.01241
(6.5) (6.2)
Cl_2spot - 43.1 (7.8) 26.4 - 30.4 0.01127
(8.2) (10.5)
C4_bulk - 50.4 (6.3) 33.8 15.9 - 0.00312
(5.9) (4.3)
C4.1spot 68.7 - 24.2 7.1 - 0.01021
(5.9) (10.1) (5.5)
C4 2spot  84.3 - - - 15.7 0.00425
(4.5) 4.4

Beikmohammadi et al., 2023; Morf et al., 2013), sample S2 with a
particularly high XREE concentration was further size-fractionated into
three groups as mentioned earlier and analyzed for REE speciation using
pXRF/pXANES. Ce and Nd were also analyzed as LREE representatives
besides Y. The XANES spectrum of Ce Lyj-edge displays distinctive fea-
tures depending on the oxidation state (Takahashi et al., 2002). Most of
the Ce reference compounds used in this study contain Ce(III), and their
Ljj-edge XANES spectra show a clear single-peak at ~5726.5 eV,
whereas Ce(IV)-containing reference compounds (e.g. CeO) have
dual-peaks at ~5731.9 and ~5738.4 eV (Fig. S2). On the other hand, the
Nd Ly-edge XANES spectra of all reference compounds are very similar,
with a strong absorption peak at ~6725.5 eV and a broad hump at
~6756.3 eV. Due to the lack of distinctive spectral difference in the
XANES spectra, identifying Ce and Nd speciation solely based on LCF
can be difficult, and thus combining LCF with pXRF maps can provide
more insights.

In the 100 pm size-fractionated S2 sample, two hotspots were
selected for each of Y, Ce, and Nd to determine their correlation with
other elements. Hotspots S2-100_Y_1 and S2-100_Y_2 have a spherical
shape and a particle size of ~7-8 pm (Figs. S7a-b). Both hotspots are co-

present with Eu and P, but not with Ce. The pXANES spectrum of S2-
100_Y_1 shows a strong shoulder hump at ~17066 eV following the
peak at ~17056 eV, which can be ascribed to the dominant presence of
Y203 (89.4%) as suggested by LCF results (Fig. 4a, Table 4). The minor
correlation of Y with P is likely due to apatite as a trace phase. The
PXANES spectrum of S2-100_Y_2 has a strong peak followed by a weak
shoulder hump, and the major presence of xenotime (64.0%) is revealed
by LCF results (Fig. 4a), which also agrees well with the stronger cor-
relation of Y with P compared to S2-100_Y_1 (Table 4, Figs. S7a-b).

According to the pXRF maps, both Ce hotspots show a clear corre-
lation with Nd, Pr, and P (Figs. S7c-d). Hotspot S2-100_Ce_1 has a
crescent shape that seems to be on the edge of a larger spherical particle
with a diameter of >100 pm, whereas hotspot S2-100_Ce_2 is a small
spherical particle of ~10 pm. The pXANES spectra of both hotspots
display a single peak feature at ~5726.5 eV, suggesting that Ce pri-
marily exists as Ce>" (Fig. 4b). LCF results reveal that Ce is present as a
mixture of apatite and monazite, which matches well with the co-
presence of Ce with other LREE and the strong correlation with P.
Similarly, apparent correlation of Nd with Ce and Pr is also observed in
both Nd hotspots and confirmed by LCF results that monazite accounts
for ~87-90% of Nd speciation (Fig. 4c, Figs. S7e—f, Table 4). The co-
presence of Nd with Ca is likely due to apatite as a trace phase
(~11-14%).

For the 600 pm size-fractionated S2 sample, distinctive speciation
was observed in the two selected Y hotspots. In $2-600_Y_1, Y clearly co-
exists with Eu and Ce, while in S2-600_Y_2, Y shows no correlation with
them (Figs. S8a-b). The XANES spectrum of S2-600_Y_1 has a weak peak
followed by a shoulder hump, whereas the spectrum of S2-600_Y_2 has a
strong peak followed by a shoulder hump (Fig. 4d). The LCF results
indicate 91.2% of Y in S2-600_Y_1 as Y503 and 86.5% of Y in S2-600_Y_2
as xenotime (Table 4). On the other hand, pXRF maps of Ce and Nd
suggest the co-occurrence of Ce, Pr, and Nd in all selected particles
(Figs. S8c—f). LREE-bearing monazite is identified as the main hosting
phase in these hotspots, accounting for ~67-96% of Ce and ~44-64% of
Nd, whereas the remaining fractions of Ce and Nd likely exist as REE-
bearing apatite and Nd,Os, respectively (Table 4).

For the 2 mm size-fractionated S2 sample, co-occurrence of different
REE in selected particles was observed in pXRF maps (Fig. S9). For
example, Y was found to co-present with several LREE (e.g., Eu and Ce)
in Y hotspots (Figs. S9a-b). The LCF results indicate that xenotime and
Y203 constitute over 80% of Y speciation (Table 4). Similarly to the S2-
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Fig. 4. Normalized spectra of Y K-edge, Ce Ly-edge, and Nd Li-edge pXANES of hotspots identified by pXRF maps for (a—c) 100 pm, (d-f) 600 pm, and (g-i) 2 mm
size-fractionated S2 samples (black lines). Corresponding LCF results are shown in red lines.

600 pm sample, concurrent presence of Ce, Pr, and Nd was also observed
in the S2-2 mm sample (Figs. S9c-¢). As expected, the majority of Ce and
Nd exists as LREE-bearing monazite. Nd;Og is another major host of Nd
(up to 45%), and REE-bearing apatite likely hosts the remaining
~15-24% of Ce and Nd (Table 4).

Even though enrichment in REE concentration in smaller-sized
MSWIA was observed, the major speciation of REE representatives in
these size-fractionated samples does not show any significant difference
based on pXRF/pXANES. Y is primarily present as xenotime and Y50s,
Ce mainly exists as monazite and apatite, and Nd is mostly found in
monazite and NdpOs3. Compared to bulk XANES, uXANES suggests
markedly different Y speciation in S2 samples, especially the absence of
YAG (Table 2 vs. Table 4). As discussed earlier, this is likely due to
sample heterogeneity and randomness of hotspot selection using pXRF.

4. Conclusion

This study systematically investigated the chemical speciation of Y,
Ce, and Nd in different MSWIA samples using XAS techniques. LCF re-
sults of bulk XANES indicate the dominant presence of Y as Y-bearing
Al/Fe oxides (YAG and hematite) and Y-phosphates (apatite and xen-
otime), which are chemically and thermally stable phases remained
after MSW incineration. Importantly, YAG constitutes ~15-50% of Y
speciation in all MSWIA samples, inferring that MSW contains a sub-
stantial amount of spent phosphors as a major REE source. In addition,
pXRF maps elucidate the strong correlation between Y and other ele-
ments (e.g., Fe and P), matching well with pXANES results. Clear het-
erogeneity was also observed, in which the average Y speciation
suggested by bulk XANES is different from that by pXANES. To obtain a
comprehensive understanding of REE speciation, complementary XAS
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Table 4

LCF results of Y K-edge, Ce Lyj-edge, and Nd Li-edge pXANES for the 100 pm,
600 pm, and 2 mm size-fractionated S2 samples (LCF-derived errors are shown
in parentheses).

Y Y species (%) R-factor
Y-bearing (Fe) oxides Y-phosphates
Y,03 Hematite Apatite Xenotime
$2-100_Y_1 89.4 (5.2) - 10.6 (5.0) - 0.00815
$2-100_Y_2 8.3(2.4) 27.7 (6.5) - 64.0 (7.0) 0.00288
$2-600_Y_1 91.2 (7.7) - - 9.1 (2.7) 0.00924
$2-600_Y_2 13.6 (1.4) - - 86.5 (3.7) 0.00743
$2-2Y1 21.9 (4.49) - 18.5 (4.8) 59.6 (3.0) 0.00475
S2-2Y1 48.3 (4.8) - - 51.7 (4.4) 0.00196
Ce Ce species (%) R-factor
Ce-phosphates
Apatite Monazite
$2-100_Ce_1 46.8 (3.6) 53.3(3.9) 0.00475
$2-100_Ce_2 72.3 (3.9) 27.7 (6.3) 0.00718
S$2-600_Ce_1 32.9 (8.8) 67.1 (13.8) 0.04776
$2-600_Ce_2 3.8 (1.0) 96.2 (3.4) 0.00836
§2-2 Ce 1 23.9 (13.2) 76.0 (11.4) 0.01041
Nd Nd species (%) R-factor
Nd-oxide Nd-phosphates
Nd,O3 Apatite Monazite
$2-100_Nd_1 - 10.5 (5.1) 89.5 (5.4) 0.00376
$2-100_Nd_2 - 13.5(3.8) 86.5 (3.9) 0.00198
$2-600_Nd_1 35.6 (1.9) - 64.4 (2.2) 0.00325
$2-600_Nd_2 56.2 (6.2) - 43.8 (5.9) 0.00393
§2-2.Nd_1 45.1 (18.1) 14.7 (2.1) 40.3 (15.3) 0.10431
§2-2.Nd_1 8.6 (2.7) - 91.6 (13.1) 0.00924

analyses at both bulk and micro-scale are necessary. Furthermore,
despite the REE enrichment in finer MSWIA particles, the major REE
speciation in 2 mm, 600 pm, and 100 pm fractionated samples is
consistent. Y and Nd mainly exist as REE-oxides (Y203 and Nd203) and
REE-phosphates (xenotime and monazite), whereas Ce is primarily
present as monazite or apatite.

Our findings have important implications for REE recovery from
MSWIA, as it has been recognized as an emerging REE resource. Eluci-
dating the dominant REE speciation in MSWIA produced by different
WTE facilities can help us design and optimize extraction methods for
REE recovery based on the solubility/reactivity of these REE-bearing
phases under different leaching conditions (Liu et al., 2019; Stoy
et al., 2021). Unlike in some coal ashes (Taggart et al., 2018), REE in
MSWIA samples are not found in acid-resistant phases (e.g., glass,
zircon, and silicates), and thus energy- and chemical-intensive alkaline
pretreatment is not needed to liberate encapsulated REE phases.
REE-bearing oxides and phosphates can be readily dissolved at pH > 1
and even under less acidic conditions in the presence of certain ligands
(e.g., citrate) (Liu et al., 2019; Wen et al., 2023; Wen et al., 2024). In
addition, density-based screening processes such as dense medium
separation can be designed to separate REE-bearing phases from gang-
ues prior to extraction, which can drastically reduce the feedstock
volume.
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