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Abstract: Rare-earth elements are critical components of technologies used in renewable energy,
communication, transportation, and national defense. Securing supply chains by developing domestic
rare-earth resources, including coal and coal byproducts, has become a national priority. With some
of the largest coal reserves in the country, states within the Appalachian Basin can play a key role in
supplying these elements. Understanding rare-earth element phase associations and the processes
that lead to enrichment in these coals will inform resource prospecting and recovery techniques. This
study used sequential leaching in addition to scanning electron microscopy and energy-dispersive
X-ray spectroscopy to identify rare-earth element modes of occurrence in WV coals. The results
indicate that heavier elements have a stronger association with organic matter and that phosphate
minerals are primary sources of both heavy and light rare-earth elements. However, these phases are
shielded by a resistant aluminosilicate matrix that can impede the recovery of rare-earth elements
using traditional methods.
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1. Introduction

Rare-earth elements and yttrium (REY) are essential components of many technologies
fundamental to modern life and national security, such as cell phones, computers, and
other electronics. These elements are also critical to U.S. and global decarbonization efforts
due to their use in magnets for wind power generators and electric vehicle motors [1].
However, the U.S. is more than 90% import-reliant for REY [2], leaving supply chains
vulnerable to disruption. To secure supply chains, new domestic REY resources must be
developed. Coal and coal byproducts, including refuse and fly ash, can potentially serve as
viable unconventional resources for REY. The enrichment of REY in select coal seams can
rival that of conventional ores, and coal combustion in power plants further concentrates
these elements in the resulting ash [3,4]. Major coal-producing states, such as West Virginia
(WV), can utilize existing mining infrastructure and coal waste products to transition to the
production of REY.

Rare-earth elements include the lanthanide series of elements (La through Lu), yttrium
(Y), and sometimes scandium (Sc) due to similarities in physicochemical properties [5]. The
elements are commonly partitioned into groups based on their ionic radius and atomic
mass, either as light (La through Eu) or as heavy (Y and Gd through Lu) REY (LREE and
HREY, respectively), or further refined to LREE (La through Sm), medium REY (MREY—Y
and Eu through Dy), and HREE (Ho through Lu) [6,7]. Scandium does not fit neatly into
the light, medium, and heavy classification scheme and will be discussed separately in this
manuscript. The term “REE” will refer to lanthanide elements, and “REY” will refer to
lanthanide elements plus Y.
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In coal, REY can have organic and inorganic associations controlled by depositional
conditions (e.g., sediment source geochemistry, synchronous volcanic inputs, redox con-
ditions) and processes acting on the coal during or after diagenesis (e.g., metamorphism,
meteoric or hydrothermal fluid infiltration) [7–9]. Inorganically associated REY can be
present as crystalline minerals or non-crystalline mineraloids or adsorbed to the surfaces of
clay minerals, while organically associated REY are bonded to or adsorbed onto organic
compounds [10–13]. The first step in assessing coal deposits as REY resources is to un-
derstand REY concentrations and elemental modes of occurrence in order to relate their
mineral phases to the aforementioned depositional, diagenetic, and epigenetic processes of
enrichment. This information can then be used to identify economically promising coal
seams based on their history of deposition and coalification. Identifying the REY modes of
occurrence can also help predict the behavior of these elements during coal combustion
and inform the design of efficient techniques to extract REY from coal and coal byprod-
ucts [11,14]. Sequential leaching is a standard method to identify the elemental modes of
occurrence in rocks, including coal. The technique involves using a series of targeted sol-
vents to dissolve individual mineral and organic phases, releasing the elements associated
with each phase. Then, the leachate from each step in the sequence is analyzed separately
to quantify the elements of interest released in that step. Solvents commonly include
ammonium acetate or sodium acetate to target exchangeable cations, hydrofluoric acid to
target silicates, nitric acid to target pyrite and phosphates, hydrogen peroxide to target
organics, and hydrochloric acid to target carbonates, oxides, and monosulfides [15–19].

With a centuries-long history of coal extraction and utilization, states within the Ap-
palachian Basin are well positioned to contribute to the nation’s supply of REY. Studies
suggest that coals and coal byproducts in the basin are especially promising as unconven-
tional REY resources. A study by Lin et al. [20] using coal geochemistry data in the USGS
CoalQual database found that central Appalachian Basin coals may serve as economically
viable sources of REY. Generally, fly ash generated from Appalachian Basin coals has higher
total REY (TREY) concentrations than Illinois and Powder River Basin ashes [21]. Critical
REY, elements whose demand exceeds supply, accounted for 34%–38% of the TREY [21].
To develop Appalachian Basin coals as a resource for REY, it is imperative to understand
elemental phase associations to better ascertain the provenance of REY in coal and how
they translate to REY recovery techniques. This study used a sequential leaching methodol-
ogy adapted from Tessier et al. [19] and Riley et al. [18], in addition to scanning electron
microscopy and energy-dispersive X-ray spectroscopy (SEM-EDS), to identify the REY
modes of occurrence in WV coals, providing insights into the elemental behaviors that can
ultimately be leveraged to aid Appalachian Basin states in transitioning to the production
of REY.

2. Materials and Methods

Four coal samples acquired from the West Virginia Geologic and Economic Survey
(WVGES) were subjected to sequential leaching to identify the REY modes of occurrence.
Samples were sourced from the Upper Kittanning, Sewell, and Fire Clay coal seams
(2 different Fire Clay samples were used, coming from Fayette and Raleigh counties).
A bulk sample from each seam was comminuted to a grain size of ≤150 µm and homoge-
nized. Sample characteristics, including formation names, geologic ages, and ash yields (a
proxy for inorganic content), are shown in Table 1. Although the bulk samples were initially
identified as coal, the high ash yield of the Sewell sample suggests that it is not strictly
coal. The sample was collected from a coal mine but may be a coal-adjacent carbonaceous
claystone/shale or a mixture of interbedded coal and carbonaceous partings.
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Table 1. Coal sample characteristics.

Coal Seam Formation Name Geologic Age Ash Yield (%)

Upper Kittanning Allegheny Upper-middle
Pennsylvanian 17.7

Fayette Fire Clay Kanawha Lower-middle
Pennsylvanian 16.1

Raleigh Fire Clay Kanawha Lower-middle
Pennsylvanian 6.6

Sewell New River Lower Pennsylvanian 56.1

The samples used in this study come from Pennsylvanian-aged coal seams in the
northern and central Appalachian Basin. The proto-Appalachian Basin began developing
about 1.1 billion years ago on continental crust extending along the margin of the proto-
Atlantic Ocean. During the Alleghany orogeny (approximately 330–265 million years
ago), a collision between southern Laurentia and Gondwana formed the Appalachian
Mountains [22,23]. Subsidence west of the mountains created an elongated foreland basin,
which was subsequently filled with clastic sediments that generally thickened toward
the southeast. Sediments sourced from the Appalachian Mountains to the east and the
Canadian craton to the north were deposited by fluvial channels and deltaic fans across a
coastal plain that occasionally experienced shallow-marine flooding [22,23].

The coal seams represented in this study range from the lower- to upper-middle
Pennsylvanian. Lower Pennsylvanian strata represent transgressive sequences with a
depositional strike that sits parallel to the Appalachian Mountains. In West Virginia, lower
Pennsylvanian formations are dominated by thick intervals of quartzose sandstone [22].
Middle Pennsylvanian strata were deposited in coastal and deltaic environments with
episodes of marine inundation [22,24]. These rock sequences typically consist of coal,
carbonaceous shale, mudstones, siltstones, minor sandstone, and sometimes carbonates [22].
Paleoclimate fluctuations during the middle Pennsylvanian resulted in more seasonal
conditions compared to the persistently wet, tropical conditions of lower Pennsylvanian
deposits [25–27]. Planar peat mires developing in mildly seasonal climates combined with
marine incursions in the upper and upper-middle Pennsylvanian generally resulted in
relatively high-ash, high-sulfur coals [24–27].

2.1. Bulk Sample Characterization

X-ray Diffraction: Qualitative X-ray diffraction (XRD) was carried out at the National
Energy Technology Laboratory in Pittsburgh, PA, USA, to identify the primary crystalline
mineral phases present in bulk coal (pre-reaction) samples and post-reaction residues.
Samples were ground and sieved to a grain size of ≤45 µm and packed into stainless-
steel back-loading cavity mounts. The samples were run on a Malvern PANalytical Aeris
(Almelo, Netherlands) utilizing copper X-rays at 40 kV, 15 mA with a PixCel detector.
The samples were scanned from 5 to 70 degrees (2θ) with a step size of 0.02 degrees and
scan times of 118 s/step in continuous mode. Peak alignments, phase IDs, and mineral
identifications were made using X’Pert HighScore Plus (version 5.1) software utilizing the
ICDD PDF-4+ database.

Bulk Sample Digestion: Whole-coal REY and Sc concentrations were determined
by digesting bulk samples using a proprietary sodium peroxide fusion method at the
analytical lab at the WVU Energy Institute, Morgantown, PA, USA, followed by inductively
coupled plasma mass spectrometry (ICP-MS) using U.S. EPA Method 200.8 [28]. Samples
were analyzed using a PerkinElmer NexION 2000 ICP mass spectrometer (Shelton, CT,
USA). Method detection limits (in µg/L) for the REY were Sc: 0.037; La: 0.003; Ce: 0.008;
Pr: 0.003; Nd: 0.008; Sm: 0.004; Eu: 0.003; Gd: 0.003; Tb: 0.002; Dy: 0.004; Y: 0.004; Ho: 0.002;
Er: 0.004; Tm: 0.002; Yb: 0.002; and Lu: 0.002.
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Carbon and Sulfur: Total carbon and total sulfur analysis was performed by Pittsburgh
Mineral & Environmental Technology in New Brighton, PA, USA. Bulk (pre-reaction)
samples were comminuted to a grain size of ≤45 µm. The powdered samples were scanned
using the ELTRA CS800 Carbon-Sulfur Determinator (Newtown, PA, USA) after calibration
using Alpha Resources standards. Two to three aliquots of each bulk sample and residue
were scanned, and averaged results are provided.

Scanning electron microscopy–energy-dispersive X-ray spectroscopy: Scanning
electron microscopy and energy-dispersive X-ray spectroscopy (SEM-EDS) were used to
identify REY-bearing mineral phases in representative coal sample chips. The analysis was
performed following the methods outlined in Montross et al. [29] and is briefly summarized
below. Portable X-ray fluorescence (pXRF) was used as a screening tool to identify the most
promising sample chips for SEM-EDS. Several chips from each coal sample were scanned
using a handheld Olympus Vanta M-series portable X-ray Fluorescence Spectrometer
(Tokyo, Japan) with 3-beam capability. Scans were run for 10 or 20 s per beam exposure
(Beam 1, 10 kV; Beam 2, 20 kV; and Beam 3, 50 kV). General detection limits for REY on a
whole-coal basis were La: 50 ppm; Ce: 65 ppm; Y: 1 ppm; and Nd: 80 ppm. Chips with
higher La, Ce, and Y concentrations were prioritized for SEM-EDS. Selected coal chips were
subjected to grinding and polishing using standard metallographic techniques to achieve a
flat polished surface for imaging and X-ray analysis. A field-emission scanning electron
microscope (JEOL IT700 HR) equipped with an energy-dispersive X-ray spectrometer (EDS,
Oxford Instruments, Abingdon, United Kingdom) was used to observe the microstructure
of coal samples and collect elemental data on the mineral phases present. The microscope
was operated in low-vacuum mode with an accelerating voltage of 20–25 keV and a
beam current of ~50–100 nA, and images were collected in backscattered mode (BSE). All
samples were scanned in an x-y criss-cross pattern across the entire area (~8 cm2) of the
mounted sample. Standards-based quantitative EDS spot analysis and mapping were
performed using certified rare-earth element standards for phosphates (REYP25-15+FC,
Astimex Standards Ltd., Toronto, ON, Canada) and oxides (Standard block 194 #489, Geller
Microanalytical Laboratory, Topsfield, MA, USA). Standard block #489 is certified to the
ISO 9001 and ISO 17025 standards [30,31]. Scanning electron microscopy and EDS mapping
were used to putatively identify REY-bearing minerals present in the coal samples. Point
spectra, line spectra, and elemental maps were used to determine the composition of
individual grains to facilitate the identification of mineral phases.

2.2. Sequential Extraction Procedure

A sequential leaching methodology was adapted from Tessier et al. [19] and Riley et al. [18]
to target both the mineral and organic fractions of coal. The coal samples (including a
replicate Fayette Fire Clay sample, referred to as “Fayette-R”) were crushed and sieved to
obtain grain sizes ≤150 µm. Eleven grams of each sample was placed inside a borosilicate
beaker and washed using 225 mL of deionized water with continuous agitation for 18 h.
Samples were washed in the same manner after each step of the sequential leaching process
to remove any remaining reactants. After each step, the leachate was filtered using 0.45 µm
Millipore filters, and 50 mL was transferred to polypropylene centrifuge tubes, where
0.5 mL of concentrated nitric acid was added to preserve the samples. The sequence of
steps for sequential extraction was performed as follows: (1) The ion-exchangeable fraction
was targeted using 88 mL of 1M sodium acetate solution, with continuous agitation at
room temperature for 1 h. (2) Carbonates, oxides, monosulfides, and ferric iron species
were targeted using 165 mL of 6M hydrochloric acid, with continuous agitation at room
temperature for 18 h. (3) Pyrite and phosphates were targeted with 165 mL of 2M nitric
acid, with continuous agitation for 18 h at room temperature. (4) The organic fraction
was targeted by adding 33 mL of 0.02M nitric acid and 55 mL of 30% hydrogen peroxide
adjusted to pH 2 with nitric acid. The solution was heated for 2 h with occasional agitation
at 85 ◦C. Then, another 33 mL portion of 30% hydrogen peroxide adjusted to pH 2 was
added. Heating and occasional agitation continued for 3 additional hours. After the
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mixture cooled, 55 mL of 3.2M ammonium acetate in 20% (v/v) nitric acid was added. The
sample was then diluted to 225 mL and continuously agitated for 30 min. (5) Samples
were transferred to conical polypropylene flasks, and silicates were targeted using 27.5 mL
of concentrated hydrofluoric acid and 2.75 mL of concentrated hydrochloric acid, heated
to 50 ◦C for 2 h, and then diluted to 165 mL with deionized water. Samples were left
undisturbed for about 2 days, and then 30 mL of the leachate was transferred to a Teflon
beaker, where it was neutralized with boric acid. The leachate was filtered using 60 mL
Luer-Lok syringes with 0.45 µm PVDF filters attached. Leachate samples were analyzed
by ICP-MS at the analytical lab at the West Virginia University (WVU) Energy Institute
following U.S. EPA Method 200.8 [28] to quantify the REY released in each stage of the
extraction process. A simplified flow diagram of the sequential leaching procedure is
presented in Supplemental Figure S1.

3. Results
3.1. XRD

The primary mineral phases identified using qualitative XRD are shown in Table 2. All
bulk patterns exhibited a high background, attributed to the amorphous carbon matrix of
the coal, preventing the full quantification of all minerals present in the sample. Quartz and
various mixtures of clay minerals (e.g., montmorillonite, illite, kaolinite, glauconite) were
identified in all four whole-coal bulk samples. Pyrite was identified in the Upper Kittanning
and Raleigh samples. Calcite was also present in the Upper Kittanning sample, as well as
szomolnokite, a sulfate mineral that likely formed through pyrite oxidation [32]. In the
post-reaction residual solids, hieratite (a potassium fluorosilicate) and potassium salts were
identified in all four samples. A zirconium dioxide phase was tentatively identified in the
Fayette residue. The XRD patterns of the pre-reaction samples and post-reaction residual
solids are shown in Supplemental Figure S2A–D.

Table 2. Crystalline phases identified during qualitative XRD of bulk pre-reaction coal samples.

Coal Sample Crystalline Phases Identified

Upper Kittanning quartz, kaolinite, montmorillonite, glauconite, calcite,
pyrite, szomolnokite

Fayette Fire Clay quartz, kaolinite, illite, nontronite/montmorillonite

Raleigh Fire Clay quartz, kaolinite/halloysite, illite/nacrite, montmorillonite, pyrite

Sewell quartz, kaolinite, illite

3.2. Carbon and Sulfur

Total carbon and total sulfur were reported on a weight percent basis for bulk (pre-
reaction) coal samples. The total carbon content was 36.17% for Sewell, 63.18% for Upper
Kittanning, 73.42% for Fayette, and 78.61% for Raleigh. The total sulfur content was 0.36%
for Sewell, 6.25% for Upper Kittanning, 0.41% for Fayette, and 0.44% for Raleigh.

3.3. SEM-EDS

Several chips from each coal sample were analyzed via pXRF before SEM-EDS analysis.
The element concentrations determined by pXRF are shown in Table 3. Although pXRF
measurements of trace elements may not be highly accurate, the relative concentrations
can be used to select the most promising REY-bearing samples for SEM-EDS analysis [29].



Minerals 2024, 14, 362 6 of 21

Table 3. pXRF results reported in parts per million (ppm). The Chip column indicates the number of sample chips analyzed. A decimal indicates different sides of
the same chip.

Coal Sample Chip No. Mg Al Si P S K Ca Ti V Cr Mn Fe Co Ni Cu Zn As

Upper Kittanning
1 ND 99,011 188,741 161 40,555 23,883 14,271 3954 122 51 80 17,601 ND 25 158 117 ND
2 ND 28,291 34,554 61 85,706 3420 3016 2210 108 ND 58 81,475 534 13 18 38 194
3 3580 86,320 130,554 119 33,471 13,208 1372 4618 360 92 64 27,118 248 93 114 350 48

Fayette Fireclay

1.1 ND 37,773 22,611 56 14,613 805 1957 584 47 ND 91 1943 ND 13 56 14 ND
1.2 ND 27,190 26,464 55 14,798 1799 853 899 77 ND 61 2031 ND 13 53 10 ND
2 3476 6544 6075 65 21,631 101 1241 930 93 ND 21 1270 12 ND 28 ND ND
3 ND 61,376 33,869 148 13,218 1342 1320 603 55 ND 52 2273 ND 8 49 10 ND
4 4664 8317 6250 96 26,997 67 1574 874 73 ND 24 1574 15 ND 62 ND ND

Raleigh Fireclay
1 4070 9025 29,140 138 15,461 255 497 2757 ND ND ND 4806 ND 5 41 18 3
2 ND 4416 3387 55 17,292 ND 1413 183 ND ND 26 3167 ND 12 27 7 ND
3 2338 4279 4655 120 17,447 34 643 353 ND ND 19 2752 ND ND 30 8 ND

Sewell

1 ND 110,201 162,467 172 5887 17,835 724 1961 97 52 37 10,659 84 51 74 27 ND
2 ND 86,403 108,513 104 5985 9785 782 2188 ND ND ND 4705 ND 23 59 14 ND

3.1 2844 86,404 123,458 86 10,213 10,242 1423 4652 267 ND 36 5669 ND 31 77 17 ND
3.2 ND 102,473 139,554 178 15,035 16,490 2690 5393 167 55 40 9470 58 31 91 21 ND
4.1 ND 99,069 136,417 227 16,629 18,929 2079 4516 ND 93 ND 11,025 76 31 116 19 ND
4.2 4274 84,182 115,920 113 13,993 7391 2004 8271 345 51 29 6209 45 36 71 20 ND

Coal Sample Chip No. Se Rb Sr Y Zr Nb Mo Ba La Ce Pr Nd W Hg Pb Th U

Upper Kittanning
1 ND 241 166 22 112 7 ND 396 93 145 157 ND ND ND 72 20 ND
2 6 14 45 24 27 ND 17 122 ND ND ND 221 14 30 12 14 12
3 3 140 75 19 138 ND ND 478 127 186 ND ND ND ND 60 18 6

Fayette Fireclay

1.1 2 10 41 15 8 ND 5 78 60 ND ND ND ND 4 21 31 18
1.2 1 18 42 15 13 ND 6 136 86 89 ND ND ND ND 20 33 16
2 ND 7 57 44 24 ND ND 104 ND ND ND 131 63 43 5 24 10
3 3 8 41 15 7 ND ND 82 ND ND ND ND ND ND 23 29 18
4 ND 7 50 47 17 ND ND 79 ND ND 80 107 99 64 12 33 12

Raleigh Fireclay
1 1 2 79 36 59 ND ND 89 ND ND ND ND ND ND 8 31 14
2 ND ND 137 17 ND ND ND 90 48 ND ND ND ND ND 3 34 24
3 ND 2 83 12 4 ND 4 74 ND ND ND ND ND ND 6 34 18

Sewell

1 ND 110 123 46 78 ND ND 278 91 93 ND ND ND ND 21 ND 4
2 ND 45 96 34 37 ND ND 175 106 105 ND ND ND ND 17 16 11

3.1 ND 74 103 28 68 8 4 288 ND 129 183 212 ND ND 20 21 11
3.2 ND 158 218 39 97 ND 7 410 153 141 ND ND ND ND 34 27 6
4.1 ND 182 238 43 114 5 ND 503 132 143 ND 217 ND ND 23 23 ND
4.2 ND 92 116 28 85 7 ND 356 ND ND ND ND ND ND 19 20 11
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Rare-earth element bearing minerals identified using SEM-EDS are described in
Table 4. Small grains of REY-phosphates, including monazite and xenotime, were found
distributed in clay matrices. Rare-earth elements were also found co-located with sulfides
and precipitates such as calcium oxalate and barite. Backscattered electron images showing
examples of distinct REY-bearing minerals identified in the Sewell and Upper Kittanning
samples are shown in Figure 1. Elemental maps and EDS peaks for these minerals are
shown in Supplemental Figures S3A,B (Sewell) and S4A,B (Upper Kittanning). The ele-
mental maps in Figure 2 show La concentrated in suspected barite, co-located with Ti, and
lightly dispersed throughout an area containing clay and possible sulfides in the Fayette
sample. Elemental maps showing LREE and P dispersed among clay layers in the Raleigh
sample are shown in Figure 3.

Table 4. REY-bearing minerals identified using SEM-EDS.

Sample REY-Bearing Minerals Identified

Upper Kittanning
La, Ce, Pr, Nd, Sm, Gd, Lu in monazite grains <5 µm

LREE co-located with framboidal pyrite

Fayette
La lightly dispersed throughout an area containing Fe-rich clay
and possible sulfides; concentrated in suspected barite and
co-located with Ti

Raleigh LREE and P dispersed in clay layers with abundant Fe-oxides

Sewell

Y, Gd, Sc in xenotime <5 µm

Yb, Sc in Ca-oxalate in organic matter pore space

La, Ce, Tb, Yb, Lu associated with an area of mixed sulfides
(Fe, Pb, Cu, Ni, Se)

Y in xenotime grains ≤5 µm

Yb in an unidentified Ca-S mineral
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minerals. (A) Xenotime grains and an Yb-bearing Ca-S mineral in the Sewell sample. (B) A monazite
grain and La co-located with pyrite framboids in the Upper Kittanning sample.
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3.4. Bulk Sample Rare-Earth Element Concentrations

Bulk samples were submitted for digestion and ICP-MS analysis to determine their
whole-coal REY concentrations. The results are shown in Table 5. Sewell had the highest
TREY concentration at 306.5 ppm, followed by Fayette with 64.3 ppm, Upper Kittanning
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with 62.3 ppm, and Raleigh with 54.7 ppm. As shown in Figure 4, LREE account for the
majority of TREY in the Sewell, Upper Kittanning, and Raleigh samples. Medium REY
account for the largest proportion of TREY in the Fayette sample (about 44%). Less than
11% of TREY in each sample are composed of HREY.

Table 5. Bulk sample rare-earth element concentrations (reported in ppm).

Sample Sc La Ce Pr Nd Sm Eu Gd Tb Dy Y Ho Er Tm Yb Lu TREY

Upper
Kittanning 5.97 7.29 16.79 2.10 8.68 1.99 0.43 2.38 0.39 2.51 15.70 0.56 1.59 0.23 1.46 0.22 62.31

Sewell 19.48 55.59 110.27 13.67 53.28 10.37 2.04 9.74 1.38 7.72 31.88 1.48 4.11 0.60 3.85 0.54 306.53

Fayette 8.05 5.91 12.39 1.57 6.74 1.86 0.49 2.82 0.56 4.02 21.10 0.90 2.71 0.39 2.49 0.36 64.31

Raleigh 2.07 6.37 14.34 1.79 7.66 1.79 0.37 2.31 0.38 2.40 13.72 0.53 1.48 0.20 1.21 0.17 54.71
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Figure 4. Distribution of light rare-earth elements (LREE), medium REY (MREY), and heavy REE
(HREE) in bulk whole coal samples.

The rare-earth element concentration and distribution in coals are commonly evaluated
against the average REY content of the upper continental crust (UCC). After normalizing
elemental concentrations to the UCC, coals can be classified as having L-type (enriched
in LREE), M-type (enriched in MREY), or H-type (enriched in HREE) distributions [7].
Figure 5 shows the REY distribution of each sample normalized to average UCC values as
defined by Taylor and McLennan [33]. Sewell has an M-type distribution and is the only
sample more enriched than the UCC for every element. The elements Nd through Dy are
more than two times higher than UCC averages. The remaining coal samples have H-type
REY distributions, which is common among world coals [7]. The Upper Kittanning and
Raleigh samples are less enriched than the UCC for all elements. Fayette is more enriched
than the UCC for the elements Dy through Lu (excluding Y, where coal/UCC = 0.96). All
samples except for Upper Kittanning have negative Y anomalies, which is typical of U.S.
coals [34].
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3.5. Sequential Extraction

The concentration of TREY extracted from each coal sample during the full sequential
leaching process is shown in Table 6. The overall extraction efficiency (percentage of TREY
extracted) was 8.1% for Sewell, 22.1% for Upper Kittanning, 14.3% for Fayette, 14.1% for
Fayette-R, and 13.8% for Raleigh. The low extraction efficiencies are largely due to the
re-precipitation of silicate phases during the sequential leaching procedure (discussed
later in this paper). The percentages of individual elements recovered from each sample
during the full leaching process are shown in Figure 6. The recovery of Sc was similar
for all samples, ranging from 13.1% to 17.4%. The recovery of La was even more similar
for Upper Kittanning, Fayette, Fayette-R, and Raleigh, ranging from 14.5% to 16.0%. But
the La recovery from Sewell was much lower at only 5.5%. In Sewell, MREY and HREE
had significantly higher recoveries than LREE. However, in the remaining samples, HREE
generally had lower recoveries than LREE and MREY.

Table 6. Rare-earth element concentrations extracted during the full sequential leaching process
(reported in ppm).

Sample Sc La Ce Pr Nd Sm Eu Gd Tb Dy Y Ho Er Tm Yb Lu TREY

Upper
Kittanning 0.92 1.17 4.85 0.47 2.20 0.54 0.13 0.59 0.08 0.47 2.58 0.09 0.28 0.04 0.25 0.04 13.76

Sewell 3.40 3.03 7.08 0.84 3.72 1.12 0.29 1.46 0.20 1.20 4.15 0.23 0.67 0.09 0.59 0.08 24.75

Fayette 1.08 0.88 2.28 0.29 1.42 0.39 0.10 0.50 0.08 0.49 2.05 0.10 0.30 0.04 0.27 0.04 9.22

Fayette-R 1.05 0.85 2.27 0.29 1.40 0.39 0.09 0.50 0.07 0.48 2.00 0.10 0.29 0.04 0.26 0.03 9.07

Raleigh 0.31 0.99 2.47 0.29 1.26 0.27 0.06 0.29 0.04 0.23 1.34 0.05 0.13 0.02 0.11 0.02 7.56

Figure 7 shows the percentages of recoverable REY extracted from the coals during
each step of the sequential leaching process. Less than 1% of recoverable TREY were
extracted from the ion-exchangeable phase. Scandium and Y were present at concentrations
above method detection limits in this phase in all samples. Among the lanthanide elements,
Eu and Er were present in measurable concentrations in the ion-exchangeable leachate in
four samples, Ho in three samples, Dy and Yb in two samples, and Gd, Tb, Tm, and Lu
in one sample (only Sewell). The elements La through Sm were below detection limits
in the leachate from this step for all samples. In the leachates for the remaining targeted
coal fractions, all elements were present at concentrations above method detection limits.
The majority of recoverable TREY were extracted from HCl-soluble phases in the Upper
Kittanning, Fayette, and Fayette-R samples (51.3%, 59.2%, and 59.7% of TREY, respectively),
while the majority of recoverable TREY in Sewell (60.2%) were extracted from the silicate
fraction. In the Raleigh sample, the majority of recoverable TREY were split between the
HCl-soluble and organic phases (47.8% and 32.6%, respectively). However, the recovery
trends for individual elements vary. Recoverable Sc was largely divided among the HCl-
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soluble, silicate, and organic fractions. A general trend of increasing recovery from the
organic phase for heavier REY is observable in all samples.
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Figure 6. Percentage of each element recovered from the full sequential leaching process.
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4. Discussion
4.1. REY Enrichment and Distribution

Four main types of REY enrichment in coals, terrigenous, tuffaceous, infiltrational, and
hydrothermal, are described by Seredin and Dai [7]. Terrigenous and tuffaceous enrichment
occurs during the peat bog stage, with REY deposited into the mire by surface waters
(terrigenous) or through falling volcanic ash and pyroclastics (tuffaceous). Enrichment by
infiltration is a post-depositional process whereby REY are introduced into coal seams by
circulating groundwater. Hydrothermal enrichment can occur during or after deposition as
ascending hydrothermal fluids carry REY into coal seams or peat mires. A fifth enrichment
type was suggested by Hower et al. [35], where REY in coal are derived from the original
peat-forming plants. In some cases, a combination of enrichment types may be responsible
for the REY content of a coal seam [36,37]. However, terrigenous enrichment is thought
to be the primary source of REY in most coals and underclays [6,38]. The original REY
mineral associations may remain in the coal or may be reworked in acidic peat mires or
during coalification with the subsequent formation of new REY-bearing phases [37]. The
total REY concentration generally correlates well with the ash yield, which can be used as a
proxy for mineral matter in coal [38].

Light- and heavy-REY distribution in coal can be controlled by sediment source
geochemistry, peat mire characteristics, and diagenetic or post-diagenetic processes. The
ratio of LREE to HREY present in coal can sometimes be used to make inferences about
the enrichment types or processes that have influenced a coal seam. Heavy REY form
more stable complexes with organic matter than LREE and are therefore more likely to be
associated with the organic fraction of coal [7,12,38–40]. Organically bound HREY can be
displaced during diagenesis as chelating functional groups are lost, resulting in changes in
the original LREE/HREY ratios if the HREY are subsequently leached from the coal [41,42].
However, the displaced HREY may also be reincorporated into authigenic mineral phases
or bound to clays [6,42]. Light-to-heavy REY ratios can also be affected by the leaching
of surrounding rocks or partings within the coal and hydrothermal fluids mobilizing and
redistributing REY [43,44].

The LREE/HREE ratios (excluding Sc and Y) of the samples in this analysis range
from 2.03 (Fayette) to 8.34 (Sewell). The LREE/HREE ratio of Sewell is notable. High
LREE/HREE ratios are common in coals and related rocks of terrigenous origin, which often
have L-type UCC-normalized REY distributions [7,37]. However, low-ash coals formed
in ombrogenous mires may also have higher LREE/HREE ratios due to a lack of HREE-
enriched detrital input [42]. The high ash yield of the Sewell sample indicates a significant
detrital influence during deposition, which would account for the high LREE/HREE ratio.
However, the sample also has an M-type UCC-normalized REY distribution (Figure 5).
M-type distributions are common in coals influenced by acidic waters circulating within
coal basins [7,37]. A weakly negative Ce anomaly and Gd maximum further support a
fluid-based REY distribution in this sample [34]. The strongly negative Y anomaly may also
result from fluid circulation. The literature suggests that, compared to Ho, Y is more likely
to be leached and transported in solution due to weaker adsorption capabilities [45,46].
Mineral precipitates containing Yb were found in the Sewell sample using SEM-EDS. An Yb-
bearing Ca-S mineral (shown in Figure 1A) appears to have been emplaced afterdeposition
of the primary horizontal layers. Ytterbium in this mineral may have been sourced from
the partial dissolution of the adjacent xenotime grain caused by acidic fluid flow.

The relatively low LREE/HREE ratio of the Fayette sample is also notable. Hower et al. [35]
proposed that low LREE/HREE ratios may be a “ghost signature” of organically associ-
ated HREY in the coal-forming peat or early diagenetic precursors of bituminous coal.
Shand et al. [47] investigated the cause of HREY enrichment in mildly acidic groundwaters
in the Russian Far East and suggested that the weathering of zircon leached HREY and U
into the fluids. A high U concentration in coal is generally associated with the presence
of U-bearing detrital minerals such as zircon or with authigenic minerals and organically
bound U sourced from groundwater [11,48,49]. The Fayette and Sewell samples contain
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relatively high concentrations of U. When plotted against the ash yield (Figure 8), the
U concentrations of Sewell, Upper Kittanning, and Raleigh appear to be influenced by
non-volatile mineral matter content. However, the Fayette sample does not follow this
trend, possibly indicating enhanced enrichment from fluids. Although U was not a focus
of this study, it was included in the sequential extraction leachate analyses. While the
extraction efficiency from the Fayette sample was low (15.3%), the majority of recoverable
U was extracted from the HCl-soluble and organic phases (43.8% and 22.4%, respectively).
With respect to common HCl-soluble mineral phases, U has been reported in association
with REY-rich carbonates but is more often found in oxides, such as uraninite [11,48].
Uranium in an aqueous solution can be reduced to uraninite by Fe-rich smectite clays [50].
Iron-bearing smectite clay was tentatively identified in the Fayette sample by XRD analysis.
Additional support for a fluid-based influence in the Fayette sample includes the relatively
high W concentrations measured during pXRF, which range from undetectable to 99 ppm
(Table 3). The published literature suggests that high W concentrations in coal are more
likely to be supplied by aqueous solutions rather than by terrigenous sources [51–53].
Further, SEM-EDS revealed gold and platinum-group element mineralization in organic
matter pore spaces and coal fractures, which could have been introduced by groundwater
or hydrothermal fluids [54,55]. Finally, authigenic barite (identified via SEM-EDS) was
found in association with suspected sulfides. Barite can be generated during the oxidative
dissolution of sulfides in the presence of warm meteoric fluids [56].
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Figure 8. Plot of uranium versus ash yield (%) representing non-volatile mineral matter.

The Fayette sample was sourced from the Fire Clay coal seam, which has a complex
history, including the deposition of a volcanic ash tonstein, groundwater leaching, and
hydrothermal mineralization [36,55,57]. Coals underlying the tonstein can be enriched in
TREY, at times exceeding 4000 ppm (ash basis), due to the groundwater leaching of the
volcanic ash layer [57]. These coals are also commonly enriched in Zr [57]. The ash-basis
TREY concentration of the Fayette sample is only 399 ppm, suggesting little to no influence
from the tonstein. Zirconium was not analyzed during whole-rock digestion, but pXRF
analysis found relatively low Zr concentrations (ranging from 7 to 24 ppm) in bulk sample
chips, and a zirconium dioxide phase was tentatively identified using XRD in the post-
reaction residual solids. Like Fayette, the Raleigh sample was also sourced from the Fire
Clay coal seam. The Raleigh ash-basis TREY concentration is 822 ppm, more than twice as
high as Fayette. Discrete REY minerals were not observed in this sample, but elemental
mapping revealed LREE and P dispersed among Fe-bearing clay layers. Zirconium in the
Raleigh sample ranged from undetectable to 59 ppm during pXRF scanning, but only three
chips were analyzed. An abundance of iron oxides (identified using SEM-EDS) throughout
the analyzed samples suggests oxidizing fluid flow.

The Upper Kittanning coal seam was deposited during a time of changing paleo-
climate. The upper and upper-middle Pennsylvanian coals were generally formed in
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topogenous peat mires during drier and more seasonal conditions than coals from the
lower and lower-middle Pennsylvanian [25,26]. Marine and non-marine limestones, mi-
crites, calcareous shales, and mudstones are typical of this time period in northern WV [25].
Non-marine, lacustrine limestones are sporadically associated with the Upper Kittanning
coal seam [25,58]. The relatively neutral pH of peat mires at this time often resulted in
high-S coals, although S contents in the Upper Pennsylvanian are variable [25]. The Upper
Kittanning sample used in this study has a very high total S content (6.25 wt %), and several
morphologies of pyrite were identified using SEM-EDS. Calcite was identified during XRD
analysis. Groundwater interaction in a planer peat mire may have played a role in the
REY distribution of the Upper Kittanning sample, but REY would not be highly mobile in
relatively neutral waters. However, authigenic minerals such as carbonates could sequester
REY displaced during diagenesis, including those formerly bound to organics as chelating
functional groups are lost.

4.2. REY Phase Associations

Sequential leaching is a standard indirect method used to examine elemental modes
of occurrence. Several studies have used the technique to identify REY phase associations
in coal and coal-related strata. Li et al. [59] targeted REY in the carbonate, organic, silicate,
sulfide, exchangeable, and water-soluble phases in Chinese coals of varying geologic ages.
They concluded that the majority of REY were associated with silicate minerals [59]. A
study on Appalachian Basin coal underclays and coarse refuse examined REY in water-
soluble, exchangeable, acid-soluble, reducible, and oxidizable fractions [60]; however, less
than a quarter of TREY were recovered from the samples. The authors concluded that the
unrecovered REY are in apatitic phases and REY-phosphates. Using XRD and electron
microscopy, they confirmed the presence of REY-bearing phosphates, including apatite,
monazite, xenotime, crandallite, rhabdophane, and churchite [60]. Finkelman et al. [17]
used sequential leaching to estimate the percentage of REY associated with different
mineral phases in bituminous and low-rank world coals. They concluded that about 70% of
LREE are found in phosphate minerals in bituminous coals, 20% are associated with clays,
and 10% are associated with carbonates and organic matter. For HREY, they estimated
that 50% are associated with phosphates, 20% with clays, and 30% with organic matter
and carbonates. However, the percentage of REY recovered from each phase varied for
individual samples [17].

In the present study, the overall extraction efficiencies were poor, with 74.9% to 93.4%
of LREE and 82.4% to 90.1% of HREY remaining in the residuals (Figure 9). The low
recovery was primarily due to the re-precipitation of silicate phases during the final stage
of the sequential leaching procedure. During XRD analysis, hieratite, a K-bearing hexafluo-
rosilicate, was identified in the post-reaction residuals of all four samples. Potassium salts
were also identified in all sample residuals. The presence of these phases in the residual
solids indicates the re-precipitation of clays and possibly other silicate phases.

Although REY extraction from the silicate phases cannot be considered complete,
it is assumed that the REY extracted from the other major mineral phases targeted (ion-
exchangeable, HCl-soluble, and sulfides) represent the majority of REY associated with
those phases. Based on this assumption, the current results are similar to the estimates
provided by Finkelman et al. [17] if clay-shielded REY-bearing phases are considered.
Studies on coal and related strata, including underclays, overburden, and refuse, have
shown that REY-bearing phosphate minerals (e.g., monazite, xenotime, and rhabdophane)
are commonly found within clay matrix pore spaces [61–63]. Most of these REY-phosphates
were observed to be less than 5 µm in length [61–63]. This is consistent with SEM-EDS
results for the present study, where REY-phosphate grains ≤5 µm in length were identified
dispersed throughout the clay matrices. For the sequential extraction experiment, samples
were ground and passed through a 150 µm, 100-mesh sieve, meaning that many REY-
phosphate minerals would still be shielded by aluminosilicate phases. Additionally, some
of the REY initially in solution during the hydrofluoric acid step of the sequential leaching
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procedure would likely have been sequestered during the re-precipitation of silicates and
related phases.
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Figure 9. Percentages of LREE and HREY recovered from each leaching phase and percent remaining
in the residual.

In all samples except for Sewell, the percentage of LREE recovery exceeded that of
HREY recovery. The same trend was found by Finkelman et al. [17], who attributed the
difference to a more significant proportion of HREY associated with organic matter, a phase
that was not explicitly targeted during their sequential leaching experiment. In the present
study, REY in the organic fraction were directly targeted. The relatively high ash yield and
low total carbon content of the Sewell sample indicate that Sewell contained less organic
matter than the other samples. It appears that the dissolution of organic matter was more
complete in Sewell, which could explain why HREY recovery exceeded LREE recovery only
in this sample. Regardless, a general trend of increasing organic association for heavier
REY is apparent in all samples, as shown in Figure 7.

Little to no REY were recovered from the ion-exchangeable phase (Figure 7). Among
the four samples, the recovery of ion-exchangeable REY was greatest for Sewell, with
MREY having a better recovery than LREE or HREE. This may be due to the relatively
high clay mineral content of the sample providing more ion-exchange sites. Alternatively,
the exchangeable elements could have been sorbed onto organic matter, as the literature
suggests that MREY have a greater tendency to sorb onto organics than other REY [7].

For all samples except Sewell, the HCl-soluble fraction provided the best overall REY
recovery, particularly for LREE. In Sewell, a greater proportion of MREY and HREY were
recovered from this fraction. In the Upper Kittanning sample, recovery from the HCl-
soluble fraction was similar for all lanthanide elements (Figure 7), ranging from 41% (Ce) to
62% (La) of recoverable REY. It is the only sample where carbonate minerals (calcite) were
identified (using XRD). While carbonates were the major phase targeted during the HCl
leaching step, oxides, monosulfides, and ferric iron species may also have been dissolved.
Additionally, smectite-group clays can have varying solubility in HCl. Komadel et al. [64]
found that the dissolution rate of montmorillonite in a boiling HCl solution increased
with increasing substitution of Fe and Mg for octahedral Al. Similarly, Hu et al. [65]
demonstrated the increased HCl solubility of smectites with increasing cation substitution
of Al. The study showed that HCl concentrations of 7N or higher can dissolve the more
heavily substituted clays even at room temperature (21 ◦C). An HCl concentration of 5N
had little to no effect on the samples at 21 ◦C [65]. The implications for the present study are
unclear, as a concentration of 6M HCl was used to leach samples at room temperature. It is
possible that smectite-group clays were partially dissolved during the HCl leaching step.
Montmorillonite was identified in the Upper Kittanning, Raleigh, and Fayette samples
during XRD analysis.
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The recovery of REY from the HNO3-soluble fraction was relatively low, ranging from
6.0% to 11.3% of recoverable TREY and 3.3% to 13.0% of Sc. Typically, HNO3 is used to target
sulfide minerals (e.g., pyrite) in coal during sequential leaching experiments [15,16,18,66],
but Finkelman et al. [17] state that the majority of HNO3-soluble REY are likely present in
phosphates. A study by Grawunder et al. [67] found that pyrite samples were depleted in
LREE as compared to MREY and HREE. However, in the present study, LREE had better
recovery during the HNO3 extraction step in all three samples where pyrite was identified
during SEM-EDS analysis (Upper Kittanning, Fayette, and Raleigh). Since SEM-EDS
revealed light, medium, and heavy REY in association with sulfide minerals (e.g., pyrite
and chalcopyrite), it is possible that all of the HNO3-soluble REY were recovered from
sulfides. But the contribution of REY (particularly LREE) from the dissolution of phosphates
cannot be ruled out. In the Fayette sample, the recovery from HNO3-soluble phases was
similar for all REY, ranging from 8.7% (Gd) to 12.8% (Y) of recoverable elements. In Sewell,
MREY and HREE did have higher recovery from HNO3-soluble phases than LREE. But the
overall recovery of LREE in the Sewell sample was low, likely due to the relative abundance
of LREE (79% of TREY) in the bulk sample combined with a high aluminosilicate content
that shielded the primary LREE-bearing minerals. In fact, the vast majority of recoverable
LREE in the Sewell sample were extracted during the final stage of the leaching process
targeting silicate phases (80.9%). Although recovery was much lower, the Upper Kittanning
sample produced a vaguely similar trend, where the silicate fraction accounted for a larger
proportion of recoverable LREE than for MREY or HREE. In both the Fayette and Raleigh
samples, recovery from the silicate fraction was low and relatively consistent for all REY.
However, the recovery of REY from silicate phases cannot be considered complete. Further,
some of the REY recovered during this step would not have been directly bound to silicates
but rather present in minerals originally shielded by the aluminosilicate matrix.

4.3. Improving REY Extraction Efficiency

The sequential leaching methodology used in this paper was adapted from previous
studies that were designed for Australian coals [18] and non-coal rocks [19]. This method
was not adequate to recover the entirety of REY from the samples used in this study. The
recovery of REY from Appalachian Basin coals, coal byproducts, and coal-adjacent rocks
will require an efficient method to dissolve or otherwise decompose silicate and organic
phases. Comminuting samples to a smaller grain size could yield better results by exposing
minute REY-bearing minerals previously shielded by the aluminosilicate matrix. However,
this may not be feasible since many REY-bearing phases identified in Appalachian Basin
coal and underclay samples are present in mineral grains less than 5 µm in length [61–63].
A more viable option is to pre-treat coals using calcination to dehydroxylate clays and burn
off volatile compounds, including organic matter. However, this method of pre-treatment
appears to have a greater impact on the recovery of LREE than HREY [68,69]. Alternatively,
the alkaline digestion of silicates before acid leaching of REY can be used to improve
the recovery of both LREE and HREY. Recent studies have found that utilizing alkaline
solutions or roasting additives, such as NaOH or Na2CO3, can increase the REY yield
during subsequent acid leaching [70–73].

5. Conclusions

Identifying the REY modes of occurrence in coal is a necessary first step in utilizing coal
and coal byproducts as domestic REY resources. This study used sequential leaching and
SEM-EDS to identify REY phase associations in four WV coal samples. The recovery of REY
from the sequential leaching process was low due to the re-precipitation of silicate phases
and the incomplete dissolution of organic matter, suggesting that traditional sequential
leaching methodologies are not well suited to Appalachian coals. Although organic matter
dissolution was not complete, a general trend of increasing organic association for heavier
REY was observable in all samples. Small (≤5 µm) grains of REY-phosphates, including
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monazite and xenotime, were found embedded in the aluminosilicate matrix, which at
least partially shielded these minerals during the sequential leaching process.

The samples used in this study represent a diverse array of mineral assemblages,
organic matter content, depositional conditions, and post-depositional processes present
within the Appalachian Basin; however, only a small number of samples were analyzed in
this study. Out of the four preliminary samples used in this study, Sewell had the highest
TREY concentration on a whole-rock basis (306.5 ppm). The relatively large fraction of
inorganic mineral matter (as indicated by an ash yield of 56%) in this sample can account for
the overall elevated TREY content. The MREY-enrichment pattern suggests the influence of
acidic fluid circulation, which may have further enhanced the overall TREY concentration.
To fully understand the REY resource potential of the Sewell coal seam and other WV coals
and coal-related rocks, additional research is necessary to assess variations in both lateral
and vertical REY concentrations and phase associations.
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maps and peaks for some REY-bearing minerals in the Upper Kittanning sample.
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