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Exploring rare earth elements in coalmine
overburden: nanoscale insights from FESEM, TEM
and XPS analysis
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Rare earth elements and yttrium (REY) are critical for various advanced technologies, particularly in
electronics, and play a vital role in the economic growth of any country. Coal and its by-products could
be potential precursors of these commodities and other natural resources. While coal and coal fly ash
have been assessed for their REY content, the coal mine overburden (OB) or waste remains unexplored
as a potential source of rare earth elements. The coal and coalmine OB samples of the Makum coalfield
from the Northeastern region (NER) of India are examined and found to be promising sources of REY.
This study presents the existence, distribution, and depositional conditions of REY in the coal and
coalmine OB using various advanced analytical techniques, such as nanoscale morphology, Field
(FE-SEM),
Microscopy (HR-TEM) to provide light on the geochemical behaviour and potential commercial viability

Emission Scanning Electron Microscopy and High-Resolution Transmission Electron
of REY. The average value of REY in the study area is 167.66 mg kg™ on a whole sample basis, in which
the mean light (LREY) to heavy (HREY) ratio is 37.67. The average values of the europium anomaly (6Eu),
cerium anomaly (6Ce), and Gadolinium anomaly (6Gd) are 3.20, 0.71, and 5.30, respectively. The coal-
forming conditions are characterized by slightly oxidizing and highly reducing environments, dominated
by M-type enrichment, which are favourable for the weathering process. These conditions, marked by
the absence of anaerobic microbial activity, facilitated the preservation of organic matter. Thus, the OB
and coal deposits in this region present an opportunity for further exploration and assessment regarding
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Introduction

Coal and accompanying coalmine overburden (OB) contain
numerous valuable elements. Such elements significantly
contribute to forming the composition and structure of coal
originating from ancient vegetative matter. However, post-
depositional processes also account for the structure and
metamorphism of coal, including heavy and rare earth
elements and yttrium (REYs)."” Large coal deposits are located
in the Permian Gondwana formations of peninsular India and
the Eocene to Oligocene strata (40-55 million years) from the
NER.** According to the National Coal Inventory of 2023, of the
Geological Survey of India (GSI), India's total projected coal
resource is 378.21 billion tonnes as of 01.04.2023.7 About
1739.37 million tonnes of coal deposits are found in the NER,
primarily in the states of Assam, Arunachal Pradesh, Nagaland,
Meghalaya, and Sikkim state, as per the coal inventory of India
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the potential future recovery of REY.

reported by GSI as of 01.04.2021.” The coal mining activity also
produces a large volume of mine leftovers containing rock,
shale, and different types of soil, along with minerals and
potentially hazardous elements (PHEs)*® These coalmine left-
overs, are called coalmine overburden (OB). This OB has not
been scientifically explored for the presence of valuable
elements, including REYs. Another frequent consequence of
mining operations is the generation of acid mine drainage
(AMD), which poses a serious environmental risk due to its
highly acidic water and high concentrations of metals and
metalloids. When sulfur-bearing rocks, such as pyrite found in
coal and coalmine OB, are exposed to water and oxygen during
mining operations, it generates AMD. This acidic water then
seeps into the surrounding environment, leading to the release
of potentially hazardous elements.»*'*** Makum coalfield
(Margherita) is one of the active coalfields in Northeast India,
producing high-sulfur Tertiary coal feedstock for the country.
Because of its sulfur contents, the mining process generates
AMD, resulting in acidic water.">** However, the geochemical
properties of the OB and AMD waters of this coalfield have not
been explored, particularly regarding REY contents™ and also
there is a lack of REY potential data of coalmine OB as per our
best-of-literature survey.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Rare earth elements (REYs) denote a series of seventeen
chemically and physically similar elements that occur together
in the periodic table. They are consist of yttrium (Y), scandium
(Sc), and the lanthanides: lanthanum (La), cerium (Ce),
praseodymium (Pr), neodymium (Nd), promethium (Pm),
samarium (Sm), europium (Eu), gadolinium (Gd), terbium (Tb),
dysprosium (Dy), holmium (Ho), erbium (Er), thulium (Tm),
ytterbium (Yb), and lutetium (Lu). The lanthanides from La to
Lu are collectively known as the rare earth elements (REEs).
Along with yttrium and scandium, they are jointly known as rare
earth elements and yttrium (REY) as classified by the Interna-
tional Union of Pure and Applied Chemistry (IUPAC)."**® 1t is
also sub-classified as light rare earth elements (LREEs: La to
Eu), middle rare earth elements (MREEs: Gd to Ho), and heavy
rare earth elements (HREEs: Er to Lu) and REYs can also be
categorized based on their relationship of supply and demand
into three types: critical (Nd, Eu, Tb, Dy, Y, and Er), non-critical
(La, Pr, Sm, and Gd), and excessive (Ce, Ho, Tm, Yb, and Lu).*®
REYs are abundant in the earth's crust, hosted by the majority
of the minerals.”?' Because these elements have many similar
properties, they are usually encountered in the same geologic
deposits together, so they are characterized by a few unique but
comparable physicochemical properties.'*** It is to be noted
that REYs are commonly regarded as the resources of the future
due to their growing application in high-tech and other envi-
ronmentally friendly sectors.’>*"** Due to their strategic signif-
icance and the anticipated discrepancy between their supply
and demand in the future, REYs are categorized as “critical
minerals” in the majority of countries like the United States of
America (USA), the European Union (EU), etc.*®*?® In recent
times, factors including scarcity, diversity, availability, and
substitutability have been linked to the supply and demand of
different commodities, and in light of these criteria, REYs have
been designated as crucial components of strategic importance.

India occupies the fifth position in REY reserves and the
sixth position in REY production.”” Beach sands along India's
eastern and western beaches are the primary sources of the
country's REYs production.”® Given that 29 of the 527 carbo-
natite occurrences of REY known worldwide have occurred in
India,***" and has a sizable latent potential for carbonatite-
related REY deposits. However, other possible sources,
including, NER coal and coalmine OB, which has not been
attempted so far. Due to the huge applicability of REY in the
technological segment to produce industrial
resources, such as superconductors, lasers, magnets, optical
fibers, turbines, batteries, catalysts, and aerospace alloys,
etc.,'**>* finding alternate sources of the REY recovery is a topic
of high relevance recently.

Therefore, this study attempts to comprehensively understand
the geochemistry of REY along with the trace elements in coal,
coalmine OB, and AMD water samples from the study area. The
behavior of the REY will provide information about the accu-
mulation and, deposition of the elements in the nearby areas of
the Makum coalfield. Also, special importance has been given to
the evaluation of the REY in coalmine OB samples as the litera-
ture is very much scanty for REY source analysis. Thus, despite
their worldwide importance, the distribution of REY in coalmine
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OB has not been evaluated scientifically in India. The objective of
the study is to understand the distribution, quantification, and
geochemical behavior of REY in high-sulfur coal and associated
coalmine OB samples from Makum coalfield in Northeast India,
which is reported for the first time in this current study. This
work will also provide insights into the mutual geochemical
relationship among the geochemical parameters and different
coal and coalmine OB samples. This study also contributes
valuable baseline geochemical data that can promote environ-
mentally responsible mining practices and enhance our under-
standing of the complex depositional environment. To the best of
our knowledge, no prior research has used Field emission scan-
ning electron microscopy (FE-SEM) and X-ray photoelectron
spectroscopy (XPS) to characterize REY in coal and OB samples
from NER. Combining high-resolution morphological imaging
and surface-sensitive chemical analysis, this innovative method
thoroughly comprehends the nanoscale study of REY. Addition-
ally, cerium (Ce) and europium (Eu) are redox-sensitive rare earth
elements (REEs) and are good indicators of sedimentary envi-
ronments, particularly redox conditions. Their presence in coal
and overburden (OB) is controlled primarily by fluctuations in
oxidation-reduction conditions, which are reflected in some
geochemical parameters such as 6Ce and 0Eu anomalies.
Therefore, studies on the Eu and Ce anomalies, their partitioning
behavior, and interpretations are very much suggestive for
making better interpretations, using elemental geochemistry
such as REY and trace elements.

Geology of the study area

Makum coalfield is situated in the Tinsukia district of Assam,
lying between 27°15' to 27°25'N latitude and 95°40’ to 95°50'E
longitude towards, the westernmost side of the Patkai range in the
Northeast Region of India.***>** The other coalfields of Assam,
Arunachal Pradesh, and Nagaland states in the NER are spread
out over a straight overthrust chain called the “belt of Schuppen,”
where Tertiary formations have folded and scattered into several
thrust slices.* Several viable seams in the Oligocene Tikak Parbat
Formation—the highest component of the Barail Group—provide
coal for the Makum coalfield, this coalfield generates a huge
amount of coalmine OB due to open-cast mining.**

Open-cast mining produces huge amounts of waste rock, soil,
and minerals, known as overburden (OB).* The Indian Bureau of
Mines has reported that 755 440 hectares are covered by mining
leases in India, and approximately 5% (37 772 ha) are mined."?
During 2001-2002, 1870 million tonnes of OB were excavated to
produce 623 Mt of coal.*> Mining 250 Mt of coal produces about
1000 million cubic meters of OB, resulting in the annual loss of 60
km” of land and using 75 km” for dumping outside the pit.*?

Sampling program

The coal (BAC1, BAC2, BAC3, BAC4, and BAC5) and OB (BOB1,
BOB2, BOB3, and BOB4) samples were collected from the active
Tirap open-cast mining sites. The AMD water samples (AMD1,
SW1, KM1, MW1) were collected from the source point and
the affected nearby area of Tirap collieries of Makum coalfield.
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Fig. 1 Study area map of the Makum coalfield mining area in Assam, Northeast India.

The available standard procedures (ASTM 2020)* and (APHA Sample preparation
2020)***” were applied to collect coal, OB, and water samples.
The study area map generated by using QGIS (version: 3.30.2)
and Google Earth Pro software is illustrated in Fig. 1.

The collected coal and OB samples were air and sun-dried.
Then, they were crushed and sieved to 212p sizes using
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standard methods prescribed by ASTM.** The AMD water
samples were filtered through a 0.45 um syringe filter and kept
in the refrigerator at 4 °C for further analysis.

Proximate analysis of coal and OB samples

The coal and OB samples were analysed to determine their
physicochemical properties, including proximate (Method;
ASTM D 7582-15) and total sulfur contents (Method: ASTM
D4239 18). The samples were proximate analysed using a ther-
mogravimetric analyser (Model: 117512122; Eltra Thermostep),
and the total sulfur content was determined using a Sulphur
Analyzer (Model: S-144DR; Leco Corporation, USA).

Elemental analysis by inductively coupled plasma mass
spectrometry (ICP-MS)

The elemental contents including heavy metal and REY in the
Coal, OB, and AMD water samples were quantified using ICP-
MS (Model: Agilent 7850-5SG22461707). Coal and OB samples
were first digested in a microwave digestion system (Ethos Easy;
Milestone Advance). Briefly, 50 mg of each coal and OB sample
were mixed with 8 mL HNO; (65%, EMPLURA grade, Merck)
followed by 1 mL H,0, (HPLC grade, Molychem) and taken in
the microwave digestion system. The Certified Reference
Materials (Certipure® Reference Materials; Lot No.
HC32534392) and CRM (CPAchem; Lot No. 860673) were used
as standards and calibration of Heavy and REY, respectively,
during ICPMS analysis.

X-ray photoelectron spectroscopy (XPS) analysis

To have insights into the elemental composition, oxidation
states, molecular bonding environment, enable an under-
standing of surface chemistry, and the nature of chemical
bonds present in the coal and coalmine OB samples, X-ray
photoelectron spectroscopy (XPS) was performed in a Thermo-
Scientific ESCALAB Xi+ spectrometer using a monochromatic
Al Ko X-ray source (1486.6 eV) and a spherical energy analyser
that functions in the constant analyser energy (CAE) mode
using the electromagnetic lens. The CAE for high-resolution
spectrum is 50 eV and that for survey spectra is 100 eV. For
the measurement, a spectrum of 0-1300 eV was collected.

Field emission scanning electron microscope (FE-SEM)
analysis

The outline of the minerals and the distribution of some
specific elements on the raw coal and OB samples were studied
using FE-SEM and an energy-dispersive X-ray spectrometer
(EDS) (Genesis Apex 4) (Model No. ZEISS, SIGMA, Make: Carl
ZEISS Microscopy, Germany). The SEM images were further
improved using the “Image J” program (software version 1.47).

X-ray diffraction (XRD) analysis

The X-ray mineralogy was carried out in an X-ray diffractometer
(Rigako, Ultima IV) and mineral phases were assessed following
the previously reported literature.®® The X-ray diffraction data of
the materials were obtained using a target Cu Ka (1.54056 A),

© 2025 The Author(s). Published by the Royal Society of Chemistry
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starting and stopping angles of 2° and 90°, step angle of 0.02°,

and scanning rate of 1 °C min~ .

Quality assurance and quality control (QA/QC)

Quality assurance and quality control (QA/QC) measures were
implemented throughout all steps, from sample collection to
analysis. New high-quality plastic zip bags were used to store
the coal and OB samples during collection. The high-density
polyethylene (HDPE) bottles and all the glassware used in the
chemical analysis were dipped in 10% HNO; solution for 24
hours and then washed properly with deionized (DI) water. The
blank was prepared and tested to ensure that the chemical used
in the analysis was not contaminated in any way. Required
standard solutions were prepared using the CRMs as
mentioned earlier. During sample analysis, the procedural
blank and standard were analysed and compared after every 5
samples to ensure the accuracy of the solvents and instrument.
The element recovery rate was observed between 90 and 110%
of the original value and the relative standard deviation was
under 10%.

Result and discussions

Physico-chemical properties of coal, OB, and AMD water
samples

The basic chemistry of the coal and OB samples were sum-
marised in Table 1. It is seen that the average fixed carbon
contents are different for coal and OB samples accounting for
51% and 10%, respectively. Similarly, volatile matter for coal
was also higher than OB, however, ash content was higher for
OB at an average of 70.79% compared to coal (7.65%), indi-
cating the presence of significant inorganic contents in the OB.
Coal resulted by the geochemical and biological disintegration
of plant debris in swampy areas that form peat, which is then
buried and transformed under pressure and heat during the
diagenesis and coalification processes. As volatile chemicals are
removed, these processes produce a denser, carbon-rich
product with a higher fixed carbon content. On the other
hand, sedimentation processes that do not entail substantial
organic accumulation or carbon enrichment produce OB. Thus,
coal seams with substantial levels of fixed carbon are created by

Table 1 Physico-chemical data of coal and OB samples (wt%; as
received basis)*

Sample M Ash VM FC TS
BAC1 2.6525 3.0560 40.1005 54.1910 6.94
BAC2 3.4973 12.3934 35.6407 48.4686 3.74
BAC3 2.9643 3.3167 39.8099 53.9090 5.44
BAC4 3.9131 10.3124 36.7187 49.0559 3.90
BAC5 3.4934 9.1716 37.0101 50.3249 3.29
BOB1 2.6637 69.8734 16.6989 10.7640 1.26
BOB2 2.4031 86.7730 9.5915 1.2324 1.00
BOB3 4.1051 40.5098 28.6474 26.7377 3.74
BOB4 2.1640 86.0106 9.3989 2.4268 0.647

¢ M: moisture; VM: volatile matter; FC: fixed carbon; TS: total sulphur.
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this process, which also concentrates the carbon content.
However, most OB comprises inorganic minerals with little to
no organic carbon content, such as clays, sandstones, and
shales. Because of this, fixed carbon was very low in overburden
relative to coal.

The total sulfur of the samples varied from 0.64% to 6.94%
(wt%). The coal samples exhibit relatively higher sulfur contents
at an average of 4.62% than those of OB samples with an
average of 1.6%. It is also observed that the subbituminous coal
contains higher quantities of organic sulfur. The OB layers
above coal seams are typically composed of sedimentary rocks
like sandstones, shales, and clays deposited under various
environmental conditions because of biochemical processes
involving sulfur-reducing bacteria that incorporate sulfur into
the plant material as it decomposes.*>** Unlike the coal-forming
settings, these circumstances may not be as exposed to sulfur-
bearing fluids or organic interactions in the OB layers.
Because they lack substantial amounts of organic material and
the environments necessary for the development of sulfur
minerals, overburden materials often have lower sulfur
contents.

XRD-mineralogy of coal and OB samples

In order to assess the mineral phases present in the coal and OB
samples, representative samples (BOB1 and BOB2; BAC2 and
BAC4) with higher total REY concentrations (Table 2) were
analysed using powder-XRD (P-XRD). The results indicate that
quartz (Q), haematite (He), pyrite (P), calcite (Ca), kaolinite (K),
and magnetite (M) are the dominant mineral phases in each
sample Fig. 2. A prominent, high-intensity peak at a 26 value of
approximately 26.6° in the XRD pattern confirms the presence
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Fig. 2 Qualitative XRD-analysis of coal and OB samples showing the
presence of mineral phases (Q: quartz; He: haematite; P: pyrite; Ca:
calcite; K: kaolinite; M: magnetite).

of quartz, which was a major component in both coal and OB
samples, exhibiting significant crystallinity. Additionally, the
mineral phase intensity in coal samples is relatively lower than
in OB samples Fig. 2, which was due to the coalification process,
primarily occurring in low-oxygen environments such as
swamps and peat bogs, where organic plant material accumu-
lates and undergoes burial.** In contrast, OB refers to the layer
of sedimentary rock (shale, sandstone, etc.) that lays above the

Table 2 Summary of the REY and trace elements concentrations (in mg kg™ of coal and overburden (OB) samples®

Sample ID BOB1 BOB2 BOB3 BOB4 BAC1 BAC2 BAC3 BAC4 BAC5 Average WCA* CCA** Maximum Minimum
La 26.45 29.99 15.64 25.44 1.82 5.85 0.77 6.24 3.67 12.87 11 22.5 29.99 0.77
Ce 67.16 76.36 33.72 63.54 4.55 12.35 2.09 1295 7.7 9 9 46.7 76.36 2.09
Pr 6.91 7.84 3.96 6.57  0.52 1.34 0.18 1.33 0.8 3.27 3.5 6.42 7.84 0.18
Nd 27.91 30.44 15.69 2596 2.82 5.5 1.32 5.12 3.53 13.14 12 22.3 30.44 1.32
Sm 6.36 6.27 3.44 5.53 0.84 1.09 0.31 0.87 0.71 2.82 2 4.07 6.36 0.31
Eu 1.49 1.45 3.08 1.35 1.44 0.25 0.05 0.13 0.11 1.04 0.47 0.84 3.08 0.05
Gd 6.15 5.91 3.61 5.06 1.07 1.35 0.51 0.76 0.82 2.8 2.7 4.65 6.15 0.51
Tb 0.75 0.7 0.39 0.67 0.08 0.11 BDL 0.03 0.02 0.34 0.32 0.62 0.75 0.02
Dy 4.14 3.79 2.69 3.25 0.89 1.16 0.55 0.68 0.7 1.98 2.1 3.74 4.14 0.55
Ho 0.62 0.57 0.42 0.57 0.07 0.13 0.02 0.03 0.05 0.28 0.54 0.96 0.62 0.02
Er 1.59 1.53 1.2 1.36 0.34 0.53 0.21 0.28 0.31 0.81 0.93 1.79 1.59 0.21
Tm 0.12 0.1 0.06 0.17 BDL BDL BDL BDL BDL 0.11 0.31 0.64 0.17 0.06
Yb 1.12 1.04 0.99 096 0.21 0.35 0.15 0.19 0.24 0.58 1 2.08 1.12 0.15
Lu 0.06 0.05 0.03 0.15 BDL BDL BDL BDL BDL 0.07 0.2 0.38 0.15 0.03
Sc 19.46 15.91 13.19 15.26  4.17 5.35 3.74 3.07 3.26 9.27 — — 19.46 3.07
Y 18.49 17.05 14.14 14.79 4.9 6.85 3.83 3.77 4.54 9.82 8.4 18.2 18.49 3.77
>"REY 188.77  198.99 112.26 170.63  23.71 42.21 13.71  35.46  26.44 90.24 68.5 135.89 198.99 13.71
Critical 54.37 54.96 37.19 47.38 10.47 14.4 5.96 10.01  9.21 NA NA NA NA NA
Uncritical 47.36 51.46 29.73 43.95 5.69 9.88 1.82 9.33 6.11 NA NA NA NA NA
Excessive 69.08 78.12 35.22 65.39 4.83 12.83  2.26 13.17  7.99 NA NA NA NA NA
Critical% 31.83 29.78 36.410 30.232 49.88 38.803 59.362 30.790 39.510 NA NA NA NA NA
Cout1l 0.787 0.703 1.055 0.724 2.167 1.122 2.637 0.760 1.152 NA NA NA NA NA

“ Where BDL is below the detectable limit of Agilent ICP-MS; SD is the standard deviation, WCA* is the world coal average, and CCA**: is the

Chinese coal average.*>*®
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Table 3 Summary of the trace elements concentrations (in mg kg™) of coal and overburden (OB) samples
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Sample ID BOB1 BOB2 BOB3 BOB4 BAC1 BAC2 BAC3 BAC4 BAC5 Average Maximum Minimum SD

Li 71.92 78.86  41.25 78.02  6.42 20.67 3.89 24.48 14.45 37.77 78.86 3.89 29.12
Be 2.26 1.72  1.13 1.23  0.35 0.93 0.69 0.29 0.69 1.03 2.26 0.29 0.6
Ti 418.35 424.21 396.31 458.92 112.8 300.88 55.13 281.55 215.33 295.94 458.92 55.13 135.95
Cr 225.58 262.04 124.72 222.78 11.2 102.09 0.8 29.85 39.84 113.21 262.04 0.8 95.69
Mn 1551.5 1250.2 395.98 273.52 54.48 37.13 41.54 38.31 22.67 407.27 1551.56 22.67 549.47
Co 67.17 54.37 16.4 17.69  2.25 3.21 1.48 3.57 1.51 18.63 67.17 1.48 23.47
Ni 377.4 289.8 67.88 98.81 21.56 56.95 9.68 18.92 24.76 107.31 377.4 9.68 125.58
Cu 62.35 61.45 26.17 39.6 12.78  10.65 8.61 11.33 11.3 27.14 62.35 8.61 20.81
Ga 20.5 20.6 11.56 20.09 1.13 4.64 0.58 4.33 3.13 9.62 20.6 0.58 8.17
Se 6.84 6.45 4.44 3.27 1.9 2.27 BDL BDL BDL 4.19 6.84 1.9 1.92
Sr 254.39 127.14 163.53 258.01 72.54 84.2 46.32  83.66 81.02 130.09 258.01 46.32 74.49
Zr 6.4 4.49 6.06 2.37 BDL 0.78 BDL 3.69 0.49 3.47 6.4 0.49 2.19
Cd 0.11 0.32 BDL 0.03 BDL BDL BDL BDL BDL 0.15 0.32 0.03 0.12
Tl 0.43 0.39 0.15 0.33 BDL 0.33 BDL 0.14 0.18 0.28 0.43 0.14 0.11
Pb 22.99 24.66  8.53 14.28 3.02 3.18 0.76 13.4 1.98 10.31 24.66 0.76 8.56
Bi 0.4 0.33 0.3 0.1 0.28 BDL BDL BDL BDL 0.28 0.4 0.1 0.1
U 1.19 1.04 0.68 1.11 0.1 0.26 BDL 0.4 0.19 0.62 1.19 0.1 0.41

coal seam and it was generated from a different geological
condition leading to the accumulation of minerals such as clay,
silt, and sand** as a result OB typically contains multiple ranges
of minerals from different sources over time. The composition
of coal generally reflects the type of vegetation that contributed
to its carbon-based organic matter. In contrast, coalmine OB
consists of weathered minerals and rocks that do not undergo
the same transformation process. As a result, the mineral
content in OB is largely determined by the weathering of parent
rocks.**

Insight into REY concentrations in coal OB and AMD water
samples

The distribution of REY, along with heavy metals, in raw coal
and overburden (OB) samples is detailed in Tables 2 and 3.
Furthermore, the presence of REY and trace elements in adja-
cent AMD water samples is illustrated in Tables 4 and 5. The
average REY concentration in AMD is 259.02 ppb (ug LY.
Among these, the average light rare earth elements (LREY)
concentration was 162.69 pg L™' heavy rare earth elements
(HREY) accounted for 24.77 pg L ". This indicates that the LREY
concentration is approximately 5.7 times higher than that of
HREY, highlighting a significant enrichment of lighter rare
earth elements in the AMD water.

differences in mineral composition and geochemical processes
influencing REY distribution within the samples from the study
area, this is significantly higher than the average of global
(68.5 mg kg ")* and USA coal (62.19 mg kg ').** If we
compare separately, the average REY concentration in OB was
167.74 mg kg~ ', much higher than the REY of coal i.e. 28.30 mg
kg~ '. Therefore, we can conclude that the OB of NER coalfield
has huge potential sources of REY recovery as we can see that
the concentration of REY in OB is 2.39 times higher than the
global average concentration in coal.*” In the meantime, REY
can be further divided into critical (critical-Nd, Eu, Tb, Dy, Y
and, Er), uncritical (uncritical-La, Pr, Sm, and Gd), and excessive
(excessive-Ce, Ho, Tm, Yb, and Lu) conferring to the supply and
demand. Coal-based materials with a proportion of critical REY
greater than 30% and a prospect coefficient (Cou) ratio of
critical to excessive greater than 0.7 are considered to have the
potential for REY. Table 2 shows that the concentration of REY
in OB is higher than the world average concentration and the
Chinese average concentration of REY in coal. Only the BOB3
sample from OB found less concentration compared with
Chinese coal i.e. 112.26 mg kg~ '. Moreover, the concentration
of critical REY (critical%) and prospect coefficient (Coue1, as
shown in eqn (1)) in coal and coalmine OB, the critical% and
Counr Were all above 30% and 0.7.

The REY concentration in coal and OB was found in the Co critical (1)
_ _ . 0= oo

range between 13.71 mg kg ' and 198.99 mg kg ', with an o excessive
average value of 90.24 mg kg™ '. This variation indicates
Table 4 Summary of the REY concentrations in ppb (ug L™ of AMD water samples
Sample ID La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Sc Y > "REY
MW1 128.8 197.24 22.72 79.44 14.18 3.7 17.89 2.68 1494 2.82 7.22 0.8 5 0.71 27.41 123.67 649.26
KM1 19.22 40.55 4.18 17.39 4.21 1.19 5.79 0.83 4.36 0.78 1.82 0.2 1.09 0.14 1.67 31.49 134.91
SW1 23.31 49.23 5.32  23.24 6.84 2.08 10.16 1.64 9.26 1.69 4.1 0.47 2.75 0.37 23.71 74.31 238.48
AMD1 1.68 3.25 0.44 1.82 0.44 0.3 0.52 0.09 0.44 0.08 0.2 0.03 0.15 0.03 1.17 2.8 13.43
Average 43.25 72.56 8.16 30.48 6.42 1.82 8.59 1.31 7.25 1.34 3.33 0.39 225 0.31 13.49 58.07 259.02
Minimum 1.68 3.25 0.44 1.82 0.44 0.3 0.52  0.09 0.44 0.08 0.2 0.03 0.15 0.03 1.17 2.8 13.43
Maximum 128.8 197.24 22.72 79.44 14.18 3.7 17.89 2.68 14.94 2.82 7.22 0.86 5 0.71 27.41 123.67 649.26
© 2025 The Author(s). Published by the Royal Society of Chemistry RSC Adv, 2025, 15, 19218-19235 | 19223
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Table 5 Summary of the trace elements concentrations in ppb (ug LY of AMD water samples

Sample ID  Li Be B Ti Mn Co Ni Cu Zn Ga Se Sr Tl U
MW1 200.7 7.59 8.9 2.07 51199 964.81 5371.7 73.63 1556.84 4.69 4.39 1983.63 0.32 2.42
KM1 66.88 1.34 3.55 0.25 19 498.54 262.67 998.51 10.19 303.8 1.04 1.13 935 0.09 0.24
SW1 215.93 6.02 9.66 0 48 246.72 914.75 5340.31 73.49 1047.06 1.52 3.8 1791.75 0.26 1.54
AMD1 130.96 0.21 9.16 2.16 37 996.78 16.1 145.08 15.49 536.95 0.35 1.78 1694.08 0 0.22
Average 153.62 3.79 7.82 1.12 39235.26 539.58 2963.9 43.2 861.17 1.9 2.77 1601.11 0.17 1.11
Minimum 66.88 0.21 3.55 0 19 498.54 16.1 145.08 10.19 303.8 0.35 1.13 935 0 0.22
Maximum 21593 7.59 9.66 2.16 51199 964.81  5371.7 73.63  1556.84 4.69 4.39  1983.63  0.32  2.42

where Co,y is the prospects coefficient, critical represents the
total concentration of critical REY (Nd, Eu, Th, Dy, Y, and Er),
and excessive represents the total concentration of excessive
REY (Ce, Ho, Tm, Yb, and Lu). Based on the market supply and
demand relationship. Seredin and Dai proposed that a prospect
coefficient (Coye1) greater than 0.7 has the potential for REY
recovery.

To comprehensively assess the distribution of REY and heavy
metals in coal and OB samples from the Makum coalfield, ICP-
MS data were analysed to evaluate their variations in sample
types. This analysis provides insights into the coal and OB
deposits’ geochemical characteristics and elemental distribution.
The elements Tb, Tm, and Lu are present in OB (Table 2)
however, the concentrations of these elements were found to be
below the detectable limit (BDL) of the instrument in the coal
sample (Table 3). Similarly, cadmium (Cd) and bismuth (Bi) were
also reported to be BDL in the coal samples (Table 3). The heavy
metal concentrations are considerably higher than previous
findings from other coalfields in the NER."*>**® The highest
concentration of manganese (Mn) 1551.56 mg kg, followed by
Ti (458.92 mg kg™ "), Ni (377.40 mg kg "), Cr (262.04 mg kg™ "), Sr
(258.01 mg kg™ ), Li (78.86 mg kg ), Cu (62.35 mg kg "), Zn
(6.40 mg kg '), Co (67.17 mg kg '), Ga (20.60 mg kg ), Se
(6.84 mg kg™ "), Be (2.26 mg kg 1), Tl (0.43 mg kg™ "), U (1.19 mg
kg™"), and bismuth (Bi) (0.40 mg kg™ '), respectively, as shown in
Table 3. The heavy metal in the study area was found higher
concentrations in the OB sample compared to the coal sample.
This is due to the genetic differences between the depositional
environments of coal and OB. Coal is formed organically from
plant materials, which have inherently low metal content, and
the reducing conditions under coal dilute metal content and
promote metal loss through leaching.>*»** However higher metal
concentration in OB results from its inorganic, mineral-rich
composition of weathered igneous and metamorphic rocks as
clastic and non-clastic sedimentation, which pay metal-bearing
minerals that accumulated in the OB layer during the sediment
deposition period.

REY geochemistry

The geochemical parameters of coal and OB samples are sum-
marised in Table 6. The average value of LREE/HREE, LREE/
MREE, and MREE/HREE are determined to be 31.80, 3.35, and
10.17 respectively, signifying characteristics of MREE-LREE
enrichment and HREE depletion. The ¢Eu values range from 0.03
to 3.55 (mean of 1.50) for the coal samples showing negative Eu

19224 | RSC Adv, 2025, 15, 19218-19235

anomalies, indicating that the study area was greatly affected by
terrestrial materials. Also, the behaviour of the Eu in redox-
sensitive environments can impact its distribution,* sometimes
reducing circumstances can tend to the mobilization and
removal of Eu, contributing to a negative anomaly. In contrast,
the geochemical behaviour of Eu is influenced by redox condi-
tions, as Eu can exist in both Eu** and Eu®**, however Eu*" is more
stable in the oxidising geological system.***® Europium (Eu®")
easily substitutes calcium (Ca>") by replacement in Ca-rich rocks
and sediments like marl, dolomite, limestone, and mafic rocks.
The substitution is caused because mafic magmas come from
reducing surroundings in the deep parts of the Earth. Because of
this, Eu shows a positive anomaly to the neighbouring rare earth
elements samarium (Sm) and gadolinium (Gd) due to seques-
tering into Ca®" positions of Ca-rich feldspars. Contrariwise, Eu is
defined by negative anomalies in highly oxygenated magmatic
systems, ie., granites, aplites, tonalites-trondhjemites, and
granodiorites (TTGs). They are high in alkali content but low in
Ca content, which does not allow Eu incorporation. In sedimen-
tary environments, Eu anomalies are directly inherited from their
source areas of origin, as well as the geochemical signature of
their provenance. Positive anomalies of Eu in OB samples indi-
cate detrital input and reducing conditions in the depositional
paleoenvironment favourable to the stabilization of Eu** (ref. 56)
and it preferentially incorporated into minerals, leading to an
enrichment of the Eu.””

Cerium (Ce) is generally found in two oxidation states: +3
(Ce*") and +4 (Ce*"). Under oxic (oxygenated) conditions, Ce*" is
stable and readily precipitates out of solution. Under these
conditions, seawater exhibits a negative Ce anomaly (Ce < 0) and
sediments exhibit a positive Ce anomaly (Ce > 0), signifying an
oxygenated water column. Under anoxic (oxygen-poor) condi-
tions, Ce*" is more stable and dissolved in seawater. As a result,
seawater exhibits a positive Ce anomaly, and sediments also
exhibit a positive anomaly due to the lack of Ce precipitation
from seawater, signifying an anoxic water column. Neverthe-
less, numerous factors might influence these global patterns,
such as secondary oxidation, weathering, diagenetic processes,
ocean column depth, and geologic age. These processes are
capable of modifying Ce anomalies in shales, coals, and other
marine sediments and result in variations from the predicted
pattern. The mean value of §Ce ranges between 0.57 to 26.34
(mean of 5.29), where most of the OB samples were negatively
enriched. This led to the preferential removal of Ce relative to
other REY in an organic-rich environment in the presence of

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 6 Summary of geochemical parameter of REY in coal and OB samples from Makum coalfield, NER®

Sample ID S LREE S"MREE S"HREE L/M L/H M/H Ce/La Y/Ho (La/Lu),
BOB1 134.79 31.02 3.51 4.35 38.40 8.84 2.54 29.82 4.41
BOB2 150.90 28.90 3.29 5.22 45.87 8.78 2.55 29.91 6.00
BOB3 72.45 23.91 2.70 3.03 26.83 8.86 2.16 33.67 5.21
BOB4 127.04 25.12 3.21 5.06 39.58 7.83 2.50 25.95 1.70
BAC1 10.55 8.38 0.62 1.26 17.02 13.52 2.50 70.00 nd
BAC2 26.13 9.72 1.01 2.69 25.87 9.62 2.11 52.69 nd
BAC3 4.67 4.94 0.38 0.95 12.29 13.00 2.71 191.50 nd
BAC4 26.51 5.37 0.50 4.94 53.02 10.74 2.08 125.70 nd
BACS5 16.41 6.19 0.60 2.65 27.35 10.32 2.10 90.80 nd
Average 63.27 15.95 1.76 3.35 31.80 10.17 2.36 72.22 4.33
Maximum 150.90 31.02 3.51 5.22 53.02 13.52 2.71 191.50 6.00
Minimum 4.67 4.94 0.38 0.95 12.29 7.83 2.08 25.95 1.70
Sample ID (La/Sm) (Gd/Lu), (Gd/Yb), ET 0Eu 6Ce 6Gd (La/Yb), 6Ce/0Eu
BOB1 0.63 7.94 2.69 M 3.36 0.64 7.02 16.34 0.19
BOB2 0.73 9.16 2.78 M 3.22 0.57 6.64 19.95 0.18
BOB3 0.69 9.33 1.79 M 3.55 0.95 2.37 10.93 0.27
BOB4 0.70 2.61 2.58 M 2.69 0.66 5.15 18.34 0.25
BAC1 0.33 nd 2.50 M 0.42 8.40 0.22 6.00 19.91
BAC2 0.81 nd 1.89 M 0.14 2.75 0.34 11.57 19.89
BAC3 0.38 nd 1.67 M 0.00 26.34 0.03 3.55 586.3
BAC4 1.09 nd 1.96 M 0.05 2.73 0.14 22.73 54.45
BACS5 0.78 nd 1.67 M 0.03 4.58 0.11 10.58 133.84
Average 0.68 7.26 2.17 — 1.50 5.29 2.45 13.33 90.59
Maximum 1.09 9.33 2.78 — 3.55 26.34 7.02 22.73 586.37
Minimum 0.33 2.61 1.67 — 0.05 0.57 0.03 3.55 0.18

@ 3"REY is the total content of Y REY = La+ Ce + Pr+ Nd + Sm + Eu+ Gd + Tb + Dy + Y+ Ho + Er + Tm + Yb + Lu + Sc (mg kg™ '); > _LREE = La + Ce + Pr
+Nd +Sm; YMREE = Eu + Gd + Tb + Dy + Y; S_HREE = Ho + Er + Tm + Yb + Lu; L/H = LREE/HREE; L/M = LREE/MREE; M/H = MREE/HREE; 6Eu is
anomaly of Eu element which is 6Eu = Eu/Eu* = Eu,/(0.67 x Sm,, + 0.33 x Tb,); 6Ce is anomaly of Ce element which is 6Ce = Ce/Ce* = Ce,/(La, x
Pr,)"% L = light REY enrichment; M = medium REY enrichment type. Subscript « values are normalized by the UCC content of REY whereas ¢ values

are normalized by the average REY concentration of chondrite.*®*

organic matter which can form a reducing environment in
paleoenvironmental conditions. It can specify fluctuations in
redox conditions and organic matter content, which influence
the mobility and distribution of REYs. Under reducing envi-
ronments, Ce tends to stay in the more soluble Ce*" form, which
can be favoured for weathering conditions of the system.*® This
implies that the OB formed in an environment sub-oxic to
mildly anoxic conditions, such as swamps or peat bogs in the
Makum coalfield, the negative anomalies may suggest the
preferential leaching of cerium into minerals or the water
systems, or an interplay of these during diagenesis while other
REY remains in the environment leading to its relative deple-
tion in the coalmine OB.**"**%! Positive Ce (6Ce) anomalies in
coal samples can imply the oxidizing conditions during depo-
sition.*> Under oxic conditions, Ce can be oxidized to Ce*",
which is less soluble and can precipitate from the solution,
enriching it in the solid phase.®***

Paleo redox conditions

REY is often used to indicate the sedimentary setting and accu-
mulation process. Owing to their unchanging chemical proper-
ties, they are easily disturbed by different geological processes.
Among the REY, Ce, and Eu are more sensitive to change in the

© 2025 The Author(s). Published by the Royal Society of Chemistry

redox environment and are frequently used in studies of the
paleoenvironment sedimentary deposits of coal seam.***

To know the depositional environment, we have studied the
ratio of 6Ce to dEu (6Ce/6Eu), which ranges from 586.37 to 19.8
for the coal, and 0.26 to 0.17 for the OB samples. The correlation
between 6Ce/6Eu and ) REY is shown in Fig. 3 and the point at
which the coal sample is greater than 1, indicates that the
environment during the coal depositional period was inclined
to reduction”*® and the coal deposition environment was more
reducing than the OB formation. When Ce/La < 1.5, it repre-
sents an oxygen-rich environment, when 1.5 < Ce/La < 2, it
represents an anaerobic environment; and when Ce/La > 2, it
means an anaerobic environment.” The Ce/La ratios in the
study area range from 2.07 to 2.71 (average of 2.3). Thus, in
Fig. 4, all the points lie in the reducing environment. This study
also confirmed that a reducing environment existed during the
coal and OB depositional period, which probably had an impact
on REY geochemical behaviour and mineralogical makeup.

Distribution pattern of REY

The historical supply of REY and the evolution in the sedi-
mentary environment can be reflected in their distribution”™ As
shown in Fig. 5 and 6, which are the Upper Continental Crust

RSC Adv, 2025, 15, 19218-19235 | 19225
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Fig. 3 Correlation between 6Ce/6Eu and Y REY (modified after Mu
et al,*® indicates that the environment during the coal depositional
period was inclined to reduction).

(UCC) and chondrite normalization of REY, these normaliza-
tion in coal and OB show similar trends under both normali-
zations. In particular, the coal and OB samples both reflect
a relative overabundance of middle rare earth elements (MREY)

View Article Online
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and underabundance of heavy rare earth elements (HREY). The
REY distributions, normalized to one another, are characterized
by a distinct zigzag pattern mainly dominated by M-type
enrichment. This is inferred from the typical inverted V-
shaped anomaly in the peaks of normalization between Sm
and Tb in all the samples studied. In addition, a comparative
evaluation of UCC and chondrite-normalized data validates that
coal samples exhibit lower levels of REY enrichment compared
to OB samples, thus suggesting differential geochemical
behaviours among the two different sample matrixes.

Yttrium (Y) is connected with lanthanides in the environ-
ment as the ionic radius is very similar and the ionic charge is
equal to that of Ho, for this reason, Y is usually placed between
Dy and Ho.”™ A three-fold geochemical classification of REY was
used in this study that includes light (L-REY: La, Ce, Pr, Nd, and
Sm), medium (M-REY: Eu, Gd, Tb, Dy, and Y), and heavy (H-
REY: Ho, Er, Tm, Yb, and Lu) REY enrichment® where, three
enrichment types including L-type ((La/Lu), > 1), M-type ((La/
Sm), < 1 and (Gd/Lu), > 1), and H-type ((La/Lu), < 1) are
considered in comparison with UCC.** According to this three-
fold classification proposed by ref. 48 and 53 we have re-
ported that the coal and OB samples of the current study area

8 ®Coal ®OB
-
=
5 °E’ . .
Reducing environment g Reducing environment
2 £
3 o
©] Jesssssssssssnsnssnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn LT o TUUTTIUsSsIssnnsssssssstsssssassssans
o
&0
4 =
o . .
7 Oxidation environment = Anaerobic environment
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Fig. 4 Scatter distribution of Ce/La and 6Ce (modified after Mu et al.*® indicate that all the coal and coalmine OB samples lie in the reducing

environment).
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Fig. 5 UCC normalized REY distribution plot for raw coal and OB samples showing higher enrichment of OB (BOB1, BOB2, BOB3, and BOB4)
sample compared to coal (BAC1, BAC2, BAC3, BAC4, and BAC5) samples. UCC normalisation values are taken from Taylor and MclLennan

(1985).2
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Fig. 6 Chondrite normalized REY distribution plot for raw coal and OB samples showing higher enrichment of OB (BOB1, BOB2, BOB3, and
BOB4) sample compared to Coal (BAC1, BAC2, BAC3, BAC4, and BACS5) samples (chondrite normalization values after Anders and Grevesse,

1989).7%

show middle-type (M-REY) enrichment with REY (Table 6). This
is supported by a broad, sharp, inverted V-shape and regular V-
shape curve as shown in Fig. 5 of UCC normalisation and Fig. 6
of chondrite normalisation of coal and OB samples. The Sm to
Dy portions of the curves were steep and smooth, respectively,
showing that the fractionation of MREY was high and that of
HREY. The differences in REY concentrations in the samples
suggest that the lower parts (coal seam) have relatively lower
REY concentrations than the upper parts (OB layers), implying
some fractionation of REY. In addition, in samples BOB1 to
BOB4, which are carbonaceous mudstone, the greater REY
concentration in OB samples compared to coal implies that
lithological and environmental variations also significantly
contribute to REY distribution.”

Although the fractionation trends are similar, the chondrite
normalized distribution pattern of coal and OB samples show
very distinct REY distribution patterns for Eu anomalies. Using
Eu anomalies, the samples can be classified into three

categories such as Eu-slight negative (BOB1, BOB2, and BOB4)
Eu-negative (BAC2, BAC3, BAC4, and BAC5), and Eu positive
(BAC1, and BOB3) high magnitude anomalies as shown in Fig. 5
and 6. Negative Eu anomaly indicates the fractionation/absence
of plagioclase and amphibole in the sediment being trans-
ported or a felsic to intermediate provenance, which is
responsible for the supply of sediments. Contrary to this, the
positive Eu-anomaly indicates the inclusion of plagioclase in
the sediment or the presence of mafic source rocks in the
provenance that supplied the sediment. In the present case, the
provenance for the OB is an intermediate source, and the
mineral matter in the coal samples is derived from a felsic and
mafic provenance or a mixed provenance. The change in prov-
enance in the case of coal samples (mineral matter) is well
depicted through both their Eu positive and negative signatures
on the REY distribution in the normalization plot diagram
above.

Table 7 Pearson correlation matrix between the different geochemical parameters of REY of coal and OB samples

S>"REY > LREE Y MREE ) HREE L/M L/H M/H Ce/la Y/Ho (La/Sm), (Gd/Yb), 6Eu éCe 46Gd (La/Yb), 6Ce/SEu
S"REY 1.0
STLREE 1.0 1.0
>"MREE 1.0 1.0 1.0
S"HREE 1.0 1.0 1.0 1.0
L/'M 0.7 0.8 0.6 0.7 1.0
L/H 0.6 0.6 0.4 0.5 1.0 1.0
M/H -0.8 —0.8 —-0.8 —-0.8 -0.8 —0.6 1.0
Ce/La 0.3 0.3 0.3 0.3 -01 —-02 02 1.0
Y/Ho -0.7 0.7 —-0.8 -0.8 -0.5 —0.4 0.7 0.1 1.0
(La/Sm), 0.1 0.1 0.0 0.0 07 08 —-05 —-07 -02 1.0
(Gd/yb), 0.8 0.8 0.7 0.7 0.5 04 —03 05 —0.6 —02 1.0
0Eu 0.9 0.9 1.0 1.0 06 04 —-07 03 -07 0.0 0.6 1.0
6Ce -0.6 —0.6 —0.6 —0.6 -0.7 —0.7 0.8 0.5 0.9 —0.6 —0.4 -0.5 1.0
6Gd 1.0 1.0 1.0 1.0 07 05 —-0.7 04 —07 0.0 0.8 09 —-0.5 1.0
(La/Yb). 0.6 0.6 0.5 0.5 1.0 1.0 —-07 -02 -04 0.8 0.5 04 —0.7 05 1.0
6Ce/6Eu  —0.5  —0.5 —-0.5 —-0.5 -0.6 —06 06 0.4 0.9 —04 —-0.5 -0.5 1.0 —04 -—0.6 1.0

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Pearson correlation of REYs in coal and OB samples

Elemental geochemical ratios play a significant role in under-
standing their incorporation into the geological system, and geo-
environmental conditions in which these REY are hosted by
minerals because elements such as REY do not form minerals on
their own but they will be accommodated in crystal lattices of
other minerals or they can form minerals in a combination of
other elements. Light REE and heavy REE behave differently in
different geochemical conditions and their sequestration into
various minerals differently whether it's magma genesis or low-
temperature geological processes like hydrothermal or sedimen-
tary environments. Using the geochemical data sets through
Pearson correlation (PC) analysis. Typically, the PC ranges from
—1 to +1, where +1 indicates a very strong positive linear rela-
tionship, while —1 denotes a strong negative linear relationship.
A PC value of zero indicates no correlation, reflecting a random
distribution of data points.” The correlation analysis performed
on the sample data were revealed elaborately in Table 7. In
particular, the correlation that has been noted between 6Ce/0Eu
and ) REY is reported as —0.5, revealing that there exists
a moderate negative correlation between these two specific vari-
ables. This relationship can perhaps be attributed to differences
that take place in oxidation states, changes in the pH levels, or
other predominant environmental conditions that may differen-
tially affect the geochemical properties of both Ce and Eu.*”

The three REE groups LREEs (La to Eu), MREEs (Gd to Ho),
and HREEs (Er to Lu) behave differently in differing geological
environments such as soil rock and water also in rocks variedly
in igneous rocks, sediments, and metamorphic rocks. In this
study, a good positive correlation between LREE, MREE, and
HREE and their ratios indicate their genesis in a similar
geological environment or the source is the same. The param-
eters studied such as Europium and Cerium anomalies are the
best proxies for oxidative/reductive conditions and seawater
composition being operated during the deposition of
sediments.

It also indicates the influence of redox circumstances, frac-
tionation, and fluid—-mineral interactions on the circulation of
REYs®”” Cerium anomalies (6Ce) and ) REY shows a negative
correlation (—0.6) implying the overall concentration of REY
inclines to decrease. This suggests that geochemical processes
driving 0Ce, such as oxidation and precipitation can also
contribute to the removal of REY from the depositional envi-
ronment in the Makum coalfield.”®

Observations on REY chemistry using FESEM, HR-TEM, and
XPS analysis

This work is interesting since it is the first to use FE-SEM and
XPS techniques on coal and OB samples to identify the REY in
the study area. This technique offers hitherto unknown insights
into REY's chemical and microstructural states, which are
essential for evaluating their potential for extraction and envi-
ronmental effects. These techniques enable the investigation of
REY at the microstructural and surface level chemistry,
providing a new perspective on their morphology and chemical
state, which cannot be achieved using traditional bulk analysis
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Fig.7 (a) FE-SEM images of coal (BAC2 and BAC4) samples along with
the EDS analysis with an elemental concentration of some REY. (b) FE-
SEM images of OB (BOB1 and BOB2) samples along with the EDS
analysis with the elemental concentration of some REY.

methods. Combining FE-SEM images with XPS's surface-
sensitive chemical analysis integrates microstructural and
chemical data, creating a comprehensive understanding of REY
behaviour in coal and OB.

Based on the maximum REY concentration values obtained
by ICP-MS analysis (see Table 2), two representative coal and
overburden (OB) samples were selected for further character-
ization by FE-SEM and XPS techniques. The respective FE-SEM
micrographs, accompanied by EDS analysis, are shown in
Fig. 7(a) and (b) for coal and OB samples. These micrographs
show a variety of microstructural morphologies, evidencing the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.8 (a) HR-TEM image showing the presence of mixed-layer minerals at 200 nm (A). (B) High-resolution image at 20 nm, revealing disordered
crystal fringes. Insets (C) and (D) display d-spacing values of 3.57 A and 1.25 A, respectively. (E), (F), and (G) show the reverse FFT, FFT, and gray
value scale for d-spacing calculation. (H) The selected area electron diffraction (SAED) pattern confirms the polycrystalline nature of the sample.
(b) Transmission Electron Microscopy-Energy Dispersive X-ray Spectroscopy (TEM-EDS) investigation and elemental mapping of carbon (C),
oxygen (O), aluminum (Al), silicon (Si), and titanium (Ti).
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occurrence of nano-minerals and ultrafine units in the matrices
of coal and OB. Aluminosilicate type minerals including
kaolinite, orthoclase, and plagioclase were found, showing their
rich occurrences in the samples.** Other minerals containing
sulfate minerals, like rozenite [FeSO,-4H,0], hematite [Fe,0;],
pyrite [FeS,], gypsum [CaSO,-2H,0], and melanterite [FeSO4-
-7H,0], are also present in both coal and OB samples supported
by XRD analysis of Makum coalfield of Northeast
India‘1,3,10,12,49,79

A closer look at the individual EDS spectrum (Fig. 7(a) and
(b)) confirms the presence of REYs, including La, Ce, Nd, Pr, Gd,
Dy, Ho, Sc, Lu, Eu, and Yb, signifying that samples contain REY-
bearing minerals in low quantity. In the above Fig. 7(a) and (b)
quartz (yellow arrow) three-dimensional bright structure and
kaolinite (red arrow) were predominantly observed in stratified
and flaky conglomerates layered phyllosilicate clay-type Platy,
book-like, or flaky aggregates due to its layered structure
minerals are identified within 300 nm.

High-resolution transmission electron microscopy (HR-
TEM) is used to study the crystallinity of the sample. The HR-
TEM images revealed the irregular disorder shapes of
multiple clay mineral particles probably kaolinite (Al,Si,Os(-
OH),), quartz (SiO,), etc. as mentioned earlier in XRD analysis
Fig. 1. Fig. 8(a) showing the HR-TEM image at different nano-
meter (nm) size confirms the presence of some nanoparticle
including minerals. The HR-TEM image shows the presence of
mixed-layer minerals at 200 nm (A) with different surface
morphologies shown in red circular rings with disordered
crystal fringes seen at 20 nm high-resolution image (B).

Insets (C) and (D) demonstrated d-spacing values of 3.57 A
(002, planes) possibilities for kaolinite (Al,Si,Os(OH),) minerals
and 1.25 A (304 planes) for quartz (Si0,), respectively. (E), (F),
and (G) show the reverse FFT, FFT which shows multiple crys-
talline lattice dots confirming the polycrystalline nature of the
sample, and gray value scale for d-spacing value calculation. (H)
Selected Area Electron Diffraction (SAED) pattern forms
concentric rings consisting of multiple crystallites oriented
randomly confirming the polycrystalline nature of the sample it
also shows another plane 220 at a d-spacing value is 1.82 shows
the characteristics of rutile (TiO,).

To understand the elemental configuration and corre-
sponding elemental maps that illustrate the spatial distribution
of these elements within the sample, we studied the TEM-EDS
spectrum. The EDS confirms the presence of C, O, Al, Si, and
Ti. The presence of Al and Si suggests that occurrences of
aluminosilicate minerals, likely feldspar or clay minerals like
kaolinite (Al ,Si ,O 5(OH) ,), and quartz (SiO,). Ti-rich regions
indicate the presence of titanium-bearing minerals like rutile
(TiO,), these elements show a strong association with REY. The
O distribution aligns with the expected chemical bonding with
other minerals as oxides, while the C distribution is generated
from either an organic component or carbonate minerals. The
elemental distribution seen provides some indication of the
mineralogical and geological evolution of the sample. The Al
and Si co-occurrence indicates a primary silicate matrix, and the
development of the Ti enrichment in certain zones may
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Fig. 9 The XPS survey spectra of the coal [BAC2 (Ersq, Scyp), BAC4
(E|’4d, SCZp, Gd4d)] and OB [BOBl(EI’4d, SCgp), BOB2 (Er4d, SCzp, Gd4d)]
samples indicating the presence of Er (4d), Gd (4d), and Sc (2p).

represent either primary magmatic differentiation or secondary
alteration processes.

Additionally, the nature of chemical bondings of REY in coal
and OB samples was determined using XPS. Four representative
samples of coal and OB selected based on higher ) REY
concentrations were reported in ICPMS analysis (see Table 2) for
further XPS analysis. The XPS survey spectra of the sample
indicate the presence of Er(4q), Gd(4q), and Sc(,p Fig. 9 in the coal
and the OB samples.

On the other hand, the high-resolution deconvolution
spectra of Er(,q) spectra split into three main peaks located at
168 eV for Er, 168.6 eV for Er,0;, and 170 eV corresponding for
Er metal, respectively,®**** for both coal samples shown in
Fig. 10(a) and for OB samples in Fig. 10(b). Similarly, XPS
deconvoluted spectra of the Sc(,;) peak at 399 eV corresponding
to (Sc), 400 eV to (ScN), and 402 eV to (Sc,03), respectively. For
the Gdq) spectra, it also split into two peaks at 140 eV corre-
sponding to Gd metal and 141.5 eV to Gd,05.**

Thus, XPS analysis corresponds with the ICPMS data for coal
and OB samples. The two samples (BOB2 and BAC4) confirmed
the presence of Gd(,q) as oxides. Er is detected via Er 3d;,, and
Er 3d;, peaks typically appear around 169 eV with an Er**
oxidation state confirming presence of Er,03, which support the
study area is geochemically enriched with REY. Similarly, Sc and
Gd, also show the presence of Sc** and Gd*" as +3 oxidation
states confirmatory to presence of Sc,0; (binding energy at 402
eV) and Gd,O; (binding energy at 140 eV). In addition, at 400 eV,
we have seen another deconvoluted peak of Sc with oxidation +3
confirming presence of ScN. Based on the data obtained from
XPS observation, it can be concluded that the REY present in the
samples from NER region predominantly exhibits a +3 oxida-
tion state and spectral data reveal that these elements formed

© 2025 The Author(s). Published by the Royal Society of Chemistry
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presence of Scyp, Ersg, and Gdag at different types of bonding.
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chemical bonds with oxygen, resulting in the compound
REY;0,.

Conclusions

The occurrence and distribution of critical and rare earth
elements in coal and overburden (OB) samples from the Makum
coalfield in Northeast India are presented to assess their
potential and geochemical behaviors. The average concentra-
tion of rare earth elements (REY) is 167.6 mg kg™ ' in the OB
samples and 28.31 mg kg™ in the raw coal samples. Notably,
the OB samples are more enriched in REY than the coal. In
addition to REY, other critical elements like lithium show
potential economic value, with an average concentration of
67.51 mg kg~ in OB samples compared to 13.9 mg kg™ " in coal.
The correlation between ¢6Ce/0Eu and REY suggests that the
depositional environment of coal is more reducing in nature
than that of the OB. Moreover, the formation of the coal seam is
primarily characterized by M-type REE enrichment, followed by
H-type. Therefore, a detailed and comprehensive study of
various geochemical parameters of REY in OB is necessary to
facilitate their recovery.

The results indicate that coal and overburden (OB) have the
potential to serve as alternative repositories for rare earth
elements and yttrium (REY), complementing the growing
knowledge of REY occurrences in unconventional sources.
Additionally, this study creates opportunities for sustainable
resource recovery plans, especially in regions with substantial
coal reserves. To fully unlock the economic potential of REY,
future research should focus on broadening the dataset across
different geological settings and exploring cost-effective
extraction techniques.
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