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Abstract

The extraction of valuables from waste has gained momentum. Thermal influence alters both the organic and inorganic
components of coal. Insufficient knowledge on the association of rare earth elements (REEs) with the parent matrix of
thermally altered high-ash coals (63% ash) limits the potential for such coals being utilized for isolation of valuables. In
this study, we analyzed the distribution and occurrence modes of REEs within a magmatically altered high-ash coal via
nine-step sequential extraction, combining Tessier and BCR methods. The total concentration of REEs in the coal sample,
on whole coal basis, was found to be 820 ppm, which is significantly higher than the world average. Major mineral oxides
were deduced to be those of Si, Fe, Al, Ca, Mg, and Ti. Sequential extraction confirmed that about 66% of HREE and 25%
of LREE were included in the residual fraction. LREEs were concluded to be primarily in ionic form, whereas HREEs were
speculated to be associated with the TiO, phase. XRD analyses showed that thermal alteration affected the dolomite phase
specifically, which selectively got removed where carbonate-bound elements were assessed. Petrographic analysis supported
the magmatic influence and demonstrated the presence of mosaic structures and pores containing unfused vitrinite, with a
reflectance value of 3.6. To summarize, the present study pertaining to delineation of association of valuables in high-ash
heat-altered coals from an Eastern coalfield in India can potentially open up new avenues for utilizing such coals, which are
otherwise considered waste.
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Abbreviations
XRF X-ray fluorescence

ICP-MS  Inductively coupled plasma-mass spectrometry

XRD X-ray diffraction

ICP-OES Inductively coupled plasma optical emission
spectroscopy

VM Volatile matter

GCV Gross calorific value

FC Fixed carbon

S1-S7 Step 1-step 7

BCR European Community Bureau of Reference

1 Introduction

Globally, the demand for rare earth elements has increased
manifold in recent years in line with their augmented usage
in high-end technologies and economic areas. The potential
risk of disrupted supply of these valuables from China has
spurred growing interests in countries worldwide to explore
their indigenous resources. However, identification of coal
blocks enriched with REEs, knowledge of how they are
associated with the coaly matrix, their geochemical origin,
and depositional conditions are crucial in order to develop
efficient extraction strategies.

Magmatic intrusion into coal seams is a well-known
phenomenon, and various studies have been done on the
changes observed in mineralogy and geochemistry for such
heat-altered coals (Dai and Ren 2007). Such intrusions not
only affect the organic matter (Sarana and Kar 2011) but
also the non carbonaceous constituents of the coal. Hence,
the association pattern of various elements present in the
coal matrix is expected to be altered, thereby, affecting the
leaching of these elements. A similar challenging situa-
tion is usually experienced while optimizing the leaching
parameters of REEs from coal ash (both bottom and fly ash)
obtained from thermal power plants where the valuables
are speculated to get encapsulated in the matrix during the
combustion process (Fu et al. 2022). Consequently, suitable
pre-treatment is often considered an absolute necessity to
improve upon the leaching potential of REEs (Zhang and
Honaker 2020). Numerous studies were previously per-
formed on understanding the rank behavior of thermally
altered coals of Indian origin (Chandra and Chakrabarti
1989; Pareek 1988; Prakash and Sarate, 1993; Mishra and
Cook 1992; Singh et al. 2013), delineation of the genesis of
natural cokes (Singh et al. 2007; 2008) and the impact of
heat alteration on the reactivity of coal macerals (Choudhary
et al. 2008). Minerological enrichment from the dike into
the altered coal was shown to be higher for elements such
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as As, Ca, Cu, Mg, Mn, Sr, Th, and rare earths (Goodarzi
and Cameron 1990).

The distribution of REEs along with their modes of
occurrence has been thoroughly investigated for unaltered
thermal coals aiming at improving the efficiency of extrac-
tion of valuables (Fu 2022; Banerjee et al. 2021, 2022; Das
et al. 2023; Pan et al. 2019). Sequential leaching has been
widely acknowledged as an important tool to delineate the
elemental distribution in coal (Mittermiiller et al. 2016;
Pan et al. 2021). However, igneous intrusions are known to
cause pronounced changes in the vitrinite reflectance, min-
eralogical profile (both associations and distribution), and
geochemistry of the coal seams. It would be interesting to
understand its impact on the association of REEs, in par-
ticular, with the major oxides in the coal matrix which have
not been examined. In the Indian scenario, such investiga-
tions are even more crucial since about 2% of the coals are
thermally metamorphosed and rendered useless (Singh et al.
2007). A preliminary knowledge of the geological enrich-
ment of REEs in coal was considered necessary prior to a
detailed study.

Eastern Coalfield is a store-house for good-quality coal,
catering to both the steel sector and thermal power plants.
The geological aspects of this geographical location have
been extensively studied, along with the mineralogical distri-
bution (Chatterjee and Pal 2010; Das and Chakrapani 2011;
Saha et al. 2022). A preliminary analysis of coal samples
from Eastern coalfield gave promising results with respect
to REE concentrations (unpublished results). Nevertheless,
a considerable portion of the coal in this basin is affected
by igneous intrusions (Sarana and Kar 2011), which not
only limits their subsequent utilization but also indicates a
possible alteration in the inherent chemistry of mineralogi-
cal association. Evaluation of such alterations is crucial to
devising the best possible leaching strategy for valuables,
both trace elements and REEs, from magmatically affected
coals that are otherwise rendered useless.

The primary objective of the present study was to con-
duct a systematic analysis of the content of REE and delin-
eate the crucial associations with the inorganic plexus of
a high-ash coal acquired from Eastern Coalfield, India. A novel
nine-step sequential chemical extraction using a combination
of BCR and Tessier methods (Park et al. 2021) was performed
incorporating eco-friendly reagents and acids. Thorough min-
eralogical analysis (using XRF, ICP-OES and ICP-MS) in
combination with petrography, zeta potential, X-ray diffraction
(XRD), and scanning electron microscopy (SEM-EDX) was
performed to gain a complete understanding of how the REEs
are distributed and associated in the magmatically altered coal
from the chosen area.
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Table 1 Literature precedence on sequential leaching of REEs from important secondary sources where broadly the extraction stages are a water
soluble, b ion-exchangeable, ¢ carbonate or complex bound, d reducible e oxidizable and f residual fractionation

SI. No.  Extraction process Association References
A-type granite REE mineralization was reported to be of ion-adsorption type Tohar and Yunus (2020)

2 Gold bearing material Majority of REE was associated with observed in iron- and Usmanova et al. (2017)
titanium-containing minerals in gold-bearing residuum

3 Natural kaolinite REEs were primarily encapsulated in kaolinite aggregate; Jietal. (2022)
majorly in acid soluble form

4 Coal fly ash REE mainly associated with sparingly soluble phase in ash Taggart et al. (2018)
matrix thereby majorly being in residual phase

5 Soil and Tailings REE mobilization was observed in step 2 i.e. complex and Mittermiiller et al. (2016)
carbonate bound and step 4 i.e. acid soluble fraction

6 Coal ash (Tessier sequential extraction) Most of the REEs remained in the residual fractions Park et al. (2021)

Coal ash (BCR) 60%-70% of majority of REE were in residual fraction Park et al. (2021)

8 Coal fly ash Multiple REE-bearing phases were identified, such as REE Liu et al. (2019)
oxides and phosphates, apatite, zircon along with REE-bear-
ing glass phase

9 Coal refuse sample ~75% of REE was present in insoluble form Zhang and Honaker (2020)

10 Central Appalachain coal seam under-  Majority of REE was observed in residual fraction. Leaching Montross et al. (2020)

clay with citrate resulted in higher concentration of REE and lower

concentration of gangue material

11 Acid soil profile Involvement of phosphate minerals in the extraction step was Aubert et al. (2004)
concluded to be the reason behind high extraction of P and Ca

12 Central Appalachian coal related strata REE was mobilized mainly in the three stages -exchangeable, Bauer et al. (2022)
oxidizable, and acid soluble fractions

13 Coal fly ash ~86% of total REE was present in glassy phase i.e. non extract- Lin et al. (2018)

able residual fraction

2 Scope of the paper/background literature

In prior literature, sequential leaching has been adopted as
the preferred way to understand the pattern of occurrence
of important elements in multiple sources, such as natural
kaolinite, gold-bearing mineral, soil, and tailings, coal fly
ash, and many more. Some common multi-step sequential
leaching studied to understand the association of REE in
various sources is tabulated in Table 1.

The chosen heat altered coal was collected from Eastern
Coalfield, India, which has total coal reserves of more than
50 billion tonnes and geographically spreaded across Indian
states of West Bengal and Jharkhand. It is known to consist
of heat altered coals originating from multiple types of igne-
ous intrusions, such as mica peridotite dykes and sills and
dolerite dykes (Paul 2005). A geological map of the chosen
study area is shown in Fig. 1.

3 Sample collection and preparation

Coal sample was collected from the chosen coal block
located in Eastern Coalfield, India (Fig. 1). The coal seam
was located at a depth of 885 cm and the thickness of the
seam was about 2 m (885-887 m). In the present study,

a total of 20 kg of coal sample was procured in 50 mm
size range which was homogenized using quarter-coning
first. Subsequently, it was subjected to grinding using
both primary and secondary crushers to two types of sam-
ple size range, a) 3 mm particle size range (which was
used for petrographic analysis) and b) 200 mesh particle
size (which was utilized towards sequential extraction
studies).

4 Methods and materials

Heat altered coal of Indian origin was chosen for the pre-
sent study. pH measurements were done with pH meter CL
54 +. Analytical grade nitric acid (65%) which was used
throughout the experiments was obtained from Rankem,
India. All other chemicals (analytical grade) along with
their respective makes were as follows: methanesulphonic
acid and sodium hydroxide (Merck), lithium metabo-
rate and tetraborate (Loba Chemie), ammonium sulphate
(Fisher Scientific), tartaric acid (Loba Chemie), hydroxy-
lamine hydrochloride (Loba Chemie), ammonium oxalate
(Loba Chemie), oxalic acid (Sisco Research Laboratories),
ascorbic acid (Sisco Research Laboratories), 30% hydrogen
peroxide (Merck) and ammonium acetate (Merck). Milli Q
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Eastern Coalfield, India
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Fig. 1 Geological map of the study area in Eastern coalfield, India

water (using Millipore, 18.2 Q) was used to produce deion-
ized (DI) water, which was used for all the leaching and
extraction experiments.

An X-ray fluorescence (XRF) spectrophotometer (S8 Tiger,
Bruker) was used for mineralogical profiling using the press
pellet method. An X-ray diffractometer (X’ pert PRO, PANalyt-
ical) was used to determine the primary mineral phases present
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in the coal ash samples. The experiments were performed over
a 20 range of 5°- 90° using Ni-filtered Cu Ka radiation. The
identification of phases was performed using High Score Plus
software on the basis of the JCPDS database. Morphologi-
cal and qualitative mineralogical analysis of the heat altered
coal sample was accomplished using scanning electron
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microscopy (SEM) (FEI NOVA NANOSEM 430 at 15 kV)
equipped with EDX. REE quantification was accomplished
using inductively coupled plasma—mass spectrometer (ICP-
MS) (Agilent 7800). Major and minor trace elements were
analyzed using an inductively coupled plasma-optical emis-
sion spectrophotometer (ICP-OES) (Thermo Scientific, model
i CAP 7000 series). Petrographic analysis was performed on
polished blocks (prepared using a — 1 mm coal sample size)
under both reflected white and fluorescent lights, with 50 x and
20x oil- immersion objectives employing a Leica DM4500P
microscope. Zeta potential measurements were carried out
at ambient temperatures (25 °C) using a Zetasizer, Nano-ZS
(Malvern, Model ZEN 3600).

4.1 Estimation of total REE content in coal sample

The total REE content in coal samples was evaluated
using borate fusion method (Banerjee et al. 2021) after
determining the loss on ignition (LOI). In nutshell, 0.1 g
of coal ash was fused with a mixture of lithium tetrabo-
rate and lithium metaborate (1:1.3) at 950 °C for 1 hin a
muffle furnace. The resultant sample was cooled down in
a stepwise manner followed its dissolution in 100 ml of
10% nitric acid. The quantification of REE in the solution
was performed using ICP-MS instrument.

4.2 Procedure for sequential leaching of coal

Based on prior literature, sequential chemical extrac-
tion has been implicated as one of the most preferred
methodologies in order to ascertain the association pat-
tern of REEs in host material (Huggins 2002; Zhang and
Honaker 2020). Typically, the process entails sequential
reactions with a series of reagents under different experi-
mental conditions, where a result from each step indicates
the occurrence for an element. In order to investigate how
the modes of occurrence of REEs get altered when mag-
matic intrusion happens, sequential chemical extraction
tests were performed on the chosen coal sample. To start
with, 15 g of the coal sample was taken in a 100 mL
centrifuge tube. The centrifuge tube containing the coal
sample and reagent was shaken in an orbital shaker for
each step. An overall scheme for the sequential chemical
extraction adopted for this study is presented in Fig. 2.
After each step, the resultant coal slurry was filtered
using Whatman 42 filter paper. The clear filtrate thus
collected was analyzed using ICP-MS. The remaining
filter cake was thoroughly rinsed using MilliQ water and
dried at 110 °C for 12 h prior to proceeding for the next
step in the sequence. The resultant product was weighed
and taken forward for the next stage. In the last extrac-
tion step, the solid acquired was weighed and completely
digested using lithium borate fusion method (Banerjee

et al. 2021). In the final step, the digestion solution was
collected to determine the concentration of REEs using
ICP-MS.

5 Results and discussion

Isolation of valuables such as REEs from magmatically
altered coal has dual advantage of utilization of waste as well
as exploration of the leaching potential from a novel unex-
plored type of coal. The leaching potential, in turn, is highly
dependent on the association of the elements with the coal
matrix as a whole, comprising of organic and inorganic com-
ponents. Therefore, in the present study a detailed sequential
leaching process was explored comprising of water solu-
ble, ion exchangeable, carbonate bound, mild moderate and
strongly reducible, oxidizable and mineral acid soluble. The
product obtained in each stage was characterized using ana-
lytical tools to delineate the mineralogical associations.

5.1 Characterization of coal and coal ash

The results obtained from preliminary analysis of the coal
sample are shown in Table 2, which demonstrates that it
possesses a high content of mineral matter (63% ash) and a
low sulphur content (0.18 wt%). Owing to heat alteration,
the calorific content of the chosen coal was considerably
low (2967 kcal/kg). The comprehensive mineralogical
analysis of the major oxides in the coal ash using XRF
is tabulated in Table 3. The individual concentrations of
the major oxides in the coal ash were as follows: SiO, (61
wt%), Al,O5 (14 wt%), Fe,05 (6 wt%), MgO (6 wt%), TiO,
(4 wt%), and CaO (4 wt%). The SEM-EDAX results for
the chosen heat affected raw coal is shown in Fig. 3, which
further substantiates the presence of elevated concentra-
tion of Ca and Mg, along with the Si, Al, and Fe, which
are typically present in abundance in coal. Using ICP-MS,
the total REE concentration of the coal sample (on whole
coal basis) was determined to be 820 ppm (Table 4) which
is significantly higher than the world average on whole
coal basis (115-130 ppm) which justified the importance
of the chosen coal block for exploration based study. Indi-
vidually, the total concentration of LREE was 750 ppm,
whereas only 69 ppm of HREE was present. Among the
LREE:s, the highest enrichment was that of Ce (330 ppm)
followed by Nd (163 ppm) and La (144 ppm). Among the
HREEs whose concentration was in the detectable range,
the highest concentration was found to be for Y (46 ppm)
followed by Dy (10 ppm). In nutshell, on the basis of
mineralogical profiling, the chosen coal block of Eastern
Coalfield, India was concluded to be highly enriched in
valuables.
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Step 3: Complex/Carbonate bound: 0.3 M

taken for XRD

Residue dried at 110 °C,
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ICP-MS/ICP-OES

4

ammonium oxalate+0.2 M oxalic acid, S:L
1:20 (g:mL). room temperature. 4 h (dark)

Fig.2 Experimental details for the 9 step sequential leaching of coal

Table 2 Results from proximate

. . Moisture (%)
and ultimate analysis of coal (as

Ash (%)

VM (%)

FC (%) GCV (Kcallkg) C(%) H(®%) N(@®) S(%)

received basis)

1.7 63 5.5

29.8 2967 38.1 0.91 0.8 0.18

5.2 Petrography

Petrographic analysis, including maceral quantification and
vitrinite reflectance measurements of the coal sample, was
performed in order to understand the alterations in inherent
chemistry caused by the magmatic alteration. The results
obtained for the quantification of macerals and sub macerals
for the chosen coal are shown in Table 5 and the photomi-
crographs of the sample is shown in Fig. 4.

Mineral suites identified by microscopic examination,
particularly quartz, carbonate, and clay possibly associ-
ated with dykes or igneous intrusions, suggested that the
coal under investigation was heat altered (Das et al. 2023).
A higher vitrinite reflectance of 3.60 was attributed to the
magmatic influence in coal. However, the sample did not
metamorphose or get converted to coke completely because
it demonstrated the presence of unfused vitrinite (Fig. 4b).
The variations in the texture of the macerals and minerals
showed initial heating for the coaly mass. It was porous, with
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pores having irregular shapes indicative of the removal of
volatiles during metamorphism. The formation of mosaic
structures was evidence of the intermediate plastic stage
during heat alteration. The texture of the coal sample had
a close resemblance to that of a brecciated semi-coke, as
reflected by its reduced porosity, and the vitrinite was less

Table 3 Bulk composition of

; . Oxide of major Weight (%)
coal ash using XRF analysis elements
Sio, 60.60
Al 04 14.15
Fe,0; 5.86
TiO, 3.89
K,O 2.36
CaO 4.27
MgO 6.07
P,05 1.10
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Fig.3 SEM-EDAX analysis of
the parent coal sample demon-
strating the higher concentration
of Ca and Mg along with the
aluminosilicate minerals

Electron Image 4
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anisotropic as well. Further, the presence of pyrite indicated
that thermal alteration must not be caused due to signifi-
cantly higher temperatures (> 600 °C); otherwise, the pyrite
would have decomposed. The presence of pyrite in the cho-
sen area is demonstrated in Figs. 4h—j.

REEs in coal were speculated to be introduced through
widespread volcanic ash fall, igneous intrusions, and fluvial-
detrital transport. Mineral and maceral structures identified
by microscopic studies further supported that the primary
source of REEs in the chosen heat altered coal samples was
due to the igneous intrusions in the basin.
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5.3 Sequential leaching

The speciation and fractionation of REE and the other
major elements in the heat altered carbonaceous shale was
chemically determined using the 9-step sequential leaching
process (Rauret 1999). The optimization of the number of
steps, solid to liquid ratio, reagents used, temperature, and
duration depends upon the speciation element and the matrix
under consideration. The 9-step sequential leaching process
adopted here encapsulates all the possible phases to be
considered in understanding the association of elements in
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Table 4 ICP-MS Analysis of REE (whole coal basis)

LREE Concentration HREE Concentra-
(ppm) tion (ppm)

Sc 23.03 Y 46.19

La 143.71 Tb 2.30

Ce 329.64 Dy 9.89

Pr 42.46 Ho 1.76

Nd 163.26 Er 4.61

Sm 22.98 Tm 0.62

Eu 5.77 Yb 3.71

Gd 19.49 Lu 0.59

SLREE=750.34 ppm
YREE=820.01 ppm

THREE=69.67 ppm

the matrix. The solid to liquid ratio was maintained at 1:20
throughout the leaching experiments to maintain consist-
ency. On another note, both inorganic (HNO;) and organic
acids (MSA) were investigated in the key leaching steps in
order to compare their respective leaching potentials, since
their mechanism of extraction are significantly different.

5.4 Water-soluble and ion-exchangeable fractions

The first two steps in the sequential leaching scheme were
meant to identify the water-soluble and ion-exchangeable
elements that were loosely attached to the coal matrix or
are typically present in cation-exchangeable form. The
elemental analysis of the filtrate demonstrated signifi-
cantly lower concentrations of REEs (< 1%) (Fig. 5) being
leached out, thus proving that the REEs were embedded or
tightly bound to the coal matrix and were not present in an
ion-exchangeable form.

5.5 Complex/carbonate bound elements

The next stage of leaching (Step 3) includes reagents which
can potentially leach out elements which possess higher
complexing ability or are naturally present as carbon-
ate bound. In order to ascertain the complexing potential,
tartaric acid was chosen as the suitable reagent due to its
high denticity (tetradented) and complex formation ability
(Manning 1963; Banerjee et al. 2021, 2023). When the coal
sample was leached using 0.3 M tartaric acid at room tem-
perature, 20% of the LREEs were leached out along with
7% of the HREEs (Fig. 5). This demonstrated that the mag-
matic alteration might have occurred at a lower tempera-
ture (<700 °C) and hence didn’t lead to the formation of a
complete melt of the aluminosilicate matrix, which typically
encapsulates REEs. Instead, the REEs were concluded to be
complexly bound in the coal matrix.
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Table 5 Quantification of maceral and sub maceral in the chosen heat altered (in %)

Vitrinite Reflectance

Coke Mineral matter

Inerto-detrinite Total Inertinite

Fusinite Semi-fusinite

Vitro-detrinite Total vitrinite

Tello-collinite

Telinite

3.60

58.4

29.8

6.7

35

24

0.8

5.1

35

1.2

0.4
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Out of all the major elements that were examined, the
leaching percentages were as follows: Ca (55%), Mg (28%),
Fe (17%), Al (4%) and Si (1%) (Fig. 5). In the present coal
block, on the basis of XRD analysis, Ca, and Mg were
concluded to be primarily present as dolomite minerals
(Fig. 7d). In accordance with prior literature, dolomite disin-
tegrates upon attainment of 600 °C, leading to the formation
of decomposition products such as Mg-calcite (MgCaCO;)
along with the major oxides (MgO and CaO) (Zhang et al.
2022). Petrographic analysis of this coal sample revealed
mineralogical evidence of the thermal effect being caused
by lower temperatures (approx. 500—600 °C) (Fig. 4). Thus,
under the same thermal effect, dolomite was partially or
completely decomposed to MgO and CaO, which got
leached out in higher concentrations in the presence of acid
(55% of Ca and 28% of Mg) (Gonzélez et al. 2021). The dis-
appearance of dolomite was supported by the XRD results
(Fig. 7d). Apart from the concentration that got leached out,
the rest of the quantity is speculated to be associated with
the refractory minerals (Vassilev et al. 1995).

Iron in coal is primarily present as pyrite (Fe,S,) in coal.
In presence of acid, pyrite typically gets fragmented into
sulphate and iron oxyhydroxides (Ma et al. 2022). Mineral
acids (~0.5—1 M) are usually employed to study the chemical
reactions of pyrite. Interestingly, in the present investigation,
leaching with lower concentrations of organic acid (0.3 M
tartaric acid, pH 2.2) resulted in extracting out 17% of the
total iron into the leach filtrate. The ease of complexation of
Fe with a mild organic acid could be indicative of presence of
complex bound Fe* ions (non-embedded) in the coal matrix.

5.6 Reducible

The reducible fractionation was studied elaborately in 3
steps: Step-4 (mildly reducible conditions) where 0.1 M
hydroxylamine hydrochloride was used; Step-5 (moder-
ately reducible) where 0.2 M ammonium oxalate and 0.2 M
oxalic acid were used and lastly, the strongly reducible step
(Step-6) where ascorbic acid (0.1 M) was additionally used
along with the reagents from previous step. Each step has
individual significance in the identification of a particular
phase (Bauer 2022). The mildly reducible stage was aimed
at the identification of amorphous Mn or other similar diva-
lent oxides whereas the moderately reducible condition was
performed to identify crystalline Mn oxides or amorphous
Fe oxides (Bauer 2022). The strongly reducible step typi-
cally identifies the crystalline Fe oxides. A detailed inves-
tigation of the alteration in the mineral phases from the
XRD analysis was thought to be the ideal way to justify
the alteration in mineral phases in a stepwise manner. The

combined phase alteration results of the two steps, mild and
moderately reducing is shown in Fig. 7e. When compared
to the mineral phases present in the raw sample (Fig. 7 a),
no significant difference could be observed after treating the
coal sample with reducing reagents. However, when strong
reducing conditions were employed using an additional
dose of ascorbic acid (0.1 M) (Lin et al. 2018), crystalline
Fe,O; which in this case is the magnetite phase, got com-
pletely removed (Fig. 7f). Nevertheless, no other mineral
phase seemed to have gotten affected. Of note, there was
no leaching of REEs, neither LREE nor HREE, under the
reducing conditions which is indicative of absence of their
association with either amorphous or crystalline oxides
present in coal.

5.7 Oxidizable

The next step (Step 7) was aimed at the isolation of oxidiz-
able or pyritic fractions or organic compound states of the
elements following the BCR method (Park et al. 2021). Mild
oxidizing agent (30% H,0,) was employed for the same in a
two-step process (at 25 °C followed by 85 °C, 1 h each), and
the results obtained are manifested in Fig. 7g. Coal primarily
consists of humic acid framework and mineral matter. Oxi-
dative degradation of humic acids and lignite from Mir mine
(South Moravian region, Czech Republic) using H,0, was
demonstrated to result in both oxidation and cleavage of aro-
matic units from the parent structure (Doskocil et al. 2014).
Under the experimental conditions, only 8% LREE and 3%
HREE were leached out, indicating their association to be
primarily with the inorganic matter in coal. Among the rest
of the major elements, 10% Ca was leached out, followed
by 3% Mg and 2% Fe. In our knowledge, the only organic
association between Ca and other similar elements that has
been reported previously was with the carboxyl group (Hug-
gins et al. 2009). Therefore, it could be concluded that with
the cleavage of organic units, dissociation of Ca and possibly
Mg occurred in relatively higher concentrations, which got
leached out during the oxidation stage. None of the min-
eral phases (vermiculite, muscovite, quartz and anatase) got
affected during the oxidation step (Fig. 7g).

5.8 Acid soluble

REEs are most commonly leached out from their parent ores
employing strong mineral acids (Ji et al. 2022) The implica-
tions of strong acid on the present pre-treated matrix were
ascertained in Step 8 which was performed mainly to evalu-
ate the association of elements (loosely bound/embedded) in
the aluminosilicate matrix. Instead of going the conventional
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«Fig. 4 Photomicrographs of thermally altered coal samples collected
from Eastern coalfield, India, obtained using an advanced optical
microscope: a Highly porous structure formed due to heat effect b
Natural coke showing flow structure with un-fused vitrinite at their
edges ¢ Heat affected on vitrinite band at the very initial stage as
high porosity due to devolatilization d Un-fused vitrinite sandwiched
between natural coke e—f Un-fused vitrinites showing mosaic struc-
ture cavities filled with mineral matter g Mosaic structure with un-
fused vitrinite patches h—j Demonstrating the abundance of pyrite in
the chosen heat altered coal

way of using strong mineral acids, an eco-friendly approach
was adopted for this step. Strong organic acid (methane-
sulphonic acid, 2 M, reflux) was chosen for this step owing
to its compatible potential in leaching of REEs with that
of mineral acid as demonstrated previously (Banerjee et al.
2022). The chosen organic acid was able to leach out both
REEs and other transition and alkaline earth metals with
equal potency; the concentrations were as follows: LREE
(47%), HREE (25%), Si (4%), Al (31%), Fe (36%), and Ca
(17%) (Fig. 5). Simultaneously, leaching was also performed
using an equimolar concentration of HNO;, and similar con-
centration of REEs and major elements were extracted.The
XRD analysis demonstrated no visible change in the mineral
phases of refractory elements (Fig. 7h). Given that the maxi-
mum leaching was observed at the acid dissolution stage,
it was reasonable to conclude that REEs and other major
elements are very strongly bound in the present situation,
resembling the crystalline structure-bound forms.

5.9 Residual

The last step (Step 9), or residual analysis step, was investi-
gated by the lithium metaborate-tetraborate fusion method.
The coal sample, which was obtained after 8 steps, was

Fig.5 Results obtained for 100 +
all the individual steps in
sequential leaching of heat
altered coal for LREE; HREE;,
Si; Fe; Al; Ca; Mg and Ti. The
steps were as follows: S1 and
S2 represent water soluble and
ion-exchangeable fractions, S3
represent complex/carbonate
bound fractions, S4-S6 repre-
sents the reducible fractions,

S7 represents the oxidizable
fractions, S8 was for solubility
in strong acids and lastly S9 was
for the residual fusion step

Extraction %

thoroughly dried and fused with a mixture of lithium tetrab-
orate and lithium metaborate (1:1.3) at 950 °C (Banerjee
et al. 2022). It was performed to identify the fractions that
were not present in their extractable form. As shown in
Fig. 5, the leaching percentages of the following were rea-
sonably high; they were HREE (66%), Si (90%), Al (57%)
and Fe (26%), which thereby suggests that the HREEs were
strongly bound to the aluminosiliate matrix which also con-
sisted of encapsulated Fe. Interestingly, 95% of the total Ti
was extracted only at the fusion stage (Fig. 5). According
to prior literature, anatase (TiO,), which is present in the
coal sample (Fig. 7a) is a commonly known REE bearing
mineral. Considering the co-leaching of HREE and Ti at
the very last fusion step, it was convincingly concluded that
for this particular heat altered coal, instead of the organic
matrix, HREEs were primarily associated with the anatase
phase.

6 Zeta potential

Zeta potential is a well-known parameter to measure the
potential developed at the surface of coal particles, where
it is used as an indicator of charge originating from the
surface functionality (Aktas 2000). Although, the effect of
surfactants have been widely studied with respect to altera-
tion in surface charge using zeta potential measurements
(Chakladar et al. 2022), such alterations due to thermal
effects have not been examined previously. Magmatic intru-
sion typically leads to partial loss of volatile matter, and
therefore it was speculated to have obvious effect on surface
charge. This phenomenon is expected to cause enrichment of
mineral matter in the coaly mass, thus making it hydrophilic
in nature. The results obtained for both coal and coal ash in

S3 S4 S§ S6 S7 S8 S9

BLREE mHREE ®Si mAl mMg BCa mFe " Ti
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Fig.6 Zeta potential of thermally altered coal and its corresponding
ash

the range of pH 211 are shown in Fig. 6. The negative zeta
potential suggested the development of a surface negative
charge on the coal particles owing to magmatic alteration.
The iso-electric point for the coal and coal ash was at pH 9.5
and pH 11, respectively.

X-ray diffraction analysis was performed primarily for
two reasons: (1) to examine the elemental association in
different mineralogical phases in the chosen coal sample;
and (2) to identify the phase transformations that may have
occurred during the individual steps of chemical treatment.
The primary mineral phases in the raw coal sample was
found to be vermiculite (Mg,Fe);[(Al,S1),0,0]) (10%), mus-
covite ((KF),(Al,03)5(510,)¢) (15%), sanidine (K(A1Si;Og)
(10%), magnetite (Fe,05) (12%), quartz (SiO,) (30%),
anatase (TiO,) (8%) and dolomite (CaMg(COs3),) (15%)
(Fig. 7a). There was no observable change after the first
two steps as evident from Figs. 7b and c. However, in step
3 which was performed to ascertain the complex/carbonate
bound fractions, there was a significant change in the com-
position of mineralogical phases where dolomite mineral
got completely removed (Fig. 7d). This was indicative of the
liberation of CaO and MgO under the magmatic influence.
The next noticeable change was in step-6 (Fig. 7f), wherein
the coal sample was treated with a strongly reducing agent
aimed at the identification of crystalline iron oxide phases.
The magnetite phase got completely leached out at this step
in the presence of 0.1 M ascorbic acid. In step-8, where the
solubility of fractions in strong acid was examined, only
a slight reduction in the concentration of vermiculite was
observed, leaving the rest of the mineral phases intact. To
sum it up, the results obtained from XRD analysis sup-
ported the speculated changes based on chemical treatment
in each step of the stepwise extraction, where the removal

@ Springer

of dolomite under the influence of 0.3 M tartaric acid in
step 3 was the most significant observation for the chosen
heat-altered coal.

7 Conclusions

In this study, the mineralogical distribution of a high ash
heat-altered coal sample of Indian origin was examined
in detail. A nine-step sequential chemical leaching pro-
cess employing eco-friendly lixiviants was implemented,
which included the identification of water-soluble and ion-
exchangeable fractions, complex/carbonate-bound fractions,
reducible and oxidizable fractions, and lastly, acid soluble
fractions. The key observations and conclusions were as
follows:

(1) XRD analysis revealed the presence of vermiculite,
dolomite, anatase, magnetite, quartz, sanidine and mus-
covite as the major mineral phases in the heat altered
coal.

(2) Dolomite was completely eradicated at the complexa-
tion stage implying partial dissociation of the mineral
phase under thermal influence into Mg and Ca oxides.

(3) Upon leaching with strongly reducible reagents, selec-
tive removal of magnetite phase was observed, leaving
the remaining mineral phases intact.

(4) LREEs got primarily leached out (47%) at the stage
where acid-soluble fractions were ascertained, suggest-
ing their presence in primarily ionic form.

(5) The co-leaching of Ti (95%) and HREEs (66%) at the
last borate fusion step strongly supported the possi-
ble association of HREEs with anatase instead of the
organic matrix of coal.

(6) Petrographic analysis revealed the presence of highly
porous structures caused by thermal alteration, along
with presence of mosaic structures with unfused vit-
rinite in them. The presence of pyrite convincingly
proved that the magmatic alteration in the chosen area
of the Eastern coalfield occurred at a lower temperature
(<700 °C).

(7) The enrichment of major elements and REEs is believed
to have originated from the dykes in the altered coal.

The results of this detailed examination further
enhanced the possibility of a sustainable utilization of
magmatically altered coal of Indian origin with respect
to isolation of valuables.
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