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Abstract: Low-temperature plasma (LTP) oxidation has been widely used to study the mineralogy
of the mineral matter existing in coal sources. The current study investigated the potential of LTP
oxidation as a pre-treatment method to improve rare earth element (REE) leachability from coal and its
by-products. Representative density-fractionated samples of Baker and Fire Clay coarse refuse seam
materials were ground to a top size of 180 µm and subjected to low-temperature plasma oxidation.
Subsequently, the treated samples were leached at 1% w/v solids concentration and 75 ◦C for 5 h using
(i) de-ionized (DI) water, (ii) 0.1 mol/L of ammonium sulfate, and (iii) 1.2 mol/L of sulfuric acid. It
was determined that LTP treatment improved REE leaching characteristics, especially the leaching of
heavy REEs (HREE), existing in the lighter density fractions of the Baker seam coarse refuse material.
For instance, the HREE recovery for the 1.6 specific gravity (SG) float fraction increased from 8% to
33% using 0.1 mol/L of ammonium sulfate solution after 32 h of LTP treatment. This finding indicated
that HREEs associated with the organic matter were released by the LTP treatment and adsorbed
onto the surfaces of highly negative charged mineral matter and was exchanged with ammonium to
allow their recovery. Similarly, when using 1.2 mol/L of sulfuric acid, the HREE recovery increased
from 23% to 53% for the 1.6 SG float fraction. Interestingly, LTP oxidation did not provide significant
improvement in REE recovery from the 2.2 sink density fractions, which was likely due to its
lower organic content. No significant benefits were observed when treating the Fire Clay coarse
refuse material, which was likely due to the lack of organic affinity and the difficult-to-leach REE
minerals associated with the coal source such as monazite, xenotime, and zircon. Conversely, high-
temperature oxidation within a temperature range of 600–750 ◦C significantly improved REE leaching
characteristics for both coal sources. Improvement in REE recovery was due to decarbonization of
the material, clay dehydroxylation and subsequent conversion of liberated REE-bearing minerals into
a more leachable form. However, increasing the temperature above 800 ◦C decreased REE recovery
due to the conversion of meta-kaolinite into mullite, which is chemically stable.

Keywords: low-temperature plasma oxidation; high-temperature oxidation; rare earth elements;
leaching; roasting

1. Introduction

The lanthanide elements including lanthanum (La) to lutetium (Lu) along with scan-
dium (Sc) and yttrium (Y) are referred to as rare earth elements (REEs), and are extensively
used in manufacturing of common consumer goods as well as state-of-the-art technolo-
gies [1]. The dependence on these critical elements is primarily due to their unique magnetic,
optic, and catalytic properties [2]. The REEs are mostly classified based on their atomic
number as ‘light rare earth elements’ (LREEs) and ‘heavy rare earth elements’ (HREEs).
The elements lanthanum to gadolinium are collectively called LREEs. Yttrium is classified
as a HREE as it exhibits similar chemical and physical associations. Thus, the HREEs are
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yttrium and elements terbium to lutetium [3,4]. Scandium is categorized as a LREE due to
its low atomic number [5,6].

With an impetus to produce REEs indigenously and alleviate the dependence on
global imports, many countries are actively investigating technologies to extract REEs
from alternate sources such as coal and its by-products. REEs have been found in low and
high-rank coals, parting material, roof, and floor of the host rock, preparation plant rejects,
and acid mine drainage in concentrations up to a few tenths of a percentage point [5,7].
REEs in coal have been identified as being associated with carbonates, phosphates, and
silicate minerals, as well as ion-absorbed clays and organic compounds such as humic
acids [3,8–11]. Previously, investigations have been focused on coal by-products and acid
mine drainage that can eliminate mining and grinding costs associated with the liber-
ation of finely dispersed REE-bearing minerals. Several researchers have attempted to
concentrate REEs by exploiting the difference in magnetic, electrostatic, and physiochem-
ical characteristics of REE-bearing minerals. However, it was concluded that physical
beneficiation is ineffective due to extremely fine particle sizes of the REE-bearing miner-
als [1,12–15]. Alternatively, findings from numerous studies conducted on the recovery of
REEs from coal-based feedstocks advocate the feasibility of hydrometallurgical extraction
over physical separation methods [12–19]. However, the chemical cost associated with
strong leaching conditions is prohibitively high for commercial extraction of REEs from
coal-derived feedstocks provided the generally low grades [16,18].

Given the low concentrations of REEs in the coal feed coupled with the different
modes of occurrences and low recoveries from subsequent extraction/separation processes,
maximizing REE recovery at every unit operation is vital to minimize production costs.
Oxidation pretreatment is very effective in transforming conventional REE-bearing minerals
into more leachable forms thus increasing REE recovery, improving leaching kinetics, and
enabling the use of milder leaching conditions [20,21]. However, elevated temperatures
(>400 ◦C) are required to decarbonize the coal sample and dehydroxylate the clays, which
improves rare earth element recovery [22,23]. Alternatively, low-temperature plasma (LTP)
treatment can oxidize the sample at lower temperatures (<100 ◦C). LTP ashing has been
widely incorporated as a method to remove organic matter without destroying the crystal
structure of the associated mineral matter. As a result, detailed mineralogical studies can
be performed on the macro- and micro-dispersed mineral matter. [24,25]. This technique
utilizes an enriched oxygen atmosphere in a plasma furnace which drives a chemical
reaction with the carbon to produce its basic combustion products of CO2 and H2O [26].
This process serves to de-carbonize the coal sample, which liberates and concentrates the
mineral matter associated with the coal as the organic material is oxidized. A systematic
study on the benefits of LTP pretreatment as a potential pretreatment unit operation has
not been previously performed for the REEs contained in coal [27,28].

The principal objective of the study is to investigate the effect of the LTP oxidation
process on the recovery of REEs from coal by-products. The value-added proposition is
the oxidation, liberation, and/or activation of the REEs embedded in the different density
fractions of the coal. The hypothesis is that, by implementing the plasma treatment, the
surface property and pore structure of a coal particle can be altered. The open surface area
is projected to increase, which will provide enhanced REE liberation from the coal organic
matrix and an improved diffusion rate of lixiviate to the particle core when exposed to
subsequent leaching treatment.

2. Materials and Methods
2.1. Materials

Previous studies have found that the majority of REEs associated with run-of-mine
coal processed in a coal preparation plant report to the refuse streams (REF) [29]. As
such, two 55-gallon barrels of refuse samples were collected using belt sweep samplers at
processing plants treating Baker seam and Fire Clay coal seam material. The samples were
air-dried and subsequently density fractionated using ultrafine magnetite suspensions
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adjusted to specific gravity (SG) values of 1.60 SG, 1.80 SG, and 2.20 SG, which produced
four SG fractions (i.e., 1.60 SG float, 1.60 × 1.80 SG, 1.80 × 2.20 SG, and 2.20 SG sink). After
density fractionation, float and sink products were wet-screened to remove the magnetite
and air-dried instead of mechanical oven drying to minimize oxidization. Finally, the
density-fractionated samples were pulverized to 180 µm using a laboratory jaw crusher and
hammer mill. Trace-metal-grade sulfuric acid and American Chemical Society (ACS)-grade
ammonium sulfate salt for acid and salt leaching tests were purchased from Fisher Scientific,
Waltham, MA, USA.

Since the samples originated from the coarse waste streams of coal preparation plants,
high ash 2.20 SG sink fraction accounted for more than 70% of the total mass yield for both
sources. Significant differences in ash contents were found in the density fractions of the
two samples (Table 1). The variability in the sulfur concentration of the two feedstocks
suggests a difference in depositional environments when the two coals were formed. The
2.20 SG sink fraction of the baker seam source had more than 10% total sulfur primarily
due to the visible presents of pyrite (specific gravity = 4.95), which reports primarily to the
heavier density fractions in the density fractionation test.

Table 1. Proximate analysis of the density fractions of the Baker seam and Fire Clay coarse
refuse samples.

Sample SG % Moisture % Ash % Carbon Content % Sulfur

Baker Seam

1.60 SG float 2.0 19.7 78.3 6.8
1.60 × 1.80 SG 1.9 29.9 68.2 7.7
1.80 × 2.20 SG 1.7 67.1 31.2 6.3
2.20 SG sink 1.8 81.8 16.4 10.2
Composite 1.8 74.6 23.6 8.9

Fire Clay Seam

1.60 SG float 1.8 50.3 47.9 0.5
1.60 × 1.80 SG 1.5 82.9 15.6 0.2
1.80 × 2.20 SG 1.3 90.1 8.6 0.1
2.20 SG sink 1.2 91.9 7.0 0.2
Composite 1.2 90.9 7.9 0.2

2.2. Methods
2.2.1. Sample Characterization

A summary of sample characterization methods used in the study is provided in
Table 2. Proximate analyses (ASTM D3172) were performed on representative samples of
each density fraction and their corresponding oxidation products using a thermogravimet-
ric analyzer (TGA-701) manufactured by LECO Corporation. Total sulfur content (ASTM
D4239) was quantified using a LECO SC-430 sulfur analyzer. The total sulfur concentration
included various forms of sulfur present in coal such as pyritic, organic, sulfate as well
as elemental. X-ray diffraction (XRD) analysis was performed on the density-fractionated
samples to characterize the mineralogy as a function of specific gravity using an AXS D8
DISCOVER Diffractometer. XRD provided mineralogical information that included compo-
nents that represented greater than 1–2% volume of the total sample. As such, elemental
information regarding major and minor elements was obtained using an AXS S4 Pioneer
XRF (X-ray fluorescence) analyzer. The REE concentrations in each fraction of the refuse
samples were measured by ashing the samples and digesting them in concentrated acid for
an ICP-OES analysis following the modified ASTM D6357-11 method [30]. The SEM-EDX
study of the plasma-treated density fractions of both the coal sources was conducted to
evaluate the modifications of sample properties by oxidation pretreatment using an FEI
Quanta 250 scanning electron microscope. The findings of the SEM image analysis were
corroborated with the BET surface area and pore volume analysis.



Minerals 2023, 13, 614 4 of 16

Table 2. Summary of the analytical techniques used in this investigation.

Analytical Facility Facility Model and Origin Purpose

BET Surface Area Analyzer 3-Flex, Micrometrics, Norcross,
GA, USA surface area and pore volume analysis

ICP-OES Arcos ICP OES, Spectro,
Wessling, Germany determining elemental content

Low-Temperature Plasma PE 100-RIE, Plasma Etch Inc., Carson
City, NV, USA low-temperature plasma oxidation

Muffle Furnace Thermolyne F6020C-80 Thermo
Scientific, Boston, MA, USA high-temperature calcination

Scanning Electron Microscope FEI Quanta 250, Thermo Scientific,
Quanta, Boston, MA, USA

phase transformation and
decomposition process

Sulfur Analyzer SC-430, LECO Corporation, St. Joseph,
MN, USA sulfur content

Thermogravimetric Analyzer TGA-701, LECO Corporation, St.
Joseph, MN, USA

composition of coal,
proximate analysis

X-ray Fluorescence AXS S4 Pioneer wXRF, Bruker,
Madison, WI, USA chemical composition

X-ray powder diffraction AXS D8 DISCOVER Diffractometer,
Bruker, Madison, WI, USA

phase transformation and
decomposition process

2.2.2. Low-Temperature Plasma Tests

The benchtop LTP system used for the study was model number PE-100 RIE man-
ufactured by Plasma Etch Inc., Carson City, NV, USA. The instrument incorporates a
30 cm H × 30 cm W × 30 cm D aluminum vacuum chamber resistant to plasma etching.
The chamber houses a 23 cm W × 23 cm D reactive-ion etching (RIE) electrode that creates
a potential difference which ionizes the gases inside the chamber to create plasma. Uniform
plasma is generated through a 0–600 W 13.56 MHz direct contact radio frequency (RF)
power supply with a variable power setting. The vacuum controller manipulates the
vacuum conditions inside the aluminum chamber by a 2-stage direct drive oil pump with
an oil mist filter. The oxygen gas flow controller and water-cooling temperature controller
provide adjustments and control to the gas flow rate and the temperature of the base
electrode plate, respectively. The operating system is Plasma Etch, Inc. software, which
provides automatic system control, operation, and process sequence storage. The experi-
mental program utilized a two-factorial parametric experimental test program to identify
the significant operational factors (temperature, RF power, oxygen flow rate, treatment
time) that were specific to the plasma treatment process.

2.2.3. High-Temperature Calcination Tests

Calcination tests in the temperature range of 200–1000 ◦C at intervals of 200 ◦C were
conducted to provide a comparison between low and high-temperature oxidation methods
and to assess the effect of calcination temperature on the REE leachability. These tests were
carried out in a laboratory-scale Thermolyne F6020C-80 muffle furnace manufactured by
Thermo Scientific, USA. Batch samples from each SG fraction of the Baker seam and Fire
Clay seam sources were used as feed for the tests. Representative samples were evenly
spread in a crucible and calcined for 2 h at various temperatures. After completion of the
test, the furnace gradually cooled to room temperature and the samples were collected
for leaching.

2.2.4. Leaching Tests

REEs associated with the different density fractions of a given coal source may have
distinct leachabilities due to the variation in rare earth mineralogy and degree of crys-
tallinity resulting from different geochemical and physical activities. The operational
parameters for leaching such as solids content, temperature, time and acid concentrations
were selected based on the previous studies to provide a direct comparison [16]. Leaching
tests were performed on the feed and LTP-treated density fractions of the Baker seam and
Fire Clay samples to assess the effect of different lixiviants (deionized water, 0.1 mol/L of
ammonium sulfate solution, and 1.2 mol/L of sulfuric acid) at 75 ◦C for 5 h and a solid
concentration of 1% w/v in three-neck round bottom flasks while keeping the stirring speed
constant. Weights of the samples were recorded, and leachate filtered using a 0.45 µm
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PVDF membrane filter after centrifuging for 10 min at 4000 rpm. The leaching tests were
stopped at 300 min and the residual slurry was filtered using a 5 µm pore size filter paper.
The filtrates were cooled to room temperature and their volumes were recorded. The
filter cakes were dried in an oven at 60 ◦C for 12 h and the solid residual dry weights
were recorded.

2.2.5. ICP Analysis

Leachate and solid samples from the test program were analyzed using inductively
coupled plasma–optical emission spectrometry (ICP-OES). Solid (feed and leachate residue)
samples were digested using a modified ASTM D6357-11 method and subsequently a 10 mL
sample was collected for ICP analysis. Before each run, the unit was calibrated using blank
(0 ppm), 0.5 ppm, 1 ppm, 5 ppm and a 10-ppm standard solution and the accuracy of the
instrument was tested using quality control synthetic solutions prior to sample analysis. If
the sample concentrations were outside calibration range, 10× and 100× samples dilutions
were prepared using 5% nitric acid.

REE recovery was calculated using the following expression, which is based on an
elemental balance:

REE = 100 × (Cl × Vl)/(Csr × msr + Cl × Vl) (1)

where Cl and Csr represent REE concentrations (ppm) in the solid residual and leachate
solution, respectively; msr (kg) is the weight of the leaching solid residue and Vl (liter) is
the volume of the final leachate. It must be noted that all REE contents in solids are based
on a dry whole sample basis.

3. Results and Discussions
3.1. Mineralogy and REE Analysis

X-ray diffraction (XRD) identified kaolinite (Al2(Si2O5) (OH)4), quartz (SiO2), and
pyrite (FeS2) as the three dominant minerals in the Baker seam material, whereas kaolinite,
quartz, and illite/muscovite (KAl2(Si3AlO10) (OH)2) were the dominant minerals in the
Fire Clay samples (Figure 1). The XRD plot of the Fire Clay sample did not have a pyrite
peak, which was distinctly present in the Baker seam samples. This finding correlates with
the low total sulfur content (<1%) for the Fire Clay material.
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—Illite).

The results from the REE analyses for the two feed sources revealed that both samples
contained higher concentrations of LREEs than HREEs (Figure 2). The REE distribution
by SG for the two samples showed the potential of enrichment by a simple ashing process.
Heavier density fractions in the Baker seam source were found to have higher REE content
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than the low ash material on a whole mass basis. Ashing the lighter density fraction
samples (1.60 SG float and 1.60 × 1.80 SG) at 750 ◦C for 3 h enriched the REEs in the
residual ash by about 200%. The lightest density fraction (1.60 SG float) of the Fire Clay
source material had a total REE concentration of more than 400 ppm on a whole mass
basis while the ash material generated from the same density fraction contained 817 ppm
of total REEs. The ash contents of the Fire Clay material (except for 1.60 SG float) were
significantly higher than the Baker seam fractions (Table 1), which explains the relatively
lower improvement in the REE content through ashing (Figure 2a,b). The relatively high
REE contents in the Fire Clay SG fractions correlate well with the findings of numerous
studies that identified the middling fractions of the Fire Clay seam to be rich in REEs [31].
The REEs in the middling of Fire Clay coal have been reported to be associated with the
mineral matter and exist as finely dispersed monazite, xenotime, zircon and crandallite
group minerals with a lower degree of crystallinity [10,11,31,32]. This would necessitate
the use of roasting and possibly the assistance of chemical additives to extract the REEs
associated with coal deposits [22].
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Figure 2. REE distribution based on specific gravity for (a) Baker seam and (b) Fire Clay
refuse samples.

3.2. Low-Temperature Plasma Treatment

A laboratory low-temperature oxygen plasma unit with the ability to control test
conditions was used to optimize the operating parameters of the plasma treatment process
(i.e., power, temperature, treatment time, etc.) to improve the REE leaching characteristics of
the REEs associated with the organic matrix and the mineral matter. For the parametric tests,
the samples were uniformly spread on a 15 cm-diameter watch glass and subjected to the
ionized oxygen plasma. It was observed that the top layer of the sample was preferentially
oxidized, while the under layers remained unchanged, which may have been due to limited
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exposure to the plasma. Miller et al. reported that the gas phase in the LTP equipment is
stagnant and thus samples need to be withdrawn from the chamber periodically and stirred
to expose fresh surfaces [33,34]. Similarly, Gleit and Holland reported that the oxidation
rate is a function of the exposed surface and decreases as the surface becomes covered
with a mineral residue [35]. When the under layers of the sample were exposed to the LTP
treatment by periodic mixing, oxidization was more efficient, thereby improving organic
matter removal. Based on the findings of the parametric test, treatment time was found to
be the most significant parameter for improvement in the leachability of REEs in both low
and high ash density fractions. Therefore, a systematic test program was designed to keep
RF Power at 450 Watts, the oxygen flow rate at 40 ccs/min and temperature at 80 ◦C, and
treatment from 4 to 32 h. The wide range of treatment time provided vital information on
the minimum time required to cause a significant change in REE leachability.

Proximate analysis (moisture, carbon and ash contents) was performed on the time-
based LTP-treated products of all the density fractions of Baker seam and Fire Clay
(Figure 3). As shown in Figure 3a, the carbon contents of the lower density fractions
(1.60 SG float and 1.60 × 1.80 SG) were decreased by plasma treatment, which corre-
sponded to an elevation in the ash contents. Similarly, a significant increase in the ash
content was seen for the 1.60 SG float fraction of the Fire Clay source (Figure 3b). However,
for the high-density fractions (1.80 × 2.20 SG. and 2.20 SG. sink), the carbon and ash
contents changed by a very small amount even after 32 h of LTP treatment. The degree of
plasma treatment seems to be directly related to the amount of carbon matter present in the
sample. XRD analysis of the LTP-treated Baker seam and Fire Clay samples (Figure 4) did
not show a change in mineral composition as compared to the feed material (Figure 1). The
peak intensities of individual minerals were increased due to the partial removal of carbon
matter from lower density fractions. This finding confirmed that the treatment preserved
the crystal structure of the associated mineral matter existing in each density fraction of
both coal seam sources.

The four density fractions of the Baker seam and Fire Clay refuse samples were treated
by LTP for different time durations, and leaching tests were performed on the products
using deionized water, 0.1 mol/L of ammonium sulfate solution, and 1.2 mol/L of sulfuric
acid. Water leaching is normally utilized for solid samples with high solubility. The LTP
technique aims to utilize oxygen plasma to oxidize the carbon and access any water-soluble
REEs. For leaching tests with DI water, no pH modifiers were used. The total REE recovery
from all the density fractions of the Baker seam material with deionized water was found
to be less than 10%, despite 32 h of LTP treatment. However, the HREE recoveries for
the 1.60 SG float and 1.60 × 1.80 SG fractions increased by 15% and 9%, respectively. The
nominal increase in the leachability of HREEs using water only after plasma oxidization
suggested that the HREEs associated with the clean coal matrix were converted to a water-
soluble form. The natural pH range of the leach solution in the presence of Baker seam
material was 3.5–4.0. The natural acidity of the feed material by pyrite dissolution also
assisted in the benefits of REE leachability and preventing precipitation which naturally
occurs in a sulfate solution between the pH values of 5 and 6. Alternatively, for all the
density fractions of the Fire Clay seam, the total REE recovery by water leaching was found
to be less than 1% and no significant effect of plasma treatment using neutral water as
the lixiviant was observed. Thus, it was concluded that the poor leaching characteristics
corresponded to the absence of water-soluble REE minerals in the LTP-treated products of
the Fire Clay source, which likely indicated the absence of REEs with organic affinity.
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—Illite).

Salt leaching tests with 0.1 mol/L of ammonium sulfate were also performed on the
LTP-treated density fractions. No pH adjustments were made, and the pH of the solution
drifted naturally. Solution pH values of 3.5 and 6.0 were recorded for the Baker seam and
Fire Clay materials, respectively, after completion of the salt leaching tests. The pH for the
Baker seam was acidic due to the significant presence of pyrites in the feed. As shown in
Figure 5, the REE recovery from the 1.60 SG float and 1.60 × 1.80 SG density fractions of
the Baker seam increased by extending the treatment period from 4 to 32 h (Figure 5a,b).
For example, the total REE recovery of the 1.60 SG float fraction approximately increased
by 11% points when the samples were treated for 32 h (Figure 5a). An interesting discovery
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was that plasma treatment significantly impacted the recovery values of the HREEs relative
to the LREEs. This finding suggests that HREEs have a higher affinity to the organic matter
in coal relative to LREEs. However, it is difficult to prove whether the HREEs occurred
as elemental forms or were finely dispersed in ash material. The results indicated that
significant HREE recovery was achieved even when the carbon was only partially removed
by plasma treatment. Therefore, salt leaching can be used to selectively extract critical
HREEs from LTP-treated low ash coals under mild leaching conditions.
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Figure 5. REE recovery from the LTP-treated Baker seam (a) 1.60 SG float, (b) 1.60 × 1.80 SG,
(c) 1.80 × 2.20 SG, and (d) 2.20 SG sink samples using 0.1 mol/L of ammonium sulfate at 75 ◦C for
5 h.

In contrast, the effect of LTP on the heavier density fraction of the Baker seam material
was not as pronounced as that for the lower density fractions and salt leaching was found
to be less efficient (Figure 5c,d). Salt leaching tests were also performed on the LTP-treated
Fire Clay density fractions. The effect of LTP treatment on both the light and heavy density
fractions of the Fire Clay plasma-treated material was insignificant as no improvement in
REE recovery values was seen despite 32 h of treatment. These findings could be indicative
of a different mode of occurrence and association of REEs in Fire Clay as compared to the
Baker seam. Furthermore, the trace amounts of alkaline minerals present in the Fire Clay
material have a neutralizing potential, which could cause precipitation of the dissolved
REEs and result in lower REE recoveries.

When 1.2 mol/L of sulfuric acid was used, the total REE recovery of the Baker seam
1.60 SG float fraction increased from 16% to 30% after 32 h of LTP treatment (Figure 6a).
The ash contents of the plasma-treated products also increased from about 21% to 35%,
indicating enhanced oxidization of the organic matter. Similar improvements in REE leach-
ability were also observed for the 1.60 × 1.80 SG fraction, which contained a medium
level of ash-bearing material (Figure 6b). This may be a result of REEs released from the
carbonaceous components being removed during plasma treatment and the creation of
access to REE-enriched, dispersed mineral matter such as clays that are dissolved by the
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strong acid solution. The recoveries of both LREEs and HREEs were not affected despite
prolonged LTP treatment for the 1.80 × 2.20 SG, and 2.20 SG sink fractions (Figure 6c,d). As
such, the organic matter content played a critical role in the increase in REE recovery from
coal by LTP oxidation. With an increase in treatment time, the HREE recovery was preferen-
tially increased relative to LREEs for the samples with less than 1.80 SG (Figure 6a,b). This
indicated that low-temperature treatment is more beneficial to HREEs, thus suggesting
an association of HREEs with clean coal fraction of the seam. This association could be
the result of the chelation of positively charged HREE ions onto the negatively charged
surfaces of micro-dispersed clays, dating back to the origin of coal and movement of the
organic humic acids [36].
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Figure 6. REE recovery from the LTP-treated Baker (a) 1.60 SG float, (b) 1.60 × 1.80 SG,
(c) 1.80 × 2.20 SG, and (d) 2.20 SG sink samples using 1.2 mol/L of sulfuric acid at 75 ◦C for 5 h.

Acid leaching tests with 1.2 mol/L of sulfuric acid at 75 ◦C were also conducted on the
LTP-treated density fractions of the Fire Clay seam. As previously reported in Figure 3b,
the ash contents of the plasma-treated products of Fire Clay were marginally increased,
indicating limited oxidization of the organic matter. For the 2.20 SG sink fraction, the
recovery of both LREEs and HREEs was not affected even after a prolonged treatment time
(Figure 7d). For the 1.60 SG float fraction, which contained a relatively higher amount of
clean coal, total REE recovery increased by 11% points after low-temperature treatment for
32 h (Figure 7a). However, due to the marginal effect, it can be deduced that more than
32 h of treatment for the low-density fraction is required to obtain a significant impact on
REE recovery values. Additionally, the effect on the 1.60 × 1.80 SG and the 1.80 × 2.20 SG
density fractions was minimal (Figure 7b,c). Overall, no selectivity was observed for HREEs
in the LTP-treated Fire Clay material as it was observed for the Baker material. Findings
from the Baker seam indicated that low-temperature treatment is more beneficial to HREEs
as they have a higher affinity to the organic matter in coal relative to LREEs. However,
such a relationship of HREEs with clean coal was not observed for the Fire Clay source.
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Figure 7. REE recovery from the LTP-treated Fire Clay (a) 1.60 SG float, (b) 1.60 × 1.80 SG,
(c) 1.80 × 2.20 SG, and (d) 2.20 SG sink samples using 1.2 mol/L of sulfuric acid at 75 ◦C for 5 h.

The surface area and pore volume analysis of the feed, plasma-treated ash, and
calcinated products of the 1.60 SG float and 2.20 SG sink fractions of the Baker refuse
sample are provided in Table 3. The LTP ashing showed a 600% increase in the surface area
of the 1.60 SG float density fraction after most of the organic material was removed. The
total area and volume of the pores in the plasma-treated ash also increased significantly.
This allowed for the lixiviants to penetrate deeper into the solid matrix and dissolve the
REEs that would otherwise have remained inaccessible. The 2.20 SG sink fraction, however,
showed an insignificant change in the surface area and pore volume. This density fraction
was made up primarily of ash which remained unaffected by LTP treatment.

Table 3. Results of the pore volume and surface area analysis for the feed and plasma-treated ash of
1.60 SG float and 2.20 SG sink material of Baker refuse treated for 32 h.

1.60 SG Float

Feed Plasma Ash % Change

BET Surface Area (m2/g) 1.2864 9.7513 658
Total Volume in Pores (cm3/g) 0.0031 0.0509 1542

Area in Pores (m2/g) 0.3110 3.4140 998
Total Area in Pores (m2/g) 0.6280 6.6270 955

2.20 SG Sink

Feed Plasma Ash % Change

BET Surface Area (m2/g) 7.8935 6.8527 −13
Total Volume in Pores (cm3/g) 0.0085 0.0092 8

Area in Pores (m2/g) 4.0900 2.5710 −37
Total Area in Pores (m2/g) 5.0120 3.5810 −29
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An SEM-EDX study of the plasma-treated density fractions of the coal sources was
conducted to evaluate the modifications of surface properties by LTP treatment. Any
changes in the texture and particle size could be used to assess the effect of LTP pretreatment
for the liberation of REEs that are bound in microscopic size ranges in the coal matrix. As
shown in Figure 8, particles with high porosity were observed in the plasma-treated 1.60 SG
float density fraction of the Baker seam material. Such particles with improved surface area
and porosity were absent in the untreated fraction [30]. The surface texture of particles, as
seen in Figure 8, shows the effect of plasma treatment on the feed material that increases the
surface area and pore volume and allows for an enhanced REE recovery. The particles had
a honeycomb structure and evident signs of increased porosity at microscopic levels. When
the carbon was partially removed, the pore structure of the coal samples expanded which
increased the porosity and the lixiviants could dissolve the REEs locked inside the particle.
This increase in porosity, surface area, and pore volume was also corroborated by BET and
pore volume analysis, as reported in Table 3. LTP primarily oxidizes the organic material
contained in the samples. There is a strong positive correlation between organic content in
the feed and the weight loss by oxidation in LTP treatment. Therefore, improvements in
porosity and surface area were not observed for the 2.20 SG sink material.
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3.3. High-Temperature Calcination Tests

High-temperature calcination for the Baker seam material was found to have a signifi-
cant impact on the REE leaching characteristics (Figure 9). Exceptionally high total REE
recoveries were found for samples calcinated at 600 ◦C and 800 ◦C. The improvement in
leaching for the calcined samples peaked at 600 ◦C but dropped substantially for higher
temperature values for material lighter than 1.80 SG (Figure 9a,b). This increased recovery
can be attributed to the dehydroxylation of clays as well as the liberation and conversion
of hard-to-leach rare earth minerals to more soluble oxide forms after calcination, which
increases their leachability. For samples heavier than 1.80 SG, comparable leaching perfor-
mance was achieved at 600 ◦C and 800 ◦C. (Figure 9c,d). The low leaching recoveries at
1000 ◦C were likely due to the sintering of the clays (e.g., kaolinite and illite) and formation
of a glassy matrix due to the high temperature, which isolated the entrapped REEs, thus
making them difficult to leach.



Minerals 2023, 13, 614 13 of 16

Minerals 2023, 13, x FOR PEER REVIEW 13 of 16 
 

 
can be attributed to the dehydroxylation of clays as well as the liberation and conversion 

of hard-to-leach rare earth minerals to more soluble oxide forms after calcination, which 

increases their leachability. For samples heavier than 1.80 SG, comparable leaching per-

formance was achieved at 600 °C and 800 °C. (Figure 9c,d). The low leaching recoveries at 

1000 °C were likely due to the sintering of the clays (e.g., kaolinite and illite) and formation 

of a glassy matrix due to the high temperature, which isolated the entrapped REEs, thus 

making them difficult to leach. 

  

  

 

Figure 9. REE recovery from the calcination of the Baker seam (a) 1.60 SG float, (b) 1.60 × 1.80 SG, 

(c) 1.80 × 2.20 SG, and (d) 2.20 SG sink samples using 1.2 mol/L of sulfuric acid at 75 °C for 5 h. 

The HREE recovery trend for the 1.6 SG float density fraction revealed that HREEs 

are liberated by the effect of high-temperature calcination. About 55% of the total HREEs 

dissolve into the leachate solution. However, the data suggests that HREEs in the heavier 

density fractions have a very different mode of occurrence where high-temperature calci-

nation provided no significant effect on their recovery. This finding implies that a signifi-

cant portion of the HREEs exists in an insoluble form, bound with the inert ash material, 

which is very hard to leach. In order to realize high HREE recoveries, thermal treatment 

in the presence of chemicals is essential [22]. LREEs show consistency in the mode of oc-

currence across all density fractions and show very high recovery with values as high as 

85%. High HREE recoveries found in the lower density fractions correspond to their asso-

ciation with the clean coal and middling fractions of the Baker seam material. Similar find-

ings have been previously reported for the LTP studies (Figure 6a,b). Total REE recoveries 

greater than 75% were observed after pretreatment using a temperature of 600 °C. It was 

also observed that even partial carbon removal at 400 °C released the HREEs bound with 

the organic matter and resulted in higher REE recoveries. 

Calcination also had a significant impact on the REE leaching characteristics for the 

density fractions of the Fire Clay material (Figure 10). Calcination of the Fire Clay 2.20 SG 

sink sample, which comprises primarily of the ash material, increased the recovery values 

for total REEs by more than 20 absolute points at 600 °C. The positive association of REE 

13
21

57

81 
76

15

26 27

56 55 55

24

0

25

50

75

100

0

25

50

75

100

Feed 200 °C 400 °C 600 °C 800 °C 1000 °C

A
sh

 (
%

)

R
ec

o
v

er
y
 (

%
)

(a)

13 16

56

87

71

14

32 30

51
46

39

23

0

25

50

75

100

0

25

50

75

100

Feed 200 °C 400 °C 600 °C 800 °C 1000 °C

A
sh

 (
%

)

R
ec

o
v

er
y
 (

%
)

(b)

11 7

38

91 92

26

44

33 35 34 34

17

0

25

50

75

100

0

25

50

75

100

Feed 200 °C 400 °C 600 °C 800 °C 1000 °C

A
sh

 (
%

)

R
ec

o
v

er
y
 (

%
)

(c)

14 12

38

89 91

36

45
40 43 45 46

30

0

25

50

75

100

0

25

50

75

100

Feed 200 °C 400 °C 600 °C 800 °C 1000 °C

A
sh

 (
%

)

R
ec

o
v

er
y
 (

%
)

(d)

Figure 9. REE recovery from the calcination of the Baker seam (a) 1.60 SG float, (b) 1.60 × 1.80 SG,
(c) 1.80 × 2.20 SG, and (d) 2.20 SG sink samples using 1.2 mol/L of sulfuric acid at 75 ◦C for 5 h.

The HREE recovery trend for the 1.6 SG float density fraction revealed that HREEs
are liberated by the effect of high-temperature calcination. About 55% of the total HREEs
dissolve into the leachate solution. However, the data suggests that HREEs in the heavier
density fractions have a very different mode of occurrence where high-temperature calcina-
tion provided no significant effect on their recovery. This finding implies that a significant
portion of the HREEs exists in an insoluble form, bound with the inert ash material, which
is very hard to leach. In order to realize high HREE recoveries, thermal treatment in the
presence of chemicals is essential [22]. LREEs show consistency in the mode of occurrence
across all density fractions and show very high recovery with values as high as 85%. High
HREE recoveries found in the lower density fractions correspond to their association with
the clean coal and middling fractions of the Baker seam material. Similar findings have
been previously reported for the LTP studies (Figure 6a,b). Total REE recoveries greater
than 75% were observed after pretreatment using a temperature of 600 ◦C. It was also
observed that even partial carbon removal at 400 ◦C released the HREEs bound with the
organic matter and resulted in higher REE recoveries.

Calcination also had a significant impact on the REE leaching characteristics for the
density fractions of the Fire Clay material (Figure 10). Calcination of the Fire Clay 2.20 SG
sink sample, which comprises primarily of the ash material, increased the recovery values
for total REEs by more than 20 absolute points at 600 ◦C. The positive association of REE
recovery and temperature maximizes the recovery at 600 ◦C and flips to an inverse rela-
tionship post-600 ◦C. Based on the results, it can be concluded that the Fire Clay density
fractions have higher amounts of insoluble REEs trapped in the solid matrix [32]. The recov-
ery of REEs increases with temperature but the effect of calcination is more pronounced for
the lower density fractions with specific gravities less than 1.80. Additionally, the majority
of HREEs in the Fire Clay material is hard to leach with lower recoveries despite calcination.
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Figure 10. REE recovery from the calcination of Fire Clay (a) 1.60 SG float, (b) 1.60 × 1.80 SG,
(c) 1.80 × 2.20 SG, and (d) 2.20 SG sink samples using 1.2 mol/L of sulfuric acid at 75 ◦C for 5 h.

4. Conclusions

The discussed work evaluated the effect of plasma oxidation and high-temperature
roasting on the various density fractions of representative coarse coal refuse samples
obtained from active coal preparation plants treating Baker and Fire Clay seam coal sources.
Low-temperature plasma (LTP) oxidation treatment provided a significant positive impact
on the leachability of REEs associated with the Baker coal material using water and benign
ammonium sulfate solution. The recovery improvements correlated to an ash content
increase from LTP oxidation, which implied an elemental association with the organic
matter and/or micro-dispersed mineral matter. This is supported by the higher REE
recovery values achieved on materials that realized the greatest ash content difference from
the LTP treatment. Scanning electron microscope micrographs and BET analyses showed
that the plasma oxidation treatment created a porous structure that had a higher pore
volume. The creation of a high surface area allowed for improved access for the lixiviants
to react and extract the REEs bound in the organic structure and the micro-dispersed
mineral matter. As such, LTP oxidation had no impact on REE recovery from the 2.20 SG
sink fraction. LTP treatment was found to not affect the leachability of REEs contained
in all of the density fractions of a Fire Clay refuse sample when using untreated water
and 0.1 mol/L of ammonium sulfate as lixiviants. This finding provides indirect evidence
that there is little-to-no organic affinity of the REEs in the Fire Clay coal source. The
improvement obtained when using a sulfuric acid solution was likely due to improved
access to REE-enriched mineral matter and rare earth mineral grains that can be dissolved
under low pH conditions.

High-temperature oxidation of the feed to the leaching process was found to signifi-
cantly enhance the leachability characteristics of both the light and heavy REEs comprised
in the SG fractions of the Baker and Fire Clay refuse materials when performed under opti-
mum temperatures. The enhancement in recovery was especially significant for the LREEs
contained in all density fractions, whereas improvement in HREE extraction was primarily
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achieved for the 1.60 SG float fraction. The mechanisms that provided an improvement
in leachability caused by high-temperature oxidation include: (i) the release of the REEs
(especially HREEs) from the organic matrix through the combustion of the organic material;
(ii) liberation of finely dispersed mineral matter through clay dihydroxylation, which allows
for access to the acid leach solution; (iii) decomposition of the rare earth-bearing minerals.
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