760

Indones. J. Chem., 2025, 25 (3), 760 - 769

Enhancing the Energy Content of Melawan Coal through H25S04 and NaOH

Demineralization

Aliyu Buba Ngulde"*, Wan Azlina Wan Ab Karim Ghani*”, Nazmi Mat Nawi'*,

Umer Rashid*>%’, and Kiman Silas?

Institute of Plantation Studies, Universiti Putra Malaysia (UPM), Serdang, Selangor 43400, Malaysia

“Department of Chemical Engineering, Faculty of Engineering, University of Maiduguri, PMB 1069, Maiduguri,

Borno State, Nigeria

*Sustainable Process Engineering Research Center (SPERC), Department of Chemical and Environmental Engineering,

Faculty of Engineering, Universiti Putra Malaysia, Serdang, Selangor 43400, Malaysia

‘Department of Biological and Agricultural Engineering, Universiti Putra Malaysia, Serdang, Selangor 43400, Malaysia

*Institute of Nanoscience and Nanotechnology (ION2), Universiti Putra Malaysia, Universiti Putra Malaysia, Serdang,

Selangor 43400, Malaysia

SCenter of Excellence in Catalysis for Bioenergy and Renewable Chemicals (CBRC), Faculty of Science,
Chulalongkorn University, Pathumwan, Bangkok 10330, Thailand

"Department of Chemical Technology, Faculty of Science, Chulalongkorn University, Pathumwan, Bangkok 10330, Thailand

* Corresponding author:

email: abngulde@unimaid.edu.ng’;
wanazlina@upm.edu.my”

Received: September 18, 2024
Accepted: April 12, 2025

DOI: 10.22146/ijc.100059

Abstract: The objective of this study was to compare the calorific values, proximate
analysis, ultimate analysis, SEM-EDX, XRF, FTIR spectroscopy, and TGA of the control
feedstock and coal samples treated with different acid-alkali formulations. We also
evaluated the effectiveness of the acid and alkali treatments, individually and in
combination, on the structural and chemical properties of Melawan coal. The TGA results
indicated that all treated coal samples showed reduced weight loss compared to raw coal,
indicating the removal of minerals and volatile components owing to the treatment
processes. Based on the DTG curve, the combination treatment (acid followed by base)
somewhat stabilizes the coal, leading to a broader and less intense peak. EDS analysis
revealed that both H,SO, and NaOH treatments, individually and in combination,
significantly altered the elemental composition of the coal. According to FTIR analysis,
the presence of carbonyl groups can affect the performance of coal in processes such as
gasification, pyrolysis, or combustion, making it a key functional group of interest for
evaluating post-treatment coal properties. The removal of mineral impurities can lead to
a higher calorific value, making coal more suitable for energy generation applications.

Keywords: coal composition; demineralization; Melawan coal; coal power plant; coal
properties

m INTRODUCTION

There has been a significant increase in the world's

approximately 38% of our electricity supply, and its use
is expected to remain stable in the short term while

energy demand due to population growth and economic
development [1]. Power and heat generation are two
routes utilizing various energy sources [2]. The world’s
power generation is primarily driven by coal, producing

developing countries are at the center of the rise in coal
demand [3]. However, coal is at the center stage of the
energy value chain as a sedimentary rock composed of
non-combustible minerals from ash, fluids, and organic
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carbonaceous matter (macerals) with vast applications in
electricity generation and the kiln of cement plants for
heat generation [4]. As a combustible fossil fuel, coal
contains carbon, oxygen, hydrogen, sulfur, nitrogen, and
trace amounts of various other elements [5]. It also has a
complex structure with a high carbon content and
calorific value, making it suitable for use as a main energy
and chemical resource [2]. However, stabilizing and
ensuring the energy sector's safety is of great significance
[6]. Coal ash combustion’s primary generates solid waste
products so solid waste management is a substantial
challenge for power plants and local authorities [7].

The coal demineralization is a process aimed at
reducing its inorganic mineral content, which has various
implications for its properties and applications. Studies
have shown that demineralization can lead to changes in
the pore distribution and surface area of coal, affecting its
porosity and reactivity [8]. This process is particularly
relevant for coals with low to moderate ash content, where
demineralization is proposed to enhance its performance
in applications such as solid oxide fuel cells [9]. By
removing most of the inorganic species from coal,
demineralization allows for a more focused study of the
organic components and their behavior, such as in low-
[10].
demineralization procedures have been developed to alter

temperature  oxidation  studies Chemical

the structure and reactivity of coal, significantly
[11].
Demineralized coal has been observed to produce

influencing its combustion characteristics
different gas products than untreated coal, with variations
in the formation of HCN and NHj [12]. Additionally,
demineralization can affect the permeability of coal by
reducing mineral occlusions in cleats, which are known to
hinder permeability [13].

Various methods, including inorganic and organic
acids, alkalis, and oxidants, have been employed for the
demineralization and desulfurization of coal to reduce the
ash and sulfur contents [14]. The beneficiation potential
of demineralization has been explored for low-grade
coals, showing promising results in reducing the ash
content to meet the requirements for coal-generated
electricity [15]. Furthermore, demineralization has been
linked to modifications in the coal structure, affecting its

physical and chemical properties [16]. Literature reviews
have reported that the coal demineralization positively
impacts the use of chemicals. In contrast, the
demineralization of coal plays a crucial role in altering
its composition and properties, with implications for its
reactivity, combustion behavior, and industrial
applications.

This study aims to investigate the effects of acid-
alkali sequential demineralization on the energy content
and ash reduction of Melawan coal. This study
systematically analyzes calorific value changes, proximate
and ultimate composition, morphological structure, and
elemental composition to evaluate the effectiveness of
various acid-alkali formulations in removing deleterious
minerals. The findings introduce a novel synergistic
treatment strategy that optimized coal energy content
and carbon composition while significantly reducing
mineral impurities. These findings optimize coal
beneficiation techniques for improved fuel quality and

reduced environmental impact.

m EXPERIMENTAL SECTION
Materials

The coal samples were collected from Melawan in
Indonesia. The coals were then crushed in a ball mill and
sieved to -16+100 British standard sieve (BSS) mesh-size
particles for conducting the experiments. Before the
actual start of the experiment, the coal sample was
characterized by using standard proximate (ASTM
D3172-13) and ultimate (ASTM D3176-15) analysis
methods while the calorific value of feedstocks was
detected using the oxygen bomb calorimeter (IKA C
2000). The chemical reagents used in the present work is
the commercially available sulfuric acid (H.SOs 98%
concentration by wt.%) and sodium hydroxide (NaOH)
pellets. A ceramic hotplate magnetic stirrer, a 1L
reaction flask with distilled water, and an oven were also
utilized in this experiment.

Instrumentation

in the

experimental process, they include a ball mill, sieve

Several instruments have been used

shaker, 1 L reaction flask, ceramic hot plate, magnetic
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stirrer, and oven. To carry out an investigation on the
feedstock
microscope (SEM) was utilized, a bomb calorimeter was

morphology of the scanning electron
also used to evaluate the energy content of the fuel,
energy-dispersive X-ray fluorescence spectroscopy (EDS-
XRF) machine was utilized as well as The Fourier

transform Infrared spectroscopy (FTIR).
Procedure

Demineralization

The demineralization process was conducted in a
1 L reaction flask placed on a ceramic hotplate magnetic
stirrer. Initially, 50 g of coal was added to a reaction flask
containing 20% H,SO, solution and stirred continuously
at 600-900 rpm for 2 h at temperatures ranging from 65-
100 °C. After filtration, the slurry was dried in an oven at
105 °C for 24 h, and the resulting H,SO;-treated coal was
stored in closed containers. In the subsequent
experiments, 50 g of coal was treated with NaOH
solutions of varying concentrations (50, 100, and 150 g/L
NaOH), following the same procedure. In the last phase
of this experiment, each NaOH-treated coals sample
underwent an additional washing step with 20% H,SO4 to
further enhance demineralization. This implies that 20%
H,SO4 Coal, 50 g/ NaOH Coal, 100 g/L NaOH Coal,
150 g/L NaOH Coal, 20% H,SO, 50 g/L NaOH Coal, 20%
H,SO4 100 g/L NaOH Coal, and 20% H,SO, 150 g/L
NaOH Coal. Fig. 1 depicts the experimental and

treatment sequence.

Proximate and ultimate analysis
The proximate analysis was investigated based on
ASTM Standard D3173, the ultimate analysis, and was

PINOUPp WK
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Raw Coal

Ball mill

Sieve Shaker

1L Reaction Flask
Ceramic Hot Plate
Magnetic stirrer
Oven
Demineralized coal

deduced based on ASTM standard D3176-15 (LECO
CHN analyzer), while the coal calorific value was
determined using a bomb calorimeter (IKA C2000) in
accordance with the previous study [3].

Characterization

Thermogravimetric analysis (TGA) of sawdust was
done using a thermogravimetric analyzer (Mettler
Toledo equipment) at a rate of 10 °C/min up to 1000 °C
under constant N, flow rates of 50 mL/min. SEM
analysis was conducted using JEOLJSM IT 300 LV
(Germany) to characterize the coal samples
morphology. The elemental analysis is carried out using
an EDS-XRF analytical system (Model-XR300.50KV).
FTIR analysis was carried out using Perkin Elmer RX to

record the spectra in the range of 3800-400 cm™'.
m RESULTS AND DISCUSSION

Proximate and Ultimate Analysis

The proximate and ultimate analysis data, along
with the calorific values (CV) of the raw Melawan coal
and its demineralized forms, are summarized in Table 1.
The mineralization process involved initial treatment
with 50 wt.% H,SO., followed by NaOH treatments at
concentrations of 50, 100, and 150 g/L. A subsequent
leaching step with 20 wt.% of H,SO4 was applied in each
experimental run, yielding 20% H,SO. 50 g/L. NaOH
Coal, 20% H,SO, 100 g/L NaOH Coal, and 20% H,SO,
150 g/L NaOH Coal. The CVs of all eight feedstocks
were measured using an oxygen bomb calorimeter.
Notably, treatment with 50 wt.% of H,SO, alone
increased the CV from 21.85 M]/kg in the raw coal (RC)

o
J

Fig 1. Experimental setup of Melawan coal demineralization using NaOH and H,SO4
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Table 1. Proximate, ultimate analysis, and calorific values of raw and demineralized coal
Sample Ccv C H N S (@) H/C O/C MC VM FC AC
Raw Coal (Melawan SB) 21.85 5438 512 136 0.22 3892 0.09 0.72 13.71 5205 3340 0.85
H,SO, Coal 23.08 58.64 558 1.77 060 33.41 0.10 0.57 11.64 44.84 3220 11.32
50 g/L NaOH Coal 15.61 50.20 5.05 1.30 0.18 4327 0.10 0.86 1391 4498 3190 9.21
100 g/L NaOH Coal 18.10 50.92 5.09 131 0.20 4248 0.10 0.83 13.83 4495 3192 9.30
150 g/L NaOH 19.47 5105 558 158 0.13 4166 0.11 0.82 13.27 4490 26.66 15.19
20% H,SO, 50g/L NaOH Coal 19.40 51.01 557 1,56 0.13 41.73 0.11 0.81 1330 4491 3195 9.84
20% H,SO, 100g/L NaOH Coal 2140 5420 520 1.59 0.20 38.81 0.10 0.72 1195 4430 32.00 11.75
20% H,SO, 150g/L NaOH Coal 22.36 59.02 5.63 170 0.82 32.83 0.10 057 11.42 43.12 32.08 13.38
to 23.08 MJ/kg. Additionally, elemental carbon content Raw Coal
rose from 54.38 to 58.64 wt.%, indicating a more stable 100 ~

solid fuel compared to the control sample. A reduction in
oxygen content was also observed, consistent with
reported finding [17].

During alkali treatment with NaOH at varying
concentrations, a significant drop in the energy content
was observed, reaching 15.61 MJ/kg in 50 g/L. NaOH-
treated coal. However, energy content steadily increased
with higher alkali concentrations, reaching 19.47 MJ/kg
in 150 g/L NaOH-treated Coal, though still below the
control feedstock. An increase in the carbon content with
increasing alkali concentrations was observed, as the
oxygen content also moved towards the control with
increased alkali concentrations [4]. Subsequent leaching
with 20% H,SO, significantly improved the energy
compared to alkali treatment alone. The calorific value
increased from 15.61 MJ/kg observed in 50 g/L NaOH-
treated Coal to 19.40 MJ/kg in 20% H,SO, 50 g/L NaOH-
treated coal. Similar trends were noted with increasing
alkali concentrations, culminating in a heating value of
22.36 MJ/kg in 20% H,SO, 150 g/L NaOH-treated Coal.
Additionally, elemental carbon content increased with
acid leaching at each alkali concentration, accompanied
by a corresponding decrease in oxygen content [5].

TGA Analysis

Fig. 2 presents TGA curves, which show the influence
of temperature on the weight percentages of various coal
samples. The samples included RC, coal treated with
H,SO,, coal treated with 20% H,SO, followed by 150 g/L
NaOH, and coal treated with 150 g/L NaOH. The TGA
curve of RC showed a gradual decrease in decrease in

== H,S0, Coal
e 20% H,SO, 150 g/L NaOH Coal
=== 150 g/L NaOH Coal

40 -

T T

500 750
Temperature (°C)

Fig 2. Influence of temperature change on percent

T
250

weight

weight as the temperature increased. The initial weight
loss (up to approximately 100 °C) can be attributed to
moisture loss. The subsequent weight loss from 200 to
600 °C is likely due to the decomposition of volatile
organic compounds and the combustion of fixed carbon.
Above 600 °C, the weight loss continued but at a slower
rate, indicating the combustion of more resistant carbon
structures and the remaining inorganic components.
For coal treated with H,SO,, the overall weight loss
appeared slightly lower than that of RC. The initial
moisture loss region was similar to that of the RC. The red
curve indicates that sulfuric acid treatment removed some
mineral content, which resulted in a slightly different
thermal degradation pattern. The weight loss between 200
and 600 °C was more gradual than that of RC, suggesting
the removal of some volatile components or a change in
the structure of the coal due to acid treatment. Coal
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treated with 20% H,SO, followed by 150 g/L NaOH
showed a further reduction in weight loss compared with
both RC and coal treated only with H,SOs. The initial
region, up to 100 °C, still exhibited moisture loss. The blue
curve suggests that this combination of treatments
removed additional mineral content and possibly more
volatile compounds. The thermal stability of this sample
was higher, as indicated by the lower weight loss between
200 and 600 °C. Finally, for coal treated with 150 g/L
NaOH, the TGA curve shows the most significant reduction
in weight, particularly in the initial stages. The initial
weight loss up to 100 °C due to moisture was pronounced.
The subsequent weight loss pattern was distinctly
different, indicating a significant removal of the mineral
content and changes in the organic structure of the coal.
The green curve suggests that NaOH treatment led to the
most significant structural and compositional changes,
resulting in different thermal degradation behavior.

Fig. 3 shows differential thermogravimetric (DTG)
curves of the same coal samples. The DTG curves
represent the rate of weight loss (dm/dt) as a function of
the temperature, detailing the decomposition of each
sample. The DTG curve for RC showed a prominent peak
of approximately 450 °C, indicating the maximum rate of
weight loss owing to the combustion of volatile organic
compounds and fixed carbon. A smaller peak or shoulder
was observed at approximately 100-150 °C, corresponding
to moisture loss. The broad peak indicates a complex
mixture of components with varying thermal stability.
The red curve for coal treated with H,SO4 has a noticeable
peak shift toward lower temperatures compared to RC,
with a maximum rate of weight loss occurring around
400-450 °C. This shift suggests that sulfuric acid
treatment makes coal more thermally reactive, possibly
due to the removal of certain minerals and the breakdown
of some organic structures [6].

For the coal treated with 20% H,SO, followed by
150 g/L NaOH, the treatment appeared to slightly stabilize
the coal compared to sulfuric acid treatment alone,
indicated by a less pronounced peak at the maximum
weight loss rate. The blue curve shows a peak similar to
that of coal treated with sulfuric acid alone but with a
slightly higher maximum temperature of approximately

Indones. J. Chem., 2025, 25 (3), 760 - 769
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Fig 3. DTG curve of the coal sample
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450 °C. In Fig. 3, the green curve shows a broader and
more complex profile with multiple peaks. The primary
peak around 450°C was less sharp and lower in
magnitude than those of the other treatments, indicating
a slower rate of weight loss. There is an additional
smaller peak at approximately 300 °C, possibly due to
the breakdown of specific components altered by NaOH
treatment. The overall DTG curve suggests that NaOH
treatment  significantly = modifies the thermal
degradation behavior of coal, making it more stable over

a broader temperature range [18].
SEM Monograph

The surfaces of the RC particles appeared rough
and uneven, indicating a complex and heterogeneous
structure (Fig. 4). In addition, the image shows a range
of particle sizes and shapes, with some particles appearing
more angular and others rounded [19-20]. The rough
surface suggests the presence of both macropores and
micropores, which are typical in coal structures because
of the heterogeneous composition of organic and
inorganic materials. Bright spots on the surface could
indicate the presence of mineral inclusions such as
silicates, carbonates, or sulfides, which are commonly
found in coal. The dark areas are likely organic-carbon-
rich regions that form the bulk of the coal structure. The
RC SEM image showed several pores and cavities, which
are essential for understanding the adsorption properties
of coal and its reactivity, particularly during combustion
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and gasification. There are visible fractures and cracks on
the surface, which might be due to mechanical stress
during sample preparation or inherent structural
weaknesses in the coal, which can influence the
mechanical strength of the coal and its behavior under
thermal or pressure conditions.

The SEM images reveal several pores and cavities
within the different types of coal samples. It also shows
variations in surface texture among the different samples.

The roughness and unevenness of the surface differed

Fig 4. SEM micrograph of raw and demineralized coal

based on the treatment applied, indicating varying
degrees of mineral removal and structural changes.
Differences in the particle size and shape were observed
across the samples. Some samples exhibited more
angular particles, whereas others showed rounded or
irregular shapes, suggesting alterations in the coal
structure due to the treatment conditions. Variances in
the pore structure were observed, with some samples
displaying a higher density of pores or larger pore sizes
than others. The treatment processes likely influenced
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the formation and distribution of pores in the coal
samples. All the samples exhibited a heterogeneous
composition, with a mix of organic and inorganic
visible in the SEM
heterogeneity is a typical characteristic of coal and is

components images. This

maintained under various treatment conditions.
Elemental and Mineral Composition

The energy dispersive X-ray spectroscopy (EDS)
analysis results (Table 2) show the elemental composition
(in weight percentage) of RC and coal treated with various
concentrations of NaOH and H,SO.. Table 2 shows that
the RC is naturally high in carbon and oxygen, which are
typical characteristics of coal. Upon treatment with
H,SO,, there was a slight reduction in the carbon content
and an increase in the oxygen content, suggesting
oxidation or introduction of oxygen-containing
functional groups. NaOH treatment resulted in variable
changes: the carbon content decreased at lower NaOH
concentrations but recovered at higher concentrations,
while the oxygen content showed the opposite trend. The
combined NaOH and H,SO, treatment yielded a higher
carbon content compared to the single treatments,
indicating effective impurity removal and stabilization of
organic structures [21].

Additionally, RC contains impurities, such as
aluminum, silicon, sulfur, calcium, and iron. However,
H,SO, treatment generally reduces the aluminum and
iron content while slightly increasing the silicon content,
suggesting the selective removal of certain elements.

NaOH treatment eliminates aluminum, introduces
significant sodium, and variably affects the presence of
other elements, such as calcium and iron. The presence
of sodium is due to the NaOH treatment. The combined
NaOH and H,SO, treatment, as shown in Table 2,
resulted in a higher sulfur content compared to the other
treatments, possibly due to residual H.SO; or the
formation of sulfate compounds [22].

Generally, H,SO, treatment increases oxygen
content and reduces the number of metallic impurities.
As shown in Table 2, NaOH treatment introduces
sodium and significantly alters the carbon and oxygen
content while variably impacting other elements. The
combination of NaOH followed by H,SO, treatment was
most effective in increasing the carbon content and
reducing impurities, leading to a more refined coal
structure [23]. This combination treatment stabilized
the carbon content and removed most impurities,
resulting in a unique elemental profile with an increased
sulfur content. These chemical modifications are crucial
for enhancing the performance of coal for various
industrial applications. Furthermore, the composition of
the mineral matter as a fraction of the oxide was
analyzed using an XRF spectrometer (PANalytical Axios
FAST XRF spectrometer, Japan). The results of this
analysis are summarized in Table 3. The Fe,O;, Na,O,
and SO; contents of the treated coal increased during the
caustic treatment, but they were better dissolved in the
acid-treated coal [24]. On the other hand, the SiO, and
ALOs contents increased in the combined treated coal,

Table 2. EDS analysis result

Element (wt.%) Raw coal H,SO,

NaOH concentration (g/L) NaOH concentration (g/L) followed by 20% H,SO,

50 100 150 50 100 150
C 67.87 67.15  58.74 64.00 66.05 69.02 65.43 68.90
(0] 30.38 3145 3343 30.60 28.53 29.68 32.76 30.80
Al 0.54 0.28 - - - - - -
Si 0.18 0.58 0.40 0.12 0.39 - - 0.12
S 0.37 0.33 0.22 0.13 0.20 1.22 1.08 0.18
Ca 0.28 - 1.93 0.38 0.65 0.08 0.73 -
Fe 0.38 0.13 0.50 0.23 0.34 - - -
Ti - 0.08 - - - - - -
Na - - 4.69 4.54 3.66 - - -
Mg - - 0.09 - 0.20 - - -
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Table 3. XRF detected ash composition of various coal samples

Ash composition (%)

Coal type -
Fe,0; CaO SO; Si0, KO MnO CuO ErO; Cr0s
Raw Coal 44.09 2191 1648 1598 0.69 0.85 - - -
H,SO, Coal 3424 257 3724 2282 144 - - 1.23 0.46
150 g/L NaOH Coal 41.66 27.01 9.79 1938 099 0.60 0.59 - -
150 g/L NaOH with 20% H,SO4s Coal 15.09 10.54 57.64 16.74 - - - - -

while they reduced to above 50% alone with caustic
treatment by dissolution and formation of sodium silicate
(Na,SiOs) and sodium aluminate (NaAlQ,) in the leaching
process. Most of the quartz (SiO,) and alumina (ALO;)
dissolved during caustic treatment. During the ash
analysis, red-colored ash was found in the caustic-treated
coal, which may be due to the presence of Fe,Os (hematite),
Na,O and other minerals, whereas white-colored ash was
found due to the presence of a large amount of SiO, and
Al O; in the combined treated coal [25].

FTIR Spectrophotometry

In Fig. 5, which represents the RC FTIR, the
functional groups indicated typically include various
organic functional groups present in coal [26]. These may
include, but are not limited to, aliphatic C—H, aromatic
C=C, C=0, O-H, and C-O stretching. The FTIR
spectrum helps identify the chemical bonds and
functional groups present in the coal sample [20]. In Fig.
5, 50 wt.% H,SO, Coal, 150 g/L NaOH Coal, and 50 wt.%
H,SO4 150 g/L NaOH Coal FTIR spectrum exhibit peaks
corresponding to specific functional groups in the coal
sample. The values of these peaks can vary depending on
the specific coal composition and treatment. Common
peaks and their corresponding functional groups in the
coal FTIR spectra include aliphatic C-H typically
observed around 2800-3000 cm™', aromatic C=C peaks
around 1500-1600 cm™, C=0 peaks around 1700-
1750 cm™, O-H peaks can be seen around 3200-
3600 cm™, and C—O peaks around 1000-1300 cm™ [27].

The functional group that is particularly important
in the FTIR analysis of coal samples is the C=0 groups.
This functional group is significant for several reasons
related to the demineralization and treatment of coal
using acids and alkalis. Carbonyl groups can influence the
reactivity of coal during combustion. Changes in the C=0

150 g/L NaOH C

|

SREN

H,S0, 150 g/L
NaOH C

20% H,SO, C

32 3 0

Raw C

3404 | 2026 1620 1033

3000 2000
Wavenumber (cm™)

Fig 5. Raw and demineralized Melawan coal FTIR

4000 1000

stretching peak intensity or position in the FTIR
spectrum indicate alterations in the chemical structure
of the coal, which may impact its combustion
characteristics [28]. The presence or absence of carbonyl
groups reflects the effectiveness of demineralization
treatments (H,SO, and NaOH) on coal. Changes in the
C=0 stretching peak intensity or shape after treatment
clearly explain the chemical modifications induced by
acid and alkali processes [8]. The specific peak values
corresponding to carbonyl groups vary depending on
the coal composition and treatment processes. In Fig. 5,
the peak value corresponding to the C=O group is
observed around 1700-1750 cm™.

m CONCLUSION

This study investigated the effects of acid-alkali
(H,SO4, NaOH) sequential demineralization on the
energy and ash content of Melawan coal, demonstrating
its effectiveness in improving coal quality. The results
confirmed that this treatment significantly enhanced the
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calorific value while reducing deleterious mineral
impurities, as evidenced by proximate and ultimate
analysis, SEM-EDX, and XRF characterization. The
synergistic effect of the acid-alkali process optimized the
carbon composition while mitigating the adverse impact
of alkali treatment alone. This novel approach offers a
promising strategy for coal beneficiation, providing a more
efficient method for enhancing coal’s energy yield and
reducing its environmental impact. Future studies could
further optimize the demineralization process by exploring
different reagent combinations and treatment conditions
to maximize efficiency and industrial applicability.
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