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Abstract: Coal desulfurization is important for improving air quality and addressing environmental
issues. A preliminary study found that treating coal with a potassium carbonate-ethylene glycol
mixture under optimized sonication parameters (molar ratio 1:16, 60 min at 40°C) reduced organic
sulfur in coal by 65.68%. Therefore, this study aims to determine the physicochemical properties of
the treated coal. The ultimate analysis shows a decrease in carbon (57.43%), hydrogen (4.67%),
nitrogen (0.74%) and total sulfur (1.28%). The reduction in organic sulfur content is in accordance
with the results from Fourier Transform Infrared Spectroscopy (FTIR) and X-ray Photoelectron
Spectroscopy (XPS) analyses. The results showed changes in wavenumbers and surface area with
increased oxygen (35.89%) content after pretreatment due to the formation of oxidation products,
such as sulfoxides and sulfones. Furthermore, the proximate analysis showed a lower volatile matter
(VM) (40.12%) and ash (A) (5.73%) content in the treated coal. In contrast, the fixed carbon (FC)
(54.15%) value increased, which indicated the efficient combustion of coal with lower emissions. The
increase in FC content resulted in a high fuel ratio (1.35), which enhanced fuel performance. However,
the calorific value (CV) (20.90 M]/kg) decreased due to the lower sulfur content. Based on the
thermogravimetric (TG) analysis, a slower rate of weight loss was observed across various
temperatures, indicating enhanced thermal stability and increased energy content. In conclusion, coal
pretreated with DES-16 represented a significant improvement in coal strength. This method can
impact coal utilization while aligning positively with sustainability goals.

Keywords: Coal desulfurization; Deep eutectic solvent; Potassium carbonate-ethylene glycol; Sulfur
transformation; Thermal stability

1. Introduction

Sulfur in coal is categorized into inorganic and organic, with the inorganic form found in pyrite
(Ps) and sulfate (Ss) (Kuang et al., 2022). Meanwhile, the organic (Os) form consists of thiophene,
mercaptan, sulfoether, sulfone, and sulfoxide (Xu et al., 2020). Zhao et al. (2021) stated that sulfur
content in coal was considerable high when it contains more than 3% of total sulfur (Ts). The major
challenge in coal desulfurization is the extraction of organic sulfur (Liu et al., 2020). The strong
chemical bonds between coal matrix and organic sulfur compounds, particularly benzothiophene,
led to difficulties during the extraction process (Tang et al. 2020). The sulfur in coal release sulfur
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dioxide (SO») into the atmosphere during combustion (Ahmad et al., 2020). The reaction of SO, with
water and oxygen leads to the formation of acid rain (Liu et al., 2020), which has damaging effects
on the environment (Kartohardjono et al., 2024; Cai et al., 2021). Previous studies reported that a
high concentration of aromatic content reduced fuel quality, therefore, it was essential to separate
aromatic chemicals from aliphatic hydrocarbons (Tang et al. 2020).

The traditional hydrodesulfurization (HDS) method is effectively used to extract sulfur from
aliphatic hydrocarbons. However, it was difficult to remove heterocyclic sulfurs such as thiophene,
benzothiophene, and the derivatives due to steric hindrance. HDS process requires the use of
hydrogen gas under high temperatures and pressures (Haruna et al., 2022), contributing to increase
costs and the potential for oil losses. Various alternatives methods had been explored, including
extraction, oxidation, adsorption, and bio-desulfurization. The combination of extraction and
oxidative desulfurization (EODS) is reportedly the most cost-effective alternative to the
conventional method (Jha et al., 2023). Additionally, EODS operates under mild conditions, using
environmentally friendly extractants and catalysts to eliminate aromatic sulfur compounds (Guan
et al.,, 2023). A major drawback of using this method is the dependence on hazardous organic
solvents. Significant concerns had led to increased demand for alternative methods relying on the
use of environmentally friendly solvents such as deep eutectic solvents (DESs) (Lima et al., 2021;
Mulia et al., 2018). DESs can be used for extraction rather than volatile and flammable organic
solvents to enhance the process (Makos and Boczkaj, 2019).

DESs consist of hydrogen bond donors (HBD) and hydrogen bond acceptors (HBA) that interact
through hydrogen bonding, resulting in the production of a eutectic mixture. Furthermore, this
unique mixture has a lower melting point, remaining liquid at room temperature (Jablonsky and
Sima, 2022). DESs are cost-effective, biodegradable, and non-toxic (Jha et al., 2023), also
characterized by low flammability and volatility, including excellent thermal stability (Kumorow
etal., 2024; Lima et al., 2021) making it a preferable option. Another significant feature is the ability
to absorb gases such as SO, CO,, and NOy from the atmosphere, even at low concentrations (Chen
and Mu, 2021). Moreover, DESs with strong H-bonding capabilities easily interact with sulfur
compounds, making the transfer from the oil to DESs phase more accessible (Ravi et al., 2024).
Factors, including molar ratio, HBA or HBD type, and extraction temperature tend to affect DESs
performance in sulfur removal (Wazeer et al., 2020). DESs containing choline chloride (ChCl)-
glycerol, imidazole-glycerol, and ChCl-ethylene glycol (EG) had shown significant potential in
efficiently absorbing SO, (Yang et al., 2018). Tahir et al. (2021) also reported that alcohol-based HBD
are more effective than the acid-based. Additionally, ChCI-EG (glycol-based DES) exhibited
superior desulfurization efficiency of 56% compared to the 32% realized by ChCl-orcinol (glycol-
based DES). Rogosic and Kucan (2019) reported that increasing EG percentage enhanced thermal
conductivity and temperature diffusivity but reduced heat capacity. Additionally, the research
reported that the highest molar ratio of DESs to model fuel led to the most effective extraction.

Although Deep Eutectic Solvents (DESs) had shown remarkable effectiveness in various
industrial applications, their potential in coal desulfurization remains underexplored. The
heterogeneous coal composition and the embedded nature of organic sulfur made desulfurization
less efficient and more challenging compared to liquid fuels. Most existing literature predominantly
addressed fuel desulfurization, leaving a gap in knowledge regarding coal pretreatment. This gap
presented an opportunity for further exploration in this critical area. Previous studies (Ismail et al.,
2023) reported that coal treated with PC-EG mixture at optimized parameter (denoted as DES-16)
achieved the best sulfur removal efficiency of approximately 65.77%. The PC-EG mixture
represented a novel solvent with significant potential for effectively desulfurizing coal.
Furthermore, the results showed that the combination of HBA and HBD targeted organic sulfur
exceptionally, particularly when used at the optimal molar ratio and lower temperature range of
1:16 and 30 to 40°C, respectively.

Ultrasonic-assisted extraction (UAE) is another effective method frequently adopted in coal
desulfurization (Shen et al., 2023). The method generated acoustic cavitation in slurries when
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ultrasonic waves induced alternating cycles of high and low pressure, resulting in the formation of
bubbles. The bubbles continued to grow until it could not absorb additional energy, leading to the
collapse and generation of shockwaves. The resulting shockwave caused cracks on coal surface,
aiding in the removal of the released chemicals (Carreira-Casais et al., 2021).

This study explored the physicochemical properties of treated coal, focusing on ultimate and
proximate analyses, calorific value (CV), thermal stability, changes in functional groups, and sulfur
transformations, while expanding on previous reviews. Furthermore, understanding the
physicochemical properties of coal after desulfurization played an essential role in assessing the
quality, efficiency, and environmental impact. The reaction mechanism for dibenzothiophene (DBT)
compounds was also proposed based on sulfur transformation data obtained from FTIR and XPS
analyses. Additional study on the reaction mechanism enabled adequate understanding of the
fundamental interactions between PC-EG mixture and coal. This knowledge also optimized the
efficiency of organic sulfur removal by targeting specific sulfur species.

2. Methods

2.1. Preparation of coal sample and PC-EG mixture
The high-sulfur coal sample from Jambi Province, Indonesia, was supplied by SGS (Malaysia)
Sdn. Bhd. Potassium carbonate anhydrous (Hmbg) and 98% ethylene glycol (Supelco) were
obtained from R&M Chemicals and Merck (M) Sdn. Bhd., respectively. These chemicals were used
without further purification. Coal preparation and PC-EG synthesis procedures were carried out
by adopting the methods detailed in previous publication (Ismail et al., 2023).

2.2 Extraction of coal with PC-EG mixture and Sulfur Assay Studies

The pretreatment was based on methods proposed by Ismail et al. (2023). A schematic
representation of desulfurization process conducted with potassium carbonate-ethylene glycol
mixture is shown in Figure 1.
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Figure 1 Schematic diagram on desulfurization process of coal using potassium carbonate-ethylene
glycol mixture

2.3. Ultimate, proximate and caloric value (CV) analysis
Thermo Scientific Flash 2000 Organic Elemental Analyzer was used to validate the total sulfur
values determined in accordance with ASTM standard guidelines D3174-11. The analysis was also
used to validate total sulfur (Ts) values outlined in ASTM D3177 (02). The proximate analysis of
treated and untreated coal was determined using Mettler Toledo Thermogravimetric (TG) Analysis
following the guidelines set by ASTM D2974. Additionally, CV analysis of treated and untreated
coal was carried out using an IKA bomb calorimeter model C200.

2.4. Fourier Transform Infrared (FTIR) Spectroscopy Analysis
FTIR analysis was conducted on both untreated and treated coal samples to detect changes in
absorption peaks related to functional groups. The samples were dried overnight in a vacuum oven
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at 60°C before the analysis to eliminate moisture. Then, the coal samples were pulverized with KBr
salt and compacted into small pellets at a mass ratio 1:800 of coal to KBr. A Perkin Elmer FTIR
Spectrometer with a scan ranging in 400 to 4000 cm! was used to analyze the solid pieces, scanned
64 times at a resolution of 4 cm-! (Ismail et al., 2023).

2.5. Thermogravimetric (1G) Analysis
Thermal analyses were carried out using NETZSCH TG 209F3 thermal analyzer (TGA209F3A-
0107-L). Each sample, weighing approximately 5 to 10 mg, was placed in an alumina pan under
nitrogen (N2) atmosphere with a flow rate of 50 ml/min. The temperature increased from 30 to
1000°C at a heating rate of 20°C/min (Tang et al., 2020). TG experiments were conducted twice to
guarantee the accuracy of the results, and the Differential Thermogravimetric (DTG) graph was
derived using the Origin Pro 2022 software.

2.6. X-ray Photoelectron Spectroscopy (XPS) Analysis
X-ray photoelectron spectroscopy (XPS) analysis of coal samples was conducted using Thermo
Fisher Scientific Model Nexsa G2. The peak binding energy (BE) for sulfur functional groups,
derived from XPS data, was calibrated in respect to literature sources (Yang et al., 2021; Xu et al.,
2020).

3. Results and Discussion

3.1. Physicochemical Properties of Untreated and Treated Coal under Optimized Condition

Table 1 shows a comparative analysis of the ultimate and proximate sulfur forms, including CV
of both untreated and treated coal samples. This study was conducted using samples under
optimized parameters, specifically a molar ratio, temperature and extraction time of 1:16, 40°C, and
60 min, respectively.

3.1.1. Ultimate Analysis

Untreated coal was enriched with 61.26% carbon (C), 5.03% hydrogen (H), 1.38% nitrogen (N),
3.94% total sulfur (S), and 28.09% oxygen (O). Based on the carbon concentration, coal was classified
as lignite (Cheepurupalli and Anuradha, 2019). The value of oxygen also showed that the coal was
lignite (Solomon et al., 2016). The total sulfur content exceeded 3% and was considered as high
sulfur coal (Zhao et al.,, 2021), due to 0.89% sulfate, 1.39% pyritic, and 1.69% organic. This
characterization made the sample particularly relevant to the objectives of the study. Nitrogen
content which is less than 2% does not correlate with coal rank. In addition, low nitrogen
composition played a beneficial role as it reduced coal oxidation (Adekunle et al., 2015).

The total sulfur content for treated coal, determined by ASTM standard, was 1.17%. However,
the elemental analyzer showed a slightly higher reading of 1.28%. This discrepancy of
approximately +0.11% was in acceptable limits, depicting consistency in the testing procedures. The
composition of C, H, N, and S for treated coal reduced to 57.43%, 4.67%, 0.74%, and 1.28%,
respectively, while O content increased to 35.89%. The reductions observed in C, H, N, and S
compositions was attributed to certain processes such as volatilization, oxidation, or various
chemical reactions that occurred during the pretreatment of coal with PC-EG mixture.
Simultaneously, the increase in oxygen content was associated to the oxidation of specific coal
components and the formation of oxygen-containing functional groups during the pretreatment
with DES-16. Furthermore, the pyritic (Ps) and sulfate sulfur (Ss) values were reduced to 0.47% and
0.12%, respectively.

The atomic-to-carbon ratio after coal pretreatment was in line with the information above. O/C
ratio increased to 0.469, while H/C and S/C ratios of treated coal were reduced to 0.574 and 0.008,
respectively. Lower H/C and O/C ratios are more advantageous for solid fuel usage as they
minimize energy loss during combustion (Yang et al., 2024). After analyzing S/C ratio of untreated
and treated coal, sulfur removal reached 66.67%, falling in the expected range of the validated
analysis.
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Following the discussion, the desulfurization process significantly reduced sulfur content using
a PC-EG mixture, depicting successful progress towards the targeted objectives of coal
desulfurization. However, more detailed analytical results would be presented in the following
sections.

3.1.2. Proximate Analysis

Volatile matter (VM) represents the components of coal, excluding moisture and ash, that are
released when coal is heated in an oxygen-free environment (Morley et al., 2017). The VM of treated
coal was reduced to 40.12% compared to untreated coal at 47.84%. The result obtained represented
a 16.14% decrease in VM, depicting that DES-16 pretreatment effectively transformed coal aromatic
and long-chain hydrocarbons into short-chain. Higher VM content in coal was associated with
enhanced reactivity, facilitating easier ignition and increased combustion rates (Cheepurupalli and
Anuradha, 2019). However, other studies reported that coal with high volatility produces more
smoke, while lower volatile matter levels lead to better combustion efficiency and reduced
emissions (Sajid et al., 2022).

Fixed carbon (FC) referred to the amount of carbon that remained in coal after the removal of
moisture and VM (Dwivedi, 2022). A higher FC content depicted effective heat generation during
combustion, implying higher quality coal (Le et al., 2018). Additionally, coal with a higher FC
proportion burnt more gradually due to slower gas-solid combustion reactions than rapid gas-gas
combustion processes (Rasheed et al., 2015). For treated coal, the FC content increased to 54.15%,
equivalent to a 26.08% improvement compared to the untreated coal at 40.03%. This enhancement
made the treated coal a better solid fuel compared to untreated coal.

Ash (A) is the inorganic residue or mineral matter that remained after combustion (Dwivedi,
2022). Throughout the pretreatment process, the ash content of coal was reduced to 5.73%,
perceived as a significant decrease from the original ash content of 12.13% detected in untreated
coal. This significant reduction of 52.76% suggested the effective elimination or conversion of
volatile components such as CO,, SO,, and H>O from mineral compounds (Sajid et al., 2022). The
results showed that treated coal was the optimal choice for achieving a low ash-content fuel.
Meanwhile, the accumulation of ash in the boiler tubes affected heat transfer efficiency, leading to
a decline in the overall performance of the boiler (Samsudin et al., 2021).

The ratio of FC to VM is an essential parameter for evaluating solid fuel quality. The evaluation
required analyzing the ratio of FC and VM and then comparing it using Equation 1 (Aich et al.,
2020).

Fuel ratio = FC/VM 1)

For treated coal, the fuel ratio increased from 0.84 to 1.35. The measured value supporting the
expected results, as a significant increase was experienced in FC content. A marked reduction was
observed in VM as a result of desulfurization process. The low fuel ratio typically correlated with
an increase in flaming combustion, reducing char combustion, a more rapid burnout process.
However, increasing the fuel ratio promoted a stable and prolonged combustion process,
specifically in boiler applications (Adeleke et al., 2020).

In this context, the pretreatment of coal with DES-16 reduced VM and ash content while
increasing FC content. The reduction of VM content in coal directly decreased the total mass.
Additionally, it confirmed the reductions in C, H, N and S as depicted by the ultimate analysis. The
correlation was expected, as these elements are the key components of VM.

3.1.3. Calorific or Heating Value
The heat generated during coal combustion is known as CV. The prediction through
proximate analysis is easier and more cost-effective (Onifade et al., 2022). For treated coal, CV was
found to be 20.90 MJ/kg, approximately a 9.37% decrease compared to untreated coal's value of
23.06 MJ /kg. Solomon et al. (2016) reported that coal with higher carbon content typically exhibited
a greater CV. In the case of untreated coal, the increased carbon and sulfur concentrations
significantly enhanced CV compared to treated coal. Although sulfur improved heat generation
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during combustion, reducing the content is better as it minimized the production of sulfur dioxide
and trioxide acids. These could cause corrosion in combustion equipment, contributing to
environmental pollution (Solomon et al., 2016).

Hydrogen plays a crucial role in coal combustion and is primarily found in VM. The appropriate
proportion of hydrogen and a higher oxygen content significantly enhance the combustibility of
coal, making it an efficient fuel source (Solomon et al.,, 2016). Nitrogen does not contribute
calorically, and its presence in coal should be minimized to reduce oxidation and the release of
flammable gases (Adekunle et al., 2015). CV of coal was observed to be influenced by the presence
of C, H and S in the composition (Solomon et al., 2016). Therefore, a decrease in these compounds
after coal desulfurization led to a lower CV.

The proximate analysis of coal is crucial in determining CV. The moisture in coal reduces CV as
additional energy is required to evaporate the water during combustion (Akbar et al., 2020).
However, several studies (Sajid et al., 2022; Dwivedi, 2022; Akbar et al., 2020) reported that higher
levels of VM and FC correlated with an increase in CV, with low ash content contributing to the
correlation process (Akbar et al., 2020).

In this study, treated coal exhibited a decrease and an increase in ash content and FC levels,
respectively. The changes did not significantly impact the CV, depicting that organic component
plays a dominant role in energy content (Dwivedi, 2022). It was observed that the removal of
organic sulfur in coal led to a reduction of CV. Sulfur, predominantly found in organic forms,
significantly contributes to the overall energy content of coal. During desulfurization, sulfur
compounds are removed, reducing the overall energy density of the treated coal.

Table 1 Characterization of untreated and treated coal under optimized conditions

Ultimate analysis (wt. % db) Atomic-to-carbon ratio
C H N S o S/C o/C H/C
Untreated coal  61.26 5.03 1.38 3.94 28.39 0.024 0.348 0.985
Treated coal 57.43 4.67 0.74 1.28 35.89 0.008 0.469 0.974
Proximate analysis (wt. % db) Fuel ratio (FC/VM)
VM FC A
Untreated coal 47.84 40.03 12.13 0.84
Treated coal 40.12 54.15 5.73 1.35
Forms of sulfur by ASTM (wt. % db) .
T, S, P O Calorific Value (M]/kg)
Untreated coal o 0.89 1.36 1.69 23.06
Treated coal 1.17 0.12 0.47 0.58 20.9

db = dry basis weight unit, * = calculated by differences, ** use the S value from ultimate analysis

3.2. Thermal Stability

TG and DTG curves in Figures 2(a) and 2(b) show the mass loss of coal as a function of
temperature. These analyses were conducted during pyrolysis, providing valuable insights into
thermal decomposition and degradation processes (Wang et al., 2023). The pyrolysis of low-rank
coal was analyzed in three phases. As shown in Figure 2(a), the TG curve depicted weight loss
(wt.%) of coal samples as a function of increasing temperature in an inert nitrogen (N2) atmosphere.

In Phase I, both coal samples exhibited minimal weight loss in the temperature range of 30 to
120°C, mainly due to moisture evaporation. However, untreated coal showed a continuous
moisture loss extending to 200°C. This prolonged moisture decrease was associated with thermal
degradation of the unstable organic sulfur compounds, such as thiols, sulfides, and disulfides,
which tend to decompose at relatively low temperatures (Shen et al., 2021). The emission of SO, is
observed in low-temperature regions in 200 to 300°C and at higher temperatures between 400 to
600°C (Wang et al., 2023). Furthermore, mercaptans (thiols) start to emit SO, and various free
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radicals at approximately 130°C (Xi et al., 2023), consistent with results from several studies (IHassid
et al., 2022; Mittal et al., 2021;Tang et al., 2020; Dong et al., 2019).

Phase II represented the main devolatilization phase, occurring in a temperature range of 130 to
480°C or 200 to 600°C (Dwivedi et al., 2019). During this phase, coal samples are subjected to
significant decomposition, releasing VM, known as the zone for active pyrolysis (Hou et al., 2023;
Dwivedi et al., 2019). Untreated coal started to experience weight loss at a temperature of 300°C.
This transformation depicted a weight loss of volatile components, due to a high cracking process.
The slower mass reduction of untreated coal was caused by the larger quantity of minerals and
organically bound sulfur in the macromolecular structure. The gradual process led to challenges
associated with the release of carbon, hydrogen, and oxygen-containing compounds. Moreover, the
emission of gases such as carbon monoxide (CO), carbon dioxide (COz), and methane (CH,) (Tang
et al., 2020) alongside trace amounts of sulfur dioxide (SO.), carbonyl sulfide (COS), and carbon
disulfide (CS;) contributed to the observed decline on TG curve (Wang et al., 2023). Treated coal,
started to experience gradual weight loss at a lower temperature of 150°C, with TG curve showing
a secondary decline at 400°C.

In Phase III, secondary devolatilization occurred at temperatures ranging in 480 to 600°C. Both
treated and untreated coal samples experienced weight loss, with the decomposition rate of the
treated coal significantly slower compared to untreated. At approximately 480°C, higher
concentrations of organic sulfur significantly increased the production of gases such as hydrogen
sulfide (H2S) and carbonyl sulfide (COS) (Wang et al., 2023). The devolatilization process stopped
after reaching 600°C, supporting the results reported by Dwivedi et al. (2019). Furthermore, the
treated coal showed a greater mass percentage than untreated coal, depicting enhanced thermal
stability.

DTG curve in Figure 2(b) illustrates that the mass loss rate (wt.%/min) varies as a function of
temperature for both samples. The initial peak observed in the curve depicted moisture evaporation
occurred in both materials, supporting the phase in Figure 2(a). Meanwhile, in Phase II, both
samples exhibited a sloped peak preceding the peak temperature on the DTG curve. The peak
corresponding to the most active point of thermal decomposition, characterized by the highest rate
of mass loss. During this phase, the coal was subjected to interaction with desulfurization reagent,
resulting in the fragmentation of VM into smaller molecular weight compounds (Dwivedi et al.,
2020). The result showed that untreated and treated coals reached the peak temperature at 480°C
during combustion, and 430°C, respectively. The delay encountered in reaching peak temperature
depicted that untreated coal contained higher concentration of VM, including both short and long-
chain hydrocarbons. Therefore, more energy and a longer time were required to reduce these
volatile components (Sajid et al., 2022). For treated coal, a significant amount of VM was extracted
from the coal during desulfurization process. Therefore, the treated coal required less energy to
reach the thermal decomposition point due to the lower volatile content. The reduction in volatile
materials made the heating process more efficient, enabling the peak decomposition temperature
to be attained earlier at 430°C. These results were in line with the study conducted by Dwivedi et
al. (2020), which reported significant weight loss in low-rank coals in the temperature range of
450°C to 560°C. The results from the proximate analysis further supported this result, showing
significantly lower levels of VM in treated coal.

At 550°C, both coal types showed stable pyrolysis behaviour. Shen et al. (2021) reported that in
the temperature range of 550 to 850°C, a transformation occurred involving disulfide sulfur oxides
and aromatic sulfur compounds. Moreover, when temperatures exceeded 750°C, the decomposition
of organic sulfur was completed, reflected by the smooth curve observed in the reaction profile. At
temperatures exceeding 800°C, the coal was subjected to a carbonization process, resulting in the
conversion to coke. This transformation destroyed the coal structure, resulting in the significant
release of CO,. Further oxidation was stopped due to the inert atmosphere, leading to the preserved
portion of FC (Dong et al., 2019). However, on completion of the pyrolysis process at 900°C,
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untreated coal retained 48.92% of the original mass, with the treated coal exhibiting a greater
retention of 57.38%.

The results showed that the pretreatment with DES-16 significantly decreased the weight loss
rate of coal. This pretreatment process also reduced VM content, introducing structural changes
that enhanced coal resistance to thermal decomposition. Furthermore, the modifications increased
the energy content. The improved characteristics of the treated coal were perceived as a more
advantageous option for applications that required high thermal conditions.
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Figure 2 (a) TG and (b) DTG analysis of untreated and treated coal

3.3. Fourier Transform Infrared Spectroscopy (FTIR) Analysis

Figure 3 shows the FTIR spectroscopy of untreated and treated coals used to assess the functional
group presence, as well as analyze the chemical bonds before and after coal pretreatment. The broad
peak observed in the 3600-3200 cm™ range signified OH stretching vibration (Wang, et al., 2019),
suggesting the presence of moisture or hydroxyl groups in untreated and treated coal. For untreated
coal, the peak appeared at 3392 cm, but for treated coal, it shifted to 3417 cm-!, depicting a
reduction of the OH molecule following the pretreatment. This observation was in line with the
TGA results in Figure 2(a), demonstrating that minimal weight loss was detected between 30 to
120°C. This result was further supported by the decrease in peak intensity or transmittance,
depicting a reduction in moisture content after pretreatment.

The peaks observed in 2970 to 2845 cm™ depicted the stretching vibrations of aliphatic CH, and
-CH; (Nandiyanto et al., 2019). For untreated coal, the peaks appeared at 2935, 2926, and 2855 cm-!.
After pretreatment with DES-16 at optimum conditions, the two peaks of C-H vibration remained
at the original wavenumbers, except for the peak at 2935 cm-!, which shifted slightly to 2938 cm-1.
The reduction of these peaks in treated coal was attributed to the breaking of the saturated alkane
chain in the coal structure, leading to greater visibility and accessibility of C-H groups (Xu et al.,
2020). Additionally, the results were supported by a reduction in the carbon and hydrogen values
observed in the ultimate analysis, as shown in Table 1.

The peaks in 1680 to 1450 cm™ and 1400 cm™ were associated with C=C stretching vibrations
and thiophene rings (Tang et al., 2021), suggesting the presence of aromatic and heterocyclic
compounds. Untreated coal displayed peaks at 1659 cm™ and 1411 cm™, signifying the existence of
aromatic C=C stretching and thiophene rings, respectively. After pretreatment, the aromatic ring
peak shifted to 1623 cm™, while the thiophene peak splitted into two at 1380 cm™ and 1446 cm™.
The peaks shifted towards the higher wavenumber, suggesting a decrease in the mass of the
molecules. The observed phenomenon clearly showed an inverse correlation between the
vibrational frequency and the mass of vibrating molecule. Specifically, those with lower mass tend
to vibrate at higher frequencies, resulting in increased wavenumbers. The reduction of some
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aromatic and heterocyclic thiophene compounds were supported by the decrease in both the total
and organic sulfur in Table 1. However, the thiophene ring which splitted into two peaks mainly
due to the degradation of the original compound or the breakdown of coal macromolecules into
smaller particles after pretreatment.

The peaks recorded at 1122 cm and 1034 cm in coal sample were attributed to sulfoxide (5=O)
and sulfone (O=5=0) (Wang et al., 2019). For treated coal, the sulfoxide peak decreased and shifted
to 1167 cm!, while two new peaks for sulfone appeared at 1101 cm and 1036 cm!. The shift in
peaks represented a reduction in some sulfones and the potential formation of new peak due to
sulfoxide oxidation. The results explained the observed increase in oxygen levels identified in the
ultimate analysis. Meanwhile, the peaks between 705 to 507 cm corresponded to disulfide (S-S)
and sulfide (R-S-R) bonds (Xu et al., 2020). Untreated coal analysis showed the presence of disulfide
(S5-S) and sulfide (R-5-S) bonds, with prominent peaks recorded at 705 cm?, 620 cm, and 539 cm-1.
After pretreatment, only a slight peak at 536 cm! was observed, potentially representing sulfide (R-
S-S) bond. This showed the breakage of the more accessible disulfide (S-S) bond. Additionally, the
presence of sulfonates (R-SO5-) resulting from sulfide oxidation was represented by the smaller peak
at 670 cm1. The peak at 473 cm! in untreated coal depicted the presence of mercaptans or thiols (S-
H) (Xu et al., 2020). The peak shifted slightly to the right, showing an increase in the compound.

Following the discussion, the treated coal reduced peak intensities related to O-H, C-H, and C=0
functional groups. This suggested that the treatment extracted some of the groups, potentially
improving thermal stability and energy content of the coal. The variations in peak intensities
showed that chemical transformations occurred during the pretreatment process. The
transformations led to the modified molecular structure of the coal while still maintaining the
overall integrity of the macromolecular framework. Moreover, to comprehensively understand the
sulfur changes in the chemical composition and properties of coal after pretreatment with DES-16,
additional analytical methods such as Gas Chromatography-Mass Spectrometry (GCMS) would be
essential.
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Figure 3 FTIR results of raw and treated coal

3.4. X-ray Photoelectron Spectroscopy (XPS) Analysis

In Figures 4(a) and 4(b), the XPS fitting curve shows the binding energy of electrons in electron
volts (eV) versus the intensity of detected electrons in counts per second (cps). The data in Table 2
shows binding energy of sulfur and peak area in untreated and treated coal, supporting the figures.
This analysis examined the changes in sulfur elements during the pretreatment with PC-EG mixture
at coal surface by observing peak positions (Gao et al. 2022). The FTIR spectroscopy only detected
sulfur functional groups, but it does not show the actual transformation of sulfur before and after
desulfurization (Xu et al., 2020). Meanwhile, the sulfur discussed consisted of heterocyclic organic
compounds, as the study only focused on removing organic rather than inorganic sulfate. Figure
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4(a) shows that untreated coal contained various forms of organic sulfur, including thioether
(sulfide), thiophene, sulfoxide, sulfone, and sulfate, consistent with previous study (Yang et al. 2021;
Xu et al. 2020). Sulfone had the highest peak area, followed by thiophene, sulfate, sulfoxide, and
sulfoether.

Considering untreated coal, thioether (sulfide) showed two peaks at binding energies of 162.91
eV and 163.69 eV. After pretreatment, the first peak shifted to 163.00 eV, depicting a change in the
oxidation state of sulfur. As shown in Table 2, a 54.81% reduction in the peak area of the treated
coal suggested the conversion of some sulfoether to sulfone (167.01 eV). The extension of the
extraction time effectively eliminated or convert any remaining sulfur. Furthermore, a longer
extraction time should be considered to enhance sulfur removal. The second peak recorded at 163.69
eV was completely reduced and oxidized to sulfoxide (165.12 eV) and sulfone (168.40 eV). Higher
binding energies were observed when the oxidation state increased, leading to the formation of new
chemical bonds. In XPS, the lowest binding energy corresponded with the least oxidized form of
the component (Mogk, 2021).

For untreated coal, a single thiophene peak was observed at 164.01 eV, while in treated coal, two
peaks were detected at 164.12 eV and 165.15 eV. The original thiophene peak shifted to 164.12 eV,
experiencing a 90.71% reduction in surface area after pretreatment with DES-16, suggesting
effective thiophene removal. Furthermore, the thiophene was oxidized to sulfoxide (166.19 eV),
sulfate (169.70), and sulfone (167.61 eV). After pretreatment, the new thiophene peak at 165.15 eV
was oxidized to sulfone (168.65 eV) with a 26.72% reduction in surface area. The peak was formed
by decomposing large molecular structures containing dibenzo- or benzothiophene, sulfide,
sulfoxide, and sulfone components. The formation of sulfate was also obtained from the
decomposition of sulfides (Wang et al., 2022).

Untreated coal initially showed peaks for sulfoxide and sulfone at 165.06 eV and 168.78 eV,
respectively. However, after pretreatment, sulfoxide peak shifted to 167.01 eV, suggesting complete
oxidation to sulfone. In treated coal, sulfone peak completely disappeared, while three new peaks
of sulfone appeared at 167.65 eV, 168.40 eV, and 168.65 eV, suggesting the oxidation of thioether
and thiophene compounds. FTIR analyses of treated coal also showed peak changes at 1330-1125
cm? and 1060-1030 cm-! for sulfoxide and sulfone, respectively, which supported these results. After
the pretreatment, two peaks were detected for sulfone at 1101 cm? and 1036 cm. The results
showed that some sulfones were reduced, while others were generated from sulfoxide oxidation
and remained in the coal. The result was consistent with the study by Tang et al. (2018), which
investigated coal desulfurization using peroxyacetic acid through microwave irradiation and
ultrasonic methods. It was reported that the increase in sulfone content after pretreatment was due
to the oxidation of sulfoether, sulfoxide, and thiophene into sulfone.

The initial analysis of untreated coal showed a sulfate peak at 170.44 eV, depicting the presence
of inorganic sulfur compounds such as pyrite and barium sulfate. However, after pretreatment, the
peak decreased to 169.70 eV, with the area under the curve reduced by approximately 86%,
suggesting the removal of inorganic sulfur. The barium sulfate in untreated coal was eliminated
after pretreatment with DES-16. It was also believed that the remaining sulfates detected by ASTM
D2492-02 (2012) originated from the conversion of thiophenes, sulfones, or the reoxidation of
thioether (sulfides) (Sandfeld et al., 2020). For example, diphenyl sulfide tended to be decomposed
into smaller compounds. The results obtained by Samaila et al. (2020) indicated that sulfur was
converted into sulfate. Moreover, the study also reported that soluble sulfates was dissolved in
diluted hydrochloric acid for subsequent analysis. Some pyrite was found in coal after
pretreatment, due to the limited processing time in DES-16. Extending the processing time could be
a solution to achieving better results.

In summary, the treated coal exhibited a reduction in surface area and an increase in binding
energy, depicting that DES-16 effectively removed and oxidized certain sulfur compounds. This
process also eliminated the initial inorganic sulfur, including barium sulfate and certain pyrite.
However, residual sulfate detected through sulfur assay studies originated from thioether and
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thiophene residues. A deep understanding of desulfurization mechanisms enabled the
investigation of heterocyclic sulfur transformation before and after pretreatment.

Table 2 Peak binding energy (BE) and area of sulfur from the raw and treated coal

C 4 Peak Binding Energy (eV) Peak Area (cps/eV) % Reduction
ompounds Before After Before After of peak area
Thioether (sulfide) 162.91 163.00 369.04 166.76 54.81
(R-S-R)
163.69 Completely 188.51 Completely 100
removed removed
Thioghene 164.01 164.12 1794.52 1315.11 26.72
\ - 164.15 . 166.76 New peak
N p
Sulfoxide 165.06 165.12 916.66 704.90 23.10
(S=0) - 166.19 - 1379.97 New peak
168.78 167.01 3765.29 529.73 85.93
Sulfone - 167.61 - 499.59 New peak
(0=5=0) - 168.40 - 326.47 New peak
- 168.65 - 270.59 New peak
Sulfate 9 _
0'$-0° 17044 169.70 1820.78 254.86 86.00
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Figure 4 XPS fitting curve of sulfur forms on (a) untreated and (b) treated coal surface

3.5. Proposed Reaction Mechanism for Dibenzothiophene
The removal of DBT depended significantly on HBA and molar ratio of DESs (Lima et al., 2021).
Zeng et al. (2024) reported that the coordination configuration with EG-K+ was only one.
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Simultaneously, numerous hydrogen bonds were observed in PC-EG mixtures, suggesting the
formation of the H-bonds between the hydroxyl groups (OH) of EG and the carbonate anion
(CO3%"). When the number of EG molecules bound to the K* ion increased, it produced a more
crowded environment around the ion, influencing the bonding interactions with the CO3?™ and EG
molecules. According to Meng et al. (2020), this mixture contained a high concentration of OH and
C-O groups, offering many active H and O atoms. This study reported that a higher molar ratio of
EG in DES-16 resulted in a greater impact of EG-carbonate ion interactions. The studied depicted
that sulfur extraction methods using DESs were mainly conducted at temperatures between 30 and
40°C. Additionally, the process of extracting sulfur from DBT at 50°C produced comparable
outcomes to those achieved at 30°C (Guan et al., 2023), in line with desulfurization process.

The reaction mechanism was proposed for DBT compounds based on the results of sulfur
transformation from FTIR and XPS. Sulfur atom in DBT was subjected to nucleophilic attack by the
oxygen atoms of the carboxyl groups in PC-EG molecule under ultrasonication. This process led to
the oxidation of DBT to produce DBT sulfoxide in a low oxidative state. Following the reaction, the
sulfur atoms in DBT sulfoxide were further attacked by the oxygen atoms of carboxyl groups in
other PC-EG molecules, leading to the oxidation to a high state and the formation of DBT sulfone.
The proposed reaction mechanism is shown in Figure 5. However, further study using GC-MS
should be conducted to obtain a deeper understanding of the fundamental interactions between
PC-EG mixture and coal, improving the efficiency of organic sulfur removal by targeting specific
related compounds.
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Figure 5 Proposed mechanism for the oxidation of DBT-to-DBT sulfoxide and DBT sulfone by PC-
EG mixture
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4. Conclusions

In conclusion, coal pretreated with DES-16 under optimized parameters showed a significant
reduction in organic sulfur content while enhancing the physicochemical properties of coal. The
ultimate analysis showed a minor reduction in C and H compared to the original values.
Meanwhile, S and N levels also showed a significant reduction of approximately 67.51% and 46.38%,
respectively. The reduction was beneficial for coal quality as it significantly minimized SO, SO; and
NOx emission during combustion. High-quality coal played a crucial role in the promotion of safe
and environmentally sustainable practices in energy production, including public health protection,
thereby preserving the impact of climate change. The results also showed a significant increase in
O content after pretreatment. The validation of these changes was achieved through analytical
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methods such as FTIR and XPS, which identified the formation of oxidation products, namely
sulfoxides and sulfones, generated from the process. The proximate analysis further depicted a
decline in VM and ash content, while FC content increased after pretreatment. Low VM and high
FC were good combination, as greater FC content suggested a high fuel ratio, generally favourable
for fuel performance. Simultaneously, reducing the ash content contributed to a more efficient
combustion process, enhancing CV of coal. The analysis showed a reduction in CV, which
supported the observed decrease in carbon and sulfur levels in coal. Although sulfur enhanced the
heat generated during combustion, minimizing the presence was advantageous for reducing the
emission of oxide gases, helping to minimize environmental pollution. TG-DTG analysis showed a
slower rate of weight loss at various temperatures, suggesting that the pretreatment process
improved thermal stability of coal, increasing the energy content. The results suggested that PC-EG
mixture significantly improved thermal properties and structural strength of treated coal. The
findings from FTIR and XPS analyses were used to propose the reaction mechanism of DBT. The
data suggested that the oxygen atoms in carboxyl groups of PC-EG molecules functioned as
nucleophiles during the ultrasonic assistant extractions. These nucleophiles attacked the
electrophilic sulfur in DBT, resulting in the oxidation of the compound to the corresponding
sulfoxides and sulfones. This study presented an innovative pretreatment method for coal using a
biodegradable solvent, which contributed to the development of safer and more sustainable energy
production. This method was in line with the objectives of the 2030 Agenda for Sustainable
Development, addressing critical environmental issues, improving resource efficiency, and
promoting the transition to cleaner energy generation.
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