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Abstract

In this study, the compositional, structural, mineralogical and thermal characterisation of the newly
discovered Duduguru (DDG) coal from Nasarawa State was conducted to examine its fuel and energy
utilisation potentials. The compositional examination involved elemental, proximate, and calorific
analyses, whereas microstructure/morphology and mineralogy were determined by scanning electron
microscopy (SEM) and energy dispersive X-ray (EDX), respectively. The thermal examination involved
heating the pulverised DDG coal from 25-900 °C using air (flowrate ¢ = 20 mL/min) to examine its
combustion characteristics. Results revealed DDG contains high carbon (>60 wt.%) and hydrogen (>5
wt.%), fixed carbon (>52 wt.%) and higher heating value (>28 MJ/kg) but relatively low nitrogen (<
1.5 wt.%) and sulphur (<1 wt.%) contents. TGA revealed that DDG experienced significant thermal
degradation, resulting in high weight loss (~83%) and low residual mass (~17%). Weight loss was
ascribed to the degradation of macerals in DDG. The TG plot indicated onset, midpoint, and offset
temperatures of 335.54°C, 538.72°C, and 708°C, respectively. The DTG plot revealed thermal
degradation occurred in two major phases: stage I (25-200°C) and stage II (200-900°C), which was
ascribed to drying/low-temperature degradation and macerals degradation, respectively. Overall, the
findings demonstrate that the newly discovered DDG coal is suitable for energy recovery and utilisation
in future power plants. Future studies could investigate the kinetic and thermodynamic properties of
DDG coal often required in reactor design and optimisation for energy generation.
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1. Introduction

The International Energy Agency (IEA) estimates that coal-fired electricity accounts for
~38-40% of the global energy mix, i.e. about 228.29 EJ or 10,042 TWh [l Due to its abun-
dance, cost-effectiveness, and geographic distribution [2], coal is considered an important
fuel/feedstock for electric power generation in many regions of the globe [31, Hence, coal-fired
electricity generation could help to address the perennial energy crises afflicting developing
countries like Nigeria 4], Moreover, the discovery of novel and significant coal deposits in
various Nigerian sedimentary basins presents timely and important opportunities for coal-fired
electricity [51. However, the lack of comprehensive data on the fuel characteristics and energy
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recovery potentials of Nigerian coals has long hampered the development of coal-fired power
generation in the country [6-7],

Previous studies on Nigerian coals, such as Akande [8], investigated the petrographic compo-
sition and ranks of selected Upper Cretaceous and Tertiary coals of southern Nigeria. Obaje [°]
examined the petrography, microfossils, and paleoenvironments of Cretaceous coals from the
Middle Benue Trough (MBT) of Nigeria. In a separate study, Obaje [1%] examined the petro-
graphic composition and depositional environments of Cretaceous coals and coal measures
from the MBT region of Nigeria. Ehinola [*!] investigated the geology and geochemistry of
Lafia-Obi coal from the Benue Trough, Nigeria. Studies on the source-rock and liquid hydro-
carbon potentials of mid-Cretaceous coals and coal measures in the MBT have also been re-
ported in the literature [12], Ogala [*3] examined the petrography, mineralogy, and geochem-
istry of selected lignite coals from the Ogwashi-Asaba Formation in Nigeria. Ryemshak and
Jauro 4] reported on the rheological properties of selected Nigerian coals from the Upper
Benue Trough region of Nigeria. More recently, Akinyemi [*5] investigated the organic facies,
elemental geochemistry, and paleodepositional settings of some Cretaceous coals from Nige-
ria's Benue Trough Basin.

The review of the literature shows that previous research studies on Nigerian coals have
been largely limited to geological aspects such as petrography, geochemistry, rheology, min-
eralogy, paleoenvironments, and depositional environments. However, there is limited data
on the fuel properties and energy characteristics of such coals, which is required for the design,
development, operation, and optimisation of process technologies for coal conversion and ap-
plication. Chukwu [16] performed a comprehensive characterisation of selected coals across
Nigeria to examine their power generation potential. Akinyemi [17]1 employed petrologic, phys-
icochemical, and thermochemical techniques to explore the fuel and energy characteristics of
selected Cretaceous coals from the Benue Trough Basin, Nigeria. Nyakuma [18] examined the
mineralogical, physiochemical, and thermo-kinetic properties of selected coals from the Benue
Trough and Anambra Basins, Nigeria.

Despite the progress recorded over the years, these studies are limited to well-known coals,
which presents opportunities for the examination of the newly discovered samples. In this
study, the compositional, structural, mineralogical and thermal characterisation of the newly
discovered Duduguru (DDG) coal from Nasarawa State was conducted to examine its potential
for energy recovery and utilisation.

2. Experimental methodology
2.1. Sample materials

The Duduguru (DDG) coal sample examined in this study is a newly discovered coal from
Duduguru, Obi Local Government Area of Nasarawa State in Nigeria. The DDG coal sample
was acquired from the coal deposit in the locality through a mixture of grab/ incremental
sampling to obtain representative samples. About 50 kg of the DDG sample was sampled,
subsequently tagged, and bagged for transportation to the Hydrogen and Fuel Laboratory,
Universiti Teknologi Malaysia Johor, for various analyses.

2.2. Experimental methods
2.2.1. Physicochemical characterisation

The compositional characterisation of the DDG sample involved analysing its elemental,
proximate, and calorific properties. Ultimate analysis was conducted to compute the carbon,
hydrogen, nitrogen, and sulphur (CHNS) contents. CHNS analysis was performed via the vario
MACRO cube Organic Elemental Analyzer (Germany), whereas oxygen content was computed
by difference from CHNS components. Proximate properties comprising the moisture, ash and
volatile matter were determined using the NeyTech Vulcan muffle furnace (Model: Model D-
130, USA) based on ASTM D3173, D3174, and D3175 standards, respectively. The calorific
property (higher heating value (HHV)) of DDG was determined using the Leco AC350 bomb
calorimeter.

Pet Coal (2024): 66(3): 871-878
ISSN 1337-7027 an open access journal

872



Petroleum and Coal

2.2.2. Microstructural & morphological characterisation

The microstructure and morphology of DDG were determined by scanning electron micros-
copy (SEM). Before each analysis, the sample was sputter coated with a thin film of gold (Au)
using the Quorum Q150R S device (UK). The sample was degassed and sequentially scanned
using the JEOL JSM-IT300 SEM analyser (Japan) to determine its microstructure and morpho-
logical properties. Details of the SEM procedure are described in our previous publications [19-20]-

2.2.3. Mineralogical characterisation

The mineral characterisation of DDG coal was determined using an energy-dispersive X-ray
(EDX) spectrophotometer. The EDX analysis was carried out to obtain further insights into the
composition of chemical elements undetected by the elemental (ultimate analysis) procedures.
For each test, the DDG SEM micrograph was scanned using the point ID and mapping feature
of the AZTEC EDX software (Oxford Instruments, UK), which computationally elucidated the
composition of mineral elements in weight per cent (wt.%).

2.2.4. Thermal characterisation

The thermal properties of DDG were examined using thermal gravimetric analysis (TGA).
For each test, approximately 12.786 mg of sample was heated under non-isothermal condi-
tions from 25 °C to 900 °C under air atmosphere (flowrate, $ = 20 mL/min) conditions at 50
°C/min using the Shimadzu TG-50 thermal analyser (Japan). The objective was to examine
the unique degradation behaviour and thermal profile characteristics of DDG coal under rapid
heating rates typically observed during pulverised coal combustion (PCC). The detailed proce-
dure for sample preparation and analysis was adopted from our previous study [21],

3. Results and discussion
3.1. Physicochemical properties

The physicochemical characterisation of DDG coal was performed to elucidate its elemental,
proximate, and calorific fuel properties for potential energy recovery and utilisation for power
generation applications. Table 1 presents the compositional properties of the DDG coal sample
examined in this study. It is important to state the elemental, proximate, and calorific analyses
are presented on dry ash-free basis, dry, and as-received basis, respectively. The as-received
moisture content of DDG coal was 6.48 wt.%.

Table 1. Physicochemical and calorific properties of DDG coal.

Characterization DDG property Symbol (unit) DDG coal
Carbon C (wt.%) 64.11
Hydrogen H (wt.%) 5.90
Ultimate analysis Nitrogen N (wt.%) 1.39
Sulphur S (wt.%) 0.67
Oxygen O* (wt.%) 27.92
Moisture M (wt.%) 6.48
. . Volatile matter VM (wt.%) 35.33
Proximate analysis
Ash A (wt.%) 11.87
Fixed Carbon FC (wt.%) 52.81
Calorific analysis High heating value HHV (MJ/kg) 28.41

* Computed by difference; ™ As received moisture content.

The CHNS analysis reveals that DDG coal contains high carbon (> 60 wt.%) and hydrogen
(> 5 wt.%) but relatively lower contents of nitrogen (N) and sulphur (S) (< 2 wt.%). These
findings indicate that DDG has a high composition of combustible elements that are required
for energy recovery. In contrast, the relatively low N and S content suggests that relatively
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low greenhouse gas emissions (GHG), such as NOx and SOx, could be emitted during the PCC
of the sample. However, further analysis of DDG coal using TGA and mass spectroscopy (MS)
may be required to shed more light on its GHG emissions profile.

Proximate analysis revealed that DDG contains high fixed carbon (> 50 wt.%), volatile
matter (> 30 wt.%), and ash (> 10 wt.%). The high FC carbon content may account for the
high energy content and high combustion efficiency during PCC. Additionally, the high FC
content points to good coking potential for DDG [22-23]1 which could have potential applications
in the steel and metallurgical industry. Nonetheless, high FC, along with high ash (>10%),
could hamper the rates of ignition, combustion, and waste generation potentials of DDG during
PCC [24-25], The impact of fuel properties was examined through thermal analysis, as presented
in Section 3.4. Calorific analysis revealed that DDG has an HHV of 28.41 MJ/kg, which is
somewhat higher than other Nigerian coals such as Owukpa (26.51-26.67 MJ/kg) [16:26]
Obomkpa (19.66 MJ/kg), Thioma (19.40 MJ/kg) [27], Garin Maiganga (22.95 MJ/kg), Shankodi-
Jangwa (27.34 MJ/kg) [28]1, among others.

3.2. Microstructural and morphological properties

The microstructural and morphological properties of DDG were examined through scanning
electron microscopy (SEM). Figure 1 presents the SEM micrographs of DDG coal examined at
magnifications of (a)x300 and (b) x2000. The micrographs show the presence of white-col-
oured, round-to-spherical-shaped, and exfoliated coal particles. The white-coloured grains de-
note the presence of quartz, whereas the coarse-shaped particles denote the presence of
kaolinite and other clay minerals [29-30]1,

P

Figure 1. SEM micrographs of DDG coal.
3.3. Bulk elemental properties

Table 2 presents the elemental composition of DDG coal determined by EDX analysis. The
results indicate that DDG contains a combination of metals and non-metal elements in its
composition. The selection of non-metals consists of carbon, oxygen, and sulphur, whereas
the metals include silicon, aluminium, iron, calcium, titanium, and magnesium. As observed,
carbon has the highest weight and atomic composition of elements, ranging from 69.23-
76.93%, followed by oxygen (20.02-24.00%), and lastly silicon (2.36-4.97%). The presence
of carbon indicates the presence of organic materials or matter, which is transformed into Coal
over the years and, as such, is critical to its chemical properties [311, The presence of silicon,
aluminium, and oxygen denotes the presence of aluminosilicate minerals, which consist of
quartz, feldspars and clay minerals in the coal structure [321, It is widely reported that the inorganic
content and ash produced during coal combustion are facilitated by silicate minerals [33-341, It
impacts the environmental and functional elements of coal consumption by influencing the
properties of ash and the thought process surrounding ash disposal [35],
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Lastly, the presence of iron and sulphur indicates that DDG contains pyrite (FeSz). Pyrite is
regarded as the most prevalent and abundant sulfide component that plays a crucial role in
the handling and utilisation of coal [36-371, Pyrite is the primary cause of acid mine drainage
and the primary generator of SOz (a precursor to acid rain) during coal combustion [361, Alt-
hough it occurs in small proportions, it could undergo stepwise decomposition, forming ferrous
sulfide (FeS) [37-38]1 and eventually organic sulfur compounds and H2S [3°], However, there is
empirical evidence suggesting that pyrite plays a catalytic role in the liquefaction and gasifi-
cation of coal [36],

Table 2. EDX elemental composition of DDG coal.

Elements Symbol Weight % Atomic % Standard label
Carbon C 69.23 76.93 C Vit
Oxygen ) 24.00 20.02 SiO;
Silicon Si 4.97 2.36 Si0?
Aluminium Al 0.52 0.26 Al,O3
Iron Fe 0.41 0.10 Fe
Calcium Ca 0.33 0.11 Wollastonite
Sulphur S 0.24 0.10 FeS,
Titanium Ti 0.16 0.04 Ti
Magnesium Mg 0.15 0.08 MgO

3.4. Thermal properties

The thermal conversion and utilisation of Coal for energy applications require a compre-
hensive analysis of its degradation behaviour and thermal profile characteristics [40-411, In this
study, the combustion of pulverised DDG coal was examined through thermal gravimetric
analysis (TGA). Figure 2 presents the TG/DTG plots for the combustion of pulverised DDG coal
under non-isothermal conditions from 25 °C to 900 °C. As observed, the plot displays the
typically downward-sloping curves indicating the weight loss of a material during TGA. DDG
coal experienced significant thermal degradation, resulting in 83.47% weight loss and 16.53%
mass of residuals. The thermal profile characteristics indicate that the onset of DDG coal deg-
radation began at 335.54°C, whereas the midpoint temperature occurred at 538.72°C, and
lastly, the endpoint temperature was observed at 708°C. Based on the data, it could be rea-
sonably surmised that DDG coal degradation chiefly occurred between 336 °C and 708°C.
These findings indicate that the process, parameters, and technologies for conversion of DDG
could be tailored within the range of 335-710°C to ensure effective energy recovery and power
generation. The DDG coal degradation could also be ascribed to the decomposition of organic
macerals, namely inertinite, liptinite, and vitrinite, between 400°C and 800°C [42-43], The mass
loss has also been ascribed to the condensation of aromatics and mineral matter degradation
arising from high-temperature secondary degassing reactions [44],

The DTG plots reveal two endothermic peaks in the temperature ranges from 25°C to 200°C
and 300°C to 900°C. This observation indicates that DDG coal experienced a two-stage deg-
radation. The weight loss during the first stage could be ascribed to the loss of moisture (dry-
ing) and the degradation of low molecular weight compounds [43} which results in a maximum
peak temperature of 100.26°C. The second stage could be mostly attributed to the breakdown
of macerals, specifically vitrinite, which is the most prevalent maceral fraction after liptinite
and inertinite, in decreasing order of abundance [42-44], The maximum peak degradation in
the second stage was observed at 432.93°C, which not only falls within the range (< 600°C)
for the degradation of vitrinite [45]1 but also confirms its significance in DDG coal degradation.
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Figure 2. TG/DTG plots for DDG coal.
4. Conclusions

The study examined the compositional, microstructural, mineralogical, and thermal prop-
erties of Duduguru (DDG), which is a newly discovered coal from Nasarawa State (Nigeria).
The results showed that DDG contains high levels of carbon, hydrogen, fixed carbon, and
higher heating value but low levels of moisture, nitrogen, and sulphur, which indicates it is a
suitable fuel for combustion for energy recovery and utilisation. The SEM analysis revealed
that the pulverised DDG coal contains heterogeneous, varied-shaped particles that indicate
the presence of quartz and clay minerals, which were confirmed by the bulk chemical analysis.
Thermal analysis revealed DDG experienced significant thermal degradation evident in the
high weight loss (>83.47%) and low mass of residuals (17.16%), which was ascribed to the
conversion of coal macerals and release of volatile matter. Overall, the study showed that
DDG contains the requisite physicochemical, microstructural, and thermal properties required
for pulverised coal combustion. As such, this newly discovered coal is well suited for energy
recovery and utilisation in coal-fired power generation. Future studies can build on the findings
to examine its thermo-kinetic and thermodynamic properties for reactor design and electricity
generation.
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