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Abstract In this study, the physicochemical, microstructural, mineralogical, thermal, and kinetic properties of three newly

discovered coals from Akunza (AKZ), Ome (OME), and Shiga (SHG) in Nigeria were examined for potential energy

recovery. Physicochemical analysis revealed high combustible but low levels of polluting elements. The higher heating

values ranged from 18.65 MJ/kg (AKZ) to 26.59 MJ/kg (SHG). Microstructure and mineralogical analyses revealed

particles with a rough texture, surface, and glassy lustre, which could be ascribed to metals, quartz, and kaolinite minerals.

The major elements (C, O, Si, and Al), along with minor elements (Ca, Cu, Fe, K, Mg, S, and Ti) detected are associated

with clays, salts, or the porphyrin constituents of coal. Thermal analysis showed mass loss (ML) ranges from 30.51% to

87.57% and residual mass (RM) from 12.44% to 69.49% under combustion (oxidative) and pyrolysis (non-oxidative) TGA

conditions due to thermal degradation of organic matter and macerals (vitrinite, inertinite and liptinite). Kinetic analysis

revealed the coals are highly reactive under the oxidative and non-oxidative conditions based on the Coats–Redfern Model.

The activation energy (Ea) ranged from 23.81 to 89.56 kJ/mol, whereas the pre-exponential factor (ko) was from

6.77 9 10–4/min to 1.72 9 103/min under pyrolysis and combustion conditions. In conclusion, the coals are practical

feedstocks for either energy recovery or industrial applications.
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1 Introduction

Coal is a biogenic sedimentary rock derived from complex

biochemical and metamorphic processes termed coalifica-

tion in the earth’s crust (Gräbner 2014). In the context of

energy recovery, coal is a brown-to-black combustible

material that contains high carbon content (60 wt%–

87 wt%) (Reddy 2013) and higher heating values

(14–34 MJ/kg) (Speight 2012). Consequently, coal is pre-

dominantly utilised for electric power generation due to its

high energy content, widespread availability, and low

processing costs (Dorf 2017). Over the years, coal has also

become an important feedstock for the production of fuels,

chemicals, and industrial raw material for numerous

applications (Miller 2016).

According to analysts, coal currently accounts for 38%–

41% of the global electricity generation (Dai and Finkel-

man 2018). Consequently, coal-fired electricity production
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accounts for a major share of the global energy mix (BP

2018), particularly in industrialised nations such as Ger-

many, Russia, Poland, UK, China and Australia (Wierz-

bowski et al. 2017). Over the years, the growing demand

for a cheap and reliable supply of electricity has also

stimulated significant investments in coal-fired power

(Tang et al. 2018) particularly in developing countries such

as India, China, and South Africa (Hancox 2016). The

highlighted studies submit that coal consumption plays a

strategic role in various sectors largely due to the nexus of

energy demand and economic growth (Zhao and Alexan-

droff 2019). Recently, Vietnam, Cambodia, and Mozam-

bique have also begun to invest heavily in coal-fired

electricity generation due to the growing energy demands

required to catalyse socio-economic growth and infras-

tructural development (Baruya 2017). Over the years, such

investments have ensured a steady supply of low-cost and

consistent energy (IEA 2018), which have stimulated fiscal

growth, infrastructural development, and poverty allevia-

tion (IEA-CCC 2020).

In the same vein, the discovery of new coal deposits in

Nigeria presents numerous opportunities not only for the

power and energy sectors (Ohimain 2014) but for socioe-

conomic growth, infrastructural and industrial development

(Oyedepo 2012a). Despite Nigeria’s lofty position as the

most populous nation and largest economy in Africa, the

country is hampered by perennial power cuts, blackouts,

and load shedding (Odior and Omadudu 2013). The out-

lined challenges are ascribed to inadequate electric power

generation (Odior and Oyawale 2012) and overreliance on

seasonal hydroelectric dams and gas-fired turbines (Musa

2010). Other prominent challenges include distribution

losses due to old or low-efficiency transmission infras-

tructure, and the rising spate of power-cable vandalism

(Oseni 2011). Hence, the problem of inadequate power

generation needs to be urgently addressed by diversifica-

tion of the nation’s energy mix (Oyedepo 2012b), which

currently includes hydropower, natural gas, and biomass

(Oyedepo 2014).

One promising approach to address the problem of

power generation is the adoption and implementation of

coal-fired electricity in the country. At the current esti-

mates, Nigeria’s coal reserves amount to approximately

640 million proven tonnes and 2.75 billion tonnes of con-

tingent reserves (Chukwu et al. 2016). However, coal-fired

electric power generation is virtually non-existent in the

energy mix of Nigeria (Sambo 2009). To this end, there is

an urgent need to explore the option of generating elec-

tricity from the nation’s vast coal reserves (Ocheri 2017),

through the design and development of power plants across

the various geopolitical regions of the country. The first

step in the quest for coal-fired electricity will require

comprehensive characterisation of the fuel properties and

energy recovery potentials of the coal resources in Nigeria.

Previous studies have examined the source rock poten-

tials (Akande et al. 2007), mineralogy (Ogala et al. 2012),

petrology (Wuyep and Obaje 2012), sedimentology

(Sonibare et al. 2013), lithostratigraphy (Uzoegbu et al.

2013), hydrocarbon potentials (Jauro et al. 2014), geology

(Ayinla et al. 2017b), petrography (Ayinla et al. 2017a),

and geochemistry (Akinyemi et al. 2020a) of selected

Nigerian coals in the literature. Other studies have exam-

ined the physicochemical (Akinyemi et al. 2020a), thermal

conversion (Nyakuma et al. 2016), major/trace elements

(Sonibare et al. 2013), and kinetic properties (Sonibare

et al. 2005) of selected coals from Nigeria. However, there

are limited studies that comprehensively examine the fuel,

material, and energetic characteristics of Nigerian coals

particularly from the Benue trough where there have been

numerous discoveries of large deposits in recent times.

In this study, three newly discovered coal samples from

Akunza, Ome, and Shiga in Nasarawa State (Nigeria) are

comprehensively examined based on the following

objectives;

(1) To characterise the physicochemical, microstruc-

tural, and mineralogical fuel and materials properties

of the new coal samples.

(2) To categorise the new coal samples into various

ranks (lignite, sub-bituminous, and bituminous)

based on calorific values for potential applications.

(3) To examine the thermal, kinetic and energetic

properties of the new coals as potential feedstocks

for energy recovery through oxidative/non-oxidative

thermal conversion.

It is envisaged that the findings of this study will avail

engineers and policymakers with the comprehensive data

required to effectively develop and strategically implement

plans for future power plants and or the industrial appli-

cations of coal resources in Nigeria.

2 Geological settings

The Benue Trough is an Inland basin that originated from

the early Cretaceous age, forming as a split from the

Central West African basement during the separation of

African and South American continents known as the

breakup of Gondwanaland (Olade 1975). This break up

was followed by the separation of these continents, opening

up of the South Atlantic, and growth of the Mid Atlantic

Ridge (Benkhelil 1989). It forms a regional structure

150 km wide, which is exposed from the northern frame of

the Niger Delta running North-East for about 1000 km and

terminating underneath Lake Chad. The trough contains
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6 km thick Cretaceous-Tertiary sediments, including sec-

tions pre-dating the middle Santonian, which have been

compressed, deformed, folded, faulted, and uplifted in

several places, producing more than 100 anticlines and

synclines (Benkhelil 1989). Recent evidence from petro-

graphic studies and significant element abundance suggest

a passive margin tectonic environment for the Benue

Trough (Ogungbesan and Akaegbobi 2011). The Benue

Trough is subdivided into the Lower, Middle and Upper

parts, as depicted in the geological map of Nigeria in

Fig. 1.

The geology and stratigraphic successions in the Benue

Trough have been extensively reviewed by various

researchers in the literature (Yandoka et al. 2016; Ayinla

et al. 2017b). The upper part of the trough bifurcates at its

north-eastern end into the Gongola and the Yola basins

(Fig. 1). In both basins, the Albian Bima Sandstone lays

unconformably on the basement, as illustrated in Fig. 2,

and is conformably overlain by the Cenomanian transi-

tional/coastal Yolde Formation, which represents the

beginning of marine incursion into the upper Benue

Trough. In the middle Benue Trough, around Lafia-Obi, six

upper Cretaceous lithogenic formations make up the

stratigraphic successions (Fig. 2). The succession is made

up of the Albian Arufu, Uomba, and Gboko Formations

generally termed the Asu River Group (Offodile 1976).

These formations are overlain by the Cenomanian Keana,

Awe, and the Cenomanian–Turonian Ezeaku Formations.

The late Turonian early Santonian coal-bearing Awgu

Formation lies conformably on the Ezeaku Formation. The

post-folding Campanian–Maastrichtian Lafia Formation

ended the sedimentation in the middle Benue Trough, after

which widespread volcanic activity took over in the Ter-

tiary. The late Turonian/early Santonian coal-bearing

Awgu Formation are exposed at Lafia-Obi.

In the lower Benue Trough lies the oldest geological

formation overlying the basement is the Asu river group,

which is Albian in age. It is marine-based and consists of

dark shales, siltstones and fine-grained sandstones passing

upwards into shales and limestones (Offodile 1980). This is

overlain by the Cross river group, which consists of

Odukpani, Agala, Nkalagu and Agbani formations. The

only known marine Cenomanian in the coastal basin is

found in the Odukpani formation, and it consists of a series

of limestone and calcareous sandstones. The Cross River

group deposition is followed by the major Santonian

folding and erosion episodes. The coal-bearing Mamu

Formation is exposed at Okoba, Enugu, Imiegba, Ezimo,

Ogboyoga, Owukpa, Udi, on the Enugu–Onitsha Express-

way and Agwu–Enugu Escarpment (Ogala 2018).

Fig. 1 Geological map of Nigeria showing Benue Trough (Jauro et al. 2007)
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3 Experimental and modelling theory

3.1 Coal procurement and preparation

The coal samples were obtained from the middle Benue

Trough, as described in the detailed section on geological

settings. Samples were collected from coal mines in

Akunza, Ome, and Shiga in Obi Local Government Area of

Nasarawa State in Nigeria. The coal samples were bagged,

tagged, and labelled AKZ, OME, and SHG for Akunza,

Ome, and Shiga, respectively, for ease of identification.

Large chunks of the samples were broken down using a

handheld hammer and then pulverised in a dry miller

(Panasonic Mixer Grinder MX400C, Malaysia). Subse-

quently, the pulverised coal samples were sifted using an

analytical sieve (W.S. Tyler, USA) to obtain homogeneous

sized particles below 250 lm prior to physicochemical,

microstructure, mineralogical, and thermal analyses.

3.2 Experimental methods

3.2.1 Physicochemical fuel properties

The physicochemical fuel properties of the AKZ, OME,

and SHG coal samples were determined by ultimate,

proximate, and calorific analyses. Ultimate analysis was

performed using the elemental analyser (vario MACRO

Cube, Germany) based on the ASTM standard D5373 for

determination of carbon (C), hydrogen (H), nitrogen (N),

sulphur (S). However, the oxygen (O) content was deter-

mined by difference from the sum of CHNS. Proximate

analysis was carried out by thermogravimetric analysis

(TGA) to determine the composition of moisture (M),

volatile matter (VM), ash (A), and fixed carbon (FC) based

on the procedure described in the literature (Donahue and

Rais 2009). For the proximate test, 15 ± 0.50 mg of each

coal sample was placed in an alumina crucible and heated

at 50 �C/min from room temperature (RT) to 110 �C, fol-

lowed by isothermal heating at the final temperature for a

hold time of 6 min under nitrogen (N2 flow rate of 100 mL/

min) atmosphere. The mass loss (wt%) of each sample

between the RT and 110 �C was computed as the moisture

content. Next, the sample was heated from 110 to 900 �C
and followed by isothermal heating at the final temperature

for a hold time of 5 min under nitrogen (N2 flow rate of

100 mL/min) atmosphere. The loss of mass (wt%) of each

sample between the 110 and 900 �C was computed as the

volatile matter (VM) content. On completion, the gas flow

was switched to air (flow rate of 100 mL/min) flow to

ensure combustion of the fixed carbon at 900 �C. The final

or residual of mass was computed to determine the ash

(A) content of each sample examined in this study. The

higher heating values were measured by bomb calorimetry

Fig. 2 Stratigraphic succession of the Benue Trough (Abubakar 2014)
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(IKA C2000, USA) based on the procedures of the ASTM

standard D-2015.

3.2.2 Microstructural analyses

The microstructure of the coals was examined by scanning

electron microscopy (SEM). For the tests, each powdered

coal sample was spray-coated on the carbon epoxy tapes

placed on the SEM sample grain mounts. Next, the samples

were sputter-coated with a thin layer of gold (Quorum

Q150R S, UK) to eliminate errors due to the charging

effect, electron beam damage, as well as to enhance the

clarity of the SEM micrographs. The charged samples were

then transferred to the sample chamber of the SEM (JEOL

JSM IT-300, Germany) for analysis at the operating con-

ditions of 20 kV operating voltage and 5 mm working

distance. The samples were then scanned by mapping to

examine the surface microstructure at a magnification of

9 1000.

3.2.3 Mineralogical analyses

The mineralogical properties of the coal samples were

examined by energy-dispersive X-ray (EDX) spectroscopy.

The objective of the EDX analysis was to characterise the

mineral components present in each coal based on its

metallic and non-metallic elements for a potential appli-

cation. For each coal sample, the mapped zones in the SEM

micrographs were scanned through the point ID technique.

Consequently, the AZTEC EDX software (Oxford Instru-

ments, UK) was executed to computationally elucidate the

metallic and non-metallic elements of coal sample in

weight percentage (wt%) based on charge balance.

3.2.4 Thermal analyses

The thermal properties of the coals were examined by

thermogravimetric (TG) analysis. For each TG test, about

12–15 mg of each sample was placed in an alumina cru-

cible and heated at 20 �C/min from room temperature (RT)

to 900 �C, based on the non-isothermal heating program of

the TG thermal analyser (Shimadzu TG-50, Japan). For the

non-oxidative characteristics tests, the TGA furnace was

flushed with ultrapure nitrogen (N2, 99.99%) gas at the

flow rate of 100 mL/min from ramp heating to the cooling

stage of the process to maintain an inert environment for

pyrolysis. In contrast, during the oxidative TGA, the fur-

nace was flushed with air at the flow rate of 100 mL/min

from ramp heating to cooling to ensure an oxidative

atmosphere for combustion. On completion, the raw TG

data were converted in mass loss (%) and derivative mass

loss (%/min) before plotting against temperature (�C) in

Microsoft Excel (version 2013) to determine the

thermogravimetric (TG) and derivative thermogravimet-

ric (DTG) plots. Subsequently, the temperature profile

characteristics (TPC) of each sample were deduced using

the data analysis feature of the Shimadzu software

(Workstation TA-60WS, Japan). The TPCs deduced were;

onset of ignition (Tons) temperature, midpoint (Tmid) tem-

perature, maximum or peak decomposition (Tmax) tem-

perature, and offset (Toff) temperature. The ignition (Tons)

temperature is deduced from the junction of the initial mass

baseline and TGA curve tangent on the maximum gradient

point. The midpoint (Tmid) temperature was determined

from the halfway point on the tangent of the TGA curve.

The offset (Toff) temperature is deduced from the inter-

section of the TGA curve tangent on the maximum gradient

point and the final mass baseline (ASTM E2550-17 2017;

ISO 2014). Lastly, mass loss (ML, %) and residual mass

(RM, %) was computed from the total mass loss and the

final mass of each sample during TGA, respectively.

3.2.5 Kinetic analyses

The Coats–Redfern Model (CRM) was employed in this

study to examine the kinetic parameters; activation energy

(Ea) and pre-exponential factor (ko) for the pyrolysis and

combustion of the newly discovered coals in this study.

The CRM is one of the most widely adopted integral

graphical methods for examining the kinetic behaviour and

decomposition mechanisms of thermally degrading mate-

rials in the literature (Coats and Redfern 1964). The theory

of the CRM assumes that the thermal degradation of

materials (e.g. coals) can be described by Eqs. (1)–(2):

da
dt

¼ k Tð Þf að Þ ð1Þ

a ¼ mo � mt

mo � mf

ð2Þ

The representative terms in Eqs. (1)–(2) namely; da
dt

represent the rate of reaction; k is the reaction rate constant;

f að Þ is the reaction mechanism for the model, and a is the

ratio of the mass (mo—initial; mt—fixed; and mf—final) of

each thermally degraded coal sample during TGA. Con-

sequently, the order of the reaction, n is described by

Eq. (3):

f að Þ ¼ 1 � að Þn ð3Þ

The temperature of coal decomposition can be defined

by the Arrhenius equation:

k Tð Þ ¼ koexp � Ea

RTa

� �
ð4Þ

where, kðTÞ is the rate-dependent temperature constant, ko
is the pre-exponential factor (min-1); Ea is the activation

energy (kJ/mol); R is the ideal gas constant (J/mol K); T is
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the absolute temperature (K). Consequently, Eqs. (3) and

(4) are combined to obtain the relationship between the

model reaction mechanism and the Arrhenius equation,

which describes the thermal degradation of the sample

during TGA. Hence, Eq. (5) is given as;

da
dt

¼ kd exp � Ea

RTa

� �
1 � að Þn ð5Þ

Typically, the thermal degradation of materials during

TGA occurs at a pre-selected heating rate (b). Therefore,

the term b is introduced to account for the effect of the

heating rate dT
dt

during TGA, as described in Eq. (6);

da
dT

¼ ko

b
exp � Ea

RTa

� �
1 � að Þn ð6Þ

The thermal degradation of the coal samples at the pre-

selected heating rate during the TGA process can conse-

quently be deduced separation of variables, which results in

the relation:

da
1 � að Þn ¼

ko

b
exp � Ea

RTa

� �
dT ð7Þ

Equation (7) is subsequently integrated to deduce the

integral function of the reaction model that describes the

process of thermal degradation of each coal sample, which

is given as:

g að Þ ¼ r
a

0

da
1 � að Þn ¼

ko

b
r
T

T0

exp � Ea

RTa

� �
dT ð8Þ

The term g(a) signifies the integral function of the

reaction model, which is adapted to Coats–Redfern model

(CRM). Based on approximations in the CRM, Eq. (8) is

revised to;

ln
g að Þ
T2

� �
¼ ln

kdR

bEa
1 � 2RTa

Ea

� �� �
� Ea

RTa
ð9Þ

The terms ln koR
bEa

1 � 2RTa
Ea

� �h i
can be abridged to ln koR

bEa

h i
since 1 � 2RTa

Ea

� �
tend to unity. Hence, Eq. (10) is derived

to describe the kinetics of the thermal degradation of each

coal:

ln
g að Þ
T2

� �
¼ ln

koR

bEa

� �
� Ea

RTa
ð10Þ

Based on the high rates of the coal conversions during

TG in this study, the first-order reaction model was selected

to simply the kinetic analysis. Hence, Eq. (10) was revised

to:

ln
� ln 1 � að Þ

T2

� �
¼ ln

koR

bEa

� �
� Ea

RTa
ð11Þ

Based on Eq. (11), the kinetic parameters Ea and ko can

be derived from the slope � Ea
R and intercept ln koR

bEa

h i
of the

straight-line plots of ln
�lnð1�aÞ

T2

h i
against 1000

T based on the

governing equations and mechanism of thermal degrada-

tion based on the Coats–Redfern Model. Hence, the terms

Ea and ko describe the kinetics of coal degradation based

on conversion degree (a), temperature (T), and time

(t) during TGA.

4 Results and discussion

4.1 Physicochemical properties

Table 1, presents the physicochemical properties of the

AKZ, OME, and SHG coals. The ultimate analysis indi-

cates that the coal samples contain the following range of

elements: Carbon (C), 47.62wt%–64.35 wt%; Hydrogen

(H), 4.13 wt%–5.55 wt%; Nitrogen (N), 1.12 wt%–

1.40 wt%; Sulphur (S), 0.57 wt%–0.69 wt%; and Oxygen

(O), 28.01 wt%–46.56 wt%. The highest C and H were

observed in SHG coal sample, while the lowest values were

observed in AKZ. Furthermore, the N and S content indi-

cate the conversion of the coals examined could potentially

generate hazardous emissions of nitrous (NOx, NHx) and

sulphurous (SOx, HxS where x = 1, 2, …, n) gases during

thermal conversion. In addition, the high carbon could

potentially result in high emissions of greenhouse gases

such as carbon dioxide (CO2) and carbon monoxide (CO).

The thermal conversion of coal and its associated green-

house gas (GHG) emissions are potentially dangerous to

human health, safety, and environment particularly exac-

erbating climate change and global warming (Reddy 2013).

Hence, strategic measures that ensure high efficiency and

low emissions are required to design and develop future

power plants based on the coals examined in this study.

Proximate analysis showed the coal samples contain the

following range of properties: Moisture (M), 6.00 wt%–

6.35 wt%; volatile matter (VM), 26.18 wt%–37.74 wt%;

Ash (A), 9.45 wt%–11.59 wt%; and fixed carbon (FC),

44.80 wt%–58.38 wt%. The highest moisture content was

observed in OME coal, whereas the lowest was in AKZ

coal. The moisture content of coal is an important param-

eter that affects its ignitability and potential utilisation

(Speight 2012). Typically, the processing and utilisation of

coal are hampered by high moisture content. In this study,

the moisture content of below 10% observed for all the coal

samples are within the acceptable limits for electric power

generation (Chukwu et al. 2016) or thermochemical con-

version into value-added products (Akinyemi et al. 2020a).

In contrast, the volatile matter (VM) is an important factor
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for determining not only the coal rank (Speight 2012) but

also its suitability for potential energy recovery through

pyrolysis (carbonisation), combustion or gasification

(Nyakuma et al. 2018).

The findings also showed that AKZ contains the highest

fixed carbon (FC) content, which is typically inversely

proportional to the VM content. The FC of coal is a

measure of the estimated coke yield after devolatilization

from carbonisation or slow pyrolysis (Nyakuma 2016).

Furthermore, the highest AC was observed in OME coal,

whereas the lowest was observed in AKZ. Typically, ash

represents the bulk mineral matter, inorganic or non-com-

bustible residue arising from the coal combustion, which

has potential impacts on the environment (Akinyemi et al.

2020b). The analysis of the chemical composition of ash in

coal is crucial to the conversion process (Cebeci et al.

2002). This is due to the effect of coal ash on the slagging,

agglomeration or viscosity of bed materials (Özer et al.

2017). Based on the foregoing, it can reasonably be sur-

mised that OME could pose more ash related problems

compared to SHG and AKZ during combustion.

The higher heating value (HHV) of the coals ranged

from 18.65 to 26.59 MJ/kg, with the SHG sample reporting

the highest value while the AKZ reported the lowest value.

The HHV is a measure of the heat content or energy value

of any coal sample (Speight 2012). It is one of the most

important fuel properties of coal typically employed to

evaluate the rank, classification, and suitability for various

applications (ASTM D388-12 2012). Based on the HHV,

AKZ coal sample could be classified as Lignitic class or

Lignite A coal with heating values typically in the range of

14.70–19.30 MJ/kg. The OME coal sample with its HHV

of 24.17 MJ/kg could be ranked as Subbituminous or

specifically classified as Subbituminous B coal, which

exhibits HHV from 22.10 to 24.40 MJ/kg. However, the

SHG coal sample could be classified high-volatile C

Bituminous agglomerating coal or Subbituminous A non-

agglomerating coal, with HHVs typically ranging from

24.40 to 26.70 MJ/kg (Speight 2012).

4.2 Microstructure properties

The SEM micrographs and EDX spectra in Figs. 3–5 pre-

sent insights into the surface morphology, microstructure,

and chemistry of the constituent elements of the coal

samples. For all the coal samples, the SEM micrographs

displayed particles with rough textures and surfaces char-

acterised by a distinct glassy sheen, which is typically

ascribed to the presence of metallic elements, minerals, or

aluminosilicates such as quartz and kaolinite (Karayigit

et al. 2001). The coal particles also exhibited close-packed

stratified layers of materials with contoured outlines, which

may be due to the deposition of organic materials during

the coalification process. Lastly, the particles were found to

be devoid of surface pores or crevices, which indicate a

dense, compact and sintered microstructure.

4.3 Mineralogical properties

The mineralogical properties of AKZ, OME, and SHG

were examined by energy-dispersive X-ray (EDX) spec-

troscopy, as shown in Table 2. The EDX mineralogical

analysis was carried out to characterise the mineral com-

ponents present in each coal based on its metallic and non-

metallic elements for potential applications.

The elements detected in the coal samples were; Alu-

minium (Al), Carbon (C), Calcium (Ca), Copper (Cu), Iron

(Fe), Potassium (K), Magnesium (Mg), Oxygen (O), Sul-

phur (S), Silicon (Si), and Titanium (Ti) at various con-

centrations. For all samples, the major elements detected

were C, O, Si, and Al, whereas Ca, Cu, Fe, K, Mg, S, and

Ti were detected in minor proportions. It is vital to state

that Sulphur and Potassium were undetected in OME and

SHG, respectively. Typically, the occurrence of metals is

related to the clay, salt, or the porphyrin constituents in the

coal structure, which also serve as a measure of the level of

coalification (Speight 2012).

For all cases, the major elements detected as defined by

composition [ 2.50 wt%, were in the order C[O[
Si[Al. The highest composition of C was detected in

SHG, whereas the lowest was observed in OME. In con-

trast, the highest and lowest compositions of O were

Table 1 Physicochemical fuel properties of the coals

Coal C (wt%) H (wt%) N (wt%) S (wt%) O* (wt%) M (wt%) VM (wt%) A (wt%) FC* (wt%) HHV (MJ/kg)

AKZ 47.62 4.13 1.12 0.57 46.56 6.00 26.18 9.45 58.38 18.65

OME 58.31 5.02 1.31 0.66 34.69 6.35 32.18 11.59 49.88 24.17

SHG 64.35 5.55 1.40 0.69 28.01 6.23 37.74 11.24 44.8 26.59

Coal sample codes: Akunza (AKZ); Ome (OME) and Shiga (SHG). Element codes: Carbon (C); Hydrogen (H); Nitrogen (N); Sulphur (S);

Oxygen (O)*; Moisture (M); Volatile Matter (VM); Ash (A); Fixed Carbon (FC)*; and Higher Heating Value (HHV). *Determined by difference
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observed in AKZ and SHG, respectively. The higher C but

lower O content of SHG compared to the other coal sam-

ples accounts for its high calorific value (26.59 MJ/kg) as

reported in Table 1. Hence, the results of the mineralogical

study are consistent with the physicochemical analyses.

The highest composition of Si was observed in OME,

whereas the lowest was in SHG. Typically, Si exists as

silicon dioxide (SiO2) otherwise termed quartz in coal

(Speight 2012), which accounts for 40%–90% of the major

inorganic components and combustion residues found in

coal ash (Wong et al. 2020). Quartz is the primary con-

stituent of various granite, quartz, porphyry, and rhyolite

rocks (Speight 2012), and tends to occur due to proximity

to coal beds during the process of silicate weathering or

coalification (Akinyemi et al. 2020b). Hence, the high Si

indicates the presence of SiO2 in OME, which is in good

agreement with the high ash content of OME as earlier

reported in Table 1.

Fig. 3 SEM/EDX micrograph of Akunza (AKZ) Coal
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Similarly, the highest composition of Al was observed in

OME, whereas SHG contains the lowest composition.

Typically, Si and Al exist as clay minerals or aluminosil-

icates, which account for the highest inorganic constituents

of coal (Gluskoter 1975). Furthermore, Al and Si also

suggest the presence of carbonaceous and quartz minerals

such as clay (Sellaro et al. 2015). The most common clay

minerals are kaolinite, illite, chlorite, sericite, and mont-

morillonite (Liu and Peng 2015). The clay found in coals is

a significant contributor to ash formation, loss of calorific

value, and increased cost of ash handling/disposal during

the combustion of coal in power plants (Spears 2000).

Lastly, the presence of clay minerals along with other

metal elements such as Ti and Fe (Sengupta et al. 2008)

may account for the distinct lustre observed in the coals, as

reported earlier in our previous study (Nyakuma et al.

2019b). In general, the minor elements detected were in the

order Fe[K[Ti[Cu[Ca[Mg[ S particularly for

Fig. 4 SEM/EDX micrograph of Ome (OME) Coal
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Table 2 Elemental compositions (wt%) of AKZ, OME, SHG coal samples by EDX analysis

Coal sample Al C Ca Cu Fe K Mg O S Si Ti

AKZ 3.94 57.26 0.07 0.09 0.35 0.20 0.06 31.78 0.05 6.00 0.19

OME 6.57 49.33 0.23 0.24 1.07 0.25 0.07 29.16 0.00 12.51 0.58

SHG 0.72 76.67 0.16 0.24 0.26 0.00 0.05 18.88 0.18 2.59 0.24

Coal sample codes: Akunza (AKZ); Ome (OME) and Shiga (SHG). Element codes: Aluminium (Al); Carbon (C); Calcium (Ca); Copper (Cu);

Iron (Fe); Potassium (K); Magnesium (Mg); Oxygen (O); Sulphur (S); Silicon (Si) and Titanium (Ti)

Fig. 5 SEM/EDX micrograph of Shiga (SHG) Coal
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AKZ. For OME no sulphur (S) was detected and the

composition of Ti[K, whereas for SHG no K was

detected and the composition of S[Ca. The highest

composition of Fe, Ti, K, Ca, and Mg was detected in

OME, which indicates high mineral compositions of pyrite

(FeS2), anastase or ilmenite (Ti), illite (K), calcite

(CaCO3), and oxides of Mg.

4.4 Thermal properties

The thermal properties of AKZ, OME, and SHG were

examined under oxidative and non-oxidative conditions

based on non-isothermal heating to examine the burning

(combustion, CMB) and devolatilization (pyrolysis, PYR)

profiles of the coal samples, as depicted in Figs. 6 and 7,

respectively.

The burning and devolatilization profiles of the coals

depicted in the TG plots showed the typical downward ‘‘Z’’

curves, which slope from left to right for most thermally

degrading carbonaceous materials. The findings indicate

that the non-isothermal increase in temperatures from 30 to

900 �C resulted in significant thermal degradation during

TGA. The burning profiles (Fig. 6) exhibited steeper plots

particularly from 300 to 500 �C compared to the

devolatilization profiles (Fig. 7). The steeper TG plots

(Fig. 6) observed for the burning profiles indicate signifi-

cantly higher thermal degradation, loss of mass, and mass-

loss rates for the coals compared to the devolatilization

process. This observation could be ascribed to the

exothermic nature of the oxidative (combustion) process,

which ensures the higher heat or thermal energy supply to

the coal particles during the TG degradation process. The

thermal degradation of the coals observed during TGA

could also be ascribed to the degradation of the organic

fractions or maceral components. The term macerals

describe the microscopic and rock-rich constituents of coal

comprising the vitrinite, inertinite, and liptinite groups.

Typically, the compositions range from 50% to 90% for

vitrinites, 5%–10% for liptinites, and 50%–70% for the

inertinites depending on the rank, classification, and source

of the coal (Speight 2012). Furthermore, the macerals are

comprised of polymers, lignin, cellulose, resins, spores,

and cuticles derived from plants, algae, and fungi residues

(Xie et al. 2013). Hence, the loss of mass during TGA

could be ascribed to the thermal degradation of plant cell

wall matter (or organic fractions) present in the coal sam-

ples. The findings of Košina and Heppner (1984) and

Landais et al. (1989) demonstrated that the degree of the

thermal degradation, physicochemical behaviour, and

potential conversion products greatly depends on the

maceral composition, rank, and atomic ratios of coals.

Hence, the effect of the oxidising and non-oxidising

environments on the thermal degradation of AKZ, OME,

and SHG was examined by temperature profile character-

ization. Table 3 presents the temperature profile charac-

teristics (TPCs) of the coals under oxidative (combustion)

and non-oxidative (pyrolysis) conditions during TGA.
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Fig. 6 TG burning profile (CMB) plots for AKZ, OME, and SHG
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As observed, the oxidative conditions resulted in a high

loss of mass ranging from 69.61% for AKZ to 87.57% as

observed for SHG. Due to the oxidative nature of the

process, it can be reasonably inferred that the mass loss

during the process results in flue gas mixture along with

coke and ash, which are collectively termed the residual

mass. In this study, the residual masses for the oxidative

process ranged from 12.44% to 30.40% as observed for

SHG and AKZ, respectively. Compared to the ash contents

of the coals in Table 1, it can be reasonably surmised that

the residual mass comprises of principally ash (9.45 wt%

to 11.59 wt%) along with the coke or unreacted coal par-

ticles arising from incomplete TGA combustion. Hence,

higher temperatures (above 900 �C), longer residence and

isothermal conditions are required for complete combus-

tion of the coals.

For the non-oxidative conditions, the mass loss ranged

from 30.51% for AKZ to 43.05% as observed for SHG,

which resulted in the residual mass ranging from 56.95%

for SHG to 69.49% for AKZ. Based on the nature of the

process, the predicted products of the mass loss could be

pyrolysis gas (fuel gases), oil, and tar, whereas the solid

products could be largely coke, char and ash. This view is

corroborated by Sun et al. (2003) who examined the

pyrolysis behaviour of Shenmue coals. The findings

showed that coal pyrolysis resulted in light hydrocarbons

(C1–C4), aromatic hydrocarbons (C6–C8) along with car-

bon dioxide (CO2), water vapour (H2O) and other pyrolysis

gases due to the thermal degradation of macerals such as
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Fig. 7 TG devolatilization profile (PYR) Plots for AKZ, OME, and SHG

Table 3 TG plot—temperature profiles characteristics of the coal samples

Coal sample Reaction/process Temperatures (�C) Mass loss (ML, %) Residual mass (RM, %)

Onset (Tons, �C) Midpoint (Tmid, �C) Endset (Toff, �C)

AKZ Combustion 349.64 395.95 436.66 69.61 30.40

OME 361.05 405.59 440.24 81.71 18.29

SHG 374.93 421.12 459.39 87.57 12.44

AKZ Pyrolysis 363.35 480.98 594.32 30.51 69.49

OME 385.95 468.24 556.11 39.04 60.96

SHG 391.13 468.55 543.03 43.05 56.95
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vitrinite and inertinite. Furthermore, the yield and com-

position of the pyrolysis product gas are significantly

dependent on the reactivity of the macerals (Sun et al.

2003). Similarly, Zhao et al. (2011) employed TG–MS and

a fixed bed reactor to examine the pyrolytic decomposition

behaviour of Pingshuo coal. The findings indicated that

pyrolysis of coals is largely dependent on the reactivity of

individual macerals particularly inertinite compared to

vitrinite. Furthermore, the study showed that the distribu-

tion of pyrolysis products is comprised of tar, fuels gas, and

char. These findings are corroborated by Zou et al. (2017)

whose study showed that coal pyrolysis results in a fuel gas

mixture comprising; hydrogen (H2), carbon dioxide (CO2),

carbon monoxide (CO), methane (CH4) and water vapour

(H2O) and ethylene (C2H2) based on the TG–MS and gas

evolution.

Overall, the mass losses for the oxidative process in this

study are higher than the non-oxidative process, whereas

the residual masses were higher during the non-oxidative

compared to the oxidative processes. The plausible expla-

nation can be found in the higher thermal energy and

exothermic nature of the oxidative process, which provides

the sufficiently higher heat required to break the bonds of

the macerals in the coal structure. This assertion is verified

by the higher mass-loss rates observed during the oxidative

thermal degradation (17.70–19.91%/min) compared to the

non-oxidative process (2.26–5.3%/min) along with other

TPC values shown in Table 3.

Furthermore, the onset or ignition (Tons) temperatures

(Table 3) for the oxidative coal degradation processes

commenced from 349.64 �C (AKZ) to 374.93 �C (SHG),

whereas the values for the non-oxidative process occurred

between 363.35 �C (AKZ) and 391.13 �C (SHG). The

endset or burnout (Toff) temperatures for the oxidative coal

degradation processes occurred from 436.66 �C (AKZ) to

459.39 �C (SHG), whereas the values for the non-oxidative

process occurred between 543.03 �C (SHG) and 594.32 �C
(AKZ). For all cases, the TPC values Tons, Tmid and Toff

were higher for the non-oxidative degradation of the coals

compared to the oxidative process. As earlier surmised, this

is due to the exothermic nature of the oxidative process,

which provides higher heating energy and hence higher

mass-loss rates required to thermally degrade the coal

components compared to the non-oxidative process during

TGA. Furthermore, the oxidative reaction conditions pro-

vide suitable conditions for the secondary cracking or

thermal degradation of condensable products, char or coke

produced during the TGA process.

The degradation pathway for the oxidative and non-

oxidative thermal degradation of the coals was examined

by derivative thermogravimetry (DTG) plots, as shown in

Figs. 8 and 9.

The DTG plots in Figs. 8 and 9 each reveal two sets of

symmetric and asymmetric peaks. The first sets of smaller

peaks occurred from 30 to 200 �C for the oxidative and

non-oxidative processes, whereas the second larger set of

peaks were from 200 to 500 �C for the oxidative and

200–600 �C for the non-oxidative thermal degradation.

The non-oxidative process occurred over a wider temper-

ature range compared to the oxidative process. This is

verified by the temperature difference of the Tons and Toff

for the non-oxidative thermal degradation, which was;

230.97 �C, 170.16 �C, and 151.90 �C for AKZ, OME, and

SHG, respectively, compared to 87.02 �C, 79.19 �C, and

84.46 �C for the oxidative process.

The peaks for the oxidative process were found to be

asymmetric with shoulder protuberances on the left-hand

side of the large peak between 300 and 350 �C for all

samples and between 400 and 450 �C on the right-hand

side for the OME and SHG coal samples. In contrast, the

non-oxidative process resulted in symmetric peaks devoid

of shoulder peaks between 200 and 600 �C. Furthermore,

the observed peaks for the non-oxidative process exhibited

lower derivative mass-loss rates (Table 4) and significantly

smaller peaks from 200 to 600 �C compared to the

oxidative process. This observation indicates the

devolatilization process that governs thermal degradation

and softening is largely endothermic (Agroskin et al.

1972), as similarly reported in the literature (Hanrot et al.

1994).

Based on the thermal degradation ranges, peak sizes and

symmetry, the oxidative and non-oxidative thermal

degradation processes occurred in three stages. The first

stage could be ascribed to drying or loss of coal surface

moisture along with low molecular weight volatile com-

ponents below 200 �C (Xie et al. 2013). Zou et al. (2017)

reported that the loss of mass during this stage of coal

degradation is also ascribed to the evolution of moisture,

free radical groups, and hydrogen (H2). Accordingly, the

second stage observed between 200 and 500 �C and from

200 to 600 �C for the oxidative and non-oxidative pro-

cesses, respectively, could be attributed to the bond

cleavage or cracking of tar along with the evaporation and

transport of evolved gases during the thermal degradation

of coal macromolecules (Zou et al. 2017). Likewise, this

stage could also be due to the thermal degradation of coal

components such as macerals, as earlier surmised. Hence,

the mass loss during the TGA of the coals in this study

could be largely due to vitrinite, which is the most abun-

dant maceral fraction compared to inertinite and liptinite in

decreasing order. In addition, the high temperature (typi-

cally 400–800 �C) degradation of coal is considered an

exothermic process mostly due to vitrinite degradation

alongside coke graphitization (Xie et al. 2013) and con-

traction due to dehydrogenation of organic matter (Landais
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et al. 1989). Consequently, the thermal conductivity of the

coal increases resulting in enhanced fluidity, swelling, and

meta-plasticity (Strezov et al. 2007; Xie et al. 2013).

However, the mass loss during thermal degradation in the

range 200 �C\ x\ 400 �C was previously ascribed to the

degradation of inertinite macerals, which occurs at low

temperatures in the coal structure (Xie et al. 2013). Landais

et al. (1989) reported the low reactivity of inertinite to

degradation in the range of 350 �C and 375 �C under

pyrolysis conditions. Typically, the weight loss path and
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mechanism during high-temperature coal degradation pro-

ceeds from inertinite to vitrinite and lastly liptinite

(Landais et al. 1989). The last stage ([ 500 �C and 600 �C)

resulted in low mass losses for both oxidative and non-

oxidative processes as evident in the tailing (mass loss

plateaux) observed in Figs. 8 and 9. Various researchers

have attributed the mass loss in this region to the decom-

position of mineral matter and condensation of aromatic

rings due to secondary degassing reactions, which occur at

high temperatures (Zou et al. 2017).

The temperature profiles characteristics (TPC) for the

DTG plots were deduced to examine the reactivity,

mechanism, and mass-loss rates for the drying and

devolatilization processes under oxidative and non-oxida-

tive conditions, as presented in Table 4. For all cases, the

peak drying temperatures were observed from 60.38 �C
(SHG) to 77.27 �C (AKZ) for the non-oxidative process

compared to the oxidative process, which was observed

from 65.87 �C (AKZ) to 68.27 �C (SHG). However, mass

loss rates for both oxidative and non-oxidative conditions

were similar indicating the reactivity of the coals was

similar during the drying stage. However, the peak

devolatilization temperatures were observed from

470.29 �C (OME) to 475.95 �C (AKZ) for the non-oxida-

tive process compared to the oxidative process, which was

from 385.44 �C (AKZ) to 405.26 �C (SHG). However, the

mass-loss rates for both oxidative and non-oxidative con-

ditions were markedly different indicating differences in

the mechanisms and thermal reactivity for the coals. The

findings indicate that thermal degradation behaviour of

coals is also significantly dependent on the nature of the

oxidising environment (Nyakuma and Jauro 2016a), as

similarly observed for the composition of the organic

materials or maceral components in the literature (Luo and

Agraniotis 2017).

4.5 Kinetic properties

In this study, the kinetic analysis of the newly discovered

coals was examined based on the Coats–Redfern Model

(CRM). Hence, the kinetic parameters; activation energy

(Ea) and pre-exponential factor (ko) for the pyrolysis and

combustion were calculated from the slope and intercepts

of the plots in Figs. 10 and 11. The kinetic parameters were

calculated for thermal degradation of each coal between

Tons and Toff temperatures; since this stage is considered

the rate-determining step during TGA (Nyakuma et al.

2016).

Figures 10 and 11 exhibits the downward sloping

Arrhenius kinetic plots, which typically occur from left to

right, as observed for thermally degrading materials in the

literature (Sonibare et al. 2005). The plots for the com-

bustion process are straight-line plots with higher R2 val-

ues, whereas the pyrolytic decomposition of the samples

showed slightly curved plots, hence the slightly lower

coefficients of regression (R2) values (see Table 5). Based

on the plots, the activation energy (Ea), pre-exponential

factor (ko), and coefficient of regression (R2) for the ther-

mal degradation of the coals were computed as shown in

Table 5.

The findings indicate that the Ea values for the com-

bustion process ranged from 74.99 to 89.56 kJ/mol,

whereas the pyrolysis process was characterised by lower

Ea values between 23.81 and 36.96 kJ/mol. In contrast, the

ko values for the combustion process were observed

between 1.13 9 102 and 1.72 9 103/min, whereas the

pyrolysis process was characterised by lower ko values

from 6.77 9 10–4 to 1.41 9 10–2/min. The kinetic results

for the combustion and pyrolysis values were obtained at

high R2 values ranging from 0.95 to 0.98 as shown in

Table 5. The activation energy (Ea), pre-exponential factor

(ko), and coefficient of regression (R2) were also deter-

mined for various ranks of other Nigerian coals in the lit-

erature (Sonibare et al. 2005). The findings of Sonibare

et al. (2005) indicate the ranges of values of Ea, ko, and R2

Table 4 DTG plot—temperature profiles characteristics

Coal sample Reaction Peak drying temp (�C) Drying rate (%/min) Peak devolatilization temp (�C) Devolatilization rate (%/min)

AKZ Combustion 65.87 1.71 385.44 17.7

OME 67.83 1.62 389.80 19.91

SHG 68.27 1.62 405.26 19.3

AKZ Pyrolysis 77.27 1.26 475.95 2.26

OME 63.97 1.82 470.29 4.02

SHG 60.38 1.79 470.67 5.13
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for the combustion process were; 68.50–90.90 kJ/mol,

4.3 9 101–6.7 9 102/min, and 0.980–0.994, whereas the

values for pyrolysis were; 34.10–57.20 kJ/mol,

4.6 9 10–3–3.00 9 10–1/min, and 0.971–0.996. Hence, the

kinetic parameters determined in this study for AKZ,

OME, and SHG are fairly good agreement with values

reported in the literature. Furthermore, the kinetic param-

eters (Ea, ko, and R2) for the combustion reported in this

study are higher than the pyrolysis process, as also reported

by Sonibare et al. (2005). This observation could be
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Fig. 10 Kinetic plots for combustion (CMB) of Nigerian coals
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ascribed to the exothermic and endothermic nature of the

combustion and pyrolysis processes during TGA. Typi-

cally, endothermic reactions such as pyrolysis are favoured

by higher temperatures as opposed to exothermic reactions

such as combustion. Likewise, the rank and fuel properties

of coal may also account for thermal reactivity and

degradation during TGA (Nyakuma 2016). As stated ear-

lier, AKZ and OME are lower-ranked coals, which explains

their lower Ea values (higher thermal reactivity) compared

to SHG during the pyrolytic thermal degradation process

during TGA. However, the trend observed for the com-

bustion process is slightly different with SHG showing

fairly similar Ea to the lower-ranked OME coal, which is

explained by the higher VM of SHG (see Table 1) of the

former compared to the latter. The findings confirm the

rank, classification, and thermal degradation behaviour of

the coals, as earlier surmised in the study.

5 Potential applications and future outlook

The physicochemical, microstructure, mineralogy, thermal,

and kinetic fuel properties of three newly discovered coal

samples from Akunza (AKZ), Ome (OME), and Shiga

(SHG) from Nigeria have been presented in detail. This

section of the paper seeks to highlight the potential appli-

cations and future outlook on these coals. Based on the

physicochemical fuel properties, AKZ, OME, and SHG

coals are highly carbonaceous materials with significant

potentials for energy recovery and industrial utilisation. In

particular, the AKZ (classified as Lignite A) and OME

(Subbituminous B) coals are suited for electric power

generation along with the production of cement, fertilisers

and chemicals due to their low-rank coal (LRC) status.

Furthermore, the AKZ and OME samples examined in

this study have similar fuel properties with other lignites

from Obomkpa, Ihioma, and Ogboligbo (Nyakuma 2019)

and Subbituminous Nigerian coals such as Owukpa (Nya-

kuma et al. 2019a) and Garin Maiganga (Nyakuma and

Jauro 2016b). Lignite is an essential fuel source in many

countries, where it is utilised for the production of electric

power (79%), synthetic natural gas (SNG) (13%), fertilizer

(7%), along with heating homes and oil drilling (Lignite

Energy Council 2020). However, the energy or industrial

applications of lignite and subbituminous coals are non-

existent in Nigeria, despite accounting for about 12% and

49%, respectively, of all proven and inferred coal resources

(Chukwu et al. 2016).

In contrast, SHG coal (high-volatile C Bituminous or

Subbituminous A) is considered a mid-high ranked coal

with potential for application in the production of thermal

(steam) coal, metallurgical coking coal or the manufacture

of iron and steel in the industry (Speight 2012). The global

demand for coal is projected to remain high at 5645 MTCE

(million tonnes of coal equivalent), particularly due to the

demand for thermal (steam) coal and metallurgical coking

coal utilised for electricity and steel manufacturing (IEA

2020). According to the World Coal Association, coal

accounts for around 70% of all steel produced globally

where it is used as either the primary energy source or

energy input for the electric-powered arc kilns. Likewise,

the cement industry is heavily reliant on coal for energy

supply typically requiring about 200 kg of coal to produce

1000 kg of cement. Over the years, the higher-ranked coals

have also become integral feedstock for the production of

coal-derived fuels (through coal-to-liquid technologies),

which account for 7.5%–20.0% of the transport and jet

fuels in South Africa and other countries around the globe

(World Coal Association 2017).

The thermochemical conversion of coals through liq-

uefaction, pyrolysis, and gasification processes is another

promising route for the production of high-value fuels

(syngas, hydrogen), chemicals (methanol, dimethyl ether),

and high-value hydrocarbons such as benzene, toluene, and

xylene (BTX). The high volatile matter (VM = 37.74 wt%)

of SHG coal indicates its feedstock suitability for ther-

mochemical conversion through gasification. On the other

hand, the AKZ coal is more suited for pyrolysis into coke,

coal liquids, and syngas due to its lower volatile matter

(VM = 26.18 wt%) and higher fixed carbon (FC = 58.38

wt%) contents compared to OME and SHG coals. In gen-

eral, any of the three samples could be a potential feedstock

Table 5 Kinetic properties of Nigerian coals under pyrolysis and combustion conditions

Coal sample Reaction TPC temperature range (�C) Ea (kJ/mol) ko (min-1) R2

AKZ Combustion 349.64–436.66 74.99 1.13 9 1002 0.98

OME 361.05–440.24 89.56 1.72 9 1003 0.98

SHG 374.93–459.39 87.44 8.66 9 1002 0.98

AKZ Pyrolysis 363.35–594.32 23.81 6.77 9 10–04 0.97

OME 385.95–556.11 28.74 2.63 9 10–03 0.95

SHG 391.13–543.03 36.96 1.41 9 10–02 0.96
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for pulverised coal combustion (PCC) in future coal-fired

power plants. However, the potential utilisation of such

coals is contingent on addressing the associated challenges

of environmental pollution (air, water) and the risks to

human health and safety arising from GHG and toxic

pollutant emissions.

Various studies have proposed the adoption and imple-

mentation of clean coal technologies (CCT) such as the

high-efficiency low emission (HELE) power plants. Other

notable innovations proposed include lignite beneficiation,

particulate bag houses, subcritical steam boiler technology,

carbon injection technology, selective catalytic reduction

(SCR), flue gas desulphurisation (FGD) among other ret-

rofit technologies (Reid 2016). The integrated deployment

of such technologies reportedly increases coal conversion

efficiency and reduces emissions. Such innovative tech-

nologies also enhance power plant performance from *
28% for current lignite fleets to * 40% in hard coal

electricity stations and 46% in integrated coal gasification

combined cycle (IGCC) plants along with net CO2 savings,

GHG and other (Hg, SOx, NOx and PM) emissions control

(DOE-NETL 2020).

The metallic elements, minerals, or aluminosilicates

such as quartz and kaolinite in the coal samples examined

in this study could be potentially extracted and exploited as

mineral resources. The extracted minerals and metallic

elements have wide-ranging applications in catalysis, sili-

con wafer manufacture, photovoltaic (PV) cells, high-

temperature glass and ceramics manufacturing (Dedzo and

Detellier 2016), along with cosmetics, fine chemicals, fuel

cells, battery, energy storage and nano-based materials

(Leiviskä et al. 2012). Other notable applications include

the manufacture of soap, detergent, packaging materials,

and water treatment (Das et al. 2020) along with paper,

construction and medical diagnostics (Babisk et al. 2020).

6 Conclusions

The study comprehensively examined the physicochemi-

cal, microstructural, mineralogical, thermal and kinetic fuel

properties of the three newly discovered AKZ, OME, and

SHG coal samples from Nigeria. The findings showed that

the new coal samples contain high combustible elements

and energy content but low pollutant elements such as

sulphur and nitrogen, which could enhance future energy

recovery. Based on the physicochemical, AKZ, OME, and

SHG can be classified as lignite, subbituminous and bitu-

minous rank coals, respectively. The microstructure of the

coals is characterised by particles with rough texture, sur-

face, and a distinct glassy sheen due to metallic elements,

minerals, clays and aluminosilicates. Thermal analysis

revealed significant mass loss (ML) due to thermal

degradation of coal macerals during oxidative and non-

oxidative TGA. Kinetic analysis showed that the coal

samples are highly reactive with low Ea and ko values

under both oxidative and non-oxidative conditions. Hence,

the coal samples are suitable for coal-fired electricity

generation and potential energy recovery through pyroly-

sis, gasification, and combustion. In addition, the coal

samples could be employed as potential feedstocks for the

large-scale production of cement, iron, steel, coke, chem-

icals, and liquid transportation fuels. However, further

studies are recommended to investigate the exergy, evolved

gas analysis, pollutant profiles, and life cycle analysis for

future power plants or industrial applications.
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