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ABSTRACT

Background-The increasing use of coal as an energy source, the management of the resulting fly ash and the environmental
issues and impacts of the trace elements released from coal combustion have become a great concern to life preservation and
sustainability. Objectives-The objective is to chemically, geochemically and mineralogically characterise coals from two
contrasting environments (Nigeria and South Africa) including fly ash from a South African coal combustion plant and the data
obtained were used to elucidate similarities and differences between the studied coals. Methods- Moisture content, volatile
matter, ash content and the Ultimate analysis of the samples were investigated. A comparative chemical analysis of South African
Coal (SAC), Nigerian Coal (NGC) and the fly ash from SAC samples were individually investigated using these techniques: X-ray
Fluorescence (XRF), Laser Ablation-Inductively Coupled Plasma Mass Spectroscopy (LA-ICPMS) and Fourier Transform Infra-Red
Spectroscopy (FTIR). Results-The bulk chemical composition as determined by XRF showed high concentrations of SiO,, Al,Os in
both SAC and NGC samples. The major oxides identified for the electric precipitated fly ash includes SiO,, Al,05, CaO, Fe,05;, MgO
and TiO,. Thirty seven (37) trace elements were analysed for in the samples with varying concentrations from 0 to over 100
mg/Kg. The SAC samples with concentrations greater than 100 mg/Kg in the SAC were Ba, Sr and As; and for NGC; As, Co, Zr, and
W were identified. The trace elements in the fly ash which showed concentrations greater than 100 mg/Kg includes Ba, Ce, Sr, Zr,
Cr and V. Enrichment of Co, Cr, Ni, Pb, Sb, Zn, U, Th and V was observed in the SAC fly ash analysed when compared with the
source SAC sample, attesting to the relative higher relative densities of the metals. Conclusions-The SAC and NGC coals samples
used in this study can be classified as medium volatile bituminous coal and a comparably low percentage ash was generated for
the NGC and SAC samples. There is an indication of negligible amounts of sulphur in the samples.
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1. INTRODUCTION

Coal is a combustible carbonaceous rock that contains varying amounts of carbon, hydrogen, nitrogen, oxygen,
sulphur and mineral matter and nearly 8 gigatonnes per year of coal is produced globally at ~0.05 $/kg) [1]. It is an
important energy resource, an organic rock that is composed of macerals and minerals and its reserves are abundant
fuels necessarily needed to meet the demands of electricity [2]. The combustion of lignite, sub-bituminous,
bituminous coal, and anthracite for power generation produces a range of coal combustion residues, also known as
coal ash [3,4]. The growing interest in mineral matter and trace elements in coal and coal fly ash largely stems from
environmental standards required for power generation.

According to Bergh et al. (2011) [5], South Africa is the 5th largest producer and joint 4th largest exporter of coal in
the world. It is also a major supplier of coal to the European Union. It has the largest coal reserves in Africa at
approximately 75% of Africa's total coal reserves, mining between 245 Mt to 250 Mt of coal per year and exporting
around 71.4 Mt which is approximately a third of the total annual production [6,7] and sixth globally in economically
recoverable coal reserves (34,224 Mt) and fifth in the world in annual production [8]. South Africa has an abundant
coal reserve which is utilized in generating electricity and chemical production and in the process of its combustion
generates about 40Mt of coal fly ash annually [9]. As much as 70% of the South African estimated coal reserve is
located in the Waterberg, Witbank, and Highveld coalfields, as well as lesser amounts in the Ermelo, Free State and
Springbok Flats coalfields [10]. South African coals are generally low in sulphur, nitrogen and phosphorus, and in the
case of the first two, the contents are dependent on maceral composition and rank [11].

Nigeria equally has large coal reserves, estimated to be at least 2 billion metric tons of sub-bituminous to bituminous
coals and unquantifiable lignite deposits with 650 million tonnes which are proven and spread over fifteen states [12].
Coal was the first commercial energy resource to be exploited in Nigeria. The fortune of coal exploration in Nigeria
suffered greatly after the nation’s independence, as the economy is mainly driven by crude oil exportation and local
refining to date. Technological choice of diesel fuel for rail transportation and later to gas for electricity generation led
to a decrease in coal production from almost 1 million metric tons in 1959 to less than 10 thousand tons in 2005 [13].
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Nigerian coals are of cretaceous or early tertiary age and are mostly located in the eastern part of the country. They
are mostly lignite and sub-bituminous, with some deposits of high volatile bituminous coal [14].

Coal combustion is usually accompanied with residual incombustible ash residue called fly ash and the coal properties
impact the quality of coal combustion by-products (CCBs) [15]. Chemically, 90-99% of fly ash is composed of Si, Al,
Fe, Ca, Mg, Na and K with Si and Al forming the major matrix [16]. These elements are found in the ash because of
their high melting points and the short resident time the ash particles stay in the furnace during combustion. Carbon
and nitrogen are oxidised into gaseous constituents during combustion; hence they are present in fly ash in negligible
quantities. Fly ash varies from acidic to alkaline nature depending on the coal type and furnace temperature. Many
studies have shown that the alkaline nature of most fly ashes from different power stations is as a result of some
soluble basic oxides present such as CaO and MgO [17,18]. Trace elements in fly ash include As, B, Be, Cd, Co, Cr,
Cu, Ga, La, Mn, Hg, Ni, Pb, Sc, Ag, tin, Sr, V, Y, Zn and Zr [19]. The average concentrations of most of these trace
elements in fly ash are reported by EI-Mogazi et al. (1988) [20].

The mineralogy of fly ash refers to both amorphous and crystalline phases and other mineral fractions in the fly ash.
During combustion, the minerals in coal can become fluid (totally melted) or volatile, and may oxidise or undergo
other gas phase reactions [21]. The rate of cooling in the post combustion zone determines if a particle is amorphous
or acquires a crystalline structure [22,23]. If the mineral cools slowly, they can develop the characteristic crystalline
structure. If cooling is rapid, they form spherical glassy particles. Certain trace elements such as HAP (Hazardous Air
Pollutants) can have substantial implications, and the US Clean Air Act Amendments of 1990 specifically identified As,
Be, Cd, Cr, Co, Hg, Mn, Ni, Pb, Sb, Se, and U as potential HAP's [5-15-24,25].

Even though coal is considered to have more environmental impacts than any other energy source, the relative
scarcity of some valuable elements has prompted many companies to search for new mineral sources. Recently,
prices of strategic minerals and rare earth elements have been rising dramatically due to global supply shortages and
increasing demands [26]. In addition to new mining ventures and electronic recycling programs, coal ash has been
suggested as a possible large untapped resource. It is well-known that coal ash contains many common metals (e.g.,
Al, As, Cr, Ni, Se) while some coal ashes also contain elevated concentrations of rare earth and strategic metals (e.g.,
Ce, La, Ga, Ge).

Several companies are already exploring methods to extract rare metals from coal ash and investigating whether coal
ash processing can serve as an economical and environmentally friendly alternative to traditional mining [27]. Fly ash
and bottom ash can be used in different industrial applications to minimise environmental impacts, for instance in ion-
exchange (in industrial wastewater and soil contamination), and in the separation and removal of gases and solvents
[28]. Relationship has been established on studies of trace element partitioning between chemistry of feed coal and
fly ash. Further, a number of studies have demonstrated relationship between the collection point of the fly ash
(electrostatic precipitator or baghouse row) and the concentration of trace elements [24].

The specific objective of the present study was to chemically, geochemically and mineralogically characterise coals
from two contrasting environments (Nigeria and South Africa) as well as for the fly ash from a South African coal
combustion plant. The data obtained were used to elucidate similarities and differences between the studied coals.
The enrichment of the trace elements in the South African fly ash was equally determined and also used as a means
of predicting the chemical composition and environmental impact expected for the future Nigerian coal fly ash.

2. MATERIALS AND METHODS

The feed coal at a large South African power station was sampled for 3 days during a field trip research activity. The
sampling method employed was as described by Querol et al. (1994) [3] with slight modification. Every day, 20 kg of
coal was obtained from a split of 2000t coal sampled throughout the day by means of an automatic sample-riffler
located at the coal feeder of the boilers. After automatic homogenisation of the three samples, a gross sample of 60
kg was obtained. The coal combustion fly ash from the power station was also sampled simultaneously to compare
their major and trace element content with that of the parent coal. Samples of 30 kg of the fly ash from the hoppers
of the electrostatic precipitators in the same group were obtained. The gross coal sample was air-dried, milled and
split carefully in accordance with ISO recommendations to obtain a representative 5 kg sub-sample of particle size <
250 um for mineralogical and chemical analyses. The samples were tagged South African Coal (SAC) and fly ash (FA)
respectively.

10 kg representative coal samples were batch wisely, randomly handpicked at five different locations in the Enugu
coal preparation plant in Nigeria. The samples were reduced to smaller sizes by mechanical means, followed by
pulverising in a rotary mill. The powdered samples were passed through a 210 micron sieve to prepare a
representative 5 kg sub-sample for analysis. The sample was tagged Nigerian Coal (NGC).

The coals and fly ash samples were stored in sealed polyethylene sample bags and labelled accordingly. The sample
bags were kept in a dark cool cupboard away from any source of heat, fluctuating temperature and direct sunlight to
avoid contamination and oxidation as much as possible.
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2.1 Proximate, Ultimate and Heating Value Analysis: Standard analytical procedures were used to investigate
moisture content [29], volatile matter [30], ash content [31] and the Ultimate analysis [32]. Durlong formula [33] was
used for the estimation of higher heating values (HHV) in MJ/kg for the SAC and NGC coal samples.

HHV(MJ|Kg) = 0.33801(C) + 1.44158 [(H) — 0.00125 (0)] + 94.13 (S) (1)

Three (3) runs were undertaken on each sample to obtain the mean and standard deviation (SD). For calculating the
energy released as (HHV) for coal samples, the breaking of C-C bonds was considered as the predominant source of
energy released and negligible amount from sulphur linked bonds.

2.2 X-ray Fluorescence (XRF)X-ray fluorescence (XRF): spectrometry was used to determine the various metal
oxides, including SiO2, Al203, CaO, K20, Na20, Fe203, MnO, MgO, TiO2, and P205, in the coal and coal ash
samples. A Phillips PW1480 sequential X-ray fluorescence spectrometer was used. Samples were oven dried at 1000C
for 12 hours to remove the absorbed water and then crushed with a mortar and pestle to fine powder. Nine grams of
the dried powdered samples were mixed with 2g of binder (a mixture of wax C and EMU powder). Binders were used
to glue the individual grains of the samples together before making the mixture into pellets at a pressure of 15 kbar
for @ minute. Loss on ignition (LOI) was measured by placing the samples in the furnace at 1000 °C for at least 45
minutes. To obtain the mean and standard (SD), three runs were undertaken on each sample.

2.3 Laser Ablation-Inductively Coupled Plasma Mass Spectroscopy (LA-ICPMS): Trace elements were
analysed using ICP-MS (Agilent 7500ce). Samples were filtered with 45 pm membrane filter paper to remove
suspended solids and refrigerated before LA-ICPMS analysis. The instruments were calibrated twice daily using multi-
element standards, with calibration verification standard analysed directly after the calibration. The control standards
for every 12 samples were run by the ICP-MS. Internal standards were used to correct for instrument drift in ICP-MS.
The pressed pellet method was employed for trace element analysis. 8 + 0.05 g of milled powder of each sample was
mixed thoroughly with 3 drops of Mowiol wax binder, and pressed into pellet with Pill press to 15 ton pressure. They
were then dried in oven at 100 °C for half an hour before analysing.

2.4 Fourier Transform Infra-Red Spectroscopy (FTIR): The FTIR analysis was carried out on a Perkin Elmer
100 series, Universal ATR accessory spectroscopy. This is for the purpose of identification and comparison of the
functional groups present in each sample. Samples were oven dried at a temperature of 100 oC and crushed with
mortar and pestle before analysis.

3. RESULTS
Table 1: The table presents proximate and ultimate analysis of coal samples.
Mean SAC S.D C.V % Mean NGC S.D C.V %

Nitrogen(N)% 1.16 0.17 14.3 1.65 0.24 14.3
Carbon (C) % 45.8 4.00 8.75 57.6 5.98 10.4
Hydrogen(H)% 3.50 0.41 11.8 4.90 0.34 6.97
Moisture% 0.78 0.33 42.5 0.81 0.19 23.3
Ash% (db) 9.44 2.25 2.38 9.32 1.31 1.40
Volatile matter(db)  5.58 2.25 40.31 6.80 1.31 19.2
C/N 39.5 34.9
H/C 0.08 0.09
HHV(MJ/kg) 20.526 26.533

S.D: Standard Deviation; C.V: Coefficient of Variation; db: dry basis; HHV: Higher Heating Value.

Table 2: The table presents concentration of major oxides (weight %) in SAC and NGC samples as
determined by XRF.

Mean SACS.D C.Vv Mean NGC S.D C.v
Al,O5 11.4 0.16 1.40 3.55 0.03 0.74
Cao 0.18 0.01 5.87 0.05 0.01 10.8
Fe,0;3 0.37 0.03 7.57 0.29 0.09 29.8
K;0 0.62 0.01 1.47 0.06 0.01 8.66
MgO 0.12 0.01 4.22 0.06 0.01 8.66
MnO 0.01 0.00 0.00 0.01 0.00 0.00
Na,O 0.14 0.00 2.44 0.14 0.00 3.44
P,0Os 0.28 0.01 1.90 0.02 0.00 0.00
Sio, 16.9 0.15 0.89 14.5 0.07 0.50
TiO, 0.44 0.01 2.08 0.47 0.01 1.12
LOI 67.9 0.16 0.23 79.9 0.54 0.67

H,0- 2.44 0.20 8.01 1.33 0.69 29.5
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Table 3: The table presents concentration of trace elements distribution in coal samples (mg/kg) as
determined by LA-ICPMS as well as their comparisons with china, average U.S. and world coals.

NGC SAC USA® USA®
Elements . . 8
Mean S.D C.V% Mean S.D C.V% China® Arithmetic Geometrc world®

As 403 9.84 2.44 231 18.4 7.96 3.79 24 6.5 8.3
Sc 437 0.18 4.02 932 0.53 5.69 4.38 4.2 3 3.9
Vv 32.2 0.54 1.69 54.7 1.57 2.88 35.1 22 17 25
Cr 36 24 6.66 53.2 1.79 3.36 15.4 15 10 16
Co 214 1.83 0.85 2.22 0.33 14.9 7.08 6.1 3.7 5.1
Ni 11.2 0.32 2.86 20.6 1.21 5.87 13.7 14 9 13
Cu 23.7 1.85 7.8 32.8 1.5 4.57 17.5 16 12 16
Zn 119 0.27 2.24 38.6 1.6 4.14 41.4 53 13 23
Rb 2.6 0.07 2.84 29.1 0.68 2.34 9.25 21 0.62 14
Sr 21 0.27 1.26 603 21.1 3.49 140 130 90 110
Y 5.74 0.07 1.19 16.8 0.39 2.32 18.2 8.5 6.6 8.4
Zr 151  2.39 1.58 96.6 2.04 2.11 89.5 27 19 36
Nb 8.18 0.01 0.14 10.4 0.8 7.67 9.44 2.9 1 3.7
Mo 1.77 0.01 0.33 3.48 0.3 8.64 3.08 3.3 1.2 2.2
Sn 1.69 0.16 9.3 3.48 0.24 6.77 2.11 1.3 0.001 1.1
Cs 0.24 0.01 2.63 5.72 0.24 4.23 1.13 1.1 0.7 1
Ba 46 0.54 1.17 1156 16.2 1.4 159 170 93 150
La 8.02 0.09 1.12 38.9 0.58 1.49 22.5 12 3.9 11
Ce 16.6 0.25 1.51 90.4 2.68 2.97 46.7 21 5.1 23
Pr 1.73 0.06 3.61 9.39 0.26 2.78 6.42 2.4 n.d 3.5
Nd 6.09 0.15 2.49 30 0.39 1.31 22.3 9.5 n.d 12
Sm 1.24 0.1 7.69 5.18 0.33 6.34 4.07 1.7 0.35 2
Eu 0.24 0.01 5.58 0.91 0.06 6.26 0.84 0.4 0.12 0.47
Gd 0.96 0.06 6.38 3.85 0.05 1.31 4.65 1.8 n.d 2.7
Tb 0.17 0.01 8.24 0.57 0.02 3.61 0.62 0.3 0.09 0.32
Dy 1.04 0.03 2.52 3.09 0.13 4.06 3.74 1.9 0.008 2.1
Ho 0.22 0.01 5.99 0.62 0.02 3.09 0.96 0.35 n.d 0.54
Er 0.66 0.06 9.41 1.86 0.11 6.05 1.79 1 0.002 0.93
Tm 0.1 0.01 9.42 0.27 0.02 5.59 0.64 0.15 n.d 0.31
Yb 0.75 0.03 4.49 1.76 0.14 7.74 2.08 0.95 n.d 1
Lu 0.12 0.01 8.94 0.26 0.02 8.49 0.38 0.14 0.06 0.2
Hf 3.87 0.07 1.81 2.75 0.07 2.36 3.71 0.73 0.04 1.2
Ta 0.56 0 0.52 0.84 0.06 6.74 0.62 0.22 0.02 0.28
W 1129 17.7 1.56 1.9 0.12 6.38 1.08 1 0.1 1.1
Pb 548 0.11 2.03 7.02 0.26 3.76 15.1 11 5 7.8
Th 4,19 0.09 2.08 14.2 0.42 2.95 5.84 3.2 1.7 3.3
U 1.42 0.05 3.66 3.87 0.17 4.27 2.43 2.1 1.1 2.4

Nd: no data; a: From [34-35]; b: From [36]; c: From [37].

Table 4: The table presents major oxides distribution in electric
precipitated fly ash sample (EPFA) as determined by XRF.

Elements Mean S.D C.vV
Al,O5 23.8 0.23 0.95
CaOo 5.62 0.38 6.68
Fe,05 5.07 0.39 7.76
K,0 0.71 0.17 23.5
MgO 1.41 0.25 18.1
MnO 0.05 0.01 12.4
Na,O 0.27 0.21 76.6
P,O5 0.32 0.23 70.4
Sio, 52.3 2.16 4.13
TiO, 1.41 0.01 0.82
LOI 7.70 1.40 18.2
H,0O- 1.17 0.64 54.8

EPFA: electric precipitated fly ash; LOI: loss on ignition.
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Table 5: The table presents trace elements distribution

in EPFA sample (mg/kg) as determined by LA-ICPMS.

Trace Mean S.D C.V%
As 47.7 2.52 5.28
Sc 26.3 1.51 5.72
\" 117 2.76 2.36
Cr 193 2.81 1.46
Co 16.8 0.41 2.44
Ni 50.2 1.88 3.73
Cu 32.3 3.37 10.4
Zn 53.6 2.68 4.99
Rb 37.1 0.81 2.19
Sr 1263 22.2 1.76
Y 64.9 0.37 0.57
Zr 393 1.48 0.38
Nb 35.0 1.28 3.66
Mo 5.80 0.24 4.18
Sn 6.68 0.34 5.10
Cs 5.85 0.16 2.74
Ba 1057 9.57 0.90
La 90.8 0.76 0.84
Ce 180 2.76 1.53
Pr 19.5 0.39 2.00
Nd 71.2 1.26 1.77
Sm 14.4 0.39 2.69
Eu 2.71 0.13 4.62
Gd 12.4 0.26 2.08
Tb 1.94 0.01 0.52
Dy 11.9 0.31 2.60
Ho 2.38 0.08 3.37
Er 6.56 0.03 0.49
Tm 0.96 0.05 5.20
Yb 6.36 0.17 2.67
Lu 0.92 0.10 11.2
Hf 10.6 0.51 4.85
Ta 2.67 0.05 1.98
w 5.74 0.07 1.22
Pb 34.7 0.51 1.47
Th 36.2 0.36 1.01
U 10.0 0.21 2.13

Table 6: The table presents predicted Enrichment
factors (EF) for trace elements in fly ash from coal
with and without normalization to Ce (mg/kg).

SAC EPFA EFce EFpy
As 231 47.7 0.10 0.21
Sc 9.32 26.3 1.42 2.82
\Y 54.7 117 1.07 2.14
Cr 53.2 193 1.82 3.63
Co 2.22 16.8 3.80 7.57
Ni 20.6 50.2 1.22 2.44
Cu 32.8 32.3 0.49 0.98
Zn 38.6 53.6 0.70 1.39
Rb 29.1 37.1 0.64 1.27
Sr 603 1263 1.05 2.09
Y 16.8 64.9 1.94 3.86
Zr 96.6 393 2.04 4.07
Nb 10.4 35.0 1.69 3.37
Mo 3.48 5.80 0.84 1.67
Sn 3.48 6.68 0.96 1.92
Cs 5.72 5.85 0.51 1.02
Ba 1156 1057 0.46 0.91
La 38.9 90.8 1.17 2.33
Ce 90.4 180 1.00 1.99
Pr 9.39 19.5 1.04 2.08
Nd 30.0 71.2 1.19 2.37
Sm 5.18 14.4 1.40 2.78
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Eu
Gd
Tb
Dy
Ho
Er
Tm
Yb
Lu
Hf
Ta
w
Pb
Th
U

0.91
3.85
0.57
3.09
0.62
1.86
0.27
1.76
0.26
2.75
0.84
1.90
7.02
14.2
3.87

2.71
12.4
1.94
11.9
2.38
6.36
0.96
6.36
0.92
10.6
2.67
5.74
34.7
36.2
10.0

1.50
1.62
1.71
1.93
1.93
1.72
1.79
1.81
1.78
1.94
1.60
1.52
2.48
1.28
1.30

2.98
3.22
3.40
3.85
3.84
3.42
3.56
3.61
3.54
3.85
3.18
3.02
4.94
2.55
2.58

DV: Direct value computed without reference to Ce.

Table 7: The table presents projection for trace elements in

NGC fly ash (mg/kg).

Projection for NGC fly

Trace NGC EFpy ash
As 403 0.21 83.2
Sc 437 2.82 12.3
\Y 32.2 2.14 68.9
Cr 36.0 3.63 130
Co 214  7.57 1619
Ni 11.2 244 27.3
Cu 23.7 0.98 23.4
Zn 11.9 1.39 16.5
Rb 2.6.0 1.27 3.31
Sr 21.0 2.09 44.0
Y 5.74 3.86 22.2
Zr 151  4.07 614
Nb 8.18 3.37 27.5
Mo 1.77 1.67 2.95
Sn 1.69 1.92 3.24
Cs 0.24 1.02 0.25
Ba 46.0 0.91 42.1
La 8.02 2.33 18.7
Ce 16.6 1.99 33.1
Pr 1.73 2.08 3.59
Nd 6.09 2.37 14.5
Sm 1.24 2.78 3.45
Eu 0.24 2.98 0.71
Gd 096 3.22 3.09
Tb 0.17 3.40 0.58
Dy 1.04 3.85 4.01
Ho 0.22 3.84 0.84
Er 0.66 3.42 2.26
Tm 0.10 3.56 0.36
Yb 0.75 3.61 2.71
Lu 0.12 3.54 0.42
Hf 3.87 3.85 14.9
Ta 0.56 3.18 1.78
w 1129  3.02 3410
Pb 548 4.94 27.1
Th 4,19 2,55 10.7
U 1.42  2.58 3.67
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Figure 1: The figure presents FTIR spectra for Nigerian coal sample.
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Figure 2: The figure presents FTIR spectra for South African coal sample.

4. DISCUSSION

Proximate and Ultimate Analysis of coal samples

Proximate analysis gives the weight fraction of moisture, volatile matter (VM) including liquids and tar, fixed carbon
(FC), and ash, according to ASTM standard test method E870-82 [38]. The average fixed carbon contents of NGC and
SAC are 57.6 + 5.98% and 45.8 £ 4.00% with coefficient of variation of 10.4% and 8.75% respectively as presented
in Table 1. The NGC data shows slightly higher fixed carbon content than the SAC data. The fixed carbon content is a
measure of the solid combustible material that remains after the volatile matter in coal has been removed. The
ultimate analysis indicates average hydrogen contents of NGC and SAC samples as 4.90% % 0.34 and 3.50% + 0.41
with coefficient of variation of 6.97 and 11.8 respectively while the nitrogen values of NGC and SAC are 1.65% =+ 0.24
and 1.16% % 0.17 with coefficient of variation of 14.3% and 14.3 % respectively. The result indicated a low nitrogen
and hydrogen contents for the two samples and an increase in the carbon content. The obtained values for C, N and
H contents in SAC are within the range of reported proximate values for South African coals [39,40]. The lower H/C
ratio for SAC sample indicates that it is likely to be more aromatic than the NGC sample [39].
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The average ash contents (dry basis-db) of the NGC and SAC are 9.32 + 1.31 % and 9.44 % 2.25 with coefficient of
variation of 1.40% and 2.38 % respectively indicating marginal low ash content in NGC than the SAC. These values
are slightly higher but comparable to those of Nigerian sub-bituminous coals reported by Aswen (1987) [41] with
values for Okaba, Benue (5.30 %) and for Obi, MB Benue (5.80%). The SAC (9.44 %) and NGC (9.32 %) values are
however higher than the Polish coals (4.79 %) and the American coal (5.77 %). High ash yields are obtained from
coals that are generally found to be intimately mixed with fairly large proportion of mineral matter [42-44]. The ash
content values of these coals are generally minimal.The NGC and SAC samples investigated have average volatile
matter (db) contents of 6.80 + 1.31% and 5.58 + 2.25 % with coefficient of variation of 19.2% and 40.3%
respectively. This low VM could be due to maturity influence because volatile matter is known to decrease with
increase in rank [45], therefore, coals with this VM content is a high rank coal.

The VM values indicate a high carbonaceous material even though the volatile matters of some Nigerian coals are
Chikala coal (44.27%), Lafia-Obi (29.39%); the American coal (31.36%) and the Polish coal (32.61%). Nasirudeen,
Jauro (2011) [46] study confirmed that a large and significant difference can exist with studied coals. We also
compared our findings with the study of five characterised black Australian bituminous coals [47], the moisture
content, ash and fixed carbon are similar and comparable, however, the volatile matter range of (19.68 - 45.41) of
the Australian coals were still a lot higher than SAC (5.58) and NGC (6.80). This affirms that the volatile matter of the
NGC and SAC coal sample used in this study are considerably very low. Volatile matter is used in coal ranking and one
of the most important parameters used for determination of coal’s applications [48]. Volatile matter does not form
part of the coal; it is usually evolved as tar during carbonisation. High-volatile bituminous coal due to its high volatile
matter content generates high pressure during carbonisation [49,50], therefore the SAC and NGC are expected to
comparatively generate average pressure during carbonisation.

The average value of the moisture content for NGC and SAC samples are 0.81 + 0.19 and 0.78 £ 0.33% with
coefficient of variation of 23.3% and 42.5% respectively. Aswen (1987) [41] reported a higher moisture values for
Nigerian coals in Okaba, Benue (3.50%) and Obi, Benue (3.45%), indicating that the values are slightly higher than
the values obtained in this study. Considering the coals’ moisture contents, a higher quality coal has low moisture.
High moisture leads to a decrease plant capacity and an increase in its operating costs, by affecting the calorific value
and the concentration of other constituents [48]. The total moisture content is important in assessing and controlling
the commercial processing of coal. The present values suggested that these samples will require less heat for
vaporisation of the moisture.

This result also indicate a good calorific values for the coal samples with the NGC (26.533 MJ/kg) having a slightly
higher heating value when compared with the SAC (20.526 MJ]/kg). Relatively low value of moisture content
represents a significant improvement in coal’s quality because moisture affects the calorific value and the
concentration of other constituents [46]. The heating value is one of the most important properties of fuels for design
calculations or numerical simulations of thermal conversion systems [51]. The chemical properties of these coals show
low values for moisture contents, ash and volatile matter as expected with the views held by Gray, Barrass et al.,
(1979) [52] except the volatile matter content. The coal used in this study can be classified as medium volatile
bituminous coal according to ASTM specification [53].

Bulk chemical and major element composition of the coal samples

The elemental composition of the coal samples determined by XRF for the samples is presented in Tables 2 and 3 and
it presents major elements as oxides (weight %) and traces in (mg/kg) on a dry weight basis. The most abundant
oxide constituent in both coals was SiO, with about (16.9%) for SAC and (14.5%) for NGC. This is closely followed by
Al,05(11.4%) for SAC and (3.55%) for NGC.

It was observed that Al,Os; in NGC was very low compared with SAC but the SiO, in both samples was however
relatively close. Table 2 also revealed that the loss on ignition (LOI) (79.9%) is higher in NGC than in SAC with LOI
(67.9%) while MnO (0.01), Na,O (0.14) were similar in the samples analysed. In pyro-processing and the mineral
industries such as lime, calcined bauxite, refractories or cement manufacture, the loss on ignition of the raw material
is roughly equivalent to the loss in mass that it will undergo in a kiln, furnace or smelter.

High levels of sodium found in many low-rank coals have been found to be responsible for fouling in the combustion
chambers [54,55]. There would be less fouling in combustion chambers for the combustion of SAC and NGC samples
due to the content of sodium present. The concentrations of acidic oxides of Si, Al and Fe are generally high in the
two samples while the comparative concentrations of basic oxides of Mg, Ca, Na and K are lower, this suggests that
there would be a low level of base neutralising cations for the samples. Similar observations and conclusions have
been made by Ehinola, Adene (2008) [56] in his study.
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The SAC samples contain higher concentrations of some typical radioactive elements such as Ba (1,156 mg/kg), Rb
(29.1 mg/kg), U (3.87 mg/kg), Sr (603 mg/kg) and Th (14.2 mg/kg) when compared to the analysed NGC sample
with Ba (46.0 mg/kg), Rb (2.60 mg/kg), U (1.42 mg/kg), Sr (21.0 mg/kg) and Th (4.19 mg/kg). This low
concentration of elements indicate fewer introductions of radioactive elements on the natural environment for the
NGC however, the significant presence of some quantities of elements could also be an alternative source of strategic
minerals and rare earth elements which have risen dramatically due to global supply shortages and increasing
demands.

It is common knowledge that trace elements in coals are both inorganically (the greatest part of them) and
organically associated [36-57-59]. The concentrations of most trace elements in SAC and NGC studied in this work are
similar and comparable to China, US and world coals reported [34-37]. However, NGC have higher content of As, Co,
Zr and W and SAC showed high contents of As, V, Sr, Zr, Nb, Ba, Ce than the china, US and world coals. Recent study
have posited the possibility of removing volatile trace elements prior to combustion may be an attractive emission
control method which is likely to be less expensive than post-combustion clean up, and may well prove to be more
effective where the trace elements are able to pass through pollution control devices [60]. Studies has also shown
that the elemental concentrations of in situ coal seams can vary both vertically and laterally, even between coals in a
mine, from different mines or between coals from the same seam in various location of a mine or a coal bearing
strata [61].

The sum of the mean electric precipitated fly ash sample values of SiO,, Al,Os, and Fe,05; was 81.17%. This electric
precipitated fly ash can be classified as class F [62] having a percentage aggregates sum of alumina, silica and ferric
oxide contents greater than 70 %, with a lime content less than 10%. The present result confirmed that the fly ash is
derived from the burning of bituminous coal. The main inorganic elements observed in the electric precipitated fly ash
as revealed by XRF are Si and Al, suggesting abundance of quartz and aluminosilicate minerals in the coal sample.
Ca0 (5.62 %) and MgO (1.41 %) are basic oxides which when dissolved in aqueous solution could lead to an increase
in the pH of the fly ash solution, while the Fe,03 (5.07 %) which is an acidic oxide could decrease the pH of the fly
ash solution when dissolved in aqueous solution. All the major elements were enriched in the SAC except K,0 and
PzOs.

This is not unexpected since coal fly ash particles either adsorb elements on their surface or trap them in the glass
aluminosilicate fraction. Therefore, the slow dissolution of the glass fraction upon hydration may be responsible for
the slow release of elements like Mn, Si, K and P [17]. Loss on Ignition (LOI) of the electric precipitated fly ash
sample is one of the most important chemical properties of fly ash especially since it is an indicator of the fly ash’s
suitability for use as a cement replacement in concrete. The electric precipitated ash sample has a low LOI (7.70 %)
when compared with the parent coal (SAC) with (67.92%) indicating that most of the volatile components of this fly
ash had already been devolatilized. The diversity of the results of these studies may be directly attributable to the coal
sources because of their different element distributions [63].

Trace elements originating from coal utilisation that are believed to be of major concern from a human health
perspective include: As, Cd, Hg, Pb, and Se [64]. However, fly ash derived from combustion of coals may also have
potential economic significance especially for rare metals [65,66]. The studied fly ash showed Co, Nb, Ni, Pb, V, Zr
and U have highly-elevated concentrations in the electric precipitated fly ash than the parent coal (SAC), and this is
probably due to the evaporation of these metals in combustion chambers which are being disposed off in the gaseous
product. In comparison, As, Ba, Ce, Rb, Sr, Y, and Th are the elements with higher concentrations in the parent South
African coal (SAC) sample.

It is common knowledge that trace elements in coals are both inorganically (the greatest part of them) and
organically associated [36-57-67], rare earth elements in coal appear to consist of a primary fraction which is
associated with syngenetic mineral matter [68]. Another portion of the REE can be externally derived or mobilised
when primary mineral matter is destroyed or modified [69]. Although REEs are not considered to be highly mobile in
low-temperature environments, some researchers have suggested possible mechanisms for mobilising REEs in coal
[70]. Therefore, the REEs could be bound to the surfaces of clay minerals, and may be retained in highly resistant
REEs-rich trace minerals.

It has been reported that elements in coal fly ash are dependent on the characteristics of the coal burned,
combustion conditions and removal efficiency of air pollution control device. Coal combustion by-products are
constantly changing, partly due to variations in coal sources, and the constant need to use the ash collection system
as part of the gaseous emission-control system [24]. Generally, toxic elements such as As, Ba, Cr, Ni, Sb are released
either with particles or as vapours [71]. The observed increased concentration of these metals with the ash yield
suggests a high affinity to the inorganic matter [72]. The present results show that most trace elements are enriched
in the ash, except for As, Ba, Lu, which show a significant decrease. These results confirmed earlier studies by Pires
and Querol 2004 [73], which suggested a volatile nature for most of these elements [74] at high combustion
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temperatures (1400 — 1600 ©°C) followed by condensation on the fly ash particle surface. Cu and Cs are distributed
evenly within the coal (SAC) and electric precipitated fly ash.

FTIR analysis of coal samples

The different chemical bonding present in the coal samples were determined using the FTIR procedure. Figures 1 and
2 present the FTIR spectra for the NGC and SAC and the coals spectra shown are broadly similar and show
characteristic vibration bands of the coal. In assigning the bands, the absorption bands are compared with the
standard patterns [2-75, 76]. It is known that the 900 — 700 cm™! region corresponds to aromatics bending modes,
1450 cm™ and 1380 cm™! bands correspond to aliphatic bending modes, and 2800-3100 cm™ region corresponds to
aliphatic and aromatics stretching modes [77]. The elements in coal can occur in a wide variety of chemical forms or
modes of occurrence. It is important to emphasise that it is the mode of occurrence of an element that dictates its
behaviour and its technological, environmental and economic impact [36]. The modes of occurrence of the potentially
hazardous elements in coal will be of significance in any attempt to reduce their mobilisation due to coal combustion
[78].

Most of the peaks in FTIR spectra of coals between 1100 cm™ and 400 cm™ can be assigned to clay minerals such as
quartz, kaolinite, illite and the montmorillonite group. Distinct peaks at the regions of 1000, 529 and 413 cm-1 are
ascribed to kaolinite [79]. In kaolinite, the high frequency OH vibrations occur at the region of 3600 cm™ while Si-O
bending vibrations contribute to the strong absorption at 413 and 529 cm™. The presence of quartz in the coal sample
possibly gives rise to the IR spectrum with absorption frequency at 746 and 684 cm™ in the coal samples [80-82]. A
strong absorption at 1025 cm™ in the FTIR of NGC coal and 1028 cm™ in SAC coal can also be ascribed to the
presence of the mineral quartz. The potassium selenium chlorides also absorb at 1625 and 1450 cm™. The small
shoulder at 1450 cm™ in SAC could be attributed to potassium selenium chlorides.

The most relevant signals on the FTIR spectrum for coals are the absorption bands in the region between 850 and
650 cm ™. The bands near to 840, 805 and 780 cm™ are attributed to AlO, groups; the bands around 720, 685, 640
and 570 cm™! are ascribed to AlOg groups. At low frequencies, under 400 cm™!, absorption bands are caused by Ca-O
bonds [83, 84]. The sampled coals are more of the AlO, groups. The spectra indicated that the coal sample used in
the present study had little iron sulphide. The iron sulphide (pyrite) is generally the most important of the iron-
bearing minerals in coals (basic absorption frequency at 413 cm™) which is missing in the NGC and SAC. This is an
indication of negligible amounts of sulphur in the samples.

A broad absorption band is observed at 3689 cm™ in the NGC and 3694 cm™ in the SAC, which is mainly due to N-H
and O—H groups. The peaks for O—H stretching vibrations at 3689 cm™ for NGC and 3694 cm™ for SAC appear to be
for those associated with clay minerals. The aromatic hydrogen band at 3040 cm™ is absent in the coals indicating its
highly substituted and condensed nature [85]. The C-H stretching vibration peak at 2548 cm™ for NGC and 2531
cm™! for SAC, appearing as sharp peaks of medium intensity may be assigned to aliphatic and alicyclic CH5, CH, and
CH groups although the major contribution is expected to be due to CH, groups. From this investigation, the major
mineral identified in NGC is kaolinite (Al,Si,Os (OH)4) and quartz (SiO,) while the FTIR spectra of SAC revealed
potassium selenium chloride (K,SeClg), quartz (SiO,) and kaolinite (Al,Si,Os (OH),) as the major crystalline mineral
phases present. The spectra of the SAC and NGC samples are very similar, therefore this present results show that
NGC and SAC are found to be similar in mineralogical compositions using the FTIR analyses.

Enrichment factors of the trace elements

The distribution of trace elements in coals used for electrical generation is of increasing importance in the assessment
of environmental impacts from coal-fired power plants [86]. To elucidate the behaviour of the trace elements during
the coal combustion and to gauge the extent of anthropogenic influence, their concentrations in fly ashes can be
normalised using a non-volatile element, whose concentrations both in the coal and in the ashes are accurately
known. This enrichment factor (EF) [87-89] was calculated as shown below:

EF = [(XAsh)/(Y;lsh)/ (XCoal)/YCoal)] (2)

Where [X]ash and [X]coa are the concentrations of the X element in the fly ash and in the coal respectively. [Y]as and
[Y]coa are the contents of a non-volatile element taken as reference. The non-volatile elements most frequently
selected for calculation of EF are Al, Ce, Fe, La, Si and Ti [90]. Most heavy rare earth elements (REEs) such as Ce and
La present the additional advantage of being present in constant concentrations in all particle sizes of the fly ashes.
Consequently, Ce was chosen as the reference element in the calculation of the enrichment indices of elements. The
enrichment factor without Ce i.e direct values (DV) was also calculated; here the SAC data were normalised with that
of the electric precipitated fly ash using this equation:
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wt % of element in the EPFA (3)
wt % of the element in SAC

Enrichment/Depletion (DV) =

The results showing the Ce-normalised EF for studied elements, calculated for the fly ashes in relation to Ce and
without Ce are presented in Table 6. The values below 1.0 represent relative enrichment in the coal sample while
values above 1.0 represent relative enrichment in the fly ash sample. Co (3.80) and Pb (2.48) appeared to be the
most volatile radionuclide measured due to its volatilisation and later condensation in the fly ash matrix since
heterogeneous condensation is a surface-area phenomenon. A comparison of the results of assessment of enrichment
factors obtained by the two methods demonstrates that EFc. indicate much lower value than the EFpy factors.

Trace elements such as Zn, Rb, Cs, Mo and Sn are slightly enriched in the coal ash. The slight enrichment of these
trace elements in the coal ash is attributed to the combustion process. On the contrary, only As, Cu and Ba is
considerably depleted in the coal ash samples used in the present study. Rare earth elements (REES) such as Ce, Y,
La, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu and Hf are slightly enriched in the coal ash. In summary, most of
the determined trace and REE elements were comparatively enriched in the coal ash when compared with the parent
material (coal) indicating an increased mobilisation of trace elements. The calculated trace element enrichment factors
result showed that for the trace elements analysed, enrichment factors were higher for the fly ash, a finding that
indicates that greater elements migrated into the fly ash and a volatile behaviour for the trace elements.

It is evident from the results that most elements exhibit moderate to significant enrichment in the coal fly ash. This
enrichment of REEs in the coal ash result trend shows agreement with the previous work on the South African coal
and combustion products [39-91], but disagreed with the held views of Baioumy (2009) [69] and Swaine, (2013)
[58]. The trace and REE elements relative enrichment in coal ash is attributed to the combustion process in the
Tutuka power station. Rare earth elements in coal appear to consist of a primary fraction which is associated with
syngenetic mineral matter [68] and another portion of the REE can be externally derived or mobilized when primary
mineral matter is destroyed or modified.

Prediction of chemical composition of Nigerian coal fly ash

Several studies on the occurrence and distribution of trace elements in coal have shown that their affinities differ from
one deposit to another [92,93]. However, using insight from South African coal fly ash, a forecast of the pattern of
enrichment and depletion factors of trace elements of Nigerian coal fly ash could be made when large scale coal
processing may commence in Nigeria. Table 7 below shows the predicted composition of trace elements in the
Nigerian coal fly ash using the enrichment factor obtained for each element in the SAC (Table 6). Enrichment in most
elements that deserve particular interest from the environmental and human health point of view will be revealed
when compared with the element concentrations in the feed coal.

The predicted content of NGC fly ash will likely contain trace elements like Sc, V, Cr, Ni, Zn, Rb, Sr, Y, Zr, Nb, Mo, Sn,
La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, Hf, Ta, W, Pb, Th, U, and metal oxides such as Al,03, Ca0,
Cr,03, Fe,05, K;0, MgO, MnO, Na,0, P,0s, SiO,, TiO, suggesting a predominantly volatile nature for these elements at
high combustion temperatures followed by condensation on the fly ash particle surface. In contrast, Zn, Rb, Cs, Mo
and Sn will be distributed evenly within the ash and NGC feed coal while As, Cu and Ba will show depleted
concentration in the fly ash samples (Table 7).

The mineralogical composition of SAC and NGC coals includes kaolinite and quartz. As it was revealed for the SAC fly
ash, the NGC fly ash will likely be composed of mullite, quartz, calcite, magnetite, and hematite minerals from the
parent coal. Analyses of major elements from NGC fly ashes indicate a high amount of SiO,, Al,Os;, and Fe,05; and
similar pattern is revealed for the SAC fly ash. The low-calcium class F fly ash will be produced from the burning of
NGC coal.

5. CONCLUSIONS

It has been shown that there is very high similarity between the SAC and NGC samples. This work gave us an
understanding of coal quality characteristics in SAC and NGC and their fly ash. The Information on the concentrations
and distributions of major and trace elements in coal and coal fly ash in SAC, their modes of occurrence, and the
textural relations of the minerals and the organic components in which they occur may help to anticipate the
behaviour of the major and trace elements during coal combustion for the NGC fly ash.

e The SAC and NGC coals samples used in this study can be classified as medium volatile bituminous coal

e The NGC and SAC samples have an estimated high heating value of 26.53 MJ/kg and20.53 MJ/kg respectively
which are high calorific value coals.

e XRF analyses revealed the main constituents of the electric precipitated fly ash samples to be SiO,, Fe,0; and
Al,05 indicating the abundance of quartz and aluminosilicate minerals in the coal sample.

¢ Most elements exhibit moderate to significant enrichment in the coal fly ash
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e It can be predicted that the NGC fly ash is likely going to be similar in composition to that of SAC fly ash mineral
phase. Analyses of major elements from NGC coal fly ashes would also indicate a high amount of SiO,, Al,Os, and
Fe203.

e A comparably low percentage ash will be generated for the NGC and SAC samples.

ACKNOWLEDGEMENTS: The present study was financially supported by the Environmental and Nano Sciences
(ENS) group of the University of the Western Cape, South Africa. The interest and assistance of Professor Leslie Petrik
through Post-Doctoral Fellowship to Richard and subsequent invaluable analytical collaboration is appreciated.

6. REFERENCES

1. Keller BD, Ferralis N, Grossman JC. Rethinking Coal: Thin Films of Solution Processed Natural Carbon Nanoparticles for Electronic Devices. Nano
Letters 2016;16(5):2951-2957. Available: http://pubs.acs.org/doi/abs/10.1021/acs.nanolett.5b04735

2. Speight JG. Application of spectroscopic techniques to the structural analysis of coal. Applied Spectroscopy Reviews 1994;29(2):117-169.
Available: http://www.tandfonline.com/doi/abs/10.1080/05704929408000899+#.V6C9z0u7hHw

3. Querol X, Fernandez-Turiel J, Lopez-Soler A. Trace elements in coal and their behaviour during combustion in a large power station. Fue/
1995;74(3):331-343. Available: http://www.sciencedirect.com/science/article/pii/0016236195934640

4. Querol X, Juan R, Lopez-Soler A, Fernandez-Turiel J, Ruiz CR. Mobility of trace elements from coal and combustion wastes. Fue/ 1996;75(7):821-
838. Available: http://www.sciencedirect.com/science/article/pii/0016236196000270

5. Bergh J, Falcon R, Falcon L. Trace element concentration reduction by beneficiation of Witbank Coalfield no. 4 Seam. Fuel Process Technobgy
2011;92(4):812-816. Available: http://www.sciencedirect.com/science/article/pii/S0378382010003358

6. B.P. British Petroleum: Statistical Review of World Energy. BP statistical review of world energy 2011. Available:
http://www.bp.com/content/dam/bp-country/de de/PDFs/brochures/statistical review of world energy full report 2011.pdf

7. Wagner NJ, Hlatshwayo B. The occurrence of potentially hazardous trace elements in five Highveld coals, South Africa. International Journal of
Coal Geology 2005;63(3):228-246. Available: http://www.sciencedirect.com/science/article/pii/S0166516205000601

8. Falcon R, Van der Riet M. Effect of milling and coal quality on combustion 2007. Pittsburgh Coal Conference, Sandton, South Africa.

9. Bada SO, Potgieter-Vermaak S. Evaluation and treatment of coal fly ash for adsorption application. Leonardo Electronic Journal of Practices and
Technologies 2008;12:37-48. Available: http://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.299.6923&rep=rep1&type=pdf

10. Jeffrey L. Characterization of the coal resources of South Africa. Journal of the South African Institute of Mining and Metallurgy 2005;105(2):95-
102. Available: http://reference.sabinet.co.za/webx/access/journal archive/0038223X/3081.pdf

11. Snyman C, Botha W. Coal in south Africa. Journal of African Earth Sciences (and the Middle East) 1993;16(1-2):171-180. Available:
http://www.sciencedirect.com/science/article/pii/089953629390165M

12. EIA. Energy Information Administration. Outlook, Annual Energy;. Washington, DC Available: http://www.eia.doe.gov 2008

13. Nwaobi GC. The Nigerian Coal Corporation: An Evaluation of Production Performance (1960-1987). Abuja: Quantitative Economic Research
Bureau. NIGERIA, WEST AFRICA; TERRITORY, FEDERAL CAPITAL,; 2005. Available:
https://www.researchgate.net/profile/Godwin Nwaobi/publication/23745896 The Nigerian Coal Corporation An Evaluation Of Production Perfor
mance(1960 1987)/links/5448a1d90cf2f14fb8142a9b.pdf

14. Ogunsola OI. History of Energy Sources and Their-Utilization in Nigeria. Energy Sources 1990;12(2):181-198. Available:
http://www.tandfonline.com/doi/abs/10.1080/00908319008960198

15. Mardon SM, Hower JC. Impact of coal properties on coal combustion by-product quality: examples from a Kentucky power plant. International
Journal of Coal Geology 2004;59(3):153-169. Available: http://www.sciencedirect.com/science/article/pii/S0166516204000333

16. Adriano D, Page A, Elseewi A, Chang A, Straughan I. Utilization and disposal of fly ash and other coal residues in terrestrial ecosystems: A
review. Journal of Environmental Quality 1980;9(3):333-344. Available:
https://dl.sciencesocieties.org/publications/jeq/abstracts/9/3/JEQ0090030333

17. Chaoi S, Lee S, Song Y, Moon H. Leaching characteristics of selected Korean fly ashes and its implications for the groundwater composition near
the ash disposal mound. Fue/2002;81(8):1083-1090. Available: http://www.sciencedirect.com/science/article/pii/S0016236102000066

18. Reardon E, Czank C, Warren C, Dayal R, Johnston H. Determining controls on element concentrations in fly ash leachate. Waste Management
Resources 1995;13(5):435-450. Available: http://wmr.sagepub.com/content/13/5/435.short

19. Young S. Physical and hydraulic properties of fly ash and other by-products from coal combustion: Electric Power Research Institute, 1993.
Available: https://books.google.co.za/books/about/Physical and Hydraulic Properties of Fly.html?id=KfMJAQAAMAAJ&redir esc=y

20. El-Mogazi D, Lisk DJ, Weinstein LH. A review of physical, chemical, and biological properties of fly ash and effects on agricultural ecosystems.
The Science of the Total Environment, 1988;74:1-37. Available: http://europepmc.org/abstract/med/3065936

21. Kim AG, Kazonich G. The silicate/non-silicate distribution of metals in fly ash and its effect on solubility. Fue/2004;83(17):2285-2292. Available:
http://www.sciencedirect.com/science/article/pii/S0016236104001590

22. Kim AG. Physical and chemical characteristics of CCB 2002:25-42. Proceedings of Coal Combustion By-Products and Western Coal mines.
Available: http://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.732.5674&rep=rep1&type=pdf#page=38

23. Matsunaga T, Kim J, Hardcastle S, Rohatgi P. Crystallinity and selected properties of fly ash particles. Materials Science and Engineering. A
2002;325(1):333-343. Available: http://www.sciencedirect.com/science/article/pii/S0921509301014666

24. Hower JC, Robl TL, Anderson C, Thomas GA, Sakulpitakphon T, Mardon SM, Clark WL. Characteristics of coal combustion products (CCP's) from
Kentucky power plants, with emphasis on mercury content. Fuel 2005;84(11):1338-1350. Available:
http://www.sciencedirect.com/science/article/pii/S0016236104003382

25. Demir I, Hughes R, Lytle J, Ho K. Atmospheric emissions of trace elements at three types of coal-fired power plants. ACS Division of Fuel
Chemistry, Preprints 1997;42(4):1101-1105. Available: https://pubs.er.usgs.gov/publication/70019127

26. Mohammadi M, Forsberg K, Kloo L, Martinez De La Cruz J, Rasmuson A. Separation of ND(III), DY(III) and Y(III) by solvent extraction using
D2EHPA and EHEHPA. Hydrometallurgy 2015(0). Available: http://www.sciencedirect.com/science/article/pii/S0304386X15300116

27. Mayfield DB, Lewis AS. Environmental review of coal ash as a resource for rare earth and strategic elements 2013:April 22-25. World of coal
Ash (WOCA) conference, Lexington KY. Available: http://www.flyash.info/2013/051-mayfield-2013.pdf

28. Depoi FS, Pozebon D, Kalkreuth WD. Chemical characterization of feed coals and combustion-by-products from Brazilian power plants.
International Journal of Coal Geology 2008;76(3):227-236. Available: http://www.sciencedirect.com/science/article/pii/S0166516208001456

29. ASTM D3173-87. Annual Book of ASTM Standards. Sec 05.05. Standard Test Methods for Moisture in the Analysis Sample of Coal and Coke.
Philadelphia, PA: ASTM. ASTM, D 3173-87. 1991.

30. ASTM D3175-89. Annual Book of ASTM Standards. Sec 05.05. Standard Test Method for Volatile Matter in the Analysis Sample of Coal and
Coke. . ASTM D3175-89, Philadelphia, PA: ASTM. 1991.

31. ASTM D3174-89. Annual Book of ASTM Standards. Sec 05.05. Standard Test Method for Ash in the Analysis Sample of Coal and Coke from Coal.
. Philadelphia, PA: ASTM. ASTM D3174-89 1991.



http://pubs.acs.org/doi/abs/10.1021/acs.nanolett.5b04735
http://www.tandfonline.com/doi/abs/10.1080/05704929408000899#.V6C9z0u7hHw
http://www.sciencedirect.com/science/article/pii/001623619593464O
http://www.sciencedirect.com/science/article/pii/0016236196000270
http://www.sciencedirect.com/science/article/pii/S0378382010003358
http://www.bp.com/content/dam/bp-country/de_de/PDFs/brochures/statistical_review_of_world_energy_full_report_2011.pdf
http://www.sciencedirect.com/science/article/pii/S0166516205000601
http://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.299.6923&rep=rep1&type=pdf
http://reference.sabinet.co.za/webx/access/journal_archive/0038223X/3081.pdf
http://www.sciencedirect.com/science/article/pii/089953629390165M
http://www.eia.doe.gov/
https://www.researchgate.net/profile/Godwin_Nwaobi/publication/23745896_The_Nigerian_Coal_Corporation_An_Evaluation_Of_Production_Performance(1960_1987)/links/5448a1d90cf2f14fb8142a9b.pdf
https://www.researchgate.net/profile/Godwin_Nwaobi/publication/23745896_The_Nigerian_Coal_Corporation_An_Evaluation_Of_Production_Performance(1960_1987)/links/5448a1d90cf2f14fb8142a9b.pdf
http://www.tandfonline.com/doi/abs/10.1080/00908319008960198
http://www.sciencedirect.com/science/article/pii/S0166516204000333
https://dl.sciencesocieties.org/publications/jeq/abstracts/9/3/JEQ0090030333
http://www.sciencedirect.com/science/article/pii/S0016236102000066
http://wmr.sagepub.com/content/13/5/435.short
https://books.google.co.za/books/about/Physical_and_Hydraulic_Properties_of_Fly.html?id=KfMJAQAAMAAJ&redir_esc=y
http://europepmc.org/abstract/med/3065936
http://www.sciencedirect.com/science/article/pii/S0016236104001590
http://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.732.5674&rep=rep1&type=pdf#page=38
http://www.sciencedirect.com/science/article/pii/S0921509301014666
http://www.sciencedirect.com/science/article/pii/S0016236104003382
https://pubs.er.usgs.gov/publication/70019127
http://www.sciencedirect.com/science/article/pii/S0304386X15300116
http://www.flyash.info/2013/051-mayfield-2013.pdf
http://www.sciencedirect.com/science/article/pii/S0166516208001456

American Journal of Innovative Research and Applied Sciences. ISSN 2429-5396 | www.american—iiras.com @pen ﬁccess

32. IS: 1350 (Part 1V/2). Methods of Test for Coal and Coke: Ultimate Analysis — Determination of Nitrogen. 1975 Reaffirmed 1983 IS: 1350 (Part
1v/2) 1983.

33. Felder R, Rousseau R. Elementary principles of chemical processes 3rd Edition. John Wiley and Sons, New York NY. 10158 - 0012 1986.
Available: http://197.14.51.10:81/pmb/CHIMIE/Elementary%20Principles%200f%?20Chemical%20Processes%203.pdf

34. Dai S, Zhou Y, Ren D, Wang X, Li D, Zhao L. Geochemistry and mineralogy of the Late Permian coals from the Songzo Coalfield, Chongqing,
southwestern China. Science in China Series D: Earth Sciences 2007;50(5):678-688. Available: http://link.springer.com/article/10.1007/s11430-007-
0001-4

35. Dai S, Li D, Chou C, Zhao L, Zhang Y, Ren D, Ma Y, Sun Y. Mineralogy and geochemistry of boehmite-rich coals: new insights from the
Haerwusu Surface Mine, Jungar Coalfield, Inner Mongolia, China. International Journal of Coal Geology 2008;74(3):185-202. Available:
http://www.sciencedirect.com/science/article/pii/S0166516208000141

36. Finkelman RB. Trace and minor elements in coal. In: Engel, Michael, Macko, Stephen A. (Editors) Organic Geochemistry: Principles and
Applications : Springer, 1993. p. 593-607. Available: http://link.springer.com/chapter/10.1007/978-1-4615-2890-6 28

37. Ketris M, Yudovich YE. Estimations of Clarkes for Carbonaceous biolithes: World averages for trace element contents in black shales and coals.
International Journal of Coal Geology 2009;78(2):135-148. Available: http://www.sciencedirect.com/science/article/pii/S0166516209000123

38. ASTM International. ASTM Standard E870-82. Standard Test Methods for Analysis of Wood Fuels 2006. Available:
http://www.astm.org/DATABASE.CART/HISTORICAL/E870-82R06.htm

39. Hattingh BB, Everson RC, Neomagus HW, Bunt JR, Van Niekerk D, Jordaan JH, Mathews JP. Elucidation of the structural and molecular
properties of typical South African coals. Energy Fuels 2013;27(6):3161-3172. Available: http://pubs.acs.org/doi/abs/10.1021/ef400633d

40. Okolo GN, Neomagus HW, Everson RC, Roberts MJ], Bunt JR, Sakurovs R, Mathews JP. Chemical-structural properties of South African
bituminous coals: Insights from wide angle XRD—carbon fraction analysis, ATR-FTIR, solid state 13 C NMR, and HRTEM techniques. Fue/
2015;158:779-792. Available: http://www.sciencedirect.com/science/article/pii/S0016236115006079

41. Asuen GO. Mineralogical characteristics of two coal types from different paleoenvironments. Nigerian Journal of Mineral Geology, 1987;23(1 and
2):81 - 87. Available: http://www.ccsenet.org/journal/index.php/jgg/article/download/29742/17650

42. Choudhury N, Boral P, Mitra T, Adak A, Choudhury A, Sarkar P. Assessment of nature and distribution of inertinite in Indian coals for burning
characteristics. International Journal of Coal Geology 2007;72(2):141-152. Available:
http://www.sciencedirect.com/science/article/pii/S0166516206002096

43. Dwari R, Rao KH. Tribo-electrostatic behaviour of high ash non-coking Indian thermal coal. International Journal of Mineral Process
2006;81(2):93-104. Available: http://www.sciencedirect.com/science/article/pii/S0301751606001499

44, Dwari R, Rao KH. Dry beneficiation of coal—a review. Mineral Processing and Extractive Metallurgy Review 2007;28(3):177-234. Available:
http://www.tandfonline.com/doi/abs/10.1080/08827500601141271

45. Price ], Gransden J, Hampel K. Microscopy, Chemistry and Rheology tools to determine Coal and Coke Characteristics. 1st McMaster’s coke
making course. McMaster’s University Hamilton, Ontario, Canada 1997;4:74

46. Nasirudeen M, Jauro A. Quality of some Nigerian coals as blending stock in metallurgical coke production. Journal of Minerals and Materials
Characterization and Engineering 2011;10(01):101. Available: http://www.scirp.org/journal/PaperInformation.aspx?paperID=20831

47. Buhre B, Hinkley J, Gupta R, Nelson P, Wall T. Fine ash formation during combustion of pulverised coal-coal property impacts. Fue/
2006;85(2):185-193. Available: http://www.sciencedirect.com/science/article/pii/S0016236105003017

48. Jauro A, Chigozie A, Nasirudeen M. Determination of selected metals in coal samples from Lafia-Obi and Chikila. Science World Journal
2008;3(2). Available: http://www.ajol.info/index.php/swij/article/view/51799

49. Walker R, Mastalerz M, Padgett P. Quality of selected coal seams from Indiana: implications for carbonization. International journal of coal
geology 2001;47(3):277-286. Available: http://www.sciencedirect.com/science/article/pii/S0166516201000465

50. Barriocanal C, Patrick JW, Walker A. The laboratory identification of dangerously coking coals. Fuel 1998;77(8):881-884. Available:
http://www.sciencedirect.com/science/article/pii/S0016236197002664

51. Sheng C, Azevedo J. Estimating the higher heating value of biomass fuels from basic analysis data. Biomass Bioenergy 2005;28(5):499-507.
Available: http://www.sciencedirect.com/science/article/pii/S0961953404002107

52. Gray D, Barrass G, Jezko J. Relationships Between Coal Liquefaction Behaviour and the Composition of South African Coals. Prepr., Division
Petroleum Chemistry, Am.Chemn.Soc.;(United States) 1979;24(CONF-790415-P3). Available:
https://web.anl.gov/PCS/acsfuel/preprint%?20archive/Files/24 2 HONOLULU 04-79 0002.pdf

53. ASTM. Annual book of ASTM standards. American Society for Testing and Materials Annual, Philadelphia, PA, USA 2004;5-6(04.08):650.

54. Durie R. The science of Victorian brown coal: structure, properties and consequences for utilization: Butterworth-Heinemann, 2013. Available:
https://www.bookdepository.com/Science-Victorian-Brown-Coal-R-Durie/9780750604208

55. Raask E. Mineral impurities in coal combustion: behavior, problems, and remedial measures: Taylor & Francis, 1985. Available:
https://books.google.co.uk/books/about/Mineral Impurities in Coal Combustion.html?id=BE2yBaRyRaMC

56. Ehinola O, Adene T. Preliminary investigation on acid generating potential of coals from Benue trough, Nigeria. Petroleumn & Coal
2008;50(3):19-26. Available: http://www.vurup.sk/sites/vurup.sk/archivedsite/www.vurup.sk/pc/vol50 2008/issue3/pdf/pc 3 2008 ehinola.pdf

57. Liu J, Yang Z, Yan X, Ji D, Yang Y, Hu L. Modes of occurrence of highly-elevated trace elements in superhigh-organic-sulfur coals. Fue/
2015;156:190-197. Available: http://www.sciencedirect.com/science/article/pii/S0016236115004329

58. Swaine DJ. Trace elements in coal: Butterworth-Heinemann, ISBN-10: 1483107329. (January 1, 1990). Available:
https://www.amazon.com/Trace-Elements-Coal-Dalway-Swaine/dp/1483107329

59. Yudovich YE, Ketris MP, Merts AV., Impurity Elements in Coals. Leningrad: Nauka. 1985.

60. Wagner N, Tlotleng M. Distribution of selected trace elements in density fractionated Waterberg coals from South Africa. International Journal
of Coal Geology 2012;94:225-237. Available: http://www.sciencedirect.com/science/article/pii/S0166516212000079

61. Goodarzi F. Mineralogy, elemental composition and modes of occurrence of elements in Canadian feed-coals. Fue/ 2002;81(9):1199-1213.
Available: http://www.sciencedirect.com/science/article/pii/S0016236102000236

62. ASTM C 618. Standard speciation for fly ash and raw or calcined natural pozzolan for use as a mineral admixture in Portland cement concrete. .
In ASTM, Annual Book of ASTM Standards. Philadelphia, PA: ASTM. 1993(C 618).

63. Norton G, Markuszewski R, Buttermore W. The removal and control of trace elements in coal and coal wastes Conference: 2. international
conference on elemental analysis of coal and its by-products, Bowling Green, KY (United States), 9-11 Sep 1991. Available:
http://www.osti.gov/scitech/biblio/5992573

64. Clarke LB, Sloss LL. Trace elements-emissions from coal combustion and gasification: IEA Coal Research, 1992.

65. Dai S, Seredin VV, Ward CR, Hower JC, Xing Y, Zhang W, Song W, Wang P. Enrichment of U-Se-Mo—Re-V in coals preserved within marine
carbonate successions: geochemical and mineralogical data from the Late Permian Guiding Coalfield, Guizhou, China. Miner Deposita
2015;50(2):159-186. Available: http://link.springer.com/article/10.1007/s00126-014-0528-1

66. Seredin VWV, Dai S, Sun Y, Chekryzhov IY. Coal deposits as promising sources of rare metals for alternative power and energy-efficient
technologies. Appl Geochem 2013;31:1-11. Available: http://www.sciencedirect.com/science/article/pii/S0883292713000176

67. Riley K, French D, Farrell O, Wood R, Huggins F. Modes of occurrence of trace and minor elements in some Australian coals. International
Journal of Coal Geology 2012;94:214-224. Available: http://www.sciencedirect.com/science/article/pii/S0166516211001352

68. Palmer CA, Lyons PC, Brown ZA, Mee JS. The use of rare earth and trace element concentrations in vitrinite concentrates and companion whole
coals (hvA bituminous) to determine organic and inorganic associations. Geological Society of America Special Papers 1990;248:55-62. Available:
http://specialpapers.gsapubs.org/content/248/55.abstract



http://197.14.51.10:81/pmb/CHIMIE/Elementary%20Principles%20of%20Chemical%20Processes%203.pdf
http://link.springer.com/article/10.1007/s11430-007-0001-4
http://link.springer.com/article/10.1007/s11430-007-0001-4
http://www.sciencedirect.com/science/article/pii/S0166516208000141
http://link.springer.com/chapter/10.1007/978-1-4615-2890-6_28
http://www.sciencedirect.com/science/article/pii/S0166516209000123
http://www.astm.org/DATABASE.CART/HISTORICAL/E870-82R06.htm
http://pubs.acs.org/doi/abs/10.1021/ef400633d
http://www.sciencedirect.com/science/article/pii/S0016236115006079
http://www.ccsenet.org/journal/index.php/jgg/article/download/29742/17650
http://www.sciencedirect.com/science/article/pii/S0166516206002096
http://www.sciencedirect.com/science/article/pii/S0301751606001499
http://www.tandfonline.com/doi/abs/10.1080/08827500601141271
http://www.scirp.org/journal/PaperInformation.aspx?paperID=20831
http://www.sciencedirect.com/science/article/pii/S0016236105003017
http://www.ajol.info/index.php/swj/article/view/51799
http://www.sciencedirect.com/science/article/pii/S0166516201000465
http://www.sciencedirect.com/science/article/pii/S0016236197002664
http://www.sciencedirect.com/science/article/pii/S0961953404002107
https://web.anl.gov/PCS/acsfuel/preprint%20archive/Files/24_2_HONOLULU_04-79_0002.pdf
https://www.bookdepository.com/Science-Victorian-Brown-Coal-R-Durie/9780750604208
https://books.google.co.uk/books/about/Mineral_Impurities_in_Coal_Combustion.html?id=BE2yBaRyRaMC
http://www.vurup.sk/sites/vurup.sk/archivedsite/www.vurup.sk/pc/vol50_2008/issue3/pdf/pc_3_2008_ehinola.pdf
http://www.sciencedirect.com/science/article/pii/S0016236115004329
https://www.amazon.com/Trace-Elements-Coal-Dalway-Swaine/dp/1483107329
http://www.sciencedirect.com/science/article/pii/S0166516212000079
http://www.sciencedirect.com/science/article/pii/S0016236102000236
http://www.osti.gov/scitech/biblio/5992573
http://link.springer.com/article/10.1007/s00126-014-0528-1
http://www.sciencedirect.com/science/article/pii/S0883292713000176
http://www.sciencedirect.com/science/article/pii/S0166516211001352
http://specialpapers.gsapubs.org/content/248/55.abstract

American Journal of Innovative Research and Applied Sciences. ISSN 2429-5396 | www.american—iiras.com @pen ﬁccess

69. Baioumy H. Mineralogical and geochemical characterization of the Jurassic coal from Egypt. Journal of Africa Earth Science 2009;54(3):75-84.
Available: http://www.sciencedirect.com/science/article/pii/S1464343X09000387

70. Eskenazy G. Aspects of the geochemistry of rare earth elements in coal: an experimental approach. International Journal of Coal Geology
1999;38(3):285-295. Available: http://www.sciencedirect.com/science/article/pii/S0166516298000275

71. Marrero J, Polla G, Rebagliati R], Pla R, Gdmez D, Smichowski P. Characterization and determination of 28 elements in fly ashes collected in a
thermal power plant in Argentina using different instrumental techniques. Spectrochimica Acta Part B: Atomic Spectroscopy 2007;62(2):101-108.
Available: http://www.sciencedirect.com/science/article/pii/S0584854707000110

72. Valkovic V. Trace elements in coal. CRC Press,Boca Raton, IL, USA. 1985. Available: http://www.osti.gov/scitech/biblio/6255073

73. Pires M, Querol X. Characterization of Candiota (South Brazil) coal and combustion by-product. International Journal of Coal Geology
2004;60(1):57-72. Available: http://www.sciencedirect.com/science/article/pii/S0166516204000953

74. Levandowski J, Kalkreuth W. Chemical and petrographical characterization of feed coal, fly ash and bottom ash from the Figueira Power Plant,
Parana, Brazil. International Journal of Coal Geology 2009;77(3):269-281. http://www.sciencedirect.com/science/article/pii/S0166516208000876

75. Cooke NE, Fuller OM, Gaikwad RP. FT-ir spectroscopic analysis of coals and coal extracts. Fue/ 1986;65(9):1254-1260. Available:
http://www.sciencedirect.com/science/article/pii/0016236186902383

76. Grigoriew H. Diffraction studies of coal structure. Fuel 1990;69(7):840-845. Available:
http://www.sciencedirect.com/science/article/pii/0016236190902281

77. Orrego-Ruiz JA, Cabanzo R, Mejia-Ospino E. Study of Colombian coals using photoacoustic Fourier transform infrared spectroscopy.
International Journal of Coal Geology 2011;85(3):307-310. Available: http://www.sciencedirect.com/science/article/pii/S0166516210002636

78. Finkelman RB. Modes of occurrence of potentially hazardous elements in coal: levels of confidence. Fuel Process Technology 1994;39(1):21-34.
Available: http://www.sciencedirect.com/science/article/pii/0378382094901694

79. Sharma D, Gihar S. Chemical cleaning of low grade coals through alkali-acid leaching employing mild conditions under ambient pressure. Fue/
1991;70(5):663-665. Available: http://www.sciencedirect.com/science/article/pii/001623619190182A

80. Criado M, Fernandez-Jiménez A, Palomo A. Alkali activation of fly ash: effect of the SiO 2/Na 2 O ratio: Part I: FTIR study. Microporous and
mesoporous materials 2007;106(1):180-191. Available: http://www.sciencedirect.com/science/article/pii/S138718110700128X

81. Fernandez-Carrasco L, Vazquez E. Reactions of fly ash with calcium aluminate cement and calcium sulphate. Fue/ 2009;88(9):1533-1538.
Available: http://www.sciencedirect.com/science/article/pii/S0016236109000908

82. Mollah M, Promreuk S, Schennach R, Cocke D, Gller R. Cristobalite formation from thermal treatment of Texas lignite fly ash. Fue/
1999;78(11):1277-1282. Available: http://www.sciencedirect.com/science/article/pii/S0016236199000575

83. Volant J. Etude par spectrométrie infrarouge d'aluminates de calcium hydratés. Thése de doctorat, Publication du centre d’études et de
recherches de | “industrie des Liants Hydrauliques 1966.

84. Bensted J. An infrared spectral examination of calcium aluminate hydrates and calcium aluminate sulphate hydrates encountered in Portland
cement hydration. Ed.Murat M., Soustelle M., Aluminati di Calcio, Seminario Internazionale, Torino 1982.

85. Saikia BK, Boruah R, Gogoi P. FT-IR and XRD analysis of coal from Makum coalfield of Assam. Journal of Earth System Science
2007;116(6):575-579. Available: http://link.springer.com/article/10.1007/s12040-007-0052-0

86. Karayigit AI, Gayer RA, Ortac FE, Goldsmith S. Trace elements in the Lower Pliocene fossiliferous kangal lignites, Sivas, Turkey. International
Jjournal of coal geology 2001;47(2):73-89. Available: http://www.sciencedirect.com/science/article/pii/S0166516201000301

87. Ogugbuaja V, James W. INAA multielemental analysis of Nigerian bituminous coal and coal ash. Journal of Radioanalytical Nuclear
1995;191(1):181-187. Available: http://www.akademiai.com/doi/abs/10.1007/BF02035996

88. Salomons W, Forstner U. Metals in the hydrocycle (p. 349). Berlin: Springer 1984.

89. Gordon GE, Zoller WH. Proceedings of the first annual NSF trace contaminants conference. Oak Ridge National Laboratory 1973(August 8--
10):314-325. Available: http://www.osti.gov/scitech/biblio/4265743

90. Ratafia-Brown JA. Overview of trace element partitioning in flames and furnaces of utility coal-fired boilers. Fue/ Process Technology 1994;39(1-
3):139-157. Available: http://www.sciencedirect.com/science/article/pii/0378382094901775

91. Akinyemi S, Akinlua A, Petrik L, Gitari W. Mineralogy and geochemistry of sub-bituminous coal and its combustion products from Mpumalanga
Province, South Africa: INTECH Open Access Publisher, 2012. Available: http://s3.amazonaws.com/academia.edu.documents/32814879/Analytical-
Chemistry-i-to-
12.pdf?AWSAccessKeyld=AKIAJS6TQIRTWSMTNPEA&Expires=1470163999&Signature=SoD29XDvkQ%2FF%2FEa3hzn%2Bnmx%2FfMM%3D&resp
onse-content-disposition=inline%3B%?20filename%3DAnalytical-Chemistry-i-to-12.pdf#page=55

92. Spears D, Martinez-Tarazona M. Geochemical and mineralogical characteristics of a power station feed-coal, Eggborough, England. International
Journal of Coal Geology 1993;22(1):1-20. Available: http://www.sciencedirect.com/science/article/pii/0166516293900359

93. Martinez-Tarazona MR, Spears DA, Tascon JM. Organic affinity of trace elements in Asturian bituminous coals. Fue/ 1992;71(8):909-917.
Available: http://www.sciencedirect.com/science/article/pii/001623619290241F

Cite this article: Akinyeye Richard Odunayo., Pereao Omoniyi., Petrik Leslie and Olaofe Olorunfemi. COMPARATIVE
CHEMICAL AND TRACE ELEMENT COMPOSITION OF COAL SAMPLES FROM NIGERIA AND SOUTH AFRICA. Am. J. innov.
res. appl. sci.. 2016; 2(9): 391-404.

This is an Open Access article distributed in accordance with the Creative Commons Attribution Non

Commercial (CC BY-NC 4.0) license, which permits others to distribute, remix, adapt, build upon this work
non-commercially, and license their derivative works on different terms, provided the original work is
properly cited and the use is non-commercial. See: http://creativecommons.org/licenses/by-nc/4.0/



http://www.sciencedirect.com/science/article/pii/S1464343X09000387
http://www.sciencedirect.com/science/article/pii/S0166516298000275
http://www.sciencedirect.com/science/article/pii/S0584854707000110
http://www.osti.gov/scitech/biblio/6255073
http://www.sciencedirect.com/science/article/pii/S0166516204000953
http://www.sciencedirect.com/science/article/pii/S0166516208000876
http://www.sciencedirect.com/science/article/pii/0016236186902383
http://www.sciencedirect.com/science/article/pii/001623619090228I
http://www.sciencedirect.com/science/article/pii/S0166516210002636
http://www.sciencedirect.com/science/article/pii/0378382094901694
http://www.sciencedirect.com/science/article/pii/001623619190182A
http://www.sciencedirect.com/science/article/pii/S138718110700128X
http://www.sciencedirect.com/science/article/pii/S0016236109000908
http://www.sciencedirect.com/science/article/pii/S0016236199000575
http://link.springer.com/article/10.1007/s12040-007-0052-0
http://www.sciencedirect.com/science/article/pii/S0166516201000301
http://www.akademiai.com/doi/abs/10.1007/BF02035996
http://www.osti.gov/scitech/biblio/4265743
http://www.sciencedirect.com/science/article/pii/0378382094901775
http://s3.amazonaws.com/academia.edu.documents/32814879/Analytical-Chemistry-i-to-12.pdf?AWSAccessKeyId=AKIAJ56TQJRTWSMTNPEA&Expires=1470163999&Signature=SoD29XDvkQ%2FF%2FEa3hzn%2Bnmx%2FfMM%3D&response-content-disposition=inline%3B%20filename%3DAnalytical-Chemistry-i-to-12.pdf#page=55
http://s3.amazonaws.com/academia.edu.documents/32814879/Analytical-Chemistry-i-to-12.pdf?AWSAccessKeyId=AKIAJ56TQJRTWSMTNPEA&Expires=1470163999&Signature=SoD29XDvkQ%2FF%2FEa3hzn%2Bnmx%2FfMM%3D&response-content-disposition=inline%3B%20filename%3DAnalytical-Chemistry-i-to-12.pdf#page=55
http://s3.amazonaws.com/academia.edu.documents/32814879/Analytical-Chemistry-i-to-12.pdf?AWSAccessKeyId=AKIAJ56TQJRTWSMTNPEA&Expires=1470163999&Signature=SoD29XDvkQ%2FF%2FEa3hzn%2Bnmx%2FfMM%3D&response-content-disposition=inline%3B%20filename%3DAnalytical-Chemistry-i-to-12.pdf#page=55
http://s3.amazonaws.com/academia.edu.documents/32814879/Analytical-Chemistry-i-to-12.pdf?AWSAccessKeyId=AKIAJ56TQJRTWSMTNPEA&Expires=1470163999&Signature=SoD29XDvkQ%2FF%2FEa3hzn%2Bnmx%2FfMM%3D&response-content-disposition=inline%3B%20filename%3DAnalytical-Chemistry-i-to-12.pdf#page=55
http://www.sciencedirect.com/science/article/pii/0166516293900359
http://www.sciencedirect.com/science/article/pii/001623619290241F
http://creativecommons.org/licenses/by-nc/4.0/

