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Abstract: Coal samples from Morupule colliery in Botswanaeveharacterized by bomb calorimetry, thermal-greatric
analysis, atomic absorption spectrometry and flahwtometry. The average heat of combustion of ¢t was found to be 27.3
kJ g% with a substantial amount of ashes left behirtterino-gravimetric analysis showed peaks at 58#46orresponding to
loss of surface water, an exothermic peak at 44&5ssociated with primary devolatilization in whimbmpounds containing
carbon, hydrogen and oxygen are released andyfinalecond exothermic peak at 682°68associated with the secondary
degasification in which methane and hydrogen demsed. 70.4% of the coal was left after heatintd@0°C indicating that in
its present form, Morupule coal is of low qualitytbeleases plenty of heat on combustion. The ohittation of the percentage
weights of Calcium, Chromium, Copper, Lead, IromgsAtomic Absorption Spectrometry (AAS) and thatRmtassium and
Sodium using flame photometry showed that Ironq236%) is the dominant inorganic element. The paexge weights of the
other elements varied between zero and 7.4301%.

K eywor ds. Coal Characterization, Morupule Coal, Coal Cheicrlysis

1. Introduction the floor of these vast swamps subsided slowly hie t
. “coalification” process and is characterized by eesive
biochemical reactions. During degradation of dedantp
material, proteins, starches and cellulose undergee rapid
decomposition than the woody material (lignin) aimel waxy
parts of the plants.(the leaf cuticles and the e@ord pollen

The properties and content of coal, depends oaritgn,
the environment and the processes that lead foritsation.
This fossil fuel is formed by the decompositionlaxid plant
remains that have accumulated in swampy areashdset
water logged environments, plants and tree debri¥alls).

accumulated. As the layers of debris increasedickness,
Table 1. Coalification Sequence [2].

Peat Brown coal Sub-bituminous coal Bituminous coal Anthracite
% Water 75-80 50-70 25-30 5-10 2-5
% C 50-60 60-75 75-80 80-90 90-95
% H 5-6 5-6 5-6 4-5 2-3
% O 35-40 20-30 15-20 10-15 2-3
% \olatile matter 60-65 45-55 40-45 20-40 5-7
(i) Specific Energy KJ§Dry Basis 25 25-30 28-32 30-35 35-38

(if) Wet Net Basis 5 5-15 20-27 24-33 35-38
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During humification in the formation of peat, plant
constituents are decomposed under aerobic conslitton
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a selected number of inorganic elements will alss b
investigated using Atomic Absorption Spectrometnyd a

carbon dioxide, water and ammonia to varying degreeflame photometry. It is hoped that more applicatianay

depending upon climatic conditions. This peat bez®m
covered with layers of sediment, which excludes ldénce
the second stage of coalification occurs under ramée
conditions. In this second stage of the processtimbined
effects of time, temperature and pressure convertpeat
firstly into brown coal (lignite) then into the stituminous
coal and finally to anthracite.

consequently result.
1.1. Thermo gravimetric and Differential Thermal Analysis

The rate of coal thermal decomposition reactiorsfusied
by means of a thermo-balance, an apparatus fomcanisly
measuring the weight of the material heated atdhmstable
rate. The weight curves thus obtained make it ptsdio

Consequently, coal is an extremely complex materigigrive the rate of loss in weight as a functiorieshperature

containing both organic and inorganic materialse dhganic
materials are the combustible portions. The indgaraterial
(minerals) is the non-combustible portion. Coatlsssified
into four categories by using carbon content; tigni
sub-bituminous; bituminous and anthracite. Ligrites the
lowest ranking and anthracite the highest [1]. &ablshows
the coalification sequence together with the progeof the
resulting coal type.

In commercial industries, coal is named accordinigstend
use. Any coal used in the production of steam liedasteam
coal while that used in the production of cokealed coking
or metallurgical coal.

Coal properties depend mainly on its compositionlike
many rocks, some coals weather or break apareggitly out.
They will slowly combine with oxygen in the air abdgin to
self-heat. This reaction creates an insufficientoam of

oxygen in enclosed areas and can lead to spontaneqi,

combustion. In coal and gob waste piles contaifarge
amounts of fine coal, this reaction can createraufficient
amount of oxygen. Generally, coal is composed @€ fi
elements; carbon, hydrogen, oxygen, nitrogen afpghsy as
well as traces of almost every element found it

The applications of carbon (coal) are innumerablging
from simple tablets to sort out a rumbling stomaxfewelry
worn by celebrities and the very rich.

The coal used in this work is mined by Morupule l@éoy
Limited mainly in Morupule coalfield located aboud
kilometers west of Palapye village in the easteant pf
Botswana. Carbon dating on the coal shows thagibout 250
million years old. The Morupule coalfield extendsRadisele
on the south and Moiyabana on the north. Numbend. 22
seams underlie the mining lease area. Currently timé
number one seam, which is un-weathered, is minde T
number two seam is extensively weathered and amntai
inter-bedded shale, which renders mining uneconoifte
major consumers of the Morupule coal include; Beatsav
Power Cooperation which uses it to generate edistri
throughout the country, Selibe-Phikwe mines whiskauthe
coal for smelting the copper and nickel and thall®eho use
small quantities of the coal for cooking.

Little study has been done on Morupule coal no veoriis
applications have been limited to power generatiomeral
smelting and local consumption as a source of furethis
project, coal will be characterized by bomb cal@&iric and
thermo-gravimetric techniques. Furthermore, thesgmee of

and time (devolatilization curves). Van Kreveler] [@d
Boyer [3] used this technique on a low rank coal aaking
coal and found that they exhibited two peaks: amehie
temperature range of 350 — 5%Dand the other near 70@.
The initial peak was associated with the primary
devolatilization in which compounds containing carh
hydrogen and oxygen are released. The second peakised
by the secondary degasification in which methané an
hydrogen are released. Thermo gravimetric invettiga are
normally carried out in two different ways whicheaby
determining: (a).the (rate of) loss in weight akaction of
time, at constant temperature (with temperature tres
secondary variable parameter); (b).the (rate &8 la weight
as a function of temperature at constant heatibg (a&ith
heating rate as the secondary variable paramédtee).latter
technique was used in this project. In both metlibesank of
and its petrographic composition are independe
variables.

1.2. Differential Thermal Analysis

In this technique, the heat effects produced bysehe
reactions are registered by plotting the tempeeatifference
between the samples and an inert medium — botly heiated
at constant rate as a function of the temperatteeaging in
the inert medium. The thermogram thus obtained
characteristics of the sample examined. The araderuhe
peaks are proportional to the amount of active rate
present. Severaiethods of analysis have been developed.
Berger, A.l. and Whitehead [1] employed vacuumedtéhtial
thermal analysis and their studies indicated thatwarious
coal types give exothermic peaks tmbve towards higher
temperatures with increasing coal ranks [4, 5] icovdd the
predominant character of the thermal effects tontznly
endothermic. His thermograms show that heating of
bituminous coal produces three successive endotberm
reactions in coal mass. Peak one is caused byethewval of
water and lies in the vicinity of 15C. Peak two is related to
the chemical decomposition of the coal and ocautise range
350 -550°C, which is the range of primary devolatilization.
Peak three is the measure of the secondary degdiifi,
which is highly endothermic, is between 600- 70(6] found
that when cellulose, lignin, peat, xylite and coafsvarious
ranks were carbonized, the release of moisture- 190 °C),
the softening and release of volatile matter (380°€) and

is
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the shrinkage with release of hydrogen (670°T20were all a tightly covered polythene container and stored ain
endothermic, whereas the solidification of plastiass (480 desiccator. A coal sample (0.5006g) was digestedduling
—540°C) was the only exothermic process. 20 ml nitric acid in a 250 conical flask. The miduwas

The differences between these researchers may feertl heated at 80°C for 20 minutes, after which 10ngeafchloric
due to the differences between the types of themragimetric  acid were added and the temperature was raise€@€ 2The
techniques used (vacuum and conventional DTA) dneating was continued until the mixture neared piecit
differences due to the origin of the coal samples. dryness (indicated by highly white fumes of perocidl acid).

Three methods have been used to liquidize coablysis  10ml of concentrated hydrochloric acid were added the
—the destructive distillation of coal in the absen€oxygen at mixture left to cool to room temperature. This viakowed
temperature between 400-5@Q indirect liquefaction — which by filtration using a 4sm nitrate cellulose filter. The digested
involves the partial combustion of coal in oxygex a@ither sample was transferred into a 100ml volumetrickflasd
hydrogen or steam and direct liquefaction — a tladlym made to the mark with ultra pure water. The sofuti@s then
induced decomposition of coal in the presencesoieent that transferred into a polythene bottle and stored aoa room
serves to transfer hydrogen. The interest in coakersion (4°C) for about 12 hours to reach equilibrium.
technologies has always been to complement suppiies

petroleum. For details of these processes see [7]. 2.4.2. Flame Atomic Absorption Spectrometry (AAS)

Measurements were made using an AA-10 spectrometer
(Varian Spectra) by using the. Air-acetylene flatogether
with the appropriate bulb for each metal on thepared
samples solutions. The spectrometer was calibraséth a
blank (ultra pure water for zero concentration) and
2.1.1. Determination of Calorific Value concentrated standard solutions in the generalerapgpm to

Apparatus and Materials 20 ppm with the specific range depending on theamiet

Oxygen Bomb Calorimeter was used. Coal samples wergiestion. Concentrations of the unknown were obthiby
taken from various parts of the mine, crushed anddnto interpolation using the calibration graph obtairfeain the
give a representative sample. This mixture was tsedake standards.
pellets for combustion, and powder for TGA-DTA aysid.

2. Experimental

2.1. Thermal and Gravimetric I nvestigation

2.4.3. Flame Emission Spectrometer
2.2. Procedure For the analysis of sodium and potassium, a corfigmge
) . photometer 410 was used. The oxidant (air) and(fuepane)
A coal sample pellet of known weight, containing anyere allowed to flow through the reaction chamipera few
embedded igniting platinum wire to facilitate easiandling  geconds prior to ignition. The flame was adjusteduit the
and slower burning than with loose samples, madesig @  equired intensity. Calibration of the instrumenaswdone
Parr 2811 pellet press was placed in the inner eoment of ,inq the highest concentrated standard followethbyone

the calorimeter surrounded with 2000ml of distilledter in | i1 the lowest concentration. The highest wag®a00 and
its outer jacket. The pellet was burnt in plentiixdygen by  iha [owest (pure water) to 0.

using the platinum wire connected to an extemialuit.

The temperature of the surrounding water was medsas a 3 R | d Di .
function of time until a substantial steady tempaea . Resultsan ISCUSSION

decrease was observed. The remaining ash was wletghe 3 1 petermination of Calorific Value
determine the amount of combustible porti@his procedure

was repeated for several coal samples and for eazm to
calibrate the calorimeter, changing water for exsample.
tem p/C
2.3. Thermo-gravimetric and Differential Thermal Analysis 25 5 .
2.3.1. Apparatus and Procedure 25 === ———t
Thermo gravimetric Analysis (TGA) - Differential 245 4=
Thermal Analysis (DTA) machine Universal 2.5H TA +
. 24 4+———
Instruments was used. A coal sample of known weighi
(11.5600mg) was put in the sample cell in the TGYA 23.5 +———
machine which was then operated and the thermo grasn 23 i | .
obtained. 0 5 10 15 20
2.4. Inorganic Element I nvestigation tim e/min
2.4.1. Coal Sample Preparation Fig 1. Shows the bomb calorimeter cooling curve after gbmbustion of

Coal from Morupule was ground in a mortar and sieteea  Morupule coal sample.
particle size of <53m. The powdered coal was then stored in
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The heat capacity of the bomb calorimeter was deted
using benzoic acid and found to be 10.212 KJ K

Average heat released = 27.3+2.0 kI @he theoretical
enthalpy of combustion of carbon based on graphite
32.83kJg

3.1.1. Heats of Combustion

Thermal-Gravimetric,

Calorimetric and Chemical Atigal Characterisation of Coal

organic materials. On burning coal in plentiful gey, these
would undergo exothermic oxidation processes angs th
contribute to the heat measured by calorimetrycéthe trace
metals are in small quantities, it is assumed tinetir
contribution to the observed heat release is nibigig The
bomb calorimeter used was a thick heavy walled erytype,
surrounded by a large quantity of water to minimizss of

In the determination of calorific value or heats Ofaat (g the environment. Fig 1 shows that thedbseat to the

combustion of Morupule coal, pellets were used bsedhey
are easier to handle than the powder. The heatitgjpd coal

was obtained using a bomb calorimeter whose heztois

had been determined by measuring the heat reldasé¢ioe

combustion of benzoic acid whose enthalpy of coribuss

accurately known. Ashes were left after the combuogtf the
coal indicating the presence of impurities in tloalc These
may include clays, silt and sandstones, which cooldburn
to gases completely, together with metal oxidesnfrome
trace metals. Despite the large quantity of ashtes,heat
released, is substantial and places Morupule cetkden
brown coal and sub-bituminous coal (see tabletIhust be
remembered that the coal sample was used as abtora

the fields hence the heat released would be demitehg
endothermic processes such as the release of adsadier.
Furthermore, coal contains many trace elementahlnstich
as. Cu, Fe, Al, Ni, to mention a few and metalsampounds

environment after the combustion of the coal wat lsonall
and very slow and therefore the corresponding ersor
negligible.

3.2. Thermal-gravimetric Analysis Results

Figure 2. Shows the results of Thermal-gravimetric
Analysis of Morupule Cod\lass of coal used = 11.5600 mg

70.41% of the sample was left un-decomposed atndrou
1000°C. The graph of loss of %weight against temperature
shows a fall between 26.88 and 156.73C, a constant
weight between 156.7& and 430C and a fall up to around
1000°C.

Loss of surface water and other volatiles were ggpeed
at 59.34°C. Two decomposition peaks were observed at
temperatures around 448.%2 and 682.58C, there is a broad
upwards peak between them showing that the decatigros

such as CuS{ FeS, together with numerous adsorbed!S €xothermic [8, 9].

Sample: Coal sample(student)
Size: 11.5600 mg

Method: Polydecomp
Comment: Students Sample

TGA-

File: CA\TA\Data\SDT\wd32.74
Operator; W.Ddamba
Run Date: 7-Mar-01 09:31

DTA

100 2.0
2638°C )
] 4.700% water
95
156.73°C 15
.| 6.318%
(0.7304mg) o)
90 g 0.0 =
e £
9 t10 E
= o, Q ! 3
Q Joss of durface water wpsec) 08 & &
< , 682.56°C = -
% g5-| 593°C g £
g 0 Q
; (0] ;
12.81% 5 .
(1.481mg) & -0.5 '%
0 o}
80 Q44
= 0.1
5 I
)\_\M
- 0.0
75 737,
70:41%
70 T . 05
0 200 400, 600 800 1000
;xo Up Temperature (°C) Universal V2,5H TA Instruments

Fig 2. Thermal-gram from analysis of Morupule Coal.
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_ _ _ weight percentages Fig 3) is: lead (nil %), cop®et572%),
3.2.1. Differential Thermal Analysis . chromium (0.6451%),( potassium (2.8220%), Calcium
The thermographs in Fig 2 show three different gsafhe (4.9165%), sodium (7.4301%) and iron (21.0956%jrtgasn

graph which shows the loss of percentage weightnatia the cajculated percentage weights. Consequentlyuplie
temperature shows a decrease in percentage, aamsbnst.,aiis rich in iron. sodium and calcium.

percentage_ weight with increasing temperature afdther The zero percentage value for lead might be due to
decrease in the percentage weight of the sampleseérh , mper of factors including the limitation of thetofnic
odecreases in % weight at temperatures between-26@83  Apsorption Spectrometry since it can only detect top

C are due to losses from the coal. The first ds&éa  g1pom in the mode used. If Graphite Flame Atomic
the %weight corresponding to the first peak iseébadd to be Absorption Spectrometry (G-FAAS) was used there hinig

due to the loss of surface water. This is an emdoift |, e heen a significant detection since it canatete to
process. The constant region is probably becausengois 0.01ppb. Also according to the (U.S. Geological v8yr

released. The further decrease in % weight correiipg to  gjietin 1823), as the concentration of the irocréases from

the second peak is believed to be due to the pyimap (g 1 00Omg/mL, the lead atomic absorption sigmaharply
exothermic devolatilisation process in which commis suppressed. A further increment in iron concergratip to

containing carbon, hydrogen and oxygen are reled@eak 4 0og or to 5,000 mg/mL produces little further mgssion of
three indicates the secondary endothermic degasifit |65 ahsorption. So it would be necessary to rentiogéron
process in which methane and hydrogen are reldg@fed from solution by extraction with concentrated hyehioric
Since coal consists of sulphur in three forms ¥etB  cig into methyl isobutyl ketone before measurirgd
organic and sulphates the release of compoundsioorg absorption signal. This could not be done in thisky
sulphur could be in the second peak especiallyh®iorganic The sodium value of 7.403%, closely agrees withiththe

sulphur which is chemically bonded to the coal ®mdtt0].  |iterature (seven percent in the U.S Geological veyr
Breaking of the chemical bonds is usually an exoitfie g jetin 1823 [11]).

process.
About 70% by weight of the coal sample did not depose
indicating that only about 30% of the coal is deposable.
The rest consists of non decomposable materiat)ajty
clays silt and sand stones. Only one thirds of dbal is
combustible confirming that Morupule coal is of lopality.

Mining coal weakens the crust of the earth, burréngl
produces unwanted green house gases and pollutants
including CQ, NO,, SO, in addition to traces of radioactive
elements and their compounds. All these togeth#r thiose
not mentioned here make coal much less desirablanas
energy source than is generally accepted. Howetrer,

3.3. Chemical Analysis - Abundance of Elements alternative, nuclear energy, has shown to be a aemgerous
prospect in view of the uncontrollable and unpredite

Table 2. % weight of elements in Morupule coal. volcanoes and their associated tsunamis in thenrdirees.

Ee % Waght =5 Furth_ermore, the increasing number of applicationkudin_g

Calcium Ca 2.9165 13 pollution control such as the removal of mercurpaar in

Chromium Cr 0.6451 4.45 industry [9], purification of water [12] and imprement of the

Copper Cu 0.4572 5.45 thermal conductivity and rheological propertiegadphite/oil

Lead Pb 0.0000 nano-fluids [13] makes more research on coal akelglu

ron Fe 21.0956 2.75 necessary.

Potassium K 2.8220 4.45

Sodium Na 7.4301 1.1

4. Conclusions and Suggestion for
25 Further Work

20

The average heat of combustion for crude Morupokd ¢
was found to be 27.3 kdg, a very high value, probably
because of the oxidation of trace metals and adsonmatter.
It is slightly lower than the theoretical value3#.83 kJg* for
graphite indicating that it is of low quality, batgood source

. of heat even in its original state.
Thermo-gravimetric analysis yielded two graphs. The
J g . I endothermic peak at %0 on the differential thermal analysis
) curve is attributed to loss of surface water. Ategrmic
peak at 44%C is attributed to devolatilisation of compounds
Fig 3. Percentage weight distribution of trace inorganitements in containing carbon hydrogen and oxygen. The thiatlermic
Morupule coal. peak at 68% is attributed to secondary degasification in

which methane and hydrogen are released. Atomiordtisn

15

10

Ca Cr Cu Pb Fe K Na

The abundance for trace elements (in order of asing
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and Flame Emission Spectrometry results suggest thal

Morupule coal contains the following analyzed trateaments:
Calcium  4.9165%jg

Iron 21.0956%, Sodium 7.4301%,

Potassium 2.8220%, Chromium 0.6451%, copper 0.4572%

and zero Lead.

Further work should include determination of specif [71

surface area and porousity using known methods {a4ke if
it has enough space for removing pollutants, adsorppf

pollutants from gas and aqueous media [15], andll§in
attempts to modify it to enable its use for theppliaations
and many more. The presence of radioactive isotepesld
also be investigated. The percentage carbon costenild
also be found using an elemental analyzer. Attesipasild be
made to produce Morupule coal composites for aetrarf

uses including hydrogen storage [15]

Acknowledgement

The financial contribution to this project by th&&ztorate
of Reseach of the University of Botswana as wellttees
contribution of Dr W Ddamba in running the DTA-TGake
gratefully acknowledged.

References
[1]

Radiation dose from Coal Burning: A review of pathwapsl
data, Radiation protection domestdy (1): 15-19.
http://www.dpcd.vic.gov.au/__data/assets/pdf_fidd/0/45332
/COAL-Mine-Sites-238-288-Online

Van Krevelen D.W,, COAL:
Topology-Chemistry-Physics-constitution, Elsevieiiestific
publishing company, Oxford (1981).

(2]

Boyer, A.F., Association of coal technologies indiest 70"
congress (1953) 241

(3]

[4] Berkowitz N.Fuel, 36, 355-373 (1957),

(8]

[9]

[10]

[11]

[12]

Berger, A.l. and Whitehead,: Conference on Origin of
Constituents of Codfuel 30, , 247-259 (1951); Corbett, The

[13]

[14]

[15]

Thermal-Gravimetric, Calorimetric and Chemical Atigal Characterisation of Coal

Pampuch R. and Roga B. prace glwonego industry serh88
(1956). Nadkarni

Thomas, M.G., Catalyst characterization in coal dfqation,
annual report, Sandia National Laboratories Re[i884

Alcaniz—Monge J., Carzola-Amoros D., and LinaresaSolA.
“Characterization of coal pitches by thermal analyhifrared
spectroscopyFuel 80 41 — 482001)

Shaoging Wang, Yuegang Tang, Harald H. SchoberetG®.
Mitchell, Fengrong Liao, and Zengzhi Liu ‘A thermal
behaviour study of Chinese coals with high hydrogemntent’
International Journal of Coal Geolog81 37 — 44. (2010).

Prasassarakich, P. and Pecharanond, P. "Kinetic€oaf
Desulphurization in Aqueous Cupric Sulphakafel, Vol.71,
No.8, 929-933. (1991).

Golightly D. W. and Simon F. O: Methods For andriyamic
Analysis of Coal U. S. Geological Survey Bulletin 382

Hsing Cheng His, Chiaoguo Chen, Massoud Rastam —Abadi,
Mark J. Rood, Carl F. Richardson, Todd R. Carey, and Byams
Chang ‘Preparation and evaluation of coal derivetivated
carbons for removal of mercury vapour from simuat®al
combustion fuel gaseEnhergy and Fuel2 1061 — 1070 (1998).
and solvent fractionation’Fuel 80 41-48.

Baogang Wang Xiaobo Wang Wenjing Lou Jingcheng Hao
‘The thermal conductivity and rheological propestiof
graphite/oil nano fluids’ Colloids and Surfaces A:
Physicochemical and Engineering Aspectd4 125-131,
(2012).

Centeno T A, Stoeckli F The assessment of surfaea &r
porous carbons by two model independent technithe®R
equation and DFCarbon 482478- 2486 (2010)

Canan Akbil, Ahmet Karagunduz, Avni Cakici, and Bulent
Keskinler ‘Removal of surfactants by powdered adtida
carbon’'Water ResearcB8 2117 — 2124. (2004).

Youmi Jeong, T C Mike Chung (2010) The synthesis and
characterization of super activated carbon comgini
substitutable boron (BCx) and its applications in rogen
storageCarbon48 2526-2537 (1980)



