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The present research work is comprised of three main parts. The first part is about the enrichment of lignite coal by the utilization
of dense medium separation called float and sink method. The second part deals with the investigation of the thermal behaviour
for the coals enriched while the last part is concerned with the kinetic analysis of the coal combustion. The float and sink method
is the mostly used technique for low-rank coal beneficiation in coal preparation plants of Turkey. In order to realize this process,
the coal samples were, at first, fractioned to five different sizes which were -32+25 mm, -25+16 mm, -16+8 mm, -8+4.75 mm, and
-4.75+2 mm. Each fraction was, then, processed in the dense mediums with the specific gravities of 1.20, 1.30, 1.40, 1.50, and 1.60
g/cm3, respectively. The thermal behaviour of the floated materials from the float and sink process was investigated in detail with
the thermogravimetric analysis (TG) and the differential thermogravimetric analysis (DTG). The ignition and peak temperatures
for the samples were also ascertained and correlated with the float and sink test results. In the final part of the study, the kinetic
analysis of the coal samples was carried out by the Coats–Redfern method and the activation energies of the enriched coals were
determined. The activation energies of the raw and the enriched coals were assessed and compared. The calculated activation
energy values for the combustion reactions of the coal samples ranged were found to be between 15.17 kJ/mol and 97.45 kJ/mol.The
strong correlation was obtained between the float and sink test results especially with the ash content of the coal samples and the
combustible characteristic of the floated materials such as ignition temperatures, peak temperatures, and activation energies. The
combustion characteristics of the coal samples were resultantly ascertained to be very dependent on the coal structure.

1. Introduction

Coal is a crucial source of the energy supply in many
countries and for steel, cement, and concrete industries. The
coal reserves including newly explored basins have reached
to the sum of 15.4 billion tons at the end of the year 2014
in Turkey. The 14.1 billion tons of the coal reserves (about
92% of total) are lignite coals [1]. The lignite coals of Turkey
were evaluated mostly in power generation because of their
subdued calorific value and high ash content. Coal has a
heterogeneous structure and complexmixture of organic and
inorganic species in general.These specifications of coal limit
its utilization from time to time and cause some serious
problems in practice. It is important to increase the quality
of coal by reducing its ash content, hence increasing its

calorific value. Therefore, cleaning of the coal is a process
via comprising the removal of incombustible materials from
coal. Many enrichment practices can be applied for the ben-
eficiation of the coal such as jigging, dense media separation,
froth flotation, oil agglomeration, shaking tables, washing
cyclones, etc. Amongst these methods, the dense medium
application mostly is used in the coal beneficiation plants in
Turkey due to the larger upper limit of separation and the
acceptable efficiency. Advanced cleaning possibilities of low-
rank coals have been studied by many researchers [2, 3]. The
further investigation of sink and float process was employed
by many other researchers. Aktas et al. [4] used centrifugal
float and sink separation technic in heavymedium and inves-
tigated the contribution of surface active agents for several
Turkish coals. They had a conclusion of that the separation
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Table 1: The specifications of coal sample ∗[31].
density Ash Moisture Lower calorific C H N O S
(ton/m3) (%) (%) value (kcal/kg) (%) (%) (%) (%) (%)
1.5∗ 35.84 12.85 2482∗ 30.2 3.01 1.0 15.3 1.8

efficiency much depended on the rank of coal. Tian et al.
[5] applied low temperature oxygen-plasma ashing method
before float and sink experiments for the determination of
mineralogical characteristic and trace element affinities of
coals collected from different regions of China. The light and
heavy minerals isolated from the organic component of coal
were separated according to their different densities by this
method. Guanghui et al. [6] also developed a method which
rapidly predicted the density compounds of run of mine coal.
Theirmodel processes the data obtained fromfloats and sinks
along with standardized monthly production data as rapid as
possible and more reliable prediction of gravity separation.
Some other researchers additionally improved mathematical
modelling for cleaning of coal [7–9]. Ozer [10] introduced
a new cheap experimental setup for density fractionating
of fine coal samples by putting the principles of separating
funnel and funnel-flask methods together.

Dense medium separation not only utilizes sulphur
and ash rejection but also increases the calorific value of
coal. Therefore, the characterization of coal for combustion
would be improved and thermal behaviour of coal would be
changed.

The thermal behaviour of coal is determined mostly by
using TG. Although, many works on biomass combustion
with TG [11–15] and coal combustion [16–23] are available in
the literature, investigations on ‘enriched coal’ are rather less
[24–26]. The enrichment of coal provides an opportunity for
the separation of coals and their maceral composition due to
the difference of densities [27].

Indian researchers [12] investigated the possible usage of
biomass products with pulverized coal due to the foresight
of the increase in energy demand.They determined the TGA
parameters such as activation energy and ignition index to
assess the combustion features of coal blends with different
biomass chars which would be helpful for identifying suitable
biomass-type and blend proportion for a given coal in order
to reveal some exclusive advantages in terms of particular
combustion exercise. Podder and his coworkers [16] also
investigated the thermal behaviours of Bangladeshi coals by
TGA analysis. They observed the primary and secondary
devolatization sectionswhen the coal was heated up to 600∘C.
In addition, the combustion specifications of biomass fuels
and lignite coals were studied by Turkish researchers [17].
They concluded that low-rank coals with biomass could be
efficiently burnt. In a different research, the low-rank Indian
coals were agglomerated by using binders for the preparation
of cooking [25] and the combustion characteristics were
determined by TG and DTA analyses.

DTG was the first thermoanalytical implementation uti-
lized in the investigation of the thermal behaviour of coal.
DTG also provides to investigate of decomposition reactions
in coal. A derivative weight loss curve can be put into practice

to point out the ignition and peak temperatures at which the
weight loss is themost apparent [28, 29].The reaction kinetics
of coals is also determined from thermogravimetric analysis
[30].

The primary purpose of the present work is to evaluate
the washability characteristics of lignite coal via float and sink
method and the influence of the enrichment on combustible
behaviour of the coal. Therefore, the thermal and kinetic
analyses were performed on the beneficiated coal samples.
The strong relation was seen between the physical features
of the products obtained from float and sink experiments
and combustion results. The TG and DTG characteristics,
ignition temperatures, peak temperatures, and activation
energies were also analysed and the obtained results were
explicated comparatively.

2. Experimental

2.1. Coal Sample Specifications. The run of mine (RoM)
lignite coal fromOrhaneli (Bursa) district of Turkey was used
in the float and sink tests.The specifications of the coal sample
were given in Table 1 [31]. It was determined that the raw
coal sample has a high ash content value of 35.84%. The coal
sample was screened as soon as received and sieved to five
fractions as -32+25mm, -25+16mm, -16+8mm, -8+4.75mm,
and -4.75+2mm.Theparticle size distribution of raw coalwas
also determined and illustrated in Figure 1. Each fraction was
washed and percolated before the float and sink experiments.

2.2. Experimental Procedures

2.2.1. Float and Sink Experiments. All fractions were pro-
cessed separately in dense media with the densities of 1.20,
1.30, 1.40, 1.50, and 1.60 g/cm3. The dense mediums were
prepared with -45 𝜇m size of magnetite and tap water. Each
fractioned coal sample was dipped into the dense medium
starting with higher density to lower density step by step.The
constituents with a density lower than the dipped medium’s
density floated and the floated particles were transferred
in the lighter medium. The float products were washed
and percolated before placed in the lower density liquid.
This treatment was repeated until the lightest medium was
reached. The sunken parts were separated from the liquid
and washed away to remove the magnetite content from the
coal. Thereafter, the products were dried, weighted, and then
prepared for thermal analysis. In addition, the densemedium
was stirred rather slowly to avoid magnetite sinking.

2.2.2.Thermogravimetric Analyses. Thermogravimetric anal-
ysis is often used in ascertaining the thermal attitude of solid
fuels as shown in many previous works. Therefore, Polymer
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Figure 1: Particle size distribution of coal sample.

Laboratories PL-TGA 1500 thermal analyser was used for the
thermogravimetric analysis of floated coal samples obtained
from float and sink tests. Detailed schematic representation
of the experimental procedure can be found in the literature
[32].

After float and sink experiments, each obtained sample
was reduced into the same particle size which was less than
100 𝜇m by using laboratory type of ceramic ball mill. About
ten milligrams of samples was heated up to 900∘C at a
constant rate of 10∘C/min in a 5mL/min flow of dry air.Then,
the variation of sample mass in accordance with the heating
rate was analysed in real time. Prior to thermogravimetric
analysis of samples, the calibration of device has been carried
out both for the mass and for the temperature. TG and DTG
curves were derived from the analysis and the ignition and
the peak temperatures of the samples were found using DTG
curves according to the following:

𝑇𝑓𝑖𝑛𝑎𝑙 − 𝑇𝑖𝑛𝑖𝑡𝑎𝑙
𝑡𝑓𝑖𝑛𝑎𝑙 − 𝑡𝑖𝑛𝑖𝑡𝑎𝑙 =

𝑑𝑊
𝑑𝑡 (1)

where T is temperature (∘C), t is time (min), and W (mg)
is weight of sample. Analysis of each sample was repeated
twice at least and repeatability was checked.The repeatability
of the tests was found to be more than 99%. In addition,
some of the experiments were performed twice at least to test
the reproducibility of the results with standards errors of ±
1∘C, to be reached. The peak and the ignition temperatures
of the lignite coal sample can be obtained from burning
profile and DTG curve. While the first peak indicates the
ignition temperature, the second peak represents the peak
temperature. Typical TG and DTG curves of lignite coal
(RoM) were given in Figure 2. The weight loss of coal was
raised with an increase in temperature.The ignition and peak
temperatures were found to be 204∘C and 398∘C, respectively,
fromDTG curve. It is stated from the literature that the more
reactive the coal is, the lower themaximumpeak temperature
is [29, 33–35].

2.2.3. Kinetic Analyses. TheCoats and Redfern [36] approach
based on theArrhenius equationwas used in the presentwork
for the calculation of the kinetic parameters. This integral
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Figure 2: TG and DTG curves with ignition and peak temperatures
of the coal sample.

method can be implemented to TG/DTG data, assuming the
reactions order n as 1. The correct order is foreseen to lead
to the best linear plot, from which the activation energy is
appointed.

The final equation derived by this method is as follows:

ln [− ln (1 − 𝛼)𝑇2 ] = ln [
𝐴𝑟R
𝛽𝐸 (1 −

2𝑅𝑇
𝐸 )] −

𝐸
𝑅𝑇 (2)

In (2), T is temperature; 𝐴𝑟 is Arrhenius constant; 𝛽 is
constant heating rate; E is activation energy; 𝛼 is weight loss
degrees which can be calculated by

𝛼 = 𝑊0 −𝑊𝑡𝑊0 −𝑊𝑓 (3)

where𝑊0 is the initial weight of sample; 𝑊𝑓 is the final
weight of sample after burnt down.

According to the Coats and Redfern method, the expres-
sion ln[(ArR/𝛽E)(1-2RT/E)] in (2) is specifically constant
under most circumstances. Plots of ln[-ln(1-𝛼)/T2] against
1/T, a straight line should be obtained. The straight line with
the maximum correlation coefficient will be taken as the
function of the model that best expresses the kinetics of mass
loss.Therefore, the activation energy, E, can be obtained from
the slope of the line, –E/R.

3. Results and Discussion

3.1. The Results of the Float and Sink Experiments. The results
of the float and sink experiments were given in Table 2 for all
fractions.

In the Table 2, the highest yield of sinking part was
achieved as 25.44% from the -32+25 mm fraction at specific
gravity of 1.60 g/cm3 medium. The ash content of floating
part in the -25+16 mm fraction at 1.20 g/cm3 specific density
which had the minimum ash content as 4.51% was the 13.50%
of the total sum of coal.This value was the lowest ash content
obtained from the all float and sink tests. The ash content of
floating parts at 1.20 and 1.30 g/cm3 of specific densities was
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Table 2: The results of float and sink experiments.

Specific gravity range
-32+25 mm -25+16 mm -16+8 mm -8+4.75 mm -4.75+2 mm

Float Float Float Float Float
Weight Ash Weight Ash Weight Ash Weight Ash Weight Ash

(g/cm3) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%)
–1.20 16.34 6.32 13.50 4.51 27.72 7.69 33.39 7.74 34.92 6.27

+1.20 –1.30 2.59 7.34 5.77 6.13 10.94 8.56 35.81 8.28 24.00 8.42
+1.30 –1.40 21.72 7.45 55.94 9.55 25.77 10.48 21.61 14.44 26.00 13.41
+1.40 –1.50 24.02 9.49 11.68 13.01 24.78 12.99 3.18 38.00 3.97 24.39
+1.50 –1.60 9.89 27.24 2.70 21.40 0.69 28.29 0.63 36.13 5.79 23.74
+1.60 25.44 83.03 10.41 78.43 10.10 76.31 5.38 79.53 5.32 76.35

very close for all fractions. In addition, the -4.75+2 mm size
was the finest fraction in the experiments and the quantity of
the floating part was quite a few at higher density mediums.
The yield of floated material was 84.92% of total amount of
sample under the specific gravity of 1.40 g/cm3 mediums at
this fraction. Similar trend was followed for -8+4.75 mm size
fraction. It was observed that when the density of themedium
reached the coal density, the amount of the floated material
was decreased significantly. The separation sensitivity was
also lowered at 1.40 and 1.50 g/cm3 of specific densities of
medium due to the approaching densities of both the coal
samples and the medium. In addition, this decrease in the
separation efficiency occurring because of the sizemay be due
to the slower rate of settling of particles [37].

Whereas the ash content of sink materials of -32+25
mm fraction was 83.03%, it was decreased to 76.35% for -
4.75+2 mm fraction at the specific density of 1.60 g/cm3. This
discrepancy was arising from the size differences of fractions.
The separation efficiency of the inorganic compounds from
the coal was enhanced with a decrease in the size of fractions
according to the liberalisation. However, the effectiveness
of specific gravity of medium on the particles would also
decrease with the decrement of the particle size. In addition,
it was concluded that when the specific gravity of dense
medium reached the coal density (1.50 g/cm3), the amount
of floated material was decreased significantly.

The ash content of floated materials from all fractions
at different dense mediums was illustrated in Figure 3. The
average ash content of all fractions at the specific gravity of
1.60 g/cm3 was about 80%.

3.2. Thermal Behaviour of the Enriched Coal. Coal is also
identified as consisting primarily of hydroaromatic and aro-
matic clusters linked by aliphatic bridges [38, 39]. When coal
is heated, small amounts of pyrolysis water move away from
the structures at around 300-350∘C [40]. At 350∘C, primary
carbonization starts initially with the release of carbon
dioxide and hydrogen. Methane and other lower aliphatic are
evolved together with hydrogen, carbon monoxide, and alkyl
aromatics with warming up at last [41]. The physical, chemi-
cal, and thermal changes of heating coal are directly related to
the coal components. Therefore, burning profiles of enriched
coals were investigated using TG analysis depending on the
available circumstances in the laboratory. The derivatives of
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Figure 3: The ash contents of floated materials for all fractions at
different specific gravities of medium.

TG curves were also estimated from the thermal profile of
coal samples. The TG behaviour of floated materials from
the float and sink experiments at different specific gravity
of mediums for various size fractions was given in Figure 4.
The sample code indicates the specific gravity of mediums.
For example, the curve of 1.2 implies the floated materials
obtained from the specific gravity of 1.2 g/cm3 medium. TG
curves show the weight loss of the coal depending on the
time relevant to heating. When evaluating all samples on
their own merits, it might be seen that the whole burning
profiles behaved in similar trend. This is related to similar
chemical structures. The weight losses of the samples from
1.6 g/cm3 density for all fractions were lower than the others
due to the higher quantity of inorganic materials. According
to TG results, three regions were observed on thermographs.
The first region was the weight loss due to the elimination
of moisture, the second and the third were due to the
devolatilization. The main weight loss occurring in second
region was due to oxidation and removal of the volatile
matters and combustion of carbonaceous parts of the coal
samples. After the volatiles were removed from the samples,
the third region was seen in connection with the oxidation
of the char remaining [11]. In addition, the samples having
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Figure 4: TG curves of floated materials for all fractions at different specific gravities of medium.

less inorganic materials in their structure started to ignition
earlier as expected.Theweight losses indicating these regions
of TG curves could be easily seen from Figure 4.

The DTG profiles of floated materials at different specific
gravity mediums were shown in Figure 5. DTG results

showed that the chemical reactivity of the coal samples
was initially around 100∘C, due to the loss of water (first
region) as all the samples were dried after the float and sink
tests. Two devolatilization reaction regions were observed
in Figure 5 (region second and third). The second region



6 Journal of Combustion

-32+25 mm fraction

DTG curves

100 200 300 400 500 600 700 800 9000
Temperature (∘C)

−0.020

−0.015

−0.010

−0.005

0.000

d/
dt

-25+16 mm fraction

DTG curves

100 200 300 400 500 600 700 800 9000
Temperature (∘C)

−0.03

−0.02

−0.02

−0.01

−0.01

0.00

d/
dt

-8+4.75 mm fraction

DTG curves

100 200 300 400 500 600 700 800 9000
Temperature (∘C)

−0.03

−0.02

−0.02

−0.01

−0.01

0.00

d/
dt

-16+8 mm fraction

DTG curves

100 200 300 400 500 600 700 800 9000
Temperature (∘C)

−0.03

−0.02

−0.02

−0.01

−0.01

0.00

d/
dt

-4.75+2 mm fraction

DTG curves

100 200 300 400 500 600 700 800 9000
Temperature (∘C)

−0.03

−0.02

−0.02

−0.01

−0.01

0.00

d/
dt

sample
1.2
1.3
1.4

1.5
1.6

sample
1.2
1.3
1.4

1.5
1.6

sample
1.2
1.3
1.4

1.5
1.6

sample
1.2
1.3
1.4

1.5
1.6

sample
1.2
1.3
1.4

1.5
1.6

Figure 5: DTG curves of floated materials for all fractions at different specific gravities of medium.

approximately was started at 150∘C and ended at 650∘C.
The third region was also started at about 650∘C and
ended at 850∘C. The mass losses of coal samples were
determined for enriched coals at different specific gravity
of mediums and given in Table 3. The highest mass loss

was determined in the second reaction region for all coal
samples due to the combustion of carbonaceous part of
sample. When the carbonaceous content was increased due
to the enrichment of coal, the observed mass loss was also
raised.
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Figure 6: The ignition and peak temperatures of floated materials
for all fractions at different specific gravities of medium.
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Figure 7: Plots of ln(-ln(1-𝛼)/T2) versus 1000/T of the coal sample.

The ignition and peak temperatures are important tem-
peratures for burning behaviour of coal.The ignition temper-
ature represents the place where the combustion is started.
The peak temperature is also known as the temperature at
which the rate of weight loss is at maximum degree through
the maximum combustion rate. The ignition and the peak
temperatures were also obtained from thermographs of DTG
and given in Figure 6. The peak temperature is the indicative
of the combustibility of coal. The coal with a difficult
combustible behaviour has the higher peak temperature. As
seen from Figure 6, when the specific gravity of the medium
was increased, the acquired peak temperatures were also
increased and the maximum peak temperature was obtained
at 1.6 g/cm3 density of medium for all fractions. The ignition
temperatures of coal also showed similar trend. Generally,

Table 3: The range of mass losses of coal samples at three reaction
regions.

Sample Mass loss (%)
I II III

1.2 8-13 85-89 2-3
1.3 8-14 77-84 1-2
1.4 7-14 52-81 1-3
1.5 7-10 49-72 2-5
1.6 4-6 11-20 2-4

coking coals pass through a plastic or softening state in
the temperature range 350-450∘C depending on their rank
[42, 43] in the second region. In Figure 6, the obtained peak
temperatures that ranged from 370∘C to 480∘C excepting the
peak temperatures of coal which obtained 1.6 g/cm3 density
were in harmony with the literature. In the third region,
the decomposition of the mineral matter occurred in the
samples due to the decomposition temperatures of minerals
in coal such as calcite, kaolinite in the range of 650–850∘C
[44]. Further bond breaking occurs and evolution of organic
matter as tar, gases, and condensation reaction also takes
place at this region. In addition, it was shown as in Figure 6
that a reduction was observed in ignition temperatures as the
particle size decreased [15].

If Figures 3 and 6 were compared with each other, the
strong correlation could be seen between the curves.Thepeak
temperatures were already related to the combustibility of
coal and consequently ash content. As a result, the higher
ash content caused the superior peak temperaturewhile lower
temperature indicated more easily burnt samples.

3.3. Kinetic Analysis Results of the Coal Combustion. The
activation energy of raw lignite sample was calculated as 41.24
kJ/mol from the plots of ln(-ln(1-𝛼)/T2) versus 1000/T and
given in Figure 7.

The activation energies of floated material from the float
and sink tests at 1.20, 1.30, 1.40, 1.50, and 1.60 g/cm3 of
densities mediums for -32+25 mm, -25+16 mm, -16+8 mm, -
8+4.75 mm, and -4.75+2 mm sizes were also determined and
the obtained results were given in Figure 8. The correlation
coefficients of all samples were above 0.995. These top level
correlation coefficients indicate that corresponding indepen-
dent first-order reaction model fits with experimental data
very well. It is clear from Figure 8 that the activation energies
of all fractioned samples which floated at 1.60 g/cm3 density
were themaximum.The quantity of inorganicmineral matter
causing the ash content of coal structure was also measured
about 80% at this density medium. The activation energies
of coal are much related to the ash content itself [41].
When considering the specified ash content of samples at
Figure 3, the combustible behaviour of samples such as peak
temperatures from Figure 6 and the activation energies from
Figure 8 showed similar tendency. The activation energy and
ash content of raw coal were determined as 41.24 kJ/mol
and 35.84%, respectively. When the ash content of coal was
decreased to 7.34%, the activation energy was 16.205 kJ/mol
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Figure 8: Activation energies of floated coal samples at different
densities after the float and sink experiments.

whichwas the lowest value obtained (samplewas 1.2 at +32-25
mm fraction). In a similar manner, when the ash content of
coal sample was increased to the highest value of 83.03%, the
determined activation energy was 97.45 kJ/mol (sample was
1.6 at -32+25 mm fraction). Ozbas et al. [26] reached parallel
results in their work. They investigated the kinetic analysis
of three different coals and effect of enrichment on the
kinetic parameters of coals. The obtained activation energies
of cleaned samples were lower than the raw coal. Hicyilmaz
et al. [24] reached comparable combustion behaviour for
Tuncbilek coal in Turkey. They concluded that the activation
energies of utilized coal decreased and reactivity of coal
increased. Reaction with high activation energy needed a
high temperature or a long reaction time as indicated in the
literature [45]. The higher activation energies also imply that
the reactions were more temperature-dependent [15]. Kok
[23] obtained the activation energies of two different coals by
TG-DTG methods in the range of 27.6-42.2 kJ/mol.

4. Conclusions

Thepurpose of this study is to relate the combustion reactivity
of lignite with its physical properties. For the enrichment of
the coal samples, the float and sink tests were performed and
then the combustion behaviour of these coal samples was
investigated. The thermal analysis methods and the kinetic
analysis of thermogravimetric (TG) data were carried out
by using the Coats Redfern kinetic model at nonisothermal
conditions. The following conclusions were derived:

(1) The ash content of the coal obtained from the float
and sink method had variations. The floated coal
having minimum ash content (4.51%) was attained
from -25+16 mm fraction at 1.20 g/cm3 specific
density medium. When the specific gravity of dense
medium was arranged around the coal density (1.50
g/cm3), the amount of floated material was decreased
significantly.

(2) The observed weight losses of the samples from
1.6 g/cm3 density for all fractions were lower than
the others due to the higher quantity of inorganic
materials as seen from the TG results. The main mass
loss was due to the release of carbon dioxide and
hydrogen in primary carbonization stage.

(3) The three regions were watched on thermographs.
The first region was where the moisture left the
coal and the second and third regions illustrated the
devolatilization regions.

(4) Strong correlation was determined between the ash
content and thermal behaviour of coal.

(5) The higher ash content of the sample caused the
superior peak temperature and the lower temperature
demonstrates the more easily burnt samples.

(6) The activation energies of coal are much related to
the ash content itself according to the experimental
results. The determined activation energies varied
between 15.17 kJ/mol and 97.45 kJ/mol. The enrich-
ment of coal decreased the activation energy and
increased the coal reactivity.

Nomenclature

𝐸: Activation energy (kJ/mol)
𝑅: Gas constant (J/mol, K)
𝑇: Absolute temperature (K or ∘C)
𝛼: Weight loss degrees
𝑡: Time (min)
𝑊𝑡: Weight of coal at t time (g)
𝑊0: Initial weight of coal (g)𝑊𝑓: Final weight of coal burnt down (g)
𝛽: Rate of heating (K/min)
𝐴𝑟: Arrhenius constant, (1/min).
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