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COMBUSTION AND PYROLYSIS CHARACTERISTICS OF TUNCBILEK
LIGNITE

r -* . .
L Y. Elbeyli and S. Piskin
Department of Chemical Engineering, Y1ldiz Technical University, 34210 Istanbul, Turkey

In this study, thermal characteristics and kinetic parameters of cleaned Tungbilek lignite were determined by using a Setaram
Labsys DTA/TG/DSC thermal analysis system both for combustion and pyrolysis reactions. Experiments were performed at a heat-
ing rate of 10°C min™' under reactive (air) and inert (nitrogen) gases up to 1000°C. Non-isothermal heating conditions were applied
and reaction intervals were determined for combustion and pyrolysis reactions from obtained curves. The combustion properties
were evaluation by considering the burning profile of the lignite sample. Burning temperatures and rate of combustion were deter-
mined from TG/DTG curves. Calorific value of the lignite sample was measured by DSC curve and compared with the adiabatic

bomb calorimeter result.

In addition to investigation of the combustion properties, pyrolysis characteristics of the lignite sample were investigated
based on TG/DTG/DSC curves. Activation energy (E) and pre-exponential factor (4) were calculated from the TG data by using a
Coats—Redfern kinetic model both for combustion and pyrolysis reactions of cleaned Tungbilek lignite.
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Introduction

Thermogravimetric analyses (TG) together with DTA
or DSC are effective methods commonly used for
quantitative determination of mass loss as a function
of the gradual increase in temperature [1]. The meth-
ods play an important role in the investigation of ther-
mal characteristics of mineral matters. Various meth-
ods such as thermogravimetric analysis (TG),
differential thermal analysis (DTA), dynamic micro-
calorimetric analysis (DMA) and swelling index (SI)
measurements have been developed to determine the
thermal characteristics of coals. Thermal characteris-
tics of coal change depend mainly on its chemical
constituents, macerals, rank, grade, origin, etc. [2, 3].
Coal undergoes a series of complex physical and
chemical changes during the combustion and pyrolysis.
Combustion characteristics such as heat content, igni-
tion and burn off temperatures and maximum rate of
mass loss are of important in coal utilization and these
features can be determined from the TG and DTG
curves of the coal samples [4, 5]. Also, pyrolysis of coal
is of important for beneficiation from coal due to being
the first step in coal conversion processes like carbon-
ization, liquefaction, combustion and gasification [6].
Previous studies on DTA/TG/DSC analysis of
lignite and bituminous coals carried out under differ-
ent experimental conditions. Results show that the
thermal behaviour of coals depends on experimental
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conditions such as particle size, sample amount, heat-
ing rate and gas flow rate. Pigkin et al. [7] investi-
gated the thermal reactivities of five Turkish lignites
(Elbistan, Ilgin, Karliova, Kangal and Yatagan) under
air atmosphere and show the correlations between
heat contents measured by DTA and calorific values
of the coal samples measured by adiabatic bomb calo-
rimeter. Kok et al. [8] investigated that combustion
characteristics of lignite and oil shale samples by
thermal analysis techniques and kinetic calculations
performed for oxidation. lordanidis et al. [1] investi-
gated combustion properties and burning profiles of
Greece lignites and they showed good correlations
between results of proximate and calorimetry analy-
ses and DTA/TG data. Arenillas et al. [9] determined
by using the TG/DTA techniques that effects of coal
blending on combustion characteristics. Kok et al.
[10] determined that thermogravimetric characteriza-
tion of ten lignites and kinetic calculation for their ox-
idation processes. Kok [11] carried out coal combus-
tion experiments in air atmosphere up to 600°C at a
heating rate of 10°C min"' by using DSC and calcu-
lated the kinetic parameters beneficiation from Arrhe-
nius and Coats—Redfern plots.

In addition to combustion studies of coal by using
TG/DTA/DSC, investigations of pyrolysis properties of
bituminous coal and lignites have been studied by many
investigators. Elder and Harris [12] investigated the
thermal characteristics of Kentucky bituminous coals
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during pyrolysis in an inert atmosphere. They deter-
mined the exothermic reaction at a range of 300 to
500°C, where the major mass loss occurs and which has
been associated with the primary carbonisation process
and the development of a plastic state. Elbeyli ef al. [13]
investigated pyrolysis stages and kinetics parameters of
some Turkish bituminous coals in nitrogen atmosphere
up to 1000°C under non-isothermal condition by using
TG/DTG methods. Sinag [14] investigated the kinetics
of Soma lignite in water vapor and inert atmosphere (ni-
trogen) and the effects of pyrolysis condition on the re-
activity of Soma lignite.

The aim of the present study is to investigate the
thermal behaviour and kinetics of cleaned Tungbilek
lignite at non-isothermal heating conditions both for
combustion and pyrolysis reaction by TG/DTG and
DSC techniques.

Experimental
Sample preparation

Lignite was supplied from the Tungbilek in Kiitahya
as cleaned sample and prepared according to the
ASTM Standards (ASTM D 2013-04). The sample
was sieved to pass 250 pm sieve and then ultimate
and proximate analyses were performed according to
the ASTM Standards (ASTM D 3174-04, D 3175-02,
D 3176-89). A high-temperature furnace, a Leco-
CHN 600 element analyzer and a Leco-S132 sulfur
analyzer were used in proximate and ultimate analy-
ses. Calorific value of the sample determined by using
an adiabatic bomb calorimeter (IKA-Calorimeter
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Fig. 1 FTIR spectrum of Tungbilek lignite

mixing 1 mg of dried lignite sample and 100 mg of KBr.
Then the mixture was pressed under 10 kg cm > pressure
and then dried in a vacuum furnace. The FTIR spectra
was recorded in the region of 4000 to 400 cm (Fig. 1).
The peak assignments in this paper are based on the
work (Table 2) [16]. Surface microstructures of the sam-
ple was obtained using JEOL JSM-5410 model scan-
ning electron microscope (SEM) (Fig. 2).

Thermal experiments

Setaram Labsys TG/DTA/DSC model thermal analy-
sis system was used in experiments. TG apparatus
was calibrated via the melting points of indium
(T2 156.6°C), tin (T, 231.9°C), lead (Ty: 327.5°C),
zinc (T: 419.6°C), aluminum (71,: 660.2°C) and gold

Table 2 Band assignments in FTIR spectra of coal [16]

—1 .
C4000 adiabatic) which had been calibrated using Bands/em Assignments
benzoic acid according to the ASTM Standards 3420-3320 —OH stretching
(ASTM D 5865-04). Results are present in Table 1. 3050-3030 Aromatic CH stretching
3000-2800 Aliphatic CH stretching
Det?rn?znatzon of functional groups and microstructure 1700 Aromatic carbonyl/carboxyl C=0
of lignite sample stretching
Functional groups of the cleaned Tungbilek lignite sam- 1610-1560 Aromatic C=C ring stretching
ple were determined by PerkinElmer Spectrum One 1510 Aromatic C=C ring stretching
model FTIR instrument. The pellet was prepared by 1450 Aliphatic CH deformation
Table 1 Proximate and ultimate analyses of Tungbilek lignite 1430-1420 Aromatic C=C ring stretching
) 1370-1360 Aliphatic CH3 deformation
. . o/a
Proximate analysis Mass% 1317-1315 Aliphatic CH, deformation
Moisture 10 i _ ic
Ash 16 1270-1250 Aroma.tlc CO- and phenolic -OH
. stretching
Volatile matter 34 ) )
Fix;d carbon . 50 1060-1030 Aliphatic ether C—O- and alcohol
Ultimate analysis C-O stretching
C 61.24 870 1 adjacent H deformation
H 4.52 810 2 adjacent H deformation
g] %g? 780-770 Aliphatic CH, deformation
O (difference) 29.64 750 3—4 adjacent H deformation
dry basis
722 J. Therm. Anal. Cal., 83, 2006
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Fig. 2 SEM rmcrographs of Tungbilek lignite in a — 500% and
b—1000%

(Tm: 1063°C) metals under the same conditions as for
the sample. During the experiments, the mass loss
(TG signal) and the rate of mass loss (DTG signal) as
a function of time or temperature were recorded,
while the lignite was subjected to a computer-con-
trolled temperature programme.

Combustion experiments were carried out by us-
ing TG/DSC rode under air atmosphere flow rate of
100 mL min~" up to 1000°C. The experiments carried
out with the powdered sample with a size of approxi-
mately 10 mg and with a heating rate of 10°C min .

The characteristic temperatures of the combus-
tion process were determined from the DTG curves. It
is known that these temperatures use to define signifi-
cant events during the combustion of a coal [15]. At
the second stage of the experimental procedure, py-
rolysis was investigated under pure inert gas (N,
99.9%) with a heating rate of 10°C min ' up to
1000°C. Pyrolysis stages and characteristics tempera-
tures were determined from TG/DTG curves.

Kinetic theory

TG/DTG technique is useful techniques for the deter-
mination of decomposition temperatures and decom-
position steps for solid substance. A number of mod-
els have been developed to obtain the Kkinetic
parameters from the thermogravimetric data for
studying the mechanism of solid-state decomposition
processes. The mathematical procedure used in the
present study, in the analysis of TG data for determin-
ing the decomposition kinetics, is based on the
Coats—Redfern method used by many other investiga-
tors [17-19]. Aybers [19] show that equations of the
method as follow,

ad=>bBstcCy (1)
the rate of disappearance of 4 may be expressed by
4 k) @)
dr

where a is the fraction of 4 decomposed at time 7, n is
the order of reaction and £ is the rate constant given
by the expression

k=Ae ERT (3)
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where 4 is the frequency factor or pre-exponential factor
and E is the activation energy of the reaction. 4 is con-
sidered for gases and liquids as frequency factor and is
proportional to the number of successful collisions of
the reaction molecules. Solid particles are not free to
move and 4 can be considered as a pre-exponential con-

stant. For linear heating rate of, say a °C min ",

dr
o=— 4
P 4

Combining Eqs (2)—(4), rearranging and inte-

grating,
‘T da
o 1—a)"

The right-hand side of Eq. (5) has no exact inte-
gral, but by making the substitutions u=E/(RT) and
using the relation

T
=4 [erhar (5)
a

0

n+1

Te’”u’bduzul et i -7 ) (6)

Equation (5) becomes
1-(1-0)"™ _ A4RT’® [1—
1-n ak

m{l(l“)”}:ln“[l_m}_E ®
T°(1-n) ak E RT

for all values of n except n=1 in which case Eq. (5).
After taking Ins, becomes

L) o
T’ ak E RT

Thus a plot of either

2RT:|eE/RT (7)

E

taking Ins

m{l_(l_“)l_n} s L (10)
T°(1-n) T
or, where n=1,
m[_ln(l_a)} s L (an
T2

should result in a straight line of slope —£/(RT) for the
correct value of n, since it may be shown that, for
most values of £ and for the temperature range over
which reactions generally occur, the expression

In AR[ 2RT}
aFE E

(12)

is sensibly constant. In that case, Eqs (8) and (9) can
be written as y=ax+b:
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AR 2RT 1 E
b:h’li 1—7, X=—,a=——
ak E T R

where £ and 4 can be calculated from the slope and
the intercept.

By using the o values, a plot of left side of
Eqgs (8) or (9) vs. 1/T should give straight lines for a
correct value of n. In the evaluation of Eq. (8), the
best value for n was searched in the range from 0.2 to
2.5 to get a straight line. The n value giving a straight
line with a highest correlation coefficient was as-
sumed to be the order of the overall pyrolysis and
combustion reactions [20]. The main temperature
range of volatile evolution (350-600°C) was always
taken into account in the calculation and a regression
factor, R?, was obtained in both processes [8, 9, 13].

Results and discussion
Chemical structure of the lignite sample

The FTIR spectrum of the lignite sample is given in
Fig. 1. The absorptions at 3694 and 3620 cm ' are due
to intermolecular and weakly H bonded OH because of
water of crystallization in clay minerals [21]. The
broad band at 3401 cm™' show the hydroxyl groups in
water or phenolic compounds. Bands around at 2921
and 2852 cm ' show the symmetric and asymmetric
stretching vibration of C—H due to the presence of
aliphatic hydrocarbon species. The bands at 1619 cm™*
can be assigned to the aromatic C=C ring stretching vi-
brations. Other absorption bands in FTIR spectra of the
lignite were at 1436 cm ™' (aromatic C=C ring stretch-
ing band), 1375 cm' (aliphatic CH; deformation
band), 1000-1200 cm™' (aliphatic ether C—O and alco-
hol C-O stretching bands), 778-799 ¢cm™' (aliphatic
C-H stretching bands) and 690-470 cm™' (mineral
matters such as calcium sulfate, pyrite, etc.).

As it can be seen in Fig. 2 lignite has more heter-
ogeneous structure due to different mineral contents
such as quartz, kaolinite and calcite.

Combustion characteristics of the lignite sample

The thermal parameters (e.g. characteristic tempera-
tures and maximum rate of mass loss) were derived
from combustion profile by TG/DTG [8, 15]. The
TG/DTG curve obtained from the combustion under
air atmosphere of Tungbilek lignite is presented in Fig.
3. The TG curve indicates two mass loss regions, dehy-
dration and combustion occurs in two steps. The first
one is observed in the range from 35 to 150°C, with a
DTG peak at 56°C that corresponds to the loss of 5.3%.
This loss corresponds to the elimination of the hy-
drated water, small amount of pyrolysis water from de-
composing phenolic groups [23]. The essential mass
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Fig. 3 TG/DTG curve of Tungbilek lignite for combustion un-
der reactive gas (air)
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Fig. 4 TG/DSC curve of Tungbilek lignite for combustion un-
der reactive gas (air)

loss due to combustion observed in the range from 310
to 655°C, with a DTG peak at 500°C that corresponds
to the loss 88.8%. At around 300°C primary reaction
starts initially with the carbon dioxide and also meth-
ane and other aliphatics evolves together with hydro-
gen, carbon monoxide and alkyl aromatics with in-
creasing temperature [11]. The maximum rate of
combustion was confirmed as 4% min ' from the DTG
peak. DSC curve of the lignite sample is shown in Fig.
4. It can be seen from the DSC curve that major reac-
tion related to the combustion occurs in the range from
300 to 650°C, with a peak at 558°C. At this stage, heat
of reaction is calculated as 21.90 kJ kg™ from the DSC
peak area. The expected thermal effect in region is
therefore exothermic. In this region, lignite conducted
in oxygen, the reactions taking place can effectively be
viewed as combustion reactions. The amount of heat
released largely depends on the strength of the bonds
broken in the lignite structure to form the products, i.e.
CO, CO,, H,;0, N,0, N0, SO,, SO; [18]. In addition
to the DSC result, calorific value was measured by the
adiabatic bomb calorimeter method as 24.03 kJ kg . It
was noted that the bomb calorimeter value is the higher
heating values including the latent heat of HO formed
upon combustion of coal hydrogen [7].

Pyrolysis characteristics of the lignite sample

TG/DTG and TG/DSC curves of Tungbilek lignite for
pyrolysis under nitrogen atmosphere are given in Figs 5
and 6, respectively. According to the TG curve, based
on two mass loss regions, dehydration and pyrolysis oc-
curs in two steps. The first one is observed in the range

J. Therm. Anal. Cal., 83, 2006
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Fig. 6 TG/DSC curve of Tungbilek lignite for pyrolysis under
inert gas (nitrogen)

from 35 to 160°C, with a DTG peak at 85°C that corre-
sponds to the loss of 4.8%. This loss corresponds to the
elimination of the hydrated water. A second mass loss is
observed in the range from 300 to 600°C, with a DTG
peak at 458°C that corresponds to the loss 27.4%. The
essential mass loss in pyrolysis occurs mainly in
350-650°C region in accordance to the DTG profile. On
the TG curve, it is noticed that initial temperature of the
pyrolysis reaction at 390°C and the reaction is continu-
ous at 500°C as fastly. According to the literature, tem-
perature regions in pyrolysis explain as follows: Tem-
perature below 350—400°C, where different process
takes place prior to primary pyrolysis, i.e., disruption of
hydrogen bonds, vaporisation and transport of the
non-covalently bonded molecular phase. The primary
pyrolysis takes place between at 350-600°C and the
stage is shown as strongest pyrolysis in TG curve. This
consists of a primary degradation, as a result of which
the weakest bridges may break to produce molecular
fragments. The fragments abstract hydrogen from the
hydroaromatics or aliphatics, thus increasing the con-
centration of aromatic hydrogen. These fragments will
be released as tar if they are small enough to vaporize
and be transported out of the char particle [22]. Func-
tional groups also decompose to release gases, mainly
CO,, light aliphatics, CH4 and H,0. The maximum rate
of the pyrolysis was determined as 1.4% min ' from the
DTG curve and the DSC curve do not show the any sig-
nificant changes during the pyrolysis except for endo-
thermic peak arised from the moisture.

J. Therm. Anal. Cal., 83, 2006

Kinetic analysis results

Decomposing fraction (o) at any time in combustion
was determined based on TG curve and used in calcu-
lation of kinetic parameters (Fig. 3). Kinetic calcula-
tions for pyrolysis were evaluated for strongest stage
in pyrolysis. The main temperature range of volatile
evolution (400-550°C) was always taken into ac-
count in the calculations, and a correlation coefficient
(R?) was obtained.

The non-isothermal kinetic study of mass loss
during combustion and pyrolysis were performed by
using TG data. The calculation of kinetic data is based
on Coats—Redfern method [17]. In the calculation,
Eq. (8), the best value for n was searched by a com-
puter programme in the range from 0.2 to 2.5 to get a
straight line. The n value giving a straight line with a
highest correlation coefficient was assumed to be the
order of the decomposing stage. The values of £ and
A were then calculated from the slope and the inter-
cept of the line, respectively. Regression analysis was
employed in the estimation of n, E and 4 for pyrolysis
and combustion. The plots of n™ order rate model for
the second endotherm in DSC curves both for com-
bustion and pyrolysis are given in Figs 7 and 8. The
results indicated that n=0.7 and n=2.5 value for com-
bustion and pyrolysis reactions, respectively, gives
straight lines with high correlation coefficients.
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Fig. 7 Determination of the kinetic parameters by using TG
data for the combustion

~14.4
1451 f a-e n=0.5 R>-0.9986
¢ b-= n=0.8 R>=0.9992
~14.61 s c—m n=1.0 R2-0.9995
1474 b3 d- n=1.5 R?=0.9902
I|z-148] # e n=2.0 R§:0,9907
f R?=0.9911
Il 140 .
I= “15.0]
]
£ -15.14
Best fit (n=2.5)
1521 y=3516.9x-9.9734
~15.31
-15.4 T r
0.00125 0.00135 . 0.00145
1/T/K

Fig. 8 Determination of the kinetic parameters by using TG
data for the pyrolysis
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Conclusions

In this research, thermal characteristics of cleaned
Tungbilek lignite during the combustion and pyroly-
sis were determined by TG/DTG/DSC thermal analy-
sis methods and kinetic analysis of thermogravimetry
(TG) data was carried out by using Coats—Redfern ki-
netic model at non-isothermal conditions.

* Two mass loss was observed in TG both for com-
bustion and pyrolysis, dehydration and main reac-
tion region.

* DSC and adiabatic bomb calorimeter method show
the parallel results in view of calorific values.

 The results indicated that activation energy values of
combustion and pyrolysis reactions are 34.53 and
29.24 kJ mol™, respectively. Pre-exponential factors
for the reactions calculated based on the Coats—Red-
fern method are 10.47 and 1.64 min™', respectively.
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