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EFFECT OF PARTICLE SIZE ON PYROLYSIS CHARACTERISTICS OF
ELBISTAN LIGNITE

%
K. E. Ozbas
Department of Mining Engineering, Inonu University, 44280 Malatya, Turkey

In this study, the relationship between particle size and pyrolysis characteristics of Elbistan lignite was examined by using the
thermogravimetric (TG/DTG) and differential thermal analysis (DTA) techniques. Lignite samples were separated into different
size fractions. Experiments were conducted at non-isothermal conditions with a heating rate of 10°C min™' under nitrogen atmo-
sphere up to 900°C. Pyrolysis regions, maximum pyrolysis rates and characteristic peak temperatures were determined from
TG/DTG curves. Thermogravimetric data were analyzed by a reaction rate model assuming first-order kinetics. Apparent activation
energy (E) and Arrhenius constant (4,) of pyrolysis reaction of each particle size fraction were evaluated by applying Arrhenius ki-
netic model. The apparent activation energies in the essential pyrolysis region were calculated as 27.36 and 28.81 kJ mol™" for the

largest (—2360+2000 pwm) and finest (—38 pm) particle sizes, respectively.
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Introduction

When solid fuels are heated in an oxygen-free atmo-
sphere, they pyrolize into smaller molecules which
may be classified as gas, tar, and a residual solid,
coke. An understanding of chemical reactions and py-
rolysis kinetics of coal is very important since it is the
initial step in the main coal conversion processes, lig-
uefaction, combustion and gasification. Products
which are obtained through pyrolysis depend on coal
composition and processing variables, such as tem-
perature, time, heating rate, pressure, and gas envi-
ronment [1-6]. The rank of coals effect the combus-
tion rates primarily through their devolatilization
behaviour. The knowledge of pyrolysis behaviour,
based on the properties of the different coals, is a fun-
damental feature in the modelling of coal combustion.
Models of coal devolatilization moved from simple
empirical using Arrhenius equation to correlate rates
of mass loss with temperature, and involving one or
two rates expression, to more complex descriptions of
the chemical and physical processes [7, 8].

Pyrolysis kinetics of different coals have been in-
vestigated over the years by several researchers [9-12].
Although thermal decomposition kinetics studies of fos-
sil fuels can be performed in very different apparatus,
thermogravimetric analysis (TG) is, by large, the most
used technique. It provides a measurement of mass loss
of the sample as a function of time and temperature
[13—16]. Janikowski and Stenberg [17] analysed ten dif-
ferent coals (four lignites, four sub-bituminous and two
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bituminous) in argon and hydrogen atmospheres using
thermogravimetry. Upon heating the coals up to 500°C
in an inert atmosphere, 30.8-43.7% mass loss was deter-
mined. They distinguished two temperature regions of
increased chemical reactivity: one at 75—118°C and the
second at 375-415°C. Haykiri et al. [18] investigated
the behaviour of some fossil fuels during thermal analy-
ses. DTA and TG were applied to peat, lignite, bitumi-
nous coal, anthracite, oil shale, and asphaltite samples
under a nitrogen atmosphere, and the results were dis-
cussed. Mianowski and Radko [19] developed a method
for the evaluation of the temperature range to calculate
the kinetic parameters of coal pyrolysis during thermo-
gravimetry. For twelve coals of different rank, it was
found that pyrolysis in the temperature range
280-580°C was a first-order process with an activation
energy of 78-151 kJ mol'. Most published kinetics
models are based on either the pyrolyzable mass of coal
or the amount of gaseous product [19-22]. The kinetics
of pyrolysis reactions of coal is complex, in that decom-
position of carbonaceous materials involves a great
number of reactions in parallel and in series. Also, it is
not possible to identify all elementary reactions during
the thermal decomposition of the coal [23]. Although
TG provides general information on the overall reaction
kinetics, rather than individual reactions, it could be
used as a tool for providing comparison of kinetic data
of various processing variables such as temperature, in-
ert gas atmosphere, and heating rate [24, 25]. Since the
activation energy of each individual reaction cannot be
determined, the apparent activation energy of the whole
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pyrolysis reaction is calculated in most studies [26, 27].
A number of models were proposed for the evaluation
of TG data for kinetic purposes e.g., Arrhenius method
[28-30], Coats—Redfern method [15, 31-34], Free-
man—Carrol method [35, 36] and Reich—Stivala method
[37, 38]. Arrhenius kinetic model is the most widely
used model in the pyrolysis and combustion kinetics of
coal due to its reliability and simplicity.

Pyrolysis experiments are conducted either iso-
thermal or non-isothermal conditions. Non-isother-
mal pyrolysis can be carried out at a low heating rate,
so that temperature resolved measurements can be
achieved [7].

The present study focused on the investigation of
the non-isothermal pyrolysis behaviour of various
size lignite from the same origin. Therefore, the
crushed Elbistan lignite samples were sieved to dif-
ferent size fractions and non-isothermal heating con-
ditions were applied on each size fraction separately.
Kinetic analysis of the curves was made by applying
Arrhenius kinetic model to calculate the Arrhenius
constant and apparent activation energy. The data ob-
tained from DTA experiments were used to monitor
the pyrolytic behaviour of the lignite and interpret
TG/DTG profiles.

Experimental
Sample preparation

Lignite, used in this study, was obtained from
Elbistan region, the largest lignite source in Turkey
[39]. Reserve of the lignite is 3.4 billion tons and it
corresponds to more than the half of the total reserve
of the country. The run-of-mine lignite is mainly con-
sumed in Afsin/Elbistan power plant with 4x344 MW
capacity. As a low rank coal, in situ samples contain
about 70% moisture. Approximately 100 kg of
run-of-mine lignite was picked up from the site and
prepared for analyses. The air-dried lignite samples
were, first crushed below 20 mm by a jaw crusher fol-
lowed by reducing the size below 2.5 mm using ham-
mer mill. The crushed lignite was air-dried again and
representative samples were taken for proximate, ulti-
mate and thermal analyses.

Proximate analysis of the lignite samples were
conducted in accordance with ASTM standards and
the results are given in Table 1. Leco CHNS-932,
from LECO Corporation, MI, USA, was used for
analysis of C, H, N and S elements. It is seen from Ta-
ble 1 that air-dried coal sample contains high mois-
ture and volatile matter, as 13.48 and 40.80%, respec-
tively, but low fixed carbon, as 20.67%.

The crushed lignite samples were sieved with
standard sieve series to obtain 14 different size frac-
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Table 1 Proximate and ultimate analyses of Elbistan lignite

samples”

Proximate analysis Mass/%
Moisture 13.48
Ash 25.05
Volatile matter 40.80
Fixed carbon 20.67

Ultimate analysis Mass/%
C 40.51
H 438
N 0.68
S 2.67
O (by difference) 13.23

air-dried basis

tions. Particle size distribution of the sample and the
proximate analysis of each size fraction are given in
Tables 2 and 3, respectively. The largest and the fin-
est sizes were prepared as —2360+2000 and —38 pm,
respectively. When Table 2 is inspected, it can be re-
leased that the wide size range of crushed lignite was
sieved into 14 narrow size ranges of the samples to
achieve more and reliable data. As seen in the Ta-
ble 3, larger sizes contain more moisture but less ash
than finer sizes since the ash-forming minerals,
e.g. clay minerals, are naturally fine in size.

Thermal experiments

Non-isothermal thermogravimetric pyrolysis tests of
different size materials were carried out by com-
puter-controlled TGA 50 and DTA 50 thermal analysers
from Shimadzu, Japan. Prior to experiments, TG instru-
ment was calibrated for temperature readings with in-
dium reference standard and digital microbalance of the
instrument was auto-calibrated for the precise reading of
the mass changes of the sample. In DTA, a-alumina was
used as the reference material.

The experimental procedure involves placing
approximately 10 mg of the lignite sample in a plati-
num crucible, setting the heating and gas (nitrogen)
flow rates and then executing the experiment. For all
runs, heating and nitrogen flow rates were kept con-
stant at 10°C min "' and 50 mL min™', respectively, in
the temperature range from ambient to 900°C. The
experiments were repeated under identical conditions
to check the reproducibility of the results.

Kinetic analysis

The calculation of the kinetic parameters is based on
the following equation:
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Table 2 Particle size distribution of Elbistan lignite”

Screen size Screen size Mass/g Mass/% Cumqlative Cumul.ative
range/mesh range/pm oversize/% undersize/%
—8+10 -2360+2000 180.224 10.84 10.84 89.16

- 10+18 —2000+1000 721.590 43.42 54.26 45.74

—18+20 —1000+850 116.120 6.99 61.25 38.75
-20+30 -850+600 181.088 10.90 72.15 27.85
-30+35 —600+500 75.513 4.54 76.69 23.31
—35+50 —-500+300 136.896 8.24 84.93 15.07
-50+70 -300+212 67.184 4.04 88.97 11.03
~70+100 —212+150 52.408 3.15 92.12 7.88
—100+140 —150+106 39.782 2.39 94.51 5.49
—140+200 —106+75 29.975 1.80 96.31 3.69
—200+270 —75+53 24.169 1.46 97.77 2.23
-270+325 —53+45 8.453 0.51 98.28 1.72
—325+400 —45+38 7.812 0.47 98.75 1.25
-400 -38 20.85 1.25 100.00 0.00
Total 1662.064 100.00

air-dried basis

Table 3 Proximate analysis of Elbistan lignite of different sizes”

Particle size range/pm Moisture/% Ash/% Volatile matter/% Fixed carbon/%
—2360+2000 15.39 25.52 42.77 16.32
—2000+1000 14.14 24.16 41.55 20.15
—1000+850 14.31 24.45 41.97 19.27

—850+600 15.32 24.92 41.21 18.55
-600+500 15.19 24.88 40.49 19.44
-500+300 1541 25.47 40.73 18.39
-300+212 14.88 25.73 43.39 16.00
—212+150 14.55 25.88 44.80 14.77
—150+106 14.43 26.14 36.53 22.90
-106+75 14.31 26.53 37.13 22.03
—75+53 13.99 27.45 41.72 16.84
—53+45 13.60 29.09 39.38 17.93
—45+38 13.32 30.15 38.67 17.86
-38 12.04 35.26 39.44 13.26
“air-dried basis
da. — o (1) where 4, is the Arrhenius constant, £ is the apparent
dr activation energy, 7 is the absolute temperature, and

where a is the amount of the sample undergoing the
reaction, n is the order of reaction, and £ is the spe-
cific rate constant. The temperature dependence of &
is expressed by the Arrhenius equation as:

E
k=A exp( —RTJ ©)
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R is the gas law constant. Based on the Eq. (1), the
rate of mass change of the lignite sample with time
(dW/dr) is equal to:
dﬂ:kW" 3)
dt
Assuming first order kinetics (n=1) and substi-
tuting k& into Eq. (3);

643



OZBAS

Wy o —E Yy @
dr RT

dW/dt:AreXp(_E )
w RT

are obtained. Equation (6) is derived by taking the
logarithm of both sides of the Eq. (5):

dw/dt E
lo =logd, —— — 6
g( w ) & T 303RT ©

When log[(dW/dt)/W] is plotted vs. (1/T), a
straight line is obtained that will give a slope equals to
[-E£/(2.303R)] from which apparent activation energy
E, and an intercept equals to log4,, from which
Arrhenius constant, 4,, can be calculated.

or

Results and discussion
Pyrolysis characteristics of the lignite samples

TG curves obtained from pyrolysis of the several par-
ticle size fractions of Elbistan lignite samples are
given in Fig. 1. Thermograms of the coal samples dis-
play differences to some extent due to variation in py-
rolysis properties of different sizes and compositions
(Table 3). When the mass losses on the TG profiles of
the lignite are examined for all particle size fractions,
three major regions are distinguishable at certain tem-
perature ranges. The first region (region 1) is ob-
served below 200°C, the second region (region 2),
ranges from 200 to about 600°C, and the third region
(region 3) starts from 600 and continues up to 900°C.
Regarding mass losses with respect to total sample
mass, 11-15 and 9-19% were took place in the re-
gions 1 and 3, respectively, whereas the essential
mass loss (22-29%) occurred in the region 2.

100 =,
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=
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609 7 Z1000+8500 him
« —850+600 um
v =300+212 um
504 +-75+53 um
o —45+38 pm
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0 100 200 300 400 500 600 700 800 900 1000
Temperature/°C

Fig. 1 TG curves of Elbistan lignite for different particle size
fractions
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DTG curves of the previously given particle size
fractions are plotted in Fig. 2. As can be observed, the
DTG peaks differ in position and height. The peak
height is directly proportional to the reactivity, while the
temperature corresponding to peak height is inversely
proportional to the reactivity [24]. The peak temperature
represents the maximum mass loss temperature. DTG
profiles of Elbistan lignite in the Fig. 2 exhibit the mass
loss regions even more clearly. The first region refers to
the release of moisture from the samples and shows that
the peak temperature (77,), at which the maximum rate
of mass loss occurs, vary from 95°C for the largest parti-
cle size fraction (—2360+2000 pm) to 72°C for the finest
size (-38 um). It can be concluded that the main mois-
ture loss occurs at higher temperatures for larger sizes
that due to the delayed mass and heat transfer inside
larger particles. On the other hand, mass loss of the lig-
nite up to 200°C in nitrogen atmosphere was due to re-
lease of not only moisture, but also low volatile species
which includes mainly free radicals and low molecular
mass compounds.

0.0
—0.2 g
~0.4
o 064
£ 038
=3
i —1.0
2
A 121 "
4 —e— -2000+1000 pm
7 —— —1000+8500 um
—— —850+600 pm
~1.64 3004212 im
\¥ —+— —75+53 ym
184 ¥ T 45438 im
— 38 um
2.0

0 100 200 300 400 500 600 700 800 900 1000
Temperature/°C

Fig. 2 DTG curves of Elbistan lignite for different particle
size fractions

The second region is the most important region
to examine since the major mass loss and complicated
chemical reactions, such as release of tar [26, 34] and
gaseous products [24], devolatilization, and semi-
coke formation [27], occur in this temperature range.
Carbonization of lignite predominatly occurs at this
region. It is known that tar formation begins between
300 and 400°C with the dissociation and breakdown
of aromatic compounds. Tar being a fluid comprising
a complex mixture of many organic compounds,
which could prevent devolatilization of organic mat-
ter to some extent. With increase of temperature, hy-
drogen and other reducing gases particularly methane
and carbon monoxide forms [15]. The main DTG
peaks in region 2 for all of the lignite samples used in
this study are clearly conceivable from their corre-
sponding TG curves; however, the associated second-
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Table 4 Variations in the maximum decomposition rate (MDR) of the lignite for each pyrolysis region, and total conversion
(TC) percentage and residue yield (RY) of the sample relative to particle size range

Particle size Region 1 Region 2

Region 3

range/pum MDR/% min”" MDR/% min™" MDR/% min™" TC% RY/%
—2360+2000 -1.42 -1.00 -0.33 54.93 45.07
—2000+1000 -1.61 -1.19 -0.39 54.67 45.33
—1000+850 -1.60 -1.21 —0.40 53.21 46.79
-850+600 -1.67 -1.08 —0.47 52.14 47.86
—600+500 —-1.55 -1.12 —0.59 51.11 48.89
—500-+300 —-1.82 —-1.04 —-0.78 53.22 46.78
-300+212 -1.83 -1.03 -0.71 50.84 49.16
-212+150 -1.80 -1.03 —0.83 51.44 48.56
—150+106 -1.78 -1.02 -0.97 54.33 45.67
-106+75 -1.73 -1.01 -1.02 51.48 48.52
—75+53 -1.77 —0.95 -1.16 52.43 47.57
—53+45 -1.69 -1.00 -1.19 51.16 48.84
—45+38 -1.59 —0.95 -1.30 50.12 49.88
—38 -1.33 —0.88 -1.59 52.10 47.90

ary peaks although observed in some of the DTG pro-
files can not be isolated from their respective TG
curves. Double peak display seen from the DTG
curves of smaller size fractions of Elbistan lignite,
such as (—45+38 um), and (-38 pum), is an indication
of the stepwise volatile release and the decomposition
of heterogeneous organic matter in the coal samples.

The variation in the maximum decomposition
rate (MDR) of the lignite corresponding to the maxi-
mum pyrolysis rate of the coal for all pyrolysis re-
gions relative to the particle size range is shown in
Table 4. The maximum pyrolysis rates in the first and
the second regions were determined as approximately
1.83 and 1.21% min"' for particle size ranges of
(-300+212 pm) and (-1000+850 pum), respectively.

Characteristic peak temperature for each size in
the second region, listed in Table 5, exhibits that parti-
cle size of the lignite has almost no effect on tempera-
ture at maximum decomposition rate (7},) at the heat-
ing rate value of 10°C min™'. This result is supported
by other investigators. For instance, Giildogan et al.
[40], observed that particle size of the Mengen lignite
had almost no effect on the T}, values at the same heat-
ing rate. Additionally, Giildogan et al. [27], concluded
that T3, values approximately remained unchanged dur-
ing the non-isothermal pyrolysis of the Gediz lignite
with different particle size fractions at higher heating
rate values.

Tar and hydrocarbons are known to evolve be-
tween 490 and 640°C, while secondary gases are re-
leased at temperatures higher than 640°C resulting
from ring condensation, which also leads to the for-
mation of coke. In addition, part of the mass loss ob-
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served at temperatures higher than 600°C, is attrib-
uted to the thermal decomposition of carbonates,
which are in a high content in lower rank coals, such
as lignite [24]. The third pyrolysis region corresponds
mainly to the decomposition of mineral matter in lig-
nite, such as quartz, kaolinite, montmorillonite and
calcite. They start decomposing at temperatures from
600—-650 up to 900°C and 9—19% of the total mass of
the lignite was pyrolyzed in this range. It was found
that the MDR values increased with the decrease in
the particle size of the lignite (Table 4). The result
could be explained by the differences in the composi-
tions of different sizes. Mineral matters, for example
carbonates and pyrite, exist more in finer size than the
larger size of coal (Table 3). The more is the mineral
matter, the more is devolatilization which, in turn,
yields in higher MDR values.

Particle size of the lignite had almost no effect
on temperature at the maximum decomposition rate in
the third region of the pyrolysis (Table 5).

Total conversion (TC) percentage and the yield
of the residue (RY) of the sample at the end of each
pyrolysis experiment were calculated based on the
initial mass of the lignite sample used and presented
as a function of the particle size range in Table 4. It
was concluded that both the total conversion per-
centages and the yields of residue almost remained
unchanged for all particle size fractions. This result
is supported by other investigators. For instance,
working on the non-isothermal pyrolysis kinetics of
Gediz and Mengen lignites, Giildogan et al. [27, 40],
found that particle size of the lignite had almost no
effect on semi-coke yield values at a constant heat-
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Fig. 3 DTA curves of Elbistan lignite for different particle
size fractions

ing rate. These results are also in agreement with
others previously published [24, 41], which report
that particle sizes below 5 mm do not exert any influ-
ence on the process.

DTA curves for the previously given particle
size fractions are presented in Fig. 3 from which the
temperature changes during pyrolysis reactions could
be conveniently traced out. Thermal reactions carried
out during pyrolysis of the Elbistan lignite samples
can be explained well when Figs 2 and 3 are exam-
ined together. The DTA profiles of the lignite samples
show three distinct endothermic peaks. The first re-
gion (7<200°C) represents endothermic reactions
where the heat is being absorbed by the samples while
evaporation of hydrated water and volatile species.
Before the start of the primary carbonization, coals re-
lease small amount of pyrolysis water in the tempera-
ture region 200-350°C (region 2) from the decompo-
sition of phenolic structures and oxides of carbon
from carboxylic and carbonyl groups [15]. The sec-
ond and the third endotherms representing the pri-
mary and secondary carbonizations are observed in
the temperature range of 570-680°C and above
680°C (region 3), respectively (Fig. 3).

Kinetic analysis results

Kinetic analysis has been performed using TG data. In-
stead of estimation of the overall kinetic parameters for
the whole TG/DTG data, it is more convenient to apply
Arrhenius kinetic model, Eq. (6), separately for the
three pyrolysis regions described. The kinetic model
was applied accordingly, as illustrated in Fig. 4, for
randomly selected sizes. The effect of particle size on
the calculated kinetic parameters of the Elbistan lignite
is shown in Table 5. The activation energies and
Arrhenius constants fall into the range of chemically
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Fig. 4 Determination of kinetic parameters for different parti-
cle size fractions

meaningful values and in agreement with those re-
ported in the literature [13, 15, 20, 24, 26, 40, 42].

The first region is the low temperature region
(7T<200°C) where the mass loss of lignite is mainly
due to the removal of its moisture. Concerning appar-
ent activation energy (E), it varied between 32.20 and
46.72 kJ mol™', and increased with decreasing the par-
ticle size range.

Concerning the essential pyrolysis region (re-
gion 2), apparent activation energies were calculated
for all size fractions and found 27.36 and
28.81 kJ mol™" for the largest (~2360+2000 pm) and
finest (—38 um) particle sizes, respectively. It was con-
cluded that particle size of the lignite had almost no ef-
fect on the apparent activation energies in this region.

When the third region is compared with the first
and the second regions, a tremendous rise is observed in
activation energies as the values jump to as high as
201.86 kJ mol ™. The reason can be explained by differ-
ent composition of the size fractions. The larger the par-
ticle size, the higher is the concentration and tempera-
ture gradients within the particle, and consequently the
combined effects of heat and mass transfer limitations
are very important for the pyrolysis. It can be admitted
that the activation energies calculated for the lignite
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samples, under investigation, from thermogravimetric
analysis are the sum of effective activation energies for
various types of chemical reactions as well as physical
changes occurring simultaneously during pyrolysis.

The Arrhenius constants estimated from the clas-
sical Arrhenius equation, summarized in Table 5,
have been found to be exceptionally low for all of the
samples both in the first and second pyrolysis regions.
Low values of the Arrhenius constant reveals that the
reaction is thermodynamically unfavourable, i.e.,
non-spontaneous in nature but the driving factor is
that the reaction is controlled by the diffusion of the
components in the system [15]. However, an increase
in magnitude of the Arrhenius constant especially in
lower particle size fractions of the lignite has been
observed in the third pyrolysis region.

Conclusions

Pyrolysis of Elbistan lignite under atmospheric pres-
sure was performed using a TG analyzer. Effects of
the particle size on the pyrolysis kinetics were exam-
ined. TG/DTG and DTA curves revealed three major
reaction regions at certain temperature ranges. The
characteristic peak temperatures and the kinetic pa-
rameters were evaluated separately for each region on
the curves and for each sample size and the following
conclusions were drawn.

* When the peak temperatures were considered in the
first region, it was seen that moisture loss occurred
at higher temperatures for larger particles. The rea-
son was explained by the mass and heat transfer
limitations within the larger particles.

* TG/DTG profiles in the region 2 exhibited that par-
ticle size of the lignite had almost no effect on tem-
perature at maximum decomposition rate.

* The maximum pyrolysis rates increased with de-
creasing the particle size range of the lignite in the
region 3. The result could be explained by the dif-
ferences in the compositions of different sizes.

* DTA thermograms of the lignite samples displayed
three endothermic peaks. The first one was attrib-
uted to the evaporation of moisture and volatile
species from the samples in the first pyrolysis re-
gion. The second and the third endotherms aroused
in regions 2 and 3 corresponded to the primary and
secondary carbonizations (coking) of the lignite.

» Calculated kinetic parameters, apparent activation
energies and Arrhenius constants were found to be
in the range of 18.51-201.86 kJ mol" and
4.16:10°-1.01-10° min ™" for the tested particle size
ranges.

* Particle size of the lignite had almost no effect on
the apparent activation energies in the essential py-
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rolysis region (region 2). Furthermore, the activa-
tion energies jump to as high as 201.86 kJ mol™" in
the third region. The reason was attributed to the
different composition of the particle size fractions
and control of the pyrolysis reactions by diffusion
of the components within the system.
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