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The pyrolysis and thermal behavior of Avgamasya (SE Anatolia, Turkey)
asphaltite was performed using thermogravimetric analysis at atmospheric
pressure in dynamic nitrogen atmosphere (30mL min™). Four heating rate
profiles (2.5, 5, 10 and 20 K min™) were applied, with a final temperature
1123 K. Two-stage decomposition was observed in the experiments. During
the stage 1, when the temperature is lower, only weaker chemical bonds are
destroyed and some small gaseous molecules are produced. During the
stage 2, when temperature is higher, the cracking is faster and stronger
chemical bonds are broken, so that larger molecules decompose into small
molecules in the gaseous phase. Kissinger (differential) and Coats-Redfern
(integral) methods were applied to thermogravimetric data to obtain kinetic
parameters (activation energy and Arrhenius constant).

I ntroduction

Asphaltite is a petroleum-originated substance formed by metamorphism.
The low oxygen content of asphaltites (< 2%) is the best evidence about its
origin. It is a hard and a blackish material, with a relatively high softening
point of about 200-315 °C. Asphaltiteis soluble in carbon disulfide. Turkish
asphaltite deposits of Mesozoic—Cenozoic age contain high amounts of quartz,
pyrite, carbonates and clay minerals [1]. The range of asphaltite application is
wide: production of paint and varnish, automobile tires, electrical isolation
and ink and in road construction. Like crude oil asphaltite yields, after some
refining operations, synthetic gas, liquid fuel, anmmonia, and sulfur. It can
also be used in power plants for production of electrical energy [2].

General Directorate of Mineral Research and Exploration has determined
over 60 million tonnes of asphaltite reserves in an area of 1700 km? in
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Turkey. Avgamasya-Mardin (14 million tonnes) is the largest asphaltite
deposit in Turkey located at southeastern Anatolia. Different veins of
asphaltic materials have different physical and chemical characteristics
depending on the location of asphaltic material, geological formation and
degree of metamorphosis. Turkish asphaltite is mostly classified between
asphaltite and asphaltic pyrobitumen with respond to thermal maturation.
Average values for the asphaltite reserves are reported to be water
(1-5.3wt.%), ash (33-45wt.%), sulfur (4.1-6.4wt.%), volatile matter
(2440 wt.%), fixed carbon (47-59 wt.%), hydrogen (3.2-5.6 wt.%), and
solubility in CS; (4.9-30 wt.%) [2, 3].

Thermal analysisis defined by the International Confederation for Thermal
Analysis as including all techniques which enable to measure physica pro-
perties of a substance and/or of its reaction products as a function of tem-
perature while the substance is subjected to a controlled temperature program.
The most common thermal analysis techniques are differential scanning
caorimetry (DSC), thermogravimetry (TG/DTG) and differentia thermal
analysis[4].

In recent years the application of thermogravimetry, differential scanning
calorimetry and derivative thermogravimetry to study the combustion and
pyrolysis behavior of fossil fuels has gained a wide acceptance among
researchers, being of exceptional significance for industry and for economy
[5]. Duz with coworkers [6] studied the pyrolysis kinetics and chemical
composition of Hazro coal. The factors, such as heating rate and particle
size, influencing kinetic data were reviewed. Also, kinetic parameters of
decomposition reaction were calculated using Coats-Redfern method. Kok
and Pamir [7] performed the study on combustion kinetics of three ail
samples using DSC. Activation energies were calculated using thermo-
gravimetric data by ASTM and Roger&Morris methods. Steiner et al. [§]
developed a method to determine the course of heating value and heat
production rate of volatiles during pyrolysis of solid fuel particles using
thermogravimetric analyzer and flow-calorimeter. They calculated heating
value of volatiles from heat production rate and mass loss of particle using a
new method. Hicyilmaz and Altun [1] studied the improvement of combus-
tion properties of asphaltite. They stated that ash content of asphaltite was
reduced from 44.86% to 31.44% by gravity concentration method with a
75% combustible recovery. The thermogravimetric data obtained were used
to determine activation energy of asphaltite pyrolysis. Altun et al. [9]
investigated the effect of particle size and heating rate on pyrolysis of Silopi
asphaltite. Pyrolysis characteristics of the samples were analyzed using
TG/DTG curves. Also, pyrolysis kinetics of samples was determined using
Arrhenius-type kinetic model and ASTM methods. The results showed that
pyrolysis kinetics is significantly affected by sample particle size and
heating rate. Jaber and Probert [10] investigated pyrolysis and gasification
kinetics of Jordanian oil shales. They stated that gasification and pyrolysis of
investigated shales complied with first-order kinetics. activation energy and



Thermal Behavior and Pyrolysis of Avgamasya Asphaltite 549

temperature at which the maximum reactivity rate occurred decreased
dlightly as the shale-particle size was reduced. Jing-Song et al. [11] studied
pyrolysis of asphalt using thermogravimetric analysis at atmospheric
pressure and nitrogen as the ambient gas. They established that pyrolysis of
asphalt is describable by a two-stage first-order model. Li and Yue [12]
analyzed four different oil shale samples with the aid of thermogravimetric
analyzer at a constant heating rate of 5°C min™. Kinetic parameters of oil
shale pyrolysis were determined on the basis of TG data. The relationship
between kinetic parameters was investigated. Pyrolysis studies have pro-
vided important quantitative information on identity, composition and
structure of asphaltites[13].

Pyrolysis is the general name of the process of production of various
gaseous, liquid and solid products at heating of fossil fuels, especialy of
coal, in the absence of oxygen. This process, aso called carbonization, is
one of the most important processes of converting lignite, bituminous coal,
peat or similar fuels into high-quality fuel char or a number of gaseous and
liquid by-products, that can be utilized in chemical industry as supplements
for petroleum-based raw materials[9].

This paper presents the data on thermal behavior and pyrolysis kinetics of
Avgamasya asphaltite calculated basing on thermogravimetric analysis of
fractions of different particle size and applying Kissinger and Coats-Redfern
method.

Experimental

The Avgamasya asphaltite from SE Anatolia region of Turkey was used in
this study. After drying in an oven at 105 °C, the samples were crushed into
three fractions of different particle size (0.250-0.600, 0.125-0.250 and
0.071-0.125 mm) in a jaw breaker (Retsch BB 1/A) and ground in a rotor
beater mill (Retsch SRZ).

Sieve analysis is one of the oldest methods to determine size distribution
of solid particles. The Retsch 3B model test-sieving machine (Tyler series
sieves: 3360-71 um) was used, and the grain-size classes were weighed
using an analytical balance.

Elemental analysis of the samples was carried out using Carlo Erba
model 1108 elemental analyzer calibrated with standard compounds using
the K factor calculation.

Pyrolysis experiments were carried out by non-isothermal thermogravi-
metry using Shimadzu TGA-50 analyzer. Thermogravimetric experimental
procedure involves placing the sample (ca. 14 mg) into a platinum crucible
and heating in in ambient nitrogen atmosphere to 1123 K at four different
linear heating rates of 2.5, 5, 10 and 20 K min™ at nitrogen flow rate of
30 mL min™. All the experiments were carried out at least twice for
reproducibility.
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Results and discussion
Heating value, ash content, and sulfur distribution of the asphaltite samples

were determined according to ASTM (3174, 3175, D2492-77) procedures.
Analysis data are presented in Table 1.

Table 1. Elemental and proximate analysis of Avgamasya asphaltite

Proximate analysis % Elemental analysis %
Moisture 1.26 C 51.44
Ash 39.07 H 3.87
Volatile matter 34.59 N 0.90
Fixed carbon 25.08 S (total) 6.89
Calorific value (MJkg) 46.81

TG/DTG data of samples demonstrated two stages of mass loss as a
function of temperature. TG and DTG curves obtained using asphaltite
samples of three different size are presented in Figures 1-6, respectively. It
can be seen that initial and final temperatures and temperatures of maximum
weight loss rate are shifted to higher temperatures when heating rate is
increased. These shifts can be attributed to the variations in the rate of heat
transfer with the change in the heating rate and the short exposure time to a
particular temperature at higher heating rates, as well as the effect of the
decomposition kinetics [10]. The corresponding experimental data are also
given in Table 2. No correlation between the temperatures and particle size
of asphaltite samples was observed.

Mass, %
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Fig. 1. TG thermogram of Avgamasya asphaltite (particle size 0.250-0.600 mm).
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Fig. 2. DTG thermogram of Avgamasya asphaltite (particle size 0.250-0.600 mm).
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Fig. 3. TG thermogram of Avgamasya asphaltite (particle size 0.125-0.250 mm).
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Fig. 4. DTG thermogram of Avgamasya asphaltite (particle size 0.125-0.250 mm).
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Fig. 5. TG thermogram of Avgamasya asphaltite (particle size 0.071-0.15 mm).
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Fig. 6. TG thermogram of Avgamasya asphaltite (particle size 0.071-0.125 mm).

Table 2. Temperatures of initial and final weight loss of asphaltite samplesin

studied pyrolysis conditions

Particlesize, | Heating rate, Stage 1 Stage 2
i
mm K min T.K | TwK | TwK | T.K | oK | TwK
25 6384 8004 7231 | 911 10288 9808
5 644 8097  737.9 | 9326 10475 10048
0.250-0.600 10 6555 8324 7527 | 9558 10769 10313
20 6689 8619 7722 | 990.3 11182 10556
25 6105 823 7217 | 890.2 10029 9762
5 6306 8246 7391 | 9207 10294 1000.8
0.125-0.250 10 6499 8418 7541 | 9393 10545 10232
20 671 8544 7724 | 988 1110 1050.3
25 6321 7988 7207 | 8851 9899 9652
5 6413 8245 7391 | 916 10114 9903
0.071-0125 10 6552 837.7 7555 | 9543 11022 10284
20 672 8556 7712 | 9856 1123 10652

It can be seen that there are two peaks apparent in the DTG figures. The
first oneiscalled primary devolatization region (stage 1), and it occursin the
range of 600-800 K, while the second one is called secondary gasification
region (stage 2) that occurs in the range of 900-1100 K. It is known that
asphaltic substances contain large molecules, including all kinds of hydro-
carbons and other compounds. During the stage 1, when the temperature is
lower, only weaker chemical bonds are destroyed and some small gaseous
molecules are produced. During the stage 2, the temperature is higher, the
cracking is faster and stronger chemical bonds are broken, so that larger
mol ecul es decompose into small gaseous molecules [11].
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Reaction rate is defined as the derivative of conversion with respect to
time. In thermogravimetric measurements, the conversion is typically
calculated as:

_VVt_Wf

W, -, 1
where W, Wp and W; are the actual, the initial and final weights of the
sample, respectively. Kinetic information can be extracted from dynamic
experiments by means of various methods. Kinetic studies assume that the
isothermal rate of conversion, da/dt, is a linear function of the reactant
concentration loss and of the temperature-independent rate constant, k, and a
temperature-independent function of the conversion, ¢, that is:

da
i =kf (@), (2

where f(a) is the reaction model that depends on the mechanism of the
degradation reaction. Discussions about the form and validity of this
approach have been the concern of many investigators. The function k is
aways described by the Arrhenius expression:

_E

k=AeRr, 3)

where A, the pre-exponential factor (Arrhenius constant), is assumed to be
independent of temperature, E is activation energy, T absolute temperature,
and R gas constant. The combination of (2) and (3) gives the following
relationship:

da _ -%
=A@ (4)

If the sample temperature is changed by a controlled and constant heating
rate, # = dT/dt, the variation in the degree of conversion can be analyzed as a
function of temperature, which depends on the time of heating. Therefore,
the reaction rate may be written as follows:

da _da dT
o ara Pa 5
dt dT dt 'B ®)

A combination of (4) and (5) leadsto

da A -E
E_Ee R f(a). (6)
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Integration of this equation from an initial temperature, Ty, corresponding
to a degree of conversion ao, to the peak temperature, T,, where a = a,
gives:

j% A fewrr . ™

If To is low, it may be reasonably assumed that o = 0, and considering
that there is no reaction between 0 and T;

A" _E
= |[——==—|e rrdT, 8
g(a) = f( ) B (8)

where g(«) isthe integral function of conversion[14].

Analysis of the changes in thermogravimetric data, which are brought
about by variation of heating rate, are the basis of the most powerful
methods for determination of kinetic parameters.

Coats and Redfern developed an integral method, which can be applied to
thermogravimetric data, assuming the order of reactions. The correct order is
presumed to lead to the best linear plot, from which the activation energy is
determined. The final form of the equation, which is used for the analysis,
takes the form

.{M}. AR{l_Zﬂ}_E fornzl (@

T2(1-n) BE E | RT

|{M} In AR{]_ Zﬂ} _E for n=1, (10)
T2 BE E | RT

where SBisthe heating rate (K min™) [15, 16].

Thus a plot of In[1 — (1 — &)™/ (T — n))] vs VT should result in a
straight line of slope that equals —E/R for the correct value of reaction order, n.
In the present study, 60 different reaction orders were assumed between
0.5 and 2.0, and the best correlation coefficients (>0.99) were obtained
for n= 1.5 for stage 1 and n = 1.25 for stage 2. As example, Coats-Redfern
plots for Avgamasya asphaltite (particle size 0.250-0.600 mm, heating rate
2.5 K min™) are presented in Figures 7 and 8 for stages 1 and 2, respectively.
Calculated kinetic parameters are presented in Table 3. It can be seen that
values of activation energy vary from 172.25 to 188.69 kJ mol™ for stage 1
and from 298.84 to 384.13 kJ mol™ for stage 2. The values of InA vary from
27.43 to 30.38 min™ for stage 1 and from 35.11 to 46.38 min™ for stage 2.
Upon comparing the results calculated using Coats-Redfern method, it can
be seen that there exist no correlation between kinetic parameters and
particle size and heating rate.
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Fig. 7. Coats-Redfern plot of Avgamasya asphaltite (particle size 0.250-0.600 mm,
heating rate 2.5 K min™) for stage 1.
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Fig. 8. Coats-Redfern plot of Avgamasya asphaltite (particle size 0.250-0.600 mm,
heating rate 2.5 K min™) for stage 2.
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Table 3. Reaction parameters of the Avgamasya asphaltite samples calculated

using Coats-Redfern method

Stage 1 Stage 2
Heating rate, | Particle size, (n=15) (n=1.25)
K min™ mm E, InA, E, InA,
kJ mol ™ min™ kJmol™ min™
2.5 0.250-0.600 181.58 28.98 374.58 4557
0.125-0.250 174.33 27.79 330.41 40.45
0.071-0.125 181.88 29.14 331.86 41.02
5 0.250-0.600 184.81 29.67 384.13 46.38
0.125-0.250 173.33 27.65 374.97 45.56
0.071-0.125 172.25 27.43 339.01 41.09
10 0.250-0.600 188.69 30.38 380.85 45.24
0.125-0.250 176.69 28.26 365.34 43.99
0.071-0.125 179.91 28.81 298.84 35.11
20 0.250-0.600 187.62 30.08 369.80 42.90
0.125-0.250 181.15 29.03 374.05 44.44
0.071-0.125 188.18 30.18 301.67 34.59

n — reaction order

Kissinger method has been used to determine the activation energy from
plots of the logarithm of the heating rate versus the inverse of the tempera-
ture at the maximum reaction rate in constant heating rate experiments.

The activation energy can be determined by Kissinger method without
a precise knowledge of the reaction mechanism, using the following
eguation:

(11)

AR E
InT'BZ:{In?ﬂn[n(l—a)"‘l]}—m_ :

max max

where £ is the heating rate, T the temperature corresponding to the
inflection point of the thermal degradation curves which corresponds to the
maximum reaction rate, A Arrhenius constant, amx extent of conversion at
Tmax, @nd n reaction order. From the plots of In (,B/Tmaxz) versus 1T, and
fitting to a straight line, the activation energy E can be calculated from the
slope [17-19].

As example, Kissinger plots for Avgamasya asphaltite (particle size —
0.600+0.250 mm) are presented in Figures9 and 10 for stagesl and 2,
respectively. Reaction parameters calculated using Kissinger method are
given in Table4. It can be seen that activation energy values vary from
180.64 to 197.40 kJmol™ for stage 1 and from 127.76 to 198.78 kJ mol™
for stage 2. The values of InA were calculated according to reaction ordes
1.5 for stage 1 and 1.25 for stage 2, and they vary from 27.43 to 30.38 min™
for stage 1 and from 35.11 to 46.38 min™* for stage 2. It can be seen that the
values of kinetic parameters increase when the particle size decreases during
stage 1. On the other hand, for stage 2, there is a decrease in the activation



558 Y. Tonbul, A. Saydut

energy vaues with decreasing particle size. No correlation between
Arrhenius constants and particle size was observed.
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Fig. 9. Kissinger plot of Avgamasya asphaltite (particle size 0.250-0.600 mm) for
stage 1.
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Fig. 10. Kissinger plot of Avgamasya asphaltite (particle size 0.250-0.600 mm) for
stage 2.
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Table 4. Activation energy and InA values calculated using Kissinger method

L Stage 1 Stage 2
Particle size,
mm E, InA, E, InA,
kJ mol ™ min™ kJmol™ min™
0.250-0.600 180.64 27.87 198.78 21.63
0.125-0.250 195.90 30.37 175.35 11.90
0.071-0.125 197.40 30.62 127.76 12.81

To compare the results obtained using Kissinger method with the results
of Coats-Redfern method, for stagel, although the kinetic parameters
calculated using Kissinger method are dlightly higher than those using
Coats-Redfern method, it can be said that the results are fairly compatible
with each other. On the other hand, for stage 2, kinetic parameters calcul ated
using Coats-Redfern method are nearly two times higher than those using
Kissinger method.

The values of kinetic parameters obtained from the proposed reaction
kinetic moddl in the present study appear the lowest ones as compared with
literature data. For instance, Altun et al. [9] carried out a similar study and
calculated the activation energies of pyrolysis of Silopi asphaltite. In their
study, calculated activation energies varied from 50.7 to 61.9 kJmol™ for
stage 1 and from 26.1 to 37.4kImol™ for stage2. Also, in that study, the
activation energies of samples have a tendency to increase with decreasing
particle size. On the other hand, Jaber and Probert [10] applied TG and DTG
to two different Jordanian oil shales and calculated the activation energies
which varied from 54.7 to 86.2kJmol™ for stagel and from 149 to
203 kJmol™ for stage 2, and the activation energy increased with increasing
particle size. Kok has studied pyrolysis of oil shale samples in relation to
heating rate and temperature using nonisothermal and isothermal analysis [20].
He found no clear relationship between activation energy and heating rate.

It can be seen that there is no consensus between the researchers on the
effect of particle size and heating rate on the kinetic parameters of samples
studied.
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