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NON-ISOTHERMAL ANALYSIS OF THE KINETICS OF THE
COMBUSTION OF CARBONACEOUS MATERIALS
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Non-isothermal thermogravimetric data were used to evaluate the Arrhenius parameters (activation energy and the pre-exponential
factor) of the combustion of two carbonaceous materials, selected as diesel soot surrogates. The paper reports on the application of
model-free isoconversional methods (Flynn—Wall-Ozawa and Kissinger methods) for evaluating the activation energy of the com-
bustion process. On the other hand, by means of the compensation relation between E and In4, which was established by the
model-dependent Coats—Redfern method, the value of the pre-exponential factor was estimated from the known value of the

model-independent activation energy.
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Introduction

Combustion of the soot, generally with the aid of a
catalyst, is one of the solutions proposed for the re-
duction of diesel particulate emissions [1]. Conse-
quently, the kinetics of the combustion of carbona-
ceous materials is of great interest for the modelling
and design of catalytic converters of diesel engines.
Prior to the design of the catalyst, it is required to get
reliable information on the kinetics of non-catalytic
combustion of the particulate matter generated in the
diesel engine, the so-called diesel soot.

The kinetic studies of thermally induced reactions
in solids, such as the combustion of carbonaceous ma-
terials, are traditionally performed by thermal analysis
methods which measure a change in an extensive prop-
erty, generally, mass (thermogravimetry, TG). The ki-
netics of thermal transformations studied by TG under
non-isothermal conditions are usually described by the
following equation:
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where f{a) is the reaction model, a is the extent of re-
action, k(7)) is the rate constant (4 and E are the pre-ex-
ponential factor and the activation energy, respec-
tively), T is the temperature, 7 is the time, and f is the
heating rate. The temperature dependence of the rate
constant is generally assumed to follow an Arrhenius-
type dependence. The formal expression of flo) de-
pend on the conversion mechanism, and it represents
the limiting step of the kinetic model.
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Equation (1), as well as numerous approxima-
tions of its integral form (Eq. (2)), underlies most of
the methods of kinetic processing.
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where x=E/RT and p(x) is the temperature integral,
which cannot be exactly calculated. When operating
under non-isothermal conditions, the reaction rate at
all times depends on both f{a) and (7, and the deter-
mination of f{at), A and E (the so-called kinetic triplet)
is an interlinked problem. A deviation in the determi-
nation of any of the three will cause a deviation in the
other parameters of the triplet. Thus, it is highly rec-
ommended to start the analysis of non-isothermal ex-
periments by determining one element of the triplet

with high accuracy, such as the activation energy.
The methods of kinetics processing can be di-
vided into two main categories [2]: those which em-
ploy data obtained under only one heating rate, and
those based on performing a series of measurements
under different heating rates (isoconversional meth-
ods). The attraction of isoconversional methods de-
rives mainly from its ability to give activation energy
values without the necessity of presuming the analyti-
cal form of the conversion model f{c). The basic as-
sumption of model-free isoconversional methods is
that the reaction rate at a constant conversion is only a
function of temperature, and that the reaction model is
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not dependent on temperature or heating rate. These
methods yield the dependence of the effective activa-
tion energy on the transformation degree. The exis-
tence of such dependence points to a complex charac-
ter of the process (for a simple process the activation
energy is constant at any transformation degree). The
main disadvantage of isoconversional methods is that
they do not suggest direct evaluation of the pre-expo-
nential factor or kinetic model.

The so-called integral isoconversional methods
differ according to the approximation used to calculate
the temperature integral. The integral isoconversional
method suggested independently by Flynn and Wall [3]
and Ozawa [4] uses Doyle’s [5] approximation of the
temperature integral p(x) to solve the Eq. (2). This
method is based on the following equation:
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Thus, at a constant conversion the plot logf3 vs.

1/T, obtained from a series of experiments performed

at several heating rates, should be a straight line

whose slope allows evaluation of the activation en-

ergy. The integral isoconversional method suggested

by Kissinger—Akahira—Sunose [6, 7] is based on the

Coats—Redfern approximation of the temperature in-
tegral p(x) [8], that leads to:
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Thus, for a=const., the plot In(B/T?) vs. 1/T, ob-
tained from curves recorded at several heating rates,
should be a straight line whose slope can be used to
evaluate the activation energy. Obviously, the different
isoconversional methods applied to the same non-iso-
thermal data should lead to the same activation energy
value, and to the same dependence of £ on conver-
sion [9, 10].

Among the methods that only consider a single
thermoanalytical curve recorded at a single heating
rate for determining £, and also 4, the Coats—Redfern
method [8] is probably the most employed in the liter-
ature. This method uses the equation:

g(a)
*
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The subscriptj has been introduced to emphasise
that substituting a particular reaction model in Eq. (5)
results in evaluating the corresponding Arrhenius pa-

rameters. This method assumes that the Arrhenius pa-
rameters do not depend on a.. By using this method, it
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is observed that the values of the activation energy
and the pre-exponential factor, obtained for different
analytical forms of g(a), are correlated through the
following relation of compensation (Eq. (6))

lnAj=a+bEj (6)

where the subscript j refers to one of the possible mod-
els gj(a) considered to describe the process. This
means that the rate of the process investigated can be
satisfactorily described by Eq. (5) with practically any
model flo) and fitting &(7) which compensates the er-
ror of the reaction model-choice. Therefore, an impli-
cation of the f{a.)—k(7) compensation results in a linear
correlation. Vyazovkin and Lesnikovich [11] proposed
a procedure to calculate the value of the pre-exponen-
tial factor based on the use of the compensation effect.
Thus, once the correlation parameters a and b have
been evaluated, the model-free activation energy cal-
culated by isoconversional methods is substituted for
E; in Eq. (6), and, subsequently 4 is estimated.

The objective of this paper is the study of the
combustion of two carbon blacks selected as diesel-
like materials by means of non-isothermal TG in order
to evaluate the Arrhenius parameters of the process.

Experimental

Two carbon blacks, namely Flammruss 101 and
Printex XE-2B (both kindly provided by Degussa AG),
were selected as model diesel soot materials. The com-
position was established by chemical analysis in auto-
matic Leco CHN-2000, Leco S-144-DR, and Leco
CHNS-932 equipments. The textural properties were
determined by N, adsorption-desorption at —196°C in a
Micromeritics ASAP 2010 equipment in a relative
pressure range from about 107 to 0.99.

The thermooxidative degradation of the carbona-
ceous materials was investigated by means of dynamic
TG using a Perkin Elmer TGS-2 thermobalance under
atmospheric pressure. The studies were carried out at
constant heating rate of 1.5, 3, 5and 7.5 K min ' in the
temperature range 50-950°C. The oxidant stream was
dry air flowing at 50 cm® min'. The samples for TG
analysis were prepared by simply mixing the corre-
sponding carbonaceous material and SiC (silicon car-
bide) with a spatula in a mass ratio of 1/10. The addi-
tion of SiC decreased the flow resistance of the sample
bed and provided a heat sink, which decreased temper-
ature gradients in the sample. Employing sample sizes
of 0.5 g carbonaceous material diluted with about
5 g SiC, thermal runaways as well as strong heat-up of
the samples during thermogravimetric analyses were
avoided. Thus, the sample for each TG run was 25 mg
of the mixture (around 2.3 mg of carbonaceous mate-
rial). The experimental conditions such as sample size,
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dilution ratio, atmosphere and gas flow rate were iden-
tical in all experiments.

Results and discussion

The elemental analysis of the samples revealed that
the major component in both materials was car-
bon (>97 mass%), and the ash content was negligible.
The textural properties, as revealed by N, adsorption
analysis, were markedly different for both materials.
Printex XE-2 sample showed a high surface area
about 1170 m* g ', while Flammruss 101 sample had a
noticeably lower surface area around 30 m* g '

The normalised mass loss or conversion o was typ-
ically calculated from the corresponding TG curve as:

o= M= M (7)
M,- M,

where M, is the mass of the sample at time ¢ (or tem-
perature T), My and My are the mass of the sample at
the beginning and at the end of the mass loss reaction,
respectively. The TG analysis occurred with a negli-
gible change concentration of oxidant, since dry air
was fed in large excess with respect to the solid sam-
ple. During the TG experiment the oxygen concentra-
tion could be therefore considered constant as well as
its effect on the reaction rate. The occurrence of both
mass- and heat-transfer limitations can be decreased
by decreasing the sample size spread thinly on the
sample pan, diluting the sample by a proper, inert ma-
terial having a high thermal conductivity such as sili-
con carbide, and employing a relatively high oxidant
gas flow rate and a low heating rate [12].

The thermogravimetric data collected during non-
isothermal combustion of the carbonaceous samples at
several constant heating rates are shown in Fig. 1. It was
found that Printex XE-2 sample was converted at tem-
peratures noticeably lower than Flammruss 101 sample.
The reaction occurred in a relatively narrow temperature
range (around 150-170°C) between 440-650 and
565-810°C, respectively. When increasing the constant
heating rate the TG curves were shifted to higher tem-
perature regions without any appreciable distortion in
the typical sigmoidal shape.

It is widely accepted that the oxidation of carbo-
naceous materials occurs on surface carbon sites that
are capable of dissociatively chemisorbing oxygen
[13]. These sites are primarily associated with edge or
defects on the surface. The amount of these reactive
sites is known to be strongly dependent on parameters
such as the surface area [14]. Hence, carbonaceous ma-
terials having a high surface area are more reactive.
The higher reactivity (lower combustion temperatures)
of Printex XE-B2 sample was therefore associated with

J. Therm. Anal. Cal., 80, 2005

1.0
/7 / /,’
/7 ///
/1 /1,
] !/,
0.84 I Iy
[ II
[ 1y
1l
=] I
£ 0.6 rray
% increasing heating rate 1 ,I ” 'l R
> T T 1 >
g 1]
O 0.4+ 11,
1 ,I
] [
[ I,
I 1,
0.2 ! 1,
1 1,
! 1
/7 7 //l
/7 7,
/. 2
0.0 ' T ¥ t t
200 300 400 500 600 700 800 900
Temperature/°C

Fig. 1 Experimental mass kinetic curves obtained at different
heating rates for Printex XE-2B and Flammruss 101
samples

its larger quantity of carbon sites located at edge or de-
fect sites on its surface.

The application of the isoconversional methods
requires the determination of the absolute temperature
at which a fixed extent of combustion from the sev-
eral TG curves recorded at different heating rates. The
conversion range between 0.1 and 0.9 was investi-
gated. The Flynn—Wall-Ozawa method involves plot-
ting logf vs. 1/T. The slope of such plots gives the ac-
tivation energy for the selected conversion degrees.
Results from the application of this isoconversional
method in the 10-90% conversion range are shown in
Figs 2a and b for Printex XE-2B and Flammruss 101
samples, respectively. For constant o, the plot of
In(B/T?) vs. 1/T, according to the Kissinger analysis,
should be a straight line whose slope is the activation
energy. The linear relationships are shown in Figs 2¢
and d for Printex XE-2B and Flammruss 101 samples,
respectively. For all sets of o values (10-90% conver-
sion range) in the isoconversional plots, the correla-
tion coefficients for the linear regressions were higher
than 0.95 for Printex XE-2B sample, and 0.98 for
Flammruss 101 sample.

The results of isoconversional calculations are
presented in Fig. 3 in terms of the activation energy as
a function of the extent of conversion. The shape of
this dependence may be very helpful in drawing con-
clusions on the kinetic scheme. As aforementioned,
the same activation energy values and the same de-
pendence of the activation energy on conversion
should be predicted by each of the isoconversional
methods evaluated in this work.

As for Printex XE-2B sample, both Flynn—Wall—-
Ozawa and Kissinger methods led to a relatively con-
stant activation energy value irrespective of the con-
version degree, with the Flynn—Wall-Ozawa method
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Fig. 2 Isoconversional plots at various conversion degrees for both carbonaceous materials (left-handed plots — Printex XE-2B;
right-handed plots — Flammruss 101. a, b — Flynn—Wall-Ozawa method; ¢, d — Kissinger method)
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Fig. 3 Model-independent values of the activation energy as a
function of the degree of conversion for the combustion of
the carbonaceous materials calculated by isoconversional
methods (— — Printex XE-2B; --- — Flammruss 101.

o — Flynn—Wall-Ozawa method; a — Kissenger method)

yielding slightly higher values. Hence, averaged val-
ues of 136 and 129 kJ mol ' were obtained with the
Flynn—Wall-Ozawa and the Kissinger methods, re-
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spectively. A constant difference (around 7 kJ mol™)
was observed for the values predicted by both models
in the entire conversion range. If it is assumed that the
activation of the combustion of Printex XE-2B is con-
stant at any conversion degree, the process can be
considered a single-step process. An averaged activa-
tion energy value of 132 kJ mol ', as calculated from
the two isoconversional methods, was estimated for
the combustion of this material.

As regards Flammruss 101 sample, both integral
isoconversional methods led to nearly constant activa-
tion energy values in the conversion range investigated.
Again, the Flynn—Wall-Ozawa yielded a slightly higher
value, 151 kJ mol™, in comparison with 144 kJ mol™',
obtained by the Kissinger method. A practically invari-
ant difference (about 8 kJ mol™) was noted between
both methods. From the application of the two isocon-
versional methods evaluated an averaged value of
150 kJ mol™" was estimated for Flammruss 101 sample.
The mean activation energy values, 132 kJ mol™ for
Printex XE-2B and 150 kJ mol™ for Flammruss 101
sample, are in accordance with data reported in the liter-
ature for similar materials [15, 16].
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Fig. 4 In4 vs. E plot for the combustion of Printex XE-2B and
Flammruss 101 samples

The Coats—Redfern analysis of the thermogravi-
metric data recorded at a single heating rate has been
carried out by inserting various gj(a) into Eq. (5) that
results in a set of Arrhenius parameters determined
from the plot In[gj(a)/T ] vs. 1/T. Tt was found that
each TG curve could be equally well described by
several kinetic models resulting in correlation coeffi-
cients close to the unity. Hence, the Arrhenius param-
eters derived were highly variable, exhibiting a strong
dependence on the reaction model chosen and a weak
dependence on the heating rate. This extra flexibility
in the fitting procedure allowed errors in the func-
tional form of the reaction model to be concealed by
making compensation errors in the Arrhenius parame-
ters, sometimes by as much as one order of magni-
tude. Unfortunately, kinetic methods based on results
obtained from single-rate run experiments did not
permit an unambiguous determination of E. For a suc-
cessful analysis at least one kinetic parameter must be
a priori known. Thus, once the correlation relation
was established and a model-free activation energy
value was available, the value of the pre-exponential
factor could be unambiguously determined. The com-
pensation relations corresponding to Printex XE-2B
and Flammruss 101 samples are plotted in Fig. 4. The
following equations were derived, respectively:

In4=0.143E£-3.571
In4=0.125E£-3.507

Hence, the values of pre-exponential factor that
could be derived were 2.9-10° and 2.0-10° min”', re-
spectively.

J. Therm. Anal. Cal., 80, 2005

Conclusions

The determination of the Arrhenius parameters (activa-
tion energy and pre-exponential factor) of the combus-
tion of two carbonaceous materials, namely Printex
XE-2B and Flammruss 101, was analysed by non-iso-
thermal TG with the aid of a number of kinetics pro-
cessing methods. The activation energy was deter-
mined by model-free integral (Flynn—Wall-Ozawa and
Kissinger methods) isoconversional methods, which
required thermoanalytical data obtained from a series
of experiments at different heating rates. Despite the
differences obtained by both methods, a certain aver-
aged value of the activation energy could be estimated
for the studied processes: 132 kJ mol' for Printex
XE-2B sample, and 150 kJ mol™" for Flammruss 101
sample. The combustion process of each material was
assumed to be a single-step reaction. The compensa-
tion relation derived from the Coats—Redfern method
was useful for the unambiguous determination of the
pre-exponential factor once a model-free activation en-
ergy value was known.
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