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A kinetic study of the combustion of porous synthetic soot
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Abstract

This work confirms the utility of a composite kinetic processing technique based on the complementary use of both isoconversional method and
master-plot methods in ascribing the kinetic triplet (conversion model, pre-exponential factor and activation energy) of monitored nonisothermal
combustion of synthetic porous soot in air by thermogravimetry at different heating rates. Firstly, the activation energy value was obtained
(153kJ mol~!) from the Kissinger—Akahira—Sunose isoconversional method. Secondly, the appropriate conversion model of the process was
selected by means of the master-plot method. The combustion of the soot was found to follow a mechanism based on surface nucleation with
subsequent movement of the resulting surface, which was consistent with the penetration of oxygen through the porous structure of the solid
sample. Comparing both experimental and calculated thermoanalytical curves at constant heating rate assessed the adequate consistency of the

kinetic triplet. Further, the combustion process was isothermally simulated.

© 2006 Elsevier B.V. All rights reserved.

Keywords: Soot; Combustion kinetics; Thermal analysis; Isoconversional methods; Master-plot method

1. Introduction

Kinetic analysis of solid-state reactions is most frequently
undertaken to obtain a mathematical representation of reaction
data. The search for a mathematical description of experimental
data is usually sought in terms of a kinetic triplet (Arrhenius
parameters A and E,, and the reaction model). A number of
heterogeneous solid—gas thermo-oxidative reactions, such as
the degradation of polymeric materials [1,2], can be kineti-
cally evaluated by means of thermoanalytical methods (mainly,
thermogravimetry, differential thermal analysis, and differential
scanning calorimetry), which measure an extensive property of a
system [3]. This study states our approach to the development of
kinetic expressions of another example of this type of reactions,
the combustion of carbonaceous particulate matter. A wide range
of calculation techniques has been proposed for deriving the
kinetic triplet from thermoanalytical kinetic data. These meth-
ods can be classified according to the experimental conditions
selected (isothermal or nonisothermal conditions) and the math-
ematical analysis performed (model-fitting and isoconversional
model-free methods) [4].
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The aim of this work is specifically to show the utility of
a composite kinetic analysis method based on the complemen-
tary use of both isoconversional and master-plot methods from
nonisothermal thermogravimetric data in selecting the most
accurate kinetic triplet of the combustion of a porous carbon
black selected as a diesel particulate surrogate (synthetic soot).
Obtained parameters may be useful for a number of practical
applications; for example, modelling the regeneration of the
trap in diesel-powered vehicles, determining the efficiency of
a given catalyst for lowering the soot combustion temperature,
comparison between reaction kinetics and properties of the solid,
and a better understanding of the physico-chemical properties
(composition, amount of adsorbed hydrocarbons, surface area,
crystallographic structure) of different carbonaceous materials
[5-7]. Note that since it is difficult to obtain diesel soot with
constant properties (the composition depends on many engine
characteristics such as engine load, speed, fuel, and in-cylinder
temperature) a commercially available model soot (produced by
Aldrich) was used for reproducibility reasons.

1.1. Rate laws and kinetic analysis

Kinetic studies of thermally stimulated reactions in solids are
frequently performed under isothermal or nonisothermal condi-
tions. Eq. (1) is used to describe the kinetics of these reactions
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Table 1

List of reaction models commonly used to represent solid-state reaction kinetics

Reaction model Symbol Differential kinetic function flor) Integral kinetic function g(c)
Nucleation and growth (Avrami-Erofeev equation) Als 1.5(1 — a)(—In(1 — a))/13 (—=In(1 — a)) /13
Nucleation and growth (Avrami—Erofeev equation) Ay 2(1 — a)(—=In(1 — a))12 (=In(1 — x))2
Nucleation and growth (Avrami-Erofeev equation) Az 3(1 —a)(=In(1 — @) (=In(1 — @)
Nucleation and growth (Avrami—Erofeev equation) Ay 4(1 — a)(=In(1 — @) (=In(1 — @)

Phase boundary controlled reaction (contracting linear) Py 1 o

Phase boundary controlled reaction (contracting area) P, 3(1 — )3 (1=(1—-a)?

Phase boundary controlled reaction (contracting volume) P3 2(1 —a)'3 1=01=-a)')
One-dimensional diffusion D, 1/2)a”! o?

Two-dimensional diffusion Dy [—In(1 — )]~ (1—a)n(l —a)+a
Three-dimensional diffusion Ds 21— )31 — (1 —a))~! 1-(1-w')?
Ginstling—Brounshtein equation Dy @31 -1 -1 —a)3! (1 —=2/3a) — (1 — )3
Chemical reaction (first order) Ri, Ay 1—«a (—In(1 — )
Chemical reaction (second order) R, (1—w)? (l—a) =1

Power law I L 4034 ol

Power law 1T L, 3?3 ol

Power law III Ls 2012 ol?

Power law IV Ly 2/3a~12 o2

Zhuravlev equation Ds Q@131 — )Rl — (1 — )]t [A—a)" 3 —17%

under linear heating, where f{er) is the reaction model (Table 1),
also called the conversion function, « the extent of conversion,
k(T) the Arrhenius rate constant, 7 the absolute temperature,
the constant heating rate, A the pre-exponential factor, and E, is
the activation energy:

do _ A kR
=g @ (M

Upon integration Eq. (1) gives

T 00 A—X
AE AE
e Ba/RT g1 = 2 / < dx = 2 p(x)
x x2 BR
2

where g(«) is the integral degradation model, x = E,/RT, and p(x)
is the exponential integral, which has no analytical solution. To
overcome this difficulty, the exponential integral has been solved
using approximation methods, series expansions, and numerical
solution methods [8].

Kinetic parameters can be obtained by both model-fitting
and isoconversional methods. For nonisothermal experiments,
model-fitting involves fitting different models to «—7 curves and
simultaneously determining E, and A. There are numerous non-
isothermal model-fitting methods; one of the most popular is the
Coats—Redfern (CR) method [9], which is formalised by Eq. (3).
Thus, the model that gives the best linear-fit is usually selected
as the model of choice:

mf"("‘):ln(“ [1_2”])—&‘ 3)
72 BE, E, RT

Nevertheless, the use of model-fitting (modelistic) methods
has been criticised in nonisothermal studies because regres-
sion methods may lead to indistinguishable fits or mathematical
expressions with high correlation [10,11]. As a result, the val-
ues of the Arrhenius parameters, obtained for various forms of
g(a), are correlated through the relation of compensation effect
[12,13].

(Ot)—é
8% In BR

In contrast, isoconversional methods, which allow for model-
independent estimates of the activation energy at progressive
degrees of conversion by conducting multiple experiments at dif-
fering constant heating rates, are highly recommended in order
to obtain a reliable kinetic description [14]. The attractiveness
of the isoconversional methods is that A and g(w«), which are
assumed to remain unchanged, are unneeded for the calculation
of E,. Thus, substituting p(x) = exp(—x)/x> as an approximate
expression in Eq. (2) [4], Eq. (4) is obtained, which is the basis of
the model-free isoconversional method developed by Kissinger,
Akahira and Sunose (KAS method) [15]:

B { AE, } E,
LS P sl
T2 Rg(@)| RT

The physico-chemical conversion model (fler) or g(o)) of
solid-state reactions can be determined by using the so-called
master-plot method. Master plots are reference theoretical
curves depending on the kinetic model but generally indepen-
dent of the kinetic parameters of the process [16]. Essentially
the master-plot method is based on the comparison of theoretical
master plots, which are obtained for a wide range of ideal kinetic
models, with the experimental master plot. This comparison
obviously requires the previous transformation of the experi-
mental data into the corresponding master plot. The application
of this method usually leads to the selection of the appropriate
conversion model for the solid-sate reaction investigated [17].
Mathematically the use of this master-plot method for kinetic
data recorded under nonisothermal conditions is describes as
follows.

By using a reference at point o« =0.5 and according to Eq. (2),
the following equation is obtained:

In “

0.5) = AE, 5
g( 5) = ﬂTP(XO.S) 4)

where xo5=E/RTys, and Tys is the temperature required to
attain 50% conversion. When Eq. (2) is divided by Eq. (5), Eq. (6)
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is deduced:

gl _ p)
g(0.5)  p(xo05)

Plotting g(«)/g(0.5) versus « corresponds to theoret-
ical master plots of various g(«) functions. Both the
conversion—temperature profile («—7) and the value of E, for the
process should be known in advance in order to draw the exper-
imental master plots of p(x)/p(xp5) versus o from experimental
data obtained at a given heating rate. Thus, Eq. (6) indicates that,
for a given «, the experimental value of p(x)/p(xps) and theo-
retically calculated values of g(«)/g(0.5) are equivalent when an
appropriate conversion model is used.

(6)

1.2. Thermo-kinetic curves reconstruction and stability
prediction

It is of importance to reliably predict the thermal stability of
the material in extended temperature ranges (these difficulties
are prevalent at low temperatures, requiring very long scanning
time) and also under temperature conditions at which the inves-
tigation of the properties is very difficult to achieve or simply
has not been carried out (for example, at other heating rates).

The knowledge of the apparent E, value is sufficient to extrap-
olate the isothermal kinetics from nonisothermal data. This is
described by Eq. (7):

fOTa o—Ea/RT 4T
Be—Ed/RTy

ly = (N
where T, is an experimental value of the temperature corre-
sponding to a given conversion at the heating rate . This
equation enables the time (#,) at which a given conversion will
be reached at an arbitrary temperature, 79, to be computed. Solv-
ing Eq. (7) for different conversions the dependence of «« on 7 at
a given temperature can be predicted [18].

The kinetic behaviour of the solid can be also simulated to
other heating rates that were not used in the kinetic analysis. By
virtue of the assumption that the mechanism remains unchanged,
the quantities g(«) will be the same for equal transformation
degrees at different heating rates. Therefore, the following equa-
tion can be deduced:

pX)7, P,
Bx Bo

A numerical solution of Eq. (8) makes it possible, at a given
heating rate B, to find the temperature 7, corresponding to the
transformation degree that was reached in the nonisothermal
experiment (at the heating rate B¢) at temperature 7 [19].

The algorithms presented for calculating the dependences o
on t with T=constant and o on T with 8=constant are based
on the assumption that the Arrhenius parameters do not change
when the heating rate varies. Moreover, the absence of both the
kinetic model and the pre-exponential factor in predictive equa-
tions means that these components do not include corresponding
errors when making kinetic predictions. Thus, provided that the
assumptions made above are valid, these two components of the

=0 ®)

kinetic triplet are not necessary in extrapolating experimental
results to other set of conditions.

2. Experimental

The carbon soot (390127-25G) was obtained from Aldrich,
and was used as received. This material is made up of individual,
basically spherical carbon particles of about 20 nm. The carbon,
hydrogen and nitrogen content of the samples was determined
in an automatic Leco CHN-2000 equipment, the sulfur content
was established using an automatic Leco S-144-DR apparatus,
and the oxygen content was measured by means of a Leco
VTF-900 pyrolytic furnace connected to a Leco CHNS-932
microanalyser. The content of volatile adsorbed species (water
and hydrocarbons) was measured by temperature-programmed
desorption in N up to 873 K at a heating rate of 1.5 Kmin~—'.
The ash content was determined by combustion at 1273 K in a
muffle furnace. The textural properties were determined by N»
adsorption—desorption at 77 K in a Micromeritics ASAP 2010
equipment in a relative pressure range from about 10~ to 0.99.
The sample was previously evacuated overnight at 423 K under
high vacuum. The BET area (SggT) was obtained fitting this
model to the adsorption isotherm in the Ny relative pressure
range of 0.002-0.3.

The thermo-oxidative degradation of the carbonaceous mate-
rials was investigated by means of dynamic thermogravimetry
using a Perkin-Elmer TGS-2 thermobalance under atmospheric
pressure. The mass loss and the sample temperature were contin-
uously recorded by a computerised data acquisition system. The
studies were carried out at constant heating rates of 1.5, 3.0, 5.0,
and 7.5 K min~!. The oxidant stream was dry air (50 cm? min—1)
flowing downwards onto the cylindrical sample holder. The sam-
ples for thermogravimetric analysis were prepared by simply
mixing the corresponding carbonaceous material and silicon car-
bide (SiC) with a spatula in a mass ratio of 1/10. The addition of
SiC decreased the flow resistance of the sample bed and provided
aheat sink, which decreased temperature 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 run was 25 mg of the mixture (around
2.3 mg of carbonaceous material). The experimental conditions
such as sample size, dilution ratio, atmosphere and gas flow
rate were identical in all kinetic experiments. Since dry air feed
was supplied in large excess the combustion reaction took place
with a negligible oxygen partial pressure change. Therefore, the
effect of the oxygen partial pressure on the process could be
considered constant.

3. Results and discussion

On a dry basis, the synthetic soot had a carbon content of
97.4 wt.%, a hydrogen content of 0.4 wt.%, a nitrogen content
of 0.7 wt.%, an oxygen content of 0.8 wt.%, and a sulfur con-
tent of 0.8 wt.%. The lack of inorganic elements ensured the
absence of catalytic effects on the combustion process. The
moisture content was relatively low (1.8 wt.%). The sample
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contained approximately 10 wt.% of adsorbed hydrocarbons, as
revealed by temperature-programmed desorption in nitrogen up
to 600 °C. The BET surface area of the carbon soot determined
by N, adsorption at 77 K amounted approximately 80 m? g~!.
It could be observed that the isotherm of nitrogen for the car-
bon soot was typical of a mesoporous solid. The hysteresis
loop shape was that found for slit-shaped pores according to
the classification by IUPAC [20].

Prior to the kinetic analysis, the effects of heat- and
mass-transfer limitations on the results of thermoanalytical
measurements were eliminated. For exothermal reactions, the
heat-transfer limitations could be minimised by diluting the car-
bonaceous sample with an excess of an inert material. Silicon
carbide has been reported to be a suitable inert material with
a high heat capacity and a high thermal conductivity [21]. The
addition of SiC also facilitated the transfer of oxidant within
the bed due to its larger particle size (37-74 wm) in comparison
with that of the sample, thereby reducing oxygen concentration
gradients. In this sense, it was preferable that the rate of mass-
transfer was high enough to maintain the oxygen concentration
at the surface of the bed at the bulk level. Obviously, a down-
ward flow was desirable with the lip of the crucible as short
as possible. Thus, a series of exploratory experiments was per-
formed with varying dilution mass ratio (1/20, 1/10, and 1/5),
sample size (10, 25, and 35 mg), and gas flow rate of dry air
(25, 50, 100, and 200 cm’ min_l) in order to define the win-
dow where heat- and mass-transfer limitations could occur. All
these experiments were conducted at a constant heating rate of
3 Kmin~!. It was observed that irrespective of the experimental
conditions the conversion versus temperature curves remained
unaffected within the range of experimental uncertainty. More-
over, assuming an effective diffusion coefficient within the bed
of 0.05cm? g~ ! [22] and a bed depth of 1.8 mm, a bed Thiele
modulus ranging from 0.1 to 0.2 was obtained. This meant that
the assumption of complete oxygen penetration was justified
[23]. On the other hand, the results calculated for the Thiele
modulus applied to reaction within an individual particle [24]
were less than 0.01 for all temperatures. Hence, a flow rate of
dry air of 50 cm3 min~!, a dilution mass ratio of 1/10, and a sam-
ple size of 25 mg (2.3 mg of carbonaceous material and 22.7 mg
of SiC) were selected as experimental conditions for kinetic
experiments.

3.1. Determination of the activation energy by KAS
isoconversional method

The conversion—temperature curves recorded at 1.5, 3, 5
and 7.5 Kmin~! are shown in Fig. 1. These sigmoidal-shaped
curves showed a noticeable dependence of the conversion degree
attained at a given temperature on the heating rate in such a way
that they were shifted to higher temperatures at higher heat-
ing rates. Note that the symmetry was slightly distorted at low
conversion degrees. In fact, the curves practically overlapped
in the 0-0.1 conversion range. This phenomenon was likely to
be explained by the presence of reactive hydrocarbons, which
were easily oxidised irrespective of the heating rate employed
[25].

1.0
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heating rate

0.4+
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0.0 T T T
700 800 900 1000 1100
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Fig. 1. Experimental mass kinetic curves obtained at different heating rates (1.5,
3,5and 7.5Kmin™!).

The KAS isoconversional method essentially involves mea-
suring the temperatures corresponding to fixed values of « from
experiments at different heating rates. It is widely accepted that
there is always the possibility of deviation of experimental data
from theoretical values at the extremities of reaction. Therefore,
special consideration was given to the influence of limiting data
(at both low (<0.1) and high (>0.9) « values) on the calculation
of the regression line and criteria used to measure excellence of
fit [26]. In this study, this contribution mainly resulted from the
fast decomposition of adsorbed hydrocarbons (impurities) in the
solid reactant. Unless recognised and separated, this initial devi-
ation would lead to a less precise fit. Hence, the kinetic analysis
was focused on the dominant reaction alone (0.1-0.9 conversion
range). When plotting In(8/T?) versus 1/T at the same degree of
conversion, a family of straight (+* >0.99), nearly parallel lines
was obtained (Fig. 2). Thus, the activation energy for a certain
extent of conversion could be obtained from the slope of such
lines. It was evidenced that the activation energy hardly var-
ied with the extent of conversion (single-step reaction). Hence,
a mean value of 153kJ mol~! was calculated, and reported as
the apparent activation energy of the process. Excluding highly
heat-treated carbon, there is relative agreement about the magni-
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Fig. 2. Isoconversional (KAS method) plots at various conversion degrees.
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Table 2
Results from the application of the CR method (Eq. (3)) for various kinetic models
Model B=1.5Kmin~! B=3Kmin~! B=5Kmin~! B=7.5Kmin~!
E@mol™") mA*(min~!") 2  E@®mol™!) InA? (min~') 2 E(@mol™") InA? (min~!) 2 E@mol™") InA? (min~!) 2

Als 83 7.74 099 81 7.59 097 82 8.10 097 85 8.71 0.99
Ay 56 3.84 099 55 3.93 097 56 4.45 097 58 4.96 0.98
Az 30 —0.21 0.99 30 0.03 0.96 30 0.55 096 31 1.03 0.97
Ay 18 —2.74 094 17 —2.08 094 17 —1.65 094 18 —1.18 0.96
P 88 12.19 099 88 12.88 099 88 13.39 0.99 90 8.91 0.99
P, 109 9.55 0.99 108 10.23 0.99 108 10.75 0.99 112 11.33 0.99
P; 117 10.31 0.99 115 10.99 0.99 116 11.51 0.99 120 12.09 0.99
D 197 21.24 0.99 197 21.93 0.99 197 22.44 0.99 203 23.15 0.99
D, 222 24.16 1.00 221 24.85 1.00 222 25.37 1.00 229 26.10 1.00
D; 254 27.23 0.99 252 27.92 0.99 255 28.44 0.99 262 29.21 0.99
Dy 233 25.97 0.99 231 24.85 0.99 233 25.37 0.99 240 26.12 0.99
Ry, A; 134 15.04 1.00 132 14.85 0.98 134 16.40 0.98 138 15.74 0.99
Ry 198 24.68 0.97 195 24.08 0.94 199 24.42 0.94 204 25.05 0.95
L 6 —5.19 0.69 6 —4.73 0.79 6 —4.22 0.97 6 —3.86 0.81
L, 15 —3.11 0.89 15 —2.65 094 15 —2.28 094 15 —1.81 0.94
L; 33 0.01 095 33 0.40 097 33 0.74 097 34 1.22 0.97
Ly 143 15.50 097 142 15.40 0.99 142 15.48 0.99 147 16.11 0.99
Ds 254 29.16 0.99 252 28.38 0.99 255 28.44 0.99 262 29.21 0.99

2 Ainmin~!.

tude of the activation energy for the combustion of carbonaceous
materials; it falls between 105 and 180kJ mol~! with many val-
ues in the range 130 to 160 kJ mol~! [27-33]. The variation in
these values is generally attributed to surface heterogeneity and
structural properties of different types of carbons.

As for real soot samples it should be noted that their prop-
erties notably differ from those of synthetic soot. Normally,
they contain a greater fraction of adsorbed hydrocarbons and
the carbonaceous matrix is usually more reactive. Hence, the
combustion process generally occurs according to a two-step
scheme. Firstly, adsorbed hydrocarbons are oxidised at relatively
low temperatures (about 350-400 °C) while the combustion of
the solid part takes place at temperatures higher than 550 °C.
It is believed that the use of isoconversional methods can be
appropriate for studying the kinetics of each process [34].

Table 2 shows the results of the application of the
Coats—Redfern method for various kinetic models to the experi-
mental kinetic datarecorded at 1.5, 3, 5 and 7.5 K min~! in terms
of E,, InA and 2. Tt was found that the values of the Arrhenius
parameters depended on the kinetic model (strong dependence)
as well on the heating rate (weak dependence). The high (>0.97)
#? value obtained by a large number of conversion models did
not permit an unambiguous choice of the conversion model of
the process. It was noted that any thermogravimetric curve could
be apparently described by various kinetic models as a conse-
quence of the mutual correlation of the kinetic parameters E,
and A [35]. It is therefore evident that this method as a unique
strategy for kinetic calculations should be avoided.

3.2. Determination of the conversion model

Fig. 3 shows the theoretical master plots corresponding to
the g(«) functions listed in Table 1. The master plots coin-
cide with g(x)/g(0.5)=0 at =0 and g(«)/g(0.5)=1 at & =0.5,
but reasonable large differences among different g(c) functions

assumed are apparent within the range o>0.5. As said previ-
ously, the knowledge of « as a function of temperature and
the value of the activation energy are essential in order to cal-
culate the experimental master plot of p(x)/p(xps) against «
from experimental data obtained under a linear heating rate
(Eq. (6)). Fig. 4 includes the experimental master plots of
p(x)/p(xg.5) versus « constructed from experimental data under
a heating rate of 5 K min~!. Although not shown, it was noticed
that all experimental master plots closely matched each other
irrespective of the heating rate. The comparison of the exper-
imental master plots with theoretical ones revealed that the
kinetic process for the combustion of the model carbon was
most probably described by the A,, (Avrami—Erofeev) model,
g(a)=(—In(1 —a))""™ with the m value close to the unity
(Fig. 4). However, the occurrence of a conversion model based
on a shrinking-core model (P3), which is typically assigned as
the governing conversion model in the combustion of a variety
of carbonaceous materials [36,37], could not be ruled out due to
the close proximity over the 0.1-0.75 conversion range.

An attempt was made to relate the computational results to
the actual sequence of physico-chemical processes occurring
with the aid of complementary information from ex situ tex-
tural analysis of partially converted samples. Thus, a series
of samples decomposed to conversion degrees ranging from
30% to 80% were prepared, and subsequently analysed by Nj
adsorption—desorption at 77 K. Remarkable changes in surface
areas due to mass removal were noted [38,39]. Fig. 5 reveals
that the BET surface area rapidly increased with conversion,
and at about 60% conversion reached a maximum value of
500m? g~ !, that was as much as six times the area before com-
bustion. The surface area of all partially converted samples was
remarkably greater than that obtained if a shrinking-core model
were applied to the spherules. Consequently, an internal devel-
opment of porosity was responsible for the notable increase in
surface area as the combustion proceeded [25,40].
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Fig. 3. Master plots of theoretical g(«)/g(0.5) vs. « for the conversion models listed in Table 1.

3.3. Determination of the pre-exponential factor

If the conversion model of the combustion of the synthetic
soot were considered to obey an A,, model, it would be, however,
likely that the reaction geometry of the overall reaction could not

be expressed in terms of an integral value of m. In fact, a nonin-
tegral exponent was introduced because it was expected that the
idealised conditions for nucleation and nuclei growth could not
be met in the reaction process. It must be indicated that any of the
conversion function included in Table 1 has been derived by con-
sidering ideal models (homogeneous particle size, shape, etc.),
conditions that are not always satisfied by commercial samples.

3] EXP
Aro 500
J Py _
@, T, 400-]
o H
~— . 4
20 g
= 8
3 g 300
> E
l : ]
1_ Q
E 200
Az Az A4 g | P
100
0 r I : | : | | T
0.0 0.2 0.4 0.6 0.8 0 . | . | i | . ,
Conversion 0.0 0.2 0.4 0.6 0.8 1.0
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Fig. 4. Master plots of theoretical g(c)/g(0.5) vs. « for various conversion mod-

els and experimental master plot (EXP curve) for the combustion process at a
heating rate of 5K min™".

1

Fig. 5. Evolution of BET surface area with burn-off (solid line, experimental
data; dashed line, evolution according to the shrinking-core model).
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Fig. 6. In[BR/E] — In[p(x)] vs. In[—In(1 — )] plots for the combustion of model
soot at several heating rates and its linear-fit drawing.

Thus, the most appropriate conversion model was estimated as
the A,, function with noninteger kinetic exponent m, which was
used to accommodate the distortion between the actual and ide-
alised nucleation and nuclei growth models. By assuming the
A, law, experimental data, the expression for the A,, model, and
the average activation energy predetermined were then intro-
duced into Eq. (2) and, as a result the following expression was
deduced (Eq. (9)):

BR 1
In — —In p(x)=In A — —In[—In(1 — )] )
E m

A set of lines was obtained by plotting In(SR/E) — In(p(x))
versus In(—In(1 —«)). As shown in Fig. 6, the lines corre-
sponding to various heating rates superposed each other nearly
completely. This verified the negligible dependence of the con-
version model on the heating rate. The resulting logarithmic
values of the pre-exponential factor and the kinetic exponent m
are listed in Table 3. It was observed that a change in the heat-
ing rate induced no remarkable change in the values of InA and
m exponent, which was consistent with a common single-step
reaction [18]. It could be therefore concluded that the possi-
ble mechanism for the combustion of the selected material was
random nucleation and subsequent growth. The kinetic analysis
suggested that the accurate form of g(c) for combustion of the
model soot investigated was g(«)=[—In(1 — a)]0%4 Hence,
compared with an idealised Avrami—Erofeev equation, a non-

Table 3
Values of the pre-exponential factors and kinetic exponents obtained for various
heating rates

B (Kmin~1) m In A?
1.5 0.94 16.99
3.0 0.93 17.01
5.0 0.92 17.03
7.5 0.95 17.08

Mean values 0.944+0.04 17.03+£0.12

2 Ainmin~ .

integer value of kinetic exponent m was more appropriate to
describe the actual combustion process.

On the other hand, the comparison of E, values derived by
isoconversional and model-fitting methods were used to val-
idate the chosen kinetic model. Hence, once the conversion
model function was accurately determined by the master-plot
method, the application of the Coats—Redfern (Eq. (8)) method
resulted in activation energy and pre-exponential factor (InA)
values (148 kJmol~! and 16.5, respectively) in relative good
agreement with those derived by the composite kinetic method.
Itis therefore demonstrated that the model-fitting method is only
useful (and relatively accurate) only when the reaction model is
a priori known.

3.4. Thermo-kinetic curves reconstruction and stability
prediction

Thermoanalytical curves were reconstructed to verify that
the most accurate kinetic triplet (A, E,, and model) was selected
by the composite kinetic analysis method for each heating rate
(Fig. 7). Hence, a relative good consistency was observed with
respect to the actual thermoanalytical measurements, this point-
ing out that the composite kinetic analysis proposed was suitable
for modelling the combustion processes under linear nonisother-
mal conditions. A certain deviation of theoretical values from
experimental data was observed at the extremities of reaction (at
both low and high « values). Hence, the oxidation of adsorbed
hydrocarbons in the sample was markedly favoured in compari-
son with that of the solid matrix, and its presence could therefore
influence the modelling of combustion process. Nevertheless, it
was confirmed that the dominant reaction was successfully pre-
dicted. Likewise, the thermoanalytical curves were simulated
by applying Eq. (8), which exclusively depends on the E; value
and the experimental data at a given heating rate. In this case,
the data recorded at 1.5 K min~! were used as reference data.
A reasonable consistency was found among experimental data,
model data obtained by using the full kinetic triplet (Eq. (1)), and
model data generated through Eq. (8). Furthermore, the kinetic
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Fig. 7. Comparison between experimental (solid lines) and simulated thermo-
analytical curves at a heating rate of 1.5, 3, 5 and 7.5 Kmin~!. Dashed lines
correspond to data obtained from Eq. (2), and dotted lines correspond to data
obtained from Eq. (8).
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Fig. 8. Simulated thermoanalytical curves of the combustion of model soot at
a heating rate of 2, 4 and 6 Kmin~!. Dashed lines correspond to data obtained
from Eq. (2), and dotted lines correspond to data obtained from Eq. (8).

triplet (Eq. (7)) was also used to predict the stability of the car-
bonaceous material at three different heating rates, namely 2, 4
and 6 K min~! that were not used in the kinetic analysis (Fig. 8).
For sake of comparison the simulation was also computed by Eq.
(8) and experimental data at 1.5 K min~! as well.

Also, isothermal simulations of the process were made. As in
the case of nonisothermal analysis, reliable isothermal predic-
tions could be carried out either using the full kinetic triplet or
by means of Eq. (7), which requires a set of experimental data
recorded at a given heating rate and the knowledge of E,. Fig. 9
shows the isothermal behaviour of the material investigated at
several specific temperatures deduced by both calculation tech-
niques. The results were found to be in reasonable accordance
in the 0-0.9 conversion range.

In summary, the reconstruction of kinetic curves and stabil-
ity prediction could be performed depending upon the kinetic
information available. It was demonstrated that the knowledge
of E, may be sufficient for a relatively accurate extrapolation of
the kinetic behaviour. Obviously, if the full kinetic triplet were

1.0

Conversion

Increasing
temperature

. I r
20 30
Time, minutes

Fig. 9. Predictions of the isothermal decomposition of the model soot at several
temperatures (923, 973, 1023, 1073, and 1123 K) calculated from Eq. (1) (solid
lines) and Eq. (7) (dashed lines).

known, prediction of the reaction progress for required tem-
perature profiles, and validation of the kinetic triplet would be
assessed by simply computing Egs. (1) and (2).

4. Conclusions

The kinetics of the heterogeneous combustion of synthetic
soot was accurately determined from a series of thermoan-
alytical experiments at differing constant heating rates. The
activation energy was calculated by the integral isoconversional
KAS method without previous assumption regarding the con-
version model fulfilled by the reaction. The activation energy
was found to slightly depend on conversion, this suggesting that
the combustion was a single-step process with an average acti-
vation energy of 153 kJ mol~!. The master-plot method revealed
that the conversion model g(«) = (—In(1 — @))"” (m =0.94) best
described the kinetics of the process. The formulation of such
a relationship involved penetration of oxygen and subsequent
combustion inside the porous structure. Changes in particle tex-
tural properties produced by the reaction were visualised ex
situ by BET analysis of partially converted samples. The pre-
exponential factor was calculated as well (InA =17.03). Using
the integral complete procedure above, it was possible to esti-
mate satisfactorily the kinetic triplet of nonisothermal solid
decomposition of the synthetic porous soot. As a result, an
accurate simulation of the process was obtained. Likewise, esti-
mated kinetic parameters allowed to predict the behaviour of the
material under isothermal conditions.

To sum up it can be claimed that the proposed method-
ology for kinetic analysis allows for determining the kinetic
parameters (the full kinetic triplet, conversion model and Arrhe-
nius parameters) of the combustion process of model soot by
means of relatively simple calculations techniques. Obtaining
kinetic data simply requires thermoanalytical curves recorded
at different heating rates. A strong point of this work is that
the activation energy is calculated without assuming the con-
version model or reaction order. This methodology can be
applied to both commercial (synthetic) and real soot samples.
As for real soot, which is characterised by the presence of a
notable amount of adsorbed hydrocarbons, the proposed com-
posite kinetic processing technique would eventually enable to
separate and kinetically characterise the oxidation of adsorbed
species and the combustion of the carbonaceous matrix. Note
that this method is able to analyse the dependence of the acti-
vation energy with conversion. This of interest since usually
the apparent activation energy values reported in the literature
are related to the global process without a clear distinction
between the combustion of the VOF and the solid. Finally, it
is also noteworthy that this methodology can be used for eval-
uating the kinetics of other reactions involving the combustion
of carbon such as the regeneration of catalysts deactivated by
coking.
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