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Kinetics of catalytic carbon black oxidation
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Abstract

Kinetics of the catalyzed oxidation of carbon black (CB) in the presence of Ce–Al oxides is studied. The activation energies for CB
combustion are determined from the DTA–TG data. The catalysts performances are compared on the basis of thermal analysis and calculated
kinetic parameters. In this investigation, a convenient method for the rapid calculation of the kinetic parameters from single DTA–TG curves
is proposed.
© 2004 Elsevier B.V. All rights reserved.
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. Introduction

The emission of carbon particles in the atmosphere has
ed to serious environmental problems. Catalytic oxidation
f the soot is one of the solutions proposed for the reduc-

ion of particulate emissions. Catalyst can be added either
hrough the fuel, in which case it is incorporated into the soot
pherules as they form, or physically mixed in after collec-
ion of soot. The latter would correspond to the case of a soot
lter whose surface is impregnated with catalyst via a wash
oat [1,2]. Ceria oxide (CeO2) is an important constituent
f the redox catalysts[3]. Three main properties make ceria
n essential component in such catalysts: its oxygen storage
apacity (OSC)[3], its redox properties (Ce4+/Ce3+) and its
hermal stabilizing influence on alumina[4,5]. Moreover, lit-
rature data show that ceria oxide is very active for catalytic
oot combustion[1,2,6–9]. The presence of cerium additives
avors the reactivity of the doped soot and shifts the combus-
ion reaction towards low temperatures[8,9]. Cerium-coated
raps ate also found to be effective for catalytic soot oxidation
1].

Some research has been performed on the kinetics o
catalytic and catalytic soot oxidation[2,9–13]. Data from
kinetics and mechanism studies of the catalyzed oxidati
soot might help in developing more active or selective
oxidation catalysts. Differential thermal analysis and t
mogravimetry (DTA–TG) has been widely studied by m
investigators in order to evaluate kinetic parameters[11–17].
Most of the methods are very complicated and have t
solved by a trial and error approach to obtain the value
activation energy and pre-exponential factor of Arrhe
equation[14–17]. Some of them require a supplemen
experiments and variations of different parameters, su
heating rate. In this work, we propose a convenient me
for the rapid calculation of the kinetic parameters from sin
DTA–TG curves. The objective of this study is to compare
Ce–Al–O catalysts for CB oxidation according to its activ
and kinetic parameters.

2. Experimental
∗ Corresponding author. Tel.: +33 032 8658262; fax: +33 032 8658239.
E-mail addresses:bokova@kge.msu.ru (M.N. Bokova), abiaad@univ-

ittoral.fr (E. Abi-Aad).

2.1. Catalysts preparation

Alumina is synthesized by sol–gel method[18]. Sec-
ondary aluminum butylate (Al(OC4H9)3, Fluka,∼11.0 wt.%
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Table 1
Composition of the solidsa

Sample CeO2 (wt.%) Specific area (m2/g)

Al2O3 – 360
1Ce10Al 25.23 241
3Ce10Al 50.31 144
10Ce10Al 77.14 99
CeO2 100 53

a The number before chemical symbol represents the atomic content in
the solid.

Al) is dissolved in butan-2-ol (Fluka, purity≥99.5%) at
85◦C. Then, complexing agent (butan-1,3-diol, Fluka, pu-
rity ≥98%) preliminary heated at 60◦C is added before hy-
drolysis. Hydrolysis is performed by addition of water to the
solution at 85◦C. The gel is dried and calcined at 500◦C
for 6 h with a temperature rate of 0.5◦C/min before used as
support for preparing the Al2O3-supported CeO2 catalysts.
With this method, alumina is characterized with specific area
of 360 m2/g and pore volume of 2.3 mL/g. The diameter of
alumina grains varies between 0.6 and 4.7�m. There are also
a lot of little grains of 0.1�m.

Ceria is prepared by precipitation of Ce(NO3)3·6H2O
(Prolabo, total amount of rare earth oxides is 99.5%) in an
ammonia aqueous solution (0.7 mol/L). The solid is filtered,
washed, dried at 100◦C and calcined at 600◦C for 4 h with
a temperature rate of 0.5◦C/min.

Different Ce–Al oxides are prepared by incipient wet-
ness of cerium nitrate solution onto alumina pre-calcined at
500◦C. Then the sample is dried at 100◦C and calcined for
4 h in a flow of dry air at 600◦C. Cerium-containing solids are
denoted 1Ce10Al, 3Ce10Al and 10Ce10Al where the num-
ber before chemical symbol represents the atomic content in
the solid.Table 1summarizes the composition of Ce–Al–O
catalysts.
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CB/catalyst mixtures for the kinetics studies of carbon black
combustion[21]. In real conditions, the soot-to-catalyst ratio
varies widely from 1/2.1 to 1/35, which is attributed to irre-
producibility in the collection of soot on the catalyst powder
and probably to the inhomogeneity of the layer of the catalyst
on the filter[19]. In our study, we use carbon black-to-catalyst
ratio of 1/5. This ratio is close to that for cerium-coated
traps and the practical application for our results is rather
justified.

The catalytic tests towards the combustion of CB are
studied by simultaneous gravimetric and differential thermal
analysis (TG–DTA) with a NETZSCH STA 409 apparatus.
10–50 mg of the CB/catalyst mixture is loaded in an alu-
mina crucible and heated from room temperature to 700◦C
(5◦C/min) in airflow (75 mL/min). In the experiments per-
formed under isothermal conditions, the mixture of 20 mg
was heated (5◦C/min) up to the reaction temperature (370,
380 and 390◦C) under airflow (75 mL/min) and then the ox-
idation was carried out at constant temperature till the total
CB combustion.

3. Results and discussion

3.1. Carbon black catalytic combustion
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.2. Activity tests

Commercial available carbon black (CB) (N330 Degu
7.23 wt.% C, 0.73 wt.% H, 1.16 wt.% O, 0.19 wt.%
.45 wt.% S) is used as a model soot. The average d

er of the CB spherical particle is 0.08–0.25�m. Before the
atalytic test, CB (10–20 wt.%) and catalyst (90–80 w
re mixed in alumina ball miller for 40 min. It was sho

hat under practical conditions the contact between soo
atalyst is poor[19,20]. In our paper, we used the prepa
ion method of the mixture of carbon black with the cata
hich gives more tight contact than in real conditions. It
hosen to use a mechanical mill to establish close co
etween soot and catalyst in order to define an intrinsic
lytic activity under optimal conditions. The objective of t
tudy is to rank the CB oxidation catalysts according t
ctivity and kinetic parameters, thus it is necessary to

ain the reproducible and comparable results. For this re
ome authors use the most reproducible method to prepa
Fig. 1 shows an example of TG–DTA curves. A wei
oss of∼20 wt.% is observed on TG curve, correspond
o the combustion of the total mass of carbon black.
G curve gives the temperature valuesTi (beginning of the
arbon black combustion) andTf (complete conversion o
arbon black). The maximum of DTA curve (Tm) correspond
o the temperature of the highest combustion velocity.
alue�T= Tf − Ti determines the reaction velocity. Cataly
roperties of the solids are evaluated by comparing the v
f Tm and�T with those of CB combustion without cataly

n the same conditions.
According to the literature data, the sample mass can

ificantly influence the results of TG–DTA[22–25]. For this
tudy, the mixture of 10 wt.% CB with 90 wt.% CeO2 is pre-
ared and five sample masses are used: 10, 20, 30, 4

Fig. 1. Example of DTA–TG curves.



M.N. Bokova et al. / Thermochimica Acta 428 (2005) 165–171 167

Fig. 2. Evolution of the DTA–TG curves as a function of sample mass for
the mixture of 10% CB + 90% CeO2.

50 mg.Fig. 2presents the results of TG–DTA obtained dur-
ing the combustion of the samples. As shown in this figure,
the form of the signals varies with the sample masses. For
the sample masses below than 30 mg, one exothermic peak is
observed on DTA curve which is accompanied by the weight
loss in one stage. For higher sample masses, two peaks are
observed and the weight loss passes into two stages. The firs
peak is steep and sharp, whereas the second peak is broa
and smooth. The temperatures at the maxima of these sec-
ond peaks coincide reasonably well with the temperatures at
the maxima of the peaks obtained for the smaller samples
without the runaway peak. Thus, part of the carbon black
is burned fastly in a steep runaway peak, while the second
part combustion is slower and takes part at higher tempera-
tures. This phenomenon can be explained by mass and hea
transfer limitations[7,22–25]. Indeed, the oxygen diffusion
influences significantly the kinetics of carbon black combus-
tion. The more larger the sample mass, more higher is the
level of the sample placed in the crucible. Thus, oxygen of
air has more difficulties to diffuse in the bulk of the mixture.
In addition, during the combustion of the sample center, the
heat flow limits the oxygen transfer.

Fig. 3 shows the reactivity of Ce–Al–O catalysts in CB
combustion. For the non-catalyzed reaction, the combustion

of CB occurs betweenTi = 540◦C andTf = 630◦C and in-
significant difference is observed when the reaction is per-
formed in the presence of Al2O3. For the other samples,
combustion temperature decreases, showing the reactivity of
ceria-based catalysts. Ceria oxide is the most reactive sam-
ple with a combustion temperatureTm of 389◦C. For the
Ce–Al oxides, reactivity increases with increasing ceria con-
tent. Thus, the temperatureTm decreases from 584◦C for
the 1Ce10Al sample to 473◦C for the 3Ce10Al sample and
to 411◦C for 10Ce10Al sample. Comparing the�T values,
the slight increase of the reaction rate can be observed with
the increase of ceria content in the catalyst. Thus�T falls
from 170◦C for 3Ce10Al to 130◦C for CeO2. However,
non-catalyzed CB combustion occurs within more narrow
temperature range with�T of 90◦C. Nevertheless, all the
characteristic temperatures of non-catalyzed CB combustion
are higher than those for CB combustion in the presence of
catalyst.

3.2. The kinetic parameters calculation

3.2.1. Non-isothermal conditions
The temperatureTm depends on heating rate and sample

mass, thus it is more reasonable to characterize the catalyst
activity using the rate constant. At different temperatures, the
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ate constant is determined by Arrhenius equation:

= k0 e−(Ea/RT ) (1)

herek is the rate constant,k0 the pre-exponential factor,Ea
he activation energy,R (8.314 J/mol K) the gas constant a
the temperature of the reaction.
In this paper, the convenient method is proposed to

ulate the activation energy and pre-exponential factor u
ne TG and one DTA curve. This method allows to obtain
xact solution according to the model proposed without
omplementary approaches. The method can be des
ere as follows.

The expression for the solid-state oxidation reaction u
he constant oxygen concentration can be written as

dm

dt
= −k0 e−(Ea/RT )mn (2)

herem is the mass of the substance,t the time andn the
eaction order. The unit for the pre-exponential factork0 in
he system SI is kg1−n/s. But in our paper the unit fork0 was
elected as mg1−n/s in order to be consistent with the sam
ass units.
Mass transfer and oxygen depletion can influence

esults and lower the apparent activation energy[22–26].
owever, the purpose of our calculations is to compare th
arent kinetic parameters for different catalysts for CB c
ustion. These parameters are useful for the mathem
odeling of combustion process as far as for the analys

atalysts activity at different temperatures. The catalytic
or every catalyst were carried out at the same condit
hus we can provide the catalysts comparison even wi
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Fig. 3. The characteristic temperatures of carbon black combustion in the presence of Ce–Al oxides: (�) Ti (beginning of the carbon black combustion); (�)
Tm (temperature of the maximum of the DTA curve); (�) Tf (complete conversion of carbon black).

information about the detail mechanism of the process, as
oxygen transfer limitations and oxygen depletion. Apparent
parameters can be the functions of elementary stages rate
constants and contain, for example, the diffusion coefficient
and oxygen mass transfer coefficients. If oxygen concentra-
tion also influences the rate of oxidation, equation fork0 can
be written as

k0 = k′
0f (CO2) (3)

In this case, the unit fork0 rests the same (mg1−n/s), but the
unit for k′

0 is mg1−n/(s f(mol/L)). Even if the oxygen diffu-
sion limitations and oxygen depletion take place, they will
influence all of the apparent kinetic parameters at the same
time and our results are comparable.

Under constant heating rate, the temperature is a linear
function of the time during the experiment:

T = T0 + βt (4)

whereT0 is the initial temperature andβ the heating rate.
In this case

dT = β dt (5)

and Eq.(2) takes the following form:

T(

Substitution of Eq.(6) into Eq.(7) yields

k0

β

[
nmn−1

inf

(
dm

dT

)
inf

e−(Ea/RTinf ) + mn
inf e−(Ea/RTinf )

×
(

−Ea

R

)(
− 1

T 2
inf

)]
= 0 (8)

whereminf is the mass of the substance in the point of inflec-
tion on TG curve.

The transformation of Eq.(8) gives

Ea

n
= −RT 2

inf

minf

(
dm

dt

)
inf

(9)

The dependence of DTA curve from the temperature is de-
scribed by the following equation:

E = α
dm

dT
(10)

whereα is the proportionality constant andE the DTA signal.
The maximum of DTA curve will occur when(

dE

dT

)
m

= 0 (11)

Taking into consideration Eqs.(7) and (11), it is possible to
demonstrate that

T

a

T ss in
t

dm

dT
= −k0

β
e−(Ea/RT )mn (6)

he point of inflection on TG curve occurs when

d2m

dT2

)
inf

= 0 (7)
inf (TG) = Tm(DTA) (12)

nd Eq.(9) is changed for

Ea

n
= −RT 2

m

minf

(
dm

dT

)
inf

(13)

hus, when the peak temperature and the sample ma
he point of inflection are known, the relationEa/n can be
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calculated. It is necessary to findTm on the DTA curve (the
temperature of maximum), which according to Eq.(12) co-
incides withTinf on TG curve (the temperature of inflection).
After this the value ofminf (the mass of inflection) on TG
curve can be found. Then linear approximation of the TG
curve near the point of inflection gives (dm/dT)inf and ac-
cordinglyEa/n by Eq.(13).

Taking into account Eq.(10), the kinetic equation(2) for
the curve DTA is transformed as

E = αk0 e−(Ea/RT )mn (14)

Eq.(14) is divided bymn and taking the logarithm gives

ln

(
E

mn

)
= ln(ak0) − Ea

RT
(15)

The approximation of the dependence of ln(E/mn) versus 1/T
by linear function gives the value of activation energyEa
according to Eq.(15).

From Eqs.(6) and (12), the expression fork0 is following:

k0 =

(
dm
dT

)
inf

e(Ea/RT )β

mn
inf

(16)

The shrinking core model, used for CB combustion processes,
requires that reaction ordern be 2/3. In this model, the rate of
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activation energy for non-catalytic CB combustion is found to
cover a range, namely between 102 and 210 kJ/mol[2,9,10].
Values between 140 and 170 kJ/mol appear frequently. The
activation energy obtained for CB + Al2O3 mixture in this
work is similar close to the reported experimental values of
168 kJ/mol[10] and 164 kJ/mol[13] for non-catalytic soot
oxidation. Probably, in the case of uncatalyzed CB combus-
tion, the contribution of internal burning is less important and
the shrinking-core behavior applies with a value ofn close to
2/3 [10].

It is evident that the presence of ceria has significant influ-
ence on the CB oxidation kinetics. Catalyst reaction mecha-
nisms are evidently different from the uncatalyzed condition.
The catalyst generally lowers activation energy, typically by
30–80 kJ/mol, that is from 170 to 120 and 151 to 100 kJ/mol
[2]. The rate of the reaction can be influenced by the activa-
tion energy and by the pre-exponential factor. The decrease of
activation energy and/or the increase of pre-exponential value
leads to the increase of the combustion rate, clearly shown
in our case by the decrease ofTm and�T. FromTable 2,
we can see that the sample 1Ce10Al has low activity in CB
combustion. We assume that the reaction order is also 2/3 for
CB + 1Ce10Al combustion. Activation energy (169 kJ/mol)
and lnk0 (18.1) are also close to those of non-catalytic com-
bustion. The calculation ofEa for the samples 3Ce10Al,
1
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ombustion is proportional to the surface of the CB sphe
10]. However, some authors conclude that internal bur
akes place during the oxidation of CB at the low temperat
2]. In the case of complete internal burning, the oxida
ate is proportional to the remaining mass, i.e.n= 1. Partia
nternal burning will result inn being between this value a
hat for the surface burning case, which gives shrinking
ehavior (1 >n> 2/3). Thus we calculated our data with
oth values forn of 1 and 2/3 in order to compare the valu

or Ea obtained with those in the literature. For more pre
alculations, the fractal character of CB surface shoul
aken into account[27] that will be done in our future work

The kinetic parameters derived from the TG–DTA d
or CB combustion in the presence of Ce–Al oxides are
ented inTable 2. Using the reaction order value of 2/3 in
15), the oxidation of CB in the presence of Al2O3 has ac
ivation energy value of 163 kJ/mol. Since alumina does
resent catalytic activity in the reaction of CB combust

he oxidation of CB in the presence of Al2O3 may be com
arable with non-catalyzed CB oxidation. Low-tempera

able 2
inetic parameters of carbon black catalytic combustion in the presen

atalyst + CB Tm (◦C) Ea/n (kJ/mol) (Eq.(13

l2O3 + CB 595 252
Ce10Al + CB 584 233
Ce10Al + CB 473 117
0Ce10Al + CB 411 83
eO2 + CB 389 78
a Standard deviation is 20%.
0Ce10Al and CeO2 with a value forn of 1 in Eq. (15)gives
he results more close to literature data, than with a valuen
f 2/3. It is possible that the internal burning takes place

ng catalytic oxidation of CB. These catalysts are active in
eaction of CB combustion and they change the kinetics o
rocess. In the case of 3Ce10Al catalyst, the activation en
119 kJ/mol) is lower than for non-catalytic CB combust
nd the value of lnk0 is also low (12.7). The most active c
lysts are 10Ce10Al (Ea = 90 kJ/mol, lnk0 = 9.4) and CeO2

Ea = 90 kJ/mol, lnk0 = 10). The activation energy for the
ystems is rather low and the value ofk0 is significantly high
he choice ofn (n= 2/3 or 1) in Eq.(13) leads to values fo
a which agree with those derived from Eq.(15)(Table 2). It
eans that our method is useful for DTA–TG data obtai
Using the activation energy andk0 we can evaluate th

ependence of catalyst activity from the temperature
o Arrhenius equation in logarithmic form. The line
ependence of lnk0 versus 1/Tfor the Ce–Al–O systems
resented inFig. 4. From this figure, it is possible
reate the following row of activity increase Al2O3 ≈

e–Al oxidesa

Ea (kJ/mol) (Eq.(15)) lnk0 (Eq.(16))

n= 2/3 n= 1 n= 2/3 n= 1

163 251 19.2 31.4
169 250 18.1 29.5
75 119 5.9 12.7
63 90 5.0 9.4
65 90 5.7 10.0
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Table 3
Kinetic parameters of carbon black combustion in the presence of cerium oxidea

Kinetic parameter Equation Sample

80% CeO2 + 20% CB (20 mg) 80% CeO2 + 20% CB (40 mg) 90% CeO2 + 10% CB (20 mg)

Tm (◦C) – 385 389 374
Ea/n (kJ/mol) (13) 78 78 93
Ea (n= 1) (kJ/mol) (15) 89 90 105
ln k0 (n= 1) (16) 8.6 10.0 11.7

a Standard deviation is 20%.

Fig. 4. Arrhenius plots of carbon black combustion in the presence of Ce–Al
oxides.

1Ce10Al < 3Ce10Al < 10Ce10Al≈ CeO2. These data are in
accordance with those obtained for catalytic tests. Thus, the
activity of the catalyst revealed from TG–DTA data (Fig. 3)
and from the kinetic parameters (Table 2) correlate with each
other.

To verify our method, for the most active catalyst CeO2
we calculated the kinetic parameters for the TG–DTA data
of the mixtures of 40 and 20 mg (80% CeO2 + 20% CB) and
20 mg (90% CeO2 + 10% CB). The values for activation en-
ergy and lnk0 calculated from Eqs.(13), (15) and (16)for
these systems are presented inTable 3. It should be noted
that for the sample of 40 mg the calculations were carried out
for the second exothermic peak. FromTable 3, we can con-
clude that for the mixtures of CB with the same catalyst CeO2
but with different sample mass (20 and 40 mg) the value for
Ea/n is the same (78 kJ/mol). For the systems with the dif-

ferent percentage of CB (10 and 20%) the value forEa/n
differs at 20% that could be regarded as comparable results
(78 and 93 kJ/mol). The values ofEa calculated from Eq.(15)
correlates with those calculated from Eq.(13)takingn= 1. In
addition, the values of activation energy for different systems
CeO2 + CB are close to each other (taking into consideration
20% error). It indicates that the method proposed is useful
for CB combustion.

3.2.2. Isothermal conditions
To verify the activation energies determined from non-

isothermal conditions, the reaction of CB combustion in the
presence of CeO2 was carried out at constant temperatures
(370, 380 and 390◦C). The isothermal curves are shown in
Fig. 5. For the three isothermal experiments, the loss of CB
before reaching the isothermal temperature is negligible, thus
the isothermal data are comparable.

The kinetics of soot combustion under isothermal condi-
tions is described by the following differential equation:

dm

dt
= −kmn (17)

wherem(t= 0) = m0.
If the reaction order is 1, Eq.(17)gives

dm = −km (18)

T

o

l

f 20 mg
Fig. 5. Isothermal curves for the mixture o
dt

he transformation of Eq.(18)gives

dm

m
= −k dt (19)

r

n m − ln m0 = −kt (20)

(20% CB + 80% CeO2) at 370, 380 and 390◦C.
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Thus, the rate constant can be determined with the help of
Eq.(20)by the approximation of the dependence ln(m(CB))
versus the time by the linear function for every isotherm.
The region of the linear approximation was chosen as the
first 60 min of the curve. Then using the Arrhenius equation,
the activation energy was calculated. The values forEa of
96 kJ/mol and for lnk0 of 11.3 were obtained. The values for
activation energies, obtained for the same sample treated at
different conditions (during the TG–DTA analysis and under
isothermal conditions) gives the comparable results (89 and
96 kJ/mol). Thus two independent methods give the same
values for activation energies. It permits us to conclude that
they both adequately describe our experimental data.

4. Conclusion

The catalytic combustion of carbon black has been inves-
tigated in the presence of Ce–Al oxides. Catalytic tests show
that Al2O3 does not influence CB combustion. Cerium oxide
is the most reactive catalyst. CeO2 is capable of lowering the
temperature of the maximum of the carbon black combus-
tion from 609 to 389◦C. For the Ce–Al oxides, reactivity in-
creases with increasing ceria content. The kinetic parameters
of carbon black catalytic combustion were calculated using
the DTA–TG data. The activation energy of non-catalytic CB
o eria
l ction
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