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a b s t r a c t

In this work, a reaction mechanism for the soot oxidation reaction on ceria is presented. The mechanism is
based on kinetic and characterization results previously obtained. Temperature-programmed oxidation
analyses using different heating rates, up to different final temperatures, as well as isothermal combus-
tions, have been carried out to determine the kinetic behavior of this system. The reaction mechanism
includes the formation of superoxides, peroxides, oxygen vacancies, surface diffusion, and the change of
the type of contact between the carbon and the catalyst that occurs during the combustion. The kinetic

◦

xidation kinetics
eaction mechanism
erium oxide

parameters are obtained using a single temperature-programmed profile, obtained at 12 C/min. With
these parameters, it is possible to predict the kinetic response obtained in many different experimental
conditions. Particularly, the reaction rate at constant temperature may or may not present a maximum
as a function of time, depending upon the value of the temperature. The mechanism proposed explained
these observations. The calcination temperature has an important effect on the activity of the catalyst.
As this temperature is increased a better activity is observed, being this behavior associated to an easier

and
formation of superoxides

. Introduction

It is well known that cerium oxide decreases the soot burn-off
emperature [1], due to its redox properties [2]. The soot is burnt by
xygen that cerium oxide provides, and not by molecular oxygen
resent in the gas phase [3,4].

There are many works about the reaction mechanism of car-
onaceous material combustion in non catalytic [5–11] or catalytic
rocesses [1–4,6,11–18]. However, detailed kinetic studies are not
eported in most of these publications. A reason for the lack of good
inetic models is that this system is quite complex, involving two
olid phases and a gas phase. The solid phases are the catalyst and
he soot, and the gas phase contains oxygen and reaction prod-
cts such as carbon dioxide. These phases have to be in contact

n order to make it possible the reaction. In several works, kinetic
xpressions that correspond to pseudo-homogeneous models, such
s the power law model [7,11,16], have been used. In these cases,
he apparent kinetics parameters were calculated. On the other

and, heterogeneous kinetic models have been analyzed by sev-
ral authors [3,13–15,17], even though in these works the kinetic
arameters for each reaction step were not reported.

∗ Corresponding author. Tel.: +54 342 4533858; fax: +54 342 4531068.
E-mail address: querini@fiq.unl.edu.ar (C.A. Querini).

385-8947/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
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peroxides upon high temperature calcination.
© 2011 Elsevier B.V. All rights reserved.

In order to study this catalytic system at a laboratory level, dif-
ferent ways of mixing the soot with the catalyst have been used.
The level of physical interaction between the soot and the catalyst
determines the reaction rate. There are two main procedures to
mix these solids. In one of them, both phases are mixed by hand-
grinding in a mortar or with a ball mill. This procedure leads to
what is called ‘tight contact’ mode [30,31]. The other procedure
consists in shaking the soot and the catalyst in a vial [32] or mixing
them with a spatula [31]. This leads to the ‘loose’ contact mode. In
a real soot trap, the loose-contact mode takes place. Depending on
the objective of the study, one of these procedures is selected. For
example, if the goal is to compare intrinsic catalytic activities, the
tight contact mode is used.

The objective of this work is to determine a heterogeneous
kinetic model, with capacity to reproduce experimental kinetics
results of soot catalytic combustion, and to predict the kinetic
response obtained under different experimental conditions. A
reaction mechanism is proposed based on kinetic and catalytic
characterization results obtained by XPS, FTIR, and SEM analyses
[19]. The model is also based on the contribution of other research
groups [2,3,20]. Non-linear regression was carried out in order to

find the kinetics parameters for each reaction step. The reaction
mechanism proposed in this work makes it possible to simulate
and predict the catalytic soot combustion rate in conditions com-
pletely different from those at which the parameters were obtained.
Moreover, the kinetic model that we present in this contribution

dx.doi.org/10.1016/j.cej.2011.01.060
http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
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an predict very well experimental results that other models can-
ot reproduce. All the study was carried out using the tight-contact
ode and, therefore, it is valid to simulate the intrinsic kinetics of

his catalytic system. The model is valid for the fresh catalyst. Cat-
lyst deactivation is not included, therefore the effects of variables
uch as sulphur and ash deposition are not considered.

. Experimental

.1. Soot, catalysts, and catalyst:soot mixtures preparation

Soot was obtained by burning commercial diesel fuel as
escribed in [21]. The soot was collected from the recipient walls
nd then was dried in a stove at 120 ◦C for 24 h.

Commercial cerium (IV) oxide 99.9% (Aldrich) was used as cat-
lyst, after calcination at 450 ◦C and 800 ◦C for 2 h, and will be
epresented as CeO2

450 and CeO2
800.

In this work, catalysts and soot were mixed with a mass ratio of
0:1. To prepare these mixtures, the weighted solids were placed

n a mortar and were mechanically mixed for 6 min, obtaining in
his way a tight contact.

.2. Catalysts activity

Catalytic activity was determined by temperature-programmed
xidation tests (TPO), carried out with the catalyst:soot mixtures
repared as above described. The amount of sample loaded into
he cell was 10 mg. Different temperature programmes were used
n the TPO experiments. A set of experiments was carried out using
ifferent heating rates, e.g. 4, 8, 12 and 16 ◦C/min. A second set, con-
isted in heating the sample at 12 ◦C/min until a given pre-selected
emperature was reached, and then holding this temperature for
given time. Finally, another set of TPO analyses was carried out
eating the sample under an inert gas (N2) flow, until a given tem-
erature was reached. At this moment the gas was switched to an
2/N2 mixture holding a constant temperature. In all cases, the gas
ow rate and composition were 40 cm3/min and 5%O2 (N2 to bal-
nce), respectively. The gases coming out of the reaction cell went
hrough a methanation reactor where the CO and CO2 were con-
erted to CH4 with 100% conversion [22]. This reactor operated at
00 ◦C, and was loaded with a nickel catalyst. Methane formed in
his reactor was continuously monitored with a FID.

Using a heating rate of 12 ◦C/min, 5% O2 composition in gas
hase, 40 cm3/min gas flow rate and 10 mg of catalyst:soot mass
with a ratio 20:1) kinetic control is guaranteed, as was demon-
trated in a previous work [23].

. Model formulation

In the part I of this work [19], the mechanism proposed for
atalytic diesel soot combustion on ceria was:

CeOx + O2 → [nCeOx]+O2
− (1)

nCeOx]+O−
2 ↔ [nCeOx]2+O2

2− (2)

nCeOx]+O−
2 ↔ nCeOy (3)

nCeOx]2+O2
2− + C → [nCeOx]2+[CO2]2− (4)

nCeOx]2+[CO2]2− → [nCeOx]2+[ ]2− + CO2 (5)

nCeOx]2+[ ]2− → nCeOx (6)
his is the ‘rigorous’ mechanism. Some simplifications can be intro-
uced in the model taking into account the relative rates of each
tep.

The first simplification is to consider that peroxides ions do not
orm superoxides ions (reverse of reaction (2)). This is because the
g Journal 168 (2011) 413–419

peroxides are the active oxygen species that react with soot (reac-
tion (4)) and it is supposed that this reaction is faster than the
reaction that yields superoxides. This is in agreement with the pro-
posal of Bueno-López et al. [3]. In this work the authors concluded
that the rate of active oxygen reaction with soot is much faster
than the rate of its combination giving gaseous molecular oxygen.
Therefore the reaction (2) can be rewritten as an irreversible step:

[nCeOx]+O2
− → [nCeOx]2+O2

2− (7)

Based on this assumption, i.e. that the peroxides are mainly con-
sumed during soot combustion (reaction (4)), it can also be assumed
that reaction (3) will not proceed to any significant extent.

Another simplification is to consider that the steps that describe
carbon dioxide desorption (reaction (5)) and the oxygen vacancy
migration (reaction (6)) are fast enough, and, therefore, reactions
(4)–(6) can be replaced by the following overall reaction:

[nCeOx]2+O2
2− + C → nCeOx + CO2 (8)

In this way, the reactions (1), (7) and (8) described the ‘simplified’
mechanism.

In the catalyst:soot mixture, not all the carbon atoms are in
contact with the catalyst, therefore it has to be considered the com-
bustion of carbon atoms that are not in the interface catalyst:soot:

[nCeOx]2+O2
2− + C∗ → nCeOx + CO2 (9)

Where C* represents the carbon atoms that are in the interface
soot:gas, and those represented by C are the carbon atoms that
are in the interface catalyst:soot. This consideration has been done
taking into account the works of Ciambelli et al. [20] and Krishna
et al. [2]. Ciambelli et al. measured the carbon specific surface area
at different conversion levels, providing evidence that the entire
carbon surface participates in the reaction. Krishna et al. proposed
that the active oxygen from the catalytic surface is able to reach
the soot particles present as clusters (particles that are mostly in
soot:gas interface) by spill-over.

During the reaction, as carbon conversion increases, those atoms
that initially were not in contact with the catalyst, may change their
position from the soot:gas interface, to the soot:catalyst interface,
according to the reaction:

C∗ → C (10)

This occurs not only due to the movement of the carbon, but also
and mainly due to the movement of the active species of the cata-
lyst.

The oxygen that reacts with both carbons species is the same.
The difference is the way in which this oxygen reaches each type of
carbon. The atoms that are in the catalyst:soot interface are reached
by oxygen surface diffusion and the atoms that are in the soot:gas
interface are reached by oxygen spillover.

The equations to be considered to model the kinetics of soot
combustion in a fixed bed reactor, taking into account the reaction
steps of the proposed mechanism, are the following:

∂[nCeOx]
∂t

= −k1 · [CeOx] · PO2 + k8 · [[CeOx]2+O2
2−] · [C]

+k9 · [[CeOx]2+O2
2−] · [C∗] (11)

∂[[nCeOx]+O2
−]

∂t
= k1 · [CeOx] · PO2 − k7 · [[CeOx]+O2

−] (12)
∂[[nCeOx]2+O2
2−]

∂t
= k7 · [[CeOx]+O2

−] − k8 · [[CeOx]2+O2
2−] · [C]

−k9 · [[CeOx]2+O2
2−] · [C∗] (13)
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tion reaction. Most of them correspond to the following expression:

r = A · exp
(

− E

R · T

)
· S · Pm

O2
(18)

Table 1
Characteristic temperatures of TPO showed in Fig. 1.

Heating rate Calcined at 450 ◦C Calcined at 800 ◦C

TI (◦C) TM (◦C) TF (◦C) TI (◦C) TMa (◦C) TF (◦C)
Temperature (ºC)

Fig. 1. Reaction rate vs T curves calculated from TPO experiments carried out

∂[C]
∂t

= −k8 · [[CeOx]2+O2
2−] · [C] + k10 · [C∗] (14)

∂[C∗]
∂t

= −k9 · [[CeOx]2+O2
2−] · [C∗] − k10 · [C∗] (15)

CO2 = wc · {k8 · [[CeOx]2+O2
2−] · [C] + k9 · [[CeOx]2+O2

2−] · [C∗]}
(16)

he total amount of soot can be determined from the TPO profile,
nd represents the soot initial concentration (Cini). Since we are
ssuming that this amount corresponds to soot in two different
ositions, the following mass balance must be taken into account:

ini = C0 + C∗
0 (17)

he kinetic rate constant is designed as ki, where the sub-index i
orresponds to the number of the reaction in the above described
echanism. The concentration of each species in the set of equa-

ions (11)–(17) is given in mol/g, wc (g) is the mass of catalyst loaded
nto the analysis cell, and FCO2 (mol s−1) the molar flow of CO2 at
he reactor outlet.

. Results and discussion

.1. Activity tests

Fig. 1 shows curves of reaction rate vs temperature for catalytic
ombustion at different heating rates. Results that correspond to
atalyst calcined at 450 ◦C and 800 ◦C are shown in Fig. 1A and
, respectively. There are important differences in the activity
etween the oxides calcined at different temperatures. The catalyst
alcined at low temperature displays the profile at a significantly
igher temperature, and with a different shape. In addition, the
aximum reaction rate reached with this catalyst is almost an

rder of magnitude higher than that obtained with the catalyst
alcined at high temperature. Fig. 1B shows that the TPO profiles
isplay two well-defined peaks, while in Fig. 1A the combustion
rofile reveals that there is a second peak at high-temperature, but

t is included in the whole envelope. In Fig. 1 A and B, the non-
atalytic combustion curve is included as reference. To obtain this
urve, the soot was mixed with SiO2 in the same proportion as with

eO2. These results clearly indicate that the combustion of carbona-
eous material is produced by the oxygen provided by ceria and not
irectly by molecular oxygen from the gas phase [19]. These differ-
nt catalytic behaviors are due to the different surface compositions
btained at different calcination temperatures, as was previously
Temperature (ºC)

ferent heating rates. (A) CeO2 calcined at 450 ◦C; (B) CeO2 calcined at 800 ◦C.

shown [19]. It was found that at higher calcination temperature, the
concentration of peroxides is higher [19]. In both cases, when the
heating rate increases, the temperature at which the reaction rate
reaches the maximum value is higher, and the peak height is higher.
These results are in agreement with the predictions obtained using
a simple power-law kinetic model [24]. Table 1 shows characteristic
temperatures of the TPO profiles. These are: (i) TI, the tempera-
ture at which the soot combustion starts; (ii) TM, the temperature
at which the reaction rate reaches the maximum value; (iii) TF,
the temperature at which soot combustion finishes. It can be seen
that TI and TM values are lower for the catalyst calcined at higher
temperature. However, the TF values are similar in both catalysts.

The two peaks shown in the TPO profiles in Fig. 1B, can be related
to the two types of carbon initially present on the system, as above
proposed. These peaks are not well resolved in the case of the cat-
alyst calcined at low temperature (Fig. 1A).

In order to obtain more and better information from
temperature-programmed oxidation analysis, the final tempera-
ture has to be chosen at a level in such a way that only a fraction of
the soot has been burnt [19–25]. Using this experimental design, we
showed the different behaviors of the catalysts calcined at 450 ◦C
and at 800 ◦C [19]. In the case of the former catalyst (CeO2

450) the
reaction rate keeps increasing as a function of time at constant tem-
perature, depending upon the selected final value of temperature
[19]. This phenomenon does not take place with the catalyst cal-
cined at 800 ◦C (CeO2

800). An example of this type of curve is shown
in Fig. 3 (curve F).

4.2. Kinetic models for carbonaceous material combustion

Several kinetic models have been reported for carbon combus-
4 ◦C/min 280 420 570 230 340 550
8 ◦C/min 280 450 630 230 360 580

12 ◦C/min 280 480 670 230 380 550
16 ◦C/min 280 490 640 230 390 590

aCorresponds to the first peak.



416 M.S. Gross et al. / Chemical Engineering Journal 168 (2011) 413–419

Table 2
Kinetic models for carbonaceous material combustion.

Model S (X) Reference

Power-law (grain) (1 − X)n [26]

Pore tree (1 − X)
√

(X/ε0) + (1 − X) [27]

Random pore (1 − X)
√

1 − ϕ ln(1 − X) [5]

Random capillary (1 − X)
√

1 − (B0/2�B2
1)ln(1 − X) [28]√

re,0))))ln(1 − X) [29]

n rosity; ϕ: structure parameter; B0: total pore length; B1: total pore surface; εmicropore,0:
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Bifurcated pore (1 − X) 1 − (1/(ln(1/(1 − εmicropo

: carbon reaction order, related to carbon morphology (shape/size); ε0: initial po
nitial micropore porosity.

here ‘r’ is the reaction rate, ‘A’ is the pre-exponential factor, ‘E’ is
he activation energy, ‘R’ is the gases universal constant, ‘T’ is the
bsolute temperature, ‘S’ is the carbon surface exposed to reaction,

PO2 ’ is the oxygen partial pressure and ‘m’ is the oxygen reaction
rder. Table 2 shows well-known models for this reaction.

Fig. 2 shows simulations carried out using the models presented
n Table 2. It can be seen that with random pore, random capillary
nd bifurcated pore models the reaction rate decays abruptly once
he maximum reaction rate has been reached. On the other hand,
he TPO simulated using the power-law and pore tree models are

ore symmetrical, being very similar between them. Partial burnt
est was simulated with the same parameters set used to do the
imulations shown in Fig. 2. The results are shown in Fig. 3. We
ound that none of the models previously reported in the literature
an reproduce the experimental results. This is because these mod-
ls does not contemplate all the phenomena that are taking place
n the catalytic surface during soot combustion.

.3. Parameters estimation and simulation

It is assumed that the reaction rate constants follow the Arrhe-
ius law:

i = Ai · exp
(

− Ei

R · T

)
(19)

he parameters (Ai, Ei, C0 and C∗
0) were estimated by non-linear

egression of TPO experimental data obtained at 12 ◦C/min. Fig. 4

hows the experimental and simulated data for cerium oxide cal-
ined at 450 ◦C. It can be seen that the agreement is very good. The
stimated parameters values are listed in Table 3.

This set of parameters was used to simulate the TPO profiles
btained under different experimental conditions. This is usually
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Fig. 2. TPO simulated with models listed in Table 2.
Fig. 3. Partial burnt test simulated with models listed in Table 2. (A) Power Law;
(B) Pore Tree; (C) Random Pore; (D) Random Capillary; (E) Bifurcated Pore; (F)
Experimental.

a very good test to determine the capacity of the model to predict
the behavior of the system, and consequently to give credibility
to the reaction mechanism in which the model is based. There-
fore, simulations were carried out at different heating rates, and
different types of experiments, such as partial burnt tests and

isothermal combustions. Simulations done with heating rates of 4,
8 and 16 ◦C/min perfectly reproduced the experimental results (not
shown). The simulated profiles start at the same temperature inde-
pendently of the heating rate, while the maximum reaction rate
temperature and its height decrease as the heating rate decreases.
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450 as catalyst.
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the soot are the same for both catalysts. We suppose that only the
kinetics parameters related to the steps that yield superoxide and
peroxide should be different. The combustions steps, and the con-
version of one type of carbon in another, should be the same for the
Time (s)

Fig. 5. Experimental and simulated data for partial burnt test

ig. 5 shows results for partial burnt tests. As was shown in a previ-
us work [19], at certain temperatures values, the reaction rate kept
ncreasing under isothermal conditions. It can be seen in Fig. 5A that
he model proposed can successfully reproduce this behavior when
he temperature is 420 ◦C. Fig. 5B shows the results obtained in a
imilar experiment, but with a different final temperature, being
n this case 460 ◦C. It can be seen that the profile is different from
hat shown in Fig. 5A. The reaction rate decays when the isothermal
ondition is reached. In spite of this different behavior at each tem-
erature, the model correctly predicts the response of the system.
herefore, the proposed kinetic model is capable of reproducing
he increase in reaction rate at those temperatures for which this
henomenon occurs. Results obtained for isothermal burnt simu-

ations (not shown) showed that the predicted curve follows very
ell the experimental data. The agreement between the experi-
ental results obtained in all these kinetic measurements, and the

rediction of the model indicates that the proposed mechanism
ery well represents the system. It is very important to emphasize,
hat the kinetic parameters were obtained using a single TPO pro-
le, obtained at 12 ◦C/min, and with these parameters, it is possible to
redict the complex kinetic behavior of this reacting system.

With the kinetic model, it is possible to estimate the concen-
ration of the reaction intermediate compounds. Fig. 6 shows the
elative concentration of superoxides, peroxides and reduced ceria,
s a function of the temperature. The experiment simulated in this
gure corresponds to a TPO carried out at 12 ◦C/min. It can be
een that superoxides species (CeOx

+O2
−) start to develop around

◦ ◦
25 C and its concentration reach a maximum at 425 C, temper-
ture that is 55 ◦C below the temperature at which the highest
eaction rate is registered (see Fig. 1A). On the other hand, the
eroxides (CeOx

2+O2
2−) concentration profile begins to develop at

50 ◦C and at 560 ◦C all CeOx sites are bounded to peroxide. These

able 3
stimated kinetic parameters values for CeO2

450 catalyst.

Parameter Step Estimated value

A1 (s−1 atm−1)
Superoxide formation

3,475
E1 (cal mol−1) 18,564
A7 (s−1)

Peroxide formation
5,649

E7 (cal mol−1) 19,199
A8 (g mol−1 s−1)

C carbon combustion
4,145

E8 (cal mol−1) 15,131
A9 (g mol−1 s−1)

C* carbon combustion
3,001

E9 (cal mol−1) 20,459
A10 (s−1)

C* to C conversion
3,351

E10 (cal mol−1) 21,428
C0 (mol g−1) 9.29 × 10−4

C∗
0 (mol g−1) 1.94 × 10−3
Time (s)

ied out at (A) 420 ◦C and (B) 460 ◦C using CeO2
450 as catalyst.

profiles are useful to understand the results shown in Fig. 5, in
which it was observed that the reaction rate presents a maximum
in the test carried out at 420 ◦C while in the test carried out at
460 ◦C the rate shows a continuous decrease. The results shown in
Fig. 6 indicate that at 460 ◦C there is significant amount of perox-
ides, being approximately 40% of the total sites on the surface. The
model predicts that at 420 ◦C the superoxides species are reaching
the maximum concentration, and the peroxides begin to develop.
Therefore, as the concentration of these intermediates increases,
the reaction rate also increases and, consequently, the maximum
rate at constant temperature is observed. When the final tempera-
ture is 460 ◦C, the maximum peroxides formation rate has already
occurred, and therefore the maximum rate for soot combustion at
460 ◦C is not observed.

The same kinetic model was used to estimate the kinetics
parameters for the catalyst calcined at 800 ◦C. The characterization
results obtained with these two catalysts (CeO2

450 and CeO2
800)

indicated that the difference between them are only a change in
the concentration of the surface oxygen species, as determined by
FTIR and XPS and a change in morphology as determine by SEM
[19].

The soot used and the contact mode between the catalysts and
1.0

º

0.6

0.8

CeOx

[CeOx]
2+O2

2-

C
/C

º

0.2

0.4

[CeOx]
+O2

-

650550450350250150

Temperature (ºC)

Fig. 6. Reaction intermediates relative concentration vs T for CeO2
450.
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Table 4
Estimated kinetic parameters values for CeO2

800 catalyst.

Parameter Step Estimated value

A∗∗
1 (s−1 atm−1)

Superoxide formation
10,144

E∗∗
1 (cal mol−1) 15,510

A∗∗
7 (s−1)

Peroxide formation
12,009

E∗∗
7 (cal mol−1) 8,313

A8 (g mol−1 s−1)
C carbon combustion

4,145
E8 (cal mol−1) 15,131
A9 (g mol−1 s−1)

C* carbon combustion
3,001

E9 (cal mol−1) 20,459
A10 (s−1)

C* to C conversion
3,351

E10 (cal mol−1) 21,428
C0 (mol g−1) 1.51 × 10−3

C∗
0 (mol g−1) 1.48 × 10−3
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ig. 7. Regression curve (full line) and experimental data (dotted line) for a TPO at
2 ◦C/min using CeO2

800 as catalyst.

xide calcined at any temperature. Therefore, the kinetic parame-
ers that correspond to the combustions steps (reaction (8) and (9))
nd the conversion of one carbon type in another (reaction (10)), are
onsidered to be the same as those found with the catalyst calcined at
50 ◦C.

Fig. 7 displays the regression curve and the experimental data
hat corresponds to a TPO carried out at 12 ◦C/min with the cerium
xide calcined at 800 ◦C. It can be seen that the regression is very
ood; it follows the complex combustion profile obtained with this
atalyst. Table 4 shows the parameters values for cerium oxide
alcined at 800 ◦C.

Comparing results for CeO2
450 (Table 3) and CeO2

800 (Table 4),
t can be seen that the better activity of the catalyst calcined at
igher temperature is due to changes in the rates of the steps that

nvolve the superoxide and peroxide formation. In these steps, the
re-exponential factors are higher and the activation energies are

ower when calcining the catalyst at high temperature.
Simulations carried out with the kinetic parameters given in
able 4 are shown in Figs. 8 and 9. For clarity reasons, Fig. 8 only
isplays the conversion vs temperature curves calculated from TPO
rofiles corresponding to heating rates of 8 and 16 ◦C/min. The
odel prediction capability is very good. Fig. 9 shows the experi-
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Fig. 9. Experimental and simulated data for partial burnt tests carried out at 340 ◦C.
Catalyst: CeO2

800.

mental and simulated data of a partial combustion carried out with
a final temperature of 340 ◦C. When the ceria is calcined at 800 ◦C,
the same response is observed for all the values of final temperature
studied, being similar to that shown in Fig. 9. As soon as the isother-
mal condition is reached, the reaction rate decays in an exponential
way. It can be seen that the model follows the experimental results.
Fig. 10 displays the relative concentration of intermediate
species vs temperature for cerium oxide calcined at 800 ◦C. The
superoxide ion concentration is multiplied by a factor of 104

because the transformation rate of this specie in peroxides is very
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igh; therefore, the superoxide concentration reaches a maximum
ith a very small value. It can also be seen that at 500 ◦C the surface

s completely covered by peroxides ions, while with the catalyst cal-
ined at 450 ◦C a temperature of 560 ◦C was needed (Fig. 6). Another
mportant difference is the temperature at which the maximum
uperoxides concentration is reached, being 425 ◦C for the catalyst
alcined at 450 ◦C, and 350 ◦C for the catalyst calcined at 800 ◦C.

The characterization results previously reported [19] and the
inetic evidence presented in this work, suggest that the calcination
t high temperature leads to a chemical structure that facilitates
he formation of the superoxide and peroxide intermediates, and
onsequently the catalytic behavior is significantly modified.

The reaction mechanism proposed in this work is valid for a
ight-contact mode between the soot and the catalyst. In order
o simulate the operation of a real trap, this mechanism must be
oupled with mass and energy transfer steps. Nevertheless, it is a
ifficult challenge to develop such complete model of this system.
nother option is to find global kinetic parameters that can fit the
inetic response of the system under loose-contact mode. This lat-
er case corresponds to an empirical model that might be useful for
esign purposes, but will not provide a detailed description of the
eaction mechanism.

. Conclusions

It has been found that when cerium oxide is calcined at high
emperature, the catalyst has better activity for the soot oxida-
ion reaction. The kinetic evidence indicates that this pretreatment
eads to a structure that facilitates the formation of oxygenated
urface or sub-surface compounds.

A kinetic model is proposed, being able to predict the catalytic
oot combustion rate with ceria calcined at 450 ◦C or 800 ◦C. This
odel considers the superoxide and peroxide ions formation, being

he latter the one that reacts with soot during combustion. When
he peroxide ion reacts with soot, an oxygen vacancy is formed.
oth, peroxides and oxygen vacancies have a high surface mobil-

ty. The surface diffusion processes are fast enough, not affecting
he global reaction rate. The molecular oxygen enters into the metal
xide crystalline structure by interaction with the oxygen vacan-
ies.

The proposed kinetic model considers two types of carbons. The
rst one, refers to the atoms that are in the catalyst:soot inter-
ace; and the second one refers to the carbon atoms that are in the
oot:gas interface, i.e. the atoms that are in contact with gaseous
hase. The peroxides reach the first type of carbons atoms by sur-
ace diffusion, while the second type of carbons are reached by
pill-over.
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[
[
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Under certain isothermal conditions, the peroxide formation
step in the cerium oxide calcined at 450 ◦C is the limiting rate step,
causing that the reaction rate goes through a maximum. In the case
of the ceria calcined at 800 ◦C, the formation of this intermediate
is kinetically favored and occurs very fast, and consequently this
behavior is not observed.

It has to be emphasized that the model can predict the kinetic
response of the system using parameters estimated using only one
TPO profile, what gives to the proposed mechanism more reliability.
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