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Abstract

We studied the reactivity of Mo/Al2O3 and V/Al2O3 catalysts for soot combustion, and the influence of their volatile (MoO3 and V2O5)
and superficial dispersed species. Differential exploratory calorimetry and temperature-programmed oxidation (TPO) experiment
alyst and soot mixtures showed that lower combustion temperatures were obtained with increasing loading of Mo or V. TPO ex
performed on separate layers of soot and catalyst showed that both species were able to oxidize CO to CO2, but the combustion temperatu
was lowered only when soot was in contact with the dispersed species. Infrared absorption spectroscopy analyses of CO adsorbe
temperatures showed that all catalysts formed superficial carbonated species; however, on molybdenum catalysts, they were ea
posed. Therefore, it is suggested that the reaction occurs by formation of carbonate species at the catalyst/soot interface yieldin2, and
the better performance of molybdenum catalysts is due to the higher instability of carbonated species.
 2004 Elsevier Inc. All rights reserved.
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1. Introduction

Diesel engine vehicles are very popular due to the r
tively higher efficiency of the fuel and to the longer du
bility of the engines when compared with gasoline engin
Diesel engines use oxidative mixtures with air/fuel ratios
higher than 20, which result in relatively low-temperat
combustion, so these engines produce low emissions of2,
NOx , CO, and hydrocarbons; however, the emission of
ticulate matter is high [1–3].

The particulate matter consists basically of agglomer
of carbon nuclei, and of hydrocarbons, SO3 or sulfuric acid,
and water, adsorbed or condensed onto these carbo
clei [1,4]. This particulate can be divided into two parts:
insoluble organic fraction (IOF), containing mainly carbo
and the soluble organic fraction, which contains the hyd
carbons derived from diesel and lube oil [5].

The negative effects of diesel particulate on health h
stimulated the development of emission reduction techn
gies [2]. Despite the complex composition of diesel parti
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late, the principal challenge is the elimination of the inso
ble organic fraction, also calledsoot. Despite of the efforts
to improve fuel injector design in the last decade, it has
been possible to reduce soot emission to values lower
the limits of the legislation. A promising alternative is the d
velopment of a filter with a catalyst coverage that combi
retention and oxidation of the emitted particulate matter
but it requires high performance at usually low temperatu
of diesel exhaust. The technological key is to find a cata
that decreases the combustion temperature of soot to ne
diesel exhaust temperature and continuously oxidizes it

Many attempts have been made to develop cata
that promote soot combustion. Systematic investigation
Neeft et al. [6,7] have shown that some oxides such as V2O5

and Co3O4 exhibit high activity in tight contact with soo
but very low activity in loose contact. Other oxides, such
MoO3 and PbO, even less active than V2O5 and Co3O4 in
tight contact, are still active in the loose mode. These
thors reported that contact between soot and catalyst
rate-limiting factor in oxidation of soot and that the cont
under practical conditions is poor [7]. However, compari
of the results showed that some of those oxides, among
MoO3, exhibit similar performance in both types of conta
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According to these authors, for these oxides, catalytic ac
ity may be related to the mobility of the active species in
reaction condition, or by surface migration or by melting
catalyst material and gas-phase transportation by a high
tial pressure of the catalyst, so this mobility could impro
the contact between soot and catalyst [6].

Although several catalytic systems based on transi
metal oxides, single [6,8–12] or mixed [6,12–15], es
cially vanadium and molybdenum oxides, have been s
ied for diesel particulate oxidation, the idea of improvi
soot/catalyst contact has led many authors to test h
mobility catalysts based on eutectic mixtures [12–1
chloride-containing mixtures [13,15], and potassiu
promoted oxides [15–17], which have lower melting poi
than single oxides. Thus, according to that idea, in a lo
contact situation, migration of active component across
soot surface could play an important role in the react
as mobile catalysts could form a wet phase improving c
tact with soot by covering its surface and then catal
reaction could occur. However, Van Setten et al. [14,18
have recently studied the activity of molten salts, especi
Cs2MoO4 · V2O5 and CsSO4 · V2O5, and have reported tha
despite the promising activity of liquid catalysts, these co
ings could not be applied to real systems because their
mal stability is low, so catalyst compounds could be emit
into the environment and the oxidation activity would dr
dramatically [19]. These authors has also shown, by s
ning electron microscopy analysis, that the liquid state of
catalysts does not seem to have decisive influence on
performance, not wetting the soot and having no affinity
it [19]. Consequently, although the creation of tight cont
in the catalysts remains in theory the best option for con
uous regeneration at very low temperatures, under prac
conditions it does not seem feasible because a liquid cat
does not work [19]. Therefore, loose catalyst/soot con
seems to be the only option. So it is important to investig
the mechanism of catalytic oxidation of soot in this type
contact.

Only a few studies have described catalytic reaction
detail, however. Proposed mechanisms basically involv
redox mechanism [8,16,20,21], consisting of carbon o
dation by lattice oxygen from the catalyst and reoxidat
of the catalyst by oxygen from the gas phase, and oxy
spillover [8,22,23], which consists of dissociation of ga
phase oxygen over the catalyst followed by its transfe
the soot surface for reaction. A combination of both mec
nisms occurring simultaneously was also proposed [8].

In previous work, we showed that the nature of
support could originate different molybdenum species
Mo/SiO2 and Mo/TiO2 catalysts, and that these differe
species presented performed differently in soot combus
reactions [24]. In another work, we showed that MoO3 [25]
and V2O5 [unpublished results] can spread over alumina
effect of thermal treatment originating dispersed molyb
num and vanadium species different from those obta
when Mo/Al2O3 and V/Al2O3 systems are prepared by a
-

-

r

l
t

impregnation method. Because alumina is an important
port for commercial catalysts, it is interesting to study
performance of this system in the diesel soot combustion
action. Characterization of those Mo/Al2O3 and V/Al2O3
systems has shown that they have dispersed species
small crystals of MoO3 and V2O5, respectively, which re
main from the catalyst preparation procedure [25]. Con
ering that MoO3 may sublimate [7] and V2O5 may melt
and then volatilize [7] in the temperature range of the s
combustion reaction, it is possible that these oxides are
responsible for catalyst performance, because they could
grate to the soot.

So the aim of this work is to study comparatively t
reactivity of Mo/Al2O3 and V/Al2O3 catalysts in the soo
combustion reaction, intending to identify the Mo and
species really active and to understand the reaction path

2. Experimental

2.1. Materials

MoO3 (Aldrich), V2O5 (Vetec), and Alumina C-type (De
gussa AG) were used to prepare Mo/Al2O3 and V/Al2O3
catalysts. The textural properties of alumina are: 100 m2 g−1

specific area (BET surface area), average particle size 13
and apparent density 50 g dm−3 [26]. This support is non
porous and was chosen to obtain catalytic systems with
tural properties similar to those of the soot. This mate
was heated in a muffle furnace at 773 K for 4 h, raising
temperature at 5 K min−1, before catalyst preparation.

For reaction study, a model soot (Printex-V, Degussa A
of 72 m2 g−1 surface area (BET), 25-nm average parti
size, and apparent density 160 g dm−3 [27] was used.

2.2. Catalyst preparation

Mo/Al2O3 and V/Al2O3 catalysts were prepared by th
thermal spreading method, which is appropriate for pre
ing catalysts using nonporous supports [25] and consis
submitting oxide mixtures to thermal treatment. Phys
mixtures of MoO3 + Al2O3 or V2O5 + Al2O3, with 5 and
14 wt% loadings of MoO3 or V2O5, were prepared by hand
grinding these mixtures in a mortar for 10 min. Then, th
mixed oxides were heated in a muffle furnace under air
mosphere at a heating rate of 10 K min−1 up to 773 K for
MoO3 + Al2O3 and up to 873 K for V2O5 + Al2O3 and held
constant for 24 h, respectively. These catalysts are refe
to as 5Mo, 14Mo, 5V, and 14V.

2.3. Reactivity study

The soot combustion reaction was carried out by
ferential scanning calorimetry (DSC) and temperatu
programmed oxidation (TPO). Each catalyst was mixed w
soot at a 2:1 catalyst:soot (w:w) ratio by gently mixing t



116 I.C.L. Leocadio et al. / Journal of Catalysis 223 (2004) 114–121

ical
ytic
yzed
re-

00
zer,

ysts
the

bus
re of
soo

the
nde
the

re-
head
the
um
ase
was
main
sen

th

-
s

or-
ting

sing

us-
ome
tion
r
own
CO
O

yst
ared
e

f 5%

O

axi-
f

ta-
of

er
4Mo
the
d to
the
d
uartz
m-
her
ples

car-
kin–
ec-
g
ated

t
-

bout
um
tion,

tem
ated
ther

alu-
in

ures

alu-
is
being
ly.
ich
ved
best
w-

i.e.,
ose
at-

son
e of
ting
, and
compounds with a spatula, which resulted in loose phys
contact mixtures [8]. The alumina does not exhibit a catal
effect [11], so it was used as a diluent to study a noncatal
reaction under conditions similar to those for catalyzed
actions with respect to heat and mass transfer.

DSC analyses were carried out with Rigaku TAS-1
equipment with a TG 8110 simultaneous TG-DSC analy
using 2 mg of the catalyst+ soot mixture, 13% O2/N2 flow
at 61 mL min−1, and heating rate of 10 K min−1. To com-
pare with literature results, the performance of the catal
was evaluated taking the temperature corresponding to
maximum of the peak, called combustion temperature (Tc),
which represents the temperature of maximum soot com
tion. The difference between the combustion temperatu
the DSC curves of the soot and catalyst mixture and the
and alumina mixture indicated the catalytic effect.

The enthalpy of the soot reaction in the presence of
catalysts or the alumina was calculated from the area u
the DSC curve and was normalized taking into account
amount of sample.

The apparent activation energy of the combustion
action for these catalysts was estimated by the Red
method [16,28,29]. This method allows determination of
apparent activation energy if the temperature of maxim
reaction rate and the reaction order are known. In most c
reported in the literature [16,29–31], the reaction order
estimated to be a unit or less (range 0.6–1.0) and to re
constant for the greater part of the reaction. For the pre
article we assumed the same considerations. Thus, from
equation

(1)ln

(
β

T 2
c

)
= −E

R
· 1

Tc
+ ln

(
AR

E

)
,

whereTc is combustion temperature [28],R is the gas con
stant (8.314 J K−1 mol−1), andA is the frequency factor, it i
possible to determine the apparent activation energy (E) for
the soot combustion reaction regardless of the reaction
der by taking differential thermal analysis at several hea
rates.

Therefore, two other DSC analyses were carried out u
heating rates (β) of 15 and 20 K min−1.

The TPO experiments were performed in a test unit
ing a fixed-bed quartz reactor coupled to a mass spectr
ter Balzers/Prisma-QMS200 quadrupole. For quantifica
of reactants and products (O2, CO, CO2) the area unde
the curves was related to the areas from curves of kn
volume pulses of these compounds. Quantification of
(m/e = 28) was performed discounting the amount of C
from CO2 (m/e = 44) fragmentation. The soot and catal
mixtures and the soot and alumina mixture were prep
as described, using about 0.0100± 0.0005 g of soot. Thes
samples were pretreated under helium flow at 60 mL min−1,
at 473 K for 1 h, and a heating rate of 10 K min−1. Then,
the reaction was carried out under a descendent flow o
O2/He at 60 mL min−1, at 10 K min−1 from 298 to 923 K,
and kept at 923 K until complete oxidation, i.e., until C
-

t

r

s

t
e

-

and CO2 were no longe detected. The temperature of m
mum oxygen consumption (Tc) was taken for comparison o
catalyst performance.

To investigate the contribution of both species in ca
lyst 14Mo (dispersed Mo species and small crystallites
MoO3) [25], soot combustion was performed in two oth
TPO experiments, using separated beds for catalyst 1
and the mixture of soot and alumina: (a) by placing
soot+alumina mixture under the catalyst sample (referre
as 14Mo/soot); and (b) by placing the catalyst sample in
reactor, and then the soot+ alumina mixture above (referre
to as sample soot/14Mo). The beds were separated by q
wool, and the catalyst:soot ratio was 2:1 (w/w) for co
parison with the other TPO analyses. Similarly, two ot
TPO analyses were performed with catalyst 14V:sam
14V/soot and soot/14V.

Infrared spectroscopic analyses of the catalysts were
ried out after carbon monoxide adsorption, using a Per
Elmer 2000 infrared spectrometer operating with a sp
tral resolution of 4 cm−1. Catalyst samples of about 25 m
were pressed into self-supporting wafers, and then pretre
at 773 K under an oxygen flow of 50 mL min−1 for 1 h
at a heating rate of 10 K min−1, followed by vacuum a
10−5 Torr for 1 h. After the system cooled to room tem
perature, carbon monoxide was added at 30 Torr for a
15 min until pressure stabilization; then the first IR spectr
was taken. With the system kept closed, without evacua
it was heated at 10 K min−1 to 373 K for 15 min, and the
second IR spectrum was taken after waiting for the sys
to cool at room temperature. This procedure was repe
twice, by heating the system to 573 and 773 K, and two o
IR spectra were taken.

3. Results and discussion

DSC profiles of soot combustion in the presence of
mina and catalysts 5Mo, 14Mo, 5V, and 14V are shown
Fig. 1, whereas Table 1 lists the combustion temperat
(Tc), enthalpies (�H ), and activation energies (E).

The soot combustion temperature in the presence of
mina is 897 K (called “soot” in Table 1). However, th
temperature decreases in the presence of the catalysts,
869, 826, and 889 K for 5Mo, 14Mo, and 14V, respective
For catalyst 5V the combustion temperature is 904 K, wh
is very close to that of alumina. However, it can be obser
that Tc decreases as Mo and V contents increase. The
performance was displayed by catalyst 14Mo, which lo
ered the combustion temperature from 897 to 826 K,
a reduction of about 70 K. These results agree with th
reported in the literature [6,11,15], considering simple c
alytic systems without promoters. In addition, compari
with other works should be made with caution becaus
the specificities of the reaction conditions, such as hea
rate, gas phase composition, soot/catalyst contact type
soot/catalyst ratio.
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Fig. 1. DSC curves of combustion of soot mixed with alumina (a) and w
the catalysts 5Mo (b), 5V (c), 14V (d), and 14Mo (e).

Table 1
Combustion temperature (Tc), reaction enthalpy, and activation energy,
sulting from DSC analysis, for soot reaction with alumina (named soot)
the catalysts 5Mo, 14Mo, 5V, and 14V

Sample Tc �H Eat
a

(K) (kJ mol−1) (kJ mol−1)

Soot 897 −87 180
5Mo 869 −108 100
14Mo 826 −189 97
5V 904 −180 120
14V 889 −312 110

a Estimated according to Eq. (1) [28,29].

The apparent activation energy for noncatalytic soot c
bustion is 180 kJ mol−1 (Table 1). This value was expecte
considering the values reported in the literature, such
168 kJ mol−1 for Printex-U (Degussa) [30], 158 kJ mol−1

for real soot [29], and 130 kJ mol−1 for amorphous carbo
black [16]; and the variation in these values may be
tributed to surface heterogeneity and structural propertie
different types of carbon. Despite that, it is generally agr
that activation energy increases if the structure of the ca
becomes more ordered [30].

For catalytic soot combustion, apparent activation e
gies are rarely reported. Dernaika et al. [29] studied s
combustion with oxides, such as Al2O3, CeO2, La2O3, SiO2,
TiO2, and ZrO2, and reported that activation energy was lo
ered by about 7 kJ mol−1 with respect to noncatalytic oxida
tion, which demonstrates the small influence of these ox
on soot combustion. In addition, they also performed the
action with these oxides impregnated with Pt, and the res
showed that the catalyst 1% Pt/La2O3 produced the best re
sult, decreasing the activation energy by only 17 kJ mo−1,
although the combustion temperature had decreased 8
Other authors [32,33] reported a decrease in activation
ergy of almost 45% for promoted catalysts. In the pres
work, for catalysts 5Mo, 5V, and 14V, the apparent activat
energy values are similar, being 100, 120, and 110 kJ mo−1,
respectively, and are almost half the value for the non
alyzed reaction. The lowest value was obtained with cata
.

14Mo: 97 kJ mol−1. Therefore, although the apparent activ
tion energies of noncatalytic and catalytic soot combus
are not comparable, because they are referred to sub
tially different sets of reactions, they do predict the influen
on soot combustion.

The enthalpy change accompanying the reaction
−87 kJ mol−1 with alumina (Table 1), while for molybde
num catalysts the enthalpy is higher, increasing with
content, being−108 kJ mol−1 for 5Mo and−189 kJ mol−1

for 14Mo. Similarly, reaction enthalpy is higher in th
presence of vanadium catalysts than in the presenc
alumina, and catalyst 14V exhibited the highest entha
−312 kJ mol−1. These different values may be related to
formation of different products.

The standard enthalpies of CO and CO2 formation and of
CO oxidation, at 298 K, are related as follows:

(2)
C(s, graphite) + O2(g) → CO2(g), �Hθ = −394 kJ mol−1,

(3)
C(s, graphite) + 1

2O2(g) → CO(g), �Hθ = −111 kJ mol−1,

(4)
CO(g) + 1

2O2(g) → CO2(g), �Hθ = −283 kJ mol−1.

These values may be related to the calculated enthalpi
the soot reaction in the presence of the catalysts, even th
the conditions for DSC analyses differ from standard con
tions. So the larger the amount of CO2 formed, the highe
the enthalpy of the reaction.

Fig. 1 shows that the temperature at the onset of soot c
bustion in the presence of alumina and catalyst 5V is aro
790 K. Catalyst 14V exhibits the lowest onset temperat
about 700 K, and for both molybdenum catalysts this te
perature is almost the same: 725 K. Even though the hea
fect accompanying a reaction depends on the heat diffu
into the system, it can be observed that the temperatu
which the heat effect ends is about 870 K for catalyst 14
whereas it is 940 K for catalyst 14V. So catalyst 14Mo d
change the heat effect, resulting in soot combustion at lo
temperatures.

The DSC curves of soot combustion with vanadium c
alysts and alumina show similar patterns, which look l
Gaussian curves. The molybdenum catalysts also show
ilar patterns of curves, although they are different from th
of vanadium catalysts: a shoulder can be observed be
combustion temperature, with maxima at 823 and 80
for catalysts 5Mo and 14Mo, respectively. This observa
clearly indicates that different thermal phenomena are
curring in the Mo system, which may be related to disti
reaction processes.

Table 2 displays the temperature of maximum consu
tion of oxygen (Tc), and the percentages of CO and CO2 ob-
tained from TPO analyses for noncatalyzed soot combus
(in the presence of alumina, called “soot”), for the reacti
with catalysts 5Mo, 14Mo, 5V, and 14V. Fig. 2 displays t
consumption of oxygen (curve a) and the formation of c
bon monoxide (b) and carbon dioxide (c) from TPO analy
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Table 2
Combustion temperature (Tc) and CO and CO2 selectivity, resulting from
TPO analysis, for noncatalyzed soot combustion (named soot), for com
tion of soot mixed with the catalysts 5Mo, 14Mo, 5V, and 14V, and for
samples 14Mo/soot, soot/14Mo, 14V/soot, and soot/14V, where the
lysts and soot are separated in two beds

Sample Tc CO CO2
(K) (%) (%)

Soot 917 71 29
5Mo ∼ 923 67 33
14Mo 859 25 75
5V 923 63 37
14V 891 43 57
14Mo/soot 919 57 43
Soot/14Mo 913 61 39
14V/soot 912 59 41
Soot/14V > 923 62 38

Fig. 2. Curves of oxygen consumption (a) and CO (b) and CO2 formation
(c) versus temperature from TPO analysis for combustion reaction of
mixed with the catalysts 5Mo (A) and 14Mo (B).

for the reaction with molybdenum catalysts: 5Mo (Fig. 2
and 14Mo (Fig. 2B). Because all the TPO profiles are s
lar, the others are not shown.

For noncatalyzed soot combustion, the temperature o
maximum consumption of oxygen (Tc) is 917 K (Table 2)
and is almost the same as the temperature of maximum
mation of CO and CO2. In the presence of catalyst 5M
maximum consumption of O2 occurs around 923 K, wherea
for 14Mo, it occurs at 859 K (Table 2). As observed
the noncatalyzed reaction, in soot combustion with 5
(Fig. 2A), maximum consumption of oxygen and maxim
formation of CO and CO2 occur at the same temperatu
However, with catalyst 14Mo (Fig. 2B), maximum form
tion of CO occurs at a temperature 14 K lower than tha
which maximum consumption of oxygen and CO2 formation
takes place. For vanadium catalysts, maximum consu
tion of oxygen and maximum formation of CO and C2
occur almost at the same temperature: at 923 and 89
for 5V and 14V, respectively. So, catalyst 14Mo exhib
the best catalytic performance, lowering the soot com
-

tion temperature from 917 to 858 K, which is a reduct
of about 59 K. DSC results for this catalyst show a red
tion of about 70 K. However, the differences observed
combustion temperature obtained between DSC and
analyses may be related to differences in experimental
ditions [34]. Nonetheless, these results are in agreemen

The TPO results show that O2 consumption is lower fo
the noncatalyzed reaction than for the catalyzed reac
and higher for the 14Mo catalyst than for the other cataly
During the pretreatment with He flow before TPO analys
it is possible that Mo and V species may be partially redu
and thus regenerated during the TPO analyses, increasin2
consumption. Although it cannot be disregarded, these
sults are related mainly to the amount of CO2 formation.

CO2 selectivity is 29% for the noncatalyzed reaction (T
ble 2). However, with molybdenum catalysts, it is 33%
5Mo and 75% for 14Mo, whereas for vanadium cataly
it is 37% for 5V and 57% for 14V. These results indica
that the catalysts favor the complete combustion of soo
addition, CO2 selectivity is higher for catalysts with high
loadings, i.e., for catalysts 14Mo and 14V.

Considering the enthalpy of the reaction and CO2 se-
lectivity, it can be seen that the enthalpy with catalyst
(−180 kJ mol−1) is about 1.7 times higher than that wi
5Mo (−108 kJ mol−1), even though the CO2 selectivities of
the two catalysts are very close (37 and 33%, respectiv
Similarly, the results show that the enthalpy of the reac
with catalyst 14V (−312 kJ mol−1) is about 1.7 times highe
than that with 14Mo (−189 kJ mol−1), despite the lowe
CO2 selectivity for 14V (57% vs 75%, with 14Mo). Ther
fore, it may be inferred that formation of CO2 in the presence
of vanadium and molybdenum catalysts occurs by diffe
reaction processes, which may involve adsorption and
sorption steps and probably can affect the enthalpy valu

Fig. 3 displays the percentage of soot conversion ve
temperature obtained from TPO results for the noncataly
reaction and for reactions in the presence of 5Mo, 14

Fig. 3. Percentage of soot conversion versus temperature from TPO r
for the noncatalyzed soot combustion reaction (—) and for the reactio
soot mixed with the catalysts 5Mo ("), 14Mo (!), 5V (2), and 14V (1).
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5V, and 14V. The conversion curves for alumina and c
alysts 5Mo, 5V, and 14V are similar. However, for catal
14Mo, the curve is shifted to lower temperatures and exh
a different shape, with a higher slope, suggesting that c
lyst 14Mo increased the reaction rate of soot combust
reaching 100% conversion very fast.

Considering that the catalysts with higher loading
molybdenum and vanadium exhibit the best performa
TPO analyses in two beds were performed only with 14
and 14V. Table 2 lists the combustion temperature (Tc) and
percentages of CO and CO2 resulting from these analyses f
samples 14Mo/soot and 14V/soot (where the gas flows
through the catalyst) and soot/14Mo and soot/14V (wh
the gas flows first through the mixture of soot and alumin

For the molybdenum catalyst, the temperature of m
mum consumption of O2 (Tc), where gas flows first throug
catalyst 14Mo (sample 14Mo/soot), is 919 K and the C2
selectivity is 43%. When the beds are inverted, i.e., the
flows first through the mixture of soot and alumina (sa
ple soot/14Mo),Tc is 913 K and CO2 selectivity is 39%
(Table 2). On the other hand, for the vanadium catal
the maximum consumption of O2 (Tc) occurs at 912 K and
CO2 selectivity is 41% for sample 14V/soot. When the b
configurations are inverted (sample soot/14V), the com
tion temperature is reached after the isothermal treatm
at 923 K, and CO2 selectivity is 38%. Therefore, catalys
14Mo and 14V in both configurations exhibit similar beha
ior.

Comparing these results with those for the noncatal
reaction (Table 2), it can be noted that the presenc
catalysts 14Mo or 14V, in both configurations, slightly
creases CO2 selectivity (almost 10% points), but basica
does not affect combustion temperature. This suggests
the vanadium and molybdenum active species involve
both configurations are related to the oxidation of CO fr
the gaseous phase. In this way, when gas flows first thro
the catalytic bed, the volatile species from MoO3 and V2O5
crystallites, which are the only species involved in this c
figuration, may be transferred to the soot bed, promo
the increase in CO2 selectivity. However, when gas flow
first through the soot–alumina mixture, it may be inferr
that the CO formed by the noncatalyzed soot reaction
be oxidized to CO2 when passing through the catalytic be
Therefore, both volatile and dispersed species of these
lysts are probably involved.

Similarly, comparing the results of combustion for se
rated beds, catalyst above and soot below (samples 14
soot and 14V/soot) with the combustion of the mixed b
catalyst and soot (Table 2), CO2 selectivity was markedly en
hanced and combustion temperature was significantly
ered for the last case. When catalyst and soot are in s
rated beds, the only species involved are the volatile o
then it may be inferred that these species are not resp
ble for catalytic performance. Similar behavior was obser
for the opposite layer position: catalyst 14Mo or 14V u
der the soot bed (samples soot/14Mo and soot/14V). Ag
t

-

/

-

-

Fig. 4. IR spectra of the catalysts 5Mo (A) and 14Mo (B), with CO adsor
at 273 K (a), 373 K (b), 573 K (c), and 773 K (d).

Fig. 5. IR spectra of the catalysts 5V (A) and 14V (B), with CO adsorbe
273 K (a), 373 K (b), 573 K (c), and 773 K (d).

the mixed catalyst and soot bed layer (Table 2) showed
hanced CO2 selectivity and lower combustion temperatu
This confirms our suggestion that the Mo and V disper
species in contact with soot play an important role in c
alytic soot combustion.

Figs. 4A and 4B are the IR spectra of molybdenum c
alysts 5Mo and 14Mo, respectively, with CO adsorbed
298 K (spectrum a), 373 K (b), 573 K (c), and 773 K (
Similarly, the IR spectra of vanadium catalysts 5V and 1
under a CO atmosphere, are in Figs. 5A and 5B, respecti

It can be observed that spectrum a of 5Mo (Fig. 4
clearly shows a doublet band at 2120 and 2180 cm−1, which
should be assigned to CO physically adsorbed and CO
the gas phase [35], which would be removed after eva
tion. Other bands, less intense, are seen at 1460 and 1
1610 cm−1, and are assigned to mono- and bidentate car
ated species [35,36], respectively. Spectrum b shows t
same bands, with almost the same intensity. However, s
trum c shows a more intense band at 1460 cm−1, while the
intensity of the band at 1610 cm−1 decreased; it is importan
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to note the very intense band at 2350 cm−1, which is associ-
ated with CO2 molecules slightly disturbed [35]. Spectrum
also shows the band at 2350 cm−1, but with higher intensity
These results suggest the formation of carbonated spec
the surface of the 5Mo catalyst at all temperatures. Howe
the CO2 physisorbed band appears only after heating at
and at 773 K, exhibiting higher intensity when the tempe
ture increases.

Similarly, all spectra of the 14Mo catalyst (Fig. 4B) sho
the doublet band at 2120–2180 cm−1, referring to reversible
CO adsorption and molecular CO. The band at 16
1610 cm−1, which is assigned to carbonate species [35,
is evident in spectra a and b, while the band at 2350 cm−1,
related to physisorbed CO2, appears after heating at 573 a
773 K.

Comparing the spectra of catalysts 5Mo and 14Mo,
notes that both catalysts exhibit the same bands when
pared under the same conditions; in addition, these b
are more intense for the 14Mo catalyst. This suggests
CO molecules may adsorb onto molybdenum catalysts
face at low temperatures (298 and 373 K), yielding carbo
species, which than decompose by heating, forming CO2 at
higher temperatures (573 K). The higher intensity of th
bands for the 14Mo catalyst may indicate its higher ab
to adsorb CO and desorb CO2.

For the vanadium catalysts, all spectra of catalyst
(Fig. 5A) show the bands at 2120 and 2170 cm−1, which
are assigned to reversible CO adsorption. Spectrum b s
slight bands in the range 1300–1700 cm−1, which are re-
lated to carboxylate CO2 and carbonate species (mono- a
bidentate) [35,36]. However, when the system is heate
573 K (spectrum c), it clearly exhibits highly intense ban
in the range 1300–1700 cm−1, which are at 1400, 1460, an
1590 cm−1. After heating at 773 K (spectrum d), the band
1400 cm−1 disappears; the band at 1590 cm−1 is less intense
than in spectrum c, while the intensity of bands at 1460
2170 cm−1 increase. In addition, a new, slight band appe
at 2350 cm−1, and is assigned to physisorbed CO2.

IR spectra of catalyst 14V (Fig. 5B) at room temperat
(spectrum a) and after heating at 373 K (spectrum b) s
bands at 2120 and 2170 cm−1, which are assigned to re
versible CO adsorption and to mono- and bidentate car
ate species (1440–1700 cm−1), as already observed for ca
alyst 5V. After heating at 573 K (spectrum c), the bands
ferred to carboxylate–carbonate species (1300–1700 cm−1)
remain, with the appearance of the band 2350 cm−1, as-
signed to physisorbed CO2. After the system is heated
773 K (spectrum d), the intensity of the band related to
sorbed CO (2170 cm−1) increases, while the intensity of th
band related to physisorbed CO2 (2350 cm−1) decreases
The noisy spectrum is probably due to higher vanad
loading, which turns the sample darker.

Therefore, these results also indicate that vanadium c
lysts may adsorb CO, mainly at high temperatures, yield
carbonate species, but, contrarily, the Mo catalysts are ha
t

-

t

s

-

desorbed. Moreover, carbonate species on catalyst 14V
to be more easily desorbed as CO2 than those formed on 5V

For molybdenum and vanadium catalysts, formation
CO2 after CO adsorption clearly shows the role of the o
gen lattice of these catalysts. In addition, considering
carbonate species are formed on molybdenum catalys
low temperatures (298, 373 K), and then disappear at
temperatures (573, 773 K), while for vanadium cataly
these species are formed mainly at 573 K and remai
773 K, the carbonate species formed on vanadium s
ples seem to be more stable thermally than those forme
molybdenum catalysts.

Some authors [37–39] have studied the interaction
CO2 with active catalysts for soot combustion, and obser
that the most active catalysts were that having stronge
teraction with CO2. According to them, surface carbona
were formed on catalyst, suggesting that these compo
could act as reaction intermediates during soot combus
In our work, considering that the molybdenum catalysts
hibited better performance for soot combustion, and that
der a CO atmosphere, carbonate species are more un
than on vanadium catalysts, it may be suggested that the
mal stability of carbonate species formed on these cata
is inversely related to catalytic performance.

From the results presented here, we suggest a rea
pathway for catalyzed soot combustion: when in con
with the catalyst, soot interacts with the superficial o
gen of the molybdenum and vanadium dispersed spe
yielding those carbonated species at the interface, i.e., a
contact boundary between these solids; then, these ca
ate species may be released to the gaseous phase as
CO2.

This reaction pathway may be related to the redox me
anism in which lattice oxygen from the surface disper
species promotes the oxidation of soot by formation of
bonate species, followed by decomposition to CO or C2;
then the Mo and V dispersed species are reoxidized b2
supplied from the gas phase. Oxygen spillover may als
involved and cannot be disregarded.

The proposed pathway would also explain why the c
tact between soot and Mo and V dispersed species
important. Moreover, it would clarify that the different pe
formances exhibited by Mo and V dispersed species, i.e.
combustion temperature and the CO2 selectivity, are related
to their distinct reactivity for the formation and desorpti
of the carbonate species. In addition, the stronger inte
tion of the carbonated species formed on vanadium cata
than on molybdenum catalysts would explain the higher
thalpy changes accompanying the combustion reaction w
the soot is in contact with vanadium catalysts, as these
bonate species would need higher energy to desorb as2.

Noteworthy is that the true active sites for diesel s
combustion on Mo/Al2O3 and V/Al2O3 catalysts are the M
and V dispersed species at the surface and not the M3
and V2O5 crystallites. As reported in the literature the
crystallites are not stable at high temperature, mainly in
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presence of water vapor. However, recent results have sh
that the performance of these catalysts is stable after t
consecutive soot combustion experiments, and after ana
the dispersed species are still present, which is strong
idence of stabilization of the dispersed species during
combustion reaction. Although these catalysts are not
recommended for practical solutions, because the soot c
bustion temperature is still too high compared with the
haust diesel engines, it seems that with the understandi
the reaction surface and the molybdenum and vanadium
persed species on alumina-supported catalysts as activ
face species of diesel soot combustion, it would be poss
to suggest a way to develop real catalysts for soot com
tion.

4. Conclusions

The superficial dispersed species of both molybden
and vanadium catalysts are responsible for lowering
combustion temperature when in contact with soot.

The reaction pathway when the soot is in contact with
catalysts may be explained by the interaction of the soot
the superficial oxygen from the molybdenum and vanad
dispersed species to form carbonated species at the inte
i.e., at the contact boundary between these solids. This
tion pathway may be related to a redox mechanism in wh
lattice oxygen from the surface dispersed species prom
oxidation of the soot by the formation of carbonate spec
followed by decomposition to CO or CO2. Therefore, the
better performance of molybdenum catalysts is related to
higher facility of decomposition of those carbonated spe
on Mo superficial dispersed species.
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