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Abstract

The Co,Ba,K/CeO2 system is a potential candidate to be used under the simultaneous abatement of soot and NOx in diesel exhausts. In thi
work, we study the interactions of NOx with the said solid. NO2 is strongly adsorbed on the Ba,K/CeO2 surface through the formation of B
and K nitrate species which are stable under He atmosphere up to 490◦C. However, when Co is incorporated to the system (Co,Ba,K/C2
catalyst), Ba nitrates become unstable at ca. 370◦C, under both NO+ O2 and He atmosphere. DRX, FTIR, and LRS characterization sh
that potassium favors the formation of the BaCoO2.93 perovskite in the Co,Ba,K/CeO2 catalyst calcined at 400◦C. This perovskite structure
not detected when K is absent (Co,Ba/CeO2 system). FTIR spectra of Co,Ba,K/CeO2 treated with NO+O2 indicate the formation of surfac
N-bound nitrate species (O–Ba- -NO2), where NO2 acts as a Lewis base. Since the said species are not detected in the samples
BaCoO2.93, it is suggested that they are related to the Ba atoms of the perovskite structure. Microbalance experiments combined
and mass spectroscopy characterization show that the nitrate species formed in the Co,Ba,K/CeO2 sample can be readily decomposed to2
under a reducing atmosphere, making this system very interesting to be used as a NOx catalytic trap. On the other hand, under He atmosph
the decomposition of nitrates only produces gaseous NOx . In addition, when the Co,Ba,K/CeO2 catalyst previously treated under NO+ O2
atmosphere is intimately mixed with the soot and then heated in He up to 490◦C, the soot particulates are partially oxidized by the surf
nitrate species.
 2003 Elsevier Inc. All rights reserved.
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1. Introduction

The main pollutants emitted for diesel engines are s
particles and nitrogen oxides. The combination of traps
oxidation catalysts appears to be the most plausible a
treatment technique to eliminate soot particles [1].

NOx adsorbers (traps) constitute a new NOx control tech-
nology, which is being developed for partial lean-burn ga
line engines and for diesel engines [2]. The adsorbers, w
are incorporated into the catalyst washcoat, chemically
nitrogen oxides during lean engine operation. After the
sorber capacity is saturated, the system is regenerated
released NOx is catalytically reduced during a period of ric
engine operation [3]. In the case of diesel engines, s
a rich operation is not feasible, periodic fuel injections
necessary. This topic is a challenge to meet the deman
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future norms, and most of the studies have been perfor
with barium-supported catalysts [3–5].

In previous works [6,7] we reported that both Co,K/La2O3

and Co,K/CeO2 are very active and stable catalysts for
combustion of soot with oxygen. In the case of the ceria s
port, a reaction mechanism involving redox sites from b
Co and Ce oxides plus surface-carbonate species takes
on this catalyst. Potassium favors the surface mobility,
improving the soot-catalyst contact and increasing the
face basicity. Moreover, the addition of NO to the gas ph
results in a strong increase of the activity for soot comb
tion (reaction starts at ca. 250◦C and a maximum in TPO i
obtained at ca. 350◦C). In this case, the soot combusti
probably occurs via adsorbed NOx species as intermed
ates. Also, a key role of the catalyst surface was foun
be the oxidation of NO to NO2. The oxidation of soot with
NO2 has been widely studied by other research teams
ours [8–11], and it is the basis of the Continuously Rege
ating Trap (CRT) developed by Johnson Matthey.

http://www.elsevier.com/locate/jcat
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In this work we explore the effect of the addition of B
to the Co,K/CeO2 system, with the aim of improving the in
teraction with NOx molecules. In this way, we are seeki
two benefits: (i) to improve the catalytic activity for the so
combustion reaction by increasing the formation of surf
NOx intermediates, and (ii) to develop a bifunctional ca
lyst, which eliminates soot particles and is also able to s
NOx molecules, thus acting as a catalytic trap.

To this end, we characterized different solids (Co,Ba
CeO2) using several techniques. The amount of NOx stored
was measured through thermogravimetric analysis and
surface species formed during these experiments were
acterized by FTIR. XRD, Raman, and mass spectrosco
were applied to study the phase transformations occur
after different treatments of the solids.

2. Experimental

2.1. Soot and catalysts preparation

The soot used in this work was prepared by burn
commercial diesel fuel (Repsol-YPF, Argentina) in a gl
vessel. After being collected from the vessel walls, it w
dried in a stove for 24 h at 120◦C. The soot thus ob
tained contained 70 ppm of sulfur. Its specific surface a
was 55 m2 g−1. Temperature-programmed experiments p
formed using helium as carrier gas provided information
garding the amount of partially oxidized groups of the s
surface and the amount of hydrocarbons that could rem
adsorbed after the diesel combustion. In this way, the am
of carbon released as CO, CO2, and hydrocarbons represen
9.3% of the soot [12].

The Ba,K/CeO2 catalysts were prepared from a Ce2
(Merck, p.a., specific surface area= 10 m2 g−1) support
suspension in water, to which a solution containing KN3
and/or barium acetate was added, in order to obtain a loa
7 wt% of K and/or 16 wt% of Ba. The mixture was heat
while being vigorously stirred until a paste was achiev
which was dried in a stove for 24 h at 120◦C and calcined
at 400◦C for 2 h. In the case of the cobalt-containing sol
(Co,Ba,K/CeO2 and Co,Ba/CeO2), a Co(NO3)2 solution was
added to the catalysts (prepared as described above) in
to obtain 12 wt% of Co. The soot and the different cataly
were mechanically mixed in an agate mortar so as to ob
a soot/catalyst= 1/20 (wt/wt) ratio.

2.2. Catalyst characterization

2.2.1. X-ray diffraction (XRD)
The X-ray diffractograms were obtained with a Shimad

XD-D1 instrument with monochromator using Cu-Kα radi-
ation at a scan rate of 1◦/min, from 2θ = 10 to 60◦.
-

t

f

r

2.2.2. Microbalance studies
Microbalance studies were performed in a Cahn 2

equipment with the objective of studying the interaction
the catalyst with NO and NO+ O2. The sample was drie
for 2 h at 400◦C in He and then it was stabilized at 70◦C,
at which point the sample weight was determined (w◦). Af-
ter this, a mixture of NO (4%) or NO (4%)+ O2 (18%) (He
balance) was fed, and the sample was stabilized at 70◦C in
this stream. When a constant weight value was obtained
sample was heated up to 490◦C at 5◦C/min; then, it was
maintained at this temperature for 10 min after which it w
cooled to 70◦C. At this temperature, the feeding mixtu
was changed to He and after stabilization of the weight,
sample was weighed. Then the procedure was repeated
He (or 10% H2 in He) feed, and the sample was weighed
the end of this treatment at 70◦C in a He stream.

Equation (A) was used for the calculation of the NO2 stor-
age capacity percentages as ratios between the stored2
(as Ba(NO3)2) and the maximum NO2 storage capacity o
Ba (b = 0.0146 mol NO2/g Ba).

(A)% NO2 storage capacity= a(w(T )/w◦ − 1)100

b
,

where

a = 2

0.16(MWBa(NO3)2 − MWBaCO3)

= 0.1953 mol NO2/g Ba.

The constanta involves the molecular weights (MW
of BaCO3 and Ba(NO3)2 and it was calculated considerin
that: (i) all the barium (16 wt%) was as BaCO3 for fresh cat-
alysts, and (ii) the incorporation of NO2 led to Ba(NO3)2
according to

(B)
BaCO3(s) + 2NO2(g) + 1

2O2(g) → Ba(NO3)2(s)+ CO2(g),

w(T )/w◦ is relative mass (i.e., sample weight at any temp
atureT divided by the initial weight obtained at 70◦C after
the He treatment for 2 h at 400◦C).

Some of the experiments described above were
formed in a flow-type reactor in order to analyze the ga
evolved with (i) a Leybold quadrupole mass spectrom
able to monitor 10 components simultaneously as a func
of temperature/time, and (ii) a IR gas cell (length: 15 c
with KBr windows. These IR spectra were recorded
a Thermo Mattson Genesis II FTIR (scan, 20; resolut
1 cm−1).

In order to study the soot reaction with the adsorbed Nx

species, two different experiments were performed. (1)
Co,Ba,K/CeO2 catalyst was pretreated with NO (4%)+ O2
(18%) up to 370◦C with a heating rate of 5◦C min−1, and
maintained at this temperature until a constant weight v
was obtained. Then, the solid was mixed with soot in the p
portion 20/1, and the weight changes during the heating
He in the microbalance up to 490◦C were recorded (as prev
ously described). After this, a similar sequence was follow
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but with O2 (18%) in He. (2) The Co,Ba,K/CeO2 catalyst
mixed with soot was treated first with He and then with2
(18%) in He with the corresponding heating sequences
described in 1), the only difference being that the pretr
ment of the catalyst in NO+ O2 was not performed.

2.2.3. IR spectroscopy (FTIR)
Infrared spectra were obtained using a Shimadzu 81

spectrometer. Samples were prepared in the form of pre
wafers (ca. 1% sample in KBr). All spectra involved the
cumulation of 80 scans at 4 cm−1 resolution.

2.2.4. Laser Raman spectroscopy (LRS)
The Raman spectra were recorded with a TRS-600-S

Jasco laser Raman instrument, equipped with a CCD (ch
coupled device) with the detector cooled to about 153 K
ing liquid N2. The excitation source was the 514.5-nm l
of a Spectra 9000 Photometrics Ar ion laser, whereas
laser power was set at 30 mW.

3. Results and discussion

3.1. Catalyst characterization

The XRD patterns indicate that Ba/CeO2 and Ba,K/CeO2
are composed of CeO2 and BaCO3 crystalline phases (Ta
ble 1). In the case of Co,Ba,K/CeO2, the main reflexion
signals were those of the CeO2 support. The low-intensity
reflexions associated with BaCoO2.93 perovskite, BaCO3
and Co3O4 compounds were also detected. However,
Co,Ba/CeO2, the perovskite structure was not detect
Co3O4 and Ba(NO3)2 being present instead. These resu
could indicate that potassium would favor the perovs
structure formation, which was also previously observe
the Co,K/La2O3 system [13].

In order to obtain further insight into this aspect, R
man spectra of Co-containing catalysts were recorded. F
shows that the Co,Ba/CeO2 solid presents the three cha
acteristic vibrational signals of Co3O4: the sharp band a
693 cm−1 and the two bands at 523 and 486 cm−1 [14],
in addition to a small signal at 464 cm−1 corresponding
to the support (see the CeO2 spectrum which was also in
cluded for comparison). However, in the K-containing so
(Co,Ba,K/CeO2), although the Co3O4 vibrational bands ap
pear, the support signal is magnified. This would proba

Table 1
XRD phases

Catalyst Crystalline phases

Ba/CeO2 CeO2, BaCO3
Ba,K/CeO2 CeO2, BaCO3
Co,Ba/CeO2 CeO2, Ba(NO3)2, Co3O4

a

Co,Ba,K/CeO2 CeO2, BaCoO2.93,b Co3O4,b BaCO3
b

a Confirmed by laser Raman spectroscopy.
b Traces.
d

Fig. 1. Raman spectra of the Co-containing catalysts, including the su
signal for comparison.

imply a higher dispersion and smaller size of the Co3O4
crystals compared with the Co,Ba/CeO2 solid. This is con-
sistent with the XRD results: Co,Ba/CeO2 presents Co3O4
as a segregated phase whereas Co,Ba,K/CeO2 presents the
cobalt oxide only at traces level.

3.2. NOx interaction with the catalysts

In order to study the NOx storage capacity of the ob
tained catalysts, gravimetric studies were carried out. A
saturation in NO+ O2 at 70◦C, several steps were take
(1) the sample was heated in the same flow up to 490◦C at
5 ◦C/min, (2) it was cooled in the same flow to 70◦C, (3) it
was heated in He until 490◦C, and (4) it was cooled to 70◦C
in He.

Figs. 2 and 3 display the changes of weight due to
NO+O2 adsorption for all the solids. The dotted line divid
each graph into two sections: the left section correspon
the heating in the NO+ O2 stream (step 1), and the right o
to the heating in the He stream (step 3). Note that neithe
cooling in the NO+ O2 stream (step 2) nor the cooling
the He flow (step 4) are represented. The discontinuit
weight observed for each curve before and after the do
line is due to the cooling in the NO+ O2 stream.

Fig. 2 shows the microbalance experiments for Ba/Ce2,
K/CeO2, Ba,K/CeO2, and the support for comparison. U
loaded CeO2 adsorbs some NOx at 70◦C and the addition
of Ba to the said support increases the amount of NOx ad-
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Fig. 2. NOx adsorption in microbalance for the Ba,K/CeO2 system. Gaseous feed: NO (4%) and O2 (18%) (He balance).

Fig. 3. Effect of the cobalt addition in the microbalance experiments. Gaseous feed: NO (4%) and O2 (18%) (He balance).
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sorbed at this low temperature. Probably, the effect of B
to increase the surface basicity. The presence of K prov
the opposite effect. K seems to cover the CeO2 surface, thus
preventing the NOx adsorption.

The Ba/CeO2 sample presents a significant increase
weight during the heating in the NO+ O2 stream and the
final weight remains almost constant during the treatmen
He (Fig. 2), suggesting a nonreversible NOx incorporation
to the solid. Its storage capacity is 63.1% at the end of
treatment. However, as the composition of the stream is
its storage capacity is insignificant (Table 2).

In order to consider the effect of NO2, a NO+ O2 mixture
was passed through a bed of Pt(1wt%)/Al2O3 before enter-
ing the microbalance. It is well known that Pt catalysts
effective in catalyzing the oxidation of NO to NO2. On this
particular occasion, the amount of NO2 stored and the profile
of the weight changes were comparable to those obtaine
the NO+ O2 stream (Table 2). These results suggest that
sorbed NO2 was the NOx species which would react with B
to give stable nitrate species. CeO2 would act as oxidation
catalyst promoting the NO2 formation for NO+ O2 stream.
In this trend, the downstream NO2/NO ratio was 1300.

The potassium-containing sample (Ba,K/CeO2) has a
similar but not so pronounced behavior (Fig. 2). Its stor
capacity is below the one observed for the Ba/CeO2 sam-
ple (Table 2). Both potassium and barium are able to r
with NO2 forming nitrate species. But for the K-containin
sample, K was added as KNO3 and this substance was n
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Table 2
NOx storage capacities of different barium-containing materialsa

Catalyst NOx NO2 % storage NO2 % storage NO2 % storage
feed (NOx treatment, (after cooling (after cooling

300◦C)b in NOx , 70◦C)b in He, 70◦C)b

Ba/CeO2 NO + O2 19.1 72.6 63.1
Ba/CeO2 NO2 32.0 61.8 59.4
Ba/CeO2 NO 4.4 3.7 0
Ba,K/CeO2 NO + O2 13.2 44.7 44.7
Ba,K/CeO2 NO 1.0 4.2 2.2
Co,Ba,K/CeO2 NO + O2 27.1 39.1 1.0
Co,Ba,K/CeO2 NO 6.8 5.9 0
Co,Ba/CeO2 NO + O2 7.5 12.3 0
Pt,Ba/Al2O3

c NO + O2 26.8 – –

a For the NO2 % storage capacities equation, see Section 2.2.
b NOx and He treatments are described in Section 3.2.
c [16].

decomposed during the calcination treatment. In fact,
vious studies with K/La2O3 catalysts showed that KNO3
decomposes above 600◦C during TGA experiments [15]
For K/CeO2, KNO3 was used as a source of K; therefo
weight changes during the treatment in NO+ O2 were neg-
ligible (Fig. 2). On the other hand, in the absence of O2, part
of NO is irreversibly adsorbed on Ba,K/CeO2. However, its
storage capacity is notably smaller than in the presenc
NO + O2 (Table 2).

The presence of O2 enhances the NOx adsorption due to
the formation of NO2 which is adsorbed on the O- - -M su
face leading to nitrate species formation. Besides, NO2 could
diffuse through the catalyst particle producing bulk nitr
compound.

In order to study the effect of the addition of cobalt to B
containing catalysts and its relationship with NOx interac-
tion, microbalance studies were performed on Co,Ba/C2
and Co,Ba,K/CeO2 (12 wt% Co). Resulting profiles ar
shown in Fig. 3, in comparison with that obtained
Ba,K/CeO2.

Similarly to the one observed in Fig. 2, Co,Ba/Ce2
presents some adsorption at 70◦C, probably on the suppor
which decreased with the addition of K. When tempe
ture was increased, practically null adsorption of NOx on
Co,Ba/CeO2 during the NO+ O2 treatment was observe
Note that the weight change curve is flat (Fig. 3). This
because barium is mainly as Ba(NO3)2 in the fresh solid.
Furthermore, since Co3O4 is a crystalline structure ident
fied by XRD for this sample (Table 1), this would imply th
the NOx trap capacity of this spinel is negligible.

It should be noted that the only fresh, calcined sam
which shows barium nitrate XRD peaks is Co,Ba/CeO2 (see
Table 1). The source of the nitrates is the cobalt nitrate in
solution used for the impregnation method. Either during
solution stirring or during the calcination step, barium nitr
is formed which in this sample is stable up to 490◦C.

For the Co,Ba,K/CeO2 solid, the nitrate species forme
during the heating in NO+ O2 partially decompose at hig
temperatures (ca. 370–490◦C), although there is an increa
Fig. 4. Infrared spectra on Ba/CeO2: (a) fresh solid and (b) after the m
crobalance experiment (NO+ O2 followed by He treatments with heating
up to 490◦C, i.e., steps 1–4). See experimental section for more detail

in weight during the cooling in NO+ O2 (represented b
the discontinuity of the curve in Fig. 3), the instability
the nitrate species is also observed in the He stream
this way, the presence of the transition metal reduces
stability of nitrates at high temperatures. Note that the s
age capacity of this sample at 300◦C is comparable to tha
of Pt,Ba/Al2O3 reported by Laurent et al. [16] (Table 2
Probably, the surface interaction between Co and Ba in
perovskite structure prevents the formation of stable nit
species. FTIR experiments contributed to elucidate this
pect.

3.3. Characterization of NOx species after NO + O2

treatment

Figs. 4–6 show the IR spectra of the catalysts after b
used on gravimetric studies. For comparison, fresh cat
spectra are also reported.

The fresh Ba/CeO2 spectrum (Fig. 4a) revealed the fo
characteristic vibrational frequencies of BaCO3, a strong
band at 1437 cm−1, a small one at 1059 cm−1, and two sharp
bands at 858 and 694 cm−1 in agreement with XRD result
(Table 1). Whereas, in the IR spectrum after the NO+ O2
treatment (Fig. 4b), Ba(NO3)2 was identified as the mai
compound (1416 (s), 1358 (s), 818 (m), and 730 (m) cm−1).
The presence of two small peaks at 858 and 694 cm−1 sug-
gested that some BaCO3 remained on the support. The he
ing in the NO+ O2 stream makes NO2 replace CO2 and
the phase transformation occurs: BaCO3 → Ba(NO3)2 (re-
action (B), Section 2.2). The observed increase in we
is due to the difference in the gravimetric factors betw
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Fig. 5. Infrared spectra on Ba,K/CeO2: (a) fresh solid and (b) after the m
crobalance experiment (NO+ O2 followed by He treatments with heating
up to 490◦C, steps 1–4).

Table 3
Characteristic IR vibrational frequencies

Species IR vibrational frequencies (cm−1)

BaCO3 1437 (s), 1059 (w), 858 (m), 694 (m)
Ba(NO3)2 1416 (s), 1358 (s), 818 (m), 730 (m)
KNO3 1433 (sh), 1384 (s), 1354 (sh), 1273 (sh), 826 (
O–Ba- -NO2 1405 (s), 1352 (sh)

BaCO3 and Ba(NO3)2. This final compound is stable durin
the heating in He (Fig. 4b).

The IR spectrum of the fresh K/CeO2 catalyst (not
shown) confirmed that KNO3 is present on the surface cau
ing a negligible adsorption of NO2. As K was added to
Ba/CeO2, BaCO3 and KNO3 were the main compound
identified by IR (Fig. 5, Table 3). After the gravimetr
studies, the IR spectrum indicated the presence of t
compounds: KNO3, Ba(NO3)2, and BaCO3 (Fig. 5b). A sig-
nificant portion of BaCO3 seems to be occluded by K spec
during the NO+ O2 treatment, this being the cause f
the smaller increase of weight in comparison with Ba/Ce2
(Fig. 2). This phenomenon should be favored by the h
mobility of potassium on the catalyst surface [17].

The bands associated with KNO3 are present in the IR
spectrum of the fresh Co,Ba,K/CeO2 (Fig. 6) and a smal
contribution of Ba(NO3)2 species would be expected d
to the signal at 730 cm−1. The other three characterist
bands, 1416, 1358, and 818 cm−1, are occluded by KNO3
signals (Fig. 6a). In agreement with XRD results, a sho
der at 1437 cm−1 can be assigned to a small amount
BaCO3. The weight reached after the Microbalance exp
iment (steps 1–4) was essentially the same as that o
starting solid (Fig. 3), which would lead one to expect
significant differences between the IR spectra before
after the microbalance experiences (Figs. 6a and 6c, res
 -

Fig. 6. Infrared spectra on Co,Ba,K/CeO2: (a) fresh solid, (b) after the mi
crobalance experiment (NO+ O2 with a heating up to 490◦C, steps 1 and
2 only) and (c) after the microbalance experiment (NO+ O2 followed by
He treatments with heatings up to 490◦C, steps 1–4).

tively). The main vibrational signals of Ba(NO3)2 were not
better resolved after the NO+ O2 treatment (Fig. 6c) in com
parison with those of the fresh sample (Fig. 6a). Howe
a new band at 1405 cm−1 and a shoulder at 1352 cm−1 ap-
peared, and they would be associated to surface N-bo
nitrate species (O–Ba- -NO2), where NO2 would act as a
Lewis base [18,19]. Ba would be chemically bound to eit
Co or Ce forming a mixed oxide so that the reaction betw
BaO and NO2 to produce Ba(NO3)2 would not be allowed
According to the XRD results, BaCoO2.93 was present in the
fresh solid and this phase would be responsible for this in
action. Moreover, the IR spectrum of this sample after s
1 and 2 (Fig. 6b), which means just after the treatmen
NO + O2, showed that the relative intensity of the band
1405 cm−1 associated to the N-bounded NO2 species was
higher than that of the Co,Ba,K/CeO2 after the complete mi
crobalance experiment (steps 1–4) (Fig. 6c).

3.4. Stability of the nitrate species under reducing
atmosphere

A working trap should be able to adsorb NOx under an
oxidizing atmosphere and to release it as N2 during the en-
gine excursions under reducing conditions. Accordingly,
storage capacity of the solid and its ability to desorb
decompose the trapped NOx are important [6]. In order to
study our catalyst under such conditions, an experiment
performed first by adsorbing NOx under an oxygen exces
atmosphere at 370◦C and then changing the atmosphere
reducing conditions (10% of H2 in helium), analyzing the
composition of the gas phase with an on-line mass s
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Fig. 7. Mass spectrometer analysis of products during heating in He stream (A) and H2 (10%)/He (B). Catalyst: Co,Ba,K/CeO2 (previously treated with
NO + O2 at 370◦C).
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trometer. Results are shown in Fig. 7. It can be inferred
Co,Ba,K/CeO2 behaves as a NOx trap, retaining the NOx in
an oxidizing atmosphere and reducing NOx to N2 in diluted
H2 flow. The released N2 is clearly observed through the 2
and the 14 mass fragments, besides the absence of NOx frag-
ments (30 mass). In this view, the NO2 trapped on Ba site
was reduced by hydrogen, as reported by Balcon et al. [

For comparison, the evolution under He atmosphere
also recorded (left part of Fig. 7). This result shows t
(i) the release of NOx (30 mass profile) started aroun
350◦C, in clear concordance with the microbalance exp
iment (Fig. 3) and (ii) a flat curve was observed for a
mass profile, indicating that there was no N2 evolution when
heating under a nonreducing atmosphere.

3.5. Soot reaction with adsorbed NOx species

As a tight contact mixture of fresh Co,Ba,K/CeO2 cata-
lyst and soot (catalyst/soot= 20) was heated in He up t
490◦C in the microbalance, soot particulates were parti
burnt (Fig. 8A: dashed line). The reactant oxygen wo
be supplied by the catalyst surface taking into account
relevant characteristics of ceria-based materials: the
gen storage ability of the ceria lattice and the high oxid
ing power of Ce4+ (Ce3+/4+ redox couple) [21,22]. Th
burning of the soot occurs in two steps (as can be cle
seen in the derivative of the curve, shown in the bottom
Fig. 8A, dashed line), similar to that observed during T
(temperature-programmedoxidation) experiments [23]. T
behavior would be associated to the contribution of Co
face species as active sites for soot oxidation [23,24].
remaining soot is then totally burnt when O2 is added to the
He feed (Fig. 8B, dashed line). The surface oxygen va
cies originated during the catalytic oxidation of soot in
are readily regenerated via the incorporation of the gas-p
oxygen as lattice oxygen through the formation of sup
oxides (O2

−) or peroxides (O22−) [25–27] recovering the
active sites for the reaction.
e

As the Co,Ba,K/CeO2 catalyst previously pretreate
with NO + O2 (370◦C) was carefully mixed with soo
(catalyst/soot= 20), placed in the microbalance, and hea
in He flow up to 490◦C, the burning of the soot occurs
one step (Fig. 8A, solid line). In the absence of O2, the soot
particulates would be oxidized by reaction with the surf
nitrate species. The main gaseous products in this case
NO and CO2. Only trace amounts of NO2, N2O, and N2
were detected, where the latter product was determine
ing a mass spectrometer analyzer. This result suggeste
nitrate species decomposed toward NO2, which underwen
to NO after reaction with soot particles in the absence of2,
as reported by Luré et al. [28].

Even though a contribution of the lattice oxygen could
be excluded, some unburnt soot remained after this treat
in He. The mechanistic nature of soot oxidation where
catalyst acts as a source of active oxidant agents dem
a greater number of contact points between soot par
lates and catalyst particles, specifically surface oxidant s
These sites are reduced during the soot burning in the
sence of O2, and physical phenomena like mass and h
transfer become very important, thus decreasing the ov
reaction rate.

In the presence of O2, the burning of the remaining so
is completed at lower temperatures than in the fresh cat
(Fig. 8B, solid line). This lower burning temperature w
around 280◦C, suggesting that some active oxygen rema
on the catalyst surface.

For comparison, the weight changes when fresh cataly+
soot (catalyst/soot = 20) were heated in NO+ O2 are
included (Fig. 8C). The temperature at which the wei
change rate became maximum is somehow lower than th
the catalyst (previously treated with NO+ O2 at 370◦C)+
soot (compare Figs. 8A and C). However, the tendencie
both curves are similar except that the soot was comple
burnt because of the presence of the oxidant in the gas p
After that, an increase in weight was observed due to
NO2 incorporation to the solid (Fig. 8C).



V.G. Milt et al. / Journal of Catalysis 220 (2003) 424–432 431

with

Fig. 8. Study of the reaction between soot and adsorbed NOx species. (A) He stream, (B) O2 (18%) in He, and (C) NO (4%)+ O2 (18%) (He balance). Solid
line: Catalyst pre-treated with NO (4%)+ O2 (18%) up to 370◦C and then mixed with soot (20/1). Dashed and dashed dotted lines: Catalysts mixed
soot. The derivative curves are shown at the bottom.
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Fig. 9. Infrared spectra of the Co,Ba,K/CeO2 after the combustion of soo
in the absence of oxygen. (a) See dashed line in Fig. 8; (b) see solid li
Fig. 8.

The IR spectra of the Co,Ba,K/CeO2 catalyst+ soot
(Fig. 9a) and Co,Ba,K/CeO2 catalyst pretreated with NO+
O2 + soot (Fig. 9b), after the soot combustion, showed
characteristic bands of BaCO3 and KNO3 in both cases, thu
indicating that during the combustion process there was
structuring of Ba species and the formation of some bulk
carbonate. Moreover, the relative intensities of KNO3 were
less compared with those of the fresh catalyst (Fig. 6a),
gesting that those species could also act as a source of2.
Besides, one of the products of this reaction was CO2 which
competes with NO2 for the same storage Ba sites promot
the release of the latter.

4. Conclusions

Barium oxide, a well-known NOx trap, is incorporated in
this work to a soot combustion catalyst (Co,K/CeO2), look-
ing for a system for the simultaneous soot combustion
NOx abatement in diesel exhausts.

NO + O2 strongly interacts with Ba,K/CeO2 through the
formation of Ba and K nitrate species which are stable
der He atmosphere until 490◦C. This NO2 surface specie
migrate inside the solid forming a bulk nitrate compou
When Co is incorporated to the system (Co,Ba,K/CeO2 ca-
talyst) nitrates become unstable at ca. 370◦C both under
NO+ O2 and He atmosphere.

In the Co,Ba,K/CeO2 catalyst the formation of th
BaCoO2.93 perovskite was detected, which is not presen
the Co,Ba/CeO2 system, indicating that potassium decrea
the temperature necessary for the formation of the said s
ture. The perovskite would be responsible for the instab
of nitrate species, due to the formation of surface N-bo
nitrate species (O–Ba- -NO2), where NO2 acts as a Lewis
base.
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Nitrate species can be readily decomposed under
ducing atmosphere, making this system very interestin
be used as a NOx catalytic trap. However, under He a
mosphere, only nitrogen oxides are released during nitr
decomposition.

Soot particles can be oxidized by surface nitrate spe
trapped in the catalyst, this reaction being probably
alyzed by cobalt.
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