
t

for

ange in the

catalyst,
wn
hly active

sion at
Journal of Catalysis 230 (2005) 237–248

www.elsevier.com/locate/jca

Enhanced soot oxidation by lattice oxygen via La3+-doped CeO2
A. Bueno-López, K. Krishna, M. Makkee∗, J.A. Moulijn

Reactor & Catalysis Engineering, DelftChemTech, Delft University of Technology, Julianalaan 136, NL 2628 BL Delft, The Netherlands

Received 14 September 2004; revised 12 November 2004; accepted 24 November 2004

Abstract

The catalytic behaviours of CeO2 and a series of La3+-doped CeO2 catalysts (La3+ loading between 5 and 50 wt%) have been studied
soot oxidation by O2. XRD and Raman spectroscopy characterisation indicated that solid solutions are formed in the studied Ce/La ratio, in
which La3+ cations replace Ce4+ cations in the CeO2 lattice. Thermogravimetric analysis showed that La3+ significantly improves CeO2
catalytic activity for soot oxidation with O2. The best catalytic activity was found with 5 wt% La3+-doped CeO2 catalyst (CeO2-5La), in
both loose and tight contact conditions. This improvement seems to be related to the increase in BET surface area and the ch
catalyst redox properties of CeO2 brought about by doping with La3+. La3+ decreases the onset temperature of Ce4+ to Ce3+ reduction
by H2 from 580◦C (CeO2) to 325◦C (CeO2-5La) and increases the amount of Ce4+ that can be reduced by H2 (maximum amount for
CeO2-5La catalyst).

An advanced TAP reactor is used for the first time to study catalysed soot oxidation with labelled oxygen. In the absence of
oxidation starts above 500◦C, and mainly labelled oxidation species (CO and CO2) were found. In the presence of catalyst, it is sho
that the gas-phase labelled oxygen replaces nonlabelled lattice oxygen, creating the highly active nonlabelled oxygen. This hig
nonlabelled oxygen reacts with soot, giving CO and CO2. The creation of such active oxygen species starts from 400◦C and thereby
decreases the soot oxidation temperature. CeO2-5La produces more such active species, for example, leading to 98% oxygen conver
400◦C compared with 37% over CeO2 alone under identical circumstances.
 2004 Elsevier Inc. All rights reserved.
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1. Introduction

Air quality is an environmental problem that must
tackled by today’s society[1]. Although the quality of air
in urban areas is improving, in spite of growing urbani
tion, because of increasing human mobility and, theref
the increasing number of vehicles in our cities, still furth
improvement is needed.

The most used internal combustion engines in vehi
are the Otto and Diesel engines. The combustion proce
occurring in these engines are almost 100% complete. H
ever, some undesirable by-products are formed. Otto
gines, running on gasoline, generate mainly CO, hydro

* Corresponding author. Fax: +31-15-278-5006.
E-mail address: m.makkee@tnw.tudelft.nl(M. Makkee).
0021-9517/$ – see front matter 2004 Elsevier Inc. All rights reserved.
doi:10.1016/j.jcat.2004.11.027
s

bons (HC), and NOx , whereas diesel engines produce sm
size carbon particles (soot), NOx , and small amounts of CO
and HC.

Diesel exhaust gases had traditionally been consid
clean in comparison with the exhaust gases of gasoline
hicles[2], but the successful introduction of three-way c
alyst (TWC) for use in gasoline-powered vehicles and
development of modern engines have changed this be
of diesel engines. Therefore, the search for particulate
NOx reduction techniques is an issue of current scien
and technological research.

The conventional TWC used in gasoline engines c
verts simultaneously the HC, CO, and NOx present in the
exhaust gas into H2O, CO2, and N2. Typical TWC formu-
lations combine very active noble metals such Pd, Rh, o
on an oxygen storage component, generally based on
earth oxides[3]. The optimal performance of these cataly

http://www.elsevier.com/locate/jcat
mailto:m.makkee@tnw.tudelft.nl


238 A. Bueno-López et al. / Journal of Catalysis 230 (2005) 237–248

etri
cil-

of
dur-
nal
ive
re
th
or-

t of
he

f the
dies
n

hy-
lim-
tion
ra-
ite

th-
y
h is

,

de-

e of

sts
tilisa
is

-
ex-

for

e-
has
t

-

, and
in-
ytic
dy
x-
mal
le
-

r-

ara-
ysi-

ur-

d by
-

m)

was

as

man
ser
the

ay

lyse
ts
nd
nd
d.)
vac-
ng
lyst
cou-
asure
ax-

eri-
rent
ract

pro-
the

The
g of
t
. At
is reached when the exhaust gas is present in a stoichiom
air/fuel ratio (14.6:1). However, the gas composition os
lates slightly around this ratio, and the buffer properties
the rare earth component permit the storage of oxygen
ing fuel-poor periods (net oxidising) and supply additio
oxygen during fuel-rich periods (net reducing). Automot
pollution control is the most important application of ra
earth oxides today[4]. The main properties of rare ear
oxides for this TWC application are (i) a large oxygen st
age capacity via the redox process Ce4+ ↔ Ce3+; (ii) im-
provement of noble metals dispersion; (iii) improvemen
the thermal stability of supports; and (iv) promotion of t
water–gas shift reaction[5].

A catalytic device like TWC is not available for NOx
and soot elimination in diesel exhaust gases, in spite o
great advances that have been made in the last years in
particulate-trapping techniques[6]. Because of the lean-bur
conditions in the diesel engine, NOx reduction can only be
performed via selective catalytic reduction with urea or
drocarbon as a reductant. The main problem of soot e
ination is that the onset temperature for soot combus
catalysts (> 500◦C) is too high for spontaneous regene
tion of the filters, and, therefore, it is necessary to ign
soot periodically by raising the temperature with or wi
out diesel fuel addition[7]. This technology is commerciall
available for soot abatement. Another technical approac
the oxidation of soot with NO2 (NO2 is converted from NO)
which is much more reactive than O2 [6,8]. Strategies for
the reutilisation of NO in several cycles have also been
veloped[9]. Recently it has been found that CeO2 has the
potential to increase the oxidation rate of soot, becaus
the creation of “active oxygen”[10]. This finding opens a
new route for the development of soot oxidation cataly
based on these species. The generation and feasible u
tion of highly reactive “active oxygen” for soot oxidation
a focus of ongoing investigation.

Despite the fact that CeO2 and CeO2-based solid solu
tions containing different rare earth metals have been
tensively studied for TWC application[3,4], few detailed
studies have analysed the utilisation of these materials
soot oxidation[11,12].

In this study, La3+-doped CeO2 catalysts have been pr
pared and tested for soot oxidation, and their activity
been compared with that of CeO2. In this paper we presen
results for (i) the preparation of La3+-containing CeO2 solid
solutions with different Ce/La ratios; (ii) the catalytic ac
tivity of these materials for soot oxidation by O2; (iii) the
characterisation of the crystalline structure, surface area
redox properties of these materials, which will provide
formation about the key factors that control the catal
activity of these materials for soot oxidation; and (iv) stu
of the interaction of O2 with catalysts and soot-catalyst mi
tures in an advanced TAP reactor with the use of nor
and labelled O2, which provides information about the ro
of “active oxygen” species in the O2 soot oxidation reac
tion.
c

el

-

2. Experimental

2.1. Catalyst preparation

Nine catalysts have been prepared, one pure CeO2 cat-
alyst and eight La3+-containing CeO2 catalysts. La3+-
containing catalysts were denoted as CeO2-%La, where %
stands for the target La3+ percentage, determined by the fo
mula %= (100·gLa)/(gCe + gLa). The CeO2 catalyst was
denoted as CeO2.

Ce(NO3)3 · 6H2O (Aldrich, 99%) and La(NO3)3 · 6H2O
(Merck, 99%) were used as precursors for catalyst prep
tion. The required amounts of these precursors were ph
cally mixed in a mortar and were thermally treated in a f
nace at 1000◦C for 90 min in air (heating rate 10◦C/min).

2.2. Characterisation

The BET surface areas of catalysts were determine
physical adsorption of N2 at −196◦C in an automatic volu
metric system (Autosorb-6, Quantachrome).

Temperature-programmed reduction by H2 (TPR) was
carried out in a tubular quartz reactor (inner diameter 5 m
coupled to a TCD analyser for monitoring H2 consumed. In
the experiments the sample (50 mg of fresh catalyst)
heated at 10◦C/min from room temperature to 1000◦C in
30 ml/min flow of 7.7 vol% H2 in Ar. To quantify the total
amount of H2 consumed during the experiments, CuO w
used as a calibration reference.

Raman spectra were recorded in a Renishaw Ra
imaging microscope (system 2000) with a 20-mW Ar la
(514 nm). The Raman microscope was calibrated with
use of a silicon wafer.

X-ray diffractograms were recorded with a Philips X-r
diffractometer (PW 1840) using Ni-filtered Cu-Kα radiation
(λ = 0.15418 nm).

Temporal analysis of products (TAP) was used to ana
the interaction between gas-phase O2 and selected catalys
(CeO2 and CeO2-5La) at temperatures between 200 a
600◦C in the so-called Multitrack system, with labelled a
nonlabelled oxygen. A small cylindrical reactor (7 mm i.
containing the catalyst was connected to an ultrahigh
uum system (10−6 Pa). Small gas pulses, typically consisti
of ∼ 1016 molecules of pure oxygen, were fed to the cata
with high-speed gas pulsing valves. The reactor was
pled to three mass spectrometers that were able to me
the components of the gas leaving the reactor with a m
imum sampling frequency of 1 MHz. In a separate exp
ment Ar gas was pulsed through the catalyst bed at diffe
temperatures, and it can be assumed that it did not inte
chemically with the catalyst. Therefore, the Ar response
file is a reference for noninteracting gas. Comparison of
Ar and O2 responses shows the extent of the interaction.
oxygen pulse experiments were carried out with 100 m
catalyst (around 1020 molecules of CeO2), and this amoun
is much higher than the amount of gas molecules pulsed
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least 104 O2 pulses are necessary to reach similar molec
amounts of catalyst. Therefore, it is assumed that the s
number of labelled oxygen pulses used in studying its in
action at each temperature do not change the nature o
catalyst.

The first step of the experiment consisted of stabilisa
of temperature at 200◦C in vacuum and pulsing of nonla
belled O2 until oxygen uptake by the catalyst was no long
observed. The steady state was reached within about
pulses. Subsequently, the temperature was increased to
400, 500, and 600◦C, and nonlabelled O2 was pulsed a
each temperature. Above 200◦C, oxygen uptake was not ob
served after 25 pulses, as the catalyst was already satu
Once the above experiments were performed, the temp
ture was decreased to 200◦C and stabilised, and the same
of experiments was carried out with pure labelled O2 (18O2,
< 1% 16O2 impurity).

Experiments similar to those described above were
ried out with 10 mg of soot, and 10 mg of soot mixed w
100 mg of selected catalysts (CeO2 and CeO2-5La) in tight
contact. In these experiments, only labelled O2 was pulsed.

2.3. Soot oxidation activity in TGA

The catalysed soot oxidation was studied in a th
mogravimetric analyser (TGA, Mettler Toledo, TGA
SDTA851e). Oxidation experiments consisted of heating
soot–catalyst mixtures at 10◦C/min from 30 to 800◦C in
a 100 ml/min flow of air. The soot/catalyst weight rat
was 1:4. Because contact between soot and catalyst is
factor in this process[13], experiments inloose and tight
contact conditions were performed. For loose contact exp
iments, soot and catalyst were mixed with a spatula, whe
for tight contact tests the two components were intima
mixed in a mortar.

The model soot used in this study was a carbon b
from Degussa S.A. (Printex-U).Table 1 compiles some
physicochemical properties of this model soot.
,

.
-

y

Table 1
Model Printex-U soot characterisation (data from[8])

Fraction of adsorbed hydrocarbons 5.2%
Ash < 0.1%
BET surface area 95 m2/g
CHNS analysis 92.2% C

0.6% H
0.2% N
0.4% S

3. Results

3.1. Soot oxidation activity

Fig. 1 shows the parameterT50% (the temperature a
which 50% of soot is converted) from TGA experimen
under both loose and tight contact conditions. TheT50% tem-
perature for noncatalysed soot oxidation is 613◦C under the
experimental conditions used. As expected, CeO2 decreases
this temperature to 605 and 575◦C for loose and tight con
tact conditions, respectively. The presence of La3+ in the
catalysts significantly improves the catalytic behaviour
CeO2 when it is in tight contact with soot and to a small e
tent in loose contact experiments. The best activity was
tained with the catalyst CeO2-5La (T50% = 589 and 410◦C
for loose and tight contact, respectively). In loose con
conditions, theT50% temperature of the samples CeO2-40La
and CeO2-50La is similar to that observed for pure CeO2.
However, for tight contact experiments, the whole serie
La3+-containing samples shows better catalytic activity th
CeO2. Note that the catalytic behaviour of a physical mixtu
of the oxides CeO2 + La2O3 is significantly lower than tha
of the sample CeO2-5La.

Fig. 1 shows that the contact between soot and cata
drastically affects the oxidation temperature, which is in
cordance with the observations of Van Setten et al.[13]. In
spite of loose contact experiments that provide more r
istic information on catalyst behaviour under real opera
conditions[13], tight contact experiments were useful for
ed.
Fig. 1. Soot oxidation by O2 in TGA. Open symbols: loose contact; solid symbols: tight contact.T50% is the temperature at which 50% soot is convert
(Line to guide the eyes.)
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Fig. 2. BET surface area of CeO2-%La with varying La3+ doping. (Line to guide the eyes.)

Fig. 3. H2 consumption profiles during TPR of CeO2 and CeO2-%La catalysts.
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analysis of the differences in the catalytic activity of the
of samples tested in this study.

3.2. Surface area

The BET surface areas of catalysts are presented inFig. 2.
The low surface area of CeO2 (about 3 m2/g) is reasonable
considering that the samples were prepared by thermal t
ment at high temperature (1000◦C) [14]. La3+ improves
the BET surface area of CeO2, and a maximum value o
22 m2/g is reached by the sample CeO2-5La. This finding
is in agreement with data reported by Vidmar et al.[15],
who studied the effect of trivalent dopants on the proper
of Ce0.6Zr0.4O2 mixed oxides. These authors observed t
La3+ and Y3+ incorporation into Ce0.6Zr0.4O2 mixed oxides
increases the surface area of these materials.

Note that the BET surface area of the catalyst inFig. 2
follows a trend that is the inverse of that observed inFig. 1
for the parameterT50%, that is, the higher the BET surfac
-

area, the lower the soot oxidation temperature. This rela
ship is discussed in more detail in Section4.

3.3. TPR

TPR experiments were performed to analyse the re
properties of the fresh catalysts; H2 consumption profiles fo
selected samples are shown inFig. 3.

It is generally accepted[16] that two peaks characteris
the reduction profile of pure CeO2. The first peak, at abou
425◦C, is attributed to the reduction of the uppermost l
ers of Ce4+, and the main peak, at about 800◦C, originates
with the reduction of the bulk. However, in the CeO2 profile
in Fig. 3only the bulk peak is observed, which is reasona
when we consider that the BET surface area of this sam
is very low (3 m2/g). In contrast, the profile of the cataly
CeO2-5La shows a shoulder at lower temperatures (3
650◦C). If we take into account that the BET surface area
this sample is 22 m2/g, this shoulder could be attributed



A. Bueno-López et al. / Journal of Catalysis 230 (2005) 237–248 241
Fig. 4. Total H2 consumption and onset temperature of H2 consumption during TPR over CeO2 and CeO2-%La catalysts with varying La3+ contents. (Line
to guide the eyes.)

Fig. 5. Raman spectra of CeO2 and CeO2-%La catalysts.
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surface reduction of Ce4+ in the CeO2-5La catalyst. More-
over, the bulk reduction temperature of CeO2-5La decrease
and approaches the surface reduction peak. The general
cepted explanation for this is that the surface and bulk re
tions occur concurrently[16]. Comparison between CeO2
and CeO2-5La profiles shows that La3+ decreases the ons
temperature of Ce4+ reduction and increases the amount
Ce4+ that can be reduced (Fig. 4). However, the amount o
Ce4+ reduced on samples CeO2-30La and CeO2-50La de-
creases significantly in comparison with CeO2-5La. This is
expected if we consider the fact that the higher the L3+
loading, the lower the amount of Ce4+.

The total amounts of H2 consumed during TPR wer
quantified; these are shown inFig. 4. In this figure, the
onset temperatures have also been included. The hig
amount of H2 is consumed by the sample CeO2-5La, which
is also the most active catalyst in soot oxidation. This sam
also shows the lowest onset temperature of H2 consump-
tion.
-

t

3.4. Raman spectroscopy characterisation

The Raman spectroscopy technique has been used fo
investigation of fresh catalysts structure; the spectra obta
are compiled inFig. 5. For comparison, the Raman spectru
of La2O3 is also included in this figure.

The spectra inFig. 5 corresponding to CeO2-%La cat-
alysts do not present the typical La2O3 band, which sug-
gest that La3+ is located in the CeO2 lattice. The main
band of CeO2 and CeO2-%La catalysts at 459 cm−1 is
the only allowed Raman mode (F2g) of fluorite-type struc-
ture [17,18]. Fluorite-structure is a cubic structure (fcc)
which the cations are placed in the corners and in the
tres of faces and oxygen atoms are located at the tetr
dral sites. The Raman spectra for these fluorite-type o
structures are dominated by oxygen lattice vibrations
are sensitive to crystalline symmetry[19]. The presence o
La3+ in the CeO2 lattice deforms the structure, and t
fluorite-characteristic peak intensity decreases significa
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Fig. 6. X-ray diffractograms of CeO2 and CeO2-%La catalysts.
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with La3+ loading. It has been reported that this deformat
favours oxygen mobility, affecting the redox behaviour
the material[20], which is consistent with our TPR results

3.5. XRD characterisation

Powder X-ray diffractograms for the fresh CeO2 and
CeO2-%La catalysts are shown inFig. 6. X-ray diffraction
patterns confirm that the La3+-containing catalysts prese
the true mixed-oxide phase with the cubic, fluorite-ty
structure typical of CeO2. All of the diffractograms con
tain the six main reflections typical of a fluorite-structur
material with an fcc unit cell, corresponding to the (11
(200), (220), (311), (222), and (400) planes[21]. Note that
La3+ shifts the CeO2 characteristic peaks to lower angle
and the intensity of the peaks decreases with La3+ loading.
This means that La3+ affects the crystal structure. This
in line with the conclusion of Raman spectroscopy cha
terisation. Comparison between the catalyst diffractogr
and the La2O3 that is included as a reference inFig. 6 con-
firms that La3+ is in the CeO2 lattice. Characteristic La2O3
peaks are not observed in the La3+-containing samples, eve
at high loading. This confirms that there is no segregatio
phases in La3+-containing catalysts.

The average crystallite sizes (D) of catalysts were dete
mined with the Scherrer equation,

D = K · λ
β · cosθ

whereλ is the X-ray wavelength,K is the particle shap
factor, taken as 0.94[18], β is defined as the width at hal
maximum of the peak, andθ is the position (angle) of th
peak. The average crystallite size of CeO2 was estimated to
be about 100 nm, and the La3+-containing CeO2 catalysts
presented a crystallite size between 25 and 60 nm. He
[5] also reported that the average crystallite size decre
with doping of CeO2–ZrO2 solid solutions with Y3+ cations.
.
s

3.6. TAP experiments

We investigated the interaction between gas-phase O2 and
catalysts in an advanced TAP reactor by pulsing both p
nonlabelled (Fig. 7) and pure labelled O2 (Fig. 8). The re-
sponses shown in the figures were normalised at all o
temperatures, and the total amount of oxygen obtaine
integration and addition of the areas corresponding to
different oxygen species evolved is similar, indicating go
mass balance of the system studied. The Ar response pr
were superimposed for comparison (curves in gray).

Fig. 7a shows the O2 responses at different tempe
atures for the experiments carried out with CeO2, and
Fig. 7b shows the counterpart profiles for the experime
performed with CeO2-5La. All of these responses we
recorded once the steady-state regime was reached. It
sumed that there is no interaction between Ar and catal
Therefore, Ar profiles can be considered a reference, an
differences between Ar and O2 peak shapes and/or the del
of the O2 peak with regard to the Ar peak are attributed to
interactions between O2 and the sample. Profiles inFigs. 7a
and 7bindicate that there are no appreciable interacti
between O2 and the catalysts in the range of temperatu
studied.

Figs. 8a and 8bshow experimental results similar
those described inFig. 7, but with labelled O2. In accor-
dance with observations fromFig. 7a, Fig. 8a confirms tha
there are no interactions between gas-phase labelled O2 and
CeO2 in the range 200–500◦C. However, at 600◦C, part
of the pulse (18O–18O) sticks to the catalyst, and nonl
belled O2 (16O–16O) and scrambled molecules (16O–18O)
evolve. At this moment, it is not possible to discrimina
between surface or bulk adsorption. In this experiment,
only source of16O is the oxygen atoms on the cataly
and, therefore, this finding demonstrates the exchang
oxygen between gas-phase molecular oxygen and the
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Fig. 7. TAP experiments with non-labelled O2 pulsing. (a) CeO2 and (b) CeO2-5La. Grey lines-Ar (reference), black lines-O2.
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gen atoms on the lattice. He et al.[5] also observed oxy
gen exchange in solid solutions containing Zr, Y, and
or Pr in experiments performed in a flow microreactor. T
fact that interactions were not observed with nonlabe
oxygen (Fig. 7) indicates that the exchange of oxygen o
curs so quickly, and it is only detectable with labelled ox
gen.

Fig. 8b, corresponding to18O2 exchange on the CeO2-
5La catalyst, also shows exchange of oxygen at 500
600◦C. If experiments described inFigs. 8a and 8bfor sim-
ilar temperatures (500 or 600◦C) are compared, the pea
profiles indicate that La3+ favours the exchange of oxyge
between gas phase and catalyst.

The mass balance in the experiments shown inFig. 8
makes it possible to quantify the percentage of18O–18O,
16O–18O, and16O–16O that evolved in each experiment. R
sults compiled in theTable 2indicate that, at 600◦C, about
40% of the pulsed18O–18O sticks on the CeO2 catalyst, and
mainly 16O–16O evolves (37%), which has to be formed
recombination of two oxygen atoms from the lattice. A sm
amount of scrambled oxygen (3%) also evolves. For
CeO2-5La catalyst at 600◦C, 72% of the labelled oxyge
sticks and mainly16O–16O is generated (64%). At 500◦C,
the CeO2-5La catalyst also exchanges more oxygen t
CeO2. Only the La3+-containing sample shows oxygen e
change at 400◦C.

Fig. 9shows the profiles corresponding to the labelled2
pulsed into the soot-catalyst mixtures. In these experim
O2, CO, and CO2 were monitored.Table 3summarises the
masses monitored (mass) and the assignment of these
nals (gas). This table also compiles the percentage of
gas evolved at different temperatures, and the data c
sponding to experiments performed with only soot are a
included inTable 3.
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Fig. 8. TAP experiments with labelled O2 pulsing. (a) CeO2 and (b) CeO2-5La. Grey lines-Ar (reference), black lines-non-labelled and labelled O2 species.
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With the use of soot-CeO2 (Fig. 9a), at 200 and 300◦C,
100% pulsed labelled oxygen is measured. This indic
that there is no soot oxidation at these temperatures. H
ever, above 400◦C, part or all of the labelled O2 pulsed is
consumed and CO and CO2 are observed as reaction pro
ucts of soot oxidation. At 600◦C, for example, the pulse
labelled O2 is completely consumed, and CO and CO2 are,
respectively, 27 and 73% of the gas evolved. Note that
CO and CO2 contained nonlabelled oxygen, which indica
that the labelled oxygen pulsed sticks to the catalyst,
the oxygen on the lattice reacts with soot. In the presenc
catalyst the gas-phase labelled oxygen replaces nonlab
lattice oxygen from CeO2, creating highly active oxygen
This highly active nonlabelled oxygen reacts with soot, g
ing CO and CO2.

Unlike in the absence of soot, where oxygen excha
starts above 500◦C (Table 2), in the presence of soot th
highly active lattice oxygen is removed at temperature
low as 400◦C (Table 3). Soot acts as a driving force
d

Table 2
Percentage of gases evolved in TAP experiments with labelled O2 pulses to
CeO2 and CeO2-5La catalysts

Temperature (◦C) Gas CeO2 (%) CeO2-5La (%)

200 16O–16O 1 –a

18O–16O – –
18O–18O 99 100

300 16O–16O – –
18O–16O – 1
18O–18O 100 99

400 16O–16O 1 3
18O–16O – 4
18O–18O 99 93

500 16O–16O 4 25
18O–16O 1 9
18O–18O 95 66

600 16O–16O 37 64
18O–16O 3 8
18O–18O 60 28

a “–” not evolved.
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600

0

Fig. 9. TAP experiments with labelled O2 pulsing. (a) soot+ CeO2 and (b) soot+ CeO2-5La.

Table 3
Percentage of gasses evolved in TAP experiments with labelled O2 pulses to soot and soot-catalyst mixtures

Mass Gas Soot Soot+ CeO2 Soot+ CeO2-5La

Temperature (◦C) Temperature (◦C) Temperature (◦C)

200 300 400 500 600 200 300 400 500 600 200 300 400 500

48 CO2 (C–18O–18O) –a – – 1 4 – – – – – – – – – –
46 CO2 (C–16O–18O) – – – 2 5 – – – – – – – – – –
44 CO2 (C–16O–16O) – – – 1 2 – – 32 85 73 – – 98 100 10
36 O2 (18O–18O) 100 100 100 89 71 100 100 63 – – 100 100 2 – –
34 O2 (16O–18O) – – – – – – – – – – – – – – –
32 O2 (16O–16O) – – – – – – – – – – – – – – –
30 CO (C–18O) – – – 2 13 – – – – – – – – – –
28 CO (C–16O) – – – 5 5 – – 5 15 27 – – – – –

a “–” not evolved.
y-
, th

of
d-

f

-
that
t
ac-
the removal of this highly active oxygen, and the ox
gen exchange temperature is decreased. As expected
increase in temperature affected the CO/CO2 ratio, and
CO was progressively formed with temperature, in spite
the fact that CO2 was the main carbon-containing pro
uct.
e
CeO2-5La behaviour is qualitatively similar to that o

CeO2. However, above 400◦C, the pulsed labelled O2 is
completely consumed and CO2 continuously evolves. In ac
cordance with TGA experiments, these results indicate
the presence of La3+ in the CeO2 lattice lowers the onse
temperature of soot oxidation and improves the catalytic
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Table 4
Species involved in the redox cycles for the catalytic gasification of
vated carbons by NO (from[22])

Metal
catalyst

Reduced state
(Mred)

Oxidised state
(Mox–O)

Chromium Cr2O3 CrO2
Nickel Ni NiO
Cupper Cu CuO/(or Cu2O)
Cobalt Co (or CoO or Co3O4) Co2O3
Calcium CaO CaO(O)
Potassium KxOy KxOy + 1
Iron Fe (or FexOy ) FeO (or FexOy + 1)

tivity. Moreover, La3+ also improves the selectivity toward
CO2 formation.

The noncatalysed reaction between soot and labelled
gen proceeded in a manner different from that observed
CeO2 and CeO2-5La catalysed reactions. Data inTable 3in-
dicate that there was no reaction between soot and lab
O2 below 400◦C, and at 500 and 600◦C part of the labelled
oxygen is consumed. CO and CO2 evolved at both of thes
temperatures. CO and CO2 containing nonlabelled oxyge
should be attributed to surface oxygen complexes on the
bon before reactions. However,18O-containing CO and CO2
come from reactions with labelled oxygen.

4. Discussion

The results can be explained by considering the gene
accepted mechanism for the catalytic oxidation of carb
which is valid for many metal catalysts[22,23] including
alkaline, alkaline earth, and transition metals. In this me
anism, the metal catalysts participate in a redox cycle
which the metal is consecutively oxidised and reduced.
mechanism involves the following steps:

Mred + gas-O→ Mox–O, (1)

Mox–O+ Cf → Mred + SOC, (2)

SOC→ CO or CO2, (3)

where Mred and Mox–O represent the reduced and oxidis
states of the catalyst, respectively. Gas-O represents th
idant gas (O2, CO2, H2O, NO, NO2, etc.), Cf denotes a
carbon active site (orfree site) on the carbon surface, a
SOC represents a surface carbon–oxygen complex. In
first step, the catalyst “captures” oxygen from the gas-ph
molecules and is itself oxidised. In the second step, the
gen on the catalyst is transferred to an active site on
carbon surface, and the catalyst is reduced. In the third
the SOC decomposes to yield CO or CO2.

As an example, the redox pairs inTable 4have been sug
gested to participate in the catalysed gasification of activ
carbons by NO[22].

The large part of the reported literature related to r
earth catalysts based on studies focused on TWC a
cation, and results included in this work indicate that
-

-

,

previously described mechanism also seems to be vali
soot oxidation under our experimental conditions. It is w
known that in the CeO2-containing catalyst designed f
TWC, the redox pair Ce4+/Ce3+ is the basis of the ca
alytic activity for CO and HC oxidation by NOx and O2.
In brief, Ce3+ is oxidised by NOx and/or O2 to Ce4+, which
is reduced by CO and HC. Vidmar et al.[15] reported the
important role of trivalent dopants in improving this red
process and are in agreement with our results.

Results presented in this study suggest that both C2

and CeO2-%La catalysts follow a Ce4+/Ce3+ redox mecha
nism. The redox behaviour studied by TPR demonstrate
existence of Ce4+ cations that can be reduced to Ce3+, and
that La3+ favours this reduction process. TAP experime
show that the catalysts capture O2 from the gas phase. Und
high vacuum, in the absence of reductant species and
the lattice is saturated, the O2 gas replaces oxygen atoms
the lattice, which are recombined and evolve again as2.
This indicates that the redox cycle Ce3+ ↔ Ce4+ is taking
place. In the presence of soot (TGA and TAP experimen
it can be expected that the highly reactive oxygen atoms
erated by the catalyst will not be recombined to yield O2, but
react with soot. We denote this lattice oxygen species as
tive oxygen” because it is reasonable to assume a very
reactivity.

The rate of18O2 exchange with CeO2 and the creation o
active oxygen are much faster than the rate of18O2 direct
reaction with soot. Similarly, the rate of active oxygen re
tion with soot is much faster than the rate of its combina
giving gas-phase O2.

The incorporation of La3+ into the CeO2 lattice signif-
icantly improves the generation of “active oxygen,” whi
is deduced from the oxygen exchange data. The crea
of such active oxygen species starts at 400◦C, thereby de-
creasing the soot oxidation temperature. CeO2-5La produces
more such active species, leading, for example, to 98%
version of pulsed18O2 to CO2 at 400◦C compared with 37%
over CeO2 alone (to CO and CO2). Raman spectra indica
that this improvement is related to the deformation of
CeO2 structure, which increases the oxygen mobility on
lattice and favours the Ce4+ ↔ Ce3+ cycle. The generatio
of “active oxygen,” induced by La3+, explains the high activ
ity of the CeO2-%La catalysts in relation to CeO2 alone, ob-
served in TGA experiments under tight contact conditio
This improvement in soot conversion over La3+-containing
catalysts can only be attributed to the formation of solid s
tions, as demonstrated by the lower activity over physic
mixed CeO2 + La2O3 catalyst (Fig. 1).

In the catalysed soot oxidation process, the surface
of the catalyst plays a crucial role because it is closely
lated to the gas-catalyst interactions. This is also the cas
catalyst reduction by H2, as deduced from the relationsh
between the onset temperature of H2 consumption in TPR
experiments and the BET surface area of catalysts as s
in Fig. 10.
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contact.
Fig. 10. Onset temperature of H2 consumption in TPR versus BET surface area of the respective catalysts.

Fig. 11.T50% of soot oxidation from TGA versus BET surface area of the respective catalysts. Open symbols: loose contact; solid symbols: tight
as
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In Fig. 11, theT50% for soot oxidation is represented
a function of the BET surface area of the catalyst. A l
ear relationship is observed under both tight and loose
tact conditions. The only exception is the CeO2 catalyst in
tight contact conditions, which does not display the expec
trend. This suggests that the BET surface area is no
only factor affecting the activity of the catalysts, and act
oxygen might play an important role. Under loose cont
conditions, it seems appropriate to assume that most o
active oxygen generated by the catalyst is not useful for
oxidation. Loose contact between catalyst and soot part
makes the “active oxygen” transfer to soot difficult, and
active species will be recombined to yield O2 before they
react with soot. Therefore, differences between CeO2 and
CeO2-%La related to active oxygen participation are n
observed, and BET surface area is the only factor that
termines the activity of catalyst. However, the transpor
active oxygen from catalysts to soot particles seems not t
a problem in tight contact conditions. Therefore, the La3+-
containing catalysts that generate “active oxygen” at lo
temperatures and in major amounts are much more e
tive for soot oxidation. The participation of active oxyg
in the reaction explains that CeO2 is out of the linear trend
(Fig. 11).
As we consider the results of this study, two challen
remain for future research: designing new materials that
erate high amounts of active oxygen species, and deter
ing the appropriate cations with which to dope CeO2, which
seems to be a promising route. Furthermore, it remain
design appropriate catalytic systems that improve the
tact between soot and catalyst in order to favour the us
utilisation of active oxygen.

5. Conclusions

La3+ significantly improves the catalytic activity of CeO2

for soot oxidation by O2. The best results were obtained w
5 wt% La3+ catalyst in both loose and tight contact co
ditions. This improvement is related to the increase in
BET surface area, which improves the O2–catalyst interac
tion, and to the change in the redox properties of the cata
Experiments performed with labelled O2 demonstrate tha
gas-phase O2 replaces oxygen atoms on the catalyst latt
The amount of oxygen exchanged is improved by dopin
CeO2 with La3+. La3+ also decreases the onset tempera
of this process from 500 to 400◦C. The highly reactive ac
tive oxygen species generated by the catalyst during th2
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exchange process are very active in soot oxidation. Howe
the lifetime of this species is very small, and it can only
transferred to the carbon particles in close vicinity, such
that achieved in tight contact conditions; otherwise they
recombined to generate O2.
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