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Abstract

The catalytic behaviours of Ce@nd a series of L?ef-doped CeQ catalysts (LﬁJr loading between 5 and 50 wt%) have been studied for
soot oxidation by @. XRD and Raman spectroscopy characterisation indicated that solid solutions are formed in the studie@ie in
which L&t cations replace (& cations in the Ce®lattice. Thermogravimetric analysis showed thaf taignificantly improves Ce®
catalytic activity for soot oxidation with @ The best catalytic activity was found with 5 Wt%:ﬁ&doped CeQ catalyst (Ce®@-5La), in
both loose and tight contact conditions. This improvement seems to be related to the increase in BET surface area and the change in the
catalyst redox properties of Ce®rought about by doping with I34. La3t decreases the onset temperature dtC® Ce* reduction
by Hy from 580°C (CeQ) to 325°C (CeG-5La) and increases the amount of‘Cethat can be reduced bysHmaximum amount for
CeOy-5La catalyst).

An advanced TAP reactor is used for the first time to study catalysed soot oxidation with labelled oxygen. In the absence of catalyst,
oxidation starts above 50€, and mainly labelled oxidation species (CO and C@ere found. In the presence of catalyst, it is shown
that the gas-phase labelled oxygen replaces nonlabelled lattice oxygen, creating the highly active nonlabelled oxygen. This highly active
nonlabelled oxygen reacts with soot, giving CO andoCDhe creation of such active oxygen species starts from°@0and thereby
decreases the soot oxidation temperature. £8iCa produces more such active species, for example, leading to 98% oxygen conversion at
400°C compared with 37% over Celone under identical circumstances.
00 2004 Elsevier Inc. All rights reserved.
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1. Introduction bons (HC), and NQ, whereas diesel engines produce small-
size carbon particles (soot), NOand small amounts of CO

Air quality is an environmental problem that must be and HC. - _
tackled by today’s societfl]. Although the quality of air D|e_sel exhau_st gases had traditionally been cons_ldered
in urban areas is improving, in spite of growing urbanisa- cl_ean in comparison with the_ exhaust_gases of gasoline ve-
tion, because of increasing human mobility and, therefore, Nicles[2], but the successful introduction of three-way cat-
the increasing number of vehicles in our cities, still further alyst (TWC) for use in gasol_lne-powered vehicles _and the_
improvement is needed. devglopment.of modern engines have changed 'thIS benefit

The most used internal combustion engines in vehicles of diesel engines. Therefore, the search for particulate and

are the Otto and Diesel engines. The combustion processe Ooftre(ri]uctllon telchnlquesh is an issue of current scientific
occurring in these engines are almost 100% complete. How-an_l_hec no oglf[:'a rels_elz_ar/(é ' di i .
ever, some undesirable by-products are formed. Otto en- € conventiona used In gasolineé engines con-

ines, running on gasoline, generate mainly CO, hydrocar- verts simultaneously the HC, CO, anq N@resent in the
g unning g ! 9 iy Y exhaust gas into $0, CO,, and Nb. Typical TWC formu-

lations combine very active noble metals such Pd, Rh, or Pt
" Corresponding author. Fax: +31-15-278-5006. on an oxygen storage component, generally based on rare
E-mail address: m.makkee@tnw.tudelft.{M. Makkee). earth oxideg3]. The optimal performance of these catalysts
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is reached when the exhaust gas is present in a stoichiometri@. Experimental

air/fuel ratio (14.6:1). However, the gas composition oscil-

lates slightly around this ratio, and the buffer properties of 2.1. Catalyst preparation

the rare earth component permit the storage of oxygen dur-

ing fuel-poor periods (net oxidising) and supply additional
oxygen during fuel-rich periods (net reducing). Automotive
pollution control is the most important application of rare
earth oxides today4]. The main properties of rare earth
oxides for this TWC application are (i) a large oxygen stor-
age capacity via the redox process*€e> Ce**; (i) im-
provement of noble metals dispersion; (iii) improvement of
the thermal stability of supports; and (iv) promotion of the
water—gas shift reactigi].

A catalytic device like TWC is not available for NO

Nine catalysts have been prepared, one pure GeD
alyst and eight L& -containing Ce@ catalysts. L&"-
containing catalysts were denoted as g€l a, where %
stands for the target 24 percentage, determined by the for-
mula %= (100g.a)/(dce + gLa). The CeQ catalyst was
denoted as Cep

Ce(NG)3 - 6H20 (Aldrich, 99%) and La(N@)3 - 6H,O
(Merck, 99%) were used as precursors for catalyst prepara-
tion. The required amounts of these precursors were physi-
cally mixed in a mortar and were thermally treated in a fur-

and soot elimination in diesel exhaust gases, in spite of thenace at 1000C for 90 min in air (heating rate 1C/min).
great advances that have been made in the last years in diesel

particulate-trapping techniqufgj. Because of the lean-burn
conditions in the diesel engine, N@eduction can only be
performed via selective catalytic reduction with urea or hy-

drocarbon as a reductant. The main problem of soot elim-

2.2. Characterisation

The BET surface areas of catalysts were determined by
physical adsorption of Nat —196°C in an automatic volu-

ination is that the onset temperature for soot combustion metric system (Autosorb-6, Quantachrome).

catalysts £ 500°C) is too high for spontaneous regenera-

Temperature-programmed reduction by HTPR) was

tion of the filters, and, therefore, it is necessary to ignite carried outin a tubular quartz reactor (inner diameter 5 mm)

soot periodically by raising the temperature with or with-
out diesel fuel additiofi7]. This technology is commercially

coupled to a TCD analyser for monitoring ldonsumed. In
the experiments the sample (50 mg of fresh catalyst) was

available for soot abatement. Another technical approach isheated at 10C/min from room temperature to 100C in

the oxidation of soot with N@(NO; is converted from NO),
which is much more reactive thany@6,8]. Strategies for

30 mil/min flow of 7.7 vol% K in Ar. To quantify the total
amount of B consumed during the experiments, CuO was

the reutilisation of NO in several cycles have also been de- used as a calibration reference.

veloped[9]. Recently it has been found that Cefas the

Raman spectra were recorded in a Renishaw Raman

potential to increase the oxidation rate of soot, because ofimaging microscope (system 2000) with a 20-mW Ar laser

the creation of “active oxygen['10]. This finding opens a

(514 nm). The Raman microscope was calibrated with the

new route for the development of soot oxidation catalysts use of a silicon wafer.
based on these species. The generation and feasible utilisa- X-ray diffractograms were recorded with a Philips X-ray

tion of highly reactive “active oxygen” for soot oxidation is
a focus of ongoing investigation.
Despite the fact that CeQand CeQ@-based solid solu-

diffractometer (PW 1840) using Ni-filtered CuzKadiation
(A, =0.15418 nm).
Temporal analysis of products (TAP) was used to analyse

tions containing different rare earth metals have been ex-the interaction between gas-phasgddd selected catalysts

tensively studied for TWC applicatiof8,4], few detailed

(Ce® and Ce@-5La) at temperatures between 200 and

studies have analysed the utilisation of these materials for600°C in the so-called Multitrack system, with labelled and

soot oxidatio11,12]
In this study, L&"-doped Ce® catalysts have been pre-

nonlabelled oxygen. A small cylindrical reactor (7 mm i.d.)
containing the catalyst was connected to an ultrahigh vac-

pared and tested for soot oxidation, and their activity has uum system (10° Pa). Small gas pulses, typically consisting

been compared with that of CeQn this paper we present
results for (i) the preparation of B&-containing Ce@solid
solutions with different Cé.a ratios; (ii) the catalytic ac-
tivity of these materials for soot oxidation by,(iii) the

of ~ 106 molecules of pure oxygen, were fed to the catalyst

with high-speed gas pulsing valves. The reactor was cou-

pled to three mass spectrometers that were able to measure
the components of the gas leaving the reactor with a max-

characterisation of the crystalline structure, surface area, andmum sampling frequency of 1 MHz. In a separate experi-
redox properties of these materials, which will provide in- ment Ar gas was pulsed through the catalyst bed at different
formation about the key factors that control the catalytic temperatures, and it can be assumed that it did not interact
activity of these materials for soot oxidation; and (iv) study chemically with the catalyst. Therefore, the Ar response pro-
of the interaction of @with catalysts and soot-catalyst mix- file is a reference for noninteracting gas. Comparison of the
tures in an advanced TAP reactor with the use of normal Arand Q, responses shows the extent of the interaction. The
and labelled @, which provides information about the role  oxygen pulse experiments were carried out with 100 mg of
of “active oxygen” species in the LOsoot oxidation reac-  catalyst (around 18 molecules of Ceg), and this amount
tion. is much higher than the amount of gas molecules pulsed. At
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least 16 O, pulses are necessary to reach similar molecular Table 1
amounts of catalyst. Therefore, it is assumed that the smallModel Printex-U soot characterisation (data fr{})

number of labelled oxygen pulses used in studying its inter- Fraction of adsorbed hydrocarbons 2%
action at each temperature do not change the nature of thesh <0.1%
catalyst BET surface area 95 #ig
. . . .. .. CHNS analysis 92% C
The first step of the experiment consisted of stabilisation 0.6% H
of temperature at 200C in vacuum and pulsing of nonla- 0.2% N
belled & until oxygen uptake by the catalyst was no longer 0.4% S

observed. The steady state was reached within about 125

pulses. Subsequently, the temperature was increased to 300,

400, 500, and 60%C, and nonlabelled ©was pulsed at 3. Results

each temperature. Above 200, oxygen uptake was not ob-

served after 25 pulses, as the catalyst was already saturated 1. Soot oxidation activity

Once the above experiments were performed, the tempera-

ture was decreased to 200 and stabilised, and the same set

of experiments was carried out with pure labelleg(&Oy, which 50% of soot is converted) from TGA experiments

<1% 16Q2 impurity). _ under both loose and tight contact conditions. Tk, tem-
Experiments similar to those described above were car- perature for noncatalysed soot oxidation is 6Cunder the

ried out with 10 mg of soot, and 10 mg of soot mixed with - gxperimental conditions used. As expected, Edecreases
100 mg of selected catalysts (Cg@nd CeQ-5La) in tight this temperature to 605 and 575 for loose and tight con-

Fig. 1 shows the parametefsoy, (the temperature at

contact. In these experiments, only labelleg@s pulsed. ¢t conditions, respectively. The presence of'Lin the
catalysts significantly improves the catalytic behaviour of
2.3. Soot oxidation activity in TGA CeQ when itis in tight contact with soot and to a small ex-

tent in loose contact experiments. The best activity was ob-
tained with the catalyst CefbLa (T504 = 589 and 410C
The catalysed soot oxidation was studied in a ther- for |oose and tight contact, respectively). In loose contact
mogravimetric analyser (TGA, Mettler Toledo, TGA/ conditions, thelsgy, temperature of the samples Ce@0La
SDTAB85F). Oxidation experiments consisted of heating the gnd CeQ®-50La is similar to that observed for pure CeO
soot—catalyst mixtures at X€/min from 30 to 800C in However, for tight contact experiments, the whole series of
a 100 mymin flow of air. The soot/catalyst weight ratio |a3+-containing samples shows better catalytic activity than
was 1:4. Because contact between soot and catalyst is a kexCe(,. Note that the catalytic behaviour of a physical mixture
factor in this proces§l3], experiments ifoose and tight of the oxides Ce@+ LayOs is significantly lower than that
contact conditions were performed. For loose contact exper- of the sample Ce®5La.
iments, soot and catalyst were mixed with a spatula, whereas Fig. 1 shows that the contact between soot and catalyst
for tight contact tests the two components were intimately drastically affects the oxidation temperature, which is in ac-
mixed in a mortar. cordance with the observations of Van Setten efld]. In
The model soot used in this study was a carbon black spite of loose contact experiments that provide more real-
from Degussa S.A. (Printex-U)Table 1 compiles some istic information on catalyst behaviour under real operating
physicochemical properties of this model soot. conditiong[13], tight contact experiments were useful for an

3
=
A 1o catalyst
m, 0 CeO,
400 4,0 CeOr-%La
o, ® CeO,+LayOs (physical mixture)
350 T T T T T T T T T T "
0 10 20 30 40 50 100
La’" (%)

Fig. 1. Soot oxidation by @in TGA. Open symbols: loose contact; solid symbols: tight contBgje, is the temperature at which 50% soot is converted.
(Line to guide the eyes.)
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Fig. 2. BET surface area of Ce®bLa with varying L3t doping. (Line to guide the eyes.)
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Fig. 3. Hp consumption profiles during TPR of Ce@nd CeQ-%La catalysts.

analysis of the differences in the catalytic activity of the set area, the lower the soot oxidation temperature. This relation-

of samples tested in this study. ship is discussed in more detail in Sectin
3.2. Qurfacearea 3.3. TPR
The BET surface areas of catalysts are presentem)ir2. TPR experiments were performed to analyse the redox

The low surface area of Ce@about 3 nd/qg) is reasonable,  properties of the fresh catalysts; Bonsumption profiles for
considering that the samples were prepared by thermal treatselected samples are showrHig. 3.

ment at high temperature (1000) [14]. Lat improves It is generally acceptefl6] that two peaks characterise
the BET surface area of CeQand a maximum value of the reduction profile of pure CeOThe first peak, at about
22 n?/g is reached by the sample Cg6La. This finding 425°C, is attributed to the reduction of the uppermost lay-
is in agreement with data reported by Vidmar et[4b], ers of Cé*, and the main peak, at about 80D, originates
who studied the effect of trivalent dopants on the properties with the reduction of the bulk. However, in the Cefrofile

of Cep.eZro.402 mixed oxides. These authors observed that in Fig. 3only the bulk peak is observed, which is reasonable
La3t and Y3t incorporation into CgeZro 40> mixed oxides when we consider that the BET surface area of this sample

increases the surface area of these materials. is very low (3 nf/g). In contrast, the profile of the catalyst
Note that the BET surface area of the catalysFig. 2 CeO-5La shows a shoulder at lower temperatures (375—
follows a trend that is the inverse of that observedig. 1 650°C). If we take into account that the BET surface area of

for the parametefsgo, that is, the higher the BET surface this sample is 22 Ryg, this shoulder could be attributed to
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Fig. 4. Total B consumption and onset temperature gf¢dnsumption during TPR over Ce@nd CeQ-%La catalysts with varying 13 contents. (Line
to guide the eyes.)
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Fig. 5. Raman spectra of Ce@nd CeQ-%La catalysts.

surface reduction of ¢ in the CeQ-5La catalyst. More- 3.4. Raman spectroscopy characterisation
over, the bulk reduction temperature of Ge®l a decreases
and approaches the surface reduction peak. The generally ac- The Raman spectroscopy technique has been used for the
cepted explanation for this is that the surface and bulk reduc-investigation of fresh catalysts structure; the spectra obtained
tions occur concurrently16]. Comparison between CeO  are compiled irFig. 5 For comparison, the Raman spectrum
and CeQ-5La profiles shows that 1% decreases the onset of LayOg is also included in this figure.
temperature of C¥ reduction and increases the amount of The spectra irFig. 5 corresponding to Cef%la cat-
Cé*t that can be reducedrig. 4). However, the amount of  alysts do not present the typical 1&g band, which sug-
Ceé*t reduced on samples Ce@0La and Ce@50La de- gest that L&" is located in the Ce@lattice. The main
creases significantly in comparison with CeBLa. This is band of Ce@ and CeQ-%Lla catalysts at 459 cnt is
expected if we consider the fact that the higher théLa  the only allowed Raman mode A§} of fluorite-type struc-
loading, the lower the amount of €e ture [17,18] Fluorite-structure is a cubic structure (fcc) in
The total amounts of § consumed during TPR were which the cations are placed in the corners and in the cen-
quantified; these are shown Fig. 4. In this figure, the tres of faces and oxygen atoms are located at the tetrahe-
onset temperatures have also been included. The highestiral sites. The Raman spectra for these fluorite-type oxide

amount of H is consumed by the sample Cg6La, which structures are dominated by oxygen lattice vibrations and
is also the most active catalyst in soot oxidation. This sample are sensitive to crystalline symmetid9]. The presence of
also shows the lowest onset temperature gfddnsump- La®t in the CeQ lattice deforms the structure, and the

tion. fluorite-characteristic peak intensity decreases significantly
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Fig. 6. X-ray diffractograms of Cefdand CeQ-%La catalysts.

with La3t loading. It has been reported that this deformation 3.6. TAP experiments
favours oxygen mobility, affecting the redox behaviour of

the materia[ZO], which is consistent with our TPR results. We investigated the interaction between gas-ph@mﬂ
o catalysts in an advanced TAP reactor by pulsing both pure
3.5. XRD characterisation nonlabelled Fig. 7) and pure labelled ©(Fig. 8). The re-

sponses shown in the figures were normalised at all of the
temperatures, and the total amount of oxygen obtained by
integration and addition of the areas corresponding to the
different oxygen species evolved is similar, indicating good
mass balance of the system studied. The Ar response profiles
were superimposed for comparison (curves in gray).

Fig. 7a shows the @ responses at different temper-
atures for the experiments carried out with Ge@nd
Fig. 7 shows the counterpart profiles for the experiments
performed with Ce@5La. All of these responses were
recorded once the steady-state regime was reached. It is as-
sumed that there is no interaction between Ar and catalysts.
Therefore, Ar profiles can be considered a reference, and the
differences between Ar andy@eak shapes and/or the delay
of the O peak with regard to the Ar peak are attributed to the
interactions between£and the sample. Profiles Figs. 7a
and 7bindicate that there are no appreciable interactions
between @ and the catalysts in the range of temperatures
studied.

Figs. 8a and 8lshow experimental results similar to

Powder X-ray diffractograms for the fresh Ce@nd
CeQ-%La catalysts are shown fig. 6. X-ray diffraction
patterns confirm that the B&-containing catalysts present
the true mixed-oxide phase with the cubic, fluorite-type
structure typical of Ce@ All of the diffractograms con-
tain the six main reflections typical of a fluorite-structured
material with an fcc unit cell, corresponding to the (111),
(200), (220), (311), (222), and (400) plar{24]. Note that
La3t shifts the Ce® characteristic peaks to lower angles,
and the intensity of the peaks decreases witfLlaading.
This means that 1% affects the crystal structure. This is
in line with the conclusion of Raman spectroscopy charac-
terisation. Comparison between the catalyst diffractograms
and the LaOg3 that is included as a referencehig. 6 con-
firms that L&" is in the CeQ lattice. Characteristic L3
peaks are not observed in the’tacontaining samples, even
at high loading. This confirms that there is no segregation of
phases in L& -containing catalysts.

The average crystallite size®] of catalysts were deter-

mined with the Scherrer equation, those described iffig. 7, but with labelled @. In accor-

_ K- dance with observations froffig. 7a, Fig. 8a confirms that

B - cost there are no interactions between gas-phase labeleth®

where ) is the X-ray wavelengthk is the particle shape CeQ in the range 200-500C. However, at 600C, part
factor, taken as 0.90L8], g is defined as the width at half-  of the pulse ¥¥0-180) sticks to the catalyst, and nonla-
maximum of the peak, and is the position (angle) of the  belled & (**0-'%0) and scrambled molecule$Q-20)
peak. The average crystallite size of Geas estimated to  evolve. At this moment, it is not possible to discriminate
be about 100 nm, and the #&containing Ce@ catalysts between surface or bulk adsorption. In this experiment, the
presented a crystallite size between 25 and 60 nm. He et alonly source of'®0 is the oxygen atoms on the catalyst,
[5] also reported that the average crystallite size decreasesnd, therefore, this finding demonstrates the exchange of
with doping of CeG-ZrO, solid solutions with ¥+ cations. oxygen between gas-phase molecular oxygen and the oxy-
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Fig. 7. TAP experiments with non-labelled@ulsing. (a) Ce@ and (b) Ce@-5La. Grey lines-Ar (reference), black linessO

gen atoms on the lattice. He et ] also observed oxy-  40% of the pulsed®0-180 sticks on the Ce@catalyst, and
gen exchange in solid solutions containing Zr, Y, and Ce mainly 1°0-160 evolves (37%), which has to be formed by
or Pr in experiments performed in a flow microreactor. The recombination of two oxygen atoms from the lattice. A small
fact that interactions were not observed with nonlabelled amount of scrambled oxygen (3%) also evolves. For the
oxygen Fig. 7) indicates that the exchange of oxygen oc- Ce(Q-5La catalyst at 600C, 72% of the labelled oxygen
curs so quickly, and it is only detectable with labelled oxy- sticks and mainly*é0-160 is generated (64%). At 50,
gen. the CeQ-5La catalyst also exchanges more oxygen than
Fig. 8, corresponding t80, exchange on the Ce®© CeO. Only the L&*-containing sample shows oxygen ex-
5La catalyst, also shows exchange of oxygen at 500 andchange at 400C.
600°C. If experiments described Figs. 8a and 8lor sim- Fig. 9shows the profiles corresponding to the labelled O
ilar temperatures (500 or 60C) are compared, the peak pulsed into the soot-catalyst mixtures. In these experiments
profiles indicate that L¥ favours the exchange of oxygen 0O,, CO, and CQ were monitoredTable 3summarises the

between gas phase and catalyst. masses monitored (mass) and the assignment of these sig-
The mass balance in the experiments showifrign 8 nals (gas). This table also compiles the percentage of each
makes it possible to quantify the percentage!®@®-120, gas evolved at different temperatures, and the data corre-

160180, and'%0-180 that evolved in each experiment. Re- sponding to experiments performed with only soot are also
sults compiled in th@able 2indicate that, at 600C, about included inTable 3
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Fig. 8. TAP experiments with labelled,(ulsing. (a) Ce@ and (b) Ce®-5La. Grey lines-Ar (reference), black lines-non-labelled and labelledg@cies.

With the use of soot-CefX(Fig. %), at 200 and 300C, ~ [2Pe2

) L Percentage of gases evolved in TAP experiments with labelgplBes to
100% pulsed labelled oxygen is measured. This indicatesceq, and CeG-5La catalysts

that there is no soot oxidation at these temperatures. How-

. Temperature9C) Gas CeQ (%) CeO-5La (%)

ever, above 400C, part or all of the labelled ©pulsed is TS 3

. 200 0-160 1 =

consumed and CO and GQ@re observed as reaction prod- 180_160 _ B
ucts of soot oxidation. At 600C, for example, the pulsed 180180 99 100

labelled GQ is completely consumed, and CO and £&be, 160160 _ B
respectively, 27 and 73% of the gas evolved. Note that both 180_160 _ 1
CO and CQ contained nonlabelled oxygen, which indicates 180180 100 99
that the labelled oxygen pulsed sticks to the catalyst, and 44, 160_160 1 3
the oxygen on the lattice reacts with soot. In the presence of 180160 - 4
catalyst the gas-phase labelled oxygen replaces nonlabelled 180180 99 93
lattice oxygen from Ce& creating highly active oxygen. 5qo 160_160 4 25
This highly active nonlabelled oxygen reacts with soot, giv- 180160 1 9
ing CO and CG. 180180 95 66
Unlike in the absence of soot, where oxygen exchange 600 160160 37 64
starts above 500C (Table 2, in the presence of soot this 180160 3 8
highly active lattice oxygen is removed at temperatures as '%0-1% 60 28

low as 400°C (Table 3. Soot acts as a driving force in a “_" not evolved.
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Fig. 9. TAP experiments with labelledx(ulsing. (a) soot CeG, and (b) soot- CeOy-5La.
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Table 3
Percentage of gasses evolved in TAP experiments with labellquliBes to soot and soot-catalyst mixtures
Mass Gas Soot SoatCeO Soot+ CeOy-5La

TemperatureqC) Temperature®C) Temperature®C)

200 300 400 500 600 200 300 400 500 600 200 300
48 Cco, (C180-180) A - - 1 4 - - - - - - - - -
46 CO (C160-180) - - - 2 5 - - - - - - - - -
44 co, (C-160-160) - - - 1 2 - - 32 85 73 - - 98
36 o, (180-180) 100 100 100 89 71 100 100 63 - - 100 100
34 0, (*60-180) - - - - - - - - - - - - - -
32 0, (160-160) - - - - - - - - - - - - - -
30 co (cL8o) - - - 2 13 - - - - - - - - -
28 CO (c160) - - - 5 5 - - 5 15 27 - - - -

2 “_" not evolved.

the removal of this highly active oxygen, and the oxy-

CeO-5La behaviour is qualitatively similar to that of

gen exchange temperature is decreased. As expected, th€e(. However, above 400C, the pulsed labelled Ois

increase in temperature affected the CO$Cf@tio, and

completely consumed and G@ontinuously evolves. In ac-
CO was progressively formed with temperature, in spite of cordance with TGA experiments, these results indicate that

the fact that C@ was the main carbon-containing prod- the presence of I3 in the CeQ lattice lowers the onset

uct.

temperature of soot oxidation and improves the catalytic ac-
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Table 4
Species involved in the redox cycles for the catalytic gasification of acti-
vated carbons by NO (froif22])

Metal Reduced state Oxidised state
catalyst (Myeq) (Mox—0)
Chromium CpO3 CrOy

Nickel Ni NiO

Cupper Cu CuOl(or G&41D)
Cobalt Co (or CoO or Gg0y) Coy03
Calcium CaO CaO(0)
Potassium KO, KxOy 41

Iron Fe (or FgOy) FeO (or FO, . 1)

tivity. Moreover, L& also improves the selectivity towards
CO;, formation.
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previously described mechanism also seems to be valid for
soot oxidation under our experimental conditions. It is well
known that in the Ce@containing catalyst designed for
TWC, the redox pair C& /Cée** is the basis of the cat-
alytic activity for CO and HC oxidation by NOQand Q.

In brief, Cet is oxidised by NQ and/or @ to Cé*", which

is reduced by CO and HC. Vidmar et §l5] reported the
important role of trivalent dopants in improving this redox
process and are in agreement with our results.

Results presented in this study suggest that both,CeO
and CeQ-%La catalysts follow a C& /Ce*t redox mecha-
nism. The redox behaviour studied by TPR demonstrates the
existence of C& cations that can be reduced to*eand
that L& favours this reduction process. TAP experiments

The noncatalysed reaction between soot and labelled oxy-show that the catalysts capture fiom the gas phase. Under
gen proceeded in a manner different from that observed for high vacuum, in the absence of reductant species and once

CeQ and Ce®@-5La catalysed reactions. DataTable 3in-

the lattice is saturated, theo@as replaces oxygen atoms on

dicate that there was no reaction between soot and labelledhe lattice, which are recombined and evolve again as O

O2 below 400°C, and at 500 and 60 part of the labelled
oxygen is consumed. CO and @@volved at both of these
temperatures. CO and G@ontaining nonlabelled oxygen

This indicates that the redox cycle e« Cée** is taking
place. In the presence of soot (TGA and TAP experiments),
it can be expected that the highly reactive oxygen atoms gen-

should be attributed to surface oxygen complexes on the car-erated by the catalyst will not be recombined to yield ut

bon before reactions. Howevé?O-containing CO and CO
come from reactions with labelled oxygen.

4. Discussion

react with soot. We denote this lattice oxygen species as “ac-
tive oxygen” because it is reasonable to assume a very high
reactivity.

The rate o080, exchange with Cegand the creation of
active oxygen are much faster than the raté8, direct
reaction with soot. Similarly, the rate of active oxygen reac-

The results can be explained by considering the generallytion with soot is much faster than the rate of its combination
accepted mechanism for the catalytic oxidation of carbon, giving gas-phase ©

which is valid for many metal catalys{22,23] including

The incorporation of LA™ into the CeQ lattice signif-

alkaline, alkaline earth, and transition metals. In this mech- jcantly improves the generation of “active oxygen,” which
anism, the metal catalysts participate in a redox cycle, in js deduced from the oxygen exchange data. The creation
which the metal is consecutively oxidised and reduced. The of sych active oxygen species starts at 200thereby de-

mechanism involves the following steps:

Mred + gas-O— Mex—0O, 1)
Mox—O + Cf — Myeq + SOC, (2
SOC— CO or CQ, 3)

where Meg and Myx—O represent the reduced and oxidised

creasing the soot oxidation temperature. @&0Da produces
more such active species, leading, for example, to 98% con-
version of pulsed®0, to CO, at 400°C compared with 37%
over CeQ alone (to CO and Cg). Raman spectra indicate
that this improvement is related to the deformation of the
CeO structure, which increases the oxygen mobility on the

states of the catalyst, respectively. Gas-O represents the oxlattice and favours the Cé < Ce* cycle. The generation

idant gas (@, CO,, H20, NO, NGO, etc.), G denotes a
carbon active site (ofree site) on the carbon surface, and

of “active oxygen,” induced by L3, explains the high activ-
ity of the CeQ-%La catalysts in relation to Cealone, ob-

SOC represents a surface carbon—oxygen complex. In theserved in TGA experiments under tight contact conditions.
first step, the catalyst “captures” oxygen from the gas-phase This improvement in soot conversion over’tacontaining
molecules and is itself oxidised. In the second step, the oxy- catalysts can only be attributed to the formation of solid solu-
gen on the catalyst is transferred to an active site on thetions, as demonstrated by the lower activity over physically
carbon surface, and the catalyst is reduced. In the third stepmixed CeQ + LapOg3 catalyst Fig. 1).

the SOC decomposes to yield CO or £0
As an example, the redox pairsTable 4have been sug-

In the catalysed soot oxidation process, the surface area
of the catalyst plays a crucial role because it is closely re-

gested to participate in the catalysed gasification of activatedlated to the gas-catalyst interactions. This is also the case for

carbons by Ng22].

catalyst reduction by §] as deduced from the relationship

The large part of the reported literature related to rare between the onset temperature of €ébnsumption in TPR
earth catalysts based on studies focused on TWC appli-experiments and the BET surface area of catalysts as shown

cation, and results included in this work indicate that the

in Fig. 10
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Fig. 10. Onset temperature obltonsumption in TPR versus BET surface area of the respective catalysts.
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Fig. 11. 7509, of soot oxidation from TGA versus BET surface area of the respective catalysts. Open symbols: loose contact; solid symbols: tight contact.

In Fig. 11, the Tsq9, for soot oxidation is represented as As we consider the results of this study, two challenges
a function of the BET surface area of the catalyst. A lin- remain for future research: designing new materials that gen-
ear relationship is observed under both tight and loose con-erate high amounts of active oxygen species, and determin-
tact conditions. The only exception is the Ce€atalyst in ing the appropriate cations with which to dope Ge®hich
tight contact conditions, which does not display the expected seems to be a promising route. Furthermore, it remains to
trend. This suggests that the BET surface area is not thedesign appropriate catalytic systems that improve the con-
only factor affecting the activity of the catalysts, and active tact between soot and catalyst in order to favour the useful
oxygen might play an important role. Under loose contact utilisation of active oxygen.
conditions, it seems appropriate to assume that most of the
active oxygen generated by the catalyst is not useful for soot
oxidation. Loose contact between catalyst and soot particles5. Conclusions
makes the “active oxygen” transfer to soot difficult, and the

active species will be recombined to yield @efore they La3* significantly improves the catalytic activity of CeO
react with soot. Therefore, differences between £a@d for soot oxidation by @. The best results were obtained with
CeQ-%La related to active oxygen participation are not 5 wt% La** catalyst in both loose and tight contact con-
observed, and BET surface area is the only factor that de-ditions. This improvement is related to the increase in the
termines the activity of catalyst. However, the transport of BET surface area, which improves the-@atalyst interac-
active oxygen from catalysts to soot particles seems not to betion, and to the change in the redox properties of the catalyst.
a problem in tight contact conditions. Therefore, thé't-a Experiments performed with labelled,@emonstrate that
containing catalysts that generate “active oxygen” at lower gas-phase ©replaces oxygen atoms on the catalyst lattice.
temperatures and in major amounts are much more effec-The amount of oxygen exchanged is improved by doping of
tive for soot oxidation. The participation of active oxygen CeQ, with La3t. La3* also decreases the onset temperature
in the reaction explains that Ce@ out of the linear trend  of this process from 500 to 40€. The highly reactive ac-
(Fig. 110). tive oxygen species generated by the catalyst during the O
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exchange process are very active in soot oxidation. However, [9] A. Setiabudi, M. Makkee, J.A. Moulijn, Appl. Catal. B 42 (2003) 35.
the lifetime of this species is very small, and it can only be [10] A. Setiabudi, J. Chen, G. Mul, M. Makkee, J.A. Moulijn, Appl. Catal.
transferred to the carbon particles in close vicinity, such as ___ B51(20099. »

. L " . . [11] V.G. Milt, C.A. Querini, E.E. Mir6, M.A. Ulla, J. Catal. 220 (2003)
that achieved in tight contact conditions; otherwise they are

424,
recombined to generate;O [12] M.L. Pisarello, V. Milt, M.A. Peralta, C.A. Querini, E.E. Mir6, Catal.
Today 75 (2002) 465.
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