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CeQ catalysed soot oxidation
The role of active oxygen to accelerate the oxidation conversion
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Abstract

The influence of Ce®in the acceleration of NQ@assisted soot oxidation has been studied in flow-reactor equipment by comparing two
catalyst configurations, namely: (1) Pt upstream of soot and (2) Pt upstream gfs6eOThe role of CePhas been elucidated by means
of DRIFT spectroscopy coupled with mass spectrometry and TAP reactor experiments. It was found ghaa @ potential to accelerate
the oxidation rate of soot due to its active oxygen storage. The formation of active oxygen is initiated bytN©gas phase. A synergetic
effect is observed as a result of surface nitrate decomposition, which results in gas phaselN@sorption of active oxygen. Stored oxygen
is postulated to exist in the form of surface peroxide or super oxide. Active oxygen is likely to play a role on the acceleration of soot oxidation
and to contribute more than desorbed N$D NO, from surface nitrate decomposition.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction NOs is used catalytically, viz. every NOs used more than

once. In both systems NQOs generated that passes through
Due to the environmental and health effects of diesel sootthe wall-flow monolith where it reacts with the trapped

and the pressure to comply with the emissions regulations, soot.
it is not surprising that reduction of diesel soot emission has  So far, both in the laboratory and real life application,
gained a lot of attention. Efforts to reduce the emissions arethe oxidation of soot with N@ has been explored only as
ongoing and remain a challenging topic. One of the reduc- a non-catalytic reaction, for example j8]. Combination
tion strategies is to employ a diesel after-treatment systemwith a catalytic system that accelerates the reaction could
onto the exhaust. Soot-trapping followed by oxidation with pe a major improvement. Catalysis by a metal oxide might
the highly reactive N@ is an example and the basis of be an option. Among metal oxides Ce®as been proven
the so-called Continuously Regenerating Trap (CRI])  to have potential in the oxidation of so]. For example,
and the TU Delft filter[2]. These filter systems contain a cerium compound has been used as fuel additive. The first
platinum catalyst upstream of a soot trap. The main dif- effect of the cerium fuel additive is to reduce the amount of
ferences are as follows. In the CRT system Pt is loaded engine-out particulatgs]. The second effect of the cerium
on a flow-through monolith, while in the TU Delft filter  additive is that it enhances the reactivity of the soot formed.
Pt catalyst is loaded on ceramic foam. In the CRT system Upon deposition on the filter, CeQs present in the soot
the Pt coated flow-through monolith functions only asNO  particulate a very fine particle size of about 5-25[& In
generator, no soot trapping or soot oxidation is aimed for. this way CeQ acts as an oxidation catalyst (fuel borne cat-
In the TU Delft filter a Pt/ceramic foam catalyst is designed alyst) in the regeneration of trapped particulate maftes].
as a multifunctional reactor that functions not only as2NO |n combination with traces of platinum catalyst, cerium
generator but also as soot filter; a specific advantage is thafpresent in the activated soot showed synergetic effect in the
oxidation of soot with NO and ©[9]. Although ceria has
* Corresponding author. Tek:31-15-2781391; fax:-31-15-2785006. €€ used as fuel borne catalyst, the catalysis of soot oxida-
E-mail address: m.makkee@tnw.tudelft.nl (M. Makkee). tion by CeQ in the presence of NO and,®@emains unclear.
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The acceleration of the NBsoot reaction by Cefis with a continuous flowing air stream for two hours. The par-
postulated to occur according to the following processes: ticle size was 63—10@m (determined from powder XRD
pattern). The pattern shows that the sample contains only
CeQ phase. The BET specific surface area of the sample
measured by Quantachrome Autosorb-6B is 83)(m?/g,
which is in agreement form the calculation of Gegarticle
size distribution as obtained from XRD measurements.

(@) CeQ might catalyse the oxidation of NO to NQas
a result additional N@ is available for the N@-soot
reaction

(b) At low temperature, Cefadsorbs N@ in the form
of cerium nitrate. At high temperature cerium nitrate
is decomposed and NQs produced. This N@again
contributes to accelerate the soot-N@action.

(c) NO; interacts with Ce@ to create cerium peroxide or
super-oxide. The peroxide or super-oxide is decomposed
at higher temperatures and contributes to increased ox-
idation rate.

2.2. Flow reactor experiments

The flow-reactor equipment described 2] was used to
examine the influence of Cen NO»-assisted soot oxida-
tion. A quartz reactor with 6 mm inner diameter was filled
with two separate beds, a soot bed placed downstream of a

The interaction of N@with CeQy has been demonstrated Pt/alumina bed. Quartz wool was used to separate the two
by means of X-ray absorption near-edge spectroscopybeds. The soot bed contains 20 mg soot physically mixed
(XANES) [10,11] The interaction was described by the with 40mg CeQ and 400mg SiC in a so-called a ‘loose
following reactions: contact’ procedure, while the Pt/alumina bed contains 40 mg
1% Pt/alumina mixed with 400 mg SiC. In another reactor
20 mg soot was mixed with 400 mg SiC and placed down-

NO,(gas + O(lattice) = NOz(adsorbeyl (1) stream of the Pt catalyst bed. Several reference experiments
were also done for comparison. The samples were heated
(b) reactions that involve metal centres that may contain to 900K at a heating rate of 0.6 K/min. Unless otherwise
oxygen vacancies: stated, the gas composition used is 700 ppm-NTD% O
with argon as balance gas. A NDIR and a N@nalyser
NO2(ga9 + Ce= Ce— O+ NO(gas 2) are placed downstream of the reactor to analyse the reac-
NO,(gas + Ce— O = CeNOs(adsorbed (3) tion product. The carbon mass balance is closed between
95 and 110%. Previous research had shown at under the ap-

This NGs species is concluded to be stable up to 450 and plied reaction conditions the reaction will run under kinetic
600 K. This type of interaction is observed in several metal controlled condition$2].
oxides: MgO, TiQ, Fe03, CuO and ZnJ11]. To check if pre-treatment by NOand & can influence

In the present study, the potential of Cei@ the acceler- the activity of CeQ in the oxidation of soot with @ CeG
ation of the NQ-soot-based reaction is examined. The first was pre-treated by flowing 300 ppm N@nd 10% Q in
objective is to explore the catalytic effect of CeOn the the flow reactor for 4 h Subsequently, 20 mg soot was added
NO»-assisted soot oxidation rate under continuous condi- into the reactor and gently mixed with the pre-treated £eO
tions. The second is to investigate the surface interaction of The activity of the pre-treated sample was then tested in the
NO; with CeG.. The decomposition products of the surface oxidation of soot with 10% @in Ar with the same procedure
species are thought to be responsible for the increase of theas explained before. Experiments in the flow reactor are
soot oxidation rate. To elucidate the synergetic oxidation summarised imable 1
mechanism DRIFT analysis coupled with mass spectrome-
try and an advanced Temporal Analysis Products (TAP) re- 2.3. DRIFT analysis coupled with mass spectrometry
actor system was used.

(a) direct interaction of N@with the O centre of the oxide:

A Nicolet Magna 850 spectrometer using a Spectratech
diffuse reflectance accessory equipped with a high temper-

2. Experimental ature cell was used. The equipment and the reactor cell are
described in[13]. The amount of Ce® used was about
2.1. Materials 20 mg. Prior to the N@ exposure the sample was heated

in flowing He, 30 ml/min flow rate, to 723 K and kept there

A Pt/alumina catalyst was prepared by incipient wet- for 30 min to remove possible adsorbed species. The sample
ness impregnation. Eight grams of 63—10@ y-alumina was then cooled down to 673 K where background spectra
(AKZO-Nobel 003-1.5e) was impregnated by 10ml 15g/l were taken. The background spectra were also taken at 623,
[Pt(NH3)4]Cl> solution, dried for 2 h at 355K and calcined 573, 523 and 473K, respectively. All spectra were recorded
at 725K for 2h. The model soot used is Printex-U. This at 64 scans with 4 cm resolution.
model soot was proven to be an appropriate model for the A 20 ml/min gas containing 1100 ppm NGn He were
NO,-soot-based reactioji2]. CeQ was made by calcina-  flown over the sample at 473 K. The spectra of adsorbed
tion of Ce(NG)3-6H,0 (Sigma Aldrich) at 723K in furnace  species were measured at this temperature until spectral
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Table 1
Reactor bed configurations for catalyst activity of soot oxidation and NO oxidation  NO

Bed configurations Aspects to observe
700ppm NO+10%0,

ammmi Pi/alumina 1. NO, assisted soot oxidation rate without GeO

gt 2. NO, assisted soot oxidation rate with CeO

EZ2%4 Quartz wool 3. Effect of CeQ down stream Pt catalyst on the formation of NO
1. Soot only
2. CeO,tsoot
3. CeO,

700 ppm NO+10%0,

1. Catalytic activity of Ce®@ in the formation of NQ@ without Pt catalyst
2. Oxidation rate of Ce@soot

1. CeO,
2. CeO,tsoot

10Io 0O,

1. As made CeO,+ soot
2. NO; Pre-treated
CeO,tsoot

Effect of NO, pre-treated Ce®on the oxidation rate of soot with O

changes were no longer observed. After exposure to NO 3. Results

for about 60 min, the gas flow was switched to He. Two

minutes later, a temperature programme of 15K/min was 3.1. Effect of CeO, on NO,-assisted soot oxidation rate

applied to remove the adsorbate. During heating in He the

spectra were measured at 523, 573, 623, 673 and 723 K. Si- In Fig. 1, CO+ CO, emissions as a function of temper-
multaneously, the gas emissions were recorded by a massture for various catalyst-soot configurations, namely: (1)
spectrometer (Thermostd from Pfeiffer Vacuum). The  CeQ-soot, (2) Pt upstream of Ce@oot and (3) Pt up-
emissions of mass 30, 32, 44 and 46 attributed to N&, O stream of soot, using N@ O, in the gas stream are dis-
N2O and NQ, respectively, were examined. Similar proce- played. Since the amounts of soot loaded are approximately
dures were done with about 1100 ppm N®10% & and the same and the same constant heating rate were used, these

only 10% Q. CO + COy emissions reflect relative oxidation rate of the
systems. The oxidation profile of non-catalytic soot oxida-
2.4. TAP reactor experiment tion with NO+- O is incorporated for comparison. A similar

profile is observed when AD3 is mixed with soot in the re-

An advanced Temporal Analysis Products (TAP) reactor actor bed. When the feed gas consists gfiithout NO, the
system was used to study the interaction efv@th CeG CeO-soot and Pt-soot systems resemble the non-catalysed
and AbOs as a function of temperature. In the TAP reac- case.
tor system, a fixed bed reactor is located in an ultra high When CeQ was physically mixed with soot (configura-
vacuum system. Small amounts of reactants!Y200%° tion 1), the oxidation profile in N@ O, has shifted to lower
molecules) can be pulsed into the reactor. At the reac- temperatures compared to that of non-catalytic soot oxida-
tor exit the pulse response is simultaneously analysed bytion. When a Pt catalyst was placed upstream of £eabt
four quadrupole mass spectrometers. A detailed descriptionmixture (configuration 2), a significant additional shift is
of the TAP reactor set-up has been previously reported observed. Without Cefin the soot bed downstream of Pt
[14]. catalyst, i.e. configuration 3, the oxidation profile consists
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Fig. 1. Demonstration of CeQOcatalysed NQ-assisted soot oxidation
in Pt upstream of Cefsoot and Ce@soot configurations, temperature
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programmed oxidation and heating rate of 0.6 K/min.

of a double peak, one coinciding with that of configuration
2 and one coinciding with the non-catalysed reaction.

To evaluate if the presence of Ce@ configuration 2
could increase the amount of NQhe rate of NQ formation
in NO/O, feed was measured for the different components
in the configurations studied. The results are showfign2
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Fig. 2. The influence of Cefin the formation of NQ in Pt upstream
of CeQ, bed, temperature programmed oxidation and heating rate of

0.6 K/min.
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Fig. 3. The influence of N@and G pre-treated on the CeCratalysed
soot oxidation with @, temperature programmed oxidation and heating
rate of 0.6 K/min.

All systems exhibit catalytic activity but platinum is much
more active than Cep

To check for the occurrence of Ce@ctivation by NG
or O, storage the catalysts were pre-treated by exposing
them to 300 ppm N@+ 10% & and 10% Q at 473 K.
Subsequently, the activity in the oxidation of soot with O
was tested. The results are showrFig. 3. It can be seen
that pre-treatment by £ does not influence the activity of
CeQ, while 300 ppm NQ+ 10% G significantly increases
the activity.

3.2. Interaction of NO, with CeO»; mass spectrometry and
DRIFT spectroscopy data analysis

Fig. 4 represents the mass spectrometry data of mass 30,
32, 44 and 46 attributed to NO,,ON2>O and NQ, respec-
tively, detected during the exposure of Cet® 1100 ppm
NO; followed by heating in He. After the gas flow was
switched from He to He- NO; at 473 K, besides N NO
and NbO emissions are also observed, but noetnission is
detected. As the exposure continues the NO signal increases
sharply for about 15 min, reaches a maximum and then de-
creases. BO sharply increases after switching followed by
a constant signal. The signal of N@lso rises sharply after
switching for the first 3min and followed by a rather slow
increase.

After being exposed to N©Ofor about 60 min, the gas
flow was switched to He. Two minutes later, when a tem-
perature programme of 15 K/min was applied, immediately
NO, emission is observed, already at 550 K. The emission
of NO and Q during this heating program is observed only
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Fig. 4. Mass spectrometry of NO,,Gand NG emission during the exposure to 1100 ppm N&hd the heating in He with temperature programmed of
15 K/min.

above 600K with about the same initial amounts. During produced from nitrate decomposition. It can be calculated
this temperature programme, no significartNemission that only about 10% of adsorbed @ recovered in the des-

is observed. When the sample was exposed to 19%it orption step.
the same procedure neithep @or nitrogen oxide emission The surface coverage of Ce@as calculated based upon
was observed following heating (not shown). the total amount of adsorbed N@nd Q. The cross sec-

Simple calculation was done to estimate the amount of tional molecular area for 9and NQ were taken from

NO, and @ adsorbed on Cef The total amount of NQ [15,16], which are 14.1 and 15.1%Arespectively. The area

(the sum of NO, MO and NQ) emitted during exposure covered by @ and NG is found to be 2.09 mwhile the

is less than 1100 ppm, the undetected amount is referredtotal surface area of the applied amount Gé©1.70 nf.

to as adsorbed N The emission of NO and MXD during To correlate the dynamics of surface species with the gas

the exposure period is believed to be due tooNf@at has phase observations, DRIFT spectra of the,NOCeQ sur-

transferred its oxygen atom to CegOrherefore, the total  face interaction were examined. Prior to the Néxposure

amount of NO and MO emitted should be equivalent with  the spectra of the sample in flowing He were recorded at

the amount of oxygen atoms adsorbed. These mass balancd73, 523, 573, 623, 673 and 723 K as reference and used as

calculation results are shownTable 2 The amount of des-  background spectra. The DRIFT spectra of Getasured

orbed NQ is calculated from the total amounts of MO  during the exposure to 1100 ppm M@t 473 K covering the

N20O and NO in the desorption step. About 90% N re- wave number of 850—-1800 cth are presented iffig. 5a

covered. The amount of Oproduced from nitrate decom-  After 1 min exposure to N& several peaks are immediately

position is proportional with NO and fD observed during  observed. Although IR assignments of NOspecies are

the heating programme. This means thatjiil O, was usually related to measurements at ambient temperature, as
in [17,18] and there is large disagreement among them, the
spectral interpretation summarised18] is used as a refer-

Table 2 _ . ence to identify the surface species in the present system. The

NO; and G mass balance during exposure to Nfdllowed by TPD in  a55ignments for the spectra up to 10 min exposure are related

He to chelating nitro compounds (ca. 1500 and 1157 &n
NO, (mol) Oz (umol) monodentate nitrite (ca. 1460 and 1097¢inand a nitro
Uptake! Recovered Uptake Recovered compound (ca. 1300 and 1405th). Starting from 20 min,
118 NO»'5.5 121 33 some new peaks are observed up to 60 min where stable
NO:3.6 spectra were obtained. The assignments for these spectra are
N20:0.7 bridging nitrate (ca1596, 1208 and 995 cnd), bidentate
a Calculated from undetected NO nitrate (ca. 1574, 1270 and 1026 th)and monodentate ni-

b Calculated from NO and O emissions during exposure to MO trate (ca. 1545, 1237 and 995th). The 1360 cm! peak
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Fig. 5. (a) DRIFT spectra of CeQduring exposure to 1100 ppm NGt 473 K. (b) DRIFT spectra of CeQafter exposure to 1100 ppm NGt 473K
followed by heating at 15 K/min.

is assigned as the Ce@®urface nitrite—nitrato. IfiLl9] wave whole spectrum slightly decrease. The peaks at 1440, 1360,

number of 1360 is usually assigned as nitrite—nitrato formed 1270 and 1237 cmt clearly disappear already at relatively

on the high temperature-cell window. In the stable spectra low temperature (below 623 K). The 1596 thpeak de-

the chelating nitro compounds are observed as ca. 1237 anatreases slightly following the increase of temperature. The

1505 cnmt while the 1440 cm? probably originated from 1574, 1537, 1208 and 995 crhpeaks decrease only at high

the nitro compound. temperature. A significant decrease in the absorbances of
After the stable spectra were obtained the sample wasthe whole spectra takes place above 623 K.

heated from 473 to 723K in He at 15K/min. The spectra  When a gas mixture of about 1100 ppm N® 10% &

were recorded at 523, 573, 623, 673 and 723 K. The resultsin He was used and the same procedure was applied sim-

are shown inFig. 5h Upon heating the intensities of the ilar spectra were observed (not shown). Compared to the
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Fig. 6. The pulse responses of 20%/& on CeQ from 373 to 793K
measured in advanced TAP reactor; pulse size.8f110'® molecules.

one exposed to NPonly, the assignments slightly shift and
become: bridging nitrate (ca. 1600, 1210 and 995&m
bidentate nitrate (cd576, 1265 and 1025 cm), monoden-
tate nitrate (ca. 1545, 1234 and 995c¥and chelating ni-
tro compound (1510 and 1265 ci). The relative intensity

4. Discussion
4.1. Effect of CeO, on NOz-assisted soot oxidation

In view of soot oxidation mechanism, the acceleration
of soot oxidation should involve intermediates and their
decomposition of which the latter is associated with the
rate-determining step. In the oxidation of carbon, interme-
diates are known as Surface Oxygen Complexes (SOC's)
[13]. It has been known that for the catalytic oxidation of
carbonaceous material with solid catalysts to effectively take
place, the three phases (the catalyst, the carbonaceous ma-
terial and the gas reactant) should be in close contact. In our
experimental procedure the soot and Gete mixed in the
so-called loose contact procedy0]. Either with CeQ
catalyst or references like D3, this type of contact has
been shown not to significantly influence the soot oxidation
rate in the presence of0

Another way of soot oxidation acceleration is through the
formation of reactive gas. This is the principle of using plat-
inum catalyst to oxidise soot under N@O, through the
formation of NG. This NG; is very active in the oxidation
of soot. It has to be noted that NO alone is non-reactive
in the oxidation of sootFig. 1 demonstrates the concept.
In non-catalysed soot oxidation, the reaction is controlled
by C-O, reaction. In configuration 3, where NQs gen-
erated by platinum catalyst, below 750K soot oxidation is
controlled by C-NG@ reaction while at higher temperature

of the bands is slightly higher. Increasing temperature gen-it is controlled by C—Q reaction. This explains the double

erates the 1360 cmt peak while diminishing the 1440 cm

peak of the oxidation profile. In the following paragraphs,

one. The rest of the bands change with the same effect asexplanation for the acceleration of N@ssisted soot oxida-
those with the N@ exposed one. The mass spectrometry re- tion by CeQ will be discussed and based on the catalysed

sult of the system is also similar to that of the Néxposed

one. Except that during exposure NO emission is lower,

while the N O signal slowly increases (not shown).

3.3. Interaction of Oz with CeO»; pulse response analysis

Interaction of @ with Ce® measured in the advanced

TAP equipment is shown iRig. 6. The figure describes the
200th pulse response of 20 vol.%/@r through CeQ from

formation of reactive gas following N&CeQ interaction.

As postulated earlier, one of the possible roles of £eO
in the acceleration of soot oxidation in the presence of
NO + Oz would be its activity in the oxidation of NO to
NO.. Fig. 1 demonstrates that in the Ce®oot configura-
tion, a catalytic effect of Ce®in the oxidation of soot ex-
ists. Furthermore, irfrig. 2 it is shown that the catalyst is
active in the oxidation of NO to N& although Pt is more
active. The Pt upstream of Ce@onfiguration has a longer

373 to 793 K. After 200 pulses at 373K, the temperature is residence time and, therefore, a higher amount of, NO
increased to 473K in Ar pulses by 5K/min then 200 pulses produced.

of 20 vol.% Q/Ar were given again. The process is repeated

until 793 K. Up to 673 K no strong interaction betweepn O

There is no doubt that this NQwill contribute to a higher
oxidation rate. The contribution of this additional N®

and CeQ is observed as the pulse intensities are relatively the oxidation rate is reflected as the oxidation rate of the

unchanged. Lowering of the Qpulse response intensities

CeO-soot configuration. Since the amount of GOCO,

is clearly observed at 673K and higher. Unlike the base from Pt upstream of Cefsoot is, however, higher than the
lines at low temperatures, which are relatively smooth, at sum of Pt upstream of soot and Ce€bot configurations,
773 K and 793K no clear base lines are observed. When anthis indicates that besides this additional NBere should

Al>,0O3 sample is used, the interaction with @kes place

be another source that contributes to the higher oxidation

at temperature higher than 773K. It should be noted that rate.

the response of the Ar pulse with both Ge@nd ALO;

In comparing the oxidation rate of the Pt upstream of soot

remains unchanged in shape and delay time as a function ofconfiguration with physical mixture of Pt-soot configuration
temperature. Only sharp Ar pulse responses were observed21], the higher oxidation rate of the physical mixture of
under all conditions. Pt-soot configuration was explained by the occurrence of the
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recycle reaction:
(4)
®)

This reaction network can only partially explain the ad-
ditional activity because CeQs significantly less active in
the oxidation of NO to N@than the platinum catalyst. The
effect of CeQ@, in Pt upstream of Cef3soot, is, however,
in the same order of magnitude with that of Pt in a physi-

1 _ Pt
NO + EOZ$NOZ

NO2 +C — CO+ NO

A. Setiabudi et al./Applied Catalysis B: Environmental 51 (2004) 9-19

Up to 10 min, the assignments are related to chelating ni-
tro compound (ca. 1500 and 1157 th), monodentate ni-
trite (ca. 1460 and 1097 cm) and nitro compound (ca.
1300 and 1405 am'). These spectra are similar to the ad-
sorbed species that were observed in the NO exposure to
CeG and are generally assigned as surface nitrite species
[18]. At 20 min the spectra are similar to Ce@®xposed to
NO> + O, that are generally attributed to surface nitrates
[17,24] The mass spectrometry data confirms this observa-
tion. The breakthrough of NO signal takes place after 20 min

cal mixture of Pt and soot. For a detailed comparison, one exposure.

might compare this present study witkl].

As can be concluded frofaigs. 1 and 2below 550K the
amount of NQ produced (200-300 ppm) is higher than the
amount of CO+ COy (50-100 ppm). This means that NO
does not effectively react with soot at temperature below
550 K and as a result interaction of N@ith CeQ will take
place.Fig. 3shows that pre-treatment of Ce®y NO, con-
taining gas increases the soot oxidation activity. ggéins
activity after its exposure at 473K to N@D,. Apparently,
this activity has to be attributed to N®ecause exposure to
O, alone does not affect the activity. This is in agreement
with mass spectrometry data of, @xposed Ceg& which
showed that no @was observed upon heating. The pulse re-
sponse experiments confirm that-@eQ interaction does
not take place below 600 K. Therefore; Exposure at 473 K
does not result in oxygen storage on GeO

It is concluded that the acceleration of soot oxidation by

These observations can be explained as follows. At the
beginning of NQ exposure, the surface contains a high
concentration of cerium species with oxygen vacancies.
So, interaction of N@ with oxygen vacant cerium atoms,
reaction (2), is favourable. The NO released is confirmed
by TPD-mass spectrometry. Nitro compounds and mon-
odentate nitrite observed in the DRIFT spectrig. 5a
are most likely the intermediates in the oxygen transfer
from NO, to oxygen vacant cerium on CeQurface. The
reaction schemes are postulatedFig. 7a and b Ce{d
represents cerium atoms with oxygen vacancies. Bidentate
nitrate is postulated to be an intermediate for the peroxide
or super-oxide formatiorkig. 7c All those reactions might
take place during N@exposure. Unfortunately there is no
IR assignment that gives an indication for the formation
of N2O from NG,. One of the possible schemes is shown
in Fig. 7d According to this scheme bridging nitrite with

CeO is due to the production of active gas desorbed from the assignment at ca. 1260 crh[19] and monodentate nitrite
cerium (surface) as a consequence of its previous interactionshould be formed as intermediates.

with NO». The results of DRIFT analysis coupled with mass

There are two explanations for the observation that sur-

spectrometry data discussed in the following section are usedface nitrates, not surface nitrite, are the dominant species

to elucidate this hypothesis.
4.2. Interaction of NO> with CeO»

During CeQ exposure by N@ significant amounts of
NO and NO were emitted but no ©emission was ob-

observed. At this stage surface Gelias been covered by
‘surface oxygen’. This adsorbed oxygen might react with
surface nitrite formed at the beginning of the exposure to
surface nitrate. The second explanation is that cerium atoms
with oxygen vacancies are diminished to a large extent, so
the interaction of N@ with CeQ is then more favourable

served. From this stoichiometry it can be concluded that the for nitrate formation.

formation of nitrate as generally postulated is not the only
process. As N@is a strong oxidising agent, it is postulated
that NQ is able to transfer its oxygen to the Cg8urface.
This oxygen atom is either transformed to oxygen vacant
sites of cerium or it forms surface peroxide or super-oxide.
Both peroxide and super-oxide are intermediates irdis-
sociation, leading to the incorporation of gas-phasenib
lattice oxygen[22,23] The reaction of N@ with Ce metal

When the temperature programmed experiment was
applied, NQ is desorbed earlier than NO and,.Qt is
difficult to determine from which surface species this NO
is evolved. Except for the 1237 and 1505chtouple and
the 1360 crm! peak, which originates from chelating nitro
compound and nitrite—nitrato, respectively, the disappear-
ances of other peaks are not clearly related to a particular
assignment. For example although the 1237 tipeak dis-

centres with oxygen vacancies has been observed by Ro-appears at low temperature, the 995 and 1537'cpeaks

driguez et al[11] at 300K based on XANES observation,
reaction 2. Clearly, this reaction produces gas phase NO
without O, evolution, which is observed during Ce@x-
posure to NQ at 473 K. Because O is observed during
exposure to N@, reaction of NQ to NO is also one of the
processes taking place.

In Fig. 5a several peaks that evolve up to 10 min ex-
posure to NQ disappear as exposure time is prolonged.

still exist up to 723 K,Fig. 5h These three peaks together

,are attributed to monodentate nitrate. Furthermore, as al-

ready mentioned, the 1360 crhis usually attributed to the
nitrite—nitrato on the cell window. But since its intensity de-
creases upon heating, it is suspected that this nitrite—nitrato
is formed on Ce@surface. It is beyond the scope of this pa-
per to argue whether those phenomena are related to wrong
assignment in the research papers of the surface nitrate.
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Fig. 7. Reaction scheme showing oxygen transfer fromp NOCeG.

However, as the intensity of the whole spectra gradually de- to reactions (7) and (8).

creases upon heating, this desorbed,@bably resulted
from part of the surface nitrate decomposition according to Ce(NO3z)s — CeQ +4NOz + Oz

(7)

the stoichiometry of reaction (6). 4ANO; — 4NO+ 20, (8)

Ce(NO3)g4 — CeQ + 4ANOy + O2 (6) If all nitrates decompose to NO the stoichiometry be-
In Fig. 4it is shown that up to 600 K the emission of NO = COMES:

is not accompanied by £OAccording to reaction (6) nitrate CeNO3), — CeOy + 4NO+ 30, 9)

decomposition should also be followed by ©mission. A

similar effect was observed in the decomposition of surface  According to reaction (9) the ratio betweer, @ NO
barium nitrate produced from NCadsorption by Ba(25]. has to be 0.75. The fact that in most casest®NO emis-
This phenomenon was explained by the formation of bar- sion ratio is about one, as shown by overlapping &d
ium peroxide instead of barium oxide. Adapting this the- NO curves, which is higher than expected by stoichiometry
ory to the present situation, cerium peroxide or super-oxide ratio indicates that part of £omight be desorbed from other

might be produced during the decomposition of CegNO
In relation to the soot oxidation rate this MGrom re-
action (6) can contribute to the additional soot oxidation
rate.

At higher temperatures, above 600 K, NO anda@e emit-
ted simultaneously. In most cases the NO anddOrves

sources. Emission of surface,Ooriginated from stored
oxygen probably as cerium peroxide and super-oxide as de-
scribed in the previous paragraph might give an explanation.
This oxygen could be a very active species that can again
contribute to the higher oxidation rate. The decomposition
is very fast in comparison with oxidation rate, as a result

lie on top of each other. Since there is no indication that no additional NQ was observed in the flow experiment.

surface nitrite is present in the stable spectra, again NO

In the process of exposure and flushing of Gefe ni-

should be emitted from nitrate decomposition, according trogen balance is almost close (adsorbed equals desorbed),
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whereas the oxygen balance revealed that still 90% of oxy- For the CeQ catalyst exposed to NO+ Oy, the expla-

gen is stored on the CeCeither as oxygen surface com- nation for the relatively high rate of reaction should be sim-
plexes or as oxygen stored in the bulk Tible 2it is shown ilar. In the presence of N£)Oo, nitrate formation is more
that about 90% N@is recovered as N& N>O and NO favourable. This is indicated by higher nitrate intensity in
emissions. This missing nitrate might be retained as bulky DRIFT spectra of the N@+ O, exposed than that of NO
nitrate. The coverage that exceeds 100% might indicate theexposed. @ might also cover part of the CeQurface lead-
presence of bulky nitrate. The formation of bulky Ce nitrate ing to lower NG interaction with the surface.

during desorption could be another reason. These bulky Ce In view of practical application, to make use of stored
nitrate requires high temperature to decompose. The forma-active oxygen and/or decomposition of surface nitrates in the
tion of bulky Ba nitrate was observed in the desorptionoNO  soot oxidation, the buffer capacity of these species should be
exposed Ba@25]. For oxygen, it is clearly shown that only larger than the trapped soot. This means that a large amount
a small part (10%) of @was recovered by TPD to 723K. of ceria is needed. Furthermore, the release of the stored
Schlatter and Moitchell showed that in the evacuation of ‘active oxygen’ is a slow process in comparison with the
oxygen stored on ceria, only about 5% of the initial oxygen desired induced regeneration of the trapped soot.

uptake was recovered by evacuation, while 55% of it was

recovered when it was reacted with @2B]. In this exper-

iment evacuation and reaction with CO were done at 773K 5. Conclusions

for 45 min.
Fig. 3indicates that at 473 K £exposure to Cephardly CeO has the potential to accelerate the N&ssisted soot
influences the soot oxidation rate withp.(Heating the @ oxidation conversion. The interaction of N@ith CeQ to

exposed Ce®is not followed by Q desorption. This means  form initially surface nitrite and nitrate followed by oxygen
that no activation or oxygen storage takes place on/C#O  transfer to the Ce®Phas been demonstrated. This oxygen is
low temperature, 473 K. This indication is supported by the stored on Ce@and the desorption of it leads to the forma-
pulse response data. It is shown thatd@sorption by Ce® tion of ‘active oxygen’. This active oxygen is postulated to
takes place only above 673 K. This conclusion is in agree- play an important role in the acceleration of soot oxidation.
ment with[27,28]. In the present study oxygen storage route The desorption of ‘active oxygen’ is a slow process in com-
initiated by NG in the gas phase has been demonstrated. It parison with the desired soot oxidation. Decomposition of
is not clear yet if this has the same properties as that from surface nitrate results in gas phase N@at led to a minor
oxygen pulse. effect in soot oxidation. An amount of 10% applied N3

It is interesting to see that above 700K the MOy converted into NO that might be a serious drawback in the
pre-treated Ce®shows a relatively high oxidation rate. As application of ceria as an ‘active oxygen’ storage material.
at this temperature all NOhas already desorbed, it is con-
cluded that ‘active oxygen’ instead of N(lays a major
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