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bstract

Catalytic oxidation of diesel soot particulate on CexZr1−xO2 catalysts was investigated. Results indicated that Ce/Zr ratios had a significant
nfluence on the catalytic activities. Compared with the ignition temperature (T ) of uncatalyzed soot combustion, T of Ce Zr O with the best
i i 0.5 0.5 2

atalytic behavior decreased by 80 ◦C. The reactant gas compositions (O2, H2O and NO) affected the catalytic activities too. O2-TPD, TG–DTA
nd XPS characterization results showed that CexZr1−xO2 released lattice oxygen continuously to promote the soot combustion even no gas oxygen
ccurred in the reaction atmosphere. The mechanisms of spill-over and reduction/oxidation functioned synergistically for soot catalytic combustion.

2006 Elsevier B.V. All rights reserved.
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. Introduction

The emissions of diesel engines are known to be hazardous
ollutants for human health. One of the most dangerous com-
onents of diesel exhausts is particulate, which consists of
gglomerates of small carbon particles with numbers of different
ydrocarbons and sulphates adsorbed on their surfaces. A pos-
ible way to reduce particulate emission lies in filtering it with
rap, and continuously burning out it on the presence of catalyst
ystem which promotes particulate combustion at relatively low
emperatures of the exhaust emission (below 400 ◦C).

During the past decades, several catalysts were reported
n references for soot oxidation, including perovskite-related
xides and spinel oxides [1,2], chloride-containing mixtures
3,4], eutectic mixtures of oxides [5,6], and noble metal catalysts
7,8]. However, only a few works involved soot combustion over
are earth oxide and its combined catalysts, relatively rare sys-
emic research work reported soot combustion over Ce/Zr oxide
atalysts.
Due to its oxygen storage capability (OSC) and redox proper-
ies (Ce4+/Ce3+), CeO2 had been widely used as oxygen storage
aterial in three-way catalyst (TWC) [9]. Furthermore, as a main
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ompound of the fuel additive, in this case cerium should be col-
ected on the filter with the form of ceria, which promotes the
ombustion of soot trapped in the filter [10]. Relevant research
hows that zirconium prevents the growth of CeO2 crystallites
t high temperatures and improves the thermal stability of CeO2
11].

This paper described the catalytic activities of Ce/Zr series
atalysts (CexZr1−xO2) for catalytic soot combustion in various
eed gas compositions (O2, NO, H2O). Catalyst structures were
haracterized by XRD and XPS techniques; the mechanism of
oot combustion on Ce0.5Zr0.5O2 was explored by O2-TPD and
G–DTA.

. Experimental

.1. Materials preparation

CexZr1−xO2 catalysts with different Ce/Zr ratios (x = 0, 0.3,
.5, 0.7, 1.0) were prepared by coprecipitation of aqueous
e(NO3)3 and ZrO(NO3)2 solutions with NH3H2O as a copre-
ipitation agent. The precipitates were dried at 100 ◦C and cal-
ined in the air at 700 ◦C for 4 h.
.2. Materials characterizations

The oxygen storage capacity (OSC) was estimated by the
hermo-gravimetric analysis (TAS-300, Rigaku Co., Ltd.) [12].

mailto:zhuling75@bipt.edu.cn
mailto:zhuling7519@163.com
dx.doi.org/10.1016/j.jhazmat.2006.06.055
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The textural properties of the samples were measured by
itrogen adsorption/desorption at liquid nitrogen temperature
n a NOVA 1200 high-speed gas sorption analyzer.

XRD analysis was performed on a D/max 2400 diffractome-
er (Rigaku Co., Ltd.) with Cu K� radiation. Diffraction peaks of
rystalline phases were compared with those of standard com-
ounds reported in the JCPDS Data File.

O2 temperature programmed desorption (O2-TPD) was
arried out by a conventional TPO apparatus connected to a
hromatography according to the following procedure: catalyst
ample was heated to 500 ◦C in the helium atmosphere and
eld for 1 h, then cooled down to room temperature and started
he TPD test for two circles. The temperature of reactor bed
as raised with a heating rate of 10 ◦C/min and all the TPO

xperiments were conducted in the helium atmosphere.
X-ray photoelectron spectra (XPS) were acquired with a

GESCALAB MKII spectrometer equipped with a hemispheri-
al electron analyzer and Mg K� X-ray source. All binding ener-
ies (B.E.) were referenced to the C 1s line at 284.6 eV, which
rovided binding energy values with an accuracy of ±0.2 eV.

.3. Activity evaluation

Model soot was the Printex-U supplied by Degussa. Before
eaction, soot was carefully mixed with the catalyst, in the ratio
f 1/10. Mixing in this way resulted in a “loose” contact between
he catalyst and soot, which was assumed to be close to that found
n practical cases.

The activities were evaluated in temperature programmed
xidation (TPO) reactor. Soot-catalyst mixture (110 mg) was
laced into the quartz reactor (ϕ = 10 mm) and performed in
he range 30–700 ◦C (at a heating rate of 10 ◦C/min) in the
owing gas (10%O2/N2, with a flow rate of 500 ml/min). A non-
ispersive IR gas analyzer (TY-9800A) was used to monitor the
oncentration of CO2 continuously.

About 1000 ppm NO and 7% H2O were added into
0%O2/N2 to explore the effect of the reactant gas composi-
ion on the catalytic activity of Ce0.5Zr0.5O2.

. Results and discussion

.1. OSC and BET surface area
Table 1 shows the OSC properties and BET surface area of
he CexZr1−xO2 samples. When ZrO2 added into CeO2, its OSC
s obviously increased and the OSC of Ce0.5Zr0.5O2 reaches the
aximum. OSC is irrelevant to the surface area.

able 1
haracteristic parameters of CexZr1−xO2 catalysts

atalyst sample BET surface area (m2/g) OSC (�mol O2/g)

eO2 58.22 137.09
e0.7Zr0.3O2 130.82 396.05
e0.5Zr0.5O2 132.61 439.85
e0.3Zr0.7O2 121.8 277
rO2 30.9 0

b
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o

Fig. 1. O2-TPD curves of Ce0.5Zr0.5O2: (a) the first test; (b) the second test.

.2. XRD analysis

XRD results (XRD patterns were not given in this paper) indi-
ate that the structure of CeO2 corresponded to a single phase of
uorite-type structure. When ZrO2 added into CeO2, the related
eaks move to higher angle value and the peak become broader;
he crystal phase of Ce0.3Zr0.7O2 shift from cubic to tetragonal
onstruction [13]. Whatever the percentage of ZrO2 added, no
rO2 phases are detected, therefore, CexZr1−xO2 samples are in
homogeneous phase.

.3. O2-TPD analysis

Generally, there are three kinds of active oxygen species: �,
, and � on surface of Ce–Zr solid solution. � O species has a

ower desorption temperature (<350 ◦C), which is assigned to
he chemical adsorption oxygen; � O species has a higher des-
rption temperature(>750 ◦C), being assigned to the oxygen in
rystal lattice. However, desorption temperature of � O species
s between these two desorption temperatures, which is related
ith oxygen defect and is considered as partial crystal oxygen

14].
The O2-TPD curves of Ce0.5Zr0.5O2 were shown in Fig. 1.

he peak temperature matches up to the desorption tempera-
ure of � O species, so these peaks represented some kind of

O species. It could be seen from these curves that the cata-
yst released oxygen continuously when its temperature raised.
his is an important character when the catalyst was used

or soot combustion in the condition of lacking of oxygen as
xidant.

.4. TPO experiment

The activity of catalyst in TPO evaluation was represented
y the ignition temperature (Ti) and the peak temperature (Tp).
i and Tp were defined as the temperatures where the concen-

ration of CO2 exceeds 20 ppm at 5 ◦C interval and where the
aximum CO2 emitted. According to the Redhead method, we

stimated the activation energy of soot combustion by the fol-
owing equations [15]:

Ea

RTp
e−Ea/RT = αEa

RT 2
p

here A is the Arrhenius pre-exponential, Ea the activation
nergy terms and α is the heating rate.

The TPO results were shown in Table 2 and Fig. 2. With-
ut catalyst, the soot oxidation begins at 490 ◦C and the Tp
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Table 2
Soot oxidation activities on various catalysts in TPO evaluation

Catalyst Ti (◦C) Tp (◦C) �T (◦C) Ea (kJ/mol)

Without catalyst 490 595 105 159.43
CeO2 445 573 128 155.20
Ce0.7Zr0.3O2 425 543 118 149.47
Ce0.5Zr0.5O2 410 525 110 146.04
Ce0.3Zr0.7O2 460 559 119 152.53
Z
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Table 3
Effect of feed gas composition on the catalytic performance of Ce0.5Zr0.5O2 for
soot combustion

Feed gas composition Ti (◦C) Tp (◦C) �T (◦C)

10%O2–N2 410 525 115
10%O2–7%H2O–N2 410 525 115
1
1

3
p

3
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t
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s
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3
p

i
5
1
c
reaction rate slows down. Inui et al. [19] reported that the con-
centration of O2 greatly affected on the rate-determined step
during the course of soot combustion. The absorption of oxy-
rO2 490 595 105 159.43

s around 595 ◦C; ZrO2 shows no catalytic activity for soot
ombustion. The performances of Ce-based catalysts are obvi-
usly enhanced. Compared with the result of uncatalyzed
oot combustion, Ti and Tp on Ce-based catalysts shift to
ower temperature by 30–80 ◦C at the different Ce/Zr ratios.
e0.5Zr0.5O2 has the best catalytic performance, its Ti and
p decrease by 80 and 70 ◦C, respectively. The calculated
esults of reaction energies are accordant with the catalytic
ctivities.

The introduction of ZrO2 (seven-fold coordination) into
eO2 (eight-fold coordination) may lead to the reduction of
lement numbers in crystal grain and the aberrance of adjacent
xygen atom, which makes it easier to deviate from the crystal
attice to become the interstice atom [16]. At the same time, the
ffective ionic radii of Ce4+, Ce3+ and Zr4+ are 0.097, 0.114
nd 0.084 nm, respectively [16]. The introduction of the small
ize zirconium ions into the cerium framework may compen-
ate for the volume expansion, hence facilitate the process of
alence change. As a result, Ti of soot combustion decreases
radually. Ti of soot on Ce0.5Zr0.5O2 is lowered by 80 ◦C. This
ay contribute to the number of adjacent oxygen coordination

round Zr4+ decreasing from 7 to 6. On the contrary, introduc-
ng more ZrO2 to CeO2, Ce0.3Zr0.7O2 becomes a new tetragonal
tructure: the increase of the lattice parameters c/a and the aug-
ent of crystal anisotropy [17], which blocks the oxygen release

nd move. Therefore, Ti and Tp of Ce0.3Zr0.7O2 catalyst are

ncreased.

Fig. 2. Catalytic performance of CexZr1−xO2 for soot oxidation in TPO.

g

F
c

0%O2–1000 ppm NO–N2 380 500 120
0%O2–1000 ppm NO–7%H2O–N2 385 500 115

.5. Effect of feed gas compositions on the catalytic
erformance of Ce0.5Zr0.5O2 for soot oxidation

.5.1. Effect of feed gas compositions on the soot
ombustion without catalyst

As shown in Table 3 and Fig. 3, in the absence of NO, the
ddition of H2O has little effect on the Ti and the reaction rate.
his phenomenon is consistent with the reported results that

he experimental activation energies of soot combustion with-
ut catalysts in 10%O2–N2 and 10%O2–10%H2O–N2 are 168
nd 169 kJ/mol, respectively [18]. The reaction of NO oxida-
ion is an exothermic process, and NO2 concentration and rate
f soot oxidation with NO2 do not increase with the raising of
emperature. So, the addition of NO does not affect the Ti of
oot combustion. On the contrary, the competitive reaction with
ctive oxygen between soot and NO results in the increase of Tp
y 5–25 ◦C.

.5.2. Effect of O2 concentration on the catalytic
erformance of Ce0.5Zr0.5O2 for soot oxidation

When the concentration of O2 exceeds 8.5%, there was no
nfluence on soot combustion and Ti and Tp remain at 410 and
25 ◦C (seen from Fig. 4). When the concentration of O2 is
–8.5%, with the decrease of O2 concentration, Ti has not been
hanged; however, Tp increases from 525 to 580 ◦C and the
en on the catalysts surface has a very quick velocity and a

ig. 3. Effect of the composition of reaction gas on the soot oxidation without
atalysts.
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ig. 4. Effect of O2 concentration on catalytic soot oxidation on Ce0.5Zr0.5O2.

ery high intensity. When the reaction atmosphere has a high
2 concentration (>8.5%), the rate-determined step is the oxy-
en transference on the catalyst surface, and compared with
he active oxygen species released from catalysts, desorption
aseous oxygen is the main surface active oxygen species. When
he reaction atmosphere contains the low concentration of O2
<8.5%), the rate-determined step is the absorption of O2 on the
atalysts surface and the transference velocity of O2 inside the
atalysts is very quick. With the decrease of O2 concentration,
he quantity of absorption oxygen reduces and the active oxygen
pecies reduces accordingly. Therefore the oxidation velocity of
eO2−Y becomes slow, which influences the rate of releasing
xygen. As shown in Fig. 5, with the fall of O2 concentration, the
ate of soot combustion gradually lowers and the Tp increases.

.5.3. Effect of H2O and NO
From Fig. 5 we found that the addition of 7%H2O has no

ffect on soot combustion over Ce0.5Zr0.5O2. It means that
he Ce–Zr solid solution has an excellent water tolerance and

hermal stability. When NO is added to the reactant gas, Ti
ecreases by 30 ◦C and the TPO curves becomes relatively flat.
t indicates that NO plays an important role in soot combus-
ion on Ce0.5Zr0.5O2. The active oxygen (O*) formed on the

ig. 5. Effect of the composition of reaction gas on the soot oxidation on
e0.5Zr0.5O2.
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e0.5Zr0.5O2 surface reacts with NO and converts into NO2.
O2 has spatial configuration and the N–O band in the NO2
olecule is easy to be broken, therefore the oxidation activity

f soot with NO2 is higher than O2. Ti decreases by 30 ◦C, which
ay be due to lower reaction temperature of soot and NO2 (about

t 275 ◦C in term of thermodynamics calculation). Along with
oot combustion, both NO and CO2 are absorbed in the alkaline
ites and the absorption–desorption rate of intermediate com-
ound decreases. Due to O* competition between NO and soot,
he combustion course becomes slower. Baker and Chludzinski
20] reported that the process of CO2 formation from the interac-
ion between NO2 and proceeds through the oxidation of active
ites on the soot surface, via abstraction of oxygen atoms from
O2 to produce partially oxidized surface species (>C O) and
O. Oi-Uchisawa et al. [8] also found the same phenomenon

or soot combustion over Pt/SiO2 in the present of NO.

.6. Mechanistic aspect

The oxygen involved for soot combustion comes from two
spects as follow: the gaseous oxygen and the oxygen released
rom catalysts; thus the soot oxidation on CexZr1−xO2 catalyst
hould be occurred the following two reaction process:

+ O2 → CO2 (1)

eO2 + C → CO + CO2 + CeO2−Y (2)

he better catalytic activity may contribute from the dissocia-
ion centres for the adsorption oxygen (O2 ads) provided by the

etal oxides [21]. On the surface of CeO2, O2 ads (with sur-
lus odd 2d electrons) bond with Ce (with empty orbits) and
ive bonded oxygen in the form of � bond, the outer elec-
ron cloud of oxygen atom become unsymmetrical. Accepted
xternal energies, � bond would be broken and dissociated into
arious surface O species (O*), especially bonded with the Ce
tom near the CexZr1−xO2 surface defect. To Eq. (1), gaseous
xygen is absorbed on the catalyst surface (Eq. (3)) and the
bsorption oxygen is dissociated to a series of surface oxygen
pecies (O*), such as O radicals (O•), superoxide radicals (O−,
2
−, O2

2−, etc.) (Eq. (4)). These O* are transferred to the soot
urface through the spill-over effect, then attack the soot to give
n oxygen-containing active intermediate (C–O*s), CO(ads) and
O2(ads) (Eq. (5)). The detail of C–O*s is still not clear at present,
ut the presence of such an oxygen-containing reactive surface
omplex is confirmed on the char surface after reaction with
aseous oxygen. Decomposition of the C–O*s results in the for-
ation of CO(ads) and CO2(ads) (Eq. (6)), the CO(ads) and CO2(ads)

re desorbed from the soot surface into the air at last

2 → O2(ads) (3)

2(ads) → 2O → 2O∗ [O•, O−, O2
−, O2

2−] (4)

∗ + C → C–O∗s + CO(ads) + CO2(ads) (5)
–O∗s + CO(ads) + O∗ → CO2(ads) (6)

eanwhile, CexZr1−xO2 catalysts have a high oxygen stor-
ge capacity. Through spill-over effect, oxygen released from
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Table 4
Quantitative aspects of analyses of sample by XPS

Catalyst OI
a (%) OII

b (%) Ce4+/Ce3+ (%)

Ce0.5Zr0.5O2 71.15 28.85 62
Ce0.5Zr0.5O2 (after TG experiment) 81.97 18.03 51

a The lattice oxygen.
b The adsorbed oxygen or the surface hydroxyl species.

F
a

[
a
C
i
a
w

ig. 6. TG–DTA result of soot combustion on Ce0.5Zr0.5O2 in N2 atmosphere:
a) the first test; (b) the second test; (c) the third test; (d) the fourth test.

exZr1−xO2 (Eq. (7)) react with soot and form CO and CO2
Eqs. (5) and (6)); at the same time, CeO2−Y in reductive state
re oxidized to CeO2 (Eq. (8)). This process is preceded through
eduction/oxidation mechanism:

eO2 → CeO2−Y + xO∗ (7)

∗ + C → C–O∗s + CO(ads) + CO2(ads) (5)

–O∗s + CO(ads) + O∗ → CO2(ads) (6)

eO2−Y + YO∗ → CeO2 (8)

he two mechanisms of spill-over and reduction/oxidation func-
ion synergistically for soot combustion [21].

To prove the existence of reduction/oxidation function,
G–DTA curves of Ce0.5Zr0.5O2 of four test circles in high
urity nitrogen atmosphere were conducted and the results were
hown in Fig. 6.

There are two exothermic peaks on DTA curve in the first test
ycle, however only one peak in the other cycles. The first peak
200–300 ◦C) in the first circle can be ascribed to the reaction
f soot with absorbed oxygen. The second peak (above 300 ◦C)
s consistent to the peak in the O2-TPD experiment under the
e atmosphere (Fig. 1). At the same time, the peak temperature
oves to higher value as the test cycle increases. The second

eak is due to the reaction between the soot and desorbed lattice
xygen (so-called “stored” oxygen). Along with the consump-
ion of oxygen, the energy needed to release residual oxygen in
attice becomes higher, which is accordant with the increase of
eak temperature and the decrease of peak area in the following
eactions cycles.

Ce0.5Zr0.5O2 and Ce0.5Zr0.5O2 after the above TG experi-
ents are also analyzed by XPS. The O 1s spectra are fitted with

wo peak contributions, referred to as OI and OII components,

s showed in Table 4 and Fig. 7. The major peak component
I with B.E. at 528.9–529.7 eV is characteristic of lattice oxy-
en. Component OII with B.E. at 531.0–532.0 eV belongs most
ikely to the adsorbed oxygen or the surface hydroxyl species

4

g

ig. 7. XPS O 1s spectra of the samples: (a) fresh Ce0.5Zr0.5O2; (b) Ce0.5Zr0.5O2

fter the above TG reaction.

22]. Compared with the fresh sample, the OII% in the sample
fter TG experiment is decreased from 28.85 to 18.03% and the
e4+% is changed from 62 to 51% accordingly. These results

ndicates that the OI takes part in the reaction of soot combustion
nd part of O* are offered by the deoxidizing CeO2 to Ce2O3,
hich is consistent with the above TG experiment.
. Conclusions

CexZr1−xO2 catalysts promote the soot combustion and have
ood water tolerance and thermal stability. Ce/Zr ratios affect
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he catalytic activities greatly and the Ti lowers by 80 ◦C on
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ration of O2 has a significant effect on the rate-determined step
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