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a b s t r a c t

MnOx–CeO2–Al2O3 mixed oxides were prepared by impregnating manganese acetate and cerium nitrate
on alumina powders using the sol–gel method. The thermal stabilities of MnOx–CeO2 and Al2O3-modified
mixed oxides were evaluated by treating at 800 ◦C in dry air flow for 20 h. The introduction of Al2O3

markedly increases the textural stability of the catalyst with a relatively high dispersion of MnOx and
CeO2, remaining a strong synergistic effect between these two oxides. The NO oxidation activity of the
vailable online 12 January 2011
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ternary oxides experiences a smaller loss after high-temperature calcination, and a low soot oxidation
temperature is attained in the presence of NO.

© 2011 Elsevier B.V. All rights reserved.
O oxidation
hermal stability

. Introduction

Diesel engines have been widely used in heavy duty vehicles
nd for long range transport due to their fuel efficiency, reliability
nd durability. The removal of soot in diesel exhaust is a topic of
ngoing researches due to the environmental and health impacts
f these carbon nanoparticles [1]. Oxidation of typical diesel engine
xhaust gas to CO2 in the uncatalysed soot filter generally occurs at
round 600 ◦C. The use of a catalytic trap performing both filtration
nd catalytic combustion of soot appears to be an effective solution.

Recently, transition metals (such as cobalt, copper and iron)
upported/doped ceria mixed oxides catalysts show strong soot
xidation activity via a redox-type mechanism assisted by oxy-
en spillover on CeO2 or a synergistic effect between transition
etal oxides and ceria [2–7]. Especially, MnOx–CeO2 mixed oxides

ave evidenced high soot oxidation activities in both excess O2
8,9] and NO [10,11]. The incorporation of manganese cations into
he ceria lattice greatly improves the oxygen storage capacity of
eria as well as oxygen mobility on the surface of the mixed oxides.
dditionally, this catalyst is advantageous not only because of its
igh oxidation activity for NO conversion to NO2, but also asso-

iated with the high NOx storage capacity at low temperatures,
hich can release abundant NO2 for soot oxidation. However, this
ixed oxides catalyst shows a very low thermal stability at calci-

ation temperatures above 500 ◦C, wherein the catalyst undergoes

∗ Corresponding author. Tel.: +86 10 62792375; fax: +86 10 62772726.
E-mail address: wuxiaodong@tsinghua.edu.cn (X. Wu).

304-3894/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2011.01.010
severe phase separation, dramatic reduction of surface area [12]
and hereby deactivation for such as NH3-SCR reaction [13].

Alumina has been added to CeO2–ZrO2 (CZ) mixed oxides
as promoters for three-way catalysts to produce nanocomposite
materials with thermal stabilities at temperatures up to 1100 ◦C
[14–17]. The effect of the initial interaction between CZ and Al2O3
may be attributed to four factors: (i) to avoid pore collapse;
(ii) to restrain the segregation of CZ; (iii) to prevent the phase
transformation of alumina; and (iv) to create more lattice defects
in CZ. A similar effect has been reported for the thermal sta-
bility of CuOx–CeO2–Al2O3 catalyst for soot oxidation [18] and
MnOx–CeO2–Al2O3 catalyst for chlorobenzene combustion [19].

In the present study, �-Al2O3 was introduced to MnOx–CeO2
mixed oxides to investigate how beneficial its effect will be on the
structural features, redox properties and therefore the soot oxi-
dation activities of the catalyst to open opportunities for practical
applications in diesel exhaust purification.

2. Experimental

2.1. Catalyst preparation

MnOx–CeO2 mixed oxides with a molar ratio of 15:85 were syn-
thesized by a citric acid-aided sol–gel method as described in [11]

using Ce(NO3)3·6H2O (Yili, Beijing) and C4H6MnO4·4H2O (Chemi-
cal Reagents, Beijing) as the precursors. MnOx–CeO2–Al2O3 mixed
oxides were prepared by a similar method with the same Mn/Ce
molar ratio and a weight ratio of (Mn2O3 + CeO2):Al2O3 = 2:1.
Cerium nitrate and manganese acetate were dissolved in deionized

dx.doi.org/10.1016/j.jhazmat.2011.01.010
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
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in the diffraction pattern of MnCe-A since Mn3O4 is the
sole composition in various MnOx that tolerates reversible
oxygenation–deoxygenation processes at 500–1050 ◦C [21]. This,
as well as the increase of the ceria lattice constant, indicates the

Table 1
Structural features of the catalysts.
84 X. Wu et al. / Journal of Hazar

ater and mixed with �-Al2O3 powders (BASF, 150 m2/g). Citric
cid was added as the complexing agent with twice as the metal
ons including Ce3+ and Mn2+. Polyglycol was then added at 10% of
he weight of citric acid. The solution was sufficiently stirred and
eated at 80 ◦C until a porous gel was formed. The gel was dried
t 110 ◦C overnight followed by decomposition at 300 ◦C for 1 h
nd calcination at 500 ◦C for 5 h under static air in a muffle. Both
he MnOx–CeO2 and MnOx–CeO2–Al2O3 powders were treated at
00 ◦C for 20 h in a dry air flow to obtain the aged catalysts with a
uffix of “-A”.

.2. Catalyst characterization

The powder X-ray diffraction (XRD) patterns were determined
y a Japan Science D/max-RB diffractometer employing Cu K� radi-
tion (� = 0.15418 nm). The X-ray tube was operated at 40 kV and
0 mA. The X-ray diffractograms were recorded at 0.02◦ intervals in
he range of 20◦ ≤ 2� ≤ 80◦ with a scanning velocity of 4◦/min. The
attice constants and mean crystallite sizes of ceria in the samples

ere calculated from Cohen’s method and the Williamson–Hall
quation, respectively.

The specific surface areas of the samples were measured
sing the N2 adsorption isotherm at −196 ◦C by the four-point
runauer–Emmett–Teller (BET) method using an automatic surface
nalyzer (F-Sorb 3400, Gold APP Instrument). The samples were
egassed at 200 ◦C for 2 h prior to the measurements.

The Raman spectra were obtained with a LabRAM HR 800
HORIBA Jobin Yvon, France) spectrometer at room temperature
RT) and atmospheric pressure. An argon ion laser beam with the
ave length of 633 nm was focused on a spot of 1 �m in diameter.

The H2 temperature-programmed reduction (TPR) tests were
arried out in a fixed-bed reactor with the effluent gases monitored
y a mass spectrometer (OmniStar TM). Fifty milligrams of the sam-
le was diluted with 150 mg of silica pellets and sandwiched by
uartz wool in a tubular quartz reactor. The reactor temperature
as raised up to 900 ◦C at a heating rate of 10 ◦C/min in 5% H2/He

50 ml/min).
The NO temperature-programmed oxidation (TPO) tests were

arried out in a fixed-bed reactor with the effluent gases monitored
y an infrared spectrometer (Thermo Nicolet 380). One hundred
illigrams of catalyst powders were diluted with 300 mg of sil-

ca pellets, and then were sandwiched by quartz wool in a tubular
uartz reactor. A gas mixture of 1000 ppm NO/10% O2/N2 was fed
t a flow rate of 500 ml/min. The reactor temperature was ramped
o 650 ◦C at a heating rate of 10 ◦C/min.

The NOx temperature-programmed desorption (TPD) tests were
erformed in the same apparatus to that used in NO-TPO tests.
rior to the test, the sample powders were exposed in 1000 ppm
O/10% O2/N2 (500 ml/min) from room temperature (RT) to 300 ◦C
t a heating rate of 10 ◦C/min, cooled down to RT in the same atmo-
phere and flushed by N2. Afterwards, the NO and NO2 desorption
rofiles were obtained by ramping the reactor from RT to 600 ◦C at
heating rate of 10 ◦C/min in a 10% O2/N2 stream.

.3. Activity measurement

Printex-U (Degussa) was used as a model soot. Its particle size
as 25 nm and the specific surface area was 100 m2/g. Ten mil-

igrams of soot and 100 mg of catalyst powders were mixed by a
patula for 2 min for “loose contact” conditions. In order to prevent

eaction runaway, 110 mg of the soot–catalyst mixture was diluted
ith 300 mg of silica pellets. The inlet gas mixture was 10% O2/N2

r 1000 ppm NO/10% O2/N2 with a total flow rate of 500 ml/min.
he activities of the catalysts for soot oxidation were evaluated
n a temperature-programmed oxidation (TPO) reaction apparatus.
Fig. 1. XRD patterns of the (1) MnCe, (2) MnCeAl, (3) MnCe-A and (4) MnCeAl-A
catalysts.

The activities of the catalysts for soot oxidation were evaluated in
the same apparatus to that used in NO-TPO tests. Tm represented
the maximal soot oxidation rate temperature. The downstream
CO2/(CO2 + CO) ratio during soot oxidation was defined as the selec-
tivity to CO2 (SCO2 ).

3. Results

3.1. Solid properties

The powder XRD patterns of the fresh and aged catalysts are
shown in Fig. 1, and the calculated cell parameters are listed
in Table 1. The fresh samples display only typical diffraction
peaks of a fluorite-like structure with a smaller lattice constant
(0.5395–0.5396 nm) in comparison with that of pure ceria (gen-
erally 0.5417–0.5418 nm) [9,11]. Replacement of Cex+ by Mnx+ in
the fluorite structure would decrease the lattice constant owing to
the smaller ionic radii of Mnx+ (Mn4+: 0.053 nm; Mn3+: 0.065 nm;
Mn2+: 0.083 nm) compared with those of Cex+ (Ce4+: 0.097 nm;
Ce3+: 0.114 nm). The solubility limitation of Mn cations in CeO2
is reported to be 5–10 mol.% depending highly on the preparation
procedure [20], which is lower than the nominal Mn content in this
study (15 mol.%). Meanwhile, no diffraction peaks of manganese
oxides are observed for the fresh samples. Thus, it is reasonable to
suggest that there are at least two kinds of Mn species in the fresh
catalysts, i.e. Mn cations in the ceria lattice and highly dispersed
MnOx clusters on the surface of CeO2 and/or Al2O3 [9]. The �-Al2O3
support exhibits two broad diffraction peaks at 2� = 45.8◦ and 67.0◦

that are ascribed to a spinel phase. It is difficult for Al2O3 to enter
into the ceria based solid solutions since the alumina powders were
adopted as the precursor.

A typical peak of tetragonal Mn O appears at 2� = 36.1◦
Sample d (nm) D (nm) SBET (m2/g)

MnCe 0.5395 5.9 18
MnCeAl 0.5396 4.5 130
MnCe-A 0.5406 17.9 <1
MnCeAl-A 0.5405 13.9 45
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ig. 2. Raman spectra of the (1) MnCe, (2) MnCeAl, (3) MnCe-A and (4) MnCeAl-A
atalysts.

hase separation of MnOx–CeO2 solid solutions and the formation
f bulk Mn3O4 after aging. On the other hand, no crystalline Mn3O4
s found on MnCeAl-A. The Mn species are supposed to segregate
ut of CeO2 and form fine oxides with poor crystallinity since a
imilar increase of the ceria lattice constant occurs. MnOx can inter-
ct with Al2O3 to produce Mn2AlO4 spinel at temperatures above
50 ◦C [22]. Thus, it is difficult to form such a spinel phase on the
lumina-modified sample. No typical peak at 23.5◦ assigned to crys-
alline CeAlO3 (1 0 0) is observed. However, the formation of some
ispersed CeAlO3 at the Ce–Al interface, which has been reported
o prevent the formation of �-Al2O3 [23], cannot be excluded.

The structural features of the fresh and aged samples were
onfirmed by Raman spectroscopy, which is a suitable technique
ensitive to M–O bond arrangements. As shown in Fig. 2, a typical
and is observed at 432 cm−1 in the spectra of both fresh samples.
t is assigned to the F2g symmetric O–Ce–O stretching vibration
f the fluorite–type structure and shifts towards lower wavenum-
ers with respect to that in CeO2 (generally ca. 463 cm−1) due to
he generation of a solid solution phase of MnOx–CeO2 [24]. This
and shifts back to 456 cm−1 for both aged samples ascribed to the
hase separation of the solid solutions after aging. Another band
ppearing at 647 cm−1 on MnCe-A is assigned to the symmetric
tretch of Mn3O4 groups [25], which is not found on MnCeAl-A
ecause manganese oxides exist mainly in the form of finely dis-
ersed clusters. These observations agree with the XRD results.

t should be noted that the band at 432 cm−1 is also collected in
he Raman spectra of the aged samples (not shown), suggesting
hat not all the MnOx–CeO2 solid solutions separate even after the
igh-temperature calcination.

As discussed above, the introduction of alumina does not appear
o be effective in preventing the phase separation of MnOx–CeO2
olid solutions at high temperatures. On the other hand, the con-
act between (Mn,Ce)O2 primary particles is restricted by mixing
ith the Al2O3 powders so that to some extent the growth of the

xide particles is inhibited. As shown in Table 1, the mean crys-
allite size of ceria in MnCeAl-A is smaller than that in MnCe-A.
he introduction of alumina also succeeds in retarding the sinter-
ng of Mn3O4 as evidenced by the XRD and Raman results. These,
s well as the contribution of the high-surface-area support, help
aintain the catalyst with relatively high dispersions of CeO2 and

nOx which are important for soot oxidation. It has been reported

hat the transformation of �-Al2O3 into the � phase starts at 800 ◦C
15]. However, no phase transformaition of alumina is observed
n this work after a 20 h calcination, suggesting a similar stabiliz-
ng effect of MnOx–CeO2 on the phase transformation of �-Al2O3.
Fig. 3. H2-TPR profiles of the (1) MnCe, (2) MnCeAl, (3) MnCe-A and (4) MnCeAl-A
catalysts. Reactant gas: 5% H2/He.

Thus, it is plausible that the (Mn,Ce)O2 and Al2O3 are well mixed
at the nanometer level and can serve as diffusion barriers to each
other.

3.2. H2-TPR

The H2-TPR profiles are shown in Fig. 3 to describe the redox
property of the catalysts. MnCe shows five distinct peaks at ca. 210,
280, 365, 415 and 510 ◦C, which corroborate the previous reports
[26,27]. The assignment of these peaks to different MnOx species or
to specific reduction steps is not straightforward because they are
not only related to the oxidation state but also to the crystallinity of
manganese oxides [12,28,29]. Nevertheless, it is proposed in combi-
nation with structural characterizations that the first two reduction
peaks at 210 and 280 ◦C are related to the successive reduction of
readily reducible manganese species in the solid solutions or in the
form of highly dispersed MnOx clusters. The next two overlapped
reduction peaks at 365 and 415 ◦C correspond to the typical two-
step reduction process of larger MnO2/Mn2O3 crystallites. The first
step involves the reduction of MnO2/Mn2O3 → Mn3O4, and the sec-
ond step represents the reduction of Mn3O4 → MnO. The peak at
510 ◦C is assigned to the reduction of Ce4+ → Ce3+ in the solid solu-
tions. In the high-temperature region, the peaks at 760 and 870 ◦C
are associated with the reduction of bulk ceria promoted by the
adjacent MnOx species and unpromoted bulk ceria, respectively.
Similar reduction peaks are found on the alumina-modified mixed
oxides. It is noted that the high-temperature reduction peak at
730 ◦C is weakened and that the low-temperature reduction peaks
are comparable in intensity with those for MnCe, implying a strong
synergistic effect between finely dispersed MnOx and CeO2 clus-
ters on the surface of alumina. However, there are still some ceria
powders which are not adjacent to manganese oxides due to the
obstruction of alumina, resulting in a distinct reduction peak of bulk
ceria at 870 ◦C.

It has been reported that Mn is mainly in the +3 oxidation
state due to their better size compatibility with Ce4+ compared
with Mn4+ [30]. The presence of a thin layer of Mn4+ ions on the
ceria-based oxide surface must be also considered due to the well-
known oxygen mobility in ceria [31]. The high dispersion of Mnx+

species facilitates the surface reduction of CeO to low tempera-
2
tures, which is critical to low-temperature H2 consumption. The
calculated low-temperature (<400 ◦C) H2 consumption of MnCeAl
(0.69 mmol H2/g cat.) is close to that of MnCe (0.67 mmol H2/g cat.).
These values are obviously higher than the theoretical H2 con-
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ig. 4. NO-TPO curves of the fresh (a) MnCe, (b) MnCeAl, (c) MnCe-A and (d) MnCeA
rofile predicted by the thermodynamic equilibrium of the reaction NO + (1/2)O2 ↔

umption by reduction of Mnx+ in MnCe (0.24 mmol H2/g cat.) and
nCeAl (0.16 mmol H2/g cat.) by assuming manganese in Mn2O3.

hus, the concomitant reduction of ceria in the solid solutions and
n the proximity of manganese oxides at low temperatures is impor-
ant due to the strong synergetic effect between these two oxides
26]. A partial reduction of ceria is also during copper reduction
n Cu–Ce–Al mixed oxides by a spillover process [32]. The amount
f H2 consumption depends on the extent of the incorporation of
n species into the ceria structure and the dispersion of individ-

al oxides, which in turn influence the surface properties of the
atalysts. Therefore, the similar low-temperature redox proper-
ies between two fresh samples demonstrate higher dispersions of

nOx and CeO2 and their stronger synergistic effect on the surface
f Al2O3, since the content of the reducible components in MnCeAl
s only two thirds of that in MnCe.

As indicated by the XRD and Raman results, high-temperature
alcination leads to a distinct separation of MnOx–CeO2 solid solu-
ions and severe sintering of the oxide crystallites in MnCe-A. The
ow-temperature redox property of the catalyst is greatly affected
ue to the weakened synergistic effect between MnOx and CeO2.
he peaks assigned to the reduction of readily reducible MnOx

pecies almost disappear, and those of MnOx crystallites shift to
igher temperatures due to the sintering of Mn3O4, with a shoulder
t 400 ◦C assigned to the reduction of bulk MnO2/Mn2O3 → Mn3O4
nd a strong peak at 475 ◦C to the reduction of bulk Mn3O4 to MnO
nd surface ceria. For MnCeAl-A, the low-temperature reduction

eaks decrease in intensity rather than disappear, and the reduc-
ion peak of bulk ceria promoted by adjacent Mn species is enlarged.
hat is, at least part of MnOx and CeO2 remain fairly dispersed on
he surface of Al2O3 accompanied with a rather strong synergistic
ffect between the oxides. Consequently, it can be said that this
talysts. Reactant gas: 1000 ppm NO/10% O2/N2. The dotted line represents the NO2

alumina-modified catalyst maintains a higher thermal stability in
redox property than pure MnOx–CeO2 mixed oxides.

3.3. NO oxidation and NOx adsorption

NO2 production performance is critical to soot catalytic oxi-
dation in the presence of NO. Fig. 4 shows the evolutions of NO,
NO2 and NOx (NO + NO2) during the NO-TPO measurements in
the presence of 1000 ppm NO and 10% O2. MnCe and MnCeAl
exhibit an onset temperature at ca. 180 ◦C and a maximal NO
conversion temperature at ca. 330 ◦C, revealing a remarkable activ-
ity for NO oxidation and similar total NO2 production (2.74 and
2.72 mmol NO2/g cat.). As predicted by the redox property of the
aged catalysts, MnCe-A shows a much poorer activity for NO oxi-
dation than MnCeAl-A. The total amount of NO2 production is 1.10
and 1.88 mmol/g cat. for MnCe-A and MnCeAl-A, respectively. In
addition, the effect of the thermal aging treatment is more pro-
nounced on MnCe-A for the shift of the NO2 production window
to higher temperatures. The introduction of the high-surface-area
support provides the aged catalyst with more readily available
active oxygen for NO oxidation especially at low temperatures,
which correlates well with the H2-TPR curves.

The convex peak at 330 ◦C in Fig. 4b is suggested to partially arise
from decomposition of the surface nitrates which contribute to NO2
production at low temperatures for MnCeAl. To confirm this point,
the NOx desorption behaviors were investigated by means of TPD.

The catalysts were exposed to a flow of 1000 ppm NO/10% O2/N2
from RT to 300 ◦C and were then cooled down to RT prior to the TPD
tests. In an O2-rich atmosphere, the major desorbed NOx species is
NO2, and little NO is released from the catalysts (not shown). As
shown in Fig. 5, two NO2 desorption peaks are observed at 155 and
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ig. 5. NO2-TPD profiles of the catalysts and the Al2O3 support. The samples were
retreated in 1000 ppm NO/10% O2/N2 from RT to 300 ◦C and then cooled down to
T.

90 ◦C on MnCe ascribed to the desorption of weakly adsorbed NO2
nd the decomposition of bidentate/monodentate nitrates, respec-
ively [27]. The second peak becomes much stronger on MnCeAl,
hich demonstrates the importance of the high-surface-area sup-
ort on the formation of nitrates coordinated to Mnx+ and Cex+ sites.
he support itself also contributes to the nitrate storage capac-
ty of MnCeAl, with two NO2 desorption peaks at 95 and 370 ◦C,

hich are ascribed to desorption of weakly adsorbed NO2 and
identate/monodentate/bridged aluminum nitrates, respectively
33]. After the aging treatment, almost no NO2 is desorbed from

nCe-A, while two weakened NO2 desorption peaks at 175 and
70 ◦C remain on the aged alumina-modified catalyst. The amounts
f NO2 desorbed from MnCe, MnCeAl, MnCeAl-A and Al2O3 were
stimated to be 0.10, 0.26, 0.10 and 0.07 mmol/g cat., respectively.
he extra low surface area and severe sintering of oxide crystal-
ites are responsible for the complete loss of NOx storage capacity
n MnCe-A.

.4. Soot-TPO

The evolutions of COx (CO and CO2) and NOx (NO + NO2) were
ecorded during the soot-TPO measurements in NO + O2 and O2.
able 2 lists the maximal soot oxidation rate temperature (Tm) and
he selectivity to CO2 (SCO2 ) of the catalysts. For comparison, the
ncatalysed data obtained from the blank test and those from the
atalysed reactions are also given in the table. The table shows that
he complete oxidation of soot is dominant for both fresh catalysts
nd MnCeAl-A, while the CO2 selectivity of MnCe-A is close to that
f the uncatalysed reaction. The presence of NOx in the reaction
tmosphere promotes the catalytic oxidation of soot. Both fresh cat-

lysts exhibit high activities for NO2-assisted soot oxidation with
he Tm around 450 ◦C. The Tm of MnCe-A (554 ◦C) is lower than
hat in the uncatalysed reaction (610 ◦C), indicating that this aged
atalyst still works in the presence of NOx even if it experiences

able 2
oot oxidation activities of the catalysts.

Catalyst In NO + O2 In O2 �Tm (◦C)

Tm (◦C) SCO2 (%) Tm (◦C) SCO2 (%)

MnCe 448 98 535 99 87
MnCeAl 455 98 575 98 120
MnCe-A 554 51 598 61 45
MnCeAl-A 508 90 590 94 82
Uncatalysed 610 45 612 47 2
aterials 187 (2011) 283–290 287

a striking deactivation. On the other hand, the Tm of the alumina-
modified MnOx–CeO2 mixed oxides shifts upwards by 53 ◦C after a
long high-temperature calcination.

Fig. 6 shows the soot-TPO curves in the presence of NO and O2
to explore possible relationships between COx production and NO2
consumption. Taking Fig. 6b as an example, the low-temperature
NOx peak (<170 ◦C) is ascribed to the desorption of weakly adsorbed
NO. NO2 is detected from 200 ◦C and reaches a maximal concentra-
tion at 330 ◦C. As indicated by the NOx-TPD results, the stored NOx

desorbs mainly in the form of NO2. However, the nitrate-derived
NO2 is not as important as expected at a high gas flow rate of 1 L/min
and in a diluted soot–catalyst reaction without obvious heat trans-
fer limitations [11]. The NO2 gap between NO- and soot-TPO runs
may be generated from consumption of NO2 by reaction with soot.
It is noted that the NO2 consumption at 330 ◦C (ca. 200 ppm) is less
than the CO2 production (ca. 300 ppm) on MnCeAl. One reason is
that the reduced NO is recycled to NO2. This reoxidized NO2, in turn,
can participate in the soot oxidation again. The NO2 gaps between
two runs are larger on the aged catalysts, which also demonstrate
the decreased recycling efficiency of NO ↔ NO2 after aging. Another
possible explanation is that not only NO2 but also O2 is involved in
the initial oxidation of soot. The activation energy (Ea) for soot oxi-
dation were calculated from the least square fit of the data drawn in
a 10–50% soot conversion range according to the Arrhenius plots,
and the results are 79, 80, 100 and 86 kJ/mol for MnCe, MnCeAl,
MnCe-A and MnCeAl-A, respectively. The corresponding Ea values
by running the soot-TPO with the fresh catalysts in 10% O2/N2 and
2000 ppm NO2/N2 are around 150 and 50 kJ/mol, respectively. Thus,
it confirms that both NO2 and O2 participate in the first half stage of
soot oxidation, and the contribution of O2 becomes predominant for
MnCe-A with which the produced NO2 is almost completely con-
sumed by reaction with soot. We have described the “trigger” effect
of NO2 on soot oxidation in our previous studies [11,27], which also
applies here. As shown in Fig. 6, the NO2 utilization efficiency is
high on the fresh catalysts and MnCeAl-A. This indicates that the
soot oxidation is not limited by NO2 production with these cata-
lysts, whereas it is obviously restricted to a great extent by the rate
of NO conversion to NO2 over MnCe-A. With the successive oxi-
dation of soot, the NO2 concentration decreases and the extensive
oxidation of soot by O2 becomes dominant. The NO2 concentration
begins to increase back to original levels as in the NO-TPO runs
when the temperature reaches the Tm for soot oxidation. These
facts support that the oxidation of soot by NO2 is still involved in
this stage although it is less important. It is interesting to note that
the NOx concentration can decrease to about 930–940 ppm during
the first half stage of soot oxidation with all the catalysts, suggest-
ing that NO2 itself is reduced to NO and even N2 to a limited extent
by reaction with soot.

4. Discussion

4.1. Relationship between redox property and soot oxidation
activity

The redox property of the catalyst, which is characterized
by H2-TPR measurement, is suggested to be essential for soot
oxidation activities in both NO-free and NO-containing atmo-
spheres. As shown in Fig. 7a, the total amount of hydrogen
consumption from RT to 900 ◦C follows the order of MnCe > MnCe-
A > MnCeAl > MnCeAl-A. The amount of available oxygen from the

alumina-modified mixed oxides is weakened due to the addition of
the inert support. It is clear that these data are not in line with the
soot oxidation activities in the presence of O2 especially for the aged
catalysts. The H2 consumption below 600 ◦C is chosen as an indica-
tor of redox property since the soot oxidation is completed around
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ig. 6. Soot-TPO curves of the fresh (a) MnCe, (b) MnCeAl, (c) MnCe-A and (d) Mn
000 ppm NO/10% O2/N2. The dotted line represents the NO2 profile in the NO-TPO
his temperature over all the catalysts. A good aggrement is estab-
ished between the low-temperature H2 consumption (<600 ◦C)
nd soot oxidation activity in the presence of oxygen, indicating the
mportance of active oxygen species from the MnOx–CeO2 mixed

ig. 7. Relationship between the redox property and soot oxidation activity of cat-
lysts in (a) O2 and (b) NO + O2.
A catalysts. Catalyst = 100 mg, soot = 10 mg, loose contact conditions, reactant gas:
urements.

oxides framework. Similarly, considering that the onset of soot oxi-
dation generally takes place around 300–400 ◦C, the redox property
of the catalyst at lower temperatures (<400 ◦C) is associated with
the soot oxidation activity in NO + O2 even if these two reactions are
intrinsically different. Again, a fine consistency is found among the
low-temperature H2 consumption (<400 ◦C), the low-temperature
NO2 production (<400 ◦C) and soot oxidation activity in the pres-
ence of NO + O2 as shown in Fig. 7b. It is known that NO2 plays
an important role in soot oxidation, and the low-temperature NO
oxidation activity of the catalysts does follow a sequence similar to
the catalyst redox property. The specific testing conditions (such as
the amount of catalyst and concentration of reactants) and reaction
mechanisms may account for the higher level of NO2 production in
relation to H2 consumption.

4.2. Relationship between NO oxidation and soot oxidation
activities

In our previous study [27], the soot oxidation activity of
Ba/MnOx–CeO2 catalysts under a heat transfer limitation can be lin-
early associated to the amount of NOx releasable within 350–400 ◦C.
Considering that no barium species is used as a NOx storage compo-
nent and the catalyst–soot mixture was diluted with silica pellets
to prevent reaction runaway in this study, the importance of the
nitrates stored on the catalyst is weakened to a large degree. If we
compare the amounts of the NO-derived NO2 (Fig. 4) with those
of the nitrate-derived NO2 (Fig. 5), the latter are obviously fewer.
Therefore, the soot oxidation activities of MnOx–CeO2 based cat-
alysts in the presence of NOx are related to the NO2 production
behaviors in NO-TPO measurements, and the results are shown in
Fig. 8.

A linear relationship between the NO2 production at low tem-

peratures (<400 ◦C) and Tm for soot oxidation is seen in Fig. 8a.
Low-temperature NO2 production for MnCeAl-A (0.96 mmol/g cat.)
is more than twice of that for MnCe-A (0.44 mmol/g cat.). This
explains the relatively higher soot oxidation activity of the alumina-
modified catalyst after aging and demonstrates the importance of
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ig. 8. (a) NO2 production (<400 ◦C) and (b) its Tm versus Tm for soot oxidation with
ifferent catalysts in NO + O2.

O2 for soot catalytic oxidation. Although a little more NO2 is pro-
uced at low temperatures on MnCeAl (1.90 mmol NO2/g cat.) with
espect to MnCe (1.82 mmol NO2/g cat.)—which may be associated
o the higher NOx storage capacity—the alumina-modified cata-
yst exhibits a slightly higher Tm. Again, this corroborates that the
ontribution from the nitrate-derived NO2 is less important in this
ase.

The maximal NO2 production temperature is considered as
nother factor that affects the soot oxidation activity [34]. It is
mportant for NO2 production to occur within the required temper-
ture interval in which soot oxidation can be effectively promoted
y NO2. Again, the match between the two Tm values demonstrates
he role of NO2 in soot oxidation. The availability of NO2 will be lim-
ted by the thermodynamic equilibrium of the NO + (1/2)O2 ↔ NO2
eaction at high temperatures, which is the case for MnCe-A.

.3. Effect of Al2O3 as a diffusion barrier

The catalyst surface area is suggested to play an important role
n soot catalytic oxidation. �-Al2O3 can provide high surface area
or the accessibility of active sites to gaseous reactants and to the
oot. A significant drop of the surface area from 130 to 45 m2/g for
nCeAl catalyst upon ageing at 800 ◦C. However, the soot oxida-

ion activity of MnOx–CeO2 mixed oxides is obviously affected only

hen the catalyst surface area is below 8 m2/g according to our
revious study [35]. In this sense, other factors such as sintering
f active oxides would be more important than the surface area of
nCeAl ranged between 45 and 130 m2/g.
Fig. 9. Schematic diagram of introduction of Al2O3 as a diffusion barrier.

The growth of the mixed oxides nanoparticles would be gen-
erated through contact of the primary particles. The concept of
introducing a third oxide into binary mixed oxides on a nanome-
ter scale has been accepted as a “diffusion barrier concept” such
as ACZ, i.e. a composite of alumina (A) and ceria–zirconia mixed
oxides (CZ). A similar effect is achieved by introducing alumina into
MnOx–CeO2 mixed oxides as shown in Fig. 9. No diffraction peaks
of Mn2AlO4 or CeAlO3 are obvserved on MnCeAl-A after treatment
at 800 ◦C, as alumina does not react with (Mn,Ce)O2 to form crys-
talline compounds. The contact of (Mn,Ce)O2 primary particles is
restricted and the growth of particles could be inhibited according
to the XRD and Raman results. On the other hand, more MnOx–CeO2
solid solutions remain on the surface of alumina as indicated by
H2-TPR curves. This higher thermal stability in the textural and
structural property of the ternary mixed oxides results in a superior
catalytic performance of MnCeAl after aging. The Tm of MnCe and
MnCeAl for soot oxidation in the presence of NO shifts to higher
temperature by 106 and 53 ◦C after calcination at 800 ◦C for 20 h,
respectively. It demonstrates that the addition of alumina as the
support of MnCe are beneficial for practical application of the mixed
oxides catalyst in diesel exhaust purification.

5. Conclusions

The MnOx–CeO2–Al2O3 mixed oxides catalyst exhibits the max-
imum soot oxidation rate at 455 ◦C, which shifts upwards by
53 ◦C after exposure to flow air at 800 ◦C for 20 h. Compared with
MnOx–CeO2, the superior thermal stability of the Al2O3-modified
catalyst should be mainly ascribed to retarding the sintering of
MnOx and CeO2 crystallites as well as preventing the phase separa-
tion of MnOx–CeO2 solid solutions to some extent. These maintain
a rather strong synergistic effect between Mn and Ce species on
the nanometer scale for the aged alumina-modified catalyst, and
increase the amount of available active oxygen for NO and soot oxi-
dations at relatively low temperatures. A good accordance is found
between the low-temperature redox property (<600 ◦C) and soot
oxidation activity in O2. A similar consistency appears between the
redox property at lower temperatures (<400 ◦C) and soot oxida-
tion activity in NO + O2, where NO2 plays an important role via the
amount and the matching temperature range of its production.
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