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A highly active catalyst (La0.7Ag0.3MnO3) for simultaneous removal of nitrogen oxides (NOx) and diesel
eywords:
a0.7Ag0.3MnO3 catalyst
imultaneous removal of NOx and diesel
oot

soot is synthesized by solid state method and the catalyst is characterized by XRD, FT-IR, H2-TPR, and
O2-TPD. The results indicate that metallic Ag appears in the La0.7Ag0.3MnO3 catalyst. The concentration of
oxygen vacancy and the over-stoichiometry oxygen content also remarkably increase as the substitution
increase of Ag+ for La3+ at A-site ions. The simultaneous removal of soot particulates and NOx activities
are evaluated by a temperature-programmed reaction (TPRe) technique. The superior performance of the
La0.7Ag0.3MnO3 catalyst for the reaction is probably due to lots of oxygen vacancy and over-stoichiometry

lattic

olid state method

oxygen in the perovskite

. Introduction

Perovskite-structured (ABO3) oxides, as a potential catalyst
or simultaneous removal of soot particulates and NOx in diesel
xhaust, have been investigated widely in academic and industry
fter the proposal of a catalyzed soot traps process [1]. The partial
eplacement of the A-site ions by alkali metal [2,3,4], alkali-earth
etal [4] and rare-earth metal [5] in perovskite-structure will lead

o structural defects in the crystal lattice, which might enhance the
ctivity and selectivity for simultaneous removal of NOx and soot.
ilver could not only increase the carbon gasification rate [6], but
lso shows remarkable performances in NOx abatement [7,8]. Silver
upported alumina catalyst has also shown good performance on
imultaneous removal of carbon particle and NOx [9]. It is therefore
ossible to develop highly effective simultaneous removal of NOx
nd soot catalysts by using Ag+ replaced A-site ions of perovskite
xides.

Herein, we partially replaced La3+ ions of LaMnO3 perovskite
xide by Ag+ ions, and La0.7Ag0.3MnO3 with prescribed stoichoime-
ery was used as a catalyst for simultaneous removal of NOx and
oot. The results indicated that the structural defects produced by

g+ ions replacement in the crystal lattice will affect the catalytic
ctivity. Meanwhile, metallic silver in this catalyst might also pro-
ote the performance for simultaneous removal of NOx and soot.

∗ Corresponding author. Tel.: +86 532 86981296/86981856;
ax: +86 532 86981295.

E-mail address: zfyancat@upc.edu.cn (Z. Yan).

920-5861/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.cattod.2010.06.001
e along with the zero-valence silver.
© 2010 Elsevier B.V. All rights reserved.

2. Experimental

2.1. Catalyst preparation

The La(NO3)3·6H2O, AgNO3·H2O and Mn(CH3COO)2·4H2O pow-
ders with a stoichiometric ratio were mixed and grinded
continuously for 20 min in a mortar. Compared with the theoret-
ical weight, 20% excessive NaOH was added into the mortar, and
grinding the solid to react completely. Then the as-synthesized
sample was washed with deionized water by filter. The solid prod-
uct was dried at 100 ◦C for 24 h, followed by calcination at 600 ◦C
for 10 h in air. After grinding, the catalyst powder (150–200 mesh)
was obtained.

2.2. Catalyst characterization

Fourier transform infrared (FT-IR) spectra were recorded at
room temperature from 4000 to 400 cm−1 by a Nicolet 6700 spec-
trometer, and 64 scans were collected with a resolution of 2 cm−1.
A self-supporting disk (10 mm diameter) prepared by pressing the
mixture of sample powder and KBr was placed into a conventional
metal cell with KBr windows.

The X-ray diffraction (XRD) patterns of the samples were mea-
sured on a powder X-ray diffractometer (PANalytical XRD Xpert
pro. MPD) using Cu K� radiation (� = 0.1542 nm) in the 2� range of

10–75◦ at a scanning rate of 2◦ per min. The tube voltage and cur-
rent were set at 40 kV and 40 mA, respectively. The patterns were
compared with JCPDS reference data for phase identification.

H2-TPR measurements were carried out on a Quantachrome
ChemBET-3000. Typically, 100 mg sample was pretreated at a

dx.doi.org/10.1016/j.cattod.2010.06.001
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
mailto:zfyancat@upc.edu.cn
dx.doi.org/10.1016/j.cattod.2010.06.001
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ture, but principally on the degree of substitution of the A-site ions
with cations with lower valence [12]. Otherwise, nonstoichiomet-
ric excess oxygen appears, which is mostly weakly bonded in the
perovskite lattice [13], and impacts on the � peak. A dramatic shift
to low temperatures of the peak of �-oxygen species and the incre-
Fig. 1. X-ray diffraction patterns of catalysts.

elium atmosphere at 500 ◦C for 1 h and subsequently cooled to
0 ◦C. Then, the H2-TPR was carried out using 9.87% hydrogen in
rgon at a constant flow rate of 70 mL/min, from 100 ◦C to 800 ◦C
t a heating rate of 10 ◦C/min.

The O2-TPD experiments were performed on Quantachrome
hemBET-3000. 200 mg of the sample was pretreated using 4.16%
2 in He (80 mL/min) at 600 ◦C for 30 min, and then cooled down to

oom temperature in the same atmosphere. The oxygen desorbed
radually from 100 ◦C to 850 ◦C at a heating rate of 10 ◦C/min in He
tream.

.3. Catalytic activity evaluation

The catalytic activities of the prepared samples were evaluated
ith a temperature-programmed reaction (TPRe) technique. The

eaction temperature varied during each TPRe run from 200 ◦C to
00 ◦C at a 4 ◦C/min rate. The model soot particulates used was the
rintex-U sample supplied by Degussa. 165 mg mixture of soot par-
iculates and La0.7Ag0.3MnO3 catalyst was carefully mixed, in the
eight ratio of 1/10 for a “loose” contact between the soot partic-
lates and the catalyst, and then placed into the center of a quartz
eactor. The simulated exhaust consists of 0.2% NO, 5% O2 with He
s the major gas and the total flow rate is 60 mL/min. After reaction,
he gas is automatically sampled and analyzed by a gas chromato-
raph (modified Agilent-6820 GC) equipped with a TCD and with
Porapak Q column for separating CO2 and N2O, and a molecular

ieve 5A column for separating O2, N2 and CO. During the test of
his work, N2O and CO was not detectable.

The catalytic activity was evaluated by the values of T10, T50, and
90, which were defined as the temperatures at which 10, 50, and
0% of the soot particulates were oxidized during the TPRe proce-
ure, respectively. The maximum NO conversion into N2 is another

mportant parameter, which can be calculated by 2[N2]o/[NO]i,
here [N2]o and [NO]i are concentrations of N2 in the outlet gas

nd NO in the inlet gas, respectively. In the TPRe experiments, the
eaction was continuously run until the soot was completely burnt
ff.

. Results and discussion

.1. XRD

The X-ray diffraction patterns of La1−xAgxMnO3 (x = 0, 0.3)

atalysts are shown in Fig. 1. It reveals that the LaMnO3 cata-
yst is rhombohedral perovskite phase in the present work. For
a0.7Ag0.3MnO3 catalyst, four additional peaks not belonging to the
erovskite phase are observed at 29.1◦, 38.1◦, 44.3◦ and 64.4◦, and
hey can be assigned to metallic Ag.
Fig. 2. FT-IR spectra of catalysts.

3.2. FT-IR

IR spectrum of LaMnO3 perovskite presents two strong absorp-
tion bands around 600–650 cm−1 and ∼400 cm−1, as shown in
Fig. 2. Lavat and Baran [10] found that the BO6 units domi-
nate the spectroscopic behavior because, the B–O bonds of the
BO6 octahedral units are undoubtedly stronger than those of
the 12-coordinated La(III)–O units. The bands in the range of
600–650 cm−1 are assigned to the asymmetric stretching vibration
of the BO6 octahedra, while those at ∼400 cm−1 are ascribed to the
deformation modes of the same polyhedral [11]. In the IR spectra of
La0.7Ag0.3MnO3 sample, the broadening of the bands at higher wave
numbers and decreasing of their intensity, along with disappear-
ing bands at lower wave numbers, were observed. It is plausible
that BO6 octahedral units in the structure of La0.7Ag0.3MnO3 are
more symmetric than that in LaMnO3 because an amount of Ag+

substitutes La3+ at A-site getting into the lattice of perovskite oxide.

3.3. H2-TPR

Fig. 3 shows the H2-TPR patterns of La1−xAgxMnO3 (x = 0, 0.3)
catalysts. In all cases, two types of chemisorbed oxygen species,
were observed: a low-temperature species, named �, desorbing
below 600 ◦C, and a high-temperature one, named �, reacting in
the region of 600–900 ◦C. The � peak depends strongly on the con-
centration of surface oxygen vacancies. In particular, its onset and
intensity depend partly on the nature of the metal B of ABO3 struc-
Fig. 3. The H2-TPR patterns of catalysts.
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Fig. 4. The O2-TPD profiles of catalysts.

ent of its peak area were both observed when LaMnO3 was doped
ith silver. It can be deduced that a large amount of oxygen vacan-

ies producing in the structure of La0.7Ag0.3MnO3, as a result of the
artial substitution of Ag+ for La3+ at A-site ions, affects strongly
he oxygen mobility in the catalyst. Concerning high-temperature
-oxygen species, Spinicci and Tofanari [14] demonstrated that this
eak could be referred to as the lattice oxygen. The LaMnO3 shows
peak at 817 ◦C, while the corresponding peak shifts to 783 ◦C and

ecomes narrower for La0.7Ag0.3MnO3.

.4. O2-TPD

In the O2-TPD patterns of catalysts (Fig. 4), two kinds of des-
rbed oxygen species, �-O2 (T < 700 ◦C) and �-O2 (T > 750 ◦C), were
lso observed. However, �-O2 are divided into two subgroups [15]
ith the low temperature desorbing one being designated as �1-
2 and the one desorbing above 550 ◦C as �2-O2. �1-O2 is ascribed

o O2 adsorbed on anion vacancies (oxygen vacancies) which can
e readily removed at relatively low temperature, while �2-O2 is
ssigned to the desorption of over-stoichiometric oxygen (excess
2) at 600–700 ◦C which may be formulated as:

Mn4+ + 2O2−(�) → 4Mn3+ + O2 (1)

n Eq. (1) the excess oxygen charge is compensated by cation vacan-
ies (noted here as (�)) following the suggestions of van Roosmalen
t al. [16]. As shown in Fig. 4, the peak intensity of �1-O2 and �2-
2 of La0.7Ag0.3MnO3 catalyst is stronger than that of LaMnO3, in
greement with the result of H2-TPR.

The desorption temperature of �-O2 is at 819 ◦C for the LaMnO3
nd near 800 ◦C for the La0.7Ag0.3MnO3 catalyst. The desorption
emperature of �-oxygen species is often associated with the

obility in the bulk of the structure. This desorption requires the
ormation of the �-O2 desorption site [17]:
(2)

here n = 4 or 3 and � is an anion vacancy.
Fig. 5. The outlet CO2 and N2 concentration profiles during temperature-
programmed reaction over La1−xAgxMnO3 (x = 0, 0.3) catalysts: (A) outlet CO2

concentration profiles and (B) outlet N2 concentration profiles.

Thereafter, �-oxygen desorption proceeds via the diffusion of
oxygen from the bulk to the surface:

(3)

According to the temperature ranges of � and � peaks, it seems
that �-oxygen species should be directly responsible for the soot
particulates combustion.

3.5. Catalytic activity

Fig. 5 and Table 1 show the result of the TPRe over La1−xAgxMnO3
(x = 0, 0.3). It manifests that N2 and CO2 are produced over the
catalysts at the same temperature range, which illuminates that
the catalysts have the capability of simultaneous removal of
NOx and soot particulates. In the present study, soot particu-
lates in non-catalytic combustion cannot be consumed completely
under the same reaction conditions, when the maximum of
CO2 concentration is only 6426 �g/g and N2 is not detected.

The catalysts decrease remarkably the temperature of soot par-
ticulates combustion. As shown in Fig. 5, LaMnO3 exhibits a
high catalytic activity for soot combustion and NO reduction.
Compared to LaMnO3, the combustion temperature of soot par-
ticulates decreases more than 40 ◦C on La0.7Ag0.3MnO3, and
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Table 1
The catalytic performances of La1−xAgxMnO3 (x = 0, 0.3) catalysts for simultaneous
removal of soot and NOx.

Sample T10/◦C T50/◦C T90/◦C Maximum conversion
of NO into N2/%
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tions, Catal. Rev. 46 (2004) 271–334.
LaMnO3 367 443 501 63.9
La0.7Ag0.3MnO3 317 401 461 72.2

he maximum NO conversion into N2 increases from 63.9% to
2.2%.

The high activity for simultaneous removal of NOx and soot par-
iculates of La0.7Ag0.3MnO3 catalyst might attribute to the following
wo factors. The first one is the increase in the content of oxygen
acancies and over-stoichiometric oxygen due to the partial sub-
titution of Ag+ for La3+ at A-site ions. O2-TPD results confirm that
mass of oxygen vacancies exist in the La0.7Ag0.3MnO3 catalyst.
sing MS-NO-TPD method, Zhao and co-workers [18] investigated

he relationship between oxygen vacancy and adsorption and acti-
ation of NO on the perovskite-like oxide catalysts. The result
eveals that the adsorption of NO, which is strongly related to the
xygen vacancy concentration, is significant to the activation of
O molecule. The improvement of the mobility of oxygen caused
y enhancement of over-stoichiometric oxygen content, promotes
he contacts between oxygen and soot particulates. Therefore, it
mproves the catalytic activity for simultaneous removal of NOx
nd soot particulates. The second reason is that metallic Ag is pre-
ented in the catalyst, as confirmed by XRD. NO2 is much more
eactive towards soot than NO and O2 as it was confirmed by liter-
ture [19,20,21], while Zhao and co-workers [22] postulated that,
ue to the strong oxidizing ability of NO2 and the good contact
roperty of NO2 molecule with soot particles, the soot combustion
ate was accelerated. Metallic Ag in La0.7Ag0.3MnO3 catalyst can
fficiently adsorb NO and O2, and oxidize NO to NO2 [23], causing
hat both soot oxidation rate and NOx reduction rate are enhanced.

. Conclusion

The La0.7Ag0.3MnO3 catalyst has good catalytic performance
or simultaneous removal of NOx and diesel soot particulates
nder loose contact conditions. Several conclusions can be drawn
rom this work. The partial substitution of Ag+ for La3+ at A-
ite ions enhanced the catalytic activity due to the increase of
xygen vacancy concentration and the over-stoichiometry oxy-
en content. The oxygen vacancy is beneficial because it enhances
he adsorption and activation of NO or molecular oxygen, while
ver-stoichiometry oxygen accelerates the mobility of oxygen in
he catalyst. The existence of metallic Ag in the catalyst speeds

p the combustion rate of soot particulates and also promotes
he reduction rate of NO. The lower temperature of soot partic-
lates combustion and the higher conversion of NO towards N2
re obtained as a result of the synergetic effect of those factors
iscussed.
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