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The La1)xKxMnO3 perovskite-type oxides whose sizes were in nanometric range were prepared by the citric acid-ligated

method. The structures of these perovskite-type oxides were examined by XRD and FT-IR. The catalytic activity for the

combustion of soot particulate was evaluated by a technique of the temperature-programmed reaction. In the LaMnO3 catalyst, the

partial substitution of K for La at A-site enhanced the catalytic activity for the combustion of soot particle. In the La1)xKxMnO3

catalysts, the combustion temperature of soot particle decreases with increasing x values. The La1)xKxMnO3 oxides with the

substitution quantity between x=0.20 and x=0.25 are good candidate catalysts for the soot particle removal reaction, and the

combustion temperature of soot particle is between 285 and 430 �C when the contact of catalysts and soot is loose, and their

catalytic activities for the combustion of soot particle are as good as supported Pt catalysts, which is the best catalyst system so far

reported for soot combustion under loose contact conditions.
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1. Introduction

Soot particulate (PM) emitted from diesel engines is
a serious contamination in urban area. The carbon is
the basic component of soot. The soot drew into the
lungs by breathing does much harm to the health
because of some organic compounds, heavy metals
and many carcinogens adsorbed on the surface of
soot. The strict emission control regulations were
constituted in USA, Japan and many Europe coun-
tries. EURO IV, to be enforced in 2005, will impose to
never exceed 0.025 g/km on an ECE-EUDC standard
driving cycle [1].

The most promising technology in the field of soot
removal is based on wall-flow type catalytic traps,
periodically regenerated by the combustion of soot. The
temperature of diesel exhaust gases, generally between
150 and 450�C, is lower, however, the combustion of the
trapped soot is above 550�C [2]. The role of the catalyst
here is to reduce soot ignition temperature and enhance
the combustion rate of the soot collected on the filter
during trap regeneration [3]. Under practical conditions,
the contact between the catalysts on the surface of filter
and PM particle is loose [4,5]. Therefore, it is rather
significant to study and design the active catalysts for
soot particulate oxidation under loose contact condi-
tions. Methods for the increasing catalyst-soot contact

include metal fuel additives and using mobile catalytic
compounds. Using metal additives may increase ash
formation and cause clogging of the filter. High catalyst
mobility can be achieved by using low melting point
eutectic mixtures of oxides or Chloride-containing
mixtures. In this respect, Cu/K/V/Cl or Cu/K/Mo/Cl
have lower melting points than the mixtures of only
metal oxides and are highly active for oxidation of soot
by O2 [4–7]. However, Chloride-containing catalysts are
considered to be impractical because of their high vol-
atility and potential toxicity. In recent years, Oi-Uchis-
awa et al. reported that SO2 and H2O present in the
reactant in addition to NO substantially promote soot
oxidation over Pt catalysts [8–10]. In the catalyst system,
platinum is supposed to promote soot oxidation indi-
rectly, i.e., by oxidizing the NO to NO2, which subse-
quently oxdizes soot to CO and CO2. The one is the best
catalyst system so far reported for soot combustion
under loose contact conditions.

Several authors [11–14] have reported that perov-
skite-type oxides are active for simultaneous NOx-soot
removal reaction. In addition, the substitutional incor-
poration of K into A-sites of perovskite-type (ABO3)
oxides was found to be quite effective in enhancing the
activity and selectivity for the NOx–O2–soot reaction
[13–16]. Teraoka et al. found that La–K–Mn–O perov-
skite-type oxides are good candidate catalysts for diesel
soot combustion under tight conditions [17], but they
did not report the relevant catalytic activities under
loose contact conditions.
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In this work, the nanometric La1)xKxMnO3 perov-
skite-type oxides were prepared by the citric acid-ligated
method, and it was investigated that the substitution
contents of A-site cation affect on the structure and
catalytic performances for soot particle combustion
under loose contact conditions. It has been found that
the nanometric La1)xKxMnO3 oxides with the substi-
tution quantity between x=0.20 and x=0.25 are good
candidate catalysts for the soot particle removal reaction
under loose contact conditions. The probable reasons
that can lead to the activity enhancement for the K
substitution samples compared to the unsubstitution
sample (LaMnO3) were discussed.

2. Experimental

2.1. Catalyst preparation

A series of La1)xKxMnO3 (x=0–0.35) perovskite-
type oxide samples were prepared by the citric acid-
ligated method. The nitrates of La, K and Mn2+ were
used as starting materials for obtaining an aqueous
solution of La3+, K+ and Mn2+ with appropriate
stoichiometry. A solution of citric acid 100% in excess
was added. The resulting solution was heated and
evaporated to dryness with vigorous stirring, following
burning or explosion and finally the precursor was cal-
cined at 800�C for 6 h in static air. This technique is
particularly suitable to producing nanosized particle
samples.

2.2. Catalyst characterization

The crystal structures of the fresh catalysts were
determined by a powder X-ray diffractometer (Shima-
dzu XRD 6000), using Cu K a (k =1.54184 Å) radiation
combined with Niche filter operating at 40 KV and
10 mA. The diffractometer data were recorded for 2h
values between 15 and 70� and scanning rate was 8�/
min.

FT-IR spectra were recorded on a Digilab FTS-3000
spectrophotometer. The measured wafer was prepared
as KBr pellet with the weight ratio of sample to KBr, 1/
100. The resolution was set at 2 cm)1 during measure-
ment.

The morphology of the catalysts were observed by
SEM (S-5200, Japan).

The BET specific surface area of the studied samples
were measured with linear parts of the BET plot of the
N2 isotherms, using a Micromeritics ASAP 2010 ana-
lyzer.

2.3. Activity measurement

Printex-U which was supplied by Degussa was used
as model soot. Its primary particle size was 25 nm
and specific surface was 100 m2 g)1. The catalytic
activity was evaluated by a temperature-programmed

oxidation reaction (TPR) apparatus, a quartz microre-
actor (i.d.=6 mm) at atmospheric pressure. A standard
gas mixture composition was 2000 ppm NO, 5% O2 with
He dilution. A 100 mg soot and catalyst (ratio 1:10, w/
w) was loaded in the middle of the reactor tube with
quartz wool. The soot and catalyst were mixed with a
spatula in order to reproduce the loose contact mode,
which is the most representative model of diesel particles
flowing through a catalytic filter. The outlet gas com-
position was analyzed by gas chromatography (Sp-3420,
Beijing) with TCD using columns of Proapak Q (for the
separation of CO2, N2O) and molecular sieve 5A (for the
separation of O2, N2, CO, NO).

From TPR results, three parameters were derived in
order to evaluate the catalytic performances of the cat-
alysts for soot combustion. The first one was the ignition
temperature of soot (Tig) estimated by extrapolating the
steeply ascending portion of the carbon dioxide forma-
tion curve to zero carbon dioxide concentration, and the
second one was the temperature corresponding to the
soot maximal combustion rate (Tm) and the last one was
the final combustion temperature (Tf) obtained by
extrapolating the steeply descending portion of the
carbon dioxide formation curve to zero carbon dioxide
concentration. The CO2 outlet concentration increases
starting from the carbon ignition temperature, reaches a
maximum, and then decreases as a consequence of car-
bon consumption. The temperature corresponding to
the CO2 peak (Tm) can be taken as an index of the
activity of each tested catalyst. The lower the Tm value,
the more active the catalyst.

3. Results and discussion

3.1. Catalyst characterization

The XRD patterns of the La1)xKxMnO3 oxides are
shown in figure 1. The XRD patterns of all the samples
give a large peak at 33�, and the d values of character-
istic pedigrees are 2.74, 1.94 and 1.59, which is consis-
tent with the references [17–19]. These results indicate
that the complex oxides of La1)xKxMnO3 possessed
ABO3 perovskite-type structures. For La0.70K0.30MnO3

and La0.65K0.35MnO3 catalysts, additional peak not
belonging to the perovskite phase was observed at 25.2o

and they could be assigned to K2Mn4O8, and the for-
mation of K2Mn4O8 in a trace amount was also con-
firmed in the La0.75K0.25MnO3 catalyst [17].

Table 1 shows the crystal particle sizes of
La1)xKxMnO3 samples. The average crystal particle
sizes of La1)xKxMnO3 samples were in the range of 14–
33 nm. The results reveal that La1)xKxMnO3 samples
which were prepared by the citric acid-ligated method
possessed nanometric particles.

Figure 2 shows IR spectra of La1)xKxMnO3 perov-
skite-oxides. In the whole range of 0.35‡ x ‡0, this series
of samples all have the vibration bands around
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600 cm)1, which have been attributed to the character-
istic vibration band of perovskite-type (ABO3) oxides
[20]. This result shows that the series of La1)xKxMnO3

all have the structure of ABO3 type. MnO6 octahedron,
which have A-site cation in their clearance, is the unit
cell of La1)xKxMnO3 crystalline structure. There are six
vibrancies to IR spectra [20], and the stretching vibra-
tion (v3) is inactive if three pairs of Mn–O bonds have
the same lengths, i.e., MnO6 octahedron having higher
symmetry. On the contrary, the Mn–O stretching
vibration v3 is active if the symmetry of MnO6 is low. It
is obvious that the intensity of the vibration band at
around 600 cm)1 decrease with x increasing in
La1)xKxMnO3 oxides, especially when x‡0.15, the
vibration band become much weak, broad and up-
shifting. These results indicate that some amounts of
Mn3+ changed into Mn4+ when some La3+ was
replaced by K+. Two new vibration bands at around
480, 520 cm)1 appeared when K+ substitution amount
is equal to or exceeds 0.25. In order to assign these
bands, the FT-IR spectra of K2O and K2CO3 were
recorded and their vibration bands were not located

around 500 cm)1, which was not showed here for sim-
plicity. These new two bands maybe due to the forma-
tion of K–Mn compound other than La–Mn–O
perovskite oxide when K substitution amount is greater
than 0.25 [17].

SEM photographs of LaMnO3 and La0.75K0.25MnO3

perovskite-oxides are presented in figure 3. The SEM
image of La0.75K0.25MnO3 shows that the catalyst par-
ticles had an average particle size centered around
50 nm with a spherical shape, and it has a much better
dispersion than unsubstituted sample LaMnO3.

The specific surface area of the perovskite-oxides is
shown in the Table 2. The BET surface area of
La1)xKxMnO3 catalysts is between 9 m2/g and 18 m2/g.

3.2. Catalytic activity for soot combustion

The TPR curves as shown in figure 4 are useful to
compare the catalytic activity of the catalysts for soot
combustion. Compared with blank case (i.e., without
catalyst) the temperature for soot combustion was
lowered down by 180�C for LaMnO3 as catalyst (seen
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Figure 1. X-ray diffraction patterns of La1)xKxMnO3 catalysts (1). LaMnO3 (2). La0.95K0.05MnO3 (3). La0.90K0.10MnO3 (4). La0.85K0.15MnO3

(5). La0.80K0.20MnO3 (6). La0.75K0.25MnO3 (7). La0.70K0.30MnO3 (8). La0.65K0.35MnO3.

Table 1

The average crystal size of La1)xKxMnO3 catalysts

x=0 x=0.05 x=0.10 x=0.15 x=0.20 x=0.25 x=0.30 x=0.35

2h/0 D/nm 2h/0 D/nm 2h/0 D/nm 2h/0 D/nm 2h/0 D/nm 2h/0 D/nm 2h/0 D/nm 2h/0 D/nm

32.57 14.75 32.58 16.15 32.50 17.63 32.65 20.41 32.54 21.10 32.65 25.12 32.67 22.32 32.63 22.12

46.77 24.47 46.75 24.34 46.67 26.85 46.84 29.75 46.71 27.02 46.84 24.48 46.88 32.96 46.81 25.57

58.04 19.98 58.01 23.41 57.96 22.85 58.18 20.92 58.07 21.01 58.20 19.78 58.20 19.70 58.14 19.56
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from figure 4 a). The soot combustion temperatures
significantly reduced over all the samples with K sub-
stitution for La compared to the unsubstituted sample
LaMnO3. (as shown in figure 4 b).

A very interesting phenomenon was found that the
catalytic performances of the K-substituted samples can
be classified into two groups. One group is for the
samples with K-substituted amount x £ 0.15, the other

is for the samples with K-substituted amounts 0.15 £ x
£0.35. The detailed activity data (Tig, Tm, Tf) of the
series of La1)xKxMnO3 oxide catalysts for soot com-
bustion are listed in Table 3. The catalytic activity of
La1)xKxMnO3 oxide catalysts for soot combustion is as
good as supported Pt catalyst which is the most active
catalyst system so far reported when the contact
between soot particle and catalyst surface was loose [21].

3.3. Relation between the physico-chemical properties of
La1)xKxMnO3 perovskite-type oxides and their
catalytic performances.

It is a complicated multi-phase reaction process for
catalytic combustion reaction of soot over catalysts. The
nature of soot particle oxidation over catalyst surface
should follow redox mechanism containing the reduc-
tion and oxidation of the ions in catalyst. There are
several main controlling factors which govern the cata-
lytic properties of soot oxidation over the mixed oxide

Figure 3. SEM photographs obtained for catalysts after calcination at 800�C (a) LaMnO3 (b) La0.75K0.25MnO3.
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Figure 2. FT-IR spectra of La1)xKxMnO3 catalysts.

Table 2

Specific surface area of La1)xKxMnO3 catalysts

Catalysts Specific

surface

area/m2/g

Catalysts Specific

surface

area/m2/g

LaMnO3 12.7 La0.80K0.20MnO3 18.2

La0.95K0.05MnO3 11.9 La0.75K0.25MnO3 16.7

La0.90K0.10MnO3 11.7 La0.70K0.30MnO3 13.1

La0.85K0.15MnO3 11.3 La0.65K0.35MnO3 9.5
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catalysts. The first one is the good redox properties of
the oxide catalysts, especially the oxidizing ability of B
site cation in perovskite-type oxides. This is the most
important one for the activation and oxidizing of the
soot particle, which is intrinsic properties of the catalyst.
The second one is the oxidizing ability of oxidant. For
example, NO2 is stronger oxidant than molecular oxy-
gen. The third one is the good contact between soot
particle and catalyst surface, which is indispensable
conditions for an active catalyst to play the role on soot
combustion.

For perovskite-type oxide catalyst, B-site cations for
soot combustion possess the function of catalysis. The
cation at A-site (La3+) is generally trivalent, as La3+ at
A-site is replaced by lower valency cation K+, according

to the principle of electron neutrality, the positive charge
reduced could be balanced either by the formation of
higher oxidation state ion at B-site [22–27], i.e.,

Mn3þ !Mn4þ

La1�xKxMn3þ1�2xMn4þ2xO3 ! LaMnO3:

þ xLa3þjKþj00 þ 2xMn3þjMn4þj�

or by the formation of oxygen vacancy (V0) in
La1)xKxMn O3.

La1�xKxkðV0ÞMn3þO3�k ! LaMnO3:

þ xLa3þjKþj00 þ kjOj��
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Figure 4. TPR profiles of carbon oxidation over catalysts under loose contact conditions. Reactant gas: 2000 ppm NO+ 5% O2 (a) non-catalyst

(j) LaMnO3(—); (b) LaMnO3(—), La095K0.05MnO3(j), La0.90K0.10MnO3(r), La0.85K0.15MnO3(m), La0.80K0.20MnO3(), La075K0.25MnO3(+),

La0.70K0.30MnO3(h), La0.65K0.35MnO3(4).
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Based on the above discussion, the following three
reasons can lead to the activity enhancement for K-
substituted samples (La1)xKxMnO3) compared to the
unsubstituted sample (LaMnO3). The first one is that A-
site cation (La3+) were replaced partly by K+ and
partial Mn3+ changed to Mn4+, which had better cat-
alytic oxidation activity than Mn3+. The second one is
the increase in the content of oxygen vacancy (V0) in
La1)xKxMn O3, which increases the adsorption and
activation oxygen at catalyst surface. Therefore, it can
improve oxidant activity. The last one is that the
nanoparticle La1)xKxMnO3 perovskite-type oxides were
obtained. The surface particle sizes of nanoparticle
catalyst are small. Surface atoms on surface of nano-
particle catalysts have extra and high surface energies
and they are good at mobility. Thus, the contact is still
very good between catalysts and soot even under loose
contact conditions [4,28].

4. Conclusions

The nanoparticle La1)xKxMnO3 perovskite-type
oxides were obtained by the organic acid- ligated
method. In the LaMnO3 catalyst, the partial substitu-
tion of K+ into A-site La3+ enhanced the catalytic
activity, i.e., the combustion temperature of soot parti-
cle decreases with increasing x values. The combustion
temperature for soot particle over the samples with K-
substitution amount between 0.20 and 0.25 is between
285 and 430�C under loose contact conditions. These
catalytic activity for the combustion of soot particle are
as good as supported Pt catalysts which is the best
catalyst system so far reported for soot combustion
under loose contact conditions.
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