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a b s t r a c t

Perovskite-type oxides of the LaBO3 and LaB0.9Pd0.1O3 series (where B = Cr, Mn, Fe) have been prepared and
characterized by X-ray diffraction (XRD), BET specific surface area, and field emission scanning electron
microscope (FESEM) techniques. The activity of the reference perovskites, LaBO3, and the new versions
(with Pd introduction at the B-site) towards the combustion of methane, was evaluated in a Temperature
Programmed Combustion (TPC) apparatus. Perovskite-type oxide containing Mn and Pd at the B-site was
found to provide the best results. The half-conversion temperature of methane over the LaMn0.9Pd0.1O3

catalyst was 425 ◦C, compared to 485 ◦C for LaMnO3, with a W/F = 0.12 g s/cm3. On the basis of a Tempera-
NG
d

ture Programmed Desorption (TPD) analysis of oxygen as well as catalytic combustion runs, the prevalent
activity of the LaMn0.9Pd0.1O3 catalyst could be explained by its capability to deliver a higher amount
of intrafacial oxygen. This catalyst was then deposited on cordierite monoliths in a �-Al2O3 supported
form (catalyst weight percentage 15%) and tested in a lab-scale test rig under realistic conditions. Half
methane conversion (T50) was achieved at 340 ◦C (Gas Hourly Space Velocity (GHSV) = 10 000 h−1), almost
the same T value as the commercial 4 wt% Pd/�-Al O catalyst, but with a six-times lower amount of

l.

50

the expensive noble meta

. Introduction

From the environmental point of view, Compressed Natural Gas
CNG) engines could lead to very low pollutant emissions. How-
ver, unburned methane is harder to oxidise than gasoline-derived
nconverted HCs. The strong greenhouse effect of methane (more
han one order of magnitude higher than that of CO2) has induced
ncreasing concern at a legislation level and led to the development
f tailored after-treatment technologies [1–3]. Catalytic combus-
ion of methane on honeycomb converters similar to those used
or the treatment of gasoline engine exhaust gases is the route
hat should be taken to resolve this problem. Particular demands
re imposed on the catalysts used for methane combustion. They
ust resist thermal and mechanical shocks and exhibit high activ-

ty, which is not trivial due to the high stability of CH4 and the low
emperature of CNG vehicle exhausts (which rarely exceed 500 ◦C).
ommercial catalysts are based above all on �-Al2O3-supported Pd
4–7], which have at least a three-times higher noble metal loading

ompared to those of conventional three-way catalysts. However,
esides being expensive, the latter sinter easily. A possible solution
ould be the insertion of the noble metal into a perovskite-type
ransition metal oxide structure which, in our tests, when prop-
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erly prepared, resulted to be comparably active, highly resistant to
deactivation and much cheaper.

Perovskites are mixed oxides of the general formula: ABO3±ı,
where A is usually a lanthanide ion and B is a transition metal
ion. Both A and B can be partially substituted, leading to a wide
variety of mixed oxides of the general formula: A1−xA′

xB1−yB′
yO3±ı,

characterized by structural and electronic defects, due to their non-
stoichiometry, which is indicated by the subscript ı in the formula.
For full oxidation reactions, such as methane combustion, cation B
is considered to be responsible for the catalytic activity [8], while
cation A, especially when partially substituted by a cation A′ of dif-
ferent valence, governs the formation of crystal lattice vacancies
and can stabilize unusual oxidation states for B, leading to different
catalytic performances [8–10]. The oxidation activity of perovskites
has been ascribed to their ionic conductivity, to oxygen mobility
within their lattice [9], to their reducibility and to their oxygen sorp-
tion properties [11]. Two possible mechanisms, a suprafacial and an
intrafacial one, were in fact proposed some time ago [12] and are
now widely accepted for the oxidation reactions over these cata-
lysts. The former mechanism arises from the interaction of surface
oxygen with the reactants and it is operative at low temperatures

(<400 ◦C). The latter is effective at higher temperatures (>400 ◦C)
and involves a Mars–Van Krevelen redox cycle. In it, bulk lattice
oxygen migrates towards the surface, becoming available for the
oxidation of the adsorbed substrate and is quickly replaced by oxy-
gen from the gaseous phase. The mobility of O2− ions within the

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:nunzio.russo@polito.it
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3. Results and discussion

The XRD spectra (Fig. 1) of the prepared perovskite catalysts
showed diffraction peaks corresponding to the desired structure
of the catalysts (JPCDS card: PDF 24-1016 for LaCrO3, JPCDS card:
38 N. Russo et al. / Chemical Engin

rystalline framework determines the catalytic reaction mecha-
ism [10].

A research programme carried out at Politecnico di Torino
as aimed at developing nanostructured Pd-perovskite-type-oxide

atalysts employing a markedly smaller or similar overall noble
etal load than that used in conventional converters. The present
anuscript deals with the development of these catalysts. The per-

ormance of the most promising developed catalyst, once deposited
n a honeycomb catalytic converter and tested in a lab-scale test rig,

s also presented and discussed.

. Experimental

.1. Catalyst preparation and characterization

A series of perovskite catalysts (LaMnO3, LaMn0.9Pd0.1O3,
aFeO3, LaFe0.9Pd0.1O3, LaCrO3, and LaCr0.9Pd0.1O3) were prepared
ia a highly exothermic and self-sustaining reaction, the so-called
Solution Combustion Synthesis” (SCS) method [13]. This technique
s particularly suitable for producing nanosized particles and entails
he formation of pure oxide catalysts with rather high specific sur-
ace areas in the absence of any carrier. This allows the intrinsic
atalytic activity of the prepared compound series to be compared
ore easily.

A crucible containing a concentrated aqueous solution of var-
ous precursors (metal nitrates and urea) was placed in an oven
t 600 ◦C for a few minutes, in order to ignite the very fast syn-
hesis reactions. All the catalysts were then ground in a ball mill
nd characterized by different analyses (XRD - PW1710 Philips
iffractometer equipped with a monochromator for the Cu-K˛

adiation, FESEM - Leo 50/50 VP with Gemini column) in order
o check that the desired microstructure and chemical compo-
ition were obtained. The activity of the prepared catalysts was
nalyzed through Temperature Programmed Combustion (TPC),
ccording to the following standard screening operating proce-
ures: a gas mixture (2.5 vol.% CH4; 7.5 vol.% O2, He = balance) was

ed at the constant rate of 0.83 N ml s−1 to a fixed-bed reactor con-
tituted of 100 mg of powdered catalyst and 900 mg of silica pellets
0.3–0.7 mm in size) (W/F = 0.12 g s/cm3). This inert material (SiO2)
as adopted to reduce the specific pressure drop across the reac-

or and to prevent thermal runaways. Starting from 950 ◦C, the inlet
emperature, measured by a K-type thermocouple placed alongside
he quartz tube, was decreased at a 2 ◦C/min rate and the outlet CO2,
O, CH4 and O2 concentrations were determined using continuous
on-Dispersive Infrared Sensor (NDIR) and paramagnetic analyz-
rs, thus allowing the methane conversion to be calculated and the
arbon balances to be closed (relative error: ±4%). Methane half-
onversion temperatures (T50) were evaluated from the obtained
ypical sigma-shaped curves, as an index of the catalytic activity
owards methane combustion. Each data point was obtained as the
verage of three twin runs performed on different samples of the
ame catalytic material. In order to fully appreciate the catalytic
ffect of the perovskites, blank runs were also carried out in the
bsence of the catalyst and in the presence of just SiO2.

Some further analyses were performed on the prepared per-
vskite catalysts in a Temperature Programmed Desorption/
eduction/Oxidation (TPD/R/O) analyzer, equipped with a thermal
onductivity (TCD) detector (TPD/R/O 1100 Thermoquest). A fixed
atalyst bed was enclosed in a quartz tube and sandwiched between
wo quartz wool layers; the catalyst was heated under an O2 flow
40 N ml/min) up to 750 ◦C before each Temperature-Programmed

esorption (TPD) run. After 30 min at this temperature, as a com-
on pretreatment, the fixed bed temperature was then lowered to

oom temperature with the same oxygen flow rate, thereby allow-
ng complete oxygen adsorption over the catalyst. Helium was then
ed to the reactor at a rate of 10 ml/min, which was maintained for
g Journal 154 (2009) 137–141

1 h at room temperature to purge any excess oxygen molecules. The
catalyst was then heated to 900 ◦C at a constant rate of 10 ◦C/min
under a helium flow rate of 10 N ml/min. A detailed description of
the Temperature Programmed Desorption of the oxygen analysis is
reported in Ref. [8]. X-ray diffraction was once again performed on
the catalysts which underwent TPD analysis, to check whether the
perovskite structure had been retained or not, and to check for the
possible appearance of new phases.

2.2. Catalytic monolith preparation and characterization

The catalytic converters (cylindrical cordierite honeycombs by
Chauger; cell density: 200 cpsi; length: 25 mm; diameter: 34 mm)
were prepared by a preliminary deposition of a layer of �-alumina
by in situ SCS [14] (10 wt% referring to the monolith weight) fol-
lowed by deposition of 15 wt% (referring to the �-alumina weight)
of LaMn0.9Pd0.1O3, the most active perovskite catalyst. Adhesion
tests and a structural characterization (XRD, FESEM) were car-
ried out. The adhesion properties between the catalyst and the
ceramic surface were checked by means of an ultrasonic bath test:
a piece of the catalytic monolith was weighed before and after a
standard ultrasonic treatment [15] to quantify the catalyst loss. A
physical–chemical characterization was performed on sections of
the catalyzed monolith; in particular, field emission scanning elec-
tron microscopy (FESEM) analyses were performed using a FESEM
- Leo 50/50 VP with GEMINI column apparatus equipped with an
energy-dispersive spectrometer, in order to investigate the mor-
phology and composition of the deposited catalytic layer. Catalytic
combustion experiments were performed in a stainless steel reac-
tor heated in a horizontal split tube furnace [15] characterized by
a 60 cm heating length. The catalyzed monolith was sandwiched
between two mullite foams to optimize flow distribution. A ther-
mocouple, inserted along one of the central monolith channels, was
used for the temperature control to measure the inlet temperature.

Lean inlet conditions (0.4 vol.% CH4, 10 vol.% O2, N2 balance)
were ensured via mass flow controllers. The GHSV was set equal
to 10 000, 40 000 and 80 000 h−1, whereas the composition of
the off-gases was monitored using the same analyzing equipment
described above.

A converter containing 4 wt% of Pd-�-alumina, simulating a
commercial catalyst was also prepared by impregnation of a bare �-
alumina coated monolith and tested under the previous reference
conditions.
Fig. 1. XRD diffraction patterns of the perovskite-type catalysts.
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ig. 2. Electron microscopy results concerning the LaMn0.9Pd0.1O3 catalyst in pow-
er: (A) FESEM view of the catalyst microstructure and (B) FESEM view of the catalyst
rystals.

DF 74-2203 for LaFeO3 and JPCDS card: PDF 89-0644 for LaMnO3);
o diffraction peaks were detected related to the other phases. This
onfirms, for the substituted perovskite samples, that the insertion
f Pd as a cation inside the crystalline structure was obtained.

Fig. 2A shows an FESEM micrograph of the LaMn0.9Pd0.1O3
erovskite-type catalyst which refers to the catalyst that showed
he highest activity among those prepared. The foamy morphol-
gy of the catalyst is a consequence of the rapid generation of
ases during the combustion synthesis, due to the decomposi-
ion/combustion of the reacting precursors. Such a structure should
nable a good internal mass rate to be obtained. Fig. 2B shows an

ESEM micrograph regarding the same catalyst observed with a
igher magnification. Most of the perovskite crystals range between
0 and 100 nm in size, which is in accordance with the BET specific
urface areas measured (10–30 m2/g), reported in Table 1. It can
n fact easily be calculated that the above range size should cor-

able 1
alf-conversion temperatures of methane, BET specific surface area values and specific mo

T50 (◦C) BET surface area (m2/g)

o catalyst 816 –
aFeO3 535 17.4
aFe0.9Pd0.1O3 495 11.6
aMnO3 485 8.1
aMn0.9Pd0.1O3 425 7.2
aCrO3 615 26.1
aCr0.9Pd0.1O3 610 22.3
Fig. 3. Methane conversion vs. temperature plots: comparison of the perovskite
catalysts.

respond approximately to specific surface areas in the 8–23 m2/g
range, once the average density of the catalyst particles equal to
6500 kg/m3 [16], an average value for the tested perovskites, and a
spherical shape for the particles themselves are assumed. Finally, no
indications on the possible presence of amorphous or minor crys-
talline phases are perceivable in Fig. 2B, in any FESEM observation
made on LaMn0.9Pd0.1O3 or any other catalyst.

Fig. 3 illustrates the methane conversion vs. temperature plots
recorded for the catalysts considered. All the catalysts assured much
lower T50 values than the one related to non-catalytic combus-
tion (816 ◦C—not reported). The LaMn0.9Pd0.1O3 catalyst offered the
best performance with a T50 value of 425 ◦C. However, it is worth-
while noting that an improvement of the activity was observed for
all the catalysts by inducing a partial substitution with 10% of Pd
at the B-site. In other words, the T50 of the Pd substituted per-
ovskites was lowered by 5, 40 and 60 ◦C, respectively, from LaCrO3
to LaCr0.9Pd0.1O3, from LaFeO3 to LaFe0.9Pd0.1O3 and from LaMnO3
to LaMn0.9Pd0.1O3.

This result cannot be explained on the basis of the BET specific
surface area values since the perovskites obtained by Pd partial sub-
stitution of the Mn, Cr and Fe from the mother LaBO3 exhibited
lower specific surface area values than those of the non-substituted
Pd counterparts. Transient thermal analysis studies (TPD) were
quite helpful to better elucidate this issue. As thoroughly discussed
in a review by Seyama [17], perovskites can desorb two different
types of oxygen species at high temperatures: a low tempera-
ture species, named �, desorbed in the 300–600 ◦C range, and a
high-temperature one, named �, desorbed above 600 ◦C. The � des-
orption peak is not always perceivable in TPD plots and depends to
a great extent on the concentration of the surface oxygen vacancies.
Its onset and intensity depend primarily on the degree of substitu-
tion of the A ion with ions of lower valence but also on the nature

of the B metal of the ABO3 structure [8]. Conversely, the � peak
is closely related to the nature of the B ion and its occurrence is
closely linked to redox transitions of the valence state of this ion. If
the oxygen TPD plots of the prepared catalysts are compared (Fig. 4),
a significant difference can be noticed.

lecular mass of the desorbed �- and �-oxygen species referring to the fresh catalysts.

Desorbed �-oxygen (�mol/g) Desorbed �-oxygen (�mol/g)

– –
1.1 4.1

11.0 81.0
17.2 176.3
17.0 240.1
21.2 18.6
29.2 18.9
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Fig. 6. Methane conversion, as a function of temperature, over different catalysts
deposited on the cordierite monolith (GHSV = 10 000 h−1).
ig. 4. Results of the oxygen Temperature Programmed Desorption (TPD) tests on
he pure perovskite catalysts.

The oxygen desorption peak that occurs above 600 ◦C
or LaMnO3 is larger in the Mn-substituted perovskite
LaMn0.9Pd0.1O3). These types of oxygen species, generally
nown as �-oxygen (intrafacial oxygen—desorbed above 600 ◦C) in
he reference literature [14,15], are probably more reactive than the
-oxygen desorbed in the lower temperature range (suprafacial
xygen—desorbed below 600 ◦C). According to most studies in the
eld [17], the �-oxygen belonging to the perovskite lattice can
e exploited for the catalytic conversion of methane. The results
btained from the TPD analysis clearly illustrate a correlation
etween the catalytic activity order and the capability to desorb
larger amount of �-oxygen. The specific molecular mass of the

esorbed �- and �-oxygen species determined from the curves
n Fig. 4 is listed in Table 1: the larger the �-oxygen desorbed the
ower T50. Moreover, it is clear that the deposition of Pd on a surface
nvolves the formation of Pd/PdO clusters (4 wt% Pd on �-Al2O3).
onversely, the introduction of Pd inside the perovskite crystalline
tructure entails the presence of Pd cations, thus increasing the
umber of specific active sites.

Fig. 5 shows an FESEM micrograph of a �-Al2O3 carrier/
aMn0.9Pd0.1O3 perovskite-type catalyst deposited onto the
ordierite monolith channels via in situ SCS. Its microstructure is
oamy. During the SCS process, the decomposition–combustion of

oth �-Al2O3 and LaMn0.9Pd0.1O3 reacting precursors generates a

arge amount of gaseous products in a very short period of time,
hich leads to a final spongy morphology. This feature favours the

ormation of large intra-layer pores for the catalyst cluster agglom-
rates, which reduces the mass transfer resistance of the layer itself.

ig. 5. FESEM views of the �-Al2O3–LaMn0.9Pd0.1O3 catalyst layer deposited over a
ordierite honeycomb.
Fig. 7. GHSV effect on the catalytic performance of the �-Al2O3–LaMn0.9Pd0.1O3

perovskite-type catalyst. 4 wt% Pd on �-Al2O3 (GHSV = 80 000 h−1) for comparison
purposes.

The adhesion between the deposited catalyst and the trap channel
walls was excellent, as the loss of catalyst through the ultrasonic
treatment was lower than 1%.

The methane conversion curves (GHSV = 10 000 h−1) plotted
in Fig. 6 vs. temperature over different catalysts deposited on a
cordierite monolith show that the monolith with the internal �-
Al2O3 layer induced a slight improvement of the activity compared
to the blank one. The presence of the LaMn0.9Pd0.1O3 catalyst
enabled a determinedly better T50 decrease by shifting this temper-
ature to 340 ◦C, a performance similar to that of the conventional
4 wt% Pd/�-Al2O3 catalyst, but guaranteed with just a six-times
lower noble metal load.

The methane conversion curves plotted in Fig. 7 vs. temperature
at three different GHSVs showed that the conversion curve shifted
to lower temperatures at lower space velocities, with T50 values
of 570, 455 and 385 ◦C at GHSV of 80 000, 40 000 and 10 000 h−1,
respectively. The catalytic performance of the monolith support-
ing the conventional 4 wt% Pd/�-Al2O3 catalyst at the highest GHSV
(80 000 h−1), which is representative of real conditions [18], is quite
similar to the catalytic performance of �-Al2O3–LaMn0.9Pd0.1O3,
confirming that the insertion of the noble metal inside the per-
ovskite crystalline structure is the right way to reduce the amount
of noble metal and the relative costs.
4. Conclusions

Several perovskite-type-oxide catalysts (LaMnO3, LaMn0.9
Pd0.1O3, LaFeO3, LaFe0.9Pd0.1O3, LaCrO3, and LaCr0.9Pd0.1O3) have



eerin

b
a
m
t
d
i
b
w
m

t
s
s
c
e
r
a
i

R

[

[

[

[

[

[

[16] R.H. Perry, D.W. Green, J.O. Maloney, Perry’s Chemical Engineers’ Handbook, VI
N. Russo et al. / Chemical Engin

een prepared by solution combustion synthesis, characterized,
nd tested as catalysts for methane combustion. Specific experi-
ents were carried out with pure perovskites in powder to compare

heir activity towards methane combustion. The screening tests
emonstrated a superior activity towards methane conversion by

nducing a partial substitution of the perovskite B-site with Pd: the
est catalyst was found to be LaMn0.9Pd0.1O3 (T50 = 425 ◦C) and it
as therefore selected to be deposited and tested on a cordierite
onolith.

Experimental tests on an ad hoc prepared CNG exhaust gas after-
reatment converter have confirmed the good performance of the
elected LaMn0.9Pd0.1O3 catalyst, even in the structured form. This
hould entail a noticeable reduction of the overall costs of catalysts
ompared to the conventional Pd-only catalysts that are currently
mployed with six times higher Pd loads. Specific activities are cur-
ently in progress both to develop more active perovskite catalysts
nd to optimize the amount of Pd in order to gain a further reduction
n this costly noble metal in catalyst formulation.
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