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Abstract

LaMnO; perovskites supported on La stabilisgdAl ;O3 and MgO have been prepared and characterised as methane
combustion catalysts. XRD analysis, BET surface area results afitPR measurements have all revealed the presence
of significant interaction between the perovskite and the alumina based support, which becomes very strong upon thermal
treatment at 110@. On the other hand, MgO supported samples undergo only sintering processes with reduction of surface
area upon treatment at 111@ Catalytic activity measurements in methane combustion have been performed both in fixed
bed and in monolithic reactor. The results on powders have shown that the dispersion on both supports is effective to enhance
the catalytic performances of the catalysts treated &t@0@ very strong deactivation is observed for the La@d supported
catalyst when pre-treated at 12@) while LaMnG/MgO shows a promising high thermal stability. The chemical nature of
the active sites changes by dispersing LaMm@ both supports, even if to a different extent, as revealed by the estimated
values of apparent activation energy and reaction orders for methane and oxygen.

Structured combustion catalysts have been prepared following well established procedures to washcoat commercial cordierite
monoliths with lanthanum stabilised alumina. The subsequent deposition of precursors on the coated monolith has been ob-
tained by deposition precipitation method. Comparison between monolith and corresponding powder sample shows a higher
catalytic activity of the former, likely to be attributed to the better dispersion obtained with repeated deposition cycles of
active phase on the thin washcoat layer. Moreover, a lower deactivation has been observed on monolith after ageing under
reaction at 1050C for 2 h, suggesting promising developments of this technique to produce catalytic combustion systems for
high temperature applications. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction The very high temperatures in this process demands
to the researchers very hard tasks, since an unavoid-
Catalytic combustion is an attractive way to pro- able contrast between activity and stability has to
duce thermal energy of high quality from the envi- be taken into account in the choice of the material.
ronmental point of view, since it allows efficient and PdO is active already at low temperature but cannot
complete fuel burning at temperatures lower than in stand temperatures higher than 80Q4] and must be
the flame combustion and without yielding undesired therefore protected from overheating. Its use in high
by-products, such as UHC, CO, N@nd particulate temperature applications should be restricted to the ig-
[1,2]. One of the most interesting potential applica- nition section of the reactor, the complete combustion
tions of the catalytic combustion is in the natural gas being homogeneously achieved in the gas phase or in
fuelled burners for gas turbine power generation [3]. more stable catalytic segments in the final section of
the burner [5,6]. On the other hand, hexaaluminates
* Corresponding author. are very stable at elevated temperatures but their
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activity is very low, making them interesting only in
the last stages of a multimonolith configuration [6].

In recent years, a lot of research effort has been
devoted to the study of perovskite-type oxides in cat-
alytic combustion [7]. These materials have a general
ABOg3 structure and show quite promising activity
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that thermal treatment at elevated temperature causes
a marked reduction of activity due to the loss of sur-
face area of the support. Moreover results obtained
with LaCrQs/Al>,0O3 in methane combustion after
ageing at 1340K [11] showed that the deactivation
is even higher than what is expected only by the

even at moderate temperatures and good heat re-surface area decrease. Chemical interaction between

sistance up to about 2000 [7,8]. The number of
perovskites with potential interest in the oxidation
reactions is very great, owing to the number of A and
B cations being able to enter in this structure and the
possibility to partially substitute either A and/or B
position (general formula AA';_,B,B’1_,03). Up
to now, the best catalytic performances in fossil fuel
combustion are exhibited by La or La—Sr based per-
ovskites (in A position) containing Co, Fe or Mn as
B cation [8,9].

Nevertheless, the application of perovskite is still
limited by their low surface area and strong tendency

support and active phase must be implied, as shown
in [12], where the authors reported the formation of
a mixed perovskite phase La@d;_,O3 at 1100C
for the LaCrQ/Al,O3 system and at 120C for
LaCrQs/LaAl1101g. Arnone et al. [16] evidenced a
measurable interaction between the active phase and
the support after a 3 h treatment at 1100n flowing
air of LaMnQ; supported on LgO3/Al203.

High thermal stability has been reported by Marti
et al. [13] for aluminate spinels MAD, (M=Mg,
Ni and Co), used as supports fordgbr 2MnOz
active phase. In those support materials the alumina

to sinter. Conventional preparation methods need both lattice was saturated with bivalent metal ions so that

long time and high temperatures in order to achieve
the ABQ; structure, resulting in very low surface

no further migration of Mn from the active phase is
possible.

area. Recent studies on the preparation methods of Magnesia has also been proposed as support for
perovskites have been focused to the production of combustion catalysts for its thermal stability exceeding
higher surface area catalysts. Despite some very in-that of alumina [18-21]. Moreover, no negative inter-
teresting results achieved with preparation at lower action of perovskite with the support has been found
temperatures (in particular by means of citrates precur- by Saracco et al. [15], with a series of La@lg;_,O3
sors, sol-gel and freeze-drying methods), the surface perovskites dispersed on MgO.
area of these catalysts decreases very strongly upon In some applications of catalytic combustion, such
treatment at elevated temperatures (above’ GDOA as in gas turbine combustors, structured catalysts
different approach to increase both surface area andmust be used since they allow to minimise pressure
mechanical strength of perovskites is their dispersion drops [22]. Monolithic reactors have been intensively
on a high surface area support [10-16]. studied in recent years for either DeN(23] and
Alumina is the most widely used support but tends catalytic combustion processes [22,24,25], but very
to loose its high surface area under severe operatingfew examples of perovskite-based structured cata-
conditions typical of the combustion process. Transi- lysts have been reported for catalytic combustion.
tion aluminas start to loose area even below°80 Ciambelli et al. [14] have investigated the catalytic
due to elimination of micropores, but the critical loss performances of a series of extruded monoliths made
occurs above 100C with the transition to thermody-  of perovskite powders (La—Ce or Dy-Y in A position
namically stablex-phase [17]. As reviewed by Arai and Ni, Fe and Mn in B position). The comparison
and Machida [18], kinetic inhibition of sintering pro-  with the corresponding powder catalysts showed sim-
cesses can be achieved by several additivesOta  ilar values of apparent activation energy for methane
being the most effective. One of the first attempts in combustion, although with a not complete selectivity
preparing perovskite supported catalysts for methaneto CGO,. More conventional procedures are based on
combustion was made by Zhang et al. [10]. They suc- covering cordierite monoliths with perovskite con-
ceeded in supporting kaSr2MnO3z,, perovskite taining active phase. Arai and Machida [18] reported
prepared by citrates method on Jd@y*19Al,03 or that honeycomb coating with perovskite—water slurry
Mn,0O3 modified La03°*19Al,03. It must be noticed resulted in lower stability with respect to mono-
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liths made of manganese-substituted hexaaluminatesin a solution of suitable amounts of lanthanum ni-

Bag.gKo 2MnAIl11019. Zwinkels et al. [12] supported
LaCrOs; on a+y-Al,03 washcoated cordierite mono-

trate, manganese acetate]f{gMn0O4°*4H,0, Sigma,
>99%) and urea (CEN2O, Fluka, >99.5%) (molar

lith. The supported catalyst was characterised as ratio urea/cationic species 9:1) heated to®@Cor

powder, while the activity data were obtained only
with the monolithic reactors, so no comparison could
be drawn between the characteristics of monolith and
the precursor LaCrglAl,0O3 and LaCrQ/LaAl1101g
powder particles. However it is evident, follow-
ing this second more classical approach to obtain
perovskite-based monoliths, that the study of the dis-

5h under stirring. At this temperature urea slowly
decomposes producing ammonia homogeneously
in the suspension, thus causing the preferential
co-precipitation of hydroxides inside the pores of the
support. The LaMn@ nominal loading in the cata-
lysts was 30wt.%. After removing the excess water
and drying at 120C, the powder was treated in flow-

persion of the active phase on a washcoat support ising air at 800C for 3h. Part of this catalyst was

very necessary.

In this work we have investigated the catalytic prop-
erties in methane combustion of LaMa@erovskites,
supported on La stabilisegAl,O3 and MgO, in order
to combine high activity at low temperature, related to
the higher surface area, with wider range of thermal
stability due to the dispersion on the supports. Cat-

further treated at 110C for 3 h.

2.1.2. Bulk LaMn@

A bulk perovskite sample was also prepared by
co-precipitation, using urea as a base, as for the DP
method. A solution of lanthanum nitrate, manganese
acetate and urea (molar ratio urea/cationic species 9:1)

alytic systems havg been Preloared as powders_ in orderwas heated to 9@ for 5h under continuous stirring.
to characterise their physico-chemical properties and pfiear removing the excess water, the resulting pow-

assess the influence of support on the catalytic featuresyq, \was dried at 12@ and calcined in flowing air at
in methane combustion. Moreover, catalysts have also goc for 3h.

been prepared in the form of monoliths to compare
the catalytic properties with those of powder samples
in terms of ignition behaviour, catalytic performances
and thermal stability.

2. Experimental
2.1. Catalyst preparation

2.1.1. Alumina supported LaMnrO

Commercialy-Al 03 (CK 300 with 200 md/g, Akzo
Chemie) was stabilised with 5 wt.% £@3 using the
wet impregnation technigue. The alumina powder was
suspended in an aqueous solution of Lagh®6H,0
(Fluka, >99%) and the excess water removed in a ro-
tary evaporator at 5% under reduced pressure. After
drying at 120C, the powder was calcined in flowing
air (100 N cn#¥/min) at 800C for 3h, in order to de-
compose the nitrate.

LaMnOs; was deposited on the stabilised alumina
from nitrate and acetate precursors with the deposi-
tion precipitation (DP) method, previously reported
for the preparation of metal oxides supported cata-
lysts [26]. Stabilisedy-Al,03 powder was suspended

2.1.3. MgO-dispersed LaMniO

Magnesium oxide was obtained by thermal decom-
position of carbonate ((MgC#£),*Mg(OH),*5H,0,
Carlo Erba, >99%) at 80C for 3 h. Suitable amounts
of lanthanum nitrate and manganese acetate to obtain
20wt.% loading of perovskite in the catalyst were
dissolved in water and MgO powder added under stir-
ring. Due to its basic nature, MgO partially dissolved
and the pH increased to a constant value of 10.5, caus-
ing the precipitation of metal hydroxides. The excess
water was removed in the rotary evaporator at®&5
under reduced pressure. After drying at 120 the
powder was calcined in flowing air (100 N éfmin)
at 800 or 1100C for 3 h.

Table 1 reports the nominal compositions and cal-
cination temperatures of powder catalysts.

2.1.4. Monolith catalysts

Cordierite monoliths (Corning) with a cell den-
sity of 400 cpsi were cut to obtain samples with 25
channels cross-section. Monoliths were washcoated
with alumina by dipping samples in a slurry of finely
groundedy-Al,03 powder, diluted nitric acid solution
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Table 1

Nominal compositions and identification code of catalysts

Catalyst ID Nominal composition Calcination temperatut€)(
LaMn LaMnO3 800

Al 5% LapO3/Al,03 800

Mg MgO 800

3-Al-8 30% LaMnG/(5% LaO3/Al 203) 800

2-Mg-8 20% LaMnQ/MgO 800

3-Al-11 30% LaMnQ/(5% LaO3/Al,03) 1100

2-Mg-11 20% LaMn@/MgO 1100

and pseudobohemite (Disperal, Condea Chemie) [27]. cross-section in the case of powders in order to obtain
The total amount of solids in the slurry was 20wt.%. a small equivalent diameter that enables to control cat-
Several dips were needed to obtain the desired amountalyst temperature and to reduce the temperature gra-
of washcoat loading (approximately 25% of the total dients within the bed. Catalyst particles in the range
weight). In each cycle the excess slurry was removed of 180-250.m were diluted with quartz powders of
by blowing air through the channels, after which the the same dimension to approach reactor isothermicity
samples were dried at 120 and then calcined at and placed on a porous quartz disk. The temperature
550°C for 3h. La0Os3 (5wt.%) was added to the alu- of the catalytic bed was measured by a K-type thermo-
mina washcoat by impregnation in a water solution couple placed inside the inner quartz tube, and axial
of lanthanum nitrate, followed by drying at 120 gradients were verified to be alway8°C. For mono-
and calcination at 80 for 3h. The LaMnQ@ active lithic catalysts the external and central channels were
phase was added to the monolith samples using theblocked at both ends with ceramic wool, leaving eight
DP method already employed for the preparation of free channels on the cross-section. The central channel
the powder catalyst. In this case the monolith sam- was used to measure the monolith temperature with
ple was suspended in the solution continually stirred. a sliding thermocouple. The narrowing of the reactor
Several cycles were needed to reach the target load-section in pre- and post-catalytic zone and the presence
ing of 30wt.% of perovskite. After each cycle, the of quartz pellets upside the catalytic bed limited the
monolithic samples were calcined at 8@for 3 h. occurrence of homogeneous reactions. The gaseous
flow rates were measured by Brooks 5850 mass flow
controllers and mixed at atmospheric pressure to ob-
tain variable inlet concentrations of reactants. The feed
and product streams were analysed by on line HP
6890 gas cromatograph with thermal conductivity and
flame ionisation detectors, equipped with Porapak Q
and molecular sieve 5A columns. All catalysts were
tested twice and for each test the methane conversion
was calculated as the average of at least three mea-
surements. Carbon balance was close to withi%

in all catalytic tests.

2.1.5. Physico-chemical characterisation
X-ray diffraction (XRD) analysis was performed us-
ing a Philips PW 1710 diffractometer. Specific surface
area of the catalysts was evaluated by ddsorption
at 77 K according to the BET method using a Carlo
Erba 1900 Sorptomatic apparatus.
Temperature-programmed reduction (TPR) experi-
ments were carried out with Micromeritics 2900 ap-
paratus equipped with a thermal conductivity detector
(TCD). After a treatment in airflow at 80C, the sam-
ple was reduced with 5% #Ar mixture (30 cn¥/min)

heating 10C/min up to 800C. 3. Results

2.1.6. Experimental apparatus for catalyst testing 3.1. XRD results

Catalytic combustion experiments were carried out
with a quartz down flow reactor electrically heated in Table 2 reports the XRD phases and the surface
a three zones tube furnace. The reactor had an annulamarea of the catalysts and the supports investigated. The
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Table 2
Surface areas and XRD phases of powder catalysts and supports treated at different temperatures in flowing air (Minorphases injarenthesis)
Catalyst Calcination temperatureQ)

800 1100

XRD phases BET (#g) XRD phases BET (fig)
LaMn P, (LO) 11 - -
Al Y 178 v, (6) 118
3-Al-8 Y 88 - -
3-Al-11 - - P, PA, LA, LO, MO 4
2-Mg-8 P, MgO 25 - -
2-Mg-11 - - P, Mgo 5

aLegend:y, 0: vy, 6 alumina phases; P: LaMn(perovskite; PA: LaAl@ perovskite; LA: aluminium—lanthanum oxides; LO: lanthanum
oxide; MO: manganese oxides; MgO: magnesium oxide.

results show that a calcination temperature of°80  calcination at 800C or at 1100C, as reported by
is not sufficient to obtain a pure unsupported LaMnO Saracco et al. [15] for the system LaGraMgO.
perovskite phase, as shown by the presence of tracesHowever, thermal treatment at 1X@gives rise to a
of LapO3 and La(OH} in the LaMn sample. The significant reduction of the surface area due to the in-
v-Al203 used as support has a poor crystallinity and crease of the crystal size, as also confirmed by sharper
the treatment at 80C of the LaO3 stabilised sam-  peaks observed in the XRD spectrum of the 2-Mg-11
ple does not cause any increase of crystal size. On thesample.
other hand, treating the stabilised support at 2000
results in the partial transition fromto 6 phase char- 3.2, Temperature programmed reduction
acterised by a lower surface area. The transitioa to
phase of alumina at 110G is inhibited by the pres- TPR profiles of the supported catalysts are showed
ence of LaO3 due to the formation of surface lan- in Fig. 1 compared with unsupported LaMg@er-
thanum aluminate [17,18]. The deposition of LaMnO  ovskite. The H consumption and the temperature cor-
on alumina does not promote any phase transition of responding to the maximumgHiptake are reported in
the support upon calcination at 8@. Furthermore, Table 3. Since at least two main signals can be identi-
no signals of the perovskite phase have been detectedfied in all TPR profiles, the total HHconsumption has
likely due to the high dispersion of the active phase. been divided into two contributions at low (first step)
On the contrary, calcination at 110D results in the and high temperature (second step), respectively.
formation of perovskite crystals, as also observed by  As previously reported [28] the reduction of bulk
Zwinkels et al. [12] for LaCr@ supported perovskite.  LaMnQOgz perovskite leads to the formation of MnO
Moreover, in this case the presence of the active phaseand LgO3 due to the simultaneous reduction of man-
enhances the reaction between lanthanum and alu-ganese to Mfi™ and loss of the perovskite structure.
minium oxides leading to the formation of LaAdO  The value of the K/Mn ratio corresponding to the
and other aluminium—lanthanum mixed oxides. Some total H, consumption higher than the stoichiometric
signals of lanthanum and manganese oxides have alscone for the reduction of Mt to Mn?*, indicates for
been detected for this sample. Finally, a dramatic re- LaMn sample the presence of a fraction of Mr(15%
duction of the surface area of the 3-Al-11 sample is of total) in the perovskite structure. The reduction pro-
observed, stronger than that found after calcination at cess occurs in two main steps as clearly shown by the
1100°C on the Al sample which does not contain any two peaks of the TPR profile, the first one with max-
active phase. imum at about 438C and the second one approach-
The dispersion of LaMn® on MgO does not ing the isothermal region. They were attributed to the
result in any interaction inhibiting the formation of reduction of MA* to Mn3t and of Mt to Mn?t,
the target perovskite phase compounds either afterrespectively [28].
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Fig. 1. TPR profiles of supported catalysts as compared with un-
supported LaMn@. (a) Alumina supported samples; (b) magnesia
dispersed samples.
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bilised alumina, 3-Al-8 sample gives a totabMin
ratio slightly lower than 0.5, indicating an apparent av-
erage oxidation state of manganese lower than 3. This
result suggests that a fraction of Mn is not available for
the reduction due to both physical and chemical incor-
poration into the alumina lattice even upon a not severe
thermal treatment (80C). However, the different fea-
tures of the TPR can also be attributed to the presence
of some MpO3 and MOy in the catalyst. This cir-
cumstance could be confirmed by the lower activation
energy, typical of simple oxides [16], evaluated for
3-Al-8 sample and for the monolith, if compared with
that of the bulk perovskite treated at the same temper-
ature. Treatment of 3-Al-11 sample at 12@0results

in a dramatic decrease in the ldonsumption. Such a
low value corresponds to a large reduction of intensity
of both peaks and is due to the stronger interaction of
manganese with alumina, promoted by the higher cal-
cination temperature, revealed by the XRD analysis
showing the formation of new crystalline phases.

The TPR curves of MgO supported perovskites cat-
alysts show some peculiar features. The amount,of H
consumed for the 2-Mg-8 catalyst is extremely high
and indicates an average initial oxidation state of man-
ganese of 3.7. Moreover, the onset temperature of re-
duction is 150C lower (starting at 10CC) than for
bulk LaMn sample and the signal in the first zone
shows a very complex shape resulting from the par-
tial overlapping of three peaks of comparable inten-
sity. On the contrary, the peak in the second reduction

The supported samples show some peculiar differ- step is similar to that found in the TPR profile of the
ences with respect to the bulk perovskite that can bulk LaMn perovskite. Since no other phases except

be attributed to the interaction with support itself,

MgO and perovskite were found by XRD analysis,

since neither stabilised alumina nor MgO undergo any the high reducibility of this sample could be related

reduction under experimental conditions investigated.

to the formation of a Mg partially substituted nonsto-

Regarding the catalysts supported on lanthanum sta-ichiometric perovskite, in which a large part of Mn is

Table 3
H, consumption measured in TPR of catalysts

Catalyst Total K consumption First step Second step
(mol Hz/mol Mn) H, consumption Tmax (°C) Hz consumption Tmax (°C)
(mol Hz/mol Mn) (mol Hy/mol Mn)

LaMn 0.565 0.345 434 0.220 >790
3-Al-8 0.470 0.420 410 0.050 >790
3-Al-11 0.085 0.050 506 0.035 >790
2-Mg-8 0.850 0.540 430 0.310 >790
2-Mg-11 0.690 0.430 535 0.260 >790
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forced in the oxidation state44to balance the total  La-stabilisedy-Al,O3 supports. Homogeneous reac-
charge. Thermal treatment at 1200 however, causes tion tests have also been carried out with the reactor
a reduction of the total Hlconsumption for 2-Mg-11  filled with quartz powders in order to evaluate the onset
sample corresponding to a manganese average initialtemperature of gas phase reactions. In all experimen-
oxidation state of 3.4, still higher than that found for tal conditions investigated, the only reaction product
the unsupported LaMn® The shape of the signal is detected on perovskite based catalysts was, @@ile
more similar to that of the bulk LaMn sample, giv- with both supports and quartz a significant amount of
ing the same onset temperature and a first reductionCO was found in the products.

step with the presence of a single peak even if with a  Fig. 2 shows the results of the activity tests carried
small shoulder. Therefore, it can be hypothesised that out in order to compare the catalytic performances in
the higher calcination temperature reduces the extentmethane oxidation of the powder catalysts prepared.
of Mg?t substitution in the perovskite structure, pro- In particular, measured values of methane conversion
moting the formation of a better crystallised LaM§O are reported as functions of the reaction temperature
perovskite, as confirmed by the sharper XRD peaks in Fig. 2(a) and (c), and corresponding Arrhenius plots
shown by 2-Mg-11 sample. As a consequence, the are shown in Fig. 2(b) and (d). Experimental condi-
fraction of Mrft decreases proportionally giving rise  tions in these measurements were chosen so as to jus-

to a lower B consumption. tify the assumption of isothermal catalytic bed. Inlet
methane and oxygen concentrations were respectively
3.3. Catalytic activity measurements 0.4 and 10 vol.% (the remaining gas being nitrogen);

the contact time, defined as the ratio between the mass
The catalytic activity in methane combustion was of catalyst loaded and the flow rate of the inlet gas
measured both on supported catalysts and on MgO andmixture (W/F), was 0.09 gs/N crr.

100
(b)
. 80 5
D\ <
g 4D
£ e T E
s =
S 40
. 42| & LaMn
o B 3.ALS
20
—1| ® 3Ll
| ! | l ¥ Al
100 6
@ O 2-Mg-8
80 -5/ O 2-Mg-11
= v Mg
[ =1 il 4 TN uartz
£ 60 &
5
g 1%
8 40 =
- =
o) 12 4
o
20 41
0 VAR L | ! 0
300 400 500 600 700 80010 12 14 16 18

Temperature (°C) 1000/T (K")

Fig. 2. Effect of temperature on methane combustion for powder catalysts and corresponding Arrhenius plots (9,.420%CHK),
W/F=0.09 gs/N cn?). Continuous lines represent fittings with parameters obtained from kinetic analysis.
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Table 4

Catalytic performances in methane combustion of LaMh@sed catalysts

Catalyst ID T10 (°C) Tso (°C) Too (°C) Eact Reaction rate Surface reaction rate
(kcal/mol) (500C) (mmol/gh) (500C) (mmol/n? h)

LaMn 472 575 646 24.4 1.18 0.107

3-Al-8 413 532 622 18.2 2.75 0.031

2-Mg-8 440 533 598 23.3 2.32 0.093

3-Al-11 607 690 740 37.4 0.04 0.010

2-Mg-11 482 599 681 21.6 0.94 0.188

Monolith (46 000 %) 419 541 633 18.2 7.26 -

The conversion plot obtained with only quartz Thermal treatment at 110G reduces the activity
loaded in the reactor allows us to assume the contri- of bothy-Al,O3 and MgO supported catalysts, but the
bution of the homogeneous reactions as negligible for extent and the nature of this deactivation appear very
all catalysts examined. different in the two cases. Indeed, 2-Mg-11 is only

Dispersion of LaMn@ perovskite on both  slightly less active than LaMn calcined at 8@) while
La-stabilised alumina and magnesia is effective to the comparison between the reaction rates per unit
enhance the catalytic performances of the samplesmass of 2-Mg-8 and 2-Mg-11 shows that the activity
treated at 800C. As clearly shown by conversion is reduced by a factor of about 2.5, even lower than
plots and values of1g, Tsg and Tgg in Table 4, both what is expected from the total loss of surface area
3-Al-8 and 2-Mg-8 are more active than the corre- (reduced five times by the thermal treatment). As a
sponding bulk LaMn@®@. An increase in the reaction consequence, surface reaction rate results increased.
rate per unit mass (reported in Table 4) by a factor Moreover, the activation energy estimated on 2-Mg-11
larger than 2 is obtained dispersing the active phasewas similar to that obtained on 2-Mg-8 and LaMn
on both AbO3 and MgO. No major differences in  catalysts.
the overall activity are observed between these two On the other hand, 3-Al-11 sample undergoes a
samples, even if it must be noticed that the MgO sup- very strong deactivation due to the thermal treatment
ported catalyst has lower loading of active phase and at 1100C. Temperature for 90% conversion increases
surface area. Very similar surface reaction rates (Table by 100°0C when compared with that of LaMn and by
4) and activation energies have been calculated for 120°C with that of the corresponding 3-Al-8. The re-
LaMn and 2-Mg-8 samples, suggesting that disper- duction in reaction rate is surely due to the consid-
sion on MgO does not result in major modifications erable reduction of surface area to only #gy but
of chemical nature of active sites. The slight reduc- also the value of activation energy (37 kcal/mol) is
tion in the values o, for 2-Mg-8 could be related  much higher than expected. Moreover XRD signals
to a partial substitution of M with Mg?* in the are very different and a much lower,HHonsumption
perovskite structure, which is balanced by a higher is observed in TPR measurements. These evidences
fraction of Mrf+, as shown by TPR analysis. On the suggest that the chemistry of the catalyst is changed,
other hand, lower values of both surface reaction rate as a result of a strong interaction between the active
and activation energy were measured for 3-Al-8. This phase and alumina, enhanced by the high temperature
reveals a significant influence of the alumina surface pre-treatment. The DP method used to disperse the
towards the formation of active sites, whose chem- perovskite active phase does not appear to retard nor
istry could be partially changed by the interaction inhibit its chemical interaction with the support.
with the support. The eventual formation of Mbg A rough kinetics study has been performed for
and MrgO4 micro-clusters should be also taken into methane combustion on the five catalysts investi-
account, since it has been reported that the activation gated. Several catalytic activity measurements have
energy in methane combustion on those manganesebeen carried out by varying both GHand G con-
oxides is lower than on LaMn§perovskite [16]. centrations in the feed. Different temperature levels
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have been chosen in order to achieve similar conver- reaction order on LaMn catalyst:= k" p¢,,, givesn
sions with all the catalysts. Resulting conversion data values weakly variable with temperature and around
have been modelled by the power law rate equation: 0.84 (Table 5). This result is slightly different from

r = kng4pg2, assuming isothermal plug flow con- the first order dependence reported by Arai et al. [8]
ditions. Fig. 3(a) and (b) reports the results obtained for LaggSrp2MnOs3 at higher CH partial pressures.
on the unsupported LaMn catalyst. A clear reduction Better agreement could be found with the results re-
of methane conversion to G@s observed by increas- ported in [8] about the effect of £concentration on
ing the inlet CH concentration. Since it is possible CHj4 conversion to C@. Fig. 3(b) shows that higher
to assume constantQoncentration throughout the  conversions are obtained by increasing oxygen inlet
reactor in these runs (oxygen being fed in large excesspartial pressure over a range of values where it can
with respect to methane oxidation stoichioimetry), be still considered to be in large excess. This effect,
this behaviour is due to a less than linear dependenceas modeled by the power law rate equation, reveals
of the reaction kinetics on CHconcentration. The  a reaction order for @ around 0.15, as reported in
simplified kinetic model used to evaluate methane Table 5.

Table 5
CHg and QG reaction orders in methane catalytic combustion estimated at several temperatures for all catalysts prepared

Catalyst ID Temperature’C)

450 500 550 575 600 620 650

n m n m n m n m n m n m n m
LaMn 0.86 0.16 0.81 0.14
2-Mg-8 0.69 0.17 0.72
3-Al-8 0.77 0.19 0.77 0.19
2-Mg-11 0.65 0.14 0.70 0.17 0.71 0.18 0.74 0.19
3-Al-111 0.61
Monolith 0.18 0.80

aT=420C.
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Fig. 4. Methane conversion as a function of the Ghlet concentration over 3-Al-8 (a), 2-Mg-8 (b), 3-Al-11 (c) and 2-Mg-11 (d). Reaction
temperature: 450%), 500 (A), 550 @), 575 @), 600 (J), 620°C (O). WIF=0.09 gs/N cn?, O inlet concentratios:10 vol.%.

The same investigation has been performed on sup-(variable with temperature)y=0.17 on 2-Mg-8 and
ported perovskite samples too. The results are shownn=0.65-0.74,m=0.14-0.19 on 2-Mg-11. A differ-

in Figs. 4 and 5, where the effect of inlet gldnd & ent behaviour was revealed by Al supported samples
concentrations on methane conversion are presentedpon which methane reaction order is 0.77 on 3-Al-8
respectively. and 0.61 on 3-Al-11, further confirming the change

Also for supported samples a clear decrease in in chemical nature of the latter sample due to high
methane conversion to GOoccurs by increasing temperature treatment that brings an irreversible de-
CHyg inlet concentration, whereas a weak increase is activation.

obtained by increasing LOinlet concentration. Even Saracco et al. [15] found first-order dependence
if the general behaviour observed is the same, someon CH; concentration of methane oxidation rate
clear differences should be pointed out. over MgO supported LaGMg;_,Ogz catalysts and a

Table 5 shows that the reaction order of methane general weak effect of oxygen concentration on the
over supported catalysts is generally lower than reaction kinetics. In particular, a zero order fop O
the value found on unsupported LaMn sample was reported on the unsubstituted Lag2rovskite,
(0.81-0.86). This should be related to the interac- supported or not, thus evidencing a significant differ-
tion with the support which modifies the active sites ence in methane oxidation kinetics with respect to our
features. Moreover, on MgO supported catalysts, 2-Mg-8 and 2-Mg-11 samples. Future work should be
reaction orders remain quite constant upon treat- devoted to further investigate the mechanism produc-
ment at 1100C, since we estimatet=0.69-0.72 ing an apparent CHreaction order lower than 1 for
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LaMnOs and its reduction after dispersion on high the 3-Al-8 sample with the same chemical composi-
surface area supports. tion. Conversions over monolith catalyst are always
higher than the corresponding ones over 3-Al-8 pow-
ders, either comparing them at the same value of space
velocity (flow rate/reactor volume) or areal velocity

The catalytic properties of the monolithic system (flow rate/catalyst wetted surface).
have been evaluated by carrying out activity tests for ~ Moreover, Table 4 reports the value Do, Tsg and
methane combustion in the same experimental con- Tog measured with the same space velocity used by
ditions investigated on powders. Fig. 6(a) reports the Zwinkels et al. [12] (46 000h1). It appears that our
conversion plots for the monolith as compared with monolithic catalyst exhibit an higher activity, probably

3.4. Monolithic reactor
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Fig. 6. Effect of temperature on methane combustion for monolith catalysts (0.4% X0Rb Q). (a) Comparison of monolith({)) and

3-Al-8 sample M) at the same areal velocity; (b) comparison of fre€h) @nd aged @, 2h under reaction at 105@) monolith with a
cordierite sample &) (W/F=0.055 gs/N cn®). Continuous lines represent fittings with parameters obtained from kinetic analysis.
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Fig. 7. Methane conversion as a function of the inletyQB) and Q (b) concentration on monolith cataly§=500 (A) and 420C (@®).
W/F=0.09 gs/N cn®. O, inlet concentration 10vol.% in (a); CHnlet concentration 0.4vol.% in (b).

related to the better performances in methane combus-lower than that estimated for 3-Al-11, as a further
tion of LaMnQ; catalyst with respect to LaCgJ}8,9]. confirmation of the reduced deactivation.

Fig. 6(b) reports the conversion plot for fresh mono-  The reaction kinetics exhibits a behaviour similar
lithic catalyst compared with that of the same sample to that shown by 3-Al-8 powders. Fig. 7 shows that
aged under reaction at 108D for 2 h, showing a sur-  methane conversion is a decreasing function o}, CH
prising lower deactivation due to thermal treatment at inlet concentration while it increases with increasing
elevated temperature with respect to the correspondingO, concentration, with estimated reaction orders very
powder catalyst. Further investigation is needed on this similar to those found for the supported powder cata-
phenomenon and will be required to future work. At lyst, as reported in Table 5.
the moment, a possible interpretation could be related
to a better dispersion of active phase on support due to
repeated cycles of deposition necessary to obtain the4. Conclusions
target loading. Fig. 6(b) also shows conversion data
measured on a nude cordierite monolith, revealing no  LaMnOgz perovskites supported on both lanthanum
activity of cordierite in methane combustion, since stabilisedy-Al,0O3 and MgO have shown high ac-
CHg is converted to CO and Cnly at temperatures  tivity in methane combustion. The investigation on
at which the homogeneous reactions take place. Laly-Al,0O3 supported samples revealed a dramatic

The Arrhenius plot obtained from the activity data deactivation of the catalyst powders after ageing at
gives the same value of activation energy of the cor- 1100°C, due to a strong interaction between the active
responding powder catalysts 3-Al-8 (18.2kcal/mol). phase and the support.

This result suggests that the chemical nature of the On the other hand, cordierite monoliths coated
active sites on monolithic and powder catalyst is un- with the same LaMn@ supported on Laft-Al,O3
changed. The activation energy obtained by Ciambelli show higher activity and thermal stability than the
et al. [14] on extruded L&Ce;—MnO3z monolithic re- corresponding powder catalyst.

actor is slightly higher (21.5 kcal/mol), although a not Promising results have also been obtained on MgO
complete selectivity to C&was found. After ageingat  supported LaMn@ samples, whose high activity is
1050°C the calculated activation energy for the mono- associated with remarkable thermal stability. Further
lith sample increases to 19.1 kcal/mol, a value much investigation is needed in order to set up novel prepa-
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ration methods to coat monoliths with MgO supported
perovskites.
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