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Abstract

A new methed for the synthesis of fine catalyst powders is presented. Catalyst precursors are
dissolved in an cthanol-water mixture which i< hurned through a nozzle-type burner. As a result,
catalyst powders are formed and removed from flue gases through a filter. LaMnO, catalysts for
the catalytic combustion of methane have been prepared, characterised (TEM, XRD) and com-

pared with a reference manfacturing method (the citrates one) showing promising, though im-
provable, results,
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Introduction

Catalytic combustion of methane outperforms conventional flame combustion in
terms of either lower emissions (HC, CO and NOy) or easier controllability (a wider
range of air-to-fucl ratios is allowed). The most promising applications of catalytic
combustion are nowadays foreseen upstream gas turbines (required ignition tem-
perature: 450°C; maximum operating temperature: 1300°C, [11) or in catalytic burn-
ers for heat generation purposes (m. o. t.: [000°C, [2]). Since these rather high oper-
ating temperatures cannot be tolerated by conventional oxidation catalysts such as
noble metals or simple metal oxides, catalytic materials (among others: perovskites
hexa-aluminates, etc.) with suitable thermal stability are being developed all over the
world. In the present paper, perovskite-type catalysts vxides (AL xA xB1 B yOus,
where A, A’=La, Sr, Ba, ... and B, B’=Co, Mn, Cr, ...), and the LaMnOy;, 5 compound
n particular, will be considered for their prevalent catalytic activity towards meth-
ane combustion [3].

A major hurdle to be faced in this context lics in the rather low specific surface
weas (hardly exceeding 20 m? g™') of such materials, after exposure (o calcination
cmperatures at least as high as those to be (olerated in the practical application en
visaged. Besides, the higher is the calcination temperature, the faster the desired
shases are obtained, even though sinterisation becomes a more and more severe hur-
1le to the conservation of high specific surface arcas and catalytic activities. A trade
)T between catalyst stability and activity has to be faced. Several methods arc being
nvestigated to by-pass this problem, ail aiming at keeping the crystal size as small
18 possible despite the achievement of the desired crystal lattice from the Precursors.
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According to the citrates method [4], suitable amounts of catalyst precursors
(generally nitrates) are dissolved in smail volumes of distilled water and added with
citric acid. While heating at about 150-200°C, the citric acid reacts with the nitrates
giving rise to a sudden formation of gases (NOy, H,0, CO;, etc.) which blow up the
precursors to form a fragile, highly porous foam of fine crystals. Such crystals, after
high temperature calcination, acquire a perovskite structure with specific surface
area often exceeding 10 m? g~'. A variation of this method was recently proposed
and tested at Politecnico di Torino: the goal is to promote the simultancous formation
of the perovskite and of a phase (textural promoter [5}) whose crystals, in thermody-
namic equilibrium with the perovskite ones, hinder their sinterisation by simple interpo-
sition. Such concept was proven for LaCr; Mg, 03 (0<x<0.5) compounds prepared
with excess MgQ, which allowed to ohtain 20 m? g~! powders [6].

Freeze-drying can also be adopted to obtain high-surface arca perovskite cata-
lysts [7]. The method is based essentially on [reezing an aqueous solution of the pre-
cursors (once again mostly nitrates) and on drying them under vacuum. By these
means a highly porous and fragile layer of finc catalyst precursor salts can be ob-
tained, which turns into perovskite crystals after adequate stay at high temperatures.
On the basis of the pioncering efforts by some researchers at the Bell Laboratories
(Murray Hill, NJ | 7]}, a group at the Ecole Polytechnique de Montreal recently opti-
mised a [reeze-drying route to the preparation of a highly active perovskite catalyst
Lag 66500 14Nig 1Can 705 with surface areas slightly exceeding 20 m? g 18]

Other potential techniques in this context are based on spray pyrolysis [9] or on
acrosol methods [ 10]. In the first case, the pyrolysis of volatile catalyst precursors is
accomplished after spraying them in a hot zone of the reactor; typical materials ob-
tained hy this route are nanosized titania (exceeding 100 m? ¢!, [11]) or silica (trade
name: cabosil, [12]). bul to the authors knowledge complex oxide malterials such as
perovskite ones have never been produced by these means. In the second case, a
highly dispersed acrosol of an aqueous solution of the catalyst precursor is gencrated
and then forced to pass through a flame or a hot furnace where the solvent is rapidly
evaporated and the intimalely mixed metal salts decomposcd to their metal oxides;
in this casc, on the grounds of earlier studies for the development of perovskite cala-
lysts for the Fisher-Tropsch reaction [13], investigations arc in progress al the Uni-
versity of Milan for the synthesis of perovskite catalysts for methane combustion,
even if the related results are premature, so far [14].

The method here presented can be regarded as a sort of a variation of the spray py-
rolysis or the aerosol one, since it is based on the production of fine perovskite powders
by comhustion of an alcoholic solvent in which suitable catalyst precursors arc dis-
solved. Basically, the combustion of the solvent itself provides the heat for its evapora-
tion and for the calcination of the catalyst precursors into the [inal perovskite powders.

Materials and methods

Pure lantanum nitrate (La(NO;);-6H,0 by Fluka) and manganese acetate
(Mn({CH;C00),-4H,0 by Merck) were dissolved in a commercial denaturated etha-
nol (90 wt% ethanol, 10 wt% water) up to a concentration of 37.3 and 21.1 g ' (1:1
La:Mn molar ratio}, respectively. Such conditions are very close to saturation. The
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choice of technical ethanel was made owing (o economic reasons, in an industrial
perspective. However, it was previously verified that such a fuel could give rise to a
sclf-sustaining Muame in the experimental apparatus described hereafter, despite the
significant presence of water, On the other hand, water played a positive role on en-
hancing the precursor solubility.

The pilot plant in which catalyst preparation was accomplished is schematically
represented in Fig. 1. The core of the plant is the burner section, where the solution
is sprayed through a nozzle (Schlick) and burns out in a flame confined in an alpha-
alumina sintered tube, whose role is that of providing some thermal insulation which
helps flame stability and prevents extinction. Afler some optimisation runs, the noz-
zle diameter was set cqual to 0.2 mm and operaled with a pressure difference of
8.5 bar (obtained by pressurizing the solution reservoir with nitrogen). The resulting
flow rate of aleoholic solution was 2.1 1 h™'. The use of an 0.} mm nozzle, the small-
est-in-size available on the market, capable of spraying only 11 h™ at the above AP
conditions, entatled rapid nozzle plugging due to the formation of precipitates,
whereas an 0.3 mm nozzle was found to deliver a flow rate of alcohol (3.5 1 h™ at
8.5 bar pressure difference) too large for the heat removal capacily of the apparatus,
The cooling of the [lue gases and, to some extent, the flame temperature control, can
be obtained by two means: 1) by modulation of the Mlow ratc of primary and secon-
dary air flow, dosed [tom the net through Venturi-meters; ii) a water cooling system
(sprayed on the external walls of the stainless steel reactor). In a first run {named
hereafter run A}, the primary air tlow rate was sel equal 10 400 NI min™', a value
slightly higher than the stoichiometric one. Conversely, in a second run {(named run
B in the following), the above figure was increased up to 1000 | min™! in order to
check whether it could modify the lame temperature, eventually causing variations
in the ¢rystal habit of the produced crystals. Lanthanum manganate can indeed crys-
tallize according to a low temperature rombohedral structure, rich of cation vacan-
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Fig. 1 Scheme of the experimental apparatus and tentative model of catalyst powder formation
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cies and correspondingly characterised by a high oxygen cxcess with respect to
LaMnO; stoichiometry (8=0.1-0.2), or to a high-temperaturc orthorhombic phase,
well ordered {8<0.05) and therefore much less active towards methane combustion
than its rombohedral counterpart [15]. The secondary air flow rate was in any case set
equal to 1000 1 min~" in order to prevent filter damaging. In fact, too high fluc gas
temperatures (>800°C) would promote solid state reactivity between the filtered cata-
lyst powders and the filter constituting material (alumina). The filter used for catalyst
recovery was indeed assembled by wrapping an alumina fibre mat (Nextel by 3M)
around a drilled stainless steel tube exposing a filtering area of about 8.10-2 m?

Each run was started through an automatised system acting contemporary bo[h
on the solution feed through an electrovalve and on the ignition electrodes. The run
duration was prolonged Lo at least one hour so as to recover a sufficient catalyst
amount for characterisation purposes. Finally, a photovoltaic flame detector caused
immediate electrovalve closing whenever, for exceptional reasons (e.g. unexpecied
nozzle plugging), the flame extinguished.

Characterisation of the ebtatned perovskile powders was performed by TEM ob-
servation (JEOL), X-ray diffraction (PW 1710 Philips diffractometer equipped with
a monochromator on the diffracted beam CuK radiation), BET specific surface area
measurement {Sorptomatic Series 1800 — Carlo Erba Instruments), and through a
test of the catalytic activity towards methane combustion. The experimental appara-
tus employed in this last context was described in detail in [6]. Briefly, it consists of
a onc-through fixed-bed of 1 g of catalyst particles (obtained by pressing the
perovskite powders into tablets, then crushed into 0.2-0.5 mm granules), enclosed in
a quartz tube (internal diameter: 4 mm) and sandwiched between two quartz-wool
layers. The reactor temperature was varied, via a PID regulated oven enclosing the
reaclor, from 850°C (a pre-trealment temperature at which any chcmlsmbcd gas
such as CO; leaves comgletely the sample) down ta 300°C at a 3°C. min~! linear rate.
Mecanwhile, a 100 Nem® min™ flow rate of a mixture of methane (2 vol%) — oxygen
(17 vol%) - helium (balance) was continuously fed to the reactor (outlet pressure:
1 bar) and the flue gases analysed by means of a CO5 IR analyser (Hartmann &
Braun URAS 10E) and a gaschromatograph {Hewlett Packard, mod. 5890 series I,
equipped with a Porapak QS column and both TCD and FID detectors). Mass bal-
ances were verified by these means with a maximum deviation of 5%, C(O; and H,O
being the only reaction products detectable. As a consequence methane conversion
(Ecw,) could be monitored as a function of temperature. The higher the catalyst ac-
thlly the lower the temperature range at which it conld still promote methane com-
bustion, the hall-conversion temperature (Tsp) being generally regarded as the sim-
plest index of catalytic activity. A reference run was also performed in a non-cata-
tytic bed (1 g of 0.3-0.7 mm silica granules) to sel a proper basis for the evaluation
of the catalytic effect.

Finally, a reference rombohedral LaMnQ; material was preparced through the ear-
lier described standard citrates method with a final ealcination freatment at 900°C
for 2 h. The activity of this compound was checked and compared to that of the pre-
pared materials,
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Results and discussion

The major results obtained arc shown in Figs 2 4, where the outcomings of TEM
observation, of XRD analysis and of the catalytic activity tests are shown, respec-
tively.

Fig. 2 TEM micrographs of LaMnO3 powders obtained by the solvent combustion method
during run A; a) a set of large spheroidal crystal aggregates; b) finc crystals

Figures 2a and 2b show TEM micrographs of the powders obtained during run A,
similar views were obrained for the powders obtained during run B. From these pic-
tures two different classes of particles can be distinguished:

» Spheroidal crystal aggregates with a size ranging from 200 to 2000 nm, in
somc cascs appearing as rather dense and particularly close to a perfectly spherical
geomelry, in others rather unhomogeneous and porous as the large aggregate shown
in the middle of Fig. 2a.

a Small-gize perovskite crystals (<200 nm), as those represented in the high-
magnilication micrograph shown in Fig. 2b.

As afirst approximation, one might think that cach single catalyst particle should
originate independently, through cvaporative crystallization and subscquent high-
temperature calcination, from each single droplct generated by the nozzle, However,
this hypothesis immediately fails on the grounds of simple calculations based on
data derived from the nozzle manufacturer. The droplet-size range in the given oper-
ating conditions should be, in fact, almost entirely confined within 20 and 100 pm.
As a consequence, on the basis of the above hypothesis and of the precursor concen-
tration in the alecoholic solution, it can be easily calculated that the particle size range
should vary between 2 and 20 pm, when 2 pum is just the dimension of the largest
particles detected in practice. Conversely, on the basis of the actual particle size ob-
served. it can be deduced that each single droplet should give rise 10 about 10
perovskite particles on average.

Following these considerations a tentative and, so far, qualitative model can be
proposed to explain how the different kinds of particles are generated during solvent
combustion. Such madel is sketched in Fig. 1. It is assumed that each single droplet
once sprayed into the flame zone undergoes two phenomena which progressively di-
minish its size:

J. Therm. Anal. Cal, 56, 1699



1440 SARACCO ct al.: CATALYST POWDER MANUFACTURING

i) evaporation: the droplcts are inside a burning gas phase in which temperatures
higher than 1000°C are likely; therefore they immediately start boiling at the lem-
perature of about 78°C (azeotrope); as a consequence of the rapid evaporation which
causes a local oversaturation, crystal nuclei of the catalyst precursor are formed
close to the droplet surlace;

ii} fragmentation: owing 10 the flame turbulence and 10 the boiting process the
droplets divide into smaller ones, each one carrying a certain amount of nuclei and
crystals alrcady grown up to a certain extent.

The smallest droplets generated by this process evaporate quickly and are likely to
give rise to fine crystals as those shown in Fig. 2b. Converscly, after a certain lifetime,
the oldest and largest droplets are characterised by the presence ol considerable
amounts of grown-up crystals, which turn into a spheroidal perovskite aggregates as
long as the residual solution is evaporated and calcination takes place. The nearty
spherical shape of some particles might suggest the occurrence of some melting proc-
css that originates liquid droplets which acquire a spherical gcometry to minimize
surface tension and become solid when the flue gases are rapidly quenched. XRD
analyses do not secem to support this hypothesis since no amorphous phases were de-
tected in both runs. In fact, owing to the rapid particle quenching, at least partial for-
mation of such phases from the molten droplets should likety be expected.

The XRD results (Fig. 3) clearly point out that rather pure crystalline phases
were generated in both runs: during run A (low air cxcess, hot flame) orthorhombic
LaMnQ; was formed, whereas the product obtained from run B (low air excess, cold
flame) was rombohedral. Tt is quite surprising that in both cases, despite the small
residence (ime of the catalyst precursors in the hot flame zone (a few tenths of a sec-
ond), well erystallised particles are obtained and complete reaction amongst the lan-
thanum and the manganese occurs, as suggested by the complete absence, in the
XRTY spectra, of any peak ascribable to unreacted lanthanum or manganese oxides,
Further, it has been demonstrated that, by playing on the operating conditions at
which the solvent combustion process is carried out, and, particularly, on the excess
of primary air emploved. a certain control of the crystal habit of the product can be
achieved. Confirmations to this positive feature of the process are being obtained in
the synthesis of both transition- and o-alumina powders.

N h RunA

+ ' e
10 15 20 25 i} a5 ® 40

Fig. 3 XRD spectra of LaMnQ3 powders obtained during run A {low excess of air) and run B
(high e. 0. a.), showing an orthorhombic and a rombohedral structure, respectively
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Finally, in both runs, some catalyst powder was deposited as a hy-product all
over the inner part of the alumina tube facing the flame. XRD analysis of such ma-
terial denoted a poorly crystallised cubic structure. Conversely TEM analysis
showed the presence of irregular scales with some occasional spheroidal aggregate,
[t might be thus guessed that such material arises from some precursor solution
which reaches the tube wall, wets it and evaporates there gencrating crystals which
slowly undergo calcination at a lower temperature than the flame one. Nonctheless,
the catalytic activity of this material, resulting from run A, was also checked.

The results of catalytic activity tests (Fig. 4) clearly show that any prepared ma-
terial has an appreciable catalytic activity. However, il the ortorhombic perovskite
lawers the Tsp value (rom 815 to just 735°C, the catalytic activity of the other pre-
pared catalysts is markedly higher: the Tsn values for the rombohedral perovskites
arc 485 and 557°C for the citrates and the solvent combustion metheds, respectively,
whereas the cubic LaMnQ; is characterised by a 590°C value of the same parameter.
If the scarce activity of the orthorhombic perovskite is not surprising owing to the
considerations drawn in the previous chapters [3, 14], the fact that the citrates
mcthod gave rise to calalyst samples more active that their solvent-combustion coun-
terparts might be regarded as an upsetting result. A reasonable explanation, lics in
the markedl hlgher BET surface arca of the material prepared by the citrates
method (7 m” g~ ) Lompared to that of the calaly%t obtained by the method here pro-
posed (about | m? g hy. Such rather low value is though due to the presence of the
rather large spheroidal aggregates which involve a major fraction of the mass of the
recovered product. If only fine crystals were obtained it can be easily calcutated rhat
the resulting specific surface area should have been markedly higher than 20 m? €,
i.c. amongst the highest surface arcas at which well crystallized perovskite powders
have been obtained, according to the available literature [4-8]. This argument ren-
ders rather promising the obtained results if the very low filtration cfficiency of the
fibre filter employed is considered. In fact, on the basis ol a simple overall mass bal-
ance it could be calculated that the recovered powder was in both runs only about the
5 wi% of the enlire amount of perovskite particles produced. It is likely that only the
largest particles were caught by the filtering net, meanwhile the fines passed through
it almost completely. Therclore, a more efficient fillering apparatus than the one ¢m-
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Fig. 4 Results of catalytic activity tests on the recovered catalytic materials, on the sample
prepared by the citrates method and in the blank, non-catalytic run
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ployed has to be used. The filtration of powders smaller than 50 nm is indeed a seri-
ous technological challenge, A special electrical precipitator is currently being de-
signed and asscmbted for this purpose.

Conclusions

An innovalive method for the synthesis of fine perovskite powders for applica-
tion in the catalytic combustion of methane has been tested. The obtained results are
promising (perovskite crystal -size down to less than 20 nm have been achieved on a
fraction of the obtained product, a good controllability of the operating conditions
can be reached so as to obtain the perovskite in the desired crystal habit), even
though further work is needed to improve the overall performance of the experimen-
tal apparatus developed at Politecnico di Torino. Particularly, a high efficiency elec-
trofilter is being assembled and some methods for the actual measurement of the
flame temperature arc being thought of. Once such improvements will be achieved,
further studics will be dedicated to at least three directions: i) further reduction of the
average particle size of the perovskite catalysts by playing ¢.g. on the precursor con-
centration (more diluted solutions than the one herc employed may help in this con-
text at the price of lowering the overall throughput of the apparatus) or on the pres-
sure drop over the nozzle (higher values should result in smaller sprayed droplets
and cventually in finer crystals); ii) preparation of different materials for different
applications (e.g. fine powders are essential for lowering the sintering temperature
of a number of ceramic materials for structural and mechanical applications); iii) im-
provement and quantification of the model here proposed so as to gain a deeper
knowledge of the features and polentials of this promising technique.
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