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Abstract

A flame spray pyrolysis apparatus was set up and optimised for the preparation of perovskitic mixed-metal oxides in nanoparticle-si
form. LaCoO3 was chosen as test catalyst, aiming at correlating crystallinity, surface area, particle size, catalytic activity, and durability w
fundamental operating parameters of the apparatus. In particular, the feeding rate of the precursor solution, the flow rate of the O2/CH4 mixture
for the igniter, and flow rate and linear velocity of the main dispersing-oxidising oxygen were thoroughly analysed. The activity of the
samples was tested for the catalytic flameless combustion of methane, a reaction requiring the proper combination of catalyst activity a
stability. Provided that a crystalline perovskitic phase forms, activity increases with increasing surface area of the powder. In contrast,her
the initial sintering of catalyst particles within the flame, the higher is thermal stability. Tuning up the operating parameters allows us toy
address the desired catalyst properties.
 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Perovskitic mixed oxides are interesting materials for a w
variety of applications, including anodes for solid oxide fu
cells, gas sensors, and, primarily, partial or full oxidation re
tions. Among these, catalytic flameless combustion (CFC
hydrocarbons, particularly of methane, is of increasing imp
tance for energy production. Indeed, CFC can be done at lo
temperature (<800◦C) with respect to usual combustion, v
tually suppressing any NOx formation. Moreover, the catalys
strongly enhances selectivity toward full oxidation, so elimin
ing other noxious pollutants, such as CO and partial oxida
products.

The main catalyst requirements for CFC of methane
phase purity, ionic mobility through the crystal lattice, high s
face area, and good resistance to high temperature. Satis
all of these requirements at once is difficult. A pure perovsk
phase forms at high temperature, usually>700◦C. Hence tra-
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ditional preparation methods were based on repeated cycl
calcination-milling of the precursor single oxides, leading
well-crystallised and thermally resistant materials but with v
low surface areas. For this reason, this procedure is still
only for preparing ceramic materials. Many different sol–
preparation routes have been developed in attempts to inc
the surface area for catalytic use[1–8], leading to a pure per
ovskitic phase at lower temperature. Unfortunately, the lo
the preparation temperature, the lower the thermal resist
of the material. Hence, because of ready particle sintering
ing use, these routes are unsuitable for high-temperature
alytic applications. Recently, high-energy mechanical mill
to obtain mixed oxides through low-temperature solid-state
actions was proposed[9–11]. However, application to LaCoO3
and LaMnO3 did not lead to complete precursor convers
even in the presence of milling aids and for prolonged reac
time [12].

Several years ago we developed a flame hydrolysis (
technique that combines high surface area, and hence hig
alytic activity, with good thermal stability under the high-tem
perature CFC working conditions[7,8,13]. The FH-prepared
perovskitic catalysts had high phase purity, nanometer-s

http://www.elsevier.com/locate/jcat
mailto:lucio.forni@unimi.it
http://dx.doi.org/10.1016/j.jcat.2005.10.003


252 G.L. Chiarello et al. / Journal of Catalysis 236 (2005) 251–261

pr
ts

ten
ally
ce
r-
wa

as
bee

ity
en
me
a-
d,
pe
or

tion
th

ing
ity
en
-
ma
op

a
C o
y o
du
es
ion
op
ur
er
of

d
de

tion
de

pow

: col-

sys-
e
on-
the
ith
nd
so-
of

s
ass
trol
rop
rate

eom-
xy-
les

at-
ct to
lin-
tor,
kV
ry

p-

ous
particles, relatively high surface area (up to ca. 20 m2/g), and
exceptionally high thermal stability[7,8,13–16]. The method
was based on nebulising an aqueous solution of the oxide
cursors in a H2 + O2 flame. The residence time of the drople
within the flame was a few milliseconds, preventing any ex
sive sintering of the powder. Catalytic activity and especi
thermal stability were satisfactory, and the catalysts produ
were of high crystallinity and purity, with no trace of precu
sors or carbonaceous residua. However, the productivity
very low, just a few mg/h, and rather energy-expensive.

Many research groups have developed different flame-b
techniques for the synthesis of oxides, some of which have
adopted for commercial production of SiO2 or TiO2 nanoparti-
cles[17–19]. In the past, the main limitation was the availabil
of volatile precursors to feed to the flame. The developm
of aerosol or liquid-feed flame pyrolysis (FP) has overco
the low productivity problem, widely extending the applic
tions of flame synthesis[20–39]. Among the methods propose
spray FP seems the most interesting for the production of
ovskitic oxides, because it does not require volatile precurs
It is based on a specially designed burner[20–31,39]fed with
oxygen through a nozzle through which an organic solu
of the precursors is also fed, with the solvent acting as
fuel for the flame. The mixture is ignited by a surround
ring of O2/CH4 flamelets. High productivity and phase pur
are reported, along with nanometer-sized particles and h
very high surface area (>100 m2/g). The relatively high tem
perature of the flame in principle should also ensure ther
stability, once the main operating parameters have been
mised.

The aim of the present work was to set up and optimise
FP apparatus for preparing perovskitic catalysts for the CF
methane. Attention was paid to the structural homogeneit
the product in an attempt to extend the preparation proce
now used mainly for single-oxide synthesis to mixed oxid
LaCoO3 was chosen as model catalyst for system optimisat
The investigation included the effects of significant nozzle
erating parameters on surface area, particle size, phase p
crystal structure, catalytic activity for the test reaction, and th
mal resistance of the catalyst. We report in detail the effects
liquid feeding rate, of an O2/CH4 mixture flow rate, and of flow
rate and linear velocity of the dispersing-oxidising oxygen.

2. Experimental

2.1. Precursor solution

La(CH3COO)3·2H2O (Aldrich; purity >99.9%) and Co-
(CH3COO)2·4H2O (Merck; purum), in the desired ratio an
metal concentration, were dissolved in propionic acid un
vigorous stirring at 60◦C.

2.2. Flame-pyrolysis apparatus

Our homemade FP apparatus is composed of three sec
(1) the flame reactor (burner), (2) the feeding rate control
vices for gaseous and liquid reagents, and (3) the catalyst
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Fig. 1. Scheme of the FP apparatus. A: burner, B: pyrex glass conveyor, C
lector, D: multipin effluviator, E: heating mantle.

der collection system. A schematic representation of this
tem is given inFig. 1. The burner consists of a capillary tub
(0.6 mm i.d.) ending in the centre of a vertical nozzle and c
nected to a syringe pump (Harvard, model 975) that feeds
solution of the mixed-oxide precursors. The nozzle is fed w
oxygen (SIAD; purity 99.95%), acting as both an oxidant a
a dispersing agent, so as to form very small droplets of
lution. The main flame is ignited and supported by a ring
12 premixed O2 + CH4 (SIAD; purity 99.0%) flamelets. Ga
flow rate is controlled by means of MKS Instruments m
flow regulators (model 1259C), governed by a MKS con
unit (model 247C). Oxygen linear velocity and pressure d
across the nozzle are varied by selecting the proper feeding
and/or adjusting the nozzle discharge cross-section and g
etry. Calibrated manometers provide for control of the o
gen inlet pressure. Another ring of small air-feeding nozz
(not shown inFig. 1) enables maintenance of an oxidising
mosphere around the burner and helps convey the produ
the powder collection section. The latter consists of a cy
dric electrostatic precipitator, based on a multipin effluvia
surrounded by a coaxial collector and maintained at a 10
potential difference[7]. The system provided ca. 80% recove
of the produced powder.

2.3. Catalyst characterisation

Specific surface area (SSA) was measured by N2 adsorp-
tion/desorption at 77 K using a Micromeritics ASAP 2010 a
paratus, after outgassing at 300◦C for at least 6 h. All of the
recorded isotherms were of type III, indicating a nonpor
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dense material. This permits a direct correlation between
and average particle size of the powder. Scanning electron
croscopy (SEM) analysis was carried out on a Leica LEO 1
instrument. A Philips PW1820 powder diffractometer, with N
filtered Cu-Kα radiation (λ = 1.5148 Å), was used for struc
tural analysis. The diffractograms obtained were compared
literature data[40] for phase recognition. If not specifically in
dicated in text, no phases besides perovskite-like LaCoO3 were
observed.

2.4. Catalytic activity

The catalytic activity tests for the CFC of methane were c
ried out with a bench-scale continuous reaction unit. A qu
tubular reactor (7 mm i.d.) was heated by a tubular furn
through two heavy hemicylindrical metal blocks. The cata
(ca. 0.2 g, 0.15–0.25 mm particle size, diluted 1:6.5 by we
with quartz powder of the same particle size) was placed in
isothermal middle part of the reactor, between two flocks
quartz wool. The void part of the reactor tube, above and
low the catalyst bed, was filled with quartz beads (10–20 me
Before each run, the catalyst was activated in flowing
(20 cm3/min) with the temperature increased at a rate
10◦C/min up to 600◦C, where it was maintained for 1 h. Th
activity tests were carried out by feeding a mixture compo
of 0.5 vol% CH4, 49.5 vol% He, and 50 vol% air while increa
ing temperature by 2◦C/min from 250◦C to 600◦C. The outlet
gas was analysed in line using an HP 5890 gas chromatog
equipped with Porapak Q and MS-5 columns. The total fl
rate of the gas mixture was calculated by referring to the m
of active phase, to ensure an identical value of the time fa
τ = W/F = 2.5 (mg of perovskite× min/cm3 of overall gas
flow rate) for each test.

2.5. Accelerated thermal deactivation tests

Accelerated thermal deactivation tests were conducted
keeping the sample at the temperature (Tf ) of maximum con-
version for 48 h while measuring the residual conversion ev
24 h. Then reaction/deactivation cycle was accomplished b
creasing temperature at a rate of 10◦C/min up to 800◦C and
maintaining it there for 1 h, then dropping the temperature b
to Tf and keeping it there for 3 h, at which time the cataly
activity was evaluated. The cycle was repeated at least t
times.

3. Results and discussion

3.1. Principles of the FP technique

Fig. 2provides a schematic representation of the main s
of the FP synthesis. The liquid solution containing the p
cursor salts is fed at constant flow rate through the capil
needle, ending 0.5 mm above the nozzle discharge mout
that the liquid droplets are instantaneously dispersed by
oxygen flow. This process forms very small droplets, wh
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Fig. 2. Scheme of the principle of particle formation and growth into the fla

size depends mainly on liquid and oxygen flow rate and
ear velocity. Extensive studies have been carried out by Mä
et al.[39], who concentrated on the first zone of the flame,
ing to model droplet dispersion and size through correlat
between proper adimensional parameters. Good dispersio
short droplet lifetime were observed by using oxygen (as in
present case) rather than air as a dispersant/oxidant in the
nozzle. Keep in mind that excessively large droplets could h
a lifetime longer than the residence time in the hottest zon
the flame, leading to nonuniform particle size[23].

The mechanism of product formation depends on the pa
ular system under study. Solvent volatility is a key paramete
the solvent readily evaporates, then product formation proc
through monomer or cluster formation, as in aerosol proce
(e.g., ZrO2 synthesis[25]). In contrast, slow solvent evapor
tion can lead to the formation of “eggshell” hollow particle
which are susceptible to breakdown from the explosive ev
oration of the residual solvent inside them[25,28,32]. This
phenomenon can be observed with fusible precursors eve
the case of rapid solvent evaporation, such as in Bi2O3 prepara-
tion [22].

The presence of primary solid particles at greater dista
from the nozzle mouth can only be hypothesised. After
point, the main steps are coalescence (depending on colli
between the particles) and sintering. The former phenome
can be limited by decreasing particle concentration in the fla
thereby though lowering productivity. But extensive sinter
can be avoided by lowering flame temperature and decr
ing particle residence time in the hottest zone. This param
can be modulated in two ways: (1) by shortening flame he
through the proper selection of O2 feeding flow rate, and (2) b
increasing O2 linear velocity.Fig. 2 summarises some of th
main parameters influencing the SSA and particle size of
product, which ultimately affect catalytic activity and therm
stability.
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3.2. Optimisation of the FP apparatus

Our FP apparatus was set up following a schematic draw
published previously[39]. The main difference is the close
powder collection section, including the electrostatic prec
tator (Fig. 1), which also substantially reduces the noise fr
the jet flame nozzle. Furthermore, in our apparatus the add
of a large air-supply nozzle ring surrounding the flame be
conveys the powder to the recovery section and promotes
combustion of the organic matter, virtually eliminating any c
bonaceous residua.

The first burner was fashioned with a coaxial ring (20 m
i.d.) of 12 vertical flamelets, similar to that reported pre
ously [39]. This design produced a very unstable flame, h
ever. Substantial improvements in flame stability and ho
geneity of catalyst particle size were obtained by reducing
diameter of the flamelet ring and pointing the flamelets tow
the core of the nozzle.

3.3. Effect of nozzle operating parameters on catalyst
physicochemical properties

The FP technique is very versatile, with the properties of
prepared material depending on many different parameters
sometimes contrast or conflict with one another. The follow
are the most representative:

• O2 and CH4 flow rate to the supporting flamelets.
• O2 flow rate to the main nozzle.
• Organic liquid solution flow rate.
• Concentration of precursors in the organic liquid so

tion.
• Pressure drop across the nozzle and nozzle geometry.
• Nature of the organic solvent and the metal precursor.

In this paper we report on only some of these paramete
O2 + CH4 gas mixture composition and flow rate for the su
porting flamelets, concentration of the oxide precursors
flow rate of the liquid solution, and O2 flow rate and pressur
drop across the main nozzle.

3.3.1. O2/CH4 gas mixture for the supporting flamelets
The essential role of the flamelet ring is to support and c

stantly ignite the main flame. Initially a stoichiometric mixtu
of CH4 + air was used, leading to poor flame stability when
Pyrex cap of the conveyer to the electrostatic precipitator
put in place. This problem was readily overcome by subst
ing oxygen for air.

As for the O2/CH4 feeding ratio, excessive O2 was detri-
mental in all cases, leading to progressive shortening of
flamelets while increasing their flow rate until extinction. A s
ichiometric feeding ratio was preferable by far.

The flamelets’ overall gas flow rate had an affect on pr
uct properties. Hence, for fuel and oxygen economy, the low
feeding rate (1 L/min of O2 and 0.5 L/min of CH4) providing
a stable and compact crown of flamelets was chosen.
g

-

n
r
ll

-
-
e

e
at

d

-

s
-

e

-
st

Fig. 3. Dependence of SSA on liquid flow rate. Open squares: con
(5 NL/min) O2 flow rate; full triangles: constant O2/liquid (Φ = 2) feeding
ratio.

3.3.2. Liquid flow rate
Ceteris paribus, the productivity of the system is propo

tional to liquid flow rate. Hence, in principle, the latter shou
be as high as possible. However, the higher the flow rate
higher the concentration of the forming powder in the flam
which increases the frequency of particle collision and sin
ing. Hence if the goal is to obtain high surface area (i.e., po
agglomerated products), then a compromise between pro
tivity and particle size must be found.

Liquid flow rate was varied, either by keeping the O2/liquid
feeding ratio,

Φ = (mol O2/mol fuel)real

(mol O2/mol fuel)stoich
,

at a constant value (Φ = 2) or by increasing liquid flow rate
at constant O2 feeding rate (5 L/min). In the former case, th
flame height remained constant (ca. 4 cm), and no signifi
change in product SSA was observed. Indeed, by increasin
solution flow rate from 0.97 to 4.4 cm3/min, the BET surface
area was always ca. 55 m2/g (Fig. 3). Under these conditions
the particle concentration in the flame increases, but the p
cles’ residence time within the flame decreases. These ef
compensate for one another, producing a constant particle
In contrast, when the liquid feeding rate was increased (
supra) by keeping the O2 flow rate constant at a value excee
ing the stoichiometric value, productivity increased along w
flame height; however, a progressive drop in product sur
area (from 70 to 41 m2/g) was observed (Fig. 3) due to the in-
creased particle concentration within the flame.

It can be concluded that if the goal is a high-productiv
preparation of highly sintered materials, then the liquid fl
rate must be enhanced by maintaining a constant O2 feeding
rate. In contrast, the productivity of high-surface area catal
can be improved by increasing the solution flow rate wh
keeping the O2/liquid feeding ratio constant.

3.3.3. Concentration of the precursors solution
Obviously, the higher the precursors concentration,

higher is the amount of powder produced per unit time. He
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Fig. 4. Dependence of SSA on precursors concentration M (mol/L) in the feed-
ing solution.

to save time, solvent, O2 and auxiliary gases, highly conce
trated solutions are preferable, of course within the precu
solubility limits. However, when increasing the precursors c
centration beyond a given limit, a noticeable drop in surf
area can be observed (Fig. 4). This is due to an increase
concentration of primary particles in the flame, which favo
frequent particle collision and sintering. Furthermore, the
creased availability of precursors could also enhance sinte
in the gas phase, leading to particle necking. Hence dil
solutions are preferable for preparing small, high-surface
particles by increasing productivity through a liquid flow ra
adjustment at constantΦ (vide supra). The first point inFig. 4
(i.e., for a concentration of 0.025 M) is due to the formation
overly small primary particles, which sinter more easily in
hottest zone of the flame.

A tentative calculation of the theoretical size of a particle
be done by hypothesising an instantaneous evaporation o
solvent of a single droplet. The resulting particle should ha
diameter,Dp, given by

Dp = Dd
3
√

M · NA · Vuc/Z,

whereDd is the droplet diameter,M is the molar concentration
NA is Avogadro’s number,Vuc is the crystal unit cell volume
(336.13 Å3 for LaCoO3), andZ is the number of molecules pe
unit cell (6 for LaCoO3).

For Dd = 4 µm (a reasonable value for a spray droplet)
M = 0.1 mol/L, the resultingDp should be 600 nm, rathe
far from our experimental evidence of BET average part
diameter (DBET) ≈ 12–20 nm (DBET = 6/SSA · ρ and ρ =
7.29 g/mL for LaCoO3). In other words, the droplet diame
ter must be unreasonably low (by 1 or 2 orders of magnitu
to lead to the observedDBET value. Therefore, it can be con
cluded that our product particles derive from secondary drop
forming through dispersion of the primary droplets by ox
gen. Alternatively, small particles could form by the break
of primary hollow particles due to evaporation of the encap
lated residual solvent[28,32], although this is less likely in th
present case.
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3.3.4. O2 linear velocity
A preliminary study of the nozzle was carried out to d

termine its main working parameters, including the discha
coefficient,C, and the equivalent discharge section,Aeq, from
which the O2 linear speed in the nozzle throat may be de
mined under different working conditions. The mass flow r
of discharge (w) of a perfect gas from a nozzle under subcriti
(subsonic) flow conditions can be calculated from the follow
equation[41]:

(1)w = CYA2

√
2gc(p1 − p2)ρ1

1− β4
,

whereC is the discharge coefficient, which is a function
Reynolds number (Re) and nozzle geometry;A2 is the cross-
sectional area of the throat;p1 and p2 are the upstream an
downstream pressure, respectively;β is the ratio of nozzle
throat to adduction conduit diameter; andY is the expansion
factor. For gaseous fluids,Y is given by

(2)Y =
√

r2k

(
k

k − 1

)(
1− r(k−1)/k

1− r

)(
1− β4

1− β4r2/k

)
,

wherer is the pressure ratio,p2/p1, andk is the specific hea
ratio,cp/cv.

Raising the absolute upstream pressure,p1, the discharge
velocity from the nozzle increases until it attains and then o
comes the speed of sound, when the upstream pressur
ceeds a critical value and the geometry of the nozzle beco
convergent–divergent. At the critical value, the pressure r
assumes its minimum value,rc, and the actual pressure in th
throat cannot fall belowp1rc, even if a much lower pressure e
ists downstream. Under critical flow conditions, the mass fl
rate of discharge (wmax) of a perfect gas can be calculated
the following equation[41]:

(3)

wmax= CA2p1

√
gck

(
M

RT1

)(
2

k + 1

)(k+1)/(k−1)

= KCA2p1,

wheregc = 980 cm/s2, M is the gas molecular weight,T1 is
the gas temperature (K) in the upstream side of the nozzle
R is the gas constant. For oxygenk = 1.396 andrc = 0.528 and
at room temperature, Eq.(3) becomes

(4)wmax= 14.5CA2p1,

with wmax expressed in g/min, A2 in mm2 andp1 in bar.
Eq. (1) shows that the mass flow rate under subsonic c

ditions is proportional top1/2
1 , whereas at the sonic regim

it is directly proportional top1, as in Eq.(4). Finally, a sim-
ple equation for calculating the discharge velocity (u2) from a
convergent–divergent nozzle, given the upstream pressurep1),
downstream pressure (p2), and the critical velocity in the throa
(uc), is [41]

(5)

(
u2

uc

)2

=
(

k + 1

k − 1

)[
1−

(
p2

p1

)(k−1)/k ]
.
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Fig. 5. Oxygen mass flow rate vs. nozzle upstream pressure (p1) for different
nozzle geometries (openings) ensuring 5 NL/min of oxygen volumetric flow
rate with a pressure drop�p across the nozzle of: (a) 0.3, (b) 1.2, (c) 3
(d) 4.5, (e) 6.0 bar.

Table 1
Main working parameters vs. pressure drop for a selected nozzle geometr2
flow rate= 5 NL/min)

�p (bar)

0.3 0.6 1.2 3 4.5 6 7

Slope 6.057 – 3.096 1.776 1.236 0.949 –
Aeq

a (mm2) 0.418 0.281 0.213 0.116 0.085 0.065 –
p1 (bar) 1.3 1.6 2.2 4.0 5.5 7.0 8.0
vmax

b (L/min) 5.00 5.00 4.27 2.40 1.72 1.35 1.1
ub (m/s) 199 296 337 340 338 344 34
u0 (m/s) 199 296 337 340 338 550 56

a Aeq= CA2.
b In the nozzle throat.

First, a series of experimental data was collected (Fig. 5) for
several different nozzle geometries (openings), maintaining
O2 flow rate constant at 5 NL/min and varying the pressur
drop,�P , across the nozzle (Table 1).

The discharge coefficient,C, may be calculated in one o
two ways, through either Eq.(1) or Eq.(4). As an example, we
report the calculation ofC for the maximum nozzle openin
(Fig. 5, curve a). Following the first approach, an O2 flow rate
of 5 NL/min (6.65 g/min) corresponds to an upstream press
of 1.3 bar, lower than the critical pressure (1.8 bar). Hence
relationship betweenw andp1 can be calculated by Eq.(1), ap-
plicable to subsonic flow conditions, provided thatY has been
calculated through Eq.(2). Our nozzle has a crown circula
cross-sectional areaA, so that to calculateβ, we introduce an
equivalent diameter,

De =
√

4A

π
,

from which

β = De2

De1
=

√
A2

A1
= 0.23,

whereA1 is the cross-sectional area of the nozzle upstream
duit, before the throat. Then, from Eq.(2), we getY = 0.87 and,
from Eq.(1), C = 0.41 (at room temperature).

In the second approach, referring to sonic flow rate (Eq.(4)),
the slope (14.5CA2) of the linear part of theFig. 5 experi-
e

e

-

Fig. 6. Schematic representation of nozzle geometry: (a) convergent; (b)
vergent–divergent.

Fig. 7. Dependence of SSA on pressure drop across the nozzle.

mental curves is proportional to the cross-sectional area o
so-called vena contracta (CA2). Then, for the known value o
A2 = 0.98 mm2, a value of

C = Slope

14.5A2
= Aeq

A2
= 0.418

0.98
= 0.42

is obtained from the slope of the straight line portion
curve a inFig. 5 andTable 1. Then the O2 discharge velocity
can be easily calculated as actual flow rate in the throat (vmax)
divided by the equivalent cross-sectional area (Aeq) (Table 1).

Nozzle geometry is represented inFig. 6, showing how the
configuration can be shifted from convergent to converge
divergent by simply moving the inner part of the burner
vertically. For a convergent nozzle (Fig. 6a), the highest obtain
able discharge velocity is sonic (i.e., 341 m/s), whereas for the
convergent–divergent geometry (Fig. 6b), a supersonic velocit
can be attained.

Here O2 velocity was varied at a constant O2 flow rate
by progressively narrowing the nozzle discharge section,
increasing the pressure drop across the nozzle from 0
7 bar. The effect of O2 discharge velocity on catalyst SSA
reported inFig. 7. At first, under subsonic discharge con
tions, an increase in SSA occurred. When sonic velocity



G.L. Chiarello et al. / Journal of Catalysis 236 (2005) 251–261 257
Fig. 8. Flame height in laminar (left side) or turbulent (right side) regime.
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reached, a further O2 pressure drop did not entail an increa
in SSA, which remained constant, given the constant disch
linear velocity. Then, with progressive narrowing of the n
zle discharge section, its geometry changed into converg
divergent, allowing increased O2 linear velocity over the soni
value and hence further increasing the SSA of the prod
These data were confirmed by X-ray diffraction (XRD) ana
sis, which showed a progressively smaller powder crystal
with increasing O2 velocity. However, when sonic discharg
conditions were kept constant, the XRD line broadening (p
der crystal size) remained fairly constant.

O2 linear velocity mainly determines the residence time
the primary particles in the flame. The lower the residence t
the lower the particle sintering and hence the higher the S
However, a too low residence time in the flame could lead
an insufficiently thermal-resistant powder. Moreover, the p
manence of the precursor into the flame must be suffic
to permit its complete conversion into the desired perovsk
phase and the complete combustion of the organic compo
(solvent and precursor anions). O2 velocity can be modelled
throughout the flame as reported previously[23], demonstrat-
ing increased velocity immediately after the nozzle mouth
to ca. 1.5 cm) due to combustion, followed by asymptotic
celeration, as in cold jets, as a function of 1/x, wherex is the
distance from the nozzle.

Increased O2 velocity also produces a decrease in fla
height (as shown inFig. 8), affecting the residence time in th
flame. Thus O2 velocity has a double influence on this fu
damental parameter. Furthermore, images (not reported
obtained with a high-speed infrared camera suggested a tr
tion from a laminar to a turbulent flow regime with increas
pressure drop (and hence O2 velocity) from 0.3 to 6 bar, as ev
idenced by the formation of vortices. This noticeably affec
SSA, which increased from 42 to 66 m2/g. However, the mos
significant impact was on particle size distribution (Fig. 9). Poor
size uniformity was obtained in a laminar flow regime, w
SEM micrographs showing large spheres together with m
e

t–

t.

e

-

,
.

-
t

ds

-

e)
si-

h

smaller particles (Fig. 9a,b). In contrast, a much higher size u
formity was exhibited in a turbulent flow regime (Fig. 9c,d),
with the product consisting of nanospheres ca. 20 nm in
ameter. This can be explained by considering the gas velo
profile under laminar and turbulent flow conditions. In the f
mer regime, particle residence time in the hottest part of
flame is different for primary particles in the jet core than
particles in the periphery of the jet, and no efficient mixi
can occur. Under turbulent conditions, the much more effic
mixing leads to uniform residence time in any part of the
preventing extensive sintering of the particles. Similar beh
iour was observed during the preparation of V–Ti oxide thro
aerosol flame synthesis[30].

3.3.5. O2 flow rate
O2 flow rate was first varied at constant nozzle discha

section, so as to create an increasing pressure drop acro
nozzle. Increasing the O2 flow rate starting from subcritica
conditions produced an increasing O2 linear velocity until criti-
cal pressure (and hence sonic discharge velocity) were atta
(vide supra). The SSA of the powder rapidly increased with
creasing O2 flow rate (and velocity) (Fig. 10, full line). After
the sonic regime was attained, some marginal increase of
was observed, but much less marked than that under sub
conditions.

The dependence of SSA (and hence of particle size) on2

flow rate is rather complex. With constant nozzle geometry
under subsonic conditions, an increase in O2 flow rate brings
about an increase in its linear velocity. Therefore, an incre
of SSA can be surely attributed to the aforementioned cau
that is, faster transport of the primary particles through a p
gressively shorter flame, which prevents any significant par
sintering. However, increasing oxygen flow rate at constant
uid feeding rate leads also to a higher dispersion degree o
particles within the flame, decreasing the probability of c
lision between them. Furthermore, O2 has also a quenchin
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Fig. 9. Typical SEM micrographs relative to samples prepared in laminar (a, b) or turbulent (c, d) regime.
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Fig. 10. SSA vs. O2 flow rate: at constant nozzle geometry (—) or at cons
pressure drop under sonic discharge conditions (- - -).

effect, lowering the flame temperature and hence decreasin
particle sintering rate.

Because all of these effects are hardly distinct from one
other, another set of samples was prepared, this time tryin
eliminate the effect of residence time on SSA and particle s
For this purpose, we varied the O2 flow rate, but kept the pres
sure drop through the nozzle constant at a value higher tha
critical pressure. This corresponds to sonic discharge condi
and hence to constant O2 velocity, independent of O2 flow rate.
By increasing the latter, a small increase of surface area wa
served (Fig. 10, dashed line), due exclusively to the quench
effect of oxygen and the decreased particle concentration i
flame. As expected, the two curves overlapped (Fig. 10) when
sonic conditions occurred in the two cases.

It may be concluded that O2 flow rate is a very critical pa
rameter in obtaining the desired product, apart from its ac
physical properties. Indeed, when the O2 flow rate was too high
with respect to the liquid flow rate (i.e.,>8 L/min, correspond-
he

-
to
.

he
s

b-

e

l

Fig. 11. Effect of O2 flow rate (L/min) on sample crystallinity.

ing to Φ > 3), the quenching effect was excessive, inhibit
the formation of a highly crystalline perovskitic phase. T
effect of this parameter on sample crystallinity is shown
Fig. 11, which qualitatively depicts the decreasing crystal s
with increasing O2 flow rate.

3.4. Effect of nozzle operating parameters on catalytic acti

The present samples were tested as catalysts for the
of methane. As expected, catalytic activity increased with
creasing SSA, provided that a pure perovskitic phase was
tained. Catalytic performance was essentially intrafacial[1,2],
as has been reported for LaCoO3 samples[8,13,42]. In prin-
ciple, high SSA should enhance suprafacial activity; that i
should increase the reactivity due to available surface oxy
Conversely, intrafacial activity should be more tied to oxyg
mobility through the bulk. Oxygen mobility for undoped pe
ovskitic systems is ultimately due to lattice disorder (i.e.,
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Fig. 12. Catalytic activity of samples prepared at different O2 pressure drop
(bar) across the nozzle.

presence of vacancies), allowing oxygen jumping between t
with low activation energy. Therefore, synthesis conditions
lowing small crystal size (i.e., high SSA) could also enha
bulk oxygen mobility.

As an example,Fig. 12 shows the dependence of cataly
activity on pressure drop (�p) across the nozzle, and hence
O2 discharge velocity. It can be seen that raising�p results in
noticeably enhanced catalytic activity, in line with the obser
parallel increase of SSA. Indeed, the temperature of met
half conversion (T1/2) decreased from 437 to 404◦C and then
to 383◦C for �p of 0.3, 1.5, and 6 bar, respectively.

From these activity data, we can conclude that the FP t
nique allows one to obtain highly active catalysts that co
pletely convert methane below 550◦C. These results are com
parable to those previously reported for some of the most a
perovskitic samples obtained through other preparation t
niques[7,12,13]and also to those of noble metal-based ca
lysts for the same reaction.

3.5. Effect of nozzle operating parameters on catalyst ther
stability

Because of the elevated working temperature, the CFC
methane requires a highly thermally resistant catalyst. A fla
based preparation technique can fulfil this requirement,
ducing rapid calcination of the powder at high temperat
(>1000◦C). Thermal resistance of the present catalysts
checked both after a prolonged working time (48 h) and
ter cycles of accelerated deactivation at 800◦C. Once a pure
perovskitic phase was formed, catalyst durability always
creased with decreasing SSA. A first example of this is repo
in Fig. 13, which shows the dependence of this paramete
samples prepared at different pressure drops across the n
and hence at different O2 linear velocities. As mentioned ea
lier, the lower the pressure drop, the lower the O2 velocity and
hence the higher the reagent residence time in the flame, lea
to more-sintered, lower-SSA materials. This reflects on ther
stability, which was higher for the samples prepared at lo
O2 velocity. Indeed, for the sample prepared at a pressure
of 0.3 bar, the residual CH4 conversion after the third deactiv
tion cycle was still ca. 92%, much better than that of the sam
synthesised with a pressure drop of 6 bar, which lost ca.
of its activity. Hence, as expected, improve thermal stability
m
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Fig. 13. Thermal stability of samples prepared at different O2 pressure drop
(bar) across the nozzle.

Fig. 14. Thermal stability of samples prepared at different O2 flow rate (L/min).

quires an increase in particle sintering, although at the exp
of lower activity.

The same behaviour was exhibited by samples prepared
different O2 flow rates, as reported inFig. 14. Also in this case
an increase in O2 flow rate from 3 to 5 L/min brought an in-
crease in SSA from 32 to 56 m2/g (vide supra) due to man
concomitant effects (i.e., increased O2 speed and hence d
creased residence time in the flame, higher quenching, lo
concentration of the primary particles in the flame). This w
reflected in the much lower thermal stability of the cataly
which lost 50% of its activity even after the first deactivati
cycle when prepared with 5 L/min of oxygen.

A direct measurement of catalyst properties after the C
reaction is not possible due to the presence of the dilu
quartz powder large excess. Hence, a simulation of the effe
catalyst deactivation due to sintering was carried out by h
ing up to 900◦C for 2 h in air a high-surface area samp
prepared from a 0.05 M propionic acid solution (liquid flo
rate= 1 cm3/min, O2 flow rate= 5 L/min, �P = 5 bar). SSA
dropped from>70 to <5 m2/g. Particle sintering is clearl
shown inFig. 15and is confirmed by the increased crystallin
evidenced inFig. 16.

4. Conclusions

A spray FP apparatus was set up for the preparation of m
oxides of perovskitic structure. Some different burner confi
rations were tested to optimise efficiency and flame stability
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Fig. 15. Typical SEM micrographs of a high SSA sample, (a) as-prepa
(b) calcined at 900◦C for 2 h.

Fig. 16. XRD patterns of theFig. 15high SSA sample, (a) as-prepared, (b) c
cined at 900◦C for 2 h.

to reduce the noise from the jet flame. The effect of some no
operating parameters on phase purity, surface area, and
cle size of LaCoO3 test samples was investigated. A substan
increase in catalyst SSA can be obtained by decreasing the
centration of the feeding solution (albeit at the cost of decrea
productivity). The latter can be improved by increasing liq
flow rate, provided that the O2/liquid feeding ratio is kept con
stant, so that SSA of the product is only marginally affect
A theoretical study on our nozzle allowed us to determine
O2 discharge velocity and observe how it affects SSA. The la
increases with increasing O2 speed under subsonic condition
remains constant under a sonic regime, and finally incre
again when a supersonic discharge velocity is reached. O2 flow
rate was varied either by increasing pressure drop (�p) across
the nozzle or by varying the nozzle geometry at constant�p.
,
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Table 2
Effect of the investigated operating parameters on some properties of the
lyst

Increasing
of

SSA Particle
size

Crystal-
linity

Catalytic
activity

Thermal
stability

Liquid flow rate
Const.φ ≈ ≈ ≈ ≈ ≈
Const. O2 flow rate ↓ ↑ ↑ ↓ ↑

Solution
concentration

↓a ↑ ↑ ↓ ↑

O2 linear velocity ↑ ↓ ↓ ↑ ↓
O2 flow rate

BelowPc ↑ ↓ ↓ ↑ ↓
AbovePc

b ≈ ≈ ≈ ≈ ≈
Note:Φ = (mol O2/mol fuel)real

(mol O2/mol fuel)stoich
; Pc = nozzle critical pressure;≈= almost no

effect.
a For concentration�0.05 M.
b For φ > 3 too low crystallinity was observed.

It was found that O2 flow rate deeply influences both partic
size and crystallinity, due to several concomitant factors. F
thermore, as expected, any change in catalyst properties d
affects both catalytic activity for the CFC of methane and th
mal resistance of the catalyst.

Table 2provides a quick reference on effects of the vario
parameters investigated here on catalyst properties.
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