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a  b  s  t  r  a  c  t

Perovskite-type  La0.6Sr0.4Co0.2Fe0.8O3 (LSCF)  mixed  oxides  were  successfully  prepared  by  combustion  and
reactive  grinding  method,  characterized  by  XRD,  ICP,  XPS,  TEM,  SEM,  TPR-H2, N2 adsorption–desorption
and acid–base  measurements  and  their  catalytic  activities  for combustion  of C3–C4 alkanes  and  ethanol
were  determined.  LSCF  materials  show  good  catalytic  performances:  100%  conversion  of C3–C4 and
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eywords:
erovskites
a1−xSrxCo1−yFeyO3

thanol combustion

ethanol  can  be  reached  below  400  and  260 ◦C,  respectively,  and  activity  was  stable  with  extended  time  on
stream and  for  repeated  temperature  cycles  as  well.  LSCF  materials  seem  then  to  be  promising  alternative
to noble  metal  based  catalysts  for VOC  oxidation.

© 2010 Elsevier B.V. All rights reserved.
3–C4 alkanes total oxidation

. Introduction

During the last decades, there has been increasing concern for
he environment protection due to the emission of different pol-
utants to the atmosphere. The emission of VOCs has received
articular attention as they have been established to cause many
erious environmental problems. Some VOCs are directly harm-
ul (carcinogenetic, nervously paralyzed, uncomfortable, etc.) and
thers have involvement in the formation of photochemical smog,
cidic rain, greenhouse effect or depletion of stratospheric ozone
ayer. Catalytic combustion processes is recognized as convenient

ay for VOCs emission prevention [1].
Perovskite-type oxides are widely studied for the application

n oxygen separation [2] and solid oxide fuel cells [3].  Besides,
hey display prominent catalytic activities in many fields includ-
ng total oxidation of VOCs [4],  causing that they are postulated
s potential substitutes of noble metals, very active but more
xpensive and less thermal stable. Some perovskites have recently
een shown as promising materials for this purpose, among oth-
rs LaCoO3 partially substituted with Sr or Fe on the A and B sites,
espectively. La1−xSrxCoO3 was found to show enhanced activity
or propanol/cyclohexane total oxidation [5] while LaCo1−xFexO3

or n-hexane combustion [6],  as compared to the activity of non-
ubstituted LaCoO3 for these reactions. So far, there are only a few
iterature data concerning the catalytic properties of perovskite-
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920-5861/$ – see front matter ©  2010 Elsevier B.V. All rights reserved.
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like mixed oxide La1−xSrxCo1−yFeyO3−ı (LSCF) – it was  found as
a good catalyst for combustion of methane [7] and toluene [8]
or methanol decomposition [9]. For these reasons, we prepared
LSCF mixed oxides and characterized them as catalyst for pollution
abatement. In this study, catalytic behaviour of LSCF was  evalu-
ated in combustion of C3–C4 alkanes and ethanol. Efficient and no
expensive catalyst for the complete destroying of such VOCs at low
concentrations is essential because mixture of propane and butanes
(as LPG), and (bio)ethanol are increasingly used as a substitute for
gasoline and diesel in transport vehicles. Furthermore, short chain
alkanes, recognized as the most difficult to destroy, are emitted
from a range of stationary sources and their treatment is a priority.

2. Experimental

Materials with formal composition La0.6Sr0.4Co0.2Fe0.8O3 were
prepared via glycine-nitrate process (C sample) and wet ball-
milling method (G sample). The first one is self-sustaining
combustion synthesis technique which can produce fine and homo-
geneous mixed metal oxides powders. Glycine serves here a dual
role: it complexes the metal cations in the precursor solution and
next, upon ignition, the oxidized (by the nitrates) glycine becomes a
fuel for the combustion reaction. Further thermal treatment at tem-
peratures above 800 ◦C is needed. The second one, reactive grinding
method, is performed at essentially room temperature and may

directly yield materials with desired structure but it requires pro-
longed time of milling with high energy consumption. For short
milling times, mechanosynthesis allows the reactivity of the pre-
cursors to be increased but must be followed by additional heat

dx.doi.org/10.1016/j.cattod.2010.10.070
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
mailto:m.zawadzki@int.pan.wroc.pl
dx.doi.org/10.1016/j.cattod.2010.10.070
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reatment. Both methods have advantages over classical routes of
omplex oxides preparation (e.g. ceramic) leading to the nanocrys-
alline materials with interesting surface properties. In the case
f C preparation, aqueous solution of metal nitrates and glycine
as placed in the oven where after water evaporation sponta-
eous combustion occurred (heating temperature up to 350 ◦C). G
ample was prepared by milling of stoichiometric mixture of corre-
ponding oxides (La2O3, Fe2O3, Co2O3) and SrCO3 in ethanol for 2 h
sing atritor (d = 135 mm,  h = 180 mm,  4.6 kg of stainless steel balls
d = 3 mm),  rpm = 280 min−1). Finally, both samples were heated at
50 ◦C for 6 h then were lightly milled to obtain a fine powder,
hich was compressed into tablets, then crushed and sieved into

he pieces of 0.6–1.2 mm.
The crystal structure was determined by powder X-ray diffrac-

ion (XRD). The crystallite size was calculated based on the Scherrer
quation. The elemental analysis was carried out by using the
nductively coupled plasma (ICP) method. The morphology was
bserved by a transmission electron microscopy (TEM) and a scan-
ing electron microscopy (SEM). The specific surface area was
etermined by the BET method from nitrogen adsorption data
btained in a volumetric system. Surface composition was  char-
cterized by X-ray photoelectron spectroscopy (XPS). Temperature

rogrammed reduction (TPR-H2) experiments were performed in

 flow apparatus using a mixture of H2 (6.5 vol.%) in argon at tem-
erature range 20–950 ◦C. Acid-basic properties were determined
y analysis of results of cyclohexanol (CHOL) decomposition on the

Fig. 2. SEM and TEM images of LSCF materials: C (a and b) and G (c and d) s
Fig. 1. XRD patterns of LSCF materials: C sample (a), G sample (b); for phase identi-
fication purpose, standard diffraction pattern (JCPDS File No. 49-285) is also shown.

studied materials. Tests were carried out in a continuous-flow fixed
bed quartz reactor (8 mm i.d.) placed in a tube furnace. The catalyst
(0.5 g) was held on quartz wool, total gas flow 20 dm3/h (dry N2
99.999%) saturated with CHOL (2.6 mmol/h) was  used, and reac-

tion temperature was  fixed at 300 ◦C. Products of the reaction were
analysed using gas chromatograph equipped with FID detector.
Total conversion of CHOL and both yield and selectivity to cyclo-

ample, with SAED pattern (inset in b) and HRTEM image (inset in d).
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Fig. 3. TPR-H2 profiles of LSCF materials.

exene (CHEN) and cyclohexanone (CHON) were determined. The
otal acidity and the acid strength distribution were evaluated by
he temperature-programmed desorption of ammonia (TPD-NH3)

ethod. The sample (2 g) was heated to 750 ◦C in argon flow for
 h then cooled to 180 ◦C. Adsorption of pure ammonia was per-
ormed for 0.5 h followed by a purge with argon at 180 ◦C for 1 h to
emove physically adsorbed NH3. Finally, TPD-NH3 measurements
ere started in argon with a heating rate 10◦/min. Amounts of des-

rbed ammonia were analysed using a gas chromatograph with
 TCD detector. The catalytic activity measurements were carried
ut in a fixed-bed flow reactor made of quartz tubing of 10 mm i.d.,
laced in a programmable furnace, by passing a gaseous mixture of
eactants and air over 1 g catalyst (bed height ∼1 cm). The reaction
eed consisted of 2000 vppm VOC in air, and total flow rate was
5 l/h to give GHSV of 21.000 h−1. Analysis was performed by an
n-line gas chromatograph with a FID detector.

. Results and discussion

XRD patterns (Fig. 1) confirmed the formation of the
erovskite structure with the expected rhombohedral phase
ymmetry: C shows the presence of pure perovskite phase
hile a trace of SrCO3 (at 2� = 25.2 and 25.8◦) appeared in G.

he presence of sharp and strong diffraction peaks suggests
he high crystallinity of obtained materials. Average crystallite
ize for C and G is 26 and 16 nm,  respectively. Composition
f these materials is very close to the desired one, as was
evealed by ICP analysis – La0.600Sr0.398Co0.199Fe0.802O3 for C and
a0.600Sr0.396Co0.197Fe0.806O3 for G. Both samples show relatively
ow specific surface area (SBET), i.e. 4.4 and 3.4 m2/g, respectively for

 and G. SEM images (Fig. 2a and c) reveal different morphology of
tudied materials: typical macroporous network (C) or characteris-
ic agglomerates with irregular shape (G). According to TEM images
Fig. 2b and d), one can observe that most of particles are quasi-
pherical, and grain sizes are 50–100 nm for C, while for G amount
o 20–30 nm.  HRTEM studies (inset in Fig. 2d) showed that particles
re well-crystallized exhibiting lattice fringes of distance 0.27 nm
hat corresponds to the (1 1 0) lattice plane of LSCF structure. The
rystallography of the samples is also proven by SAED pattern (inset
n Fig. 2b): diffraction rings/spots match the XRD peaks very well.
wo main signals of hydrogen consumption can be distinguished
n TPR-H2 profiles (Fig. 3) of both materials however they differ in
emperatures of peak maximum. The first peak has maximum at
00 and 470 ◦C while the second at ∼900 and above 900 ◦C, respec-
ively for C and G. Additionally, high temperature TPR-H2 signal

f G is composed of two smaller peaks with maximum at 610 and
70 ◦C. One can suppose that on the surface of G any impurities,
.g. unreacted raw materials are present. Results of CHOL decom-
osition and TPD-NH3 measurements revealed that both samples
Fig. 4. O 1s XPS spectra of LSCF materials.

posses low total acidity (0.014 and 0.010 mmol  NH3/m2, respec-
tively for C and G) but G presents relatively higher share of basic
sites (CHON/CHEN selectivity ratio amounts to 4.3 for C and 5.3
for G) and lower share of acidic ones (TNH

3 desorption < 450◦C) than
C. Data from XPS analysis suggest that surface composition is quite
far from stoichiometric calculations and is different for C and G:  sur-
face of C is relatively enriched in cobalt, iron is less exposed, while
surface layers of G exhibit higher content of strontium and iron, but
lanthanum is poorly exposed. Fig. 4 shows XPS spectra for O 1s of
both materials, which suggest that two  different types of oxygen
species on the LSCF surface are present: lattice oxygen (�-oxygen,
metal bonded oxygen O2−) at lower BE values and chemisorbed
oxygen (�-oxygen, e.g. O−) at higher BE values. Peaks assigned to
lattice oxygen has maximum at 528.4 ± 0.1 eV independently on
the method of synthesis. However in the case of chemisorbed oxy-
gen species position of BE maximum is different and for C is located
at 530.2 ± 0.1 eV while for G it is at 531.0 ± 0.1 eV. It means that the
oxygen species (�-oxygen) present on the surface of C are different
than those ones on the surface of G. It is known that on the surface
of mixed oxides with perovskite-like structure, different species of
adsorbed oxygen are formed. These species are gradually enriched
with electrons (O2

−, O2
2−) and finally the typical surface lattice

oxygen is formed [10]. Because partially reduced surface oxygen
species are strongly electrophilic (that means reactive in oxidation
reactions). One can expect that materials exhibiting higher concen-
tration of such species will be more active in oxidation reactions.

The results of C3–C4 alkanes and ethanol combustion are col-
leted in Fig. 5. One may  see that both LSCF materials show good
catalytic performances in studied reactions, but for C the reac-
tion light-off temperature, the characteristic temperature at which
50% conversion is reached and full conversion temperature of the
reactants are slightly lower. Different catalytic activity of C and G
should be attributed to the presence of different oxygen species
on their surface. Indeed, the main difference between both sam-
ples is the relative ease with which oxygen species can be released
from the surface of studied materials during TPR-H2 experiments.
It can be assumed that catalytic activity of LSCF materials in stud-
ied reactions is controlled by the nonstoichiometric character of
their surface and the presence of various oxygen species on their
surfaces. As it was confirmed by results of XPS and TPR-H2 char-
acterization, on the surface of studied materials oxygen species
differing in electron density (degree of reduction) are present.
These ones present on C are more electrophilic (higher BE of O1s
for C) and are reduced at lower temperature (first reduction peak of

C has maximum appearing at lower temperature than correspond-
ing one of G). It is known that electrophilic oxygen species are very
active in oxidation reactions. Many reports confirm that loosely
bonded oxygen species present on surface exhibit high activity for
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ig. 5. Conversion of C3–C4 (a) and ethanol (b), and selectivity to acetaldehyde (ACA)
ver  C (solid symbols) and G (open symbols) samples.

otal oxidation [11]. The activity of LSCF materials with time on

tream (up to 10 h) for both reactions was also investigated: the
onversion was found to be stable and no deactivation was evi-
ent. No significant changes in the light-off curves for repeated
emperature cycles (up to 6 times) were also found.
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4. Conclusions

The presented results show that glycine-nitrate and ball-milling
processes are powerful in synthesis of perovskite-type materi-
als with the formal composition La0.6Sr0.4Co0.2Fe0.8O3 as active
catalyst with promising stability for total oxidation of C3–C4 alka-
nes and ethanol. Combustion synthesis was  found to be more
useful and convenient in preparing such complex oxides lead-
ing to their better catalytic performances. High catalytic activity
of studied materials can be related with generation of readily
accessible active sites (electrophilic surface oxygen species) due
to the specific composition of surface layer. Though LSCF mate-
rials show very promising performances in oxidation reactions
providing an alternative to noble metal based catalysts, further
work will be crucial to determine if such prepared catalysts are
promising ones if real gases (usually complex mixtures) need to be
treated.
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