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a  b  s  t  r  a  c  t

La1−xCaxMnO3 perovskites  were  prepared  by the  citrate  method  and  characterized  by means  of  X-ray
diffraction,  temperature  programmed  desorption  of oxygen,  temperature  programmed  reduction,  and
measurement  of specific  surface  area. The  characterization  results  indicated  that  pure  perovskite  phases
were obtained  and  their  specific  surface  areas  are  appropriate  for  the  application  in catalytic  oxidation.
The  unsubstituted  perovskite,  LaMnO3, could  present  a  certain  amount  of  Mn4+ and  cationic  vacancies,
eywords:
thanol
-Hexane
ombustion
OC

which  is  generally  called  oxidative  nonstoichiometry.  The  electronic  unbalance  yield  by  the  partial  sub-
stitution  of  lanthanum  by calcium,  a  cation  of  lower  oxidation  state,  caused  an  oxidation  state  increase
of  part  of the  manganese  occupying  the  B sites  of  the  structure.  Concurrently,  the  amount  of  cationic
vacancies  decreased  with  the  increase  of calcium  amount.  The  catalytic  activity  was  evaluated  in  the
combustion  of  ethanol  and n-hexane.  Both  reactions  would  occur  by means  of  a  suprafacial  reaction

adsor
PR
2-TPD

mechanism  in  which  the  

. Introduction

An increasing interest has been shown in catalytic combustion
rocesses during the last decades since they are a convenient way
or emission prevention (the control of nitrogen oxides NOx and
nburned hydrocarbons in heat and power generation plants) as
ell as clean-up (volatile organic compounds removal, automobile

xhaust converters) [1,2].
The noble metal based catalysts show high specific activity in

xidation reactions [3] but its utilization is limited due to the high
olatility of the pure metals and their oxides, and because of sin-
ering at moderate temperatures. Perovskite-type oxides display
rominent catalytic activities in many fields such as the total oxida-
ion of CO, methane, and volatile organic compounds. This activity,
oupled with a high thermal stability, postulates pervoskite-type
xides as potential catalysts in substitution of very active noble
etals such as Pt and Pd, which are more expensive and do not

esist operating at high temperatures [4–7].
The general formula of perovskite oxides is ABO3, where the

2-coordinatedA sites may  be occupied by rare-earth, alkaline-

arth, alkali or other large ions and the 6-coordinated B sites
re usually filled with transition metal cations.A large number
f metallic cations can occupy the A and the B sites. Further-
ore, the great stability of the perovskite framework allows

∗ Corresponding author. Fax: +54 2652 426711.
E-mail address: bbarbero@unsl.edu.ar (B.P. Barbero).

920-5861/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.cattod.2011.02.062
bed  oxygen  species  are  relevant.
© 2011 Elsevier B.V. All rights reserved.

partial substitution at the A sites and/or the B sites giving com-
pounds of formulae (AxA′

1−x)(ByB′
y−1)O3. The substitutions modify

the catalytic, redox and structural properties. The substitution
at A site with ions having lower valence can allow the forma-
tion of structural defects such as anionic or cationic vacancies
and/or a change in the oxidation state of the transition metal
cation to maintain the electroneutrality of the compound [8,9].
When the oxidation state of B cation increases, the relative easi-
ness of the redox process generates larger quantities of available
oxygen at low temperature and the overall oxidation activity
enhances. Moreover, the oxygen vacancies favor the catalytic activ-
ity in oxidation reaction because they increase the lattice oxygen
mobility.

Perovskites with lanthanum in A site and transition metals in B
site (LaBO3) with B = Mn,  Co, Fe, Ni have received much attention.
Particularly, the partial substitution of lanthanum in LaMnO3 by Sr,
Ce, Hf, Ag, or Ca was reported to enhance the catalytic activity in
full oxidation reaction of CO and hydrocarbons [10–15].  In previous
studies of our group, the calcium substitution in A site of LaCoO3
[16] and LaFeO3 [17] has showed a beneficial effect on the catalytic
performance in combustion of VOC.

The aim of this work is to synthesize a series of LaMnO3 per-
ovskites partially substituted in the A site by different calcium

amounts and to characterize it in order to determinate the changes
induced in the lattice. Then, a correlation between the catalytic
activity in the combustion of volatile organic compounds (ethanol
and n-hexane) and the physicochemical properties of the catalysts
is searched.

dx.doi.org/10.1016/j.cattod.2011.02.062
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
mailto:bbarbero@unsl.edu.ar
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Table 1
Specific surface areas (SBET) and bulk composition determined by ICP-OES.

Catalyst SBET

(m2/g)
Ca La Mn Ob

LaMnO3 25.1 56.4 (57.4) 21.4 (22.7) 22.2 (19.8)
La0.9Ca0.1MnO3 24.0 2.2 (1.7)a 52.4 (53.9) 21.4 (23.7) 24.0 (20.7)
La0.8Ca0.2MnO3 25.7 3.4 (3.6) 51.9 (50.0) 22.2 (24.7) 22.5 (21.6)
4 W.P. Stege et al. / Catal

. Experimental

.1. Catalysts preparation

La1−xCaxMnO3 perovskites with x = 0, 0.1, 0.2, and 0.3 were
repared by the citrate method [18]. La(NO3)3·6H2O (Fluka),
a(NO3)2·4H2O (Fluka), Mn(NO3)2·4H2O (Merck) and citric acid
Mallinckrodt) were used as reagents. The aqueous solutions of the

etal nitrates were added to an aqueous solution of citric acid with
 10% excess over the number of ionic equivalents of cations. The
esulting solution was concentrated slowly by evaporating water
nder vacuum in a rotavapor at 70 ◦C until the formation of a gel.
his gel was dried in an oven, increasing slowly the temperature at
.5 ◦C/h up to 130 ◦C to yield a solid amorphous citrate precursor.
he obtained precursor was calcined in air at 700 ◦C for 2 h. The
erovskite catalysts are expressed by La1−xCaxMnO3 where x = 0,
.1, 0.2, and 0.3, although the actual composition may  be non-
toichiometric in relationship to the oxygen and may  not be of
ingle phase.

.2. Catalysts characterization

.2.1. Inductively coupled plasma-optical emission spectroscopy
ICP-OES)

The elemental composition was determined by inductively cou-
led plasma optical emission spectroscopy (ICPOES) in a Baird ICP
070, with the use of a 1 m-Czemy Turner monochromator with

 holographic grating with 1800 grooves mm−1. In each experi-
ent, 10 mg  of each catalyst was dissolved in 5% HCl solution. The

eference solutions were prepared with La2O3, Mn2O3, and CaCO3.

.2.2. Specific surface area
The specific surface area (SSA) of the catalysts was calculated by

he BET method from the nitrogen adsorption isotherms obtained at
7 K on samples outgassed at 250 ◦C using a Micromeritics Gemini

 apparatus.

.2.3. X-ray diffractometry (XRD)
XRD patterns were recorded at room temperature by using a

igaku diffractometer, model Geigerflex, operated at 30 kV and
0 mA,  employing Ni-filtered Cu Ka radiation (� = 0.15418 nm). The
ata were collected in the (2�) range from 10◦ to 90◦. The crystalline
hases were identified by reference to the PDF data employing
tandard spectra software.

.2.4. Oxygen temperature-programmed desorption (O2-TPD)
O2-TPD experiments were performed in a quartz reactor using a

CD as detector. In each analysis, 500 mg  samples were pre-treated
ith helium gas increasing the temperature from ambient temper-

ture up to 700 ◦C at 10 ◦C min−1. The samples were oxidised with
 20% O2/He mixture at a total flow rate of 30 ml  min−1 at 700 ◦C
or 30 min. Then, they were cooled down to ambient temperature
n the oxidising mixture and flushed by a stream of purified He for
0 min. The desorption was carried out in the same conditions as
he pre-treatment, maintaining the temperature at 700 ◦C until the
aseline of the chromatograph was stabilised.

.2.5. Temperature-programmed reduction (TPR)

TPR experiments were performed in the same apparatus used

or O2-TPD employing 50 mg  samples. The reducing atmosphere
as a 5% H2/N2 mixture at a total flow rate of 30 ml  min−1. The tem-
erature was increased at 10 ◦C min−1 from ambient temperature
o 700 ◦C.
La0.7Ca0.3MnO3 21.8 4.9 (5.7) 46.0 (45.8) 26.5 (25.9) 22.6 (22.6)

a In parentheses, the nominal composition.
b Calculated as a balance: 100 – (La + Ca + Mn).

2.3. Catalytic activity

The catalysts (300 mg,  0.5–0.8 mm particle diameter) diluted
with glass particles of the same size in a ratio 1:5 were tested
in a fixed-bed tubular reactor (1 cm inner diameter) operated at
atmospheric pressure. The catalytic bed was approx. 1 cm height.
The feed was a VOC:O2:He mixture of 1:20:79 molar ratio. The
total flow rate was 100 ml  min−1 measured at ambient tempera-
ture. The temperature, measured with a coaxial thermocouple, was
increased from 100 ◦C to attain total conversion of VOC (ethanol or
n-hexane). The data obtained at each temperature were the aver-
age of, at least, two  steady-state measurements. The reactants and
reaction products were alternately analysed on-line by gas chro-
matography using a Carbowax 20M/Chromosorb W column and a
TCD as detector. The conversion of VOC, X (%), is defined as the
percentage of VOC feed that has reacted, i.e.:

X(%) = [VOC]in − [VOC]out

[VOC]in
× 100

The experimental error of the measurements is ±5%.

3. Results and discussion

The catalysts were prepared by the citrate method because it is
recognized as an appropriate method to obtain pure solids since the
precursor gel is highly homogeneous. Furthermore, specific surface
areas adequate for materials to be used as catalysts in oxidation
reactions are obtained since considerably lower calcination tem-
peratures than those employed in ceramic methods are sufficient to
obtain the suitable phase. The perovskites synthesized in this work
have specific surface areas between 22 and 26 m2/g (Table 1). These
values are notably higher than those reached by other synthesis
methods (1–11 m2/g) [14,19].  The specific surface area decreases
as the calcination temperature increases [16], so, in this work, the
samples were calcined at 700 ◦C. This temperature assures a good
structural stability under reaction conditions, since the total con-
version of VOCs is achieved at much lower temperature. Elemental
analysis results with regard to La, Ca, and Mn  (Table 1) show that the
chemical composition is fairly close to that used in the preparation
of the samples.

The synthesis success of the La1−xCaxMnO3 perovkites is eval-
uated from the X-ray diffraction results and the bulk composition
determined by ICP-OES. As it is shown in Fig. 1, all diffractograms
present only the diffraction lines corresponding to the LaMnO3 per-
ovskite (PDF 75-0440). No segregated phase or contamination, such
as La2O3, CaO, or manganese oxides, was  detected. This indicates
that a single phase perovskite was  obtained for all samples, at least,
until the detection limit of XRD.

The calcium inclusion in the LaMnO3 perovskite structure
causes necessarily structural and/or stoichiometric changes due

to the difference of charge between the substituted lanthanum
cation (+3) and the calcium cation (+2). This structural change
is appreciable in the X-ray diffractograms where a shift of the
diffraction lines towards higher 2� angles with the increase of
the calcium content is observed. This indicates a decrease of the
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Fig. 1. Results of X-ray diffraction.

nit cell volume that could be originated by the difference of ionic

adius of La3+ 12-coordinated (1.36 ´̊A)  with Ca2+ 12-coordinated

1.34 ´̊A) [20]. However, this difference is very small and so; the cell
olume should be very slightly affected by the calcium substitu-
ion. A very plausible modification that can justify the decrease
f the cell volume is the increase of the oxidation state of the
anganese occupying the B sites of the structure. In order to con-

erve the electroneutrality, a part of manganese can become Mn4+

hich ionic radius (0.53 ´̊A)  is considerably smaller than that of

n3+ (0.645 ´̊A). The existence of Mn4+ has been detected in several
aMnO3 perovskites substituted by Ca, Sr, Ce, Ag [12–15,19] and
ven in the unsubstituted perovskite [12–14,19].  In this last case,
he electroneutrality principle is attained by means of an oxygen
verstoichiometry, also called as oxidative nonstoichiometry, usu-
lly represented as LaMnO3+�. It is important to note that the excess
xygen does not correspond to oxygen included into the perovskite
tructure, but it is a consequence of the cationic vacancies in the A
nd B sites [21]. A more correct expression for representing the
xidative nonstoichiometry is Ax�1−xBy�1−yO3, where � repre-
ents vacancies in the A site and �,  vacancies in the B site. However,
he ABO nomenclature has been widely accepted by simplicity.
3+ı

n the last column of Table 1, the oxygen composition was  calcu-
ated as a balance: 100–(La + Ca + Mn). The difference between these
alues and the nominal ones presented in parentheses is clearly
bserved in Fig. 2. This indicates that effectively the La1−xCaxMnO3
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ig. 2. Oxygen content as a function of the calcium content. (�) nominal; (�) calcu-
ated  as a balance (last column of Table 1).
Temperature (°C)

Fig. 3. Profiles of temperature programmed reduction.

with x ≤ 0.2 exhibits an excess of oxygen and the amount decreases
with the calcium content.

The temperature programmed reduction profiles may give
information about the oxidation state of manganese and/or the
existence of cationic vacancies. As it can be seen in Fig. 3, the TPR
curves present a splitted signal with maxima at around 340–360 ◦C
and 450 ◦C. Vogel et al. [22] observed in the TPR of LaMnO3.13 a
very stable intermediate reduced state in a range of 500–900 ◦C,
corresponding to stoichiometric LaMnO3. This implicates that the
reduction signal below 500 ◦C is due to the elimination of the excess
oxygen of the perovskite and the reduction of Mn4+ formed to
compensate the electronic unbalance caused by Ca incorporation
[11,12].

In our TPR curves of La1−xCaxMnO3 perovskites, two zones may
be distinguished: (i) a zone between 260 ◦C and 390 ◦C which shows
a well defined signal for 0 ≤ x ≤ 0.2 with a slight shift of the max-
imum towards lower temperatures and a notable decrease of the
intensity with the increase of x. For x = 0.3, the signal presents an
intensity similar to x = 0.2 and it is overlapped with the following
signal; and (ii) a zone between 390 ◦C and 550 ◦C which intensity
increases with x. By analogy with that reported for cerium sub-
stituted lanthanum manganese perovskite [12], we  propose that
the signal between 260 ◦C and 390 ◦C corresponds to the removal
of oxygen from a structure presenting oxidative nonstoichiometry
(reaction (1))  while the signal between 390 ◦C and 550 ◦C repre-
sents the reduction of Mn4+ to Mn3+ (reaction (2)).

La1−xCaxMn1−x−2ı
3+Mnx+2ı

4+O3+ı + ıH2

→ La1−xCaxMn1−x
3+Mnx

4+O3 + ıH2O (1)

3+ 4+
La1−xCaxMn1−x Mnx O3 + ½ × H2

→ La1−xCaxMn3+O3−x/2 + ½ × H2O (2)

Above 550 ◦C, other reduction step starts which is not completed
below 700 ◦C, the maximum temperature achieved in this study.
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combustion, La0.8Ca0.2MnO3 is markedly less active than the
rest of the samples in the whole range of reaction temperature.
The other perovskites, at reaction temperatures below 190 ◦C,
have a similar intrinsic activity, within the experimental error,
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Fig. 4. Curves of temperature programmed desorption of oxygen.

n agreement with the information reported in literature [12,21],
he signal at high temperature may  be assigned to the reduction
f Mn3+ to Mn2+ with the concurrent destruction of the perovskite
tructure (reaction (3)).

a1−xCaxMn3+O3−x/2 + ½H2 → ½(1 − x)La2O3

+ xCaO + MnO  + ½H2O (3)

he intensity of the signal assigned to the reduction of Mn4+ (range
rom 390 ◦C to 550 ◦C) increases with the increase of the calcium
ontent in agreement with the practically linear shift of the XRD
ines (detail in Fig. 1). This indicates that the calcium has been
ompletely introduced in the structure and an enough amount of
n4+ has been generated in order to conserve the electroneutral-

ty. Concurrently, the excess oxygen decreases with the calcium
mount (range between 260 ◦C and 390 ◦C) in agreement with the
rediction from the results of elemental composition (last column

n Table 1).
Preceding the main reduction signal, a very weak signal between

50 ◦C and 260 ◦C can be distinguished. Taking into account that it
ccurs at relatively low temperature, it is feasible to think that this
ignal correspond to removal of oxygen from the surface layer or
dsorbed oxygen on surface vacancies. With the aim to know about
he existence of vacancies in the structure of the La1−xCaxMnO3
erovskites, studies of temperature programmed desorption of
xygen were performed. The curves of O2-TPD (Fig. 4) show a
ery broad signal between 100 ◦C and 450 ◦C and other signal
etween 440 ◦C and 570 ◦C. In agreement with Seiyama [in 4, pp.
15], the signals at low temperature can be attributed to desorp-
ion of oxygen species adsorbed on surface vacancies and they
re usually denoted as � oxygen species. As it has been observed
n other perovskites-type oxides [23,24], our results exhibit two
ypes of adsorbed oxygen species. The signal at low temperature
between 100 ◦C and 440 ◦C) can be attributed to the suprafacial
dsorbed oxygen, while the oxygen released around 500 ◦C is con-
idered as oxygen species occupying the inner vacancies created
y substitution of La by Ca. Considering that the area under the
urve is proportional to the amount of desorbed oxygen, it can be
stablished that the amount of surface vacancies (signal between
00 ◦C and 440 ◦C) in the perovskites decreases in the order:
a0.9Ca0.1MnO3 > LaMnO3 ≈ La0.7Ca0.3MnO3 > La0.8Ca0.2MnO3. This

ntensity order is very similar to that of the reduction signal
etween 150 ◦C and 260 ◦C and therefore, can be suggested that
he reduction signal at low temperature corresponds to adsorbed
xygen.
Reaction temperature(ºC)

Fig. 5. Conversion of ethanol as a function of the reaction temperature.

For x = 0 and x = 0.1, a desorption signal begins around 570 ◦C
but is not completed under the experimental conditions employed
in this work. This desorption signal at high temperature is gen-
erally assigned to desorption of oxygen from the surface lattice
and denoted as � oxygen species. They are correlated to the partial
reduction of the B cation and therefore, in our catalysts, this signal
could be associated to the excess oxygen.

It is expected that the modifications caused in the perovskites
due to the partial substitution of La by Ca provoke an alteration of
the catalytic behavior. In order to verify this assumption, the sam-
ples were evaluated in the combustion of two  different molecules:
an alcohol (ethanol) and an alkane (n-hexane). These compounds
can be considered model molecules of volatile organic compounds
and can present different behavior with a same catalytic system.

In Figs. 5 and 6, the curves of VOC conversion as a function of
the reaction temperature are shown. As it is observed, the total
conversion of ethanol is reached below 230 ◦C and for n-hexane,
below 365 ◦C. These values show the high potentiality of the
La1−xCaxMnO3 perovskites as catalysts for combustion since
they are more active than pure Mn2O3 [25,26],  a very active
catalyst in oxidation reactions. In order to made a more adequate
comparison of the catalytic performance, in Figs. 7 and 8, the
intrinsic activity expressed as �mol  of converted VOC per square
meter (BET) and minute are presented. In the case of ethanol
0
350300250200150

Reaction temperature (ºC)

Fig. 6. Conversion of n-hexane as a function of the reaction temperature.
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Fig. 7. Intrinsic activity in ethanol combustion as a function of the reaction temper-
ature.
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nd at reaction temperature above 200 ◦C, the reactivity order
s: La0.7Ca0.3MnO3 > La0.9Ca0.1MnO3 > LaMnO3 > La0.8Ca0.2MnO3.
hese results can be explained correlating them with the O2-TPD
rofiles. In Fig. 4, it can be observed that the maximum of the first
esorption peaks for LaMnO3, La0.9Ca0.1MnO3, and La0.7Ca0.3MnO3

s around 180–200 ◦C, while for La0.8Ca0.2MnO3 the maximum
s at 260 ◦C. This higher desorption temperature indicates more
trongly adsorbed oxygen species [27] and consequently, less
eactive oxygen. The difference of reactivity above 200 ◦C is in
greement with the amount of oxygen species releasing at around
00 ◦C.

In the case of n-hexane combustion, La0.7Ca0.3MnO3 is the most
ctive catalyst in the whole range of reaction temperature. The

est of the samples, at reaction temperature below 290 ◦C, presents

 similar behavior, within the experimental error; while above
00 ◦C, the reactivity order is equal to that presented by the ethanol
ombustion. Again, this performance is in line with the O2-TPD
esults although only the oxygen species released at around 500 ◦C

[
[
[

[
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are relevant in the reaction. This is expected considering that the n-
hexane combustion occurs at higher temperature than the ethanol
combustion. Therefore, it can be suggested that both the ethanol
and n-hexane combustion occurs by means of a suprafacial reaction
mechanism in which the adsorbed oxygen species play a predom-
inant role.

4. Conclusions

Pure La1−xCaxMnO3 perovskites with specific surface areas
appropriate to be used in catalytic oxidation reactions were
obtained. The unsubstituted perovskite, LaCaMnO3, presented a
certain amount of Mn4+ and cationic vacancies, which is usually
called as oxidative nonstoichiometry. The electronic unbalance
provoked by the partial substitution of lanthanum by calcium, a
lower oxidation state cation, caused an increase of the oxidation
state of part of the manganese occupying the B sites in the structure.
Concurrently, the amount of cationic vacancies decreased with the
increase of the calcium content.

The catalytic activity was  evaluated in the combustion of two
molecules, ethanol and h-hexane, which are considered as volatile
organic compound models. The total conversion was reached below
230 ◦C for ethanol combustion and 365 ◦C for n-hexane combustion.
Both reactions would occur by means of a suprafacial mechanism
in which the adsorbed oxygen species are relevant.
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