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Abstract

LaMO3 (M = Co, Mn) have been obtained by a sol–gel-like method with propionic acid as solvent. The influence
of the nature of the metallic source (metal, nitrate or chloride) on the gel formation has been studied by fourier transform
infrared spectroscopy (FTIR) and thermogravimetric analysis ATD–ATG. After calcination, the obtained perovskites have been
characterised by X-ray diffraction (XRD), FTIR, X-ray photoelectron spectroscopy (XPS) and scanning electron microscopy
(SEM) in order to investigate the influence of the preparation parameters on the final product. These mixed oxides have
been used as catalyst for the destruction of chlorinated compounds. For each compound, the perovskite structure of LaCoO3

decomposes in the same manner as LaOCl and Co3O4. Under the same test conditions, the perovskite with Mn is not altered.
The stability of the structure has been explained by the formation of an oxygen overstoichiometric phase(LaMnO3+δ) which
is thermodynamically more resistant to chlorination than the stoichiometric LaMnO3. The catalytic behaviour of these oxides
shows that two ways (hydrolysis and oxidation) are involved in the destruction of chlorinated hydrocarbons. The first one
requires acidic sites and is less sensitive to the modification of the catalyst surface induced by chlorine than the second one
requiring metallic oxidation sites. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Volatile organic compounds (VOCs) are among
the main pollutants in the low atmosphere of the
cities and their release begins to be severely regulated
[1]. Among the VOCs, the chlorinated compounds
(CVOCs) represent about 16% of the worldwide
release [2] and contribute efficiently to the destruc-
tion of the ozone layer in the stratosphere [3]. The
decrease of CVOC release in air can be achieved in
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various ways: replacement of the chlorinated solvent
by a non-chlorinated one, adsorption, condensation
or incineration. Among the destructive processes the
thermal incineration is actually the favoured method
but requires high working temperatures which in-
duce high energetic costs, formation of NOx , dioxins
and dibenzofurans [4]. Development of the catalytic
oxidation of chlorinated VOCs is therefore of great
interest. Two types of catalysts have been studied:
supported noble metals [5,6] and oxides or mixtures
of metal oxides [7–10]. The second one is, in gen-
eral, less active than the first but more resistant to
poisoning. However, they can lead to the formation
of toxic volatile metallic chlorides or oxychlorides
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as is the case with CrO3 [11,12]. Mixed structures
such as perovskites have the advantage of stabilising
mixed-valence states of ions of useful transition met-
als and of being resistant to water and CO2 even at
high temperatures [13]. Results obtained in our labo-
ratory [14–16] and by Kiessling et al. [17] have shown
that rare earth perovskites present high potentials
as catalysts for the destruction of chloromethanes,
chloroethanes and chloroethenes.

The present paper concerns the control of the dif-
ferent steps of the formation of LaMO3 (M = Co,
Mn) perovskites in function of the nature of the initial
metal precursor (metal, nitrate or chloride). The age-
ing of the structure under chlorinated gases is studied
and compared with the observations of the structure
formation with chlorinated salts. The difference in the
stability of LaCoO3 and LaMnO3 in the presence of
chlorine is discussed according to the thermodynamic
data of the mixed oxides and the new phases observed
after reaction with the chlorinated molecules.

2. Experimental

2.1. Perovskite synthesis

The synthesis of the LaMO3 perovskites is based
on the resin method from metallo-organic propi-
onate precursors [18,19]. Lanthanum oxide was used
(La2O3: 99.9% purity, Strem) as initial compound.
Before use, the lanthanum oxide was calcined for 12 h
at 900◦C in order to decompose the easily formed
lanthanum hydroxides, which would lead to a stoi-
chiometry defect in the final perovskite. La2O3 was
dissolved in an excess of hot propionic acid (140◦C).
This step requires about 1 h.

Three types of metallic sources were used to in-
troduce the M element: nitrate salts Co(NO3)2·6H2O,
Mn(NO3)2·4H2O; chloride salts CoCl2·6H2O,
MnCl2·4H2O and metallic Co, Mn. All the initial
compounds have purity higher than 99%. The initial
source of the M element was separately introduced
in hot propionic acid until the formation of a limpid
solution. The manganese and cobalt chlorides were
not soluble in hot propionic acid. The solubilisation
was obtained in that case after addition of a minimum
amount of water. After dissolution, the two solutions
were mixed and stirred under reflux for 1 h. Propionic

acid was evaporated until formation of a resin, which
hardened by cooling. In the presence of nitrate salts,
nitrate species are eliminated as a reddish-brown ni-
trous oxide gas during the evaporation of propionic
acid. For manganese, this step occurs almost at the
end of evaporation of the solvent and is very exother-
mic. The obtained resins were calcined at 700◦C for
LaCoO3 and 750◦C for LaMnO3 during 4 h (slope,
3◦C/min) in order to obtain perovskite phases with
the same order of crystallinity.

2.2. Techniques of characterisation

The X-ray diffraction (XRD) experiments were
performed on a D5000 Siemens diffractometer us-
ing the Cu K� radiation (λ = 0.15406 nm). The
scattering intensities were measured over an angular
range of 20◦ < 2θ < 85◦ for all the samples with a
step-size	(2θ ) of 0.03◦ and a count time of 2 s per
step. The diffraction spectra have been indexed by
comparison with the JCPDS files (joint committee on
powder diffraction standards). The infrared spectra
were recorded on an FTIR Nicolet 5DXC apparatus.
The perovskite (3%) was mixed with KBr and pressed
to form a disc of about 100 mg and 1 cm2. Thermo-
gravimetric analyses of the resin have been performed
by TGA/TDA with a Setaram 92-1200 device. The
gas flow consisted of a mixture of 10 ml min−1 of
helium and 15 ml min−1 of air. The gases coming out
of the balance were analysed by mass spectrometry.
The XPS spectra were obtained with a VG (vacuum
generator) ESCA 3 device at 10−8 Torr using Al K�
radiation (hν = 1486.6 eV). The spectra have been
calibrated relatively to the C 1s1/2 binding energy of
contamination carbon, which was fixed at 284.6 eV.
The SEM analyses have been performed on a JEOL
JSM-840 scanning microscope equipped with an EDX
(energy disperse X-ray) device. A very thin carbon
deposit was used to improve the conductivity of the
sample. BET surface area have been determined using
an SA 3100 coulter sorptometer at 77 K.

2.3. Reactor and operating conditions of tests

The activity of the catalysts was measured in a
fixed bed reactor working at atmospheric pressure. A
full description of the flow system which was used to
measure the conversion and to detect the by-product
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formation has already been described previously [14].
The ageing of the catalysts has been studied in the
following conditions: 0.5 g catalyst (sieved between
0.125 and 0.250 mm), 3 l h−1 overall gas flow, 3.6%
oxygen and 1.3% water in helium. The concentra-
tion of the chlorinated molecule was set to 2000 ppm
of chlorine atoms (e.g. 1000 ppm for CH2Cl2 and
500 ppm for CCl4).

3. Results

3.1. Characterisation of simple resins in
function of the initial compound

To study the formation of the propionate gels, we
started from La2O3 and from the transition element in
the metallic state. The use of these compounds permits
us to avoid the influence of other ligands such as NO3

−
and Cl−. The dissolution of manganese in propionic
acid was much faster than for cobalt. The formation
of hydrogen has been observed during this step. The
dissolution of the metal is thus obtained by oxidation
of the metal by the propionic acid as given by the
following equation:

2CH3CH2COOH+ M0

→ 2CH3CH2COO− + M2+ + H2 (1)

The formation of the propionate precursors from
La2O3 results from acid to basic reaction (2):

La2O3 + 6CH3CH2COOH

→ 2La(CH3CH2COO)3 + 3H2O (2)

The lower redox potential of manganese(Mn2+/Mn0 =
−1.1851 V) compared with the cobalt(Co2+/Co0 =
−0.28 V) explains the faster reaction of the former.
The resins obtained after the evaporation of the excess

Table 1
FTIR characteristic bands (cm−1) of propionate precursors obtained with La2O3 and metallic element (Mn, Co)

ν C=O νas COO bidentate δas CH3 δ CH2 scissors δs CH3

Lanthanum 1716 1549 1469 1428 1376
Manganese 1716 1567 1467 1419 1377
Cobalt – 1567 1467 1419 1377
Propionic acid 1717 – 1468 1417 1385

of propionic acid are dried under vacuum, and then
studied after dilution in KBr by FTIR. The main char-
acteristic IR bands of the obtained resins of La and
M element are given in Table 1 and compared with
the bands of propionic acid. The band at 1717 cm−1

corresponds to theν C=O vibration of free propi-
onic acid. The bands near 1467 cm−1 (δas CH3), near
1419 cm−1 (δ CH2 scissors) and near 1380 cm−1 (δs
CH3) are common to all propionates and to propi-
onic acid [20]. For La, Co and Mn, the propionate is
bonded as bidentate propionate as shown by the band
νas COO [21] located at 1549 cm−1 for the La and
1567 cm−1 for Co and Mn.

In the second step, the formation of manganese and
cobalt propionates was studied by starting from ni-
trates. The dissolution from nitrates in propionic acid
is very fast. During the evaporation of the solvent, a
reddish-brown gas corresponding to NO2 comes out
of the solution. In the case of manganese this NO2
departure occurs mostly at the end of evaporation and
is very exothermic. This leads to the formation of a
foam instead of a translucent gel as obtained by using
the cobalt nitrates. The FTIR analysis of these foams
showed the mixture of the precursors as propionates
and nitrate species (ν NO3 at 1384 cm−1 andπ NO3
at 825 cm−1). A slow evaporation of the solvent leads
progressively to the total nitrate departure and to the
propionate formation. By this way, a translucent resin
can also be obtained. The FTIR analysis of the gels is
close to those obtained from metallic elements. Pure
propionate precursors can thus also be obtained start-
ing from nitrate salts.

The cobalt chloride and manganese chloride were
not soluble in propionic acid under reflux. In both
cases, the addition of a small amount of water permits
dissolution of the salts. However, the obtained resins
are opaque due to a back precipitation of the metallic
chlorides when the added water was evaporated. The
presence of metallic chloride in the resin has been
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Fig. 1. FTIR spectra of: (a) precursors from La2O3 + CoCl2·4H2O; (b) sum of the spectra (d) and (e); (c) precursors from La2O3 + Co;
(d) precursors from Co0; (e) precursors from La2O3.

confirmed by FTIR by the presence of additional bands
at 1620 and 1628 cm−1 corresponding to the vibration
of water present in CoCl2·4H2O and MnCl2·4H2O, re-
spectively. Unlike in the case of nitrates, the chlorides
are not easily replaced by the propionates.

3.2. Characterisation of mixed resins in
function of the initial compound

The FTIR spectrum corresponding to the mixed
gel of La2O3 and M introduced in the metallic state
(Co, Mn) were studied in comparison with the ref-
erence gels of the separate elements. The different
FTIR spectra are given in Fig. 1 for cobalt. The re-
sults are similar with manganese. Spectra addition
of the two individual resins can fit the spectra of the
mixed resin. This indicates that no bridged La–Co or
La–Mn propionate species are formed and the species
remains in the bidentate form. The resin is formed by
the condensation reactions between simple La and M
propionates. The same observations are made with the
resin obtained from the nitrate salts in the case of slow

evaporation of the solvent. This result points out that
the same propionate species are obtained in both cases.

The precursors obtained from La2O3 and the chlo-
rinated salts were studied in the same manner by
FTIR. From CoCl2·4H2O, a new band at 1620 cm−1

is also observed and corresponds to the vibration
δ(OH) of the water co-ordinated with H2O from
cobalt chloride (cf. Fig. 1a). Bidentate cobalt propi-
onates are also observed but theνas COO vibration
is shifted towards the lower frequencies: 1538 cm−1

(resin La2O3+CoCl2·4H2O) compared to 1551 cm−1

(resin La2O3 + Co). This can be correlated with the
presence of chlorine ligands on Co in the propionate
[19]. Same observations are made for the mixed
resin obtained from MnCl2·4H2O: a band of water
at 1628 cm−1 and a shift of theνas COO vibration
from 1555 to 1544 cm−1 by addition of chlorine. The
use of chlorinated salts for M induces the presence
of chlorine ligands, which are much more difficult to
replace by propionates than nitrates.

A study of the mixed resin decomposition obtained
from La2O3 + M salts by thermogravimetric and
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Fig. 2. TGA–DTA of the calcination of the gel obtained from La2O3 + Mn.

differential thermal analysis (TGA–DTA) has been
made in function of the nature of the initial metal
source. For metallic element (Co and Mn), the decom-
position of the mixed gels are similar. The TGA–DTA
analysis for La2O3+Mn is given in Fig. 2 as example.

The first weight loss corresponds to the evaporation
of residual solvent (around 140◦C). The main mass
loss occurs around 300◦C together with an endother-
mic peak. Pentan-3-one is detected by mass spectrom-
etry at the same time. A part of the propionate ligand
is thus decomposed by the Piria reaction and gave
carbonate species as shown in the following equation:

M–(OOC–CH2–CH3)2

→ CH3CH2COCH2CH3 + M–(CO3) (3)

The decomposition of the propionates is complete at
400◦C and a high production of CO2 and H2O are
observed. A very small weight loss occurs at 700◦C
and corresponds to lanthanum carbonates decom-
position. The decomposition of the resins obtained

with the nitrate salts presents a broadening of the
exothermic peak, which keeps the same temperature
position. The mass spectrometry analysis of the com-
pound coming out of the thermobalance is given in
Fig. 3 in the case of the mixed gel obtained with
La2O3 and Mn(NO3)2·4H2O. NO or NO2 have not
been observed. This confirms the results previously
obtained by FTIR showing that the nitrates are elimi-
nated during the evaporation of propionic acid before
the formation of resins.

The decomposition of the gels obtained with the
metallic chloride presents an exothermic peak which
is shifted above 350◦C. Furthermore, a supplementary
weight loss is observed around 750◦C which is as-
sumed to be due to the decomposition of lanthanum
oxychloride.

We have shown in Table 2 the ratio between
propionate and the sum of lanthanum and the metal-
lic compounds by considering the total weight loss
observed between 175 and 900◦C. One observes that
all the obtained ratio are below 2. By assuming that
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Fig. 3. Analysis of mass spectrometry of products obtained during the TGA–DTA from La2O3 + Mn(NO3)2 · 4H2O.

the transition metals are in+2 oxidation state, a
value of 2.5 is required to fulfil the electroneutral-
ity of the resins. As a consequence, we think that
hydroxo (OH−) or oxo (O2−) are probably present
in the propionate complexes. Indeed, various authors
have already reported the formation of oxo-alcoxydes
or oxo-carboxylates of different metals [22,23]. The
presence of these oxo-bridges indicates an oligomeri-
sation of the metallic complexes. In the case of tin
propionates, Roger [24] has shown that the oligomeric
chains remain relatively small (2.4 tin atoms per
complex).

Table 2
Determination of the number of propionate ligands per metal atom

Sample Ratio propionate/
(La + M)

La2O3 + Mn (s) 1.61
La2O3 + Mn(NO3)2 · 4H2O 1.56
Gel de La2O3 + Co(s) 1.53
Gel de La2O3 + Co(NO3)2 · 6H2O 1.87

3.3. Characterisations (XRD, FTIR, XPS
and SEM) of the perovskites

The precursors obtained from the mixed solution of
metallic and nitrate salts of M being similar, the nature
of the resulting perovskites should be the same as well.
Indeed, no difference between the XRD patterns of the
perovskites obtained from the metal or the nitrate salts
has been observed. The only slight difference concerns
the BET surface, a few higher for nitrate preparation
than for metallic preparation. The phases obtained
from chlorinated salts will be presented in the discus-
sion part. None of the prepared LaMO3 had the ideal
cubic structure, but had a rhombohedric deformation,
which can be indexed in the hexagonal system. The
diffraction pattern obtained for LaCoO3 corresponds
to the stoichiometric perovskite described in the
JCPDS file: 25-1060. The XRD data for lanthanum
manganese oxide (calcined at 750◦C) is nearer to the
oxygen overstoichiometric structure LaMnO3.15 refer-
enced in the JCPDS 32-0484 file than to the stoichio-
metric LaMnO3 perovskite (JCPDS 33-0713) which
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Table 3
Characteristics of LaMO3 (M = Co, Mn) obtained after calcination

LaCoO3
a LaMnO3+δ

a

Calcination (◦C) 700 750
Symmetry Hexagonal Hexagonal
Space group D63d D6

3d
Lattice parameters theoretical (Å)b

a = b 5.441 5.523
c 13.088 13.324

Lattice parameters experimental (Å)
a = b 5.421 5.466
c 13.090 13.461

Mean particle size (nm) 67 20
BET surface area (m2 g−1) 9.2 17.1
Total pore volume (cm3 g−1) 0.025 0.088

a Metallic nitrates have been used for the synthesis of the
precursors.

b According to JCPDS files.

presents an orthorhombic symmetry. This overstoi-
chiometric structure is often reported in literature on
lanthanum manganese perovskite [25]. We have shown
in Table 3 the calculated and theoretical lattice param-
eters of the two perovskites we have synthesised, their
surface area and their total pore volume. The average
mean particle size has also been calculated from the
broadening of the peaks. It can be noted that LaCoO3
presents a higher crystallinity than LaMnO3+δ. There

Fig. 4. Scanning electron micrograph for LaCoO3.

is very good agreement between the experimental and
reference lattice parameters for LaCoO3, whereas the
slight difference for LaMnO3+δ is probably due to a
difference in the oxygen over stoichiometry. Indeed
the value of δ depends highly on the preparation
conditions and has not been precisely measured.

The main FTIR bands were observed at 604 and
565 cm−1 for LaMnO3+δ and at 598, 566, 424 cm−1

for LaCoO3 after calcination. These band positions
are in good agreement with the band of perovskite
structures given in the literature [26] and confirm the
data obtained by XRD analysis.

The scanning electron micrographs of LaCoO3 and
LaMnO3+δ are shown in Figs. 4 and 5, respectively.
The surface of LaCoO3 presents a spongy appear-
ance. At higher enlargement, this surface appears to
be constituted by the aggregation of small particles
(maximum size, 200 nm). EDX analysis leads to a
Co/La ratio close to 1. For LaMnO3+δ, two different
areas are observed. The first appears to be very dense
and even at high magnification no crystallites are ob-
served. The second is deposited like a crust of the first
one and is formed by coils of about 2�m diameter.
The EDX analysis of the first domain gives a Mn/La
ratio of 1, whereas the second is richer in manganese
(59% Mn, 41% La). The analysis of the surface of
these two perovskites has also been investigated by
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Fig. 5. Scanning electron micrograph for LaMnO3+δ .

XPS. The interpretation of the different energy levels
(La 3d5/2, Mn 2p1/2 and Mn 2p3/2, Co 3p1/2 and
Co 3p3/2) has already been discussed in detail in a
previous paper [14]. We have shown that in both per-
ovskites the majority of the metallic cations are in the
+3 oxidation state. In the case of LaCoO3, a character-
istic satellite peak of Co2+ was observed at 789.9 eV
[27]. However, its very low intensity indicates that the
Co2+ is present only in low concentration. In the case
of manganese, the absence of a satellite peak at+5 eV
from the Mn 2p3/2 indicates that no Mn2+ is present.
The presence of a slight amount of Mn4+ cannot be
excluded and would agree with the oxygen overstoi-
chiometric phase evidenced by XRD. Concerning the
lanthanum, the signal at 833.9 eV observed for both
structures was attributed to La3+ of the perovskite lat-
tice. According to the literature, the peak observed at
835.7 eV observed on both perovskites was attributed
to lanthanum carbonates [28]. The presence of car-
bonate species was confirmed by the presence of a
peak at 289 eV in the C 1s1/2 signal [29,30]. The ratio
M/La was calculated by taking into account the effec-
tive section of Co 2p3/2, Mn 2p3/2 and La 3d5/2 tabu-
lated by Scofield [31]. We obtained Co/La = 0.81 for
LaCoO3 and Mn/La = 0.46 for LaMnO3+δ. There
is thus a migration of the lanthanum towards the sur-
face. This lanthanum, which is not incorporated in the
perovskite structure, is present as lanthanum oxide

whose one part is carbonated. Other authors have
already observed this lanthanum excess on the per-
ovskite surface. Tabata et al. [32] have, for instance,
reported a Co/La of 0.81 in the case of LaCoO3 ob-
tained by using acetate precursors. Taguchi et al. [33]
have shown that the La/Mn ratio can vary between
1.5 and 2 depending on the preparation parameters.

3.4. Ageing studies of the catalysts

The main results concerning the catalytic tests of
the perovskites have been presented previously for
C1 [19] and C2 [18] chlorinated compounds. We will
focus here on the ageing studies performed under
different chlorinated molecules. CH2Cl2 (1000 ppm)
and CCl4 (500 ppm) have been tested on LaCoO3 and
LaMnO3+δ. The temperature of the reaction has been
set to give an initial conversion of 98%. The activity
of LaCoO3 and LaMnO3+δ with CH2Cl2 and CCl4
versus time are given in Figs. 6 and 7, respectively.
With CH2Cl2, a deactivation occurs on LaCoO3 (con-
version shifts from 98 to 75% after 1 day on stream).
The conversion is then stable at 75% for 175 h.

No noticeable deactivation has been observed on
LaCoO3 for CCl4 and LaMnO3+δ for the two tested
chlorinated molecules. It must be noted that after 150 h
under flow the catalysts have destroyed more than two
times their own weight of chlorinated compound.
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Fig. 6. Ageing test of LaCoO3 and LaMnO3+δ with 1000 ppm of
CH2Cl2 (T = 500◦C, 3.3% O2, 1.3% H2O).

3.5. Characterisations after test

The evolution of the catalyst structure during the
catalytic tests will be discussed in function of the na-
ture of the perovskite and the nature of the chlorinated
hydrocarbon used. Whatever may be the nature of

Fig. 8. FTIR spectra of: (a) LaCoO3 before test; (b) LaCoO3 after the ageing test with 1000 ppm of CH2Cl2 (T = 500◦C, 3.3% O2, 1.3%
H2O); (c) LaCoO3 after the ageing test with 500 ppm of CCl4 (T = 460◦C, 3.3% O2, 1.3% H2O); (d) commercial Co3O4.

Fig. 7. Ageing test of LaCoO3 (T = 460◦C) and LaMnO3+δ

(T = 420◦C) with 500 ppm of CCl4, 3.3% O2, 1.3% H2O.

tested chlorinated C1 (presented here) or C2 molecule
(14), all FTIR spectra obtained after reaction on
LaCoO3 shows the formation of new bands at 665 and
574 cm−1 which can be attributed to Co3O4 and at
506–512 and 710 cm-1 (very weak) ascribed to LaOCl
(Fig. 8). The XRD pattern obtained after reaction con-
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Fig. 9. XRD of LaCoO3: (a) before test; (b) after the ageing test with 1000 ppm of CH2Cl2 (T = 500◦C, 3.3% O2, 1.3% H2O); (c) after
the ageing test with 500 ppm of CCl4 (T = 460◦C, 3.3% O2, 1.3% H2O).

Fig. 10. Scanning electron micrograph for LaCoO3 after the ageing test with 500 ppm of CCl4 (T = 460◦C, 3.3% O2, 1.3% H2O).
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firms the destruction of the LaCoO3 perovskite phase
and the formation of LaOCl and Co3O4 (Fig. 9). The
micrograph of LaCoO3 after reactivity test is shown
in Fig. 10. Octahedral crystallites of about 1–2�m ap-
pears. The EDX analysis indicates that they essentially
contain cobalt and can be considered as the Co3O4
phase observed by XRD. EDX analyses of the spongy
part of the surface show that three elements are present
(Co, La, Cl). The La/Cl ratio is always close to 1 and it
is thus proposed that these parts correspond to LaOCl
as suggested by FTIR and XRD. By XPS, no signifi-
cant modification of the bonding energies of La 3d lev-
els is observed on LaCoO3 after reaction. The peaks of
La linked to carbonates are still present. An important
amount of chlorine has been observed after reaction on
the catalyst surface. The 2p3/2 and 2p1/2 levels of chlo-
rine are situated at about the same energies whatever
the nature of the tested molecule (198 and 199.5 eV,
respectively). These values are lower that the 2p1/2
binding energies observed for CoCl2 at about 200.5 eV,
but close to the 2p1/2 binding energies of LaOCl
(199.7 eV). This indicates that chlorine atoms are pref-
erentially linked to lanthanum. After reaction of CCl4
or CH2Cl2 on LaCoO3, the Co/La surface atomic ratio
decreases drastically (0.1 and 0.04 compared to 0.81
before reaction). The formation of LaOCl and the
sintering of the cobalt as big Co3O4 crystallites (ob-
served by SEM) explain this huge decrease of the sur-
face cobalt concentration. The migration of La to the
surface is accelerated by the presence of chlorine in
the gas phase, which induces the formation of LaOCl.

4. Discussion

The study of ageing under CH2Cl2 or CCl4 has
shown a large difference in the behaviour of catalyst
stability. No deactivation of LaCoO3 was observed
with CCl4 in spite of the structure loss. Contrarily, the
behaviour of the catalyst with CH2Cl2 is very sensi-
tive to the evolution of the structure. The evolution
from LaCoO3 to LaOCl+Co3O4 produces a decreas-
ing of activity for CH2Cl2 but not a total deactivation.
The mixture of LaOCl and Co3O4 is thus able to de-
compose CH2Cl2. We have already shown previously
that hydrolysis and oxidation reactions both take part
in the destruction of CH2Cl2 [19]. LaOCl is appar-
ently a good catalyst for the hydrolysis of chlorinated

C1 molecules. Indeed, La2O3 was almost inactive at
350◦C to hydrolyse CCl4 but the conversion increases
with time when La2O3 was transformed into LaOCl.
This result explains why no deactivation was observed
during the decomposition of CCl4, which can thus
only proceed through hydrolysis on LaOCl. The de-
activation observed in the case of CH2Cl2 points out
that redox sites are required to destroy this compound.

FTIR or XRD shows no noticeable modification of
LaMnO3+δ. The analysis of the catalyst surface by
SEM after reaction does not show significant modi-
fications. The coils are slightly altered (composition:
61% Mn, 35% La and 4% Cl instead of 59% Mn and
40% La). By XPS no significant modification of the
bonding energies of La 3d5/2 and La 3d3/2 levels is ob-
served on LaMnO3+δ after reaction. A less important
amount of chlorine has been observed after reaction
on LaMnO3+δ. The 2p3/2 and 2p1/2 levels of chlorine
are situated at about the same energies whatever the
nature of the tested molecule (198 and 199.5 eV, re-
spectively). These values are lower than the binding
energies observed for MnCl2 at about 199 eV, but close
to the binding energies of LaOCl: Cl 2p3/2 (198.1 eV)
and Cl 2p1/2 (199.7 eV). This indicates that chlorine
atoms are preferentially linked to lanthanum like for
LaCoO3. If the Cl/(La+Mn) or Cl/(La+Co) ratio is
considered, one obtains 1.36 for LaMnO3+δ compared
to 2.47 for LaCoO3. This chlorine atoms are located
only at the catalyst surface according to the EDX anal-
ysis of the aged LaMnO3+δ giving an average Cl con-
centration much lower than for LaCoO3. Furthermore,
the manganese concentration at the catalyst surface is
almost unchanged after reaction. This confirms that
the surface of the lanthanum cobalt perovskite retains
more chlorine than that of the lanthanum manganese
perovskite, in agreement with the bulk analyses.

The evolution of the perovskite structure is in very
good agreement with the results of the synthesis of the
perovskites obtained by chlorides. From CoCl2·4H2O
salt, the perovskite phase is not obtained after calci-
nation at 700◦C. A mixture of LaOCl and Co3O4 is
observed with a similar XRD diffraction pattern as the
LaCoO3 samples obtained after reaction. In the case
of MnCl2·4H2O, the perovskite structure is formed
(Fig. 11). A small formation of LaOCl is, however,
observed on the diffractogram.

The stability of LaMnO3+δ compared to LaCoO3,
which seems a priori surprising, can be explained
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Fig. 11. XRD of the mixture from CoCl2 · 4H2O + La2O3 in propionic acid after calcination at 750◦C. References — LaOCl: JCPDS
34-1494, Co3O4: JCPDS 42-1467.

by thermodynamic considerations. The stabilisation
enthalpy of the perovskiteδ(LaMnO3) = 	Gf◦
(LaMO3) − 1

2	Gf◦(La2O3) − 1
2	Gf◦(M2O3) can

be computed by the relation proposed by Yokokawa
et al. [34]. The following results are obtained for
LaCoO3 and LaMnO3: δ(LaCoO3) = −36 kJ mol−1

and δ(LaMnO3) = −43.9 kJ mol−1. LaCoO3 is,
therefore, slightly less stable than LaMnO3. However,
our results indicate that the destruction of the per-
ovskite structure is due to the formation of LaOCl in
the presence of chlorinated molecules. The stability
of the starting perovskites must thus be considered
in the presence of chlorine and compared with the
stability of the mixture of LaOCl and manganese or
cobalt oxides as indicated by the following reactions:

LaCoO3 + 1
2Cl2 → LaOCl+ 1

3Co3O4 + 1
3O2 (R1)

LaMnO3 + 1
2Cl2 → LaOCl+ MnO2 (R2)

LaCoO3 + 1
2Cl2 → LaOCl+ CoO+ 1

2O2 (R3)

LaMnO3 + 1
2Cl2 → LaOCl+ MnO + 1

2O2 (R4)

MnO2 and Co3O4 are more stable at low tempera-
tures whereas CoO and MnO are preferred at high

temperatures. To calculate the free enthalpies of these
reactions, the formation enthalpies of the different
oxides, perovskites and LaOCl are required. It was
possible to calculate the enthalpy of formation of
LaMnO3, LaCoO3 and LaOCl versus temperature by
using the results proposed by Yokokawa et al. [34]
and the FACT software (facility for analysis of chem-
ical thermodynamics) [35]. There is very good agree-
ment between the calculated values that we obtained
for the formation enthalpies (kJ mol−1) of LaCoO3
(−1249.6 + 0.278T, K) LaOCl (−1013.2 + 0.174T,
K) and LaMnO3 (−1420.3 + 0.255T , K) and the
experimental values given by Yokokawa et al. [34].
The free enthalpy of the reactions R1 and R4 are
represented in Fig. 12 as a function of temperature.
The 	G is negative for reactions R1 and R2 below
800◦C, but the increase of the free enthalpy versus
temperature is faster for R2 than for R1. At 300◦C,
	G is the same for reactions R1 and R2. The chlo-
rination of LaMnO3 and LaCoO3 should be similar
at this temperature. However, at 300◦C, the conver-
sion is low and thus the concentration of chlorine in
the gas phase is low as well. It must also be taken
into consideration that LaMnO3 presents an oxygen
overstoichiometry. Roosmalenand and Cordfunke
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Fig. 12. Thermodynamic calculation of the stability of perovskites in the presence of gaseous chlorine.

[36] have calculated the enthalpies and entropies
of formation of the LaMnO3+δ overstoichiometric
phase. Their results show that the overstoichiomet-
ric phase is thermodynamically favoured at low
temperature:

LaMnO3 + 1
2δO2 → LaMnO3+δ 	G(T )

= −380.2 + 0.266T (kJ mol−1)

As a consequence, it was also possible to calculate the
thermodynamic stability of LaMnO3+δ in the presence
of chlorine

LaMnO3+δ + 1
2Cl2 → LaOCl+ MnO2 + 1

2δO2

(R5)

The behaviour of the reaction R5 is different from that
of reactions R2 and R4 (Fig. 12). Its free enthalpy is
largely positive in the area of reaction temperature; it
can therefore, be concluded that the formation of the
overstoichiometric LaMnO3+δ phase is the reason for
the better stability of manganese perovskite compared
to LaCoO3 in the presence of chlorine. In the absence
of oxygen in the feed, the framework oxygen takes part
in the oxidation reaction. The manganese perovskite
loses its oxygen overstoichiometry and its stability is
destroyed according to reaction (R4).

5. Conclusion

LaMO3 (M = Co, Mn) perovskites have been syn-
thesised by a sol–gel-like method involving metallic
propionate precursors. It has been shown by IRTF
that the propionate species obtained starting from the
metal or the nitrate salts are the same due to the elimi-
nation of the nitrate ligands as nitrous vapours. In both
cases, bidentate metallic propionates are obtained.
The use of nitrates presents the advantage of a faster
solubilisation with respect to metals. On the contrary,
the use of metallic chloride is not suitable because Cl−
is not easily exchanged by propionates. They remain
in the gel and induce impurities in the final material
or even avoid the perovskite formation like for cobalt
where a mixture of LaOCl and Co3O4 was obtained
after calcination. The results obtained during the per-
ovskite preparation with chloride salts can be corre-
lated with the ageing of the catalysts in the presence
of chlorinated molecules. The LaCoO3 perovskite is
destroyed and LaOCl and Co3O4 are formed whereas
LaMnO3+δ is conserved. The better stability of the
manganese perovskite in the presence of chlorine
was attributed to a better thermodynamical stability
of the oxygen overstoichiometric phase LaMnO3+δ

obtained after calcination. The destruction of the lan-
thanum cobalt perovskite leads to a deactivation of
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the catalyst with CH2Cl2 but not with CCl4. This dif-
ference is attributed to the different reaction pathways
for the catalytic destruction of CH2Cl2 and CCl4.
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