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Abstract La,CrOg (Cr6), LaCrO; (Cr3), LaCrOs-
La,CrO¢ (Cr6—Cr3) and LaCrO5;-La,O3 (Cr3-L) catalysts
were synthesised and investigated with in situ X-ray dif-
fraction (ISXRD) during methane catalytic combustion in
order to characterise the solid phases present under reac-
tants and to determine the effect of chromium oxidation
state on the catalytic activity. Methane conversion was
evaluated over a temperature range of 300-800 °C, using
oxygen-to-methane ratio of 4 and GHSV of 8,000 h™'. The
TPR provided information about the oxygen depletion
temperatures characteristic of lattice oxygen mobility in the
samples and ISXRD results evidenced a cooperative effect
of Cr3 and Cr6 phases at low temperatures (<725 °C) and
of Cr3 and LaCrO, (Cr4) phases at high temperatures
(>750 °C). The relative phase composition determined the
oxygen activation capability and hence the corresponding
activity for the oxidation of methane. It was observed that
while direct and back Cr6 < Cr4 transition temperatures
were unaffected by Cr6 content in the samples, the meth-
ane conversion was strongly modified. This suggests that
Cr¥™/Cr®" and Cr*t/Cr’" species involved substantial
modification of the surface chemistry which affected the
catalytic activity. These results provide the first direct
evidence of the presence of Cr4 metastable phase during
methane combustion over La—Cr—O catalysts.
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1 Introduction

Perovskites-type oxides having high stability at high tem-
peratures are suitable for several applications among
which, as catalysts for the oxidation of hydrocarbons [1-4],
olefins [5-7], carbon monoxide [8-10], for diesel soot
abatement [11-13], and waste gas purification [14—16]. The
good stability together with the intrinsic catalytic activity
of perovskites has motivated continuous studies for pur-
pose of improving their characteristics [17]. Most
investigations were focused on the addition of various
metal oxides to LaCrOz, LaMnQOj, LaFeO; and LaCoO;3
perovskites. Among the binary perovskites, the oxygen
stoichiometric LaCoO5; has in several cases been men-
tioned as the most active [18, 19]. But the oxygen over-
stoichiometric LaMnOj,; more frequently exhibits the
highest activity [19, 20]. This has been attributed to its high
thermal stability, the presence of manganese in two oxi-
dation states (Mn>"/Mn*") and large BET surface area. A
number of detailed investigations showed that both the
oxygen partial pressure and the synthesis temperature
could be used to control the Mn**/Mn*" ratio in LaM-
nO;_ s [21-24]. High temperature synthesis led to samples
with low over-stochiometry while low temperature syn-
thesis yielded high cationic vacancy concentrations.
Numerous studies have been carried out for better
understanding of the promoting effect of LaCrO; based
perovskites in the oxidation process [25, 26]. It was
described that for instance K substituted lanthanum chro-
mium perovskite exhibits highest activity for soot diesel
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abatement due to the presence of a great amount of
chemisorbed «-oxygen with respect to the undoped
perovskite [13]. Few reports have mentioned the effect of
phase composition of La—Cr—O-systems on the catalytic
performance in methane combustion [27] and very little is
known about the effect of Cr**/Cr®" or Cr*™/Cr’" ratios
on the activity.

The development of techniques, which can provide
structural information under in situ conditions, is strongly
desired in heterogeneous catalysis [28, 29]. X-ray diffrac-
tion, among other techniques, gives the possibility of
performing structural characterisation of the catalyst in its
working environment [30]. To the best of our knowledge,
the combustion of methane over lanthanum chromium
perovskites-type oxides has never been investigated
dynamically with in situ X-ray diffraction for the deter-
mination of chromium oxidation states in the samples,
during catalytic tests, and for their correlation with cata-
lytic activity.

The present study reports a structural and surface char-
acterisation of the interaction of methane with La—Cr-O
catalysts by using in situ X-ray diffraction and other
physicochemical methods such as X-ray Photoelectron
Spectroscopy (XPS) and temperature-programmed reduc-
tion coupled with mass spectrometry (TPR-MS).

The aim here is to bring the knowledge of the more
subtle effects engendered by the variation, under reaction
conditions, of the oxidation state of Cr (Cr>*/Cr®" or Cr**/
Cr’") on the catalytic combustion of methane. The results
of these physico chemical characterisations are discussed
in relation to the exhibited catalytic performance of the
Lanthanum—chromium oxides catalysts.

2 Experimental
2.1 Preparation of Catalysts

Reagents: La(NO;)3;-6H,O, Cr(NO3);-9H,0 (Aldrich
Chemical) with 99.8% purity were used as received.

The preparation of La—Cr-O- catalysts involved a
homogeneous aqueous solution containing the mixture of
very soluble salts in a suitable ratio. The mixture was
transferred in a 250 mL Pyrex beaker then the precipitation
of lanthanum—chromium precursors occurred by progres-
sive addition of ammonia (pH = 8.5) as precipitating
agent. The product was transferred into a Parr autoclave
and treated at 200 °C under autogeneous pressure for 24 h.
The solid product recovered by centrifugation and filtration
has repeatedly been washed with distilled water and then
dried at 120 °C for 20 h. Finally the powder was heated at
900 °C leading to different phases composition; Cr3—Cr6
or Cr3-L depending on the atmosphere under which the

thermal treatment was performed (oxygen or hydrogen,
respectively). For comparison, both pure Cr3 and Cr6 were
prepared too. The former was obtained either from a direct
calcination of the precipitate at 700 °C/2 h in air (sample
Cr3-A) [31] or after heating the same precipitate, previ-
ously treated hydrothermally (200 °C-20 atm-24 h), at
850 °C/62 h (sample Cr3-B). Cr6 was obtained from
pelletised mixture of La,O3 and Cr,O3 and calcination in
oxygen at 900 °C/2 h [32].

2.2 Characterisation

In situ X-ray diffraction (ISXRD) patterns were recorded
with a Siemens D500 diffractometer using Cu Ko radiation
(A = 1.5418 A) operated at 40 kV, 30 mA. The apparatus
is equipped with BROOKS mass flow controllers allowing
performing XRD analyses at high temperatures under
oxidative or reductive atmospheres or in the presence of
reactants (methane—oxygen mixture in Nj).

As the powder X-ray diffraction data were collected
stepwise it would not be possible to collect data over a
large 26 range if the reaction speed was fast, so before the
in situ chemical looping type reactions several diffraction
experiments were run under various conditions (i.e. heating
to 850 °C in inert, oxidative and reductive atmospheres) in
order to ascertain a suitable 26 range for the study and to
find the optimum scan rate. The pattern were recorded from
10° to 70° in 20, with A20 = 0.04°. The detection limit for
phase identification was 0.5%. A heating and cooling rate
of 2 °C/min were used in all the experiments carried out.

Temperature-Programmed Reduction-Mass Spectrome-
try (TPR-MS) experiments (1% H, in He) were performed
in a temperature range of 25-950 °C (heating rate: 20 °C/
min) using 40 mg of catalyst and a QMS apparatus model
Omnistar (Pfeiffer vacuum).

X-ray photoelectron spectroscopy (XPS) analyses were
performed using a Riber SIA 200 spectrometer (Riber,
Rueil Malmaison, France) using an aluminium (Al K, =
1487 eV) X-ray source and a take-off angle of 65° with
respect to the specimen surface. C/ s peak at a binding
energy (BE) of 285.0 eV was used as an internal standard.

For ISXRD experiments gas mixture (1% CH;s—4%
O,-balance N;) was passed through the cell while XRD
patterns were collected. XRD patterns were assigned using
the JCPDS database. Experiments were performed between
ambient and 850 °C and one atmosphere pressure. About
0.05 to 0.1 g of sample (particles size of 10-20 um, which
represents a volume of ca. 0.9 cm3/gcatalyst), was used in
every experiment, each of which was conducted over 10 h.
A flow rate of 75 cm® min~! was used; flow rates of 50 and
25 cm® min~! were also used for comparison.

The thermocouple, which was encased in inconel steel,
was situated below the sample. This location was

@ Springer



338

A. Kaddouri et al.

downstream of the catalyst bed so that any reactions cat-
alysed by the thermocouple sheath could not affect the
environment of the catalyst. Hence it can be stated with
confidence that X-ray diffraction patterns refer to working
catalysts in a true reaction environment.

Control experiments with CH, performed in the absence
of catalyst (blank experiments) showed only a small level
of carbon oxides formation: about 0.15 vol% in the output
stream, mainly CO,. The onset temperature of homoge-
neous combustion was ca. 800 °C.

The reaction products were periodically sampled
(5 min) and simultaneously analysed on line by Agilent
micro-chromatographs equipped with high sensitivity
(5 ppm) thermal conductivity detectors.

3 Results and Discussion
3.1 XRD Analyses

The lanthanum chromium precursors were prepared in
aqueous solution using successively conventional co-
precipitation and hydrothermal treatment. Different atmo-
spheres (oxygen, hydrogen) of calcination were used for
converting the precursors into oxides. A variety of phase
compositions of La—Cr—O were obtained depending on the
heating atmosphere used. For instance 86%Cr3—14%Cr6
and 94% Cr3—6%L were obtained after 2 h heating at
900 °C under oxygen or hydrogen, respectively. Calcina-
tion of La—Cr—O precursors first under oxygen then under
hydrogen lead to the same phase composition (94%Cr3—
6%L) to that obtained after direct calcination of the same
precursor under hydrogen. The XRD patterns, obtained at
room temperature, of the samples calcined at 900 °C under
oxygen or hydrogen are presented in Fig. 1. Phase com-
position was accurately estimated using Rietveld method
for structure refinement. Table 1 reports the phase com-
position (XRD analysis) and the corresponding BET
surface area of the biphasic catalysts together with pure
Cr3 and Cr6 phases for comparison.

3.2 Temperature-programmed Reduction (TPR)
Experiments

It is well known that, when a perovskite is heated at high
temperature, oxygen vacancies can be formed. As thor-
oughly discussed in a review by Seyama (two types of
chemisorbed oxygen species accompanied by related
desorption peaks: a low temperature species, named o,
desorbed in the 300-600 °C range, and a high temperature
one, named f5, desorbed at 600-900 °C [9].

The H,-TPR profiles of the catalysts are presented in
Fig. 2. For comparison, the profile of bulk Cr3 is also
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Fig. 1 X-ray diffraction patterns of lanthanum—chromium precursors
calcined at 900 °C a under oxygen, b under hydrogen

included in this figure. Under our experimental conditions,
reduction of the 94% Cr3-6%La,0O;3 solid (not reported
here) or pure Cr3 is not observed which is in agreement
with literature reports [33]. The TPR pattern of the pure
Cr6 is dominated by an important peak at ca. 650 °C. The
TPR profile becomes smaller for both the 86%Cr3—
14%Cr6 and 60%Cr3-40%Cr6 samples due to the presence
of much less amounts of Cr6 in the sample. These peaks
correspond to high temperature f-type oxygen species,
desorbing in the temperature interval of 600-900 °C [34].
Consequently, we attributed the unique temperature peak
observed for pure Cr6 (La,CrOg) and Cr3—-Cr6 (LaCrOs—
La,CrOg) samples at 650 °C to the La,CrOg — LaC-
rO; + 1/2La,05 + 3/40, transformation (Cr°" — Cr’™).

Total H, consumption registered for the samples is
reported in Table 2. From the data it can be observed that
the difference between theoretical and measured values
depends on the amount of Cr6 present in the samples. This
may be regarded as the effect of an incomplete reduction of
the samples due to the interaction between Cr3 and Cr6.
This interaction was found to be more important when the
amount of the Cr6 phase was lower. On the contrary, when
this was high this interaction was limited and the difference
between calculated and measured H, was comparable to
that observed for pure Cr6 phase. This is agreement with
the onset of reduction temperature of the samples reported
in Fig. 2.

3.3 XPS Investigations

In Fig. 3, the Cry, XPS spectrum of 86%Cr3-14%Cr6
sample is shown. Two Cr species can be found by curve
deconvolution and they were assigned to Cr°" and Cr°",
whose BE were 573.57 eV for Cr’" and 579.7 eV for Cr®".
The ratio of the two Cr species (Cr’/Cr®") present on the
catalytic surface was found to be 1.22. The surface con-
centration (% atom) of Cr species represents 17.8% (55%
Cr*", and 45% Cr°") of the total surface composition.
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Table 1 Phase composition and BET area versus preparation conditions

Synthesis method Heating atmosphere Phase composition after heating Labelling BET (m%/g)
CoHC Oxygen 86%LaCrO3;—-14%La,CrOg¢ Cr3-Cr6 1.1

CoHC Hydrogen 94% LaCrO;—6%La,05 Cr3-L 6.4

PC Oxygen La,CrOg¢ Cr6 3.1

CoC Oxygen LaCrOs-A Cr3-A 39
CoHCY Oxygen LaCrOs-B Cr3-B 0.9

DC Oxygen La,03 L 6.7

CoHC Co-precipitation + hydrothermal (200 °C-20 atm—24 h) + calcination at 900 °C/2 h; CoC Co-precipitation 4+ calcinations at 700 °C;
CoHCY Co-precipitation + hydrothermal treatment (200 °C-20 atm—24 h) + calcination at 800 °C/62 h; PC Pelletized mixture of La,O; and

Cr,03 calcined at 900 °C; DC Nitrates decomposition 800 °C/2 h

Fig. 2 TPR profiles of Cr3 and
Cr6, 86%Cr3—-14% Cr6 and
60% Cr3-40% Cr6
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Table 2 Samples composition and H, consumption

3250 4250 5250 6250 7250

Time (s)

Sample Elements (w %) H, consumption (x 1073 mol/gcat)
La Cr
Cr3 (theoretical) 58.14 21.76 -
Cr3-A (analysis) 57.46 21.88 No reduction
Cr3-B (analysis) 57.28 21.00 No reduction
949% Cr3—-6% L (theoretical) 59.80 20.45 -
94% Cr3—-6% L (analysis) 59.68 20.22 No reduction
86% Cr3-14% Cr6 (theoretical) 59.13 20.42 -
86% Cr3-14% Cr6 (analysis) 58.85 20.15 Measured 0.27 expected 0.67 (based on * for 100% La,CrOg)
60% Cr3-40% Cr6 (theoretical) 60.98 17.94 -
60% Cr3—-40% Cr6 (analysis) 60.38 17.42 Measured 1.29 expected 1.62 (based on * for 100% La,CrOg)
Cr6 (theoretical) 65.24 12.21 3.52 calculated from: La,CrOg + 3/2 H, — 1/2 La,O5; + LaCrO5; + 3/2 H,O
Cr6 (analysis) 64.77 12.08 Measured 2.99*

For La and O elements this concentration was of 13.7 and
68.5%, respectively. Indeed with respect to Cr in Cr,O3
(576.6 eV) or in CrO; (579.8 eV) the XPS peak charac-
teristic of Cr’* in Cr3-Cr6 showed a shift to lower BE
indicating the presence of an interaction between Cr3 and
Cr6 phases. Finally it can also be noticed that the surface

concentration of Cr is higher than that of La. The presence
of some superficial La®>" ions facilitates the oxidation of
Cr’* to Cr®" and its ulterior stabilisation.

The surface composition atomic ratio (Cr’t/Cr®" =
1.22) measured by XPS was ca 9 times lower than the
corresponding one, determined using XRD (Cr**/Cr®" =
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Fig. 3 Cr,, XPS spectrum of 86% Cr3-14% Cr6 catalyst

10.95), indicating that there is a significant enrichment of
the surface with Cr®" oxide species. These surface active
chromium species is expected to play an important role in
methane combustion.

3.4 Catalytic Activity

The Lanthanum—chromium mixed oxides powders pre-
pared in oxygen or hydrogen have been studied as catalysts
in methane combustion under equal reaction conditions.
Catalytic tests were performed in a temperature range of
300-800 °C at GHSV of 8,000 h~!. For comparison
La,03, LaCrO5; (A and B) and La,CrO¢ were also tested.
Results are given in Fig. 4 where the calculated methane
conversion as a function of temperature is shown.

The activity of lanthanum chromium oxides catalysts
which are related both to the nature of the phases and
BET surface area (Table 1) decreased in the order
La;03 > 94%Cr3-6%La,0; > Cr3-A > Cr6 > 86%Cr3-
14%Cr6 > Cr3-B. However, Cr3-Cr6 and Cr6 activity
curves intersected at ca. 760 °C while those of 94%Cr3-
6%La,03 and Cr3-A intersected at ca. 725 °C. The catalytic

100 I
e _-"..‘l M“M
.l- }A 4
A C3-L oo
R
80 s L
= Cr3-A . 4 R
= "o & X o
o= " oA * X o
z s ™ S
g & c6 A Sxo0
2 60 . Sx s
m A o
S X Cr3-Cré s S
<|) n A * o
< . ¢ X
< A * X o
= O Cr3-B ", e X o
< . >
X
£
—_
R
<

300 400 500 600 700 800
Temperature (°C)

Fig. 4 % methane conversion as a function of temperature on La,03,

94% Cr3-6%La,03, Cr3-A, Cr6, 86% Cr3-14% Cr6 and Cr3-B

@ Springer

activity of Cr3-La,0s; catalysts, prepared from precursors
heated in hydrogen was found to be better than that of Cr3—
Cr6 (obtained after calcination of the precursor in oxygen).
The noticeable increase in methane conversion may be
ascribed to the presence of La,03, even at low content, in
the catalyst while the decrease of catalytic performance can
be attributed mainly to the presence of Cr6 phase which has
the greatest oxygen mobility at higher temperature. Nev-
ertheless, La,O; and Cr3-L catalysts, which were not
reducible in our TPR conditions (1% H, in He;
25 < T <950 °C) were found to be more active in
methane combustion than Cr6 at all temperatures used. Our
results are in agreement with those obtained by Fierro et al.
[35] which reported that La,O; showed better catalytic
performances in methane combustion than perovskites.

To illustrate clearly the effect of Cr’>™/Cr®" and Cr**/
Cr’* in lanthanum—chromium oxides catalysts on the cat-
alytic activity, methane catalytic combustion was
investigated by using in situ XRD. The investigation
showed that Cr6 phase (ICDD 26-817) is formed progres-
sively (Cr3-Cr6) by exposing 94%Cr3-6%La,05 catalyst
to the reactants; 1%CH, and 4%0,, N, balance (Fig. 5a).
The presence of Cr6 was accompanied with a slight sup-
pression of activity increase between 700 and 740 °C
(Fig. 4). However, at T > 750 °C Cr6 transformed in turn
into Cr4 (ICDD 36-93) (Fig. 5a). The latter was found to
be responsible of catalytic activity increase in the 750-
800 °C temperatures interval (Fig. 4). During cooling at ca.
725 °C, the disappearance of Cr4 features and the simul-
taneous appearance of XRD patterns characteristic of Cr6
indicated that the Cr4 to Cr6, transformation occurred too
(Fig. 5b). The catalytic activity of the resulting phase
composition Cr3—Cr6 was found as expected (Fig. 4) to be
lower than that observed for the Cr3—La,0; (Fig. 6).

These results seem to suggest that the Cr6 oxygen spe-
cies interacted with methane and led to the formation of
Cr4 metastable phase (Cr®" — Cr’™") although the oxygen-
to-methane ratio in the stream was 4.

The same experiments performed with Cr3-L under
oxygen only (both during heating and cooling) in 25-
800 °C temperature interval revealed the formation of Cr6
phase too but not of the Cr4 phase (Fig. 7 a, b).

In order to ascertain both the reversibility of the
Cr6 < Cr4 transitions, under reactants, and the suppres-
sion of activity increase at high temperature (>700 °C) due
the presence of Cr6 phase we have prepared and tested,
under the same operating conditions as above, two addi-
tional catalysts with higher amounts of Cr6 phase;
60%Cr3-40%Cr6 and 40%Cr3-60%Cr6. The conversion
profiles of methane versus reaction temperature are dis-
played in Fig. 6. For T < 720 °C similar activity trends to
that of Cr6 were found for 60%Cr3-40%Cr6 and 40%Cr3—
60% Cr6 catalysts. The results are consistent with and
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Fig. 5 In situ X-ray diffraction (a.u)
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Fig. 6 % methane conversion as a function of temperature on Cr3-
L — Cr3-Cr6, Cr6, 40% Cr3-60% Cr6 and 60% Cr3-40% Cr6

40%Cr6 and 40%Cr3-60%Cr6 catalysts, during heating
and cooling under reactants (Fig. 6) showed that while
direct and back Cr4 < Cr6 transition temperatures were
unaffected by Cr6 content in the samples, the methane
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Fig. 7 In situ X-ray diffraction (a.u)
patterns of 94% Cr3-6% L
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conversion was strongly modified in the same temperature
interval.

These results can be explained in terms of the cooper-
ative effects of Cr3 and Cr6 phases at low temperatures
(<725 °C) and Cr3 and Cr4 phases at high temperatures
(>750 °C) whose relative concentration determines the
oxygen activation capability and hence their reactivity for
the oxidation of methane. It is worth nothing that under the
same operation conditions pure Cr6 phase did not undergo
any phase transition into Cr4.

4 Conclusions

Several lanthanum—chromium oxides have been synthesised
using a combination of co-precipitation and hydrothermal

@ Springer

methods followed by calcinations at high temperatures.
Different chromium oxidation states Cr>*/Cr®" and Cr**/
Cr’" were obtained depending on heating atmospheres used
(oxygen, hydrogen or reactants). TPR results evidenced a
highest mobility of surface oxygen species for Cr3—Cr6 and
Cr6 catalysts.

Investigation of the La—Cr—O catalysts, under working
conditions, with in situ XRD (ISXRD) technique has given
particular insight into the structure, phase composition and
chromium oxidation states. The present study provided not
only an understanding of the influence of surface Cr spe-
cies on methane activation but also showed that at high
temperatures Cr6 transformed into LaCrO, metastable
phase which cannot be evidenced during conventional
catalytic experiments. The presence of Cr4 phase was
associated with an interaction of methane with Cr6.
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