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Influence of the A-site cationin AMnOs, , and AFeOs_
(A = La, Pr, Nd and Gd) perovskite-type oxides on the
catalytic activity for methane combustion
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The effect of rare-earth ions (La, Pr, Nd and Gd) in AMnOs, and AFeOs,, perovskites
on the thermal behavior and on the catalytic activity for the deep oxidation of methane
has been studied. AMnO3, perovskites showed after preparation an oxidative non-stoichio-
metry. Oxygen desorption analysis revealed for the four manganites different desorption steps
occurring between 930 and 1370 K. Stoichiometry was reached after the first desorption step.
Heating the samples at temperatures above 1300 K resulted in phase segregation to the simple
oxides. AFeOs,, perovskites were more stable towards thermal decomposition than the Mn-
perovskites, showing no oxygen evolution up to 1400 K. The reducibility of these perovskites in
hydrogen correlated inversely with the relative effective ionic radii of the trivalent rare-earth
cations. Comparative catalytic studies were carried out in a fixed-bed microreactor at atmos-
pheric pressure in the temperature range 600-1200 K. The activities at 770 K, expressed as
reaction rates referred to the BET surface area, varied between 1.4 x 1077 and 2.9 x 10~7 mol
s~! m~2 for the AMnOs.,,, and between 1.1 x 10~7 and 1.6 x 107 mols™! m~2for the AFeOs,,
perovskites.

Keywords: methane combustion; AMnO;_,; AFeQ;s,,; perovskites; oxidative non-stoichio-
metry; TPD of oxygen

1. Introduction

New combustion technologies have been investigated in recent years in order to
reduce the emission of pollutants during the combustion of hydrocarbons. Cat-
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alytic combustion and catalytically stabilized thermal combustion have been
proposed [1-3] as efficient methods for reducing the thermal NO, production. Cat-
alytic combustion devices with high heat throughput, such as gas turbines or indus-
trial burners require active and thermal stable catalysts [4,5]. These properties can
be found in some perovskite-type oxides with the general formula ABOs, which
contain alanthanide in the A position and a transition metalin the B position.

Previous studies [6,7] revealed that LaCoQO3;, LaNiO3;, LaMnO; and LaFeO;
belong to the more active complex oxides for the methane combustion. An interest-
ing characteristic of rare-earth perovskites is the possibility to vary the dimensions
of the unit cell by varying the A ion, and thereby the covalence of the B-O bond in
the ABOj structure. A thorough study of the role of the A- and B-site ions on the
catalytic properties of ABO; perovskites for the oxidation of propane and metha-
nol has been reported by Nitadori et al. [8]. They concluded that the influence of the
rare-earth ions in the A-site on the oxidation properties of these compounds were
secondary, as long as they were trivalent. Zhang et al. [9] studied the oxygen sorp-
tion and catalytic properties, for the methane and n-butane combustion, of
La;_,Sr,Co;-,Fe,O3. Whilst the catalytic activity for the n-butane oxidation was
affected by the transition-metal substitution as well as by the rare-earth substitu-
tion, the catalytic activity for the methane oxidation was only influenced by the
rare-earth ion substitution. In a previous study [10] we have found that the activity
of ACoOj oxides for the methane oxidation was, with exception of the PrCoQ; per-
ovskite, only slightly influenced by the A-site cations.

In the present work we have investigated the effects of the rare-earth ions in
AMnOs,, and AFeOs., perovskite-type oxides, focusing on the structural proper-
ties, oxygen desorption, reduction, thermal stability and on the catalytic activity
for methane oxidation. Powder X-ray diffraction, thermogravimetry, gas adsorp-
tion and oxygen evolution measurements have been used to pursue this aim.

2. Experimental
2.1. CATALYSTS

The catalysts were prepared by calcination of water-insoluble hydroxide mix-
tures, using freshly calcined (570 K) simple oxides as precursor materials, La, 03,
Pr¢O011, Nd,O3 and Gd, 03, from Fluka (puriss), and Mn,O; from Alfa Products
(98%). Fe(NO3);-9H,0 (Fluka, puriss) was used for the preparation of the AFeO;
samples. Rare-earth oxides (0.0165 mol, referred to the cation) were dissolved in
a solution of nitric acid (5 M, 12 ml). The dissolution of Mn,O3 (0.0165 mol,
referred to the cation) in concentrated nitric acid was facilitated by dropwise addi-
tion of H»O,. The volume of the solution was completed to 100 ml with deionized
water and added dropwise together with an aqueous solution of tetramethylammo-
nium hydroxide (2.8 M, Fluka, pract.) to 100 ml of deionized water at 300 K and
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at a constant pH of 9.0, with vigorous stirring. The precipitated hydroxides were
separated from the liquid by centrifugation and washed twice with deionized water.
Barnard et al. [11] have reported for LaCoOj3; that samples which were washed
with acetone before dehydration had higher surface areas than samples which were
directly dehydrated by air-drying. Based on this experience the precipitate was
washed with acetone before drying at 400 K in air and subsequently calcined in air
at 1070 K for 10 h and finally at 1170 K for 12 h. The catalysts were pressed,
crushed and sieved. The size fraction between 100 and 300 pm was used for cataly-
tic tests and nitrogen physisorption measurements.

2.2. PHYSICOCHEMICAL CHARACTERIZATION

Phase identification of the catalysts was carried out by powder X-ray diffracto-
metry using a Siemens D5000 diffractometer. Conditions were: Cu K, radiation,
20 mA, 25 kV, Ni-filter, step scan size = 0.0009°. The patterns obtained were com-
pared with JCPDS data files.

Physisorption measurements were performed with a Micromeritics ASAP 2000
instrument. The BET surface areas were determined by nitrogen adsorption at
77 K in the relative pressure range 0.05<p/p®<0.20 assuming a cross-sectional
area of 0.162 nm? for the nitrogen molecule. Before the adsorption measurements
the samples were outgassed in vacuum at 423 K for 4 h.

Thermoanalytical investigations were carried out using a Mettler thermoanaly-
zer (TA 2000 C). Approximately 15 mg of the sample were placed in a platinum
sample pan and heated at 10 K/min from room temperature to 1270 K. High pur-
ity gases (Ar: 99.998, H,: 99.999) were passed through the sample chamber
(25 ml/min) at atmospheric pressure. As a reference a-Al,O3 was used.

Temperature-programmed desorption (TPD) of oxygen was measured in a
flow system. Each sample (0.100 g) was placed in a fused-quartz microreactor and
pretreated in air (300 m1/min STP)at 1120 K for 1 h. The sample was then cooled
to room temperature in the same atmosphere and subsequently heated in a He
stream (300 ml/min STP) at a constant heating rate of 10 K/min. The evolving
oxygen was monitored with an on-line quadrupole mass spectrometer (Balzers
GAM 445).

2.3. CATALYTIC TESTS

Kinetic studies were performed in a continuous fixed-bed microreactor oper-
ated at atmospheric pressure. The reactor was a 6 mm o.d. and 4 mm i.d. fused-
quartz tube, placed vertically in an electric furnace. The catalyst temperature was
monitored by a chromel-alumel thermocouple separated from the catalyst bed by a
0.2 mm thick quartz wall. To preheat the reactant gases and to obtain a uniform
velocity profile, quartz-wool was placed before and after the catalyst bed. The reac-
tant feed rate was controlled by mass flow controllers (Brooks 5S850E). Both inlet
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and outlet gas compositions were quantitatively analyzed using an on-line quadru-
pole mass spectrometer (Balzers GAM 445).

Comparative activity tests were carried out under the following conditions: reac-
tant feed, 1% CHy4 (99.995%), 4% O, (99.999%) and 95% He (99.998%); catalyst
load, 0.100 g mixed with 0.100 g SiO, powder to reduce the heat release per unit
volume; the gas flow rate was adjusted to achieve a gas hourly space velocity
(GHSYV) of 135000 h™!. The temperature was increased stepwise from 570 to
1150 K. Reported activities are steady-state values measured after steady-state
conversion has been attained. After completion of the whole test series the measure-
ment at 870 K was repeated to confirm the stationarity of the catalyst activity dur-
ing the kinetic test. The methane conversion to CO, was calculated from a carbon
balance: Pco,/(Pcu, + Pco, + Pco) x 100, where Pcy,, Pco, and Pco are the par-
tial pressures of CHy4, CO, and CO respectively.

3. Results

3.1. BULK STRUCTURE AND PHYSISORPTION MEASUREMENTS

The formation of the perovskite phase was confirmed by XRD, the patterns are
shown in fig. 1 (AMnOs,,) and in fig. 2 (AFeOs.,), respectively. The reflections
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Fig. 1. XRD powder patterns (Cu K,) of the AMnOs_, perovskites. Arrows mark reflections of the
impurities (PrgOy1 and Gd,03).
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Fig. 2. XRD powder patterns (Cu K,) of the AFeO;,, perovskites. Arrows mark reflections of the
impurities (Prs0;; and Gd,03).

of the LaMnOs., , sample correspond to the non-stoichiometric phase LaMnOj 5,
as a comparison with the JCPDS data file (32-0484) reveals. Wold and Arnott [12]
reported an oxidative non-stoichiometry in LaMnO;,, varying between x = 0
and x = 0.15. They also found a change in the symmetry of LaMnOs,, from
orthorhombic to rhombohedral when the non-stoichiometry (x) exceeded 0.105.

TheXRD patternof GAMnO;, . correspondstothe JCPDS datafileof GAMnO; g9
(25-0337). The GAMnOs,, and GdFeO;,, samples contain as a second phase
Gd,0;. To determine roughly the content of this impurity, two mechanical mix-
tures of perovskite with 5, respectively, 10 wt% Gd, O3 were prepared and analyzed
by means of X-ray diffraction. The corresponding XRD pattern revealed that in
both perovskites the Gd, O3 content should be less than 5 wt%. The PrMnO;,, and
PrFeO;., samples contained traces of PrgOy;.

No major differences in the morphological properties of the samples emerged
from the nitrogen sorption data. For all samples type IV isotherms with very little
hysteresis (type H1, according to the IUPAC classification [13]) were observed at
high relative pressures. The #-plots confirmed the absence of micropores. BET sur-
face areas are listed intable 1.

3.2. TEMPERATURE-PROGRAMMED DESORPTION OF OXYGEN FROM AMnOs,

The thermal behavior of the AMnOs, ., perovskites was examined by TPD of
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Table1

BET surface areas and kinetic results of the investigated catalysts

Catalyst SA? E,® Tson © Reactionrate ¢
(m?g™) (kJ mol~") X) (umols~' m~?)

LaMnOs,, 8.0 8242 955 0.14

PrMnO;, 2.5 89+2 984 0.23

NdMnO;, 2.4 83+1 968 0.29

GdMnO3, 53 7942 950 0.16

LaFeOjy, 3.5 105+2 951 0.11

PrFeOs;, 5.8 8644 990 0.15

NdFeO;, 4.5 109+ 9 991 0.11

GdFeO;, 5.6 8942 980 0.16

* BET surface areas determined by nitrogen adsorption.

® Apparent activation energy with 95% confidence limits.

¢ Temperature at which 50% methane conversion was attained.
4 Calculated at 770 K.

oxygen. Fig. 3 depicts the TPD profiles, the oxygen evolution rate is plotted as a
function of the catalyst temperature. The perovskites show a first desorption peak
between 925 K (PrMnOs.,) and 1250 K (NdMnOs, ), which overlaps with a sec-
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Fig. 3. Temperature-programmed oxygen evolution from AMnO; perovskites. Sample weight:
0.1 g, carrier gas: He (300 ml/min), heatingrate: 10 K/min.
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ond one beginning around 1300 K. The PrMnOs,, sample exhibits a more com-
plex desorption behavior, with more than two distinct desorptions.

To check whether the samples were contaminated with Mn, O3, the oxygen evo-
lution from Mn,O3 was measured. It showed a single desorption peak at 1050 K,
where no desorption maximum is observed with AMnOj. ..

Table 2 lists the amounts of oxygen which desorbed from the samples during
the TPD experiments. These amounts were calculated by integrating the oxygen
desorption rate with time.

Fig. 4 shows the XRD patterns of the samples after thermal treatment in He
up to completion of the corresponding first desorption step. A comparison of the
results presented in figs. 1 and 4 reveals clearly a structural change of the perovs-
kites, with exception of the GdMnO;,, sample. The XRD patterns of these
samples agree with the JCPDS data files of the corresponding stoichiometric com-
pounds (LaMnOs;gg: 35-1353, NdMnO3 gp: 25-0565). For PrMnO3 g no JCPDS
data file was available, so that a simulation of the powder XRD pattern with the
program Pulverix, using the lattice parameters given by Quezel-Ambrunaz [14],
was carried out. The calculated pattern agreed well with the measured pattern.

3.3. THERMAL BEHAVIOR OF AFeO; IN HYDROGEN

The AFeO; samples showed no significant oxygen evolution in the temperature
range 300-1400 K, so that their reduction behavior was studied under a hydrogen
atmosphere using TG (table 3). Under the experimental conditions used (heating
rate 10 K/min, pure Hj), the reduction occurred with all samples in two steps.

Table2
Characteristic data of oxygen desorption measurements from AMnOs; .
Catalyst Tinax 2 Tinterval © Amount oxygen evolved ©
X) (K) (mmol mol~'Mn)
LaMnO;,, 970 600-1300 69
1300-1370 7
PrMnOs 925 600-1000 25
1200 1000-1260 33
1260-1370 32
NdMnOs,, 1240 600-1310 29
1310-1370 8
GdMnOs,, 1260 6001300 50
1300-1370 14

? Temperature at which the oxygen desorption rate reached a maximum.

® Temperature interval used for the integration.

¢ Oxygen which evolved from 0.1 g sample into 300 m1/min He at a heating rate of 10 K/min follow-
ingtreatmentat 1120 Kinairfor1 h.
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Fig. 4. XRD patterns of AMnO; catalysts after the first oxygen evolution peak during the TPD
experiments, i.e., after heating them in He up to 1300 K (LaMnO;, NdMnQ3 and GdMnO:s) or

Table 3

Results of the reduction of AFeOs., in pure hydrogen atmosphere

1000 K (PrMnOs).

Catalyst Weight loss Change in the non-stoichiometry ©
(%) (asdin AFeO; ,_5)

LaFeOs, 1.98 0.30

PrFeOs ., 0.71 0.11

NdFeO;, 0.45 0.07
8.97 1.39

GdFeOs, 1.00 0.16
8.47 1.38

2 Temperature interval of the reduction steps.

® Weight loss during each reduction stage.

¢ Calculated from: § = [AmMG(AFe0;3)]/[moMG(0)], where Am is the sample weight loss, mg
is the initial sample weight, MG(AFeO3) is the molecular weight of the perovskite and MG(O)

= 16.
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However, only with GdFeO3; and NdFeO; the last reduction step was completed
below 1170 K. XRD patterns of the samples after the first reduction step showed a
structure identical to the parent perovskites. After heating to 1170 K, reflections
corresponding to the simple lanthanide oxides (A,O;) and metallic Fe were
detected, and for LaFeOj3 also high intensity reflections of the perovskite phase.
The change in the non-stoichiometry () after each reduction step has been calcu-
lated from the weight loss, according to the formula: § = [AmMG(AFeO;)]/
[m6MG(O)], where Am is the sample weight loss, my is the initial sample weight,
MG(AFeO03) is the molecular weight of the perovskite and MG(O) = 16. The
change in the non-stoichiometry after the first reduction step was specially marked
for the LaFeOs,, sample.

Tascon et al. [15] have reported the formation of LaFeQj3 13 after calcination at
923 K. Although in our study the formation of oxidative non-stoichiometric com-
pounds in the AFeO; series has not been further investigated, it is possible that,
comparable to AMnO; perovskites, the first reduction step of these rare-earth
orthoferrites originates from the reduction of the non-stoichiometric phase. It is
important to note that this reduction process requires the diffusion of oxygen ions
into the surface, which is a slow process. Consequently surface-near domains can
undergo full reduction of the Fe3* ions. The change in the non-stoichiometry
reportedin table 3 does probably not correspond to the values which are needed for
the formation of the stoichiometric phases.

In contrast to ACoO; [10], LaNiO; [16] and LaMnO; [17], the reduction in
a hydrogen atmosphere of Fe3* to metallic Fe in AFeO; g occurred in one step,
without formation of an intermediate perovskite-related structure containing
Fe?* ions.

3.4. CATALYTIC ACTIVITY

Preliminary tests carried out with 0.100 g of SiO; under the same reaction condi-
tions as used for the activity tests, showed negligible CH4 conversion below
1000 K. At 1100 K predominantly H,O (710 ppm), CO (260 ppm) and CO,
(110 ppm) were formed.

To determine the possibility of pore diffusion resistance under reaction condi-
tions, diagnostic tests were performed with LaMnO; and PrFeO;. The methane
conversions, generally below 20%, did not change for both samples when different
sieve fractions (50-120, 120-300 and 300-500 pum) were used, indicating that intra-
particle diffusion did not affect significantly the overall reaction rate.

Methane conversion versus temperature plots over the AMnOs,, and
AFeOs, catalysts are shown in figs. 5a and 5b, respectively. The catalytic activ-
ities were compared at a constant GHSV of 135000 h~!. Below 650 K virtually no
activity was detected over both perovskite systems. The four rare-earth manganites
yielded comparable overall activities, a similar behavior was observed with the
orthoferrites. Data characterizing the activity, such as reaction rates, temperatures
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Fig. 5. Comparison of the overall activities of the AMnO; (a) and AFeOs (b) catalysts. Reactant
gas composition: 1% CHy, 4% O, He (balance); sample weight: 0.1 g; GHSV:135 000h-1,

at which 50% of methane conversion is attained (7sy) and apparent activation
energies (F,), are summarized in table 1. The apparent activation energies were
determined at conversions below 10%. The AMnOs.,, catalysts have activation
energies which deviate from each other by maximal 10 kJ mol~!, whereas the
LaFeOs,, catalysts show a maximal difference (23 kJ mol™). The reason for this
behavior is presently not understood. The reaction rates, referred to the BET sur-
face areas, measured at 770 K were found to vary between 1.4 x 10~ and
2.9 x 1077 mol s™! m~2 for the AMnO;_, system, and between 1.1 x 10”7 and

1.6 x 1077 mol s~! m2 for the AFeO;., system. A comparison of the Arrhenius
plots is shownin fig. 6.
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Fig. 6. Arrhenius plots of methane combustion over AMnO3 (a) and AFeQO; (b) catalysts. Reactant
gas composition: 1% CH,, 4% O,, He (balance); sample weight: 0.1 g; GHSV: 135 000 h—1,

Kinetic measurements were also carried out with PrsO;; and Gd,Os, which
were present as impurities in the Pr- and Gd-containing perovskites, respectively.
These measurements allowed to estimate the contribution of the simple oxide impu-
rities to the activity of the corresponding perovskites. The oxides, PrgO;; and
Gd,03 from Fluka, were calcined at 1220 K for 8 h, prior to the measurements.
The reaction rate of PrgOy; (BET surface area = 1.8 m?/g), measured at 770 K,
was 3.1 x 1078 mol s~! m~2, whereas the activity of Gd,O3 (BET surface area =
2.5 m?/g) was 3.3 x 10™° mol s™! m~2. These results indicate that the impurities
had no major influence on the activity of the perovskites.
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4. Discussion

The non-stoichiometric behavior characteristic for some ABOj; perovskites,
has been thoroughly investigated [12,17-21]. The oxidative non-stoichiometry in
LaMnOs, is caused by the oxidation of some Mn>* to Mn**+. The stoichiometry
can be changed by partial substitution of the A site or by varying the firing condi-
tions. Tofield and Scott [21] have reported for LaMnOj3., a dependence of the stoi-
chiometry on the calcination conditions: low calcination temperatures together
with high oxygen partial pressure yielded samples with high oxidative non-stoichio-
metry,i.e., LaMnQjy after treatment at 870 K and 130 atm O,.

In our work, AMnOs;,, samples with an oxidative non-stoichiometry have
been prepared. The excess of oxygen in the samples was determined from the
oxygen evolution experiments (fig. 3, table 2). They show that the nature of the
lanthanide ions influences the thermal behavior of these rare-earth manganites.
The position of the first desorption step in the TPD profiles varied between 900 K,
for PrMnOs., and 1260 K, for GdMnOs.,. After this first event, stoichiometric
perovskite phases were formed, as revealed by XRD. The chemical formula of the
non-stoichiometric phases resulting under our preparation conditions (1170 K,
1 atm air), as determined by TPD are: LaMnO3 14, PrMnOj3 05, NdMnO3 ¢ and
GdMnO3_10.

Tofield and Scott [21] investigated the structure of LaMn)¥Mng},0s1,
by means of powder neutron diffraction, and suggested the composition
(L.20.04:+0.02 0.06:0.02) (Mn3 5, sMnd 5. 0.02)O3 with partial elimination of La,O3
and formation of vacancies (1) on both A and B cation sites. This indicates that the
formation of cation vacancies instead of interstitial oxygen is responsible for the
excess of oxygen.

Heating the samples at temperatures above 1300 K produces a phase segrega-
tion with concomitant formation of the simple oxides.

The AFeO; samples showed no oxygen evolution up to 1400 K. The high stabi-
lity of LaFeO3 compared with LaCoOs, LaNiO; and LaMnO; has been reported
by Nakamura et al. [22]. The comparative study of the reduction behavior of these
rare-earth orthoferrites has been carried out with hydrogen as reducing agent.
The reductions of the four samples under a hydrogen atmosphere exhibit two steps.
XRD patterns of the samples after heating them in hydrogen till completion of
the first event, showed the same structure as the parent perovskites. Reduction up
t0 950 K led to the formation of the lanthanide oxides and metallic Fe. For LaFeO;
the reduction was not complete. A similar behavior has been reported by Tascon
et al. [15] for the reduction of LaFeO3 13 in hydrogen, the first event was attributed
to the reduction of the non-stoichiometric compound to a stoichiometric one,
whilst during the second reduction step Fe3* is reduced to metallic Fe. The reduci-
bility of the AFeO; perovskites, i.e. the temperature at which the reduction process
begins, correlates inversely with the relative effective ionic radii (with coordina-
tion number 12) of the trivalent rare-earth cations. This is in agreement with the
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reported increase of the thermal stability of the perovskite structure with increas-
ing size of the lanthanide ion [23].

The surface area specific reaction rates determined for the oxidation of methane
over AMnOj; varies between 1.4 x 1077 mol s™! m~2, for LaMnOs, and 2.9 x 10~
mol s™! m~2, for NdMnOj. Also the overall activities are very close to each other
(maximal difference of Tsgy only 34 K). The kinetic results of the AFeO3 perovs-
kites indicate that the A-site cation has practically no influence on the catalytic
activity. The surface area specific reaction rates, measured at 770 K, vary between
1.1 x 1077, for LaFeOs, and 1.6 x 1077 mol s™! m~2, for GdFeO;. Arakawa et al.
[24] found for the oxidation of methanol over AFeO; (A = La—Gd) perovskite-
type oxides a marked dependence of the overall activity on the
rare-earth ion. However, since no surface area data were reported it is not easy to
assign the effective influence of the lanthanide ions on the catalytic activity of these
orthoferrites.

Although the ionic radii and charge densities of the lanthanides change from
lanthanum to gadolinium (ionic radii of the trivalent lanthanides decrease with
increasing atomic number), and consequently also the perovskite structure, it can
be concluded from our results that the deep oxidation of methane over both of these
perovskite systems is insensitive to the A-site cation. This is in agreement with the
results reported by Nitadori et al. [8] for the oxidation of propane and methanol
over ABOj perovskites, and the results of Baiker et al. [10] for the oxidation of
methane over ACoO; perovskites. In the latter work, the reaction rates at 770 K,
measured under the same conditions as used in the present work, were: 1.9 x 10~/
mol s~ m~2, for GACo0s3, 1.6 x 107" mols~! m~2, for NdCo003, 1.2 x 10~ mol s~!
m™2, for LaCoOs, which is about 30 times higher than that measured with
PrCo0O;. The low activity of PrCoO; was attributed to the presence of Co?t
(Pr3t Pri+Colt CoZt03).

5. Conclusions

AMnOs,, perovskites with oxidative non-stoichiometry (LaMnOj 4,
PrMnOj3 05, NdMnO; g6 and GdAMnO;s 1) have been prepared. Thermal reduction
leads first to the formation of the corresponding stoichiometric phases. AFeOs, ,
perovskites are thermally more stable than the manganites. The reduction of Fe?*
to metallic Fe in AFeQ; o occurs in one step, without formation of an intermediate
perovskite-related structure containing Fe?* ions. The A-site cations have only
insignificant influence on the catalytic activity for methane oxidation.
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