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Abstract

Substituted perovskite-type mixed oxides of the general formula La1−xSrx(MnIII /MnIV )O3±δ prepared by the nitrate method were examined
by X-ray diffractometry (XRD) and the diffraction data were analyzed using the Rietveld refinement method. The amount of desorbed
oxygen from the samples when heating in a He atmosphere was estimated with thermogravimetric O2/temperature programmed desorption
experiments while the amount of MnIII and MnIV in the samples was determined iodometrically. The substitution of La3+ by Sr2+ leads to a
gradual increase of MnIV in the solids and to the transition from an oxygen excess state to an oxygen deficient one. The samples were checked
as catalysts for the reaction NO+ CO → products in a lab-scale plug–flow reactor between 220 and 560◦C. The reaction rate profiles were
simulated using a relationship of the formR = w1Rlow T + w2RhighT , wherew1, w2 the weighing coefficients for the correspondingR at low
Rlow T and high temperaturesRhighT . From the fitting data the true activation energiesE1 andE2 were estimated forRlow T andRhighT as well as
the heats of adsorption�Hads(NO) and�Hads(CO) for the NO and CO species. Finally, the values ofEapp/low T estimated from typical Arrhenius
plots lnR = f(1/T) at the low temperature region are in reasonable agreement with the differenceE1 −�Hads(NO), a fact validating the results
of simulation/fitting and indicating its usefulness for describing the reaction rates and estimating the kinetic and thermodynamic parameters
controlling them. This methodology of simulation provides easily kinetic (activation energies) as well as thermodynamic (heats of adsorption)
parameters which otherwise would necessitate differentiated experimental set-ups.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Perovskite-type oxides of the general formula ABO3 pre-
dominate among the mixed metal oxides, which are used
in various physicochemical applications like sensors, con-
ductors and super-conductors, photocatalysts and catalysts.
The unique electrical and catalytic properties of perovskites
with a lanthanide in A-position and a transition metal in
B-position have rendered these solids effective for various
industrial applications[1]. A great deal of interest has been
devoted to manganese–lanthanum perovskites due to their
unusual transport and magnetotransport properties[2]. It
has also been shown that LaMnO3 perovskite exhibited an
abrupt change in conductivity as well as in magnetic sus-
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ceptibility as a function of temperature close to 720 K[3].
Conductivity can be enhanced considerably by partial sub-
stitution of the lanthanide by a divalent ion. For the system
La1−xSrxMnO3 the Mn ions are MnIII for x = 0 whether an
increase inx results in the creation of MnIV ions, thereby
increasing conductivity. Additionally, La1−xSrxMnO3 type
perovskites have been extensively used as cathode materials
in ZrO2 based solid oxide fuel cells[4]. These materials
have also been considered of great interest concerning their
utilization as catalysts for exhaust gas depollution processes
and their catalytic performance has been compared with
that of noble metals[5,6]. Their catalytic activity has been
studied for various oxidation and reduction processes. The
catalysts LaMO3, La1−xSrxMO3 (M = Fe, Co, Mn, Cr)
and LaMn0.99Pt0.01O3 prepared via various methods have
shown a noticeable activity for the catalytic reduction of
NO by CO[7–9] despite their low specific surface area.

LaMnO3 is a non-stoichiometric compound[10] in
which, in order to reduce the static Jahn–Teller distortion of
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MnIII , cationic vacancies are created, accompanied by the
formation of MnIV ions and of an oxygen excess[11–14].
The substitution of the trivalent metal ion in A-position
(La) with a divalent metal cation (Sr) is accompanied by
the modification of the oxidation state of metal cation
in B-position, thus leading to the formation of structural
defects and oxygen excess is demoted. As a result by in-
creasing the degree of substitutionx the amount of released
oxygen decreases due to a decrease of cation vacancies con-
centration[15–17]. It can be concluded that the substitution
of a bivalent cation for La3+ is accompanied by oxidation
of the B cation (Mn). The system LaMnO3+δ is one of the
few perovskite systems that display apparent oxygen excess.
This sample, prepared by calcination of the correspond-
ing oxides in air at 1473 K, proved to have a composition
of LaMnO3.12 [10] while similar δ values for lanthanum
manganates were also reported elsewhere[11,18–20]. Neu-
tron diffraction studies revealed that oxygen excess in
LaMnO3.12 is accommodated by vacancies at the A- and
B-sites with partial elimination of La (as La2O3), the com-
position of the perovskite being La0.94V0.06Mn0.98V0.02O3,
where V is a cation vacancy. The non-stoichiometry in
LaMnO3+δ can also be modified by partial substitution
of A and B cations[21–23]. For SrxLa1−xMnO3+δ per-
ovskites (x = 0.0–0.5) it has been found[23] oxygen
non-stoichiometry in the temperature range from 873 to
1273 K.

In the present work, eight perovskite-type mixed oxides
of general formula La1−xSrxMnO3±δ (x = 0.00, 0.15, 0.30,
0.40, 0.60, 0.70, 0.80 and 0.90) were prepared, characterized
and tested as catalysts for the reduction of NO by CO. The
aim of the work was to investigate the influence of the sub-
stitution of trivalent La by divalent Sr on the oxygen storage
properties and the catalytic properties of these materials. The
determination of the oxidation state of Mn was also carried
out in order to correlate the results with the above properties.
Besides, the simulation of kinetic results enabled us to cal-
culate the corresponding activation energies and the heats of
adsorption of both reactants NO and CO on the eight samples
tested.

Table 1
Prepared solids, detected crystal phases (XRD), amount of oxygen desorbed (thermogravimetric O2/TPD) in �mol/g and specific surface area (BET) in
m2/g

Solid composition Crystal phases Oxygen desorbed
(�mol/g of sample)

Specific surface
area (m2/g)

LaMnO3±δ La0.9MnO3±x
a/La(OH)3 109.6 2.3

La0.85Sr0.15MnO3±δ La0.79Sr0.21MnO3±x
a/La(OH)3 62.9 2.1

La0.7Sr0.3MnO3±δ La0.69Sr0.31MnO3±x
a/La(OH)3 35.0 2.1

La0.6Sr0.4MnO3±δ La0.7Sr0.3MnO3±x
a/La(OH)3/Sr2MnO4 33.0 2.0

La0.4Sr0.6MnO3±δ La0.57Sr0.43MnO3±x
a/Sr2MnO4 50.2 2.2

La0.3Sr0.7MnO3±δ Mixture of SrMnO3±x and LaMnO3±x
a/Sr2MnO4 47.0 2.0

La0.2Sr0.8MnO3±δ Mixture of SrMnO3±x and LaMnO3±x
a/Sr2MnO4 70.1 2.1

La0.1Sr0.9MnO3±δ Mixture of SrMnO3±x and LaMnO3±x
a/Sr2MnO4 234.3 2.0

a Main crystal phase.

2. Experimental

2.1. Preparation of materials

The solids of the general formula La1−xSrxMnO3±δ for
various values ofx (x = 0.0, 0.15, 0.3, 0.4, 0.6, 0.7, 0.8, 0.9)
were prepared according to the nitrate method as follows:
calculated amounts of La(NO3)3·6H2O (Fluka), Sr(NO3)2
(Ferak) and Mn(NO3)2·4H2O (Riedel-de Haën) were mixed
and heated up to 400◦C at a rate of 3◦C/min. After no NO2
fumes were visible, the samples were further heated for 4 h
at 900◦C at atmospheric conditions. At the end of this step,
the mixtures were cooled and after grinding in an agate
mortar they were heated again for another 4 h at 1000◦C.
The solids were then slowly cooled to room temperature and
stored for further use. The obtained materials with some of
their properties are shown inTable 1.

2.2. Characterization of the solids

2.2.1. XRD data and Rietveld analysis
Powder XRD diffraction analysis was carried out using

a BRÜKER D8 ADVANCE system employing Cu K� ra-
diation (λ = 1.5418 Å). The samples were placed in quartz
sample holders and the step scans were taken over the range
of 2θ angles from 10 to 80◦ in steps of 0.02◦ (2θ). The XRD
patterns shown inFig. 1were assigned using the Joint Com-
mittee on Powder Diffraction Standards (JCPDS) database.

The identified crystal phases are included inTable 1.
The diffraction data were analyzed by using the Rietveld

powder diffraction profile-fitting technique which was used
to refine the structure and to determine the parameters of
crystal structure. Typical diagrams for two samples are
shown in Fig. 2 while the total results are included in
Table 2.

2.2.2. Surface area measurements
The specific surface area of the prepared materials was

checked by N2 adsorption (BET) at 77 K using a single
point Carlo-Erba Sorpty 1750 apparatus. All samples before
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Table 2
The percentage of the observed crystal phases as calculated by Rietveld analysis and the unit cell parameters of the perovskite phase

Solid (nominal
composition)

Observed phases Unit cell parameters of perovskite (Å)

La(OH)3 Sr2MnO4 Perovskite Space group a b c

LaMnO3±δ 13% Not present 87% La0.9MnO3±x R-3c 5.46904 5.46904 5.469040
La0.85Sr0.15MnO3±δ 11% Not present 89% La0.79Sr0.21MnO3±x R-3c 5.51530 5.51530 13.34219
La0.7Sr0.3MnO3±δ 13% Not present 87% La0.69Sr0.31MnO3±x R-3c 5.51288 5.51288 13.34476
La0.6Sr0.4MnO3±δ 10% 5% 85% La0.70Sr0.30MnO3±x R-3c 5.50800 5.50800 13.33977
La0.4Sr0.6MnO3±δ Not present 15% 85% La0.57Sr0.43MnO3±x R-3c 5.48632 5.48632 13.31478
La0.3Sr0.7MnO3±δ

a Not present Present Mixture of SrMnO3±x and LaMnO3±x

La0.2Sr0.8MnO3±δ
a Not present Present Mixture of SrMnO3±x and LaMnO3±x

La0.1Sr0.9MnO3±δ
a Not present Present Mixture of SrMnO3±x and LaMnO3±x

a Due to low crystallinity of these samples Rietveld analysis was unable to be performed.

measurement were degassed at 250◦C for 4 h atP = 4 mbar.
The obtained results are included inTable 1.

2.2.3. Thermogravimetric O2/TPD analysis
Temperature-programmed desorption (TPD) experiments

for the prepared solids were conducted using a NETZCH
STA 449C thermobalance. The detailed description of the
experimental procedure has been published previously[22].
Briefly, each sample (∼70 mg) was placed in an alumina
crucible and Al2O3, which undergoes no thermal change in

Fig. 1. XRD diffractograms of the solids and the peaks of the determined
phases La(OH)3 (grey lines) and Sr2MnO4 (black lines) according to the
JCPDS database. The rest peaks correspond to the perovskite phase.

the temperature range of the experiment, was placed in an
identical crucible as a reference sample. The temperature of
the samples was measured by thermocouples of platinum
and of platinum plus 10% rhodium. The sample was first
pretreated in He stream (20 ml/min) from ambient temper-
ature up to 700◦C. Following this, it was cooled to 550◦C
in the same atmosphere and then it was kept under O2 flow
(20 ml/min) for 1 h. After cooling at 70◦C, a gas flow of
He (10 ml/min) was passed through the sample subjected to

Fig. 2. Results of the Rietveld refinement for the solids indicated. The
curves at the bottom correspond to the difference between the experimental
and the calculated values of X-ray data.
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Fig. 3. A typical TG curve with the temperature program of: (a) the TPD
O2 experiments and (b) the temperature profiles of all samples during the
last step of the procedure.

heating until 900◦C. A weight loss is observed during the
last calcination step of the procedure which corresponds to
oxygen desorption. The results are summarized inFig. 3.

2.2.4. Iodometric determination of MnIII and MnIV state
An adaption of the iodometry method described by Vogel

[24] was used for the determination of the amount of MnIII

and MnIV . As originally suggested, MnIII and MnIV are
reduced with excess hydrochloric acid to the divalent state
as follows: Into a 500 ml flask, 30 ml of 0.5 N HCl and 25 ml
of 0.16 M KI solution, excess in both cases, were added. The
flask was warmed to about 50◦C and a weighed amount of
the sample (∼0.2 g) was added. Chlorine is produced by the
reactions:

2MnIII + 2Cl− → Cl2 + 2MnII (1)

Table 3
Iodometry results, calculated coefficients of manganese and oxygen in the formula La1−xSrxMny(III)Mn 1−y(IV)O3±δ and the absolute values |δ|

x Mnt (mol/100 g) Mnox (equivalent/100 g) Coefficients for elements in formula |δ|

MnIII MnIV O

0 0.4135 0.4818 0.83 0.17 3.083 0.083
0.15 0.4271 0.5107 0.80 0.20 3.023 0.023
0.3 0.4416 0.5499 0.75 0.25 2.972 0.028
0.4 0.4518 0.5986 0.68 0.32 2.962 0.038
0.6 0.4738 0.6587 0.61 0.39 2.895 0.105
0.7 0.4856 0.7131 0.53 0.47 2.884 0.116
0.8 0.4980 0.7368 0.52 0.48 2.840 0.160
0.9 0.5110 0.7412 0.55 0.45 2.775 0.225

Fig. 4. The percentage values of: (a) MnIII and MnIV , (b) δ values found
by iodometric analysis of La1−xSrxMny

III Mn1−y
IV O3±δ samples and (c)

both values of |δ| and of the desorbed O2 from TPD experiments as a
function of the degree of substitutionx.

MnIV + 2Cl− → Cl2 + MnII (2)

The produced chlorine reacts with the surplus of potas-
sium iodide solution and iodine is formed. After the sample
dissolved completely, the flask was cooled in a dark place
and its content was titrated with standard thiosulfate solu-
tion 0.02 N using starch as indicator. The results are given in
Table 3as equivalent Mnox per 100 g of sample. The same
results are shown inFig. 4as a function of substitutionx of
La by Sr in La1−xSrxMnO3±δ.

2.2.5. Catalytic activity
The catalytic activity of the perovskite series La1-xSrx

MnO3±δ was studied for the reduction of nitric oxide by
carbon monoxide using a bench scale plug–flow reactor
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Fig. 5. Temperature profiles for NO (�) and CO (�) conversion, selectivity to N2 (left hand axis (+)) and production of N2O in arbitrary units (right
hand axis, dash line) for the La1−xSrxMnO3±δ catalysts.

(PFR), under atmospheric pressure. The reactor was con-
nected to a gas chromatograph (GC) for analysis of reactants
and products equipped with a TCD with He as a carrier
gas and connected to a PC for data acquisition. Briefly a
gas mixture of NO (2%), CO (2%) and He (96%) was fed
at a flow rate of 100 ml/min through the catalyst bed con-
taining a constant amount of the catalyst (w = 200 mg).
Flow rates were adjusted using MKS Type 247 mass flow
controllers. The system was heated externally via a tubu-
lar furnace, regulated by a SUR BERLIN controller, using
a thermocouple placed in the centre of the catalyst bed,
within ±2◦C. A 10-port valve enables sampling of 1 cm3

of reactants and products for analysis using two columns,
one Porapac Q for N2O and CO2 and one molecular sieve
13× for N2, NO and CO. The procedure of the analysis was
similar to that described in[33]. The catalysts were tested
in the temperature region of 220–560◦C and from the data
obtained the degrees of conversion and the reaction rates
were calculated. The temperature profiles for the percentage
conversion of NO and CO, the selectivity towards N2 as

well as the production of N2O in arbitrary units are shown
in Fig. 5.

3. Results

3.1. Catalysts characterization

3.1.1. XRD data and Rietveld analysis
The XRD patterns of the catalysts summarized inFig. 1,

were compared to the relevant data in the Data Bank avail-
able in the diffractometer. The results reveal that a pure per-
ovskite structure has not been formed. The formation of such
a pure phase for materials prepared via ceramic method ne-
cessitates a calcination at higher temperatures than 1000◦C
employed in the present case. Furthermore, it is well known
that a single phase perovskite cannot be formed for the tested
system La1−xSrxMnO3±δ with the conventional solid state
method forx > 0.6 [17,25,26]. In the case of the first sam-
ples of the series (x ≤ 0.4) apart from the perovskite-type
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structure, La(OH)3 was also detected. The exact composi-
tion of the perovskite phase for each sample is shown in
Table 1. With further substitution of La by Sr (x ≥ 0.4), in
addition to the major perovskite phase, a second phase of
Sr2MnO4 was observed. For higher degrees of substitution,
La(OH)3 is not detected anymore. In the present study for
x ≥ 0.7 a mixture of LaMnO3±x and SrMnO3±x is de-
tected and the phase Sr2MnO4 is also present. InFig. 1,
the peak positions of the phases La(OH)3 and Sr2MnO4
are denoted in the top by vertical bars while the rest of the
peaks correspond to the major perovskite phase.

A Rietveld refinement of the obtained XRD data was
made using a relevant computer program[27] for quantita-
tive phase analysis of the multicomponent systems. Typical
results for two of the tested samples are shown inFig. 2
where the experimental and calculated XRD patterns are
marked with (+) symbols and by solid lines, respectively.
The satisfactory matching of the experimental with the cal-
culated values of XRD data can be evaluated from the curve
presented at the bottom of each figure which corresponds
to the difference between these two quantities. The corre-
sponding percentages of the crystal phases are included in
Table 2together with the unit cell parameters for the main
perovskite phase (rhombohedralR-3c for x = 0 and hexago-
nalR-3c for x ≥ 0.15). The values ofa andc cell parameters
(Å) versus the degree of substitutionx are plotted inFig. 6.
We observe that both parameters decrease with increasing
Sr content in the samples in accordance with other data re-
ported in the literature for similar samples[28]. The values
for the first sample of the series (x = 0) are only pointed
in the graph because the rhombohedral lanthanum-deficient
phase La0.88MnO2.92 cannot be connected and therefore
compared with the rest hexagonal perovskite phases.

3.1.2. Thermogravimetric O2/TPD analysis
The applied temperature program and a typical TG curve

are presented inFig. 3awhile the TPD profiles of all the
samples during the last step where the desorption of oxygen

Fig. 6. The values ofa, c cell parameters (Å) vs. the degree of substitution
x for the first five samples of the series.

takes place are shown inFig. 3b. During the first calcination
step, from room temperature to 700◦C in He atmosphere
(flow of 20 cm3/min), a weight loss is observed correspond-
ing to the desorption of oxygen and probably other absorbed
molecules like water and carbon dioxide. In the second step,
the temperature is kept to 700◦C, always under He flow, and
the TG curve remains constant. In the third step, the temper-
ature is lowered to 550◦C and the He flow is switched to O2
(20 cm3/min). At this stage a sharp increase of the weight
is observed due to O2 adsorption. In the fourth step, the
temperature is lowered to 70◦C, under O2 atmosphere, and
kept there for 20 min. Further increase of the weight is ob-
served during this step as expected due to further O2 adsorp-
tion. Finally, at the fifth and last calcination step from 70 to
900◦C under helium flow, a weight loss is observed (Fig. 2b)
which corresponds to oxygen desorption. The amount of
desorbed oxygen, during this last calcination step is reported
in Table 1as micromoles of oxygen desorbed per gram of
solid. We observe that for low degrees of substitution of La
by Sr the amount of desorbed oxygen decreases as the Sr
content of the sample increases while for higher degrees of
substitution (x > 0.7) the desorbed oxygen increases notice-
ably reaching the maximum value forx = 0.9. As shown
in Fig. 3b, the amount of desorbing oxygen for the catalyst
La0.1Sr0.9MnO3±δ is more than double of the corresponding
amount for the catalyst LaMnO3±δ containing no Sr at all.

3.1.3. Iodometric analysis
The content of MnIII and MnIV can be calculated[29]

from the titration results (Mnox) knowing the total man-
ganese content (Mnt) from the preparation data of the solids
from Eqs. (3) and (4):

Mnt = n1MnIII + n2MnIV (3)

Mnox = n1MnIII + 2n2MnIV (4)

it can be derived that

MnIII = 2Mnt − Mnox (5)

MnIV = Mnox − Mnt (6)

The resulting coefficients for the manganese in the formula
La1−xSrxMny

III Mn1−y
IV O3±δ are reported inTable 3. We

observe that the percentage of Mn(IV) increases as La is
substituted by Sr reaching the value of about 50% in high
degrees of substitution.Fig. 4apresents the calculated per-
centage values of MnIII and MnIV in the solids versus the
degree of substitution of La for Sr. The amount of MnIII

declines asx increases while MnIV increases withx until
the value of about 50%. Oxygen content was evaluated
from the cation composition based on the charge neutrality
condition. InFig. 4b, δ values found by the above-described
analysis are plotted against the degree of strontium substi-
tution x. The transition from an oxygen excess state to an
oxygen deficiency one is apparent as shown by the decrease
of δ values as a function of Sr substitution. The positive
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values ofδ for the first two samples (x < 0.2) are replaced
by negative ones for the rest six samples of the examined
series (0.2 < x < 0.9). This behavior is also reported in
Table 3in the form of the oxygen coefficient in the formula
La1−xSrxMny

III Mn1−y
IV O3±δ.

3.2. Catalytic studies

The solids La1−xSrxMnO3±δ were active for the intercon-
version of NO and CO between 220 and 560◦C showing a
significant activity in this temperature range. InFig. 5, apart
from the temperature profiles for the percentage conversion
of NO (XNO) and CO (XCO), the N2 formation and the N2O
production in arbitrary units are also shown versus tempera-
ture. At temperatures higher than about 480–500◦C the N2
selectivity is always 95–100%. It is noted that the produc-
tion of N2O starts at low temperatures and reaches a max-
imum at 340–380◦C depending on the composition of the
sample and at higher temperatures its production decreases.
We observe that the production of N2O decreases as the de-
gree of substitution of Sr for La increases while the peak is
shifted to higher reaction temperatures.

The integral reaction rates of NO consumption (�mol/
(g s)) atT = 300, 360, 420 and 500◦C as well as the cor-
responding rates of CO consumption, both as a function of
the catalyst composition, are shown inFig. 7a and b, respec-
tively. It is obvious that LaMnO3±δ is the most active cata-
lyst and the activity declines as Sr content increases. In the

Fig. 7. The conversion rates of: (a) the reactants NO and (b) CO as a
function of substitutionx of La by Sr atΘ = 300 (�), 360 (�), 420
(�) and 500◦C (�). In the lower part (c), the production of N2O (a.u.)
from the data inFig. 4 is also shown as a function ofx at the same
temperatures.

third part ofFig. 7, the values of N2O production in arbi-
trary units, read out fromFig. 5, are also plotted againstx. It
can be seen that the catalysts with higher Sr content produce
less N2O. Combining this with the above described iodo-
metric results, we can say that the lower activity and lower
selectivity towards N2O, correspond to lower values of the
ratio MnIII /MnIV as well as lower values ofδ, which express
the oxygen excess (+δ) or deficiency (−δ) in the samples
(seeFig. 4). In Fig. 7c, we notice that for low temperatures
(300 and 360◦C) the curves showing the N2O production
are characterized by a continuous decline while at higher
temperatures (420 and 500◦C), where about the maximum
production of N2O is observed for all samples, the curves
show a different trend as mentioned previously (seeFig. 5).

In Fig. 8, the variation of the ratio of the products
CO2/(N2 + N2O) is shown as a function of reaction tem-
perature. It is observed that this ratio takes values of about
unity at low temperatures and increases towards values of
two as the temperature increases. We emphasize that this
transition is more obvious for the last four samples of the
series tested where the amount of Sr and MnIV is higher.
In these catalysts, the production of nitrous oxide is less
compared to the first four samples with less Sr and MnIV .

In the sameFig. 8we have drawn Arrhenius-type plots of
the form lnRNO = f(1000/T) as well as lnRCO =
f(1000/T), where R is the observed rate of conver-
sion in �mol/(g s). As observed from the Arrhenius-type
plots, at low temperatures there is a straight-line part and
from its slope the apparent activation energies in this
low-temperature region (Eapp,low T ) can be estimated. These
values are tabulated inTable 5. At this low-temperature
region the ratio CO2/(N2 + N2O) reaches values around
the value of 2. Then as the temperature increases we reach
the medium reaction range which is shaded inFig. 8. In
this medium shaded region the Arrhenius-type plots show
a significantly smoother slope. It is in this region that the
transition of the ratio CO2/(N2 + N2O) takes place from 1
towards 2. Then at higher temperatures the Arrhenius lines
return to a steeper slope. In this temperature range the ratio
CO2/(N2 + N2O) reaches values around 2. These results
will be discussed extensively next.

4. Discussion

As shown by the determination of the reaction rates,
the substitution of lanthanum by strontium decreases the
catalytic activity. Additionally, iodometric analysis showed
that the increase of Sr content leads to a transition from an
oxygen excess state to an oxygen deficient one. There is an
obvious similarity between the graphs depicting the reac-
tion rates for the NO and CO elimination versus the degree
of substitution (Fig. 7a and b) on one hand and the graph of
the parameterδ decreasing linearly withx (Fig. 4b) on the
other. By increasingx the oxygen vacancies in the samples
increase and the catalytic activity declines accordingly. In



234 A.A. Leontiou et al. / Applied Catalysis A: General 263 (2004) 227–239

Fig. 8. The ratio of the products CO2/(N2 + N2O) (�) as a function of reaction temperature (left hand and upper axes) and the Arrhenius plots lnRNO

(�) and lnRCO (�) vs. 1000/T (right hand and lower part axes).

other words, samples deficient in oxygen (lowδ values)
show lower activity in catalytic experiments compared to
the ones with oxygen excess (highδ values). This should
be due to the fact that the oxygen deficient samples retain
a part of the oxygen produced by the decomposition of
NO (NOads → Nads+ Oads) thus inhibiting all the reaction
steps requiring mobile oxygen in order to take place. These
reactions are described next. So, the smaller the value of
δ is, the lower the interconversion of NO and CO proves
to be.

In Fig. 4c, two parameters related to the presence of oxy-
gen in the samples and determined by different methods are
shown as a function of the substitutionx: first, the absolute
value ofδ (|δ|) as derived by the results taken from iodometric
analysis and second the amount of desorbed oxygen as deter-
mined by O2/TPD experiments. Obviously, these two curves
show close similarity. For low values ofx, the samples with
oxygen excess probably desorb a part of this excess during
the O2/TPD experiments except for the suprafacial adsorbed
oxygen, while for high degrees ofx, the increased values
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of desorbed oxygen are due to bothsuprafacial andoxygen
desorbed from the bulk of the solid which had occupied the
inner anion vacancies created by substitution of Sr for La.

The catalytic reduction of nitric oxide by carbon monox-
ide on perovskites[30–32] has been described to proceed
according to the following elementary surface processes:

NOgas→ NOads (a)

NOads→ Nads+ Oads (b)

COgas→ COads (c)

COads+ Oads→ CO2 (d)

2Nads→ N2 (e)

Nads+ NOads→ N2Oads (f)

N2Oads→ N2 + Oads (g)

2Oads→ O2 (h)

These reactions can be expressed by the following three
main routes[31–33]:

2NO+ 2CO→ N2 + 2CO2 (A)

where the only products CO2 and N2 are formed in ratio 2:1

2NO+ CO → N2O + CO2 and N2O → N2 + 1/2O2 (B)

where the ratio of the products CO2/(N2 + N2O) equals 1:1

2NO → N2O + 1/2O2 and N2O → N2 + 1/2O2 (C)

The last route (C) includes only nitric oxide transformation
and can take place on top of any one of the previous routes.

Which route is actually followed can be verified by
checking the ratio of the products. As it has been reported
previously for similar materials[33], for low reaction tem-
peratures (Θ ≤ 350◦C) and low degrees of NO and CO
conversion (<5%), the ratio of CO2/(N2 + N2O) takes

Table 4
The values of the weighing coefficientw1 estimated from the ratio CO2/(N2 + N2O) in the whole range of temperature reaction for the eight catalysts

Θ (◦C) x

0.0 0.15 0.3 0.4 0.6 0.7 0.8 0.9

260 0.99999 0.99979 0.99999 0.99999 0.99999 0.85612 0.98540 1.00000
280 0.71371 0.91369 0.94679 0.47197 0.99999 0.82612 0.97607 1.00000
300 0.79225 0.62526 0.9123 0.47602 0.87156 0.99999 0.95068 0.90756
320 0.68684 0.66367 0.74063 0.49236 0.93896 0.71609 0.99999 0.86562
340 0.59047 0.67422 0.60163 0.44915 0.91546 0.65581 0.90942 0.52865
360 0.50052 0.40454 0.63681 0.37124 0.75749 0.60901 0.95634 0.61393
380 0.26335 0.33325 0.47414 0.28085 0.55665 0.39341 0.74414 0.79826
400 0.22368 0.23274 0.33193 0.18082 0.41077 0.22371 0.67049 0.75511
420 0.07492 0.12246 0.22277 0.14175 0.30877 0.11211 0.40828 0.53149
440 0.07189 0.02854 0.16410 0.08270 0.10912 0.11347 0.09270 0.40072
460 0.01131 0.03893 0.07540 0.02358 0.06096 0.06215 0.08565 0.26740
480 0.01078 0.03992 0.05308 0.03658 0.02823 0.04432 0.08365 0.24427
500 0.09259 0.00222 0.08253 0.04167 0.03714 0.08997 0.20627 0.20509
530 0.10078 0.01879 0.01752 0.01015 0.01209 0.07849 0.12034 0.21520
560 0.01522 0.01221 0.01716 0.07369 0.03817 0.07542 0.02729 0.23765

values around and above unity (Fig. 8), which means that
route (B) predominates, but also route (C) takes place.
Then at higher reaction temperatures (above∼350◦C) a
gradual change from values CO2/(N2 + N2O) ≈1 to ≈2 is
observed. This transition from route (B) to route (A) indi-
cated/covered by the shaded area inFig. 7 has been com-
pleted atΘ ≥ 450◦C. From this point onwards, only route
(A) takes place. The same behavior was observed in other
works too[34,31] where it was suggested that the catalytic
transformation following route (B) at low temperatures is
controlled by oxygen generated from the decomposition of
NO described by reaction (b) while at high temperatures
where it follows route (A) is controlled by reaction (d). The
higher amount of N2 in the middle transition rate (Fig. 5)
shows that route (C) does not occur extensively while at
higher temperatures the decomposition of N2O takes place
according to reaction N2O → N2 + 1/2O2 producing N2.

The two reaction rate components, the first at low temper-
ature (Rlow T ) and the second at higher temperature (RhighT ),
can be expressed by the following equations:

Rlow T = k1ΘNO (7)

RhighT = k2ΘCOΘO (8)

whereΘ is the corresponding surface coverage.
The total reaction rate is then expressed by the sum:

Rtotal = w1Rlow T + w2RhighT (9)

wherew1, w2 the weighing coefficients for routes (B) and
(A), respectively, that can be estimated precisely from the
ratio CO2/(N2+N2O) (seeFig. 7). Thew1 values are listed in
Table 4for all tested samples in the whole range of reaction
temperature.

Then the reaction rates can be described by the relation-
ships

Rlow T = k1ΘNO = k1
KNOPNO

1 + KNOPNO
(10)
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RhighT = k2ΘCOΘO = k2
KCOPCOKOPO

(1 + KCOPCO + KOPO)2
(11)

Considering that KNOPNO << 1, the relationship (10) is
reduced to:

Rlow T = k1KNOPNO (12)

In Eq. (11), the termPO is not accessible and in order to
express it via other terms that can be calculated, we follow
the oncoming procedure. At high temperatures, where the
second term ofEq. (9) refers to, the ratio dΘÏ /dT equals
zero and therefore the ratesRlow T andRhighT are equal. This
leads to the expression:

Rlow T = RhighT ⇒ k1ΘNO = k2ΘCOΘO ⇒ ΘO

= k1ΘNO

k2ΘCO
= k1KNOPNO

k2KCOPCO
(13)

Relationship (11) is then reduced to the following expression

RhighT = k2
KCOPCO(k1KNOPNO/k2KCOPCO)

(1 + KCOPCO + (k1KNOPNO/k2KCOPCO))2

(14)

Finally, the total reaction rate is expressed byEq. (15):

Rtotal = w1Rlow T + w2RhighT ⇒ w1(k1KNOPNO)

+ w2


k2

KCOPCO(k1KNOPNO/k2KCOPCO)

(1 + KCOPCO + (k1KNOPNO/

× k2KCOPCO))2




(15)

wherew1, w2 the normalized coefficients referred to the two
routes as mentioned,k1, k2 the rate constants;KNO, KCO the
adsorption equilibrium constants of NO and CO;PNO, PCO
the partial pressures of NO and CO.

Using the above equation we simulated the experimen-
tal results in the range of reaction temperature between 260
and 460◦C. The simulation took place using a suitable com-
puter program written in ForTran 90/95 and based on the
well-known “Simplex” method and the least-squared method
of Levenberg-Marquardt[35–37]. The program was exe-
cuted in Linux.

For the simulation of data the corresponding parameters
k1, k2, KNO andKCO are expressed as follows:

k1 = A1 exp

(−E1

RT

)
(16)

k2 = A2 exp

(−E2

RT

)
(17)

KNO = ANO exp

(
�Hads(NO)

RT

)
(18)

KCO = ACO exp

(
�Hads(CO)

RT

)
(19)

The results of simulation for the eight examined catalysts
in the high temperature region (260–460◦C) are shown in

Fig. 9. Simulation results according toEq. (15) for the high-temperature
region (260–460◦C). Points: experimental data; lines: computer fitting.

Fig. 9. In this figure the points correspond to the experi-
mental data and the solid lines correspond to the simulation
by Eq. (15). The fitting of the data with the simulation was
quite satisfactory as shown by the correlation coefficients
(R2) included inTable 5.

The estimated values ofA1, A2, ANO, ACO, E1, E2,
�Hads(NO) and�Hads(CO) are tabulated inTable 5.

The determined parametersE1, E2, �Hads(NO) and
�Hads(CO) are shown as a function of degree of substitution
x in La1−xSrxMnO3±δ in Fig. 10.

A comparison graph between the variations of the
Eapp/low T values, calculated by the Arrhenius plots, and
the values of the termE1 − �Hads(NO), obtained by the
simulation technique, is depicted inFig. 11.

FromFig. 9we observe that the simulation of experimen-
tal points withEq. (15), into which the relationships (16),
(17), (18) and (19) have been substituted, is quite satisfac-
tory. Some systematic discrepancies are observed for the
samples with high content of Sr, namely La0.1Sr0.9MnO3±δ,
La0.2Sr0.8MnO3±δ and perhaps La0.3Sr0.7MnO3±δ. In those
samples the “knee” apparent in the experimental data is not
so well fitted. So we shall keep some reservations for the
simulation parameters describing the catalytic performance
of those samples.

The variation of activation energiesE1 andE2 as a func-
tion of Sr content is shown inFig. 10. In the majority
of the cases,E1 is larger thanE2. This might well reflect
the fact thatE1 corresponds to the NO decomposition (see
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Table 5
The values for the parametersA1, A2, E1, E2, ANO, ACO, �Hads(NO) and �Hads(CO) estimated according to the fitting of catalytic data byEq. (15) in
the region of 260–460◦C

Sample A1 A2 E1
a E2

a ANO ACO �Hads(NO)
a �Hads(CO)

a R2 Eapp/low T
a

LaMnO3±δ 1.54E4 1.16E9 131 114 3.74E-3 1.70E-6 66 28 0.9951 58
La0.85Sr0.15MnO3±δ 1.09E4 4.65E8 129 106 2.29E-3 3.01E-7 67 34 0.9991 46
La0.7Sr0.3MnO3±δ 1.12E4 4.77E8 127 104 2.37E-3 3.07E-7 64 33 0.9980 51
La0.6Sr0.4MnO3±δ 8.12E3 4.54E8 126 109 1.72E-3 3.74E-7 63 29 0.9981 52
La0.4Sr0.6MnO3±δ 2.24E3 2.81E9 108 112 5.40E-4 1.32E-6 56 19 0.9947 44
La0.3Sr0.7MnO3±δ 3.85E3 2.18E9 113 74 1.08E-3 3.22E-10 55 34 0.9968 53
La0.2Sr0.8MnO3±δ 1.41E3 3.30E10 93 89 1.50E-4 1.14E-3 48 50 0.9956 49
La0.1Sr0.9MnO3±δ 1.17E3 2.99E14 63 42 1.20E-4 4.38E-16 28 49 0.9664 51

The fitting criterionR2 is also shown. TheEapp/low T values estimated from plots lnRNO = f(1000/T) at the low temperature region are shown in the
right end column.

a kJ/mol.

Eqs. (7) and (10)), while E2 corresponds to CO oxidation
(seeEqs. (8) and (11)). The first of these reactions exhibits
higher activation energies compared to the second. But in
general the values ofE1 and E2 do not show appreciable
changes withx and, with the exception of the last two sam-
ples (x = 0.8 and 0.9) for which the fitting is not so suc-
cessful, remain in the range (kJ/mol) 110< E1 < 130 and
105< E2 < 115.

For the samples withx = 0.8 and 0.9 bothE1 and E2
values decrease systematically (E1 = 93 → 63 kJ/mol and
E2 = 89 → 42 kJ/mol respectively). Those values should
be compared with values of activation energies estimated
via similar simulation catalytic kinetic studies on three-way
catalysts Pt-Rh/Al2O3-CeOx [38,39]. As far as we know
there are no similar simulation studies in the literature
concerning ceramic mixed valence state catalysts like the
present ones. These previously estimated values can be
summarized as follows: Matthess et al.[38] found that the
apparent activation energy for the reaction 2NO+ 2CO→

Fig. 10. The parametersE1 (�), E2 (�), �Hads(NO) (�) and�Hads(CO)

(�) calculated from the simulation method as a function of the degree
of substitutionx. In the inset, the percentage of perovskite phase vs.x.

2CO2 + N2 wasEapp ≈ 86.6 kJ/mol while for the reaction
CO+ 1/2O2 → CO2 the corresponding value wasEapp ≈
112–119 kJ/mol whether for the above mentioned reactions
Koltsakis et al.[39] found Eapp ≈ 70.0 and≈95.0 kJ/mol,
respectively. Those values are compared satisfactorily with
theE1 andE2 values estimated in the present study.

The variation of the heats of adsorption for NO
(�Hads(NO)) and CO (�Hads(CO)) are also shown inFig. 10.
The �Hads(CO) values are in the range of 50–60 kJ/mol
while the �Hads(CO) values appear lower in the range of
30–40 kJ/mol. Those values indicate weaker adsorption
of CO on the La–Sr–Mn–O catalysts compared to NO as
expected. A comparison should be made between these
values and similar ones reported for the heat of adsorption
of NO which on LaFeO3 is 38 kJ/mol at surface coverage
Θ = 0.65 [40], on Mn2O3 is 117 kJ/mol[41], on La2O3 is
117 kJ/mol[42] and on Fe3O4 is 69.3 kJ/mol[43]. Never-
theless, a direct comparison is not feasible because of the

Fig. 11. The apparent activation energyEapp/low T (�) calculated from the
Arrhenius plots (Table 5) and the differenceE1−�Hads(NO) (�) obtained
from the simulation technique as a function of the Sr substitution. In the
inset,Eapp/low T vs. the differenceE1 − �Hads(NO) is shown.
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experimental differences and the difficulty in the estimation
of surface coverageΘNO in each case, which affects the
values of the heat of adsorption�Hads(NO).

It is apparent that the trend characterizing the determined
kinetic parameters which express the catalytic activity (E1
andE2), shown inFig. 10a, corresponds to a similar trend
characterizing the percent of the perovskite phase deter-
mined from Rietveld analysis, shown in the inset ofFig. 10a.
Such correlation cannot be made for the rest three samples
of the tested series where the Rietveld analysis could not
be performed.

Finally the valuesEapp/low T and the differenceE1 −
�Hads(NO), as shown inFig. 11, differ in a percentage fluc-
tuating from 8.2 to 31.4%. This reasonable agreement leads
us to the conclusion that simulation/fitting can be used to
describe the reaction rate satisfactorily and allows us to
determine theEi (i = 1, 2) and�Hads(j) (j = NO, CO)
parameters quite easily since otherwise a large number of
complicated measurements would be demanded.

5. Conclusions

Substituted perovskite-type mixed oxides La1−xSrx(MnIII /
MnIV )O3±δ show catalytic activity for the reaction NO+CO
in the range of 220–560◦C, which decreases linearly with
the substitution of La by Sr and the gradual increase of
the ratio MnIV /MnIII . At low temperatures, the reaction
proceeds via equimolecular conversion of NO and CO and
the reaction rate is described byRlow T = k1ΘNO while
at higher temperatures (>350◦C) the conversion ratio for
NO:CO equals 2:1 and the reaction rate was assumed
to be described byRhighT = k2ΘNOΘCO, whereΘi the
corresponding surface coverage ofi (i = NO, CO). The
rate R of conversion can be simulated satisfactorily using
the expressionR = w1Rlow T + w2RhighT , wherew1, w2
the weighing coefficients of reactionsRlow T and RhighT .
The obtained results provide values for the true activation
energiesE1 (for low T) and E2 (for high T) as well as
the heats of adsorption�Hads(NO) for NO and�Hads(CO)

for CO. The values ofE1, E2 and �Hads(NO) suffer a
gradual drop with the addition of Sr while�Hads(CO)

increases. These values are reasonably compared to pre-
viously reported data. Perhaps more important is the fact
that the described method of simulation provides, using
only one kind of experiment, kinetic (E1, E2) and thermo-
dynamic (�Hads(NO), �Hads(CO)) parameters which oth-
erwise would necessitate a large number of experimental
set-ups.
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