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The influence of the solid state properties of manganese- and
iron-based perovskites on the activity for the selective catalytic
reduction of nitric oxide with propene under oxidizing condi-
tions has been investigated. By substituting manganese for iron
in the solid solution series LagSro4Fe;_yMny,O345 (0<y <1) and
by substituting strontium for lanthanum in the solid solution se-
ries La;_xSrxMn0O3,5(0.05 < x < 0.50) it is shown that the catalytic
activity of the perovskites depends mainly on the redox properties
of the transition metal and on the number of oxygen vacancies.
(© 2001 Academic Press
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1. INTRODUCTION

The formation of NOy (NO and NO,) and N,O from in-
ternal combustion engines is one of the undesirable side
effects of modern society. In addition to being harmful to
human beings, NOy contributes to acid rain (1). N,O is less
harmful to human beings, but N,O is a greenhouse gas (1).
For the removal of NOy under oxidizing conditions numer-
ous systems have been developed (2). Among them the
so-called selective catalytic reduction (SCR) process, using
either hydrocarbon or ammonia as a reducing agent, is the
most efficient (3). The most active catalysts for the SCR
of nitric oxide with hydrocarbons are the transition metal—-
zeolites. Among the zeolites, Cu-ZSM (Zeolite Synthetic
by Mobil) has the highest activity (4).

Several reaction mechanisms have been suggested to
explain the SCR of nitric oxide with hydrocarbons (5-7).
The mechanisms can be divided into two fundamentally
different types. In the first type of mechanism the dissocia-
tion of nitric oxide on the catalyst surface is a crucial step.
The role of the hydrocarbon is to restore the active sites on
the catalyst surface by removing the adsorbed oxygen (5).
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In the second type of mechanism the oxidation of nitric
oxide with oxygen to reactive nitrogen dioxide is an essen-
tial intermediate reaction step. Nitrogen dioxide, which is
more reactive than oxygen, reacts either directly with the
hydrocarbon (6) or via an oxidized intermediate of the
hydrocarbon formed on the catalyst surface (7). The second
mechanism has gained the most attention. According to
the second mechanism the catalyst must be able to catalyze
both the oxidation of nitric oxide to nitrogen dioxide and the
reduction of nitrogen dioxide to nitrogen with the hydro-
carbon.

Perovskites can be very useful as model systems, espe-
cially because the perovskite matrix stabilizes a wide range
of transition metals (8). Perovskites have the general for-
mula ABOj3.s, where Alisalarge cation, i.e., La(lll), Sr(11),
or Ca(ll), and B is a smaller cation, i.e., a transition metal.
Perovskites of the form Al_xA’XBl_yB;Ogﬂ are particu-
larly interesting. They provide an opportunity to control
the oxidation state of the transition metal (the redox prop-
erties) and the oxygen stoichiometry (8) by partial substitu-
tion of the A- and/or B-site cations. Among the perovskites
the manganese-based perovskites are unique, as they are
oxygen rich (9); that is, § >0. To force the manganese-
based perovskites to become oxygen deficient, another B-
site cation can be substituted for manganese, i.e., iron (10).

Perovskites have been studied as catalysts for the di-
rect decomposition of nitric oxide (11-15), the reduction
of nitric oxide with carbon monoxide (16-18) or hydro-
gen (19, 20), and the SCR of nitric oxide with propene
(21-24). Direct decomposition of nitric oxide on per-
ovskites occurs only at high temperatures (above 600°C)
and depends mainly on the number of oxygen vacancies and
the B-site cation (25). The activity of the perovskites as cata-
lysts for the decomposition of nitric oxide is significantly
inhibited by oxygen. The activity of perovskites as catalysts
for the reduction of nitric oxide with carbon monoxide or
hydrogen increases with increasing temperature (18, 20).
Only a few examples of perovskites useful as catalysts for
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the SCR of nitric oxide with carbon monoxide under ox-
idizing conditions are known (26). The reduction of nitric
oxide with hydrogen on perovskites is nonselective with
respect to oxygen. As catalysts for the SCR of nitric ox-
ide with propene in the presence of oxygen, two different
types of perovskites have been studied (21-24). The first
type is the transition-metal-containing perovskites, YFeO3
(21, 22) and LagseSro3sMnOs (23). The second type is
nontransition-metal-containing perovskites (24). The main
advantage of perovskites as catalysts for the SCR of nitric
oxide with propene is a high selectivity toward nitrogen with
only minor amounts of nitrous oxide being formed (21-23).
Perovskites in general have too low an activity for practical
applications, but the activity can be significantly enhanced
if they are supported on solid acids such as zirconia (21),
sulfated zirconia (22), or alumina (23).

In this study the two solid solution series LaggSro4
Fe;_yMnyOs.5,y=0.0,0.2,0.4,0.6,0.8,and 1.0 (LSFMO000 -
LSFM100, series 1) and La;_xSryMnQOgs,s5, x=0.05, 0.15,
0.25, 0.35, and 0.50 (LSM5-LSM50, series 2) were syn-
thesized and characterized by X-ray powder diffraction,
temperature-programmed reduction (TPR), and BET sur-
face area measurements. The activity of the perovskites as
catalysts for the SCR of nitric oxide with propene under
oxidizing conditions is compared in order to correlate the
solid-state properties of the perovskites with the catalytic
activity.

2. EXPERIMENTAL

2.1. Synthesis. Thefirstsolid solution series, LSFM000—
LSFM100, was synthesized by an aqueous citric acid route
using nitrates as starting materials (27). Aqueous solu-
tions of the metal-nitrates were made in the following way.
Two hundred grams of Mn(NO3);, - 4H,0 (Merck, >97%)
was dissolved in 56 g of boiled distilled water, 126 g of
Fe(NO3)s3 - 9H,0 (Merck, + 99%) was dissolved in 250 g of
boiled distilled water, 135 g of La(NO3)3 - 6H,0 (Chempur,
+ 99%) was dissolved in 108 g of boiled distilled water, and
85 g of Sr(NO3); (BDH, >99.5%) was dissolved in 180 g
of boiled distilled water. All the solutions were made less
than saturated (20% excess of water) to avoid precipita-
tion of the metal ions during storage. The exact amounts
of metal ions in the solutions were determined by thermo-
gravimetry as follows. Approximately 0.04 g of the sam-
ples was placed in an open-ended alumina crucible. The
samples were then transferred to a Setaram TG92-12 ther-
mobalance. The Mn solution was heated at 1000°C in 1%
hydrogen in argon for 5 h and the amount of manganese in
the solution was determined as MnO. The Fe and La solu-
tions were both heated at 1000°C in 50% oxygen in nitrogen
for 5 h, and the amounts of iron and lanthanum in the solu-
tions were determined as Fe,O3z and La,Os. The Sr solution
was heated at 140°C for 5 h in 50% oxygen in nitrogen,
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and the amount of strontium was determined by assuming
that all strontium was in the form of Sr(NO3),. The syn-
thesis of the LSFM perovskites was carried out using the
above solutions. The molar amounts of the solutions were
mixed in a beaker and diluted to 100 ml with distilled water.
Double the molar amount of citric acid (Merck, +99.5%)
was added to the solution. After the solution was heated to
80°C, polyethylene glycol (Merck) was added. The solvent
was evaporated slowly before the powder was transferred
to an alumina crucible. The powder was heated at 400°C
for 3hinair. All the powders were finally calcined at 600°C
in air.

The second solid solution series, LSM5-LSM50, was syn-
thesized by spray pyrolysis using glycine complexes. Aque-
ous solutions of the metal-nitrates were made as above.
The amounts of metal ions in the solutions were determined
by traditional gravimetry. The metal-nitrate solutions were
mixed in the molar amounts and glycine was added as a
chelating agent. The synthesis was performed in a drip py-
rolysis furnace described elsewhere (28). All powder sam-
ples were calcined at 600°C in air for 1 h before use.

2.2. Characterization. The powderswere characterized
by X-ray powder diffraction using a Siemens D5000 diffrac-
tometer with CuK,; radiation. The powder patterns were
recorded between a 26 of 10° and 80° with a step size of
0.02°.The PC-DOS program TREOR90 was used to deter-
mine the crystal system (29). The BET surface areas of the
perovskite powders were determined with a Micromeritics
Flowsorb 11 2300. The powders were degassed at 110°C for
1 h before the measurements. TPR was performed on a Mi-
cromeritics Autochem 2910 using 0.2 g powder. Before the
TPR measurements the powders were pretreated in a flow
of oxygen at 600°C for 2 h. The powders were then cooled
to 100°C before being heated to 1050°C, with a heating rate
of 10°C min~! in 4% hydrogen in nitrogen. The gas-phase
products formed during the reduction were detected with
a thermal conductivity detector (TCD). The products after
the TPR measurements were characterized by X-ray pow-
der diffraction.

2.3. Catalytic measurements. A fixed-bed reactor was
used for measurements of catalytic activity. Before the
measurements the powders were shaped as microcylinders
by cold pressing and crushing. The cylinders were sieved to
obtain a catalyst with a grain size of 0.315 to 0.500 mm. For
characterization of the catalytic activity 1.5 g of powder
was used.

For gas-phase analysis the following equipment was used.
Oxygen was detected with a Hartmann & Braun Magnos
6G paramagnetic analyzer; CO, CO,, NO, and N,O were
all detected with Leybold-Heraeus Binos nondispersive IR
analyzers. For detection of NO, a Tecan CLD 502 NO/NOy
chemiluminescence analyzer was used. The analyzers were
calibrated using calibration gases from Messer and the
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analyzers were controlled and adjusted for possible cross-
selectivity before use. The inlet concentration of propene
was determined by assuming a 100% conversion of propene
to carbon dioxide at 600°C. The amount of nitrogen formed
during the reduction of nitric oxide was calculated from a
nitrogen mass balance.

The composition of the inlet gas was 4% oxygen,
1000 ppm nitric oxide, and 1000 ppm propene with bal-
ance helium. All gases were from Messer and were used
as received without further purification. A space velocity
of approximately 8000 h~* was used throughout the mea-
surements. The composition of the inlet gas was controlled
by four Brooks 5850E series mass flow controllers. The
measurements were conducted from 500°C to 200/250°C
with the temperature decreased in steps of 50°C. Additional
measurements were performed on some of the compounds
at325and 375°C. Steady state was normally achieved within
2 h. Before the measurements the catalyst was pretreated
in helium at 600°C for 1 h to ensure that all the catalysts
had the same surface oxidation state. Additional measure-
mentswith varying inlet concentrations of propene and oxy-
gen were performed on LSFM100 to gain additional infor-
mation on the mechanism of the nitric oxide reduction by
propene.

3. RESULTS

3.1. X-xay. The results from the X-ray powder diffrac-
tion measurements are summarized in Table 1 and denoted
by their crystal systems. All the iron-containing perovskites
could be indexed using an orthorhombic unit cell. LSM50
is also orthorhombic, whereas the rest of the LSM series
and LSFM100 could be indexed in a hexagonal unit cell.
No additional lines were found in the powder patterns.

3.2. BET. For the LSFM series the BET surface area
varies from 13 to 20 m? g~%; see Table 1. The perovskites
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FIG. 1. Temperature-programmed reduction on series 1 in 4% hydro-

gen in nitrogen.

LSFM40 and LSFM60 have the largest surface areas, the
end products of the solid solution series LSFMO000 and
LSFM100 the smallest. The BET surface areas of the LSM
powders are slightly smaller than the surface areas of the
LSFM powders and the surface area decreases from 15 to
7 m? g~! with increasing strontium content.

3.3. TPR. InFig. 1 the results from the TPR measure-
ments on series 1 are shown. In general the reduction of
the perovskites proceeds in two steps. The first reduction
peak has its minimum around 400°C. For LSFM100 the first
reduction peak is split into two. The second reduction peak
is placed at a much higher temperature and depends on
the composition of the perovskite. When the amount of
manganese increases, the temperature for the second re-
duction is decreased from 800 to 700°C. The perovskite ma-
trix is destroyed after the second reduction. X-ray powder

TABLE 1

Solid-State and Catalytic Properties of LSFM- and LSM-Based Perovskites

Max. conversion of

Temperature
of Max NO to N,

Temperature of

NO to N (%) 100% propene

Composition Crystal system BET (m?gY) (10~ % mol m—2s71) conversion (°C) oxidation (°C)
LSFMO000 Orthorhombic 13.4 16.0 (6.51) 350 400
LSFMO020 Orthorhombic 14.9 17.8 (6.52) 350 350
LSFMO040 Orthorhombic 17.1 22.2 (7.08) 350 350
LSFMO060 Orthorhombic 19.7 26.3 (7.29) 350 350
LSFMO080 Orthorhombic 18.7 33.2 (9.69) 325 325
LSFM100 Hexagonal 16.6 34.4 (11.3) 325 300
LSMO05 Hexagonal 14.6 19.9 (7.42) 350 325
LSM15 Hexagonal 11.0 19.4 (9.62) 400 400
LSM25 Hexagonal 10.0 20.3 (11.1) 325 325
LSM35 Hexagonal 8.9 22.6 (13.9) 325 325
LSM50 Orthorhombic 7.0 31.1(24.2) 325 300
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FIG. 2. Temperature-programmed reduction on series 2 in 4% hydro-
gen in nitrogen.

diffraction reveals that mixtures of SrO, MnO, La;MnOQOsy,
and Fe,O; are obtained after the TPR measurements.
Figure 2 contains in a similar fashion the results from the
TPR measurements on the second solid solution series. The
TPR spectra are more complex than those for series 1. For
the hexagonal phases the first reduction peak is split into
two just as it is for LSFM100. The second reduction peak
is likewise split into two for all compounds except LSM5.
The temperature for the final reduction decreases with in-
creasing strontium content. X-ray powder diffraction gives
SrO, MnO, and La,MnQ, as the products after the TPR
measurements.

3.4. Catalytic measurements. As an example of the re-
duction of nitric oxide with propene the results from the
measurements on LSM35 are shown in Fig. 3. The behav-
ior of LSM35 is as observed in the SCR process when
propene is used as a reducing agent (30). A sharp increase
in the reduction of nitric oxide is observed shortly before
the temperature of maximum conversion of nitric oxide
to nitrogen is reached. The maximum conversion of nitric
oxide is only observed in a narrow temperature range
and the conversion of nitric oxide to nitrogen decreases
abruptly at higher temperatures when entering the so-
called “equilibrium” region. No formation of nitrous ox-
ide is observed (<10 ppm) on any of the catalysts tested in
the temperature range covered. The oxidation of propene
to carbon dioxide on LSM35 as a function of tempera-
ture is likewise shown in Fig. 3. The oxidation of propene
is initiated at around 150-200°C and increases until a
steady-state conversion of propene to carbon dioxide is
reached at 300-400°C depending on the nature of the
perovskite. No formation of carbon monoxide is detected
(<10 ppm) on any of the catalysts tested in the tempera-
ture range covered. The amount of nitric oxide converted to
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FIG. 3. The oxidation of propene to carbon dioxide and the conver-
sion of nitric oxide to nitrogen and to nitrogen dioxide on LSM35 as a
function of temperature.

nitrogen dioxide (the measured concentration of NO; in
the outlet gas steam) is also shown in Fig. 3. In Table 1 the
maximum conversion of nitric oxide to nitrogen, the
temperature at which the conversion of nitric oxide to
nitrogen is at maximum, and the temperature at which a
100% conversion of propene to carbon dioxide is achieved
are presented for all the catalysts. It is observed that the
maximum conversion of nitric oxide to nitrogen in general
is reached at the same temperature, at the temperature of
100% propene conversion. All catalysts deactivated when
the catalysts were kept at temperatures below the temper-
ature of 100% conversion of propene for a prolonged time.
Heating the catalyst at 600°C in 4% oxygen in helium re-
stored the activity of the catalysts.

In Fig. 4 the maximum conversion of nitric oxide to
nitrogen for series 1 and 2 is shown as a function of the
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FIG. 4. Maximum conversion of nitric oxide to nitrogen as a function
of x in La;_xSrxMnOs,; and as a function of y in Lag¢SrosFe1_yMnyO3.s.
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FIG.5. The conversion of propene to carbon dioxide at 300°C as a

function of the maximum conversion of nitric oxide to nitrogen on series 1.

manganese and strontium contents, respectively. It can be
seen that the conversion of nitric oxide to nitrogen increases
from 16% for LSFMO00O to 34% for LSFM100. The conver-
sion of nitric oxide to nitrogen as a function of the strontium
content in LSM shows that as long as the strontium content
is kept below 0.35 no difference is observed in the catalytic
activity of the LSM compounds. However, when the stron-
tium content is increased above 0.35 the conversion of nitric
oxide to nitrogen increases from about 20 to 31%.

A comparison of the oxidation of propene to carbon diox-
ide at 300°C as a function of the maximum conversion of
nitric oxide to nitrogen for the solid solution series LSFM
can be seen in Fig. 5. There is clearly a positive relationship
between the oxidation of propene to carbon dioxide and
the maximum conversion of nitric oxide to nitrogen.

A series of measurements without propene (1000 ppm
nitric oxide and 4% oxygen in helium) was conducted
on LSFM100 as a function of temperature. The measured
amount of nitrogen dioxide formed was compared with the
calculated amount of nitrogen dioxide formed in the pres-
ence of 1000 ppm propene, under the assumption that all
nitric oxide removed as nitrogen is oxidized to nitrogen
dioxide before reacting with propene (see Fig. 6). For com-
parison the calculated equilibrium concentration of nitro-
gen dioxide in a 1000-ppm nitric oxide and 4% oxygen in
helium gas mixture is plotted. For the calculations data from
Ref. (31) were used. A good agreement between the three
curves is observed above approximately 250°C.

In Fig. 7 the results obtained by varying the inlet con-
centration of propene on LSFM100 at 325 and 350°C are
shown. The amount of nitrogen dioxide formed, calculated
from the assumption that all nitric oxide reduced to nitro-
gen is oxidized to nitrogen dioxide before reacting with
propene, is also shown in Fig. 7. At 325°C the conversion of
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nitric oxide to nitrogen increases slightly when the concen-
tration of propene is increased from 500 to 1000 ppm. A fur-
ther increase in the inlet concentration of propene does not
lead to an increase in the conversion of nitric oxide to nitro-
gen. In fact, the conversion of nitric oxide to nitrogen even
decreases. It is seen that the formation of nitrogen dioxide
is suppressed when the inlet concentration of propene is
increased. At inlet concentrations of propene higher than
2000 ppm the combustion of propene was incomplete and
deactivation of the catalyst occurred before steady state was
achieved. At higher temperatures, shown for LSFM100 at
350°C in Fig. 7, the conversion of nitric oxide to nitrogen
increased weakly with increasing concentration of propene.
At inlet concentrations of propene higher than 2500 ppm
the oxidation of propene was incomplete and deactivation
of the catalyst was observed.

—
<
<

- e—— 325°C, NO, formation || 2.5x1 0°
i a—a 350°C, NO2 formation
% 0l o~ ---0 325°C, N, formation o
5 @----0 350°C, N, formation 2 0x10° ?1%
e B"':‘:'-*vsg ——————————— R et a g
% 60 T R &

- 1 6 ~

= ey 1.5x10 g
g 5
§ 40 + -

5 e — 1 1.0x10°
© D__’_/__B’_/—B————’E'

20 - v . .
0 500 1000 1500 2000 2500
Inlet concentration of C,H, / ppm

FIG. 7. The conversion of nitric oxide to nitrogen (solid line) and the
total amount of nitrogen dioxide formed (dashed line) as a function of the
inlet concentration of propene on LSFM100 at 325 and 350°C.
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When the inlet concentration of oxygen was below 1% at
325°C rapid deactivation of the catalyst was observed, and
the activity increased significantly when oxygen was added
to the inlet gas. For an inlet concentration of oxygen greater
than 1%, no significant change in the catalytic activity was
observed.

4. DISCUSSION

4.1. X-ray. The powder patterns for the two solid so-
lution series reveal that all the synthesized perovskite
powders are single phases. For series 2 the variation from
a hexagonal to an orthorhombic unit cell with increasing
strontium content is as expected (32).

4.2. TPR. Thefirstreduction peak observedinthe TPR
spectra for the series 1 powders is due to the reduction of
Mn(1V) to Mn(l11) and/or Fe(1V) to Fe(l11) (33). However,
for LSFM100 the first reduction peak is clearly split into
two. This is most likely due to a two-step reduction where
the first reduction peak corresponds to the reduction of
Mn(1V) in the hexagonal phase under the formation of an
orthorhombic phase; see the discussion of the TPR mea-
surements done on series 2. The other compounds show
only a very weak splitting of the first peak. The second re-
duction peak is due to the reduction of Mn(111) to Mn(ll) as
X-ray powder diffraction shows MnO and La;MnQy, as the
reduction products. For LSFMO000 the reduction is incom-
plete even at 1050°C.? This is confirmed by X-ray powder
diffraction, as the powder pattern contains reflections due
to hematite («-Fe,O3) and not to wustite (FeO). As it is
difficult to reduce Fe(IV)/Fe(l1l) to Fe(l1)/Fe(0) in oxides
this is as expected. By plotting the difference in tempera-
ture, AT, between the two reduction peaks (estimated for
LSFMO000) as a function of the manganese content, a clear
correlation between AT and the manganese content is ob-
served (see Fig. 8). When manganese is substituted for iron,
the difference in temperature between the two reduction
peaks decreases from 500 to 320°C. The smaller the tem-
perature difference, the closer in energy Mn(1V)/Mn(l11)
is to Mn(111)/Mn(11) and the lower the relative position of
the Fermi level will be (the system is more oxidized). The
manganese-rich perovskites are, in other words, stronger
oxidizing agents than the iron-rich perovskites. When man-
ganese is substituted for iron, the oxygen stoichiometry of
the perovskites will increase as the defect equilibrium (us-
ing the Kroger-Vink notation)

Fef, — Fefo + € [1]
is displaced further to the left than the defect equilibrium

Mny,, — Mny,, + €. [2]

2 The maximum operating temperature for the TPR instrument is
1050°C.
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Because the only possibility of charge compensation for
the oxidation of the transition metal is an adjustment of the
oxygen stoichiometry, the stoichiometry will decrease with
increasing iron content (the oxygen vacancy concentration
will increase). By classical wet chemical analysis (32) it has
been shown that only LSFMO000 and LSFMO020 are oxy-
gen deficient in air. When the manganese content is 0.4 or
higher, the perovskites become stoichiometric (34). The ra-
tio between lanthanum and strontium in the LSFM series is
therefore chosen such that all the perovskites are either sto-
ichiometric or oxygen deficient. All the LSFM perovskites
will therefore contain a considerable number of oxygen va-
cancies.

For the second solid solution series the first reduction
peak is split into two for the hexagonal phases. This is prob-
ably due to a two-step reduction, where the first reduction is
the reduction of Mn(1V) in the hexagonal phase to Mn(l11)
under the formation of an orthorhombic (stoichiometric)
phase. The remaining Mn(1V) in the orthorhombic phase is
then reduced to Mn(l11). The second reduction peak is due
to the reduction of Mn(l11) to Mn(Il) as confirmed by X-
ray powder diffraction. Whether the splitting of the second
reduction peak for LSM15, LSM25, LSM35, and LSM50 is
due to incomplete reduction of Mn(l11) is not clear. Upon
substituting strontium for lanthanum behavior similar to
that observed for the LSFM series is found. This is illus-
trated in Fig. 8, where the temperature difference between
the first and the last reduction peak is plotted as a function
of the strontium content. The temperature difference be-
tween the two reduction peaks clearly decreases as a func-
tion of increasing strontium content. This is in agreement
with literature data from thermogravimetric analysis show-
ing that high-strontium-substituted LSM is reduced easier
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than low-strontium-substituted LSM (35). The Fermi level
of the LSM perovskites decreases therefore as a function
of increasing strontium doping. It is known that the oxy-
gen stoichiometry of the LSM perovskites decreases with
increasing strontium content under the formation of oxy-
gen vacancies (see below (36)). The point is, however, that
the redox properties of the LSM perovskites are substan-
tially changed as well. This can be illustrated as follows. By
substituting strontium for lanthanum two ways of charge
compensation exist (using the Kréger—Vink notation):

0§ — Vg +2€ +1/20,(9) [3]

or
Mny,, — Mny,, + €. [2]

As shown by Krogh Andersen et al. (32), both a decrease
in the oxygen stoichiometry and the oxidation of Mn(I1I)
to Mn(1V) occurs. That is, the higher the strontium con-
tent, the lower the oxygen stoichiometry and the higher
the Mn(IV) content. It has been shown that the oxygen
stoichiometry decreases until the perovskite becomes sto-
ichiometric (6 =0) at x=0.3. Above x=0.3 the oxygen
stoichiometry is nearly constant and only the oxidation of
Mn(111) to Mn(1V) occurs (32). When the LSM perovskites
are oxygen rich (8§ > 0) there will only be very few oxy-
gen vacancies in the structure. When x exceeds 0.3 the per-
ovskite becomes stoichiometric and the number of oxygen
vacancies in the structure increases upon further strontium
substitution. Series 2 is therefore chosen so that the per-
ovskites change from having only a limited number of oxy-
gen vacancies (x < 0.3) to having a considerable amount of
oxygen vacancies (x > 0.3). A substitution of strontium for
lanthanum will therefore decrease the Fermi level of the
LSM-based perovskites, making them stronger oxidizing
agents and creating oxygen vacancies in the structure.

4.3. Catalytic activity. As seen in Fig. 6 the calculated
and measured curves for the formation of nitrogen diox-
ide coincide very well above the temperature of maximum
conversion of nitric oxide to nitrogen. At the same time,
nitrogen dioxide is observed in the outlet gas (see Fig. 3).
This is in agreement with a mechanism where nitric oxide is
oxidized to nitrogen dioxide before reacting with propene.
The low activity and the rapid deactivation of the catalyst
observed in the measurement without the oxygen needed
for the oxidation of nitric oxide to nitrogen dioxide further
support this. A mechanism where the dissociation of nitric
oxide on the catalyst surface is an intermediate reaction
step is less likely on perovskites. Decomposition of nitric
oxide on perovskites has only been observed at tempera-
tures above 600°C (11). Therefore, it is not expected that
any activity at temperatures as low as 325°C on the back-
ground of this type of mechanism will be observed. On the
contrary it should be expected that the conversion of ni-
tric oxide to nitrogen would increase above temperatures
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of 500°C and not, as is the case, decrease. Furthermore dis-
sociation of nitric oxide is inhibited by oxygen (14). This is
in contrast to the need for oxygen in the feed gas, as oxygen
enhances the reduction rate. Above the temperature of the
maximum conversion of nitric oxide to nitrogen, the con-
version therefore decreases as the formation of nitrogen
dioxide is limited by the strongly temperature-dependent
equilibrium:

NO + 1/20; < NO,. [4]

In Fig. 6 it is seen that, at temperatures below approx-
imately 250°C, the amount of nitrogen dioxide formed is
significantly lower than the calculated equilibrium value.
The kinetics for the oxidation of nitric oxide to nitrogen
dioxide are insufficient for reaching the equilibrium con-
centration of nitrogen dioxide at low temperatures. When
the amounts of nitrogen dioxide formed in the experiments
with and without propene are compared, it is observed that
below the temperature of maximum reduction of nitric ox-
ide to nitrogen the formation of nitrogen dioxide is inhib-
ited in the presence of propene. At the same time it is ob-
served thatan increase in the inlet concentration of propene
does not increase the conversion of nitric oxide to nitrogen
(see Fig. 7). If the amount of nitrogen dioxide is calculated,
under the assumption that all nitric oxide removed as ni-
trogen is oxidized to nitrogen dioxide before reacting with
propene at 325°C, it is observed that the formation of nitro-
gen dioxide decreases with increasing inlet concentration of
propene (see Fig. 7). This indicates that the active sites are
poisoned by propene or partially oxidized propene-derived
species, suppressing the oxidation of nitric oxide to nitro-
gen dioxide. On this background it is likely that, at tem-
peratures above the temperature of maximum conversion
of nitric oxide to nitrogen, the reduction of nitric oxide is
limited primarily by the equilibrium-controlled amount of
nitrogen dioxide formed. At temperatures below the maxi-
mum conversion of nitric oxide to nitrogen, the low activity
of the perovskites for the oxidation of propene results in
inhibition of the active sites by propene. This limits the for-
mation of nitrogen dioxide, leading to a decrease in the ac-
tivity for nitric oxide reduction. The maximum conversion
of nitric oxide to nitrogen is then mainly determined by the
temperature of the propene light off. If the temperature
for the propene light off is low, the measured concentra-
tion of nitrogen dioxide will intersect the nitrogen dioxide
equilibrium curve at a low temperature, where the thermo-
dynamicly determined concentration of nitrogen dioxide is
high (see Fig. 6). If the temperature of the propene light
off is high, on the other hand, the measured concentration
of nitrogen dioxide will intersect the nitrogen dioxide equi-
librium curve at a higher temperature, where the thermo-
dynamicly determined concentration of nitrogen dioxide is
low. The correlation between the kinetics of the oxidation
of propene and the reduction of nitric oxide (see Fig. 5)



PEROVSKITES AS CATALYSTS FOR THE SCR OF NO WITH C3Hs

further underlines this. When the catalyst has a high activ-
ity for the oxidation of propene the activity for nitric oxide
decomposition is high. Therefore, at low temperatures, the
data suggest that the rate-limiting step is the oxidation of
propene.

It is important to note that no nitrous oxide is formed
during the decomposition of nitric oxide. This is in agree-
mentwith the literature (21-23). The high selectivity toward
nitrogen is apparently a common property of perovskites.

A higher activity (three to four times higher) is observed
in this study than is reported in the literature (21-23). How-
ever, the reaction conditions reported in the literature were
slightly less optimal, as a higher space velocity was used
(two to three times higher). Also it should be noted that
the catalytic activity depends on the synthesis conditions.
In this work the activity of the perovskites synthesized by
the citric acid method was slightly greater than that of the
perovskites synthesized by spray pyrolysis. As stated in the
Introduction the activity of the perovskites is much too low
for practical applications. Compared on the background of
space velocity alone the activity is a factor of 5 to 10 too
low (37). However, this work has shown that the catalytic
activity can be enhanced by proper choice of the composi-
tion of the perovskites. Also work reported in the literature
has shown that an increase in the activity can be achieved
by supporting the perovskites on solid acids (21-23). The
deactivation of the catalysts observed at temperatures be-
low complete combustion of propene is acommon problem
encountered when an unsaturated hydrocarbon is used as
a reducing agent (38).

4.4. Correlation between solid state properties and cata-
lytic activity. By substituting manganese for iron, a higher
activity for the reduction of nitric oxide is achieved. As
explained by the TPR measurements, the manganese-rich
perovskites have a lower lying Fermi level than the iron-
rich perovskites. In other words, the manganese-rich per-
ovskites are stronger oxidizing agents. As the exact reaction
mechanism for the SCR process is unknown, it is difficult
to correlate the redox properties directly to the catalytic
properties of the perovskites. However, the need for the
perovskites to be strong oxidizing agents indicates that a
rate-limiting step in the SCR process is an oxidation step,
i.e., the oxidation of nitric oxide to nitrogen dioxide or the
oxidation of propene.

For the second solid solution series, LSM, no or only a
slight effect is observed by substituting strontium for lan-
thanum below a strontium content of 0.35. The catalytic
activity for the removal of nitric oxide then increases. As
the Fermi level decreases with increasing strontium doping,
the catalytic activity should increase if only the redox prop-
erties are determining the activity, just as is observed for the
LSFM series. As LSM5, LSM15, and LSM25 all are oxygen
rich, they contain only a very limited number of oxygen va-
cancies. This indicates that the presence of oxygen vacan-
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cies is an important parameter for determining the activity
of the perovskites as a catalyst in the SCR process. When
the perovskites contain a very limited number of oxygen
vacancies, the catalytic activity is limited by the number
of oxygen vacancies. When the perovskites becomes sto-
ichiometric, that is, when x > 0.3, the number of oxygen
vacancies increases and the catalytic activity increases as
well. This indicates that the number of oxygen vacancies
in the perovskite structure in part determines the number
of active sites. As x in the LSFM series is 0.4, the number
of oxygen vacancies in the LSFM perovskites is high, and
the number of oxygen vacancies therefore does not limit
the rate. So the catalytic activity is determined both by the
number of oxygen vacancies and by the redox properties of
the perovskites.

It is noteworthy that the redox capacity (the percentage
of the total amount of manganese participating in a possible
redox cycle) has only a minor effect on the catalytic activ-
ity of the perovskites. The redox capacity decreases strongly
with increasing strontium doping, becoming almost zero for
LSM25 (32). Work reported on metallosilicates has, on the
other hand, shown that a high redox capacity is necessary
for achieving a high catalytic activity (39). As the redox
capacity of perovskites only has a minor influence on the
catalytic activity, this indicates that the rate-limiting step is
different on zeolites and perovskites. Many authors have
suggested that the SCR of nitric oxide on zeolites proceeds
with the decomposition of nitric oxide on the catalyst sur-
face as an intermediate reaction step (39-41). This indicates
that if the redox capacity is responsible for the catalytic ac-
tivity, the decomposition of nitric oxide is an intermediate
reaction step. If, on the other hand, the oxidizing strength is
crucial for the catalytic activity, as on perovskites, the oxi-
dation of nitric oxide to nitrogen dioxide is an intermediate
reaction step. The catalytic activity is therefore determined
by different properties.

In conclusion, the parameters of greatest importance for
the catalytic activity are the relative position of the Fermi
level and the number of oxygen vacancies. A possible redox
cycle is not rate-limiting.

5. CONCLUSION

Perovskites have been investigated as catalysts for the
selective catalytic reduction of nitric oxide with propene.
The perovskites have a high selectivity toward nitrogen and
carbon dioxide, but the activity for the reduction of nitric
oxide is too low for nonstationary applications. The SCR
process on perovskites follows most likely a reaction path-
way where the oxidation of nitric oxide to nitrogen dioxide
is an intermediate reaction step. The data indicate that the
oxidation of propene is rate-limiting at low temperatures.

The activity of the perovskites is primarily determined by
the redox properties of the perovskites. TPR data confirm
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that the stronger the oxidizing ability of the perovskite, the
higher the activity of the perovskite. This suggests that the
rate-limiting step on perovskites is an oxidation process,
i.e., the oxidation of nitric oxide to nitrogen dioxide or the
oxidation of propene. The number of oxygen vacancies pri-
marily determines the number of active sites. The redox
capacity has only a minor influence on the catalytic activity
of the perovskites.
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