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Abstract

La; ,Sr,MnO;z (x = 0, 0.1, 0.3, 0.5, 0.7) perovskite-type oxides (PTOs) were prepared by coprecipitation under various calcination
temperature, and their performances for the NO reduction were evaluated under a simulated exhaust gas mixture. The X-ray diffraction (XRD)
and thermogravimetric analysis were carried out to find the formation process of the perovskite. The NO reduction rate under different reaction
temperature, the concentration of oxygen and the presence of hydrocarbon were observed by the input/output analysis. In the presence of
10% excess oxygen, the catalystkL8rp3MnO; calcined at 900C showed a NO reduction rate of 61% at 380 The study of the reaction
curves showed that4Elg could act as the reducer for the NO reduction below 4D0The NO reduction is highly affected by increasing
the G, concentration from 0.5 to 10%, especially at high temperatures when oxygen becomes more competitive than NO on the oxidation of
CsHg, leading to a decrease of the NO reduction from 100% to zero &t®&60
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction ple, the NO reduction curves show different patterns in lean
condition (such as diesel engine exhaust) and stoichiomet-
In the recent 20 years, perovskite-type oxides (PTOs) haveric condition (such as gasoline engine exhaust). Normally
been recognized as active catalysts for a variety of reactions,in lean condition, NO reduction reaches a peak value in a
especially in environmental catalysis such as the catalytic certain temperature, and then decreases in elevated temper-
combustion of hydrocarbons, decomposition of volatile or- ature. In stoichimetric condition, the NO reduction rate in-
ganic compounds (VOCs) and auto-exhaust treatifies3. creases with increment of the reaction temperature. A 100%
Recently, under the more stringent requirement of diesel en-reduction rate can be achieved at about 4DC0r lower.
gine exhaust control, many studies have been conducted orSuch a difference may be explained by the different cata-
selective reduction catalysts and noble metals and PTOs ardysts used in different reaction systefiis-9]. But even for a
found to be active for NQreduction with hydrocarbons un-  same catalyst, different exhaust patterns also crucially affect
der lean condition. For the LaMn@perovskite, if the La" the NO reduction procedure. In the lean exhaust, the oxy-
and Mr?t ions are partially substituted by, B+, Ce*t, gen concentration is normally 10% or even higher, no CO
etc. and Cét, Zn?t, Ca®t, etc., respectively, the perovskite presents, and the evaporated hydrocarbon concentration is
lattice is distorted and structural defections are formed, re- only 200x 10~°. While in stoichimetric condition, the ex-
sulting in an enhancement in lattice oxygen mobility and haust contains about 1.5% oxygen, 1% CO and 600 °
the catalytic properties of active B cation. Therefore, PTOs hydrocarbor{10].
are potential alternatives as effective catalyst foryN®&- In this paper, the catalytic performance ofiLaSr,MnOg3
ductions[2,4-6] for the NO reduction was studied. The NO reduction behav-
For the reactions in the auto-exhausts, the perovkite cata-ior of these PTOs with varied calcination temperatures and
lysts are very sensitive with the gas composition. For exam- varied amounts of strontium (Sr) substitution were observed
and the active component was recognized. The effects of
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2. Experimental
2.1. Preparation of catalysts

To prepare La Sr,MnOs, the La(NQ)s3, Sr(NGs)o,
Mn(NO3), solutes were mixed according to the molar ra-
tio of La:Sr:Mn = 1-xx:1(x = 0, 0.1, 0.3, 0.5, 0.7, from
the sample 1# to 5# in turn). NaOH (2 mol/l) and JT&;

(I mol/l) were mixed by equal volume as precipitator.
Then the solution and the precipitator were mixed together,
filtrated and washed to obtain the precursor powders (de-
posited carbonate and hydrate of La, Sr, Mn). The precursor
was calcined at different temperature from 600, 750 to
900°C for 3h. The particle size of the resulting powder
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a mixture of @ (10%, 3% or 0.5%), NO (50& 1075),
C3Hg (200 x 10°%), SO, (50 x 10°%), CO, (8%), H,O
(6%) and N (balance). For the light-off experiments, the
reactor was heated from 100 to 6QD in the flow stream
at a gas space velocity of 35,000 The concentrations
of NO and GHg were recorded on-line. It should be
noted that here the NO concentration determined by the
Shimadzu NOA-7000 NQ analyzer stands for the total
nitrogen oxides (NO plus a little NODand other NQ),
this is more reasonable to reveal the NO reduction ((0 N
and Q).

2.3. Characterization of catalysts

catalyst was ranged from dozens of nanometer to hundreds T X-ray diffraction (XRD) analysis was conducted on a

of nanometer. Each sample was weighed out 1.5g and
then was mixed homogeneously with 6 ml quartz particles
(chemically stable and low absorption pattern) to be used
for activity evaluation.

2.2. Catalytic activity studies

The catalyst mixture was loaded in a quartz reaction
tube with the diameter of 25 mm. The catalytic activity
was evaluated in a tube micro-reactor by passing a simu-

Japan Science D/max-RB diffractometer employing Gu K
radiation ¢ = 1.5418A, DS= 1°). The X-ray tube was
operated at 45kV and 150 mA. The X-ray powder diffrac-
tograms were recorded at O‘Otervals in the range 20<

260 < 80° with 2s count accumulation per step. The ther-
mal decomposition with the temperature increment was per-
formed in air by using a SETARAM TGA-92 thermogravi-
metric analyzer. The powder samples (ca. 0.3 g) were heated
from 60 up to 900C at the rate of 10C/min during TGA
measurements. The specific surface area was determined

lated exhaust gas mixture. The simulated exhaust containecby Brunauer—Emmett—Teller (BET) method with a Quan-
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Fig. 1. NO reduction curves of the samples with different calcination temperature: {apitaMnO3 (2#); (b) La.7Sr03MnOs (3#); (c) LaysSrhsMnOs

(4#).
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tachrome NOVA instrument using Ar as carrier ang &b The TGA curve can be divided into several steps accord-

adsorbent. ing to the change of the slope. The temperature inflexions
shows a small difference from one to another, say the first
one inFig. 2a, 3a and 4are 340, 350, and 38, respec-

3. Results and discussion tively. It is primarily due to the variations of the precursor
composition and particular preparation process. However,
3.1. Effect of calcination temperature on catalytic activity these TGA curves are substantially similar. Take example by

the sample 2# presentedhig. 2 Some chemical equations

The precursor particles of ka,Sr,MnO3 were calcined are described imable 1 corresponding to a certain mass
at 600, 750, and 90T for 3 h, respectively. The effect of loss. The first 7% mass loss between room temperature and
varied calcination temperature on the catalytic activity was 340°C is the loss of physical- and chemical-adsorbed wa-
investigated, and the NO reduction curves for 2#, 3#, and ter from several kinds of hydrates. During the temperature
4# (x = 0.1, 0.3, 0.5) are shown iRig. 1 The result shows  from 340 to 460C, the carbonates of B& and Mrf* be-
that the higher the calcination temperature, the better thegin to release C@) leading to another 12% mass loss. After
catalytic activity for the NO reduction. It can be seen from that, a 7% mass loss occurs from 460 to 780 It means
Fig. 1bthat the sample 3# has a best reduction rate of 28% MnO, begins to release £Ogradually and the perovskite
at 440°C for the sample calcined at 660G while that for aMnQ; and La_,Sr,MnOs phase begins to form near
the sample calcined at 75Q is 41% at 400C. When the ~ 800°C.
calcination temperature is enhanced up to 9D0the peak When the temperature is higher than 740 the decom-
value of de-NO catalytic activity evidently increases to 61% position of SrCQ brings another mass loss. In the XRD
at 380°C. The similar phenomenon occurs over the sample patterns, the peaks of SrO gradually weaken and eventually
2# and 4#. This suggests that different phase structure maydisappear with increment of the calcination temperature. It
exist in the samples calcined at different temperature. is suggested that this mass loss is also related to the for-

In order to find out the active component in the samples mation of Sr-doped perovskite, in which the valence of Mn
after different calcination temperature, a thermogravimetric may change from M# to Mn*+ and oxygen is released to
analyzer was used to analyze the phase transition with theform nonstoichiometric PTOs. For the sample 2#, the mass
temperature ranged from 60 to 90D. The TGA patterns of ~ 10ss is not considerable from 740 to 90D since it con-
2#, 3#, and 4# are presentedFigs. 2a, 3a and 4aespec- tains only a little Sr in the precursor. However, it is much
tively. The X-ray diffraction patterns of the corresponding more obvious for the sample 3# and 4# showrFigs. 3
samples calcined at different temperature are also shown inand 4 respectively. The mass loss ratio of 2#, 3#, and 4#
Figs. 2b, 3b and 4brespectively. From the TGA curves, in this region is about 1:3:5, which is consistent with the
it can be seen that a series of mass loss occurred at variamount of Sr additive in different samples. Current theory
ous temperature, which correspondingly suggests the occur-on the dynamics of the perovskite catalyst is that the defect
rence of some chemical reactions. Combine with the XRD positions induced by additives make the perovskite more
patterns and some decomposition parameters of these comactive, in which the oxygen vacancies and cationic defects
pounds, we can roughly conclude the reactions during theact as active positions. Therefore, it can be concluded that

whole process as follows. the higher the calcination temperature, the more completely
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Fig. 2. (a) TGA and (b) XRD patterns of the 4.651p1MnO3 (2#) sample.
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Fig. 4. (a) TGA and (b) XRD patterns of the ¢.65r05MnO3 (4#) sample.

the Sr-doped perovskite forms, and the higher the catalytic of Sr additive on catalytic activity and the role of Sr are

activity may be.

3.2. Effect of S additive on catalytic activity

It was suggested ifig. 1that the amount of Sr additive

investigated. A series of La,Sr,MnO3 samples were cal-
cined at 900C. Their catalytic activities on the NO reduc-
tion and the GHg oxidation were evaluated and the results
are shown irFig. 5.

For all the five samples, it can be seen fréig. 5athat

can affect the catalytic activity. Here, the quantitative effect with increment of the reaction temperature, the NO reduc-

Table 1
Chemical reactions in varied temperature region

Temperature region

Reactions may occur

Room temperature—34C

340-460C

460-740C

740-860C

La(OH)CQ — LapOs+ Lap(COsz)3+H.0
Mn(OH),COz — MnO»4+Mn(COz),+H»0

Lap(CO3)3 — Lap0O3 +CO;,
Mn(CO3)2 — MnO2+CO,

LapO3+MnO,; — LaMnO3+0o,
La;03+Mn0O,+SrCQ; — Lag—, SryMnO3+0,4+CO,(~740°C)

SrCQ — SrO+CO,
La; ,SrMnO3z+SrO — Lag—ySr,MnO3
La;_,SryMnO3 — La;_ySryMnO3_.+02
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Fig. 5. (a) NO reduction and (b)sElg oxidation curves of the La ,Sr,MnO3; samples, where 1-5# refers to= 0, 0.1, 0.3, 0.5, and 0.7, respectively.

tion rate increases firstly, reaches peak value, and then de- ov

creases to zero at elevated temperatures. In comparison with ® LaixSx:MnOs
the pure LaMnQ catalyst 1#, the NO reduction rate is en- v StMnOs
hanced obviously over the sample 2# and 3# with a little
Sr additive. However, while too much Sr additive is added, ol Y ee TS . o St 4
such as 4# and 5#, it leads to a decreased de-NO activity. “LJLUUM

The sequence of NO reduction activity over these PTOs is: 4

3# > 2# > 4# > 5# >1#. The peak value of NO reduction rate hoid ,\ }k o JL o\ A A
for the sample 1-5# is 11, 49, 61, 40, and 20%, respectively.

The corresponding reaction temperature is 420, 400, 380, 3#
360, and 320C, respectively. It is an interesting feature that
the position of the peak value of NO reduction shifts toward A A 24
lower temperatures with increment of the Sr additive. Corre-

spondingly, the light-off characteristic for propane oxidation 20 40 60 80
shows a similar pattern iffig. 5b (20% intervals between 20 (deg)

every two curves). The light-off temperatuffgo (HC) of Fig. 6. X-ray diffraction patterns of the ka,Sr,MnOs samples, where
the sample 5# is ca. 22C, which is 100°C lower than that ~ 2-5# refers tor = 0.1, 0.3, 0.5 and 0.7, respectively.

(ca. 320°C) of the sample 1#. This is related to the effect

of propane as the reducer for NO, which will be discussed di ; ; o
-~ direct trends are observed associated with composition and
below. On the other hand, the sequence of 100% conversion P

. e catalytic performance of these PTOs, and the differences in
rate of propane Is: 4# > 3# > 2i# > 5if >1#, Wh.'Ch IS approX- gET areas primarily reflect differences in synthesis methods.
imately consistent with that of the NO reduction activity. From what discussed above. it becomes clear that the

The XRD results of the perovskite catalysts with differ- '

" ) main active component in the samples is the Sr-doped
ent Sr add|.t|v§;( = 01,03, 0.5, 0.7) calcined at 900 . Lai—,Sr,MnOg3 perovskite. When about 30% Sr additive
are shown irFig. 6. It can be seen that the phase composi-

i h ith vari t of St introduced into th was introduced to replace £a cation and the precursor
lon CI ange_zm Fvartlt(])us amolunzg ;'g#m uce ”m 0 etwas calcined at a temperature of 9@ the resulting
g?'grpa%x dﬁixvle ?:Zn ljiimztsslnéﬁtir intinthe pé?oi&?[e?z;]t?cuen powder catalyst processes a best catalytic activity for NO

X reduction. Why the catalytic activity is influenced by the
and form La_,Sr,MnO3 phase. When more Sr is added, y y Y y

) : amount of Sr additive can be explained by the theory of
the_ excess Sr_ cations _react with Mp@nd form SrMnG, . oxygen vacancies and cationic defeft$—13] Since Sf+
which is considerable in the sample 4# and 5#. According i Yy aient jon and L¥ is trivalent ion, other ions such

to the conversion curves Iig. 5, it seems that the SrMnD
does not contribute to the NO reduction.
The BET surface areas of the samples calcined at@00  Table 2

Intensity (a.u.)

were also measured and the result is presentéclite 2 BET surface areas of 4a.Sr,MnO; at 900°C

Their BET surface areas range from 12 to ﬁgnNith most No. Nominal composition BET surface area%(g)
of the samples at 2@ 3 m?/g. It seems that the surface area 1, LaMnOs 12

increases with increment of the Sr additive. However, the 2# Lay.oSro.1MnO3 19

BET surface area of the sample 5# unexpectedly decreases3# L&y 7Sio.3MnO3 23

Furthermore, the sample 4# with largest surface area is not#* Lap.5SisMnOg 29

provided with the best NO reduction activity. Hereby, no >* L23Sho.7MnOs 17
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as & will change their status to meet the electrovalence method can not give the details about the reaction proce-
balance when Sr enters into the LaMnferovskite lattice dure, it is useful to analyze the catalytic mechanism of the
to form an (AA)BO3 phase. With a few $r cations take ~ samples under various air/fuel conditions.

up the A-site, the adjacent?0 anions on the dodecahedron ~ To find out why a peak point exists in the NO reduc-
sites become more active. It tends to deviate from the lat- tion curve, the relationship between the reactions of NO
tice, leaving a vacancy in this site. If the oxygen vacancy is and GHsg are firstly investigated. By putting the conversion
located on the surface of the catalyst, some gas moleculesturves of NO and gHg together in one figure, it can be
such as NO will be adsorbed and activated, attributed to aseen fromFig. 7 that the onsets of the NO reduction and

high NO reduction rate. the GHg oxidation start almost simultaneously. And then
they increase together with increment of the reaction tem-
3.3. Relationship of Oz, CgHs, NO during the reactions perature. When §Hg is ultimately fully oxidized, the NO

reduction curve reaches its peak point. ThefHgkeeps a

Overall, the NO reduction procedure in the simulated lean full conversion rate while the NO reduction rate begins to
exhaust is still uncertain and the effects of @d GHg on decrease to zero, which suggests that oxygen consumes most
the NO reduction are still unclear. Temperature programmed ©f CaHs at high temperatures. Thus, it can be concluded that
desorption (TPD) and temperature programmed reduction C3Hs is probably used as an oxidant for the reduction of
(TPR) may be used for surface chemical analysis to con- NO at low temperatures (below 40Q here). At high tem-
struct a model for the catalytic reaction proced[iré,15] peratures, oxygen becomes more competitive than NO on
However, one disadvantage of these methods is that the in-the oxidation of GHg. As a result, the reduction rate of NO
put gas must be simplified and Ar or He is normally used decreases.
as the background flow. In this paper, an input/output analy- BY changing the oxygen concentration from 0.5 to 3%
sis was app“ed to Study the re|ati0nship between@Hsg, then t010% while keeping the concentrations of NO and
and NO in the catalytic reactions over PTOs. The mass flow C3Hs fixed in the input gas mixture, the effect of the O
meters were used to adjust the content of the input simu- concentration variation on the NO reduction is presented in
lated exhaust, especially the oxygen concentration, and therfig- 8 The sample 3# calcined at 900 is used here as
the effect on the reactions can be revealed. Although this the powder catalyst. When the reaction temperature is lower
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Fig. 7. Relationship between the conversion of NO anti£over the (a) LagSro1MnOs (2#), (b) La.7Srh3sMnO3 (3#) and (c) LasSrhsMnOs (4#)
samples, respectively.



X. WU et al./Catalysis Today 90 (2004) 199-206

100

80 r

60

40

NO reduction rate (%)

20

500

300 400
Temperature (°C)

600

Fig. 8. NO reduction curves under various ©@oncentrations over the
Lag 7S 3MnO3 (3#) sample.

than 360°C, the NO reduction rates are almost the same
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100% under 0.5%@and zero under 10% frespectively.
This indicates that the £-C3Hg reaction consumes most of
CsHg and the NO reduction is totally embarrassed under the
presence of excess oxygen.

It can hereby be concluded that, in the catalytic reactions
over the La 7S3MnOj3 catalyst, GHg acts as a reducer for
the NO reduction, and this reduction process can be pre-
vented by oxygen, especially under higher temperature and
larger oxygen concentration with mosgig consumed by
Oo. It should be noted that the NO reduction procedure in
the exhaust system is quite complex and affected by several
factors. Different catalysts (noble metals and PTOs) have
different NO reduction patterns. And with using other re-
ducers GH4, CHg, C3Hg or CO for the NO reduction, the
characteristic of the reaction procedure and the effectof O
can also be totally differerji.0,13,16,17]

under these three varied oxygen concentration. However,

the NO reduction curve has quite different patterns at high
temperatures above 36G. When only 0.5% @presents in

4. Conclusions

the simulated exhaust, the NO reduction rate increases with

increment of the reaction temperature and approaches 100%

above 480C. On the other hand, when more ke 3 and

10% exists, the NO reduction rate decreases after a peak

value. The downtrend of the NO reduction curve in the case
of 10% O is steeper than that in the case of 3% @hen
the reduction of NO is fully halted at 56 under 10% @,
the NO reduction rate still remains 54% under 3% O

In order to explore the relationship of,OCgHg, and
NO reaction further, by using the oxygen concentration as
the X-axis, the competitive activity of NO and2Cto the
oxidation of GHg is presented irig. 9. At the temperature
of 300°C, NO is partially reduced in the presence aiHg
and the concentration of{@loes not affect the NO reduction.
Thus, NO is more active than Jor the GHg oxidation at
this temperature. At 400C, the NO reduction rate increases
under all three @ concentrations in comparison with the
case at 300C, but the @ concentration begins to affect the
NO-G3Hg reaction, which implies the £-C3Hg reaction
occurs. In the case at 50Q, especially at 560C, this trend

The results show that the Sr-doped perovskite 45 3
MnOs calcined at 900C shows a favorable NO reduction
ate of 61% at 380C in the presence of 10% excess oxygen.
Compared with the pure LaMngZatalyst, the NO reduction
rate is enhanced obviously over the samples doped with a
little Sr. However, when too much Sr element is added into
the complex oxides, the NO reduction rate decreases to less
than 20%. By the input/output analysis, the relationship be-
tween @, NO, and GHg explains the different patterns of
the NO reduction under differentsCconcentration. gHg

can act as the reducer for NO reduction below 200but

the NO reduction is severely weakened by increasing the O
concentration, especially at high temperatures. Oxygen be-
comes more competitive than NO on the oxidation elfig;
leading to a decrease of the NO reduction rate. This explains
why the NO reduction rate can reach 100% at 38Qnder
0.5% & and become zero under 10%.0

shows more obviously, where the NO reduction rate reaches”cknowledgements
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