AVAOL!

CATALYSIS
‘ TODAY

ELSEVIER Catalysis Today 59 (2000) 347-363 —_—
www.elsevier.com/locate/cattod

Catalytic behavior of La—Sr—Ce—Fe—O mixed oxidic/perovskitic systems
for the NO+CO and NG-CH4+0» (lean-NQ,) reactions

V.C. Belesst, C.N. Costd, T.V. Bakas, T. Anastasiado®
P.J. Pomoni&*, A.M. Efstathiol?

@ Department of Chemistry, University of loannina, loannina 45110, Greece
b Department of Chemistry, University of Cyprus, PO Box 20537, CY 1678 Nicosia, Cyprus
¢ Department of Physics, University of loannina, loannina 45110, Greece

Abstract

Mixed oxides of the general formula §.8Sr,Ce,FeQ were prepared by using the nitrate method and characterized by
XRD and Mdssbauer techniques. The crystal phases detected were perovskitesdradr8-e@_, and oxidesx-Fe,O3 and
CeO depending omandy values. The low surface area ceramic materials have been tested for4He®l@&nd NG-CHy 40
(“lean-NQ,") reactions in the temperature range 250—850A noticeable enhancement in NO conversion was achieved by
the substitution of L3 cation at A-site with divalent SP and tetravalent C& cations. Comparison of the activity of the
present and other perovskite-type materials has pointed out that the ability optferL@e, FeQ. materials to reduce NO by
CO or by CH, under “lean-NQ” conditions is very satisfying. In particular, for the NGO reaction estimation of turnover
frequencies (TOFs,$) at 300C (based on NO chemisorption) revealed values comparable to-RROs catalyst. This
is an important result considering the current tendency for replacing the very active but expensive Rh and Pt metals. It was
found that there is a direct correlation between the percentage of crystal phases containing igySind@e FeQ solids
and their catalytic activity. @ TPD (temperature-programmed desorption) and NO TPD studies confirmed that the catalytic
activity for both tested reactions is related to the defect positions in the lattice of the catalysts (e.g., oxygen vacancies, cationic
defects). Additionally, a remarkable oscillatory behavior duringT®D studies was observed for thegls®r 2Cey 3FeQ.
and LasSrpsFeQ solids. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction the NHz;-SCR process with possibly an HC-SCR pro-
cess (hydrocarbon-selective catalytic reduction) and
The development of new catalysts for the selective demands for improvement of fuel economy in inter-
reduction of NQ emissions from both stationary and nal combustion engines with low G@missions. The
mobile sources has gained an increasing interest in thelatter has pushed the car industry towards “lean-burn”
last few years. This is due to the need for replacing engine technology and other strategies for automotive
“lean-NO,” emission control [1-5].
_— Noble metals (especially Pt) have proven to be
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efstath@ucy.ac.cy (A.M. Efstathiou) particular applications in diesel internal combustion
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oxidizing conditions) and “lean-burn” engines as cies in the original perovskite material. The solids thus
well [6,7]. However, their cost and availability make obtained have been investigated for two environmen-
it reasonable to search for alternative materials. tally important catalytic reactions, the NGCO and
Perovskite-type oxides of the general formula ABO the CH;+NO+0> (“lean-NQ,”") reactions. The struc-
have proven to be an important class of catalytic ture of the solids was examined by XRD and the pre-
materials. The catalytic reduction of NO with CO cise determination of the amount of crystal phases of
[8-13], CO and H [14], H> [15], hydrocarbons each of the solids containing iron was determined by
[16,17] and NH [18] have been investigated over Mdssbauer spectroscopy. Transient experiments were
perovskites. There have also been attempts to com-conducted in order to study the interaction of molecu-
bine the catalytic behavior of noble metals with that lar species of interest with the catalyst surface. The in-
of perovskites [19,20]. However, most of the studies formation obtained from catalyst characterization and
concerning the reaction of NGCO have been carried transient studies was correlated with the catalytic per-
out mainly on noble metals [21-23]. There is little formance of the materials.
work reported in the literature concerning “lean-NO
catalysis by using hydrocarbons as reducing agents
over perovskite-type oxides [1,16,17,24,25], where 2. Experimental
propylene was the main reducing agent used.
The properties of perovskites ABQan be easily  2.1. Preparation of materials
modified by the substitution of the A cation, usually
La3t, by another cation of lower or higher oxidation The materials La_,_, Sr.Ce,FeQ; for various val-
state, e.g., 3t or Cé". In this case, the charge ues ofx andy were prepared using the nitrate method
compensation is achieved either by the formation of as follows: calculated amounts of La(N@-6H,O
oxygen ion vacancies or by the formation of mixed ox- (Merck), Fe(NQ)3-9H,0 (Merck), Sr(NQ), (Ferak)
idation states (e.g., ha, 3 Sr,2*M1_ 3t M, 4 03), and CeQ (Aldrich) were mixed thoroughly in an agate
or a combination of those two possibilities. In some mortar and heated slowly up to 40D for nitrate de-
cases, the formation of cationic vacancies can also composition. At the end of this step (no visible NO
take place. The high catalytic activity of such sub- fumes), the system was further heated for 4 h aP@00
stituted structures is related to their defects and the at 1 atm. Then, the mixture was removed from the fur-
effect of the valence alteration on the catalytic activity nace, cooled and after grinding was heated again for
has been extensively studied [26—-31]. However, there another 4h at 105€. The sample was then slowly
has been very little work reported in the literature cooled to room temperature and stored for further use.
about the effect on the catalytic activity of a double It is mentioned that the notation La,_,Sr.Ce,FeGs
substitution in A-position which would theoretically  will be employed indicating just the nominal compo-
lead to a triple oxidation state for the B cation. sition of the solids. This has nothing to do with par-
The only work that examined such a double substi- ticular crystal phases existing in each sample.
tution in A-position has been referred to the system
of La;_,_,Sr,Ce,CoQ;3 [32] for the oxidation of HC 2.2. Characterization of materials
and CO. Voorhoeve et al. [14] have also examined
the Lay gsBio.0sK0.07MNO3 (Bit3 and Kt were sub- XRD analysisThe crystal structure of the prepared
stituted for La3) system for its catalytic activity to-  materials was determined by XRD analysis using a
wards NO reduction by CO and;HHigh activity but SIEMENS Diffract 500 system employing Cuta-
poor stability (because of the presence of low melting diation (.=1.5418 A).
point components) was reported and the presence of Méssbauer studie®’Fe Mossbauer spectra were

Mn*3/Mn*4 was mentioned. obtained for all samples at 300 and 20K, using a
In the present work, 8t and C&* have been sub-  closed loop refrigerator system. A constant accelera-
stitutionally added instead of B& in the LaFe@ solid tion spectrometer was used to mow@o(Rh) source

in varying atomic ratios in order to alter the oxidation kept at 300 K. The spectrometer was calibrated with
state of Fe and the concentration of oxygen vacan- a-Fe and isomer shift values are given relative to this.
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The experimental data were fitted by a least-squared CHs+20, — COx+2H,0 3)

computer minimization routine using a sum of spectral o ) )

components characterizing different iron phases [33]. The only N-containing product species formed in the
Surface area measurementBhe specific surface ~ Present catalytic reaction system werg ahd NG.

area of the solids was checked by &isorption (BET) ~ 1he selectivity,a, for CHy reduction of NO to I,

at 77 K using a single point Carlo Erba Sorpty 1750 '-€- the ratio of the consumption rate of glteac-

and a multi-point Fisons Sorpty 1900 system. tion (1)) to the total one (reaction (F)eaction (3)) is
calculated based on Eg. (4):

2.3. Catalytic and transient studies 0.5vf
o (%) = YNOANO

x 100 4)
yCH4XCH4

The catalytic activity tests of solids La,_,Sr,Ce,
FeQ; for the NO+CO reaction were carried out in a wherey{,, andyf.,, are the inlet molar fractions of
4

bench scale tubular plug flow reactor at 1atm total No gnd CHi, respectively, whileXyo and Xcy, are
1 ) 4

pressure. The reactor, heating system and the chro-iwe NO conversion for reaction (1) and the total £H
matographic analysis of the reactor effluent gas were ¢qnyersion, respectively. The value of 0.5 is the stoi-

previously described [12]. The catalysts were tested -hiometric ratio of NO to Ch (reaction (1)). The frac-

in the temperature range 280360 at a feed gas  jon of CH, combusted by @ (reaction (3)) is given
composition (mol%) of NO/CO/He2/2/96, a total by (100-a)/100.

flow of 90 scc/min and a constant amount of catalyst, “The TOF of the NO reduction by CO or GH

W=0.25g. The GHSV was about 54 000 _ (lean-NQ, reaction) were calculated after dividing
The flow system used for conducting catalytlg Mea- the rate @moligs) by the irreversible NO uptake
surements for the CHNO/O, (lean-NQ) reaction (wmol/g). The latter amount was determined by TPD

at 1 atm total pressure consisted of a flow measuring experiment (with mass spectrometer as a detector)
and control system (MKS Instruments, Model 247C), following adsorption of NO from a 0.5%NO/He mix-

mixing chambers, a quartz fixed-bed microreactor ,re 4t 500C for 20 min and cooling the reactor to
(2 ml nominal volume) and a GC-MS analysis system. oo temperature in NO/He flow before TPD.

The flow system, the microreactor and the analysis  tpp experiments were conducted in a specially de-
system used have been recently described in detailgjgneq fiow-system that has been recently described
[34]. The feed stream consisted of 0.5% NO, 0.67% [34], Chemical analysis of the gas effluent stream of
CHas, 5% O, and He as the balance gas was used in rgactor during transients was done with an-line

all the experiments. The amount of catalyst samp_le quadrupole mass spectrometer (Omnistar, Balzers)
used was 0.5 g and the total flow rate was 30 scc/min, equipped with a fast response inlet capillary/leak
resulting in a GHSV of about 12000h. Before any  y5ve (SVI 050, Balzers) and data acquisition sys-

measurements were ta}ken, the fresh catalyst samplegms. The gaseous responses obtained by mass spec-
was pretreated at 700 in 5%Q/He flow for Zh. trometry were calibrated using standard mixtures. For

Nitrogen reaction rates were calculated from the v qen"and nitric oxide TPD measurements, the mass
product analyses using the differential reactor approx- , mbers /2 28, 30, 32, 44 and 46 were used for
imation, i.e., rate (molg! s~ 1)=Nry;/W, whereNr is N2, NO, Oy, N2O and NG, respectively.
the total molar flow rate (mol/sy; the molar fraction
of componenti (i.e., Np) expressed in ppm10-5,
andW s the weight of the catalyst (g). For the present
catalytic reaction of NO/CH Oz, methane reacts with
NO and G according to the following competitive
reaction scheme:

3. Results
3.1. Catalyst characterization
2NO + CH4+0p — Np+COp+2H,0 (1) The specific surface area of the ceramic solids was

found to be<4m?/g. Based on this result, specific
2NO+ 02 — 2NO, )] reaction rates were not calculated pef but either
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Table 1
Prepared solids, detected crystal phases (XRD) and percentage of Fe-containing crystal phases

Solid composition Crystal phases (XRD) Percentage of Fe-containing crystal phases
as determined by Mdssbauer at 20K

LaFeQ Fe,O3 SrFeQ_,

LapsCeysFeQs LaFeQ/Fe,03/Ce 46 54

LagsSr 2Cey3Fed; LaFeQ/SrFeQ_,/Fe,03/CeQy/La(OH)3%/SrFg 2019? 37 35 28

Lag5Srp.3Cep 2Fed; LaFeQy/SrFeQ_,/Fe03/CeQy/La(OH)3%/SrFg 20192 28 39 33

LagsSrsFeQ; LaFeQ/SrFeQ_,/SrFeLaQ?/La(OH)?/SrFg 20192 19 36 45
aTraces.

per gram of solid or as TOFs based on the irreversible components of the spectra observed, the presence of
NO uptake by the solids. The crystal composition SrFeQ_, phase was also revealed where £ Fet®

of the La_,_,Sr,Ce,FeQ; solids as determined by charge disproportionation occurs [37].

XRD with reference to ASTM standards is shown in
Table 1. In the case of lgCeysFeGs, the phases
apparent were LaFe{)(perovskite phase) and CeO

in addition to the major F3; phase. In the case
of LagpsSrsFeCs, apart from the perovskite-type
structure of SrFe@ , (the main phase), a second
perovskite-type phase of LaFgQs also apparent.
Similar results have also been reported in [35,36].
Traces of additional phases were also found (see Table
1). The double substituted materials with-y=0.5
apart from the two perovskite structures of LakeO
and SrFe@_, contain also the crystal phases of

3.2. Catalyst performance

3.2.1. NG+CO reaction

Fig. 1 shows temperature profiles for the percent-
age conversion of NO and the selectivity of the NO
reduction by CO towards Nformation over a se-
ries of Lai_,_,Sr.Ce,FeQ; solids. At the stated ex-
perimental conditions (see Section 2.3), the present
materials exhibit significant activity in the tempera-

Fe0s, CeQ, SrFg2019 and La(OH}, the latter two 100
phases being in traces (see Table 1).
The Mossbauer spectrum of 4 eCeysFeQ; taken 80}

at room temperature revealed the presence 6t Fe
with no sign of any other magnetic or paramagnetic
component. The spectra of the other solids which con- 401
tain Sr composed of at least two superimposed six-line o

patterns and one singlet near zero velocity. The hyper- lﬂ La, Ce, FeO, La, S, FeO,
fine parameters, deduced after least squares computer fnz ob— NN o
S
E

() (b)

minimization, have shown that the magnetic compo-
nents correspond to P& and the singlet to Fe. It

was found that the area of theTFecomponent is in-
creasing as the Sr content increases. The Méssbauer
spectra taken at 20K were fully magnetized. From 40t
the hyperfine parameters deduced, it was found that

—o— %S, |
oo 2N
/oxNO

(©) ()]

all samples contain LaFeanda-Fe,O3 phases. The Lau.sSro_zC%.aFeO; La, Sr, Ce, FeO,
area corresponding to LaFg@as found to increase ol— . , . . .
with increasing Ce content in the sample. On the other 300400500 300400 500
hand, the area correspondingitd-e,03 remains prac- Temperature ('C)

Flgally the Same_for up to a given Ce content, V\_/h"? Fig. 1. Temperature profiles for NO conversio@®)(and N, se-
it increases at higher Ce contents. These quantitative eciivity (O) for the NO+CO reaction on La_,_,Sr,Ce,FeQs

results are presented in Table 1. From the magnetic solids. NG=2 mol%, CG=2 mol%, W=0.25 g, F=90 scc/min.
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Fig. 2. Ratios of the degrees of conversi¥go/Xco and of the reaction products G@N2+N20) as a function of reaction temperature
on La_,_,Sr.CeFeQ; solids. NG=2 mol%, CO=2 mol%, W=0.25 g, F=90 scc/min.

ture range 350-55C. At temperatures higher than while Fig. 3b presents intrinsic reaction rates at
about 425C, the N> selectivity is 100%. The only  T=300°C (at Xnyo<20%) in terms of TOF (s), as
N-containing product species observed arg anhd a function of catalyst composition. Fig. 3¢ shows the
N2O. Fig. 2 shows temperature profiles of the ratio of percentage of the LaFeDa-Fe03 and SrFe@_,
NO conversion to that of COXo/Xco), as well as crystal phases in all the four materials in order to
of the ratio of CQ production to that of N-containing  check any relation of the composition of these solids
species (N+N20). It is clearly seen in Fig. 2 that at in the above mentioned phases with their catalytic
low-temperatures the conversion of NO is higher than activity. The doubly substituted perovskite-type ma-
that of CO, while at temperatures higher than about terials exhibit higher activities (per gram basis) than
400°C, the two reactants tend to react in equal de- the singly substituted ones (Fig. 3a). It is to be
grees of conversion. This behavior will be discussed pointed out that these differences in activity are not
later. It is noted that the production of,® starts at very large. On the other hand, they did not suffered
low temperatures and reaches a maximum at aboutfrom experimental errors. When the TOF numbers
320-360C depending on the composition of the solid. are compared, there is a monotonic decrease in the
On the other hand, the ratio of G@ON2+N>0O) takes TOF value with increasing Sr and a corresponding
the value of about unity at low temperatures and in- decrease in Ce content of the solid (see Fig. 3b). The
creases towards the value of about 2.1 as the temper-decrease is more than double in the TOF value when a
ature of reaction increases. This behavior will also be comparison is made between thegk&eysFeG; and
discussed later. LagsSrosFeO; solids. A nice correlation exists be-
Fig. 3a presents integral reaction rates of NO con- tween the TOF values and the percentage of LaFeO
sumption (umol/g s) atT=300, 340, 460 and 54C, and SrFe@_, phases in the solids. The decrease of
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Fig. 3. (a) Integral reaction rates of NO consumptigmmpl/g s)

as a function of reaction temperature and catalyst composition.
(b) TOF (s1) of NO consumption aff=300°C as a function

of catalyst composition. (c) Composition of 15 _,Sr,Ce,FeQ;
solids in Fe-containing crystal phases as determined by Mdssbauer
spectroscopy at 20K.

the TOF value with increasing Sr content in the solid
correlates with the simultaneous increase of SrEg0
and the decrease of LaFgPhase in the solid.

Fig. 4 presents values of the apparent activation
energies of M and NO formation as a function of
solid composition. These apparent activation energy
values were calculated based on the graph & \s.

1/T, whereR is the intrinsic reaction rateufnol/g s)
of N2 or NoO formation in the temperature range
280-340C. Values in the range 110-165 kJ/mol for
the N, formation and 40—60 kJ/mol for the® forma-
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Fig. 4. Apparent activation energies (kJ/mol) for the formation
of N2 and NO during the NG-CO reaction as a function
of catalyst composition. N©2 mol%, CC=2mol%, W=0.25g,
F=90 scc/min, T=280-340C.

tion were calculated. These results are in harmony with
the observations that in this low-temperature range of
reaction, the M selectivity is relatively low.

3.2.2. NG-CH4+0> (lean-NQ,) reaction

The catalytic behavior of La,_,Sr,CeFeQ;
solids for the reduction of NO in the presence of excess
of oxygen using Cld as a reducing agent is presented
in Fig. 5A. Catalytic results are given in terms of rate
of N2 production (tmol/gs) in the temperature range
250-550C. All catalysts exhibit a maximum in the
rate of reaction in the range 370—4@) depending
on catalyst composition, except the gsfeysFeGs
catalyst that shows a local maximum at about 450
(Fig. 5A). The highest reaction rate was obtained
with LagsSr2Cey 3FeGs catalyst (Fig. 5A, curve b)
at 400C. This catalyst also exhibits the highest reac-
tion rates in the range 370-58D, but lower rates at
T<370°C as compared to the other three catalysts in
the series. It is noted that the highest reaction rate ob-
served over L@sSrp 2Cey 3FeQ; catalyst corresponds
to 25.5% NO conversion and 93.1%o Nselectiv-
ity. The selectivity behavior of all four samples was
found to be similar. Values for the J\selectivity at
T=250, 350, 450 and 55C are 78, 88, 95 and 100%,
respectively, for the LgsSr 2Cey 3FeQ; catalyst.
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Fig. 5. (A) Temperature profiles of the rate of formation of the
CH4/NO/O, “lean-NO;” reaction as a function of catalyst com-
position. (B) TOF (51) of N, formation at 400C as a function
of catalyst composition. (C) Temperature profile of the,Gidlec-
tivity value, o (%), of the CH/NO/O;, “lean-NO,” reaction as a
function of catalyst composition. G#0.67 mol%, NQ=0.5 mol%,
0O,=5mol%, W=0.5¢g, GHS\=12000 h*.

Fig. 5B compares the activity of the present four
catalysts in terms of TOF ($) for No production
at T=400°C. The LasSr2Ce3FeC; catalyst re-

353
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Fig. 6. Temperature profiles of the rate of; Nformation
of the NO/He, NO/Q/He and CH/NO/O, “lean-NO,” reac-
tion on LaysCeysFeQ; solid. CHy=0.67 mol%, NG=0.5mol%,
0,=5mol%, W=0.5g, GHS\=12000 IT1.

rate per gram basis (see Fig. 5A). For example, the
LagsCeysFe(; catalyst atT=400’C has the lowest
rate (per gram basis) but second higher in terms of
TOF (s).

Fig. 5C presents the temperature profile of theCH
selectivity value,«, as calculated from Eq. (4), as
a function of catalyst composition. In the optimum
temperature region 350-480, selectivity values
higher than 80% are obtained except in the case of
Lags5CeysFeQs catalyst where selectivity values of
60% are obtained. At the optimum catalytic temper-
ature of 400C, a selectivity value of about 90% is
obtained. Thus, the lggCey 3Sr2FeQ; catalyst very
efficiently uses the Cldfor the main reaction of NO
reduction and only 10% of CHfed is consumed for
its combustion to C@via reaction route (3).

In order to demonstrate the ability of GHto
largely enhance the reduction of NO, catalytic ex-
periments were also performed with feed mixtures
of 0.5%NO/He and 0.5%NO/5%fHe over the
LagsCeysFeQs catalyst. Fig. 6 presents the results
obtained in terms of reaction rate towards fdrma-
tion as a function of reaction temperature. The first
comment to be made is that the presence of 5% O
in the feed significantly promotes the NO decompo-
sition reaction. On the other hand, addition of £H
in the NO/Q/He feed further enhances the rate of
reaction. At 350C, an enhancement factor of about

mains the most active, having the highest intrinsic 8 is obtained when the rate of,Normation is com-

site reactivity, while the order of activity for the other

pared between the NO/He and NGQ/OH/He feed

three catalysts is now different from that based on the mixtures.
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Fig. 7. TPD profiles of NO on La ,_,Sr,Ce,FeG; solids §=0.2, 0.3,y=0.3, 0.2, respectively).

shoulder at the falling part of the high-temperature
desorption peak (Fig. 7c). In addition, desorption of

Fig. 7 presents TPD profiles of NO as a function NO in the low temperature range 30-28&0signif-
of catalyst composition. The interaction of NO over icantly increases with respect to thegls&eysFeQs
these solids varies significantly as clearly shown in sample. The amounts of NO desorbed as a function
Fig. 7a—d. In the case of kaCesFeQs, two dis- of catalyst composition are reported in Table 2. Com-
tinct desorption peaks appear. The first small peak plete substitution of Ce by Sr (baStosFeQs) results
is centered at 7&, while the second large peak at in small changes in the TPD profile of NO with re-
410°C with a shoulder at the rising part of it. As Ce spect to the LasSr 3Cep2FeQ; case (compare Fig.
is substituted by Sr, desorption of NO &&«250°C 7c and d). An important result is the fact that there is a
increases significantly, while the opposite occurs for monotonic increase in the amount of NO chemisorp-
the high-temperature desorption peak (compare Fig. tion with increasing substitution of Ce by Sr in the
7a and b). Further substitution of Ce by Sr results in Lai—,—,Sr,Ce,FeG; solids as Table 2 indicates. De-
a totally different desorption behavior of NO. Three convolution of the TPD profile of NO obtained over
distinct desorption peaks are now observed with a the LasSisFeQ; solid is presented in Fig. 7d. The

3.3. TPD studies

Table 2
Amounts of @ and NO desorbed from aSr,Ce,FeQ; after TPD experiments of £and NO

Amount of @ desorbed (umolg?) Amount of NO desorbedu(mol g—1)

Catalyst

LagsCepsFeCs 3.2 (0.2) 3.6
Lag5Sh 2Cen3FeQs 93.0 (5.4) 6.0
Lag5Si.3Cen2Fels 182.4 (11.2) 8.2
LagsShsFe; 236.8 (14.5) 9.8

aNumber in parentheses corresponds to equivalent surface oxygen monolayers (based=@mBIg].
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use of Lorentzian peak shapes in a computer peak fit- sample is substituted by Sr. This behavior will also be

ting routine (first order desorption kinetics for NO) discussed next.

resulted in a nice curve fitting of the experimental re- A remarkable result observed during the TPDs

sults with four desorption peaks (Fig. 7d). over the present solids is that the presence of Sr in-
Fig. 8 presents TPD profiles ofxGis a function of ~ duces an oscillatory behavior in the rate of desorption

catalyst composition. As in the case of NO desorp- of O,. This oscillatory behavior is clearly demon-

tion (Fig. 7), drastic changes occur on the adsorption strated in Fig. 8b for the case of 4.6S1p2Cey3Fe(;

and desorption characteristics op @hen Ce is pro- solid, where it appears to be more intense at tempera-

gressively substituted by Sr. A single small desorp- tures higher than 55C€. An oscillatory behavior has

tion peak of Q is observed on LgsCey sFeG; sample also been observed &+650°C on the La sSrpsFeQG;

(Fig. 8a), while five desorption peaks are observed on solid (not clearly seen in Fig. 8d due to the scale

Lag5Srp sFeGs (Fig. 8d) with a total @ chemisorp- unit). The oscillatory behavior observed during O

tion amount 75 times higher than that observed on TPD in the present solids will be discussed next.

the Lay5Cey5FeQ; solid. The amountmol/g) of &,

desorbed as a function of catalyst composition is given

in Table 2. In parentheses the number of equivalent 4. Discussion

surface oxygen monolayers (based on a BBT?/g)

is also indicated. Numbers greater than unity are ap- 4.1. NO+-CO reaction

parent, a result indicating that desorption of subsur-

face lattice oxygen species takes place via bulk diffu- 4.1.1. The % o/Xco and CQ/(N2+N20) behavior

sion from the crystal to its surface. From Table 2 it is In line with previous studies [8,9,11-13], the reac-

clearly seen that there is a monotonic increase in the tion between NO and CO proceeds via either one of

uptake of Q as the Ce content in the .8Ceys5FeQ; the following two routes:
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Route 1: 2NOt 2CO— N2+2CO, (5) site reactivity and relate this to the composition of
' the crystal phases present. This was done by evalu-
Route 2: 2NO+ CO — N20 4 CO, (6) ating the site reactivity (TOF) of the materials and

t plotting it against catalyst composition (Fig. 3b). It
is noted that this way of evaluation assumes that the
NO chemisorption site is the most important site of

" the catalytic cycle. It was found that y.eCeysFeQ;

catalyst has the highest TOF at 3@0as compared

to the other three materials tested. This catalyst was

found to contain the highest percentage in LagkeO

anda-Fe03 phases (see Fig. 3c). In addition, it was
found to possess the largest ratio in the XRD intensi-
ties of the main peaks of CeGand LaFeQ phases.

On the other hand, Fig. 3a shows a different activity

order in terms of integral reaction rate or conver-

sion of NO as compared to the TOF activity order

(Fig. 3b). It is suggested that the addition of Sr for

Ce results in an increasing number of exposed active

sites per gram of solid due to an increased BET area

of the crystal phases formed with respect to that of the

Route 3: NO+ CO— No+CO, (7) phases found in LgsCeysFeQ; solid. However, the

site reactivity of SrFe@_, phase seems to be lower

However, combination of all three reaction routes than that exhibited by the crystal phases present in the

gives an upper limit value 2 for the GGN2+N20) Lag5CensFeQ; solid. Thus, the increase of the BET

ratio. It is therefore concluded that the reported val- area of the active phases present in thedGey sFeQ;

ues of the latter parameter being greater than 2 suffer system is expected to result in higher NO conversions

from experimental errors in quantifying thexNN2O as compared to the other materials in the series.

and CQ reaction products. On the other hand, it  Catalytic measurements performed over the parent

must be pointed out that the use of gM>+N20) perovskite material of LaFepand FeOs for the

ratio in order to explain the catalytic results of the same reaction conditions [12,38] indicate that the Ce-

NO+CO reaction is much more useful than the use of and Sr-containing materials (La,_,Sr,Ce,FeQ)

CO./N20 ratio. This is because the latter ratio can- appear twice as active (at low temperatures) as the

not discriminate between reaction routes 1 and 3. For LaFeQ and FeOs pure phases. Mdrtez-Arian et

example, if reaction route 2 is only responsible for al. [39] have suggested that the remarkable activity of
the production of MO, then the ratio of C@IN2O is Cu0Q,/CeQ catalysts for CO oxidation, as compared
always greater than unity independent of the presenceto the activity of conventional Cu/ADs catalyst,

of reaction route 1 or 3 or both of them. could be explained by invoking a synergistic effect be-

tween the Cu and Ce binary oxides. The'Gipecies

4.1.2. The influence of crystal phases in promoting provide the sites for CO adsorption, while Ceéxts

catalytic activity as an oxygen-supply source. Based on these results,
Table 1 and Fig. 3c present quantitative results of a synergy phenomenon between the gefdd the

the three main Fe-containing crystal phases found other two phases present in thegls&€eysFeQ; cat-

in Lay_,_,Sr,Ce FeQ; solids as well as the iden- alytic system may contribute to the high TOF number

tity of other crystal phases present (e.g., @eO  exhibited by this material. For instance, a spill-over

The measured activity reflects only that of crystal of adsorbed NO on one phase onto more active sites

phases present that are able to catalyze the-NO for reduction in another phase. Based on thg O

reaction. It is therefore important in the mixed oxi- chemisorption results obtained by TPD (see Table 2),

dic/perovskitic catalytic systems to stress the intrinsic LagsCesFeQ; has the lowest concentration of

For route 1, the ratio of conversion of NO and CO mus
be equal to 1, while the molecular ratio of g@nd
N> reaction products must be equal to 2. For route 2
the ratio of the degrees of conversi¥no/Xco must
be equal to 2, while the molar ratio G@ON2+N20)
must be equal to 1. Based on this analysis and the
experimental results of Fig. 2, it is safe to conclude
that at reaction temperatures higher than°4Q)Qoute

1 is exclusively dominant over route 2. On the other
hand, the experimental ratio G@N2+N»0) ought to
take the value of 2 according to what is mentioned
above. The relatively small deviation (about 5-8%) of
the observed experimental value from the theoretical
one could at first be explained based on additional
reaction routes. A possible alternative route might be
the following one:
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oxygen vacancies. In particular, the oxygen chemisorp-
tion on La5Ce sFeQ; is found to be 60 times lower
than that measured on §.8Srp2Ce 3FeG;. In addi-
tion, the decreasing activity order in terms of TOF
(Fig. 3b) coincides with the increasing ©hemisorp-
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considered superior to perovskites for the present re-
action system when the conversion of NO at the same
reaction conditions is concerned.

Table 3 attempts to present the literature data con-
cerning various perovskite-type materials that exhibit

tion uptake measurements. These results may pointsignificant catalytic activity for the NO/CO reaction in

out the importance of oxygen vacancies in controlling
the activity of NO/CO reaction. Dependence of the
catalytic activity of various reactions on the concen-
tration of oxygen vacancies over SrMQ. has also
been proposed by other investigators [35,36,40].

4.1.3. Comparison of the activity of the present and
other perovskite-type materials

A large number of studies have appeared in the lit-
erature concerning the reduction of NO by CO over a
variety of catalyst compositions. In general, it can be
said that perovskite-type materials exhibit satisfying
activity, stability with time on stream and poisoning
resistance to S§) especially in the low-temperature
range 200—450C. On the other hand, noble metals are

Table 3

the low-temperature range 200—480 Also in Table

3 are cited data for the Rh/#D3 catalyst for com-
parison purposes, and when possible, the intrinsic site
reactivity of the catalysts is reported. Based on the re-
sults of Table 3, the present ¢.6Srp 3Ce 2FeQ; and

Lag 5Sh 2Cey 3Fe0; catalysts exhibit one of the high-
est activities in terms of integral rates of NO conver-
sion per gram of solid basis. More importantly, they
exhibit the highest site reactivity (TOF) among all
perovskites listed in Table 3, and a comparable TOF
value (site reactivity) with the Rh/ADs catalyst. The
latter is an important result of this comparison since it
gives the incentive for the preparation of perovskites
of similar composition but of higher specific surface
areas, thus leading to higher integral reaction rates.

Catalytic activity of various mixed oxidic/perovskitic materials for the -NCO reaction in the low-temperature range 200450

Serial No. Catalyst Experimental T(C) Rnox10®  TORo (s1)x10° Ref.
conditions (mol/sgecar)  Xno<20%
1 Lao5S10,5C003 NO=5000 ppm; CG-4000ppm 340 1.42 [17]
SV=50000cn h~1g-?

2 LaFeQ NO=1500 ppm: C@&1500 ppm 260 0.20 0.189230°C)  [35]
LapsSrsFeGs W=0.3¢g; F=120 cni/min 340 0.20 0.252 (300°C)

3 LaMnGs 2% NO; 2% CO 350 0.69 [41]
LaMng g9P1.0103 W/F=4g h morl; W=1 g 260 0.69

4 Bi,SpCaCuyO, 8% NO; 8% CO,W=50mg 300 1.50 [42]
YBa;Cws0, 300 1.20

5 LaMng 6CUp.4O3 8% NO; 8% CO,W=50mg 300 2.8 [43]

6 LapCuQy/ZrO; 8% NO; 8% CO,W=50mg 200 1.67 138 [44]

7 Lag.gSrp2C003 0.5% NO; 0.5% CO 400 0.26 [11]
Lag gSr2Cop 9Clp osRU 0503 W=0.2 g, F=30 cm3/min 440 0.26

8 LaCoQ 8% NO; 8% COW=50mg 300 1.24 [9]
LaFeQG 300 2.00
LaMnOs 300 0.70
LapgSr.1FeGs 300 0.85
Lag gSrp.2C003 300 0.61

9 Lag5Srp 3Ce2FeCs 2% NO; 2% CO;F=90cn?/min 300 0.90 107 This work
Laps5Sh2Cey3Fes W=0.25¢g 300 0.80 129

10 Rhi&-Al,03 (3wt.%) 0.5% NO; 1% CO 230 2.2 79.0 [22]

F=5000 cn¥/min; W=3g

aMole of NO converted/(total Cu-ators).
b Mole of NO converted/(mole NO adsorbes).
¢Mole of NO converted/(mole of exposed RE).
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An interesting result of Table 3 is that while Sr
substitution for La in the LaFef)[35] resulted in a
catalyst of lower activity (a highefF is required to

V.C. Belessi et al./Catalysis Today 59 (2000) 347-363

perovskite-type solids for the sEg/NO/O, reaction.
Significant conversions of NO to NXno=14—-21%)
were obtained only at high temperaturds=600"C)

obtain the same reaction rate), the opposite result is over LaAlQOs, Lag gSrp 2AlIO03 and LaAbgMgo.1AlO3

seen in the present case ofgls&e sFeO; mixed ox-
idic/perovskitic system.

4.2. NO+CH4+05 reaction

There is very little work performed for the re-
duction of NO in the presence of excess oxygen
(“lean-NO,") using hydrocarbons as reducing agents
over perovskite-type materials [1,2]. Agarwal et al.
[17] have reported that lggSrysCo0O; perovskite
was active for the 0.4%CH0.42%NO/He reac-
tion only at T>600°C. Addition of O in the feed
mixture had a strong inhibiting effect. More work
on “lean-NQ.” reduction by hydrocarbons over
perovskites has been conducted usingHg Fu-
rukawa et al. [25] have reported activities of several

solids. Recently, Menezo et al. [16] have performed
catalytic activity tests for the £Hg/NO/Oo/H20 reac-
tion over La 59Sth.39MNnO3 in the temperature range
250-500C. A maximum NO conversion to Nof 5%

at 350C has been reported.

According to the above literature survey of
“lean-NO,” over perovskite-type materials and the
present catalytic activity measurements (Fig. 5), the
La;_.—,Sr.CeFeQ; solids compete very favorably
among the other perovskite materials reported. In
particular, for the CH/NO/O, reaction the present
mixed oxidic/perovskitic materials investigated are
the only ones reported with significant activity in
the low-temperature range 250-480 Table 4 is
an attempt to present and compare thesQHD/O,
low-temperature “lean-N@ activity of various

Table 4
CH4/NO/O; “lean-NO,” catalytic reaction in the low temperature range 250450
Serial No. Catalyst Experimental T (°C) Ratel TORy, Reference
conditions (molgis =1 (s Hx10®
1 Co-ZSM5 CH=1000 ppm; NG=1640 ppm 360 2.2 - [45]
0,=4%, W=0.4 g, F=100 cn¥/min
Co-ZSM5 CH=1015 ppm; NG=1610 ppm 450 36.1 0.26 [46]
0,=2.5%, GHS\=30000 hr*
Co-ferrierite CH=1015ppm; NG=1610 ppm 450 51.3 0.34 [46]
0,=2.5%, GHS\=30000 hr*
Ga-H-ZSM5 CH=1000 ppm; N@-=1610 ppm 350 3.6 - [47]
0,=2.5%, GHS\=30000 ! 400 10.2 -
W=0.1g, F=100 cn#/min
Mn-ZSM5 CH,;=0.5%; NCO=0.5% 400 8.3 - [48]
0,=2.0%, F=100 cn¥/min
GHSV=15000h"1, W=0.2g
LapO3 CH4=0.4%; NC=0.4% 450 2.7 - [49]
0,=4%, F=100 cn¥/min, W=0.1g
Lag S 2Cen3Fel; CH4=0.67%; NG=0.5%, Q=5% 300 2 38 This work
F=30cn®/min, W=0.5g 400 2.7 4.5
Lag.59S1.390MNO3 C3He=530 ppm; NG=1200 ppm 350 0.74 [16]
02=5%, H,0=10%
F=166 cn¥/min, W=0.5¢
PU/SIiQ (1wt.%) GHg=1000 ppm; N@=500 ppm 220 24.3Xn0=63%) [50]
0,=5%, F=200 cn¥/min, W=0.1g 300 11.2 Xno=30%)
400 3.0 no=8%) 1.7

aMoles of N, produced per moles G8 exchanged per second.
bBased on NO chemisorption (mgiky).
¢Based on exposed surface Pt atoms.
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materials with significant catalytic activity. Whenever
possible, the intrinsic site reactivity (TOF,§ of the
catalyst is also reported. At 300, the TOF of the
present LasSi 2Cey 3FeCs system is about 13 times
higher than that reported over Co-ZSM5 at 460In
spite of the higher partial pressures of £&hd NO
used in the present work than in Co-ZSM5 [46], it is
clear that the site reactivity of the present materials is
at least comparable to that obtained over Co-ZSM5,
one of the most active catalysts reported for this reac-
tion. According to the results of Table 4, the present
La-containing solids are considered equally active as
the pure LaOs. However, it is important to point
out that the LaOs catalyst has shown no activity at
T<450°C, a result opposite for the present materials
that show significant activity af<450°C.

An interesting and important result of Table 4 is that
related to the TOF value of Pt/SjCatalyst for the
C3Hg/NO/O, reaction at 400C. The TOF value re-
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ature. Similar results were observed upon adsorption
of NO on LaMnQ; [52]. The simultaneous presence
of nitrosyl and nitrate bands evidences the interac-
tion of NO with cations and oxygen anions as well.
Voorhoeve et al. [14] have studied the molecular and
dissociative adsorption of NO on bgKg2MnOs.
Following NO/CO/H reaction, NO was adsorbed at
150°C followed by TPD. Desorption of molecular NO
resulted in a peak in the range 150-200ndicating
the presence of moderately strongly chemisorbed NO
as a nitrosyl group, presumably on low-valency metal
ions [14].

In the present work, TPD of NO on La,_,Sr,Ce,
FeQ; solids, following adsorption at 40C and cool-
ing of the sample in NO/He to room temperature,
resulted in several desorption peaks depending on
the catalyst composition (Fig. 7a—d). In the case of
Lag5St sFeQs, four peaks Ty=2100, 200, 290 and
390°C) have nicely been fitted to the observed exper-

ported is about 2.5 times lower than the value reported imental TPD spectrum that exhibited three distinct
for the present materials. Even though this compari- peak maxima and a high-temperature shoulder. An
son is made based on different hydrocarbon speciesattempt is made to correlate these four peaks with
and feed conditions, it can be said that if the number the phase composition of the solids. The first peak
of active sites per gram of solid increases significantly, appears only in a small amount in the first two sam-
then the present catalyst formulations could be con- ples (Fig. 7a and b), while it drastically increases on
sidered as serious competitors of Pt, a relatively rare the other two samples that contain higher amounts
and expensive metal. This can be achieved by prepar-of Sr (Fig. 7c and d). It is suggested that this first

ing solid materials of the present composition with

NO TPD peak {m=100C) is largely due to specific

higher specific surface areas. It is also appropriate to adsorption sites on SrFgO, phase which are popu-

point out that the ability of @Hg to reduce NO under
“lean-NQO,” conditions was found to be higher than
CH4 mainly due to the higher C—H bond strength of
the latter [50]. This information gives to the present
materials even higher credibility for their suitability
for low-temperature “lean-N@ applications.

4.3. NO TPD studies

Infrared spectroscopic studies of NO adsorption
have been carried out over LaFg@erovskite ma-
terial [51]. Various infrared bands observed were
assigned to (a) dinitrosyl species chemisorbed on
F&t or Feét, (b) mononitrosyls adsorbed on e
and F&, (c) monodentate, bridged and bidentate ni-
trates all interacting with iron ions, and (d) nitrite
adsorbed structures associated witiL#ons. It was
found that the concentration of the various nitrate

species increased with increasing adsorption temper-

lated at higher Sr contents (e.gx0.3) in the solid.
Such adsorption sites could be oxygen coordinated
to cationic defects, Pé or oxygen vacancies, the
concentration of which becomes significant at Sr con-
tents greater than a given value. The evolution in the
amount of the second peak\(=200°C) correlates
very well with the increasing content of Sr in the
catalyst. This in turn correlates with the increasing
amount of SrFe@_, phase in the solid (see Table 1).
Based on the TPD results of Voorhoeve et al. [14], it
is speculated that this NO adsorbed species may cor-
respond to nitrosyl group on 3 cations. The third
desorption peakTy=290°C) seems to correlate with
the FeOj3 crystal phase since its peak maximum in-
tensity changes only slightly upon substitution of Ce
by Sr (compare Fig. 7b—d). The fourth NO desorption
peak with the highest peak maximum temperature
(Tw=390°C) seems also to correlate very well with
adsorption of NO on the E®sz phase. Its peak
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maximum intensity largely decreases after substitu-
tion of Ce by Sr (0.2) and then remains practically
constant. This result is in harmony with the behavior
in the amount of FgO3 in the series of solids inves-

tigated (see Table 1). It should be noted that a small
chemisorbed amount of NO on CgQhe latter being

present in the solid composition (Fig. 7a—c), cannot
be excluded. However, the main NO chemisorption

occurs on the phases previously discussed accord-

ing to the TPD profiles (Fig. 7a—d) and the phase
composition of solids detected (see Table 1).

4.4. O TPD studies

The effects of partial substitution of Ba by SP+
in La;—,Sr,MO3,5 (M=Co, Fe, Mn) solids on the

V.C. Belessi et al./Catalysis Today 59 (2000) 347-363

substituted (in A and B positions) perovskite-type
La;_Sr,Co;_,Fe,0O3 solids. A TPD response
very similar to the one observed in this work on
Lag5Sh 3Ce2FeQ; (Fig. 8c) was also observed in
the case of LggSrp4Cop4FensOs [56]. However,
in the absence of Sr, a small oxygen TPD peak was
observed at temperatures higher than°tQ(a result
opposite to the present case ofpls&eysFeQ; (Fig.
8a). In the case of LgsSry4Co0;s, a relatively sharp
and intense peak{y=820°C, p-state) was evident, a
behavior not seen in the present solids. Large amounts
of O, desorption were measured [56], a result also
obtained in the present work (see Table 2).

For the present La,_,Sr,CeFeQ; materials,
desorption of @ starts at higher temperatures and
the TPD profiles are more complex as compared to

oxygen chemisorption behavior have been studied by the above referenced perovskite-type solids [53-56].
means of the TPD technique [53-55]. In these stud- Deconvolution of the TPD response resulted in four
ies, oxygen was preadsorbed by cooling the sample peaks desorbing in the temperature range 25050

from 800°C to room temperature in an oxygen atmo- (Fig. 8d). These adsorption states could be parallel to

sphere (100 Torr of &). In the case of Co-containing

perovskite materials, the TPD responses were char-

the« states described in the previous paragraphs. The
explanations that are offered concerning thetates

acterized by the appearance of two desorption peaks,of oxygen adsorption are similar to the ones pre-

namelya andp adsorption states. Thestate resulted

sented previously for the La,Sr,MO3z;5 (M=Co,

in a broad plateau-like peak appearing in the range Fe, Mn) solids [53,54]. The partial or total substi-

150-750C, while thep-state resulted in a very sharp
peak centered around 82ZD. For the unsubstituted
sample, only a smafi-state desorption peak appeared,
while by increasing the 8t addition both desorption

tution of Cé+ by SPt leads to the formation of
positive holes and/or oxygen vacancies. In addition,
partial oxidation of Fe from 3 to 5+ occurs upon Sr
addition as evidenced by Mossbauer studies [38]. The

states were increased. In addition, the total amount of a states of oxygen are therefore ascribed to various

O, desorbed was found to increase with increasing
St content [53]. The above-mentioned TPD results
were explained as follows. The substitution of trivalent
La by divalent Sr requires charge compensation. This
can be achieved either by the formation of tetravalent
Co or positive holes. This in turn results in the forma-

adsorbed oxygen species (O initially present at
various kinds of oxygen vacancies (different coordi-
nation environment). McCarty and Wise [57] reported
a peak at 627C for FeO3. The present fourth-state
O, TPD peak Ty=640C) does not seem to corre-
spond to the FgD3 phase since it is not observed on

tion of oxygen species having broadly dispersed statesthe LasCeysFeG; sample which contains a larger

(O™~ species); the latter was confirmed by XPS stud-
ies [53]. Seiyama et al. [53] have suggested thapthe
adsorbed state is more specific to the B-cationic site,
though it is also affected by A site substitution [54].

amount of FeO3 phase than the rest of the samples.
In the present work, the high temperatedes-

orption state was also observed but not as a sharp

desorption peak. The deconvolution of the TPD re-

The a adsorption state was suggested to be associatedsponse (Fig. 8d) resulted in a high temperature peak

with the oxygen vacancies, the concentration of which
increases with increasing Sr addition, while thad-
sorption state results in the reduction of B-cationic
sites to lower valencies upon oxygen desorption.
Zhang et al. [56] have investigated the oxy-
gen adsorption and desorption properties of doubly

centered at around 750 and desorbing in the range
350-950C. The amount of this peak largely increases
with Sr content in the solid, a result similar to the one
observed over the 1a,Sr,MO3,s (M=Co, Fe, Mn)
solids but different than the kaSrygCor_,Fe,O3
ones. The sharf-state TPD peak was assigned to
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reduction of some of the G6 to Cc?t, a process — 0—Fe*t F—O0— "
not favored in the mixed B-site compositions, where Sr% \ Sr¢ \

the Co™* ions are stabilized by the presence of Fe g

ions. The present high-temperature large desorption (a) (b)

peak (-state) is rather due to oxygen diffusion from
the bulk to the crystal surface with a high activation
energy barrier to be compared with the other faur
states of @ desorption due mainly to surface lattice — O0—Fe’" Fe’—O—Fe™
oxygen. The large amount of oxygen absorbed in the 4 \

B-state may also suggest the presence of cationic de-

fects (positive holes) within the SrFgQ, phase. It (© @)
might be unlikely that this phase could accommodate

interstitially in its lattice such large amounts of oXy- Scheme 1. Different kinds of coordinated oxygen species on the
gen. It could, therefore, be suggested that@hstate surface of SrFe@., perovskite-type material.

of oxygen must be ascribed to oxygen species initially

present at defect positions (oxygen vacancy/positive

hole) in the SrFe@ ., crystal lattice. cies corresponding to the oxygen sites shown in the
clusters of Scheme 1 are filled, before desorption takes
4.5. Oscillatory behavior during ©TPD place, is that of bulk diffusion.

Let us consider the fact that desorption of oxygen
Numerous reports have appeared in the litera- takes place (a) via recombination of two oxygen atoms
ture dealing with observed oscillatory behavior in from a large pool of one kind of surface lattice oxygen,
heterogeneous catalytic reaction systems and theirand (b) via recombination of an oxygen atom from the
interpretation based on different mechanisms and latter pool with an oxygen atom from a small pool of a
mathematical modeling. A recent review by Schiith second kind of surface lattice oxygen. These two kinds
et al. [58] gives an excellent overview of the phe- of surface oxygen pools are filled during TPD via bulk
nomenon. On the other hand, there is no report, to oxygen diffusion but with different rates. In particular,
our knowledge, on an oscillatory behavior during the rate of diffusion of bulk oxygen towards the small
temperature programmed desorption studies of a sin- pool of surface oxygen vacancies is significantly lower
gle adsorbed species from a catalytic surface. In the than the other one. A normal TPD response (no 0s-
present work, an oscillatory behavior during thermal cillations) would be that due only to desorption of O
desorption of @ has been observed from the surface from the large pool. However, based on what is men-
of Lag5Sr.2Cey3FeCs (Fig. 8b) and LgsSrpsFeGs tioned above, at a given temperature during this tran-
(Fig. 8d) solids but not from the surface of the other sient process, a higher oxygen desorption rate could
two mixed oxidic/perovskitic materials investigated. develop due to the contribution of the second kind of
Based on the accumulated knowledge on the possi-surface oxygen species. If the rate of depletion of this
ble mechanisms that can account for oscillations in small pool of oxygen species by desorption is higher
the rate of a heterogeneous catalytic reaction system,than that of filling by bulk diffusion, then suddenly the
the following discussion is offered that explains in a rate of @ desorption drops to a lower value. An os-
satisfactory manner the observed oscillations. cillatory behavior then develops with increasing tem-
It is known that in the structure of ABf), per- perature, the amplitude and the period of which will
ovskite, the oxygen atom is coordinated in different depend on the relative rates of bulk oxygen diffusion
ways as illustrated in Scheme 1 [31]. Based on this towards the two kinds of surface oxygen vacant sites
scheme, the binding energy of oxygen in each of the and the kinetics of @desorption from these sites. The
clusters shown is different. It is also known that for concept of having a buffer kinetic step in the series
the oxygen to desorb two adjacent such clusters mustof elementary steps of a reaction in order to produce
exist on the surface (bimolecular desorption kinetics). an oscillatory behavior has been extensively used by
The mechanism by which the surface oxygen vacan- many investigators [58]. At present, other mechanisms
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that could explain the observed TPD of @scillations surface of the present solids was found to largely
are not excluded. depend on their composition.
¢ Finally, an oscillatory behavior during TPD studies
is reported. The oscillatory behavior observed dur-
5. Conclusions ing O, TPD experiments on lgSi2Cey sFeGs
and La 5Sr 5Fe; solids was explained as follows.
The following conclusions can be derived from the The rate of oxygen desorption is controlled by both

results of the present work: the concentration of depleted lattice oxygen species
e The LasSr.CeFeQ; solids consist of various and a slow step of bulk lattice oxygen diffusion to-
kinds of crystal phases with LaFgOSrFeQ_,, wards a specific kind of a surface oxygen vacancy.

a-FeO3 and CeQ@ being the main ones. Mdss-
bauer studies (at 20 K) revealed that on the samples
containing the SrFe®, phase, a F& to Fet> References
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