APPLIED
CATALYSIS

a3iddv

A: GENERAL

Applied Catalysis A: General 177 (1999) 53-68

Structure and catalytic activity of La,_,FeO5 system (x=0.00, 0.05,
0.10, 0.15, 0.20, 0.25, 0.35) for the NO+CO reaction

V.C. Belessi?, PN. Trikalitis?, A.K. Ladavos?®, T.V. Bakas®, P.J. Pomonis®"

“Department of Chemistry, University of loannina, loannina 45332, Greece
®Department of Physics, University of loannina, Ioannina 45332, Greece

Received 10 November 1997; received in revised form 15 July 1998; accepted 20 July 1998

Abstract

Solids of the nominal formula La;_,FeO; where x=0.00, 0.05, 0.10, 0.15, 0.20, 0.25, 0.35, and containing only the
perovskite (small x) and the perovskite plus Fe,O5 crystal phases (large X) were examined in the catalytic reaction of
(NO+CO). The solids were prepared by heating at 7=1000°C under ~10~> Torr vacuum and showed appreciable catalytic
activity at temperatures from 280°C to 480°C when SV is ~300 h™'. XRD analysis and Rietveld refinement showed that for
x=0.00 and 0.05 only the perovskite phase is apparent. For x>0.10 an additional crystal phase of Fe,O5; appears which
increases with x up to a maximum of 4.1% at x=0.35. Moessbauer examination indicated that iron exists in the perovskite
structure at x=0.00 and 0.05 but for x>0.10 the extra-perovskite Fe>" increases proportional to the parameter x of the solids
La; ,FeOs; and reaches 43% at x=0.35. These results are explained assuming that in the catalyst particles with x>0.10 a
Fe,0O5 core of increasing size is covered by a LaFeO; shell. The sample LaFeO3; showed lower catalytic activity for the
NO-+CO reaction than the rest of La;_,FeOj solids. The Arrhenius plots showed two distinct regions of activity one at low
temperature with high apparent activation energies and another at high temperature with lower apparent activation barriers. At
low temperatures the low activity at x=0.00 is related to high apparent activation energies while for x>0.05 the opposite is
true. A detailed scrutinization of the apparent activation energies resulted in an estimation of the heats of adsorption of NO on
LaFeO; and La;_,FeOs. The reaction of NO+CO also resulted in small amounts of N,O which showed a maximum at
~320°C. The dependence of N,O production and elimination on the temperature made it possible to determine the activation
energies of its formation as well as the heat of desorption of nitrogen from the catalyst surface. The catalytic activity of the
solids is destroyed if they are heated under atmospheric conditions. © 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

The reaction between NO and CO has attracted the
interest of many research groups since both reactants
exist in effluent gases of both mobile and immobile
sources and their interconversion would solve a lot of
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environmental problems. For this reason the reaction
has been studied extensively on noble metals, mainly
in motor industry research facilities [1-11] as well as
on perovskite ceramic solids, mainly in university
laboratories [12—19]. We notice that perovskites show
generally poorer performance as compared to noble
metals. Nevertheless, there are cases where their
activity is comparable and a number of patents from

0926-860X/99/$ — see front matter © 1999 Elsevier Science B.V. All rights reserved.

PII: S0926-860X(98)00256-7



54 V.C. Belessi et al./Applied Catalysis A: General 177 (1999) 53-68

various industries cover the use of perovskites as
depolluting catalysts [20-22]. These ceramic materi-
als are often nick-named chemical chameleons
because their physicochemical properties alter drama-
tically by substitution or by introduction of heteroca-
tions of different valences into their structure. Thus
compounds of the general formula AJ" C2*'B3'.

1—x>x

Bi+03 or A?:{Cj*B? fxB§+ O3 exhibit mixed valences
and show interesting magnetic, electric, surface and
catalytic properties [19,23-28]. The reason for such a
behaviour is that the mixed valencies are not thermo-
dynamically well stabilized and therefore are easily
intertransformed from an initial to a final configura-
tion, and vice versa, with a small energy push. A
particular subject which has been little searched rele-
vant to perovskites ABOj is the influence of the lack of
stoichiometry on their surface and catalytic properties.
Voorhoeve and co-workers [29] investigated the influ-
ence of vacancies of metal A on the catalytic activity
of perovskites A;_, @ BOj; for the reduction of NO by
CO and H, and they found that the energy of the
metal-oxygen bond is important for the process. Also
in a recent work [30] the influence of the non-stoi-
chiometry was studied for the system Sr,TiO,,, but
the interest of the authors was focused on the surface
basicity rather than on its catalytic action. The purpose
of the present article is to study the shift from stoi-
chiometry of the perovskites La;_,FeO; (x=0.00,
0.05, 0.10, 0.15, 0.20, 0.25 and 0.35) on their catalytic
performance for the NO+CO reaction. A relevant
question is the mechanism of the reaction on such
systems and what kind of alternations is suffered on
the modified, non-stoichiometric solids.

Table 1

2. Experimental
2.1. Preparation of materials

The materials La;_,FeO5 with x=0.00, 0.05, 0.10,
0.15, 0.20, 0.25, 0.35 were prepared via the so-called
ceramic method as follows: Calculated amounts of
La,05 (Aldrich) and Fe,O5 (Ventron) were mixed for
2h in a planetary mill (Fritsch puluerisette 5) in a
71O, vessel. Then the mixture was pressed into pellets
under 6 ton pressure and heated at 7=1000°C under
vacuum (107> Torr) for 6h, followed by grinding,
pelletization and heating again under exactly the same
conditions at 1000°C for another 6 h and grinding
finally in an agate mortar. The obtained materials with
some of their properties are shown in Table 1.

2.2. Characterization of the solids

XRD analysis. The crystal structure of the prepared
materials was determined by XRD analysis using a
Siemens Diffract 500 system employing Cu K, radia-
tion (\=1.5418 A).

Surface area measurements. The specific surface
area of the solids was checked by N, porosimetry
(BET) at T=77 K using a single point Carlo Erba
Sorpty 1750 and a multi-point Fisons Sorpty 1900
System.

Moessbauer studies. 3’ Fe Moessbauer spectra were
obtained for all samples at 300 and 20 K, using a
closed loop refrigerator system. A constant accelera-
tion spectrometer was used to move a >’ Co(Rh) source
kept at 300 K. The spectrometer was calibrated with

Prepared solids, heating conditions, detected crystal phases (XRD/Rietveld and Moessbauer) and the found apparent activation energies for the

NO and CO conversion at low and high temperatures

Solids T (°C)/time (h) Crystal phases (%) E, (kJ/mol)

Rietveld Moessbauer NO CO N,O

LaFeO;  Fe,05 LaFeO;  Fe,04 Low T HighT Low T HighT Low T High T
LaFeO; 1000/6+-6 100 - 100 - 59.3 8.2 109.0 19.6 29.2 —10.3
LagosFeOs;  1000/6+6 100 - 100 - 40.6 13.3 472 13.0 - —3.84
LagoFeO3;  1000/6+6 98.8 1.2 91 9 38.2 14.2 48.8 14.5 - —36.7
Lag gsFeOs;  1000/6+6 97.7 2.3 81 19 48.5 15.7 55 18.2 2.3 —-27.1
LaggFeOs;  1000/6+6 97.4 2.5 76 24 48.5 14.3 62.1 15.3 4.5 -53.9
Lay75FeOs;  1000/6+6 96.7 33 69 31 36.9 11.8 48.7 13.9 14.1 -31.9
Lag ¢sFeO3  1000/6+6 95.9 4.1 57 43 40.5 13.9 51.0 18.1 1.8 —46.4
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o.-Fe and isomer shift values are given relative to this.
The experimental data were fitted by a least squares
computer minimization using a sum of spectral com-
ponents characterizing different iron phases [31].

2.3. Catalytic activity

The catalytic activity tests of solids La;_,FeO; for
the NO+-CO reaction was carried out in a bench scale
tubular plug flow reactor (PFR) under atmospheric
pressure. Briefly a mixture of reactants in the ratio
NO:CO:He=2:2:96 at a total flow of 90 ml/min was
passed through the catalyst bed containing 250 mg of
the catalyst. Under those conditions the space velocity
was calculated to be around 280 ml/ml h. The system
was heated externally via a tubular furnace, regulated
by a SUR BERLIN controller, via a thermocouple in
touch with the catalyst bed, within £2°C. Analysis of
the reactants and products was carried out chromato-
graphically using a Carlo Erba chromatograph
equipped with a TCD with He as carrier gas and
connected to a PC for data acquisition. A 10-port
valve controlled via the PC, enables sampling of
1 cm® of reactants and products for analysis using a
two-column system, Porapac Q and Molecular Sieve
13X, similar to that described in [16]. The catalysts
were tested in the temperature region of 300-500°C
and from the data obtained the degrees of conversion
and reaction rates were calculated.

3. Results
3.1. Surface area

The specific surface area of the ceramic solids was
found to be less than 2-3 m?%/g. So practically it was
not taken into account in the calculation of the reaction
rates.

3.2. The crystal composition of the La;_,FeO3 solids
using Rietveld analysis of the XRD data

The X-ray diffractograms obtained from the solids
La;_,FeO; are shown in Fig. 1 and include only the
crystal phases of LaFeO; and Fe,Os.

Using as starting models these two crystal phases, a
Rietveld refinement of the obtained XRD data was

made according to the methodology developed in
[32-35] and using a relevant computer program for
quantitative phase analysis of multicomponent mix-
tures [36]. The data used for the refinement of each
phase were taken from a standard reference handbook
[37]. The refinement parameters accordingly for all
the above phases include scale factors, background
coefficients, peak width, profile parameters, occu-
pancy factors and cell dimensions and were treated
as described in [36]. The results of the simulations
obtained between the experimental and the Rietveld
procedure are shown in Fig. 2.

We observe that the simulations are quite satisfac-
tory as seen by the small values of AY deviations
shown in each case. The determined percentages of
the two crystal phases, LaFeO3 and Fe,O;, contribut-
ing to the simulated XRD spectra are included in
Table 1. We observe that the amount of Fe,O5; remains
low between 1% and 4% and does not exceed the
4.1% value even at the solid Lag¢sFeO;. We draw
attention to the fact that the crystal composition of
the solids determined by this method is referred
only to the depth where the X-rays can penetrate
the ground solid and cannot provide information for
the bulk of it.

3.3. The Moessbauer studies

The Moessbauer spectra of all samples taken at
room temperature have the same spectrum profile. The
spectra consist of one six line pattern with hyperfine
parameters of LaFeO; [32]. No sign of a second
magnetic or paramagnetic component is detectable
as is clearly visible in Fig. 3.

The spectra at 20 K of the samples with x>0.1
consist of two magnetically splitted components
one for the LaFeO; and one for the Fe,Os;, typical
results are shown in Fig. 4. The hyperfine parameters
deduced after computer analysis for all spectra at 20 K
are shown in Table 2. From the parameters of the
spectra at 20 K it is obvious that there is an almost one-
to-one correspondence between the departure from the
stoichiometry of the solids La, _,FeOs, as determined
by the x values, and the % Fe,O3-phase evaluated from
the computer analysis (see also Table 1). There was no
difference in the Moessbauer parameters at room
temperature or at 20 K for the samples after their
use for the interconversion between NO and CO. This
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means that there is no change in the environment of Fe
after this reaction detectable by Moessbauer spectro-

scopy.

3.4. Catalytic activity

The solids La;_,FeO3 were active for the intercon-
version of NO and CO between ~280°C and 480°C.
The temperature profiles for the % conversion of both
reactants are shown in Fig. 4. The products of the
reaction were N,, CO, and N,O. From Fig. 4 we
observe that at low temperatures the conversion of

20

Fig. 1. XRD analysis of the solids La;_,FeO3: (W) Perovskite; (O) Fe,0s.

NO is higher as compared to CO while as the tem-
perature increases the two reactants tend to react in
equal degrees of conversion. For comparison the data
on a pure sample of Fe,O3 prepared under similar
conditions are also included.

The excess of the NO conversion as compared to
that of CO at low temperatures is related to the
production of N,O, also shown in Fig. 4 with dashed
line in arbitrary units. The production of N,O shows a
maximum which varies depending on the sample and
as the temperature increases its production decreases.
In Fig. 5 the production of N,O is related to the
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Fig. 2. Results from the Rietveld analysis for the La,_,FeOj3 solids.
difference between the NO and CO conversion and it In the same figure the reaction rate for the NO and
is also shown as a function of the parameter x of the CO conversion (mol/g s) is shown vs. the nominal

La,_,FeO; solids. parameter x of the La, _,FeOj5 solids. In Fig. 6 the ratio
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of the degrees of conversion Xno/Xco as well as the
variation of the ratio of the products CO,/N,+N,O are
shown as a function of temperature.

Finally, in Fig. 7 the Arrhenius lines for the NO
conversion have been drawn from plots of In R vs.
1000/T. We observe that there are two distinct and
clearly differentiated regions of the slope: One at low
and the other at high temperatures. From those slopes
the corresponding apparent activation energies have
been calculated and cited in Table 1, separately for the
low temperature (LT) and the high temperature (HT)
regions. Exactly similar plots done for CO conversion
led to the calculation of the corresponding apparent
activation energies at LT and HT. The corresponding
values are also given in Table 1.

4. Discussion
4.1. Activity patterns of the solids

The reaction between NO and CO on various per-
ovskite solids has been shown that proceeds via two
distinct routes which are differentiated according to
temperature [16-20,24,38-42]

Route 1:  2NO 4+ 2CO — N, 4+ 2CO, (1)

This route usually takes place at high reaction
temperatures and the ratio of the degrees of con-

12 version of reactants NO and CO equals unity (Xno/
Velocity (mm/s) Xco=1), while the ratio of the products equals 2
(moles COj/moles N,O or moles CO,/moles
Fig. 3. Typical Moessbauer spectra of the indicated solids. [N,O+N5]=2).
Table 2
Moessbauer hyperfine parameters at 20 K
Sample x 8 (mm/s) AEq® (mm/s) H® (T) Area® (%) Sge* (mm/s) AEqQ* (mm/s)  H° (T) Area® (%)
0.00 0.49 —0.06 56.7 100
0.05 0.49 —0.06 56.7 100
0.10 0.49 —0.06 56.7 91 0.44 0.09 53.2 9
0.15 0.48 —0.06 56.6 81 0.51 0.15 54.3 19
0.20 0.49 —0.06 56.6 76 0.54 0.20 54.6 24
0.25 0.49 —0.06 56.7 69 0.55 0.19 54.3 31
0.35 0.49 —0.06 56.7 57 0.52 0.19 54.1 43

“Relative error £0.02.
PRelative error +0.2.
“Relative error 42.
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Fig. 4. Temperature profiles for NO (@) and CO (Q) conversion and arbitrary units of N,O production (dashed lines) on the La;_FeO;
solids. The temperature profiles for NO and CO conversion on Fe,03 are also included for comparison.

Route 2: 2NO + CO — N,0 + CO, of reactants NO and CO equals 2 (Xno/Xco=2), while

— N, +10, + €O, ) the ratio of products equals unity (moles CO,/moles
N,O or moles CO,/moles [N;O+N,]=1).

This route usually takes place at a low reaction Therefore plots of Xno/Xco Vs. temperature as well

temperature and the ratio of the degrees of conversion as moles CO,/moles N,O+N, vs. temperature provide
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Fig. 5. (a) The relationship between the production of N,O (arbitrary units) and the difference in the % conversion of NO and CO, (b) the
production of N,O as a function of x at temperatures 340°C (A\), 380°C (QO), 420°C (A) and the variation of the rate of NO reduction (c) and
CO oxidation (d) vs. x at 340°C (A\), 380°C (O), 420°C (A) and 460°C (@).

an easy way to probe the gradual transition from route
2 to route 1. This is done in Fig. 6, from which this
route transition can be clearly traced. These alterna-
tions in the reaction stoichiometry are the result of
alternation of the reaction mechanism [38] and can be
further probed by calculating the apparent activation
energies of the reaction which appear to be differen-

tiated in the LT and HT region. This is done in Fig. 8
and the values of E,,, no and E,pp. co found at LT and
HT together with their differences are shown in Fig. 8
as a function of the parameter x of the solids
La 1,XFCO3.

From this figure as well as from Fig. 5 which show
the reaction rate vs. x, we observe that there are two
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Fig. 7. Arrhenius plots for the NO conversion.

reaction domains: One for the sample LaFeO5; (x=0)
which show low activity (Fig. 5) and relative high £,
(Fig. 8(a)) and another for the rest of the samples
La,_,FeO; (x=0.05-0.35) in which the activity is
much increased (see Fig. 5) while the apparent activa-

tion energies are much lower for both NO and CO
conversion (see Fig. 8(a)). We emphasize that the
lower E,p, observed at high temperatures, as com-
pared to that in low ones, cannot be due to either
external or internal diffusion limitations since in the
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first case the change of the slope in the Arrhenius plots
would be gradual and not sharp as in Fig. 7, while the
second case necessitates extensive porosity which is
totally lacking in our ceramic solids as concluded by
their low ssa (<3 m*/g). Therefore the only reason
which can explain this drastic change of E,p, is an
alternation of reaction mechanism. These results lead
to the following phenomenological explanation for the
activity pattern of the La; _ FeOj: Solid LaFeO3 hav-
ing a stoichiometric perovskite structure, as shown by
the XRD/Rietveld analysis as well by the Moessbauer
results, shows low activity a fact due to high activation
energy of the reaction. But as soon as we depart from
stoichiometry (x=0.05) the catalytic activity, as mea-
sured by the reaction rate, is nearly doubled and it does
not alter significantly as the departure from stoichio-
metry increases to Lag ¢sFeO;. This increased activity
is accompanied by, or rather resulted from, low appar-
ent activation energies. The almost steady reaction

rates and activation energies in the whole region
0.05<x<0.35 is due to the fact that the excess of iron
in the solid particles does not remain on their surface
in Fe,O; form, as exemplified by the lack of any
relevant signals in the XRD data (see Table 1). On
the contrary, the excess of iron exists in the form of
Fe,Oj in the inner part of the solid particles as shown
by the Moessbauer spectroscopy (Table 1). So the
most active phase appears to be the one with a slight
lack of stoichiometry Lag9sFeO3; which seems to be
the outer shell part of the solid particles. It is not clear
what would happen if a non-stoichiometric solid, let us
say Lag ooFeOs, with real lack of stoichiometry 10%
was possible to be prepared. In the present case such a
solid was not possible to be prepared and it is not clear
if this can be done. Nevertheless, the present results
hint perhaps to a rule for similar perovskites ABO;: A
lack of stoichiometry of ~5% in the A cation leads to a
very substantial increase of the overall activity. It is
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worth noticing that the tested solids lose their activity
to a very substantial degree when they are heated for
2-3 h under atmospheric conditions. So it seems that a
critical parameter for the increased activity is the
preparation under decreased pressure.

4.2. Variation of apparent activation energies

As noticed above the alternation from route 2 to
route 1, as the temperature of the reaction increases,
can only be attributed to an alternation of the reaction
mechanism, resulting from the differentiation of the
relative enthalpies of adsorption of NO, CO and O on
the catalyst surface [38] which influences the apparent
activation energies of the reaction. These alternations
of the apparent activation energies are clear in Figs. 7
and 8 and Table 1. There are three critical points to
draw attention relative to these results:

1. The apparent activation energies appear system-
atically lower at HT as compared to LT, for both
the NO and CO conversion.

2. The apparent activation energies for the CO con-
version are systematically higher as compared to
that of NO (Fig. 8). This is more apparent at LT
where the difference reaches ~10 kJ/mol and less
so at HT where E,,, co~Eapp. NO-

Table 3

3. The change of the slope in the Arrhenius plots
(Fig. 7) corresponding to the change of the appar-
ent activation energies and signalling a transition of
the reaction mechanism is well defined in a short
range of temperature.

All the above 1-3 points are not to be taken for
granted for all perovskitic materials: Thus for the
system La,_  Sr,NiO4_s [38] point 1 is valid only
for samples with excess of oxygen (6>0) while for
solids with 6<0 the apparent activation energies at HT
were higher as compared to those at LT. Point 2 is valid
for the system La, ,Sr,NiO4 s studied in [38] and
finally, point 3 is valid only for 6>0, while for 6<0 the
alternation of the Arrhenius slopes does not happen at
a well-defined temperature domain but they change
rather gradually and a saddle point appears in the
Arrhenius plots [38]. The main reason for the differ-
entiation of the behaviour of the La,_,Sr,Nii™ Ni*"
O4_s and the present system Lal,xFe3+O3 must be
the continuous variation of the valence of nickel
brought about by the substitution of La*" by the
Sr** cation, details can be found in [16-18,38]. Back
to our discussion, with reference to the variation
of apparent activation energies (Fig. 8), the picture
emerging is summarized in Table 3 for NO and
Table 4 for CO.

Mechanisms, kinetics and activation parameters for the NO conversion on the La,_,FeO; solid catalysts

Degree of departure from
stoichiometry x in La, _,FeO;

Reaction: NO,gs—Naqs+0.qs; general reaction rate relationship
Rno = knoOno = (knoKnoPro/1 + KnoPro + KoPo)

Conclusions

Low T

High T

LaFeO3, x=0 KnoPno large, KoPo small
KnoPrno>1+KoPo
R=kno

Epp=FErue~60 kJ/mol

La,_,FeOs, 0.35>x>0
(Lag 9sFeO3, x =0.05)

KnoPro large, KoPo small

KnoPno>1+KoPo
R=kno
Epp=Erue~40 kJ/mol

Observations Difference 6 E\. on LaFeOs
and La,;_,FeO; equals
~60—40~20 kJ/mol

Elrue(LaFeO3)>Etrue(La 1 —xFeOfi)

KnoPno small, KoPo small
KNOPNO+K0P0<<1
R=knoKnoPno
Eapp=Erue—no~10 kl/mol
Ano~60—10~50 kJ/mol

Ano on LaFeO3~50 kJ/mol

KnoPno small, KoPgo small Ano on La;_ FeO3/25 kJ/mol
KnoPrnot+KoPok1

R=knoKnoPno

Eapp:Etruef)\N()zls kJ/mol

Ano=40—15~25 kJ/mol

Difference 6 A\no on

La,_,FeOs and La,_,FeO;
equals 50—25~25 kJ/mol

)‘NO (LaFCO3)>/\N0(L3.| ,XFCO:;)
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Table 4

Mechanism, kinetics and activation parameters for the CO oxidation on the La,;_,FeO; catalysts

Degree of departure from
stoichiometry x in La; ,FeO;

Reaction: CO,45+0,45—COs,45, general reaction rate relationship
Rco = kcoOcoOo = (kcoKcoPcoKoPo/(1 + KoPo + KxoPxo)”)

Conclusions

Low T

High T

LaFeO3, x=0 KnoPno large, KoPo small
KnoPno>1+KoPo

R = (kcoKcoPcoKoPo)/
(KnoPo)’,
Eapp:Elrue_)\CO_)\O
+2ANno~110 kJ/mol

La, 7V¥FCO3, 0.35>x>0
(Lag.osFe03, x=0.05)

KnoPro large, KoPo small

KnoPno>1+KoPo
R = (kcoKcoPcoKoPo)/
(KnoPxo)”
Eapp:Elrue_ACO_)\O"'_Z)\NO
~40 kJ/mol
Observations Difference 6 E,p, on LaFeO3
and La,_,FeO; equals~110—40
~=70 kJ/mol
Eqpp(LaFe03)>E,,p(La; _FeO3)

KnoPno small, KoPg small
KnoPnot+KoPo<k1
R=kcoKcoPcoKoPo

Ano on LaFeO3/45 kJ/mol

Eapp:Etrue_)\CO_)\O
~20 kJ/mol
KnoPno small, KoPg small Ano on La;_ FeO3=25 kJ/mol

KnoPnot+KoPok 1
R=kcoKcoPcoKoPo

Eapp:Etrue - )\CO_ >‘O
~15 kJ/mol

Difference 6Ano on LaFeO3

and La,;_,FeO; equals 4525
~20 kJ/mol

Avo (LaFeO3)>Ano (La;_,FeOs)

4.3. Mechanism for the NO conversion

Let us discuss first Table 3 which contains all the
mechanistic aspects of NO conversion, including
kinetics and the activation parameter found experi-
mentally. Briefly the data existing in this table can be
described as follows: The slow and rate determining
step for the NO conversion is the dissociation of NO,q;
to O,gs and Ny [1,3,9,29,43-45]

Noads - Nads + Oads (3)

The corresponding Langmuir reaction rate describing
the step is

knoKnoPro
1 + KnoPno + KoPo'

Rno = knoOno = “4)
where the symbols have their usual meaning. The
samples La;_,FeO; are differentiated into two
classes according to the activation parameters
determined on them (see Fig. 8): Only the sample
LaFeO; (x=0) belongs to the first class (I), while
to the second class (II) belong all the samples
La,_,FeO; (0.35>x>0.0) whose behaviour was
somehow similar.

Each class is differentiated by its behaviour at LT
and HT.

(i) Class I — LaFeOj3 at LT. In this case KnoPno 1S
large but KoPo is small and Rno=kno. Therefore
E,pp(NO, LT)~E;«(NO, LT)~60 kJ/mol.

(ll) Class II — La,,xFeO‘g at LT. Again KNOPNO is
large and KoPo is small, Ryo=kno and E,p,(NO,
LT)~40 kJ/mol.

(iii)Class I — LaFeOj; at HT. Here KnoPno and KoPo
are small and Ryo=knoKnoPno. Therefore E,,,(NO,
HT)=FE,.(NO, HT)— Ano~10 kJ/mol. Accepting that
on the LaFeO; solid E,.(NO, HT)=E,.(NO, LT)
~60 kJ/mol (see (i)), then Ano(LaFeO3)~50 kJ/mol.

@iv) Class Il — La; _ FeOs at HT. Again KnoPno and
KoPo are small, Ryo=knoKnoPno and E,p(NO,
HT)=E,c(NO, HT)—Ano~15 kJ/mol. Accepting that
on La;_,FeOj; solids E;,,o(NO, HT)=FE,.(NO, LT)~
40 kJ/mol (see (ii)), then Ayo(La;_,FeO3)=25 kJ/mol.

The conclusions from points (i)—(iv) are as follows:

Points (i) and (ii). The difference between the true
activation energies on the solids LaFeO; and La;_,
FeO; equals around 20 kJ/mol. The lower values of
E' e On the second set of solids La;_,FeOj5 results in
their increased activity.
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Points (iii) and (iv). The difference between the
heats of adsorption of NO on the solid LaFeO5; and
La;_,FeO; equals around 25 kJ/mol. The LaFeO;
solid seems to adsorb stronger than the NO. It is worth-
while to mention here that the true activation energy
in the LaFeOs5 appears higher by an amount of ~25 kJ/
mol as compared to La; ,FeO; solid, which almost
matches the higher value of Ayo (~20 kJ/mol) estimated
forthe LaFeO; sampleascomparedtoLa; _FeO3solids.

4.4. Mechanism of CO reaction

Let us now discuss the data for the CO reaction
towards CO, included in Table 4. This table contains
again possible kinetics and activation parameters
found experimentally. The slow and rate determining
step is the reaction between the CO,qs and O,q
towards CO, [1,3,9,29,43-45]

COugs + Oags — CO2uq5 @)

which is subsequently desorbed. The reaction rate is
given by the equation

Rco = kcoOcoBo
kcoKcoPcoKoPo
(1+KoPo+KcoPco+Kco,Pco, +KnoPro)’
(6)
Then considering that CO and CO, are more weakly

adsorbed on the surface as compared to oxygen and
NO we arrive at the simplified relation
kcoKcoPcoKoPo

Rco = . @)
(1 + KoPo + KNOPNO)2

We shall differentiate now the discussion for the low
temperature (LT) and high temperature (HT) region as
well as for the LaFeO5; and La;_,FeO; solids which
showed differentiated behaviour (see Table 1 and
Fig. 5). We draw also attention to the fact that the
assumptions made next are exactly the same as those
made for the NO conversion (see Table 3).

(i) Class I — LaFeOj3 at LT. In this case KnoPno 18
large but KoPqo is small and Rco=kcoKcoPcoKo/
(KnoPno)’.  Therefore  E,p,(CO, LT)=E,,(CO,
LT)—ACO—AO—Fz)\No% 110 kJ/mol.

(i1) Class Il — La;_,FeOj; at LT. The same as above
and Eapp(CO, LT)%Etrue(CO, LT)—Aco—Ao—FZ)\NO
~40 kJ/mol.

(iii) Class I — LaFeOj3; at HT. Here KnoPno and
KOPO are both small and RCO:kCOKCOPCOKOPO-
Therefore, E.pp(CO, HT)=E,.(CO, HT)=Aco—Xo
~20 kJ/mol. Accepting that on the LaFeO; solid
Etrue(CO, LT)_)\CO_AO%Etrue(CO9 HT)_)‘CO_)\O’
in other words, that the heats of adsorption J; as well
as the true activation energies are similar at LT and HT,
then Ayo(LaFeO3)~45 kJ/mol. This result is in very
good agreement with the corresponding values of
Ano~50 kJ/mol calculated in Table 3 from the NO
data.

(iv) Class Il — La; _FeOjz at HT. The same as in (iii)
above and E,,,(CO, HT)=E.(CO, HT)—Aco—Xo
~15 kJ/mol. Accepting again that the Ey,. and )\;
values are similar on the La,_,FeO5 solids, then
Anvo(Laj_FeO3)=15 kJ/mol. The corresponding
value from the data of NO was found to be around
~25 kJ/mol. The conclusions from points (i)—(iv) are
as follows:

Points (i) and (ii). The difference between the
apparent activation energies on LaFeO; and
La;_,FeO; solids is around 70 kJ/mol. The higher
apparent activation barrier in the LaFeOs solid results
in decreased activity.

Points (iii) and (iv). The difference between the
heats of adsorption on the LaFeOs; and La;_,FeO;
solids equal around 20 kJ/mol. This result is in good
agreement indeed with the conclusions made in
Tables 3 and 4. It is precisely such internal agreements
of the data which make us believe that the proposed
model reflects indeed the reality.

4.5. Production and elimination of N,O

During the reaction course some N,O is produced
especially at low temperatures. The amount of N,O
produced vs. temperature is shown in Fig. 4 as a func-
tion of difference Xno—Xco as well as in Fig. 5 as a
function of the parameter x of the La,_,FeOs5 solids.
We observe in Fig. 4 that the variation of N,O with
temperature reaches a maximum which depends on
the catalysts. This production of N,O is well known
and proceeds via the following reactions:

Nog - Noads (8)
NOqgs — Nags + Oqgs &)
Nags + NOggs — N2Oygs (10)
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Fig. 9. Arrhenius plots for the N,O conversion.

NoOygs — N2Og (11)

The critical step is the NO,q scission (reaction (9))
producing enough N, 4 to fuel step (10). The depletion
of N,O can be either due to its decomposition towards

N, and O, or to depletion of N,q4 from the surface:

NZOads - NZg + Oads

2Nags — N2g

12)
13)
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Now the decomposition of N,O itself takes place
at higher temperatures as compared to NO+CO
conversion as can be seen by a comparison of the
data in [16] and [43]. Therefore we consider that
the nitrogen desorption (reaction (13)) is actually
the reason for the drop of N,O production as tem-
perature increases. In order to estimate the energetic
parameters of the N,O formation and elimination
we have plotted in Fig. 9 plots of the form log-
(NZOarbitr.units) vs. 1000/T.

The calculated values of activation parameters
are noticed in Table 1. Of them the values found
at low temperatures are of kinetic origin while the
values at high temperatures are of thermodynamic
origin. To be more precise, considering that reac-
tion (9) is the controlling step for the N,O formation
then

RN,0 = RNOy, sin = KNOi, = kKNoPo (14)
and therefore
EappA N,O formation — Etre — /\N07 (15)

where A\no is the heat of adsorption of NO. The values
of E,pp.N,0 tend to zero for x>0 in La, _,FeOs, except
when x=0.25. Therefore in these cases E\.,.~Ano. For
the sample LaFeOs3, E,,, =29.2 kJ/mol which means
that NO is more weakly adsorbed in its surface by
almost 25-30 kJ/mol, on the average, as compared
to the La; ,FeOs; (x>0) solids. This is in good
agreement with the difference of Ayo values for the
two group of samples calculated in Tables 3 and 4.
The drop in the N,O production as temperature
increases (see Fig. 4) is due, according to the above,
to the depletion of surface from N,4s according to
reaction (10). Therefore the negative ‘“‘activation”
energies found (see Table 1) are referred to the heats
of desorption of N, from the perovskite surface
which is around 38+10 kJ/mol on La;_,FeO; (x>0)
solids but only ~10kJ/mol for LaFeOs;. In other
words the N,q4 is rather weakly adsorbed (~10 kJ/
mol) on the LaFeO; but more strongly adsorbed on
the La;_,FeO; (x=0.05-0.35) solids. We remind
that the heat of adsorption of nitrogen on doubly
promoted reduced iron has been found to be between
10 (#—1) and 45 kJ/mol (6—0) depending on the
surface coverage [46] so that the values found here
are in the correct order of magnitude for similar
systems.

5. Conclusions

The solids of the general formula La;_,FeOj;
(LaFeO5 at x<0.05, LaFeO3+Fe,03 at x>0.05) are
more active catalysts for the NO-+CO reaction at x>0
than LaFeOs. The solid particles for 0.35>x>0.00
seem to possess an outer shell composition around
Lag 9sFeO5 while the excess of iron oxide forms a core
in the inside of the particles. The conversion of NO via
decomposition to nitrogen and oxygen as well as the
oxidation of CO by the oxygen produced via the
scission of NO are differentiated at the low and high
temperature regions, exhibiting distinctively lower
apparent activation energies (E,pp) at high tempera-
tures but higher E,, at low temperatures. This differ-
entiation is controlled by the kinetics of the hetero-
geneous reaction which is in turn controlled by the
relative heats of adsorption of NO and the oxygen on
the surface. The heats of adsorption of NO on the
LaFeO5 and La;_,FeO; solids have been calculated.
The deviation from stoichiometry up to x=0.05, as
well as the heating of the solids during preparation
under vacuum, favours the catalytic action. On the
contrary, the stoichiometric solid LaFeQs is less active,
while heating of the catalysts under atmospheric
conditions diminishes their activity appreciably.
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