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Abstract

XRD, SIMS, BET, MDPD, TPR, and HREM were used to study the effect of time of mechanical
treatment (MT) of the mixture of simple La,O;, CaO and Fe,O4 oxides and the temperature of subsequent
calcination on the phase composition, real structure and catalytic properties of substituted La; _ ,Ca FeO;_ (5,
(0 £ x £ 1) perovskites in CO catalytic oxidation. The phase composition and microstructure of MT samples
differ significantly from those of ceramic samples: no Grenier phase La,3;Ca4,FeO,4; were and microhetero-
geneous solid composite Laj;Caj;FeO, 5 found in ceramic samples; independently of the time of treatment
and Ca content, the MT samples are composed of the perovskite and brownmillerite phases. The microstruc-
ture of MT samples (T, < 1100 °C) is distinguished by disordered stacking of microblocks of those phases.
An increase in the calcination temperature and MT time does not lead to an increase of the amount of ternary
oxides and calcium content in solid solution. The microstructure of samples obtained by ceramic synthesis is
suggested to arise due to decomposition of the high-temperature (1100 °C) homogeneous solid solution during
its cooling. By contrast, MT does not result in formation of such solution due to short time of thermal
annealing. Specific catalytic activity of samples in the reaction of CO catalytic oxidation was found to corre-
late with the density of extended defects (interphase and intergrain boundaries) and the amount of reactive
oxygen easily removed by H,-TPR at middle (350—400 °C) temperatures.

INTRODUCTION less, and high-surface-area samples are ob-
tained. However, this method has not yet been
applied for the La; _ ,Ca FeO; _ 5. system.

The data on the structure and phase compo-

In a number of catalytic high-temperature
processes of deep oxidation (methane combus-

tion, ammonia oxidation to NO,, toxic wastes
incineration) perovskites can be a viable op-
tion to the noble metals because they are in
expensive and more stable under reaction con-
ditions [1—3]. For the above reactions, perovskite
system La; - ,Ca FeO; _ (5, [4] is one of the
most active.

The routine perovskite synthesis as precipi-
tation and ceramic methods suffer from a
number of disadvantages: large amounts of
waste water in the former case and high pro-
cess temperature (>1000 °C) and a long period
of sintering in the latter case. The method of
mechanochemical treatment was shown to be
very promising for synthesis of perovskites [5],
because it is less power-consumping and waste-

sition of these perovskites obtained by the ce-
ramic method are contradictory [6—12]. Thus,
according to [6, 7], a homogeneous perovskite
solid solution forms up to calcium concentration
of about 0.5. To the contrary, homologous series
of vacancy-ordered phases of A, B,O;, _; com-
positions (A = La, Ca; B = Fe) were suggested to
exist between a perovskite phase (n = ¥) and a
brownmillerite phase (n = 2); while for composi-
tion with n = 3 a new phase La3;Cag,;FeOyq,
was revealed [8]. According to [8-12], the samp-
les of La; _ ,Ca,FeO; _ 5, series have a comp-
lex morphological structure, which strongly de-
pends upon conditions of their preparation.
According to our data [13], the ceramic se-
ries samples are comprised of three phases: pe-
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rovskite LaFeO;, Grenier phase La3;Ca ¢;F€Oy 47
and brownmillerite Cay,Fe;,O5. A complex mor-
phological structure of ceramic samples was
established: the particles are formed by cohe-
rent intergrowth of perovskite and Grenier
phases at 0.17 < x < 0.67 and by Grenier and
brownmillerite phases at 0.67 < x < 1.0. For
sample with x = 0.5, the thickness of each
phase layers is about 40 A, which permits its
assignment to microheterogeneous solid solu-
tions [15]. This sample exhibits the highest cata-
lytic activity in CO oxidation process.

Since the MT permits to prepare perovskites
at lower temperatures and shorter calcination
times as compared with the ceramic method,
it was expected that oxygen vacancy ordering
could be hindered under such conditions.
Therefore, the region of homogeneous solid
solutions formation would probably be extended
in comparison with ceramic method and even
provide a continuous range of solid solutions
in the structure of calcium-substituted lantha-
num ferrite.

This work aims at study of the possibility
of synthesis of homogeneous solid solutions in
the La; _ ,Ca,FeO; _ (5, system by using MT
method, at analysis of their real structure,
and estimation of their catalytic activity in
the CO oxidation.

EXPERIMENTAL

Samples of La; - ,Ca,FeO; _ (5, (x = 0,
0.2, 0.4, 0.6, 0.8, and 1) were synthesized by
calcinaton at 700, 900 or 1100 °C for 4 h of
preliminary activated mixture of reagents
taken in required ratios. The mechanical
treatment was performed in an APF-5 high-
power planetary mill, with acceleration ~40
g. The time of treatment varied from 3 to
10 min, the ratio between masses of the ac-
tivated powder and milling balls was 1:10.
As an initial reagent, La,O; (obtained from
La(NOs), by calcination at 500 °C for 4—5 h),
Fe,O5 and CaO (“kh. ch.”) were used. The ce-
ramic synthesis method was described else-
where [13].

An URD-63 diffractometer (Germany) with
CuK, radiation was used to perform XRD. The

patterns were recorded at 1 °/min; the angle
range was 20 = 5—70°. To refine the phase com-
position (amounts of admixed phases, weak
superstructural reflexes), the patterns were
scanned with a scanning step of 0.02° over the
scanning range 2q, the time of accumulation
was 30 s in each point.

The phase and stoichiometric compositions
of phases were determined by differential
phase dissolving (MDPD) which relies on the
separation of regions of different phase dis-
solutions at varying such parameters as
temperature (in the range of 20—90 °C) and
acidity of the solution (1-10 M HCI) [14]. The
solution composition was analyzed by atom-
ic-emission spectroscopy with inductively
coupled plasma. The photometry was per-
formed using a BAIRD spectrometer (the
Netherlands). The relative experiment error
was less than 20 %.

TEM images of samples particles were ob-
tained using a JEM-100X high resolution elect-
ron microscope (the resolution 3 A).

TPR studies were performed in a flow set-
up equipped with a thermal conductivity de-
tector, the sample fraction varied from 0.25 to
0.5 mm. Before reduction, the samples were
pretreated in a flow of oxygen at 500 °C for
0.5 h, then cooled to room temperature in oxy-
gen. The sample mass was 50 mg, the reducing
mixture (10 % H, in Ar) was fed at 40 cm?®/min.
The samples were heated at a rate of 10 °/min
to 900 °C. The error of the mixture compo-
nents determination was below 20 %.

BET surface area was determined by the
thermal desorption of argon at 300 °C. The
catalytic activity of samples (catalyst fractions
0.5—1 and 1-2 mm) was determined in the re-
action of CO oxidation at 400, 450, and 500 °C
using a flow reactor with GC analysis of com-
ponents. The sample mass was 1 g, the rate of
circulation was 1200 1/h, the mixture feed rate
(1 % CO +1 9% O, in He) was 10 1/h. The
reaction rate extrapolated to zero conversion
was calculated by using the relation (in mole-
cules CO /m?s): w = [x/(1 — )](7.47 10" /Spgr),
where x is the degree of CO conversion. The
error of chromatographic determination of
components concentration in the gas mixture
was below 20 %.



MECHANOCEMICAL SYNTHESIS OF PEROVSKITE DEEP OXIDATION CATALYSTS La, _ ,Ca,FeO; _g s, 29

RESULTS AND DISCUSSION

Phase composition
of La, _ ,Ca,FeO;_, 5, samples

The calcination temperature was found to
be one of the main factors determining the
phase composition and microstructure of sam-
ples. Here the effect of calcination tempera-
ture will be considered for the samples pre-
pared by mechanical treatment of the initial
oxides for 3 min.

X-ray patterns of end samples (x = 0 and
x = 1) calcined at 700 °C exhibit broadened
reflexes of perovskite (x = 0) and brownmille-
rite (x = 1) phases and a lot of peaks corre-
sponding to initial oxides (Table 1). The inter-
mediate samples contain two complex oxide
phases LaFeO; and CaFeO; _ , along with the
initial oxide. The shape of MDPD patterns sug-
gests that the product particles are likely to be
composed of La—Fe—0O and Ca—Fe—O conglom-
erate particles. Moreover, the surface of par-
ticles is enriched by the Ca—Fe—O oxide phase.
In this surface layer the concentration of cal-
cium decreases with depth. The formation of
only two-component perovskites and the ab-
sence of ternary mixed oxides for those sam-

TABLE 1

ples annealed at 700 °C can be explained by
too low temperature of calcination.
According to MDPD and XRD data (includ-
ing the small angles scanning), the samples of
the end compositions (x = 0 and x = 1) cal-
cined at 900 °C are nearly single-phase sys-
tems consisting of perovskite and brownmill-
erite, respectively, with the amount of prod-
uct around 93—-96 9% (Table 2), which is simi-
lar to the results of ceramic synthesis [13]. As
revealed by XRD, the samples of intermedi-
ate compositions are composed of perovskite
(samples with x < 0.5) and perovskite and
brownmillerite (samples with x > 0.5) phases.
In samples with x < 0.5 the MDPD data indi-
cate the presence of a phase with Ca:Fe=1:1
stoichiometry. This fact suggests that in the re-
gion of lower calcium concentrations CaFeO,
phase is either crystallized in the perovskite-
like structure or is X-ray amorphous. The anal-
ysis of MDPD stoichiograms suggests that the
latter phase is deposited as a layer on the sur-
face of perovskite particles. This suggestion
agrees with SIMS data [16] indicating that the
surface is enriched by calcium and depleted with
lanthanum. As follows from the MDPD and XRD
data, an increase of calcination temperature

Phase composition of La; - ,Ca,FeO; _ (5. samples (3 min MT, calcination temperature 700 °C, 4 h)

Sample® (S, m?/g) La:Ca:FeP Phase composition Phase composition
(according to XRD) (according to MDPD), %
LaFeOj; (3.5) La,Fe, LaFeO; La,Fe; — 51.0
Fe, O, Fe — 3.0
La,O,4 La — 46.0
Laj¢Cay,FeOyq (4.4) LajgoCagyoFe; Fe,0;, CaO -
Laj,Cay¢FeO,; (4.6) Laj44CagyoFe, Fe,0,4 La,;Ca; Fey, — 52.0
CaO Fe — 34.0
La = 7.0
Ca — 6.0
Lay;CaggFeOy (3.3) Lag;oCagg3Fe; Fey,05 Lag,9Ca;y Fegpy = 34.0
CaO Fe — 54.0
La — 3.0
Ca = 7.0
Ca,Fe,O5 (3.8) Ca Fe,; Ca,Fe,Op CaFe — 694
Fe — 165
Ca — 14.0

Note. Here and in Tables 1-5:
#Nominal stoichiometry of the samples.
PIntegral chemical composition.
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TABLE 2

Phase composition of La; - ,Ca,FeO; _ (5. samples (3 min MT, calcination temperature 900 °C, 4 h)

Sample?® (S, m?/g) La:Ca:FeP Phase composition Phase composition
(according to XRD) (according to MDPD), %
LaFeO; (1.7) La,Fe; LaFeO, La,Fe; — 93.6
Fe,O,4 Fe — 0.8
La,0,4 La — 75
LajgCay,FeOyq (4.4) Lag,Cag oFe; LaFeO, Lajg,CaggsFe; — 858
Ca,;Fe; — 5.8
Fe — 0.3
La — 23
Ca — 05
Lay4Caj,FeO, (4.5) Laj45Cag3Fe; LaFeO, LajgsCag . Fe; — 644
Ca,yFe,O5 (traces) Ca,Fe; — 274
Fe — 0.6
La — 04
Ca — 14
La;4Caj¢FeO,; (5.1) Laj44Cagy,Fe; LaFeO, LajgsCag Fe; — 67.1
Ca,Fe,0O; Ca,;Fe; — 30.0
Fe — 0.7
La — 0.7
Ca — 12
Laj,CaygFeOy( (4.4) Lag,,Cagq4Fe; LaFeO, Laj¢,CagssFe; — 60.1
CayFe,O4 Ca,Fe,— 38.0
Fe - 16
Ca — 0.2
CayFe,O5 (1.1) Ca,Fe, Ca,yFe,Of Ca,;Fe;— 96.0
Fe - 11
Ca — 238

2 bSee Note to Table 1.

up to 900 °C leads to an increase of the total
amount of interaction products to 90 % and
results in formation of ternary oxides. With
the increase of its amount in the initial mix-
ture, the calcium content in the solid solution
increases up to 0.4 (here and below: molar frac-
tions per formula unit La, - ,Ca FeO; _5,) (see
Table 2).

In samples calcined at 1100 °C, the amount
of the initial oxide phases decreases to 5 %,
while the structure of perovskite and brown-
millerite improves. Hence the phase composi-
tion of these samples does not change signifi-
cantly as compared with that of samples cal-
cined at 900 °C (Table 3). The MDPD data re-
vealed that the synthesis products distributions
is changed: the perovskite content in samples
calcined at 1100 °C is lower than that in samp-

les calcined at 900 °C, whereas the amount of
brownmillerite is higher (Fig. 1, a and b). There-
fore, an increase of the calcination tempera-
ture up to 1100 °C does not increase the amount
of ternary perovskite, whereas the share of
brownmillerite in the mixture increases. For all
compositions, the quantity of calcium in perov-
skite is about x = 0.2 (see Table 3), which
indicates that the amount of calcium decreas-
es in samples calcined at 1100 °C as compared
with samples calcined at 900 °C. The data re-
ceived imply the instability of the solid calci-
um solutions in the perovskite structure (with
calcium amount higher than x = 0.2) in the
samples calcined at 900 °C.

As time of preliminary activation of oxi-
des increases to 6 [16] and 10 min, the phase
composition of samples does not significantly
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TABLE 3

Phase composition of La; - ,Ca,FeO; _ (5, samples (3 min MT, calcination temperature 1100 °C, 4 h)

Sample® (S, m?/g) La:Ca:FeP Phase composition Phase composition
(according to XRD) (according to MDPD), %
LaFeOj; (1.0) La,Fe; LaFeOq La,Fe;— 94.0
Fe - 05
La,0, La — 55
LajgCay,FeOyq (3.3) Laj;3Cagq3Fe,; LaFeO, La,Fe; (0.15 % Ca) — 73.0
Ca,Fe, 05 (traces) Ca,Fe, — 19.7
Fe - 09
La — 4.0
Ca — 25
LayCaj,FeO,5 (2.6) Lay0Cag3,Fe; LaFeO, La;Fe; (0.3 % Ca) — 74.0
Ca,Fe,O4 Ca;Fe; — 24.0
Fe — 0.3
La - 11
Ca — 0.7
La,4Ca;4FeO,, (0.9) Lay50Cag45Fe; LaFeO, Lay,5Cag 5Fe; — 59.6
Ca,Fe, 04 Ca,Fe; — 39.0
Fe,0; — 04
La,O3 — 0.3
CaO - 0.7
Laj,CaggFeOy4 (1.2) Laj9Cag4Fe; LaFeO, Laj4sCaggsFe; — 44.4
Ca,Fe,O4 Ca,Fe, — 521
Fe,0O; — 15
Ca,Fe,05 (0.5) Ca,Fe, Ca,Fe, 04 Ca,Fe;— 96.6, CaO — 32

% bSee Note to Table 1.

change, the ratio between the amounts of
product phases being only affected. MDPD data
show (Fig. 2, a) that an increase in the time of
MT from 3 to 6 min provides a slight decrease
in the amount of perovskite phase in samples
calcined at 900 °C. The only exception is ob-
served for x = 0.4. For samples with x > 0.5
(see Fig. 2, b), the fraction of brownmillerite
increases with the time of treatment. The total
amount of products in samples activated for
6 min is also lower or at least not higher than
that in samples treated for 3 min (see Fig. 2, c).
These trends remain the same when the time
of activation increases to 10 min (Table 4). Only
if the time of the latter samples calcination is
increased from 4 to 15 h, the amount of per-
ovskite increases (Table 5).

For samples with x < 0.5 calcined at 1100 °C,
an increase in the time of activation from 3 to
6 minutes (MDPD data) raises the content of
the perovskite phase and decreases the content

of brownmillerite (Fig. 3, a and b). If & > 0.5,
the changes are insignificant being within the
experimental error. This tendency remains as
the time of activation rises to 10 min (see
Fig. 3, c¢). It should be noted that the increase
in the time of activation provides redistribu-
tion of the synthesis products in the samples
with x < 0.5 calcined at 1100 °C: the content
of perovskite and the total amout of products
increase. For all samples, the concentration of
calcium in perovskite (x) is 0.2. Hence, the con-
centration of calcium in samples calcined at
1100 °C is lower as compared to those calcined
at 900 °C.

These results indicate that the increase in
the MT time is not favorable for the samples
series calcined at 900 °C and is advisable for
samples calcined at 1100 °C. As regards the in-
teraction beetween the solid reagents, the op-
timal MT time depends on the temperature of
subsequent thermal treatment and is ~3 min
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Fig. 1. Effect of the calcination temperature on the phase
composition of samples treated for 3 min. T, °C: 900 (1),
and 1100 (2).

for samples calcined at 900 °C and ~10 min for
those calcined at 1100 °C. For the above tem-
peratures, the difference in the optimal acti-
vation time can be associated, for example,
with different rates of relaxation of the lat-
tice strains in oxides calcined at different tem-
peratures [19].

Hence, an application of MT for synthesis
of ternary La—Ca—Fe—O systems does not sig-
nificantly extend the region of homogeneous
perovskite solid solutions existence. For ceram-
ic synthesis, the maximal concentration of cal-
cium in true homogeneous solid solution based
on the perovskite structure does not exceed
x = 0.17. For MT samples calcined at 1100 °C,
the concentration of calcium is somewhat high-
er, but it does not exceed x = 0.25 irregardless
of the activation time. Though the concentra-
tion of calcium in perovskite increases to x = 0.4
for MT samples calcined at 900 °C, the solu-
tions are either unstable (since an increase in
time or temperature of calcination provides a
decrease in the calcium concentration) or are
microheterogeneous. This conclusion agrees with
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Fig. 2. Effect of the treatment time on the phase compo-
sition of samples calcined at 900 °C for 4 h. MT time,
min: 3 (1), and 6 (2).

EM data obtained for samples subjected to me-
chanical treatment for 6 min.

Microstructure of samples

A sample of Laj4CaFeO, obtained by the
mechanical treatment of reagents for 6 min
and calcined at 900 °C for 4 h was found to be
comprised of micron-sized particles. The outer
shell of these particles is composed of random
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TABLE 4

Phase composition of La; _ ,Ca,/FeO; _ (5, samples (10 min MT, calcination temperature 700—-1100 °C, 4 h)

33

T, °C Sample?® (Ssps m?/g) La: Ca: FeP Phase composition Phase composition
(according to XRD) (according to MDPD), %
700 Lajy4Caj,FeO,4 (10) Lagg,CagyoFe,; LaFeO, La,Fe, — 334
Fe,O,4 Fe,0; — 198
La,O, La,O45 — 419
Ca — 3.0
Ca,Fe; — 19.0
La;Ca4FeO,4 (6.4) Laj¢,Ca36Fe; (La,Ca)FeOq La,Fe; — 455
Fe,O4 Fe,0; — 211
La,O, La,O; — 20.0
Ca,Fe, — 7.7
Ca — 5.3
900 LayCag,FeO,q (5.7) Lagg0CagoFe; (La,Ca)FeO, La;Fe; — 712
La,04 Ca,Fe, — 3.6
Fe — 59
La — 173
Ca — 2.0
La;Ca4FeOy4 (5.4) Laj¢,Ca36Fe; (La,Ca)FeOq La,Fe,— 57.0
La, O, Ca,Fe, — 7.8
Fe — 41
La — 251
Ca —5.3
1100 Laj4Cag,FeO,4 (2.1) Lagg0CagoFe; LaFeO, La,Fe; — 40.2
LaygCag,Fe; — 55.9
La — 15
Ca — 13
La;Ca4FeOyg (1.3) Laj4,Cag 3. Fe; (La,Ca)FeOs LajgCag,Fe; — 855
Fe,O; — 1.6
La,O3 — 1.3
Ca;Fe; — 112

% bSee Note to Table 1.

TABLE 5

Phase composition of La; - ,Ca,/FeO; _ (5, samples (10 min

MT, calcination temperature 900 °C, 15 h)

Sample?

La: Ca: FeP

Phase composition
(according to XRD)

Phase composition
(according to MDPD), %

Laj4Caj,FeO,,

Lag¢Cag4FeO,

Lay,CagsFeO,,

Laj,Ca;gFeO,¢

LagggCaygFe;

Lagg5CagsFe;

Lag;0Cagqste;

Lag2,CagqsFe;

LaFeO,

LaFeOy

LaFeO,

LaFeO,
Ca,yFe,O5

La,CajysFe; —

Ca,Fe;, — 5.2
La — 0.6
Ca — 22

LaggsCag,4Fe; —

Ca,Fe; — 110
Ca — 3.6

LaggsCagy,Fe; —

Ca,Fe, — 23.0
Ca,Fe, — 35
Ca — 18
La,;Fe; — 28.9
Ca,Fe, — 67.3
Ca — 31

92.0

85.3

71.0

% bSee Note to Table 1.
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Fig. 3. Effect of the activation time on the phase compo-
sition of samples calcined at 1100 °C for 4 h: a and b —
MT time, min: 3 (I), and 6 (2); ¢ — MT time, min: 3 (1),
6 (2), and 10 (3).

stacked regions with the crystal structures of
perovskite and brownmillerite, amorphous re-
gions being observed as well (Fig. 4, a).

After calcination at 1100 °C for 4 h, this
sample contains two types of particles with
perovskite and brownmillerite structures (see
Fig. 4, b). The microstructure of ceramic sam-
ples differs substantially from that of the MT
samples (see Fig. 4, c and d). These data show
that MT samples annealed at 900 °C are nei-

ther homogeneous solid solution nor ordered
phases such as Grenier phase La;3;Ca c,FeOy ¢,
(see Fig. 4, c) or microheterogeneous solid solu-
tion La,;Cay;FeO, 5 (see Fig. 4, d), detected in
ceramic samples. Instead, the MT samples an-
nealed at 900 °C present a disordered stacking
of perovskite and brownmillerite microphases
which differs from ceramic series by their com-
position and nature of an intergrowth.

The differences in the phase composition
and microstructure of the ceramic and MCA
samples can be explained assuming that terna-
ry homogeneous solid solution forms at tem-
peratures not lower than 1100 °C and decom-
poses on cooling to yield microheterogeneous
solid solutions. This assumption agrees with re-
cent XRD studies [17] performed using a high-
temperature chamber for La; _ ,.Ca,MnO; _
system. At T > 1100 °C this system is a homo-
geneous perovskite-like solid solution, while
on cooling it becomes a two-phase system. In
the case considered in this work, the homoge-
neous solid solution is not formed via MT due
to lower (900 °C) temperature of synthesis or
inhomogeneity of the reaction mixture under
synthesis conditions, which, in turn, may be
associated with some kinetic restrictions (such
as a short time of calcination) or formation of
two-component perovskites with rather large
particles at the stage of the mechanical treat-
ment.

Catalytic activity of samples

As in the case of ceramic samples [13], the
catalytic activity of perovskites in CO oxida-
tion was found to change non-monotonously
with Ca concentration, maximum being attained
for the middle composition La,;Ca,zFeO, 5 Since
the surface of MT samples is not enriched by
iron cations (SIMS data), the enhanced activi-
ty can be assigned to the sample microstruc-
ture (the presence of interphase and inter-
grain boundaries).

This assumption was supported by the SAXS
data: the maximum integral intensity for ce-
ramic sample (x = 0.5) was detected in the
scattering region of size ~40 A. Therefore, the
enhanced catalytic activity of La,;Ca,;FeO, 5
sample with intermediate degrees of Ca sub-
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LaFeC. (010)

Lag 33Cap g7 FeDa g7 (010)

Fig. 4. TEM images of particles of La, _ ,Ca FeO; _ (5, samples prepared via mechanical treatment (a, b) and by
ceramic method (c, d) (magnification ~10%): @ — LaysCa,,FeO,4 6 min of MT, annealed at 900 °C for 4 h; b —

La;¢Cay,FeOy4: 6 min of MT, annealed at 1100 °C for 4 h; ¢ —

Laj4CaysFeO,: annealed at 1100 °C for 150 h.

stitution is probably associated with formation
of disordered microheterogeneous solid solu-
tion and its complex morphological structure.

For MT samples annealed at 900 °C, irre-
spective of the time of reagents activation
before sintering, the highest level of catalytic
activity was similarly revealed at intermediate
substitution degrees. In this case, enhanced ac-
tivity correlates with developed interphase
boundaries between perovskite and brownmill-
erite phases revealed here by TEM. The in-
crease of activity after annealing at 1100 °C
can be assigned to the increase in the density
of intergrain boundaries caused by recrystal-
lization of amorphous regions as was earlier
studied in detail in [16].

Therefore, the maximum of catalytic ac-
tivity at a middle degree of Ca substitution

La,Ca(gFeO, annealed at 1100 °C for 150 h; d —

for all samples of La—Ca—Fe—O systems ob-
served irrespectively of the preparation pros-
edure, can be explained by a maximum densi-
ty of interphase and intergrain boundaries. It
suggests that active sites are located at the sur-
face outlets of those defects. The active cen-
ters could be assigned to coordinatively unsa-
turated clustered Fe?" cations able to adsorb a
weakly bound oxygen known to be the most
active in reactions of deep oxidation [19]. The
presence of weakly bound oxygen in samples
of middle composition (x = 0.5) prepared either
by ceramic or MT route are confirmed by TPR
data (Fig. 5): for those samples there is a low
temperature peak (T = 350—400 °C which is
not observed for end compositions (x = 0 and 1).

Duration of mechanical treatment of the
mixture of solid reagents was found to affect
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Fig. 5. TPR data for La; _,Ca, FeO; _ ;. samples prepared
by mechanochemical (a, b) and ceramic (c) methods:
a— 6 min of MT, calcination at 900 °C for 4 h; b —
6 min of MT, calcination at 1100 °C for 4 h; ¢ — calcina-
tion at 1100 °C for 150 h; x = 0 (1), 0.6 (2), and 1.0 (3).

the level of the catalytic activity of samples
(Fig. 6). Thus, for samples with longer activa-
tion times (6 and 10 min), the activity is close
to that of samples prepared via ceramic route.
For samples with small (3 min) time of activa-
tion, catalytic activity is certainly higher than
for ceramic samples, though the difference
decreases with the increase of the reaction tem-
perature.
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Fig. 6. The rate of CO catalytic oxidation at 400 (a) and
450 °C (b) vs. Ca content for La;, _ ,Ca,FeOs  _ (5, sam-
ples prepared by mechanochemical (1100 °C, 4 h) and
ceramic (1100 °C, 150 h) methods: 1 — ceramics, 2—4 —
MT time, min: 3 (2) 6 (3), and 10 (4).

Hence, MT permits to decrease the
time of a catalyst synthesis of perovskites
La, - ,Ca,FeO; _ ;5. and to obtain higher or
close values of specific catalytic activity, as com-
pared with samples of ceramic series. Though
the real structure of samples prepared by dif-
ferent procedures varies considerably, in all cases
active centers appear to be located at outlets of
extended defects whatever is their nature. An-
other important advantage of the mechano-
chemical method of synthesis is a higher dis-
persion (specific surface area) of samples, which
ensures a higher catalytic activity per the unit
mass of those systems.

CONCLUSIONS

The phase composition and microstructure
of La; _ ,Ca,FeO; _ 5, samples prepared by
MT depend significantly on such parameters as
calcium concentration, temperature and time
of the activated mixture calcination as well as
time of the MT.
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If oxide mixtures are preliminarily mechan-
ically activated before their calcination, the
concentration of calcium in the perovskite
structure rises to x = 0.25 compared to x = 0.17
for ceramic samples. This indicates that the re-
gion of formation of true solid solutions does
not extend significantly. Hence, true perovskite-
like solid solutions with a broad range of La
substitution for Ca are not formed irrespective
of the synthesis procedure.

The method of synthesis was found to affect
significantly both the microstructure and phase
composition of samples. In contrast to the ce-
ramic samples, the MT samples do not contain
Grenier phase La 33Ca4,FeO,¢; and microheter-
ogeneous solid solution Laj;Ca,;FeO, 5. The lay-
ered structures detected for ceramic samples
are suggested to be the products of decompo-
sition of the high-temperature homogeneous
solid solution formed during the long-time cal-
cination at temperatures exceeding 1100 °C. The
differences in the phase composition and micro-
structure of the ceramic and MT samples ap-
pear to be caused by kinetic barriers of the
high-temperature homogeneous solid solution
La, _ ,Ca FeO; _ 5, formation due to lower tem-
peratures of synthesis or short time of anneal-
ing in the case of the mechanochemical method.

For the samples with an intermediate (x ~
0.5) degree of La substitution, samples exhibit
higher or close level of catalytic activity as
compared with ceramic samples. The fact that
the MT samples have higher values of S, per-
mits one to conclude that the method of me-
chanical treatment is very promising for syn-

thesis of La,_,Ca, FeO;_ -based catalysts for deep
oxidation processes.
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