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Preface

Heterogeneous catalytic redox reactions play a tremendous role in providing re-
quired stability of humanity existence on the Earth by producing huge amounts of
vital chemicals in industrial chemical plants, ensuring life quality by preventing en-
vironment pollution and decreasing the level of greenhouse gases (carbon dioxide,
methane, nitrous oxide, etc.) emissions into atmosphere by exhausts clean-up,
more efficient and pure transformation of fuels into energy as well as a broader
usage of biofuels. In the first group of reactions, nitric acid production by selective
oxidation of ammonia is among the leaders by the production scale. In the second
group, catalytic combustion of fuels is a very attractive approach to solve environ-
mental problems. Moreover, dry reforming of natural gas/biogas into syngas with
its subsequent transformation into pure sinfuels allows to deal with the third group
of problems.

In all these reactions as dependent upon their actions oxide catalysts, including
those promoted by precious metals, play a leading role as industrial catalysts or ef-
ficient competitors with such expensive systems as Pt-Rh gauzes in selective ammo-
nia oxidation into NOx at high pressures. Their optimization and further
improvement is to be based upon detailed studies of atomic-scale fundamental fac-
tors, determining their catalytic properties in redox reactions. This requires applica-
tion of all modern structural, spectroscopic, kinetic and theoretical methods to
characterize the density of surface sites as dependent upon their real/defect struc-
ture controlled by the structural type, chemical composition, method of preparation
and reaction media effect. For redox reactions such decisive factors as oxygen
bonding strength and surface coverage by reactive oxygen species are determined
by the particles morphology, their real/defect structure and the chemical composi-
tion of the surface layers. For catalytic reactions proceeding on the oxide surface,
their efficiency and selectivity depend upon the reaction mechanism comprising
the sequence of elementary steps required to be determined. Hence, basic concepts
and approaches of the solid-state chemistry, surface science, quantum chemistry
and chemical kinetics are to be systematically applied to deal with the problem of
the design of efficient oxide catalysts of redox reactions. For catalysts operating in
large-scale industrial reactors, their thermal conductivity and spatial design (hon-
eycombs, microchannel plates, etc.) controlling heat and mass transfer along the
reactor length are to be optimized as well.

These problems are considered in this book with a special accent on the au-
thors’ experience in this field at Boreskov Institute of catalysis and Novosibirsk
State University (Novosibirsk, Russia) supported by collaboration with leading sci-
entific centers in Russia and throughout the world. This book is based on materials
presented in hundreds of original papers, three monographs, six chapters in collec-
tive monographs and a lot of review articles. The most specific feature of our re-
search reflected in this book is that a great attention is paid to the effect of the real/
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defect structure of oxide catalysts on their surface sites and catalytic properties as
well as to its variation due to interaction with the reaction media, thus applying
solid-state chemistry concepts to enrich heterogeneous redox catalysis theory and
practice. This allowed to reliably identify the nature of the active surface sites,
which for some oxide types and structures are related to clusters of cations (charac-
terized by infrared spectroscopy of adsorbed CO) located at surface outlets of ex-
tended defects. Mechanism of such catalytic reactions as N2O decomposition and
CH4 dry reforming, studied with the help of a combination of transient methods,
was formulated with a due regard for specificity of surface sites nature. Application
of new methods of synthesis based on polymerized polyester precursors, mechano-
chemistry, plasmochemistry as well as hydrothermal treatment of aluminum-based
alloys obtained by mechanochemical treatment allowed to control the real/defect
structure of oxide catalysts. This allowed to design new efficient catalysts of such
redox reactions as catalytic combustion, ammonia oxidation into nitrogen oxides,
N2O decomposition, fuels transformation into syngas, water-gas shift reaction and
Fisher–Tropsch synthesis. Structural monolithic catalysts (honeycombs, etc.) were
successfully tested in these reactions in real conditions and demonstrated high ac-
tivity and performance stability.

Research related to the design of monolithic oxide catalysts for replacing a part
of Pt-Rh gauzes used in industrial reactors for the oxidation of ammonia to Nox
under pressure for the production of nitric acid in nitric acid plants has received
award from the Russian government in the field of technology in 1998.
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1 Specific activity of simple oxides of transition
metals and factors that can determine it

1.1 Differences in specific activity of transition metal oxides
toward complete oxidation reactions

Specific activity of simple oxides is the most important quantity in heterogeneous
catalysis both theoretically – for determining the nature of active sites and mecha-
nisms of catalytic reactions – and practically – for choosing the methods to synthe-
size the most active catalysts. The difference in specific activity of transition metal
oxides obtained by different methods toward a relatively simple reaction of CO oxi-
dation is a well-known phenomenon. Of particular interest are publications where
specific activities are compared under similar experimental conditions. For copper
oxides, this phenomenon has been discovered in the 1980s [1, 2] and verified in later
studies [3]. The indicated difference is determined to a great extent by nature of the
precursor of oxide catalyst. Thus, activity of the copper oxide obtained by the oxida-
tion of metallic copper was higher by an order of magnitude as compared to the
oxide obtained by decomposition of hydroxide [3]. According to [4], activity of the
copper oxide obtained by precipitation from a copper nitrate solution in the presence
of hydrogen peroxide also exceeded by more than an order of magnitude the activity
of the least active commercial copper oxide produced at the Ural chemical plant
(Verkhnyaya Pyshma, Russia). In [5], the activity of copper oxides with the specific
surface area 38.6–22 m2/g, which varied from 1 to 6.4 mol CO/m2 s, was studied at
100 °C. Turn-over frequency (TOF) of different copper oxides at 100 °C changed from
0.29 × 103 to 3.41 × 103 s-1 [4]. A comparative analysis of the data reported by different
authors [6] showed that specific activity of copper oxides differs by more than two
orders of magnitude. This is much greater than a possible measurement error.

A comprehensive study on specific activity of the copper oxides obtained by
precipitation of copper nitrate and sulfate salts with subsequent thermal decompo-
sition at 275–700 °C was reported in [7]. In the process, specific surface area of CuO
changed from ~ 1 to 90 m2/g, and coherent scattering regions (CSR) from > 200
to ~10 nm. Kinetic experiments were carried out by different methods to investigate
the initial oxidation steps and activity in the flow (gradient PFR method) and flow-
circulatory (gradientless FCR method) modes. Flow rate and catalyst weight were
varied to obtain similar surface areas of the tested catalysts [7].

It was shown that at minimum conversions (a mode close to the differential
one), the activity of highly dispersed samples differs no more than by a factor of 4.
For CuO (1) annealed at 750 °C, the activity dropped by more than an order of mag-
nitude (Table 1.1).

For cobalt oxides obtained by different methods, the activity in CO oxidation at
300 °C differed in the range from 35 to 120 mlCO2/(m

2 min), whereas the activity in
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C2H4 oxidation differed from 3.5 to 10.5 ml CO2/(m
2 min) upon variation of specific

surface area from 0.44 to 14.3 m2/g [8]. The difference in specific activity at 140 °C
by approximately an order of magnitude was noted in [9] for samples obtained by
decomposition of cobalt nitrates, carbonates and hydroxides upon variation of cal-
cination temperature and specific surface area in the range from 0.4 to 41 m2/g. The
gradientless mode in a microreactor with vibro-fluidized bed ensured the absence
of diffusion resistance. In [10], as specific surface area of cobalt oxide samples was
increased from 10 to 85 m2/g, their specific activity at −60 °C changed from 3.46 ×
10−8 to 1.76 × 10−7 mol CO/m2 s.

For iron oxides with the corundum structure that were obtained from different
precursors, specific activity measured at 140 °C by gradientless method changed
nearly by two orders of magnitude when specific surface area of the oxides was varied
from 14 to 90 m2/g [11]. Specific activity of iron oxides obtained by thermal decomposi-
tion of goethite at different temperatures changed by an order of magnitude [12]. The
activity of chromium oxides produced by calcination of nitrate and bichromate at dif-
ferent temperatures changed approximately by two orders of magnitude [12].

For titania, the ignition temperature varied from 10 to 27 °C [13]. A more de-
tailed comparison of specific activity with recalculation of the reaction rate to the
unified pressure and temperature in the reactions of complete oxidation of hydro-
gen and CO revealed a significant difference in specific activity of titania samples
with the rutile structure obtained by different methods [14]. This difference substan-
tially exceeds a possible discrepancy of experimental conditions (Table 1.2).

The synthesis conditions affected also the hysteresis of complete oxidation of
hydrogen [14]. Titania sample with a higher activity had a significantly more pro-
nounced hysteresis loop when the temperature of catalytic experiment was raised
and lowered (Fig. 1.1).

Table 1.1: Catalytic activity of CuO powders measured upon analysis of light-off curves
at the same contact time (t) or total surface area (SA) [7].

Sample (SSA, m/g) PFR,
Rs⋅×−

(molecules CO/cm s)

FCR,
Rs⋅×−

(molecules CO/cm s)

 °C, t  °C,t  °C, SA

CuO () . . –

CuO () . . .

CuO () . . .

CuO () . . .

CuO () – – .

2 1 Specific activity of simple oxides of transition metals and factors
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Thus, for various transition metal oxides having close phase composition, spe-
cific catalytic activity in simple reactions of CO or hydrogen oxidation can vary in
a very broad range. In this connection, the analysis of relative activity series of dif-
ferent transition metal oxides [18–20] should take into account that they can signifi-
cantly shift in both directions depending on the synthesis conditions of oxides.

1.2 Analysis of factors affecting the specific activity

a) Conditions of experiment

Unfortunately, in many cases it is very difficult to compare data on specific activity
reported in different publications. Prevailing are the flow methods that create

Table 1.2: Specific activity of different TiO2 samples in the deep oxidation of H2 and CO reported in
the literature [14–17].

No. Preparation
method

SSA,
m/g

Conditions of
experiment

Reaction rate, molecules
H(CO)/m

 s
Ref.

PH =  vol.%,

T =  °C

PCO =  vol.%,

T =  °C

 Coprecipitation
from solution of
titanium chloride
and ammonia

 PH =  vol.%,
PO =  vol.%
Without water freezing

. × 
 – 

 Thermal
decomposition of
titanium
propylate in
oxygen

 PH(CO) =  vol.%,
PO =  vol.%
Without water freezing

. × 


. × 


–

 Precipitation with
ammonia from
titanium
tetrachloride
solution

 PH = . vol.%,
PO =  vol.%
Without water freezing

. × 
 – 

 Precipitation with
ammonia from
titanium
tetrachloride
solution

 PСO = . vol.%,
PO =  vol.%

– . × 




1.2 Analysis of factors affecting the specific activity 3
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a gradient of reagent concentrations over the bed. The main characteristics used
in the studies are the temperatures at which a certain conversion is reached, or the
temperature dependence of conversion at certain weights of the catalysts but with no
regard to their specific surface area. Even at small weights of samples, high conver-
sions in the flow mode create considerable gradients in the gas-phase composition,
oxidation state of the oxide surface and concentrations of adsorbed compounds
along the catalyst bed. The temperature-programmed mode is very convenient for the
proximate comparison of activities of one-type catalysts; however, it does not always
reflect the actual steady state of the catalyst at a specified temperature. This can be
seen, for example, in [21–23], but actually refers to the absolute majority of publica-
tions. So, it is difficult to compare the activity values obtained by different research
teams. In our opinion, which is consistent with [7], the most objective information on
the specific activity of the unit surface, TOF, can be obtained only by gradientless
methods, although such methods are more laborious. Time on run and closeness to
the steady state of the oxide surface are also important. Particularly, prolonged relax-
ations of activity were observed for several hours in [2, 22–25].

b) Effect of impurities

The effect of impurities in precursors is rarely analyzed; however, they can essen-
tially affect the specific activity of oxides. The effect of “anionic modification” is
known: residual anions of carbonates, sulfates, chlorides and hydroxyl groups as
impurities can affect the activity of oxide catalysts [26, 27]. The impurities repre-
sented by alkali metal cations can significantly deteriorate the activity of oxides.

3.2 9.1

4.0

3.2

2.4

1.6

0.8

100 200 300 400

2.4

1.6

0.8

100 200 300 400

W×10–16
m2 s

W×10–16
m2 s

T, °C T, °C(a) (b)

molecules H2 molecules H2

Fig. 1.1: Dependence of hydrogen oxidation rate on temperature upon its raising and lowering for
TiO2 samples: (a) – 1; (b) – 2 (Table 1.2). Composition of the mixture: 1% H2 in oxygen.
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Thus, the removal of sodium impurity from copper oxide increased approximately
3.5-fold the activity of the oxide toward complete oxidation of butane and CO [28].

Specific activity is often analyzed upon raising the calcination temperature of
the same precursor. However, such treatment exerts a considerable effect on the
concentration of impurities in the surface layer (Fig. 1.2).

It seems interesting that dependence of the concentration of impurities on calcina-
tion temperature changes with the features of precursor and impurity (Fig. 1.2a,
Fig. 1.2b).

c) Effect of particles’ dispersion and morphology (exposition of different planes)

An increase in dispersion of oxide particles is considered by many authors as the
most important factor for enhancing the catalytic activity of oxide [21, 22, 29–31].
This is technologically feasible if the oxide is stable in the reaction medium. From
a practical standpoint, there are problems with the granulation of such powders
and with the low density of oxides having a high specific surface area [7], which
decreases activity of the catalyst unit volume. In terms of fundamental knowledge,
specific activity of the oxide unit surface can decrease with its growth [7].

Since nanodispersed oxides are convenient objects for transmission electron
microscopy, a detailed study of such oxides interrelated different planes with the
catalytic activity. Thus, for copper nanooxides it was found that specific activity in-
creases with increasing the exposition of different planes according to transmission
electron microscopy (TEM) data: (111) > (001) > (011) (Fig. 1.3) [5].

For cobalt nanooxide, as revealed by TEM, most active were the crystallites
with the more developed (011) plane as compared to the (001) plane [23]. In [10],
a comparison of intensities of X-Ray diffraction pattern (XRD) peaks showed that
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Fig. 1.2: The content of impurities in the 15-Å surface layer versus calcination temperature for
hematite samples obtained by decomposition of ammonium oxalatoferriate (a) and goethite (b).
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the [440] planes are more active than the [111] plane, which is consistent with the
conclusions made in [30]. In [32], cobalt spinel with the most developed {011} plane
shaped as nanobelts was more active than {001} nanocubes.

In [11–34], the activity of α-Fe2O3 with different morphology of particles (plates
of different shape and needles) with the developed (0001), (01–10) and (11–00)
planes was studied. Specific activity differed approximately by two orders of magni-
tude, but a definite trend was not revealed.

For partial oxidation, of special importance is the relation between the struc-
ture of planes and reactivity (catalytic activity) of disperse oxides, particularly the
molybdenum [34–36], vanadium [37] and cobalt oxides [38]. Figure 1.4 illustrates
the dependence of acrolein yield on the contribution of the (010) plane to the total
surface area estimated from electron microscopy data and specific surface area of
molybdenum oxides.

In later studies, the use of high-resolution electron microscopy and tunneling
scanning microscopy made it possible to detect thin atomic steps at the lateral planes
of MoO3 particles [39, 40], which can at least change the surface area of this plane,
not to speak of changes in coordination of atoms on such steps. Note that in table 2
presented in [36] the yield does not exceed 12.3%, whereas in the figure it reaches
15% and even ~17%! It seems interesting also that, according to [41], the oxidative
catalysis on MoO3 shows “structural sensitivity on the type of crystallographic plane
in the oxidation of propene to acrolein, with (100) plane being more active.”

At present, there are no detailed quantitative estimates of the contribution of
individual planes of crystallites to the total specific surface area of oxide. To obtain
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such estimates, it is necessary to make a detailed analysis of the morphology taking
into account three-dimensional (3D) images of particles, and their quantitative aver-
aging over a quite large sample. In particular, in [5] it was noted for the most active
sample with the predominant (001) plane that its lateral planes have the developed
fringes. There is no quantitative comparison of XRD data on intensity of the peaks
from different crystallographic lattices with electron microscopy (EM) data on the
particle morphology. One cannot disagree that

neither particle size nor grain size independently showed a significant correlation with catalytic
activity [42].

It seems that the presented results can be considered as a preliminary hypothe-
sis. Hypotheses on the activity of some planes on the surface of oxides can be
validated only in the case of complete balance of the data obtained by different
methods – a quantitative comparison of the texture, morphology and structural
features of single-phase particles.

d) Effect of phase composition and reaction medium

In principle, even the formally single-phase oxides may include other phases as impu-
rities, which can strongly affect the specific activity. From this point of view, it is inter-
esting to compare the activities of copper oxides having different phase composition.
In [43], the catalytic oxidation on Cu0, CuO and Cu2O thin films has been studied
using a static batch reactor. The following activity series has been found: Cu0 > Cu2O >
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Fig. 1.4: The yield of acrolein in the
reaction of allyl compounds at the surface
of different MoO3 samples as a function of
the surface area of the basal (010) plane of
the catalyst [35].
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CuO. According to [2], the activity of cuprous oxide and metallic copper, measured in
the pulse mode in a gradientless reactor, was much lower as compared to copper ox-
ides without sodium impurities. In [3], the activities of CuO and the Сu2O/CuO double
system, which formed during topochemical reduction of tenorite, were compared in
the pulse mode (Fig. 1.5). It was shown that in the initial step of cuprite nuclei forma-
tion, the activity increases twofold and then remains constant upon growth of the
new phase nuclei (an increase in the reduction rate) and their merging (a decrease in
the reduction rate) (Fig. 1.5). In [4], the activity of Cu2O, estimated from the tempera-
ture at which conversion occurs, was lower as compared to all CuO samples.

Thus, according to [3], the cuprite phase itself is not much more active than the ten-
orite phase, and its impurities cannot affect the activity of copper oxides.

In [44], activities of different cobalt oxides with the spinel structure were com-
pared with the activity of CoO having the NaCl structure at 140 °C in a flowing mixture
of 1% CO + 1% O2 in He. Specific activity of CoO was found to be intermediate between
activity values of the most active and inactive spinel samples. For iron oxides, specific
activity of γ-Fe2O3 was at a level with the most active α-Fe2O3 samples [33].

The pulse mode or the static unit with a low concentration of components ex-
erts a relatively weak effect on the state (structure, stoichiometry, etc.) of oxide sur-
face, whereas in the flow mode the interaction between surface and reaction
medium is much more intensive. This interaction is determined not only by the
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Fig. 1.5: Dependence of the catalytic
reaction rate at 25 °C (a) and
reduction rate at 140 °C (b) on
effective reduction degree of
“hydroxide 1” CuO (monolayers) at
140 °C in the pulse mode. Feed
compositions: reduction – 3 vol.% CO
in He; reaction – 1 vol.% CO + 1% O2

in He [3].
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phase or chemical composition of oxide but also by the composition of reaction me-
dium, temperature and, certainly, time. Thus, in [2] Cu2O showed a lower activity
after treatment with pulses of a stoichiometric mixture. After switching to a flow
with excess oxygen, the activity went through a maximum for some tens of hours.
In [2], an increase in activity of metallic copper was observed during an hour in
a mixture with oxygen excess at 140 °C. After that, CO conversion slowly decreased
for 6 h by some percents. Activity of Cu2O/CuO did not change for 7 h. At 205 °C the
behavior of Cu0 and Cu2O was similar to that of Cu0 at 140 °C, whereas the activity
of CuO went through a small maximum at ~30 min time on run (Fig. 1.6). Heating of
the catalytic layer with time was observed. Even a more complicated pattern was
observed for the reaction mixture with an excess of CO. The authors of [23, 24] con-
cluded that

non-stoichiometric metastable copper oxide species (clusters) formed during reduction are very
active in the course of CO oxidation because of its excellent ability to transport surface lattice
oxygen.

Metastability of the active sites for CuO is confirmed also by the effect of pretreatment
conditions of the oxide [23]. Training in oxygen leads to a lower activity than a milder
treatment in He at 310 °C (decreasing the surface oxygen concentration without
phase transition into Cu2O [3]) resulting in a more significant (by more than an order
of magnitude) increase in activity in pulse regime (Fig. 1.7). The oxidation treatment
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Fig. 1.6: CO oxidation activities of Cu, Cu2O and CuO under oxygen-rich conditions: (a) Cu,
(b) Cu2O, (c) CuO [23]. Reaction temperature 205 °C.
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of CoO at 350 °C, resulting in the formation of spinel on the surface, decreased the
specific activity approximately by a factor of 3, and the subsequent treatment in he-
lium, similar to [3], produced nearly a 40-fold increase in activity in the pulse mode
[44].

For titanium oxides, similar activation effects in complete oxidation reactions
during reduction treatments were observed [45–47]. For cobalt oxide, a slow deacti-
vation during 70 min in the reaction medium was noted [25]. Thus, it is necessary to
distinguish the activity in the initial period of testing, when it is determined exclu-
sively by the state of the oxide surface depending on the synthesis and treatment
conditions. A prolonged action of the reaction medium can essentially change the
state of the oxide surface.

e) Real structure (defectness) of simple oxides

In most publications devoted to specific activity of oxides, even the possibility of for-
mation of any extended defects is neglected. In some studies, on the contrary, it is
emphasized that defect structures, such as grain boundaries, are of key importance
for catalytic reactions [48]. Along with this, the works considering the real structure
of oxides provide many examples of the existence of extended defects.

For the tenorite structure (CuO was obtained by evaporation of a copper nitrate
solution followed by calcination under air), extended defects were detected for the
first time and their structures were described in [49, 50] (Fig. 1.8). After repeated
redox treatments, similar to [26], the concentration of extended defects decreased,
thus lowering their specific activity [49].
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Fig. 1.7: Dependence of the catalytic reaction rate
measured at 25 °C on the pulse number for 1% CO + 1%
O2 in He feed after different pretreatments at 310 °C: (1)
pretreatment I (oxygen); (2) pretreatment II (O2, then He).
Pulse volume 6.1 cm3, helium flow rate 60 cm3/min,
sample “hydroxide 1” CuO [3].
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For iron oxides obtained by thermal decomposition of goethite at ca. 400 °C, not
only the elongated aggregates of particles are observed but also the layered packing
of the primary particles, which form stacking faults (SF) or twins (Fig. 1.9) [50, 51].

At a higher calcination temperature, owing to a loss of water from the bulk of ox-
ides, spherical micropores are generated in the particle volume by the coalescence
of point defects, which is followed by collapse of the micropores. Incoherent junc-
tion of the lattice in such places leads to the appearance of dislocations and inco-
herent inclined interblock boundaries (Fig. 1.10) [51].

C

1000 Å

A

B

Fig. 1.8: A typical bright-field image of extended defects in disperse copper oxide particles (44):
A – (100) twin, B – polysynthetic twins in (001) plane, C – edge dislocations with the Burgers vector
in [101] plane [49].

(a) (b)

Fig. 1.9: Electron microscopy image of hematite particles obtained by decomposition of goethite
(a) and their structural scheme showing the formation of defects by overlapping of layers
(stacking faults and twins) (b) in the [0001] direction [51].
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It should be noted that the presence of bulk extended defects is not a man-
datory feature of any low-temperature oxide samples of the types considered
above. Our results demonstrate that for the oxide structure of a certain type,
the relative frequency of emergence of some or other types of extended defects
depends on both the synthesis conditions and the chemical composition of
oxide. Thus, for hematite samples obtained by decomposition of iron oxalate
and ammonium oxalatoferriate in air at 400–500 °C, only subsurface defects of
SF type and/or purely surface defects represented by steps were observed [52]
(Fig. 1.11).

Aging of amorphous iron hydroxide in hydrochloric acid solutions (230) can be
used to obtain highly dispersed single-crystal particles of hematite that are virtually
free of any extended defects (Fig. 1.12) [53]. It seems interesting that exactly this
sample has the lowest specific activity toward CO oxidation [33].

For Cr2O3 prepared by thermal decomposition of nitrate solution, extended de-
fects generated by excess of oxygen were found [12]. These oxide particles were
found to consist of α-Cr2O3 (corundum structure) and CrO2 (rutile structure) slabs.
These slabs are stacked in large particles with the [211]R axes of symmetry having
a great number of surface steps of nano (Fig. 1.13) and atomic size (Fig. 1.14a).
According to high-resolution electron microscopy (HREM), in the < 111 > direction
a superstructure with a period of ca. 13 Å was observed close to α-Cr2O3 cell length
in the < 0001 > direction. Microdiffraction for such particles is complex due to split-
ting of reflections but remains of a single crystal type (Fig. 1.14b).

Fig. 1.10: The particle of hematite sample from the goethite series, which was calcined at 600 °C.
Arrows indicate the boundaries of incoherent intergrowth of primary particles (sample 7, Table 3.4,
Chapter 3) [51].
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Some extended defects can appear due to oxygen deficiency, and crystallo-
graphic shear structures are well known. Thus, for titanium oxides it was shown
that at a stoichiometry within TiO2.000−0.9994, clusters of interstitial Ti3+ ions with

Fig. 1.12: A typical image of thin hematite particles obtained by aging of amorphous iron hydroxide
in acid solutions. Predominant orientation of the particles is (0001)
(sample 6, Table 3.4, Chapter 3).

Fig. 1.11: Steps (A) on the lateral planes of hematite particles obtained by decomposition of
ammonium oxalatoferriate (sample 3, Table 3.4, Chapter 3).

1.2 Analysis of factors affecting the specific activity 13

 EBSCOhost - printed on 2/13/2023 3:39 AM via . All use subject to https://www.ebsco.com/terms-of-use



the diameter 0.5–3.0 nm are present in the sample cooled from 1,000 °C to room
temperature [54, 55]. The reduction of titanium oxides is accompanied by the forma-
tion of crystallographic shear structures [56, 57]. Extended defects for cobalt oxides
are described in Chapter 3. In [42], for CoO obtained by different methods, the

Fig. 1.14: Image of the edges of nitrate chromium oxide particle (400 °C) at a high resolution (×106)
and the corresponding microdiffraction [12].

Fig. 1.13: Image of a particle of the low-temperature sample of “nitrate” chromium oxide [12].
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concentration of grain boundaries and the degree of faceting of individual planes
were studied quantitatively [58].

High-temperature annealing of oxides is characterized by several opposite
trends. On the one hand, the size and crystallinity of primary crystallites increase
and extended defects are annealed, but, on the other hand, sintering of crystallites
increases grain boundaries in the emerging aggregates. Table 1.3 lists the most
abundant types of defects for different types of transition metal oxides. It should be
noted also that any, even perfectly crystallized particles of finite sizes will have sur-
face defects represented by edges at the interface of perfect planes. The concentra-
tion of edges per unit surface area of oxides increases with the dispersion of oxide
particles (Fig. 1.15). Such one-dimensional extended defects are the absolutely inde-
structible objects on the surface of disperse powders of a solid, which are neglected
by the majority of specialists in surface science of oxides.

The presented information on the defect structure of simple oxides is mostly qualita-
tive. It is impossible to estimate the concentration of defects per unit mass (or particle
surface) of oxides from electron microscopy data without their statistical processing.
With the current level of experimental equipment, it is impossible also to estimate
differentially the activity of individual site on the surface. A conventional kinetic

Table 1.3: Main types of defects in simple transition metal oxides [12].

Oxide(s) Main type of defects

CuO Twins () and (); screw dislocations along <  >, microstrains, misfit
dislocations, grain boundaries.

α-CrO Intergrowth of CrO and α-CrO, twins and stacking faults (), surface steps.

α-FeO Cation vacancies and interstitials, twins and stacking faults (); twins
(), () and (); screw dislocations <  > {}, grain
boundaries, surface steps, surface spinel precipitates.

CoO Cation vacancies and interstitials, twins and stacking faults (), grain
boundaries, microstrains, misfit dislocations on the phase board CoO/CoO.

MnO Dislocations and () stacking faults; intergrowth of ε and β phases.

FeO –γ-FeO Cation vacancies and superstructure; twins and stacking faults ().

CoO Clusters of point defects; () twins, surface steps, dislocations, spinel
microinclusions.

NiO Microstrains, surface steps.
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experiment always reflects some averaged properties of the oxide surface even in the
case of several types of sites with different activity.

For example, in [59] it was found for LaMnO3+x samples that plasmochemical
synthesis produces a catalyst with the highest activity toward CO oxidation and NO
reduction by carbon monoxide. The specificity of this sample consists in
a combination of quite high maximum temperatures in a plasmochemical reactor
(up to 1,200 °C), high rate of thermolysis of the solution drops, their small residence
times in the reaction zone and high rates of cooling. For oxides with the firm lattices
(e.g., lanthanum manganite), the particles of which have no time to take an equilib-
rium form, this leads to the formation of microspheres (not greater than 500–1,000
Å in diameter) with the nanodomain structure, which have a high concentration of
planar defects – domain boundaries (Fig. 1.16). Splitting of reflections in the <100>
direction indicates that junction of nanodomains in (100) planes is almost coherent
and results in the formation of twin boundaries. Modulation of the structure ob-
served in the high-resolution transmission electron microscopy (HRTEM) image,
which leads to splitting of X-ray diffraction maxima, is related most likely to spatial
inhomogeneity in the distribution of superstoichiometric oxygen, and, hence, Mn3 +

and Mn4 + cations over crystallites. These structural properties can be used to ex-
plain high activity of the plasmochemical sample, but only on a qualitative level.
No quantitative estimates of nanodomain boundaries terminating on the surface
were made to compare with other samples.

f) A comparison of specific activities of oxides and their averaged
substructural characteristics

In terms of analysis of the averaged characteristics, quite informative is a quantitative
comparison of specific activity of unit surface area with some averaged but quantita-
tive characteristics of the surface or bulk structure. In the latter case, it is possible if
bulk and surface characteristics of oxides change symbatically.

The simplest case of indirect evaluation of the density of extended defects on
the CuO surface is estimation of the concentration of potential nucleation sites of

Fig. 1.15: A scheme of dispersion of oxide phases that produces more crystal edges and corners [48].
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the cuprous oxide phase upon reduction of the CuO sample by CO based on the
analysis of reduction curve in the two-phase region (the rate increases after the
point of minimum, Fig. 1.4c) described by the Roginsky–Schultz equation [28, 60]:

Whet −Wmin =AWspec. nmin − nhetð Þ2=3,

where Whet and Wmin are the reduction rates in heterogeneous region and the point of
minimum (see Fig. 1.5b),Wspec is the specific rate at CuO/Cu2O interface, and nmin and
nhet are the amounts of consumed oxygen at the point of minimum and current (het-
erogeneous) region. Parameter A is proportional to the amount of Cu2O nuclei formed
at the CuO surface. Assuming that Cu2O nuclei are formed predominantly on the de-
fect surface sites and activity of these sites is approximately equal, it can be concluded
that there is quite a good correspondence between concentration of active surface
sites and specific initial activity of copper oxides (Fig. 1.17) [28].

(a) (b)

(c) (d)

Fig. 1.16: Typical image of a spherical particle of lanthanum manganite synthesized by
plasmochemical method (a), high-resolution image of domain boundary (b), and microdiffraction in
< 110 > (c) and < 100 > (d) directions.
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The averaged information on the relative concentration of extended defects can
be acquired from small-angle X-ray scattering (SAXS) data [50, 61]. This method pro-
vides information on the size and relative number of the regions with nonuniform
electron density, which differs from density of the solid matrix determined by the per-
fect crystallographic lattice of the phase. In the region of sizes below 300 Å, the inte-
grated intensity of larger aggregates is determined by both the crystallite sizes and
the related sizes and total length of grain boundaries. In the case of large crystallites,
SAXS is determined mostly by extended defects in these crystallites [50].

One can see in Fig. 1.18 that a good correlation between the activity toward CO
oxidation and the concentration of extended defects according to SAXS data is ob-
served for quite a wide range of oxides. This dependence is most pronounced for
the systems of similar genesis (Fig. 1.18a, 1.18d). The dependence is more distinct
for the initial activity than for the steady one (Fig. 1.18b, Fig. 1.18c), which is caused
by the leveling effect of the reaction medium.

Another method to estimate the averaged characteristics of defectness is a
detailed analysis of diffraction patterns based on the harmonic analysis of the pro-
file of X-ray peaks, which gives the averaged quantitative information about param-
eters of the crystal structure [62–65]. Here, one can mention also the study of
catalysts for the synthesis of ammonia [65], where XRD data were used to estimate
density of dislocations that correlated with activity. In Fig. 1.19, the dependences of
CO oxidation rate for three types of nickel oxide are shown in logarithmic coordi-
nates. The oxide sample obtained by decomposition of nitrates at 400 °C has
a higher concentration of microdistortions and a higher activity.
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Fig. 1.17: Correlation dependences of initial rates of the catalytic oxidation of CO over different
copper oxide samples and values of topochemical parameter AW*sp [28].
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A more distinct dependence of activity on the density of defects in the basal
plane was found for the iron oxide samples obtained by thermal decomposition of
goethite (Fig. 1.20).

Thus, in a wide range of activities, quite a good correlation is observed between
specific activity toward oxidation of CO and the averaged concentration of extended
defects for simple oxides. Such correlations cover a much broader range of quanti-
ties than any other dependences for simple oxides; so, they cannot be neglected
when analyzing the structure of active sites, reaction mechanism and possible
structure of intermediates.
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Fig. 1.18: Correlations of specific rate of the catalytic oxidation of CO over Fe2O3, Cr2O3 and Co3O4

samples with the density of bulk defects according to SAXS data:
(a) 1–4 – Fe2O3 samples synthesized at 600–1,000 °C, 4 – the sample synthesized by
plasmochemical method from iron pentacarbonyl; (b) correlation of initial and steady rates of the
catalytic oxidation of CO at 140 °C over the Fe2O3 hematite sample subjected to mechanochemical
activation (54) (density of defects decreases in the course of activation) [51]; (c) correlation
dependences of initial and steady activity of α-Cr2O3 samples from nitrate and bichromate series in
CO oxidation at 185 °C [11]; (d) dependence of specific rates of the catalytic oxidation of CO over
Co3O4 (ultra-pure grade series, initial rate at 25 °C).
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The quantitative relation with the defectness of oxides and their catalytic proper-
ties is revealed not only for simple redox reactions. There is a very interesting but lit-
tle-known work [66] considering the dependence of rate constants of two parallel
reactions – dehydrogenation and dehydration of isopropyl alcohol – for cobalt ferrites
(CoFe2O4) with the spinel structure obtained by thermal decomposition of oxalates
(Co0.33Fe0.67C2O4·2H2O), schoenites (Co0.33Fe0.67(NH4SO2)·6H2O), and coprecipitated
cobalt and iron hydroxides calcined at different temperatures. This was supple-
mented with the quantitative analysis of parameters of the thin crystal structure.
According to [66], microstrains estimated by harmonic analysis can be related to the
phase inhomogeneity and nonuniform distribution of point defects in crystallites
which are characterized by CSR. Stacking faults, which are also estimated within this
analysis, correspond to deformation or twin type. Figures. 1.21–1.23 display the corre-
sponding dependences of activity and some parameters of the crystal lattice.
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Fig. 1.21: Dependence of specific rate
constants in dehydrogenation (K1) – 1 and
dehydration (K2) – 2 of isopropyl alcohol,
microstrains (root of < ε2 >) – 3, and
concentration of SF (gamma x 10–3) – 4 on
calcination temperature of spinel samples
prepared from hydroxides [66].

Fig. 1.22: Dependence of specific rate
constants in dehydrogenation (K1) – 1 and
dehydration (K2) – 2 of isopropyl alcohol,
microstrains (root of < ε2 >) – 3, and
concentration of SF (gamma x 10–3) – 4 on
calcination temperature of spinel samples
prepared from oxalates [66].
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On the one hand, one can see in Figs. 1.21–1.23 that changes in dehydrogenation
rate and residual microstrains are very similar. As the calcination temperature is
raised, these characteristics for hydroxides and oxalates (Figs. 1.21 and 1.22) go
through a maximum, whereas for schoenites (Fig. 1.23) they go through a small mini-
mum. In addition, for oxalates and hydroxides the dehydration rate decreased with
increasing the concentration of SF.

On the other hand, absolute values of activity and concentrations of defects do
not give a unified dependence. It should be noted also that the total activity level
for all types of samples substantially differs depending on the features of precursor.
This may be related both to the effect of impurities because different precursors
were used and to the effect of particles morphology, which was not studied. Thus,
extended defects certainly affect the complex catalytic reactions, too.

An interesting combination of full-profile X-ray analysis and detailed high-
resolution transmission electron microscopy was used in the works where structural
characteristics and specific activity of perovskites with the composition La1 –

xCaxMnO3 were compared upon variation of х from 0 to 1 [66–69]. The effect of reac-
tion medium (0.9% CH4 + 9% O2 in nitrogen) at 350–600 °C was also examined. It
was shown that the initial samples have the rhombohedral structure in the region of
x from 0 to 0.4 and the tetragonal structure in the region of x from 0.5 to 0.8. At
a higher calcium content the monoclinic structure is formed. Along with this, ex-
tended planar defects in the [101] direction were found in the region of phase transi-
tions at x = 0.5. The phase in the region of x up to 0.8 was a homogeneous solid
solution. However, according to the full-profile analysis, microstrains reached the
maximum values just in the region of x = 0.7–0.8, whereas CSR sizes in this region of
compositions were the least. The maximum activity at 550–500 °C was observed in
the region close to the composition with x = 0.7–0.8 (Fig. 1.24) [69]). At x = 0–0.1,

Fig. 1.23: Dependence of specific rate
constants in dehydrogenation (K1) – 1 and
dehydration (K2) – 2 of isopropyl alcohol,
microstrains (root of < ε2 >) – 3 on
calcination temperature of spinel samples
prepared from schoenites [66].
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changes in activity and structural parameters did not correlate. Therewith, the depen-
dence on superstoichiometric oxygen was completely absent.

The fact that the activity maximum did not coincide with extrema of the averaged
characteristics of defectness may be related to the effect of reaction medium. It was
found that keeping in the reaction medium changes the phase composition of the
most active samples [69]. In the region of compositions up to x = 0.8, only the rhom-
bohedral phase is preserved. In addition, the Mn3O4 spinel phase is released on the
surface of aggregates as nanoparticles formed along (001) planes of planar defects.
The authors supposed that an increase in the concentration of planar defects and
nanosized spinel particles with increasing x from 0.3 to 0.7 enhances the specific ac-
tivity of perovskites. At a higher calcium content, manganese oxide nanoparticles are
aggregated and planar defects become ordered, thus lowering the activity.

1.3 Conclusions

The analysis of literature shows that specific activity of unit surface area of oxide
catalysts essentially differs for many redox (and other) reactions. A possible effect
of the particle morphology (exposition of different planes) and differences in the
phase composition on specific activity is noted. However, the most significant rela-
tionship was revealed for activity and concentration of extended defects estimated
by X-ray methods, which give the averaged information on the defectness of oxides.
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Fig. 1.24: Effect of the stoichiometry of mixed oxides with the perovskite structure and composition
La1 – xCaxMnO3 +δ on the rate constant of methane oxidation at 550 °C(k), microdistortions (e) and
sizes of coherent scattering regions (SCR) (according to [67–69]).
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Thus, the real microstructure (extended defects) can substantially affect and even
determine the activity of oxides in the catalytic reactions. In this connection, it is
reasonable to remind the earlier cited [3] conclusion made by G. Ertl:

One should keep in mind that bond breaking is generally facilitated by defects, so that overall
kinetics of a catalytic reaction might be governed by the properties of these active sites rather
than by those of the low-index crystal planes [70].

This does not mean that only the defect sites on the surface are active. But it is clear
that defect surface sites can substantially affect the activity and selectivity of cata-
lytic reactions.
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2 Surface oxygen forms on oxide catalysts:
nature of adsorption sites, bonding strength,
surface coverage, reactivity and correlation with
specific catalytic activity

Importance of oxygen bonding strength in catalysis of oxidation reactions on oxide
catalysts was stressed in classical works of Boreskov [1] and Haber [2]. Development
of this concept up to date is considered in this chapter.

Analysis of the atomic-scale reasons for various oxygen species appearing on the
catalyst surface should be based upon the discrete nature of the energy spectrum of
oxygen species on the oxide surface. This means that there are always several surface
oxygen species differing by the strength of their bonding (heat of adsorption). These
species appear as separate maxima in the spectra of the oxygen thermal desorption
[3–5] or as steps on the dependencies of the heat of oxygen adsorption versus cover-
age registered using isosteric methods [6, 7], calorimetry or solid electrolyte potenti-
ometry [5, 8].

For a given oxide, the existence of different surface oxygen species is caused by
the atomic structure of its faces, by the appearance of point (vacancies) and ex-
tended (steps) surface defects, including those emerging in the vicinity of outlets of
bulk extended defects [9–13] (see Chapter 1).

A large amount of data on the atomic structure of the oxide single-crystal faces
were accumulated using methods such as low-energy electron diffraction (LEED),
scanning tunneling microscopy (STM), atomic force microscopy (AFM) and photo-
electron diffraction (see, e.g., reviews [14, 15]). For finely dispersed oxides, the atomic
structure of their surfaces was studied with the help of methods such as infrared
spectroscopy of adsorbed test molecules [16], Electron Spin Resonance (ESR) of ad-
sorbed nitroxides [17], tunneling electron microscopy (TEM) [18–20], Ion Scattering
Spectroscopy (ISS) [21], and neutron diffraction in the argon adlayer [22, 23]. The de-
velopment of quantum-chemical semi-empirical [10, 11, 24–26] as well as ab initio
methods of the surface energy and adsorption heat calculation [27–35] allowed analy-
sis of possible structures of adsorption centers capable to retain oxygen with the
strength required for the process considered. Some results are given in Table 2.1.

According to [9], in an oxidative medium, the well-developed densely packed
(111) faces of spinel oxides and (0001) faces of corundum-type oxides are mainly
covered by strongly bound nonreactive bridged M2O oxygen species, whose adsorp-
tion heats range within 100–120 kcal/mol. Figures 2.1 and 2.2 demonstrate that in-
deed after removal of ~20% of oxygen monolayer from the surface of hematite, the
heat of oxygen adsorption achieves this level. Rather weak dependence of the rate
of reduction on the oxygen bonding strength indicates on the reconstruction of the
surface layer facilitating CO activation on clusters of reduced iron cations.

https://doi.org/10.1515/9783110587777-002
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The structures of such faces annealed in high vacuum and, thus, weakly re-
duced, most likely correspond to localization of tri-coordinated cations in the upper
layer [35]. Theoretical analysis of these structures [27–35] has revealed that they
must experience a strong relaxation forcing the cation to sink into the surface oxy-
gen layer. At the same time, STM data for the (0001) face of thin hematite layer
grown epitaxially on the Pt (111) suggest the existence of domains with the upper
layer represented by both oxygen and iron atoms [35].

Table 2.1: Calculated and experimental oxygen desorption heats (kcal/mol) [7].

Oxide ΔH calculated ΔHexp

Regular sites Defect sites

CuO MO: 
MO: 

M–O near () twin outlet onto () face:  ;;


CoO MO(Oh): –
MO(Td): –
MO: 

M–O near outlet of () stacking fault onto ()
face: 

;
;


FeO MO: – (Oh)
– (Td)
MO: 

M–O near outlet of () stacking fault onto
() and (-) face: –

; ;
;


MnO MO: –
MO: 

M–O on () face, relaxation of surface Mn–O
bonds caused by oxygen atom removal: 

;
;

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Fig. 2.1: Dependence of the heat of oxygen adsorption on the amount of oxygen removed from the
hematite surface by pulses of 0.3% CO in He after pretreatment in O2. Microcalorimetric
experiments.
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For the (110) spinel face of Co3O4 (Table 2.1 and Fig. 2.3), a variety of regular
and defect sites provide a broad variation of the bonding strength of adsorbed sur-
face oxygen species.

In CuO (tenorite) and MnO2 (pyrolusite), M2O bridged oxygen species bound to the
regular sites of the most developed faces have the bonding strength ~50–60 kcal/
mol) (Table 2.1 and Fig. 2.4) [9, 36]. Weakly bound surface oxygen forms appear at
surface steps, including those at outlets of extended defects (Fig. 2.4 and Table 2.2).

Under oxidative conditions, for corundum-like chromium oxide, the densely
packed basal (0001) face is usually covered by chromate groups (tetrahedrally coordi-
nated Cr6+ cations), where the terminal oxygen has the adsorption heat close to
60 kcal/mol [9]. Note that in this case, the basal face cations are tetra-coordinated
that agrees well with predictions based on the data obtained with high-vacuummeth-
ods (vide supra). Apparently, under oxidative conditions, the chromium cation
changes its oxidation state easily, thus favoring the thermodynamic stability of such
configuration, which is not possible in the case of iron or aluminum oxides.
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For oxides with the close-packed oxygen sublattice, the terminal (M–O) oxygen
species with the adsorption heat ~40–60 kcal/mol are mostly located on the open
faces: (100) and (110) types in spinel structures; (112-3) and (101-2) in corundum
ones. In the case of oxides obtained via the thermal decomposition of precursors
(salts, hydroxides) synthesized from water solutions, these faces are not well repre-
sented, though their exposition increases with an increase of the calcination tem-
perature. Thus, according to [37], for a sample of cobalt oxide prepared from the
nitrate salt, as the calcination temperature increases from 400 to 800 °C, the shape
of particles changes from platelets with the mostly developed (111) faces to pyra-
mids with the mostly developed (110) faces.

Rhombohedral (101-2) and pyramidal (112-3) faces of hematite are the natural
growth faces [32, 38], and in dispersed samples, their share also increases with
increasing calcination temperature, since their surface energies are lower than
that of the basal face [11]. On rhombohedral and pyramid faces, the terminal

(101)
O4

O4

O4

O1

O1

O1

O1

O2

O2

Fig. 2.4: Outlet of (001) twin on (101)
face CuO: surface oxygen species on
regular and defect sites [36].

Table 2.2: Heat of oxygen adsorption on different types of sites for CuO.

Face Q МО,
kcal/mole

Q МО,
kcal/mole

Type of site

() . . Cu at step bound with  O and  subsurface Cu
() . .
()  Outlet of () twin on () face
(), () ~ Outlet of screw dislocation
()  Outlet of () twin
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oxygen species are linked to cations in octahedral or tetrahedral coordination [11,
12]. Moreover, the terminal oxygen species with a similar bonding strength may
appear near steps formed due to the high-temperature reconstruction of prismatic
and basal faces [3, 39].

In stoichiometric MeO oxides of the rock salt structure, the (100) faces are not
able to adsorb oxygen without changing the cation charge, though they do contain
penta-coordinated cations required for such an adsorption. As a result, the stoichio-
metric perfect face of NiO is practically inert to reduction by CO or hydrogen at
moderate temperatures [14, 15, 40]. For dispersed nickel oxide, such faces are well
developed only in samples obtained via plasma thermolysis of nitrate solution [41].
At the same time, in samples obtained via traditional thermal decomposition of ni-
trate solution, the particles’morphology is mainly determined by (111) faces covered
by strongly bound oxygen species probably stabilized by hydroxyl groups [39].

In oxides with a broad range of the surface/bulk nonstoichiometry (cobalt and
manganese spinel oxides, nickel oxide), the terminal oxygen species appear on the
densely packed faces when cation vacancies are generated due to the oxygen excess
[9, 42–44]. This excess oxygen is removed at 400–500 °C.

In transition metal oxides, the most weakly bound oxygen species (heat of adsorp-
tion 10–30 kcal/mol) are mainly located on coordinatively unsaturated cluster sites ap-
pearing in the vicinity of outlets of extended defects such as dislocations, twins,
stacking faults and intergrain boundaries [9–11]. Usually, the density of extended de-
fects is determined by the oxides’ preparation procedure. The dislocation network in
the surface layers of oxide particles is also generated during phase transitions, when,
for example, magnetite phase nuclei emerge during the hematite reduction [9, 11], or
when Co3O4 transforms to CoO at high temperatures [39, 43]. Such cluster sites may
also appear due to reconstruction of the (100) and (110) faces of spinel [45–48] and
(111) face of rock salt-like oxides [40] caused by a loss of oxygen and/or hydroxyls. For
Co3O4 oxide this feature reflected in O2 Temperature-Programmed Desorption (TPD)
spectra is demonstrated in Fig. 2.5. These weakly bound oxygen species determine the
activity of some transition metal oxides [9] and perovskites [49–54] in oxidation of CO
and hydrocarbons at temperatures up to 400 °C. This trend is demonstrated in Figs. 2.6
and 2.7 for Co3O4 and hematite samples in the case of CO catalytic oxidation.

In a more general case, we could expect correlation of catalytic activity in oxi-
dation reactions with the chemical potential (or thermodynamic activity/fugacity)
of the surface oxygen species which depends on both the bonding strength and cov-
erage of the surface oxygen species. Indeed, for different phases of manganese
oxides this correlation was demonstrated using solid electrolyte (pyrex glass) po-
tentiometry (SEP) [55] (Fig. 2.8). For initial oxidized or reduced samples, activity
was estimated in the first pulse of the reaction feed. True steady state of all manga-
nese oxides in CO oxidation reactions corresponds to partially oxidized disordered
spinel phase [56]. Clearly reaction media effect has a strong impact in this case as
well as for some other oxide systems (Fig. 2.9).
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The highest structural sensitivity is observed for oxides with rigid structures
(hematite, etc.). Rearrangement of all Cu–O and Mn–O phases under the reaction
media effect into one steady-state phase based on disordered cuprate [57] and spi-
nel [56] structures, respectively, with a moderate catalytic activity was observed.

For perovskite systems, the particles’ morphology may be presented by spheres
comprised of the cubic micrograins [58–60], platelets including hexagonal ones
[58, 59], prisms with sharpened tops, pyramids and octahedrons [61, 62]. These data
combined with the results of the selective electron diffraction [58–61, 63] and High-
Resolution Electron Microscopy (HREM) [60–62, 64] imply that the surface of par-
ticles may be represented by the (100), (110) and (111) faces as indexed in the cubic
space group.

Since the perovskite structure is formed by the dense packing of mixed
lanthanum–oxygen layers, transition metal cations being located between the layers
in oxygen octahedrons, each type face may have a different termination. Thus, along
the [100] direction, alternated are layers LaO and MeO2, along [110]; layers O4, MeO
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and La4Mn2O2, along [111] and densely packed lanthanum–oxygen layers in the cubic
sequence abc with the layers of transition metal cations in between (Fig. 2.10).

Heat of oxygen adsorption on lanthanum manganite faces is shown in Table 2.3.
Considering the X-ray Photoelectron Spectroscopy (XPS) and Secondary Ions Mass

Spectroscopy (SIMS) data [54, 58, 62, 64–66], one may conclude that in most cases the
ratio between the lanthanum cations (or sum of lanthanum and alkaline-earth cations
for samples with such a substitution in the lanthanum sublattice) and transition metals
in the subsurface layer differs insignificantly from that in the bulk, though it may vary
depending on the conditions of sample synthesis and pretreatment. Thus, a reductive
treatment favors segregation of transition metal cations, whereas an oxidative treat-
ment in humid atmospheres enriches the surface with lanthanum and alkaline-earth
cations [62, 64–66]. Hence, the most developed faces of perovskites appear to be repre-
sented by all possible terminations with a nearly equal probability.

On any perovskite face, the oxygen atoms bound to lanthanum cations in the
regular positions seem to be chemically inert at all temperatures of catalysis. The
faces of the (110) type shall be mainly covered by bridged oxygen species bound
to either two manganese cations or manganese and lanthanum cations. The (100)
faces with MeO2 composition may contain penta-coordinated cations of transi-
tions metals, which are sites for oxygen adsorption in the terminal MO form. From
stoichiometric lanthanum cobaltites, ferrites, nickelates and manganites, such ox-
ygen species are usually desorbed at 700–800 °C [62, 67–70].

O2 TPD studies (Fig. 2.11) revealed that for lanthanummanganites a small amount
of the surface oxygen (up to 5–10% of the monolayer coverage, activation energy of

(100) MnO2

(110) LaMnO

(111) LaO3 (111) Mn

(110) O2

(100) LaO

–Mn –La –O

Fig. 2.10: Surface faces of lanthanum
manganite. Filled symbols – in surface
location; hatched – subsurface
location. On-top and bridged oxygen
forms can be adsorbed. Surface
energies by Interacting Bonds Method
(IBM) (kcal/mol):
70 (100) < 110 (111) < 127 (110).
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desorption, Ea ≤ 40 kcal/mol) is removed at temperatures up to 500 °C. A small
amount of adsorption centers capable to retain this oxygen allows assigning them to
defects (microstrains, intergrain boundaries, etc). For a pure lanthanum manganite
sample prepared by the citrate method, the amount of oxygen desorbed at 913–1073 K
was found to be ~25% of a monolayer. Hence, this high-temperature peak can be as-
signed to the oxygen desorption from the regular surface sites combined with simulta-
neous oxygen flux from the subsurface. Deconvolution of TPD profiles into four peaks
allowed us to estimate amount of desorbed oxygen and Ed by analysis of ascending

Table 2.3: Heat of oxygen adsorption (kcal/mol) on the lanthanum manganite faces [62].

Parameter Face

() () ()

Face composition MnO LaO LaMnO O LaO Mn

qO

O–Mn
. . .

O–La . . . . .

O–La
O–LaMn
O–MnLa

. . .

Heat of oxygen adsorption on defect centers with clustered Mn cations is ~35 kcal/mol.

300

0

2
5

6

1

2
4

6 5

4

1
3

10

20

30

600 900

Isotherm 1 hour

900

0

5

10

400 600
T (°C)

W
O2

10
–1

5 m
ile

cu
le

/m
2 s

200

W
O2

 ×
10

–1
5 , m

ol
ec

ul
e/

m
2 s

T (°C)

15

3

Fig. 2.11: Temperature dependence of the rates of O2 desorption for LaMn700 (1), LaMn 500 (2),
LaCeMn (3), LaFeMn (4), LaBiMn (5) and LaSrBiMn (6).

2 Surface oxygen forms on oxide catalysts 37

 EBSCOhost - printed on 2/13/2023 3:39 AM via . All use subject to https://www.ebsco.com/terms-of-use



profiles: α form (Ed α 40 kJ/mol), β (80–120 kJ/mol), γ1 (160–250 kJ/mol) and γ2
(around 400 kJ/mol), respectively. Catalytic activity in CO oxidation correlates with
the amount of weakly bound α oxygen form (Table 2.4).

In the perovskite structure, clustering becomes possible only in the vicinity of such
extended defects as clusters of oxygen vacancies, twins or intergrowth structures
where the local enrichment by transition metal cations occurs [61, 62, 68, 71].

If in perovskite-like oxides some lanthanum cations are replaced by the alka-
line-earth cations, various defects are generated depending on the degree of sub-
stitution and the nature of transition metal cation. Among them, cation and/or
anion vacancies, ordering of modifying cations in some planes, microstrains and
other extended defects like microdomain interfaces, intergrowth of phases with
different composition and cooperative distortion of lattice, which may even pro-
duce phases of other symmetry and/or structure, were revealed [61, 62, 64, 68,
71–74]. Oxygen vacancies appearing due to this partial substitution will affect the
catalyst performance only if they emerge on the surface. It certainly takes place for
partially substituted lanthanum manganites, ferrites, cobaltites and nickelates,
where appearance of oxygen species desorbing at temperatures below 500 °C and
probably related to ion-radical O− species bound with the surface oxygen vacancies is
well documented [67, 75]. These radical species can be associated with a new O1s
peak in the X-ray photoelectron spectroscopy (XPS) spectra of substituted samples
lying at ~2 eV above the level typical for oxides and nonpromoted perovskites [75].
However, at least in part, this peak may also correspond to surface hydroxyls bound
to lanthanum cations [74].

Table 2.4: Different forms of oxygen (monolayers, N) removed by desorption in He or CO TPR and
rates of CO oxidation reaction [69, 70].

Sample (S)* By TPD (N)* By CO TPR (N) Rate of CO
oxidation × 

−

(molecule/m s)
 °C

α β γ γ Total ≤ °C Total

LaMn () . . . – . . . .

LaMn () . . – . . . . .

LaCeMn () . . . – . . . .

LaFeMn () . . – . . . . .

LaBiMn () . . . – . . . .

LaSrBiMn () . – . – . . . .

*S – specific surface area, m2/g; N – surface coverage in monolayers.

38 2 Surface oxygen forms on oxide catalysts

 EBSCOhost - printed on 2/13/2023 3:39 AM via . All use subject to https://www.ebsco.com/terms-of-use



If oxygen vacancies appear in the coordination sphere of transition metal cations
in perovskites, the oxygen octahedron easily transforms into another polyhedron (tet-
rahedron, bipyramid, etc.), thus removing the vacancy [60, 61, 71]. Therefore, one
may assume that relatively stable surface oxygen vacancies are most likely present in
the lanthanum-containing faces. This means that oxygen ion radicals appear to be
mainly linked to the subsurface transition metal cations. Hence, a cation substitution
produces the active oxygen species on rather inert lanthanum-containing faces of
perovskites.

Hence, analysis carried out in this chapter demonstrated that for simple transi-
tion metal oxides and complex oxides with perovskite structure, specificity of their
particles’ morphology as well as defect structure is reflected in a broad variation of
the bonding strength of surface oxygen species and their coverage. As a result, spe-
cific catalytic activity in oxidation reactions of the same oxide phase can differ sub-
stantially in limits controlled by the specificity of its structure and composition
leading to the so-called structure sensitivity. Reaction media effect can also vary in
a broad range, depending upon the oxide structure rigidity and reaction conditions
determining possibility of restructuring of the surface layer of oxides into the
steady-state structure not depending on its initial state.
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3 Structure of the nearest environment, spatial
distribution and chemical properties of
coordinatively unsaturated cations on the
surface of transition metal oxides

Specific activity of transition metal oxides in catalysis of redox reactions and even
reaction mechanism could strongly depend on their real structure and surface com-
position. The literature provides various descriptions of the possible surface struc-
ture of such oxides, which are summarized in some reviews [1–3]. The idealized
description often includes a cross-section of the oxide lattice along the most devel-
oped faces of oxides according to the principal component analysis (PCA) [1, 2, 4].
In the most general form, irrespective of the stoichiometry and lattice type, a model
of the surface and the subsurface layer is displayed in Fig. 3.1, similar to [1, 3, 5]. In
this model, nonstoichiometry of the oxide manifests itself as the presence of anionic
vacancies uniformly distributed over the oxide surface and in its bulk. The oxygen
coordination of cations is determined by the cross-section and the type of idealized
lattice. In some cases, the presence of many coordinatively unsaturated “half-
naked” cations on the surface is assumed [1, 3, 4]. In addition to PCA data, these
models are based on spectral data (low-energy electron diffraction (LEED), X-ray
photoelectron spectroscopy (XPS), low energy electron loss spectroscopy (LEELS),
Auger spectroscopy) as well as scanning tunneling microscopy [1–4]. In spite of
their high resolution, the indicated methods perform mostly the averaged analysis
of the oxide surface. All the effects related to nonstoichiometry and coordinatively
unsaturated cations of the oxide surface show up as relatively small deviations
from the principal spectra and microimages.

In this respect, it seems promising to use the infrared (IR) spectroscopy of adsorbed
molecules. This method is widely employed to investigate features of intermediates on
the surface of oxides and analyze mechanisms of catalytic reactions [6, 7]. A model of
atomic structure of the surface on which these intermediates are coordinated is com-
monly oversimplified. Therewith, the surface structure (e.g., the distribution of coordina-
tively unsaturated cations) can play an important role in determining a possible
mechanism of redox reactions. Thus, the redox Mars–van Krevelen mechanism implies
a uniform distribution of anionic vacancies (coordinatively unsaturated cations) over
the catalyst surface. For the Langmuir–Hinshelwood adsorption mechanism, such cati-
ons should be in close vicinity to each other, as in the case ofmetals [5].

The spectroscopy of simple CO and NO probe molecules is able to selectively
acquire information concerning exactly the coordinatively unsaturated cations on
the surface: their oxidation state, electronic state and composition of the nearest
environment [8, 9]. The indicated approach has been widely applied in the 1980s,
but later became less popular. This is related to the fact that, in distinction to
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nuclear magnetic resonance (NMR) or X-ray absorption fine structure (EXAFS), the
vibrations of chemosorbed СО and NO molecules per se cannot directly provide in-
formation on the structure of the nearest environment. For reliable interpretation of
spectra in a narrow range of absorption band frequencies, it is necessary to have
a large body of data on both the spectra and the properties of oxides themselves
with a wide variation of conditions of their mild treatment, which allows changing
the reduction degree (the concentration of anionic vacancies) of the oxide surface
and conditions of spectra recording (CO pressure and temperature). To reveal
a relation of these sites with the activity, the activities should be compared for simi-
lar treatments under steady and unsteady conditions. In this section, analysis of
such information for some simple transition metal oxides is carried out.

3.1 Copper oxide

Although CuO (tenorite) has the monoclinic lattice whose structure differs from lat-
tices of the majority of oxides, the use of CO molecule for surface probing is very
popular because a wide set of peaks is observed in the region of ~2,100–2,150 cm−1,
which is typical for Cu1+ –CO complexes [8, 10–12]. For these complexes, νCO and
ΔHads change symbately owing to the mutual enhancement of π–σ binding [11, 13].
Cu0CO complexes are characterized by the bands with νCO < 2,100 cm−1 and a lower
adsorption heat. For Cu2+CO complexes with νCO > 2,180 cm−1, the adsorption heats
are even lower. In addition, a different dependence is typical for such complexes.
Exactly the difference in adsorption heats allows separating the indicated com-
plexes in the boundary spectral regions [14]. The presence of many bands in the
region of ~2,100–2,150 cm−1 testifies to high differentiation between types of coordi-
natively unsaturated copper cations on the oxide surface, which is caused by
a change in the effective charge from 1 – δ to 1 + δ. In its turn, such changes may be
caused by the nearest environment (coordination) of copper cations [11]. Any reli-
able quantum-chemical models able to strictly describe relations between νCO, ef-
fective charge of cation and the structure of its nearest environment are still absent
[8]. More real is the approach with the analysis of changes in the spectra upon vari-
ous mild redox treatments of the oxide surface, which takes into account the en-
ergy of the surface oxygen (see Chapter 2) and the surface chemistry of copper
oxides [4, 15, 16]. In principle, the approach based on a detailed analysis of chemi-
cal properties has allowed chemists in the nineteenth century to reveal quite

Fig. 3.1: A typical scheme of the oxide surface. Side view:
Ο – oxygen anion, □ – oxygen vacancy, – – – – the surface of
solid oxide.
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successfully the structure of methane and benzene without direct spectral infor-
mation about these molecules.

The maximum oxidation state of the surface (the minimum concentration of co-
ordinatively unsaturated cations) is provided by high-temperature (h.t.) treatment
in oxygen with subsequent cooling to room temperature (r.t.) and evacuation. In
this case, IR spectra of CO adsorbed at 300 K have only one band in the region of
~2,120 cm−1 (Fig. 3.2) (see also [17]), which corresponds to reduced Cu1+ cations
[11, 17]. For such oxidized samples, the bands corresponding to Сu2+ were not ob-
served even at 163 K, where they could be expected [17] taking into account their low
adsorption heat. Such sites appeared exactly upon desorption of weakly bound oxy-
gen at r.t. but not upon interaction with CO, because the bands were not detected in
the absorption region of carbonate–carboxylate complexes (CCC) [11, 17]. The occur-
rence of reduced sites is especially remarkable because copper oxide is a p-
semiconductor with the excess oxygen stoichiometry CuO1+δ. This experimental fact,
which was obtained with two oxides produced by different methods [11, 17], allows
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Fig. 3.2: IR spectra of adsorbed CO (10 Torr,
300 K) after different types of high-temperature
treatment: (1) O2 (573 K); (2) vacuum (573 K);
(3) CO (573 K, ~ 60 s).
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concluding that the model of oxide displayed in Fig. 3.1 is unreliable because it ex-
cludes the existence of such sites after h.t. oxidative treatment.

Most researchers analyze IR spectra of adsorbed molecules after h.t. treatment in
vacuum [8–11, 17], which enhances oxygen desorption from the surface of oxides.
According to the model in Fig. 3.1, such treatment should increase the concentration
of reduced sites and decrease the effective charge of cations. Indeed, the intensity of
the 2,120 cm−1 band substantially increases after vacuum treatment. However, addi-
tionally there appear not the more reduced sites with a weaker band but, on the con-
trary, the more oxidized sites of CO adsorption with the band at ~2,135 cm−1 (Fig. 3.2)
[17]). At 163 K, the bands at 2,180–2,190 cm−1 are observed, which are typical of Cu2+

[17]. It seems even more remarkable that evacuation activates (!) the oxide surface in
comparison with treatment in oxygen. As a result, CO can be oxidized by the surface
oxygen already at r.t. This shows up as the appearance of CO oxidation products,
which is reflected by the bands corresponding to CCC [10, 11, 17].

It should be noted that some details of the spectra may differ depending on the
oxide origin and conditions of its treatment and spectra recording. For example, in
[16, 17] evacuation was carried out at 573 K and spectra were recorded at a CO pres-
sure of 12–14 Torr. In [10], after vacuum treatment at 710 K and CO pressure
100 Torr, the band at 2,115 cm−1 was observed.

A short-term h.t. treatment in CO results in appearance of sites more reduced
than those with the band at 2,120 cm−1 (Fig. 3.2, shoulder at 2,080 cm−1). However,
there appears also the band at ~2,148 cm−1 corresponding to even more oxidized Cu1+

ions (Fig. 3.2). The oxidized sites were observed also in [10] after strong vacuum
treatment. Thus, the surface sites of copper oxide differ by their adsorption fea-
tures, which is not reflected in the model of Fig. 3.1. Such nonuniformity may be
caused only by the structural features of surface sites, which determine coordina-
tion of copper cations by oxygen ions. Sites differing from the structure of ideal
faces of copper oxide may be represented by the step formed on high-index faces,
joints of different faces of crystallites having finite sizes, and steps at the intersec-
tion of dislocations, twins and other extended defects with the surface [1, 18]. The
concentration of such coordinatively unsaturated cations on the surface is not
high (~1011–1013 site/cm2) [11, 19]. This confirms essential difference of coordina-
tively unsaturated cations observed in IR spectra of adsorbed CO from the cations
of ideal faces [4] for which the concentration of copper ions should be comparable
with the total concentration of copper on the surface (~1015 at/cm2). The results
are summarized in Table 3.1.

The chemical behavior of the copper oxide surface after treatments 3 and 2
differs from that after treatment 1. After treatment 1, the band at 2,120 cm−1 does
not change with time at r.t. (Fig. 3.2). After treatment 2, holding in CO at r.t. for
12 h decreases intensity of the band at 2,125–2,135 cm−1, whereas intensity of more
reduced sites at 2,120 cm−1 increases (Fig. 3.3a). After treatment in CO, all the
bands increase in intensity, including bands corresponding to Cu0CO complexes

48 3 Structure of the nearest environment, spatial distribution

 EBSCOhost - printed on 2/13/2023 3:39 AM via . All use subject to https://www.ebsco.com/terms-of-use



Table 3.1: Main characteristics of CO adsorption sites on the CuO surface.

Type of
site

νCO, cm− ΔHads, kJ/mol Charge of Cun+

adsorption site
Ref.

 ~,–, ~  –

 ~,–, ~  –

 ~,–, ~  –

 ~, ~  

 ~,–, <  –

 ~,–, ≪  ,
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Fig. 3.3: IR spectra of adsorbed CO (10 Torr, 300 K) after different types of h.t. reduction treatment:
1– 10–15 min of exposure; 2–12 h of exposure. (a) vacuum, (b) CO.
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(νCO 2,080, 2,105) (Fig. 3.3b). It means that in comparison with h.t. oxygen treat-
ment, vacuum and CO treatments essentially activate the surface for its further re-
duction. Therewith, as shown in [18], h.t. treatment in helium (an analog of
vacuum treatment) increases the unsteady activity in the pulse mode toward CO
oxidation by more than an order of magnitude. The reduction in CO after removal
of a certain oxygen amount results in a topochemical growth of the surface reduc-
tion rate caused by the growing size of the new phase nuclei (Cu2O or Cu0) [4, 18].

Of particular interest is activation of the copper oxide surface after vacuum
treatment. Evidently, it is related not only to the increased degree of surface reduc-
tion within the homogeneous model (Fig. 3.1). If the surface reduction and analysis
of changes in specific catalytic activity are performed at the same temperature, the
activity will decrease. However, if the CuO surface is reduced at 140 °C and activity
is measured at r.t., the activity will increase in the initial period [18]. Hence, h.t.
vacuum treatment is accompanied by the formation of reduced metastable struc-
tures on the surface, which include also the subsurface layers and freeze when the
temperature is rapidly lowered. Exactly these structures provide the pronounced
low-temperature activity of copper oxide. They are gradually destroyed upon con-
tact with the reaction medium, thus decreasing the specific activity [20]. Taking
into account a low total concentration of the involved cations, the indicated struc-
tures are very small. Most probably, they have the subnano (cluster) size and in-
volve several cations. These structures serve as the nucleation sites for new phases
during topochemical reduction. This is corroborated by the fact that oxygen admis-
sion decreases the intensity of more reduced sites with the bands at 2,114 and
2,085 cm−1 but increases the intensity of sites with 2,120 and 2,130 cm−1 bands
(Fig. 3.4), thus indicating a genetic relation between them.

It should be noted that this pattern is qualitatively similar for copper oxides ob-
tained by different methods [16, 17]. Thus, copper oxide used above was obtained
from copper hydroxide (specific surface area Ssp 8.6 m2/g) and is represented by
well-crystallized spherical particles, whereas in [17] copper oxide obtained by de-
composition of basic copper carbonate was represented by mosaic aggregates of
particles (Ssp 22 m

2/g). It means that the revealed regularities are quite general.
The results obtained allow a significant refinement of the general model of

oxide surface (Fig. 3.5). For the oxidized surface, a decrease in effective charge of
the coordinatively unsaturated cation to Cu1+ may be caused by lowering the total
oxygen concentration in the nearest environment or decreasing the effective
charge of the metal in the second coordination sphere. This is possible for the
steps, at the sites where extended defects terminate on the surface or at the inter-
section of faces (edges) at a finite size of oxide particles (Fig. 3.5a). The latter is
most probable taking into account relative stability of these adsorption sites upon
prolonged contact with CO (Fig. 3.2). The oxide reduced in vacuum is character-
ized by the increased concentration of type I sites and by the appearance of CO
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adsorption sites of type II having a high effective charge. In addition, changes
occur in the composition and structure of the subsurface layer, facilitating activa-
tion of the surface for further reduction and catalytic reaction. This is reflected in
Fig. 3.5b as the appearance of oxygen vacancies in subsurface layer and the ap-
pearance of weak Me–Me bonds within cluster subnanostructures. Treatment in
CO leads to the formation of the new phase nuclei, which can spontaneously in-
crease in the presence of CO (Fig. 3.5c) because cleavage of the oxygen–metal
bond in the oxide is compensated not only by the formation of CO2 but also by
strengthening of the Me–Me bond in the growing nucleus [21]. The fact of close
mutual arrangement of all coordinatively unsaturated sites is confirmed by their
low total concentration and interconversion.

Thus, coordinatively unsaturated copper cations on the surface of bulk copper
oxides are the metastable cluster structures occupying a small part of the oxide sur-
face. The concentration of such sites clearly correlates with the unsteady low-
temperature activity in the complete oxidation of CO.
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Fig. 3.4: IR spectra of adsorbed CO
(300 K, 13 Torr) after CO treatment
(573 K): 1 – before (solid line),
2 – after O2 admission (dashed line).
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3.2 Cobalt oxides

Data on interpretation of IR spectra of adsorbed CO on cobalt oxides are quite con-
tradictory [8, 22–27]. This occurs mostly because the properties of coordinatively
unsaturated cations on the surface are associated with the properties of idealized
cobalt oxide structures: NaCl for CoO and spinel for Co3O4. To change the surface
composition, the degree of surface reduction is varied under harsh conditions of
the bulk solid-phase reactions or upon prolonged interaction with the reaction me-
dium [22, 24]. The simplest approach to distinguish between types of surface sites is
the differential reduction of oxide with retaining its phase composition in the bulk.
For Co3O4, prepared from basic cobalt carbonate (BCC), h.t. treatment in oxygen,
cooling to r.t., and evacuation at r.t. followed by cooling to 80 K and CO admission
led to appearance of the band at ~2,133 cm−1 (Fig. 3.6, ~80 K) and weak bands in
the adsorption region of CCC.

Upon heating to 300 K, the band shifted to the region of ~2,140 cm−1; the inten-
sity of CCC slightly increased (Fig. 3.7) and then remained virtually constant for
30 min.

After vacuum treatment, intensity of the ~ 2,140 cm−1 band increased and addi-
tional bands appeared in the low-frequency region at 2,066 and 1,840–1,990 cm−1.
These bands increased with time and the intensity of CCC increased slightly
(Fig. 3.7). After oxygen admission, all the bands disappear and the 2,164 cm−1 band
appears, which indicate a genetic relation between reduced and oxidized sites of
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Fig. 3.5: Simple models of oxide
surfaces and subsurface layer after
different h.t. treatments (side view): (a)
O2; (b) vacuum; (c) CO. Designation as
in Fig. 3.1. Numbered: possible sites of
CO adsorption (Table 3.1).
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CO adsorption. As for the band at 2,133 cm−1, dilution with 13CO isotope shifts it to
the low-frequency region [8] (Fig. 3.6). Another high-frequency shift from 2,048 to
2,064 cm−1 was observed with the increase of partial pressure of CO (Fig. 3.8).

The second approach to analyzing the spectra of adsorbed CO was related to
variation of the phase composition. The bands for СoO treated in vacuum were simi-
lar to those observed for Co3O4, except the 2,140–2,133 cm-1 band (Fig. 3.9). H.t.
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Fig. 3.6: Fourier-transform infrared (FTIR) spectra of CO adsorbed on Co3O4 (BCC, 673 K, O2 h.t.
treatment) at ~80 K, PCO ~ 10−1 Torr. (1) 12CO; (2) 12CO + 13CO (1:1).
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region after different h.t. treatments: (1) O2; (2) vacuum 1 min after, (3) vacuum 30 min after.
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treatment in oxygen with evacuation at 300 K resulted in appearance of the band
at 2,170 cm−1; a weak shoulder in the region of 2,160 cm−1 was retained (Fig. 3.9).
The subsequent h.t. vacuum treatment led to the bands reproducing virtually
completely the spectra of CO on Сo3O4 (compare Figs. 3.7 and 3.9).

In the high-frequency region, the 2,170–2,190 cm−1 bands are assigned to CO
complexes with Со3+ and Со2+ [22–24, 28] (Table 3.2). Some differences in the spec-
tra at similar treatments are caused by the synthesis conditions of oxide samples
and conditions of spectra recording. The bands at 2,120–2,150 cm–1 correspond
most likely to CO complexes with Co1+ and Co2+ [23, 25–27] (Table 3.2).
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Fig. 3.8: FTIR spectra of CO adsorbed on Co3O4 (BCC, 673 K) at 300 K after h.t. vacuum treatment:
(1) PCO ~ 10−3 Torr; (2) PCO ~ 3 Torr.
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Fig. 3.9: FTIR spectra of CO adsorbed on CoO at 300 K after different h.t. treatments: (1) vacuum,
673 K; (2) O2, 573 K; (3) O2, 573 K; vacuum, 673 K.
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It should be noted that attribution of the 2,137–2,141 cm–1 band [29] to vibrations of “free СО
trapped in photochemical matrices” is incorrect under our experimental conditions because
this band was observed for nonporous СоО formed upon oxidation of metallic cobalt [25]. In
[26], the band at 2,136 cm−1 was also observed at low coverages with CO adsorbed on CoO.

In our study, the band with νCO < 2,100 cm−1 was assigned to CO complexes with
cobalt in the oxidation state Co0 because such bands were observed upon thermal
decomposition of cobalt polycarbonyls Co2(CO)8 in the oxygen-free medium on
the supports containing titanium hydride and silicon dioxide. The presence of me-
tallic cobalt was verified by magnetic methods [30]. Similarly, according to [31],
bands in the region of 2,100–2,000 cm−1 correspond to monocarbonyl complexes
Co0CO, whereas bands at 1,800–1,980 cm−1 correspond to metal carbonyls with
the bridging structure (Сo)2CO and also to subcarbonyl complexes of the Co0(CO)x
(х = 1–4) type, which were obtained in the matrices of noble gases [32]. For the

Table 3.2: Some carbonyl complexes with the surface sites of cobalt oxides.

No νCO, cm− ΔHads, kJ/
mol

Sample, pretreatment,
conditions; stability

Proposed
type of
adsorption
site

Ref.

 ,–, – CoO; h.t. vacuum treat.,
– K,  Torr CO;
desorption under vacuum at
 K

Co+CO []

 ,–, – CoO; h.t. vacuum treat.,
 K,  Torr CO; CoO, h.t.
oxygen treat.,  K,  Torr
CO

Co+CO [, , ]

 ,–,
,–,
,–,

–
–

–

CoO (); h.t. vacuum treat. at
 K; CoO,  K (Θ = –).
CoO; h.t. vacuum treat.;
 K,  Torr CO, desorption
at vacuum r.t.

Co+CO
Co+CO
Co+(+)clust.CO

[, , , ]

 ,–, – CoO; h.t. vacuum treat.,
– K,  Torr CO;
stable under vacuum,  K

Co+CO []

 ,–,
,

–
–

CoO, CoO; h.t. vacuum treat.,
 K,  Torr CO, stable at r.t.
CoO;  K,  Torr CO

CoCO
CoCO

[, ]
[, ]

 ,–, – CoO, CoO; h.t. vacuum treat.,
 K,  Torr CO

CoCO;
Co(CO)x

[, , ]
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bands at ~2,040–2,060 cm−1, a high-frequency shift 2,048→2,064 cm−1 took place
with a growth of CO pressure (coverage) (Fig. 3.8), which is typical for metals [8, 33].

Thus, the general pattern of CO complexes with cobalt closely resembles that of
CO complexes with copper. The difference consists in a higher reactivity of cobalt
oxides compared with copper oxides. This leads to the interaction of surface oxygen
with CO and formation of the oxidation products even on the low-reactive surface
formed upon h.t. treatment in oxygen at r.t. (Figs. 3.2 and 3.7). Even more remark-
able is the formation of Co0(CO)x complexes after vacuum treatment. The indicated
complexes are produced by the interaction with CO because their intensity after
vacuum treatment of CCC strongly increases (Fig. 3.7). It means that the chemistry
of processes on the surface of cobalt oxides essentially differs from that of classical
solid-phase processes accompanying the solid-phase reduction of cobalt oxides.

Coordinatively unsaturated cations on the surface, which are observed in the IR
spectra of adsorbed CO, are much more reactive sites than those present on the sur-
face of deeply oxidized oxides. This is illustrated by changes of the unsteady cata-
lytic activity measured in pulse mode and changes of the phase composition of
cobalt oxides upon h.t. treatments for CoO and Co3O4 produced by h.t. oxidation of
CoO followed by its h.t. evacuation (Fig. 3.9 and Table 3.3) [23]. According to these
data, formation of oxidized Co3O4 does not increase the rate of catalytic oxidation
of CO, and only the substantial vacuum treatment activates the oxide. Such
a comparison allows a conclusion that in the first approximation, the unsteady spe-
cific activity of cobalt oxides correlates with the intensity of the ~2,060 cm−1 band
(Table 3.3), which we attributed to metallic cobalt monocarbonyls. It does not mean
that exactly the Coo sites provide a high unsteady activity of cobalt oxides in the
reaction medium. They are evidently oxidized in the reaction medium. But it means
that these highly active sites have very labile chemical and structural properties,
which are not typical of the ideal faces of cobalt oxides.

In [28], a comparison of activities after holding in the reaction medium (time on run 70 min) and
subsequent treatment in oxygen (10 vol.%) or argon allowed a conclusion that exactly the oxi-
dative treatment activates the Co3O4 surface. In such cases, it is necessary to analyze in detail
the conditions of experiment. Under our conditions, we compared the effect of treatments of
the initial samples in oxygen and helium on the unsteady activity (time on run ~10–20 s). If the
authors of [28] performed h.t. treatment consecutively in oxygen and argon, the subsequent un-
steady activity would be higher exactly in this case as compared to treatment in oxygen.

The real structure of the initial cobalt oxide (CoO) obtained by thermal decomposition
of basic carbonate in helium is demonstrated in Fig. 3.10. Transmission electron mi-
croscopy (TEM) data clearly show the surface steps, twin (arrowed) (Fig. 3.10a), inter-
growth boundaries of crystallites (Fig. 3.10b) and dislocations (Fig. 3.10c) occupying
a small part of the particle surface.
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H.t. oxidation of CoO leads to the formation of cobalt oxide with the spinel structure;
it has the developed dislocation network (Fig. 3.11a), which becomes more pronounced
after h.t. treatment in helium (Fig. 3.11b) and acquires distinct planar defects (Fig. 3.11c).

Hence, significant changes in the defect structure of cobalt oxides are accompa-
nied by the changes in the state of coordinatively unsaturated sites on the surface
revealed by FTIR and unsteady catalytic activity.

The anomalously high activity of coordinatively unsaturated sites on the surface of
cobalt oxides was verified by experiments at ~ 80 K [27]. The adsorption of CO and
CO + O2 at the liquid nitrogen temperature on Co3O4 treated in vacuum revealed in-
crease in the intensity of CO2 band (~2,345 cm−1) (Fig. 3.12). Therewith, the intensity of
the CCC band virtually did not change with time, while the bands corresponding to
Co0CO complexes appeared in the spectra (Fig. 3.12 (1)) and disappeared in the pres-
ence of oxygen (Fig. 3.12 (2)). Thus, CO oxidation proceeds via the primary formation of

Table 3.3: Relation between h.t. treatment of different cobalt oxides, their unsteady catalytic
activity and FTIR spectra of adsorbed CO.

Sample h.t. treatment Specific activity,


 molec. CO/
(m s),  K

FTIR spectra in
figures

CoO He (~− bar O),
 K

~× Fig. ., spectrum 

% O,  K ~× Fig. ., spectrum 

% O,  K
He (~− bar O),
 K

~,× Fig. ., spectrum 

CoO % O,  K ~× Fig. ., spectrum 

He (~− bar O),
 K

~× Fig. ., spectrum 

(a) (b) (c)

A 1000Å

1000Å

B A

100Å

Fig. 3.10: Real defect structure of CoO: (a) twin (arrowed); (b) different grain boundaries of CoO
crystallites; (c) twin (111) (arrowed A) and dislocation dipoles (arrowed B).
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CO2, which is consistent with the data of [28, 34–36], and this process occurs virtually
without activation.

Another important feature of some coordinatively unsaturated sites on the surface
of cobalt oxides is their aggregation into cluster structures on which the adsorbed
complexes demonstrate the so-called dynamic shift – the high-frequency band shift
upon increase in coverage (growth of CO partial pressure in IR cell). This effect disap-
pears when 12CO is diluted with 13CO isotope (Figs. 3.6 and 3.13). According to [8], the
indicated effect is caused by the lateral dipole–dipole interaction of adsorbed mole-
cules under the following conditions: “the adsorbed molecules must have the same
intrinsic frequency; the adsorption plane must be flat; the adsorbed molecules must
be in close proximity and oriented parallel to each other” [8] (Fig. 3.14).

This effect is well known for supported metals [37]. For oxides with high
ionicity of the metal–oxygen bond, this effect, which was first discovered by
A. Tsyganenko [38, 39], is much lower. It was attributed mostly to the so-called static

(a) (b) (c)

Fig. 3.11: CoO after h.t. oxidation: (a) dislocation network in Co3O4 after h.t. oxidation of CoO;
(b) after h.t. oxidation followed by h.t. vacuum treatment; (c) planar defects in Co3O4 after
oxidation of CoO.
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Fig. 3.12: FTIR spectra of CO adsorbed on Co3O4 at 80 K after vacuum treatment: (1) (PCO = 0.1 Torr);
(2) (PCO = 0.1 Torr, PO2 = 0.1 Torr) after (a) 1, (b) 8, (c) 20, (d) 45, (e) 100, (f) 170 min [27].
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effect [8, 39, 40]. In our case, the shift reaches 23 cm−1 (Figs. 3.6. and 3.13). In our
opinion, taking into account chemical properties of these adsorption sites, this effect
is related to the presence of cobalt cations (precursors of the reduced sites) in close
vicinity to each other as clusters on the surface of cobalt oxides. As shown by quanti-
tative estimates of changes in pressure upon admission of similar CO portions into
the empty cell and the cell with cobalt oxide, the total number of such sites is not
large (5–10% of a monolayer coverage). Theoretical calculations for small CoxOy clus-
ters confirm that the clusters can be highly active in oxidation reactions [35, 36].

A decrease in the 2,164 cm−1 band intensity with the time of holding in the reaction medium
and catalyst deactivation can be interpreted in terms of clusters as the high-active sites of low-
temperature CO oxidation on the surface of cobalt oxides [33]. The indicated band was attrib-
uted to clusters in the oxidized state. We think that the catalyst deactivation is associated not
only with the surface reduction but, to a greater extent, with a slow destruction of clusters
under the action of reaction medium.
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Fig. 3.13: FTIR spectra of CO adsorbed
on CoO at 80 K: (1) 12CO, (2)
12CO + 13CO (1:7) [27].

Fig. 3.14: Simple model of oxide surface after mild
reduction (top view): – – – – – edge of the surface step;

Me – surface anion vacancy over Me cation; Me – surface

oxygen anion over Me cation.
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Thus, for cobalt oxides, the qualitative pattern showing the dependence of IR
spectra of adsorbed CO on various treatments is similar to the pattern for copper
oxide. Various coordinatively unsaturated cations in the oxidation state lower than
Co3+ and Co2+, which are typical of cobalt spinel, are observed. Cobalt oxides are
much more reactive, which leads even at 80 K to the appearance of reduced sites
and products of their reduction – CCC and CO2.

3.3 Iron oxides

The most abundant iron oxide is hematite having the corundum structure. In
chemical terms, iron oxides have a lower reactivity; so, in distinction to cobalt
oxides, their surface properties can be analyzed at 77–80 K by considering only
the adsorption and excluding the chemical interaction of CO with oxygen of the
oxide surface. In some works comparing the data obtained by TEM and IR spectros-
copy of adsorbed CO for the oxides with corundum structure, different types of coor-
dinatively unsaturated cations on the surface were attributed to basal or prismatic
faces [41, 42]. We have compared IR spectra of adsorbed CO at 80 K for the iron oxide
samples synthesized by different methods and having different sets of the most devel-
oped faces according to TEM (Table 3.4 and Fig. 3.15). For samples 1 and 3 with the
most developed prismatic (0001) faces, a set of bands coincides: ~2,190, ~2,170,
~2,164, and ~2,150 cm−1 (Fig. 3.15). Changes are observed only in the intensity ratio of
different bands. For samples 4 and 7, which have (1Ī00) and (0001) faces, the spectra
are also quite similar. In addition, the band at 2,203 cm−1 (Fig. 3.15) is observed. For
γ-Fe2O3 sample 5, high-frequency bands are completely absent. Only for the oxide
sample obtained by thermal decomposition of iron hydroxide and having the most
developed prismatic faces, the spectrum of adsorbed CO is close to the spectrum [42]
with one band at ~2,166 cm−1.

The adsorption heats of NO are much higher than those of CO (Table 3.5). So
the spectral pattern is less differentiated. For sample 3, a slightly asymmetric band
observed at 1,809 cm−1 (Fig. 3.16) is typical of Fe2+ complexes [9]. For sample 2, an
additional band appears at 1,888 cm−1, which corresponds to iron cations with
a high charge [9]. Hence, the spectral pattern for complexes of adsorbed CO and NO
is quite complicated. It means that types of surface coordinatively unsaturated cati-
ons are more diverse than it could be expected from the morphological analysis of
iron oxide particles.

As earlier, we have modified the surface state of iron oxides using h.t. pretreat-
ments in oxygen and vacuum. Similar to copper and cobalt oxides, one high-frequency
band at the minimum intensity of CCC is observed at 300 K after pretreatment in
oxygen (Fig. 3.17). After vacuum pretreatment, many bands appear in the region of
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νCO ≤ 2,140 cm−1 (Fig. 3.17a). Simultaneously, the band intensity strongly increases
in the CCC region (Fig. 3.17b). Special experiments revealed a weak effect of CCC
on IR spectra of adsorbed CO and reactivity of the oxide surface toward reduction.
For nitrosyl complexes, which do not interact with the surface oxygen, vacuum
pretreatment only increases the intensity of asymmetric band at 1,809 cm−1 as com-
pared to the oxygen pretreatment (Fig. 3.18a). This demonstrates that vacuum pre-
treatment initially produces no significant changes in the oxidation state of
coordinatively unsaturated Fe2+ cations on the oxide surface but alters their con-
centration and reactivity toward further reduction upon interaction with CO. It
means that, similar to the case of copper and cobalt oxides, vacuum treatment
changes the structure of the subsurface layer facilitating its activation (see
Fig. 3.5). Upon reduction of the iron oxide surface by carbon monoxide, for ad-
sorbed nitrosyl complexes a shoulder at 1,740 cm−1 appears, while intensity of the
1,809 cm−1 band declines (Fig. 3.18a). For complexes of CO adsorbed at 80 K,

Table 3.4: Some properties of iron oxides.

No. Method of preparation Phase Specific
surface

area, m/g

Most
developed
faces (TEM)

Wafer density,
g/cm (in IR

cell)

 Thermal decomposition
of oxalate,  K, air

α-FeO  () .

 Thermal decomposition
of goethite (),  K, air

α-FeO  (Ī),
()

.

 Thermal decomposition
of ammonium
oxalatoferriate,  K,
air

α-FeO  () .

 Thermal decomposition
of goethite (),  K, air

α-FeO  (Ī),
()

.

 Reduction of sample  by
CO in He at  K,
oxidation by O in He at
 K

γ-FeO  (), () .

 Aging of iron hydroxide
at pH ~ , washing,
calcination at  K, air

α-FeO  () .

 Thermal decomposition
of goethite (),  K, air

α-FeO  (Ī),
()

.
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a similar procedure leads to a strong decrease in intensity of bands at
νCO ≥ 2,170 cm−1 and an increase in intensity of low-frequency bands (Fig. 3.18b).
This testifies to a genetic relation between oxidized and reduced cations on the
surface.
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Fig. 3.15: IR spectra of CO adsorbed on
various Fe2O3 samples at 80 K
(PCO = 0.5 Torr) after vacuum treatment
(sample numbers as in Table 3.4) [43].

Table 3.5: The main types of coordinatively unsaturated iron cations on the surface of iron oxides.

No. νCO, cm− ΔHads CO,
kJ/mol

νNO, cm− ΔHads NO,
kJ/mol

Sample (No. in
Table ), treatment
conditions

Ref.

 ,–, – , Fe( + δ)+ [], []

 ,–, ~ , – Fe+ [], []

 ~,–, – – – OH –

 ,–, – , – Fe+ [], []

 ~, >

~, –

Fe []

 ,, ,,
,

~ Fex(CO)y []
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The opposite experiment – preadsorption of NО – results in nearly a complete dis-
appearance of the spectra of adsorbed CO at 80 K, except the band at ~2,166 cm−1,
which was assigned to CO adsorbed on the surface hydroxyl groups [14, 17]. The as-
signment of different bands of CO and NO adsorbed on iron oxides is shown in
Table 3.5.

One of the most interesting and important results is the “dynamic effect” of
dipole–dipole interaction for CO and NO molecules adsorbed on coordinatively
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Fig. 3.16: IR spectra of NO adsorbed at 300 K
on sample (3) spectrum 1 and sample (2)
spectrum 2 [43].
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region: (1) after treatment in O2 at 673 K; (2) after vacuum treatment at 673 K. Pco = 0.01 Torr [43].
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unsaturated iron cations. This effect emerges due to lateral interaction and disap-
pears upon dilution of adsorbed molecules with other isotope, which leads to the
low-frequency shift of the band maximum [8, 40, 42]. For iron oxides, we have ob-
served a shift of the band of adsorbed nitrosyl complexes even at a relatively small
(1:1) dilution with 15NO isotope (Fig.3.19a). For complexes of CO adsorbed on iron
oxide, this effect was reported for the first time in [42]. We have also observed it
even at a dilution with 20% 13CO (Fig. 3.19b).
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673 K, admission of CO at 300 K followed by vacuum treatment. Arrowed is the difference of
spectra after reduction [43].

1800

3

x10

x1

2 2

1

1

18
03

18
09

17
72

21
72 21

62

D,
 a

.u
.

D,
 a

.u
.

1700 2250 2250 20502200 2100
𝜈, cm–1𝜈, cm–1(a) (b)
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One more property, which is unusual for iron oxide, shows up after pro-
longed contact with CO at 300 K and evacuation at 673 K: readsorption of CO at
80 K leads to the appearance of three low-frequency bands at 2,060, 2,030, and
1,980 cm−1, the intensity of which increases simultaneously with raising the CO
pressure in IR cell (Fig. 3.20). These spectra resemble the spectra of iron subcar-
bonyls Fex(CO)y adsorbed on an inert support in the oxygen-free medium but not
in the spectra of CO adsorbed on metallic iron [8, 44]. In our case, it means that
reduction of oxidized iron oxide can be accompanied by the formation of at least
several iron atoms in the oxidation state Fe0, which have in the nearest coordina-
tion sphere not oxygen anions but iron cations that do not create steric hin-
drance for the adsorption of two or more CO molecules on one iron atom. These
are either the clusters rising above the surface or the steps. Evidently, this
completely contradicts the conventional surface models for oxides. Special ad-
sorption experiments demonstrated that the total amount of CO adsorbed at
80 K, including adsorption on hydroxyls and physical adsorption, does not ex-
ceed 15% of a monolayer coverage of the oxide.

A correlation (more accurately, an analogous change) of the steady-state specific
activity and concentration of partially reduced surface sites shows that at least in
the low-temperature region these sites can determine the activity of iron oxides
in oxidation of CO (413 K, 1% CO + 1% O2 in helium). The band at ~ 2,110 cm−1,
which forms upon interaction with CO at 300 K (Fig. 3.17), was chosen as the
characteristic of reduced site. It is clearly seen in Fig. 3.21 that the activity tends
to increase with the band intensity. A possible cause of the hyperbolic form of
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Fig. 3.20: IR spectra of CO adsorbed at 80 K after vacuum treatment at 673 K, CO adsorption at
300 K during 30 min followed by vacuum treatment at 623 K: (1) PCO = 10−3 Torr, (2) PCO = 10−2 Torr,
(3) PCO = 5 × 10−2 Torr, (4) PCO = 0.25 Torr, (5) PCO = 0.5 Torr.
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this dependence is that the concentration of sites estimated by IR spectroscopy
may be underrated as compared to conditions in the reaction medium. In the oxy-
gen-free medium created in a static setup, a part of the sites was reduced to me-
tallic state, whereas another part remained oxidized (Fe2+). In the reaction
medium, the active sites – coordinatively unsaturated iron cations – are likely to
have an intermediate oxidation state.

3.4 Conclusion

The study on the properties of coordinatively unsaturated cations on the surface
of copper, cobalt and iron oxides demonstrates that their chemical properties
under different pretreatment and synthesis conditions are not definitely related
with their bulk properties – phase composition and stoichiometry. Such cations
determine the low-temperature activity in the complete oxidation of CO under
steady and unsteady conditions. Their concentration can change in a very wide
range, but their total amount is much smaller than a monolayer coverage. The
presence of dipole–dipole interaction can be attributed only to the arrangement
of cations in close vicinity to each other. This is impossible for atomic structures
within the ideal faces on the oxide surface, where cations are separated from each
other by oxygen anions. Close location of coordinatively unsaturated cations
should facilitate the dissociative adsorption of oxygen and the interaction of ad-
sorbed CO and oxygen, similar to the models reported in [36, 45, 46]. Most likely,
a high lability of chemical and structural properties of such cluster sites is the
main cause of their high catalytic activity.
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4 Mechanism of methane dry reforming over
nanocomposite catalysts

4.1 Introduction

Basic knowledge of the mechanism of red–ox reactions catalyzed by oxide and nano-
composite catalysts is required to develop scientific bases of design of catalysts with
high activity, selectivity and stability. Reliable elucidation of mechanistic features in-
cluding detailed kinetic schemes is possible by application of unsteady-kinetic meth-
ods (including temporal analysis of products (TAP), isotope transition experiments
Steady-State Isotope Transient Kinetics Analysis (SSITKA), etc.), in situ spectroscopic
methods (Fourier-transform infrared spectroscopy (FTIRS), etc.) and microcalorimetry
combined with detailed mathematical modeling. In this chapter efficiency of such ap-
proach is illustrated for the case of mechanism of methane dry reforming over nano-
composite catalysts comprised of metal alloy nanoparticles supported on mixed
oxides with a high mobility and reactivity of the surface/near surface oxygen species.

4.2 General schemes

The main factor controlling the catalytic activity during methane dry reforming (MDR)
is believed to be the reactant activation. The dissociative adsorption and activation of
both CH4 and CO2 are structure sensitive, that is, they depend on the structure of nano-
catalysts based on fluorite-like/perovskite-like oxides, as far as they depend on elec-
tronic as well as geometric factors [1, 2]. The existence of the strong metal–support
interaction between active metal particles and support in catalysts drastically sup-
presses chemisorption of both H2 and CO facilitating synthesis gas production [3].

It is generally accepted that methane is dissociatively adsorbed on the metal
species to form CHx fragments, whereas CO2 activation may depend on the type of
support used (Fig. 4.1).

If CO2 is adsorbed on the support and activated at the interface between the metal
particle and support (path I), rapid oxidation of CHx on metal surface occurs.
Alternatively, CO2 can be activated on the metal surface (path II). It was suggested
that path I was more effective for the inhibition of carbon formation than path II. For
nanocatalysts, oxygen vacancies formed on the support during pre-reduction can act
as active sites for dissociative adsorption of CO2. For the irreducible oxide supports,
CO2 dissociation is supposed to be promoted by the H (ads) originating from the CH4

dissociation, which can be assisted by oxygen atoms on the support. The reactive in-
termediates in the reaction mechanism are mostly considered to be support-related
species [5–9]. Thus, Bradford and Vannice [7] have suggested for nickel supported cat-
alysts that CO2 participates in the reaction mechanism through the reverse water-gas
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shift to produce surface OH groups. The surface OH groups react with adsorbed CHx

intermediates being formed through CH4 decomposition, yielding a formate-type inter-
mediate, CHxO. CHxO decomposition leads to the principal reforming products, that is,
H2 and CO. Decomposition of both CH4 and CHxO are slow kinetic steps. According to
observations by O’Connor et al. [8] over both Pt/Al2O3 and Pt/ZrO2 catalysts, methane
decomposition takes place over platinum. The main difference between the two cata-
lysts concerns the carbon dioxide dissociation. X-ray Photoelectron Spectroscopy
(XPS) and Diffusion- Reflection Infrared Fourier Transformed Spectroscopy (DRIFTS)
data obtained for an Rh/La2O3 catalyst [6] indicate that the only visible surface species
in this case are lanthanum oxycarbonate and mainly Rho, whereas both linear and
bridge-bonded CO adsorbed on metallic rhodium are present during MDR.

The metal–support interface may also contain active sites for subsequent CHO
formation and decomposition. Hence, the support may affect the catalyst activity
by altering the stability of any intermediate species at the metal–support interface.
To gain insights into the specificity of MDR over Me-supported fluorite-like doped
ceria–zirconia catalysts, a combination of transient kinetic methods including TAP
and SSITKA with pulse microcalorimetry and spectral studies such as in situ FTIRS
techniques has been used [10]. One of the most significant findings of this study is
that both CH4 and CO2 dissociate independently of each other on metal and support
sites, respectively. However, metal alloy nanoparticles (Pt, Ru, Ni + Ru) are not only
involved in CH4 activation, but may mediate CO2 activation as well. Thus, in the
case of Ru + Ni/PrSmCeZrO catalyst, for CO2 molecules adsorbed at the metal–sup-
port interface, the C–O bond rupture is facilitated by Ni + Ru surface species.

4.3 TAP studies

Generally, Ni + Ru-supported catalysts in their oxidized state are most active for the
complete oxidation (combustion) of methane. The catalysts pretreated by reduction
with hydrogen are effective for dry reforming [11–13]. The TAP studies were performed
with the reduced catalyst [10]. Successive pulses of CO2 and CH4 are efficiently

CO

O

Ni particle

Support surface

O
CO

CO2

CO2

CHx

I II

Fig. 4.1: Scheme of the MDR reaction [4].
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transformed into CO and CO + H2, respectively. Furthermore, the amount of CO gener-
ated during a CO2 pulse is similar to that produced during a CH4 pulse, indicating
that no carbon is left on the catalyst surface. In the pump-probe experiments with
heavy isotope oxygen (18O) labeled carbon dioxide, only formation of C16O was ob-
served when the reduced Ru + Ni/ PrSmCeZrO catalyst was exposed to pulse of C18O2.
Since the only possible source of 16O in this experiment was the support, it was sug-
gested that C18O2 was able to exchange oxygen with the surface very fast.

According to Sadykov et al. [11, 14, 15] and Galdikas et al. [16], a complex ex-
change mechanism is involved with two oxygen atoms participating in the hetero-
exchange. For CexZr(1 – x)O2 solid solutions [16], the diffusion coefficient was found
to depend on Ce percentage and was the highest, that is, ~1.6 × 10−18 m2/s at 850 °C,
for Ce0.15Z0.85O2. Oxygen diffusion coefficients along interfaces (i.e., surface as well
as domain boundaries) for both catalysts (i.e., Pt/PrCeZrO and LaNiPt/PrSmCeZrO)
were found to be much higher (see Table 4.1). Application of C18O2 SSITKA allowed
us to estimate the oxygen mobility in catalysts under steady-state MDR conditions
when the catalysts are in the reduced state. The oxygen diffusion coefficients along
interfaces remained high, thus demonstrating that, indeed, the surface diffusion
can provide the required fast transfer of reactive oxygen species from support sites
to the metal–support interface under reaction conditions.

During subsequent CH4 pulses only C16O was produced, indicating that oxygen was
able to be supplied from the support during 0.6 s time lag between CO2 and CH4 pulses.

Table 4.1: Oxygen diffusion coefficients in Pt/PrCeZr and LaNiPt/PrSmCeZr
catalysts as measured by 18O2 and C18O2 SSITKA [10].

Sample Deff*, s
− Dbulk**,


− m/s

Dinterfaces***,


− m/s

Pt/PrCeZrO

O [] .  >
CO . – >

LaNiPt/PrSmCeZrO

O [] >.  >
CO . – >

*Deff – effective average oxygen diffusion coefficient for catalyst estimated by
solving the system of differential equations describing SSITKA data.
**Dbulk – oxygen diffusion coefficient within oxide domains estimated by using
Deff and domain size.
***Dinterfaces – oxygen diffusion coefficient along domain boundaries estimated
with a regard for the relative amount of oxygen located within domain
boundaries [10, 15].
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After a prolonged supply of C18O2 pulses without any CH4 present, the response spectra
for C18O appeared. A total of 8,000 pulses were required for this, indicating that the
support oxygen was partially replenished during the previous CO2 pulse series.
Therefore, either C18O2 dissociation takes place near the metal/support interface or it
occurs on oxygen vacancies on the support, and the oxygen isotope is in equilibrium
with the surface oxygen at the metal/support interface. This may be related to the fact
that a mobile oxygen pool is present in the fluorite-like doped ceria–zirconia.

In the subsequent series of 13CO2 and 12CH4 pulses upon pump-probe experi-
ments with heavy isotope (13C) labeled carbon dioxide (Figs. 4.2 and 4.3), only 13CO
was observed during the first pulse, while a 12CH4 pulse resulted in 12CO production.
Hence, any exchange of carbon atoms between the reactants is absent, which ex-
cludes the existence of any common intermediate.

Isotopic labeling studies have shown that the rate of the catalyst reoxidation by CO2

as an oxygen supplier greatly exceeds that of its reduction by methane. CH4 dissoci-
ation is the rate-limiting step. Hence, the rate coefficients for the elementary steps
involved in CH4 and CO2 dissociation were estimated at ~1–10 s−1 and >102 s−1, re-
spectively. Moreover, the removal of carbon remaining on the metal sites occurs
during CO2 pulses due to the reactivity of the oxygen species and the mobility of the
surface carbon species on the catalyst. Rapid oxygen redistribution between ad-
sorption sites located on metal and oxide surface occurs during catalysis. Being
strongly adsorbed on basic supports carbon dioxide can be activated through the
formation of the surface carbonate species.
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12CO, 13CO and CH4 responses corresponding to 13CO2 and
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experiment over reduced Ru + Ni/ PrSmCeZrO catalyst at 750 oC. Injection times were 0 s for 13CO2

and 0.8 s for CH4.
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4.4 Pulse microcalorimetry studies

In general, the changes in CH4 conversion and CO/CO2 selectivity with the CH4

pulse number and, hence, the reduction degree of the catalyst sample (Fig. 4.4) rea-
sonably agree with trends observed for TAP experiments (vide supra). The CO for-
mation, which already occurs during the first CH4 pulse admitted onto the oxidized
sample surface, supports the hypothesis about a primary route of syngas formation
via a CH4 pyrolysis-partial oxidation route. The observation of rather high degrees
of CH4 conversion after the removal of about one monolayer of oxygen from the
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sample again underlines a high rate of oxygen diffusion from the bulk of oxide par-
ticle to the surface, in order to compensate the used surface oxygen during the pre-
ceding pulses. The average heat of oxygen adsorption on a partially reduced
surface, that is, ~600 kJ/mol O2 (Fig. 4.5), is close to values corresponding to bond-
ing strength of bridging (M2O) oxygen forms located at Ce cations [10].

The average oxygen bonding strength increases with the catalyst reduction degree
(Fig. 4.5), which results in the increase of the enthalpy of CH4 interaction with the cat-
alyst (Fig. 4.6) corresponding to the enthalpy of methane transformation into deep
and partial oxidation products with a due regard for syngas selectivity. Some decline
of the heat of reduction at a reduction degree exceeding 1.5 monolayer can be ex-
plained by the increasing contribution of CH4 cracking in agreement with CH4 TPR re-
sults []. A practically linear (i.e., rather weak) dependence of the CH4 conversion on
the reduction degree agrees with this weak variation of the heat of CH4 transformation.
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Fig. 4.5: Enthalpy of oxygen adsorption
(Q) versus reduction degree (n)
estimated from the heats of 1.4% Pt/
Pr0.3Ce0.35Zr0.35О2 sample reduction by
CO pulses at 600 °C.

0.0 0.5 1.0 1.5 2.0
0

50
100
150
200
250
300
350

Δ 
 H

, k
J/

m
ol

 C
H 4

400

n, monolayers

Fig. 4.6: Enthalpy of CH4 interaction
with 1.4% Pt/Pr0.3Ce0.35Zr0.35О2 sample
as a function of reduction degree (n) at
600 °C.

76 4 Mechanism of methane dry reforming over nanocomposite catalysts

 EBSCOhost - printed on 2/13/2023 3:39 AM via . All use subject to https://www.ebsco.com/terms-of-use



Since the surface diffusion rate, that is, reverse oxygen spillover from the support to
Pt, is high, this provides some coverage of Pt by adsorbed oxygen, hence favoring CH4

activation.
For all investigated catalysts in the steady-state of MDR, reactant conversions

in mixed pulses and in pulses containing only pure components were practically
identical (Figs. 4.7 and 4.8). Moreover, the product selectivity was the same, that is,
methane producing CO+H2,CO2 −CO, in several pulses as long as less than ~ 30%
of oxygen is removed/replenished. In agreement with the isotope transient studies
and TAP, this underlines the independent activation of the two reactants on differ-
ent active sites with rapid oxygen migration between them.

The measured heat values correspond to removal/replenishing of the bridging sur-
face/interface oxygen forms with a desorption heat ~600–650 kJ/mol O2 (Table 4.2).

Note that CO2 conversion rapidly declines with the pulse number as the catalyst
is reoxidized (Fig. 4.8). In agreement with calorimetric data demonstrating that the
heat of surface reoxidation by CO2 is constant, such kinetics reasonably fitted by a
first-order equation, suggests that the surface sites are occupied following a uni-
form adsorption energy. The rate coefficients for CO2 consumption are very close for
Pt and LaNiO3-supported samples (i.e., ~102 s–1) while being an order of magnitude
higher for Ni + Ru-supported sample (i.e., ~103 s–1). In agreement with SSITKA re-
sults (see above), this suggests that Ni–Ru alloy nanoparticles participate in CO2 ac-
tivation, perhaps, by favoring the C–O bond rupture in CO2 molecules adsorbed at
metal–support interface.
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4.5 SSITKA studies

Figure 4.9 illustrates typical SSITKA responses corresponding to feed switches
from 12C normal isotope composition to that containing labeled 13CH4. As can be
seen, the transients are fast indicating that the steady-state surface coverage by
carbon-containing species is quite low, that is, not exceeding 10% of a mono-
layer, calculated on the basis of the metallic surface. After switching the feed
stream from 12CH4 + 12CO2 +He to 12CH4 + 13CO2 +He+ 1%Ar for the Ru + Ni/
PrSmCeZr catalyst at 650 °С, the fractions of 13C in СO and СO2 in the effluent in-
creased without any delay relative to the Ar tracer concentration, and at each mo-
ment the total number of 13C atoms in CO and СO2 was equal to that in the inlet
13СO2, so there was no carbon isotope accumulation on the surface, in addition to
the amount of carbon adsorbed on the catalyst surface under steady-state condi-
tions. This demonstrates that the concentration of C-containing intermediates, that
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Table 4.2: Characteristics of bonding strength of reactive bridging oxygen
forms for catalysts in the steady-state by reduction of CH4 or CO pulses and
reoxidation by CO2 or O2 pulses at 700 °C.

Catalyst composition Heat of oxygen desorption, kJ/mol O

CO
* CH

* CO* O
*

Pt/PrCeZr    

LaNi/PrSmCeZr    

Ru + Ni/PrSmCeZr    

Ru + Ni/PrSmCeZr/YSZ    

*Estimated by using pulses of respective component.
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is, carbonates, carbides, etc. on the steady-state surface remains small but stable.
This also suggests that the fraction of 13С in CO should be equal to a half a sum of
13С fractions in CO2 and CH4:

αCO =
αCO2 + αCH4
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Fig. 4.9: (a) Steady-state isotopic transients after the feed switches CH4 +CO2 +He!13CH4 +CO2 +
He ! CH4 +CO2 +He for Pt/PrCeZr sample at 830 °C, 15 ms contact time and inlet concentration of
CH4 and CO2 4%. (b) Time dependence of 13C isotope fraction in CO (1) and СO2 (2) after switching
CH4 +CO2 +He!13CH4 +CO2 +He for Pt/PrCeZr sample at 830 °C, 15 ms contact time and inlet con-
centration of CH4 and CO2 4%.
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In the present experiments, the 13С fractions in the reactants were equal to αCO2= 0.7
and αCH4= 0, respectively. In this case, the estimated 13С fraction in CO should be
equal to 0.35, while the experimental value was found to be equal to 0.4. At the
same time, the 13С fraction of CO2 in the effluent is much lower than that in the inlet
feed being equal to 0.46. This means that in the course of reaction some exchange
of carbon atoms between CO and СO2 proceeds, while there is no transfer of 13С into
CH4. This proves that the interaction of the catalyst with CH4 and CO2 occurs inde-
pendently, the first one being irreversible and the second one reversible.

The simplest mechanism corresponding to this statement can be presented as
follows:
1) ZO½ �+CH4 ! Z½ �+CO+ 2H2,
2) Z½ �+CO2 $ ZO½ �+CO.

Here methane irreversibly interacts with oxidized sites leading to CO and H2 for-
mation. Most likely metallic sites are involved in these steps. The methane trans-
formation is followed by a reversible reoxidation of the reduced sites by carbon
dioxide.

The total CO formation rate according to this scheme is equal to

wΣCO =w1 +w2 −w− 2.

In the case of labeled CH4, the redistribution of 13C among all C-containing feed
compounds is observed. The kinetic parameters characterizing the 13C exchange
rate and specific rates of CH4 and CO2 consumption are shown in Table 4.3. The rate
coefficients of CO2 transformation as estimated by SSITKA exceed those of CH4 con-
sumption by approximately an order of magnitude. As already mentioned, these re-
sults are in line with the resistance to coking of the studied catalysts.

Hence, under steady-state conditions, the MDR rate is limited by methane interac-
tion with the catalyst. Note that both w1 (i.e., the rate of CH4 transformation) and w2

(i.e., the rate of catalyst reoxidation by CO2) at a lower temperature (550 °C) are appar-
ently higher for catalysts containing Ru + Ni as compared with those for Pt/PrCeZr at
a higher temperature (735 °C). Since the specific activity of Pt/PrSmCeZr is even lower
than that of Pt/PrCeZr (Table 4.3), this difference could not be explained by the effect
of support composition. Hence, this result suggests that Ru + Ni alloy nanoparticles
are not only involved in CH4 activation but also help to activate carbon dioxide. This
confirms the key role of interface sites for this bi-functional reaction mechanism.

4.6 FTIRS in situ studies

The question whether the surface carbonate species participate in the catalytic cycle
by providing oxygen which reacts with the carbon produced from methane activated
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on the metal sites is still open. To elucidate whether the main route of reductive trans-
formation of CO2 at reaction conditions proceeds via carbonates as intermediates, the
reactivity of carbonate species on La-containing catalysts was studied, because carbo-
nates bound to La cations were expected to be very stable. Interaction of CO2 with the
catalysts could yield a variety of carbonate-like species due to the surface basicity.

Results of in situ FTIRS study are shown in Fig. 4.10. In this study, thin pellets,
that is, 2.8–3.6 cm2 in area and 60–90 mg in weight, of the LaNi/PrSmCeZrO2 cata-
lyst in the IR cell adjusted to experimental temperature (600, 650 °C) were firstly
exposed to CO2. After recording spectra carbon dioxide was removed from the gas
phase by freezing in a trap cooled by liquid nitrogen, and again the IR spectrum
was registered. Then, CH4 was injected and the IR spectra were registered.

No matter which is the active metal, lanthanum oxycarbonates are formed by
the interaction of La2O3 with CO2. The lanthanum oxycarbonate bands are observed
in the range 1,300–1,500 cm−1. As follows from Fig. 4.10, bands at 1,385 and
1,460 cm−1 are observed corresponding to bridging surface carbonates. Though
their intensity strongly declines after removing gas-phase CO2, they are still re-
tained on the surface. The existence of a pool of carbonate species, mostly dioxomo-
nocarbonate La2O2CO3, at 700–800 °C under a partial pressure of CO2 which
corresponds to the reforming conditions was demonstrated by Slagtern et al. [17].

Table 4.3: Elementary step rate assessment in MDR using SSITKA.

T,°C αCO2 αCO w/w w,
mkmol/g

min

w,
mkmol/g

min

w–,
mkmol/
g min

Pt/PrCeZr

 . .  .  

 . .  .  

 . .  .  

Ru + Ni/PrSmCeZr

 . . . .  

 . . . .  

 . . . .  

Ru + Ni/PrSmCeZr/YSZ

 . . . .  

 . .  .  

 . .  .  
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The type of carbonate species seems to be different for various supports. Fast equi-
librium was found to be achieved between the carbonates and the carbon dioxide
in the gas phase, but essential irreversibility was observed under steady-state reac-
tion conditions [17]. The lanthanum carbonate species readily react with CH4 with
formation of gas-phase CO, since respective bands disappear (Fig. 4.10a). Indeed,
as it was studied by Krylov et al. [18], surface carbonate species may react with car-
bon formed via methane decomposition. Again, admission of CH4 into the cell
causes the formation of new carbonates (Fig. 4.10b). Linearization of the intensity
variation in coordinates of the first-order equation revealed their identical slopes
for both bands, which confirms their assignment to the same bridging carbonate
(Fig. 4.10c).

The rate coefficients of a first-order reaction of gas-phase CH4 with the sur-
face carbonates over the nanocomposite fluorite-like doped ceria–zirconia
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Fig. 4.10: FTIR spectra of LaNi/PrSmCeZrO2 sample in the range of surface carbonates (a) and CO
and CO2 gas-phase molecules’ (b) vibrations under contact with CO2 followed by admission of CH4

at 600 °C; variation of the intensity of carbonate bands with time under contact with CH4 in
coordinates of the first-order rate equation (c) 1 – band 1,385 cm−1, 2 – 1,460 cm−1.
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catalysts were found to be very small compared to that of the rate-limiting step of
CH4 dissociation (Table 4.4). Therefore, the surface carbonate may assist with
continuous supply of activated oxygen to the metal sites preserving them from
deactivation. However, they can only be considered as spectator species in the
catalytic cycle.

4.7 Summary of mechanism

The investigation of the Me/PrSmCeZrO catalysts has revealed the most important
features of nanocomposite catalysts for MDR:
– reducibility of the support
– oxygen mobility on the surface and in the bulk of the specific catalyst
– reoxidation of the support by CO2

The mechanistic scheme of syngas formation during methane dry reforming
on Me/PrSmCeZrO catalyst and sequence of elementary steps over Ni–Ru/
Sm0.15Pr0.15Ce0.35Zr0.35O2 catalyst can be proposed as it is presented in Fig. 4.11.

The mechanistic approach suggests that during reduction, methane is activated
and decomposed to carbon and hydrogen on the metal sites. Hence, methane disso-
ciation on Ru may result in the formation of different hydrocarbonaceous species,
namely methylidyne (CH), vinylidene (CCH2), and ethylidyne (CCH3) species which,
at temperatures exceeding 700 K, may transform into the graphitic phase [19].
Hydrogen species might be present on the surface in the form of either Hs or CHxs.
When the metal particle is preoxidized, H2O is formed as a result of the reduction of
the metal sites. The cationic metal particles cause labilization of lattice and surface
oxygen. The lattice oxygen from oxide support is consumed for CO or H2O formation
and oxygen vacancies are generated again. Similar to the literature findings [4, 20],
it was suggested that CO produced from methane originates from the removal of
carbon that is deposited on the metal particle during CH4 decomposition. The car-
bon originating from methane partially reduces the oxide support near the perime-
ter of the metal particle, thus creating oxygen vacancies in the support. The oxygen

Table 4.4: Rate constants of the interaction of the surface
carbonates with gas-phase CH4.

Sample Temperature, °C Constant, s−

Ru/PrSmCeZr  .
LaNi/PrSmCeZr  .
LaNi/PrSmCeZr  .
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formed during CO2 dissociation replenishes the oxygen in the lattice, thus providing
a redox mechanism. The long-term activity of the composite catalyst would depend
upon the balance between the ability for CO2 dissociation, oxygen exchange and
removal of carbon from the metal surface.
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5 Kinetics and mechanism of high-temperature
N2O decomposition

Catalytic decomposition of N2O is generally described by the following scheme
[1, 2]:
1) N2O+ S ! N2O− S
2) N2O− S ! N2 +O− S
3) O− S+N2O ! N2 +O2 + S (the Eley–Rideal mechanism)
4) 2O− S $ O2 + 2S (the Langmuir–Hinshelwood mechanism)

where S is the surface active site, N2O–S is the adsorbed or chemisorbed N2O, and
O–S is the adsorbed or chemisorbed O.

For many oxides, it is known that in the temperature range 300–600 °C, N2O con-
version decreases in the presence of oxygen in the reaction mixture, which can be due
to the competitive adsorption of N2O and oxygen on the same active sites [3, 4] being
oxygen vacancies or metal cations. Having studied the activity of manganites in
N2O decomposition at 400–600 °C vs lattice parameters, Raj et al. [5] came to the con-
clusion that oxygen desorption (stage 4) appeared to be the rate-controlling step of
the reaction. The isotopic oxygen exchange carried out by Sazonov et al. on perov-
skites [6] and by Winter on a number of oxides [7] at 400–600 °C confirmed these
results, because a linear correlation was observed between the rate of oxygen homo-
exchange and that of N2O decomposition. It means that at medium temperatures
(300–600 °C), the catalytic activity of manganites is determined by the binding
strength of adsorbed or chemisorbed oxygen. However, at higher temperatures
(700–900 °C), the correlation between the rate of N2O decomposition and the rate of
bulk oxygen diffusion found for La1 – xSrxMnO3 ± δ (x = 0, 0.3, 0.5) samples in our
previous work [8] indicated that reactivity of perovskites can depend on the lattice ox-
ygen mobility. To understand what this correlation means in respect to the mecha-
nism of N2O decomposition, we studied the dynamics of oxygen transfer from N2O to
O2 during the reaction of N2O decomposition on LaMnO3 + δ. The question was how
can the lattice oxygen mobility influence the catalytic properties at the steady state.

If oxygen desorption is the rate-limiting step of the reaction, then the correla-
tion should exist between the rate of N2O decomposition and the rate of the surface
oxygen exchange. It is known that heat treatment of LaMnO3 + δ at 900 °C in an air
atmosphere can result in creation of the cation vacancies, VLa and VMn, which
causes some Mn3+ to convert into Mn4+ state [9, 10] . In such mixed-valence man-
ganites the holes are the charge carriers, thus determining their ferromagnetic
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metallic behavior and good electrical conductivity at high temperatures [11]. At the
same time, it is exactly a small amount of oxygen vacancies that is responsible for
a lower bulk oxygen mobility of LaMnO3 + δ in comparison to LaFeO3 - θ and
LaCoO3 ± γ.Earlier, De Souza and Kilner [12] demonstrated a strong correlation be-
tween the coefficient of bulk oxygen diffusion D and the constant of surface oxy-
gen exchange R for (La,Sr)(Mn,Co)O3 – γ systems. It means that the surface
concentration of oxygen vacancies, which are scarce on LaMnO3 + δ, rather than
the energetic barrier of the Os ↔ Os

– charge transfer, can be of critical importance
for dissociative adsorption of O2 molecule. Using N2O instead of molecular O2 in-
creases the rate of labeled oxygen transfer, because dissociative adsorption of
N2O can take place on coordinatively unsaturated surface cations Mn3+ too [13],
whereas surface oxygen vacancies are the only sites for oxygen adsorption. Thus,
the observed correlation between the tracer oxygen diffusion coefficient and the
rate of N2O decomposition is likely to be due to the correlation between D and R.

We failed to properly estimate the surface tracer exchange constant in
La1– xSrxMnO3 ± δ (x = 0, 0.3, 0.5) because of strong limitation of the kinetics
by bulk oxygen diffusion [8]. At the same time, we found a strong correlation
between the rate of N2O decomposition on the La1 –xSrxFeO3 – θ system and the
surface exchange rate constant R, but there was no correlation between catalytic
activity and the coefficient of bulk oxygen diffusion [14]. As shown in [12], the
correlation between bulk oxygen diffusion and surface exchange depends on the
ratio of the ionic to electronic conductivity. Indeed, Adler et al. and ten Elshof
et al. [15] supposed that the rate-limiting step of the surface oxygen exchange in
the La1 – xSrxFeO3 – θ system with high concentration of oxygen vacancies can be
the O2 chemisorption. In this case, there is no correlation between D and R, be-
cause at high availability of surface oxygen vacancies the rate of surface rate ex-
change will be determined most likely by charge transfer.

The revealed correlations between high-temperature catalytic activity and oxy-
gen exchange properties indicate that oxygen desorption from the surface is likely
to be the rate-determining step of N2O decomposition for both the La1 – xSrxMnO3 ± δ

and La1 – xSrxFeO3 – θ systems. In consequence, when methane, as a reductant in-
creasing the rate of oxygen desorption from the surface, is introduced in the reac-
tion mixture, N2O conversion rises (Fig. 5.1)[16].

Hence, the isotopic transient experiment with 18O2/N2
16O on LaMnO3+δ at 900 °C

revealed that labeled oxygen transfer from N2O to O2 proceeds faster as compared to
oxygen exchange 18O2/

16O2 and includes the interaction of N2O with two lattice oxy-
gen atoms of perovskite. As a result, a strong correspondence should exist between
the tracer coefficient of bulk oxygen diffusion and the rate constant of surface tracer
oxygen exchange. It explains the earlier observed correlation between the rate of
N2O decomposition (900 °C) and the rate of lattice oxygen diffusion (900 °C) for
La1 – xSrxMnO3 ± δ and its absence for the La1 – xSrxFeO3 – δ system.
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6 Application of mechanochemical methods
in catalysis

Mechanochemistry is a field that deals with the effect of mechanical factors on chem-
ical and physicochemical properties and transformations of substances in various
fields of science and technology. The literature data demonstrate that mechanochem-
ical methods can widely be applied in catalysis, too. Thus, various applications of
mechanochemical factors are to:
– investigate the features of active sites and the catalytic action of oxides;
– prepare mixed oxide catalytic systems without precipitation steps associated

with high water consumption;
– control rheological characteristics of pastes and grain strength during the syn-

thesis of granulated catalysts; and
– control the catalytic process.

The least studied are the catalytic reactions with mechanochemical treatment (MT,
the so-called mechanocatalytic reactions), probably due to technical difficulties as-
sociated with such reactions.

Let us use oxide catalysts for deep oxidation reactions as an example to consider
the above-listed application aspects of mechanochemical activation in catalysis.

6.1 Effect of mechanochemical treatment on the catalytic activity
of oxides

A review of studies concerning the effect of MT on a solid demonstrates that reac-
tivity of oxides increases in the reactions of decomposition, dissolution and
solid-phase synthesis, and changes in the catalytic activity are also observed.
Thermochemical interpretation of the enhanced reactivity is based on the growth
of free energy of the system due to increased concentration of defects [1].
Reactivity of a substance in each reaction can often be changed only by a certain
type of defects rather than by the total defectness. So, one of the goals of studies
on the effect exerted by MT on the reactivity of oxides is to reveal not only the
total defectness but also the particular defects affecting the given reaction [2–5].
This task is complicated by various phenomena that occur during MT; such phe-
nomena are divided into four groups [6].

The first group is related to brittle failure, which increases the dispersion of par-
ticles. This facilitates the growth of specific surface area of the oxide catalyst par-
ticles. However, it was found that the specific surface area of oxides not only
increases upon MT but can also decrease owing to aggregation; as a result, the
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steady surface area is established. Along with the surface area, the reactivity should
also change during MT because for heterogeneous processes the reaction rate re-
ferred to unit mass is proportional to the interface area. Examples of symbate
changes in specific surface area and reactivity for Fe2O3 and CuO are reported in [1].

The second group of phenomena is connected with the plastic shear flow.
Plastic flows are based on a dislocation mechanism [7–9]. Exactly this group of phe-
nomena leads to the formation of various points and extended defects. Similar to
other factors that increase defectness of a solid, such as radiation, phenomena of
this group activate reactivity of a solid by increasing the reactivity of unit surface
area of the oxide catalyst.

The third group of phenomena is caused by heating of a substance upon
mechanochemical treatment. For example, treatment of CaCO3 or Ag2C2O4 results
in their thermal decomposition [10, 11].

The fourth group of phenomena implies structural changes of a substance dur-
ing MT; in this case, the notion of defect becomes meaningless. Here, an increase in
reactivity is related to amorphization degree of a solid [8, 12–16].

The accumulated data on MT of oxides allow revealing the regularities that are
pertinent to certain groups of oxides.

Avvakumov and coworkers [7, 17–21] investigated the effect of MT on simple
mixed-valence oxides having the framework (loose) structure (TiO2, SnO2, WO3,
PbO2). Since MT of oxides is accompanied by intense plastic shear deformation, the
elementary acts of which include generation, motion and interaction of disloca-
tions, the authors supposed that oxygen abstraction from the oxide, that is, the
mechanochemical dissociation, can occur during such treatment. The body of data
acquired for the oxides of elements belonging to groups 5, 4, 6 and 8 of the
Mendeleev’s periodic table indicates that MT in vacuum actually leads to mechano-
chemical dissociation of such oxides [18–21].

Pavlyukhin and coworkers [8, 12–16] studied the effect of MT on double oxides
(zinc, nickel, cobalt, copper and magnesium ferrites), which have a closely packed
anionic sublattice, and determined structural features of a substance during its
deep treatment. It was found that when a substance becomes X-ray amorphous and
the long-range order is destroyed, the short-range order is preserved. This is accom-
panied by an increase in the number of cations in octahedral positions as compared
to the initial spinel structure, which testifies to the formation of a substance having
a new crystal structure at a constant chemical composition. Physicochemical prop-
erties of such substance, particularly the dissolution rate, differ from the initial sub-
stance. The increase in the number of occupied octahedral positions as compared
to the spinel structure and the disturbance of the long-range order were attributed
by the authors to the shear deformations along the [111] plane. A study on MT of
perovskites (lanthanum ferrite) showed that the substance rapidly becomes X-ray
amorphous without structural changes. The appearance of new properties of the
substance is related primarily to the fraction of X-ray amorphous substance.
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Mechanochemical reduction was not observed by the authors during MT of oxides
with the closely packed structure.

When MT of oxides is carried out in a medium, the emerging structural distor-
tions promote the interaction of the oxides with the atmosphere to form new
chemical compounds. Thus, after MT of WO2 in the ethanol (96%) atmosphere,
water, hydrogen and carbon oxide were detected in gaseous products releasing
from the surface of the activated oxide [22]. MT of magnesium oxide in a planetary
mill in the air atmosphere leads not only to structural distortions (an increase in
the lattice parameter of MgO) but also to the interaction of the freshly formed sur-
face with water vapor and air CO2, resulting in the formation of hydroxide and
basic magnesium carbonate [23]. The formation of hydrogen during MT of copper
oxide in water was observed [24]. It is accepted that mechanochemical reactions
are caused by an increase in the concentration of defects; therewith, the places of
termination of dislocations and the adjacent regions are supposed to serve as the
active surface sites.

Butyagin et al. [25–39] proposed a “radical” approach to describe the mechano-
chemical phenomena. They think that MT is accompanied by bond cleavage or de-
formation producing reactive radicals on the surface of oxides. This approach
adequately explains the interaction of activated surface with gaseous atmosphere
and allows characterizing the active surface sites. Thus, activation of GeO2 (cova-
lent binding) leads to stabilization of the cleft (≡Ge· and ≡GeO·) and deformed
(≡Ge-O-Ge≡) bonds on the surface. Upon MT of MgO (ionic binding), surface ac-
tive sites are represented by the deformed Mg–O bonds that enhance donor proper-
ties of the anion (the charge transfer band in diffuse reflectance spectra shifts by
3–4 eV to the long-wave region). Activation of SnO2 (intermediate binding) results
in a partial reduction of the oxide and appearance of various electronic states in the
band gap up to the conduction band (an increase in electrical conductivity).
Therewith, the authors assume the existence of at least four regions in the activated
particle: 1 – the surface layer containing chemisorbed gases; 2 – the strongly disor-
dered surface layer; 3 – the plastically deformed subsurface layer; and 4 – the
weakly distorted core of the particle.

The effect of MT on the catalytic properties of oxides and metals was discovered
and investigated by Shrader and coworkers [40–47], Heiniche and coworkers [48–51],
Japanese researchers [52, 53] and later by Buyanov and coworkers [54–62]. It was
found that activity in different catalytic reactions changes with extending the MT
time: in some cases, the activity increases or goes over a maximum, while in other
cases it decreases.

Changes in the catalytic activity may be caused by the formation of new chemi-
cal compounds that are more active than the initial compound. For example, ac-
cording to Heiniche and coworkers [48–51], the formation of nickel carbonyls from
carbon oxide and nickel in the presence of sulfur or sulfide compounds is acceler-
ated by the formation of nickel sulfide, which serves as the actual catalyst. It seems
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interesting that the highest activity of nickel sulfide is observed during mechanical
action and decreases upon its termination.

Changes in the catalytic activity are often compared with changes in the crystal
lattice parameter of oxides (iron, calcium, magnesium, copper and aluminum ox-
ides) [40–47]. In most cases, the activity changes symbatically with the lattice pa-
rameter. For instance, the catalytic activity of copper oxide in decomposition of
nitrous oxide [40] and ortho–para conversion of hydrogen [41] was considered by
Shrader from these positions. Pure copper oxide milled in the oxygen atmosphere
stimulates the ortho–para conversion of hydrogen. The mechanism of such conver-
sion depends on magnetic properties of the oxide. Magnetic susceptibility is
a structure-sensitive property of a solid; so it depends on distortions in a solid (on
the crystallite sizes and mostly on the presence of dislocations). A substantially ele-
vated hole conduction was observed even in the activated copper oxide samples
that were calcined at 600 °C for 3 h. It was noted that the catalytic activity of copper
oxide in the ortho–para conversion of hydrogen changes symbately with magnetic
susceptibility and destruction degree of the CuO lattice. A complicated dependence
of the nitrous oxide decomposition rate on accumulation of structural distortions in
copper oxide was revealed in [41]. The extreme dependence of rate constant was
attributed to changes in the reaction mechanism after accumulating a certain con-
centration of defects.

The effect of MT in a vibrating ball mill on powdered α-Fe2O3 was studied in the
oxidation of carbon oxide with an excess of oxygen and in its absence [42].
A similarity was found in the dependences of CO conversion on the milling time for
the reactions performed in an excess of oxygen (2 СО + О2 + α-Fe2O3 → СО2 + α-Fe2O3)
and in its absence (СО + 3 Fe2O3 → Fe3O4 + СО2) – both dependences are extremal
and have a maximum at 16 h of milling. However, X-ray diffraction (XRD) differences
between mechanically activated α-Fe2O3 samples were not found in this case. It was
supposed that MT enhances the activity of the oxide by facilitating the reduction
step. The authors noted that at temperatures above 300 °C the activities were
irreproducible.

The enhancement of СаО activity toward nitrous oxide decomposition during
MT was attributed to the increase not only in specific surface area but also in defect-
ness [45]. A prolonged grinding of a nickel oxide powder destroys its lattice and in-
creases activity of the powder toward hydrogen peroxide decomposition [52].
Heating of the activated sample above 300 °C for 3 h restores the properties of the
initial nickel oxide.

A review [63] considers changes in the structure, chemical composition and prop-
erties of alumina and aluminosilicates under grinding. An ambiguous effect of MT on
powders is noted. For alumina, the activity toward dehydration of isopropanol
changes symbately with accumulation of structural distortions. For titanium pyro-
phosphate, structural distortions disappear under grinding, and activity toward dehy-
drogenation of isopropanol increases. According to Takashashi and Tsutsumi [53],
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the catalytic activity of zinc oxide in hydrogen peroxide decomposition and photooxi-
dation of isopropyl alcohol decreases with increasing the amount of structural distor-
tions in the oxide under the action of MT.

Thus, in the early studies devoted to the effect of MT on the catalytic properties
of oxides, such an effect was revealed and its sufficient stability in the reaction me-
dium was demonstrated. The improved reactivity of activated oxides was attributed
either to the total increase in disorder of a solid or to the appearance of reactive
radicals or new compounds on the surface. However, this could not explain the ob-
served processes of mechanochemical deactivation related to an increase in the
total defectness. So, in both the chemistry of solids and the heterogeneous cataly-
sis, it became necessary to reveal the effect exerted on catalytic activity and reactiv-
ity not by the total defectness but by a particular type of defects responsible for
a certain reaction.

The indicated approach was implemented for the first time at the Institute of
Catalysis SB AS USSR. Thus, Molchanov and coworkers [64, 65] have developed
a technique for inducing crystallographic shear defects in titania (using mechano-
chemical activation and subsequent annealing in an inert medium) and established
a correlation between catalytic activity in CO oxidation and concentration of such
extended defects. According to them, this correlation unambiguously indicates that
active sites are the crystallographic shear planes terminating on the oxide surface.
For zinc oxide, a correlation was also found between activity in CO oxidation and
density of extended defects (dislocations and packing defects). The activity is en-
hanced by accumulation of such defects and deteriorated when density of defects
decreases upon structural relaxation caused by milling of crystallites; this reflects
the extremal dependence of activity on the milling time.

A cycle of studies considering the effect of MT of dispersed 3d oxides [copper,
cobalt, iron and manganese (II–IV) oxides] on their catalytic activity in the deep
oxidation of CO and butane, despite various phenomena accompanying the MT (de-
composition of aggregates, changes in the density of extended defects, reduction of
oxides, hydration and carbonization of the surface), has established a relation be-
tween changes in the catalytic activity of oxides observed during MT and changes in
the density of extended defects in the oxides, which were determined by infrared (IR)
spectroscopy of probe molecules (termination of extended defects on the surface
leads to the formation of reduced cation clusters serving as the active sites), high-
resolution electron microscopy and small-angle X-ray scattering (SAXS) [66–73]. It
was found that MT of dispersed oxides, which ultimately decreases the density of ex-
tended defects in the oxides despite a simultaneous increase in the number of vacan-
cies, deteriorates their activity in the deep oxidation reactions. The data obtained
have reliably elucidated the role of extended defects in the formation of active sites
in the reactions of deep catalytic oxidation.

Thus, Fig. 6.1a and 6.1b shows the catalytic activity of copper oxide (specific sur-
face area 25 m2/g) in butane oxidation versus MT time and displays the spectra of CO
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adsorbed at room temperature (30 torr) on the initial and mechanically activated
for 10 s samples after their oxidation and reduction treatments [66, 67]. MT first
enhances the activity by a factor of 3–5 but later, as MT time exceeds 10 s, deterio-
rates it. At a constant phase composition of the samples and similar specific sur-
face area, pronounced changes are caused primarily by changes in the state of
surface active sites. Indeed, according to IR spectroscopy of CO probe molecules,
the adsorption of carbon oxide at room temperature on the initial copper oxide
sample after oxidation treatment leads to appearance of the absorption band at
2,120 cm−1 (Fig. 6.1b). After holding the sample in the carbon oxide atmosphere,
the intensity of the 2,120 cm−1 band increases and a band appears at 2,140 cm−1.
The observed bands correspond to Cu+–CO complexes [66, 73–81] that are formed
on coordinatively unsaturated Cu+ cations on the copper oxide surface. Sites with
a greater effective charge Сu1+б are formed after the reduction (the band at
2,140 cm−1). The causes of this phenomenon are discussed in Chapter 3. The re-
duction treatment expectedly increases the intensity of the 2,140 cm−1 band,
which testifies to an increase in the number of such sites. The adsorption of car-
bon oxide on the CuO sample activated for 10 s after its oxidation treatment imme-
diately results in the appearance of a broad intense band at 2,120–2,140 cm−1
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Fig. 6.1: (a) Catalytic activity of CuO (1–2 mm particles) samples in butane oxidation at 300 °C
(W*102 cm3 С4Н10/g s) in dependence on MT time (t, s). (b) IR spectra of adsorbed CO: 1 and 1/ –
spectra of the samples without high-temperature treatment: initial and after MT for 10 s,
respectively; 2 and 2/ – spectra of the samples after high-temperature treatment; 3 and 3/ –
spectra of carbon oxide adsorbed at 25 °C (30 Torr) on the samples after their oxidation treatment;
4 – the spectrum of CO adsorbed on the initial copper oxide after its reduction treatment.

96 6 Application of mechanochemical methods in catalysis

 EBSCOhost - printed on 2/13/2023 3:39 AM via . All use subject to https://www.ebsco.com/terms-of-use



(Fig. 6.1b), which indicates an increase in the concentration of reduced Cu+ sites,
particularly at the points where dislocations terminate.

Quantitative evaluation of adsorption sites from the optical density showed
that the number of sites is 0.6% of a monolayer for the initial copper oxide after
oxidation treatment, and increases 2.5-fold for activated samples, reaching 1.5% of
a monolayer [66].

Figure 6.2 shows the catalytic activity of cobalt oxide (specific surface area
100 m2/g) in butane oxidation versus MT time (Fig. 6.2а) and displays the spectra of
CO adsorbed at room temperature (Fig. 6.2b). One can see that the catalytic activity
of cobalt oxide decreases and the number of active adsorption sites also decreases
according to IR spectroscopy of a probe molecule; however, no changes are ob-
served in the phase composition and specific surface area of the oxides. Taking into
account the data of Sadykov et al. [82, 83] indicating that the active site on the co-
balt oxide surface includes a pair of cobalt cations located in adjacent octahedra at
the points where dislocations terminate at the surface, it can be concluded that MT
destroys the dislocation network, thus decreasing the number of active sites capa-
ble of adsorbing weakly bound oxygen. This is accompanied by reduction of the
oxide and hence an increase in the density of point defects, which lead only to
a decrease in coordination of the initial Со3+ cations. The data obtained by IR spec-
troscopy of adsorbed CO are quantitatively consistent with the kinetic data. Thus,
assuming a constant extinction coefficient, the optical density ratio of 2,075 and
2,085 cm−1 bands gives a 1.8-fold difference for uncalcined initial and mechanically
treated for 10 s Co3O4 samples, and a 1.27-fold difference for the calcined samples,
which agree with the observed decrease in catalytic activity of these samples by
a factor of 2 and 1.25, respectively [67, 68].
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Fig. 6.2: (a) Effect of MT of Co3O4 on the catalytic activity toward butane oxidation at 250 °C
(W * 102 cm3C4H10 /m

2s, 1–2 mm particles). (b) IR spectra of CO adsorbed on cobalt oxide samples:
1 – initial Со3О4; 2 – Со3О4 after MT during 10 s.
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Figure 6.3 shows the catalytic activity of iron oxide (specific surface area 14 m2/g)
in CO oxidation versus MT time (Fig. 6.3a) and displays the spectra of CO ad-
sorbed at room temperature (Fig. 6.3b). As follows from the data obtained, MT of
iron oxide decreases the number of clustered Fe2+ cations on the surface with the
formation of isolated ions or their pairs (the band shift from 2,170 to 2,180 cm−1).
It is seen that the specific catalytic activity (SCA) of iron oxide upon mechano-
chemical activation decreases symbately with the number of active adsorption
sites (Fe2+ clusters) [71].

MT of manganese oxides in different oxidation states, which have low specific sur-
face areas, is accompanied by the dispersion and defect formation processes, which
are testified by the broadened lines in diffraction patterns and the increased
specific surface area (Table 6.1). Therewith, the phase composition of β-MnO2 and
β-Mn2O3 does not change even at large MT times, and the γ-Mn2O3 phase appears in
β-Mn3O4 and MnO oxides after 20 min MT [72, 73]. Table 6.1 lists data on the stoichi-
ometry of initial and mechanochemically treated oxides that were calculated from
thermal analysis data [72, 73]. Changes in the stoichiometry of manganese oxides
after MT correspond to their thermal stability upon heating in air. The data obtained
show an increase in the concentration of point defects (oxygen vacancies) for
MnO2. For Mn2O3, changes are of extremal nature. Quantitative evaluation of the
density of extended defects by SAXS revealed that MT of coarsely dispersed manga-
nese oxides may increase the density of extended defects with MO time (Table 6.1).
It was observed that for MnO2 extremal change of relative integrated intensity with
activation time, which is shown for the samples after testing, may be caused by
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a faster relaxation of a part of extended defects in the reaction medium, because
relative integrated intensity usually decreases by 10–20 units for the samples after
testing in comparison with the initial samples.

As follows from Table 6.1, for the oxides reducible during MT, the activity (both
initial and steady) goes over a maximum corresponding to a short treatment time
(30 s), whereas for the oxidizable oxides the activity increases to a certain level.

After MT, changes were observed not only in the initial SCA of the oxides, but
also in its steady level; this shows that MT produces stable changes in the state of
active sites on the surface of manganese oxides, which may be caused by rearrange-
ment of the defect structure and by changes in the phase composition of oxides.
Since differences in the point defectness of samples are commonly leveled in the
reaction medium, the observed differences can be attributed to different density of
extended defects.

Thus, even a short MT of coarsely dispersed manganese oxides increases their
dispersion, specific surface area and density of point and extended defects. It was
shown that in the absence of phase changes and amorphization, which are ob-
served during a prolonged MT, and in spite of fast relaxation of the surface in the

Table 6.1: Effect of MT on the properties of manganese oxides.

Sample MT time (s) Ssp (m
/g) I (SAXS) (a.u.) W ( °С) * −

mol CO/m s
initial steady

MnO−.  . . . .
MnO−.  . .*  .
MnO−.   *  .
MnO−.   * . .

MnO−.  . . . .
MnO−.  . .  .
MnO−.  . . . .
MnO−.     .

MnO  . . . .
MnO  . . . .
MnO+.   * . .
MnO+. ,  * . .

MnO  . . . .
 . . . .

 . − . .
, . . . .

The composition of manganese oxides was found from thermal analysis data obtained in a He flow.
*Data were obtained on the samples after measuring their catalytic activity.
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reaction medium, which is typical of manganese oxides, a correlation can be estab-
lished between changes in catalytic activity and density of extended defects, thus
providing a better understanding of the features of active sites for these oxides. For
example, it was accepted that manganese oxides have regular surface sites: Mn4+ in
MnO2 and the cationic pair Mn2+–Mn3+ in Mn2O3 and Mn3O4 [74]. However, this con-
clusion was made without investigating a large series of samples having different
origin and hence different defectness. Data on the effect of MT on the catalytic prop-
erties of manganese oxides obtained in this work suggest that active sites of MnO2

may include the termination sites of extended defects. Exactly the increase in their
concentration can be responsible for the enhanced activity of the sample mechano-
chemically treated for 30 s. The subsequent decrease in activity may be caused by
a decrease in the oxygen content of the samples because it is known that the cata-
lytic activity of the oxide decreases upon its reduction [75, 76]. In the case of Mn2O3,
active sites may be related to the existence of steps on the (120) face because an
increase in the number of exactly such faces upon activation improves the catalytic
activity of the sample treated for 30 s, and the subsequent decrease in activity is
caused by the surface amorphization, that is, the destruction of the stepwise shape
of the surface. The enhancement of Mn3O4 activity correlates also with an increase
in the density of extended defects, an increase in the oxygen content of the sample,
and the formation of the Mn2O3 phase on the surface, whereas the deterioration of
activity of the sample treated for 20 min may be attributed to amorphization of the
surface. The improved activity of MnO may be related also to the formation of the
surface Mn2O3 phase, the amount of which increases only due to the growing layer
of the product. A prolonged MT, leading to amorphization of the surface, decreases
the specific surface area; therewith, a similar level of activity is established in the
reaction medium for all the oxides subjected to MT.

Thus, studies on the effect exerted by MT on the catalytic activity of 3d oxides
in oxidation reactions have revealed the role of extended defects in the formation of
active sites of deep oxidation catalysts. It was shown for the first time that even
a short (less than a minute) MT of dispersed 3d oxides, along with the emerging
high density of point defects, decreases SCA of the oxides in the catalytic oxidation
of hydrocarbons and CO by lowering the density of extended defects and changing
the state of adsorption sites connected with the points where such extended defects
terminate on the surface.

MT of coarsely dispersed oxides, which increases the density of extended defects,
first enhances the SCA; however, as the treatment time is extended, the activity dete-
riorates owing to amorphization (disordering) of the surface, which changes the state
of active sites. Thus, a prolonged MT decreases the specific surface area. Thermal an-
nealing of the activated oxides does not restore their catalytic properties.

It has been demonstrated that MT of 3d oxides in air, which is accompanied by
milling at different levels (aggregates, crystallites and micromonoliths) and changes
in the density of point and extended defects in the bulk and on the surface, alters the
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chemical features of the oxides. Thus, oxides with a low charge state of cations after
MT contain the oxide phase in a higher oxidation state of cation. Oxides with a high
charge state of cations are reduced without any change in their phase composition.
Hydration and carbonization of the surface are observed and changes occur in the
state of adsorption sites.

6.2 Mechanochemical synthesis of mixed oxides

For solid-phase synthesis reactions, many studies have demonstrated that highly
reactive mixed oxides can be obtained by MT of initial reagents with subsequent
calcination at moderate temperatures for a short time [84, 85, 86, 1, 2, 9, 25, 56,
86–131], To reveal the effect of MT on the interaction between oxides, thermody-
namically allowed reactions are commonly considered [84, 9, 88, 107, 96]. The ben-
eficial effect of MT is attributed to the increase in diffusion mobility of ions caused
by elevation of temperature upon impact and by the formation of defects. Of great
importance is also the transition to kinetic mode of reaction because a layer of the
reaction product is removed, thus exposing the fresh surface. For example, an elec-
tron paramagnetic resonance study showed the intercalation of Cu2+ ions into the
lattice of titania or silica to occur during MT of CuO and TiO2 or CuO and Al2O3 for
5–10 min (the powders were not subjected to additional thermal treatment) [96].

Among studies on the mechanism of mechanochemical synthesis of mixed oxides,
the work performed under the guidance of E.G. Avvakumov took into account the
acid–base properties of initial reagents and developed the theory of mild mechano-
chemical synthesis upon interaction of hydroxides or hydrated oxides with the proton
transfer step under nearly hydrothermal conditions [90–94, 131]. The authors synthe-
sized mullite and other aluminosilicates as well as aluminates, titanates, zirconates,
tungstates and vanadates of alkali metals to demonstrate that the proposed approach
is promising for the acid–base interaction reactions proceeding with a release of water.

Zyryanov [9, 86–89] noted that the chemical composition of the mechanochem-
ical reaction product is determined not only by thermodynamics of the process but
also by the difference in hardness between mechanically activated oxides. It was
shown that the stoichiometric product is formed from the oxides having equal hard-
ness. If the initial oxides are of different hardness, the resulting mixed oxide will
have a deficit of a harder reagent. Assuming that mixing of components upon spal-
ling of molecular layers in the MT step is based on the roller mechanism, the author
concluded also that the activation step results in the formation of an amorphous
product, which crystallizes in the second step.

Butyagin and Boldyrev emphasized that the interaction proceeds under the ac-
tion of both the mechanical and chemical forces. They assumed that deformation
mixing is performed by mechanical forces, but stability of the emerging structures
is provided by the action of chemical forces [96, 132].

6.2 Mechanochemical synthesis of mixed oxides 101

 EBSCOhost - printed on 2/13/2023 3:39 AM via . All use subject to https://www.ebsco.com/terms-of-use



In a cycle of studies [73, 97–99, 133–137] on mechanochemical synthesis of
mixed perovskite-like oxides such as Me1Me2O3 (where Me1 = La, Sr, Ca, Ва,. . ., and
Me2 = Mn, Co, Fe), the effects exerted by the composition of oxides, features of the
initial reagents, time of mechanical treatment and subsequent calcination on their
physicochemical and catalytic properties were investigated.

Mechanochemical synthesis of lanthanum manganite and cobaltite was used to
demonstrate the effect of the transition metal oxidation state in oxides used for the
synthesis [97, 138]. It was found that the perovskite phase is formed by calcination
of activated oxide powders at a temperature above 600 °С. Therewith, the interac-
tion of reagents after activation and calcination is not complete if oxide in the low-
est oxidation state (MeO) is used; on the contrary, the interaction proceeds to
a completion in the case of transition metal oxide in a higher oxidation state (МеОх,
III or IV) (Table 6.2). Without mechanochemical activation the perovskite phase is
not formed under the given thermal treatment conditions. Noteworthy is the fact
that the use of Со(ОН)2СоСО3 instead of СоО leads to the complete interaction,
probably due to the formation of Со3О4 and hydrothermal conditions in the mill
drum during decomposition of basic cobalt carbonate upon activation [97, 138].
Thus, other conditions (activation and thermal treatment) being equal, the use of
transition metal oxides in the highest oxidation state provides a more complete in-
teraction between initial reagents.

Effect of the features of anions was studied in the synthesis of calcium ferrite [98–99].
It was shown that MT of oxides leads to the formation of the Са2Fe2O5 phase even
without subsequent calcination, whereas MT of hydroxides or calcium carbonate in
a mixture with iron hydroxide or oxide produces calcium ferrite only after thermal
treatment of the activated mixture. Thus, a short-term (2–3 min) activation of various
initial compounds followed by thermal treatment at moderate (400–700 °C) temper-
atures makes it possible to obtain crystalline calcium ferrite with the specific surface

Table 6.2: Effect of initial reagents on the formation of perovskites
(according to XRD data) by mechanochemical synthesis (activation
for 5 min, calcination at 700 °C, 4 h) [97, 138].

Initial reagents Formation of LaMeO according
to XRD (%)

LaO, CoO 

LaO, CoO 

La(CO), Co(OH)CO 

LaO, MnO 

LaO, MnO 

LaO, MnO 
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area of 10–15 m−2 g–1. Without activation (the ceramic method), calcium ferrite can be
formed from the same initial reagents only after calcination at 1,100 °C for 100 h.

The data obtained can be described in terms of differences in the acid–base
properties of initial reagents using the Usanovich general theory of acid–base prop-
erties. Thus, an increase in the charge of a transition metal cation increases its acid-
ity, whereas basicity of the cation, which is determined by the chemical features of
cation and anion in a compound, decreases in the order СаО > Ca(OH)2 > CaCO3.
From this point of view, the interaction degree in a mixture of activated oxides can
be raised by increasing the difference in their acid–base properties. These results
reflect the chemical aspect of interaction upon mechanical activation and allow ex-
tending the notion of the acid–base interaction. Thus, for the synthesis of perov-
skites with mechanical activation, more suitable are hydroxides and oxides of
transition metals with the highest oxidation state of metal [73].

The effect of mechanical treatment and subsequent calcination on microstruc-
tural features and catalytic activity was studied in the mechanochemical synthesis
of lanthanum ferrite from oxides [73]. According to XRD data (Fig. 6.4), all the sam-
ples subjected to MT (both calcined and noncalcined) were single-phase ones.

Based on high-resolution transmission electron microscopy (HRTEM) data, particles of
the noncalcined sample are of micron size and have regions with the ordered crystal
structure that are surrounded by regions with the disordered structure (Fig. 6.5a). The
ordered regions are ~100 Å in size, whereas the disordered regions are 80–300 Å. The
size of the ordered regions coincides with that of the coherent scattering domain (CSD)
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Fig. 6.4: Diffraction patterns of the MT mixture of lanthanum and iron oxides in dependence on
calcination temperature: 1 – without thermal treatment; 2 – 500 °C; 3 – 900 °C.
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estimated by XRD. Thermal treatment at 500 °C leads to crystallization of the regions
with the disordered structure, increases the size of crystalline regions and results in
the development of interphase boundaries (Fig. 6.5b). After calcination at 900 °C, the
particles have a classical micromonolithic structure (the size of micromonoliths is
500–600 Å). Point diffraction from such a particle (Fig. 6.6) looks diffuse, which corre-
sponds to disoriented junction of micromonoliths. Calcination at 1,100 °C leads to an-
nealing of the micromonolithic structure and formation of single-crystal perovskite
particles with the typical point microdiffraction (Fig. 6.7). Therefore, the crystal struc-
ture of perovskite also improves (Table 6.3).

(a) (b)

5 nm 5 nm

Fig. 6.5: (a) The LaFeO3 sample synthesized by mechanochemical activation without thermal
treatment. (b) The LaFeO3 sample calcined at 500 °C.

Fig. 6.6: Microdiffraction from the LaFeO3

sample calcined at 900 °C.
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Samples that are not subject to thermal treatment had the specific surface area
of ca. 5 m2/g and the lowest SCA. Raising the calcination temperature to 900 °С de-
creased the specific surface area to 1 m2/g and lowered the relative content of iron
cations on the surface (Fig. 6.8); therefore, SCA increased first and then decreased
(Fig. 6.9) symbately with the formation of micromonolithic structure and its anneal-
ing. The discrepancy between catalytic activity maxima (900 °C) and the maximum
density of interphase boundaries estimated by SAXS (700 °C) may be caused by the
presence of disordered regions on the surface of samples calcined at 700 °C.

Similar changes were observed in the real structure of calcium ferrite obtained by
joint MT of hydroxides with subsequent calcination at 400–1,100 °C [99]. According
to HRTEM data, the sample calcined at 600 °C contains the micron-size particles con-
sisting of chaotically joined crystallites with the size of ~ 250 Å because microdiffrac-
tion has the ring shape, which is typical of polycrystalline powders. Regions with
disordered structure are observed on the surface of crystallites. Raising the calcina-
tion temperature to 900 °C increases the size of crystallites in particles up to ~500 Å
and improves their surface structure; microdiffraction from the particles is typical of
mosaic crystal (the extended reflections). Further rising of calcination temperature re-
sults in the formation of single-crystal particles with point microdiffraction (1,100 °C).
In this case, SCA also increases with the calcination temperature symbately with im-
provement of the structure and formation of micromonoliths, and then decreases
upon annealing of the micromonolithic structure [99].

For lanthanum cobaltite and manganite synthesized using MT, specific sur-
face area decreases from 15 to 20 m2/g (600 °C) to less than 1 m2/g (1,100 °C) when
calcination temperature is raised. On the surface of low-temperature samples, as
in the case of lanthanum ferrite, the ion current ratio Me/La estimated by SIMS is
higher than in the bulk. So, high activity of the low-temperature samples may be
caused here by segregation of highly active MeOx on the surface of perovskites,

Fig. 6.7: Microdiffraction from the LaFeO3

sample calcined at 1,100 °C.
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and the observed decrease in activity of the samples after high-temperature treat-
ment is related to intercalation of cations from the segregated oxides into the pe-
rovskite lattice and hence to a lower, in comparison with simple oxides, activity of
perovskites in the low-temperature oxidation reactions [97, 138]. Thus, although
the LaBO3 (B = Сo, Mn, Fe) perovskites synthesized by mechanochemical method
have virtually the single-phase composition based on XRD, their structure is char-
acterized by the presence of micromonoliths, and 3d oxides are segregated on the
surface, which determine their high activity.

In substituted perovskites La1−xMe1xMe2O3 (Me1 = Ca, Sr, Ba; Me2 = Fe, Co, Mn),
the formation of micromonoliths in the particles may be caused also by the
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Fig. 6.9: Steady activity of lanthanum ferrite samples versus calcination temperature in butane
oxidation at the testing temperatures: (1) 300 °C and (2) 400 °C.
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occurrence of morphotropic phase transitions in these systems; alkali-earth cations
can segregate on the surface, which will also affect the catalytic activity of oxides in
deep oxidation reactions.

La1−xCaxFeO3−0.5х system. The La1−xCaxFeO3−0.5х system, as was reported by
J. Greier, V. Alario-Franco et al., may contain the vacancy-ordered phases of a homolo-
gous series with the general formula (A1A2)nBnO3n−1, where n = 2, 3,. . .,∞, which have
different alternations of octahedral (O) and tetrahedral (T) layers [139–143].

According to our data, when the synthesis was performed by ceramic method,
only three phases of the homologous series were detected in the system: lanthanum
ferrite with the perovskite structure (n = ∞), calcium ferrite with the brownmillerite
structure (n = 2) and the Grenier phase (n = 3 or x = 0.67), which is characterized by
the presence of twins and the superlattice parameter 11.3 Å appearing in the se-
quence OOTOOTOOT. . .. The formation of a limited (x = 0–0.17) homogeneous solid
solution of Ca in the perovskite structure was also observed. For the remaining
x values, the system consists of phases with close compositions that are coherently
intergrown within a particle (Fig. 6.10) [133].

In the case of mechanochemical synthesis, the vacancy-ordered phase with n = 3
was not found in the system. Calcination of the mechanically activated mixture at
900 °C for 4 h leads to the formation of a metastable solid solution of calcium in the
perovskite structure with the maximum content x = 0.34 and the brownmillerite
phase. Metastability of the solid solution is proved by the fact that after a longer cal-
cination (15 h) at 900 °C or after calcination at a higher temperature (1,100 °C, 4 h),
the content of calcium in the solution decreases to x = 0.17. For the samples calcined
at 900 °C, these phases exist, according to HRTEM data, as the regions chaotically
joined within a particle (Fig. 6.11), and after calcination at 1,100 °C – as individual
particles [134–135].

Fig. 6.10: HRTEM image of the La0.4Ca0.6FeO2.7

sample from ceramic series.
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In both series, SCA of the samples toward CO oxidation depends on x and goes
over a maximum for x = 0.4–0.6. Therefore, SCA of the substituted samples from
mechanochemical series, irrespective of calcination temperature, is lower or compara-
ble with the samples from ceramic series (Fig. 6.12). As per SIMS data (Fig. 6.13), the
relative content of iron cations on the surface in dependence on x changes monotoni-
cally; hence, the presence of a maximum on the activity curve cannot be related to
the concentration factor. Since changes in SCA correlate well with changes in the den-
sity of intermonolith and interphase boundaries (according to SAXS data), active sites
may be connected with coordinatively unsaturated clusters of Fe2+ cations that are
formed on the surface at the termination sites of such boundaries [136, 137, 144–147].

La1−xSrxFeO3−0.5х system. In the La1−xSrxFeO3−δ system synthesized by mechanochemi-
cal method with subsequent thermal treatment at 900 or 1,100 °C, virtually the

Fig. 6.11: HRTEM image of the La0.6Ca0.4FeO2.8

sample from mechanochemical series calcined
at 900 °C.
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mechanochemical methods (calcination temperatures are indicated) toward CO oxidation at 450 °C.
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single-phase perovskites are formed and the morphotropic phase transition in the re-
gions with x = 0.3–0.4 is observed [148–154]. Thus, according to XRD data obtained
using synchrotron radiation, the rhombic modification of perovskite is observed for
compositions with x < 0.3 (Table 6.4), while at x > 0.4 the diffraction patterns corre-
spond to the perovskite phase with cubic modification. Diffraction patterns of the sam-
ples having the composition with x = 0.3 and 0.4 show a substantial broadening of
peaks due to the overlap of diffraction peaks corresponding to two phases of solid
solutions with close lattice parameters. This is indicated by the experiment carried
out at a high-resolution station: all the diffraction peaks are split, as it is shown
for the diffraction peak 200 (indices of the cubic phase) (Fig. 6.14a) for the sample
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Fig. 6.13: SIMS data for samples from mechanochemical series, Tcalc 900 °C.

Table 6.4: Lattice parameters of La1−xSrxFeО3−d (1,100 °C) samples.

x Rhombic phase Symmetry group Pnma (Z = ) Cubic phase
Pmm (Z = )

a, Å b, Å c, Å V, Å (V/Z), Å a, Å V/Z, Å

 .() .() .() . . – –

. .() .() .() . . – –

. .() .() .() . . .() .

. .() .() .() . . .() .

. – – – – – .() .

. – – – – – .() .

. – – – – – .() .

. – – – – – .() .
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with x = 0.4 [151]. This sample possesses a disordered micromonolithic structure; pe-
rovskite phases of rhombic and cubic modifications exist supposedly as individual
crystal monoliths within a particle (Fig. 6.14b).

SCA of strontium-substituted ferrites toward CO oxidation changes nonmonotoni-
cally with increasing the fraction of strontium; two activity maxima are observed
for compositions with x = 0.3 and 0.8 (Fig. 6.15a), the distinctive feature of which is
the microheterogeneous structure of particles (HRTEM data). An increase in the in-
tegrated intensity of small-angle scattering on inhomogeneities in these samples
was revealed also by SAXS.

In methane oxidation, SCA first decreases upon introduction of strontium and
then remains virtually constant as x is increased (Fig. 6.15b). The intermediate activ-
ity maxima were not observed in this case [149]. Taking into account the polymor-
phous phase transition occurring in the samples with x = 0.3–0.4 at temperatures
~450 °C and the formation of a high-temperature cubic homogeneous vacancy solid
solution, the absence of the intermediate maximum may be caused by microstruc-
tural changes of particles under the testing conditions (>500 °C) (Fig. 6.16).

Based on the thermal analysis data, the samples are oxidized (contain virtually no
vacancies) at room temperature, whereas upon heating they lose oxygen (Fig. 6.17);
thus, the microheterogeneous solid solutions observed in the morphotropic phase tran-
sition region are formed during cooling and oxidation of single-phase cubic perovskites
produced at the synthesis temperature. One can see that the samples demonstrate an
enhanced activity exactly in the temperature region of existence of microheterogeneous
solid solutions [152–154].
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Fig. 6.14: A region of high-resolution diffraction pattern for the La0.6Sr0.4FeO3−δ sample
(1 – rhombic phase, 2 – cubic phase) obtained using synchrotron radiation (λ = 1.5406 Å) (a) and
microstructure of the La0.6Sr0.4FeO3−δ sample (b).
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La1−xBаxFeO3−δ system. Similar results were obtained for samples of the La1−-

xBaxFeO3−y (х = 0–1) series that were obtained by calcination at 1,100 °C for 4 h
of a mixture of initial simple oxides mechanically preactivated for 3 min in a cen-
trifugal-planetary mill [155–156]. Based on XRD data, all the synthesized samples
up to the compositions with x = 0.8 are single-phase oxides with the perovskite
structure (Fig. 6.18). The sample with x = 1 is a mixture of phases belonging to
the perovskite and brownmillerite structural types. In this series, the morpho-
tropic phase transition from rhombic modification to cubic one is observed in the
region of compositions with x = 0.3.

In this series, the linear dependence of the catalytic activity toward CO oxida-
tion on the composition (barium content in the samples) is also absent, and high
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activity is observed for compositions with x = 0.3 and x = 0.8 (Fig. 6.19) having the
microheterogeneous structbiure [155, 156].

La1−xСаxCoO3−δ system. The mechanochemical method, against the ceramic
method, allows really the substituted solutions with larger x to be prepared during
shorter time of the calcination at 1,100 °C [157–161]. From XRD data (Fig. 6.20), the
prepared samples (after mechanochemical activation the mixtures of oxides were
calcined at 1,100 °C for 5 h) with x ≤ 0.5 are virtually single-phase perovskites with
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Fig. 6.17: Mass spectrometric analysis of the products that are released upon heating of the
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a small admixture of cobalt oxides. The lattice parameter and unit cell volume de-
creased with increasing the x value to 0.4, which indicated the intercalation of Ca
cations into lanthanum sublattice (Table 6.5). In samples with x ≥ 0.6, the phase of
calcium cobaltite with the brownmillerite structure is detected along with the
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perovskite phase, the former phase increasing in proportion with x to become the
main phase with cobalt and calcium oxides as impurities at x = 1. The XRD data
indicate the morphotropic phase transition from hexagonal (x < 0.4) to cubic
(x > 0.4) modification of the perovskite structure.

From HRTEM data, La1−xCaxCoO3−δ samples at x = 0–0.3 are mainly built up by
the particles of rhombohedral perovskite phase with the size from 100 nm to micron
(Fig. 6.21). There are ensembles (10–50 nm in size) of fine cobalt oxide particles
(x = 0), as well as lanthanum and calcium oxides (x = 0.2–0.4 and x > 0.5, respec-
tively) on the perovskite surface. With an increase in the amount of calcium, the
amount of admixtures in the samples (Fig. 6.21) increases. The size of such particles
is ca. 10 nm (Fig. 6.21). The sample with x = 0.4 is cubic perovskite. In the samples
with x ≥ 0.5, an additional brownmillerite phase occurs along with the cubic perov-
skite modification. From HRTEM and EDX data, the composition of the rhombohe-
dral phase changes according to the Vegard rule up to x < 0.4. The HRTEM data
allow the compositions with x = 0.3–0.4 to be assigned to the region of morpho-
tropic phase transition, too.

The substitution of calcium for lanthanum results in a nonmonotonic (with an
intermediate maximum at x = 0.2–0.5) decrease in the SCA of La1−xCaxСoO3−δ oxides
(Fig. 6.22). The observed variations in the catalyst activity toward methane oxida-
tion do not correlate with variations in the quantity of the most weakly bound sur-
face oxygen species, probably due to the absence (desorption) of these species
under conditions of the catalytic studies, or with calcium content (or with Co4+ con-
tent determined from the total hydrogen consumption during H2-TPR) [161]. It is not

Table 6.5: Specific surface area (Ssp, m
2/g) of mechanochemically prepared

La1−xCaxCoO3−δ oxides and unit cell parameters for the perovskite phases.

Sample a, Å c, Å V, Å Ssp, m
/g

LaCoO−δ . . . .

La.Ca.CoO−δ . . . .

La.Ca.CoO−δ . . . .

La.Ca.CoO−δ . . . .

La.Ca.CoO−δ . . .

La.Ca.CoO−δ . . .

La.Ca.CoO−δ . . .

La.Ca.CoO−δ . . .

La.Ca.CoO−δ . . .

CaCoO−δ .
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impossible that the higher catalytic activity of lanthanum cobaltite prepared by the
mechanochemical method results from the presence of disperse cobalt oxide on the
surface, while other samples of the series are free of this oxide. The increasing ac-
tivity in the row from x = 0.1 up to the intermediate maximum at x = 0.3–0.5 may be
accounted for by an increase in the content of Co4+ cations and by microheteroge-
neity of the х = 0.3–0.4 samples (due to phase transformation), while the activity
lowering at x > 0.5 – by the emergence of the less active brownmillerite phase in the
samples and calcium oxide on the surface.

La1−xSrxCoO3 system. According to XRD data for the ceramic series of samples
(Table 6.6), in the regions with x ≤ 0.3 and x ≥ 0.5 the system is single phase and
has the hexagonal or cubic structure, respectively, which is consistent with the lit-
erature data (Table 6.6) [162–164]. In diffraction pattern of the La0.6Sr0.4CoO3−δ sam-
ple, along with the unsplit diffraction maxima that can be assigned to both the
cubic and hexagonal phases, there are peaks corresponding only to the hexagonal
phase. However, their intensity is much lower than the typical intensity of single-
phase samples with the hexagonal structure. In addition, a weak splitting of the dif-
fraction peak 2.2.2 (cubic indices) is observed, although for the hexagonal phase

500 nm

X = 0

X = 0

X = 0.5

10 nm

[012]hex

Perovskite

Perovskite

[100]cub
X = 0.5

10 nm

500 nm

Fig. 6.21: Microstructure of two kinds of particles of mechanochemically prepared oxides: the
LaCoO3−δ particle with R3m perovskite structural modification x=0; the La0.5Ca0.5CoO3−δ particle
with Pm3m perovskite structural modification x=0.5.
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this peak should also remain unsplit. These features of the diffraction pattern made
it possible to conclude that two phases – cubic and hexagonal – are present in the
sample. As the strontium content is increased, the hexagonal distortion of the pe-
rovskite unit cell becomes less pronounced [164].

As shown by HRTEM data, particles in all the samples of ceramic series are
quite large (1.5–2 μm). The initial sample has a virtually perfect structure with point
microdiffraction. As the x value is increased, microstrains appear in the samples,
the pointwise nature of the diffraction pattern is retained, but reflections become
diffuse. At x = 0.3, microdiffraction is virtually ring-shaped, which testifies to the
polycrystalline (micromonolithic) structure of the particles. At x = 0.5, point diffrac-
tion is observed again, which corresponds to the cubic lattice. For the two-phase
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Fig. 6.22: Catalytic activity (reaction rate) in methane oxidation of mechanochemically prepared
La1−xCaxСoO3−δ versus x at different temperatures: 350 °C (1), 400 °C (2), 450 °C (3), 500 °C (4),
550 °C (5), 600 °C (6).

Table 6.6: X-ray diffraction analysis of La1−xSrxCoO3−δ samples from ceramic series.

Sample Hexagonal cell Rhombohedral/cubic cell CSD Microdistortion

a (nm) c (nm) a (nm) α (deg.) V (cm) D (nm) ε

LaCoO .() .() . . . > .
La.Sr.CoO−δ .() .() . . . > .
La.Sr.CoO−δ .() .() . . . > .
La.Sr.CoO−δ .() .() . . .  .
La.Sr.CoO−δ .() .() . . . – –

– – .() . .
La.Sr.CoO−δ .() . . > .
La.Sr.CoO−δ .() . . > .
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sample (x = 0.4), the particles were detected for which both the ring and point dif-
fraction was observed simultaneously at different sides. It means that regions with
the cubic phase (point microdiffraction) and regions with the hexagonal micromo-
nolithic structure (ring microdiffraction) exist within a single particle. In the cubic
phase (x ≥ 0.5), microdistortions become more pronounced again with an increase
in x (Table 6.6).

Samples of mechanochemical series calcined at 900 or 1,100 °C for 4 h are vir-
tually single phase according to XRD and DD data [165]. Only for the samples cal-
cined at 900 °C, the presence of a minor amount of initial oxides is observed. As in
the case of ceramic synthesis, LaCoO3 is a hexagonal perovskite. The introduction
of Sr changes the structural modification of the perovskite solid solution from hex-
agonal to cubic at x = 0.4. However, in distinction to ceramic sample, peaks in dif-
fraction patterns remain narrow (the size of CSD is greater than 1,000 Å). The DD
data, which confirmed the single-phase nature and stoichiometric composition of
the synthesized samples, revealed also the presence of excess oxygen in the low-
temperature samples; its amount decreases when calcination temperature is raised
and strontium is introduced. Specific surface area changes from 1.4 to 5.4 m2/g for
the samples calcined at 900 °C, and from 0.4 to 1.3 m2/g for those calcined at
1,100 °C. Samples with 0 < x < 1 possess a higher specific surface area as compared
to the extreme terms of the series.

As shown by HRTEM, subsurface layers of the particles with 200 Å thickness
are disordered. As in the case of lanthanum ferrite, these layers have crystalline
and disordered regions (in the sample with x = 0.3 calcined at 900 °C) or disordered
crystalline regions (in the sample with x = 0.8 calcined at 1,100 °C). Evidently, the
product formed in this system also consists of disordered and crystalline regions, as
demonstrated for lanthanum ferrite. The subsequent thermal treatment leads to
crystallization of disordered regions and increases the size of crystalline regions up
to ~1,000 Å. However, the subsurface layer and the surface of such perfect crystalli-
tes in the case of lanthanum cobaltite remain disordered even after thermal treat-
ment at 1,100 °C [165].

For the samples of both series, a nonmonotonic dependence of SCA on the
chemical composition was found (Figs. 6.23 and 6.25). For the samples of ceramic
series, the initial SCA correlates with the concentration of cobalt cations on the sur-
face (according to SIMS, Fig. 6.24), whereas the steady SCA has a distinct maximum
for the composition with x = 0.4, which is characterized by intermonolith and inter-
phase boundaries. There is a good correlation between steady catalytic activity and
density of extended defects according to SAXS data (Figs. 6.23 and 6.24). A similar
dependence was obtained for the La-Sr-Co-Fe-O system [166], which has the activity
maximum for samples with micromonolithic structure. The activity maxima in sam-
ples of mechanochemical series (Fig. 6.25) at x = 0.3 and x = 0.8 may be caused by
microstructural features of subsurface layers in their particles. The increased con-
tent of the most weakly bound surface oxygen species and the correlation between
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activity toward CO oxidation and amount of such oxygen species are observed ex-
actly for such samples [167].

La1−xMexMnO3±δ system with Me = Ca, Sr. According to authors [168–177], the
extreme terms of the series can have different crystallographic modifications based
on δ. The introduction of the alkali-earth cation in lanthanum manganite results in
the formation of homogeneous solid solutions based on orthorhombic perovskite.
In this system, electroneutrality is maintained by the formation of Mn4+. According
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Fig. 6.23: Dependence of the steady (1–4) and initial (2a) SCA on the composition of La1−xSrxCoO3−δ

samples from ceramic series and the testing temperature: 1 – 100 °C; 2 and 2a – 140 °C;
3 – 185 °C; 4 – 227 °C.
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Fig. 6.24: Dependence of the surface concentration of Co cations (SIMS) and intensity of small-
angle X-ray scattering (SAXS) on the chemical composition of La1−xSrxCoO3−δ samples from ceramic
series.
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to XRD data, the initial lanthanum manganite from ceramic series is a two-phase
sample comprising two hexagonal phases that may differ in the content of excess
oxygen [178]. Calcium manganite from ceramic series is a mixture of two phases
(CaMnO3 and Ca2Mn2O5). In the region of 0.1 < x ≤ 0.4, homogeneous orthorhombic
solid solutions are formed; therefore, the lattice parameter decreases monotoni-
cally, which agrees with the earlier obtained data. For the compositions with
0.4 < x ≤ 0.8, not only the shift is observed but also the broadening and splitting of
diffraction maxima, which may indicate the phase inhomogeneity, although ac-
cording to DD data these are also the single-phase samples. According to HRTEM,
a sample with the composition x = 0.8 has a modulated structure (the long-range
order is preserved, whereas the short-range order is destroyed), which may lead to
broadening of the diffraction maxima [178].

Lanthanum manganite from mechanochemical series, in distinction to the sam-
ple from ceramic series, is a single-phase hexagonal perovskite, and calcium man-
ganite contains not only the cubic CaMnO3 phase but also the brownmillerite
Ca2Mn2O5 phase. The amount of the latter phase is much smaller as compared to
ceramic series. In the samples of mechanochemical series, a homogeneous solid so-
lution forms only in the region of 0 < x ≤ 0.4. For compositions with 1 > x ≥ 0.6, the
samples consist of two phases, La0.6Ca0.4MnO3 and CaMnO3−δ. The observed nar-
rowing of the region where homogeneous solid solutions are formed during mecha-
nochemical synthesis may testify that solutions with x > 0.4 formed upon ceramic
synthesis are unstable at lower temperatures [176, 179].

SCA toward CO oxidation of all calcium-substituted perovskites was lower as
compared to the activity of the extreme terms of the series (Fig. 6.26). Therefore, the
SIMS study revealed that for all intermediate samples the relative content of cal-
cium on the surface was much higher than in the bulk. So, the decreased catalytic
activity of intermediate samples in this series may be caused by the presence of Ca
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Fig. 6.25: SCA of La1−xSrxCoO3−δ samples from mechanochemical series versus the composition (x)
and calcination temperature (900 and 1,100 °C). Composition of the gas mixture: 1% CO + 1% O2 in
He; testing temperature 220 °C.
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cations on the surface, which serve as a catalytic poison for deep oxidation reac-
tions [179].

In the La-Sr-Mn-O samples of ceramic series, surface enrichment with Sr and
changes in the steady catalytic activity were not observed in the region of homoge-
neous solid solutions (x ≤ 0.4). A maximum was noted only for the initial SCA at
x = 0.2, which testifies to the fast relaxation of point defectness in the reaction me-
dium [178–179].

Thus, the reported studies demonstrate that the mechanochemical method is
promising for the synthesis of mixed oxide catalytic systems because it allows
mixed oxides to be produced by a nonwaste technology and with a lower energy
consumption. It should be noted that the synthesis of unsubstituted single-phase
perovskites proceeds under milder conditions as compared to substituted ones.

It was shown that calcination temperatures of substituted perovskites provide
the formation of cubic vacancy solid solutions that add oxygen upon cooling, which
may lead to polymorphous phase transitions. Temperature of the polymorphous tran-
sition decreases with increasing the content of the substituting alkali-earth cation; at
300–600 °C this results in the formation of micromonolithic structure in the perov-
skite particles. The presence of such extended defects in oxides enhances their cata-
lytic activity toward low-temperature deep oxidation reactions. In the case of surface
segregation of simple oxides (alkali-earth or 3d), this decreases or increases the activ-
ity, respectively. Segregation of 3d oxides is typical of LaMeO3 double oxides. The
surface of calcium-containing perovskite-like oxides is commonly enriched with cal-
cium, which is represented by the oxide or by the vacancy-ordered phase with the
brownmillerite structure, СaMeO2.5.
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Fig. 6.26: Activity of La1−xCaxMnO3 samples in CO oxidation at 300 °C versus the composition and
calcination temperature. Composition of the gas mixture: 1% CO + 1% O2 in He.
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6.3 Control of rheological characteristics of pastes

For practical application, the catalyst should be formed as grains, whereas for the
processes occurring at high linear velocities, preferable are the monolithic catalysts
or monoliths. Depending on the content of active component and method of synthe-
sis, supported and bulk oxide catalysts are distinguished. The most widely used
and simple granulation method is the extrusion molding of plastic pastes obtained
by mixing of powders, electrolytes and structure-forming additives. The fundamen-
tals of this method were developed by Rebinder and coworkers [180–184].

Within the approaches developed by Rebinder’s school and his followers, mold-
ability of pastes and their grain strength can be enhanced by optimizing the moisture
content, milling of powders, changing the surface reactivity of particles toward
a binder to improve wettability of the surface and increase the strength of hydrated
shells, amorphization of the surface, introduction of surfactants and electrolytes, and
mixing of materials having different structural-mechanical properties [180–189].

Hence, MT is an efficient method for controlling the rheological characteristics
of pastes and structural-mechanical properties of grains; it can affect some rheolog-
ically important parameters [73, 109, 190–203]. Milling of oxides as well as hydra-
tion and carbonization of their surface, which are observed during MT, improve
moldability of oxides due to a better wetting of their particles with electrolyte and
the complete development of hydrated shells at a lower moisture content of the
paste. The complete development of hydrated shells facilitates mutual slipping of
the particles during extrusion molding. Thus, separation of the pastes containing
mechanically activated copper, cobalt and iron oxides can be prevented even by
the addition of water, which makes it possible to synthesize the granulated bulk
(without reinforcing additives) catalysts (Tables 6.7–6.9) [73, 109, 190–203].

The catalyst grain strength can be improved by extending the MT time. The
analysis of factors underlying this phenomenon suggests that at short MT times the
grain strength is improved mostly due to increasing the strength of unit contact,
because there are no changes in the mean pore volume or radius and hence, within
the Shchukin–Rebinder model, the number of contacts in the grain does not
change. An increase in the strength of unit contact in the grain is caused by the
extended area of contact between particles, which may occur due to acceleration of
surface diffusion of cations to the contact sites of particles owing to structural dis-
tortions in their surface layers during MT. At longer MT times, the number of con-
tacts can also increase due to decreasing the size of particle aggregates, because
a decrease in the total pore volume is observed. Therefore, the extension of MT time
not only increases the grain strength but can also decrease the specific surface area
and hence the activity of catalysts owing to intensive transfer processes during ther-
mal treatment. Thus, the MT time should be optimized to obtain a durable and ac-
tive catalyst. Tables 6.7–6.9 illustrate the effect of mechanical treatment on the
properties of granulated bulk oxide catalysts.
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The beneficial effect of MT on rheological properties (elasticity, viscosity and plas-
tic strength) of the pastes intended for extrusion molding was revealed in [109, 198–
203]. It was shown, for example, that treatment in a bead mill increases wettability of

Table 6.8: Characteristics of cobalt oxide catalysts.

No. MT time
(s)

L (mL): T
( g)

Ssp (m
/g) Po (kg/s

) W* m CH/g*s
for – mm grains
 °C  °C

    . . .
     . .
     . .
     . .

Calcination temperature 500 °C.
*MT was performed in an RPM-3 mill.

Table 6.7: Effect of MT time of CuO powder in an RPM-3 mill on the properties of
granulated catalyst (Tcalc 500 °C, moisture content of the paste 20%).

No. MT time
(s)

Ssp (m
/s) Po (kg/cm

) W* cm butane/g s
 °C  °C

for – mm grains

   Not molded . .
    . .
    . .
    . .
    . .
    . .
    . .
    . .
    . .

Table 6.9: Effect of MT in a VCM-25 mill on the properties of granulated iron oxide
(Tcalc 500 °C).

No. Number of runs
through VCM-

Moisture content
of paste (%)

Ssp (m
/s) Po (kg/

cm)
V (cm/g)

  .   .
  .   –
  . .  –
  . .  .
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the oxide particles with chromic acid, which leads to a complete development of hy-
drated shells upon mixing of reagents, enhances the molding process, increases the
grain strength and improves the catalyst vendibility.
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7 Ceramometal supports and catalysts prepared
through hydrothermal treatment of Al-containing
powders

Ceramometals synthesized from aluminum-containing powders have been known
for quite a long time [1–3]. Synthesis of such materials is based on the ability of
aluminum to be partially oxidized by water under hydrothermal treatment (HTT)
conditions with subsequent hydrolysis of the oxidation products, their precipitation
and crystallization on the surface of metal particles [4]. Crystallization at the con-
tact sites of metal particles leads to their cementation into a porous monolith.

There are several main approaches to the synthesis of porous ceramometals
and their application as supports and catalysts.
a) Synthesis of Al2O3/Al ceramometals from powdered aluminum with subsequent

deposition of the active component (AC) from a solution [5–11].
b) Incorporation of the AC into Al2O3/Al matrix via mixing the powdered AC as ox-

ides or alloys with aluminum.

Details of ceramometal synthesis are illustrated in Fig. 7.1 [5, 6]. Powders are
charged into special molds, which allow access of water and withdrawal of the pro-
duced hydrogen. It is possible to vary features of the aluminum powder, tempera-
ture, pressure and time of HTT. The mold with the loaded powder is then subjected
to HTT. Details of the process are reported in [4, 7–10]. A firm porous monolith is
produced upon HTT; it is taken out of the mold and calcined. Size and form of the
resulting monoliths can be widely varied depending on the design.

7.1 Ceramometal supports and catalysts based upon Al2O3/Al

7.1.1 Influence of the nature of aluminum powder on the microstructure, textural
and mechanical properties of Al2O3/Al ceramometals

In Al2O3/Al ceramometals, aluminum is evenly distributed in the oxide matrix.
A typical relief of the fracture face of Al2O3/Al cermet prepared by oxidation of alu-
minum powder by water at 100 °C followed by calcination in air at 550 °C is shown
in Fig. 7.2 [11]. Aluminum particles are covered by a porous oxide film.

Analysis of the ceramometal macrostructure (Fig. 7.3a–c) shows that it substan-
tially depends on the type of the aluminum powder. The loosest packing of the
monoliths is typical for ceramometals produced from PAP-2 powder.

Averaged characteristics of the obtained materials are also very different
(Table 7.1) [11]. The average macropore diameter determined by the Darcy method
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increases from 1 to 22 μm in the series of ceramometals ASD-4 < ASD-1 < PAP-2. The
maximum pore size varies in a similar order. The permeability coefficients of ob-
tained materials also differ by more than a factor of 50 correlating with the average
pore size (Table 7.1).

Comparison of the macropore structure parameters (Table 7.1) with a quantitative
analysis of the macrotexture (Fig. 7.3) shows that a decrease in the average size of
ceramometal Al2O3/Al particles decreases the average size of macropores and perme-
ability. The average size and shape of particles in cermets are determined by the par-
ticles of the aluminum source powder used for the synthesis. According to the data
obtained by the Koulter method, the average particle size changes as follows: ~33 μm

Poor dissolved
powders MeOxAl0

HTT + solutions Me

Solutions

Solutions

IMPREGNATION

Me1 , Me2

Al2 O3/Al

Me1

Me1 / Me2Ox/Al2O3/Al
MeOx/Al2O3/Al

HTT

T

T

T
T

T

INCORPORATION

Fig. 7.1: Main stages of the preparation of ceramometal catalysts with aluminum powder [5, 6].

Fig. 7.2: SEM micrograph of Al2O3/Al
ceramometal prepared from ASD-4 powder:
(a) aluminum core and (b) porous alumina
matrix [7].
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(ASD-1), ~12 μm (ASD-4), ~5 and ~35 μm (PAP-2) (Table 7.1). This trend qualitatively
matches the results obtained by scanning electron microscopy (SEM) (Table 7.1,
Fig. 7.3).

The differences in the shape and average sizes of porous cermet particles are
quantitatively expressed as the loading density of aluminum powder in a die before
HTT. The loading density is largely determined by the size and shape of aluminum
particles. The flat shape of partially aggregated PAP-2 particles results in a substan-
tially lower filling density compared to round particles, about 0.3–0.4 g/cm3. Round
particles typical of ASD-1 and ASD-4 aluminum source provide a denser packing, 1.
6–1.8 g/cm3 for ASD-4 and about 1.3–1.4 g/cm3 for ASD-1. Apparently, different parti-
cle packing is also preserved in the obtained ceramometal monoliths (Fig. 7.4). As
a result, the average size of macropores in PAP-2 monolith is substantially larger. The
composite obtained from ASD-4 has the smallest pore size (Table 7.1).

The degree of aluminum conversion to hydroxide, determining the fraction of
oxide in Al2O3/Al cermets, has a comparatively minor effect on parameters of the
macropore structure (Table 7.1). This is the result of relatively mild conditions of
HTT (~100 °C, 1 bar, 4 h). At higher temperature and pressure of HTT in an

(a) (b) (c)

Fig. 7.3: SEM micrographs of porous Al2O3/Al composites prepared from different Russian
commercial-grade aluminum powders: (a) ASD-1, (b) ASD-4 and (c) PAP-2 [11].

Table 7.1: Macropore structure, permeability and mechanical properties of Al2O3/Al composites
prepared from different aluminum powders [11].

Source of
aluminum
powder

Average
particle

size of Al

(µm)

Permeability
coefficient,

K × 
− (m)

Maximum
macropore
size (µm)

Average
macropore
size (µm)

Crushing
strength
(σ) (MPa)

AlO

(wt.%)
Cermet

porosity
(ε) (%)

ASD- *()** ~. . .  ~ ~
ASD- () . . ~   ~ ~
PAP- ~.,   ~.   ~ ~

*Coulter method
**According to SEM
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autoclave, the influence of the conversion is much higher [5–7]. So, permeability of
the composite materials prepared using hydrothermal aluminum oxidation can be
substantially varied. This is very important for internal diffusion limitations of the
catalysts.

One of the most remarkable properties of composites prepared by cementing alu-
minum-containing powders under HTT conditions is the presence of developed nano
(micro-, meso-)porous structure formed by primary aluminum oxide nanoparticles
and their aggregates. It is important because nanoporosity (nanopore volume) pro-
vides improved water capacity and increase of the AC content loaded through im-
pregnation as well as the AC dispersion. These particles are formed during thermal
decomposition of aluminum hydroxides obtained from aluminum metal particles at
the HTT stage. The values of the aluminum oxide specific surface areas (SSAs) re-
ported in parenthesis (Table 7.2) show that the SSAs of the oxide differ substantially
for ceramometals prepared from ASD-1 and ASD-4 despite the fact that their total
SSAs are similar. This result is largely related to different ratios of the aluminum hy-
drothermal oxidation (HTO) rate to the aging rate of the HTO products under HTT
conditions [7]. The particle dimensions should increase due to recrystallization of
nanoparticles when the relative aging rate increases, whereas the SSA should de-
crease. For ASD-1 and ASD-4 powders the aging rates determined by the external HTT
conditions were approximately equal. Meanwhile, the rates of Al consumption at
the second diffusion-controlled stage of hydrothermal oxidation were substantially
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Fig. 7.4: Some textural and mechanical properties of supports with varied Al hydroxide content [5].
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different. For ASD-4 this rate was higher by two orders of magnitude [11]. Therefore,
the smallest hydroxide (oxide) particles were obtained for this ceramometal. For
PAP-2 the lowest oxidation rate was observed in the diffusion region. This led to
a significant growth of the primary particle dimensions and decrease of the alumina
SSA in comparison with the other samples.

The nanopore structure of ceramometals was increased via incorporation of alu-
minum hydroxide, which is the alumina precursor. Figure 7.4 illustrates variation of
main properties of granulated Al2O3/Al supports with the AlOH content. As is seen,
the total pore volume goes through the minimum while crushing strength varied al-
most contrariwise. As compared to supports prepared from pure components, blend-
ing increases crushing strength (up to ~10 MPa). Taking into account that the total
pore volume is 2–3 times higher than that of micro- and mesopores, one can conclude
that macroporosity presumably influenced the mechanical properties of supports.

These pores are formed by the space between the aluminum (d ~ 20–25 μm)
and AlOH aggregate (d ~ 9 μm) particles comprising the powdered blends. At the
low AlOH content, its particles fill interstitials between larger aluminum ones.
Hence, more dense packing occurs leading to the growth of the crushing strength of
the granules. At higher AlOH content its particles pull out aluminum particles,
which lead to less dense packing of blends and decrease of the crushing strength.

7.1.2 Catalytic properties of Cr2O3/Al2O3/Al composites in dehydrogenation
of light alkanes

Figure 7.5 illustrates conversion (X) and selectivity (S) of isobutane to isobutene de-
hydrogenation for CrOx/Al2O3/Al catalysts versus AlOH content in ceramometal. The
maximum conversion was observed for the sample containing 50% AlOH. The cata-
lysts were prepared through impregnation of Al2O3/Al supports. This sample is also
characterized by the highest selectivity to isobutene. The developed macropore struc-
ture of the support granules with 3–5 mm size excludes problems of internal diffusion
limitations typical for granulated catalysts. Overall, this provides for a high isobutene
conversion that is close to the equilibrium one at this temperature and unusually
high (>94%) selectivity to the dehydrogenation product.

Table 7.2: Parameters of the nanoporous structure of Al2O3/Al composites [11].

Aluminum powder Specific surface area of AlO/Al
(AlO) (m

/g)
Nanopore

volume, V (cc/g)
Nanopore

diameter (nm)

ASD-  () . .
ASD-  () . .
PAP-  (~) . .
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7.1.3 Catalytic properties of FeZrH/Al2O3/Al catalysts in
Fischer–Tropsh synthesis

The method used for preparation of porous ceramometals from aluminum mixtures
with other powdered components makes it possible to incorporate powdered ACs
with a high catalytic activity while preserving their main properties. For instance,
hydrogenated iron–zirconium alloys have relatively high productivity in Fischer–
Tropsch synthesis of liquid C5 + hydrocarbons, which are used as synthetic fuels
[12]. However, their application in catalysis is complicated by the fact that these al-
loys are rather fragile, whereas the use of small particles in a fixed bed reactor
leads to significant pressure drop. The attempts to compact small grains of hydroge-
nated iron–zirconium alloys by mechanical pressing in a mixture with powdered
aluminum did not yield promising results [13]. Granulation of the AC with the aver-
age particle size ~0.375 mm in a porous Al2O3/Al cermet led to a fourfold increase of
the catalytic activity compared to AC with the particle size ~2.5 mm (Fig. 7.6.) [14].
This effect is, most likely, caused by developed macroporous structure of the com-
posite ceramometals. However, further decrease of the AC particle size in the ceram-
ometal by an order of magnitude did not lead to a substantial increase of the AC
productivity normalized to unit mass, especially in production of liquid hydrocar-
bons. The lack of effect in this case is caused by the influence of the aluminum HTT
products that decorate the AC surface blocking the active sites and, thus, leveling
the effect of AC dispersion (Fig. 7.7.). In spite of alumina deposition on the surface,
a high activity of AC is provided by a high permeability of this porous layer toward
reagents and FTS products due to developed ultra-macroporosity. Qualitatively, the
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Fig. 7.5: Dependence of isobutane conversion X (1,3) and selectivity to isobutene S (2,4) at 540 °C
(1,2) and 590 °C (3,4) on AlOH content (wt.%) in the initial blends used for preparation of
granulated composites CrOx/Al2O3/Al [7].
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pores with diameters up to tens of micrometers are visible in SEM images of com-
posite “ZrFeH0.5”/Al2O3/Al catalyst (Fig. 7.7a).

Comparison of the textural characteristics of catalysts with their catalytic per-
formance in Fischer–Tropsch synthesis revealed for alumina-containing composites
prepared from different aluminum powders and alumina precursors is presented in
Fig. 7.8. There is a clear tendency for decreasing selectivity to C5+ products and in-
creasing that to methane with the increase of the micropore and mesopore volume
and SSA (Fig. 7.8). Some deviation can be explained by the effect of the average
pore diameter which could differ for composites with the same integral pore vol-
ume. Observed relation between selectivity and SSA could be explained by varia-
tion of the concentration of active sites (surface concentration of iron) as well as by
the impact of diffusion characteristics of porous alumina, both factors are known to
be of great importance for the FTS selectivity. Detailed analysis of these factors has
been earlier presented for cobalt-containing FTS catalysts [16]. Probably, the surface
of alumina strongly affects the FTS characteristics through readsorption of reaction
intermediates leading to chain termination, while readsorption on the active sites sit-
uated on the surface of AC leads to the chain growth. Another factor of importance

0

400
800

1,200

ZrFe2H

Zr2,6FeH

Capsulated,

to C2–C4

0

400

800
1,200

ZrFeH

Pure,

Ac
tiv

ity
, g

/ k
g A

Ch

to C5+

0

400

800

Total

1,200

(fraction ZrxFeyH 2–3 mm) (fraction ZrxFeyH 0,5–0,25 mm)

Fig. 7.6: Effect of incorporation of hydrogenated ZrFe intermetallides with varied Fe:Zr ratio on their
activity to different FTS products [15].
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could be filling of micropores by water and liquid hydrocarbons formed in FTS or a
nonuniform distribution of active sites inside the composite catalysts. In all cases,
the microporosity of alumina has a negative effect on the chain growth reaction. So,
the alumina in ceramometal matrix is less useful for FTS contrary to impregnated AC
in dehydrogenation.

7.2 Ceramometal catalyst based upon MeAlO/MeAl

An essential restriction of Al2O3/Al ceramometals is stability of metallic aluminum,
the melting point of which does not exceed 660 °С. So, a method based on the use
of aluminum-containing powdered alloys was further developed for the synthesis of
MeAlO/MeAl ceramometals. Such alloys obtained by mechanochemical treatment
of aluminum with powdered metals, similar to neat aluminum, retained the ability

1 μm

1 μm

a

b c

d

Fig. 7.7: SEM micrographs of ZrFeHx/Al2O3/Al
catalyst prepared through HTO and calcination
at 350 °C (a), ZrFeH0.5 after the same treatment
(d), inserts (b) and (c) – surface of
incorporated AC (b) – with porous alumina,
(c) – without porous alumina.
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to cementation into porous monoliths under HTT conditions [9, 10]. A weakly devel-
oped mesoporous structure is typical for MeAlO/MeAl ceramometals; so it was de-
veloped by incorporation of materials having a more developed mesopore structure
and subsequent impregnation similar to stages (a) and (b). In the general form, pos-
sible variants of ceramometal synthesis from alloys and variants of the produced
monoliths are displayed in Fig. 7.9.

The most important stage in the preparation of MeAlO/MeAl ceramometals is
their mechanochemical alloying (MA). This procedure substantially affects the
properties of resulting ceramometals but is virtually unknown for specialists in clas-
sical methods of catalyst preparation. As the MA time is extended, it facilitates
changes in the phase composition and dispersion of metal powders. Microstructure
of the particles also changes from layered to more homogeneous [17–20]. This mi-
crostructure of metal particles is retained in the cores of produced ceramometals.
Similar to Al2O3/Al ceramometals, the obtained composites have the egg-shell mi-
crostructure with the oxide shell and metallic cores. Similar also is the bi-disperse
pore structure with nanopores concentrated in the oxide shell and ultramacropores
formed by cavities between metal particles of the initial precursor powder with the
size of some tens of micrometers. The absence of metallic aluminum significantly
increases thermal stability and mechanical strength of such ceramometals.

Al2O3
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Al2O3
from Al(OH) x
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Fig. 7.8: Influence of microporous structure of alumina on the selectivity of composite catalysts
based upon hydrogenated ZrFe intermetallides.
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7.2.1 Ceramometals CuAlO/CuAl and CuFeAlO/CuFeAl as low-temperature
WGS catalysts

For CuAlO/CuAl ceramometals, with extension of the MA time of powdered Cu–Al
precursors, the concentration of Al4Cu9 intermetallic goes through the maximum.
The concentration of the solid solution Cu1–xAlx is nearly constant, except for the
sample activated for 6 min. The concentration of aluminum in the solid solution de-
creases monotonically with the time of activation (excluding 6 min point), while
CuO concentration goes through the minimum (Table 7.3) [21]. Remarkable is the
absence of crystallized forms of mixed copper–aluminum oxides according to X-ray
diffraction (XRD), although they are observed by energy-dispersive X-ray analysis,
nuclear magnetic resonance and X-ray photoelectron spectroscopy [21].

For CuFeAlO/CuFeAl ceramometals, which were synthesized from MA products
during oxidative treatments, metallic phases Al4Cu9 and Al4Cu (found only for
CuFeAl-6), metallic copper and trace amounts of iron, as well as the oxide phases –
tenorite CuO and spinel close to AlFe2O4 – were found [22]. The variation in the con-
tent of all phases in ceramometals is presented in Fig. 7.10. In general, changes in
the composition of metallic components (Fig. 7.10) are similar to those typical for
the metallic precursor CuFeAl [20]. The increase in spinel content and decrease in
CuO amount with the time of MA is related to more pronounced interaction of the
powdered metal components during ball milling. This favors mixed oxide formation
in the course of oxidative ceramometal synthesis.

Overall, the key feature of this synthesis method is a large amount of X-ray amor-
phous phases for precursors in the powdered metal alloys obtained by MA [19, 20].

Me powder 

Al powder 

Me–Al alloy

Mechanical

activation

Mesoporous additive

Blending

Hydrothermal treatment

water

H2
CalcinationProducts

Fig. 7.9: Main stages of the preparation of ceramometal catalysts with Me–Al powder.
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A large amount of X-ray amorphous phases in the oxide film is typical of ceramome-
tals [21, 22].

As the MA time of precursor is extended, the textural-mechanical properties of
CuAlO/CuAl ceramometals change also nonmonotonically (Fig. 7.11). This is caused
by various factors: changes in the phase composition of precursors, dispersion of
the particles and their microstructure.

Specific catalytic activity of ceramometals CuAlO/CuAl and CuFeAlO/CuFeAl is
higher than that of the conventional CuZnAl (IK-4–25) catalyst (Fig. 7.12) because of
a higher surface concentration of copper and stabilization of more active centers
(copper clusters) on the surface [21, 22].

The specific catalytic activity changes similarly to the concentration of Al4Cu9
intermetallide and contrariwise to the surface concentration of copper, which may
be related to the formation of surface clusters that are more active than crystalline
copper (Fig. 7.12.) [21].

Table 7.3: XRD phase analysis of CuAlO/CuAl ceramometals (wt.%) [21].

Phase Time of MA (min)

   

Cu–xAlx solid solution %
(x = .)

%
(x = .)

%
(x = .)

.%
(x = .)

AlCu intermetallic % % % %
CuO % % % %
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Fig. 7.10: Content of different phases in CuFeAlO/CuFeAl ceramometals estimated by X-ray
diffraction analysis (TOPAS software) versus the time of preliminary mechanochemical alloying of
the CuFeAl precursor.
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The presence of metal particles with the size up to some tens of microns deter-
mines two additional features of ceramometal composites: a developed network of ul-
tramacropores with the size up to 10 μm and a high bulk density as compared to
conventional oxide catalysts employed in WGS (Fig. 7.13). The latter factor is of partic-
ular importance for estimating the effective activity of unit volume of the catalytic bed.

Indeed, the activity per the volume unit of a fine fraction of cermet was lower as
compared to that of the oxide catalyst, whereas an opposite trend was observed for the
coarse fraction (Fig. 7.13). Activity of the 3 × 3 × 5 mm cermet granules (k = 5.1 s−1) ex-
ceeded by more than 20% the activity of granulated oxide catalyst (k = 4.4 s−1). Thus,
when going from a fine to a coarse fraction, activity of the cermet decreases by 35%,
and activity of the oxide catalyst by 52%. Note also that the density of ceramometals
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Fig. 7.11: Variation of the crushing strength, macropore volume and specific surface area of CuAlO/
CuAl ceramometals with the time of preliminary MA of Cu–Al precursor.
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(~4 g/cm3) is substantially higher than that of CZA (~2 g/cm3) (Fig. 7.13), which com-
pensates their lower activity per the mass unit. These factors are important arguments,
which demonstrate that ceramometal catalysts are promising for WGS. Leaching that
promotes formation of additional nanostructures based on copper oxide can be an ad-
ditional factor increasing the concentration of surface active sites (Fig. 7.13).

7.2.2 Ceramometal Al2O3/CoAlO/CoAl as a support for dehydrogenation catalyst
under MW irradiation

The CoAlO/CoAl ceramometal synthesized from the mechanochemically treated
blend containing 20% of aluminum according to the scheme displayed in Fig. 7.9
had a high strength but a low porosity (Table 7.4). The metallic part consisting of
cobalt and aluminum alloys was resistant to oxidation in air even at 900 °C due to
a dense alumina interface separating the metallic part from the oxide shell
(Fig. 7.14) [23]. The mesopore structure was developed via incorporation of alumina,
which served as a mesoporous component [23].

This made it possible to increase the porosity by more than an order of magni-
tude, and SSA – by two orders of magnitude (Table 7.4). As shown in Fig. 7.14, alu-
mina globules in Al2O3/CoAlO/CoAl composite are surrounded by ceramometal
CoAlO/CoAl skeleton that maintains a strength of ~5 MPa, which is satisfactory for
catalysis. The dehydrogenation catalyst was synthesized by impregnation with an
iron-containing solution. For comparison, a catalyst was prepared also by
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Fig. 7.12: Specific catalytic activity in WGS and amount of intermetallic Al4Cu9 in ceramometals.
Comparison with CuZnAl oxide catalyst (IK-4–25) [21, 22]. Reaction test conditions: (240 °C. CO :
H2O : H2 = 8 : 42 : 50. P = 1 bar, GHSV = 3,000–4,000 h−1).
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Table 7.4: Textural and mechanical properties of CoAlO/CoAl and Al2O3/CoAlO/CoAl ceramometals.

Ceramometal Crushing strength (MPa) Porosity (%) Specific surface area (m/g)

CoAlO/CoAl   

AlO/CoAlO/CoAl   
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impregnation of conventional γ-Al2O3 with the same solution. Both catalysts were
examined with respect to microwave irradiation.

It is found that the main dielectric parameters of the ceramometal catalyst differ
from those of the conventional catalyst: ε = 2.03, tg δ = 0.016 for FeOx/Al2O3 catalyst
versus ε = 3.06, tg δ = 0.065 for the FeOx/Al2O3/CoAlO/CoAl catalyst (Table 7.5).

(a)

(c) (d)

(e) (f)

(b)

60 μm 100 μm

Fig. 7.14: Spatial distribution of phases with different stoichiometry (mapping) according to SEM
and INCA data for ceramometals. a, c, e – CoAlO/CoAl; b, d, f – Al2O3/CoAlO/CoAl. a, b – metal
cores; c, d – oxide matrix; e – interface; f – alumina globules [23].
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It means that the MW absorption by the ceramometal is substantially higher than
by pure porous alumina. So, the ceramometal can be used as an efficient absorber
of microwave power in MW cavities when they are placed into the maximum of the
electric component of the electromagnetic field. The difference in MW absorption
between two catalysts is greater when samples are located in the MW cavity in the
maximum of the magnetic component. The measured efficiency, η, of MW power-
to-heat conversion for γ-Al2O3-based catalyst is about 1.5%, whereas for Al2O3/
CoAlO/CoAl-based catalyst for the same sample weight (500 mg) η = 26%. The
ceramometal catalyst is found to be more efficient for endothermal hexane dehydro-
genation when heated using the MW irradiation compared to the conventional po-
rous oxide catalyst (Table 7.5). Both the average rate of C6H6 and C6H12 formation
and selectivity for these products show an increase. The influence of the CoAlO/
CoAl skeleton on the activity is negligible due to its low SSA.

7.2.3 Ceramometal CuO/Al2O3/FeAlO/FeAl as the combustion catalyst

As in the case of cobalt-containing ceramometals, iron-containing composites also
have a poorly developed mesoporous structure [24]. To develop the mesopore structure
of ceramometal, the incorporation of their precursor like powdered TSEFLARTM (CTA)
product of centrifugal thermal treatment of gibbsite – commercial grade IC-02–76 [25]
was made through blending of CTA with the products of MA. Catalytic activity in CH4

deep oxidation was studied for CuO/Al2O3/FeAlO/FeAl plates in the temperature range
of 400–800 °C using feed 3% CH4 + 6.5% O2 in N2 at the feed rate 10 L/h [26].

In Fig. 7.15., XRD diffraction patterns of separate components – FeAlO/FeAl
(prepared from the product of Fe + Al mechanical alloying) and CTA product along
with that of ceramometals with incorporated alumina are presented. CTA product
contains both the δ- and γ-alumina phases due to a rather short (~1 h) time of calci-
nation under air at 900 °C. Four basic ceramometal phases of Fe (Fe–Al alloy)
along with corundum phase are present. For alumina-modified ceramometal the
phase composition is described by superposition of those for constituent materials.

Table 7.5: MW absorption and catalytic dehydrogenation data [23].

Sample MW absorption Activity (CH and CH formation)

ε tg δ η (%) K (mg/s) Selectivity (%)

FeO/AlO . . ~. ~. –
FeO/
(AlO)
CoAlO/CoAl

. . ~ ~. –

152 7 Ceramometal supports and catalysts prepared

 EBSCOhost - printed on 2/13/2023 3:39 AM via . All use subject to https://www.ebsco.com/terms-of-use



The fraction of mesopores in cermets apparently increases with the amount of
added CTA product (Fig. 7.16). Macroporous structure changes as well due to in-
creasing the volume of ultramacropores (Fig. 7.16). SSA increases with alumina con-
tent while the crushing strength decreases (Fig. 7.17), though being nearly constant
(~10 MPa) in the range of alumina content 20–50 wt.%.

The catalytic oxidation of methane over ceramometal monoliths CuO/Al2O3/FeAlO/
FeAl with different alumina (and, hence, CuO) content revealed that activity increases
with the increase of alumina content from 10% to 30% (Fig. 7.17). Apparently, the main
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Fig. 7.16: Total, nano and macropore volume of CuO/Al2O3/FeAlO/FeAl cermet support prepared
from powdered blends with different CTA content [15].
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factor here is the increase of CuO content, which is the active phase here. The further
increase of alumina (and, as the result, copper oxide content) has not improved activ-
ity. Hence, in terms of the crushing strength (Fig. 7.18), activity and price, the optimum
could correspond to the catalyst with the CTA content of ca. 30 wt.%.

It should be emphasized that the catalytic experiments were carried out on a plate. In spite of
a 1–2 mm gap between the wall and the catalyst, the macropore structure of the plate ensured
quite a good activity toward the oxidation of methane.
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Fig. 7.17: Specific surface area and crushing strength of cermet supports prepared from powdered
blends with different CTA content [15].
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Another example of the application of ceramometal catalysts is fuel combustion in
a fluidized bed. Attrition resistance is of special importance for the catalytic oxida-
tion of carbon in a fluidized bed. Ceramometal monoliths CuO/Al2O3/FeAlO/FeAl
shaped as honeycombs are promising for this purpose. Details of the tests are pre-
sented in Chapter 8.

7.3 Conclusions

Synthesis of porous ceramometal composites from metallic aluminum-containing
powders allows obtaining various catalytically active materials with essentially dif-
ferent composition and shape for a wide range of catalytic processes. At present,
studies are performed mostly on laboratory scale; a sole exception is the combus-
tion of coal, for which pilot tests were carried out.

The synthesized ceramometals have a developed macropore structure with the
pore size reaching some tens of micrometers, which provides quite a high perme-
ability of the granulated composites. The nanoporous component is concentrated in
the oxide shell. It can be substantially increased via incorporation of mesoporous
powders. The presence of metallic particles enhances the absorption of microwave
power, increases the loading density per unit volume and provides a higher thermal
conductivity in comparison with porous oxide materials. Overall, such ceramome-
tals may be quite efficient for the processes requiring a high heat and mass ex-
change in compact catalytic devices.
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8 Catalytic combustion of fuels on oxide catalysts
in the fluidized state

Combustion of fuels is the most important process for generation of energy (heat and
electricity). Conventional combustion, which is based on high-temperature flame
combustion, is carried out at high temperatures, 1,200–1,600 °C. This leads to consid-
erable contamination of the atmosphere with harmful wastes (nitrogen and sulfur ox-
ides, CO, soot, aromatics, etc.). Very stringent requirements are imposed also on heat
resistance of the equipment. When the process is performed in a fluidized bed with
an inert material, the process temperature can be lowered to 800–1,000 °C [1, 2]. This
allows decreasing the concentration of harmful wastes released into the atmosphere,
particularly the “atmospheric” nitrogen oxides. In addition, the indicated tempera-
tures prevent ash melting and reduce slagging and corrosion of the equipment. The
fluidized mode increases the heat transfer coefficient, which makes it possible to use
low-grade fuels with a high content of ash and moisture [1, 2]. However, combustion
of such fuels is accompanied by the release of quite a large amount of harmful sub-
stances, and stringent requirements to heat resistance of materials are retained. Fuel
burns not only in the fluidized bed but also over the bed, which makes it necessary
to increase dimensions of the reactors [3, 4].

Unconventional method for catalytic combustion of various fuels and wastes in
a fluidized catalyst bed has been developed at the Boreskov Institute of Catalysis SB
RAS. The catalytic combustion of fuels mainly eliminates drawbacks associated
with combustion of fuels in the fluidized bed of an inert material. This technology
is based on four principles:
– the use of a deep oxidation catalyst;
– combustion in the fluidized catalyst bed;
– combination of heat release and heat removal in a joint fluidized bed;
– combustion without a significant air excess [5–10].

The distinctive feature of catalytic combustion in comparison with other types of
burning is that fuel is oxidized predominantly on the surface of solid catalysts with-
out formation of naked flame or with its minimum contribution [4]. Fuel components
are oxidized by the catalyst surface oxygen, and reduced surface is regenerated by
the gas-phase oxygen. As compared to conventional combustion methods, the pres-
ence of a catalyst mitigates requirements to thermochemical properties of structural
materials of the apparatus, reduces heat losses through the walls, simplifies control
of the process, and prevents secondary endothermic processes leading to the forma-
tion of toxic substances. In addition, the use of a catalyst reduces the explosion haz-
ard and increases the energy intensity of the processes. As a result, the dimensions
and metal consumption of structures can be considerably reduced. The use of
a catalyst allows also decreasing the concentration of nitrogen oxides, both the

https://doi.org/10.1515/9783110587777-008
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thermal (from air nitrogen) and fuel (from nitrogen-containing components of fuel)
ones [5–10].

This section presents published results of laboratory, pilot and industrial test-
ing of the catalytic combustion processes in a fluidized catalyst bed. Such processes
are especially promising for local power generation in the northern territories with
a weakly developed infrastructure and thinly scattered population, where provision
of gas supply is economically inefficient, and transportation and storage of liquid
fuel are expensive.

8.1 Main types of the fuels being used, their characteristics and
products of their incomplete combustion (oxidation)

Residual oil and diesel fuel are widely used as fuels for small heat supply units.
However, for distant communities, owing to transportation problems, a promising
source of fuel may be crude oil, which has quite a high calorific value, up to
42,000 kJ/kg [11]. In the Russian Federation, oils with a high sulfur content are in
wide use. Examples of two types of such sulfur-containing oils, sulfur light oil (SO)
and heavy sulfur oil (HSO), are listed in Table 8.1. High sulfur content substantially
hinders their combustion in flame burners. Starting of oil burners is complicated by
explosions and fires. Large amounts of soot, СО, nitrogen oxides and certainly sulfur
oxides are emitted with flue gases [12, 13]. Two groups of nitrogen-containing com-
pounds in sulfur-containing oils are distinguished: nitrogenous bases and weakly
basic nitrogenous compounds [11]. Nitrogenous bases are present mostly in the low
and medium fractions and are represented by alkyl and cycloalkyl derivatives of pyr-
idine and quinoline. Heavy fractions contain benzoquinoline and benzoacridine.
Neutral nitrogen compounds include indole and carbazole derivatives, cyclic amides
of aromatic amino acids and porphyrins. Noteworthy is the high content of vana-
dium in heavy oils, up to 6 kg/t, as well as nickel, cobalt, chromium and rubidium.
In light oils, vanadium and nickel content is low, so nitrogen-containing compounds
in such oils are not bound to metals, in distinction to heavy oils [11, 13].

Table 8.1: Main characteristics of Russian petroleum [12, 13].

Petroleum
type

Density at
 °C (g/cm)

Weight content (%)

C H O N S

Sulfur light . . . . . .
Heavy high
sulfur

. . . . . .
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The combustion of sulfurous oil in the fluidized bed of an inert material (quartz
sand) with a small excess of oxygen does not lead to a complete burnout of oil; its
conversion does not exceed 80%. As the bed height is increased, CO concentration
reaches 8,800 ppm (Fig. 8.1). Methane is detected in flue gases; its concentration at
the reactor outlet is up to 0.15%. Therefore, SO2 is absent both at the reactor outlet
and over the entire height of the fluidized bed. This is caused by the presence of
alkali and alkali-earth metals in quartz sand, which are capable of interacting in-
tensively with sulfur dioxide to form sulfates and sulfites of the corresponding met-
als. The absence of nitrogen oxides is associated with their reduction to molecular
nitrogen, which occurs because the reaction mixture contains high concentrations
of CO and organic products of the incomplete burning of fuel along the full height
of the fluidized bed of an inert material (see Fig. 8.2). The complete combustion of
oil in the fluidized bed of an inert material can be achieved at temperatures above
850 °C. In this case, there is a sharp growth in the concentrations of nitrogen oxides
in flue gases, which are formed due to the oxidation of nitrogen-containing com-
pounds in oil and the oxidation of nitrogen by air oxygen. The concentration of ni-
trogen oxides in the flue gases can reach 1,000 ppm or more [12].

As the price of oil and its products is growing, coal becomes a promising fuel for
heat supply units. Brown coal is the most used type of combustible coals. A typical
Kansk–Achinsk coal organic matter composition is (weight %): C – 71.5; H – 5.0;
N – 1.0; O – 22.1; S – 0.4; ash content in the dried brown coal is 10.1%. At the same
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Fig. 8.1: Changes in burnout degree of sulfurous oil over the height of an inert material layer
in the reactor at 700 °C [12].
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time, the catalytic combustion in a fluidized bed can be performed using other
types of solid fuel as well as wastes from pulp and paper industry, which are diffi-
cult to use in conventional boiler plants (Table 8.2.) The listed data indicate that
these types of fuels contain large amounts of volatile components and incombusti-
ble substances that produce ash.

A detailed analysis of the products of oil shale processing (heavy coal-tar products,
HCTP), which can also be used as a fuel [15] is made in Tables 8.3 and 8.4.

As mentioned in Tables 8.3 and 8.4, these products have high contents of sulfur
and ash. The nitrogen content is also quite high The lowest heat of combustion of

Table 8.2: Ash and volatiles content and degree of burnout of some carbon-
containing materials in the demo catalytic heat generating unit [14].

Material Volatiles
content (wt%) *

Ash content (wt%) Degree of
burnout (wt%)

Anthracite . . .

Coal G . . .

Coal–water slurry .  .

Coal B . . .

Shale** . . .

Peat . . .

Lignin sludge . . .

Saw dust . . .

*The volatiles content data refer to the combustible mass of the carbon-containing
materials.
**Shale was burned in a benchmark unit.

Table 8.3: Working mass composition of heavy coal-tar products (HCTP) F1 and F2 [15].

HCTP
samples

Working mass composition (%) Ash (wt%) Wt (%)*** Density
(kg/m)

C H O S N

F . . . . . . . ,
F . . . . . . . ,

Wt is the total moisture in heavy HCTP, %;
**The oxygen content was determined from the balance.
***The amount of total moisture is taken by the mass losses during drying in a desiccator over KOH.
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such fuels varies within 17,000–16,974 kJ/mol [15]. More detailed estimates of com-
bustion heat of various fuels can be found in [16].

The composition of ash residue of the oil shale processing products is shown in
Table 8.5. The content of such detrimental components as phosphorus, chlorine
and sulfur in ash is not high. However, the presence of chlorine-containing com-
pounds may lead to the formation of chlorinated benzodioxins and benzofuranes,
which are especially dangerous [17, 18].

It should be noted that the oxidation of solid fuels commonly proceeds in two steps,
owing to the presence of volatile substances emitted from a solid at high temperatures.
The first step includes release of volatiles and their combustion in the gas phase.
In the second step, the carbon residue interacts with the gas-phase components.

Table 8.4: Composition of dry ash free (daf) mass of heavy coal-tar products (HCTP) F1 and F2 [15].

HCTP
samples

Total output of
volatiles (daf) (%)

Composition of dry ash mass (%)

C H O S N

F . . . . . .
F . . . . . .

Table 8.5: Ash contents of heavy coal-tar
products (HCTP) (%) [15].

Components F F

NaO . .
MgO . .
AlO . .
SiO . .
PO . .
SO . .
Cl . .
KO . .
CaO . .
TiO . .
FeO . .
ZnO . .
SrO . . –
BaO .. –
Other compounds . .
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This may be a slow oxidation of coke by gas-phase oxygen. Endothermic processes
can also proceed, for example, the interaction of carbon dioxide with coke and the for-
mation of carbon monoxide [4, 19].

A detailed study of pyrolysis in the presence of various catalytic and inert addi-
tives is reported in [20].

It was shown that the total degree of wood pyrolysis to char is mainly deter-
mined by the bed temperature. With increasing temperature, the mass content of
condensable substances (water, tar, acids) increases (Fig. 8.2a), and the amount of
noncondensable gases (CO2, CO, H2 and CH4) (Fig. 8.2b) increases independently
from additives. The amount of ash and water, on the contrary, decreases as the tem-
perature is raised (Fig. 8.2c). For the wood used in the work [20], the total yield of
volatile substances determined by a standard procedure was 84.7% of the combus-
tible mass. Raising the temperature and using the complete oxidation catalysts that
contain copper and chromium oxides (IK-12-72 and IK-12-73) facilitate development
of the indicated trend in comparison with inert materials (sand and alumina)
(Fig. 8.2). These data validate possibility of endothermic processes of steam and car-
bon dioxide reforming of hydrocarbons. The complete oxidation catalysts promote
a rapid oxidation of hydrocarbons and their “switching out” from the endothermic
process. The complete oxidation proceeds even faster in the presence of air oxygen.

The catalytic combustion in a fluidized bed can be applied also for remediation
of the sludge from municipal sewage. Thus, the annual amount of sewage sludge
formed in the Russian Federation is ca 2.5 million tons calculated on a dry basis.
Many special facilities are needed to bury it for 100–150 years. However, the sludge
contains a large amount of combustible organic components (Table 8.6.)

The mineral part of sewage sludge includes aluminum and silicon oxides (60–70%),
calcium and magnesium oxides (10–15%), iron oxides (6–7%) and much smaller
amounts of other oxides [21]. Noncatalytic combustion of such wastes results in the
formation of not only carbon, nitrogen and sulfur oxides, but also benzopyrenes and
dioxins [22].

Thus, a wide scope of liquid and solid fuels can be used for combustion in local
heat generating units. However, their application in conventional units is hindered

Table 8.6: Elemental composition of the organic part of a dried
sewage sludge from different sources [21].

Town Content (wt%)

C H N S Cl P O

Novosibirsk . . . . . . .
Omsk . . . . . . .
Moscow . . . . . . .
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by a large amount of impurities. Some impurities can significantly deteriorate the
environment. Other impurities have nonoptimal calorific value and decrease the ef-
ficiency of the main fuel oxidation reaction. Catalytic combustion makes it possible
to significantly neutralize the detrimental effects of this process.

8.2 Examples and characteristics of catalytic combustion
processes in a fluidized bed

A typical design of the industrial fluidized bed reactor is shown in Fig. 8.3 [10]. The
reactor (1) has a detachable air distributor (2). The air is introduced sideways (3)
and distributed through a circular gap (4) into horizontal perforated tubes (5),
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Fig. 8.3: Layout of CHSU reactor [10].
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which work as a gas-distributing grid. Fuel (6) is sprayed into catalyst bed through
injectors (7) by air (8). The injectors are fitted with a needle (9) for cleaning them
during the operation. Starting from the height of 250 mm from the gas-distributing
grid, the fluidized bed is staged by wire grids (10) with a mesh size of 30–30 mm2

and a block (11) of six grids of mesh size 10–10 mm2. Free fluidized bed in the injec-
tors zone serves for fuel distribution and mixing with air. The fuel burns out in this
zone approximately by 80%. Complete oxidation of the fuel occurs in the staged
bed (10). Thermocouples (12) are introduced both in the staged and free fluidized
bed sections.

An important feature of this reactor is the non-isothermal fluidized bed [5].
That is, the bottom part of the bed is kept at the optimum temperature for the fuel
oxidation, while the top part of the bed is kept at any preset temperature (Fig. 8.4).
A heat exchanger (13) with staggered-corridor tubing [6] provides the maximum co-
efficients of bed-to-tubes heat transfer. Such configuration makes more random
a possible heterogeneity (large bubbles) and prevents the formation of catalyst
“caps” on the upper tube surface, in contrast to staggered tubing. Nearly 10% of the
heat exchanger submerges in the bed, and the remaining overbed part acts as econ-
omizer. Flue gases (14) pass through a baffle gauze (15) to prevent particles carry
over from the reactor, and then through a heat exchanger (16) to cool the body and
decrease heat losses. The reactor is fitted with a relief valve (17), a socket (18) to
discharge a catalyst, and a safety valve (19) at the hot water pipe [10]. It should be
noted that smaller reactors, which were used in laboratory and pilot testing, com-
monly had a less complicated design [12, 13, 20].

The combustion of sulfurous oils was investigated in a laboratory setup with
a vibratory fluidized bed in a reactor with the diameter 40 mm and SWCHKZ-1 cata-
lyst (550–700 cm3); the height of a vibratory fluidized bed was 950–1,000 mm; air
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Fig. 8.4: Temperature profile along the height of
the fluidized catalyst bed: (1) zone of fuel
combustion in the zone of free fluidized bed
(isothermal zone); (2) zone of fluidized bed with
packing (nonisothermal zone); (3) zone of free
fluidized bed (isothermal) [10].
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flow rate, 2.6–2.9 m3/h; and oil flow rate, 150–350 g/h (air excess 3.1–1.4) [12, 13].
As shown in Fig. 8.5, when the temperature over the height of a fluidized bed
(Fig. 8.3) is raised from 500 to 700 °C, the degree of fuel burnout (β) increases from
~84% to ~99%.

As the temperature is raised, the concentration of CO decreases and approaches
zero at the reactor outlet. The concentration of nitrogen and sulfur oxides, on the
contrary, increases to 45 and 25 ppm, respectively (Fig. 8.5). The emission of nitro-
gen oxides is much lower than the theoretical value (from the nitrogen content in
oil). It means that nitrogen oxides are reduced by hydrocarbons and CO over the
catalyst. In addition, the presence of the catalyst makes it possible to lower the
maximum temperature to 750 °C. This does not lead to the formation of thermal ni-
trogen oxides from air even at an increased air excess coefficient (Fig. 8.6). The con-
tent of sulfur oxides below the theoretical value (150 ppm) is caused by their
adsorption on the catalyst.

An increase in the oxygen concentration due to the growing air excess coefficient
also facilitates a decrease in the outlet concentration of SO2 (Fig. 8.7). The produced
SO3 has a higher adsorption ability on the catalyst, thus decreasing the concentra-
tion of sulfur oxides in the laboratory experiments [13]. However, as the time of lab-
oratory experiment is extended, the outlet concentration of SO2 increases to
theoretical values for the indicated fuel. This is caused by saturation of the catalyst
with sulfur oxides [11, 13].
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Fig. 8.5: Temperature dependences of sulfur crude oil burnout (β) in a fluidized bed of
aluminum–copper–chromium catalyst and the concentrations of CO, SO2 and NOx [12].
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The concentration of sulfur oxides can be decreased by additional loading of
calcium compounds (oxide or carbonate) into the fluidized bed (Fig. 8.8) [12, 13].
This is accompanied by a substantial decrease in the outlet concentration of CO.
Sulfur-containing compounds also exert a detrimental effect on the reduction of
fuel nitrogen oxides [12, 13].

In distinction to oil, the burnout degree of solid fuels can vary from ~80% for an-
thracite to ~99% for sawdust (Table 8.2). A considerable heat transfer from the
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reactor outlet in dependence on the amount of excess air α at 700 °C [12].
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Fig. 8.7: The SO2 concentration at the reactor outlet during the SCHKZ-1 catalyst sulfation during
HSO combustion without absorbent at a temperature of 700 °C, oil consumption of 260 g/h, and
air excess of 1.9× [13].
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catalyst grains to the gas-coal flow provides a rapid heating of carbon particles. In the
pores of fuel particles, there occur rapid gas heating and expansion, evaporation of
moisture, and destruction of coal matter with a release of considerable amounts of
volatile organic substances (up to 50% of organic mass of coal). This is followed by
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Fig. 8.8: The degree of high-sulfur crude oil burnout (β) and the concentrations of CO and SO2 as
a function of the catalyst operation time at 700 °C: (A) petroleum combustion without calcite;
(B) oil combustion in the presence of calcite (calcite consumption, 11 g/h) [12].

Table 8.7: Technical characteristics of the catalytic heat generating unit KTU-2 [23].

Characteristics Values

Reactor diameter (without heat insulator) . m
Reactor height . m
Heat exchanger surface area . m

Fuel utilization efficiency %
Temperature in combustion zone – °C
Temperature of flue gases after cyclone  °C
Temperature of water at the outlet  °C
Water consumption upon its heating by  °С . m/h
Fuel consumption (at a calorific value of , kcal/kg)  kg/h
Air flow rate  m/h
Installed power of electrical equipment:
Electrical heater  kW
Water pump  kW
Fuel pump . kW
Air blower  kW
Catalyst loading  m
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gasification of the coke residue by oxygen, carbon dioxide and water with the forma-
tion of complete and incomplete oxidation products. Volatile organic substances and
incomplete oxidation products (CO and H2) are oxidized to CO2 and H2O directly on
the catalyst. It is commonly accepted that the burnout degree of coal weakly depends
on the catalyst activity and is determined mostly by the particle size ratio of the cata-
lyst and coal, temperature, and air excess coefficient [33]. However, upon combustion
of a solid fuel in the fluidized bed of an inert material, the burnout degree of coal at
700–750 °C is much lower as compared to the catalytic combustion. The cause of
such a difference is that upon combustion of a solid fuel in the fluidized bed of an
inert material, coke burnout is the limiting process. This is related to the delivery of
oxygen to the surface of coal particles. The use of a deep oxidation catalyst removes
diffusion limitations; as a result, the burnout degree of coal is substantially increased.

Testing of the modified heat generating unit KTU-2 with a power up to 500 kW
(Table 8.7) in the combustion of Kansk–Achinsk brown coal using the catalyst IK-
12-73 showed that in the temperature range of 640–680 °C the burnout degree was
93.8%. The content of wastes in flue gases was as follows: CO – 0.05 vol.%; NOx –
74 mg/m3; SO2 – 51.3 mg/m3 and dust – 130 mg/m3 [23].

In some works [41–44], deep oxidation of methane and propane in a fluidized bed
of CuO/γ-Al2O3 catalyst was studied upon variation of the fluidized bed height, feed
rate, concentration of reagents, and temperature. It was shown that the concentration
of CH4 at the reactor outlet is below 10 ppm at the feed rate 0.4 m/s and temperature
700 °C (the inlet concentration of CH4 was 3%). Within the two-phase fluidization
model, a kinetic model describing the experimental data has been developed.

The important characteristics of fuel combustion processes for heat generation
are their technical and economic indices. A comparison of some indices with non-
catalytic setups is shown below. According to Tables 8.8 and 8.9, at a comparable
power of heat generating units with grate furnace (NEC) and layer furnace (KV), the
catalytic heat supply unit (CHSU) decreases not only the emission of hazardous sub-
stances but also the dimensions of the unit by a factor of ca. 20, the process tempera-
ture by a factor of 1.5 and fuel consumption due to its more efficient utilization.

Extrapolation of the obtained experimental data to the heating units with
a higher power shows that in comparison with the unit based on an inert material
in the fluidized bed, the use of the catalyst also considerably decreases the dimen-
sions and the content of harmful wastes. An increase in the degree of fuel combus-
tion enhances the efficiency (Table 8.10).

The efficiency of a heat generating unit with constant dimensions can be im-
proved by varying the catalyst loading. Thus, upon combustion of a liquid fuel, the
useful thermal capacity increased more than threefold when the catalyst loading
was raised from 70 to 130 L (Fig. 8.9). The increase in capacity was accompanied by
an increase in the fuel utilization efficiency from 75% to 93% (Fig. 8.10). This occurs
mostly due to a decrease in heat losses with flue gases (Fig. 8.10). The capacity can
be controlled for solid fuels, too [21].
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The following results were obtained for industrial operation with the spherical
catalyst SCHKZ-1 and quartz sand taken in a 1:4 ratio at a total loading of 650 kg.
The degree of attrition did not exceed 0.2 wt % per day for the catalyst, and 0.50 wt
% per day for sand. The degree of burnout reached 94–97% for the low-grade
G coal (Kuznetsk Basin). The concentration of nitrogen oxides in flue gases did not

Table 8.9: Operating data of hot-water boiler KV-50 with layer furnace
produced at Cherepanovo Boiler Plant (Novosibirsk region, RF) and
catalytic heat supply units (CHSU) [10].

Parameter KV- CHSU

Heat productivity (kW)  

Temperature of output water (°C)  

Fuel consumption
(Q = , kcal/kg) (kg/h)

. .

Power efficiency (%) – –
Boiler volume (m) . .
Power consumption blower (kW) . .
Catalyst load (kg) – 

Content of toxic compounds
in flue gases (mg/m):
NOx Up to , –
CO Up to , –
SOx Up to  –

Table 8.8: Comparison data for heat generators using flare combustion (NEC boiler,
St. Petersburg, RF) and catalytic combustion (CHSU) of solid fuels [14].

Parameter NEC boiler CHSU

Thermal power, kW (Gcal/h)
Fuel utilization efficiency (%)
Heat generator dimensions (mm):
Length
Width
Height
Boiler volume (m)
Fuel consumption rate for brown coal with a heating
value of , kcal/kg (kg/h)
Firebox temperature (°C)
Toxic substance content of the flue gas (mg/m):
NOx

CO
SOx

 (.)


,
,
,
.


,
to ,
to ,
to 

 (.)


*
,
.




–
–

–

*Apparatus diameter
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exceed 100–200 mg/m3, and carbon oxide – 100–300 mg/m3. In comparison with
the existing boiler plant, the monthly consumption of coal decreased by a factor of
4.5 [21]. Overall, technical and economical advantages of the catalytic combustion
of fuels in a fluidized bed are evident. However, the key technological problem of
such a process is the catalyst.

8.3 Catalysts for fluidized bed processes and their deactivation

During the operation in a fluidized bed, catalysts (Fig. 8.11) are subjected to chemical,
thermal and mechanical action [28]. Chemical interaction includes the influence of
reaction medium, which can lead to phase transformations of the active component

Table 8.10: Comparison of working characteristics of “Tsukisima Kikai” furnace (Japan) for
combustion of solid wastes in a fluidized bed of sand (base) operating at Ust-Ilimsk timber
and new furnace based on catalytic combustion with an approximate capacity of 5 Gcal/h [10].

Parameter Basea Catalyticb

Furnace productivity (t/h):
Dry sludge . .
Evaporated moisture . .
Wet sludge . .
Furnace dimensions:
Hearth area (m) . .
Furnace volume (m) . .
Specific load of furnace by solid wastes
Per hearth area (kg/h m) . .
Per furnace volume (kg/h m) . .
Specific load by evaporated moisture
Per hearth area (kg/h m) . ,.
Per furnace volume (kg/h m) . .
Power consumption by blower (kW h/t adsc) . .
Consumption of equivalent fuel (t/t adsc) . .
Specific heat of combustion of dry sludge (kcal/kg) , ,
Sand load (t)  –
Catalyst load (t) – .
Unit weight (t)  .
Content of toxic compounds in flue gases (mg/m):
NOx Up to  

CO Up to , 

SOx Up to , 

aOperating data of the existing plant.
bCharacteristics were obtained by extrapolation of operating data for the plant with dry
sludge capacity 1 t/h.
cAbsolutely dry substance.
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and substrate, deposition of polymerized by-products or coke (in case of a stoichio-
metric mixture), and poisonous effect of sulfur as well as alkali and other metals that
are present in poorly refined fuels. Thermal action is related to a long-term operation
of a catalyst in the temperature range of 700–1,000 K and possible short-term over-
heats of individual catalyst particles (or monoliths) up to 1,300–1,400 K. The short-
term overheats are caused by nonuniform distribution of fuel over a gas-distributing
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Fig. 8.9: Useful heat power of CHU on liquid fuel in dependence on the temperature and amount of
catalyst loaded in the reactor: 1 – catalyst loading 70 t, 2 – catalyst loading 80 t, 3 – catalyst
loading 100 t, 4 – catalyst loading 130 t [21].
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grate with a considerable heat release on individual grains or monoliths. Mechanical
action in the fluidized bed mode includes attrition of the catalyst grains and mono-
liths as well as splitting and destruction of monoliths due to collision of the catalyst
particles with each other, with the sand particles and with the surface of heat ex-
change tubes. If a fixed bed of monolithic catalysts is used for coal combustion, coal
particles can also possess abrasive properties. The listed factors are closely interre-
lated and lead to catalyst deactivation [28, 29].

The following requirements are imposed on the deep oxidation catalysts for
a fluidized bed:
– quite a high catalytic activity;
– spherical shape and narrow grain size distribution;
– high mechanical strength and attrition resistance; and
– stability of the above listed parameters during the operation.

The activity of catalysts in complete oxidation reactions should provide a high degree
of fuel burnout, a low ignition temperature, and low concentrations of harmful emis-
sions (CO, NOx, CHx). Taking into account the cost, most promising are the catalysts
based on oxides of period 4 transition metals. The initial stage in the development of
catalysts for catalytic heat generator (CHG) included testing of the model oxidation
catalysts containing transition metal oxides, which were synthesized by impregna-
tion of alumina beads, in a pilot facility for combustion of residual oil at nearly
a stoichiometric oxygen content in air [28]. After testing, the catalysts were examined
in the model reaction of butane oxidation under gradientless conditions [31]. It was
found that activity of all the catalysts in the test reaction after testing for 10 ÷ 25 h
decreased by a factor of 5 ÷ 10 and then remained virtually constant (Fig. 8.12).

Fig. 8.11: A typical view of a spherical catalyst used in fluidized bed catalytic combustion [30].
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An important characteristic of environmental safety is the residual concentra-
tion of CO. In noncatalytic combustion, the residual concentration of CO is usually
high [13, 32]. In catalytic combustion of residual oil over an oxide catalyst, the ini-
tially low residual concentration of CO slowly increases, reaching 1,500–2,000
ppm after 200–300 h of testing (Fig. 8.13). Thus, catalytic combustion of fuels on
oxide catalysts is accompanied by slow processes leading to their deactivation.
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Fig. 8.13: CO content at the exit of the CHG pilot facility versus its operation time: arrows show the
instants of addition of fresh catalyst portions [27].
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The primary factors leading to a loss in activity include sintering, which de-
creases the specific surface area of catalysts by a factor of 2–3 just in the first 10–25 h
of operation in CHG. This process is irreversible. Combustion of liquid fuels in stoi-
chiometric mixtures was accompanied by carbon build-up, the amount of which
reached 1 wt.%. Annealing in oxygen resulted in a partial restoration of activity.
Combustion of sulfur-containing fuels leads to the formation of sulfur oxides, which
interact with the catalyst to yield various sulfur-containing compounds. Thus, upon
combustion of sulfur residual oil M100, the concentration of sulfates (mostly alumi-
num ones) increases to 1–4 wt.% in the first hours of catalyst operation and then vir-
tually does not change [28]. Accumulation of sulfur compounds was observed also
upon combustion of brown coal [33]. A loss in activity of various oxide catalysts in
the joint reaction of complete oxidation of phenol and hydrogen sulfide in the pres-
ence of water vapor (60–70%) was studied in detail in [32] (Table 8.11). The process
led to the formation of both the sulfates and more weakly bound adsorbed sulfur
oxide compounds. Overall, the indicated factors are responsible for the changes in
activity observed in the first tens of hours. Sulfation of the catalyst upon combustion
of sulfur-containing oils increases CO emission during 4 h. After that, the outlet CO
concentration remains approximately constant (Fig. 8.8) [12].

According to Table 8.11, the mixture that is most resistant to sulfur is the active
component containing copper chromite spinel. Thus, much efforts were made to de-
velop and test the oxide catalysts based on chromium oxides [14, 35–37].

Table 8.11: Activity of catalysts in the oxidation of phenol in the presence of hydrogen sulfide
(composition of the initial mixture: С6Р5ОН 4.1 × 10–5 mol/L; Н2S 2.5 × 10–5 mol/L; H2O 63%; air
37%; GHSV 28,000 h−1) [34].

Catalyst Specific surface area (m/g) Temperature of % phenol
conversion (°C)

Before reaction After reaction Without НS With HS

CuO/AlO

(IK--)
   

CuCrO/AlO

IK--
   

CuO . .  

CrO    

CoO    

VO    

FeO    

CuCrO    
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Some properties of the chromium oxide catalysts are listed in Table 8.12.
Thermal stability of the IK-12-72 catalyst is limited by 850 °C. The use of magne-

sium chromite as the active component allows obtaining catalyst with a high me-
chanical strength and thermal stability up to 1,000 °C. However, in some cases,
activity of the MgCr2O4/γ-Al2O3 catalyst (IK-12-72) was insufficient to completely ex-
clude the emission of CO. The presence of magnesium and copper chromites in the
active component makes it possible to obtain the catalyst that possesses high cata-
lytic activity, mechanical strength and thermal stability (up to 1,000 °C). The IK-12-
73 catalyst with the composition CuxMg1–xCr2O4/γ-Al2O3 complies with the main re-
quirements to deep oxidation catalysts for a fluidized bed. Thermal stability of this
catalyst is attributed to the formation of a solid solution of copper chromite in mag-
nesium chromite. Attrition is observed for all the catalysts in a fluidized bed.
Taking into account that any chromium III oxides contain an admixture of chro-
mium VI oxides, dust particles of the catalyst are quite toxic. In addition, the pro-
duction of such catalysts is also toxic [36].

In this connection, of interest are the catalysts based on iron oxides [30, 35, 36,
39]. In comparison with the catalysts containing chromium oxides, the iron oxide
catalysts are able to considerably decrease nitrogen oxides emission upon combus-
tion of fuels [35]. However, the residual emission of CO and the ignition temperature
of such catalysts are noticeably higher [35, 40] (Table 8.13).

The values listed in Table 8.13 were obtained by testing for several hours. More
prolonged changes in the catalyst properties, which slowly increase the emission of
CO in flue gases (Fig. 8.13) for hundreds of hours, are caused most likely by the
long-term changes in the composition of active component and the nature of active
sites. For copper-chromium oxide catalysts, slow changes in activity were also ob-
served in the test reaction of butane oxidation after testing the catalysts in combus-
tion of a liquid fuel (solar oil) [40, 41] (Table 8.14). A detailed study of model Cu-Cr
oxide catalysts supported by impregnation on aluminum oxides of different phase
composition revealed that such systems have a very complicated structure. They
can include many amorphous and disperse structures containing individual oxides
like CrO3 or CuO and their compounds with alumina [43–45]. Some of the indicated
structures can be detected by XRD, while others are amorphous. Highly active and
readily reducible structures were found on the surface of copper-chromium oxides;
they decompose in the reaction medium during a long-term combustion of fuels
[45]. After fuel combustion for 70–80 h, the activity of such oxides referred to their
unit surface area decreases by a factor of 14–15 [42]. The interaction with the reac-
tion medium upon combustion of organic substances under industrial conditions
produces changes in the real/defect structure of the surface, which can be studied
using some spectral methods that are sensitive to the surface state: XPS, EXAFS, IR
spectroscopy of adsorbed probe molecules, and others. Thus, it was shown for the
CuO/γ-Al2O3 system that not only the copper oxide particles are present on the alu-
mina surface, but also the highly reactive metastable Cu–O clusters, the structure
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of which differs from the CuO copper oxide (tenorite) phase. Slow destruction of
such clusters and formation of the aluminate phase in the reaction medium deterio-
rate the catalyst activity [46].

Stability of catalysts implies several factors:
– stability of their catalytic activity during the operation, which may decrease

under the combustion conditions (high temperature and redox medium), and
interaction of the active component with catalytic poisons (sulfur oxides, alkali
metals, etc.);

– stability of the catalyst mechanical strength and attrition resistance; the degree
of attrition should be not lower than 0.5% per day;

For the heating season in Siberia and Far East regions, the catalyst service life
should be not shorter than 6 months.

For conventional chromium-containing catalysts, attrition is the determinative and limiting fac-
tor of their irreversible loss in a fluidized bed. In addition, essential are not only the high me-
chanical strength of grains, but also their spherical shape and narrow grain size distribution.
These factors can decrease the catalyst loss during the operation in the fluidized bed mode.

Table 8.13: Comparative data on activity and stability of chromium oxide
and iron oxide catalysts in fluidized bed combustion of brown coal [39].

Catalyst Temperature of
% conversion

of CO (°C)

Emission of CO
(ppm) ( °C)

Degree of
attrition (%)

(ASTM D-)

SCHKZ-   .
IK--   .
IK--A  , .
FeOx/AlO  , .

Table 8.14: Deactivation of CuCr2O4/Al2O3 catalyst after testing in diesel fuel
combustion [40, 41].

Catalyst Time-on-stream (h) Activity*–, cm

butane/g⋅s
Ref.

CuCrO (%)/AlO  . []
 .

 .
CuCrO (%)/AlO  . []

 .
 .
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At the initial stage of implementation of the CHG process, the catalyst wear was as
high as 2–5% per day. So, the catalyst deactivation due to its destruction and carry-
over from reactor strongly exceeded other deactivation factors. The resistance to wear
was estimated by various methods. The well-known method for evaluating the strength
of granulated materials and describing the attrition kinetics is the use of ASTM
International standards (the US international organization that develops and publishes
voluntary standards for materials, products, systems and services): crushing strength
of a grain (ASTM D-4179, ASTM D-6175); crushing strength of a layer of granulated par-
ticles (ASTM D-7084-4); and attrition resistance (ASTM D-4058-96, ASTM D-5757-95)
[46–50]. For the initial (up to 100 h) step of catalyst operation in CHG, quite a good
correlation was found between strength and crumb content upon attrition. As a rapid
method for measuring the mechanical strength of spherical grains, it was recom-
mended to measure the crushing strength under static conditions, which makes it pos-
sible to reliably test the mechanical properties of supports and catalysts. Catalysts with
a strength below 10 MPa usually have an anomalously high rate of wear, up to 5%
a day. The strength within 10–35 MPa provides an approximately constant stationary
rate of attrition (0.22%/day). The catalyst wearability significantly depends also on the
process temperature. Thus, in [52] it was found that the rate of wear increases with rais-
ing the temperature. Service life of the supported copper–chromium catalyst, which is
very sensitive to the temperature parameter, was estimated at 970–1,050 K (Table 8.15.)

For the strongest catalysts additionally containing magnesium oxides, changes
in the strength from 30.5 to 24.1 MPa were observed after 120 h of operation in
CHG, and up to 21.6 MPa after 216 h [28]. It means that the strength loss rate
dropped from 0.053 to 0.027 MPa/h. The data obtained made it possible to use one
catalyst lot only for a single heating season (6 months). So, under standard operat-
ing conditions of industrial CHG, the catalyst was periodically added to compensate
its wear. A similar procedure was used in coal combustion under fluidized condi-
tions with the addition of sand as a heat carrier [11]. This decreased not only the
consumption of a spherical catalyst, but also the degree of its attrition (Fig. 8.14).

The subsequent development of procedures and methods of catalyst synthesis [21]
made it possible to use the catalyst IK-23-73 (Katalizator Ltd., Novosibirsk). The

Table 8.15: Service life of CuCr2O4/Al2O3 catalyst at different
temperatures of fuel combustion [51].

Operating
temperature (K)

Service life
(time)

Wearability
(%/day)

 ~ years .
, ~ days .
,  days .
,  h 
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catalyst was synthesized as alumina grains of 1.5–2 mm in diameter with the deposited
active component (up to 10 wt.%) – copper, magnesium and chromium mixed oxides.
The bead catalyst (Shchelkovo Catalyst Plant Ltd., Moscow) containing alumina-
supported copper and chromium oxides is currently used in industry (Table 8.13).

8.3.1 Ceramometal honeycomb catalysts for fuel combustion in a fluidized bed

Along with abrasiveness, the fluidized catalyst bed has also a disadvantage related
to the presence of gas bubbles, where a breakthrough of unburned fuel is possible
and flare combustion of fuels can proceed by the conventional mechanism, that is,
with the formation of toxic products (СО, NOx, SO2). To eliminate this phenomenon,
the fluidized bed should be arranged using small-volume packing that destroys gas
bubbles, but increases the catalyst attrition degree [21].

The indicated drawbacks can be attenuated with the use of a stationary cata-
lytic packing mounted instead of grids (Fig. 8.3); as a result, fuel combustion can
be performed at temperatures below 800 °C and advantages of fuel combustion in
a fluidized catalyst bed are retained. The catalytic packing is made as honeycomb
monoliths, grids or Raschig rings. Elements of the catalytic packing are deep oxida-
tion catalysts operating in the kinetic or internal diffusion region. Laboratory and
bench testing of various packings in combustion of liquid and solid fuels showed
that the presence of a catalytic packing in a fluidized bed of an inert material allows
reaching the same degree of fuel burnout and the same content of toxic substances
in flue gases as in the case of fuel combustion in the organized fluidized catalyst
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Fig. 8.14: The effect of sand addition on the catalytic and strength properties of aluminum-copper-
chromium catalyst in the oxidation of diesel fuel [10].

182 8 Catalytic combustion of fuels on oxide catalysts in the fluidized state

 EBSCOhost - printed on 2/13/2023 3:39 AM via . All use subject to https://www.ebsco.com/terms-of-use



bed [53]. Along with the high catalytic activity toward fuel combustion, the packing
elements should have a sufficient specific surface area. The important additional
requirements are high mechanical strength and attrition resistance of a packing as
well as a high thermal stability and thermal conductivity.

The recently developed samples of honeycomb cermet catalysts generally com-
ply with these requirements [29, 33]. Such catalysts are the highly porous CuO/
Al2O3/FeAlO/FeAl composites with the specific surface area of 5–19 m2/g and the
developed system of ultramacropores containing pores with the size up to several
tens of micrometers. Features of the pore structure of cermets in comparison with
other porous catalysts are displayed in Fig. 8.15. For conventional oxide supports
and catalysts, the volume of macropores and their fraction in the total volume are
insignificant [33, 40]. The micro- and mesoporous components are completely ab-
sent in the monolithic supports, including honeycomb structures, foam materials
and others. To increase these components, various “washcoating” procedures are
employed. Such coatings are readily abraded with sand and powdered solid fuels in
the fluidization mode. The presence of open ultramacropores in cermets substan-
tially decreases diffusion resistance in the porous composite.

Microstructure of such catalysts includes metallic particles of Fe and FeAl alloys as
well as the alumina globules with deposited copper oxide, which are uniformly dis-
tributed in the FeAlO matrix (Fig. 8.16). The presence of metallic particles in the cer-
met skeleton (Fig. 8.16c) considerably enhances the mechanical strength of
cermets, which reaches 25–26 MPa.
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Fig. 8.15: Features of the pore structure of different supports and catalysts [33].
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The cermet catalysts synthesized as honeycomb monoliths (Fig. 8.17) were mounted
in a tubular reactor with the internal diameter 78 mm according to Fig. 8.18.. At the
first stage, testing was carried out in a pilot facility for 100 h. Kansk–Achinsk coal
(see above) was used as a solid fuel. Sand loading was 3.5 L. Coal consumption was
0.68 kg/h; air flow was 10 m3 (STP)/h and the air excess coefficient α = 2.65. The
volume portion of the catalytic package was 24%, total mass – 2.1 kg. The testing
showed that the conversion of coal increased from 91–95% to 98–98.5%, and the
concentration of CO and sulfur oxides decreased substantially (Fig. 8.19) [33].

Long-term (~4,000 h) testing of the monoliths in a heat generating unit of a
boiler plant with a power of 3 Gcal/h produced by TermoSoft-Sibir Ltd. was carried
out in Kulunda, Altai Region. The strength of cermet catalysts was shown to de-
crease by ca. 30% (Fig. 8.20a). The honeycomb structures completely retained

600 mkm

(b)(a)

(d)(c)

(b)(a)

(d)(c)

600 mkm 600 mkm

Fig. 8.16: Distribution of different components (phases) according to mapping of the polished
surface of cermet support Al2O3/FeAlO/FeAl: a – general view, b – pure alumina (red), c – FeAlO/FeAl
matrix (green and salad), d – oxygen (blue). Blue and violet spots on (a) are ultramacropores [33].
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their shape (Fig. 8.17) and weight of the monoliths remained virtually unchanged.
Taking into account data on the strength–wear relation obtained for ceramic cata-
lysts, it can be predicted that such catalysts could operate for one or two seasons
without replacement.

Changes in the activity of cermet catalysts were estimated from the rate con-
stant of octane oxidation in the excess of oxygen. The dynamics of the activity of
cermet catalyst versus the time on stream in combustion of brown coal was found
to be similar to that in combustion of residual oils (Fig. 8.20b): deactivation in the
initial period (34–42% depending on temperature) strongly exceeds deactivation in
other periods (~18%) relative to the initial activity. The loss in the activity is not so

Fig. 8.17: Cermet honeycomb structures before (left) and
after (right) the service life testing [29].

Fig. 8.18: General view of cermet honeycombs divided by stainless
steel rings before loading into reactor [33].
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pronounced as in the case of ceramic catalysts. Deactivation of cermet catalysts is
caused nearly by the same factors as in the case of combustion of residual oils.
A decrease in the specific surface area from 19 to 9 and then to 5 m2/g is observed.
In addition, a high (up to 7 wt.%) sulfur content, caused by the formation of surface
sulfates or sulfites, was found in samples after testing. It seems interesting that sul-
fur concentrates mostly in the subsurface layer with a thickness of ca. 1 μm. It
seems that exactly the sulfur-containing compounds concentrated in the surface
layer together with the developed macropore structure provide a good preservation
of activity of cermet catalysts as compared to ceramic catalysts, which commonly
do not possess the developed macropore structure.

8.4 Conclusions

Catalytic combustion of fuels in a fluidized bed has significant advantages over
noncatalytic combustion, especially in a fixed bed. The presence of catalysts sub-
stantially enhances the technological, economical and environmental characteris-
tics of the process in comparison with noncatalytic ones. It becomes possible to use
different wastes for heat generation. The major problem hindering the development
of the technology of catalytic combustion of fuels in a fluidized bed is insufficient
stability of catalysts under reaction conditions. Therefore, the rate of mechanical
wear is often higher than the rate of chemical deactivation of catalysts. This
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Fig. 8.19: Concentrations of CO, nitrogen and sulfur oxides at the reactor outlet versus the time of
pilot testing. Concentrations of the same substances during noncatalytic combustion of brown coal
are shown for comparison purposes.
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problem can be solved with the use of radically new methods and materials, such
as cermets produced as honeycomb structures with a large free cross section.
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9 Ammonia oxidation to NOx in nitric acid
production

Nonconcentrated nitric acid is produced via the catalytic oxidation of ammonia
with air oxygen followed by adsorption of the formed nitrogen oxide by water [1–8].
Therefore, the yield of the target product is determined to a great extent by activity
and selectivity of the employed catalyst and conditions of its operation. At present,
the prevalent catalyst for ammonia oxidation in the nitric acid production consists
of gauzes that are made of platinum alloys with rhodium or with rhodium and pal-
ladium. During operation, the surface of platinum gauzes corrodes; as a result, the
catalyst platinoid filament increases in diameter, the filaments become spongy and
opaque, the surface area increases up to 20-fold, and platinum is lost as volatile
oxides (chemical losses) due to carryover of the catalyst particles (mechanical
losses). In a run over the gauzes, platinoid losses can reach two-thirds of the initial
loading. In [9–12], corrosion of a platinum catalyst is attributed to the increased sur-
face diffusion in the catalytic process and formation of volatile platinum oxides,
which are condensed on more cold regions of the wire or reactor. According to
Salanov et al. [13, 14], the observed changes are related to an increase in the local
temperature due to the catalytic reaction proceeding on oxygen coordination de-
fects, which increases surface diffusion and platinum transfer from the regions of
defects (dislocations and intergrain boundaries). As a result, defect-free crystallites
and pores are formed on the initially smooth but defect wire surface.

Since platinoids are quite expensive, for example, in February 2018, ~
$1,000–1,020 for 1 oz (troy ounce – a unit of mass measurement equal to
31.1034768 g), many studies were aimed at finding less expensive oxide catalysts
for ammonia oxidation. Results of the studies are summarized in [15–32].

Figure 9.1 shows the temperature dependence of conversion for some oxide cat-
alysts (contact time τ = 2.5·10–2 s, linear velocity 0.2 m/s). The testing was per-
formed in laboratory setups at atmospheric and elevated pressures (up to 1.0 MPa).

Extensive studies of various oxide catalysts in the ammonia oxidation reaction
demonstrated that although there are systems with high activity and stability (pri-
marily the oxides containing 3d cations, which are often modified to enhance their
activity and thermal stability), none of them can start operation at temperatures
200–250 °C, which is important for launching the reactor. So, the two-step oxida-
tion of ammonia was proposed, where a part of platinoid catalytic gauzes (ineffi-
cient downstream gauzes in the gas flow (Figs. 9.2 and 9.3) [7, 8, 34]) is replaced by
the oxide catalyst that is made of inexpensive and available materials and does not
contain precious metals.

Iron oxide catalysts with the pellet/grain size of 4–6 mm have been developed
for two-step systems. It was shown that on the iron–chromium catalyst NK-2U at
ammonia concentration 10.5–11.3% and temperature 800 °C the yield of NO is 93.
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3–98.4%, whereas on a more stable iron–aluminum catalyst at 890–900 °C the
yield is 94.4% on the average, which virtually coincides with the nitrogen oxide
yield on the platinoid catalyst [20, 36–40].

Starting from the 1960s, the two-step oxidation of ammonia (a platinum–rhodium
gauze + a layer of the NK-2U oxide catalyst) has been employed virtually in all nitric
acid processes in the former USSR where ammonia was converted at atmospheric pres-
sure [7, 34], namely, in 225 ammonia oxidation plants or 450 reactors with the working
diameter 2.9 m. Therefore, the initial mass of the loaded platinoids decreases by 50%,
and irrecoverable losses – by 20–35% without lowering the nitrogen oxide yield rela-
tive to the design value.

Fig. 9.1: Temperature dependence of NO yield on various nonplatinum catalysts [33]. 1 – 80%
Fe2O3, 20% Al2O3; 2 – 86% Fe2O3, 7% Cr2O3, 7% Al2O3; 3 – 65% Fe2O3, 15% Cr2O3, 20% Al2O3;
4 – 85 % Co3O4, 15% Al2O3.
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Fig. 9.2: The fraction (q) of converted NH3 (1) and losses of platinoids (2) versus the location of
a gauze in the stack [35].
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In the 1970s, the two-step system comprising 9 (instead of 12) platinoid gauzes
and a layer of pelletized or granulated iron–aluminum catalyst was proposed for
high-pressure aggregates (up to 1.0 MPa [19]). The application of this system de-
creased the initial mass of the platinum-rhodium catalyst by 20–25% and irrecover-
able losses of platinum by 15% without lowering the nitrogen oxide yield. However,
industrial application of the granulated oxide catalyst in UKL-7 plants was associ-
ated with some difficulties because the catalyst produced dust and its loading into
the catalytic reactor required a special basket. Centralized production of such bas-
kets was not arranged and handcrafted baskets were imperfect, which ultimately
led to the spillage of catalyst grains into the pot and to the gas flow bypasses due to
burnout and rupture of the nichrome gauze of the basket bottom [41].

In the 1990s, a two-step catalytic system where the pelletized catalyst bed was
replaced by a monolithic honeycomb catalyst with unidirectional channels has
been developed at the Boreskov Institute of Catalysis SB RAS and industrially im-
plemented in UKL-7 plants. The developed system allowed eliminating the draw-
backs of irregular granulated bed: nonuniform thickness of the bed and the related
gas flow bypasses, as well as a nonuniform velocity field both in the bed itself and
in the platinoid gauzes of the first step. The system has been successfully operated
for more than 15 years in nitric acid plants with conversion at a pressure of 0.716
MPa; it provides a decrease in the mass of platinum-rhodium catalyst by 25–33%
relative to the initial stack, at least a 15% decrease in losses of platinoids, and
a guaranteed average conversion of ammonia to nitrogen oxides at the level corre-
sponding to a stack of the neat platinum-rhodium catalyst [8, 41–46]. It should be
noted that a 100–120 mm layer of the pelletized catalyst (at a mass of 250–350 kg)
has a resistance of 0.1–0.12 atm (1,000–1,200 mm H2O), whereas the honeycomb
catalyst has nearly a 100-fold lower resistance depending on the channel size and
bed height [41].
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Fig. 9.3: The performance of a Pt gauze in dependence on its location in the stack [35].
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The ABC flow in the channel is in the laminar mode and has a low mass transfer
coefficient [47]. Geometrical characteristics of the honeycomb catalyst should pre-
vent the ammonia breakthrough at a reduced number of gauzes.

Calculations made in [48] for monolithic catalysts with different selectivity, chan-
nel density and height (Fig. 9.4) showed that, for example, three gauzes removed
from a standard stack (12 gauzes), which are used in UKL-7 plant to ensure the aver-
age NO yield of 93%, can be replaced by a monolithic nonplatinum catalyst with the
bed height 50 mm and channel density 120 cpsi (at S = 90%), 170 cpsi (at S = 80%) or
270 cpsi (at S = 70%). If a monolithic catalyst with the bed height 100 mm is used
(or two 50 mm beds of a monolithic catalyst), then three gauzes can be replaced by
monoliths with the channel density 50 cpsi (at S = 90%), 70 cpsi (at S = 80%) or 120
cpsi (at S = 70%). It means that a greater density or height of channels can ensure the
required NO yield even at a lower selectivity of the monolithic catalyst; therefore,
a pressure drop on the monolithic catalyst bed will be insignificant.

Two types of monolithic catalysts are distinguished – the catalysts with monolithic
supports and the bulk ones. In [49], characteristics of the oxide catalysts supported
on cordierite monoliths are considered; it is noted that content of the active compo-
nent decreases in testing, which can explain the observed deterioration of activity.
It is accepted that the bulk catalysts commonly containing more than 50% of the
active component are more stable. The main methods used to prepare bulk catalysts
are pelleting and mixing. Mixing is more suitable for the preparation of monolithic
catalysts: the active component is mixed with a binder and other additives (which
affect the rheological properties of the resulting pastes and the structural-
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Fig. 9.4: NH3 conversion (Xh) and NO yield (Yh) versus monolith channel density (Ncpsi) for
monoliths with different selectivity (Sh). (a) one monolith layer and (b) two monolith layers.
Horizontal lines demonstrate the NH3 conversion (dotted line) and the NO yield (solid line) on
n removed gauzes with Sg = 0.92 [48].
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mechanical properties of the catalysts) with subsequent extrusion molding of the
obtained plastic masses [42, 50–51].

It is well known that the oxides of such transition metals as cobalt, nickel, man-
ganese and iron as well as the rare-earth oxides are quite active and selective in the
oxidation of ammonia to nitrogen oxides [7, 33]. Nevertheless, analysis of the litera-
ture data revealed that individual oxides cannot be used as a basis for industrial cata-
lyst due to a loss of activity at the working temperatures owing to recrystallization
and sintering. When choosing the promising systems, toxicity and carcinogenicity of
nickel and cobalt oxides should also be taken into account. Thus, these studies were
carried out using the systems based on manganese and iron oxides modified with ox-
ides of alkaline earth and rare-earth elements to obtain the perovskite-like structures.
Aluminum oxides and aluminosilicates served as the structural modifiers to enhance
thermal stability of the catalysts. For each gross composition of the catalyst, the effect
of specific surface area, porosity and real structure on the catalytic performance of
samples was studied by varying the synthesis conditions of initial oxides, features of
the raw material and thermal treatment modes [42, 50–51].

Table 9.1 shows that the catalysts based on lanthanum manganite are more se-
lective as compared to ferrite catalysts; therefore, the replacement of the reactive
raw material by industrially produced concentrates of rare-earth elements and man-
ganese ore does not lead to a significant decrease in selectivity. Iron oxide catalysts
are also highly selective.

Table 9.2 lists the results of testing for the iron oxide and lanthanum manganite
catalysts as fragments of monoliths having different channel density, height 4–20
mm and diameter 8 mm. The monolith shape varied by extrusion of the catalyst
mass through spinnerets of different configuration (a hexagonal prism with triangu-
lar channels and a square prism with square channels). The wall thickness varied
from 0.2 to 2 mm, and the channel side length, from 1.8 to 4.5 mm.

Testing performed on the catalysts having a similar chemical composition but
different shape (samples 3, 5, 6, 7) confirmed the dependence of NO yield on the
size of catalyst channels and testing temperature because the reaction proceeds in
the external diffusion mode. It seems that catalysts with the wall thickness less
than 0.5 mm are not required for testing at 800–850 °C; however, high-temperature
testing demonstrated that the use of thinner walls is promising. The data obtained
(samples 3, 5, 6, 7) showed that it is reasonable to decrease the wall thickness from
2 to 0.8 mm.

The following conclusions can be made from the experiments with variation of
the active component features, its content in the catalyst, type of electrolyte and
thermostabilizing additive, and raw material:
1. Other conditions being equal, the introduction of a thermostabilizing additive

in the iron oxide catalyst (samples 5 and 11–14) increases selectivity at 950 °C,
especially in the case of Ni-modified additive.
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2. Lowering the alumina content (samples 8 and 11) increases selectivity at
800–850 °C without changes in selectivity at 950 °C. However, additional modi-
fication of the thermostabilizing additive with manganese (samples 10 and 14)
produces a reverse effect.

3. Comparison of the results of testing for the iron oxide catalyst (sample 6), lan-
thanum ferrite (sample 24) and lanthanum manganite (samples 18–19) showed
a higher selectivity of manganese-containing perovskites. However, when ob-
taining the perovskites, a possible substantial effect of the manganese oxide
raw material should be taken into account (samples 18–28).

Table 9.1: Testing* of catalyst samples in the catalytic system with one platinum gauze.

No. Catalyst Testing conditions NO yield** Ammonia
breakthrough ***

T (°C) V (m/s)  

 (DyY)MnO  . . . Not detected
 (DyY)FeO  . . . Not detected
 (DyY)Mn.Fe.O 







.
.
.
.

.
.
.
.

.
.
.
.

.
.
.

 a-FeO  . .
 (LaCe)FeO  . . .
 СaFeO  . . . Not detected
 СaMnO  . . . .
 (LaCe)MnO 





.
.
.

.
.
.

.
.
.

 Catalyst no.  was tested
as a monolith







. 
.
.

.
-.
.
.

 Catalyst no.  after
commercial testing

 . . .

Catalysts contain the active component and 12% of alumina; samples 6–12 additionally contain up
to 5% of aluminosilicate fiber [41–42].
*Catalytic activity of the samples in ammonia oxidation was tested in a laboratory flow-type setup
[17] upon variation of temperature (T) and linear velocity of the gas flow (V, m/s). The tested
catalysts had the grain size of 2–5 mm. In some experiments, to estimate the catalytic properties
of the oxide system itself, a platinum gauze was not loaded in the reactor.
**NO yield 1 is the NO yield after the two-step system; NO yield 2 is the NO yield after one platinoid
gauze.
***Ammonia breakthrough was determined after the catalytic system using the Kjeldahl apparatus.
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4. An attempt to improve the high-temperature selectivity of the iron oxide cata-
lyst by introducing a small (10%) amount of LnMnO3 (samples 7, 32, 33) has
failed, probably due to a low quality of the manganese oxide raw material.

The LnMnO3 catalysts possess the highest selectivity in a broader temperature
range (the iron oxide catalyst has a lower selectivity in the low-temperature region);
however, it is not so important for their application in the two-step systems. So,
after successful pilot-production testing of the two-step system with the lanthanum
manganite monolithic catalyst in Berezniki and Cherepovets, further operation was
performed using the iron oxide monolithic catalyst. This is why regularities in the
synthesis of bulk monolithic catalysts by extrusion molding are considered below
for the iron oxide catalysts.

9.1 Development of the monolithic honeycomb iron oxide
catalyst IK-42-1: effect of a raw material

The detailed studies of the effect of raw material on the properties of iron oxide cat-
alyst demonstrated higher stability and strength of the catalysts synthesized from
iron oxide that was obtained by the sulfate (Fe2O3(SO4)) technology (precipitation
from sulfates) as compared to those obtained by the chloride (Fe2O3(Cl)) technology
(decomposition of iron chloride) [52]. Pseudoboehmite obtained by reprecipitation
(HAP) and pseudoboehmite-containing hydroxide prepared by thermal activation
(without reprecipitation, HATA) were used as binders. Table 9.3 and Fig. 9.5 present
data for the catalysts synthesized as grains 4 mm in diameter.

At 100% conversion of ammonia observed for all the samples under consider-
ation, the yield of nitrogen oxide (II) depended on the conditions of catalyst synthe-
sis. Thus, raising the calcination temperature of the catalysts based on “chloride”
α-Fe2O3 (900, 950, 1,000 °C) decreased the NO yield, whereas for the catalysts with
“sulfate” α-Fe2O3 the yield of NO went over a maximum (for samples calcined at
950 °C). Irrespective of the binder type (HAP or HАТА), the NO yield on the catalysts
calcined at 900 °C was somewhat higher for the catalysts with “chloride” α-Fe2O3,
while at a similar iron oxide but different binders – for the catalysts with the HАТА
binder. More stable at higher calcination temperatures (950 and 1,000 °C) were the
catalysts containing “sulfate” iron oxide, and a higher NO yield was provided by
the use of HАТА as a binder.

A more pronounced effect was exerted by the raw material on the strength and
pore structure of grains (Fig.9.5b). With the same binder, strength of the grain
made of “sulfate” α-Fe2O3 strongly exceeded that of the grains based on “chloride”
α-Fe2O3. Strength of the grains with HAP was higher as compared to those with
HАТА for each oxide, but in the case of “sulfate” iron oxide the difference was
much smaller. An increase in calcination temperature virtually did not change
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strength of the catalyst grains with “chloride” iron oxide, but increased strength of
the “sulfate” iron oxide grains.

Fe2O3(Cl) iron oxide grains have a greater total pore volume and a substantially
smaller volume of large pores as compared to the grains of Fe2O3(SO4) iron oxide.
As calcination temperature was raised, specific surface area of the catalysts de-
creased; therefore, pore volume patterns of the catalysts with “chloride” iron oxide
changed only slightly (Fig. 9.6), whereas the catalysts with “sulfate” iron oxide
showed a decrease in the volume of large (above 0.1 μm) pores (Fig. 9.7).

Analysis of the data obtained revealed that changes in the yield of nitrogen oxide
with raising the calcination temperature do not correlate with changes in the
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Fig. 9.6: Pore volume patterns for the Fe2O3(Cl) catalysts synthesized with HAP (a) or HATA (b) and
calcined at 900–1,000 °C [52].
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specific surface area (Fig. 9.5a) or pore structure of the samples (Fig. 9.6), because
after calcination at 900 °C the catalysts synthesized with HAP and those with HATA
have virtually equal specific surface areas of ca. 10 m2/g (Fig. 9.5a), but differ in the
total pore volume and the fraction of large pores (Figs. 9.6 and 9.7). The data ob-
tained testify to differences in the chemical interaction between iron oxides and
binders, which determine the quality of contact and the catalytic activity.

Thus, at a greater volume of large pores (and hence a smaller number of con-
tacts in a grain), strength of the Fe2O3(SO4) iron oxide grains calcined at 900 °C ex-
ceeds that of the Fe2O3(Cl) iron oxide grains. This testifies to a higher strength of
a unit contact in the Fe2O3(SO4) grains. It can be noted also that strength of a unit
contact in the grains with the HAP binder is higher as compared to those with
HATA because at virtually similar pore volume patterns of the catalysts, the grain
strength is higher in the case of HAP. This difference in the chemical interaction
may be caused both by the anionic modification of oxides (residual chlorine or sul-
fate anions are present in the iron oxides obtained by chloride and sulfate technolo-
gies, respectively) and by the textural characteristics of iron oxide particles, for
example, by the presence of micropores.

However, based on transmission electron microscopy (TEM) data (Fig. 9.8),
samples of “chloride” (Fe2O3(Cl)) and “sulfate” (Fe2O3(SO4)) hematites are identical:
primary crystals of both samples have close sizes of ~100 nm.

X-ray diffraction data confirm the conclusion on a more strong interaction of “sul-
fate” iron oxide with the binder. All the catalysts comprise iron oxide and alumina
phases, and an increase in calcination temperature produces the appropriate phase
transformations of alumina (the formation of high-temperature phases). Nevertheless,
shifts of the peaks corresponding to iron oxide are more pronounced on the diffraction
patterns (Fig. 9.9) of catalysts based on “sulfate” iron oxide, which indicates the for-
mation of aluminum solid solution in iron oxide [53]. The calculated lattice parame-
ters of iron oxides in dependence on calcination temperature are listed in Table 9.4.
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Fig. 9.7: Pore volume patterns for the Fe2O3(SO4) catalysts synthesized with HAP (a) or HATA (b)
and calcined at 900–1,000 °C [52].
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The coherent scattering region of iron oxide in each sample is 100 nm and more. The
data obtained indicate the anionic modification of iron oxides because their lattice pa-
rameters are somewhat increased. Thus, the neat hematite phase calcined at 800 °C
has the lattice parameters 5.035(21) and 13.75292(1), which change only slightly with
raising the calcination temperature to 1,100 °C [53, 54].

IR spectroscopy data are consistent with the data of X-ray diffraction analysis
(Fig. 9.10). The initial samples can be identified as a metastable (anionic) modification
of iron oxide (III) – protohematite, which is described in [54]. Spectra of the catalysts
differ from the spectra of iron oxides by the high-frequency shift of all absorption
bands corresponding to iron oxide. Positions of the main absorption bands at
330–345, 386, 483 and 561 cm−1 for the catalysts make it possible to identify iron oxide
in the catalyst as hematite, which means that upon thermal treatment of the catalysts
the initial protohematite transforms into hematite [52]. It seems interesting that in the
spectrum of the catalyst made of α-Fe2O3(Cl) and HAP (Fig. 9.10, spectrum 5) iron
oxide still retains the protohematite structure and remains anion modified.

The data obtained make it possible to relate stability of the catalysts to the for-
mation of aluminum solid solution in iron oxide; however, since a relation with ac-
tivity is not observed, it is necessary to examine surface properties of the samples.

When NO is adsorbed on iron oxides, the absorption bands at 1,885 and
1,832 cm−1 (a more intense band) as well as the band at 1,545 cm−1 are observed

(a) (b)

Fig. 9.8: TEM data for different Fe2O3: (a) Fe2O3(Cl) and (b) Fe2O3(SO4).
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(Fig. 9.11) [55]. The band at 1,885 cm−1 is assigned to NO adsorbed on coordinatively
unsaturated cations (O5)Fe

2+–NO, whereas the band at 1,832 cm−1 may be attributed
to (O5−х)Fe

2+–NO complexes in the state close to tetracoordinated one. The band at
1,545 cm−1 corresponds to the (O)5Fe

2+–NO2 complex [56–58].
Low intensity of this band may indicate that the surface reduction of NO pro-

ceeds to a small extent and the reduced sites of NO adsorption, which are character-
ized by bands at 1,885 and 1,832 cm−1, are formed in the course of treatment and
may reflect the defectness of this oxide.

The bands of NO adsorbed on the “chloride” iron oxide are much (by an order
of magnitude) less intensive than in the case of “sulfate” oxide at close specific
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in the figure) [52].
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surface areas of the samples. Absorption bands at 1,842 and 1,885 cm−1 and also at
1,545 cm−1 are observed. Low intensity of the bands at 1,842 and 1,885 cm−1 testifies
to a much lower (as compared to the sulfate sample) content of reduced coordina-
tively unsaturated sites on the surface of this oxide and to a greater coordinative
saturation of adsorption sites on the surface. This may be caused by a lower reduc-
ibility of the oxide upon treatment and a smaller reactivity in the reaction with the
NO probe molecule, probably due to stabilization of active sites by chlorine anions
that are present in the oxide. Indeed, washing of the sample increases the intensity
of the bands of mononitrosyl complexes of adsorbed NO (bands at 1,842 and
1,885 cm−1) nearly to the level of “sulfate” sample.

Catalysts based on “chloride” iron oxide and synthesized with different binders
(HAP or HATA) and electrolytes (nitric or acetic acids) do not have significant

Table 9.4: Lattice parameters of iron oxide* obtained by chloride and sulfate technologies in
dependence on calcination temperature [52].

Binder Tcalc (°C ) Lattice parameter (Å)

α-FeO(Cl) α-FeO(SO)

a (Å) c (Å) a (Å) c (Å)
No – .() .() .() .()
HATA  .() .() .() .()
HATA  .() .() .() .()
HATA , .() .() .() .()

*The neat hematite phase calcined at 800 °C has parameters a = 5.035(21) and c = 13.75292(1).

Fig. 9.10: IR spectra of the initial iron oxides (1, 2) and catalysts (3–5) after calcination at 900 °C:
spectra 1, 3, 5 – based on α-Fe2O3(Cl) iron oxide (1), spectra 2, 4 – based on α-Fe2O3(SO4); spectra
3, 4 – with HATA as a binder, spectrum 5 – with HAP as a binder [52].
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differences in the band positions in the spectra of adsorbed NO after calcination at
900 C. As in the case of the initial oxide, bands are observed in the regions of 1,540
and 1,885 cm−1. However, instead of the 1,842 cm−1 band, there is a band with the
maximum in the region of ~ 1,810 cm-1. Its intensity is much higher as compared to
the band at 1842 cm−1 observed for iron oxide (Figs. 9.11 and 9.12); therewith, no sig-
nificant changes occur in intensity of the 1,540 cm−1 band.

A shift of the band in the region of 1,840 cm−1 toward lower frequencies (1,810 cm−1)
may reflect the formation of even more coordinatively unsaturated Fe2+ sites (up to
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Fig. 9.11: Spectra of NO adsorbed on the samples: 1 – α-Fe2O3(SO4), 2 – α-Fe2O3(Cl), 3 – α-Fe2O3(Cl)
after additional calcination at 900 °C, 4 – α-Fe2O3(Cl) after washing with water [55].

Fig. 9.12: Spectra of NO adsorbed on the samples of α-Fe2O3(Cl) catalyst synthesized using HATA
(1 and 3) and HAP (2 and 4) as a binder and different electrolytes – acetic (1 and 2) and nitric
(2 and 4) acids [55].
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the tetracoordinated state or clusters of reduced Fe2+ cations) on the catalyst surface,
in distinction to the iron oxide surface. The appearance of such sites may be caused
either by treatment or by changes in defectness. Most likely, such low-coordinated
iron cations are formed on iron cations in the composition of solid solution in alu-
mina. Similar bands were observed during NO adsorption onto iron oxide deposited
on the alumina support [59].

Assignment of the observed sites to the aluminum solid solution in iron oxide
and, accordingly, its supposedly higher reactivity in comparison with iron oxide are
less probable owing to the increased strength of its Fe–O bond [55], which may be
indicated by a decrease in the lattice parameter.

Thus, new coordinatively unsaturated adsorption sites appear on the surface of
iron-aluminum catalysts based on “chloride” iron oxide (as compared to the initial
oxide) probably due to formation of a highly dispersed solid solution of iron cations
in alumina. Either the band of coordinatively unsaturated iron cations on the surface
of iron oxide phase (1,840 cm−1) is not resolved against the higher intensity of the
indicated band, or such sites, associated with termination of defects on the surface,
are decorated by highly dispersed alumina particles, which is quite probable [60].
This may indicate that the oxidation of ammonia on the surface of iron-aluminum
catalyst involves not only the coordinatively unsaturated sites of the hematite phase
but also the Fe2+ sites in a nearly tetracoordinated state (the band at 1,810 cm−1),
which are formed on iron cations in the composition of the solid solution in alumina.

It seems interesting that positions and intensities of the bands of adsorbed NO
for the catalysts synthesized using different iron oxides and binders are quite close,
which makes it possible to correlate these data also with the poorly differentiated
data on activity of the catalysts. However, it should be noted that the addition of
binders to “sulfate” iron oxide, in distinction to “chloride” iron oxide, decreases
the band intensity of nitrate and nitrosyl complexes of adsorbed NO. This corrobo-
rates the earlier assumption that alumina can block a part of active sites on the iron
oxide surface, and additional coordinatively unsaturated sites can form on iron cat-
ions in the composition of the solid solution in alumina on the catalyst surface (the
band at 1,810 cm−1). Such a solution can form due to partial dissolution of iron
oxide during the preparation of the catalyst paste. It seems interesting also that the
band intensity of coordinatively unsaturated sites in the case of catalysts based on
“chloride” iron (calcination at 900 °C) is somewhat higher as compared to the cata-
lysts with “sulfate” iron, which may reflect a higher selectivity of this catalyst (cata-
lysts 331 and 287, Table 9.5).

Figure 9.13 displays the spectra of NO adsorbed on iron oxide catalysts in de-
pendence on calcination temperature. An increase in calcination temperature,
which decreases the yield of nitrogen oxide (II), causes also a decrease in the band
intensity of adsorbed NO and nitrite-nitrates, which, similar to the case of iron
oxide, reflects a decrease in the number of catalytically active adsorption sites on
the catalyst surface due to sintering and annealing of defects.
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In addition, it cannot be ruled out that the formation of aluminum solid solu-
tion in iron oxide, which is observed when calcination temperature is raised, can
also deteriorate the catalyst surface reactivity. Overall, it can be stated that the cata-
lyst with a higher concentration of coordinatively unsaturated adsorption sites or
a higher reactivity in the reaction with NO (i.e. a higher concentration of nitrate
complexes) will provide a higher selectivity in ammonia oxidation (Table 9.5).

Figure 9.14 shows a correlation between selectivity (NO yield) and intensity of
the band at 1,540 cm−1 assigned to surface nitrate fragments.

It is seen that the growth in intensity of the indicated band is accompanied by an
increase in selectivity for all the samples.

Fig. 9.14: NO yield during ammonia oxidation versus intensity of the 1,540 cm−1 band [55].

Fig. 9.13: The spectrum of NO adsorbed on the catalyst 80% α-Fe2O3(SO4) + 15% Al2O3 (from
amorphous hydroxide) + 5%(Al,Si)O2 calcined at different temperatures [55].
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The revealed correlation between the yield of nitrogen oxide (II) during ammo-
nia oxidation and the amount of nitrate complexes formed upon NO adsorption
looks as a curve with saturation, which may reflect the occurrence of the reaction in
diffusion mode at high conversions for the majority of catalysts.

The data obtained demonstrate that the process selectivity is determined mostly
by the presence of coordinatively unsaturated adsorption sites on the catalyst sur-
face, which are characterized by the formation of surface nitrate complexes (with the
band at 1,540 cm−1). More detailed studies are required to reveal the quantitative de-
pendences between selectivity and ratio of different coordinatively unsaturated sites
of Fe2+ and Fe3+ cations that adsorb NO and NO2, respectively; particularly, it is nec-
essary to measure the activity in kinetic region and the number of surface complexes
by quantitative IR spectroscopy (transmission spectroscopy). Overall, our data are
consistent with the data reported by other researchers, who studied the surface prop-
erties of iron oxide by IR spectroscopy of adsorbed NO and the mechanism of ammo-
nia oxidation on oxide catalysts by diffuse reflectance spectroscopy and showed that
ammonia oxidation products in the gas phase are formed via the interaction with am-
monia (in the presence or absence of oxygen) on the surface of oxide catalyst leading
to the formation of ammonia oxidation products, particularly the surface complexes
of NO, N2O and NO3 [7, 55, 59–62].

9.2 Structural-mechanical properties of plastic masses for
preparation of monoliths

In extrusion molding, the pastes should have certain structural-mechanical proper-
ties (viscosity, plasticity, elasticity) providing the formation of defect-free grains.
Rebinder and Tolstoy plastometers [63–65] were used in our studies on the struc-
tural-mechanical properties of the plastic pastes obtained by mixing of iron oxide
with a binder. It was found that high-quality monoliths (with cross section (75 × 75 ±
0.5) mm, height (50 ± 0.5) mm, wall thickness (2 ± 0.1) mm and channel side length
4.5 mm) are formed from the pastes belonging to the first structural-mechanical type
(SMT) according to classification reported in [66–69], although differences in the raw
materials exert a noticeable effect on the synthesis conditions and rheological charac-
teristics of the pastes.

Thus, the optimal moisture content (W) is lower and plastic strength (Pm) is
higher for the pastes made of “sulfate” iron oxide (Table 9.6). It cannot be excluded
that the observed higher plastic strength of the pastes based on α-Fe2O3(SO4) (as com-
pared to α-Fe2O3(Cl) ones) may be caused by a lower moisture content of these pastes,
which can increase the number of coagulation contacts. Elongation and elasticity
moduli E1 and E2 (Table 9.7) are also higher for the pastes with “sulfate” iron oxide
and a HAP binder. Storage of pastes in hermetically sealed containers additionally
increases these characteristics [70].
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On the contrary, the fraction of plastic deformations (έpl) is higher in the pastes
based on “chloride” iron oxide (Table 9.7). Although this fraction increases in stor-
age for the pastes based on “sulfate” oxide, it remains smaller than the values ob-
tained for “chloride” iron oxide. The analysis shows that high-quality monoliths are
obtained from the pastes belonging to the first SMT (Fig. 9.15b). Changes in the SMT
of the paste, for example, due to changes in the moisture content or storage of the
paste in sealed containers, deteriorate the quality of the produced monoliths. For
example, at insufficient moisture content, the molded mass corresponds to the zero
SMT, which is characterized by a decrease in the fraction of plastic deformations
(έpl) (the paste is dry and sets quickly). This leads to the “dragon’s teeth” molding
defects (Fig. 9.15a). If the optimal moisture content is exceeded by 1% (Fig. 9.15c),
the mass corresponds to the 5th SMT, which is characterized, on the opposite, by
the development of plastic deformations (έpl), and the resulting monolith is dis-
torted under its own weight. It should be noted that the pastes used for molding of
simple grains can belong to SMT 1-5.

Noteworthy is a good correlation between data on plastic strength of the
pastes and grain strength (Table 9.7), namely, higher grain strength values were
obtained for the pastes with a higher plastic strength probably because these
characteristics depend on the number of contacts and the strength of unit contact
in a grain. Thus, both hematites can be used to prepare a monolithic catalyst by
extrusion molding, although the “sulfate” hematite is more preferable; only HATA
can be used as a binder, and pastes should be preliminarily stored in hermetically
sealed containers.

Table 9.6: Plastic strength of pastes (fresh and stored for a day) measured at the optimal moisture
content in dependence on the employed raw material [69].

Paste
no.

Initial reagents for preparation of
catalyst paste

Time until
molding (h)

Moisture
content,

W (%)

Plastic
strength, Pm ∙


– (Pa )

 α-FeO(Cl) + HATA  . .
 α-FeO(Cl)+ HATA  . .
 α-FeO(Cl) + HAP  . .
 α-FeO(Cl) + HAP  . .
 α-FeO(SO) + HATA  . .
 α-FeO(SO) + HATA  . .
 α-FeO(SO) + HAP  . .
 α-FeO(SO)+ HAP  . .
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9.3 Thermal treatment of monolithic catalyst IK-42-1

Thermal treatment is the final step of the catalyst synthesis technology; in this step,
main characteristics of catalysts are formed: strength, pore structure, phase composi-
tion, activity and others. Therefore, an essential effect on the catalyst strength is ex-
erted not only by the final calcination temperature, but also by the chosen mode of
temperature elevation, and sometimes by the mode of cooling [71–73]. Upon thermal
treatment of honeycomb monoliths, which have more complicated shape and greater
dimensions than granulated catalysts, the role of temperature mode becomes particu-
larly important because the phase and polymorphous transformations or sintering
during thermal treatment can disturb the integrity of the monoliths (formation of
cracks) and, accordingly, lead to the formation of low-quality monoliths (rejects).

(a) (b) (c)

Fig. 9.15: Effect of moisture content on the quality of molded monoliths for the pastes based on α-
Fe2O3(SO4) + HATA. (a) –1% from the optimal moisture content, (b) the optimal moisture content
and (c) +1% to the optimal moisture content [70].

Fig. 9.16: Thermal analysis of the paste based on α-Fe2O3(Cl) + HATA [73].
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To find and optimize the conditions of thermal treatment of monoliths, thermal
analysis was performed, which showed that heating of all the pastes produces vir-
tually similar thermal effects (Figs. 9.16 and 9.17):

Endothermic effect in the range of 90–121 °C;
Exothermic peak in the range from 230 to 250 °C;
Endothermic effect at 290–315 °C;
Exothermic peak in the range of 330–340 °C;
Minor endothermic effect in the range of 500–510 °C; and
Exothermic peak at 986–988 °C.

The main weight loss (~17 wt.%) occurs upon heating to 600 °C, and the weight
loss upon heating from 600 to 1,200 °C is ~ 2%.

The results obtained can be described taking into account the composition of
pastes and the literature data and assuming the occurrence of the following
processes:
– Removal of adsorbed water (90–121 °C);
– Thermal decomposition of organic additives (exothermic peaks in the range

from 240 to 320 °C);
– Dehydration of trihydrates present in a binder: bayerite at ca. 290 °C, and gibb-

site at 310–330 °C;
– Dehydration of pseudoboehmite and boehmite at 373–530 °C;
– Exothermic peak at 986–988 °C may correspond to processes in the

mullite–silica reinforcing additive.

In compliance with quite close thermal analysis data obtained for different pastes
(Figs. 9.16 and 9.17), thermal treatment of the monoliths was carried out in a stepwise
manner with optimization of the heating rate in each temperature region.

Fig. 9.17: Thermal analysis of the paste based on α-Fe2O3(SO4) + HATA [73].
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Drying of monoliths at room temperature (25 °C);
Preliminary thermal treatment of monoliths at temperatures up to 400 °C; and
Calcination of monoliths at temperatures up to 900–950 C.

It was found that the prolonged drying and the stepwise thermal treatment in pre-
calcination step are the key steps for the formation of high-quality monoliths with
high stability in thermal cycles. All the monoliths calcined in the optimized step-
wise mode, irrespective of the employed raw material, withstand at least 10 thermal
cycles (rapid heating to 700 °C and cooling). Crushing strength essentially differs
and is equal to 8,000 N/item (for the monoliths made of α-Fe2O3(SO4) iron oxide)
and 4,000 N/item (for the monoliths made of α-Fe2O3(Cl) iron oxide) [73].

Results of the studies made it possible to propose a method for the synthesis of
IK-42-1 bulk iron oxide catalyst for ammonia oxidation (Fig. 9.18) and prepare spec-
ifications TU 2175-018 035 33913-99 and temporary technological regulations.

Full-scale endurance testing of the honeycomb catalyst was performed in 1996 at
the АО AZOT in Berezniki. The catalytic reactor of the UKL-7 plant was loaded with
100 dm3 of the oxide catalyst as the second step of the catalytic system (Fig. 9.19).
The catalyst was placed in one layer over the entire cross-section of the reactor on
a nichrome gauze covering the fire bars. A nichrome gauze was arranged on the cat-
alyst, and a stack of catalyst gauzes (one old and nine new gauzes made of alloy
no. 5) was placed over the nichrome gauze. The performance of the catalytic system
is shown in Table 9.8. One can see that ammonia conversion during a normal ser-
vice run (3,000 h) of the catalyst gauzes corresponds to the design value. The cata-
lyst loaded in March 1996 has been operated for nearly two years [29].

Fig. 9.18: Outward appearance of IK-42-1 monoliths.
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The pilot and industrial testing at OAO Acron, which was aimed to optimize the
composition of the two-step system, demonstrated that one layer of the IK-42-1 cata-
lyst can replace even three gauzes in the stack, probably due to the improved oper-
ation of the stack owing to equalization of the velocity field [74–75], and also due to
the effects exerted by monoliths on mass transfer in the stack and by the stack on
mass transfer in the monolith, according to the data reported in [76, 77].

The application of the honeycomb catalyst does not require the reconstruction of
existing catalytic reactors or the use of special baskets to form a layer. Calculation of
benefits from the use of the monolithic catalyst showed its high efficiency in the two-
step ammonia oxidation system for the production of nitric acid in UKL-7 and AK-72
plants (Table 9.9). For more than 15 years, the catalyst has been produced in small
batches meeting the industrial demand.

Fig. 9.19: The UKL-7 reactor with the loaded IK-42-1 catalyst.

Table 9.8: Main characteristics of the catalytic system operation at a pressure of 7.3 atm [29].

Month Conversion
(av.) (%)

NH: air
ratio

(av.) (%)

Temperature
(av.) (°C)

NH loading
(nm/h)

Nitric acid
output

(t μng HNO)

Productivity
(t μng HNO/h)

Run
(h)

March . .  ,  . 

April . .  ,  . 

May . .  ,  . 

June . .  ,  . 

July . .  ,  . 
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10 N2O decomposition in nitric acid production

Nitric acid production is one of the major sources of N2O emissions to atmosphere
in the chemical industry – only one UKL-7 plant produces about 450 tons
N2O per year. The high environmental impact of N2O as a greenhouse gas and the
international agreements and regulations require the development of efficient and
economical systems for N2O abatement in nitric acid production [1–5].

N2O as a byproduct is formed during ammonia oxidation on platinum gauzes
and its concentration (about 1,000–2,000 ppm) in tail gases depends on the plati-
num gauze selectivity [1–3].

Two ways can be used to reduce N2O emission without big plant reconstruction –
organization of secondary de-N2O catalyst bed directly after platinum bed in am-
monia oxidation burner (high-temperature de-N2O process) or after de-NOx bed
in selective catalytic reduction (SCR) NO with ammonia reactor (middle- or low-
temperature de-N2O process) that needs very different de-N2O catalysts due to
their different working conditions [1, 6, 7]. In Fig. 10.1, one-reactor schemes for
high-temperature and low-temperature N2O decomposition are presented.

There are data in the literature for both processes. For high-temperature applica-
tion, granulated CuO/Al2O3 (BASF), Co2AlO4/CeO2 (YARA) and La0.8Ce0.2CoO3

(Johnson Matthey) catalysts were developed and tested under industrial conditions.
Figure 10.2 displays the La0.8Ce0.2CoO3-based catalyst for high-temperature decompo-
sition developed by Jonson Mattey [8]. Based on the industrial test (South Korea) in
ammonia oxidation plant of 90,000 tons HNO3/year capacity with N2O emission
300,814 tons/year, the N2O decomposition degree was about 80% with the catalyst.

Honeycomb oxide catalysts (bulk and supported) are very promising for high-
temperature application due to low pressure drop; oxides with the perovskite, spinel
and corundum-type structure (La,Me1Me2O3 (Me = Co, Fe. Mn), Fe2O3, Co3O4) are of
interest as catalysts due to their attractive physical and chemical properties (activity,
chemical and thermal stability) [1, 6, 9–15]. Both types of honeycomb catalysts were
developed at BIC. For preparation of the La,MeFeO3-based bulk honeycomb mono-
lith, oxide powders were mixed with the alumina-based binder to obtain a plastic
paste, which is extruded through special spinnerets. The prepared monoliths with
~200 channels/inch2 and 50 mm height were dried and calcined at 900 °C. In the
pilot tests under conditions close to those of AK-72 plant, the bulk monolithic catalyst
arranged after a platinoid slab provided nitrous oxide decomposition at a level not
lower than 80% [6].

Figure 10.3 displays the bulk perovskite based honeycomb monolith catalyst
developed at BIC for high-temperature N2O decomposition. The catalyst was loaded
in UKL-7 plant for living test and its good stability was retained even after 12
months of running.
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NH3 + air

NH3 –SCR
catalyst 250–500 °C
De–N2O
catalyst

N2O decomposition
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Pt gauzes,
860–920 °C
𝜏 = 10–3 S

Tail gas
Absorber
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Fig. 10.1: High-temperature and low-temperature schemes for N2O abatement in nitric acid plants.

Fig. 10.2: La0.8Ce0.2CoO3-based catalyst for high-temperature application (Johnson Matthey).

Fig. 10.3: Perovskite-based bulk honeycomb monolith catalyst
for high-temperature N2O decomposition.
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A corundum support was used to synthesize the supported monolithic catalyst
for high-temperature decomposition of nitrous oxide. Supported La,Me1Me2O3 and
Fe2O3-based catalysts were synthesized by impregnation of the dried or calcined
monolithic support with subsequent drying and calcination of the slabs. Fe2O3

oxide was supported on a honeycomb corundum support with ~200 inch and
50 mm height calcined at 1,200 °C by Pechini route using nitrate or oxalate salts as
raw materials [10]. After impregnation, the catalysts were calcined at 900 °C, and
then the impregnation and calcination procedures were repeated. It was shown that
high-temperature activity (measured under testing conditions of the middle pres-
sure ammonia oxidation plant; honeycomb catalysts were placed after platinum
gauzes) of the catalysts prepared using nitrate salt is higher as compared to the cat-
alysts prepared using oxalate salt due to a probably higher Fe2O3 content [10]. But if
the first impregnation of active oxide was done using the low-temperature (380 oC)
calcined support and after that the catalysts were calcined at 1,000 oC (second im-
pregnation and calcination procedures were the same), activity of the “oxalate”
sample became the same as for the sample prepared with nitrate salt even at
a lower Fe2O3 content in the catalyst due to formation of highly dispersed Fe2O3 par-
ticles in this case, which is in good agreement with the one in[16]. As a result, cata-
lytic activity and stability of as-prepared “oxalate” catalyst was nearly the same as
for the most active Сu-containing perovskite like the La-Cu-Fe-O/Al2O3 catalyst that
unfortunately lost Cu during the living test, which is a problem because of possible
increase in the products explosibility [6, 9]. The as-prepared honeycomb high-
temperature supported Fe2O3/Al2O3 catalyst placed after platinum gauzes was
shown to reduce the N2O yield by ~80% under the conditions of ammonia oxidation
mid-pressure plant (Table 10.1). The catalyst was stable during the 6 months living
test in UKL-7 plant.

The presented own data and literature data on the high-temperature decompo-
sition of nitrous oxide demonstrate the possibility to reach the decomposition de-
gree of 80%, which is sufficient for providing the required nitrous oxide content in
tail gases, 40 ppm.

For middle-temperature (350–450 oC) NO + N2O abatement with a zeolite catalyst,
one-reactor schemes were developed by Uhde [7, 17–19]. Because in Russian plants the
de-NO with NH3 process is implemented at 200–250 oC with V2O5-based catalysts, to
organize one-reactor scheme for NO + N2O abatement, the N2O decomposition catalysts
working at 250–300 oC are desirable [3, 20–23]. Low-temperature (Co,Ni)3O4-based cat-
alysts modified with alkaline cations may be very attractive for application not only for
tail gas purification [24–28], but also for the low-temperature N2O decomposition in
one-reactor scheme with the low-temperature (250–300 oC) SCR NO with ammonia on
V2O5 catalyst.

(Co,Ni)3O4 oxides with a spinel-like structure were prepared and modified with
Cs by impregnation from nitrate salt or by Pechini route, which provides a uniform
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distribution of the active component or a modifying additive over the surface [29–31].
It was shown that the catalytic activity of Cs/(Co,Ni)3O4 spinel-like oxide catalysts in
N2O decomposition depends on the Ni and Cs contents as well as on the modification
route [29–31]. Without Cs no strong influence of the Ni content on catalytic activity
was revealed (Fig. 10.4). The highest activity and stability in the presence of O2 and
H2O in the reaction mixture were detected for the samples with 2% Cs supported by
Pechini route on Ni0.1Co2.9O4 and Ni0.9Co2.1O4 oxides as compared to the samples im-
pregnated from nitrate salt [22]. It was shown that modification with Cs cations in-
creases the content of surface low-bonded oxygen species in oxides, which are also
desorbed at a lower temperature, thereby affecting the limiting step of the process –
oxygen desorption.

The kinetic constant of N2O decomposition was estimated from experimental
data obtained in an integral laboratory reactor on the 0.3–0.5 mm catalyst particles.
Modeling of N2O decomposition process was carried out under the outlet conditions
that are typical of the SCR NO + NH3 process with the V2O5/Al2O3 de-NOx catalyst:
[N2O] 1,500 ppm, [O2] 2.5%, [H2O] ≈ 3%, [NOX] 50 ppm, [NH3]/[NOX] ≈ 1.1; tempera-
ture 250 °С, pressure 0.101 MPa, GHSV 7200 h−1. The loading of the commercial re-
actor (3.8 m ID) with the catalyst consisting of 3–5 mm granules was predicted by
simulation. At the bed height 0.4–0.5 m and temperature 250 °C, the conversion of
N2O was not less than 95%, thus reducing N2O emission in tail gas to 30 ppm [32].
The development of a monolithic catalyst for low-temperature (250 °C) nitrous
oxide decomposition and a one-reactor scheme is the immediate task corresponding
to the world trends. Oxide and metal catalysts supported on cordierite monolith
with the channel density 400/inch2, which provide nitrous oxide decomposition in
kinetic regime at 350–400 °C, were studied in [33–37].

Table 10.1: Influence of salt nature and support impregnation procedure on NO and N2O yields in
ammonia oxidation process with two-bed catalytic systems as compared to one-bed system. [10].

Catalytic system FeOх (%) Air + NH Ar + O + NH

XNO (%) YNO+NO (%) XNO (%)

Gauzes bed  of  gauzes

Gauzes bed – – . –

Gauzes bed + N-FeO/AlO (,) .  . 

Gauzes bed + O-FeO/AlO (,) .  . 

Gauzes bed  of  gauzes

Gauzes bed – – . –

Gauzes bed + O-FeO/AlO ()–, –  . 
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Hence, both types of secondary de-N2O oxide catalysts – (1) for application in
ammonia oxidation plant and (2) for application in de-NOx plant – were developed
at the Boreskov Institute of Catalysis. High-temperature (850–900 oC) honeycomb
catalysts (bulk and supported) placed after platinum gauzes in the pilot reactor
for NH3 oxidation under AK-72 middle-pressure plant conditions were shown to
reduce N2O emission to 80%. Catalysts were stable in living test in UKL-7 plant.
Low-temperature (250–300 oC) de-N2O oxide granulated catalyst placed after
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x  in NixCo3–xO4

0.15% N2O + He
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Modified Cs
Initial

x = 0 0.1 0.2

(a)
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Cs (p)/Ni–Co
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(b) Cs atoms content, at/nm

Fig. 10.4: Catalytic activity of (Co1–хNiх)3O4 and 2%Сs/(Co1–хNiх)3O4 oxides (a) and dependence
of activity of the sample with x = 0.75 on Cs content and method of its introduction (b).
Cs(P) – introduction by Pechini route; Cs(I) – introduction by deposition.
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V2O5/Al2O3 SCR NO with ammonia catalyst (as the second bed) works in the pore-
diffusion regime and, based on modeling at contact time of 0.35 s, can reduce
N2O concentration by 95% under SCR plant conditions. Honeycomb catalyst can
provide a kinetic regime of catalyst operation in addition to a low pressure drop.
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11 Structured catalysts

Transformation of fuels (fossil fuel, biofuels) into syngas or hydrogen is one of the
most important tasks of catalysis in the energy-related fields [1–4]. Catalysts com-
prised of precious metals and/or Ni supported on fluorite-like, spinel or perov-
skite-like complex oxides with a high lattice oxygen mobility are known to be very
efficient and stable to coking in reforming of a variety of fuels by using different
oxidants (oxygen, water, CO2 and their combinations) [5–16]. Monolithic sub-
strates with a good thermal conductivity are promising for providing an efficient
heat transfer within the reactor to prevent emergence of hot spots/cool zones
deteriorating performance [17–22].

Nanocomposite-active components selected by screening tests were supported
on structured ceramic, metallic or cermet substrates and tested in reactions of CH4

and liquid fuels transformation into syngas at short contact times [8, 23–31]. A high
yield of syngas approaching equilibrium values was obtained and a stable perfor-
mance due to a high sintering resistance and coking suppression was demon-
strated. For liquid fuels, especially real complex fuels (gasoline, diesel, etc.) and
oxygenates (bio-oil, etc.), design of a unique monolithic evaporator/mixer unit com-
prised of thick foil Fecralloy substrate protected by a corundum layer supported by
blast dusting and heated by passing the electric current [24] allowed to solve the
problem of preparation of feeds with a high concentration of steam and liquid fuels
with sufficient feed rates to test monolithic catalysts at millisecond contact times.
This provided a possibility to compare performance of a series of monolithic/struc-
tured catalysts in realistic feeds containing different fuels at short contact times
and elucidate specificity of their action as related to the nature of fuel, substrate
and active component which is certainly required for design of compact and reli-
able syngas or hydrogen generators from a variety of fuels.

In this chapter, results of such a comparative research aimed at elucidating spec-
ificity of such structured catalysts performance at lab-scale and pilot-scale levels
using specially designed reactors and installations allowing to broadly tune the oper-
ational parameters (inlet temperatures and feed compositions) are considered. A spe-
cial attention was paid to new types of structured heat-conducting substrates
comprised of compressed Ni–Al foam, Fecralloy gauzes and microchannel washers
protected by refractory corundum layers (Figs. 11.1 and 11.2, and Tables 11.1 and 11.2).

Steam reforming of methane. To check the effect of the foam Ni–Al substrate
characteristics on performance of these structured catalysts in steam reforming of
methane, substrates with broadly varying density were prepared and loaded with
the same active component (Table 11.1, samples 7.1–7.9). There is a certain trend
in decreasing the loading of active component with increasing substrate density
when using the same suspension and number of supporting cycles (3 in this case).

https://doi.org/10.1515/9783110587777-011
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As follows from Fig. 11.3, the temperature dependence of CH4 conversion is rather
similar for samples based on different density substrates. Rather steep tempera-
ture dependence of conversion suggests a high apparent activation energy, and
hence, a small (if any) effect of the heat and mass transfer on these catalysts
performance.

To check the effect of upscaling the size of structured catalysts on their perfor-
mance in the reaction of methane steam reforming, a package comprised of stacked
foam platelets and gauzes was tested in feeds with or without addition of a small
amount of air. In this case, the temperature difference between the front and rear
ends of the package was in the range of 50–70 °C which apparently indicates exis-
tence of the temperature gradient within the package. Hence, detailed analysis of
these data required a proper modeling with a due regard for heat transfer within
this package. At least, as judged by the values of CH4 conversion (50–60% within
studied range of exit temperatures) and hydrogen content in the effluent (>45%,
Fig. 11.4), performance of this package is rather good. Tests for 100 h with startup
and shutdown of pilot installation each day (8 h working time per day) confirmed
stability of this level of H2 content in effluent.

For liquid fossil fuels such as decane or gasoline, the most clear advantage of
structured catalysts on heat-conducting substrates is in the case of partial oxidation

Ni-Al compressed
foam substrate,
1.3 g/cm3

Type II: SiC/Al-Si-O
composite, density 0.5 g/cm3

Type III: corundum/Al-Si-O
composite, density 0.6 g/cm3

Type I: Ni–Al alloy,
density 0.36 g/cm3

Fecralloy gauze
Fe-Cr-Al-0
cermet

Flat+corrugated Fecralloy foil
winded into honeycomb

900 KM

Basic types of heat-conducting substrates

Protected by corundum layer supported by blast dusting

Fig. 11.1: Structured substrates.
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or autothermal reforming reactions [1–4, 20, 21]. This is determined by a very fast
oxygen consumption in the inlet part of the reactor, so the heat generated by com-
bustion reaction is to be transferred along the catalytic bed to be consumed by en-
dothermic reactions of steam and dry reforming. Heat-conducting substrates
allowing to minimize the temperature difference between the inlet part of the layer
and its main part help to prevent thermal shocks and stresses leading to cracking of
ceramic monolithic substrates.

Figure. 11.5 presents results obtained in the axial reactor for the catalyst N 9
based on a thick Fecralloy foil substrate. In all experiments, the exit temperature
was ~1,000 °C. Even at very short contact time, syngas yield is rather high. The
main byproduct is methane formed via cracking reactions. At the longest contact
time (12 ms), concentrations of H2 (21%) and CO (24%) in the effluent coincide with
the equilibrium values (20 and 23%, respectively), with CH4 admixture ~0.3%. At
the shortest contact times, H2/CO ratio is somewhat lower, perhaps, due to a higher
content of methane (~4%) and olefins (~2) in the effluent.

In the radial reactor equipped with the internal heat exchanger [21], in the
steady-state mode, the temperature of feed before the reactor was kept at a nearly
constant level of 110–120 °C. The temperature measured by thermocouple situated in
the inlet of the central part of the stack of microchannel washers decreased from 180
to 130 °C with the increase in feed rate from 1.3 to 4.0 m3/h (STP) due to cooling by

Fecralloy microchannel plates with corundum layers
supported by blast dusting Microchannel CrAIO cermet plate with

supported (2 wt% Ni + 2 wt% Ru)/
MnCr2O4/10 wt% MgO-𝛾-Al2O3
active component

Microchannel platelets

Fig. 11.2: Microchannel plates.
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Table 11.1: Basic types of monolithic catalysts used in transformation of methane and liquid fuels
into syngas in steam and oxi-steam reforming [21, 31].

No Sample description

Type of substrate Active component composition and
loading (wt.%)

 FeCrAl gauze (cylinder D  mm, L  mm) . Pr.Ce.Zr.O + . Pt

 The same as  . Pr.Ce.Zr.O +  LaNi(Pt)
O(. Pt)*

 The same as  . Pr.Ce.Zr.O + . Pt + . Ru

 FeCrAl foil  μm (cylinder D  mm, L  mm) . Pr.Ce.Zr.O + . Pt

 The same as  . Pr.Ce.Zr.O + . Pt

 FeCrAl gauze (the same as ) . La.Ce.Zr.O +  LaNi(Pt)
O(Pt)

*

. Ni–Al compressed foam (plate  ×  ×  mm),
density . g/cm

% ( La.Pr.Mn.Cr.O + 

NiO +  YSZ) + .Ru

.. Ni–Al compressed foam (plate  ×  ×  mm),
density . g/cm

 ( La.Pr.Mn.Cr.O + 

NiO +  YSZ) + . Ru

.. Ni–Al compressed foam (plate  ×  ×  mm),
density . g/cm

. ( La.Pr.Mn.Cr.O + 

NiO +  YSZ) + . Ru

.. Ni–Al compressed foam (plate  ×  ×  mm),
density . g/cm

. ( La.Pr.Mn.Cr.O + 

NiO +  YSZ) + . Ru

.. Ni–Al compressed foam (plate  ×  ×  mm),
density . g/cm

. ( La.Pr.Mn.Cr.O + 

NiO +  YSZ) + . Ru

.. Ni–Al compressed foam (plate  ×  ×  mm),
density . g/cm

. ( La.Pr.Mn.Cr.O + 

NiO +  YSZ) + . Ru

.. Ni–Al compressed foam (plate  ×  ×  mm),
density . g/cm

. ( La.Pr.Mn.Cr.O + 

NiO +  YSZ) + . Ru

.. Ni–Al compressed foam (plate  ×  ×  mm),
density . g/cm

. ( La.Pr.Mn.Cr.O + 

NiO +  YSZ) +  Ru

.. Ni–Al compressed foam (plate  ×  ×  mm),
density . g/cm

.( La.Pr.Mn.Cr.O + 

NiO +  YSZ) + . Ru

.. Ni–Al compressed foam (plate  ×  ×  mm),
density . g/cm

, ( La.Pr.Mn.Cr.O + 

NiO +  YSZ) + . Ru

 CrAlOy/CrAlx cermet (cylinder D  mm, L
 mm,  channels).

. (Ce.Zr.Sm.Pr.O + .
Ru)
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Table 11.1 (continued)

No Sample description

Type of substrate Active component composition and
loading (wt.%)

 FeCrAl foil  μm (D  mm, L . mm)  La.Ce.Zr.O +  LaNi(Pt)
O(.Pt)

*

 FeCrAl foil  μm (D  mm, L  mm).  La.Ce.Zr.O +  LaNi(Pt)
O(Pt)

*

 Corundum honeycomb monolith, (D  mm, L
 mm)

 La.Ce.Zr.O +  LaNi(Pt)
O(Pt)

*

 Ti platelet (. ×  ×  mm) with Ce-Zr-Ti-O
protective layer

. Pt +  Ce.Zr.Sm.Pr.O

 Ti platelet (. ×  ×  mm) with Ce-Zr-Ti-O
protective layer

 (NiO + YSZ + 

Ce.Zr.Sm.Pr.O)

 Ni–Al compressed foam substrate, density
. g/cm

. (% LaMnCrPr + % NiO+%
YSZ) + . Ru

*Total Pt content in monolithic catalyst.

Table 11.2: Characteristics of substrates used for preparation of catalysts for methane dry
reforming.

No. Chemical composition
(wt.%)

Density
(g/cm)

Pore size/
porosity

Heat
conductivity
(W/m K)

Shape and size, mm

 Fecralloy microchannel
plate/ μm corundum
sublayer

. n/p //., one side
flat, one side with 

channels of . mm
depth

 Fecralloy gauze with
 μm corundum
sublayer

n/a n/a Squares  × ,
woven of wires of
. mm diameter
with . mm spacing,

 Ni–Al alloy, Al % .  ppi/
.%

.
 ×  × 

 SiC %; AlO–SiO

rest
.  ppi/

.%
.

 ×  × 

 α-AlO %,
AlO–SiO rest

.  ppi/
.%

.
 ×  × 

 Ni–Al alloy, Al % .  ppi/
.%

.
 ×  × 
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the inlet stream (Fig. 11.6). The temperature measured by thermocouple situated after
the layer of gauzes wound around the stack of washers goes through the maximum
at ~800 °C with increasing the feed rate. The maximum temperature within the mi-
crochannels in the stack of washers is expected to be ~1,000 °C as judged by results
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Fig. 11.3: Temperature dependence of CH4 conversion in CH4 SR for catalysts based on
nanocomposite active component La0.8Pr0.2Mn0.2Cr0.8O3 + NiO + YSZ + Ru supported on Ni–Al foam
substrates with a different density (Table 11.1). Contact time 50 ms, feed composition 20%
CH4 + 40% H2O in Ar.
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Fig. 11.4: Temperature dependence of H2 (1,2) and CO (3,4) content in effluent for the reaction of steam
(1,3) or oxysteam (2,4) reforming of CH4 on a stack comprised of 12 Ni–Al-foam plates and 11 sheets of
Fecralloy gauzes loaded with La0.8Pr0.2Mn0.2Cr0.8O3 + NiO + YSZ + Ru (volume 34 × 34 × 34 mm3). Feed
31% CH4 + H2O (H2O/CH4 = 1.9) in Ar (1, 3) or 31% CH4 + H2O (H2O/CH4 = 1.9) + 1.5 % O2 in Ar (2,4),
contact time 0.15 s.
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with a short piece of monolithic catalyst tested in the axial reactor (vide supra).
Hence, the temperature profile within the radial reactor is controlled by the balance
between the rate of heat generation due to oxygen consumption within the stack of
microchannel washers and the rates of its transfer to gauzes (increases with the flow
rate) and consumption by endothermic reactions of steam and dry reforming on
gauzes and within the layer of microspherical catalyst. This seems to determine both
the increase of syngas yield with the feed rate and a higher content of hydrogen and
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Fig. 11.5: CO and H2 content in effluent versus contact time for partial oxidation of decane on the
catalyst 9 (Table 11.1) in the axial-type pilot reactor. Feed composition 3% of decane in air
(O2/C = 0.6), inlet feed temperature 180–200 °C.

1.0 1.5 2.0 2.5 3.0 3.5 4.0

20

22

24

26

Co
nc

en
tra

tio
n,

 %

H2

CO

180/740

160/800

Feed rate, m3/h

130/760

Fig. 11.6: CO and H2 content in effluent versus feed rate for partial oxidation of decane in the radial-
type reactor. Feed composition 3% of decane in air (O2/C = 0.6), the feed temperature after
evaporator/mixer 110–120 °C. The ratio between temperatures in the inlet part of reactor and after
a layer of gauzes is indicated in the figure for each feed rate (see text).
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CO (as well as higher H2/CO ratio in the effluent) as compared with the case of the
axial-type reactor (cf. Figs. 11.5 and 11.6). In all studied range of feed rates, CH4 con-
tent in the effluent was ~0.2–0.5%. Similar features – the increase of syngas content
in the effluent with the feed rate – were earlier observed for the partial oxidation of
methane into syngas in this axial-type reactor [30].

Gasoline. Reformulated gasoline transformation was studied for the catalyst
based on thick Fecralloy foil substrate (N9 in Table 11.1) and on the package includ-
ing this catalyst in the inlet part and a honeycomb monolithic catalyst on corun-
dum substrate (N11, Table 11.1) as the main part of the catalytic layer. As follows
from results presented in Fig. 11.7, for the layer comprised of only foil-supported
catalyst, there is certainly a trend of decreasing CO and H2 content in the effluent
with increasing the contact time. This suggests that at very short contact times CO
and H2 are primary products of fast transformation of hydrocarbons in the presence
of gas –phase oxygen. The increase of contact time for combined catalytic layer in-
creases syngas yield approaching it to the limit corresponding to equilibrium at the
exit temperature (~ 1,000 °C) (24% H2 and 26% CO). A similar close to equilibrium
syngas yield was obtained for monolithic catalysts on thin-foil Fecralloy or micro-
channel cermet substrates [29].

In all these reactions of liquid hydrocarbon fuels selective oxidation, performance
was stable with the time-on-stream for at least 10–200 h including pilot-scale test-
ing in real syngas generators [37]. New types of nanocomposite active components,
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Fig. 11.7: CO and H2 content in effluent versus contact time for the partial oxidation of gasoline on
the catalyst 9 alone (contact time range marked by “foil”) and its stack with catalyst 11 (contact
time range marked by “corundum honeycomb” (Table 11.1). Feed composition 4.7% of gasoline in
air (O2/C = 0.48), inlet feed temperature 180–200 °C, exit temperature ~1,000 °C.
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application of electric current heated evaporation/mixing unit designed in this
work and placing in the inlet part of catalytic layer structured catalysts with a high
thermal conductivity allowed to achieve a high yield of syngas at short contact time
and provide a stable performance even without adding steam to the feed which was
earlier considered to be inevitable for providing a stable performance without deg-
radation for such complex fuels as gasoline [1–4].

For oxysteam reforming of ethanol which is attractive from the heat management
point of view, catalysts on monolithic heat-conducting substrates with nanocompo-
site active components (sample 10, Table 11.1) also provide a high yield of syngas at
short contact time (Fig. 11.8). In this case, nearly constant H2/CO ratio ~ 1 can be
achieved at a broad variation of H2O/ethanol ratio. Concentration of ethylene in efflu-
ent is below 0.2% agreeing with conclusion about importance of redox properties of
a catalyst for transformation of C2H4 into syngas.

Acetone. The same types of nanocomposite active components containing Ni, Pt
and doped fluorite-like oxides are efficient and stable in acetone transformation
into syngas even when supported on monolithic corundum substrate (Fig. 11.9).
Similar to the case of ethanol steam reforming, the main byproduct here is also
CH4. At longer (0.5 s) contact times, only small amounts of ethylene byproduct are
observed, apparently due to its transformation into syngas without forming carbo-
naceous deposits. Oxygen addition into the feed only slightly increases hydrogen
yield but helps to improve the heat balance and further decreases the ethylene
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Fig. 11.8: Effect of H2O/C2H5OH ratio on product concentrations in oxysteam reforming on catalyst
10 based on thin-walled Fecralloy monolithic substrate (sample 10, Table 11.1). Inlet feed: 7%
O2 + H2O + EtOH+N2 balance, T inlet 700 °C, contact time 0.3 s.
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content, thus ensuring performance stability even at a moderate excess of steam
that is attractive from the process economy point of view.

Anisole, sunflower oil. For these feeds a high and stable performance of developed
catalysts was demonstrated as well. Some typical results are shown in Figs. 11.10 and
11.11. Due to well-known high coking ability of these fuels, their stable performance
was obtained only in the case of oxygen addition to the feed (oxysteam reforming).
Moreover, only unique design of evaporation and mixing unit used in this work is

0 1 2 3 4 5 6
0.0
0.1
0.2
0.3
0.4

10
20
30
40
50

C2H4

CH4

CO2

CO

H2

Co
nc

en
tra

tio
n,

 %

O2 content in feed, %

Fig. 11.9: Effect of oxygen content in the feed on products concentration in acetone oxysteam
reforming on catalyst 11 based on corundum monolithic substrate (Table 11.1). Contact time: 0.5 s;
inlet feed: 24% acetone + 48% H2O + O2, N2 balance, T inlet 600 °C, T outlet 700 °C.
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Fig. 11.10: Effect of H2O content in the feed on product concentrations in the oxysteam reforming of
anisole on catalyst 10 based upon Fecralloy thin-walled foil substrate (Table 11.1). Contact time:
0.06 s, T exit: 850 °C, feed composition 18% O2 + anisole (5–10%) + H2O (3–20%) + N2 balance.
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allowed to obtain stable and reproducible results preventing cracking of fuels in sup-
plying lines. The most efficient performance in transformation of these heavy fuels
was provided by combination of catalysts based on heat-conducting metallic sub-
strates (placed in the front part of the layer, efficiently transferring heat generated due
to fast oxygen consumption) and those based on corundum monolithic substrates
(placed in the rear part, which provide a high conversion level due to developed sur-
face area). As far as we know, this is the first example of successful transformation of
these fuels into syngas in the reactors with stationary layers of catalysts.

Natural gas dry reforming. Since for any practical application under investiga-
tion, structured catalysts are well known to present several advantages, nanocom-
posite active components were successfully deposited on ceramic honeycombs,
microchannel cermets or metallic substrates (Table 11.2) and tested in realistic feeds
at lab-scale and pilot-scale levels using specifically designed reactors and installa-
tions allowing to broadly tune the operational parameters.

At some excess of CO2 in dry reforming of natural gas (NG) containing up to 5%
C2-C4 alkanes and some admixture of sulfur compounds, stable and comparable
performance was achieved for structured catalyst 1 (Table 11.3), that is, active com-
ponent based on Ni + Ru/LaPrMnCr-YSZ nanocomposite, and catalyst 7, that is, ac-
tive component based on Ni + Ru/fluorite-like oxide support on microchannel
substrates (Figs. 11.12 and 11.13).

The values of main process parameters for the structured catalysts tested in the
natural gas reforming are shown in Table 11.4. For a stack of gauzes and high-density
Ni–Al foam plates (catalyst 2, Table 5.2), the NG dry reforming performance is quite
close to that of catalyst 1. Apparently, these types of structured substrates also pro-
vide quite efficient heat and mass transfer, which agrees with results on steam
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Fig. 11.11: Effect of catalyst temperature on the product concentration in the oxysteam reforming of
sunflower oil on stacked layer of catalysts 10 (front part) and 11 (rear part). Feed composition 0.7%
of sunflower oil + 15% H2O + 20% O2, N2 balance, contact time 0.2 s.
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reforming of natural gas for catalysts on these substrates (vide supra). Addition of
oxygen to the feed improves syngas yield at shorter contact times (Fig. 11.13 and
Table 11.4), while addition of water increases hydrogen yield (Table 11.4).

For both types of active components supported on the low-density foams, a rea-
sonable performance is achieved only at much longer contact time (Table 11.4, cata-
lysts 3–6), which apparently can be explained by lower values of the active surface
per unit volume. For the same active component 2, the lowest syngas yield is ob-
served for a pure ceramic foam as substrate (structured catalyst 5). Hence, in the
case of foam substrates with low density, the heat transfer from the reactor wall
into the catalyst package could affect the catalyst performance in strongly endo-
thermic reaction of natural gas dry reforming.

To assess the long-term stability of the catalysts’ performance with respect to cok-
ing, the catalysts were contacted with reaction feed at selected experimental condi-
tions after a standard pretreatment in O2 at 700 °C and kept for 6–8 h a day followed
by reactor purging with Ar stream and cooling to the room temperature. The testing
was resumed the next day by heating the catalyst in an Ar stream to the operating
temperature followed by switching to the reaction feed stream. The long-term test of
the structured catalysts has confirmed that these nanocomposite active components
can also retain their high activity and coking/sintering stability when supported on
much bigger substrates (microchannel/foam plates, gauzes). Apparently, the develop-
ment of a given catalytic process has always been closely related to optimization of
both specific active component and structured substrates to provide reliable and sta-
ble performance.

Table 11.3: Basic types of structured catalysts tested in methane dry reforming.

No. Sample description

Type of substrate Active component composition and loading (wt.%)

  stacked plates no.  % (La.Pr.Mn.Cr.O + % NiO + % YSZ) +%
Ru

  plates no.  +  gauzes no.  % (La.Pr.Mn.Cr.O + % NiO + % YSZ) +%
Ru

  plate N % (wt.% LaNi.Ru.O/Mg-doped alumina)

  plates N % (wt.% LaNi.Ru.O/Mg-doped alumina)

  plates N % (wt.% LaNi.Ru.O/Mg-doped alumina)

  plates N % (La.Pr.Mn.Cr.O + % NiO + %
YSZ) + %
Ru

  stacked plates no.  % SmPrCeZrO + %NiO + % Ru
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Fig. 11.12: Characteristics of natural gas dry reforming process for the package of microchannel
plates (catalyst 7, Table 11.3) in feed 50% CO2 +40% NG +N2. Contact time 1.2 s (a) and 0.1 s (b),
temperature 800 °C (c).
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Scanning electron microscopic data for catalysts on foam substrates discharged
after reaction demonstrated the absence of coke deposits/fibers and strong adher-
ence of supported layers to substrates without cracks and spallation [21, 31].
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