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Abstract. The phenomena involving a decrease in the mechanical
strength and durability of catalysts during their use, which can be
explained in the light of ideas concerning the mutual influence of
the solid phase and the medium during catalysis, are examined.
Analysis of the mechanism and the set of conditions inducing
these phenomena makes it possible to develop methods for a
significant improvement of the quality of a catalyst. It is shown
that the appearance on the catalyst surface of a multiplicity of
mobile adsorbed atoms on dissociation of chemical bonds during
the catalytic reaction can give rise to the acceleration of the surface
self-diffusion by a large factor, which promotes a significant
decrease in the temperature of the sintering of powdered materi-
als. The bibliography includes 105 references.

L Introduction

In the study of the mechanisms of catalytic reactions, allowance
for the interaction of catalysts with the reaction medium and also
for the nature of the surface and the bulk phase of the solid
catalyst is extremely important.

In order to ensure a prolonged operation of the catalyst, it is
essential to create conditions preventing its disintegration and to
increase its mechanical strength. The porous solids of different
chemical nature employed in catalysis usually disintegrate under
the influence of the reaction medium, the chemical processes
occurring on their surfaces, and thermal and internal stresses.! -5

Many examples of the effect of the catalytic process on the
mechanical and structural characteristics of catalysts are known:
the disruption of contacts between corundum grains,S the detach-
ment and removal of quartz glass macroparticles in the pyrolysis
of benzene,’ the sputtering of an aluminosilicate catalyst,” and the
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disintegration of the nickel catalyst in the decomposition of
n-hexyl alcohol.? The disintegration of catalysts (the detachment
of solid macroparticles and other types of dispersion of the porous
structure) may be associated with the adsorption-induced
decrease in mechanical strength (ADS). This question was first
formulated as early as the 1960s.% 10 It was postulated that there is
an analogy between the ADS of catalyst under the real conditions
of their operation and the phenomenon which is observed when
metals and other solids (ionic and covalent compounds, molecular
crystals, amorphous materials, etc.) come into contact with
surfactants.!! This phenomenon is due to the decrease in the free
surface energy of the grains of the solid material under the
influence of the surrounding medium, which must contain
adsorption-active components (such are the catalytic conditions).

Such phenomena may (or may not) be accompanied by
corrosion, dissolution, the condensation of a new phase, and the
formation of films or other phase and chemical transformations
(including the reconstruction of the surface, the rearrangement of
the lattice, and the formation of a wide variety of structural
defects), which influence the mechanical strength of the catalyst.
Thus there is the phenomenon of ‘catalytic corrosion’ 12 expressed
by a change in the topography of the surface of platinum,
palladium, or nickel under the influence of catalytic hydrogen
and ammonia oxidation reactions at comparatively low tempera-
tures. The dynamics of catalytic corrosion and the intensity and
mechanism of the rearrangement of the surface of the platinum
catalyst have been investigated.!3 Various aspects of the mutual
influence of the reaction medium and the chemical (phase)
composition, the structure of the surface, and the activity and
selectivity of catalysts have been examined.!4~16 Numerous data
concerning the migration atoms and ions on the surfaces of
heterogeneous catalysts during catalysis and the formation and
growth of interacting clusters which represent the nuclei of phase
formations and structural reconstruction, have been pub-
lished.!7-32

Catalysis and the decrease in the mechanical strength of a solid
represent different aspects of the same phenomenon, namely the
interaction of the solid with the reaction medium, which induces a
change in the bonds within both the solid and the reactant. The
catalytic reactions of the initial materials and the changes in the
structure of the catalyst, occurring simultaneously, may lead to
disintegration of the latter.



814

E D Shchukin, L Ya Margolis, S I Kontorovich, Z M Polukarova

Shchukin and coworkers % 19 showed for the first time that the
mechanical strength and durability of catalysts ' depend to a large
extent on the number, distribution, and strength of individual
contacts between the catalyst particles and on the magnitude of
the residual internal stresses arising under the conditions in the
formation of structures. The kinetics of the ADS in disperse
porous structures with an open porosity have their specific
features: the pores are readily accessible to the reactive medium
and the rate of permeation of the latter into the bond rupture zone
is not the limiting factor, as in the propagation of a macrocrack in
a continuous material. Therefore the influence of the medium on
the parameters of a porous catalyst should be manifested
relatively rapidly and should be determined by thermodynamic
factors.

The studies of Shchukin and coworkers® 1° and subsequent
systematic theoretical and experimental investigations33-88
served as a basis for the creation of a physicochemical theory of
the mechanical strength of disperse porous structures. The
thermodynamic nature of the ADS (partial compensation of the
energy of the ruptured bonds by the interaction with the
corresponding ‘related’ medium) at a macroscopic level is man-
ifested by a decrease in the work of formation of new surfaces, i.e.
the work of fracture, and hence by a decrease in mechanical
strength. Under conditions close to equilibrium, the effect of the
ADS may be expressed quantitatively by the decrease in the free
surface energy. It has been observed experimentally that the
relation between the decrease in surface energy (¢) and in the
mechanical strength (P) of any solids in the corresponding
medium is described by the well known Griffith relation

Po_  [%
P, Vo

where the quantities Py and o refer to an inert medium, whilst P
and o refer to an adsorption-active medium.

At the same time a definite micromechanism of the facilitation
of the rearrangement and rupture of the bonds in the solid
corresponds to each specific case of a real decrease in mechanical
strength. Either the van der Waals pair potential for spherically
symmetrical molecules (noble gas atoms) or the ideas concerning
donor —acceptor interactions and the changes in the structure of
near-surface zones are used for its description.”®-% The outcome
of all these investigations has been the establishment of the
characteristics and the mechanism of the disintegration of
catalysts’ structures in adsorption and catalytic processes and
the creation of the scientific foundations for the regulation of the
mechanical strength of disperse porous bodies and for the control
of cohesion and structure-formation processes.!~ 56466 A set of
methods and several series of instruments for a comprehensive
estimation of the mechanical properties of materials in different
stressed states (under static and dynamic conditions) and also in
the processes associated with wear (in various media) have been
developed.>*35 There have also been other approaches. For
example, it has been suggested that the deformation and level of
disintegrating stresses can be estimated with the aid of acoustic
emission.t The choice of the method for estimating the mechanical
strength under the conditions of a catalytic reaction is determined
by the type of reactor in which the process takes place (reactors
with stationary, fluidised or moving catalyst beds).’¢ Novel
methods for the determination of the mechanical strength of the

+ Mechanical strength is a characteristic of the resistance of solids to
disintegration at a constant rate of deformation. It depends on the type
and method of application of an external mechanical load. Durability or
long-term mechanical strength is characterised by the time required for the
disintegration of the material subjected to a constant load.

1B I Malyshev, O V Dmitrik, R V Fishkin, in Nauchnye Osnovy
Prigotovieniya Katalizatorov (Scientific Foundations of the Preparation
of Catalysts) (Novosibirsk: Nauka, 1984) p. 249.

catalyst directly under the conditions of catalysis 37 and also for
the determination of the internal microstresses in porous struc-
tures before and after catalysis have been devised.3-39 A series of
publications have been devoted to the mechanical strength and
durability of catalysts. For example, Fenelonov®! proposed a
texture-geometrical model of the mechanical strength of porous
bodies, which differs from the model of Rebinder, Shchukin, and
Margolis ® (RSM) by the allowance for the real statistical packing
of the particles. He also obtained an equation for the calculation
of the specific strength of a single contact when different methods
are employed in tests of mechanical strength, which was checked
by employing the results of different investigations.32

The applicability of the postulates of the statistical theory to
data on the mechanical strength of catalysts and sorbents [the
‘weak link’ and ‘fibre bunch’ (rope) models] has been examined.8”
The results of tests on porous materials in different stressed states
are presented in the same communication and the validity of the
equation PV = const (P = stress, ¥ = deformation) was checked
and confirmed.

The influence of the porosity (including the porosity in the
‘critical’ cross-section) of the catalyst grains and of the conditions
in their preparation (temperature and duration of heat treatment)
on their mechanical strength have been studied.?3: 8 The depend-
ence of the mechanical properties of catalysts (and the possibility
of using these properties for a form of monitoring of the
mechanical strength testing methods arising from it) on a series
of technological factors (for example on the duration of dry-
curing, hydrothermal synthesis in hot water, and drying) has been
investigated.?® The change in phase composition (during heat
treatment) and the rearrangement of the structures of catalysts
under the influence of the reaction medium increase the mechan-
ical strength of the grains of cement-containing systems used in
organochlorine synthesis,”® which indicates the occurrence of
crystallisation contacts at the interface. The reason for fracture
during the employment of copper-containing catalytic systems
designed for the oxidation of hydrocarbons and CO to CO; is
believed to be the extensive reduction of CuO to zerovalent copper
accompanied by the formation of highly crystalline phases which
leads to the breakdown of interparticle contacts (point and phase
contacts).5?

The need for the creation of a theoretical basis for the
development of a technology for the preparation of industrial
catalysts and its implementation has now appeared.®®%¢ The
problem of the mechanical strength of the catalyst again arises in
this connection. The strength properties of specific catalysts may
be determined by extremely diverse factors.

The mechanical properties of solids and materials have been
the subject of numerous fundamental and applied sciences.The
concept of the thermofluctuation nature of fracture has arised
from solid state physics. In this case, the dependence of durability
under load (f) on the applied stress and temperature is described
by the familiar Zhurkov equation

Uo—’)‘P
kT °

[ = Iy exp

where y is a constant of the material, ¢, the period of the vibrations,
and Uj the dissociation energy of the interatomic bonds.

In the mechanics of granular media, elastic behaviour is
considered from the standpoint of the packing of the particles in
monodisperse and polydisperse systems and the nature of the
contacts. In the statistical theory of mechanical strength, schema-
tised ideas concerning the parameters of the statistical distribution
of defects in the bulk of the material are employed for the
description of the macroscopic behaviour of bodies under load.
Rheology which studies the viscoelastic, viscoplastic, etc. mechan-
ical behaviour of bodies (usually without taking into account their
internal structure) describes the changes occurring during their
deformations.
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In the physicochemical mechanics of solids and disperse
materials,>!" the strength and mechanical fracture of the mate-
rial are considered from the standpoint of surface physicochem-
ical interactions, because the rupture of interatomic (chemical)
bonds actually leads to the formation of new surfaces and at the
instant of their appearance (in statu nascendi) they are accessible to
the physicochemical influence of the medium, which affects the
nature of the deformation and rupture. The rupture of interatomic
bonds can be achieved in three ways (in various proportions):

(1) as a result of the work performed by mechanical forces
(external and internal stresses) given by

szb\/%=Py,

where b is the lattice period (b is the path traversed and 52 the area
of application of the force), L the characteristic linear parameter
describing the defective structure of the body, and /L /b the stress
concentration factor;

(2) as a result of the thermal fluctuations

kTn <,
I
where ¢ is the residence time under load and # the period of the
vibrations, whilst the quantity In (¢/#0) characterises the increase in
the probability of the manifestation of fairly large fluctuations in
the course of time;

(3) as a result of the work of adsorption AU (which includes
the work of reversible physical adsorption, chemisorption, and the
chemical reaction),!! which reduces Up to U = Up— AU and
increases the activation volume (i.c. the path leading to the
overcoming of the bonding force) to ' = y + Ay; in this case

Py + kTl =v.
I
The universal Zhurkov equation, mentioned above, follows from
the last equation.

Studies by the method of molecular dynamics, i.e. numerical
experiment of a dynamic type (NEDT) of the long-term strength
of an individual bond subjected to a constant load have shown §7
that the logarithm of the average lifetime of an atomic (molecular)
bond diminishes linearly with increase in the applied load strictly
in accordance with the Zhurkov equation.

The deformation and fracture of a two-dimensional crystal
with a concentrator-cavity, the adsorption of a surface-active
component on the walls of this cavity, the initiation and growth of
a crack when a crystal is subjected to a load in the presence of a
second component, and the permeation into the growing crack of
foreign atoms which promote its development have been inves-
tigated by the NEDT method.%® The results agree with the ideas
concerning the molecular nature of the Rebinder effect.

I1. The influence of adsorption on the mechanical
strength of catalysts

One of the first pieces of direct evidence concerning the influence
of adsorption on the mechanical strength of porous structures has
been the results of a study of porous magnesium hydroxide
specimens in the presence of the vapours of various liquids:
water, sulfuric acid solutions at different concentrations (the
presence of H,SO, ensured a change in the partial pressure of
water vapour), ethyl alcohol, benzene, cyclohexane, etc.4-4! It
was established that the coverage of the surface by 1 -4 adsorbate
monolayers induces an appreciable decrease in the strength of the
magnesium hydroxide specimens (Fig. 1). The principal contribu-
tion to the decrease in mechanical strength (by a factor of 1.5-2)
corresponds to the range with increasing moisture content up to
1% —1.5%, which corresponds to the formation of a saturated
monolayer of the molecules of the medium on the external and
internal surfaces of the porous specimen. The decrease in the
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Figure 1. Variation of the compressive strength of magnesium hydroxide

specimens during the adsorption of water (@) and ethyl alcohol (b).40: 4!

mechanical strength of the specimens is not a consequence of the
condensation of the adsorbent molecules in contacts between the
particles of the solid. The absence of water as an individual phase
in magnesium hydroxide (within the limits of monolayer adsorp-
tion) has been demonstrated by the NMR method. The true cause
is the decrease in the surface energy of the solid on adsorption, i.e.
the weakening of the bonds between the atoms (ions) at the
surface. The maximum decrease in mechanical strength, attained
for a 3% —-4% moisture content, is associated with a further
decrease in the free surface energy on multilayer adsorption. The
subsequent increase in mechanical strength and then its resumed
decrease in the presence of high contents of the adsorbate has been
explained by the fact that in contrast to continuous media, in
disperse porous media the decrease in mechanical strength may be
reduced by capillary contracting forces which arise on condensa-
tion of the vapour of a liquid in pores.

In the presence of ethyl alcohol, the rise in the curve is not
quite so pronounced as in the presence of water owing to the
weakening of the capillary contraction forces as a consequence of
the smaller surface tension of the boundary with air than for
water. The adsorption nature of the decrease in the mechanical
strength of magnesium hydroxide specimens in the presence of
water is also indicated by the correlation between the relative
decrease in the strength of the porous structure and the decrease in
the free surface energy of this material (Ag), which were measured
in the presence of water by independent methods (Fig. 2).4%>43 The
quantity Ag by which the surface energy decreases, i.e.

P
Aa=ao—a=RTJ- Tlnp,
0
(p is the water vapour pressure at which the specimens were

moistened) was found from the adsorption (I') isotherm for water
vapour.
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Figure 2. Relation between the decrease in mechanical strength and the
decrease in the surface energy of highly disperse porous magnesium
hydroxide specimens %2 in terms of the variables of the Griffith equation.
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The relation obtained confirms the validity of the Griffith
relation, i.e. a proportionality between the relative decrease in
mechanical strength (P3 — P2)/P% (Po and P, are the mechanical
strengths of the dry specimen and the specimen moistened under
equilibrium conditions respectively) and the decrease in surface
energy holds for these structures, Hence it follows that P ~ ¢!/2,
The quantity oo = 300 mJ m—2, found from the slope of the
straight line, has an acceptable value. The same correlation has
been observed in the adsorption of water vapour on silica gel.?> A
relation between the decrease in surface energy and the decrease in
the mechanical strength of porous bodies has been indicated.*
The values of o for cement were found from the Griffith equation;
for a water : solid (WS) ratio of 0.45, we have ¢ = 1370 erg cm—2,
whilst for WS = 0.60 we have ¢ = 657 erg cm—2.

The ADS effect for the monomolecular surface coverage by
the adsorbate has been observed in experiments with ionic
polycrystalline KCl and NaCl immersed in water—dioxane
mixtures of different composition.** The decrease in mechanical
strength under these conditions was not associated with the
impregnation of the grains between the crystals by the liquid.

In the study of the influence of the polarity of the adsorbate on
the mechanical strength of porous structures in relation to
magnesium hydroxide as an example, it was shown that, in
contrast to the polar water and ethanol molecules, the nonpolar
benzene and cyclohexane molecules hardly influence the mechan-
ical strength of the hydroxide.*' Similar features were observed in
the study of the decrease in the mechanical strength of pressed
calcium carbonate, zinc oxide, sodium chloride, charcoal and
silica gel specimens in the presence of water, benzene, and carbon
tetrachloride vapours, carbon dioxide, and nitrogen.®3—%7 The
specimens on the surfaces of which a saturated monolayer of the
molecules of the medium had been adsorbed were found to be the
least strong. The effect involving a decrease in mechanical strength
was greater the closer were the polarities of the adsorbent and the
medium (water on silica gel, benzene on charcoal). This indicates a
decrease in mechanical strength with decrease in the free surface
energy on adsorption. In all the systems indicated, the decrease in
mechanical strength was not accompanied by the occurrence of
dissolution and chemical interaction processes. The mechanical
strength of ionic polycrystalline sodium and potassium halides in
heptane, water, and dioxane decreased to a greater extent the
greater was the polarity of the medium.*> Thus in water it
amounted to 0.2 of the initial value.

The dispersity of the structure-forming particles, the degree of
porosity of the medium, and the nature of the individual contacts
did not affect the decrease in mechanical strength in adsorption on
magnesium hydroxide specimens.#! It was observed by X-ray
diffraction that, in physical and chemical adsorption (for exam-
ple, of isopropyl alcohol on magnesium oxide 46 and of water and
ethyl alcohol on magnesium hydroxide,*’) the microdeformations
(internal stresses) increase with the consequent adsorption-
induced decrease in the strength of the structure. The appearance
of internal stresses has been explained by the change in the relation
between the resistance of the rigid framework comprising inter-
linked particles and the Laplace pressure compressing the partic-
les (as a consequence of the decrease in free surface energy on
adsorption).

The transition of silica gel to a complex stressed state occurred
when it was moistened and dried.”® When silica gel was fully
immersed in water, air was trapped in the structure and was
compressed by the capillary pressure due to the gradually
permeating water. As a result, high counterpressures arose in the
structure, reaching limiting disruptive values.

The ADS phenomenon was observed also on chemically more
complex porous structures: specimens of clays of different
mineralogical composition (kaolinite, bentonite), NaA and NaX
zeolites,*®4 and an aluminosilicate zeolite-containing cracking
catalyst.5® The mechanical strength of these materials diminished
sharply following the adsorption of various substances. The
adsorption and especially chemisorption of isopropyl alcohol

induces an appreciable comminution of the block structure of
magnesium oxide crystals (an increase in the density of disloca-
tions).% The possible cause of this is the nonuniformity of the
adsorption combined with the mechanical anisotropy of the
crystals. The relaxation processes occurring after the catalytic
reaction again lead to an increase in the size of the blocks and a
decrease in the density of dislocations.

Among the muitiplicity of the elementary mechanisms for the
formation of the texture of catalysts under various conditions, two
most common mechanisms of the increase in surface are distin-
guished. The characteristics of the thermodynamics of highly
disperse systems, which determine the direction and driving force
of the process, are manifested in these mechanisms.?! One of the
mechanisms involves the growth of the surface in phase trans-
formations, where the decrease in the phase potential compensates
for the increase in the surface potential, which is appropriately
reflected in the radius of the critical nucleus of the new phase.39!
The second mechanism is associated with the change in entropy. If
the interfacial energy is small, the increase in entropy may
compensate for the increase in surface energy.> On the basis of
these mechanisms, it is possible to estimate the minimum size of
the nucleus or the ‘maximum area which can then only decrease in
the absence of phase transformations or a sharp decrease in the
interfacial energy’.8!

The driving forces and the principal mechanisms of the
decrease in the surface (for example, as a result of coagulation)
can also be related to the local (in the contact zones) decrease in
the interfacial energy. On the other hand, the specific mechanisms
of the processes, including the mechanisms of the change in
porosity, may be extremely varied.!

Examination of the ADS phenomena helps us to understand
the mechanisms of certain intermediate stages in the new processes
involving the formation of a wide variety of aluminium oxide
carriers and catalysts using thermochemical (TCA) and mecha-
nochemical (MCA) methods for the activation of solids (see, for
example, Refs 84 and 99-101). Thus it has been shown that, in the
transformation of the products of the MCA and TCA of technical
hydrated alumina, as a result of hydration, from the amorphous to
the pseudoboehmite state (which can be readily converted into
various aluminium oxide carriers or binders for catalysts), bonds
between the elements of the layered structure (plates) are dis-
turbed by the ADS and by the presence of the disjoining pressure
of the liquid phase on the surfaces bounding it.84 This resuits in the
cleavage of the highly disperse particles of the products of the
TCA into finely disperse (2—5 nm thick) plates and their sub-
sequent hydration. This phenomenon as well as others have been
used in creating a low-waste technology for the manufacture of
aluminium oxides used as carriers, adsorbents and catalysts.® The
formation of surface compounds, which occurs, for example, in
the interaction of methanol with magnesium oxide,? is accom-
panied by the dissociation of the bonds in the alcohol molecule
and the liberation of energy. In the chemisorption of ethanol on
Al;05,%6 the bonds between the aluminium and oxygen ions are
75% —-90% weakened according to quantum-chemical calcula-
tions and IR spectroscopic data. The clusters formed and their
varieties, participating in the formation of surface compounds,
also play a definite role in this process.

Comparison of the behaviour of adsorbates having molecules
of different size (water, benzene) made it possible to observe that
the filling of the inner cavities of the zeolite crystals (within the
limits of sorption capacity) with adsorbate molecules prevents a
decrease in mechanical strength of granules.*-4? If there is steric
hindrance to the permeation of the adsorbate molecules into the
cavities, the mechanical strength of the zeolite grains diminishes
already for low degrees of adsorption (of the order of monolayer
coverage of the surface of the clay binder). A similar *protective’
effect has been observed in the dispersion of brown coal in the
presence of water and heptane.’!
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The data presented referred to physical adsorption, but in
catalytic processes the chemical adsorption of the reactants and
reaction products plays the main role.

The influence of chemisorption on the short-term and long-
term mechanical strength of disperse porous structures has been
investigated in detail in relation to the behaviour of the
cobalt—molybdenum catalyst under conditions involving a
change in the temperature and pressure of the vapours of the
products of the incomplete oxidation of propene (carbon dioxide,
acetaldehyde, and especially acrolein).52—54.102,103 Tt wag estab-
lished that the degree of disintegration of the catalyst depends on
the degree of surface coverage by chemisorbed molecules and on
the strength of the chemisorption bond, i.e. on the decrease in free
surface energy on chemisorption (Fig. 3).
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Figure 3. Dependence of the time to fracture of a cobalt —molybdenum
catalyst on the applied load in various media at 483 K: (/) nitrogen; (2)
carbon dioxide (partial pressure 350 mm Hg); (3) acetaldehyde
(60 mm Hg); (¢) acrolein (60 mm Hg).*®

The disintegration of a catalyst as a consequence of chem-
isorption has been observed also under the conditions where the
grains of an alumina —chromium oxide — potassium oxide catalyst
were ground up in a stream of n-butane and butenes at elevated
temperatures.>S

IT1. The effect of the catalytic reaction on the
mechanical strength of catalysts

The phenomenon of the accelerated disintegration of the struc-
tures of catalysts under the reaction conditions has long been
known. Shchukin and coworkers * 19 showed for the first time that
the surface phenomena at the interfaces in the porous structures
should be regarded as the main causes of the decrease in the
mechanical strength and durability of catalysts. A similar view has
been expressed in a study of the surface phenomena accompany-
ing a heterogeneous chemical reaction using methods based on the
thermodynamics of irreversible processes.!® If intermediate
compounds or a series of states which possess a higher surface
activity than the initial and final compounds are formed in a
chemical reaction, then their adsorption at the interface reduces
the interfacial energy and increases the area of the interface.
Consequently, the surface energy of the catalyst should diminish
during the catalytic process. A decrease in the hardness of

§ The possibility of the appearance of intermediate forms of the interaction
in catalytic processes was already noted by D I Mendeleev [see
D I Mendeleev Osnovy Khimii (Fundamentals of Chemistry) Vol. 1
(Moscow, Leningrad: Goskhimizdat, 1947) pp. 523, 524).

amalgamated zinc and brass catalysts in the decomposition of
aqueous solutions of hydrogen peroxide has been observed
experimentally and explained by a decrease in the surface tension
of mercury during catalysis. !5 According to the data of Shchukin
and Margolis,* the active intermediate complex interacts more
strongly with the catalyst surface than the initial reactants and
chemisorption appreciably weakens the metal —metal bond. As a
result, surface metal atoms are frequently detached on formation
of a bond with active adsorbates.

The mechanical strength of sulfur dioxide oxidation catalysts
under the reaction conditions differs appreciably from their
strength outside the reactor.””

The influence of catalysis on the mechanical strength and
durability of porous magnesium oxide catalysts in the endo-
thermic isopropyl alcohol dehydrogenation reaction has been
studied systematically.37-40.46,52,56,66,67 Already 2030 s after
the start of the reactions, even before the establishment of
stationary conditions, the compressive strength of the catalyst
diminished by a factor of 1.5 2 (the tests were carried out after the
cessation of the catalytic reaction and the drying of the
grains).*6:56 A further increase in the duration of the use of the
catalyst induced only a slight decrease in its mechanical strength.
It was demonstrated by X-ray diffraction that the internal stresses
in the catalyst diminish during the reaction owing to the irrever-
sible rupture of the bonds (contacts between the particles).

Numerous experiments have shown that the mechanical
strength of the catalyst decreases with increase in the internal
stresses associated both with the genesis of the structure (for
example, on pressing a magnesium oxide powder or on dehydra-
tion of magnesium hydroxide) and with the catalytic reaction
conditions (thermoelastic stresses due to the cyclic changes in
temperature during catalysis). The mechanical strength of the
catalyst, measured directly during catalysis with the aid of a
dynamometric device mounted in a specially constructed reac-
tor,>” proved to be lower than after the cessation of the reaction
for the same exposure time. It may be that the decrease in the
interfacial energy is influenced by the nonequilibrium adsorption
of intermediate compounds during catalysis. If the conditions of
the catalysis promote the appearance of internal stresses (for
example, as a consequence of cyclic changes in temperature),
then the mechanical strength decreases significantly not only at
the beginning of the process but also throughout it. The decrease
in mechanical strength may be accompanied by a change in the
specific surfaces of the specimens, but a direct relation between the
decrease in mechanical strength and dispersity was not observed.

The decrease in mechanical strength was independent of the
change in the specific surface of the porous structure as was
confirmed in experiments on the dehydrogenation of isopropyl
alcohol on aluminium oxide specimens. 8

During the catalytic reaction, not only the mechanical
strength but also the durability of the catalyst under load
decrease. Thus the disintegration time of a magnesium oxide
catalyst subjected to a 0.8 MPa load decreases dramatically in
the reaction medium (the disintegration time was determined from
the projections of the corresponding points on the relations
illustrated in Fig. 4 onto the ordinate axis). A decrease in
durability under the conditions of catalysis has been observed
also for the cobalt—molybdenum catalyst of the incomplete
oxidation of propene.52

There are data on the disintegration of sulfate catalysts in
stationary and fluidised beds used in the synthesis of sulfuric
acid.>- 60

In order to test the hypothesis that the bonds are weakened in
the solid under the reaction conditions, CO was oxidised on
disperse porous iron and nickel specimens.®! An increase in the
area of contact between the metal particles was observed with an
electron microscope.

The migration of crystallites as well as the disappearance of
small particles and the appearance of large ones with formation of
irregular shapes have been observed also in a study of the
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Figure 4. Dependence of the time to fracture of a magnesium oxide
catalyst on the applied load at 668 K in nitrogen (line /) and in the reaction
medium during the dehydrogenation of isopropyl alcohol (line 2).

behaviour of the Ag/Al,O; catalyst in the ethene oxidation
reaction. 103

These results as well as the data mentioned above concerning
the decrease in the durability of the cobalt—molybdenum catalyst
in the chemisorption of the reaction products 3253 confirm the
hypothesis of Shchukin and coworkers,® 1® according to which the
decrease in the mechanical strength of the specimens under the
conditions of catalysis is caused by the simultaneous effect of the
internal stresses in the catalyst and of the weakening of the bonds
between the atoms (ions) on the surface of the solid as a result of
the adsorption of the reacting components, including the effect
resulting from the nonequilibrium adsorption of intermediate
compounds.

The rate of the surface diffusion (self-diffusion) in iron under
the conditions of catalysis and in the absence of the reaction
medium has been investigated.5> The method involving the
‘healing’ of a scratched groove was employed: for a specified
observation time, the decrease in the depth of the groove ¢ is
proportional to the surface diffusion coefficient D raised to the
power 1/4, It was established that, under the conditions of the
synthesis of ammonia at 800 K, the diffusion coefficient of iron
atoms on the surface of the catalyst increases by a factor of 10°
compared with the value of D at the same temperature in the
absence of catalysis. This effect is due to the sharp increase in the
number of mobile adsorbed atoms as a result of the implementa-
tion of the reaction steps (in this case, an exothermic reaction).
Similar phenomena have been observed in the hydrogenation of
benzene on nickel.>* The similarity in the behaviour of these
metals in the reaction described above is due to the fact that
molecular hydrogen dissociates on these catalysts and atomic
hydrogen induces their embrittlement.

It is noteworthy that, under the conditions of experiments 54
involving the ‘healing’ of a scratch, the migration mechanism is
known to be determined by the surface mass transfer on nickel,
since the mechanism involving transfer through the gas phase is
impossible owing to the low vapour pressure of nickel, while the
bulk diffusion mechanism cannot be achieved because of the
considerable predominance of surface self-diffusion over the
bulk-phase diffusion at the experimental temperature. The exo-
thermic reaction in which benzene is hydrogenated to cyclohexane
at 100 °C and the endothermic cyclohexane dehydrogenation
reaction at 350 °C have been investigated.>* In contro! experi-
ments, nickel specimens with scratches were annealed in a stream
of hydrogen at 100 °C and in a stream of helium at 350 °C. The
smoothing of the scratch was estimated from the decrease in its
initial depth. This occurred only under the conditions of the
exothermic reaction involving the hydrogenation of benzene to
cyclohexane. As in the synthesis of ammonia on iron, the nickel

diffusion coefficient was greater by a factor of 104~ 10° than the
value of D in the absence of catalysis. Since the coefficient D
increased only in the presence of an exothermic reaction, it is
evident that the energy of the chemical reaction is necessary for the
acceleration of the mass transfer.

It has been suggested that this effect is possible also in an
endothermic reaction, provided that an intermediate stage pro-
ceeds with evolution of energy. The role of catalysis in the
rearrangement of the surface consists precisely in facilitating a
single nickel adatom formation due to an elementary catalytic step
and not in facilitating the subsequent migration of the adsorbed
atom over thousands of interatomic distances. In other words,
since the scratch is not ‘healed’ in an endothermic reaction, the
increase in D during catalysis may be attributed to the heat of
reaction: the energy evolved in each catalytic step is consumed
predominantly (or completely) not on heating the catalyst but on
the local rupture of the bonds of individual atoms (ions) in the
surface layer of the solid (on which or in the vicinity of which the
catalytic step occurs), on the ‘abstraction’ of atoms from the
defective region of the crystal lattice (for example, from kinks in
the steps on the surface), and on their transition to the state of
adsorbed atoms. Since the absolute heat of the reactions inves-
tigated calculated per mole exceeds by a factor of 2—3 the energy
required for the formation of 1 mole of adsorbed atoms, it was
postulated > that 23 additional adsorbed atoms, which partici-
pate in the diffusional surface mass transfer, arise in each step.

IV. Contacts between the particles and internal
stresses

According to the ideas of physicochemical mechanics, the
mechanical strength of a solid depends on the nature of the
contacts between the particles. The strength of the crystallisation
contacts is relatively high, amounting to 10—% N and more.
Depending on the conditions in the preparation of the catalysts
and on their chemical properties, the number and strength of the
individual contacts may vary and hence the mechanical strength
also varies. The characteristics of the structure of the solid
(defects, dislocations, etc.) are superimposed on the properties of
the porous structures of the catalyst.

It has been shown37-63 that, in contrast to the decrease in
mechanical strength during adsorption, in many cases the adsorp-
tion-induced decrease in mechanical strength during catalysis may
be sharply weakened with increase in the strength of the contacts
in the porous structure. These results have been obtained on
specimens of a magnesium oxide catalyst with the same fine and
overall porosities, on which the catalytic reaction proceeds at the
same rate. Specimens with ‘low strength’ contacts were formed
from a magnesium oxide powder obtained by heating magnesium
hydroxide at 1173 K. After moulding, they were annealed at
723 K. Specimens with ‘strong’ contacts were obtained from
hydrated magnesium oxide, by dehydration of magnesium
hydroxide specimens at 723 K and following calcination at
1173 K. In both cases the heat treatment conditions were the
same and only the sequence of the operations was altered.

Figure 5 presents data on the relative decrease in the com-
pressive strength (along the axis of a cylinder) of magnesium oxide
specimens, obtained under the conditions of the dehydrogenation
of isopropyl alcohol at 653 K, as function of their porosity (II).
These relations have been attributed 37-63 to the lower mobility of
the chemisorbed molecules (‘kinetic difficulties’) compared with
the mobility of the molecules in the state of physical adsorption. In
the latter case, the molecules have sufficient time to migrate,
following the tip of the crack opening as a result of the applied
stress.

The increase in the durability of the magnesium oxide catalyst
containing 15 mass % of added silica, known as white soot, has
also been explained by the kinetic difficulties arising following an
increase in the strength (area) of the contacts. ¢ 62 In the presence
of white soot, the longterm strength of this catalyst falls to an
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Figure 5. Dependence of the relative decrease in the strength of the
samples with ‘weak’ (line /) and ‘strong’ (line 2) contacts on the porosity
of a magnesium oxide catalyst under the conditions of the dehydrogen-
ation of isopropyl alcohol at 653 K. P = mechanical strength of the
specimen 1 h after the start of the reaction; Po = mechanical strength of
the initial specimen kept in the reactor at the temperature of the catalytic
reaction in a stream of dry nitrogen.

appreciably lesser extent 50 min after the start of the catalytic
reaction than in its absence. The specimen with the additive
possesses the same and in certain cases a higher catalytic activity.
The strengthening of the contacts has been attributed to the
improvement in the sintering of the magnesium oxide particles as
a result of the chemical interaction with silicon oxide.

The possibility of the reconstruction of the catalyst surface
under the conditions of adsorption and the catalytic reaction has
been demonstrated.”> 8 The driving force for the reconstruction of
the lattice of the solid is the decrease in the free surface energy. The
kinetics of the mass transfer accompanying this phenomenon
indicate 54 62 that, in the course of exothermic catalytic reactions,
there is a sharp (by 4-5 orders of magnitude) increase in the
coefficient of the surface self-diffusion of the metal atoms on the
catalyst surface (the heat of chemisorption, which is always
positive, is insufficient for an appreciable acceleration of the
surface diffusion). Experiments with porous nickel and iron
catalysts have shown that this increases by a factor of 4—6 the
strength of the porous structures under the conditions of catalysis
by virtue of the increase in the number of adsorbed atoms and
their directed diffusion to sites with a changed chemical potential,
including contact regions. The same mechanical strength under an
inert gas atmosphere as in catalysis may be attained only at an
appreciably higher (by 300 °C) temperature. Under the conditions
of catalysis, where the self-diffusion coefficient increases by a
factor of 10%, the calculated sintering temperatures of a series of
substances (iron, nickel, magnesium oxide, iron oxide) decrease by
several hundreds of degrees; a decrease in the sintering tempera-
ture is promoted by a decrease in the activation energy for self-
diffusion.%?

The relation between the elementary catalytic events and the
adsorption mechanisms of the decrease in mechanical strength
was established by comparing the processes involving the syn-
thesis of ammonia on an iron catalyst, one of the stages of which is
the dissociative chemisorption of hydrogen, and the hydrogen-
induced embrittlement of iron.%-% The weakening of the
interatomic bonds in molecular hydrogen and in iron are two
aspects of a single process: the iron catalyst promotes the
dissociation of the bond in the H> molecule, while atomic hydro-
gen facilitates in its turn the rupture of the Fe— Fe bonds in the
iron lattice. Nickel, which is a catalyst for exothermic hydro-
genation reactions and is also susceptible to hydrogen-induced
embrittlement, behaves similarly.

In other words, together with the ‘direct’ effect of the surface
of the solid phase on the reaction kinetics, there is a ‘reverse’ effect
of the medium on the structure of the solid — the catalyst.

The appearance and decomposition of contacts as a result of
fluctuating oscillations, the mechanisms of the elementary steps in
the deformation and disintegration, and the influence of the
medium on these processes have been examined at the atomic-
molecular level with the aid of the method of molecular dynamics
(numerical experiment of a dynamic type).6”-68 Analysis of the
long-term strength of an individual bond subjected to a constant
load showed that the logarithm of the average lifetime of the bond
decreases linearly with increase in the applied load, which is
strictly consistent with the universal Zhurkov equation.

This approach made it possible to confirm also the idea of the
molecular nature of the Rebinder effect. The deformation and
fracture of a two-dimensional crystal havig a concentrator-cavity
during the adsorption of a surface-active component on the walls
of the cavity have been explained by the fact that when a crystal is
subjected to a load, a crack is initiated, which is followed by its
growth and the permeation into the growing crack of surface-
active atoms, which promote its propagation.

The principle of the interrelation between the elementary
catalytic steps and the adsorption-induced decrease in mechan-
ical strength 6466 je. the analogy between the rupture of the
interatomic bonds induced by mechanical disintegration and the
chemical reaction, has been confirmed in a theoretical analysis of
the catalytic cracking of hydrocarbons.® Acid catalysts are used
in cracking processes and the reaction proceeds via a stage
involving the formation of a carbonjum ion. In this connection,
it was postulated that the acid agents must facilitate also the
mechanical disintegration of the hydrocarbon chain. In order to
establish the mechanism of the Rebinder effect and to determine
the quantitative characteristics of the adsorption-dependent
influence of the medium, a direct quantum-mechanical calcula-
tion of the force and energy parameters of single and double C—C
bonds during their mechanical rupture was carried out and the
influence of the hydrogen cation — the active principle in acid
catalysts of the cracking of hydrocarbons — on this process was
estimated. The calculation showed that the addition of a proton
diminishes the strength of the C— C bond and that the magnitude
of the effect depends significantly on the nature of the carbonium
ion formed. The interrelation principle has been confirmed also in
numerous experimental observations of the rearrangement of the
surfaces of catalysts under the conditions of a catalytic reaction.

It was established that the stresses in solids arising during the
formation of the structure can both decrease and increase their
mechanical strength.2 The increase in the mechanical strength of
solids has been observed on pressing powders, whereupon phase
contacts were produced as a result of the plastic deformation in the
contact zone. On the other hand, the presence of residual internal
stresses in the solid always induces a decrease in mechanical
strength, especially in the study of catalytically active media
which accelerate the relaxation of stresses due to the weakening,
asa result, of chemisorption of the bonds between the atoms (ions)
of the surface.? 3 One of the most important conditions governing
the increase in the durability of heterogeneous catalysts, sorbents,
and carriers is therefore a decrease in the residual internal stresses
by the optimisation of structure formation.

Among the procedures for decreasing the residual internal
stresses one may name, for example, the regulation of the
dispersity of the initial binding substance in the structures arising
as a result of the hydration-induced hardening of calcium and
magnesium oxides, the introduction of seeds in crystallisation
processes, and the addition of some electrolytes (i.e. the creation
of conditions promoting a decrease in the supersaturation of
suspensions in the aqueous phase during the preparation of the
catalyst).> " An increase in porosity and a decrease in the rigidity
of the crystallisation structures are also used to eliminate internal
stresses, for example by introducing small amounts of a highly
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disperse inert filler, which hinders the formation of phase contacts
in the bulk of the material in the initial stages.

Catalysts based on silica and alumina gels having an amor-
phous matrix constitute a separate group. They acquire special
functional (catalytic, adsorption, etc.) properties following the
introduction of a crystalline filler, for example, a zeolite. As in
crystallisation structures, in these composite structures the inter-
nal stresses reach magnitudes close to the mechanical strength of
the material itself (~ 107 N m—2).%7! An increase in the dispersity
of the filler crystals and the introduction of anisometric particles
are procedures for reducing the residual stresses in such materi-
als.2 Thus the introduction into an amorphous aluminosilicate
xerogel (a cracking catalyst) of fluorite crystals with a lower
dispersity as a filler reduces the internal stresses by a factor
greater than two, while small amounts of added (~2%) asbestos
fibres diminish microdistortions by a factor of two.?

The internal stresses in catalysts and sorbents become smaller
when vibration-induced compaction is used instead of static
pressing.”73 In this case, the decrease in the internal stress is
accompanied by the simultaneous increase in the density of the
structure, increasing its strength,’-1® which depends on the
number of particles per unit cross-section (the granulometric
composition is the same under the conditions of static and
vibration-induced compaction). A decrease in the fraction of
large pores, which under the conditions of catalysis in the
presence of residual stress may play the role of the nuclei of
cracks, has an extremely positive effect on the increase in density.
It has been shown for the bismuth —-molybdenum catalyst of the
oxidative ammonolysis of propene that a denser structure with
smaller internal stresses obtained by vibrocompaction is also more
durable.” Its catalytic properties remain unchanged under these
conditions.

V. The sintering and strengthening of catalysts

Since the coefficient D increases during the catalytic reaction,? a
decrease in the sintering (presintering) temperature and hence an
increase in the strength of the porous structure of the powdered
pressed catalysts compared with similar specimens heat-treated at
the temperature of the catalytic reaction but in an inert medium
might have been expected. A heterogeneous catalytic reaction
proceeds only on the outer or inner surface of the solid catalyst
and therefore one should expect that the cause of such strengthen-
ing is an increase in the area of the true contact between the
particles for an unchanged porosity of the specimens.

Naturally the postulated effect involving the strengthening of
catalysts in exothermic reactions may be observed only if it
surpasses the effect involving the adsorption-induced decrease in
the strength of the porous structure.

The oxidation of CO has been investigated in through-put
apparatus at atmospheric pressure under isothermal conditions,
where the temperature of the catalyst (carbonyl iron) increase
during the reaction by not more than 0.2 °C.5".75.76 The reacting
gases — oxygen and carbon monoxide in stoichiometric propor-
tions — were supplied to the reactor in a mixture with helium. The
influence of the reaction mixture and of its individual components
— CO (in a mixture with helium) and O, (in a stream of air) as well
as H, — on the mechanical strength of the catalyst was elucidated.
‘Mild’ conditions in the preparation of the specimens promoted a
decrease in the residual internal stresses and the adsorption-
induced decrease in mechanical strength.

Table 1 presents the results of the measurement of the
mechanical strengths of carbonyl iron specimens after their
annealing in various media. During the reaction at 573 and 623
K, there is a sharp (by a factor of 4-5) increase in the mechanical
strength of the catalyst compared with the initial specimen and the
specimens annealed in the presence of one of the reaction
components. It was demonstrated by means of an electron
microscope that the catalyst particles form contact chords,
produced during the annealing of the specimen under the reaction

Table 1. The influence of the carbon monoxide oxidation reaction and of
the components of the reaction medium on the mechanical strength of the
porous structure of the catalyst — carbonyl iron.54

Composition of medium (vol. %) Strength (in MPa) at

573K 623K
8% CO + 4% O, + 88% He 6.4 7.46
21% O3 + 78% N (air) 2.40 2.88
100% Ar 1.37 1.46
8% CO + 92% He 0.31 0.36

Note. The porosity of the specimens was 57.530.2% before and after
catalysis and the mechanical strength was 1.27 MPa.5

conditions. In the absence of the reaction medium at the same
temperature, the effect is much weaker.

The increase in mechanical strength is due to the increase in
the area of contact between the particles as a result of the surface
self-diffusion. A sharp increase in the strength of the catalyst fora
constant porosity was achieved in this reaction also on specimens
of electrolytic nickel.

A decrease in the sintering temperatures of iron and nickel
during the catalytic reaction was established experimentally. The
strength of the porous structures of iron and nickel in an inert
medium increased only at higher temperatures (by 300 - 350 °C).

Thus the sintering temperatures of metallic powders decrease
appreciably under the conditions of an exothermic catalytic
reaction. A significant strengthening of the porous structures is
then attained as a result of the development of contacts between
the particles with retention of the initial porosity, which is
important for both catalysts and adsorbents and for membranes.
Qualitatively similar results have been obtained on the MgO and
V,0s oxide catalysts in exothermic oxidation reactions,’ 7 but
the strengthening effect proved to be smaller in this case than on
porous metallic catalysts. This is apparently due to the greater
defectiveness (metastability) of the oxides obtained by the decom-
position of hydroxides and salts at relatively low temperatures,
appreciably those lower than the melting points of the correspond-
ing oxides.

V1. Conclusion

The interaction between the catalyst surface and the molecules of
the medium induces certain changes both in the adsorbed
molecules and in the catalyst itself. For example, the mechanical
strength and durability of the MgO, Co-Mo, Al-Cr-K, etc.
catalysts may decrease significantly in the course of the catalytic
reaction. Iron may serve as yet another striking example: as a
catalyst of the synthesis of ammonia, iron participates in the
cleavage (dissociative adsorption) of the hydrogen molecule and is
in its turn subjected to hydrogen-induced embrittlement.

The influence of the catalytic reaction on the mechanical
properties of the catalyst must be regarded as one of the
manifestations of the Rebinder effect — a decrease in the
mechanical strength of a solid under the influence of the adsorp-
tion active components of the medium, which reduce the surface
energy (and the work of disintegration), and of the mechanical
stresses induced by the weight of the catalyst layer, collisions, and
thermal gradients. The residual internal stresses, arising at differ-
ent stages in the preparation of the grains, also make their own
contribution. The catalyst is therefore, as it were, doomed to
accelerated wear precisely by virtue of its purpose.

However, comprehensive analysis made it possible to also
discover ways whereby these undesirable effects can be signifi-
cantly weakened. The strengthening and increase in the stability of
granules in an active medium are achieved by the optimisation of
the entire technological chain in the preparation of the catalyst by
selecting pressing and hydration conditions, by the use of inert
carriers, by employing modifying agents during sintering, by
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introducing mineral binders, by modifying the contacts them-
selves, which promotes a decrease in their sensitivity to the
medium, by combining finely disperse and coarsely disperse
fractions, by adding anisometric (fibrous), including inert, fillers,
etc. All this makes it possible to increase drastically the useful life
of the catalyst.

At the same time, the weakening of the bonds between the
atoms on the surface of the catalyst leads to a sharp increase in the
number of mobile atoms and intensification of the surface self-
diffusion. Direct observations by the method involving the
‘healing’ of a scratch indicate an enormous (by 4-5 orders of
magnitude) increase in the coefficient of surface self-diffusion.
This effect has been observed on iron during the synthesis of
ammonia and on nickel during the hydrogenation of benzene.

The intensification of self-diffusion may in its turn intensify
the sintering process, making it possible to carry it out at reduced
temperatures. The sintering temperatures of iron and nickel
powders under the conditions of the oxidation of CO may be
reduced by 300 °C without affecting the mechanical strength of the
specimens, i.e. it ensures the development of strong contacts
between the particles. Similar effects have been observed on the
MgO, V,0s, and AL,O; catalysts under the conditions of the
corresponding reactions.

The approach described leads to new possibilities for the
selection of catalysts and the optimisation of the technology of
their preparation, the improvement of the processes involving the
sintering of high-temperature components, and in general the
development of new principles of the treatment of materials.

This review has been written with partial financial support by
the International Scientific Fund (grant MLE 300) and the
Russian Fundamental Research Fund (grant 95-03-08072).
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