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Preface

Mechanical methods of the activation of chemical processes are
currently widely used for the synthesis of various compounds. The present
monograph deals with the development of a novel approach to
mechanochemical synthesis based on reactions of solid acids, bases,
hydrated compounds, crystal hydrates, basic and acidic salts. This method
has been called soft mechanochemical synthesis.

The monograph includes the papers published by the present
authors. They describe the results of their investigations in the last two
decades. New theoretical and experimental data on kinetics and mechanism
of soft mechanochemical reactions in the mixtures of compounds mentioned
above to give complex oxide compounds are presented. The description of
new high energetic and high efficient mills providing effective occurrence
of these reactions is delivered. The possibilities of applying soft
mechanochemical synthesis for materials used in catalysis, material science,
electronics, etc. are discussed. The advantages of the method proposed in
comparison with other methods are demonstrated.

The monograph is designed for researchers, engineers and
technicians engaged in chemical and ceramic industry, for scientists and
students specialized in the area of development and application of new
materials.

The experimental chapters of the monograph were equally prepared
by all the authors, while the theoretical chapters mainly by Prof. E.
Avvakumov.

The authors would like to thank the personnel of the Laboratory of
Mechanochemical Reactions of the Institute of Solid State Chemistry and
Mechanochemistry of Siberian Branch of the Russian Academy of Sciences,
as well as of the Laboratory of Industrial Physical Chemistry of Keio
University, for assistance in experimental investigations. They particularly
thank E. Devyatkina for her help in manuscript preparation.

E. Avvakumov
M. Senna
N. Kosova
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Chapter 1. Introduction to soft mechanochemistry

Chapter 1

INTRODUCTION TO SOFT
MECHANOCHEMISTRY

The idea to perform the reactions directly between solids excluding
the dissolution stage has been always attractive for chemists. However, the
principle “corpora non agunt nisi fluida” (solids do not react until they have
been dissolved) is still believed to be actual, therefore, usually the reactions
between solids are not considered as being essential. Up to date, a major part
of reaction is performed in solvents, preferably, in water. The dissolved
substances, compared to the same substances in the solid state, substantially
change their nature. For example, if hydrolysis occurs in the presence of
water, this may result in substantial changes in the state of ions, the same as
at oxidation and reduction processes. It can influence on the composition and
properties of the final products.

Recently the attention to solid-phase reactions has been increased
substantially due to the growing ecological requirements and the necessity to
purify large amounts of wastes.

Solid-phase reactions are usually activated by high-temperature
treatment [1-4]. However, the practical efficiency of this process is rather
low since the diffusion rate through a product layer is small, no tight
contacts between the particles of components are provided, a particle size
distribution is non-uniform, etc. Therefore, the search for new methods of
performance of solid-phase reactions is carried out. Some new methods are
successfully used for these purposes. These methods include, for example,
self-propagating high-temperature synthesis [5], shock waves [6,7],
mechanical activation of mixtures in grinding apparatus [8-15]. The latter
method becomes more widely used at present due to its relative simplicity
and availability.

Mechanical activation of mixtures involves the dispersion of solids
and their plastic deformation. These processes cause the generation of
defects in solids; they also accelerate the migration of defects in the bulk,
increase the number of contacts between particles, and renew the contacts.
All these factors provide chemical interaction between solids initiated by
mechanical loading. These factors are the subject of investigations in one of
the fields of solid state chemistry, namely, the mechanochemistry of
inorganic substances, which is intensively developed. In particular, a large
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number of reviews and monographs published on this subject is the evidence
of this intensive development [8-22].

The synthesis of various compounds, including oxides, phosphates,
carbides, complexes, intermetallides, alloys, has been carried out by
mechanical activation. The preparation of alloys has formed a separate
direction, i.e., mechanical alloying [22-28].

Oxide materials are important in various fields of technology. The
methods involving mechanical activation are helpful for the preparation of
these materials. However, due to high hardness of the initial anhydrous
oxides, the application of mechanical activation is not very efficient yet.

It has been proposed recently to perform mechanochemical synthesis
using the solids which possess higher reactivity than anhydrous oxides.
These solids contain groups of atoms comprising oxygen and hydrogen.
They include solid acids and bases, acidic and basic salts, crystal hydrates,
i.e., the substances that react with each other releasing water. As a rule, the
hardness of these compounds is 3-4 times lower than that of anhydrous
oxides, that allows to decrease the level of mechanical loading and to pass to
softer activation conditions. The mechanochemical reactions of hydroxides
and hydrated compounds can be considered as solid-phase reactions. It can
be expected that the combination of mechanical activation with the
interaction according to the acid-base mechanism provides an increase of the
efficiency of these reactions.

Most of the classical attempts of mechanochemical synthesis were
aimed to get products directly from a mill jar. They brought to obvious
drawbacks, such as contamination and energy consumption, both being very
often intolerably high. In order to attract more serious interest from industry,
mechanochemical processes should be inevitably shifted toward milder and
more efficient conditions. One of the most rational ways is to restrict the
reactions realized by mechanochemical route with unambiguous merits. At
the same time, we need sound theoretical basis for mechanochemical
processes to win higher credibility. When we triumph these difficulties, we
may consider that mechanochemistry is capable for fabricating high value
advanced materials.

Peculiarities of soft mechanochemical reactions consist in the high
reactivity of surface functional groups, notably, OH groups. Most of the
metal oxides absorb water molecules by their surface. Some of them are so
rich with adsorbed OH groups that they are automatically utilized in
industrial processes, as in the case of surface-modified TiO,. However,
replacing of anhydrous oxides with either hydroxides or hydrated oxides, we
shall have much higher OH density per surface area. A bond energy of Me-O
and O-H is a measure for determination whether an OH-group serves as an
acid or a base. The acid-base reaction is realized when more than two types
of Me-O(H) bonds differing by acid-base properties are brought into contact.
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Addition of free water in the reaction mixture may also affect
positively. However, the addition of free water cannot always be appropriate,
since without sufficient chemical interaction with the substrate oxide it
would not work or even can be harmful reducing the main effect of
mechanical loading. Chemical interaction between solid surfaces and water
under mechanical activation significantly differs from static conditions.
During comminution, solids are subjected to dynamic loading that results in
the extension and compression of chemical bonds. This process is believed
to be similar to «corrosion under pressure» [29].

This idea was confirmed experimentally by Berschtein [29]. The
solid surfaces contain potentially reactive interatomic bonds, therefore,
generation and propagation of crystal fracture and under the action of
stresses (applied and residual) in the presence of water proceed via
mechanically induced hydrolysis. The experimental data obtained for loaded
bonds in quartz in the presence or absence of water were treated according to
equation

t=19exp (Up -yo)/ RT, (1.1)

where 1 is a durability of the sample, Uy is an activation energy for bond
rupture, o is a surface energy of solid, vy is a coefficient, R is a constant.

The activation energy for Si-O bond rupture in the absence of water
is 418 kJ/mol while in the presence of water 92 kJ/mol. The latter coincides
with the activation energy of the hydrolysis of Si-O bond.

In solid state chemistry, a special term ‘“soft chemistry” was
proposed to describe the methods based on preliminary synthesis of
intermediate compounds which are further used to prepare final products [4].
One of the authors of this monograph has introduced the term “soft
mechanochemistry” for mechanochemical reactions with the participation of
highly reactive compounds [30]. They include the reactions with the
participation of compounds containing oxygen-hydrogen groups as well as
other relatively unstable compounds such as peroxides, nitrates, metal
carbonates and other reactive compounds.

Before the method has got its name, a number of papers had been
published within this direction and turned out to be important for
development of this method. The most important papers among them are
cited below.

Boldyrev demonstrated that mechanochemical reactions of solids in
the presence of water can be considered as hydrothermal ones. The products
of mechanochemical synthesis for a series of reactions were found to be
similar to the products of hydrothermal reactions. These reactions include
the synthesis of CaQ-FeO-2Si0, (gedenbergite) [31] and calcium
hydrosilicates, eg., 5Ca0-6S8i0,-7H,0 [32], as well as others.
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Longo and Voght synthesized CaMg(CO3), (dolomite) by activation
of calcium or magnesium chlorides or sulphates with Na,COs-10H,O. They
assumed that a rapid reaction was caused by local high solubility of
components in thin films on the surfaces of ground material [33]. A similar
point of view was developed also by Juhasz and Patkai-Horvat who
investigated the role of water in mechanochemical reactions of silicates’
formation [34 ].

Payakoff carried out the synthesis of various oxalate complexes by
mechanical activation of the solid oxalic acid with hydroxides and basic salts
[35]. He demonstrated that the synthesis proceeded with the formation of
honey-like mass from which solid complex crystal hydrates are crystallized
relatively easily under aging of activating mixtures at room temperature.
Ultrafine and highly reactive catalysts, pigments and other compounds of
practical importance were obtained by thermal decomposition of the
mentioned complexes.

The effect of mechanical activation on the synthesis of mullite
3A1,0;-2Si0, from the mixtures of activated aluminium hydroxide and silica
gel was studied by Klevtsov, Mastikhin, Krivoruchko et al. [36]. According
to NMR, the interaction between the initial components is observed at the
stage of mechanical activation. In activated mixtures, a transition of AP*
from octahedron into tetrahedron and pentahedron-tetrahedron ones is
observed. The formation of mullite occurs under heating of activated
mixtures at 1100°C, while for unactivated mixtures at 1400°C only. Lower
temperature allows to obtain the product in fine disperse state (S=50 m?/g).

Fernandes-Rodriges, Morales, Tirado synthesized
mechanochemically lithium ferrite and lithium cobaltite from lithium
hydroxide and corresponding oxihydroxide: 8-FeOOH or CoOOH [37].
Similarly, barium hexaferrite BaFe 209, including that doped with titanium
and cobalt, was obtained from Ba(OH),-H,O and y-FeOOH [38].

In the studies of mechanochemical synthesis of hydroxylapatite from
the mixtures of calcium orthophosphates and oxides, Chaikina demonstrated
that the synthesis rate is changed depending on the type of phosphate
complex: the more protons in the complex, the higher the reaction rate. It
was demonstrated that water molecules, being one of the structural
components of the intermediate phase, stabilize it, that makes the rate of the
formation of this phase dependent on the amount of bound water in the
mixture [39 ].

The transfer from separate studies to systematic investigations and
the evolution of the method of soft mechanochemical synthesis into a
separate field of mechanochemistry was achieved in the works of the authors
of the present monograph. It was demonstrated that mechanochemical
reactions in a number of cases take place more rapidly in the mixtures of
hydrated oxides than in the mixtures of anhydrous oxides [40,41]. Later on, a
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series of works was published to verify and develop the given method [42-
46].

The goal of the present monograph is to generalize the works carried
out in this research direction. The subject of investigations is the synthesis of
complex oxides of the elements of I-VIII groups of the Periodic Table from
ordinary hydroxides. For numerous hydroxides, substantial differences in
their properties are observed, in particular, the differences in acid-base
characteristics due to the structure of electron shells of atoms and the nature
of chemical bonds. This allows one to search the definite laws governing the
formation of complex oxides, and to look for correlation between the
structure of initial hydroxides, their thermodynamic parameters and kinetics
of mechanochemical synthesis.

In principle, the problem concerning the synthesis of complex
oxides from the mixtures of hydrated oxides is not new. A large number of
works dealt with the preparation of complex oxides by means of thermal
decomposition of the mixtures of hydrated oxides including those co-
precipitated and passing the stages of sol-gel process; hydrothermal
treatment in aqueous medium was also used. Soft mechanochemical
synthesis is distinguished from the above-mentioned methods as it affects
the reaction kinetics by continuous renewal of the surface of contacts
between solid particles during mechanical activation of their mixtures.
Unlike heating, which is not a sufficient factor to activate solid mixtures
since solid particles are spatially separated from each other, the mechanical
activation makes solid particles get in contact. Such problems do not arise in
solutions or gases, however, as a rule, the reactions in these media are
conducted under forced mixing. Mechanical activation acts as a mixer in the
reactions between solids. Thus, mechanical activation comprises the missing
link in the chemistry of solid-phase reactions which did not receive sufficient
attention. Mechanical activation is especially favourable for the reactions in
which intermediate fluid phases are formed (solutions or melts). This
comprises the similarity of soft mechanochemical synthesis with
hydrothermal reactions based on the formation of soluble compounds, as
well as with the reactions involving co-precipitation followed by heating.
Due to the simplicity and efficiency of soft mechanochemical synthesis, the
possibility of its wide application in industry is probable. A series of the
examples of successful realization of this method is described in the present
work.
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Chapter 2. Chemical bonds, structure, properties ...

Chapter 2

CHEMICAL BONDS, STRUCTURE, PROPERTIES
AND PREPARATION OF HYDRATED OXIDES

2.1. Chemical bonds in hydrated oxides and their structures

The behavior and properties of hydrated oxides are determined by
fundamental characteristics of elements:

a) electron structure of atom and the composition of outer electron
shell of ion formed from this atom, which are determined, in turn, by the
position of the element in Mendeleev’s Periodic Table;

b) ion charge and radius, that define charge density of the cation;

c) ionization potential, affinity to electron and electronegativity of
the atom.

For the compounds considered in the present work, electron
configurations of the outer electron shells that participate in the formation of
chemical bonds are as follows:

Li  1s2s'

Mg 1s%2s%2p*3s’

Al 3s%3p'

Si 3s23p?

P 3s73p’

Ca 1s%2s%2p®3s?3p®  4¢®

Ti 3d%4s?

\"% 3d’4s?

Mn 3d*4s?

Fe 3d%4s?

Co 3d'4s?

Ni 3d%4s?

Cu 3d'%4¢?

Zn 3d'%s?

Zr  15%2s%2p®3s23p®3d!%4s?4p® 4d%5s?

La 4d'%5525d'6s*
w 4d'%5525d*6s?

Pb 4d'°4£55?5p°5d'°65°6p>
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Among the listed elements, Li, Mg and Ca are s-elements, Al, Si, P
are p-elements, Ti, V, Mn, Fe, Co, Ni, Cu, Zn, Zr, La, W are d-elements,
since they contain the mentioned electrons in their outer electron shell.

The formation of chemical bond between atoms is accompanied by
the rearrangement of electron shells of atoms; atomic orbitals give rise to
molecular orbitals in molecules and to energy zones, similar to molecular
orbitals, in crystals.

The main factors that determine the steric coordination of molecules
and crystal lattices (accepting that the positions of chemical bonds between
atoms in lattice obey the same laws of electron density distribution that are
actual for molecules) is the direction and the principle of maximum
overlapping. The strongest chemical bonds are formed in the direction of
maximum overlapping between the orbitals of binding electrons.

Valence electrons are characterized by definite shapes of electron
orbitals. Hence, atoms with s-type valence electrons can form the bonds of
similar strength in any direction, while all the directions being equivalent.
For p-electrons, the strongest overlapping occurs in the direction of the
dumbbell axis. So, the angle between two bonds formed by p-electrons of
one atom with s-, p-, d-electrons of two other atoms should be 90°. For d-
electrons, the position of bonds is square or octahedral.

If valence electrons of the atoms forming chemical bond are in
different states, one could expect the formation of different types of bonds.
However, experiments show that equivalent bonds are formed. In such cases,
the state of electrons is described not by pure s-, p-, d- or f-functions but by
mixed hybrid wave functions that are linear combinations of basic functions
describing the state of electrons. The combination of two electrons in s- and
p-states brings to the formation of hybrid bonds, the angle between them
being 180°C; one s- and two p-electrons give rise to three hybrid bonds,
angles between them being 120°C; one s- and three p-electrons give four
bonds at an angle of 109°28 . Atoms with d- and f-electrons form more
complicated configurations.

When crystals are formed from atoms, discrete energy levels are
substituted by the bands incorporating large number of discrete levels of 1s,
2s and other electrons. The outer electrons of a shell form conduction band
while the inner electrons form valence band. Depending on the width of
band gap (the distance between valence band and conduction band), a solid
exhibits either conducting or dielectric properties.

The direction of a chemical bond directly determines the structure of
covalent compounds. For example, in diamond (its electron configuration
being 1s?2s?2p?), four hybrid sp’ orbitals are formed due to the destruction of
a spin bond at s levels and the excitation of three electrons at p levels, they
are directed from the centre to the vertices of regular tetrahedron. The angle
between the axes of orbitals is equal to 109°28 .
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For ion crystals, the structure is determined by the directions of the
outer filled electron shells of ions. Sodium chloride can be considered as an
example. Electron configurations of free sodium and chlorine atoms are as
follows: 1s?2s%2p®3s' (sodium) and 1s°2s*2p®3s°p® (chlorine). The formation
of NaCl compound proceeds by transferring a weakly bound 3s electron of a
sodium atom to 3p-orbital of a chlorine atom, which results in the formation
of a positively charged Na" ion and negatively charged CI' ion, both
possessing completely filled outer p® orbitals. These ions come closer to each
other due to the electrostatic attraction, and their outer p-orbitals shaped as
orthogonal dumb-bells interact with each other through their outer ends. This
overlapping and exchange interaction due to orthogonality of p-orbitals
brings to the cubic cell structure.

There is no sharp difference between covalent and ion types of
bonds. In covalent compounds, electron density is spread almost
symmetrically over the partners, its mass centre being in the middle of the
distance between atoms, while in purely ionic compounds the maximum of
binding electron orbital coincides with the centre of one of the atoms. Polar
bonds exhibit asymmetry in the distribution of electron density, mass centre
being shifted from the middle to one of the partners. This shift is
characterized by the degree of the bond’s ionicity.

It was found possible to characterize the degree of the bond’s
ionicity by atomic electronegativity.

Pauling was the first to introduce the concept of electronegativity
(EN). He defined it as a force by which an atom in a molecule attracts
electrons [1]. To introduce this characteristic, thermochemical data on the
energies of molecule formation (AHg,,,) were used to calculate average bond
energies. For example, for AB, molecule (where A is cation and B is anion),
average bond energy is

E(A - B) = AHg(AB,)/n 2.1)

Pauling assumed that the energy of covalent A—B bond would be
average of the energies of the corresponding uniform bonds

E...(AB) =1/2[E(AA) + E(BB)] 2.2)

In the case of polar bond, its energy will be more than the covalent
(additive) value by the ionic term AE(AB)

AE(AB) = E(AB) - 1/2 {E(AA) + E(BB)]. (2.3)
This value is practically equal to the heat effect of the reaction

12A,+ 1/2B,= AB +Q (2.4)
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Pauling discovered that the function AE"* (or Q") is atomically
additive and it can be considered as the characteristic of the electronegativity
of the atoms that participate in the formation of a bond, according to the
equation:

X, - Xz = 0.208AE" (eV), (2.5)

where X, and Xj are electronegativities of A and B atoms. Having accepted
the electronegativity of hydrogen to be Xy = 2.1, Pauling calculated X for a
large number of elements, which formed the basis of the first scale of
electronegativity. This equation is valid only if AE(AB)>0. In order to
overcome this shortcoming, Pauling proposed to replace S[E(AA) + E(BB)]
by [E(AA)E(BB)])"%

AE(AB) = E(AB) - [E(AA)-E(BB)]" (2.6)

As a result of this replacement, AE(AB) is always positive, while the results
are practically identical to those obtained using the primary equation.
Pauling’s scale has become generally acknowledged. It is believed to be not
only the most suitable one but also sufficient. Pauling’s method of
electronegativity determination is one of the basic ones till present time.

Thermochemical calculation of EN is not a single method to
determine energy characteristics of atoms. Calculations of electronegativity
using the potentials of ionization and affinity to electron are also widely
used. Ionization potentials are important experimental quantitative
characteristics of the stability of electron configurations of separate atoms
and ions formed from them. Ionization potential characterizes the strength of
electron binding to atomic core being equal to the work against their
interaction forces:

I,=A/e 2.7)

where e is an electron charge, n means the first, second, etc.
ionization potential of the atom.

The ionization of elements is followed by a substantial increase of I,
when passing from p-elements to s-elements (2—4 eV for p-elements and 10—
30 eV for s-elements). On contrary, ionization potentials of p- and d-
elements are close to each other (0.3-0.2 eV for d-elements and 2—4 eV for
p-elements).

On the other hand, when an electron is joined to an atom, energy
equal to the energy of electron binding to atom is released. It is called
“electron affinity energy” (F,) and is determined experimentally as the
energy consumed for removing an electron from negatively charged ion, i.e.
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as ionization potential of the anion. Usual range constitutes (-0.2) +(+3.6)
eVv.

Using the method of valence bonds, Mulliken showed that the
electronegativity (per one electron) can be expressed by the equation [2]

X=12(1,+F,). (2.8)

This was the basis for the “absolute” electronegativity scale which was
linearly linked with Pauling’s scale by the equation:

Xpauting = 0.336 (X,s — 0.615) (2.9)

The definition of electronegativity, according to Mulliken, assumes
its dependence on the valence state of atoms that allows one to reject the idea
of a single EN for each atom independent of its hybridization. Thus, the
necessity arises to take into account an orbital in which the valence electron
is localized.

When investigating this question, Hinze and Jaffe [3] introduced the
concept of “orbital” electronegativity and developed a semi-empirical
method to calculate the ionization potential (I,) and electron affinity (F,) of
any valence state. This allowed to determine electronegativity according to
Mulliken’s procedure taking into account the corresponding valence states of
atoms

X=(I,+F)2 (2.10)
It should be noted that quantum chemical calculations are used to
determine electronegativity of pure s-, p- and d-states. Then, to obtain the

atom’s electronegativity, they are summarized according to the degree of
atom orbital hybridization

X=nX;+nX, +ngX, (2.11)

For example, for sp® hybridization,

X = 1/4(X, + 3X,) (2.12)

The idea of orbital EN was further developed by Iczkowski and

Margrave [4]. They represented the energy of an isolated atom (E) as a
function of electron shell filling:

E(s) =E, + ad + b&? + ¢&* + do*, (2.13)
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where E, is the energy of the ionized core, & is a partial charge of the atom,
a, b, c, d are empirical coefficients depending on the nature of the atom and
on its valence state.

According to the authors opinion, it is sufficient to limit the
consideration to the terms of the second order in the equation 2.13 (at least
for s- and p-elements):

E(s) = E, + ad + b’ 2.14)

Iczkowski and Margrave considered E(s) as a continuous and
differential function of 8; they also identified the EN of an isolated atom as
the first derivative of energy with respect to the number of electrons filling
the valence orbitals

X = dE/dS = a + 2bd (2.15)

This means that electronegativity is a linear function of 8. For neutral atoms
(3 = 0) X is equal to a. For charged atoms (ions), the effect of charge on the
atom electronegativity is more significant due to the term bd.

The main difficulty in the described method of EN determination
consists in the calculation of Iv and Ev values that cannot be determined
experimentally. The description of their calculation procedures comes out of
the frames of the present consideration.

Therefore, in order to solve the questions concerning the degree of
ionic character of a bond, its strength, etc., one uses the values of Pauling’s
electronegativity or absolute electronegativities which are shown in Table
2.1 (the values are taken from the Reference Book [5]).

Table 2.1. Absolute electronegativities of elements [5].

Periods of Mendeleev’s Periodic Table

1 2 3 4 5 6

H 7,18 |Li  3.01 [Na 285 |K 242 [Rb 234 |Cs 2.18

Be 490 [Mg 3.75 |Ca 220 (Sr 2.00 |Ba 2.40

Sc 334 |Y 3.19 [La 3.10

Ti 345 [Zr  3.64 |Hf 3.80

A 3.60 [Nb 4.00 [Ta 4.11

Cr 372 [Mo 390 |W 440

Mn 3.72 |Te 3.91 |[Re 4.02

Fe 4.06 [Ru  4.50 [Os 4.90
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Co 430 |[Rh 430 |[Ir 540
Ni 440 |[Rd 445 [Pt 5.60
Cu 448 |Ag 4.44 |Au 5.77
Zn 445 |Cd 433 |Hg 4091
429 |Al 323|Ga  3.20 [In  3.10 |TI 3.20
6.27 |Si  4.77|Ge 4.60 [Sn 430 |[Pb  3.90
723 |P 5.62|As 530 [Sb  4.85 |IBi 4.69
7.54 |S 6.22|Se  5.89 [Te 549 |[Po 5.16
1041 [Cl 830|Br 7.59 |I 6.76 |At  6.20
He 1230 [Ne 10.60 |[Ar 7.70|Kr 6.79 |[Xe 5.84 |Rn_ 5.10

|0 |Z |0|W

On the basis of electronegativity concept, Pauling formulated the
following rule: the larger is the difference between the electronegativities of
elements, the higher is the energy of the bond between atoms.

The degree of bond ionicity in compounds is estimated using the
equation proposed by Pauling:

i=1-e018,X (2.16)

where i is the ionicity degree, AX = X,-Xp, where X,, Xg are
electronegativities (according to Pauling) of the atoms forming a bond.

Recent years, approaches for the calculations of the
electronegativities of the entire groups of atoms, radicals and molecules have
been developed. According to oxides, Viting introduced a concept of
average orbital electronegativity of a compound, which is estimated
according to the additivity principle [6]. le., average orbital
electronegativity of a compound is equal to:

X =2 X/2n, 2.17)

where n; is a number of atoms in a compound, X; is an absolute
electronegativity of an atom (according to Mulliken).

Average orbital electronegativity is based on the Sanderson’s
postulate of energy levelling and averaging of contributions from atoms
which form a molecule [7]. This energy levelling principle is widely used in
quantum mechanics to describe orbital hybridization during the formation of
chemical bonds [8].

Table 2.2 shows the values of average orbital electronegativities for
some oxides and hydroxides, calculated according to the equation 2.17. One
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Table 2.2. Average orbital electronegativities of some oxides and hydroxides calculated
according to the equation 2.17.

Absolute Average orbital Average orbital
electronegativity electronegativity of electronegativity of
oxide hydroxide
atom Xom oxide X oxide hydroxide Kiyiroside
Cs 2.18 Cs,0 3.95 CsOH 5.63
Rb 2.34 Rb,0 4.07 RbOH 5.64
K 2.42 K,0 4,13 KOH 5.67
Na 2.85 Na,O 4.41 NaOH 5.82
Li 3.02 Li,O 4.52 LiOH 5.90
Sr 2.00 SrO 4.71 Sr(OH), 6.03
Ca 2.20 CaO 4,87 Ca(OH), 6.30
Ba 2.40 BaO 4.97 Ba(OH), 6.35
Mn 3.72 MnO 5.63 Mn(OH), 6.55
Mg 3.75 MgO 5.64 Mg(OH), 6.64
Fe 4.24 FeO 5.89 Fe(OH), 6.73
Mn 3.72 Mn,0; 6.02 Mn(OH);, 6.73
La 3.10 La,0, 5.76 La(OH), 6.74
Ga 3.20 Ga,0, 5.81 Ga(OH), 6.76
Al 3.23 AlLO, 5.82 Al(OH), 6.77
Be 4.90 BeO 6.07 Be(OH), 6.80
Cr 3.72 Cry04 6.01 Cr(OH), 6.85
Fe 4.24 Fe,0, 6.22 Fe(OH), 6.91
Zr 3.64 Zr0, 6.24 Zr(OH), 6.94
Ti 3.45 TiO, 6.18 Ti(OH), 6.94
Ge 4.60 GeO, 6.56 Ge(OH), 7.08
Si 4.77 Si0, 6.62 Si(OH), 7.06
\ 3.60 V,0;5 6.41 HVO, 6.70
W 4.40 WO, 6.75 H,WO, 6.96
P 5.62 P,0; 6.99 H,PO, 7.08
S 6.22 SO, 7.21 H,SO, 7.25
N 7.23 N,0O5 7.44 HNO, 7.40
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can see that they change more regularly comparing to atomic
electronegativities.

Though the concept of orbital EN allowed to unite many general
concepts, it still contains many questions. In particular, the levelling
principle is discussed, as well as specific levelling algorithm (arithmetic or
geometric average), etc.

A more exact solution of the problems dealing with chemical bonds
has been achieved in the frames of the density functional theory which has
been proposed recently. This theory is dynamically developing nowadays
[9]. Without considering the details of this theory, we shall only state that it
involves the electron chemical potential which is the same for the entire
system and is defined as a partial derivative of the electron energy of the
system E with respect to the number of electrons N at a constant external
potential V. It was assumed [10] that the negative electron chemical potential
is identical to electronegativity. The derivative of chemical potential with
respect to the number of electrons in the system (the second derivative of the
energy of the system) was defined as the absolute rigidity of the system.
Having assumed a square dependence of the system energy on the number of
electrons, the authors [11] expressed the electronegativity of X atom using
the ionization potential and electron affinity F as

X=(1+F)2 (2.18)
and their half-difference as the hardness of the system
n=01-F)2. (2.19)

Thus, the definition of EN in the frames of density functional theory
coincides with Mulliken’s idea of absolute EN. Besides, a new parameter
is introduced. It is defined as the absolute rigidity [11].

Studying acid-base properties of acids and bases, Pearson put
forward the principle of “hard”and “soft” acids and bases according to which
hard acids prefer to react with hard bases, while soft acids prefer to react
with soft bases [12,13]. This principle has been widely used in chemistry,
however, no quantitative characteristics of the hardness of acids and bases
were known.

The definition of the hardness 1 according to the density functional
theory easily demonstrates the essence of this parameter. According to
Klopman [8], the potential I and electron affinity F can be expressed through
the energies of boundary orbitals: upper occupied (T) and lower vacant (L)
ones

E;=1 and -E,=F. (2.20)
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The hardness of the system according to the equation (2.19) is determined by
half-difference between energy levels

n=(E.-E)2. (2.21)

Hence, a “hard” molecule should possess a wide energy gap between
the lower and upper orbitals, while in a “soft” molecule this gap should be
narrow. This explains the difference in their polarizability.

Another important postulate, put forward by Pearson [13], is the
principle of maximum hardness, according to which a system tends to attain
the maximum rigidity. This principle was based also on experimental
observations. According to (10), m increases with increasing of ionization
potential and with decreasing of electron affinity. Thus, the system tends
neither to render its own electrons, no to get foreign ones, i.e. to remain
stable.

Hydroxides M(OH), comprise a numerous class of compounds
ranging from strongly basic hydroxides of alkaline metals and alkaline
earths, to the so-called amphoteric hydroxides (of beryllium, aluminium,
zinc and others) and the hydroxides of transition metals, and further to
hydroxo-acids formed by non-metals or semi-metals.

Crystal structures of hydroxides and hydrated oxides are in close
connection with the nature of chemical bonds in them. Hydroxides formed
by the cations with small charge and low polarizing ability possess ion
lattice. They include sodium and potassium hydroxides. With increasing
charge and decreasing of a cation radius, layered structures appear (LiOH,
Mg(OH),, Ca(OH),, etc.). They are characterized by three-layered packings.
The OH anions compose the first and the third layer, being laid one on
another, according to the principle of the closest hexagonal packing. The
cations occupy the second layer and are located in the octahedral sites
formed by anions (three out of each layer).

For the compounds with amphoteric properties, the existence of
coordination groups Me(OH), (tetrahedrons) and Me(OH)s (octahedrons) is
characteristic; hydroxyl bonds exist between separate groups. Molecular
structures are characteristic of the compounds with clearly expressed acidic
properties. This means that lattice sites are occupied by molecules bound to
each other by hydrogen bonds. Since this leads to the decrease of lattice
strength, some acids are liquids under normal conditions, while all the bases
and amphoteric hydroxides are solids.

Hydrogen bond arises as a result of the hydroxyl ion behaviour in
the vicinity of a cation. Three types of OH™ ion behaviour are possible: a) as
an ion with efficient spherical symmetry; b) with cylindrical symmetry; c)
polarized in a manner causing tetrahedral charge distribution [14].

The formation of hydrogen bonds occurs in the case c. The transition
from (b) to (c) is observed with increasing of cation charge. Polarizing
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ability of M™ cation is proportional to ne/r>. For Ca®*, La**, AP*itis 1.8, 2.0,
9.1, respectively, i.e. for AP* it is much higher than for Ca®* and La®*. Hence,
it is clear why hydrogen bonds exist in AI(OH), but not in Ca(OH), or
La(OH),.

Structural characteristics for a series of hydroxides are shown in
Table 2.3 [15].

Table 2.3. Structural characteristics of hydroxides and hydrated oxides [15].

Space |Number
Hydroxide | Syngony Lattice parameters, nm group of
coord-
inated
OH
groups
a b ¢ B.°
LiOH tetragonal | 0,355 0,435 P4/nmn 4
LiOH H,O [monoclinic| 0.737 | 0.826 | 0.319 | 110- 2/m
Mg(OH), hexagonal | 0.315 0.476 P3ml
Ca(OH), hexagonal | 0.358 0.489 P3ml 6
Mn(OH), hexagonal | 0.334 0.468 - 6
Fe(OH), hexagonal | 0.324 0.447 P3ml 6
a-FeO(OH) [ rhombic | 0.460 | 0.994 | 0.300 Pbnm
a-Co(OH), | hexagonal | 0.309 0.800 P3ml
B-Co(OH), | hexagonal | 0.317 0.464 P3ml
CoOOH trigonal | 0.285 1.315 R3m
Ni(OH), hexagonal | 0.312 0.450 C3m
B-NiO(OH) | hexagonal | 0.304 0.452 C3m
Cu(OH), rhombic | 0.295 | 1.058 | 0.526 Cmem 6
2-Zn(OH), | rhombic | 0.517 | 0.855 | 0.493 P2,2,2, 4
Al(OH), monoclinic | 0.864 | 0.507 | 0.472 | 94.34 | P2,/n 6
y - gibbsite
Al(OH), triclinic | 1.733 | 1.008 | 0.373 | 94.17 6
v'-gibbsite
Al(OH), monoclinic | 0.501 | 0.868 | 0.476 | 90.27 | P2,/n 6
bayerite
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Al(OH), triclinic | 0.889 | 0.500 | 1.020 [100.23 6

norstrandite

AlOOH ortho- | 0.297 | 1.223 | 0.570 P2m2m2m| 5

boemite rhombic

AlOOH ortho- | 0.440 | 0.943 | 0.284 Pbnm 3

diaspare rhombic

La(OH), hexagonal | 6.523 | 3.855 P6y/m 9

Si0,'nH,0 X-ray
amorphous

TiO,-nH,0 X-ray -
amorphous

H,V,0 ortho- | 0.356 | 0.437 | 1.155 -
rhombic

H,WO, ortho- |[0.514 | 1.070 | 0.512 Pmnb
rhombic

H,PO,05H,0 | monoclinic | 0,792 | 1,299 | 0.747 | 109.9 -

It is not quite correct to write chemical formulas as MeO-H,O,
Me,0;-H,0 instead of Me(OH),, Me(OH),, since structural data suggest that
hydroxides are composed of Me** or Me** cations, and OH" groups, while
oxyhydroxides are composed of OH, O* and Me™ ions. Nevertheless, in
order to simplify the presentation, we use this form of writing in some cases.

2.2. Properties of hydrated oxides
2.2.1. Acid-base properties

Different approaches are used to explain acid-base properties of
substances. According to Bronsted and Lowry [16,17], an acid is a substance
able to act as proton donor, while a base is a substance able to act as proton
acceptor. According to Lewis [18], acids are the compounds that are able to
accept electron pairs forming covalent bond, while bases are the compounds
that act as donors of electron pair.

Acid-base properties of cations incorporated into the compounds are
dependent to a great extent on the cation charge density. This is explained by
the fact that in the compounds containing oxygen-hydrogen groups, the
cations of large radius and low valency, i.e. with low electron density, are
bound to oxygen weaker than to hydrogen. Therefore, the dissociation of
hydroxides, for example, occurs according to the scheme MeOH — Me" +
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cations form another limiting group. In these compounds the cation is bound
to oxygen much stronger than to hydrogen. Therefore, they dissociate
releasing H', according to the scheme HMeQ, — H' + MeQ;, thus, being
related to acids. Cations with amphoteric properties occupy an intermediate
position between the two limiting cases. It was proposed to characterize the
compounds quantitatively using ion potential F which is a ratio of the charge
of central ion to its radius Z™/r, where Z™ is a charge of a cation and r is its

radius. If \/F < 2.2, a hydroxide is considered to be a base; for 2.2 < \/F <

3.2, a hydroxide is amphoteric; for \/d) >3.2, it is an acid [19].
The strength of bases and acids in solution is characterized by their
dissociation constants

K, = [H*][MeO,)/[HMeO;]; K, =[M'J[OH)/[MOH]. (2.22)

Their acidic or basic properties are characterized by pH = -Ig[H"].

For solid acids and bases, the acidic and basic properties can also be
expressed by a similar equation, but it incorporates the concentrations of
acidic or basic sites present on the surface instead of concentrations of
hydrogen or hydroxyl ions:

- 1g[H",,1] = - 1gKa-1g[MO;}/[HMeO;] = H,
- 1g[OH,¢] = - 1gKb - Ig[M']/[MOH] = H. (2.23)

H,and H. are called Hammett functions [20].

The acidic and basic properties of aqueous solutions are changed
within the pH range from O to 14, while for solid acids and bases, they can
be changed within the range —30 < Hy, H. < +40. A boundary point between
H, and H. is Hy = 7. One can see that these limits are much broader than in
the case of aqueous solutions. Acids with Hy value within 7 + -12 correspond
to usual acids, while above —12, they are superacids. Similarly, the bases
with H. from 7 to 26 correspond to usual bases while above 26 they are
superbases. The concept of superacids and superbases is widely used to
explain the processes that take place in acid-base catalysis [21].

The strength of solid acids and bases is characterized by proton
affinity (PA). For a base B, PA is equal to the enthalpy of reaction B + H" —
BH' in gas phase, where B is electrically neutral base and BH" is its
protonated form. The methods have been developed to determine PA for
various compounds by the combined application of different indicators,
sorbents and IR spectroscopy methods [22].

The monograph [22] presents the results on PA determination for
some oxides using IR spectroscopy data (according to the positions of bands
of OH groups on oxide surfaces). They are equal to (in kJ/mol): MgO -
1560, CaO - 1870 and 1740 (1805 as an average), Al,O, - 1440, 1570, 1440,
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1410, 1380 (for different adsorption bands), 1448 as an average, SiO,
1440, Y,0, - 1470, TiO, (anatase) - 1310, 1340, 1380 (1343 s an average),
TiO, (rutile) - 1375, ZrO, - 1495, 1600 (1547 as an average), P,Os - 1300. In
general, the changes in the acidity of OH groups on oxide surface follow the
regularities governed by the Periodic law: the higher is the position occupied
by an element in Mendeleev's Table (for each group), the higher is proton
donor ability of the surface. For each period, the acidity of groups increases
with increasing of element number.

For quantitative estimations of acid-base properties, the above-
described ideas of electronegativity are used. Besides electronegativities of
atoms, Table 2.2 shows also the data of orbital electronegativities of the
oxides and hydroxides. These data suggest that small values characterize
basic properties while large values refer to acidic properties; intermediate
values are typical for compounds with amphoteric properties.

Different researchers tried to establish a correlation between acid-
base properties of compounds, in particular, of oxides, and their
thermodynamic parameters, in order to range them in a definite row and to
get a scale representing quantitative characterization of acid-base properties.

One of such scales has been proposed in [23]. This scale is based on
Gibbs energy of the formation of sulphates from a basic oxide and sulphuric
oxide SO;, and of sodium salts from acid and sodium oxides. The data are
shown in Table 2.4.

Table 2.4. The row of basic oxides according to the decrease of the energy of sulphate
formation and the increase of the energy of sodium salt formation {23].

Basic AG) of sulphate, | Acidanion | AGY  of sodium

oxide KkJ/mol salts, kJ/mol
Cs,0 -328,1 ZnO,” -11,3
RbO -323,5 OH -71,9
K,0 3118 SnO,* 79,4
BaO -227,0 FeO, -79,4
SrO -201,9 PbO,* -83.6
Li,0 11952 AIO; -89.9
CaO -173,0 TiO,* -96,1
TLO -152,6 NO, -110,8
La,0, -129,6 SbO* -120,0
PbO -125,8 Si0,* -122,5
7:0, -125,0 Co -138,4
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Nd,0, -120,8 AsO> -149,2
Sm,0, -117,0 MoO,* -153,8
Ag,0 -117,0 WO/» -164,3
MgO -116,6 VO; -164,7
CdO -112,0 Mo,0/* -170,1
MnO -111,0 CrO> -168,9
In,0, -103,2 PO*> -182,7
Hg,O -102,4 SO.> -188,1
Bi,0, -100,3 10, -193,1
FeO -99.,5 Cr,0> -193,1
NiO -93,6 NO; -238,3
Zn0O -91,5 POy -246,2
CoO -89,0 SO* -252.9
HgO -83,6 ClOy -356,5
CuO -82,3

Mn,0, -76,9

BeO -71,7

ALO, -66,5

SnO, -36,8

The acidity of cation changes according to its oxidation degree and

the number of the surrounding ions, i.e. its coordination number. For
example, when the oxidation degree for manganese ion increases by unit, the
acidity increases by 2-3 times, while for silicon ion Si*, it decreases when
coordination number increases from 4 to 6.

The influence of the mentioned parameters on acid-base properties
can be considered on the basis of force characteristics of ions, which, unlike
electronegativities, are more sensitive to the electron structure of elements
[24]. This is explained by the fact that the equation for the force
characteristics y;, determined as a ratio of n-ionization potential I, to efficient
radius r;,

- (224)

includes ion radius, which depends on the electron structure of element.

It was found out that the strength of cation binding to the O* anion
in oxygen-containing compounds is better expressed by the effective
characteristic, i.e., ¥; divided by coordination number, which defines the
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cation — ligand force in every direction of the coordination polyhedron. This
characteristic is an analog of electronegativity, since it is also calculated per
one bond. It is based on experimental data (I, 1;, coordination numbers).

Table 2.5 shows these characteristics as they increase. One can see
that there is an agreement with the data shown in Tables 2.2 and 2.4. The
first assumptions concerning the possibility of reaction to proceed in
mixtures of components with different acid-base properties can be made
using these data. It is evident that the highest efficiency should be expected
in mixtures exhibiting a maximum difference in acid-base properties of
components.

Table 2.5. Values of ¥; divided by coordination number (an analogue of electronegativity) for
some cations, ranged as the value increases [26,27,28].

Coordina | Ionization | Ion radius, | y=1I/r; | y/coordina-
Cation | -tion | potential I, nm tion number
number eV

Cs" 12 3.89 0.202 19.25 1.60
8 0.196 19.85 2.48
0.184 21.14 3.52
Rb* 12 4.18 0.187 22.35 1.86
8 0.174 24.02 3.00
6 0.163 25.64 4.28
K* 12 4.34 0.174 24.94 2.08
8 0.165 26.30 3.29
6 0.152 34.96 5.83
Na* 8 5.14 0.130 39.54 4.94
6 0.116 4431 7.38
4 0.113 45.49 11.37
Li* 6 5.39 0.088 61.25 10.21
4 0.073 73.83 18.46
Ba®" 12 10.00 0.174 57.47 4.79
8 0.156 64.10 8.01
6 0.150 66.66 11.11
St 12 11.03 0.154 71.62 6.49
8 0.139 79.35 9.92
0.127 86.85 14.47
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Ca®* 12 11.87 0.149 79.66 6.64
8 0.126 94.21 11.78

6 0.114 | 104.12 17.35

Pb* 12 15.03 0.163 92.21 7.68
8 0.145 103.65 12.96

6 0.132 113.86 18.98

4 0.108 139.17 34.79

Sn 8 14.63 0.136 107.64 13.45
Mn?* 8 15.64 0.107 146.17 18.27
6(H)" 0.097 161.24 26.87

6(L)" 0.081 193.09 32.18

Mg** 8 15.04 0.103 146.00 18.25
6 0.086 174.88 29.15

4 0.072 | 208.89 52.22

Fe?* 6(H) 16.18 0.092 175.87 29.31
6(L) 0.075 | 215.73 35.95

4 0.077 | 210.13 52.53

Co? 6(H) 17.06 0.088 193.86 32.30
6(L) 0.079 [ 215.95 35.99

4 0.071 | 240.28 60.07

Ni** 6 18.15 0.083 | 218.67 36.44
Zn* 8 17.96 0.104 | 172.69 21.5
6 0.089 | 201.79 33.63

4 0.074 | 242.70 60.67

G 6 20.29 0.087 | 233.22 38.87
4 0.176 | 266.97 66.74

La™ 12 19.17 0.146 131.30 10.94
8 0.132 145.22 18.15

6 0.119 161.09 26.85

b il 8 20.5 0.115 178.26 22.28
6 0.104 197.11 32.85

Bi** 8 25.6 0.125 | 204.80 25.6
6 0.116 | 220.68 36.78

CrY 6 31.0 0.076 | 407.89 67.98
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Mn** 6(H) 33.69 0.079 | 426.45 71.07
6(L) 0.072 | 467.92 77.99

Fe*' 6(H) 30.64 0.079 387.8 64.64
6(L) 0.069 | 444.06 74.00

4 0.063 | 486.34 121.59

Ga™* 6 30.70 0.074 | 388.60 64.77
4 0.061 | 503.27 125.82

Al 6 28.44 0.067 | 424.48 70.75
5 0.062 | 458.71 91.74

4 0.053 | 536.60 134.15

v/ 8 33.97 0.092 | 369.23 46.15
6 0.086 395.0 65.84

w* 6 35.0 0.079 443.0 73.83
S i 6 4324 0.075 | 576.53 96.09
i 6 48.0 0.073 | 657.53 109.58
Ge*"' 6 45.7 0.068 | 761.66 126.94
4 0.054 | 84630 | 211.57

Si** 4 45.13 0.040 |1120.82| 280.20
VA 6 56.0 0.068 | 823.53 137.25
4 0.050 | 1120.0 | 280.00

we 6 61.0 0.074 | 82432 137.38
4 0.056 | 108928 | 272.32

p* 4 65.1 0.031 | 2100.0 | 525.00
N°** 3 47.43 0.020 |[2371.5] 790.50

" (H) — high-spin state, *" (L) — low-spin state.

2.2.2. The solubility of hydroxides

Water is one of the products formed via mechanochemical
interaction between hydroxides. Its presence can substantially effect on the
mechanism of transport processes and, thus, on the kinetics of
mechanochemical processes, since some reaction products (initial or final)
can be dissolved in it. Hence, the reaction could proceed with the
participation of the dissolved forms of components.
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The major part of hydroxides are poorly soluble or insoluble in
water, except well-soluble hydroxides of alkaline metals and thallium, and
much worse soluble hydroxides of alkaline earths.

The analysis of the solubility of compounds is usually made on the
basis of the solubility product (L), which, in fact, is the equilibrium constant
of the process

A,Byoiiay = XA 4 + YB gy (2.25)
Thus, L = [A™]* [B*]/[A,B,]. (2.26)

The equilibrium constant is connected with free energy of dissolution AG by
the equation

AG, = - RTInL. (2.27)

The state of ions in an infinitely diluted solution (ion activity
product) is selected to be the standard state, and the activity of A,B g is
taken to be unity.

It is admitted to use the concentrations expressed in moles per 1000
¢ of H,O (molality), instead of activities for poorly soluble compounds, and
the index pL = - IgL, instead of concentrations product.

For hydroxides possessing partially covalent bond, Clifford
discovered a linear dependence between the difference in electronegativities
AX of A and B (in the case when AX is not very large) and the solubility
[29].

For the hydroxides of divalent metals (Fe, Co, Ni, Mg, Ca, Mn, Cu,
etc.), an equation using the least squares was proposed (here, AX according
to Pauling):

pL =65.9-24.4 AX. (2.28)

The largest deviations from linearity are observed for Be(OH), and Sn(OH),.
A similar correlation for the hydroxides of trivalent metals (Ce, La,
Y, Sc, Al, Cr, In, Ga, Fe, Co, Tl, Ir, Au) brings to the following equation

pL =86.1 —-27.4 AX. (2.29)

In this case, the deviation is the largest for Au(OH),; however, the accuracy
of its measured solubility is doubtful.

We obtained a satisfactory correlation between the solubility index
pL and the parameter y/coordination number, proposed by Godovikov [24].
This parameter is an analogue of -electronegativity. We accepted
coordination number equal to 6. The data are listed in Table 2.6. Hydroxides
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that deviate from the correlation are those of Pb** and Sn*; they are related
to the intermediate acids, according to Pearson's classification; the others are
related to hard acids. The reason of this deviation, probably, consists in their

soft character.

Table 2.6. Correlation between the solubility product of hydroxides and ; value divided by

coordination number 6.

Hydroxide -lgL=pL [30] | y/coord. number
CsOH -13.75 3.52
RbOH -12.50 4.28
KOH -10.70 5.83
NaOH -7.20 7.38
Ba(OH), -3.30 11.11

LiOH -1.87 10.21
Sr(OH), -0.37 14.47
Ca(OH), +5.00 17.35
Mg(OH), +10.95 29.15
Mn(OH), +12.80 32.18
Cd(OH), +14.00 25.80
Fe(OH), +15.15 35.95
Co(OH), +15.40 35.49
Zn(OH), +16.83 33.63
Ni(OH), +17.82 36.44
Cu(OH), +19.38 38.87
Pb(OH), +19.70 18.98
La(OH), +19.70 26.85
Y(OH), +19.50 32.85
Sn(OH), +25.70 13.45
Cr(OH), +29.5 67.98
Al(OH), +33.6 70.75
Ga(OH), +37.2 64.80
Mn(OH), +37.6 77.90
Fe(OH), +38.6 74.00
Co(OH), +40.5 74.42
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Sn(OH), +56.0 81.79
HWO, +21.62 137.38

2.2.3. Thermal properties

Hydroxides and hydrated oxides lose water under heating and turn
into anhydrous ordinary oxides (except strongly basic hydroxides of alkaline
metals that melt without decomposition).

The data on decomposition temperatures of hydroxides and hydrated
oxides, as well as the data on enthalpy and entropy of their formation, are
listed in Table 2.7 according to [30-32].

Table 2.7. Decomposition temperature, enthalpy and entropy of formation for some
hydroxides and hydrated oxides [30-32].

Compound Temperature | AH°g.,, $%06
range of water kJ/mol J/mol-K
removal, °C

LiOH Melting 473 -484.9 42.86
LiOH H,0 40-109 -788.3 71.4
Mg(OH), 350-480 -924.35 63.2
Ca(OH), 480-620 -983.68 83.3
Mn(OH), 145-230 -701.4 81.5
MnO(OH) 360-400 - -
Fe(OH), 100-300 -572.7 88.0
a-FeO(OH) 280-380 -559.8 -
Co(OH), 150-300 -541.0 83.0
CoO(OH) 120-190 - -
Ni(OH), 280-380 - -
Al(OH),, gibbsite 325-330 -1293.5 68.4
Al(OH),, bayerite 305-310 -1288.3 68.4
Al(OH),, norstandite 300-330 - -
AlOOH, boemite 450-580 -986.8 48.4
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AlOOH, diaspore 540-585 -999.0 35.2
La(OH), -1408.7 34.6
H,SiO, -1481.1 192.0
Si0,-nH,0, H,SiO;, -1188.7 134.0
H,Si,05 -2088.7 192.0
H,Si,0, -2669.4 331.0
H,TiO, 60-470

H,V,04 300-400

H,WO, 180-300

H,PO,

H,P0O,:0.5H,0 -1283.0

One can see that decomposition temperatures of these compounds are
within temperature range 40-600°C. Some compounds, such as monohydrate
of lithium hydroxide (40°C), hydrated titanium dioxide (60°C), iron
hydroxide (100°C), manganese (145°C) and cobalt (150°C) hydroxides,
tungsten acid (180°C), etc., start to release water at relatively low
temperatures. Other compounds decompose at a temperature above 200°C.
No correlation between formation enthalpy and thermal stability of
hydroxides and hydrated oxides is observed.

2.3. The preparation of hydroxides

Hydrated oxides with clearly exhibited basic and acidic properties
are well soluble in water. They are prepared by the interaction of the
corresponding oxides or metals with water. Weak bases, ampholytes and
weak acids are practically insoluble or poorly soluble. Exchange reactions
between the solutions of the corresponding salts and strong bases are used to
synthesize them.

The most pure precipitates of the mentioned hydroxides are obtained
from nitrate solutions of relatively low concentrations (till 1 N) with a
stoichiometric amount of the precipitating agent (sodium hydroxide or
ammonia) [32].

The hydroxide precipitates as prepared always contain variable
amounts of non-structural water (as H,O molecules) depending on
precipitation conditions. Water content decreases when passing from diluted
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solutions to concentrated ones, and from slow (dropwise) addition of
precipitating reagent to rapid (flow). The amount of non-structural water
decreases with precipitate ageing. The water content of precipitates
decreases when passing from nitrates to chlorides and sulphates.

The dispersity of hydroxide precipitates can be governed by
changing precipitation conditions. Particle size increases in the following
row of salts used for precipitation: sulphates — chlorides — nitrates, and with
passing from fast precipitation from concentrated solutions to slow
precipitation from diluted ones.

As a rule, the fresh precipitates are X-ray amorphous. Crystallization
is accelerated at increased temperature of the mother solution; crystallization
also takes place during precipitate ageing.

A fundamental phenomenon for the consideration of hydroxide
formation process is a hydrolysis, which is an exchange decomposition of
the compounds by water

M™ + H,0 - MOH """ + H* (2.30)
characterized by the hydrolysis constant
K = {{(MOH)™""}-[H']}/ [M™] 231

This constant involves concentrations; the activity of water is
accepted to be 1.

The ability of compound to be hydrolyzed depends on the cation
parameters I, and % which govern the polarizability of Me — O bond and the
formation of strong hybrid orbitals. For d-elements, d- , s- and p-orbitals in
the outer electron shells are close to each other by energy. Therefore, d-
elements exhibit an increased trend to hybridization with the participation of
d-orbitals. This fact, as well as large I and X values, help to form stable
complex compounds, while the ability to hydrolysis is closely correlated
with the activity to complex formation.

Hydrolysis results in the formation of hydroxo-complexes which
exhibit more or less strong tendency to form polynuclear hydroxo-complexes
as a result of polymerization or polycondensation processes. Complex-
forming ions are bound to each other with bridge OH groups (ol-bonds) or
O-bridges (oxo-bonds). The formation of these bonds is an essential part of
the ageing processes of the solutions prone to hydrolysis. The higher is
coordination activity of a cation, the stronger is its tendency to hydrolysis
and to multinuclear hydroxo-complexes formation.

Table 2.8 shows hydrolysis constants for some cations and ‘y
/coordination number 6’ values taken from Table 2.3.
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Table 2.8 A correlation between hydrolysis constants of cations and y/coordination number 6

values.

E. Avvakumov, M. Senna, N. Kosova

M IgK y/coordination number 6
Na' -14.48 7.38
K* -13.82 5.83
Ba™ -13.40 11.11
Sr* -13.18 14.47
Ca™ -12.70 17.35
L™ -10.70 26.85
Mg -11.42 29.15
Mn** -10.70 32.18
Fe* -10.10 35.95
Zn* -9.60 33.63
Co** -9.60 35.99
Ni** -9.40 36.44
Pb** -7.78 18.98
Cu” -7.53 38.87
Y -7.00 32.85
AP -5.14 70.75
Sn** -4.30 13.45
cr -4.01 67.98
Ga™* -3.40 64.77
e -2.92 68.70
Fe'* -2.19 74.00
Co™* -2.00 50.31
Bi’* 1758 36.78
Zr" -0.22 65.84

A clear correlation with the mentioned values is observed for Na*, Li",
2 2+ 2+ 2 + 3 3+ + 3+ 3+ -+ + .
Ba’", Sr’", Ca’", Mg”", Mn”", Fe¥*, Ga’", Cr*", La*", AP’", V", Zr*" cations.
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For Sn*, Pb¥, Bi**, Co®* cations, a deviation from the mentioned correlation
is observed. According to Pierson's classification, the former cations are
related to hard acids, while the latter ones are considered as intermediate
ones, i.e., the reason of the deviation, probably, consists in their softness.

Detailed investigations on the formation of precipitates from the
viewpoint of the existence of intermediate products during the formation of
product particles have been carried out. For magnesium hydroxide, these
investigations are described in [33].

Chemical bond Mg — OH is characterized by the predominance of
the ionic constituent (65-80 %). In alkaline precipitation from magnesium
hydroxide solutions, its ageing occurs rather rapidly according to the
mechanism of collective recrystallization without changing of phase
composition. This process is accompanied by a decrease of specific surface
area [33]. Due to weak coordination ability of Mg*, no polynuclear
hydroxo- complexes are formed in solutions as was demonstrated by means
of NMR [34]. Therefore, the time of magnesium hydroxide deposition from
solution is much shorter than that for other hydroxides.

A* ion is a typical complexing agent able to form strong complexes
with tetrahedral sp® coordination bonds. The presence of Al(H,0)¢",
AL(OH),(H,0),**, Al,;O0,(OH),,”* complexes in solutions was separately
identified by means of NMR *'Al [35]. The structure of these complexes was
investigated by means of X-ray diffraction [36].

Hydroxo-complexes are formed via polycondensation mechanism
including the stages of ligand substitution, olation (formation of Al-OH
bonds) and oxolation (formation of Al-O bonds) [37]. When definite size of
particles and supersaturation degree are achieved, the condensed particles
grow together according to the fluctuation mechanism till the size of primary
particles is achieved. The mechanism of the formation of primary particles is
poorly investigated; however, it is known that they have spherical or oval
form, their size being up to 1.0 - 4.0 nm. The aggregation of particles
proceeds via coagulation mechanism which is stepwise. Weak coagulation
bonds turn into condensation bonds with time that causes irreversible ageing
of the system.

A large fraction of covalent character in Al-O bonds (63 %) provides
a significant duration of all the processes of the formation of aluminium
hydroxide via alkaline precipitation from salts solutions. According to NMR
relaxation data, the formation of aluminium hydroxide sol proceeds from
several tens minutes to hours, while aluminium hydroxide ageing under the
layer of mother solution can proceed hours and days [38].

A substantial fraction of the ionic character of Al — O bond and the
absence of the own electrons in the valence shell of AI** make the complexes
kinetically labile that allows to obtain crystal aluminium hydroxides
(gibbsite, bayerite, boemite, norstandite and diaspore) using the reactions in
water solutions [33,34].
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The formation of oxyhydrate precipitates during the hydrolysis of
silicon salts proceeds via the scheme:

I. Hydrolysis and formation of polymeric hydroxo-complexes
II. Formation of primary particles

II1. Coagulation with the formation of gels
A
IV. Ageing of precipitates

However, each of these stages has its specific features, which is
explained by clearly exhibited properties of the Si*' ion possessing powerful
force characteristics and high electronegativity. First of all, the
polymerization of silicic acid proceeds via the anion type but not cation one.
This process is accompanied by the formation of chains and nets of SiO,
tetrahedrons which possess four strong Si-O 8-bonds formed similarly to sp’®
hybridization of valence orbitals of silicon. The formation of polymers
occurs according to the condensation mechanism (HO),SiOH + OHSi(OH),
— (HO);810 - O - Si(OH), + H,0.

As a result of growing together, globules of primary particles of the
size 2 — 100 nm are formed at the II stage. Due to strong orienting action of
Si*" ion, the structure of the primary particle is an openwork carcass
composed of SiQy tetrahedrons with a large number of the end OH groups
and water molecules in the voids between the tetrahedrons [39]. Hydrogen
ions of OH groups can participate in ion exchange reactions with cations.

Coagulation of hydrated silica sols at the III stage leads to the
formation of globular gels in which primary particles are randomly packed.
Primary particles which comprise coagulations products are bound at first by
weak coagulation forces; later these turn into condensation bonds of the Si —
O - Si type. In general, the processes that take place at the II and III stages
of structure formation result in the formation of a framework carcass of SiQ,
tetrahedrons and their globular aggregates. Thus formed carcass possesses
increased rigidity and acts against Laplas forces during the drying of silicic
acid gels. Because of this, xerogels possess a developed specific surface (up
to 800 m*/g) and a system of ultra- and micro-pores.

At the IV stage, the ageing of gels is accompanied by the
transformation of coagulation bonds into condensation bonds, and by re-
condensation processes.

The processes which take place according to the mentioned stages
are partially overlapped that brings to complications into the mechanism of
silica gel formation and into the preparation of products with prescribed
properties. In particular, it is impossible to obtain crystal silicic acid from
gels under usual conditions.
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The most up-to-date opinion concerning the behaviour of Ti**ions in
solutions is reported in [40, 41]. The mechanism of the formation of
amorphous precipitates is considered within the frames of a scheme outlined
above for silicic acid.

Ti** ions can form multinuclear linear and voluminous complexes in
solutions. The nuclei of these complexes are bound to each other via ol and
oxol bonds. There is a connection between the structure of primary hydroxo-
complexes and hydroxide gels. In particular, depending on the method of
preparation of hydrated titanium dioxide, TiO, of either anatase or rutile
structure can be obtained.

The energy states of 3d-, 4s- and 4p-orbitals being closed to each
other, together with high ion potential, provide an increased tendency of Ti*
ions to form hybrid bonds d’p® with a strong polarization of O> ions. A
rigid orientation of coordination bonds of Ti* ions with ligands brings to
complications into rearrangement of the structures in solution and
precipitates. The tendency to form intermediate structures is clearly
exhibited by Ti*" ions that causes long induction periods, slow ageing of
precipitates and solutions, amorphous character of hydroxide precipitates,
etc.

The structure of titanium complexes affects the formation of
hydrated titanium dioxide structure, since rutile and anatase lattices are
composed of TiO, octahedrons connected in definite manner. The formation
of anatase structure occurs when two octahedral complexes form a common
vertex. When two octahedrons are united via their edges, rutile structure is
formed. Based on this assumption, it is considered that if titanium (IV)
complexes with one reactive centre are formed during hydrolysis, anatase
structure is formed; if there are two reactive centres, then rutile structure is
formed.

The results of fundamental investigations of the formation of
hydrated zirconium dioxide are reported in [41]. The oxidation degree of
zirconium ions is +4 in nearly all its compounds. Possessing rather large
radius (0.092 nm) and rather low ion potential, it forms sterically maximal
number of bonds. Accordingly, in the major part of its compounds, Zr** ions
exhibits coordination number 8.

This is also the evidence of a substantial fraction of ionicity of
zirconium bonds with ligands. However, zirconium forms strong directed
bonds. With coordination number 8, it uses hybrid p-orbitals of d*sp® type,
that leads to dodecahedral configuration of bonds. Thus, zirconium
compounds are prone to hydrolysis and hydrolytic condensation. In
particular, in the solutions of zirconium chloride ZrOCl,8H,0, a tetramer
[Zr,(OH),((H,0)]° is the prevailing form, which is able to participate in
further polymerisation processes. According to the data [42], the structure of
the tetramer corresponds to the following scheme:



36 E. Awakumov, M. Senna, N. Kosova

(H0),  (H;0),

N

HO Zr OH

(H,0), OH HO (H,0),
NP4
Zr Zr
/7 I\ /

(H,0),| QH HO | (H;0),

HO

Zr OH

(H0), (H0),

Along with olation, the solutions of Zr** salts can also undergo
oxolation processes. The presence of the anions of weak acids in solution
helps this process. The addition of F~ ions that get tightly bound to Z*" and
even are able, under definite conditions, to replace OH  groups from the
inner coordination sphere, causes deolation and even deoxolation, thus,
destroying polymer forms [43]. Vice versa, the addition of anions able to
form strong bridge bonds with Zr** ions strengthens ol bonds (the effect of
mutual strengthening of bonds in conjugated bridges).

Zr(OH), gels formed during hydrolysis and polymerization are
composed of particles with a size of 3 nm, i.e. the formation of zirconium
hydroxides occurs via the scheme similar to that describing the formation of
hydrated silica gel.

The treatment of Zr*" solutions with alkaliis and ammonia leads to
the formation of amorphous hydroxide which is stable against
crystallization. The resistance to rearrangements is due to the nature of
chemical bonds, their rigidity. This leads to the appearance of induction
period in precipitation, to deceleration of precipitate ageing processes, etc.
This is accompanied by high stability of zirconium complexes. Coordination
number for O changes from 2 to 3-4 during dehydration of the amorphous
Zr** hydroxide. It is stated that this change allows to obtain intermediate
oxide forms able to active agglomeration.

Thus, the mechanisms of processes which occur during the
hydrolysis of many compounds are well explained from the viewpoint of
coordination chemistry.
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Chapter 3

SOME THEORETICAL ASPECTS OF
MECHANOCHEMICAL REACTIONS

3.1. Thermodynamics of acid-base reactions

Chemical interaction between solids involves the consumption of
some compounds and the formation of others. These processes occur in
agreement with physicochemical laws and can be characterized using the
fundamental thermodynamic equations. The main of them is the equation

AG = AH - TAS 3.1

which describes the changes of the isobar-isothermal potential (Gibbs free
energy) with the process enthalpy AH and entropy AS, the functions of the
state.

A principal possibility for one or another chemical reaction to occur
is determined by the sign of AG. According to the laws of thermodynamics,
the process occurs spontaneously in the direction of decreasing the free
Gibbs energy. A reaction between the substances proceeds with the
formation of products, if

AGreac = ZAGfmal products ~ z:AGinitial productss AG<0 (32)

and takes the back direction if AG > 0.
For example, in the reaction Agyq + Bgia = ABges Gibbs energy is
estimated as

AG e = AG’,c + RT In a,p/(a, a5) (33)
where a,, ag, @, are the activities of the initial and final products. However,
since the activity of solids is equal (or close) to unity at normal pressure and
room temperature, then

AGI’CBC = AGOI‘CSC (3 ‘4)

Thus, in order to determine the possibility for a reaction to proceed,
it is sufficient to know AG’, in standard state (p = 0. MPa, T = 298 K)
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which is calculated as the difference between Gibbs energies of the
formation of final and initial products in standard state. These values are
listed in reference books.

If a reaction in a mixture of solids is accompanied by the formation
of gas or fluid phases (melts, solutions), solid solutions, or by the
generation of defects, then, for a more strict thermodynamic forecast, it is
necessary to take into account the changes of entropy and specific heat
capacity during phase transitions of the components (melting, vaporization,
dissolution), changes of volume and other parameters. If these factors are
not taken into account, one can come across the contradictions between
experimental data and thermodynamic calculations.

It is known that the more is the difference in acid-base properties of
the reagents, the faster and more complete is the interaction.
Thermodynamic data confirm this statement. The Gibbs energies for the
reactions of a similar type correlate with the differences in acid-base
properties of these reagents. The larger is the difference, the more negative
is the value of Gibbs energy. Table 3.1 represents the data on the formation
of complex oxides from ordinary ones [1]. The oxides of elements from the
upper left corner of the table which have the largest differences in acid-base
properties are exhibited by more negative values of AG,, too.

Table 3.1. Gibbs energy (kJ/g-equiv.) for the formation of compounds from ordinary oxides

{1}.

so, | N0, | co, Si0, | Fe,0, | ALO,
K,O -311.8 | -290.5 | -173.5 | -131.7 - -
Na,0 -255.8 | -237.8 | -138.3 | -122.5 | -79.4 | -89.4
BaO 2270 | -1944 | -1083 | -78.8 | -48.5 | -53.9
SrO 2019 | -170.1 | -91.5 | -65.6 . -44.3
Li,0 1952 | -163.4 | 911 | -71.4 | -593 | -56.8
CaO -173.0 | -129.6 | -64.8 | -443 | -334 | -117
PbO 1258 | 919 | -234 | -84 - !

| Ag,0 -117.0 | -87.8 | -159 . « -
MgO -1166 | -706 | -322 | -18.0 | -263 -
Cdo 1120 | -752 | -255 | -104 - -
MnO 1112 | -133.7 | 301 | -41.8 | -84 2
FeO 99.5 : 173 | 02 | <146 | <20.1
NiO 956 | -69.0 | -43 , . ,
ZnO 91.5 | -439 | -113 . -14.6 ‘
CoO 89.0 | -71.0 | -18.4 5 , s




Chapter 3. Some theoretical aspects of mechanochemical reactions 41

CuO -82.3 -52.2 -2.5 - “ s

BeO -71.0 - - - - -

It was mentioned above that the concept of average orbital
electronegativity is used to characterize acid-base properties. According to
this concept, acidity increases with increasing the numerical value of
electronegativity while the basicity decreases, correspondingly.

We calculated the differences between average orbital
electronegativities for some combinations of oxides listed in Table 3.1. The
results are represented in Table 3.2.

Table 3.2. Difference between average orbital electronegativites for combinations of oxides.

SO, N,O, 0, Si0, | Fe,0, | ALO,
K,0 3.04 | -337 | -3.06 | -255 | -2.14 | -1.76
Na,O 289 | -3.12 | -281 | -230 | -1.89 | -1.51
BaO 225 | 248 | 217 | -166 | -125 | -0.87
SrO 235 | -258 | -228 | -1.76 | -135 | -0.97
Li,O 269 | 292 | 261 | -210 | -1.69 | -1.31
CaO 239 | 262 | 231 | -1.80 | -139 | -101
PbO 2132 | -155 | -124 | 073 | -032 | +0.06
Ag,0 173 | -196 | -1.65 | -1.14 | 073 | -035
MgO 153 | -1.76 | -1.55 | -096 | -0.53 | -0.15
Cdo 125 | -148 | -1.17 | -066 | -025 | +0.13
MnO -1.77 | 200 | -1.69 | -1.18 | -0.77 | -0.39
FeO -131 | -1.54 | -123 | -072 | -031 | +0.01
NiO 120 | -143 | -1.12 | -061 | -0.20 | +0.18
ZnO -1.06 | -129 | -098 | -047 | -0.06 | +0.32

The comparison between Table 3.1 and Table 3.2 shows that the
Gibbs energy and the difference of electronegativities correlate with each
other. Fig. 3.1 shows this dependence for the reactions of sulphates and
silicates formation.
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For the synthesis of
multicomponent compounds, when
more than two components are
present in the initial mixture, the
correlation between AG,,.” and AX
= Xy — X, is not valid. It can be
assumed that for multicomponent
mixtures, the probability of the
formation of complicated
compounds from simple ones will
increase with the increasing of
difference between the sums of
average orbital electronegativities
for the initial and final products,
similarly  to  thermodynamic
equation (3.2), i.e.,

A)(=2)(ﬁn.prod 'EXmil.pmd (35)

In order to test this
statement, the calculation of Gibbs
energies of the formation of
complex oxides from ordinary ones
on the basis of data taken from
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Figure 3.1. Correlation between Gibbs
energies and differences of average orbital
electronegativities of the initials oxides for
the synthesis reactions of sulphates and
silicates.

handbook [2] and the calculation AX according to the equation (3.5), based
on absolute electro-negativities, listed above (see Table 2.1), were carried

out.

According to Fig. 3.2, a good correlation exists between these

a
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& 300
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Figure 3.2. Correlation between Gibbs energy and differences of sum of average
electronegativities (equation 3.5) for the synthesis of complex oxides.
a - alkaline earth silicates (common anion), b - calcium compounds (common cation)
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values [3]. Using this correlation, one can estimate AG,,,. for the reactions
when thermodynamic data are unknown. The lack of thermodynamic data is
typical, in particular, for multi-component compounds.

3.2. The kinetics of mechanochemical reactions

Thermodynamic considerations may be insufficient to make a
conclusion on essential occurrence of a reaction if the conditions
determining its kinetics are not taken into account.

The large value of activation energy in Arrhenius equation

k=Aet® (3.6)

where k is a reaction rate constant, A is a pre-exponential factor, E is an
activation energy, R is a constant, and T is a temperature, a poor mixing of
the components, a small particle contact area can make thermodynamically
probable reaction impossible to occur.

The main statements of the kinetics of solid-phase reactions which
bind the interaction rate with the diffusion of one of components, at first
over the surface of another component, and then in the bulk through product
layer, are not suitable for mechanochemical reactions, since mechanical
activation of a mixture involves continuous renewal of contact surfaces. On
this grounds, it was assumed that the interaction rate is limited by the rate of
chemical reaction at contact.

Due to the pulsed action of balls on the reacting mixture, the
process non-uniformity as in the time and in the space of a single
mechanical action (the existence of gradient from the center of collision to
its periphery), and changes of the conditions for chemical interaction in the
course of activation, kinetic description of mechanochemical reactions is a
complicated task. Therefore, one should not expect the creation of some
universal reaction model; only some
particular models are possible.

Mechanical activation of
mixtures involves the changes in the
conditions for chemical interaction,
as it follows from Fig. 3.3 [4,5]. The
first stage of interaction is connected
with the progressive growth of |
surface area during activation. Real Reaction coordinate
solids are polycrystals or they contain ] N

. : Figure 3.3. The change of the conditions
the. nuclei Of, mlcrocracks.. Therefqre, for chemical interaction in the course of
their destruction occurs via separation  echanical activation.
into  crystallites. ~ The reaction  $- specific surface area.

|
| I
| |
| I
|
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proceeds at the contacts of particles.

At the second and third stages, the processes involving plastic
deformation of particles are developed. The smaller is particle size, the
more efficient are these processes. Dispersion process is overlapped by the
formation of secondary particles, while the rate of the latter process is
comparable with dispersing rate; thus, the surface area remains constant.
Chemical reactions take place inside secondary aggregates at the contacts
between particles. At the third stage, the crystallization of the products from
the solid phase may occur, as well as its repeated amorphization, till some
stationary state between these two is achieved.

The relations between the duration of stages depend on the amount
of mechanical energy loading. Ifit is low, the process can stop at the second
stage; at high energies, the second and third stages occur.

Since dispersing process and activation develop as statistically
probable process, this allows to consider chemical interaction from the
viewpoint of collision theory, but in this case, instead of binary collisions of
molecules, as in gases or liquids, group collisions of surface atoms of two
different particles in the zone of mechanical action are considered. The
limiting stage of this process is the probability of formation of contacting
regions between solid particles of the components and a collision with a
milling body.

According to the mentioned statements, the rate of reaction in an
operating grinding device can be estimate as

v=K_.xS,, 3.7

where K., is a constant characterizing the probability of reaction to occur at
a given mechanical action per unit contact area (energy constant
determining thermodynamic reaction parameters T and p), x is a probability
of contacting particles to come across a collision with milling body, S, is an
area of contacting regions of A and B components during mechanical action
(5]

Dispersion brings to an increase of S,, since the surfaces of
interacting components increase. It is known that the dependence of specific
surface of a substance versus dispersion time obeys the equation:

Sl=sm(1 _e-kl)’ (3'8)

where S, is a maximum specific surface area achieved under the given
conditions, and k is a dispersion constant [6]. It is assumed that the initial
surface value S, is small and can be neglected.

Since, as it follows from simple geometric considerations, S, is
proportional to the total surface of particles, a similar equation can be also
written for the contact surface:
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S, = Sp (1 — ™). (3.9)

On the other hand, as the reaction proceeds, the amount of initial
reagents decreases; the probability for reagent particles to meet each other
decreases. Similar to the law of mass action, we assume that the interaction
rate can be written as

do/ dt =K, x S, (1-o)(1-eav), (3.10)

where a and e are the transformation degrees for substances A and B,
respectively, (1-a) and (1-ga) are the amounts of unreacted substances A
and B, € = n/m is a coefficient of a mixture composition, where n is a
stoichiometric coefficient representing the ratio of A to B moles in the
product, and m is a real molar ratio of A to B in the initial mixture.

Integration of the equation (3.10) taking into account the equation
(3.9) brings to the equation

1/(e-1)In(l-a )/ (1-ea) =K [t - /K, (1-™)], 3.11)
where
K=K,.xS,. (3.12)

At stoichiometric components ratio n = m, € = 1, the integration
gives the following equation:

o/(l-a)=K[t-1/K,(I- ). (3.13)

In the case when specific surface area is linearly dependent on
grinding time (i.e., S, = kt), the equation (3.10) transforms into:

o/(-o)=Kt? (3.14)

In the case when surface area of the mixture is not changed during
the treatment, i.e., S, = const (it occurs when the initial substances are taken
in highly disperse state or when a stationary state is achieved at which the
substances are not ground but only are subjected to plastic flow), the
integration of (3.10) gives an equation similar to that describing by
bimolecular reaction:

o/ (l-a)=Kt. (3.15)

But the physical mean of the constant is quite different from that in
molecular kinetic theory of chemical reactions.

As it was demonstrated in [7], a large number of papers on the
kinetics of mechanochemical reactions report S-shaped experimental
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curves. The equations 3.11 and 3.12 provide a good description of this S-
like shape.

Experimental curves obtained for mechanochemical reaction
(without heating) BaCO; + WO, = BaWO, + CO, T demonstrated a
satisfactory agreement with the experiment [5]. Fig. 3.4a shows
experimental data for this reaction, while Fig. 3.4b shows these data treated
in the coordinates of the equation (3.14). The equation provides a good
agreement with experiment till the transformation degree is less than 0.7.
For other reactions, good agreement with experiments is also observed [5].

100 |

50

] 25 50 75 10
time of activation, min 2x1 01’ &

Figure 3.4. Experimental data on conversion degree of mechanochemical reaction
BaCO,+W0O;—»BaW0,+CO, (a) and their treatment by equation 3.14 (b) for frequencies of
general rotation, s': 1 - 14.3,2 - 11.7,3-10.2,4-9.0.

Thus, this approach allowed to propose rather simple model to
describe the kinetics of mechanical action in grinding devices, providing
agreement with experiment.

3.3. Energy yield of mechanochemical reactions

One of the main problems in investigation of mechanochemical
transformations consists in the relations between product yield and
mechanical energy consumed by the process. Butyagin and Pavlychev [8]
proposed to characterize mechanochemical yield by the ratio of the moles of
product to the amount of the energy consumed (mol/MJ), similarly as in
radiation chemistry. In reality, the researches most often record the
dependence of the transformation degree o versus the time of mechanical
treatment of powder mixture in mills. If the power of apparatus is known,
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the treatment time can be easy transformed into a dose: D = Wt, where W is
a power of the apparatus per unit mass of material under treatment, and t is
a treatment time.

The calculation of mechanochemical yields allows to compare the
efficiencies of different devices. Besides, the comparison between data
obtained at different amounts of consumed energy allows to conclude that
mechanochemical yield per unit energy is a constant [7].

We obtained the data on mechanochemical yields for the reaction
BaCO, + WO, = BaWO, + CO, T depending on power input. The power of
a planetary mill was controlled by a frequency of rotation and determined
experimentally from the consumption of electrical energy used only for
balls operation (blank consumption being subtracted).

The results are shown in Fig. 3.5. According to Fig. 3.5b,
mechanochemical yield per unit of consumed energy appeared to be a
constant only starting from some threshold power per 1 g of the mixture
under treatment. This threshold is about 5 W/g. The existence of threshold
effect in solids is connected with fragile-viscous transition; the latter occurs
only when a definite level of energy input to a solid is exceeded.

a b
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Figure 3.5. Dependence of energy yield versus planetary mill power.

a — kinetic data for the reaction BaCO,+W0,=BaW0,+CO, at different frequencies, s:
1-12.6;2-11.03;3-10.1;4-92;5- 9.0; 6-8.9.

b — energy yield calculated on the basis of semi-transformation time (1, 5).

3.4. Comparison of soft mechanochemical synthesis with
other methods

Soft mechanochemical synthesis has many common features with
other well-known and widely used methods, such as co-precipitation and
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hydrothermal synthesis. Really, co-precipitation provides components to be
mixed at an atomic level. Just the same process is realized by mechanical
activation of mixtures of hydroxides and hydrated oxides.

The formation of water (as a reaction product) and local heating
under mechanical activation as a result of collisions, friction and plastic
friction of solid particles are the conditions for the reactions to occur via a
dissolved state (hydrothermal-like synthesis). Therefore, it is reasonable to
consider some features of these methods taking into account a large number
of works in this direction.

3.4.1. Specific features of the preparation of complex oxides from co-
precipitated hydroxides

First, it should be noted that co-precipitation is realized only in the
mixtures of hydroxides and hydrated oxides with solubility product below
10'%. Poorly soluble hydroxides are not very numerous (about 40) [9] but
one can obtain a large number of compounds combining them with each
other (or with several hydroxides) in different manners. In particular, the
syntheses of complex oxides based on the binary mixtures of following
hydroxides were described: Mg(OH),, Cu(OH),, Zn(OH),, Ni(OH),,
Co(OH),, Mn(OH),, Sn(OH),, Pb(OH),, Al(OH),, Fe(OH);, Cr(OH),,
Mn(OH),, Sb(OH),, Bi(OH),, Si(OH),, Ti(OH),, Zr(OH),, Sb(OH);, etc.

Definite regularities which govern the co-precipitation of
hydroxides and the preparation of complex oxides by heating the co-
precipitated complex hydroxides (CPH) are stated [10,11].

For example, the works cited in the review [11] showed that the
mentioned processes are very sensitive to the deviations of the component
ratio Me(II):Me(I1II) in solution from the stoichiometry corresponding to the
composition of the final product M"M",0,. When the composition deviates
from stoichiometry, the co-precipitated hydroxides appear to be mechanical
mixtures only. On contrary, when the composition exactly corresponds to
the stoichiometry of the final product, chemical interaction occurs resulting
in the formation of nano-sized X-ray amorphous product. This is evident by
the data on the loss of chemical individuality of co-precipitated hydroxides.
For example, in co-precipitated mixtures, like Cu(OH), — Me(OH),, copper
hydroxide becomes insoluble in ammonia and is not transformed into CuO
under heating. For some oxides bound in this manner, the braking of
dehydration is observed. X-ray amorphous product obtained by co-
precipitation can be crystallized in the form of double hydroxide or even as
a complex oxide.

The reasons of such behavior are connected with the differences in
phase formation of solid product. Primary co-precipitation products appear
to be soluble hydroxo-complexes of metals. Depending on rates of
hydrolysis stages, the clusters of separate hydro-complexes or the clusters



Chapter 3. Some theoretical aspects of mechanochemical reactions 49

containing heteronuclear polymeric complexes are formed, then giving
individual or complex hydroxides.

A very important fact was stressed by the authors [12-15] who
investigated the crystallization of double hydroxides from co-precipitated
mixtures. These authors discovered that different phase modifications are
formed in the samples with rather close phase composition, depending on
crystallization conditions. For example, in Ni(OH), ~ AI(OH), system at the
composition range (1.1-1.3)NiO-Al,0,-(5-8)-H,0, two different structures
are formed with basal interplane distances of 0.80 and 0.86 nm. Ni(OH), is
known to possess brucite structure while AI(OH); possesses bayerite
structure. The authors demonstrated that the composition and the structure
of final product depend on what structure (brucite or bayerite) serves as a
matrix for its growing. The layer of the metal, which is most capable under
given pH of solution to form hydroxide phase, plays a role of the packing
that governs the precipitation. To achieve this, it is not necessary to isolate
metal hydroxide as precipitate at first; it is sufficient to have a short-lived
associate with the corresponding structural ordering in the liquid phase.
These associates play the role of a nuclei programming the formation of
layered packing.

A double hydroxide with the leading bayerite layer (d = 0.88 nm) is
formed in Ni(OH), — AI(OH); system obtained by co-precipitation from
acidic media enriched with aluminum, while the co-precipitation from
alkaline media enriched with nickel results in the formation of the
hydroxides with brucite layer in the packing (0.8 nm).

APP" ions fill 2/3 of octahedral sites in the structure of bayerite layer
composed of two layers of hydroxyl ions; the coupling of layers is provided
so that each OH group of one layer is located opposite to the OH™ group of
the next layer. Me?* cations occupy all the octahedral sites in brucite layer;
each layer adjoins the other one due to OH™ groups being located in
triangular sites of adjacent layer. Therefore, the thickness of layer packing
of brucite type is less than that of bayerite type.

At low molar ratio NiO:ALLO, (<3.2), AI(OH), is precipitated at
first; it forms the structure of final product. For ideal packing of layers, the
composition should correspond to 3NiO-Al,0;-6H,0. At a constant 1:1 ratio
of these layers, variable composition of the phase with d = 0.88 nm is the
evidence that bayerite layers are packed ideally in its structure while brucite
ones, Niy(OH)s, are discrete, i.e. possess “building” defects.

The formation conditions, the composition (NiO:Al,O; = 4-14) and
the characteristic basal distance d = 0.8 nm of the phase agree with another
model of layer packing: a continuous brucite layer is a leading layer while
bayerite layer possesses discrete structure, i.e., it is not tightly packed with
AP cations.

According to the crystallographic principle concerning maximum
filling of space in lattice [16], “building” defects of the discrete layer should
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be filled. Water molecules fill them during the synthesis from water-salt
systems. For [Ni;(OH),),. leading layer, 9+21 water molecules enter the
double hydroxide structure, while for {Al,{OH)} ,., the amount of water
molecules is equal to 7+9.

In the intermediate case, the ions of divalent metal do not form their
own structural layer but are localized in the vicinity of vacant octahedrons
[Al,(OH),] 2 using OH™ groups of this layer, as well as OH" groups and H,O
molecules of the freshly formed third network of layered packing. In this
case, interplanar distance is equal to 0.76 nm. Hence, the crystal chemical
formula for this compound is {Me(OH),-H,O][AL,(OH),]. It was obtained in
Mg(OH), — Al(OH), system. The decomposition of such compounds at
moderate temperatures (about 800°C) can result in the formation of
stoichiometric spinels, which was demonstrated in [15].

Thermal decomposition (dehydration) of air-dried X-ray amorphous
CPH proceeds in different ways. Similar to the decomposition of X-ray
amorphous hydroxides, it occurs gradually at a wide temperature range,
while the total mass loss at isothermal dehydration gradually increases at
elevated temperatures.

The primary product of dehydration, which is an oxide phase with
low content of chemically bound water, is X-ray amorphous as a rule, and
under thermal treatment crystallizes with the formation of nanocrystals of
complex oxide. If the composition differs from stoichiometry, then the
phase of the excess oxide is also precipitated.

Mossbauer spectroscopy was used to establish the sequence of
stages in the processes of phase formation which occur in the systems based
on iron hydroxide: Fe(OH); — Cu(OH),, Fe(OH), — Ni(OH),, Fe(OH); -
Si(OH),, etc. [11]. It was stated that similar iron hydroxide clusters with
local cubic symmetry ordering were formed in the systems Fe(OH),; —
Cu(OH),, Fe(OH), — Ni(OH),, as well as in separately precipitated Fe(OH),.
In both cases, Mossbauer spectrum is gradually transformed from doublet
into sextet simultaneously with the removal of water. At temperature about
400°C, the profound rearrangement of the structure of primary dehydration
product starts, which results, according to Mossbauer spectra, in an
appearance either of a new disordered a-Fe,0, phase when Fe(OH), being
heated, or ferrite if Fe(OH); — Me(OH), is heated. In the latter case, a
temperature of 500°C is enough to obtain pure ferrite phase via dehydration.

For Fe(OH), - Si(OH), system, as it follows from Maossbauer
spectra, Fe—-OH-Si or Fe—O-Si groups are formed directly avoiding the
above-mentioned stage of the formation of individual clusters.

High rate of the formation of complex oxides from co-precipitated
hydroxides or mixtures of hydroxides can be explained by the conjugation
of dehydration and synthesis reactions, stated by the authors [17-18]. To
provide conjugation, close or overlapping temperature ranges of
dehydration and interaction are needed, as well as the possibility to form
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cation vacancies in the lattice of acceptor phase, with oxygen coordination
corresponding to the preferable coordination for cations from donor phase.

This is realized at the dehydration of AI{OH); — Cr(OH); mixture
[17]. Depending on the nature of aluminum hydroxide, cation vacancies are
distributed in different manners at heating. For example, n-Al,O; is formed
under dehydration of bayerite AI(OOH). It possesses cation vacancies in
tetrahedral sites [, ¢;Als43[Al6]Os,, While octahedral sites are completely
occupied. Dehydration of boemite a-AIOOH brings to a-AlLO; with
partially vacant octahedral sites and tetragonal distortion of the unit cell
Alg[O,,Al3;3]0;, in which all the tetrahedral sites are occupied. Both
oxides, n-ALO; and a-AlLO,, possess practically identical structures and
give similar diffraction patterns. They can be distinguished by comparing
intensity ratios I3;,/155; = k. For a-Al,O4, k is close to 1, while for n-ALO; k
is close to 2.

Heating of a-AlIOOH and o-CrOOH mixtures at 700°C for 6 h
results in the formation of aluminium chromium spinel with a structure
similar to n-Al,O;, in which Cr(IIl) ions are present only in octahedral
coordination. A maximum amount of Cr(IIl) that can enter spinel lattice
coincides with a maximum number of sites in a-Al,O; (which is equal to
2.67). Since dehydration temperatures of a-AIOOH and a-CrOOH are close
to each other, the occupation of octa-sites in a-AIOOH occurs at the very
moment of their formation, i.e., when the dehydration of a-AlIOOH and
lattice rearrangement occur. The occupation of octa-sites of Cr(IIl) is
accompanied by the formation of an equivalent number of vacant
tetrahedral sites (which is due to the necessity to conserve lattice
electroneutrality) and by a gradual transformation of the spinel lattice into
the structural type of n-Al,O,. After all octahedral sites are occupied, the
excessive Cr(III) ions are bound to give anindividual a-Cr,0O, form.

For a-AIOOH - Zn(OH), and n-AIOOH - Zn(OH), mixtures, in
which the tetrahedral coordination is preferable for zinc ions, spinel is
formed only in the case of n-AlOOH [18]. However, spinel as prepared is
nonstoichiometric; it corresponds to the formula Zny,Al, 470, arising from
the number of tetrahedral positions in m-AlLO,. No conditions for
conjugation exist in a-AIOOH - Zn(OH), mixture, therefore, X-ray
diffraction patterns exhibit only the reflections of well crystallized boemite
and ZnO. The formation of spinel starts only at high temperatures (above
850°C) according to diffusion mechanisms of solid-phase reactions.

The regularities and mechanisms described above are, probably,
realized in the course of phase formation in the mixtures of hydroxides and
hydrated oxides under mechanical activation.
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3.4.2. Peculiarities of hydrothermal synthesis

Hydrothermal synthesis, developed in the second half of the XIX
century by French mineralogists for modeling natural processes, is now
widely used to prepare many compounds of practical importance [19].

This method is based on the ability of water to dissolve the
substances at increased temperature and pressure. The use of water as a
solvent is based on self-ionization: 2H,0 — H;O" + OH".

Ionization degree increases with temperature rise. When some
limiting amount of a substance dissolved in solution is exceeded (limiting
supersaturation), its spontaneous crystallization starts. This process can be
governed by changing of the temperature (and pressure, correspondingly) as
it is carried out in a closed vessel.

Substantial differences between solid-phase reactions and
hydrothermal synthesis reactions have been stated in numerous
investigations. In solid-phase processes, the sequence of intermediate
products formation does not depend on reagents ratio in the initial mixture,
and the excess product appears to be a compound with the highest
crystallization temperature. On contrary, for the formation of a definite
product by hydrothermal synthesis, the initial mixture should contain
reagents at an exact stoichiometric ratio [19,20]. In solid-phase reactions,
the interaction rate is determined by the rate of diffusion processes, while in
hydrothermal processes the determining factor is the rate of dissolution of
the initial products in the water. Water simplifies diffusion transport of
particles in the system; the formation of nuclei and crystal growth occur
faster than in solids.

Hydrothermal synthesis reactions are accelerated substantially in
the solutions of NaCl, KCI, NH,Cl, etc. The catalytic action of salts is
connected with the increase of dissolution rate of initial compounds in the
presence of salts. The treatment of mixtures of co-precipitated substances
and gels under hydrothermal conditions provides a substantial acceleration
of their crystallization.

A large number of investigations on the synthesis of inorganic
compounds by hydrothermal method was carried out. At present, the list of
compounds that are synthesized under hydrothermal conditions includes
aluminates, ferrites, chromates, titanates, zirconates, stannates, antimonates,
etc. The works dealing with the synthesis of silicates are most numerous
[19-26].

Aluminates are formed at temperature above 500°C and pressure of
100 MPa in pure water from poorly soluble oxides according to the reaction
MeO + ALO; = MeAlLO,. In order to achieve a 100 % yield, it is necessary
for the molar ratio of the components to be close to 1:1. Aluminates are
formed as fine crystals (smaller than 0.1 nm) without being transported into
the cool zone of the autoclave. Aqueous solutions of NaOH are the most
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favourable ones for this synthesis. The method was used to prepare the
aluminates of Be, Ca, Zn, Fe, Co, Ni [21-23].

For the ratio MeO/Al, O, > 2:1, hydrogarnets of 3MeO-Al,0,-6H,0
type are usually formed. In pure water, their synthesis occurs at temperature
of 200-400°C and pressure of 50-80 MPa. A 100 % yield is observed when
the reagents ratio MeO/AlL O, is equal to 3:1. In aqueous solutions of NaOH,
the stoichiometry can deviate towards MeO excess.

In hydrothermal synthesis, 3Ca0O-Al,;0,-6H,0 is formed as
transparent crystals of tetragontrioctahedrons, less frequently as cubes and
rhombododecahedrons. The synthesis takes place under large excess of CaO
with respect to Al,O, (more than 5:1) within temperature range 300-400°C.
Tri-strontium aluminate hexahydrate crystals are formed in a similar way
[23].

The interaction of titanium dioxide with the oxides of mono- and
divalent metals occurs under hydrothermal conditions also. In alkaline
solutions with 5-70 mass.% of NaOH, a series of sodium titanates is
crystallized: Na,0-3TiO;, Na,0-4TiO,, Na,0-5Ti0,, and Na,0-6TiO, [24].
Only one representative of titanates, namely, Na,O-TiO,, is formed in
aqueous solutions of KOH.

Metatitanates of divalent metals Ca, Sr, Ra, Cd and Pb were
obtained in aqueous solutions of NaOH and KF [25]. The synthesis is
carried out using Me(OH), + TiO, + H,O mixture at 380-450°C and
pressure 30-50 MPa. The isometric crystals are formed. Since the formation
of titanates occurs in the presence of an alkaline metal, the synthesis is
carried out in low concentrated NaOH solutions (~10 % mass.) The
synthesis of these compounds proceeds better if metatitanium acid, H,TiOs,
is used instead of titanium dioxide [25].

100% yield of lead titanate was obtained in aqueous solutions of KF
(10 % mass.) at temperature of 450-700°C and pressure of 70-300 MPa
[25]. At the ratio PbO/TiO, = 1/1+2/1, dark-green crystals with 1-2 nm size
were obtained.

Fine crystalline quartz or amorphous substances (gel, quartz glass,
etc.) are used as one of initial components for the synthesis [19]. Depending
on temperature, pressure, pH of the medium and the presence of salts, silica
can exist in solution both as simple ions or molecules, and as more
complicated polymer particles. Under normal conditions silica passes into
solution in monomer form, as silicic acid Si(OH),; at large pH, silicate ions
SiO;* are formed. Monosilicic acid is a very weak acid; however, at
increased temperature its dissociation constant increases substantially. The
amount of monomer form also increases with temperature. The dissolution
of Si0, is due to hydration as well as to depolymerization.

The rate of silica dissolution is proportional to its surface area.
Silicic acid being passed into solution undergoes polymerization giving
water and the molecules of polysilicic acids of variable complexity. At pH
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within 5-7, silicic acid polymerizes to form colloid solutions, followed by
their coagulation. If NaOH is added, SiO, amount in the aqueous solution
increases sharply. An increase of sodium concentration from 0 to 5.8
mass.% causes an increase of the solubility of quartz from 0.27 to 14.65
mass.%.

With silica taken in large excess, only two silicates are crystallized
at 450°C: Na,0-2Si0, and Na,0-SiO,. The former is crystallized when
NaOH concentration is above 8 % and silica content is about 40 %:; the
latter is crystallized when NaOH content is 20-30 %. In the solutions with
low NaOH concentration, only Na,038i0,0.5H,0 is formed.

Reactions that take place under hydrothermal conditions in CaO -
Si0, — H,0 system are complicative; the number of silicates synthesized in
this system approaches 20 [26]. The state of calcium hydroxide has a
substantial effect on final products. If amorphous hydroxide is used, the
reaction runs faster, but at the same time the probability of metastable
phases formation increases. Detailed investigations that were carried out by
the authors [26] allowed to state the preferable regions of the synthesis of
various calcium compounds depending on CaO/SiO, ratios and
hydrothermal treatment temperature (450-850°C).

The solubility of calcium hydroxide is low (below 0.1 g/l at 300°C)
and decreases with temperature increasing. Therefore, aqueous solutions are
always saturated with respect to portlandite, while silicon concentration is
variable (increases with temperature).

If the reaction follows the first route, the interaction of monosilicic
acid with calcium hydroxide molecules appears to be a direct reason of
polymerization and precipitation of hydrated calcium silicates. The scheme
of the reaction can be written as follows [20]:

HOOH OH HO !OHOH! OH O
Y | T = \ /N
Si + Ca— Si Ca +H,0— Si Ca+ H,0 —»
e AW, I\ [
HOOH OH; HO O OH 0
OH O
\ /\
Si Ca
\ [\ /
OH O OH 0O 0 O
\ i@ XN \ /
—» Si  Si +H0 —Si + H,0 —> etc.
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Silicium oxygen radical passes from discrete ortho- and
diorthogroups (separately or jointly) to an infinite chain, then to infinite
ribbon [Si¢O,;],- Xonothlite is the final product of the phase sequence.
Three-dimensional bonds composed of CaQOg polyhedrons in y-dellaite,
Ca,[Si0,][S1,0,](OH),, transform to discrete walls composed of CaOq
polyhedrons in xonothlite, Cay[SigO,;]J(OH),, i.e. the decreasing of the
condensation degree occurs.

Calcium silicates formed according to the topochemical mechanism
should contain portlandite blocks (layers) in their structure. Experiment
shows that tri-calcium silicate is formed by the interaction of portlandite
with unsaturated silica solutions. With the increasing of silica concentration,
the  following compositions are  crystallized: Cag[SiO,},-H,0,
Ca4[Si0,],(OH),, Cay[Sis0;5), Cag[Si044]. This means that kilchoanite,
Cay(Si4014)4, Will be the final member since it is impossible to increase
silica concentration without disturbing the crystallization mechanism.

In [27-29], hydrothermal, mechanochemical and solid-phase
syntheses of calcium silicate from anhydrous and hydrated oxides were
compared. Initial components were taken at Ca/Si ratio equal to 0.8:1.0:1.2.
According to X-ray analysis, the interaction in the mixtures of anhydrous
oxides under mechanical activation is not completed. The product being
formed is X-ray amorphous. When heated at 600-800°C, it is crystallized in
the form of a’-Ca,SiO, (Fig. 3.6a). At higher temperatures, Ca;Si,0; is
formed; B-CaSiO; is crystallized at 860°C. The observed sequence of stages
is similar to those observed in solid-phase synthesis of wollastonite. The
amount of $-CaSiO; at 900°C does not exhibit any substantial dependence
on the initial fractions of the reagents.

The interaction of Ca(OH), with Si0,-0.5H,O is more intensive.
The products formed in this mixture are shown to be X-ray amorphous (Fig.
3.6b). They contain some amount of bound water. TG analysis showed that
different molar ratio of the components leads to different products:
5Ca0-6Si0,-5H,0, 6Ca0-6S5i0,-7H,0 and 5Ca0:6Si0,-5H,0,
correspondingly, in the mixtures 0.8, 1.0 and 1.2. The products in 0.8 and
1.0 mixtures remain weakly crystallized until 820-850°C, then transforming
into B-CaSiO;, while the crystallization of the product in 1.2 mixture begins
at 600°C. Thus, the interaction of Ca(OH), with the hydrated silica is
strongly dependent on molar ration of reagents. This fact is indicative of the
possible role of liquid-phase processes similar to hydrothermal synthesis.

After thermal treatment at temperatures above 850°C, all the
hydrosilicates decompose to give wollastonite $-CaSiOs.

It was stated that the adding of free water to the mixture of
anhydrous oxides influences on the kinetics of their mechanochemical
interaction. It has an extremal dependence: the degree of CaO bonding into
silicates is maximal at 2-5 mass. %.
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0, degree 0, degree

Figure 3.6. X-ray profiles of the products of mechanochemical reactions
between CaO and anhydrous SiO, (a); Ca(OH), and SiO,aq. (b):

1 — after activation for 10 min, 2 - 600°C, 3 - 900°C.

CS - CaSiO,, C,S - Ca,Si0,, C.S, - Ca,Si,0,.

The scheme of these processes can be written as follows:

1200°C .
Ca0+Si0, ————» CaSi0;

+H,0, \
hydrothermal 860°C

conditions (p, T) xCa0-Si0,yH,0 ———=% (CaSiO,

(hydrosilicates)
Ca(OH),+Si0,:0.5H,0 mechanical
or activation

Ca0+8i0,+H,0

Thus, based on above-considered data one can conclude that
hydrothermal and mechanochemical synthesis brings to similar products —
hydrated calcium silicates.
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Chapter 4

APPARATUS FOR MECHANOCHEMICAL
REACTIONS

Mechanochemical reactions are carried out by means of mechanical
activation in high energetic apparatus. Grinding devices with high load rates
are used for this purpose, such as planetary, vibratory centrifugal, shock-
reflective and ring roll mills, attritors, etc.

4.1. Planetary mills

Relatively new and promising high energetic planetary and
differential centrifugal mills were developed by Bushuev, Golosov and other
authors [1-6]. High rate of grinding and activation in these mills is provided
by centrifugal forces arising at the rotation of each jar around its own axis
and their common axis. These centrifugal forces exceed the gravity force by
a factor of several tens, thus, providing the energy of these mills by 2-3
orders of magnitude higher than that of common ball mills. Powder
dispersion achieved in a centrifugal mill after 2 min treatment is the same as
that achieved in usual ball mill after the treatment for 10-12 h. The most of
results reported in the present book were obtained mainly with planetary
mills of periodic action that were improved and adapted to carry out
mechanochemical reactions in a closed system with external cooling.

In new laboratory planetary mills, the jars rotate due to frictional
clutch with the cylindrical housing of the mill. A scheme and the design of
the apparatus are shown in Fig. 4.1 [5]. The apparatus consists of the
housing 1, carrier 2, jars 3, guiding rim 4, sheave 5, channels in the center
and at the periphery of the carrier for cooling water. The diameter of the jars
is 70 mm, the working volume is 150 em’, ball mass is 200 g, the mass of the
substance under treatment is 10 g.

The device operates as follows. At first, water is admitted from
water pipeline through the tube 6 and channels 7 into the pockets 8. When
the motor (not shown in the scheme) is switched on, the carrier starts to
rotate; the rings that are fixed on it make jars rotate. The surfaces of jars and
rings are separated from each other by water layer, like in hydrostatic
bearings: the jars operate as a spindle while the ring acts as hydrostatic
bearing. Under the action of centrifugal forces, the jars are pressed to the
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guiding rim 4 and due to frictional clutch with its surface rotate around their
axis. Thus, the jars take part in two kinds of rotation: around their common
and own axes. This technical solution excludes the necessity to use bearings
in the most loaded part of the mill (the drive of jars) and increases
operational lifetime of the apparatus. Intensive cooling of the jars by water
decreases the contamination of the product with the material of grinding

Figure 4.1. The scheme of operation and design of the AGO-2 planetary mill [5].
a - view from side, b ~ view from above.

bodies as well as increases the degree of product activation since the
annealing of defects is excluded.

In order to characterize the operational regime of the planetary mill,
k and m parameters were introduced. k = w,/®, (here w, is a frequency of
rotation around the planetary axis and ®; is a frequency of rotation around
the common axis), and m=R,/R; (R, and R; are the radii of common and
planetary rotation).

The value of k can be either positive or negative. This depends on
the direction of vectors of relative and planetary rotation of the jars. When
these directions are the same, k is positive, but if the vectors are directed
opposite to each other, k is negative. The most efficient regimes of the
planetary mill are within the range when k = -1.

According to [4], theoretical power of the planetary mill can be
calculated according to the equation:

Wplan.= (Wharr 47'[2 lez/ 981)n1/ n; (41)
here Wy, is equal to the power of the ball mill:

Whar= 6.1 PV D, 4.2)
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P is a mass of balls, kg; D is ajar diameter, m; ®, is a frequency of rotation
(of the rotor), s'; n; is a critical rotation frequency of the planetary mill
which is equal to

n=0.8 VR/R; 4.3)
n,- critical number of revolution in ball mill which is equal to
n,=32VD. (4.4)

Energy parameters of laboratory planetary mill were determined
experimentally in [7,8]. The power was determined by means of calorimetry.
Water flow temperature was measured at the inlet (T,) and at the outlet (T3);
the calculation was performed according to the equation

Q = me(T>-T)), (4.5)
where Q is the power scattered by a jar as a heat, m is a mass, C is a heat
capacity of water.

A blank experiment was carried out with balls being replaced by
immobile plate of equal mass. This contribution was subtracted from the
total energy consumed. The results are shown in Table 4.1.

Table 4.1. The power of the laboratory planetary mill determined experimentally (balls mass
100 g, the substance to be treated: 10 g) [8].

The frequency Power, W

of total rotation, rpm

Ball diameter: 5 mm

Ball diameter: 9 mm

602 191 104
858 271 204
996 602 389

As one can see, energy consumption by the present mill is equal to
10-60W/g.

Besides total energy consumption for mechanochemical reactions,
the level of local parameters of temperature and pressure arising in the mill
is also important. It is very difficult to measure these parameters directly
during activation. Therefore, an indirect method based on P and T
determination of phase transitions under mechanical activation of the
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substances with known P-T phase diagrams was used [9]. The results are
shown in Table 4.2.

Table 4.2. Phase transitions observed in a planetary mill (the frequency of total rotation: 856
rpm) [9].

Phase transition P, GPa T, K Result
B-Pb02—)
—>a-PbO, 1.3 0-673 ¥
H-szOs—)
—T-Nb,Os 1.1-15 400 - 500 +
Pb;O4—PbO+
+Pb,0s 1.8-3.0 473 - 673 +
T-Nb205-+
—B-Nb,0s 3.0 773 -
TiOz—-}TiOz
(high pressure) 4.0 i i

It follows that in the mill, local temperatures arise up to 600-800K
and pressure - within 2-3 GPa. Other authors confirmed these data

a b
w b
400 k
L
=
200
0 i L L 0
] 4 8 12 0 4 8 12
time of activation, min time of activation, min

Figure 4.2. Changes of the temperature of balls in the planetary

mill, depending on activation time, rotation frequency, and ball size (8].
a - rotation frequency, s%1-102,2-14.3,3-16.6,

b — ball diameter, mm: 1 -3,2-5,3-9.

experimentally. For example, in [8] the ball temperature was determined
from the calorimetric data. The authors calculated ball temperature
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according to heat balance equation having determined a total heat of the jar
and balls. The data for different rotation frequencies and ball diameters are
shown in Fig. 4.2. With increasing the ball size and the frequency of total
rotation, temperature increases and reaches a level of about 873 K. High
temperature of large balls is due to the generation of heat at inelastic
deformation of balls during their collisions with a wall and due to worse heat
exchange conditions in this case.

In [10], a comparison of the power of different mills at optimal
regimes of their operation was carried out. Some of the results are shown in
Table 4.3.

Table 4.3. Comparison on the power of different mechanochemical activators [10).

Mill type | Frequency, Ball Ball Mass of | Power per 1 g
s diameter, | mass, | POWden | of powder,
mm g G Wig
Planetary, 11.4 9 100 4 10
AGO-2 5 7
Planetary, 4 9 53 2 0.3
Pulveri- 7 0.09
zette 7
Vibratory, 50 9 107 10 12
M-35
SPEC- - 6 307 2 9
8000

As one can see, among the mills used for mechanochemical
investigations, AGO-2 planetary mill exhibits better characteristics.

A middle-scale mill AGO-3 was constructed for operation in
periodic regime [6]. A principle of hydrostatic bearing in AGO-3 mill is the
same as in AGO-2 mill. The jars rotate around the common and own axes
due to frictional engagement with the surface of the cylindrical guide
surface. The volume of a jar (their number in the carrier being three) is 2
dm’. Total ball mass is 2 kg; the mass of substance under treatment is 300 g
per one jar. The amount of product that can be prepared within one working
day is equal to 7+10 kg.
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4.2. Vibratory-centrifugal mills

Vibratory-centrifugal mills, developed by Denisov with coauthors
[11] and marked as 5G, 10G, 30G, 50G, could be successfully used for
continuous operation to carry out mechanochemical syntheses under
industrial conditions.

Fig. 4.3 shows the design of this vibratory mill. It is constructed with
horizontal position of the milling jars with the tube form. They are rigidly
fixed on carriers and move together with them along the circle trajectory in a
plane perpendicular to the axes of jars; the jars do not rotate along their own
axes; their orientation in the vertical plane remains unchanged.

Material

a

AR

; "[§1/‘. &l

Figure 4.3. The scheme of vibratory-centrifugal mill of continuous action [11].
a — view from side, b — end view.

As a result of this motion, the material under treatment and milling
bodies inside the milling jar are subjected to the overall action of centrifugal,
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gravity and Coriolis forces. This creates inside the jar the conditions
providing the material to be subjected to intensive action of vibration shock,
attrition and crushing loads that results in grinding and activation of the
treated material.

The main working elements of the mill are eccentric crankshafts
with the pairs of eccentrics on them. The eccentrics in a pair are counter to
each other, i.e., their eccentricities lie strictly in one plane and are opposite
directed. At synchronous rotation of crankshafts, grinding blocks connected
to opposed eccentrics move around circles, their motions being shifted in
phase by 180° with respect to each other. At every moment they are in static
equilibrium; thus, the mill does not require balancing adjustment, except the
following: the weight of milling bodies in each jar as well as the weight of
treated material should be equal per unit time.

The rotation is passed to the drive shaft of the motor through a V-
belt transmission. The drive shaft rotates crankshafts synchronously and
transmits the motion to milling blocks. The productivity of the mill depends
on the size of jars, the frequency of shaft rotation, rate of material admittance
through the jars, etc. Centrifugal mills providing the productivity of 5+50 kg
per hour have been constructed.

4.3. Ring roll mills

The ring roll mills MICROS, constructed and produced by Nara
Machinery Co., LTD, Tokyo appeared to be high-effective for soft
mechanochemical reactions to occur. The grinding of the particles is realized
by compression and shearing forces generated by the rotating grinding rings.
The scheme of the mill and the principles of its work are presented in Fig.
4.4.

The main body of the MICROS comprises of a casing, revolving
main shaft in the casing and several sub-shafts interlocked with the rotation
of the main shaft. Each sub-shaft has a number of rings shaped grinding
media. The size of the ring as a grinding body is different depending upon
models. The outside diameters are of 25+45 mm and thickness of several
mm.

The equipment is designed in such a way that each ring moves
freely, allowing a small space between the outside diameter of the sub-shaft
and the inner diameter of ring. The ring moves radial as much as the space
allows by the centrifugal force created by the rotating main shaft and keeps
turning by being pressed toward the inside wall of the casing. At this
moment, the ring rotates itself around the sub-shaft by the friction force with
wall surface. This means that while the ring revolves in the casing, the latter
also rotates.
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Figure 4.4. The scheme of the operation of MICROS ring roll mill [12].
a - view from side, b - view from above.

The particles are held between the revolving ring and the wall
surface, and are subjected to compressing force created by the centrifugal
force of the ring and the friction created by the rotation ring. This process
generates pulverization and dispersion of the particles.

Since the rings are allowed to move freely, an independent crushing
effect is given to the particles even when the fed material contains small and
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large particles. The casing’s structure is easily removable along with the
rings and other components. As a result, inspection and maintenance are
very easy.

The casing is equipped with ajacket which is used to control heating
during milling by sending chilled water into the jacket. The construction
material available for the casing’s inner wall and the rings are as follows:
stainless steel, ceramics or super hard materials etc. Each is selected
according to the raw material.

MICROS mill has the following advantages:

Compactness and easy operation.
Shaft seal section is constructed so that the structure can be sealed with
an inert gas such as N; or Ar, etc. for easy control atmospheric
conditions inside the equipment.

¢ Since the vessel is equipped with a jacket, heating or cooling
temperature operation is possible.

e Any gas generated by the powder reaction during dry pulverization can
be easily discharged outside of the system.

¢ Grinding media is selectable from stainless steel, ceramic or super hard
material, etc.

e Aninvertor eases the control of the revolution setting.

Nara Machinery Co., LTD produces the mill with diameter of
working vessel from 87 to 378 mm, with power of motor from 2,2 to 55 kW,
and with rotation speed from 250 to 3000 min™".

MICROS mill can operate both in batch and continuous regime;
vertical and horizontal types of working vessel arrangement are possible.
Ring roll mills were successfully used for mechanochemical synthesis of
Ca;(PO4)2-nH20 from Ca(H2PO4)‘H20 and Ca(OH)z [12].
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Chapter 5

MECHANICAL ACTIVATION OF HYDRATED
OXIDES

5.1. Ordinary hydrated oxides

Many studies deal with the influence of mechanical activation on
the properties, structure and composition of hydroxides.

Magnesium hydroxide. A detailed investigation of the influence of
mechanical activation on the structure, thermal decomposition and
dissolution of magnesium hydroxide was carried out in [1]. It was
demonstrated that specific surface area of activated magnesium hydroxide
decreases as a result of the formation of secondary particles (agglomerates);
then it remains constant (“negative grinding”). However, the amorphization
degree of the product increases, at first rapidly, then reaching some constant
level at about 40 %. According to X-ray analysis, the size of crystallites,
determined by Scherer’s equation, at first decreases rapidly from 15-20 to
5-7 nm, then becomes constant. No mechanochemical decomposition of
magnesium hydroxide was observed; it remained stable even under
subsequent thermal treatment up to 150°C.

The data on thermal decomposition of activated magnesium
hydroxide are well described by the first-order equation. The rate constant
increases by a factor of 5-7 while the time of magnesium hydroxide
activation in a vibration mill increases till 6 h. An increase of the
decomposition rate is due to the fact that the nuclei formation of a new
phase is simplified in the case of amorphous phase not only on the surface
but also in the bulk.

The data on the dissolution of activated magnesium hydroxide are
well described by the equation of shrinking sphere:

1-(1-a) P =Kt (5.1)

In this case, on contrary, the constant of the equation decreases
versus activation time, since the dissolution rate, determined by the outer
surface of secondary particles, decreases in the course of activation.

Aluminium hydroxides. Aluminium trihydroxide is known to have
three modifications: hydrargillite (gibbsite), bayerite and norstandite. Most
widely used gibbsite is a natural mineral; it can be also synthesized by
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decomposition of aluminate solutions according to Bayer’s technique. The
density of gibbsite is 2.30-2.43 g/em’, its hardness is 2.50-3.75 (Mohs
hardness scale).

Gibbsite has a layered structure; each layer is composed of two
sublayers incorporating hydroxyl ions parallel to the (001) plane and a layer
of aluminium ions being located among them. Aluminium ions are in the
centres of octahedrons composed of OH” groups. Octahedrons are linked by
common edges to give the rings Alg(OH),,* with channels inside them. The
ensemble of rings with common hydroxyl groups gives triple layers in
hydrargillite lattice. The triple layers are linked to each other so that each
OH’ ion of one layer is opposite to hydroxyl ion of the next layer. Triple
layers are held each other only by hydrogen bonds.

It was demonstrated [2-4] that during the mechanical activation,
gibbsite crystals are comminuted, their size being decreased to 200-1000
nm, while hydroxide packets are shifted, that is accompanied by
rearrangement of the structure.

Due to structural disordering caused by activation, the substance
gets excess energy. A maximum amount of energy (up to 33 kJ/mol
Al(OH),) is accumulated at a moment when the thickness of plates reaches
its minimum (~ 2 nm). The product as prepared is X-ray amorphous and
highly active. It is dissolved several times faster than non-activated one.

The total composition of aluminium hydroxide after mechanical
activation remains close to the formula AI(OH);; however, according to
NMR spectroscopic data, substantial changes in the coordination of AI**
cation occur: the cations in tetrahedral and pentahedral coordiantion appear.
They are formed as a result of the rupture of AI-OH bonds. If the layered
character of the initial structure is conserved, two OH groups surrounded
aluminium ion interact with each other to form O* and H,0. Polyhedrons
[AI(OH),0;] are formed as an intermediate state. If the protons of the
remaining OH groups react with OH groups of the neighbouring
polyhedrons, the polyhedron [AlO;s] is formed along with water molecule.
The following interaction of protons of different OH brings to tetrahedron
[AlO,] formation. These polyhedrons are responsible for the ¥Al NMR
signals at 36 and 67 ppm, respectively [5-8].

Aluminium hydroxide is known to undergo a sequence of following
transformations under heating:

Al(OH)‘q d Y - AIOOH - y - Ale} hd 6 = A1201 - - A1203.

The coordination of aluminium 1is changed during the
transformation from octahedral to mixed coordination in y - Al,O; (the latter
has a spinel-like structure containing 16 octahedral aluminium and 8
tetrahedral positions) and in 8-Al,0; (containing some elements of spinel
lattice), then again octahedral in a-AlLQO, [8].
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Mechanical activation brings to a substantial decrease of transition
temperature and the decrease of a number of transitions:

Al(OH), - v-AIOOH — y- ALO, +a - ALO; — a - ALO,.

Mechanical activation of boemite, y-AIOOH, for 1.5 h can lead to the
formation of a - Al,O; without heating [8].

The changes in the coordination number of aluminium after
activation and following heat treatment of gibbsite are presented in [7]. It
was shown that penta-coordinated aluminium atoms arise under mechanical
activation while under thermal treatment they are absent. This fact stresses
the difference between mechanochemical and thermal processes. Besides,
the same authors [9] consider that penta-coordinated aluminium atoms arise
on the surface of particles and, similarly to gel-like state, are stabilized by
protons or water molecules. Penta-coordinated aluminium atoms are much
more numerous on the surface of gibbsite than on the surface of boemite
and y-ALOs, their appearance resulting in the increased reactivity of the
surface of mechanically activated gibbsite. When duration of mechanical
activation increases, oxolation degree of gibbsite (the formation of —Al-O-
Al- bonds) becomes higher, bringing to decrease of reactivity, in particular
solubility in acids and bases.

Bayerite, though having the same total formula as gibbsite,
however, differs by the character of hydroxyl layer packing, and its
behaviour under mechanical activation differs from that of gibbsite [10].

Bayerite has a monoclinic lattice, P2,,, its parameters being a =
0.562, b = 0.867, ¢ = 0.471 nm, B = 90.26° [10]. It is based on AB packet
composed of two tightly packed layers of hydroxyl ions with a layer of
aluminium cations located between them. The arrangement of packets in
bayerite can be expressed as ABAB [8]. The packets are perpendicular to
the axis C and held between each other by hydrogen bonds. The average
distance between two layers in a packet is equal to 0.207 nm while the
distance between two neighbouring layers from different packets is 0.260
nm.

Mechanical activation of bayerite is accompanied by a shift of
hydroxyl packets followed by the splitting of crystals into plates down to 1
nm thick. While shifting, packet alternation changes from ABAB... to
ABBA... which is characteristic of gibbsite, and ABCABC..., characteristic
of cubic packing. Activation is accompanied by dehydroxylation with the
formation of O* and molecular water which is located in the first
coordination sphere of AI** cations. A transition of bayerite into X-ray
amorphous compound Al,O;-3H,0 is observed, the latter having octahedral
cation coordination and disordered cubic packing of OH’, 0%, H,0 [10].

Boemite, ¥ - AIOOH, is aluminium monohydroxide, its structure
being composed of the layers of cubic tightly packed oxygen ions with
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aluminium ions localized in octahedral sites between ordered layers. Under
heating, it is dehydroxylated to form y-Al,O;, and then a-Al,O,. Mechanical
activation destroys long-range order; activation for a long time leads to the
formation of a-Al,O; without any heating.

The authors [9] investigated the influence of mechanical activation
on the structure and thermal behaviour of boehmite by X-ray powder
diffraction, thermal analysis and ?’Al NMR. They showed that grinding of
boehmite for 60 min does not cause the boehmite to dehydrate, but brings to
decrease in intensity of its X-ray reflections, and the formation of an
amorphous phase containing tetrahedral aluminium and some other
aluminium site with a resonance at 36 ppm (sometimes attributed to
pentacoordinated aluminium). The authors have found a correlation
between this resonance and adsorbed water content changed under
mechanical activation. The ground material thermally transforms to
corundum at 940°C via y-ALO,, by contrast with the unground sample,
which forms corundum at 1195°C via y- and 8-Al,0,.

Hydrated silica. As shown in [11], mechanical activation of
hydrated silica SiO,;'nH,0O (n = 0.4+1.0) brings to the removal of water up
to 0.3-0.4 moles per 1 mole of SiO,. The product is X-ray amorphous and
highly dispersed. Its heating at 1100°C is accompanied by a decrease of
specific surface area to 2—-3 m%g. Water molecules and OH" groups present
on the surface are removed under heating, either due to the condensation of
the surface OH groups, or due to the surface diffusion of a proton of Si-OH
group. At 1070°C, the absorption band at 3680 cm’, attributed to OH
groups in the interior of solid particles, disappears completely, pointing to
its practically complete dehydroxylation. However, some OH" groups still
remain on the surface after heating at this temperature.

Titanium and zirconium hydroxides. It is difficult to obtain these
hydroxides in crystalline form, therefore, the effect of mechanical activation
on dehydration and crystallization of amorphous gels at room temperature
was studied in [12].

The change of specific surface, water content in gels and
crystallization temperatures are shown in Table 5.1.

As it follows from Table 5.1, under mechanical activation, a
substantial dehydration of gels (up to 50 %) occurs; crystallization
temperature changes: for TiO, gel, it decreases, while for ZrQO,, gel it
increases. Besides, according to X-ray analysis and Raman spectroscopy,
mechanically activated samples of TiO, gels are characterized as anatase,
while ZrO, gels - as both tetragonal and monoclinic modifications.

The authors explain the mentioned differences by the difference in
TiO, and ZrO, structures. Anatase and ruthyl structures possess the tightest
cubic packing with the coordination number 6, while ZrO, structure is not
tightly packed; its coordination number is 7 or 8. Therefore, the latter
structure can incorporate more hydroxyl groups than TiO,.
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Table 5.1. The properties of initial and activated gels of titanium and zirconium dioxides
{12}.

Oxide Treatment S, Water content, | Teyes | T —

m¥g mol H,:Ofmol K T

oxide K

Gel 325 1.1 698 -

TiO, Rotational mill, 3 h 78 0.8 680 18
Rotation mill, 10 h - 0.7 688 10
Vibrational mill, 3 h 16 0.6 654 44

Gel 177 1.7 692 -
ZrQ, |Rotational mill,3 h 99 12 706 -14
Vibrational mill, 0.5h| - 0.8 710 -18

It is known that the tetragonal phase is formed at first in ZrO, gel
under heating, since there are similar coordinations of Zr** ion in gel and in
the tetragonal phase (z = 8). Later on, a less coordinated asymmetric
monoclinic modification is formed (z = 7). This causes strengthening of Zr
— OH, Zr - O bonds in the monoclinic phase. In the course of mechanical
activation, the rearrangement of bonds occurs in a similar way: gel —
tetragonal —» monoclinic. It is confirmed by the appearance of X-ray
reflections from tetragonal and monoclinic modifications.

The strengthening of bonds in the monoclinic modification causes
an increase of the crystallization temperature of activated gels. The
activation of TiO, gel causes anatase formation and simplifies further

transformation into rutile (T, decreases).

5.2. Hydrated complex oxides

Talc. Thanks to its useful properties (thermal and chemical
stability, lubricant ability, etc.), talc is one of the most important
magnesium silicates. After dehydration it turns into enstatite which is
widely used in ceramic industry.

Talc is described by the formula Mg;Si,0,,(OH),, or (3MgO-4SiO,-
H,0); it possesses monoclinic syngony with cell parameters a=0.527,
b=0.912, c=1.885 nm, B=100°00", z=4. Its density is 2.7-2.8 g/cm® and a
hardness 1 (Mohs hardness scale).

Mechanical activation of talc exhibits some specific features
connected with the changes in the state of H,O and OH groups and caused
by crystallographic degradation of talc [13].
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Its structure is three-layered, i.e., it is formed from two hexagonal
silica layers and one central brucite layer between them. There are four
types of chemical bonds in talc structure: ionic Mg-O bonds, covalent,
partially ionic Si—-O and H-O bonds; hydrogen bonds between OH and O-
Si, and van der Waals bonds between the layers. Van der Waals bonds are
the weakest among all bonds. Therefore, early stages of grinding are
accompanied by mechanochemical dehydration which can be represented
by the equation:

2(OHY - (1 - m) H,0 + (1 - m) O* + 2m(OH)’ (0<m<l)

Dehydration results in the rupture of Mg—O and OH—(O-Si) bonds.
According to equation, a part of oxygen ions (1-m) is released as a result of
mechanical activation. Covalent Si-O bonds are the most difficult to be
destroyed. That is why SiQ, tetrahedrons are very stable; only the bonds
between the oxygen ions occupying the angles and providing binding
between two tetrahedrons are broken, giving broken bonds. Energy is
accumulated mainly in the outer Si — O layers; the central part amorphizes
and undergoes mechanochemical dehydration mentioned above.

Under heating, activated talc is transformed into enstatite:

Mg,Si,0.,. (OH),, = 3MgSiO, + SiO, + mH,0 (0<m<1).

The transformation is accompanied by re-orientation of the bound
Si0, tetrahedrons. The formation of free oxygen ions O* during activation
simplifies enstatite formation since free oxygen ion recombines with
partially destroyed bonds of SiO, tetrahedrons to give chains characteristic
of enstatite. Thus, the limiting stage of enstatite formation from talc is the
formation of a new Mg-O-Si order with highly mobile O* ions formed
during mechanical activation.

Kaolinite. The composition of this mineral is close to the empiric
formula Al,04-2810,-2H,0 while structural chemical formula of aluminium
silicate is Al,[Si,04]J(OH),. It has triclinic syngony, P1 space group, unit cell
parameters are: a = 0.515, b = 0.895, ¢ = 0.737 nm, a = 91°48', B =
104°30", y = 90° (z = 2).

Kaolinite structure is composed of a layer incorporating two
networks: tetrahedral network made of tetrahedrons [SiO,] and octahedral
network made of octahedrons [Al{O,O0H),]. The latter is similar to network
in gibbsite structure, AI(OH),, with nearly equal lengths of corresponding a
and b axes. The networks unite at an insignificant change of interatomic
distances. Such structure provides a sharply polar character of the layer.
When packed into a structure, the layers are bound to each other by very
weak bonds, that is why their structure is always not completely ordered.
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Mechanical activation of kaolinite was investigated in [14-19], It
was stated that at the initial stages of activation kaolinite undergoes a
substantial increase of the number of active surface sites of acidic and basic
character. Their concentration increases from 0.9 mmol/g in the initial
sample to 1.3 mmol/g in the samples activated for 0.5 h; then it decreases
with increasing activation time. These sites are of different nature, e.g.,
silanole groups Si—OH, exhibiting weakly acidic character (with pK, 6.5—
9.5), or strongly acidic sites of Lewis type arose due to coordination-
unsaturated metal cations (mainly aluminium) on the surface [17].

Kaolinite is transformed into X-ray amorphous state when activated
in air. According to authors [14,15], amorphization involves the destruction
of bonds between tetrahedral and octahedral layers inside the package, till
the decomposition into amorphous aluminium and silicon oxides. Other
researchers [ 16,17] consider that amorphized kaolinite conserves the initial
ordering of the positions of silicon atoms while disordering of the structure
is due to the rupture of Al — OH, Si — O — Al bonds and the formation of
molecular water. Endothermic effect of the dehydration of activated
kaolinite is shifted to lower temperatures while intensive exo-effect with a
maximum at 980°C still conserves. When mechanically activated kaolinite
annealed at 1000°C, only mullite (3A1,04-2Si0,) and X-ray amorphous SiQ,
are observed. In this case, the phase with spinel structure which is formed
under thermal treatment of non-activated kaolinite is not observed; thus,
mechanical activation leads to the formation of other phases.

According to electron microscopic data, the initial kaolinite sample
is composed of thin plates (6-30 nm) shaped as pseudo-hexagons with
cross-section size of 0.1-2 um. After activation, kaolinite is composed of
the plates with rounded edges and cross-section size up to 0.6 pm, shifted
and turned around other plates. According to IR spectroscopy, at first, Al—-
OH bonds (absorption bands 910 and 938 cm™) and Al-O-Si bonds
(absorption bands 540 cm™) are broken [18].

Important data on the changes in the coordination of aluminium
cations in kaolinite structure were obtained by NMR [17-19]. Non-activated
sample exhibits chemical shift on Al (8§ = -2 ppm) corresponding to Al
coordination number 6. After activation, the signals with chemical shifts & =
53, 29, -2 ppm corresponding to 4, 5 and 6-coordinated states of aluminium
ions are observed. The change of chemical shift of aluminium ions is due to
dehydroxylation with the formation of molecular water, which remains
within activated kaolinite bulk. It is either bound to aluminium atoms (Al-
OH), supplementing their surroundings to octahedrons, or hydrogen-bound
to particle surface. The heating of activated samples increases the amount of
5-coordinated aluminium. At increased temperature, the resulting meta-
kaolinite rearranges into mullite and amorphous silica.

Thus, under mechanical activation, new kaolinite states are formed,
which are not observed at thermal treatment.
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Silicate phases of granite. Most of natural materials are
multicomponent heterophase mixtures of minerals, for example, granites are
composed of the silicates of different structures. The main types of crystal
structures in silicate phases of granite powder are framework, layered and
chain-like structures built of SiQ, tetrahedrons.

The authors [20] studied the influence of mechanical activation on
the changes in the composition of silicate phases of granite powder which is
a large-scale industrial waste material. The powder incorporates the
following phases: quartz - SiO,, augite - Ca(Fe, Mg)SiO,, laumontite -
CaAlSi,0,,-4H,0, hornblende - (Na, K, Ca),(Al, Mg),(Si, Al);O,,(OH),,-
xH,0, xonotlite - CasSi40,,(OH),, enstatite - (Mg, Fe)SiO; and small
amounts of other phases. Its average chemical composition is (mass. %):
Si0, -53.9, ALLO, - 15.5, CaO - 8.5, Fe,0; — 7.2, MgO — 4.6, Na,0 -2.4,
K,0-1.6, TiO,-0.5, MnO, - 0.2,B,0; - 0.1.

Mechanical activation brings to a decrease of the intensity of X-ray
reflections of all the phases except quartz. Permanent presence of SiO,
phase can be the sequence of its stability to deformations as well as the
result of its formation from mechanically decomposed silicates. The initial
phase, SiO,, serves as a nuclei for its growth from amorphous phases during
mechanical activation of silicates.

The intensities of X-ray reflections of laumontite,
CaAl,Si,0,,4H,0;  hornblende, (Na,K,Ca) (Al,Mg).(Si,Al);O,(OH),¢
xH,0; xonotlite, Ca,Si;O,,(OH),, decrease after a short-time mechanical
activation and practically disappear after average mechanical load. The
intensities of reflections of phases comprising plagioclase (albite,
NaAlSi4O;, and anortite, CaAlSi,Oy), audite, Ca(Fe,Mg)Si,O, and
enstatite, (Mg,Fe)Si0,, also decrease while the width of reflections is
broadened versus time of mechanical treatment. In the case of the strong
regime of mechanical activation, the initial material becomes X-ray
amorphous; the traces of plagioclase, enstatite and quartz phases are
observed. Thus, mechanical activation causes the destruction of chain-like
hydrosilicates, opposite to framework-structure compounds which are more
stable.

Silicates contain structural and adsorbed water. The major part of
water is evolved from the initial material (~ 67 %) under heating at 250—
740°C. It is known that the dehydration of silicates is accompanied by the
destruction of silicate structure. Really, laumontite, CaAl,Si,O,,-4H,0,
hornblende, (Na,K,Ca),(A1,Mg),(S1,Al)O,,(OH),-xH,0, xonotlite,
Ca¢Si0,,(OH),, disappear after the heating of the activated powder at
1000°C. Anorthite, albite, enstatite, hematite, S10, phases and those similar
to Ca, gyAly4Si53,05 are formed under heating.

Mechanically activated samples release increased amounts of water
under heating at 200°C. This can be explained by the fact that mechanical
activation brings as well as to disordering of the initial silicate structures as
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to their decomposition with the formation of new compounds
accompanying dehydration. Absorption bands at 3800-3600 cm™ which
correspond to OH group are practically absent in IR spectra.

The products obtained by thermal treatment of mechanically
activated granite are substantially different from those for non-activated
granite.

The joint activation of granite powder with calcium oxide CaO was
carried out in order to bind them together into the minerals of cement
clinker: di- and tri-calcium silicates. After annealing of mixtures, the
formation of aluminosilicates, 2Ca0-Al,0,-Si0, and Ca0-Al,0,-28i0,, the
crystallization of Ca(Mg,Al,Fe)Si,Os and the formation of the compounds
of MgO-Al,0;-3Si0, type was observed.

Thus, mechanical activation of a mixture of silicate phases of
granite leads to their structural decomposition. Layered phases are
destroyed more rapidly than framework ones. Besides, adsorbed water is
removed at lower temperature (200-300°C). Thermal treatment of
mechanically activated mixture with CaO leads to the formation of minerals
of cement clinker.
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Chapter 6

MECHANOCHEMICAL SYNTHESIS OF
DOUBLE OXIDES

The syntheses of double, triple and more complicated compounds
can be carried out on the basis of hydroxides and hydrated oxides. In order
to achieve the most efficient interaction, one should select initial
components taking into account their acid-base properties, solubility and
possible hydrolysis in the presence of small amounts of water. The
compounds or groups of compounds should be selected to provide a
maximum difference in acid-base properties. A quantitative characterization
of these properties was described in the previous chapters. By present, a
substantial experience in soft mechanochemical synthesis of inorganic
compounds has been accumulated. The description of experimental results
presented below is divided into two parts. One of them deals with the
synthesis of double compounds and an another with the synthesis of more
complicated compounds.

6.1. Aluminates

The methods of mechanochemical synthesis of various aluminates,
including double compounds of alkaline, alkaline earth and transition
metals, and aluminium, have been developed. The data on their synthesis,
based on aluminium hydroxide, are presented according to this sequence.

Lithium aluminates. The compounds LiOH-2A1(OH);-mH,0 and
LiCl-2AI(OH);-mH,0 (here m = 0.5; 1.0; 2.0) are easily synthesized under
very low mechanical loading (blade mixer) in stoichiometric
Al(OH);+LiOH-H,0 and Al(OH);+LiCI'-H;O mixtures [1,2]. It was stated
that the dispersion of the initial aluminium hydroxide strongly influenced
on the kinetics of mechanochemical interaction. The interaction rate
increases linearly with the specific surface of the initial hydroxide. Fig. 6.1
shows the data on reactivity of initial hydroxide with different specific
surface area (6 and 2 m?/g, respectively).

The heating of the products as prepared up to 200°C is accompanied
by the loss of interlayer water; above 200°C, the decomposition of
LiOH-2AI(OH);-mH,0 takes place yielding anhydrous lithium aluminate
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heavy industry because of its AHOH)+LICIH,0. 1- fine particles:

. 2 — coarse particles
excellent mechanical and thermal

properties at elevated temperatures. Its solid state synthesis from magnesia
and alumina occurs via interdiffusion of cations through the product layer
between the oxide particles, that needs high processing temperatures
(>1400+1500°C). It would therefore be desirable to obtain the magnesium
aluminate precursor by mechanochemical processing; this could then be
converted at about 1000-1050°C to spinel with a high surface area and low-
sized particles to achieve good sintering behaviour.

The author [4] observed the formation of a new phase (probably,
double hydroxide of aluminium and magnesium) under mechanical
activation of a mixture of magnesium and aluminium hydroxides in a
planetary mill. The mentioned product decomposes at 800°C to form spinel
MgA1204.

Soft mechanochemical synthesis and sintering of magnesium
aluminate spinel were investigated also in [5]. X-Ray amorphous precursor
phases for the synthesis of MgAlO4 have been prepared by grinding of
Al(OH);+Mg(OH), mixture or  4MgCOQO;-Mg(OH);-4H,0. The
mechanochemical treatment does not remove any water or carbonate, but,
accordint to Al MAS NMR, converts a part of octahedral Al sites in
gibbsite into tetrahedral sites and some other sites with a resonance at about
38 ppm. The brucite-derived precursor forms spinel on heating at < 850°C,
by contrast to the unground mixtures which show insignificant spinel
formation even at 1250°C. The brucite-derived spinel is sintered to 72%
theoretical density and shows a morphology consisting of widely disparate
grain sizes. At about 850°C, the hydromagnesite-derived precursor
transforms into a  mixture of  spinel and  hydrotalcite
(MgeAl2(OH);6CO5-4H;0), the latter decomposing to spinel and MgO at
1050°C. The ceramics derived from hydromagnesite-containing precursor
shows superior pressureless sintering properties at 1400-1600°C, producing
a body of 97% theoretical bulk density at 1600°C.
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The anion forms of double hydroxides of magnesium and
aluminium have been obtained by mechanical activation of crystal
magnesium with aluminium salts in a planetary mill AGO-2 for 15 min
according to the reaction:

3Mg(OH), + Al(A,);:6H,0 = [Mg, AI(OH)s]Ar'n H,O + Mg(A,),.

Here A,is CI', NO5', SO, etc. [6].

Thus synthesized forms of double magnesium-aluminium
hydroxide appeared to be good anion exchangers; they can be also used for
the preparation of spinel MgAlLO4 by heating at temperature not above
800°C by adding aluminium hydroxide to achieve spinel stechiometry.

By means of mechanical activation of 3MgCO;+Al(OH); mixture
in water solution (5% Na,CQOj;) for 24 h in vibratory mill, hydrotalcite,
MgeAl(OH),6-CO;5-4H,0, was obtained [7]. Thermal decomposition of this
product results in the preparation of fine-grained and high-strength spinel-
magnesial ceramics.

Mechanochemical synthesis of anionic forms of hydroxides
possesses some advantages over the traditional procedure of their
preparation from solution. The compounds obtained by mechanochemical
synthesis are sufficiently well crystallized and free of impurities. This
synthesis method is ecologically safe.

Calcium aluminates. A wide range of calcium hydroaluminates
exists in the system CaQ-Al,0;-H,O with molar ratio CaQ:Al,O, changing
from 1 to 6, while molar ratio H,O:Al,O; changes from 6 to 33 [8]. The
compounds most stable under hydrothermal conditions are
3Ca0-Al;03-6H,O and 4Ca0-3A1,0;-:3H,0. The former compound,
represented by structural formula Ca;Al,(OH),,, exists till 270-280°C, the
latter is stable till 680-690°C. Dehydration of hydroaluminates can lead to
anhydrous aluminates of various compositions.

The application of soft mechanochemical synthesis to the synthesis
of calcium hydroaluminates is described in a series of works [9-14]. The
author [4] investigated the effect of the nature of initial aluminium
compounds, such as a-AlLO;, y-ALO;, AIOOH (boemite) and Al(OH);
(gibbsite), on mechanochemical synthesis of calcium aluminate in the
mixtures with calcium oxide. The highest rate was achieved with gibbsite.
The rate decreases in the row AI{OH); - AIOOH — y-Al,O; - a-ALO;,
that agrees with the decrease of acidic properties of these compounds.

It was demonstrated in [9] that mechanical activation of a mixture
of Ca(OH); with Al,O; (at molar ratio 1:4) in a vibratory mill results in
partial interaction with the formation of calcium hydroaluminate
4Ca0-3A1,0;-H,0. The authors [9] showed that mechanochemical synthesis
of 3Ca0-Al,0;-H,0 occurs starting from Ca(OH),+Al(OH); and Ca(OH),+
kaolinite mixtures during their activation at room temperature.



82 E. Avvakumov, M. Senna, N. Kosova

As described in [11], the same compound was synthesized by
activation of theinitial 3Ca(OH),+2AI(OH); mixture in a heated ball mill. It
was demonstrated that the activation for 100 h at 100°C is sufficient for the
direct synthesis of 3Ca0-Al;O;-6H,O. At higher temperatures this
compound is decomposed. It is also noted that the synthesis does not occur
at given temperature without mechanical activation of the initial mixture of
components.

The authors [12] wused Ca(OH),+4Al(OH); mixture for
mechanochemical synthesis of Ca0-2A1;0;-7H;0O. When heated to 1000°C,
this compound decomposed to CaO-2Al,0;.

The activation of mixtures of
calcium and aluminum hydroxides

taken at different ratios was studied in X x
[13]. It was stated that ®
3Ca0-Al,O3-6H-O was the main 9

product of mechanochemical synthesis
within a wide range of component ratios
(from 2:1 to 1:2). When a planetary mill
AGO-2 is used, the synthesis completes
within 10 min (Fig. 6.2). An increase of
activation time brings to decrease of the
intensity of reflections, which is an
evidence of product amorphization or
the beginning of hydroaluminate
decomposition.

Alternative approaches exist to
explaine the mechanism of chemical  Figure 6.2. X-ray patterns of Ca(OH),+
interaction. It is accepted that water is ~ 2ANOH); mixture activated for: 5 (1),
.formed as a result of mechanochemical g) -(ZC);;(IOSI-(li), ':m ALOH),,
interaction, solid reagents are dissolved o _ 3Ca0-ALO,-6H,0.
in water, and the reaction proceeds via
the dissolved state (hydrothermal-like process). On the other hand, it is
assumed that the initial stages of the process involve the interaction between
acid and base centers present at the surfaces in contact, and the next stages
are connected with the process of calcium cations insertion into aluminum
hydroxide lattice.

The above-mentioned data [10] and those reported in [14] reveal
the specific features of the process. In the latter paper it was demonstrated
that AI(OH); +CaO andAl(OH);+Ca(OH), mixtures activated for 45 min in
vibratory mill contained 5 and 7.5 mass.% of free water, respectively, due
to dehydration of AI(OH); (as the most easily decomposed component). It
follows from [10] that mechanochemical synthesis in the same mixture does
not proceed at temperatures above 100°C. The authors attribute the braking
to the formation of less active product - boemite, AIOOH, but it is quite

o, degree
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possible that the braking occurs due to the evaporation of water from the
contact zones.

On the other hand, the structure of CazAl;(OH),;, formed via
interaction of AI(OH); with Ca(OH),, consists of OH" ions packed with
metal ions, which occupy the suitable size sites. Calcium cation is
surrounded by eight OH’ ions, while aluminium cation is surrounded by six
OH' ions, corresponding distances being 0.250 and 0.192 nm, respectively.
This means that the formation of structure can proceed in a simpler manner
than through the dissolution followed by crystallization.

The authors [14] have
received some aguments
confirming the second
mechanism. The concentrations
of basic centres on CaO and
Ca(OH); after their activation
either individually or in
mixtures with AI(OH); were
determined by means of pH-
titration. The number of centres
per unit surface area increases
in the first case. Vice versa, tae MiN
?;;W(;g é?enaslen ;?léfzrisurljggs (t)(; Figure 6.3: The changgs of basic? centre

concentration versus time of activation of
centres (Fig. 6.3). The decrease the mixtures:
is most substantial in mixture 1 - AI(OH);+Ca0, 2 - Al(OH);+Ca(OH),.
with  CaO. The residual
concentration of centres is lower with CaO (~0.6 g-ion/m?), in the case of
Ca(OH), it is 1.3 g-ion/m2 . This means that basic centres are consumed
during the activation to react with acidic centres of AI(OH); surface, and the
interaction efficiency correlates with basic properties: CaO > Ca(OH),.

Besides, the authors discovered an intercalation effect during
activation. Intercalation involves the insertion of calcium ions into
aluminium hydroxide lattice which possesses a layered structure.
Intercalation takes place between hydroxide layers over the planes with
Miller index {002}. A maximum increase of the distance is observed in
Al(OH);+Ca0 mixture (from 0.4850 to 0.4875 nm); while in AI(OH);+
Ca(OH), mixture, it changes not so significantly (to 0.4867 nm).

Anhydrous calcium  aluminates obtained from calcium
hydroaluminates by thermal treatment are used as the components of
calcium-aluminate cement [15], as catalyst supports [16] and as sorbents for
gas purification from fluorine [17].

Barium hexa-aluminate. BaAl;;O;y, being a compound of high
practical importance, is usually synthesized via thermal decomposition of
alkoxides.

a, g-ion/mol
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Shortcomings of the method are the formation of large amounts of
organic wastes and high temperatures of synthesis. The application of
mechanical activation of solids allows to avoid liquid wastes during the
synthesis and to decrease the temperature.

It was shown in [18] that practically monophase fine barium
hexaaluminate can be obtained by mechanical activation of a mixture of
barium oxide with y-Al,03, which exhibits acid properties to a larger extent
than a-Al,O;, and by consequent thermal treatments at increased
temperature. The product then is grinded in the presence of water. The
synthesis was shown to proceed almost completely after activation for 5
min in the AGO-2 planetary mill and thermal treatment at 1300°C for 1 h.
Mechanical activation of the mixture of aluminium hydroxide with barium
oxide, followed by thermal treatment at 900°C, results in the formation of
the final product and a-Al,0; as an admixture which remains even at
1300°C. Mechanochemical synthesis helped also to synthesize barium
hexaaluminate in which a part of aluminium cations is replaced with
manganese, iron, cobalt cations. Such compounds are used as active
ceramics in catalysis [17].

Zinc aluminate. Zinc hexaaluminate with atomic ratio
Zn(II)/AI(IIT) = 3:1 and cell parameter c=0.75 nm (pyroaurite structural
type) was obtained by mixing of ZnO crystal powder of hexagonal structure
(with particle size ~0.2 micrometers) with AI(OH); , preliminary activated
in a planetary mill for 70 min, in distilled water [19]. The final product was
formed during the ageing of the mixture for 24 h at 20°C. Non-activated
AI(OH); does not interact with ZnO (even if the latter is activated). The
authors [19] consider the formation of zinc hexaaluminate as a specific solid
phase reaction occured in disperse state via highly efficient mechanism
involving the absorption of large-grain crystals of divalent metal hydroxides
or oxides by the activated aluminium hydroxide.

Lanthanum aluminate. Mechanochemical synthesis of lanthanum
aluminate was carried out by the joint grinding of lanthanum oxide La,Os
with aluminium hydroxide or oxide in a planetary mill [20]. After activation
for 120 min, a monophase product LaAlO; with a large specific surface area
was obtained. However, the formation of LaAlQ; was not observed when a-
ALO; was used as an initial reagent.

6.2. Silicates

Magnesium silicates. Mechanochemical reaction between
Mg(OH), and SiO, was investigated in [21]. Activation was carried out in a
laboratory vibratory mill. According to X-ray phase analysis data, for
individually activated Mg(OH), no changes in structure and composition
are observed, except for the decrease of peak intensities due to
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amorphization. For activated mixtures of Mg(OH), and SiO,, amorphization
proceeds more rapidly, practically within one hour. According to IR
spectroscopy, an intensive absorption band at 3650 em™ in the spectrum of
activated mixture, assigned to the vibrations of isolated OH groups,
disappears as early as after 2 h, while it is conserved in Mg(OH),,
individually activated for 48 h. Similarly, the band at 790 cm”’ in the
spectrum of activated mixture, attributed to symmetrical vibrations of Si-O-

Si bond, also disappears. Activation has no effect on bands at 3400 and

1630 cm™' referred to silanol group and adsorbed water. These results

indicate that the mixture of Mg(OH), and SiO; is physical only at early

stages of grinding, then it is rapidly turned into a chemically bound
complex.

These conclusions are in agreement with DTA and TG data. Endo-
effect at 365°C, which is due to dehydration Mg(OH),, is observed for
activated sample, too. Vice versa, it is absent for the activated mixture of
Mg(OH); with SiO,, starting from 1 h. This means that dehydration occurs
as a result of chemical interaction. The enthalpy of dissolution of this
mixture passes through a maximum versus activation time, as in the case of
activated talc, Mg;Si;O,o(OH),.

High-temperature treatment within the range 550-800°C brings to
crystallization of products. In non-activated mixtures, heated at 800°, the
crystallization of MgO and insignificant amounts of forsterite Mg;Si04 are
observed. In samples activated for a short time, a mixture of forsterite and
enstatite is formed, while after activation for 3 h, only enstatite MgSiQ; is
formed.

The authors assume that, since mechanically activated silica has a
high affinity to the hydroxyl groups of Mg(OH),, their interaction starts
with the transfer of protons from Mg®* to Si*" ion. This process results in the
formation of water molecules (from two OH groups) and O% ions with a
high mobility. These O% ions participate in rearrangement of the SiO4 bonds
of the tetrahedron, which leads to the formation of a new chain structure of
forsterite. The main statements of the model are as follows:

(1) the dehydration and formation of the precursor mMgO-nSiO, take place
at the same time at the contact points between unlike particles;

(2) the dehydration and formation of the precursor of magnesium silicates
occur simultaneously in different local spots in a grinding vessel when
the whole system is observed.

The rate of mechanochemical interaction is strongly affected by the
particle size of initial components. Fine particles get in close contacts with
each other; secondary aggregated particles arise, their size being equal to
2+10 pm; chemical interaction proceeds with higher efficiency inside these
particles.

Mechanochemical synthesis of Mg,;SiQ,, starting from different
mixtures of anhydrous and hydrated magnesium and silicon oxides, was
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investigated in [22]. The goal of this study was to determine the effect of
the amount of constitutional water in the hydrated silica on
mechanochemical interaction in the systems 1) Mg(OH), — silica gel, 2)
Mg(OH), - silicic acid, 3) MgO - silicic acid, and to find similarity with the
products of hydrothermal synthesis of magnesium hydrosilicate.

The main sizes of initial particles of Mg(OH),, silicic acid and silica
gel are 3, 12.4 and 20 pum, respectively, while specific surface area is 23.5,
142 and 580 m%g. Hydrothermal treatment of these mixtures was carried
out at 80°C for 24 h. Hydrothermal reactions in MgO-SiO,-H,O system
were studied earlier by Yang [23], who stated the formation of talc,
3IMg0-4Si0,-H;0, and chrisotil, 3Mg0-25i0,:2H,0, in this system. In X-
ray diffraction patterns, basic reflections 0.94 nm and 0.737 nm correspond
to these phases.

Mechanical activation of stoichiometric mixtures was carried out in
a laboratory planetary mill at a rotation frequency of 400 rpm. According to
X-ray data, after activation for 1200 min, no interaction was observed
between the components in the first mixture, while in the second mixture,
the interaction took place but it didn’t complete; in the third case, the
reaction ran to its completion.

According to DTA and TG data, endo-effect at 365°C, caused by
Mg(OH), decomposition, remains constant in the first case, becomes very
small in the second case and is practically absent in the third case. This
means that the interaction of initial components occurs at the stage of
mechanical activation. DTA curves also exhibit endo-effect at 865°C, being
maximal for the second mixture. It is due to the formation of forsterite,
Mg,S10y, in the first mixture and due to formation of a mixture of forsterite
with enstatite in the second and the third mixtures.

According to IR spectroscopy, in the two latter mixtures, an
absorption band at 950 cm’ corresgonding to Si-O bond elongation in Si-
OH group appears. According to °Si NMR data, these mixtures exhibit
identical spectra with the parameters Q* = - 86 ppm and Q' = - 93 ppm,
similarly to hydrothermally synthesized magnesium silicate. This spectrum
is typical for hydrated magnesium silicate 3Mg0O-2Si0,-2H,0. According to
X-ray data, the final mechanochemical product has a main reflection at 0.84
nm, which can be attributed to talc or chrysotile-like products. This shows
that there is a similarity between the products of mechanochemical and
hydrothermal syntheses in this system. However, mechanochemical
interaction does not take place in the second mixture due to large excess of
water.

Interesting data were obtained by the same authors for the ageing
of the mentioned mechanically activated mixtures [24]. According to these
data, the interaction is not observed in the first mixture either after
activation (30 min) or after ageing (6 months). The second mixture
exhibited no interaction after activation for 30 min, but after ageing (6
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months) the whole Mg(OH), was bound to form layered silicate. According
to Si NMR data, peaks at -84,8 ppm and -92,5 ppm are observed; DTA
curves exhibit endo-peak at 365°C.

Thus, it can be assumed that in the presence of small amounts of
water, the interaction between magnesium hydroxide and silica, finely
ground and thoroughly mixed, proceeds via the dissolution of silica in the
presence of magnesium hydroxide. This followed by the interaction of silica
with magnesium hydroxide resulting in the formation of insoluble
magnesium silicate.

Calcium silicates. In [25] it was demonstrated that the reactions
with the participation of hydrated silica are more profitable from
thermodynamic viewpoint:

A G®;9, kJ/mol

CaO + SiO; = CaSiO; -89.4
CaO + H,Si0; = CaSiO; + H,O -173,5
Ca(OH), + SiO, = CaSiO; + H,0 -33,0
Ca(OH), + H,Si0; = CaSiO; + 2H,0 -117,2

These mixtures, taken at a molar ratio of 1:1, were activated in a
planetary mill; treatment time was varied from 1 min to 30 min. Chemical
analysis showed that calcium was bound most efficiently in the second and
fourth mixtures (Fig. 6.4). According to IR spectroscopy data (Fig. 6.5),

100

80

60

o, %

40
3430

-—— Absorbance

20 14251475

3640

L L L A A 'l 'l L 'l Jil 1
% w0 d5 @ 25 &b 400 800 12001600 3200 3600 4000

time of activation, min 1

Wavenumber, ecm’

Figure 6.4. The kinetics of mechano-

chemical interaction in the mixtures: Figure 6.5. IR spectra of activated
1- Ca0+Si0,, 2 - Ca(OH),+SiO,, mixtures and initial compounds:
3 - Ca0+Si0,0.6H,0, 1- Ca0+8i0,, 2 — Ca(OH),+Si0,,
4 - Ca(OH),+Si0, 0.6H,0. 3 - Ca0+5i0,.0.6H,0,

4 - Ca(OH)2+S|OZ-0‘6H10.

5 - $i0;-0.6H,0,

6 - Ca(OH),.
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mechanical activation of mixtures under study brings to different changes of
the bands corresponding to stretching Si-O bonds. In the spectra of
Ca0+Si0; and Ca(OH),+Si0, mixtures, together with the band at 1090 cm’
' a shoulder at 925 - 940 cm’' appears. On contrary, in the spectra of
Ca0+8i0,-0.63H,0 and Ca(OH),;+Si0,-0.63H,0, a band at 1090 c¢cm™ is
shifted to 1005 em’!, pointing to the significant SiO, rearrangement and the
formation of new silicate phases. The spectrum of the activated mixture
Ca(OH),+Si0; is characterised by the decrease of intensity of bands
corresponding to the vibrations of isolated OH groups. In IR spectra of
activated mixtures with S10,-0.63H,0, a broad asymmetric band appears in
the range of 3600-2400 cm™', which is an evidence of a large amount of
water molecules with strong hydrogen bonds in the structure of the
products. This is typical for hydrated silicates.

On the basis of the data obtained, the authors conclude that
mechanical activation of the mentioned mixtures leads either to partial
interaction (in the case of anhydrous oxides) or to profound interaction (in
the case of hydrated oxides). In the second case, the reaction completes with
the formation of X-ray amorphous calcium hydrosilicates belonging to
tobermorite group and being crystallized under heating in the form of
vollastonite B-CaSiOs.

Calcium hydrosilicates compose a wide range of different
compounds [26], One of them is tobermorite, Cas(OH),S1,0,-4H,0. It is an
important material, since it has brilliant physicochemical properties, for
example low density 0.5 g/cms, good ion exchange characteristics. In [27],
tobermorite was synthesized by mechanical activation of a mixture of
calcium hydroxide and silica in the presence of water at room temperature:

5Ca(OH); + 6Si0,; — Cas(OH),Si0,¢4H-0.

Thermodynamic probability for this reaction to occur is high since
the change of Gibbs energy is equal to -303 kJ/mol for the standard
conditions.

Mechanical activation of this mixture was carried out in a planetary
mill Fritsch Pulverisette - 7. Rotation frequency was 700 rpm, time of
treatment was 0.4+9.5 h. The dependence of tobermorite yield on reagent
ratio Ca0:Si0,, varied from 1:2 to 3:1, was investigated, as well as the
effect of the amount of added water (water/solid ratio varying from 2:1 to
10:1) and time of treatment.

It was stated that weakly crystallized tobermorite was synthesized
in a mixture of calcium hydroxide and silica gel. The reaction is most
efficient at the reagent ratio Ca0:Si0,=5/6 and water-to-solid ratio 4:1. At
short activation time, the formation of poor crystallized calcium silicates of
B type with tobermorite-like structure was observed, Mechanochemically
obtained tobermorite is stable till 800°C. Above this temperature, it
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decomposes to yield wollastonite. Another form of wollastonite (E), which
is a transition phase, is formed from B-type hydrosilicates under heating.

Another example of calcium hydrosilicates with useful properties
(incombustibility, high heat-insulating ability, etc.) is afwillite,
Ca;Si,03(0OH),-2H,0. Mechanochemical method of afwillite synthesis was
described in [28]. It was stated that afwillite was formed during mechanical
activation of calcium hydroxide with silica gel in planetary mill for 2 h in
the presence of water added at the amount of 15-30 % mass. At lower and
higher water content, the synthesis does not occur. Thus, water content in
the mixture under activation plays a decisive role in the mechanochemical
synthesis of afwillite. In a mixture activated for less than 90 min,
hydrosilicate of B type is formed, as in the case of tobermorite. When
heated, it forms the transition E-wollastonite. Afwillite is stable till 700°C;
above this temperature it decomposes to give wollastonite B-CaSiOs.

The preparation of calcium hydrosilicates with Ca/Si = 2 by means
of mechanical treatment was investigated in [29]. It is known that it is very
difficult to obtain hydrosilicates characterized by the ratio Ca/Si = 2 by any
method including hydrothermal synthesis. The mixture under activation was
2Ca0+Si0; (silica gel) + 2-fold excess of water (with respect to theoretical
amount). Activation resulted in the formation of X-ray amorphous
hydrosilicate differed from that prepared by hydrothermal synthesis; it was
a mixture of monomers and dimers.

Pure B-Ca,SiO; was obtained as a result of thermal decomposition
of this hydrosilicate at temperatures below 1000°C.

Aluminium silicate (mullite). Mullite 3A1;05-2Si0; is a promising
material for modern technology. This is the only compound in Al,O3 - SiO;
system with melting point at 1850°C. It is characterized by low heat
conductivity and thermal linear expansion coefficient, high bending
strength, resistance to high-temperature creep; it is also stable to the action
of melted metals [30].

It possesses a chain-type structure composed of AlQg octahedrons
and AlO4 and SiO, tetrahedrons. It belongs to a rhombic syngony with
lattice parameters: a = 0.755, b = 0.769, ¢ = 0.2885 nm [31].

The conventional methods of mullite preparation are the following:
crystallization from melt, high-temperature sintering of oxides, high-
temperature annealing of kaolin [32]. Mechanical activation of hydrated
oxides brings to decrease of mullite synthesis temperature [32-39].

The effect of mechanical activation on mullite synthesis from the
mixtures of aluminium hydroxide and silica gel was studied in [32,39].
They demonstrated that under heating of nonactivated mixtures, the
components undergo phase transformations similar to those observed for
individual compounds. Mullite is synthesized at 1400°C.

On the contrary, activated mixture of these compounds exhibits the
absence of all effects characteristic of initial components. The observed
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endothermic effect at 200°C has been assigned to complete dehydration of
the mixture. This means that the interaction between components occurs at
the stage of activation. Al NMR spectroscopy data confirm this
assumption. The joint activation results in the transition of some Al’°
cations from octahedral sites into tetrahedral and pentahedral ones
(chemical shifts being 52 ppm and 32 ppm, respectively). Note, that
coordination of aluminium ions in the initial hydroxide is only octahedral.
The authors assume that aluminosilicate structure starts its formation during
mechanical activation, and water is formed as a result of condensation:

-Si-0-H+H-0-Al-5-8i-0-Al-+H,0.

The heating of the mentioned mixture leads to the formation of the
phase with spinel structure. This phase is transformed into mullite at
1100°C instead of 1400°C in conventional thermal method. Since synthesis
temperature is much lower, thus formed mullite is in finely dispersed state
(Sspec~50 m?/g).

A good result was also
obtained in the case of the activation
of the mixtures of aluminium 3 3
hydroxide with silicic acid followed
by thermal treatment at 1200°C [4].
Practically monophase mullite was
obtained (Fig. 6.6).

The authors [33-36] -carried
out comparative investigations of
mullite synthesis depending on the
nature of initial reagents. The
following mixtures were used for
synthesis : 1) a-Al,O; + silica gel; 2)
AI(OH); + silica gel; 3) AI(OH); +
fused Si0; and 4) AKOH); + silicic
acid SiO;-nH,0. The reagents were

0270
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00

0z
0212

5 10 15 20 25 30

taken in ratios corresponding to the QngrEs
composition of mullite, 3A1,0;-2Si0,. Figure 6 6. X-ray patterns of
The mixtures were activated in a 6AI(OH);+2810;-0 6H,0 mixture:
planetary mill for 20 h, then studied I - activated, 2 - acuvated and

by means of modern physicochemical annealed at 1300°C

methods (DTA, X-ray phase analysis,
NMR, IR spectroscopy).

The results obtained were summarized as follows: the best
homogeneity of precursors is achieved for the second mixture. Its heating
leads to the formation of the spinel phase at ~1000°C, and then mullite is
formed at 1200°C. The use of silicic acid decreases the efficiency of
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mechanochemical synthesis and consequent formation of mullite during
heating because of high water content of silicic acid. In the first and third
mixtures, the synthesis proceeds at 1400°C, ie., like in non-activated
mixtures.

The authors of [37] confirmed high efficiency of the activation of a
mixture of aluminium hydroxide with silicic acid. Monophase mullite was
obtained. It was free from iron impurities by treating in weak hydrochloric
acid solution. In order to improve agglomeration, the powder, synthesized at
1200°C, was subjected to additional activation for 10 min. Mullite with the
density of 3 g/cm® was obtained.

The authors [38-40] synthesized mullite starting from the other
initial components, i.e., mixtures of kaolinite with aluminium hydroxide.
According to X-ray data, complete amorphization of the components
occurred after activation of the mixture for 60 min. Unactivated mixture
provides a 50% yield of mullite at 1200°C, while mixtures activated for 15
min and 120 min provides 80% and 90% yield after heating at 1350°C,
respectively. It was found that mullite can be obtained also after high-
temperature treatment of mechanically activated kaolinite, SiO; is formed as
an admixture phase [38,39].

Zirconium silicate (zircon). Zircon, ZrSiQ,, is the main industrial
source of zirconium. It is also widely used in production of various types of
ceramic materials, such as refractory, glazes, pigments. In this connection,
the works on the synthesis of zircon are of great interest [40]. The thermal
synthesis of zircon is rather difficult. At low temperatures (1100-1200°C),
the process is slow, while at high temperatures (above 1600°C) zircon
dissociates into the constituent oxides. Zircon can be obtained, in particular,
by sintering within 1350-1550°C range from preliminarily ground and
pressed equimolar mixture of anhydrous zirconium and silicon oxides.
However, the yield of zircon does not exceed 48 % even at 1550°C. The
synthesis temperature can be lowered to 1100°C and zircon yield can be
raised to 71-78 % by adding one of the following oxides: 10+30 % MoO;
(as Li;Mo0Q,) or 22 % V,0s [41].

The soft mechanochemical synthesis is a promising method for
zircon synthesis. The nature of the starting components is known to strongly
affect the parameters of solid phase synthesis. Solid phase synthesis of
zircon by 5 min mechanical activation of a mixture of hydrated oxides
Zr0,-3H,0 and Si0,-0.6H,O and subsequent calcination at 1200°C was
reported in [4]. Zircon as prepared contained minor amounts of monoclinic
and tetragonal modifications of ZrO; as impurity phases.

Mechanical activation of equimolar mixture of anhydrous and
hydrated zirconium and silicon oxides and its effect on solid-phase
synthesis of zircon at 1200°C was studied in [42]. The following mixtures
were under study: 1) ZrO, + SiO; 2) ZrO; + Si0-048H,0; 3)
Zr0,:4.31H,0 + Si0; and 4) ZrO,-4.31H,0 + Si0,-0.48H,0.
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Oxide mixtures were mechanically activated in a planetary mill
with zirconium jars (jar’s volume 0.15 dm®) and balls. The mill rotation
frequency was 12.5 s, energy load was 10 W/g of mixture. The
mechanically activated mixtures were thermally treated in air in a VTP-
12/15 resistance furnace with lanthanum chromite heaters. Thermal
treatment mode was as follows: a rate of temperature rise 300 deg/h, an
isothermal exposure at 1200°C for 2 h.

After heating, anhydrous silica contained some amount of water
(0.14 mol H,O/I mol SiO;) and was composed, mainly, of large-sized
particles (200-500 pum, 45.52 %). Mechanical activation in the planetary
mill for 5 min leads to a dramatic increase in dispersion: powders of both
silica and zirconium oxide mainly contain fractions with particle size less
than 10 pum. Activated mixtures 1 and 2 have approximately the same
granulometric composition, no fractions with particle size in the range
504100 um were observed. Mixture 3 contains fractions with fine particles
which predominant in mixtures 1 and 2, as well as fractions with particle
size of 50+100 pm and more, as in the case of mixture 4.

According to XRD, the initial
anhydrous zirconium oxide is a

monoclinic crystalline modification of Tol Teled
ZrO,; anhydrous silicon oxide and HIN
hydrated zirconium and silicon oxides 7
are X-ray amorphous substances. Fig. Tol« 1 *.1
6.7 represents X-ray patterns for the . o 1% A 4

initial mixture 1, mechanically

activated (for 5 min) mixtures 1 and 3, _/«—-"M

and the same mixtures after thermal

treatment. One can see that

mechanical activation of a mixture of ‘,\,/JU\j\N\A/\_z
anhydrous oxide (mixture 1) in the
planetary mill for 5 min brings to MM
sharp decrease of the intensity of 1
peaks corresponding to monoclinic R S
zirconium oxide. Mechanical 0o o0 B %
activation of a mixture containing 0. degree
hydrated zirconium oxide (X-ray  Figure 6.7. X-ray patterns of the mixtures
amorphous) and anhydrous SiO, of zirconium and silicon oxide:

(mixture 3) under the same conditions !~ initial mixture;

leads to th £ 1 2 — mechanically activated mixture (1);
cads 1o € appearance ob low- 3 - mechanically activated mixture (3);

intensity ~ peaks of monoclinic 4, 5_(2)and (3) after thermal treatment
zirconium oxide. at 1200°C

X-ray pattern of mixture 1  for2h. &-ZrSiO; & - ZrO;, (tetra-
subjected to  thermal treatment 8°nal); @ - a-SiO;
contains lines assigned to zircon
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ZrSi04 and low-intensity lines of monoclinic (0.316, 0.284, 0.219, 0.180
nm) and tetragonal (0.295 nm) zirconium dioxide and a-cristobalite (0.405,
0.169 nm). The X-ray pattern of mechanically activated mixture 3 contains
lines of zircon and only two low-intensity lines of a-cristobalite. The X-ray
pattern of a mechanically activated and thermally treated mixture 2 is
practically identical to that of mixture 3, and X-ray pattern of mixture 4
contains weak reflections of monoclinic and tetragonal zirconium dioxide.

The zirconium yield of the synthesis process was estimated by
comparing intensities of lines related to one of the main components (ZrO,
and the final product ZrO,-Si0,) at the range of 0.345-0.310 nm. This range
includes lines of quartz (0.334 nm), monoclinic ZrQ, (0.318 nm), and
ZrSiO4 (0.330 nm). According to this technique, the yield of zircon upon
thermal treatment of mechanically activated mixtures 2 and 3 is close to 100
%. Thermal treatment of a mechanically activated mixture of anhydrous
oxides (mixture 1) gave zircon yield of 89 %. The lowest yield of zircon is
observed in the case of mechanical activation of mixture 4 (~35%).

These results show that the nature of reagents subjected to
mechanical activation strongly affects the yield of the zircon at subsequent
thermal treatment of the mixture at 1200°C. According to X-ray data, the
maximum yield of zircon is observed for mechanically activated mixtures
containing only one hydrated oxide: either hydrated silica Si0O,-0.48H,0O
and anhydrous ZrO; (mixture 2) or hydrated zirconium oxide
ZrO,4.31H20 and anhydrous SiO; (mixture 3) after their thermal
treatment. In the case of the mixture of two anhydrous oxides, the yield of
zircon is lower, being the lowest in the case of a mixture of two hydrated
oxides (mixture 4). It should be noted that none of the non-activated
mixture contains zircon phase upon thermal treatment.

Interaction of the oxides in mixtures 1-4 under mechanical
activation was studied by IR spectroscopy, also. The IR spectra of
mechanically activated SiO; differ from those of the initial material: the
absorption bands are broadened because of higher disordering of SiO,4
polyhedrons compared with the tetrahedral configuration of the initial SiO,.
Such polyhedrons in mechanically activated amorphous SiO; were designed
by As,‘.

To elucidate details of the change in activated anhydrous SiQO;
present in activated mixtures 1-4, the spectrum of SiO; was subtracted from
the spectra of the mixtures. Below, only spectra of mixtures 1-4 with
subtracted As; spectrum are discussed. In the IR spectrum of mixture 1 there
appears a new low-frequency band w(Si-O) at 918 ecm™ of bridging Si-O-X
groups, where X is Si or Zr (Fig. 6.8). The formation of such bridges with
weaker Si-O bond indicates that for a part of Si atoms the positions of
neighbouring oxygen atoms are changed so strongly that one can speak
about the formation of a new oxygen polyhedron (denoted by Bs;). In the
range of Zr-O vibrations (220—650 ¢cm™'), four narrow bands of the initial
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crystalline ZrO; (577, 500,
415, and 356 cm™) are
transformed into broadened
bands with changed
frequencies. Probably, these
bands belong to X-ray
amorphous ZrQO,, in which
the geometry of oxygen
coordination polyhedra of
zirconium is similar to that
of crystalline ZrQ,, but 200 400 600 800 1000 1200
differs by greater scattering Wavenumber, em’"

ability of oxygen atoms and

lack of long-range order. Figure 6.8. IR spectra of mechanically activated

Such zirconium polyhedra mixtures 1 (1), [1(2), 111 (3), IV (4), obtained by
subtracting the spectrum of activated Si0, from
the initial spectra.

Absorbance

are denoted as Az by
analogy with Si04
polyhedra. The spectra also
contain a very broad band at 500 cm’, belonging to strongly distorted
oxygen polyhedra of zirconium with strong deviations of oxygen atoms
from their optimal positions in crystalline ZrO,. Such polyhedra having no
definite geometry are denoted as Bg.

The spectrum of mixture 2 is similar to that of mixture 2. The only
difference is that the peak at 918 cm™, associated with Si-O-X groups,
becomes higher, indicating that the fraction of Bg, polyhedra increases with
respect to As;. The ratio Az/Bg, in mixtures 1 and 2 is practically the same.

The spectra of mixtures 3 and 4 differ from those of mixtures 1 and
2. They practically do not contain bands of Bs, polyhedra at 918 cm™.
Consequently, silicon atoms in mixtures 3 and 4 are surrounded by oxygen
polyhedra of Ag; type only. The range of the Zr-O frequencies is dominated
by a broad band of Bz, polyhedra at ~500 cm™, with the absorption bands of
Az polyhedra being weak. The spectrum of mixture 4 differs significantly
from the spectrum of mixture 3. The peak of the broad absorption band
v(Zr-0) is shifted to lower frequencies by 50 cm™. This means that a part of
zirconium atoms in mixture 4 has a different composition of the first
coordination sphere: a number of oxygen atoms in it increases. Only H,O
molecules, present in a large excess in mixture 4, can serve as a source of
these O atoms.

It should be noted that the bands correspondent to HO molecules in
mixtures 1-4 is practically the same. The only difference refers to band
intensities, which suggests that the content of water in mixtures 1 and 2
subjected to mechanical treatment is the same as in mixtures 3 and 4
exceeding the water content in mixtures 1 and 2 by a factor of 2 and 4,
respectively.
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The obtained results explain the fact that after thermal treatment of
mixtures 1-4 the maximum yield of zircon is observed just in mixtures 2
and 3. It may be assumed that the yield of zircon after calcination is the
greater, the higher is the fraction of the amorphous phases Bs; and Bz in
mechanically activated mixtures. Indeed, the fraction of the amorphous
phase Bs; in the mixture 2 is approximately twice higher than that in
mixture 1. Presumably, this is due to the replacement of SiQ; by less hard
Si0,:0.48H,0. The degree of ZrO, amorphization and composition of
oxygen polyhedra of zirconium remain unchanged.

A similar result was obtained on passing from anhydrous ZrO,
(mixture 1) to less hard hydrated ZrO;4.31H,0 (mixture 3): the degree of
ZrO, amorphization increases (the fraction of Bz polyhedra becomes
higher), with 8iO, amorphization not reaching the degree corresponding to
the formation of By;.

In mixture 4, the extent of SiQ; amorphization is the same as that in
mixture 3, but ZrO, amorphization proceeds differently from that in
mixtures 1-3: new Cgz polyhedra with greater number of oxygen atoms are
formed in comparable amounts together with Bz polyhedra. Possibly,
oxygen-saturated Cz polyhedra do not interact with As; and Bs; under
thermal treatment of mixture 4, but form a phase of tetragonal ZrO,, and,
therefore, the yield of zircon decreases.

The results obtained suggest that the positive role of crystallized
water in solid phase synthesis of zircon from a mechanically activated
mixture of hydrated oxides consists only in a reduction of the mechanical
hardness of the oxides. If one of the two oxides is hydrated, the degree of its
amorphization is higher. If both oxides are hydrated, then mechanochemical
processes occur, simultaneously with increasing extent of amorphization, to
give oxygen-saturated polyhedra of zirconium, which cannot interact with
Ag; and Bg; polyhedra to form zircon in the course of thermal treatment.

Thus, investigations on influence of mechanical activation of
equimolar mixture of anhydrous and hydrated zirconium and silicon oxides
on the solid phase synthesis of zircon demonstrated that the maximum yield
of zircon at 1200°C is achieved only in the mixture containing only one
hydrated oxide.

Similar investigations of the mechanochemical synthesis of zircon
using anhydrous and sol-gel powders of zirconium and silicon oxides as
initial reagents were reported in [43,44].

6.3. Titanates

Magnesium titanate. A detail investigation of mechanochemical
synthesis of magnesium titanate from anhydrous and hydrated magnesium
and titanium oxides for preparing the ceramics of the highest quality was
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carried out in [45]. Four different initial mixtures were selected for the
synthesis: 1) Mg(OH), + TiO; (anatase); 2) Mg(OH), + TiO; (sol); 3) MgO
+ TiO; (anatase) and 4) Mg(OH), + TiO; (anatase) with excess water to
give a slurry. The mixtures were activated in Micros mill for 60 min and
then investigated by means of XRD, IR and XPS spectroscopy. According
XPS, the formation of Mg-O-Ti bonds was observed only in the first
mixture. The activated and unactivated mixtures were calcined then at
900°C for 2 h and sintered at 1350°C for 2 h. After calcination of
unactivated mixtures, the reflections of MgTiO; appeared in the X-ray
pattern of mixtures 1-3, but only in the first case the product was
monophase. In the mixtures 2 and 3, small amounts of initial oxides were
observed. The product formed after heat treatment of the mixture 1 has
uniform particles with a size of about 0.3 um, while in other cases
agglomerates of the particles of different sizes were formed. On the other
hand, the sintering of activated mixtures 1 and 3 at 1350°C brings to
formation of monophase product; in other cases MgO, Mg, TiO,, MgTi;Os,
TiO; (rutile), as by-products, were formed. In the mixtures 2 and 4,
heterogeneous interaction between Mg(OH), particles and TiO; sol is not
efficient because of large amount of water. In the case of anhydrous oxides
(mixture 3), magnesium titanate formed as a result of calcination and
sintering contains MgO and MgTi,0s phases as impurities.

The authors assume that the activation of Mg(OH),*+TiO; (anatase)
mixture involves the transition of proton from OH groups on anatase
surface to the hydroxyl group of Mg(OH). which results in the formation of
water and Mg-O-Ti bond, the latter being a nucleus for the formation of
MgTiO; phase during consequent calcination and agglomeration.

The authors consider that thermal treatment of mixture 1 is
accompanied by the growth of nuclei which have been already formed
during activation, while in other cases the reaction proceeds via the
formation of intermediate products. The sequence of processes for these
mixtures is as follows:

mech. activation

I. Mg(OH), + TiO; (A) ———— the formation of Mg—O-Ti bonds at
900°C, 2 1350°C.2h .
the contacts ——> MgTiO3 ——— MgTiOs (only gram growth).

mech. activation 900°C, 2 h

2. Mg(OH), (sol) + TiO, (sol) ——> weakinteraction ——> MgO +
1350°C. 2
MgTiO; ———"5Mg,TiO, + TiOx(R)

mech. activation 900°C. 2 h
3. MgO + Ti0; ———— weak interaction — MgO+ MgTi,Os +
1350°C. 2 h

MgTiO; ——— MgTiO;
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mech. activation

4. Mg(OH), + TiO, + H;0 ™% 16 interaction ——2" TiO, (A) +
. . 1350°C,2h | .
TiO; (R) + MgTi,0s —— TiO; (R) + MgTi,0s

The most perfect
microstructure of ceramic is obtained
in the case of synthesis in mixture 1
(Fig. 6.9). This structure is formed by
tightly packed hexagonal grains. In
other cases the structure is less
perfect; it is composed of smaller
grains; it also contains pores.
Therefore, the ceramics as prepared
exhibits the best dielectric properties:
maximum Q is equal to 9800 at 10
GHz, dielectric constant € = 17.3, and

¢ =-55 ppm/°C.

Calcium titanate. Calcula- Figure 6.9. Microstructure of ceramics
tions of Gibbs energy for the polished and the thermally etched at
synthesis of calcium titanate, given 1250°C for 1 1, prepared from
below, shoyv that from the Zlic&agn(lcc)ﬂl)}; f;tigj(t:ga?:s’:fresz
thermodynamic point of view the b - MgO+TiO,(anatase),
reactions involving hydrated titanium ¢ - Mg(OH),+TiO,(sol).
dioxide (HTD) are the most
profitable:

AGozgg kJ/mol

CaO + TiO; (anatase) = CaTiO, -96.4

CaO + H,TiO; = CaTiO; + H,0 -164.2

Ca(OH), + TiO, (anatase) = CaTiOs + H,O -40.5

Ca(OH), + H,TiO; = CaTiO; + 2H,0 -108.2

The authors [46] investigated the effect of mechanical activation on
the synthesis of calcium titanate starting from anhydrous and hydrated
calcium and titanium oxides.

No common opinion exists concerning the composition and the
structure of hydrated titanium dioxide (HTD) used as one of the reagents
[47]. Some authors suppose HTD to be a crystal anatase hydrated over the
surface. The structure of amorphous HTD differs from that of crystal
anatase by the disordering of TiQOg octahedrons due to the presence of a
large number of Ti—~OH-Ti bridges. According to 'H NMR data [47], HTD
contains oxygen-hydrogen groups of three types: 1) three-spin proton
configuration (H;O", or a proton of OH" group localized in the vicinity of
H,0 molecule); 2) two-spin configuration (H;0 molecule) and 3) relatively
isolated hydroxyl groups OH". Oxygen-hydrogen groups with three-spin
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configuration are unstable at room temperature and disappear completely
after thermal treatment at 110°C. Water molecules are kept in HTD till 240-
400°C, while hydroxyl groups till 450-500°C [48]. From the chemical
viewpoint, thermal dehydration of HTD is the condensation of ol-bridges
and their transformation into oxo-bridges that bind metal ions in oxides.
When heated, HTD is dehydrated in two stages, the first one being the
removal of water molecules at 60-470°C and the second being the removal
of hydroxyl groups at 470-900°C.

Dehydration is accompanied by two 100F r, v

Py

endothermic peaks with maximum at

170°C and 570°C Rutile is a final i
product after heating. e
Mechanical activation of HTD i
is accompanied by its dehydration. »
The total amount of water in HTD 0
samples activated in planetary mill for
30 min decreases substantially. No % 0 2 »
noticeable changes in composition and e N

spef:ific Surface. area ar.e (.)bserved Figure 6.10. The change of the

during mechanical activation of  jperaction degree versus activation time
Ca(OH), under the same conditions. in the mixtures: 1 - CaO+TiO, (rutile), 2

Mechanochemical ~ synthesis = —CaO+TiO, (anatase), 3 - CaO+

was carried out using the following  TiO21.2H:0.4 - Ca(OH),+Ti0z1.2H,0.
mixtures: 1) CaO + TiO; (anatase); 2)
Ca0 + TiO, (rutile); 3) CaO +
TiO, 1.2H,0 and 4) Ca(OH), + TiO,
-1.2H;0. Molar ratio of reagents was
1:1,

Fig. 6.10 shows the results on
free calcium oxide binding in
activated above-mentioned mixtures,
obtained by means of ethyl glycerine
method [46].

As one can see in Fig. 6.11,
the binding occurs most fast in the
mixtures with HTD; in the mixture of
HTD with Ca{OH), the product is X-

Lk

ray amorphous, while in mixture with 10 15 20 25 30 35
CaO it is crystalline, Rutile is the least 9, degree
r(?act.we modlflcatlon, the rate of Figure 6,11 X-ray patterns of the
binding to it being the lowest. products of mechanical activation

The effect of excess water  and thermal treatment of
addition on binding of CaO in  Ca(OH)+TiO; 1.2H,O muxture:
CaO+TiO, (anatase) and Ca(OH), + 1-400°C.2-600°C
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TiO; 1.2H;0 mixtures was investigated. It was stated that binding rate in
the former mixture passed through its maximum corresponding to water
content of 5 % mass. For the latter mixture, the maximum was observed at
15%. 1t should be noted that in this case the amount of both bound and free
water was taken into account; for samples with composition less than 15 %,
initial HTD was partially dehydrated at first.

According to IR spectroscopy, hydroxide groups in the structure of
the initial Ca(OH), are isolated and not bound by hydrogen bonds [49-51].
Their stretching vibrations are responsible for the band at 3630 cm™. The
intensity of this band in individually activated Ca(OH), samples increases
due to the increase of specific surface area. On contrary, proton-containing
groups in the initial HTD are characterized by strong hydrogen bond (broad
absorption band at 2400-3600 cm™' range). Total decrease of the intensity of
this band observed after mechanical activation points to partial
mechanochemical dehydration of HTD.

The initial mechanical interaction of Ca(OH), with HTD brings to
gradual decrease of the intensity of bands corresponding to initial
components and to the appearance of an additional shoulder at 2800-3300
cm’' range. Deuteration results in the separation of this band into two ones,
at 2620 and 2520 cm™. This indicates that at least two types of OH groups
are present in the product (besides the hydroxide groups of Ca(OH),),
differing by the local position and, as a consequence, by binding energy.

Hydroxide groups present on the surface of oxides are known to
exhibit either basic or acidic character. One of the methods to determine the
surface acidic centres is the sorption of ammonia as a probe molecule. The
absence of any noticeable sorption of NHj on initial and individually
activated Ca(OH),, points out that its surface hydroxide groups are basic
ones. On contrary, a part of the surface hydroxide groups of the initial HTD
exhibit acidic properties (Broensted acidic centres), which follows from the
formation of NH," ions as a result of proton transfer from the surface Ti—
OH groups to NH; molecule. No substantial changes in the band intensities
of the stretching vibrations (2800-3180 cm™") and the bending vibrations of
NH," ion occur in activated HTD samples. However, after joint activation
of Ca(OH); with HTD for 10 s, no noticeable sorption of ammonia on
sample surface is observed. Hence, acidic centres of HTD are practically
completely consumed at the initial stage via interaction with the surface
basic O% centres (Lewis basic centres) on Ca(OH), surface.

'H NMR data confirm the results on the determination of the nature
of surface centres. The spectrum of the initial HTD is a superposition of the
signals from different proton groups (OH’, H;O and H;O"). Mechanical
activation of HTD is accompanied by only slight decrease of the number of
proton-containing groups of all types. Mechanical activation of Ca(OH),
leads to an insignificant broadening of the resonance signal due to
disordering of its structure. For activated mixture of Ca(OH), with HTD,
the decrease of total amount of protons is observed pointing to partial
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removal of water during mechanical activation. The composition of OH
groups undergoes substantial changes. Activation brings to sharp decrease
of the number of protons corresponding to HyO" groups in the mixture.
They are practically absent after activation for 10 min. The number of OH
groups decreases by nearly 3 times. The fraction of protons in the Ca(OH),
structure decreases and the contribution from the protons of single and
closely located hydroxide groups increases. The latter NMR signals
correspond to absorption bands at 2620 and 2520 cm™ in the IR spectra of
partially deuterated samples.

Based on data obtained, the authors came to the following
conclusion according the mechanism of mechanochemical interaction of
Ca(OH); with HTD. Due to close contacts between the reagents during
mechanical activation, the most mobile acidic protons which are localized at
the bridging Ti~O(H)-Ti bonds and form H;O"-type groups on the surface
of HTD diffuse to the surface oxygen atoms of Ca(OH); (Lewis basic
centres). As a consequence, the formation of water molecules and Ca—O-Ti
bonds occurs (condensation mechanism). The ratio between the consumed
acidic (HTD) and basic (Ca(OH),) centres should be equal to 1:1. However,
this ratio was found to be higher. Probably, coordination-unsaturated
titanium atoms arising during activation coordinate either oxygen atoms of
isolated Ti~OH groups, transforming them into bridge groups, or oxygen
atoms of water molecules. Thus, a constant generation of acidic protons
occurs. This process is accompanied by the destruction of HTD crystal
structure starting from the surface. Strong bridge oxo-bonds Ti-O-Ti turn
into weak ol-type bonds Ti-OH...Ti.

The following scheme of this process was proposed in [50]:

Ii-l.,.Hzo (I)_ H,O
Ca—OH+Ti—O-+ - Ti— —> Ca—OH+Ti—O0—Ti— —>
| SN I I S g I~ -H0
OH 0 OH

o
—5 Ca—O0—Ti—O---Ti—
-H0 el I~

OH

The transport of protons from HTD surface on Ca(OH), surface is
accompanied by redistribution of electron densities on neighboring calcium
and titanium atoms [50]. According to XPS (Fig. 6.12), the binding energy
of the Ti 2ps level in the initial HTD is weakly sensitive to the presence of
OH' groups and H,O: it is quite the same for HTD and anhydrous anatase
[51]. In the activated HTD, the position of the maximum of Ti 2p;, line is
not changed but broadening of the line occurs that is connected with the
formation of defects on the surface. However, in the spectrum of activated



Chapter 6. Mechanochemical synthesis of double oxides 101

mixture of HTD with Ca(OH),,
binding energy of Ti 2ps» level is
decreased by 0.7 eV. This energy
corresponds to the binding energy
in the final product, CaTiO;, which
is formed after calcination. To
authors opinion, a decrease of
binding energy of Ti 2ps» level for
activated mixtures is a consequence
of the formation of Ca-O-Ti bonds
that is confirmed by NMR.
Mechanical activation of
Ca(OH), is not accompanied by the
change in the position of Ca 2psp
line. For activated mixture of
Ca(OH), with HTD, its maximum is
shifted, and the bond energy
increases by 0.5 eV with respect to
the final product, CaTiO;. After
annealing of activated mixture at
1000°C  and the formation of
CaTiOs, a positive shift of Ca 2ps.

2

1
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Figure 6.12. X-ray electron spectra of the
Tiy, level:

I - TiO, (anatase); 2 — TiO,-1.2H,0;

3-6 - Ca(OH),+Ti0,-1.2H,0 mixtures
activated 1, 2, 5 and 10 min; 7 — sample 6
after annealing at 1000°C.

line disappears.

The largest changes are observed in the spectra of O 1s level. The
components connected with oxygen atoms of the oxide group (530.2 eV)
and oxygen atoms of proton-containing groups (531-532 eV) are observed
in the spectra of initial HTD. Bond energy of the O 1s level in the initial
Ca(OH), differs from that of HTD and is equal to 530.9 eV. At short
activation time, the spectrum of O 1s is a superposition of the main
component at 531.3 eV and a shoulder around 530 eV. Later on, their
intensities become equal. After annealing at 1000°C, the component at
529.4 eV becomes the main one with low-intensity shoulder at 531.3 eV.
This change of spectra is explained by the fact that oxygen atoms of proton-
containing groups are predominant in the surface layer of the initial mixture
but their amount in activated samples decreases due to removal of water
from the surface.

The calculation of the changes of Ca, Ti, and O atom
concentrations, carried out on the basis of the measurements of intensities
of XPS lines, showed that Ca and O atoms are present in excess (with
respect to stoichiometry of CaTiO;) in the surface layer of activated
mixtures (Fig. 6.13). With increasing time of mechanical activation, their
content decreases monotonously till the level corresponding to CaTiO;
(O/Ti = 3, Ca/Ti = 1). This fact is the evidence that the surface of the
particles being formed is covered with Ca(OH), layer. Further activation
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brings to decrease of Ca atoms on
the surface as a result of intensive 20
diffusion and the formation of Ca-
O-Ti bonds. At the same time, a
decrease of the number of oxygen
atoms incorporated into proton-
containing groups is observed due 12t
to the removal water molecules
from the surface,

Thus, it was stated that the s}
initial stages of mechanochemical 1
reaction of Ca(OH), with HTD are
connected with the transport of $ /\\
mobile protons from the acidic \
oxide to basic one, and with the .
change of electron density at the 0 4 8 12
neighboring titanium and calcium bour MiN
o e oceses b0 0% i1 s s

concentrations of elements in the surface

Ca-O-Ti bonds. layer of Ca(OH),+Ti0,-1.2H,0 activated

At the next stages with  mixtures, according to XPS data:
higher transformation degree, the — 1-O/Ti;2-Ca/Ti
formation of intermediate products
is possible, in particular calcium hydrotitanates. As it was demonstrated in
[52], the compound Ca0-4Ti0,-6H,0 is formed as an intermediate product.
Its existence was proved by means of the method of differential dissolution
of mechanically activated mixtures of calcium hydroxide with metatitanium
acid and by X-ray method.

Barium titanate. The synthesis of barium titanate on the basis of
HTD and barium dioxide was reported in [53]. The following reactions
were studied:

AHozgg, kJ/mol
BaO,; + TiO; = BaTiO; + 1/20, -92.21
BaO, + H;TiO; = BaTiO; + H,O + 1/20, -166.36

The mixtures were activated in a planetary mill AGO-2 in air. The mass
ratio of materials to balls was 1:20, activation time was 1-5 min.

Fig. 6.14 shows X-ray diffraction patterns of the products obtained
after activation of the mixtures of BaO, with rutile, anatase and
metatitanium acid. It follows, that mechanochemical synthesis of barium
titanate occurs only if anatase and metatitanium acid are used as initial
reagents. The presence of barium carbonate phase was observed for all the
products. For the mixture with anatase, the amount of barium carbonate
increases with activation time, and for the mixture with metatitanium acid it
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decreases. In the latter case, the
product of interaction, BaTiO;, is
well crystallized.
The synthesis from HTD and x g
barium oxide was also carried out "
under the conditions of shock
compression [54]. The yield of e A
BaTiO; was 70%. e 4 A
Aluminium titanate.
Ceramic based on aluminium titanate i
is widely used in technology and
industry because it is characterized a® a 4 A
by small thermal expansion " L L f
coefficient and high melting point 10 'Z de 2:'80 o
[55]. Usually aluminium titanate is pERS
obtained by long agglomeration of a  Figure 6.14. X-ray patternes of
mixture of aluminium and titanium activated mixtures of BaO, with rutile

. (1), anatase (2), and metatitanic acid
oxide powders. It was noted that, (3), Activation time - 5 min.

despite the dlve.rs%ty of preparatlop A - BaTiOy, % - BaO,, ® - BaCO,,
methods, aluminium titanate iS R - TiO,, rutile.

formed only when the mixture is

annealed at a temperature above 1400°C [56]. Aluminium titanate is slowly
decomposed to give the initial oxides during long heating and slow cooling
within the range 750-1200°C.

Aluminium titanate was obtained by the annealing of the activated
mixture of aluminium hydroxide and metatitanic acid at a temperature of
1300°C (Fig. 6.15) [4]. The authors of [57,58] consider that mechanical
activation of aluminium and titanium hydrogels is accompanied by the
formation of Al-O-Ti bonds, while the heating of this mixture gives
aluminium titanate. It is stressed that the efficiency of mechanical activation
is achieved not only due to the contacts between dispersed particles but also
due to electron redistribution leading to the formation of a new chemical
bond. It was demonstrated in [59] that the addition of talc
(3Mg0-4Si0,-H,0) has a positive effect on the synthesis of aluminium
titanate by means of the activation of a mixture of aluminium hydroxide and
metatitanic acid followed by annealing.

A detailed investigation of soft mechanochemical synthesis of
aluminium titanate was described in [60]. The data obtained in this study
are the evidence of the formation of amorphous hydrated aluminium
titanium compounds at the initial stages. These compounds are stable till
450-700°C; at higher temperature they decompose to give aluminium and
titanium oxides which form dispersed aluminium titanate at 1340°C.

An interesting way of aluminium titanate preparing was proposed in
[61,62]. A mixture of metallic aluminium with TiO,-H,0 hydrogel was
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activated mechanically in a ring roll
mill. Aluminium was oxidized and
Ti*" was partially reduced to Ti**
during the activation of the mixture
for 300 min. Heating of this mixture
at high temperature leads to the
synthesis of Al,TiOs.

Titanates of rare earths.
The authors of [63] investigated the
formation of dititanates Ln,;Ti,0-
(Ln = La, Ho, Dy, Gd, etc.) after
mechanical activation of Ln,Qs +
2TiO; and Ln(OH); + 2Ti(OH),
mixtures.

The mixtures were treated in 10 15 20 25 30 35
vibratory mill at different load 6, degree
parameters. Mechanical activation  Figure 6.15. X-ray patterns of activation
caused the decrease of synthesis  product (1) and the product of subsequent
temperature from 1200°C annealing at }300°C (2) of the mixture
(calcination for 100 h) to 850°C  2AlNOH*TIOrH:0.

(calcination for 20 h) in both cases.

An increase of the rate is determined by the decrease of particle size, the
existence of good contacts between them, and disordering of the structure of
initial components.

Mechanical activation of hydroxides at room temperature leads to
the formation of a complex compound Ln;{TiO(OH),];nH,0. This
complex is stable when heated up to 550-600°C. Above 600°C, it
decomposes to form Ln;Ti,05.

Zirconium titanates. In ZrO, - TiO; system, the compound
Zr,Ti04 is formed at 1000°C. Its structure belongs to orthorhombic syngony
with the parameters a = 0.4804, b = 0.5482, ¢ = 0.5091 nm. If the reagents
ratio is slightly changed, ZrsTi;0,4 is formed; this compound forms solid
solutions with Zr,TiO,. Investigations showed that ZrsTi-Oy4 possesses an
ordered superstructure of a-PbO; type with lattice parameters a = 1.4357, b
= 0.5325, ¢ = 0.5020 nm [64].

The known methods of ZrsTi;O,4 synthesis include long high-
temperature treatment of a mixture of zirconium and titanium oxides at
1500°C for 4 h in air.

Hydrated oxides ZrO,nH,O and TiO;-H,O were used as initial
reagents for the synthesis of zirconium titanates. After the joint activation of
the mixture for 15 min in a planetary mill, the mixture was heated at
1260°C for 4 h. These procedures resulted in the formation of both Zr;TiO,4
and ZrsTi702. X-ray diffraction patterns of compounds as prepared are

335
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shown in Fig. 6.16. The
reflections completely
correspond  to  those
reported in [65].

The compound
ZrsTi7O2¢ has a mixed
structure with alternating
fragments of the
structures of the two end
members of the row. This
ordering removes the

excess mechanical strain 0, degree

in the lattice and causes

the decrease of dielectric Figure 6.16. X-ray patterns of zirconium titanates
losses. This compound is synthesized by mechanical activation and

used in high-frequency subsequent am.lealmg at 1.260 C for 4 h of
. ZrO,-nHy0+Ti0,-H,O mixtures.
technology. ZrsTizO,4 as 1- ZtTiOy, 2 — ZrsTiyOss.

prepared is characterized
by the following parameters: € = 34-2, Q = 660-700 at the frequency of 1
kHz [66].

6.4. Vanadates

Most of oxide vanadium compounds of alkaline metals have been
related to vanadium bronzes due to similarity of their properties to tungsten
bronzes. They are widely used in metallurgy, catalysis, electrochemistry
and other fields of industry [67]. As a rule, these compounds are prepared
by sintering of V,Os with the salts of corresponding metals at high
temperatures, that brings to formation of poison gases. The other possible
way to prepare these materials is a low-temperature method which is
realized by coprecipitation of corresponding compounds and the following
drying of final product at 300-400°C. The main disadvantage of such
method consists in wastes formation. In this connection, mechanical
activation appeared to be a prospective method for the synthesis of
vanadates.

Sodium and potassium vanadates. The authors [68] investigated
mechanochemical synthesis of sodium and potassium decavanadates
starting from V;0s and corresponding carbonates or metavanadates. They
have shown that varying the initial ratio of components and the time of
mechanical activation of the mixtures, the synthesis of different vanadates,
including decavanadates, occurs, characterized by high rate of reactions.

Lithium vanadium oxide LiV;0s. In Li;O-V,0s system within the
range 50-100% LiyO, two V**-containing compounds exist: LiVO; and
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Li;VO, [69,70]. Vanadium compounds formed in air within the range O-
50% Li;O are attributed to lithium-vanadium bronzes. Li+V3iO3 is a
bronze-type compound in which a part of V*" ions are reduced to V*°
Li,.,V;05 crystallizes in monoclinic system. The structure of Li,.,V;0s is
closely related to those of V¢Oi3. It consists of double and single zigzag
octahedral strings arranged so as to provide interlayer sites (tetrahedral and
octahedral) for lithium ions. It is achieved by expanding framework of
vanadium polyhedrons.

Last years this compound is widely studied as a cathode material
for rechargeable lithium batteries because of its high capacity, facile
preparation and stability in air [71-73]. Li;+xV3Os is usually prepared either
by high temperature methods (e.g., by melting of a mixture of Li,CO; and
V,0s at 680°C) [71 ] or by low-temperature methods (e.g., by co-dissolution
of lithium and vanadium compounds and the following drying of the
product at 300-400°C) [72,73]. It was shown that solution technique,
producing more disperse or even amorphous material, should bring to
higher capacity and better cycling behavior due to decreasing of particles’
size, a degree of crystallinity and an absence of the long-range order,
reducing the pathway through lithium ions diffusion.

Mechanochemical synthesis
of Li}+, V303 starting from V,0s and
LiOH was studied in [74-76] by X-
ray, IR and EPR spectrscopy. The
LiOH+V,0s mixtures were activated
in high energetic planetary mill with

corundum jars and balls. 7
It was shown (Fig. 6.17) that

intensity of reflections of V,0s on m

X-ray patterns of activated mixtures .

decreases versus time of activation, e i
while the reflections of initial LiOH ~ P At o,

from the very beginning are present

at the background level due to its ::A[::: :::::3
amorphization and weak scattering

ability of lithium atoms. On the g
pattern of the sample activated for 1 ,_LM_A_,AM_,L_A.M1
min, one can see the appearance of 5 o 15 20 25
new weak reflections assigned to 6, degrees

lithium-vanadium bronzes. After
mechanical activation for 10 min,

{103)
(203)

&
S
o

Figure 6.17. X-Ray patterns of LiOH +
V205 mixture, activated 30 sec (2); 1 min

the new reflections are  (3); 5 min (4); 10 min (5); 10 min activated
corresponding  to  Lij.V30s. It  and heated at 400°C (6); 5 min activated
indicates that structural and aged (7) in comparison with initial

transformations in the mixture of ' 205 (1) and HT-LiViOg (8).



Chapter 6. Mechanochemical synthesis of double oxides 107

solid reagents occur at the early
stages of mechanical activation.

. WV-0]  YV=0)
In IR spectra of activated W0 e s,
samples, the intensity of M
&8

absorption band at 1020 cm’,
corresponding  to stretching z g
vibrations of double vanadyl N\J\J\i
bonds v (V=0) in V,Os, M
decreases (Fig. 6.18). New bands m\\\
appear at 900-1000 c¢m’' range: M
920, 950 and 995 cm’, which At e
could be also assigned, according
to data [77], to V=0 stretching
vibrations. The change of

vibration frequency of V=0 T T T
bonds in activated samples as
well as in final product,

Li1V30s, in .Comparlson with mixture, activated 30 sec (2); 1 min (3); 5
pure Vi0s, is a result of iy 41710 min (5); 10 min activated and
incorporation of lithium ions into  peated at 400°C (6); 5 min activated and aged
the cell. (7) in comparison with initial V,05 (1) and

The phase composition  HT-LiV3Oz (8).
of  activated samples is
significantly changed after ageing for 6 months at room temperature. The
intensity of X-ray reflections of V,0s is sharply decreased, while those of
Li,.4V;04 is increased. In IR spectra the increase of bands’ intensity is
observed. The complex line at 900-1050 cm™' range become narrower, clear
maximum at 950 cm™ with a shoulder at 970 cm™ appears.

After heating of activated mixtures at 400°C, all reflections
observed belong to Li;.,V3Os. Note, that heating of nonactivated mixtures
at 400°C (that is lower than the melting temperature of LiOH) for 4 h brings
to partial interaction of reagents only. Thus, the preliminary mechanical
activation, even for a short time (30 sec), essentially decreases the final
temperature of Lij+V30s synthesis, providing formation of product in high
disperse state.

EPR spectroscopy data indicate that structural transformations
observed in the activated LiIOH+V,0s mixture as well as after its heating or
ageing are accompanied by reduction processes.

Mechanical activation of V,0s+LiOH mixture brings to the change
of EPR spectra as time of activation increases (Fig. 6.19). The spectra
observed for the mixtures activated for 1-5 min can be described as a
superposition of two signals. The parameters of the first signal (g,=1.98;
g=1.92; A;=65 G; A=185 G), which is more clearly displayed after 5 min,
well correspond to parameters of EPR spectra of isolated vanadyl

w
-

595

7

Absorbance

N e oo

g

1

Wavenumber, cm™

Figure 6.18. IR spectra of LiOH + V,05
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ions, V=0?%*, observed for
mechanically activated V,0s
[78] and lithium-doped V,Os
monocrystals [79], Affiliation
of this signal to activated
V05 was confirmed by the
following observation. It was
found that after half-a-year
ageing at room temperature,
this signal practically
disappears in the spectrum of

5 min activated mixture due
to consumption of V,0s in Figure 6.19. EPR spectra of LIOH+V,05 mixture,
reaction with LiOH activated 30 sec (1), | min (2), 5 min (3) and 10

. min (4), measured at 77 K.

The spectra of 10 min
activated mixture and those
activated 5 min and aged are similar to each other and can be practically
described by second signal only with g,=1.96 and weakly anisotropic form
(sloping at gy range), and without traces of hyperfine structure (HES) and
fine structure. The parameters and the form of this signal is completely
correspondent to those of HT-Lij+«V30s. Heating of 10 min activated
samples at 400°C doesn't bring to significant change of EPR spectra. A
rather big g, value of signal observed allows to assign it to VO** ions with
vanadyl bond as it is a characteristic feature of these ions [79].

The absence of HFS in the EPR spectrum of 10 min activated
mixture points to the appearance of weak exchange interaction between V**
ions (localized centres), probably, through electron gas (delocalized
electrons) - C-S-C relaxation [80,81].

It is known that a direct consequence of the presence of electron gas
in oxides is an observation of temperature dependence of linewidth of EPR
spectra of paramagnetic centres. For centres located in crystal fields of low
symmetry, e.g., VO* ion with short vanadyl bond, the linewidth is
independent of temperature. The presence of temperature dependence in
this case can be considered as a direct evidence of the appearance of
electron gas [78]. Table 1 shows that for 5 and 10 min activated samples,
the linewidth of spectra representing only anisotropic signal is changed as
measurement temperature increases from 77 to 293 K.

Uncommon peculiarity of EPR spectra of Li;.,V;Og obtained by
heating of activated mixtures, as well as of HT-Li,.,V3O;s, consists in the
sloping form of anisotropic signal at g; range without clear peak
corresponded to gy Such spectrum can be assigned to the system of
exchanged localized V=0?* centres of two types, differing by direction of a
crystal field axe of a short V=0 bond. Probably, the reason of the change of

DFPPH
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crystal field axe of about 50% of V=0%" jons is the presence of Li” ions in
the first coordination sphere in vicinity of vanadyl oxygen.

Thus, mechanical activation of V,0s+LiOH mixtures combined
with low temperature treatment brings to formation of reduced Li;+V3Os
phase with two types of V=0 ions (localized electron centers) and a lot of
conductive electrons (electron gas).

Chemical analysis shows that the content of V* ions in Lij.,V;0s,
prepared by heating of activated mixtures at 400°C, is of the same order as
in HT-Li,.,V30s, while specific surface area values of Li;.,V3Og as
prepared is 4 times higher than of HT-Li;.,V30g and is equal to ~ 7 m%/g.

Calcium vanadates. In Ca0O-V,0s system the existence of three
v containing compounds is stated: metavanadate, Ca(VOs),, pirovanadate,
Ca,V,0,;, and ortovanadate, Ca3(VQy),. The interaction of V,0s with
different calcium compounds under heating was investigated by numerous
researches. The authors [67, 82] showed that in CaQ-V,Os mixture the
formation of initial product - metavanadate CaV,0¢ - occurs noticeably
above 500-520°C in solid state. The sequence of phase transformations,
contrary to thermodynamic estimations, is correspondent to the increase of
calcium content in complex oxide [82]. It was noticed also, that the rate of
calcium vanadate formation is higher if Ca(OH), is used instead of
anhydrous CaO, most probably, due to the conjunction of the interaction
process and Ca(OH); decomposition [82].

The authors [83] have revealed the increase of reactivity of
crystalline V,Os in its equimolecular mixture with calcite which was treated
at 150°C in a saturated water-vapour atmosphere. After 192 h, the formation
of crystalline calcium metavanadate was observed. The occurrence of the
reaction was explained by decrystallization of initial crystalline V,Os during
the process of adsorbtion of water molecules with the formation of very
acid reactive gels in the presence of basic compounds (CaCOs;). The
following explanation of action of water on amorphous V;0s was proposed:
the polar water molecules are absorbed on the surface of the polymeric V-O
chains, progressively breaking the three-dimensional network of amorphous
V205 that gives rise to strongly one-dimensional V2Os gels of layered
structure with basal d-spacing dependent on the interfoliar water content.
The acid catalytic properties of these gels seem to be evident from the
CaCO; decomposition at 150°C and posterior CaV,0g formation. Le., the
adsorption of H,O molecules increases the reactivity of the system through
the formation of active acid sites.

Mechanochemical synthesis of calcium vanadates, starting from
anhydrous and hydrated calcium vanadates, was studied in [84]. The atomic
ratio Ca/V in the mixtures of CaO+V,0s, Ca0+V,05-H,0, Ca(OH),+V,05
and Ca(OH),+V,0s-H,O was correspondent to meta-, piro- and
ortovanadates. According to XRD (Fig. 6.20), mechanical activation brings
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o 5 2 5 o 5 % @ s 10 0,degree

Figure 6.20. X-ray patterns of activated mixtures: a — CaO+V,QOs; b - CaO+
V205'H20; c— Ca(OH)2+V205; d- Ca(OH)2+V205~H20.
Time of activation: 1 (1); 5 (2); 10 (3); 15 (4) min.

to 3 different results depending upon initial reagents being used: 1) the
formation of crystalline final product CaV,;0Os in the mixture of anhydrous
oxides; 2) the absence of noticeable interaction in CaO+V,05-H,O mixture;
3) the formation of amorphous product in Ca(OH),+V,0sH,O and
Ca(OH),+V,05 mixtures. The same results were observed in the mixtures
with Ca/V ratio equal to 2/1 and 3/1. The increasing of activation time
brings to crystallization of the product, while the higher is the amount of
Ca(OH); in the initial mixture and H,O, respectively, the higher is the rate
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of the process.

The phase composition of products is

changed

simultaneously: the formation of vanadates enriched with calcium becomes

preferable.

X-Ray amorphous products
obtained in the result of mechanical
activation of Ca(OH);+V;0Os and
Ca(OH),;+V;05-H,0 mixtures were
studied by IR spectroscopy. In IR
spectra of samples as prepared, the
band correspondent to stretching
vibrations of vanadyl bond V=0 in
the spectra of initial V,0s and
V:05H;0 (v=1020 cm™) is shifted
to low-frequency range (Fig. 6.21).
The shift is determined by the
appearance of calcium ions in the
structure in the vicinity of vanadium
ions with vanadyl bond, as in the
case of LiV;0g (see above). In the
spectra of activated mixtures one
cannot observe the vibration band of
isolated OH-groups, present in the
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Figure 6.21. IR spectra of initial
compounds (1, 2), activated mixtures (3, 4)
and final product (5):

1- Ca(OH)z; 2- V205'H20;

3 — Ca(OH),+V,05-H,0;

4 - Ca(OH),1tV,0s; 5 — CaV;0g.

spectrum of initial Ca(OH),. Instead
of it, the wide band appears at 2700-
3600 cm™' range pointing to the presence of proton containing groups with
strong hydrogen bonds.

The formation of amorphous phase in the course of mechanical
activation of mixtures of acids and bases in high energetic activators
without cooling of jars (i.e., without the removal of heat) speculates that
water molecules appeared under mechanochemical interaction transform
into the structural component of intermediate amorphous phase (matrix) and
stabilize it.

According to thermal analysis, the activated samples have some
amount of V¥ ions. Their oxidation occurs at temperature above 450°C.
The highest amount of reduced ions is observed in Ca(OH),+V,0s mixture.

Heat treatment of activated samples prepared from hydrated oxides
at 500°C for 2 h yields the single phase crystal product — CaV,Q0s. Note, that
in the case of nonactivated mixtures of anhydrous or hydrated oxides the
same treatment brings to partial interaction only.

Strontium vanadates. Authors [85] studied mechanochemical
synthesis of SrVO; with perovskite structure. Initial mixtures comprising
Sr(OH); with V,0s, VO, or V,0; were milled in a multi-ring type mill
(MICROS MIC-0) at 2000 rpm for 60 min in air or N3-4% H; and then
heated at 800°C for 10 h. Single phase SrVO; was obtained by firing of
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milled mixtures at 1300°C under reducing atmosphere with 4 dehydration
steps via two intermediates, Sr;V,07; and SrgV;0:s. Dehydration of the
mixtures was promoted by milling under N; — 4% H,, due to reduction of
precursors by hydrogen. The precursor from the mixture with V,0;-V,0s
milled under N; - 4% H; appeared to be closer to the final product, SrVO;,
than the other precursors.

Vanadates of p- and d- elements. Vanadates of p- and d- elements
as well as V,0s supported on their oxides are widely used as catalysts of
selective oxidation of different organic compounds and selective catalytic
reduction of NO, by ammonia. As a rule, such catalysts are prepared by
heating of the mixture of corresponding oxides or ammonium salts. High
temperatures of the processes bring to high-energy consumption and
elimination of poison vapours of vanadium oxide, Mechanochemical
technologies is able to exclude these disadvantages.

For example, V-A1-O and V-Ti-O catalysts were prepared by
mechanical activation of V,Os+yAl,0; and V;0s+TiO;(anatase) mixtures
[86]. According to *'V NMR, the treatment results in disappearance of V,0s
signal and the appearance of a new signal with a chemical shift in the range
—500 to -700 ppm whereas the interaction in nonactivated mixtures under
heating at 510° is not complete and involves only a part of the vanadium
atoms. The authors [87] noticed that under isothermal conditions between
565 and 615°C in nitrogen flowing atmosphere both the reduction of V,0;
and the transformation of anatase into rutile are topotactic reactions
activated by a remarkable fit of the crystallographic patterns in contact at
the V,05-TiO,(anatase) interface.

In the study [88], XRD, 'V NMR and EPR were used to show the
principle possibility of mechanochemical synthesis of V-Mo-O compounds.
The preliminary mechanical activation allows to prepare a number of V-
Mo-O compounds excluding high temperature treatment. The authors
suppose that they obtain new compounds with variable composition and
common formula V;0s:nMoQ;, where n=2+22. The compounds have
crystal structure based on orthorombic MoOs, in which Mo oxide layers are
alternant with V oxide layers. It becomes possible due to steriochemical
similarity of both oxides and the presence of weak bounded double
polyhedral layers in OkO direction with V and Mo ions in the centre of
polyhedron. Mechanical activation brings to the breakage of bonds in these
structures in OkO direction between double polyhedron layers and, as a
result, they are delaminated into packets with double polyhedron layers of
Mo and V ions. Their broken end bonds are coordinationally unsatureated,
therefore, the layers being mixed under mechanical activation tends to
adjoint the neighbouring layers inspite of their cation composition. It brings
to formation of V-Mo oxide structure consisting of alternant polyhedron
layers with V and Mo ions (lamination mixing).
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Bismuth vanadate, Bi;VOss, is a n=1 number of the Aurivillius
family of oxides which represents a technologically important class of
electronic materials. This compound is orthorhombic and ferroelectric at
room temeperature and undergoes two marked phase transitions at 450 and
560°C, High temperature tetragonal (Y) phase of Bi,VOssis a good ionic
conductor. The use of Bi:VOss for a wide variety of applications such as
catalysts, gas sensors, posistors, solid state electrolytes, and positive
electrode materials for lithium rechargeable batteries has already been
demonstrated. However, alternate synthetic methods need to be developed to
realize the full potential of this material.

The authors [89, 135] used mechanical activation of stoichiometric
mixture of Bi,O« and V;0s¢ to synthesize nanocrystalline bismuth vanadate
powders. Structural evoluton of the desired Bi;VOs s through an intermediate
phase (BiVO;) was monitored by XRD, DTA and TEM investigations.

Iron vanadate, FeVQ,, is a prospective material for lithium
rechargeable batteries and in catalysis. In [90] mechanical coactivation of
iron and vanadium oxides was used to prepare intimate nanoscale mixture,
similar to those prepared by soft chemistry. Reduction of this mixture at the
same temperature and oxygen partial pressure conditions as of soft chemistry
products (500°C and 107*'Pa) leads to formation of a nanometric vanadium
ferrite with the only spinel phase. The characterization of the powders thus
prepared was perfomed by X-ray diffraction, SEM, IR spectrometry,
thermogravimetry and colourimetry. It was shown that the homogeneity of
grain size and chemical composition is achieved if the initial oxides have
similar grain size.

6.5. Manganates

Lithium manganese spinel. Lithium-manganese oxide compounds
with spinel structure attract a great deal of interest in both theoretical and
applicative aspects. A great ability of manganese ions to change easily their
valence state in lithium manganese spinels and possibility for cation mixing
are the origin of interesting physical properties of these compounds. On the
other hand, lithium manganese oxide LiMn,Oy with spinel structure is a
favourite among cathode materials with high energy capacity for
rechargeable lithium batteries, since it is cheaper and less toxic. Structural
characteristics, particle size and crystallinity of cathode materials play a
significant role in their electrochemical behavior [91,92].

An important problem prohibiting LiMn,O, from wider use as a
cathode for lithium batteries is the unstable rechargeability, i.e. the amount
of reversibly inserted lithium decreases gradually during cycling. It has
been shown that the rechargeability could be greatly improved by using
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cathode materials with smaller particle size, thus providing the performance
of the heterogeneous reaction of intercalation/deintercalation in the kinetic
regime, and with disordered structure or nonstoichiometric composition. In
spinels, disordering is achieved either through cation mixing (inverse
spinel) or through cationic and anionic nonstoichiometry (deficient spinel).
At room temperature, LiMn,O, has a cubic spinel-type structure,

space group Fd 3 m. The structure can be described as ideally consisting of a
cubic close-packing arrangement of oxygen ions in 32e sites. Li" ions
occupy tetrahedral 8a sites, while Mn’* and Mn*" ions occupy octahedral
16d sites. Nearly at room temperature, LiMn,O, undergoes a reversible

transformation: cubic (Fd3m) <> orthorhombic (Fddd). The phase
transition is accompanied by a change in the electrical conductivity, the
latter being lower for the low-temperature phase.

Manganese ions in LiMn,O, are present in two oxidation states. The
increasing of Mn’" content during the intercalation (discharge) process
brings to Jahn-Teller distortion. The asymmetric changing of cell
parameters (the changing of c/a ratio for 10-16%) is followed by destruction
of spinel structure. Therefore, last years a lot of researches have been
directed toward the preparation of nonstoichiometric lithium-manganese
spinels with more stable matrix. The doping by low valence cations (<4)
decreases the amount of Mn’* and stabilizes cubic spinel structure.
Monovalent Li doping seems to be the best since Li provides a larger
valence difference relative to Mn than di- or trivalent cations. Hence, a
small amount of dopant is effective. Nonstoichiometric spinels, enriched by
Li, LiuMn;0, (x>1), were found to be more stable and to have great
improvement in rechargeability on cycling [93].

Low-temperature methods provide yielding of lithium-manganese
oxides with more oxidized manganese cations since manganese ions are
stable preferentially as Mn*" at lower temperature.

In [94-98] mechanochemical method was used for the synthesis of
high disperse stoichiometric and nonstoichiometric Li,Mn;O4 spinel starting
from different manganese (MnO,;, Mn;O;, MnO) and lithium (LiOH.
LiOH-H,0, Li,CO;) compounds.

Tthe reactions between LiOH and Li,CO, with different manganese
oxides can be viewed as acid-base interactions. According to Lewis
classification, lithium compounds are bases whereas manganese oxides are
acids of different strength. Acid-base properties of oxides significantly
depend on the oxidation degree of cation. The acidity increases in the raw

MnO (2+) < Mn:0; (3+) < MnO; (4+) < HMnO, (7+).
Mechanochemical synthesis of stoichiometric LiMn;0, spinel.

According to X-ray study, the oxidation state of manganese ions greatly
influenced on the kinetics of mechanochemical reaction of manganese
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oxides with LiOH and Li,CO; (Fig.
6.22). MnO, reacts almost
completely: reflections of LiMn,O,
only are present on X-ray patterns.
All the patterns could be indexed
using cubic spinel cell, space group

Fd3m. The  broadening  of
reflections is connected with the
decreasing of particle size and
residual strain. On the other hand, no
observable  interaction  between
Mn;0; and MnO with Li,CO, ©, degree

occurs. The reflections of Mn,0; are

practically unchanged while the  Figure 6.22. X-ray patterns of activated

: ; mixtures of Li,CO; with different
reflections of L1,CO; are present at manganese oxides: 1 ~ MnO, 2 ~ MnyO5,

the  background level. ~ Under 3_mu0, @- LiMn,O,; ¢ - Mn,Oy; ¥
mechanical activation of the mixture - MnO; % - Mn,0,.

of MnO with Li,CO;, a significant
transformation of MnO into Mn3O,4 occurs.

According to thermal analysis, the activated samples have got some
differences comparing with nonactivated ones. On DTA-curves of initial
MnO,+LiOH and MnO,;+Li,CO; mixtures, endothermal effects
corresponding to phase transitions of reagents (Trion = 440°C, Tiixcos =
=700°C, Tumao2 = 540°C) are present (Fig. 6.23). These effects practically
disappear after mechanical activation. New endoeffects are observed for
activated samples at 50-600°C. Besides, a sharp exothermic peak appears
on the heat curve of MnO,+LiOH mixture activated for 10 min.Thus,
considering X-ray and thermal analysis data, one can conclude that a short
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Figure 6.23. DTA heating curves of initial (1) and activated mixtures of MnO,
with LiOH (a) and Li,CO; (b): 2 ~ 1 min, 3 - 10 min.
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mechanical activation of the mixtures (1 min in our case) brings to a fine
grinding and mixing of reagents. As a result, a substantial acceleration of
the interaction process between solids under the following heating at
temperatures by 200-300°C lower than the melting point of lithium reagents
takes place. Moreover, prolonged mechanical activation of mixtures brings
to realization of direct solid state mechanochemical interaction of reagents,
which is almost completed after 10 min.

The acceleration of solid state reactions under mechanical activation
is promoted by the formation of the molecular-dense mechanocomposites.
XPS and 'Li NMR spectroscopy revealed two different types of
mechanocomposites initially formed in the activated mixtures of MnO; with
LiOH and Li,CO;, depending upon structural and mechanical properties of
lithium reagents.

’Li NMR spectra of
the mixtures of MnQ, with
LiOH and Li,COs, activated
for a short time in corundum
jars, were found to be
considerably different from
each other [97], In the first
case, strong shifts to weaker
magnetic fields are observed
(Fig. 6.24). Such behavior is
characteristic of a paramagnet,
while lithium hydroxide is < p
diamagnetic. Moreover, the v-ve, kHz v-vo, kHz v-vo, kHz
value of the shift increases
with the time of activation (see  Figyre 6.24. 'Li NMR spectra of the activated
Table 6.1) and does not  mixtures of MnO, with diamagnetic lithium
coincide with that in the final  compounds: a—LiOH; b - LiOH-H,0; ¢ —
paramagnetic crystalline  Li2COs; d - Li;SO4H,0; € - a spectrum of
product, LiMmO, (470 ppm.  LA0AGe Smne | i eton ik
The appearance of the strong  gyectrum of initial lithium compound.
paramagnetic shift in the 'Li
NMR spectra of the activated
mixtures of MnO; with LiOH was assigned to a spin density transfer on
lithium atoms induced by the appearance of Mn®" jons and s-d band overlap.
These processes, finally, bring about the formation of Li-O-Mn bonds.

According to XPS [98], the Li/Mn ratio on the surface of particles
of MnO,;+LiOH mixture activated for 1 min is twice as large as that after 10
min activation. But after 10 min of mechanical activation, the Li/Mn ratio is
still 1.6 times larger than in Merck spinel (see Table 6.2), i.e. the surface
layer of particles in activated mixtures is enriched by amorphous LiOH. On
contrary, for 1 min activated mixture MnQ,+Li,CQ;, Li/Mn ratio is equal to
0.8. The ratio decreases as the activation time increases.

80
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Table 6.1. Values of nuclear quadrupolar constants (eQqg/h), gravity centre schifts (8)

and half-widths (Aw) of lithium spectra of the initial and activated samples [97].

Sample eQq/h, kHz d, ppm Aw, ppm
LiOH 50 0x10 790140
LiOH+MnO,;,MA 1 min . 50150 910140
LiOH+MnO;,MA 10 min - 800£50 1500140
Li,CO; 63 0x10 560140
Li,CO3+MnO;,MA 1 min 90 -60£50 560140
Li,CO3+MnO;,MA 10 min 90 -80£50 830+40
LiMn,0,4 0 470150 790140

Table 6.2. Changing of surface layer content of the activated samples according to XPS data

(98).
Sample O/Mn Li/Mn

LiOH+MnO;, 1 min MA 3,0 32
LiOH+MnO,, 10 min MA 2,5 1,6
LiOH+MnQO,, 10 min MA and after heating at 1,4 1,8
800°C

Li;CO3+MnO;, 1 min MA 2,1 0,8
Li,CO3+MnO,, 10 min MA 2.5 2,0
Li;CO3;+MnO,, 10 min MA and after heating at 1,3 1,7
800°C

Thus, one can propose that when LiOH, having a layered structure
and exhibiting good plasticity, is used, a quick amorphization of this
compound occurs, followed by its “smearing” on the surface of firmer
MnQ; particles. The adhesion forces at the contact of LiOH and MnO,
particles exceed the cohesion forces inside MnO; particles. A thin film of
amorphous LiOH acts as surfactant, accelerating the dispersion of MnO,
particles. On the other hand, a number of high-reactive low-coordinated
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atoms on the surface of oxides is increased and facilitates the process of
adhesion of hydroxide. This results in the formation of molecular-dense
mechanocomposites. Dense contact between reagents brings to the
formation of numerous micronuclei of a new phase of product. In the course
of the following heating of both samples, the growth of nuclei of a new
phase takes place. The more is the amount of micronuclei, the higher should
be the dispersion of the final crystal product. In the case of L1,CO;, having
ionic structure and exhibiting brittle properties, the brittle fracture of both
components is observed. Fig. 6.25 shows the scheme of the formation of
two different types of mechanocomposites, mentioned above.

Figure 6.25. The scheme of mechanocomposites formation in the activated mixtures of
MnOQO, with LiOH (a) and Li,CO; (b).

The revealed differences in the mechanism of the initial stages of the
reaction affect the properties of final products, especially, the particle size
and conductivity.

The value of specific surface area S of LiMn,O, samples prepared by
mechanical activation of LIOH+MnO, (Merck) mixture is equal to 90 m*/g
and decreases to 12 m"/g after heating at 600°C, For samples prepared by
mechanical activation of Li;CO;+MnO, mixture, S is equal to 32 mz/g and
decreases to 8 m*/g after heating of the sample at 600°C.

According to Fig. 6.26, spinels, prepared by mechanical activation
followed by heat treatment, are characterized by very low lattice parameter
a, which increases as temperature rises. It is well known that the radius of
Mn** ions is lower than that of Mn®*. Mn** jons are more stable at lower
temperatures. Thus, low values of a parameter for the samples with molar
ratio Li/Mn=1/2 point to the increased amount of Mn*" ions comparing with
that of stoichiometric spinel [93]. One can see that in the samples prepared
from Li,CO; by mechanical activation and heating at 450°C, the value of a
and the amount of Mn® jons are higher than in the case of LiOH samples
because of reducing character of CO,, eliminating in the course of
interaction [98].

Besides, a low cell parameter of spinels as prepared could be
caused by the presence of substantial disordering of cationic sublattices
One of well known lithium-manganese spinels with Li/Mn=1 2 molar ratio
is Li;Mn4Os, or (Liy gs0g 1) her[Mny.28000 22)0cO4 (Where O isavacancy) in
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Figure 6.26. Lattice parameter of LiMn,O, versus time of activation and
temperature of heating: (a) prepared from LiOH+MnO,; (b) prepared from

Li2C03+MHOz.

spinel notation [93]. It is characterised by a pressed lattice (a=0.816 nm
instead of 0.824 nm for LiMn,O,) and has all manganese ions in 4+
oxidation state. The composition of mechanochemically prepared spinels,
probably, can be described by a similar formula

(Li0)-[(Mn*"Mn’"),,0,]0, or
LiMn;04.,. On the increase of
calcination temperature, the process
of reduction of manganese ions and
annealing of defects occur.

The excess of oxygen in
mechanochemically prepared spinels
is released under heating (Fig. 6.27).
For all samples prepared at different
temperatures  this is a two-step
process. The starting temperature of
the second step coincides for all
samples and is equal to 800°C. On
contrary, the temperature of the first
step is different and comprises 400°C
for sample prepared at 450°C and
650°C — for the others. The cooling
process is followed by mass gain. In
the 800-1000°C region, the process is
reversible and at lower temperatures
is irreversible. According to [99], the
value of irreversible mass loss can be
associated with the changing of
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Figure 6.27. TG-curves of heating and
cooling of MnO,+Li;CO; mixtures,
activated 10 min and heated

at different temperatures.
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average oxidation degree of manganese ions, i.e. it must be equal to the
amount of defects (cation vacancies). The estimations showed that the
amount of vacancies for samples being heated at different temperatures
varies from 0.07 to 0.02 per formula for tetra- (x) and from 0.14 to 0.04 for
octa-positions (y) versus the temperature increasing, Note, that the samples
heated even at 800°C conserve some amount of defects.

IR spectroscopy data point to the other type of disordering. Two
asymmetric bands are present in the spectra of MnO,;+LiOH activated
mixtures at 300-800 cm'’ range (Fig. 6.28). They are degenerated for

b

%\N\Bw
600’ 0%

450°C
MA 10 min
300 400 500 600 700 8OO 300 400 500 600 TOO 800

Wavenumbers, ci Wavenumber,cri}

Figure 6.28 IR spectra of MnO,+LiOH mixture activated for 1 (a) and 10 (b) min
and heated at different temperatures.

samples, heated at 600 and 800°C. The degeneration is removed for
activated samples without heating and for those, heated at 450°C. Such
splitting of bands, as well as their asymmetry, can be explained by
distribution of homogeneous manganese and lithium ions through
nonequivalent crystallographic positions, i.e. the formation of mixed
spinels.

The lithium ion distribution over different crystallographic sites
was confirmed by Li NMR spectroscopy [96], 'Li NMR spectrum of
LiMn;0,, prepared by conventional solid state reaction, in which lithium
ions occupy high symmetric tetrahedral 8a sites, is presented by a
symmetric line with paramagnetic shift of 470 ppm toward weak field. The
spectra  of LiMn;Oy4 prepared by activation and heating of MnO;+L1,CO;
mixture at 800°C, is presented by asymmetric line (Fig. 6.29)

To authors’ opinion, the observed asymmetry arises from an
increased number of neighboring oxygen atoms and indicates two different
positions for lithium ions: tetrahedral and octahedral. It was considered that
if all lithium ions occupy high symmetric tetrahedral 8a sites, NMR
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spectrum is presented by a narrow
symmetric line. If all lithium ions
occupy octahedral sites, the
broadening of line should appear
owing to electric field gradient.
Estimations showed that ~5-7 % of
lithium ions occupy octahedral sites.
Mechanochemical synthesis
of nonstoichiometric Li,Mn,0,
spinels. The synthesis of nonstoichio-
metric spinels Li;Mn;04 with variable

4000 3000 2000 1000 O -1000 -20C

composi.tion was .performed by 5, ppm

mechanical activation of

xLi;CO;+4Mn0O;  mixtures  with Figure 6.29. 'Li NMR spectrum of

0.21<x<1.72 [94]. XRD showed that LiMn;0, prepared from MnO,+

the f ti £ lithi Li;CO; mixture activated 10 min
¢ lormation of lithium-manganese and heated at 800°C" 1 - Li ions in

spinel occurs during mechanical tetrahedrons; 2 - in octahedrons.

activation in all mixtures, though the
amount and the crystallinity of product are different. LiMn,QOy is the main
crystalline product in the mixtures with 0.66<x<1.21. In the mixtures with
0.21<x<1 LiMnyO, coexists with Mn;O; and in the mixtures with
1.45<x<1.72 — with Li;MnQOs. After heating of activated samples at 600 and
800°C the crystallinity of spinel increases.
Fig. 6.30 shows the
dependence of lattice parameter osael.
a versus x in samples as ' T
prepared. In the samples with
0.21<x<1.00 the lattice
parameter is practically constant
and has a value of 0.822 nm
(600°C) and 0.824 nm (800°C) 00 02 04 08 08 10 12 14 16 18
and sharp decreases to 0.814 nm Xin LiMn,0,
(600°C) and 0.818 nm (800°C) Figure 6.30. Effect of Li content in activated

at x>l. The decreasing of latti'ce MnO,+Li,CO; mixtures on the lattice constant
parameter for the samples with  of LiMn,O, prepared after heating at 600 (1)

lithium excess can be connected  and 800°C (2).

with the increasing of average

oxidation state of manganese. Note, that no tetragonal distortion of the
spinel lattice with increasing of x is observed on X-ray patterns. It points to
stabilization of spinel structure due to the increasing of Mn (4+) content.
The spinels as prepared were investigated by complex impedance
technique. Conductivity of unsintered pellets is relatively low, 10°-10°
S/cm, and strongly depends on starting reagents and the molding pressure P.
Pellets of LiMn,O, samples obtained from Li;COs; have higher conductivity

0820
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0816 |-
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than those prepared from LiOH. Conductivity monotonicaliy raises with the
increasing of molding pressure from 300 to 900 MPa. Heat treatment leads
to the rise of conductivity, Pellets sintered at T > 600°C have conductivity

of about 1-10™* S/cm irrespective of starting material.

Thus, the method of mechanical activation, combined with short
heating at moderate temperatures, can be used for preparing of lithium
manganese spinels with unusual properties. Mechanochemically prepared
spinels are characterized by high dispersion, poor crystallinity, strongly
compressed lattice, increased amount of manganese ions in 4+ oxidation
state and, at least, two types of disordering: cation vacancies and cation
mixing. The dispersion, the amount of defects and Mn*" ions decrease and
crystallinity increases under following thermal treatment. The nature of
reagents and the conditions of mechanical activation influence the
parameters of spinel, especially at moderate temperatures. This provides
possibility to regulate the properties of final products, providing 3V or 4V
cathode materials. To our opinion, high dispersed and disordered LiMn,O,
as prepared should display good cathode characteristic at high rate
discharged cells.

Lanthanum manganese perovskite. LaMnO; and related
compounds are widely studied due to their interesting physical properties.
The widespread interest in this system was generated, first, by the
emergence of strontium-doped lanthanum manganite as the cathode
material for the solid oxide fuel cell and, more recently, by the discovery of
colossal magnetoresistance in the compounds with mixed Mn valence. At
last, these compounds were found to be promising high-temperature
monolithic catalysts of such important reactions as fuel combustion,
oxidation of ammonia to give nitrogen oxides, chlorinated hydrocarbons
incineration, etc.

The authors [100] investigated mechanochemical synthesis of these
perovskites using transition oxides in different oxidation state and
lanthanum oxide or carbonate as initial compounds, The activated samples
were then heated at temperatures above 500°C. The degree of interaction
was shown to depend upon the oxidation degree of transition metal ions in
oxides. The higher oxidation degree, i.e. the acidity of oxide, is preferable.

Specific catalytic activity in the reaction of CO and butane
oxidation was found to be a function of the calcination temperature with its
maximum at 800°C, SIMS data demonstrate that the middle- and high-
temperature samples differ by the transition metal surface concentration. In
some cases, the high level activity of middle-temperature disordered
samples can be assigned to segregation of MnO, on the surface of the
particles.
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6.6. Ferrites

Lithium ferrites. Lithium ferrite LiFesOg is widely used in
microwave devices and is considerably superior to garnets with respect to
stress sensitivity and cost. The preparation of LiFesOs by conventional
ceramic methods employing high temperatures often produces low quality
materials. The volatility of lithium and oxygen above 1000°C severely
effects the magnetic properties and resistivity. The lost of Li,O results in the
formation of y-Fe;03, which precipitates out as a-Fe;O; under cooling, and
leads to a lower magnetization. If oxygen is lost in excess of Li;O, some
ferric ions are reduced to ferrous. This produces a solid solution of Fe;O4 in
lithium ferrite and the presence of Fe?” affects the anisotropy and
magnetization in the same way as would a paramagnetic substituent. The
presence of Fe?”and Fe® ions on octahedral sites also brings to a valence
exchange process, which reduces the resistivity by as much as 10* and
increases microwave losses.

The problems, which arise from the volatilization of lithium and
oxygen, are possible to overcome, by employing low-temperature methods.
These methods could produce homogeneous monophase fine particles of
materials which sinter to near theoretical densities at relatively low
temperature.

In [101] the synthesis and alteration of a-LiFeO; by
mechanochemical activation were studied. A mixture of y-FEOOH and
LiOH-H,O was ground for different time intervals in a planetary ball mill
(Retsch) equipped with a 250 ml agate jar and five balls of the same
material, 1 cm in diameter.

The thermal evolution of nonground mixture is correspondent to the
following transformations:

LiOH-H;0 — LiOH + H,0 (140°C)
2 y-FeOOH — y-Fe,04 + H,0 (220°C)
2 LiOH + Y—FC;O:; — 2 a-LiFeO; + H,0O (430°C).

For the sample ground for 7 h, endothermic peak at 430°C
associated with the formation of LiFeO, disappears. Moreover, the
magnitude of the remaining endothermic peaks and the weight loss decrease
markedly. This indicates that Li and Fe compounds undergo a progressive
mechanochemical dehydration in which the increase in the mobility of Li*
ions, caused by the shearing stress and created under the impact of the balls
inside the jar, plays a definite role.

XRD shows the broadening of line profiles at the initial stages of
mechanical activation and the occurrence of crystalline modifications of
LiFeO; after 7 h grinding. A more prolong mechanical activation improves
LiFeO; crystallinity and causes the mechanochemical phase transition B-
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LiFeO; — a-LiFeO,. The partial transformation of a-LiFeQ; into the spinel
phase a-LiFesOs was also observed as well as in the ground a-LiFeO,
sample prepared by firing of a stoichiometric mixture of Li,CO; and
FeOOH in air at 850°C for 48 h. It was found that atomic ratio Li/Fe
becomes smaller than unity as the grinding time increases. The increase in
the Li* ion mobility within the solid under mechanical activation brings to
the following reactions;

LiFeOz - Lil.xFC()z_,‘/z +x/2 L120
Li; xFeO;..2 = x/4 LiFesOg + (4-5x)/4 LiFeO,.

The water molecules produced during mechanochemical
dehydration of lepidocrocite facilitate the lithium mobility in a way similar
to that found when LiOH melts and reacts with Fe,O;. The structural
transformation is explained within a model in which Li" vacancies created
during grinding promote the migration of Fe’* ions from octahedral to
tetrahedral sites.

The authors [102] investigated the influence of initial reagents on
mechanochemical synthesis of LiFeO,. They found that LiFeQ, is formed
as a result of mechanical activation of mixtures of LiOH-H,O with a-
FeOOH, y-FeOOH, y-Fe,0; and a-Fe;O; in high energetic planetary mill.
No noticeable difference between reactivity of Fe-containing compounds
was observed. The product is formed when either LiOH or lithium acetate
are used instead of LiOH-H,O, but the rate of the reaction being less. On
contrary, lithium compounds with ionic lattice, such as Li;COs, Li;SOs,
Li,S04-H,0, do not react mechanochemically to yield LiFeQ;. To authors’
opinion, under shearing stress in activators, lithium compounds with layered
structure are fragmentated along the layers that brings to easy “layer by
layer” mixing of reagents as a result of plastic deformations. In this case the
role of Li* diffusion in the reaction of solid state synthesis becomes
inessential, that allows to perform the process at room temperature. When
reagents with strong covalent or ionic lattice without planes of “facile
plastic defirmation” are used, mechanical stresses bring to brittle fracture
and fine mixing only. This accelerates the kinetics of the reaction at the
following heat treatment. The role of water molecules in the lattice of
compounds, which yield LiFeQ, under mechanical activation, consists,
probably, in sponginess of their structure and decrease of their mechanical
strength at atom-molecular level. It was stated that no crystallization of
LiFesOys directly in mill” jars occurs whenever pairs of reagents being used.

The authors [103] studied the influence of reagent biography and
reaction conditions on kinetics of LiFeO; and LiFesOs synthesis by
applyingmechanicalactivation.

Under thermal conditions LiFesOg formation proceeds into 2 steps:
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Li,CO; + Fe, O3 = 2 LiFeO, + CO,
LiFeO; + 2Fe;0; — LiFesO;s.

The preliminary mechanical activation of a-Fe;O; and y-Fe;Os
significantly increases the kinetics of these reactions. Comparing the
different activity of a- and y-Fe, O3, the authors proposed that the elevated
activity of y-Fe,O; in both reactions is associated not with its higher specific
surface area, but with the close conformity of oxygen sublattices of y-Fe,O;
and LiFesOq requiring only the counter diffusion of Li and Fe cations for
the reaction to take place. Additionally, the possibility of more fast
diffusion of the iron cations in y-Fe;O3 due to the higher number of vacant
octahedral sites facilitating this process, as compared with a-Fe;O;, should
be also taken into account.

Magneisum ferrite spinel. MgFe,O, is one a representative of soft
ferrites extensively used for high-frequency applications. Fully dense bulk
ferrites have been synthesized by low-temperature sintering of fine
powders, by thermal decomposition and by co-precipitation. Preparation
from ultra-fine powder is more advantageous since the composition can be
more easily controlled, and the electrical and thermal properties are
improved as a result of the reduced grain size.

The authors [104] synthesized MgFe,O, by mechanical grinding of
stoichiometric ~ amounts  of crystalline FeO; and  amorphous
high energetic centrifugal and 2 N
vibration mills. The reaction * a-Fe0y

. .. a CayFe;04
was studied for two conditions:
without solvent (dry milling)
and with toluene (wet milling).
It was shown that the reaction
performed without solvent is
faster than using toluene.

Calcium ferrite
perovskite. Perovskite
compounds, intensively studied
recent years, possess unique
physical and chemical
properties, since their oxygen
stoichiometry can be varied
over a wide range by various
treatments. 2 w15 w0 S

Ca,Fe,0s, a perovskite ©,degree
ferrite, is widely used as a  Figure 6.3/. X-ray patterns of the 2CaO+y-Fc,0,
catalyst for oxidation of carbon mixture after activation for 2.5 (1) and 10 (2) min
monoxide, hydrocarbons, and heated at 600 (3) and 1000°C (4).
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ammonia, etc. Conventional high-temperature synthesis does not provide
catalysts with high specific surfaces and, hence, with high catalytic activity,
The lowing of temperature preparation can be achieved by preliminary
mechanical activation of reactant mixture. It was reported [105] that thermal
synthesis of Ca;Fe;Os from mechanically activated mixture of CaO and a-
Fe,0; is markedly accelerated, especially at moderate temperatures.

The authors [106] investigated mechanochemical synthesis of
dicalcium ferrite with perovskite structure from anhydrous or hydrated
calcium and iron oxides in high energetic planetary mill with stainless jars
and balls by XRD, DTA, IR and Mdssbauer spectroscopy. According to X-
ray, crystalline Ca,Fe;Os was formed directly from the mixture of CaO and
a- or y-Fe;03 within 2-3 min of mechanical activation (Fig 6,31). In the
latter case y-Fe;Ox firsttrans formed into a-Fe;0,. In the IR spectra of
activated mixtures, the absorbance bands of Ca,Fe;Os appear.

Figure 6.32 shows the
Mossbauer spectrum, supplied
by its decomposition, of
2Ca0O+u-Fe,0; mixture
activated for 2.5 mm. One can
see that the spectrum is a
superposition of two sextets and
two doublets. The sextets are due
to Fe* ions in octahedral and
tetrahedral coordination,

respectively. Two doublets are , N .
Figure 6.32. Méssbauer spectrum and its

. 3 . .

attributed to  Fe 10ns 1n decomposition for 2CaO+a-Fe; 0, mixture
amorphous phases. Thus,  activated 2.5 min (dots: measured spectrum).
according to Maossbauer

spectroscopy data, the formation

of crystalline Ca;Fe;Os occurs simultaneously with the formation of
amorphous phase. The amount of a-Fe,O; decreases with activation time,
and after 5 min of mechanical activation a-Fe;O3 is not observed. The
amount of the amorphous phase increases throughout the process, while the
amount of crystalline Ca;Fe;Os, calculated from Maossbauer peak areas,
goes through the maximum (Fig. 6.33).

After calcination of the activated samples at 400-1100°C for 2-4 h,
only monophase crystalline calcium ferrite phase was observed. Sg,=1+3
m‘/g. Note, that without mechanical activation anhydrous oxides do not
react completely even at 1000°C, giving a mixture of Ca:Fe,Os and
CaFe;04, while monophase Ca,Fe;Os is formed only after calcination at
1100°C for 100 h.

On contrary, no reaction occurred during mechanical activation of
the mixture of hydroxides, a-FeOOH (goethite) and Ca(OH),. Only
amorphization of reagents and partial decomposition of a-FeOOH to a-
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Fe,O; were observed. The amount of
crystalline a-Fe;O; in the 10 min
activated mixture is equal to 5-10 %.

Thermal analysis shows  that
dehydration temperature of Ca(OH),
decreases from 520 to 440°C in

activated mixtures. Nevertheless, the
fine product, Ca,Fe;Os, is formed after
heat treatment at 600°C.

For the Ca(OH);, + a-FeOOH
mixture activated for 10 min, Sg = 3.7
mz/g, and the size of coherently
scattering regions is of a few tens of
nanometers. This suggests that dense
aggregates of small particles are likely
to be formed. The formation of dense
aggregates, in which initial particles are

100 e s

0 020 30
Tma, MIN
Figure 6.33. Amounts of crystalline
(1) and amorphous (2) Ca,Fe;,05
versus time of activation for
2Ca0+a-Fe,05 mixture.

in dense contact, considerably facilitates subsequent thermally induced
interaction. At 600°C, these aggregates disintegrate, causing an increase of

S up to 13 mz/g. At higher temperature, sintering of small particles is
observed leading to the decrease of specific surface area.

Crystalline Ca;Fe;Os obtained
by thermal synthesis, appeared to be
unstable to mechanical treatment.
According to Mossbauer spectroscopy
data, the amount of the amorphous
phase grows rapidly to 20-25 % during
mechanical activation (75-80 % of
crystaline phase) (Fig. 6.33). The rate
of amorphization process increases if
mechanical activation of Ca;Fe;Os is
carried out in the presence of small
amounts of doped water (Fig. 6.34).
Thus, the final result of mechanical
activation of anhydrous oxides mixtures
is determined by the correlation
between the processes of formation of
crystalline Ca;Fe;0s and its
amorphization.

The solubility of samples as
prepared depends on calcination
temperature. After calcination at low
temperature (400-500°C), samples are
dissolved in solutions with a low

#:
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-0 % -6 -4 -2 0 2 4 6 & 1
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Figure 6.34. Mdssbauer spectra and their
decomposition for Ca,Fe,Os activated for
10 min at the absence (a) or presence (b)

of water (dots; measured spectra).
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acidity even at room temperature. After calcination at high temperatures
(900-1000°C), they can be dissolved only in stronger acid media at 80-
90°C. Hence, the product formed at low calcination temperatures is
defective; this influences on its ability to dissolution as well as on catalytic
activity.

Strontium ferrite perovskite. The nonstoichiometric strontium ion
oxide SrFeQy (2.5<x<3.0) is a well known mixed oxygen conductor. Being
a solid state electrolyte itself, doped with rare earths or transition metals, it
forms materials, which exhibit even greater ionic conductivity. These
oxides are used as materials for self-supported oxygen conductivity
membranes.

SrFeO, is usually produced via solid state reaction between
strontium and iron compounds. This method requires prolong firing at high
temperatures (1200°C for about 24 h). This is followed by subsequent
grinding and calcination.

The influence of high energetic ball milling of reactants on a heat
activated synthesis of SrFeQO,s from hematite and strontium carbonate was
investigated in [107]. The authors studied dry and wet milling (5 ml of
deionized water per 10 g of the mixture) considering a wet milling to be the
faster way to reduce the size of reactants’ grains and, therefore, to bring the
synthesis temperature down. They stated that while heating of nonactivated
mixture to 1000°C, the products consist of a mixture of orthorombic brown
millerite SrFeO; s, cubic strontium oxide SrO and Sr-Fe;¢O,:. For milled
samples, the reaction yielded only SrFeO;s and there was no visible iron
contamination from the jars and balls neither in form of metallic Fe nor iron
oxides. The reactivity at lower temperatures increased with milling time and
was higher for wet processed powders. For nonactivated samples the
reaction was completed only after 35 h of heating at 1200°C.

The authors noticed also that the presence of Fe;O; in the mixture
with SrCO; lowers the decomposition temperature of the latter. The
temperature decreases with increasing hematite to carbonate ratio in the
mixture. This means that the temperature strongly depends on a contact area
of SrCO; with Fe;0;. Milling causes partial transformation of hematite to
magnetite, which results in a smaller mass loss of the samples during
calcination.

Thus, mechanical treatment of the reactant mixture does not trigger
the reaction. However, it significantly lowers the temperature required for
the reaction by increasing the contact area between reactants. It also
produces very uniform mixtures that requires much shorter heat treatment to
attain composition equilibrium.

Barium hexaferrite. Barium hexaferrite, BaFe;:O,y, is used as a
ceramic permanent magnet. It is conventionally prepared by firing an
appropriate mixture of a-FeyO; with BaCO; at high temperatures (1150-
1250°C). To reduce the particle size, thus obtained ferrite should be ground.
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The coercive force of these magnetic materials is much less than predicted
by theory. Different methods to prepare better material have been proposed.

The authors [108] investigated mechanochemical synthesis of
BaFe ;0,9 starting from stoichiometric mixture of lepidocrocite (y-FeOOH)
and Ba(OH);-0.3H,0. Besides BaFe,;04, samples doped by Co*" and Ti*",
according to formula BaCo,Ti,Fe ;.2:019, where 0.5x<0.75, were also
synthesized.

It was shown that the intermediate X-ray amorphous products,
possessing water in their structure, were formed under interaction of initial
reagents. Authors proposed that the amorphous state was stabilized by water
and CO, molecules. Therefore, the final crystal product, BaFe;;Oy9, was
formed only after full elimination of water from the sample. According to
electron microscopy data, the product as prepared has two kinds of
particles, one of them being of 0.1-2 um in size and the other ones — of 10-
50 pum. The latter, probably, represent the aggregates of articles. According
to magnetic measurements, thus prepared materials could be promising in
practice.

6.7. Cobaltites

Lithium cobaltite LiC0oQ,. LiCo0O, is used as a cathode material
in advanced rechargeable lithium batteries [109]. It is well known that
LiCoO; can be prepared in 2 modifications, i.e. a high-temperature (HT)
and a low-temperature (LT). The structure of HT-LiCoO; is related to

trigonal space group R3m, with oxygen anion occupying 6c¢ sites and Li
and Co cations occupying 3a and 3b octahedral sites, respectively, and
with ¢a=4.99 [110]. Li layers alternate with Co layers between layers of
oxygen. LT-LiCoQ; is believed to adopt a spinel-like structure, consisting
of a cubic-close packed oxygen network with alternating cation layer of
composition 0.75 Co, 0.25 Li and 0.75 Li, 0.25 Co perpendicular to each

of the four cubic (111) directions [111]. The space group is Fd3 m; Li and
Co ions are in 16¢ and 16d sites, respectively, and O ions are in 32¢ sites;
¢/a=4.90. It was shown that HT-LiCoO; has a larger capacity and less
cycling fading [112].

Electrochemical behavior of LiCoO, strongly depends on the
method of synthesis. Last years a great deal of attention was devoted to
preparation of metastable lithium-transition metal oxides with unusual
ordering and valence states that cannot be obtained by conventional high-
temperature technique. The crystal and electronic structure of such
products, as expected, must be more stable to intercalation/deintercalation
of lithium ions in the course of discharge/charge processes, thus, providing
better electrochemical behavior and preventing structural distortion, Li
ions mobility is mainly related to the geometry of diffusion pathways and
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maximum Li uptake is a function of ionic sites that can accommodate Li
ions and/or the number of electronic sites available for the corresponding
electrons.

The particle size of the cathode material plays a very important role
in their electrochemical behavior [113]. Smaller particles provide the
performance of the heterogeneous reaction of intercalation/deintercalation
in the kinetic regime. One of the problem is to enhance electronic
conductivity of cathode materials. In this case, electronic additives (e.g.,
carbon) could be excluded.

When using low-temperature methods, it was stated that cobalt
hydroxides (Co(OH), or CoOOH) are usually more reactive, comparing
with Co0304. Higher reactivity of these compounds in the synthesis of

layered LiCoQ, is based on similarity of their structure (Ri m for CoOOH

and P3 ml for Co(OH),). Under interaction in the mixtures with LiOH, they
exhibit their amphotheric properties. In [114] HT-LiCoO, was prepared by
freeze-drying of finely divided cobalt hydroxide — lithium hydroxide
mixtures, obtained by precipitation. The authors [115] prepared HT-LiCoO;
powders at temperatures as low as 100°C through the use of a two days ion
exchange reaction between CoOOH and an excess of LiOH-H,O in the
presence of small amount of added water as well as in autoclave. The
product possessed some amount of carbonate and hydroxyl species.

LiCoO; can be prepared by mechanical activation. It was found
[116] that a phase, structurally related to HT-LiCoQO;, is obtained by
grinding of stoichiometric mixtures of LiOH-H,O and Co(OH), for 10 h.
This process takes place without the occurrence of Co03;0, as an
intermediate, in contrast to the interaction in nonactivated mixture under
heating. More prolonged mechanical treatment resulted in the elimination of
lithiumfrom LiCoO,; structure. Co3;04 was observed in the activated sample
after following heat treatment. This points out to the presence of poorly
crystallized Co3O4 and/or a small amount of H” replacing Li” in the structure
of LiCoO; after grinding for 40 h, and the formation of
Liy»C0®*1,C0*,01.42y2nH,0.

The authors [116] showed that the structure of high thermal
stability, such as the ordered layered structure of HT-LiCo0Q,, can be easily
distorted with the help of the shearing stress induced by grinding, according
to the following reaction:

6L1C002 b d 2C0304 + 3L120 + 0502

Besides, Li;O may be mainly deposited as a layer on the surface of the balls
and the container.

The instability of HT-LiCoO, to mechanical activation was also
observed in [117].
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On contrary, You et al. [118] showed that LT-LiCoO, can be easily
prepared by mechanical activation of the mixture of anhydrous Li,0, and
CoO, but the amount of contaminations was significantly higher due to
mechanical properties (hardness) of initial reagents.

In [119] the mechanochemical interaction of LiOH with Co(OH),
and CoOOH, followed by thermal treatment at different temperatures, to
yield LiCoO; was investigated by means of XRD, IRS and DRS. Although
both Co compounds have a structure similar to the structure of LiCoQ,, the
oxidation degree of Co ions is different. Thus, the reaction of LiCoO,
formation using Co(OH),, contrary to CoOOH, can proceed only in the
presence of free oxygen, i.e. via redox stage:

4 LiOH + 4 Co(OH); + O; = 4 LiCoO; + H;0O
LiOH + CoOOH — LiCoO, + H,O

Besides, according to the statements, developed in Chapter 2, the acidity of
CoOOH should be higher than of Co(OH); because of higher oxidation
degree of Co ions.

Mechanical activation was carried out in high energetic planetary
activator in air. The time of mechanical activation varied from 1 to 10 min.
The activated powders were then heated at 400, 600 and 800°C in air. On
X-ray patterns of activated mixtures one can observe only broadened
reflections of Co compounds (Fig. 6.35); the reflections of LiOH are absent,

WCo')
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Figure 6.35. X-ray patterns of LiOH+ Figure 6.36. IR spectra of LiOH+ Co(OH),
Co(OH); (a) and LiOH+CoOOH (b) (a) and LiOH+CoOOH (b) mixtures
mixtures activated | (2) and 10 (3) min activated 1 (2) and 10 (3) min compared to
compared to initial Co(OH); and CoOOH initial Co(OH); and CoOOH ().

).
@ - Co(OH),, ) - CoOOH, ¥ - Co,04,
% - LiCoO,.
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probably, due to its amorphization and weak scattering ability of Li ions. In
the mixture with Co(OH);, a partial oxidation of Co(OH), with the
formation of CoOOH occurs. On contrary, the traces of Co;Oy4 appear on X-
ray pattern of activated mixture with CoOOH, pointing to its partial
reduction. Some weak reflections on X-ray patterns of both mixtures can be

assigned to LiCoO,.

In IR spectra of both activated mixtures (Fig. 6.36) one can observe
new bands at 500-700 em™ range corresponding to stretching vibrations of
Co0**0g bonds, probably, of nuclei of product - LiCoO,.

Heat  treatment  of
activated samples brings to

completion of chemical
interaction and the formation of
homogeneous product -

LiCoO,. The width of
reflections decreases and the
intensity ~ increases  versus
temperature as a result of
crystallization and  particle
growth. The presence of
splitting of reflections 006 and
012; 018 and 110, as well as c/a
ratio equal to 4.99, point to the
formation of HT-modification
of LiCoO, even at 400°C. Note,
that heating of nonactivated
mixture at 400°C brings to the
formation of a mixture of HT-
and LT-LiCoOs,.

More detail information
on the change of electronic state
of cobalt ions in activated
samples and final products
prepared at different
temperatures was obtained by
diffusion reflectance electron
spectroscopy (DRS). In DRS
spectra of LiOH+Co(OH),
mixture (Fig. 6.37a), the
intensity of background
increases above 15000 cm™ as a
result of strong distortion of
Co(OH); structure. New bands
at 25000 cm™, corresponding to

F(R)
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Figure 6.37. DRS of LIOH+Co(OH); (a) and
LiOH+CoOOH (b) mixtures activated 1 (2) and
10 (3) min compared to initial Co(OH), and
CoOOH (1).
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Figure 6.38. DRS of LiCoO, prepared biy heat
treatment of 10 min activated mixture of LiOH+
CoOOH at 400 (1), 600 (2) and 800°C (3); LiCoO,
commerc. (4).
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[Co’ Jon. appear due to partial oxidation of Co®" ions. In spectra of
LiOH+CoOOH activated mixture (Fig. 6.37b), the band at 27000-28000
cm’', corresponding to low-spin [Co®"Jon, is the most intensive, while the
band at 22000 cm', present in the spectrum of initial CoOOH and assigned
to Co® ions in more distorted octahedrals (surrounded by OH groups),
becomes weaker.

Under heating, the spectra are noticeably changed. New, more clear
bands of localized centers (ions) appear. In DRS spectra of LiCoO;
samples, prepared by mechanical activation of LIOH+CoOOH mixture for
10 mm and subsequent heat treatment at 400 and 600°C (Fig. 6.38), one can
see absorption bands at 28000, 18000-22000 and 15000-17000 cm’!, which
correspond to [Co* Jon, [Co**Jon and [Co®)r4, respectively. After heating at
800°C, the band at 22000 c¢m™ practically disappears, while the band at
15000-17000 cm™' becomes more intensive, the latter pointing to the
presence of Co3;0,4 with spinel structure as an admixture. Note, that in the
samples as prepared, the main band, corresponding to [Co® Jop, is present at
lower frequency range comparing with commercial LiCoO,, mostevidently,
as a result of formation of less perfect octahedrons Co** 0, connected with
the weakening of crystal field force.

Lanthanum cobaltite LaC0Q;. LaCoO; is high-active catalyst for
oxidation of CO. It is also used as an electrode in high-temperature fuel
cells. In [120] mechanical activation was applied to preparation of high
dispersed LaCoQj with better catalytic activity. The mixtures of anhydrous
oxides (La;O; and CoO) and hydrated compounds (Lay(CO;);6H,O and
CoCO;-Co(OH),) were activated for 5 min in high energetic planetary mill
and then heated at 700°C for 2 h. It was shown that in nonactivated
mixtures, no noticeable interaction occurs at chosen conditions, while a
partial reaction is observed in the activated mixtures of anhydrous oxides.
Moreover, the interaction in activated mixtures of hydrated compounds is
completed even at lower temperatures. After heating at 500°C, the product
is amorphous; crystallization occurs above 550°C. The specific surface area
of this product goes through a maximum at 550°C (12 m%g). The increase
of temperature up to 700°C brings to an increase of crystallites’ size and, as
a consequence, to decrease of specific surface area.

The catalytic activity of samples as prepared appeared to be higher
than the activity of samples prepared by ceramic method [121]. The specific
catalytic activity in CO and butane was found to be a function of the
calcination temperature with its maximum at 700°C. Probably, the reason
consists in the differences of chemical composition and the structure of the
surface. SIMS data have demonstrated that middle- and high-temperature
samples differ by the transition metal surface concentration. In some cases,
high level of activity of middle-temperature defective samples can be
assigned to segregation of Co ions on the surface of their particles.
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6.8. Indium tin oxide

Tin doped In,O; (ITO) films, widely used in photonic devices, are
prepared by sputtering [122-127]. The sputtering technique requires
sufficiently dense targets without any additives for highly conductive films
[128-130]. Due to low sinterabiliry of ITO [131,132], however, a costly hot-
pressing procedure is often
necessary. Another application
of soft mechanochemistry
where dissolution -
reprecipitation is involved was
proposed [133].

Mechanical activation
is less expensive alternative to
increase sinterability of ITO, if
contamination is suppressed
within a tolerable Ilevel.
Composite powder prepared Figure 6.39. TEM images of the sample IS-P-Z120
by an in situ sol method using  (4)and IS-NP (b).

Si0; beads as grinding media

was densified up to 94% of the theoretical density after heating at
temperatures as low as 1300°C [133]. However, the influence of silica
introduced from grinding media as sintering aids has not sufficiently been
taken into account. Silica appreciably enhances the sinterability, but it
seriously degradates the film properties. Therefore, ZrO, beads were then
used. Zirconia is known to suppress densification of ITO because of its
preferential segregation at the
grain boundary [134]. Hence,

b

enhanced sinterability, if any, %
cannot be attributed to the | i
chemical effect of ZrO,. € " 1S-P-Z

A typical recipe is g‘
given below: 114.8 g of In,04 3 |
fine powders were dispersed 2
into 480 cm’ of 01 M 3 eof
aqueous solution of SnCl,.
The slurry was digested in an 75 e .
agitation mill using 0.8 mm L L
beads of ZrO,, partially o .35 4B @b, W8 ‘166, id0
stabilized with Y,0;, as Grinding time (min)

grinding media. After 5 min,  Figure 6.40. Change in the relative density of
184 cm® of 11.1 M NHy-aq  sintered bodies versus ume of mechanical
was added while grinding was  treatment. The maximum temperature of heating

continued up to 120 min. “® 1400°C.
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After repeated centrifugation
and decantation to wash out
chlorine ion, the precipitate
was dried in air. Poly (vinyl
alcohol) was added to the
precursor mixture and dried in
air. The dried mass was
crushed to pass a 150 mesh
sieve and compressed
uniaxially at 180 MPa. After
the binder was burnt out, the
specimen was fired in dry air
at a constant heating rate,
10K -min™', up to 800°C.  Figure 6.4/. SEM images of the themally ctched
Heating was resumed at 1.7  surface of the sintered body. a: IS-P-Z 120 and b:
K-min™! up to the maximum IS-NP; after heating at 1300°C; and ¢:IS-P-Z 120
temperature, 1300°C or  andd:IS-NP after heating at 1400°C. Sintering

1400°C, and held for 5h. time: 5h for all the samples.

Fig. 6.39 shows TEM
images of the mixtures with and without grinding. While some regions on
the 120 min ground sample (IS-P-Z 120) seem to be structureless without
any fringe pattern (Fig. 6.39a), all the near-surface particles, including those
with 1 - 2 nm in diameter, show fringe patterns on the intact mixture (Fig.
6.39b). The fringe pattern in the interior of relatively large particles
corresponds to that of In;O3 (100). The surface morphology is smoother on
the sample with precipitation during grinding (Fig. 6.39a). The average
particle size of the near-surface small particles are correspondingly larger.

Fig. 640 shows the
change in the relative density
of the sintered body with
preliminary grinding time for
the samples obtained after
heating up to 1400°C and held
for 5 h. The relative density
increased rapidly with
grinding time and reached
91% of the theoretical density
after grinding for 120 min.
Fine structure is significantly
changed under mechanical
activation. Fig. 6.41 shows
that steady densification took
place on the sample of in situ
precipitation during grinding
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Figure 6.42. Depth profile of Sn for the green
compacts from IS-P-Z 120 and IS-NP.
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for 120 min (a and c). In
contrast, large pores and
chain-like particles are
observed for the samples
without grinding (b and d).

As shown in Fig. 6.42,
Sn concentration decreased
similarly after etching by Ar"
ion beam, regardless of
grinding during precipitation,
as far as the green compacts
were concerned. The Sn
concentration profile of the
samples after sintering of the
non-ground mixture was quite
different (Fig. 6.43), i.e., high
Sn concentration extends even

Sn concentration (at%)
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Figure 6.43. Depth profile ot Sn for the sintered
bodies from IS P-Z 120 and IS-NP

after etching for more than 240 s. The Sn concentration of the non-milled
sample (IS-N) after 240 s etching was still more than twice as large as that

of the milled sample (IS-P-Z 120).

As shown in Fig.
6.44a, the weight loss
increased with  increasing
grinding time, accompanied
by an exothermic DTA peak
at 320°C, as shown in Fig.
6.44b. Due to dissolution of
the outer layer of In,O; under
mechanical stress and
coprecipitation with stannic
ion, a hydrogel,
xIn,05-ySnO,-nH,0O was
formed. Enhanced dissolution
- precipitation results in the
smoother surface and larger
area of newly-born area
without showing any fringe
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Figure 6.44. TG (a) and DTA (b) profiles for the
samples ground for vanous periods and co-
precipitated samples.

pattern even on a high-resolution TEM image.

When the width of the channels between loosely bound grains in the
sintered body decreases, the vaporization rate decreases and the rate of
capture of SnO increases. This will favor the densification of ITO. The
diffusion rate of SnO gas molecules is stopped when the width of the
effusion channel is smaller than the mean free path of SnO gas.
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Thus, densification of ITO ceramics starting from the ‘in situ’
precipitation of the stannic components during grinding in an aqueous
milieu is based on the formation of co-precipitated complex hydrogels
around the surface of the particles due to dissolution-reprecipitation. This
results in the decrease in the width of the channel for SnO effusion, and
hence, the vaporization of SnO; in the form of SnO (g).
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Chapter 7

MECHANOCHEMICAL SYNTHESIS OF
MULTICOMPONENT OXIDE COMPOUNDS

7.1. Aluminosilicates of alkaline earths

Aluminosilicates of alkaline earths are widely used as initial raw
material in ceramic materials science. They are the components of feldspars.
Their structure consists of chains composed of four-membered rings of SiO,
and AlO, tetrahedrons elongated along C axis. These chains are united to
form a frame with the sites incorporating alkaline earth atoms with
coordination numbers 8 (Ca) or 9 (Ba). Anorthite, CaAl,Si,0q, is one of
well known examples of such alumosilicates [1]. The structure of
magnesium aluminosilicate (cordierite), Mg,AlSisO, is close to
mentioned aluminosilicates. It is similar to that of beryl. The main motif of
the frame structure of beryl is hexamerous ring of SiQ, tetrahedrons bound
to each other to form hexagonal columns. In cordierite, hexamerous rings
are composed of SiO, tetrahedrons and two AlQ, tetrahedrons (Al;SiOs);
they are bound to AlO,, SiO, tetrahedrons and MgO, octahedrons. Large
cations (Ca®*, Na', K*) and molecules (CO, and H,0) can occupy the
centres of hexagonal columns [1].

From the economical viewpoint, the known methods of the
preparation of these compounds are insufficiently effective. As a rule, they
are synthesized by solid-phase methods from ordinary or complex oxides by
heating the mixtures at high temperatures (1100 - 1400°C) for a long time
(100-185 h).

Cordierite. This material possesses a rare combination of
properties, i.e., relatively high strength and hardness, low thermal expansion
coefficient, high heat conductivity and plasticity; it conserves mechanical
strength under thermal shocks. Therefore, its application areas are varied.

Cordierite synthesis method based on mechanical activation of
mixtures of hydrated oxides of calcium, aluminium and silicon, as well as
natural hydrated compounds (talc, kaolinite and gibbsite), has been
developed in [2, 3]. Mechanical activation of these mixtures does not lead
to the formation of new phases but provides good mixing at the cluster level
giving aggregates that form cordierite during the subsequent thermal
treatment.
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Fig. 7.1 shows X- a b
ray diffraction patterns of a
mixture of  anhydrous
magnesium, aluminium and
silicon oxides and a mixture
of correspondent hydroxides
after mechanical activation
in a planetary mill followed 2
by annealing at 1260°C for 2 2 By
h. In the former case, the s 9o
reflections of  spinel .__/LM,J& 1
MgAl, O, (0.245, 0.207, T ; e

5 10 15 20 25 30 35 § 10 15 20 25 30 35

0,207

0202 nm) are Observed in e, degree 8, degree

the patterns. When the

mixture of hydroxides is Figure 7.1. XRD profiles of the mixtures after
used, the diffraction patterns mechanical activation (1) and thermal treatment at
contain the reflections of 1260°C for 2 h (2):

magnesium silicates: a - MgO+ALO,+SiO,,

enstatite MgSiO, (0.314, b~ Mg(OR); +AOH),+$i0.aq.

0.194 nm) and forsterite Mg,SiO, (0.173, 0.244 nm), besides the reflections
of the final product (cordierite). This means that the reaction in the mixtures
of hydrated oxides follows the route different from that in the mixture of
anhydrous oxides. At first, magnesium and aluminium hydroxides interact
with each other to give double oxides, the latter reacting with alumosilicate
to form cordierite:

2 Mg(OH), + 4AI(OH), + 58i0,nH,0 —
MgSlO; + Mg25104 + Z(mAlzognSIOZHzo) + X Hzo b d
Mg,ALSisOy + y H,0,

In this case the stage of spinel formation is absent.

In industry, cordierite is usually obtained by calcination of the
mixtures containing talc, kaolinite and silica at 1300-1450°C for 20-60 h.
The product contains the impurity phases: spinel, mullite, clinoenstatite,
etc., that worsen the exploitation characteristics of cordierite. Since the
mentioned minerals contain structural water, chemical interaction between
them during mechanical activation can be considered from the viewpoint of
soft mechanochemical synthesis. Mechanical activation of this mixture does
simplifies the interaction between its components. It is sufficient to heat this
mixture for 2 h at a temperature of 1260°C to obtain practically
homogeneous cordierite without impurity phases (Fig. 7.2) [2-9].

The synthesized cordierite as prepared was then ground in a
planetary mill for 1 min. The ceramics made of this cordierite sintered at
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1340°C is characterized by a density of 2.3
g/cm’, a porosity of 5-8 %, a compression
strength of 230-240 MPa [8,9].

Anorthite. Anorthite is one of the
components used for the preparation of
porcelain and faience.

According to data [10,11],
practically monophase anorthite can be
synthesized after mechanical treatment of a
mixture of calcium oxide with aluminium
hydroxide and hydrated silica followed by
thermal treatment at 1000°C for 4 h. Fig.
7.3 shows X-ray pattern of this mixture.
After activation for 5 min (Fig. 7.3, curve
1), the reaction mixture exhibits a small
amount of individual crystal calcium oxide
(0240 nm) and aluminium hydroxide
(0.482, 0.436, 0.245 nm), while the major
part of CaO is bound into an X-ray
amorphous product. The annealing of the
activated mixture at 1000°C gives anorthite
(Fig. 7.3, curve 3) while the thermal
treatment of non-activated mixture brings
to the formation of intermediate product,
wollastonite (Fig. 7.3, curve 2). The lines
of this product are absent in X-ray patterns
of the activated mixture.

Celsian. One of the compounds
important for ceramic materials science is
monoclinic  celsian,  BaAlSi,O;, a
compound with a feldspar structure.
However, its formation during solid phase
synthesis occurs in several stages with the
formation of a very stable hexagonal
modification of BaAlSi,O; as an
intermediate  phase.  Its  subsequent
transition into thermodynamically stable
monoclinic celsian is hindered and requires
calcination at elevated temperatures
(~1600°C) either the  hydrothermal
treatment, or the use of mineralizers [12-
14].

Mechanical activation of the
mixture of initial anhydrous oxides BaO,

0, degree

Figure 7.2. X-ray patterns of the
mixture of talk, kaolinite and
gibbsite:
1 — after mechanical activation,
after the following thermal
treatment for 2 h: 900 (2),
1100 (3) and 1260°C (4).

® - cordierite.

6, degree

Figure 7.3. X-ray patterns of
Ca(OH),+Al(OH),+Si0,aq
mixture:

| - activated for S min;

2 - non-activated and anncaled
at 1000°C for4 h.;

3 - activated and anncaled

at 1000°C.

@ - wollastonite, ¥ . anorthite.
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Al)0; and Si0O, with added mineralizers (KF, LiCl) provides substantial
intensification of the synthesis of barium aluminosilicate. The formation of
the monoclinic modification of BaAl,Si,0; in reaction mixtures activated in
the presence of modifying agent (5 %
KF) is practically completed at 1100°C
within 2 h, while substantially higher .
temperatures and treatment duration are
necessary for the formation of .
monoclinic celsian in the case when a
usual synthesis procedure is used.
Mechanical activation of the
mixture containing BaO, Al(OH),,
Si0,:0.69H,0 also intensifies the H
synthesis of celsian [11]. Practically
monophase hexagonal celsian was

obtained by mechanical activation of the i L LJ t o
mixture for 10 min and thermal I o il o
treatment at 1200°C for 3 h (Fig. 7.4). = 4015 @ B W B

Hexagonal celsian can be transformed 9, degrea

into monoclinic modification by  Figure 7.4. XRD profiles of
mechanical activation of the mixture  BaO+Al(OH),+28i0,aq mixture after
with modifiers (KF, LiCl at a level of 1- mechan:cal activation and annealing
5 mol. %) followed by annealing at 2 1200°Cfor2h.

N @ - celsian.
1100°C.

7.2. Complex compounds with superconductive properties

Physicochemical properties of high-temperature superconductive
complex oxides are substantially dependent on synthesis conditions, in
particular, on homogeneity of the mixture of finely dispersed components.
Mechanical activation allows to improve the ceramic technology of their
preparation, in particular, YBa,Cu;0,., and YBa,Cu,Oy,, where x and y are
parameters characterizing the lack of oxygen.

The application of mechanical activation for the synthesis of the
mentioned above compounds started with the activation of the mixtures of
anhydrous oxides [15]. Then, barium oxide (or carbonate) in the mixture
was replaced with barium nitrate [16], while copper oxide was replaced
with copper hydroxide or basic carbonate Cu,CO;(OH), [17]. Later, yttrium
and copper nitrates were used instead of oxides, while barium hydroxide
Ba(OH), or BaO, were used as barium-containing compound [18]; finally,
the mixture of oxides was activated in the presence of water added for the
purpose of obtaining well-molding pastes [19]. After activation, the
mixtures were annealed at increased temperature, but the synthesis



Chapter 7. Mechanochemical synthesis of multicomponent ... 149

temperature was substantially lower than the usual synthesis temperature
(by 100-150°C).

The activation of the
stoichiometric mixture of the E
components Y,0,, Ba(NO;),,
Cu,COy(OH), with atomic L &
ratio Y:Ba:Cu = 1:2:3 in a
planetary mill for 10 min and -
heating within the range 675- g ol
900°C in 25° steps for 1 h 2
resulted, according to X-ray
phase analysis, in the
formation of YBa,Cu,0,,

ol L s L L L
650 700 750 800 850 200 950

0,
(Fig. 7.5) [17]. One can see e
that in the activated samples Figure 7.5. Formation of YBa,Cu,0, , in
the synthesis starts within the Y,0,+Ba(NO,),+Cu,CO,(OH), mixture:

temperature range 675-700° I - activated, 2 - non-activated.

C. In non-activated mixtures, the formation of the product is noticeably
detected only at 850°C. The increase of the amount of phase YBa,Cu,0,,
for activated samples is linearly dependent on temperature till 800°C, when
the formation of the phase is practically completed. In non-activated
samples, phase formation obeys the exponential law starting from the
temperature 750°C, and is completed at 930°C.

The synthesis of the compound YBa,Cu,0,, and YBa,Cu,0,, from
the mechanically activated mixture of Y(NQO,);, Cu(NO;), and Ba(OH), (or
Ba0,) in the presence of small amounts of water proceeds in a similar way
[18]. According X-ray phase analysis, monophase orthorhombic
YBa,Cu,0,, is already detected after annealing for 10 h at 730°C.
However, its structure is not perfect yet: broad reflections in X-ray
diffraction patterns are observed. Perfect orthorhombic structure is observed
in materials which were thermally treated at 750°C for 5 h or at 780°C for 2
h. The studies on the formation mechanism of this compound revealed that
the synthesis involves some intermediate stages, the first one being the
formation of double cuprates of barium and yttrium, and the second
involving the interaction between them:

2BaCu0, + 1/2Y,Cu,0, = YBa,Cu,0,,,

This means that the interaction occurs via the mechanism completely
excluding the formation of non-superconductive “green” phase Y,BaCuQs.
Using the powder thus synthesized, one succeeded in preparing the
ceramics with the density approaching the theoretical one (6.15 g/cm?).

The synthesis of YBa,Cu,O,, with lattice parameters a=0.383,
b=0.387, ¢=2.725 nm was performed according to the same procedure
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involving mechanical activation of the mixture of yttrium and copper
nitrates, and barium hydroxide in the presence of small amounts of water,
followed by thermal treatment [18]. The synthesis is completed after
heating at 720°C within 20 h. The compound YBa,Cu,0;., is stable till
820°C, y being within the range 0.07-0.2.

In order to prepare the hardware of YBa,Cu,Og, with complicated
shapes, the mixture of Y,0, CuO, Ba(OH), (or Ba0,) is mechanically
activated in the excess of water-alcohol mixture, or in alcohol. Activation
results in the formation of highly concentrated suspension (paste). Along
with the particles of the disperse phase, it contains a colloid component as a
film gel. The paste is dried to plastic molding state and necessary humidity,
then it is pressed to give a required shape and dried at 300°C for 1 h. After
annealing at 900°C for 1 h, the amount of the main phase, YBa,Cu;0Os,, is
about 75 % when pure water is used, and = 96 % when alcohol is used [19].

7.3. Synthesis of phase pure perovskite compounds

Metal (I) — oxygen — metal (II) bridging bond formation occurs as a
consequence of a redox reaction between two metal oxides or hydroxides as
mentioned above. It is particularly interesting to apply these principles to
the synthesis of complex oxides such as perovskites. Phase pure
perovskites, e.g.

Pb(Mg,;Nb,)O(PMN), or  O7% |

(1-x)Pb(Mg,sNb,,,)O0;xTiO, ‘j\f;

(PMN-PT) are notorious for _/\_’ .

the difficulty to obtain as phase

pure perovskite. To fabricate

phase pure PMN it is necessary

to prepare magnesium niobate

(columbite) first, and then to

heat a mixture of columbite

with other oxide species. PbO

is usually added in a small

excess over exact |

stoichiometry  that is a P

complicated and  tedious 7\

pI’OCGSS.Since Nb,O is a ; ' after milling for
g} i 1

higl(lé)yH aCidi(lfl Eiddlf while s:c 5:;a slz szi’s 5;4 s;o

M , is a hi asic one,

a %nillirzg of a gs.to}ilchiometric Sl Ensrgy oV

mixture of these compounds  Figure 7.6. XPS profiles of the precursor of

pushes forward the formation  PMN-PT.

after milling for

"
Il
[
'
1
1l
'

before milling
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of hetero bridging bonds, Nb-O-
Mg. Phase pure perovskites,
PMN-PT  (x=0~0.2), are
actually obtained by heating of
milled mixture as a precursor at
moderate temperatures as low
as 850°C [20,21]. Products are
finely and  homogeneously
grained just because of firing at
low temperature, Mg(OH),
(brucite), PbO (massicot), TiO,
(anatase and rutile) and Nb,Os
(orthorhombic) were used as
starting materials. Mechanical
activation was carried out by
using a multi-ring type mill.

The specific surface
area is insignificantly changed
by milling, i.e., at most with an
increase by 35%. Oxygen Is
XPS spectra reveal that the
multimodal peaks around 531
eV for the mixture before
milling turn into a quasi-single
peak at 5303 eV, being
attributed  to  the  Pb-O-
multicomponent B-site ions of
the perovskite ABO, (Fig. 7.6).
Together with the XRD
patterns, this demonstrates that
new chemical bonds leading to
a perovskite phase are already
formed during milling.

Although the formation
of columbite, MgNb,O,, was
not detected by = X-ray

before milling atter milling for 1h

| I TS : [, OO | O |
20 30 w0 2 30 40
26 (CuKa)/deg 20 (CuKa)/deg

Figure 7.7. X-ray patterns of the precursor of
PMN-PT.

()PbO(massicot); 0) PbO(litharge);
(O)Nb,0,; (A)TiO,(anatase); ()perovskite.

0.4060 T T T T

04055 |-

0.4050 |

rameter / nm

£ 0.4040 |

0.4035 . L
0 0.1 0.2
X
Figure 7.8. Lattice parameter and average
grain size of the precursor of PMN-PT after
calcined at 850°C for 4 h.

diffractometry, low reactive MgO was very likely to have been combined
with Nb,Osto give a precursor, thus, facilitating the further reaction to the
final form, PMN-PT [22]. In a soft mechanochemical process for PMN-PT,
separate preparation of columbite is, therefore, not necessary.

As shown in Fig. 7.7, a pure perovskite phase was obtained after
calcining the milled mixture at 850°C for 4 h in air. On the other hand, a
cubic pyrochlore (P3;N,) phase was predominant with the coexistence of
perovskite and PbO (litharge) on the calcined products from non-milled
mixture. When MgO was used instead of Mg(OH),, no significant change of
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Ols XPS peak was observed. This shows the preference of Mg(OH), to
MgO during milling for the mechanochemical reaction toward a complex
compound. The lattice constant of the cubic perovskite phase decreases
linearly with x in the calcined product, as shown in Fig. 7.8. This is an

indication of the formation of
uniform PMN-PT solid solution.
Fig. 79 shows the
temperature  dependence of the
dielectric constant and dielectric
loss at 1 kHz for the PMN-PT
ceramics obtained by sintering the
calcined powders from a soft-
mechanochemical route at 1200°C
for 2 h. A diffuse phase transition,
being typical for a relaxor, is
observed for each ceramics. As x
increases from 0 to 0.2, the
maximum dielectric constant, K.,
increases from 13000 to 27000. The
temperature correspondent to K,

OPbO (Mass icot)
APbO(Litharge)
Ol (oH),

DHII:I]s
W 22nC0,- 3Zn (0H) ,-H,0

@Perovskite
©Pyrochlore

D002y

5

D200} m{071)

8

_'[

Oriez0) & (o}
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] || I T R R—

20 (Cuka) /deg

Figure 7.10. X-ray patterns of intact and
as-milled mixtures for 0.3PMN-0.7PZN.
Milling time was (a)0, (b)S5, (c)30, (d)60
and (¢)180 min.
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Figure 7.9. Temperature dependence of
dielectric constant and loss of the samples
fired at 1200°C for 2 h.
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Figure 7.11. Plots of percent perovskite
against firing temperature for mixtures
milled for 180 min(x is ()0, ((10.2,
(0.4, (4)0.6, (A)0.7, (#)0.8, () 0.9, 01.0).
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i.€., Toax also increases with x from -1 °C to 99°C.

The principle was further extended to other perovskites, which are
even more difficult to synthesize, such as (1-x)Pb(Mg, Nb,;)O;
xPb(Zn ,Nb,,)O; (PMZN), where a fraction x of Mg is replaced by Zn
[23,24]. As shown in Fig. 7.10, we obtained phase pure perovskite up to
x=0.7 in one step from a stoichiometric mixture comprising those
components used for PMN and basic zinc carbonate. During heating,
perovskite formed as a result  rp 77 Sample sols.
of milling, disappeared first,

but emerged again by further ;
heating, as shown in Fig. Ca/P Cff the | Concentratio
7.11, due to the migration of | Samples Staftlf‘g n of NH;,
the stabilizing component, materials M)
Mg, during heating. CPI1 1.00 0

Thus, soft
mechanochemical processing CP1.25 1.25 0
is versatile for the fabrication CP1.37 1.37 0
of complex oxides such as
phase pure PMN-PT. This is cELS Lo 0
mainly attributed to the |CP1.67 1.67 0
formationd of princi\i/ﬁ)a_los_kll\(])g CP2 2.0 0
range ordering, [ ,
necessary for the final CP1.37a 1.37 0.004
product at the state of 1
precursor during the | CPl1.37a 1.37 0.04
mechanical treatment of the 2
starting mixture. BS-tris? 1.00 0

* Buffer solution milled in tris.

7.4. Hydroxyapatite .
90
. °Na % o s0O® )

Hydroxyapatite o Ouin
(HAp) and its isomorphous @ ofp 5
modifications are important . Remnsboranr_ 8
and prospective materials in o - 5 Bedheq
bioceramics. There are some - . Y
mechanochemical studies on 9 00 § BB
HAp. In [25] HAp was -
prepared  from  calcium & B8 G
hydrated  orthophosphates -

and calcium hydroxide or 50 25 30 35 40 48 80 & 80
oxide by mechanical 20 (Cukafdez)

activation of mixtures in  Figure 7.12. X-ray pattem of the product CP1.67
planetary mill. The authors after milling for different time.
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[26] succeeded in obtaining HAp starting from brushite and calcium
carbonate. They also doped HAp by Sr** [27]. However, crystallinity of
mechanochemically prepared products was low unless the products were
heated at 500-+1000°C.

Here, a new method for the preparation of an aqueous, well-
dispersed sol of HAp nano particles directly via a mechanochemical route is
described. It should be noted, that such products are very suitable for usual
ceramic purposes as well.

200 cm® of 1.05 M aqueous solution of H;PO, was mixed with
varying amount of Ca(OH), powder. The Ca/P molar ratio of the starting
materials was between 1 and 2. The sol of the stoichiometric mixture with
Ca/P=1.67 was mixed with varying amount of a dispersant, ammonium
polycarboxylate (Dispex A40, Allied Colloid), to give a sol of 26.1 wt. % of
solid after completion of the
reaction. The mixture was
subsequently subjected to
milling by a multi-ring
ultrafine  grinding  mill
(Micros-0, Nara Machinery)
at 1250 rpm for 3 h. Detailed
description of the mill is
given elsewhere [28].
Samples are listed in Table
7.1.

As shown in Fig.
7.12, CaHPO, and Ca(OH),
are  present in  intact
mixtures. After milling for 3
h all the X-ray diffraction
peaks belong to
hydroxyapatite, without any
second phases, such as
monetite, (CaHPO,),
brushite, (CaHPO,2H,0), or
the reactant,  Ca(OH),.
Crystallite size, obtained by
Wilson’s method, was equal
to 17 nm without
appreciable lattice  strain
[29].

As shown in Fig.
7.13a, most of the observed
particles are equiaxed. Their Figure 7.13. TEM images of the product, CP1.67.
average diameter determined

(b) 50nm
ol
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from electron micrographs is
of 80 £ 140 nm. A higher wr e i
magnification reveals, ] G :
however, that particles
described above are still
agglomerates of  much
smaller primary particles, 4.0
+ 9.5 nm, as shown in Fig.
7.13b. The value is close to
the crystallite size estimated
from the line broadening of
the X-ray diffraction peaks,
given above. Therefore, this
method gives rise to HAp
crystallites with their average  Figure 7./4. IR spectra of the product CP1.67 after
size below 20 nm. These milling for different time.

Omin

Transmittance(a.u.)

180

1400 1200 1000 800 600 400

Wavenumber[em™ )

nanocrystals are well
dispersed in the form of . . g i
agglomerates of 100 nm size. s Raroanice

The observed molar a
ratio, Ca/P, was 1.59+0.01 ' (Ve Ll
for CP1.67 sample. Since the JMM,_,_ S

Ca/P ratio was always M
smaller than the 0 CP1.37
stoichiometry of HAp (1.67) -——-_JAJ;QLLRX‘LCM

the product as prepared can o fio =

be regarded as a slightly Ca CP1.67

deficient HAp. s ? 9 280 |em
On the FTIR profiles 10 20 30 a0 50 60

of as-milled sol (Fig. 7.14), @ (Cok = fdug)

absorption bands at 565, Figure 7 15. X-ray patterns of the products CP1-2.
602, 965 and 1037 cm’' are
observed. All these bands belong to PO,* of HAp. Corresponding bands of
the second phases appear at appreciably different wavenumber, e.g., at 1070
cm” for monetite, instead of 1037 em™ for HAp [30]. A small band at 875
cm’ is also observed, which is attributed to CO,* and HPO,? [27-31]. Tt is
well known that addition of Ca(OH), into H;PO, results in monetite and,
subsequently, in brushite [32,33]. The final stage toward HAp formation
from brushite usually requires heat treatment. In the case of Ca(OH), milled
in H,PO,-aq, however, a proton from HPQO,* ion can transfer to an OH ion
of Ca(OH), to induce dehydration, like in many other mechano-chemical
acid-base reactions [34-36].

There are several possibilities to explain existence of HPO,band in
FTIR spectra. One of them is due to incomplete deprotonation of HPO,” to
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PO,*, HPO,*-containing phases, like monetite or brushite, may coexist with
each other, but the presence of second phases is rather improbable since the
corresponding IR band is not registered in the IR atlas [30] as well as no X-
ray diffraction peaks of these phases was observed. Another possible source
of HPO,” is Ca deficiency, which was actually observed, e.g.,
Ca/P=1.59+0.01 for CP1.67 sample. Contribution of surface OH groups
bound to phosphor, i.e., P-OH, to the HPO,” band is not excluded, similar to
many other surface OH groups on metal oxides. A decrease in the peak

intensity after annealing the sample at 900°C for 3 h was actually observed.

As shown in Fig. 7.15, all the X-ray diffraction peaks of CP1.5,
CP1.67 and CP2 samples belong to HAp. As the Ca/P molar ratio decreases
from 1.375, the peak intensity of HAp decreases appreciably, while that of
monetite  and  brushite
increases. The effect of NH,

adding is shown in Fig. 7.16. Dhianot ite
[ ] WBrushite

The peak intensity of
monetite and  brushite
decreases or even disappears
by the addition of NH;.
According to Table 7.2, the
final pH of sol was changed
from acid to base by adding
NH..

The X-ray patterns of
milling brushite in tris buffer ) R
solution are shown in Fig. 20 25 30 35 40 45 50 55 6O
7.17. For 1 h stirring, the 20 (Guka/deg)
profile does not change. Figure 7.16. X-ray pattems of the products
However, after mllllng for 3 CP1.37, CP1.37al and CP1.37a2 samples.
h, only diffraction peaks of
Hap was observed. Phase
pure HAp was not obtained
even by ageing for 24 h. The b * %6 & e
pH of the sol changed from 24h stining
828 to 7.62 during the e o
reaction. This fact indicates
that pH value plays a o0
significant role on crystalline
state of the final products. 1w

Merit of the present o
‘1.n situ’ preparation of H_Ap ™2 84 66 88 0 92 94 96 a.am .
via a wet mechanochemical 20 (Cuka/dog)
route is at least two-fold, i.e,
(1) to assist deprotonation

CP1.37

CP1.37al

CP1.37a2

=100

@Brushite
OHap

1h stiring
& Th milling

1h stirring

Figure 7.17. X-ray patterns of the product BS-tris.
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from brushite to form hydroxyapatite, and (2) to keep high dispersion and
low viscosity of sol. The descibed method of nano-sol preparation will open
anew way of applying HAp for casting, injection or to prepare thin films by
a simple dip coating procedure.

Table 7.2. pH and final Ca/P of CP1-2 samples.

Samples Final pH of sol Final Ca/P
CP1 5.95 —
CP1.25 5.75 —
CP1.37 5.90 1.38+0.02
CP1.5 6.70 1.59+0.03
CP1.67 9.34 1.59+40.01
Cp2 12.29 2.02+0.03
CP1.37al 7.25 1.46+0.02
CP1.37a2 10.53 1.44+0.05

The detail studies of mechanochemical interaction in the course of
activation of Ca(H,PO), H,0+CaO mixtures showed that the degree of
interaction is dependent on the amount of energy supplied to the reaction
zone [37]. If the energy is less than 15 kJ/g, the phases of an aqueous
phosphate-calcium ~ system  are

Epkd , mi
formed (the lower part of the g r— ik
diagram on Fig. 7.18). .As the E’: g Y 3 - 35
amount of energy increases, 1Bl 3 4 3 laol™
dehydration of the phases starts in .-;':‘E{ g | A é*e 95
system: CaHPQ, is transformed into = §: Q8 55 g 45
pyrophosphate Ca,P,0,, while the a5l Amor- | 2 % .

. . 20— = phous 3l Is] —a—-15
activation of Ca(H,PO,),-H,0 even 8| |smee |& & | E
1 ’ - 21 o = [F10
f?lr 60 min doesn’t lead to any 10 %L‘.uﬂro‘ 3l 3 3 .
changes. +Ca0  [CaHPO, | o [
The stoichiometric 0 61 g EAE L1 O

2
2
)

hydroxylapatite  Ca(PO){OH),  cug,popio oo o

was formed after 30 min activation Content, %
40 kJ/g) of the mixture with f-.. 4
Ca/P=1.67. The phosphates remains 1 lt-glhf;f 13

amorphous even in the case of the
mixture with Ca/P=l.5 activated for
1 h. This can be explained as a

Figure 7.18. Kinetic energy disgram of
Cn(H,PO.)z'HZO-CaO system [37]
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Figure 7.19. ®Si MAS NMR spectra: Figure 7.20. The scheme of possible
1 - initial mixture, 3Ca(H,PO,),-H,0+7CaO+8i,,, localization of silicon in the apatite
2 - after its activation for 30 min, structure.

3 — sample 2 after annealing at 900°C.

result of stabilization of amorphous phase by water. The polarization of OH
bond of water in vicinity of phosphate ion causes an increase of acid
properties of water and thus strengthens hydrogen bonds with anion which
hinders the dehydration of the product [38].

The convenient method of preparation of substituted forms of HAp
is described in [3940]. The elementary silicon was added to
3Ca(H,PO,),+#Ca0 mixture which was then mechanically activated in
planetary mill for 25 min. The sample was studied by ®Si MAS NMR
spectroscopy. It was shown that three bands of silicon are presented in
spectra with chemical shifts of -129.7, -122.7, -112.6 ppm (Fig. 7.19).

According to [41], the chemical shift value {8) and bond angle (8)
for the T-O-T bond (where T= Si, Al and others) are connected by the
equation: 8= -25.44-0.57 6. According to this equation, chemical shifts in
the SiMAS NMR spectra of the synthesized apatite correspond to Si-O-T
bridges with the angles 180°, 170° and 150° respectively. It can be
assumed that the NMR signal at —129.7 ppm is determined by the
localization of silicon cation on the 64 axis of HAp in Si-O-Si or Si-O-Si-
OH bridges with the angle of 180°. Two other silicon ions occupy the
vacant places between the phosphate tetrahedrons and calcium ions with the
bond angles between oxygen bridges ~170° and 150°, respectively. After
annealing these samples at 900°C, apatite transforms into B-Ca,(PO,),, and
the #Si MAS NMR spectra are changed (Fig. 7.20).
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The hydroxilapatite with silicon ions in the structure are
characterized by higher compression strength, compared to nondoped
hydroxilapatite; thus, it can be used as a material for bioceramics.

7.3.Heteropolyacids

Iso- and heteropolyacids represent an important class of inorganic
compounds. They form a separate structural class of complexes based on
quasi-octahedrally coordinated d-element atoms of the V and VI periods of
Mendeleev’s Periodic Table [42].

The first attempts to represent the composition of heteropolyanions
were based on Verner’s coordination theory according to which
heteropolyacids are considered to be the complexes containing octahedrally
coordinated heteroatom bound to MO/ or M,0,* anions as ligands, for
example Hg[Si(W,0,)]. This was confirmed by the synthesis of the cesium
salt of this acid, Css[Si(W,0,),]. However, Pauling demonstrated later that
the structure of this heteropolyacid should be considered as consisting of
the central tetrahedron XQO, surrounded by 12 WO, octahedrons [43]. He
proposed to use the formula H,[SiO,W,,0;(OH);¢], which agrees with the
observed basicity of this acid. However, Pauling considered MO,
octahedrons to be bound only by their vertices.

Keggin [44] showed that octahedrons could be linked with the
tetrahedrons XO, both by the vertices and by edges also that was later
confirmed by X-ray crystallography data. These structures were called
Keggin structures.

According to the modern notions, heteropolyacids (polyoxoanions)
are synthesized by the condensation of several simple anions with water
evolving. These negatively charged particles are composed either of
octahedrons or tetrahedrons, or both of them. Octahedrons and tetrahedrons
are formed by six or four atoms, respectively, around central atoms.
Octahedrons and tetrahedrons are linked to each other by edges or vertices.
An atom of metal or non-metal can serve as the central atom.

The most common method to synthesize polyoxoanions is to acidify
monomeric oxoanions and the compounds containing the required
heteroatoms, for example:

TMoO + 8H' — [M0,0,]* + 4H,0
6Mo0O,* + Cr(H;0)¢** + 6H' — [Cr{OH)Mos0,,]* + 6H,0
12WO,* + HPO, + 23H" — [PW ;0,.]* + 12H,0, etc.

Chemical equilibrium constants and formation rate constants are rather
large, so polyanions can be isolated as salts from the acidified
stoichiometric mixtures of components at room temperature.
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Similarly to the above described methods of the preparation of
jointly precipitated hydroxides (see Chapter 2), important role is played by
the order in which the reagents are added to the reaction mixture. If the
order is changed, the products with different structures are obtained. For
example,

Si0,*, WO,*, then H* = ot - [SiW,0.0]*
WO, H', then SiOy*, H' — B - [SiW ;040"

The mixture is usually acidified by adding mineral acids; polyanion
can be isolated by adding the corresponding cation, usually an alkaline
metal cation or ammonium, with the formation of salt.

At present, more than 100 heteropolyacids of different structure and
composition are known [45]. They are very strong proton acids; they are
stronger than perchloric, sulphuric and hydrochloric acids. At the same
time, they possess rather high oxidative potential and can cause redox
transformations. Many heteropolyacids are very stable from chemical and
thermal viewpoints; they are well soluble in water and oxygen-containing
solvents. Thanks to their properties, they are applied in many areas, but
mainly in analytical chemistry and catalysis. The most important are
heteropolyacids with Keggin type structure of the general formula
H,XM,,04, where X is heteroatom, M=Mo, W, V or their mixture.
Heteropolyacids with Dawson structure of the general formula H,X;M,,04,
are of less importance.

Heteropolyacids, such as H;PW;,04, H;PMo,,04, H,SiW;,04,,
H,SiMo,,0,9, and H¢P,W 304, in the form of ammonium salt, are produced
in industry. However, the synthesis methods insufficiently fit for modern
technological, economical and ecological requirements. Therefore, new
methods are being developed.

One of the methods to synthesize heteropolyacids is the direct
interaction of the oxides of ligand atoms (tungsten, molybdenum,
vanadium) with oxides or acids of heteroatoms (phosphorus, silicon, etc.).
However, because of low reactivity of oxides, these processes are slow and
energy-consuming (heating for tens hours is required); quantitative yield is
rarely achieved.

Mechanical activation applied to the mentioned reaction was found
to be very efficient [45]. For example, molybdenum oxide mechanically
activated for several seconds is readily dissolved in hot solution of
phosphoric acid to give heteropolyacid. By varying the interaction
conditions, one succeeds in obtaining heteropolyacids with different
molybdenum to phosphorus ratios. H;PMo,,04 can be synthesized in the
individual pure state, and H¢P,Mo0,,0¢, With the purity of 94-98 %. Mo — P
mixtures, which are most easily prepared, can be used as acid catalysts
without separating into components. Besides the simplicity of preparation,
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another advantage of this method, consists in the possibility of recovery of
worked-out catalysts.

Even more substantial effect of mechanical activation on the
reactivity is exhibited by the mixtures of MoQj and V,0,. After mechanical
activation, these mixtures are rapidly dissolved in H,PO, solutions giving
H,,.PMo0,,,V,O, (n = 1:6). Moreover, some acids can be obtained by
direct activation of the mixtures of molybdenum oxide, vanadium oxide and
phosphoric acid. This technology allows to exclude the stage of
heteropolyacid isolation from aqueous solution by partial evaporation, that
makes it very productive and energy-saving. The salts of heteropolyacids
can be prepared by this procedure, too.

The reactivity of tungsten oxide is also slightly increased after it
mechanical activation. In the case of activated WQ,, 10 % of oxide reacts
with the solution of phosphoric acid, while in the case of activated WO, -
V,0, mixtures, the yield increases up to 13 %.

The yield of silicon-containing heteropolyacids is lower than that of
phosphorus-containing one; it depends on the amount of silica in the
mixture under activation, that one can see in Table 7.1 given below:

Table 7.3. Yield of heteropolyacids after mechanical activation of oxide mixtures.

Mixture* Mixture composition, HPA yield,
ad %
923-17.7 37
MO; - SiO, 82.8-17.2 60
67-33 79
91.9-8.1 73
WO, - Si0, 83-17 9
71-29 13
WO, - V,0, - Si0, L 2
65.8—-52-29 20

*After mechanical activation, mixtures were treated with boiling water for!0 min.

Among other heteropolyacids, HyAIMo4O,, and HFeMoyO,, were
obtained according to similar procedure in solutions. These acids do not
exist in their individual form, they were isolated as tetrabutylammonium
salts.
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The above-described method of heteropolyacid synthesis is
distinguished by high productivity, complete use of expensive initial
reagents, the absence of any wastes, low energy consumption (about 0.4

kW/h) [46].
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Chapter 8

SOME FEATURES AND POSSIBLE
MECHANISMS OF MECHANOCHEMICAL
REACTIONS OF HYDRATED OXIDES

On the basis of experimental data for various reactions described
above, one can outline several main features and regularities of soft
mechanochemical reactions and propose their possible mechanisms.

First of all, it should be noted that the regime of these reactions is
not uniform within reaction time. As the initial hydrated oxides are solids,
the reaction starts via the solid phase mechanism. The solid phase
mechanism is confirmed by the observed influence of initial disperse state
on the interaction rate, the participation of surface acid-base centers in the
reactions, the existence of concentration gradient in the surface layers of the
reagents, etc. [1-8].

However, the formation of water as a reaction product changes the
regime of interaction between the components, providing the possibility to
interact via the dissolved state. In this case, the solubility of initial and final
products in water become essential. Therefore, it is possible to consider the
mechanochemical reactions from the viewpoint of the theory of reactions in
water solutions. Three types of reactions are discussed usually: a) acid-base
reactions, b) redox reactions, and c) exchange and substitution reactions.
There are no clear differences between the mentioned reactions; all of them
can be attributed to some extent to acid-base interactions. As the important
parameter characterizing redox reactions is the redox potential of the
system, its change leads to the changes of acid-base properties of the
system. This allows to consider the reactions which take place in this
system from the viewpoint of acid-base mechanism. Exchange or
substitution reactions in complex ions are much simpler for interpretation
than redox reactions. These reactions involve the substitution of one ligand
by another; but in more general aspect they can be considered as acid-base
reactions between metal ions and Lewis acids. All these aspects are
presented in the considerations described below.
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8.1. Mechanisms of formation of new bonds

A bond energy between cation and oxygen ion in oxide is a
measure to determine whether an OH" group on solid surface is an acid or a
base. Therefore, the acid-base reaction is always possible to occur when two
different Me-O(H) bonds
are brought into contact Wby isioiainss

. e i Sy
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Hydroxyl groups A s '
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ecome more polarize 0 AT,
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when they are combined e e
with atoms at their low- Basic Solid Basic Solid
coordinate state. This is 1 2 3
generally understandable
because of displacing of
the electron density. The
low-coordination states are metastable and highly reactive. They are formed
during milling of a mixture of hydrated oxides at the contact points, where
plastic deformation can preferably take place. In spite of that the hydrated
oxides are the brittle material, they are plastified when their particles are
small. The occurrence of plastic deformation of brittle substances has been
thoroughly studies by Hess [9]. On the basis of change of stress-strain curve
of compressed single particles with different sizes, he showed the general
tendency of the particles to be plastified, when their size becomes smaller
than a certain critical value. Plastic deformation itself cannot bring about a
direct chemical reaction, but it causes mechanochemical reaction through
the increase in the number of low-coordinate atoms.

The appearance of low-coordinate atoms is the reason of the
increasing of the basic centers during the mechanical activation of
hydroxides. This suggestion is confirmed by the study of basic centers on
Ca(OH), surface [4,6]. The basic Lewis centres (O*") were obtained on the
Ca(OH), surface by using sorption of gas NH3 and CO, [5] (Fig. 8.2).The
concentration of basic centres increases up to a certain value and then
remains constant under mechanical activation of single Ca(OH),, while it
grows more significantly and has the maximum for Ca(OH),+Si0O;-aq
activated mixtures. It means that an increase in the basicity at the initial
stage of activation of the mixture is connected not only with the formation
of new surface but also with the generation of new centres at the contact
points, where plastic deformation occurs.

The reaction in this mixture was also studied by IR spectroscopy.
The formation of the product, calcium silicate, is characterized by the
appearance of a new intense band at 1005 cm™. A comparison of data on
basicity and the IR spectra shows that the silicate formation is accompanied

Basic Solid

Figure 8.1. A schematic illustration of mechanical
dehydration preceding HMB formation.
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Figure 8.2. The changes of basicity (a) and IR spectra () for the Ca(OH),+Si0,aq mixture

versus time of activation.

by a sharp decrease of the concentration of centers in the mixture.
Consequently, O? basic centers observed take part in the formation of new
chemical bonds Ca-O-Si and are consumed as the reaction proceeds.

The evidence for the formation calcium silicate by milling of

Ca(OH);+Si0; mixture was received
by cross polarized-magic angle
spinning NMR [10], ®Si NMR  spectra
are shown on Fig. 83. The peak
corresponding to Qs state,
representing surface silanol,
predominates in starting mixture
before milling, while a mixture after
milling detects a predominance of the
peak Qp state, ie., with no
neighbouring silicon. Whether the Qo
state corresponds to tricalcium silicate
(CsS) or dicalcium silicate (C,S) has
not yet been  unambiguously
determined. Similar phenomena were
observed on milling of kaolin [11].

It is known that mechanical
activation generates various long-life
radicals. EPR investigation were
carried out for mechanically activated
Ca(OH);+Si0; mixtures [12]. The
mixtures were milled under vacuum.
Spectroscopy ~ measurements ~ were

1@
i
i

i

50 -1 -1
Chemical shift/ ppm
Figure 8.3. ®Si CP/MAS NMR spectra
of physically mixed (CaS-O) and milled
samples (CaS-3,12), ¢ - milling time in
hours.
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carried out immediately after milling without expose to air, in order to

examine the effects of ambient gaseous species. Careful analyses of the g-

values and power saturation behavior, the comparison with the results of X-

ray irradiation, and changes in signals after exposure to air, allowed to

conclude that the main signals were attributed to Oy radicals. On separate
milling of Ca(OH),, the concentration of Q5 radicals increases.

On the other hand, the main radical species of separately milled
Si0; are peroxide radicals. These two radical species, i.e., O3” and peroxide
radical, disappear on milling of a mixture of Ca(OH), and SiO,. This
suggests that these two radical species are consumed by recombination to
form Ca-O-Si bridging bonds by the following reaction scheme:

@ 05" radical formation by adsorption of an oxygen molecule onto the
mechanochemically formed O radical or Ca-O on the surface of
partially decomposed Ca(OH),.

(ii) Formation of peroxide radicals, Si-O-O(H), by adsorption of an
oxygen molecule on the radical species =Si.

(ii1) Recombination of these two radical species to give a bridging bond
such as Ca-O + = Si — Ca-O-Si.

The relative contribution of the acid-base mechanism stated above
and this radical mechanism cannot be determined individually. The
concentration of the basic sites remaining after milling for 1 and 3 h is 10’
and 10° times higher, respectively, than radical concentration. This does not
straightforwardly mean, however, that the contribution of the radical
mechanism is orders of magnitudes smaller, because we can measure only
the concentration of remaining radical species on a separately milled
sample. The amount of the radical species actually consumed by
recombination has not yet been successfully determined.

The proton transfer is obtained in mechanically activated
Ca(OH),+TiO,-aq mixtures by NMR method [13]. According to NMR data,
TiO,-aq contains three types of oxygen-hydrogen groups [14]: (i)
comparatively isolated OH’ groups, (ii) H,O molecules, and (iii) three-spin
systems similar to H3O+ (a proton localized on water molecule). During the

L i i
0 12 4 18
H.G

Figure 8.4. NMR spectra of activated TiO,-1.2 H,0 (@) and Ca(OH),+Ti0,-1.2 H,O (b).
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mechanical activation of the mixture the fraction of isolated OH" group
increases while the fraction of protons, constituents of the three-spin
systems, sharply decreases (Fig. 8.4). Being in direct contact with Ca(OH),,
protons interact with the strong basic centres to form water molecules. The
resulting uncompensated bonds TiO- and -Ca produce a new bond -Ti-O-
Ca-. When the concentration of water in TiO;-aq and, consequently, the
proton concentration decrease, the reaction rate decreases too.

The reaction product is X-ray
amorphous; it  contains  water
molecules and OH groups. It
crystallizes at 200+-500°C with a
strong exothermic effect; the process
is completed with whole dehydration
(Fig. 8.5).

According to Bronsted, the
proton affinity is a quantitative
characteristic for acidic and basic
properties. Appropriate methods were
developed for its measurement, among
which is the gas adsorption on the
oxide surface and the analysis of
changes in vibration frequencies of the
surface QH  groups [14]. The latter
method was used for determination of
the proton affinity for a great number
of oxides, including those considered
here.

Fig. 8.6 shows the difference
in proton affinities (AP=Pcso-Pmxoy)
for reactions of calcium oxide with
other oxides versus the conversion
rate, which was calculated from the
conversion for a given time [15]. One
can see that if the differences in
proton affinity increase, the reaction
rates increase also, as was expected.
The correlation between
thermodynamic Gibbs potentials of
these reactions with the conversion
rate is represented on Fig. 8.6 also.
The data represented in Tables 2.2,
2.4, 2.5, which are ranged as acidic
properties increases, can be used for
determining  of  possibility  of

Am
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200 400 600 80O
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Figure 8.5. DTA and TG curves for the
mixture Ca(OH),+TiO, 1.2 H;0:
| - initial mixture; 2 - activated mixture.
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Figure 8.6. Correlation between the rates
of mechanochemical interactions of
calcium oxide with hydrated oxides and
Gibbs energies for the reactions and
proton affinities of anhydrous oxides.
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realization of soft mechanochemical reactions in the mixtures of hydrated
oxides.

The principle of electronegativity is very useful for characterization
of acid-base properties and complex formation in mechanochemical
reactions [16].

The most of chemical reactions accompanied by electron transfer
from an atom of one reagent (reducer) to an atom of another reagent
(oxidizer). Each element can have some oxidation states. The standard
oxidation-reduction potential between two oxidation states of element is
bonded with standard thermodynamic free energy of the transition from one
state to another by the following equation:

AG®= - nFE° 8.1

where E’ is a standard electrode potential of an element. It depends on the
distribution of electrons in an atom. As it was pointed above,
electronegativity is also the function of charge distribution, i.e. a function of
the relative electron density. For this reason, a clear interdependence is
observed between E° and electronegativity, as determined by the equation:

E’=1-2X (8.2)
for the elements of main subgroups of the Mendeleev Periodic Table, and
E%= 22X - 30 (8.3)

for the elements of the side subgroups [17]. Here X is electronegativity (in
accordance with Sanderson).

It is important to know redox potentials of elements if one wants to
predict the directions of oxidative-reductive reactions between different
oxidation states of elements. If E°for individual elements or semireactions
are known, then the total redox potential of the system can be obtained by
combining the equations that incorporate these elements or semireactions.
The reactions occur when this potential is positive.

Examples of oxidative-reductive reactions under mechanical
activation of systems containing hydrated oxides and any reducing agents
are reported in a series of works [18-20]. For the activation of Al+Co(OH),
mixture, divalent Co ions are partially reduced to metal state and metallic
aluminium is oxidized. This is confirmed by the data obtained by means of
%Co NMR reported in [20]. The reduction can be represented by the
equation:

2Al + 3Co(OH), = 3Co +Al,0; + 3H,0
2A1+3Co?* = 2AP"+ 3Co, (E=4.07).
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The change of the oxidation degree of atoms and ions changes their
acid-base properties. For manganese compounds as example, acidity
increases by factor of about 3 with oxidative degree changing by unity
(Table 2.5). Therefore redox reactions can be considered also in the frames
of acid-base notions described above.

8.2. Computational methods - DV-Xa calculation

A simple molecular orbital calculation was made as an attempt to
elucidate whether and to what extent a low coordination state plays a role
on hetero-metalloxane bonds(HMB) formation [21]. First attempt aimed on
Si0,+Ca(OH), system with a reasonable assumption of having silanolic OH
groups on the surface of :
silica.  Calculation — was bl
started from a model » &%
combination of Ca(OH)e* \1 “o°,
and (SiOH)*  clusters, h— c
shown in Fig. 8.7. They
were brought into contact
and the overlap population
(OP) between the oxygen

atom from Ca(OH); and ) .
the hydrogen atom from Fxgure 8 Zi Cl‘uster lpocl_els of Ca(OH), " and

X (SiOH;)"" with their distance, Z2-Z1. Note that
silanol group was  HMB (Ca-O-Si) is formed (c) after dehydration
calculated. Details of the (b).

calculation methods are
given elsewhere [21].
the distance between the
Ca(OH)¢* and (SiO4H,)", 020 040
72 and Z1, respectively,
decreases (Fig. 8.7), OP
between the oxygen atom
from Ca(OH); and the
hydrogen atom from the
surface silanol, increases
(Fig. 8.8).

High ionicity of a
Ca.—O bond in a galcmrp p— ) _ Gt
oxide or hydroxide is 0.0 0.1 0.2 0.3 0.4
mainly attributed to the 22-Z1(nm)
large energy difference  Figure 8.8. Change in the overlap population (OP)
between the valence with the distance, Z2-Z1 between two clusters

electrons, i.e., Ca 4s and O  8iveninFig. 8.7.

Z2-71= @) 02 ®) oo ©) 00

[~*-H(si)-0(Ca) =+ Ca-OH -=Si0O-H |

Overlap population(-)
e £
=

e
(=1
@
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2p. Madelung potential makes O levels more stable and Ca®* levels
less stable. A Madelung constant for the particular atom generally
decreases when a part of surrounding atoms disappears, i.e. with an
asymmetry. With lower symmetry, hybridization becomes more likely,
and dissolution of degeneration tends to occur. The energy difference

between HOMO and
LUMO corresponds to the
band gap between oxygen
2p (HOMO), and
unoccupied Ca orbitals,
mainly 4s and 4p (LUMO).
Thus, the effective valence

levels of Ca** and O%
come closer to each other
with decreasing

coordination number for
Ca, as shown in Fig. 8.9.
Consequently,

hybridization of these Ca
and O orbitals takes place
in the surface state, where
4s orbitals predominantly
contribute. ~ When  the
surface Ca atom with
lower coordination number
(CN) combines with an O
atom from SiO; surface,
the energy levels of Ca are
lowered. A smaller energy
difference with respect to
O 2p triggers further
hybridization between the
orbitals of Ca and those of

O. This results in the
formation of a chemical
bond with higher
covalency.

The above mentioned
results seem to be self-
consistent and reasonable.
However, the surface

relaxation is yet to be taken
into account. When a solid is
excited without any
chemical species to react

0.12
0

= 0.10
S

% 0.08
a

5 0.06
a
§0.04
£ 0.02
3 0.0

0.00

Figure 8.9.

Coordination number X(-)

Change in the overlap population (OP)

with the coordination number for Ca in Ca(OH),.

b
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Figure 8.10. Configurations of Ca(OH), - Si0,
interface at 300K, 0.1Mpa, representing a scheme
of proton transfer from silanolic OH to O atom of

Ca(OH),.
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within the close vicinity, it relaxes to restore the original, less active state,
usually by a simple electron redistribution and atomic rearrangement
whenever their mobility allows. Once some chemical species which are able
to impinge the excited solid (in most cases, its surface) exist, then the route
of relaxation may change significantly. Reactions ‘in situ” may be well
induced. Many examples of tribochemical ‘in situ’ reactions have been
compiled by Heinicke [22].

Molecular dynamics (MD) simulation was used to elucidate the
atomic rearrangement at the early stage of solid state mechanochemical
reaction at Ca(OH); -SiO; interface in order to take the relaxation process
into account. Verlet algorithm was employed in order to calculate atomic
motions [23]. Details of calculation are given elsewhere [23]. A Ca-O bond,
being fairly ionic, is represented by Born-Mayer-Huggins (BMH) potential
function, while for Si-O bond, an additional attractive term of the Morse
potential was introduced to the BMH. Finally for O-H bond, an extra three-
body-type potential was added. Inter-atomic forces from these potential
energy functions within ~1.5+2 nm around an atom was derived by using a
cell model of such dimension [23].

Fig. 8.10 represents
time-resolved atomic
configuration at the Ca(OH),-
Si0, interface versus time.
Between 8 and 10 ps, a
hydrogen atom from SiO-H

jumps on the surface of Y5 YD) it
Ca(OH), to attach to an
oxygen atom of OH group.

Surface structure of B o
Ca(OH); with one OH group ’?;5‘1 s
removed is represented in Fig. K< _Jh—f_*—“*'.‘_*-_-.i'-:—°
8.11. A cluster model shown .‘_‘? ?,:,_,_‘:“:pl.
in Fig. 8.11,A has no OH Fov KD
defect while a model with one 5 ),; _L:“;,‘ :.“—}

OH defect is shown on Fig. C axis

8.11,B. Both models, 8.11,A 9 s

and 8.11,B, do not account for r*a}fck_ P " %

any kinds of  surface b 1 i
relaxation. In contrast, a Ef?‘d\y" 8
cluster model shown in Fig. A axks

8.11,C has one OH defect

: : Figure 8.11. Cluster models for surface relaxation
with a surface relélxatlon. A of Ca(OH), due to removal of one OH group; (A)
closer look at Fig. 8 11.C No vacancy (without surface relaxation), (B) One
reveals that low coordinated  OH vacancy (without surface relaxation), (C) One
Ca atoms are displaced OH vacancy (with surface relaxation).

toward the remaining OH
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groups, i.e., away from the OH vacancy just generated. The synchronized
displacement demonstrates a surface relaxation in an usual manner toward
stabilization of the electronic state of the surface. This will be examined
below.

Population of Ca
unoccupied orbital of non-
relaxed models is shown in
Fig. 8.12,A and 8.12,B,
corresponding to the models
shown in Fig. 8.11,A and _
8.12,B, respectively. It turns et l gl = A ST ‘—E
out, by comparison, that the ol e Lepaee 1

(A) ® ©)
lowest energy of the

unoccupied Ca orbital,  Figure 8.12. Orbital population of calcium
pointe d by arrows.  lowers unoccupied orbitals in cluster models in Fig. 4(A) fi

. 4(C). (A) No vacancy (without surface relaxation),
against the HOMO of the (B) One OH vacancy (without surface relaxation),

cluster by removing an OH  (C) One OH vacancy (with surface relaxation).
group. This is in an

accordance with the previous result on CaO surface, which disregards
surface relaxation [21]. However, for the model accounting for the surface
relaxation (Fig. 8.11,C), the energy of the unoccupied Ca orbital hardly
lowers, in spite of forming of low coordinated Ca (Fig. 8.12,C).

Under an appreciable compressive stress, crystals deform
themselves significantly. A large deviation of the resulting atomic positions
from that in the ideal crystal lowers the symmetry of the crystalline lattices,
and accordingly, makes a Madelung potential more asymmetric. This, in
turn, forces a decrease of all the energy levels of Ca atoms to minimize the
total potential energy of the reaction system. The energy difference between
Cagy (or Cays) and O decreases, while the difference between Caj, (or
Cayp) and Oy increases. These changes intensify the bonding overlapping
between Cagy and Oy, toward apparent bonding molecular orbitals, while
decrease the antibonding interaction between Caj, and Oz. The increasing
covalent nature, thus established, stabilizes a Ca-O wing of a Ca-O-Si
bridging bond with respect to the other wing, O-Si, and finally, stabilizes
the bridging bond as a whole.

Energy (eV)
OeV=HOMO of clhusters)
&

8.3. Role of water in soft mechanochemical reactions

Neutralization in aqueous solutions is characterized by low
activation energy and occurs very rapidly. On contrary, in the case of acid-
base interaction between solids, it is multistage process and can be
accompanied by the formation of stable compounds with the participation
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of hydrogen bonds, which are the precursors for preparation of final
products by the following thermal treatment:

M,(OH), + HaM;0, - M|(OH),....H.. M;0,— M;M;0,+ H;O .
A B C

When the difference between acid and base properties is not very
large, the reaction can stop at the stage B with the formation of an X-ray
amorphous hydrated complex compound. The formation of complex
hydrated oxides is also possible, when the difference is large. There are
numerous examples of the appearing of complex hydrated oxides as a result
of mechanical activation of the mixtures of hydrated oxides [24-31].
3Ca0-Al;0;-6H,0 and Ca0-2A1,05:7H;0 compounds are formed in
Ca(OH); + AI(OH); mixture [24,25]. A wide spectrum of hydrated calcium
silicates is formed under activation of Ca(OH),+Si0;-aq mixture [26-28].
The activation of Ca(OH);+TiO,-aq mixture yields the compound
Ca0-4Ti0;:6H,0 [29] while in activated La(OH);+TiO;-aq mixture the
formation of La;[TiO(OH);}-nH,O is observed [30]. The mentioned
compounds are decomposed at 600-800°C with the formation of anhydrous
complex oxides.

The possibility of mechanochemical reactions to occur via
hydrothermal mechanism was demonstrated in [32] for the synthesis of
calcium hydrosilicates. Optimal water content values (humidity) of solid
mixtures of correspondent hydrates were estimated for the achievement of
local hydrothermal conditions (elevated temperature and pressure) in
mechanochemical activators. It was shown experimentally that the main
factor determining the kinetics and composition of the products was the
molar fraction of the components, the same as for hydrothermal reactions,
while the effect of temperature and pressure was much weaker.

While studying the mechanism of mechanochemical synthesis of
magnesium silicate, it was shown that the components are dissolved in the
liquid phase and interact with each other [33]. At first, the precipitation of
hydrosilicates from the solution in fine disperse and X-ray amorphous state
occurs. Then the growth of larger crystals takes place. Therefore, the
products are not detected directly after mechanical activation; some
exposure is necessary for them to be crystallized.

It is known that the contact of two solids results in the appearance
of adhesion strength due to the interaction between surface atoms. It has
been stated that the interaction forces are changed with the distance between
the surfaces of the condensed solids as l/r% [34,35]. Specific attraction
forces are equal to 0.15 MPa at a distance of about 10 nm, 30 MPa at 3 nm,
and reach 110 MPa at 1 nm. This means that at a distance of the order of
atom size, van der Waals forces become very large, that helps redistribution
of electrons to form a new chemical bond.
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The strength of secondary formations (agglomerates), in which
mechanochemical reaction occurs under mechanical action, are
substantially affected by the medium used at activation. In high vacuum, the
particle surface gets free from the adsorbed molecules, and the efficiency of
the interaction between surface atoms increases. In the presence of liquids,
especially polar ones, such as water and alcohol, molecular-dense
aggregates decompose to give primary particles. That is why mechanical
activation in the presence of these liquids yields finely dispersed products.
The efficiency of chemical interactions between components in these
systems is insignificant due to the absence of good contacts.

However, if the dispersion of a mixture of components is high and
water concentration is small, so that it forms 1-3 molecular layers on the
surface of solid particles, quite different phenomenon is observed. Water
acts as a binding agent and improves the strength of the agglomerates [36].
The nature of intergrain contacts in these systems is determined by
hydrogen and donor-acceptor bonds of water molecules with surface atoms
or surface groups (e.g., OH groups) of the disperse phase.

As a rule, the surface of the disperse phase is hydroxylated (=Si-
OH, =A1-0OH, etc.); surface atoms possess valence d-orbitals. Therefore, the
formation of adsorption water layers occurs not only via the formation of
hydrogen bonds but also due to donor-acceptor bonds. It is this
phenomenon that forms the grounds of wetting of solids with water.

Due to the structuring of water layer and the action of surface fields
on water layers, hydrogen bonds become stronger; their energy becomes
higher by a factor of 2-2.5 than that of hydrogen bonds in the water bulk,
water itself exhibiting others properties (p=1.2 g/em’, dielectric
permeability €<5) [35].

In the presence of electrolyte solutions, hydrated cations and anions
participate in the formation of contacts and determine their strength. The
addition of electrolytes can either increase the structuring of water layers or,
vice versa, weaken this process (positive and negative hydration). Some
electrolytes strengthen water structure, the others weaken it. In the first
case, the viscosity of water increases; in the second case it decreases. The
first group consists of polyvalent electrolytes and the electrolytes, such as
halides of alkaline elements, while the second group - of some electrolytes,
such as KI.

An increase of the contact strength with the decrease of water
layering is confirmed experimentally. For example, it was stated that the
strength of raw material formed from wetted bentonite is determined by the
equation:

c5’(;&7mpress=an-b’ (8.9)
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where a, b are constants, n is a number of water monolayers calculated on
the basis of the given specific surface and water amount [35].

When studying the effect of the amount of water on the efficiency
of interaction in the mixture of anhydrous oxides (CaO and TiO;) and
hydrated ones (Ca(OH); and H,Ti0;), an extremal dependence of the degree
of components binding into product
versus water content was found (Fig. 100
8.13) [37,38]. The maximum observed in
this dependence can be explained from
the viewpoint of the mentioned notions. -
At low water content, it makes the 2
agglomerates of anhydrous oxides ¥
stronger, that helps chemical interaction
to occur. At increased amount of water, ol
the agglomerates are destroyed and
chemical interaction decreases. 0

The presence of a maximum in H,0. wt. %
this dependence allows to identify a new
type of distinctive interactions, differing

BO

40

Figure 8.13. The degree of
interaction of calcium oxide

from those in the mixtures of solids and with titanium oxides as
in aqueous solutions, namely, in the type a function of water content:
of solid state mechanochemical reactions 1 - CaO+TiO; (anatase);

occurring at low concentration of water. 2 - Ca(OH),*H,TIO3.

8.4. Mechanochemical ligand exchange as a new concept of

solid state synthesis 3.0 e . —
When mechanical stress 25k

is exerted on molecular

crystgllm.e solids of % o0k

coordination compounds, not E t

only crystalline lattice but also ¥ sl

the constituent molecules are E |

subjected to distortion. The 3

type and extent of distortion of
each molecule is inevitably milled for

different due to the anisotropic s 1 ]
nature of mechanical stressing. s

This, in  turn,  causes 000""50 100 150 200 250 300
disproportionation ~ of  their Temperature / K

ligand fields to decrease their Figure 8.14. Tempearture dependence of
symmetry. observed values of 2,7 for Fe"[HB(pz):);.

Solid curves denote calculated values.
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Strained molecular crystals show various anomalies in physico-
chemical and electronic properties. One of the general reasons is the change
of electronic states and related transition probability due to loss of the
ligand field symmetry, which influences significantly on the magnetic
properties and reactivity of coordination compounds [39, 40]. This is
particularly important for transition metals in view of magnetic or optical
properties. Partial allowance of forbidden d-d transition of Mn®'
incorporated in ZnS, for instance, increases photoluminescence intensity

[41].

When fine crystalline
powders of Fe(Il) coordinate
compounds with octahedral
symmetry are subjected to
mechanical  stressing,  an
energy level of octahedrally
symmetrical 3d electrons in
Fe(II) is split into two states, eg
and 5, with a finite separation
and a consequent
disproportionation ~ of  the
ligand field strength, 4, [42].
This brings about development
of the distribution of 4 As a
consequence, 3d°
configuration of the complex
takes two different spin states,
i.e., a low spin (LS) state ("4 1g)
described as (t;g) (eg) and a
high spin (HS) one, CrT %)
(t29)* (e

The change in the spin
crossover into multi-mode was
actually observed by
mechanical stressing exerted to
their crystalline particles of the
complex compounds,
Fe''(phen),(NCS), (phen =
1,10-phenanthroline) and
Fe”[HB(pz);]; (pz = pyrazol-1-
yl) [43].

The spin crossover
behavior of Fe'(phen),(NCS);
is displayed in Fig. 8.14 where
T is  plotted against
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temperature. Along with the increase at around 2 ~ 50 K as was already
found for several other compounds [39], the change in uT with
temperature around 190 K becomes flatter after milling.

Curves (a) and (b) in Fig. 8.15 show far-IR spectra of
Fe'(phen);(NCS);. Fe-N(NCS) and Fe-N(phen) stretching peaks appear at
249 cm” and 218 cm’, respectively [44-47]. Increase in the peak width,
AW, relative to the intact sample is particularly remarkable for Fe-N(NCS).

Fractional distributions of the spin crossover component, ¢; for
Fe''(phen)(NCS), and Fe"[HB(pz);]; are shown in Fig. 8.16a. Since spin
transfer probability varies with |4 - P} ~ kg7, the vertical temperature axis
corresponds linearly to the ligand field strength, 4. Fig. 8.16b displays that
the consequence of milling is the decrease of 4 in the main spin crossover
component and the broadening of the distribution of the ligand field
strength. Note, that the broadening takes place in both directions, i.e., with
increasing and decreasing energy. Furthermore, the broadening of 4 in both
directions also brings about residual HS states, cys, and residual LS states,
c.s. These results demonstrate the disproportionation of the ligand field
strength, corresponding to the multi-mode spin crossover.

The increase in the FWHM of the Mossbauer spectra was observed
for both complexes. This is another indication of the ligand field
disproportionation by -
milling, even  without ' |1a, } | i H [
changing the spin states | . ' ]
from LS to HS. 5 ‘@/ \ = \ '5 '., ,. ;

Increases in 4W  § J‘@f g 4 " \AJ/
shown in Figs. 8.17a and : o\
8.17b  indicate the =123, 85"
broadening of the “Fe-Ndistance “Fe-N distance
distribution in the Fe-N o e ‘[
bond energy by milling of \‘| = uf
ng

Fe"(phen),(NCS),. This is
remarkable particularly for o
Fe-N(NCS) stretching peak e o
of the HS state. This further ~ ©
indicates that Fe-N
coordination bond length
scatters wider after milling.
Potential energy
diagram for LS and HS

1§
states of Fe (phen)z(NCS?z Figure 8.17. Schematic representation of (a)
al room temperature 1s potenual energy diagram for LS and HS states of
illustrated schematically in  Fe"(phen);(NCS), at room temperature, (b) energy
Fig. 8.17a. Energy levels in  gap distribution between f,; and e, 4, of Fe"(3d%),
the potential energy curve (c) the distributio of ligand field strengh.

Fraction —>

Ligand field strength, 4 —>
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stand for the ground and the exited states of vibrational energy. The
broadening of the Fe-N bond length distribution, A ~ B, corresponds to the
plurality of °T, potential energy curves. Only three different potential
energy curves were illustrated in Fig. 8.17a. The number of curves (three -
in this particular case) does not play a significant role. Similar broadening,
C ~ D, and corresponding the plurality of ‘A; potential energy curves may
be represented in the complex molecules of the LS state as well.

Loss of ligand field symmetry leads further to a number of solid
state reactions unique for coordination compounds. As a mixture of
FeCl;4H;0 with 1,10-phenanthroline (phen) was milled, a complex
{Fe(phen);]Cl, with an apparent yield close to 100% was obtained [47].
This is an example of ligand exchange reaction. Unlike the case of liquid
phase reaction, an exchange reaction is triggered by elimination of one
water molecule coordinated to Fe(Il). Based on a series of analyses,
including X-ray photoelectron spectroscopy, it was concluded that the solid
state ligand exchange is attributed to the deformation of the ligand field and
consequent disproportionation of the coordination bonding states of 4 water
molecules, as schematically shown in Fig. 8.18. Once a water molecule is
deleted in the presence of a species which stabilizes the ligand field, such as
phen, its one leg makes easily a coordination bond to Fe(I). This facilitates
further exchange with the second water molecule to complete the
coordination of the first phen molecule. Similar replacement proceeds until
all the four water molecules are replaced by two phen molecules, since the
asymmetry of the ligand field increases by a partial ligand exchange
reaction and, hence, enhances further exchange.

Figure 8.18. Schematic representation of mechanochemical synthesis of
{Fe(phen);]Cl, starting from preliminary distorted FeCl;-4H,0.
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Chapter 9

INDUSTRIAL APPLICATIONS OF SOFT
MECHANOCHEMICAL SYNTHESIS

9.1. The preparation of ceramic concrete based on cement-
free ceramic binding systems

Mechanical activation of oxides in the presence of water which
result in the formation of hydrated forms able to be polymerized has been
developed as a method for the preparation of aqueous ceramic binding
suspensions (ACBS). ACBS undergo spontaneous structuring and binding,
this providing the formation of final products with compression strength of
20-36 MPa. One of the first publications on this process appeared in 1936
[1], The method was developed first by Pivinsky [2-9] and then by other
researchers [10-13].

The effect of substantial binding properties exhibited by ceramic
suspensions was discovered for vitreous quartz [2,3]. Ingots, prepared from
high-concentrated suspensions of vitreous quartz and dried, exhibited
tensile bending strength of 3+7 MPa and compression strength 7090 MPa,
due to low porosity and gluing ability of silicic acid. In 1979, ACBS were
prepared using quartz sand which was traditionally considered as inactive
substance [5]; later, they were prepared from other oxides: ALO,, ZrO,,
MgO, ZrSi0,, 3A1,0,-2810,, etc. [6,7].

According to [12], one of the reasons why binding properties
appear in quartz sand and aluminosilicates is the accumulation of silicic or
aluminosilicic acids and their polymerization during activation followed by
stabilization (intensive stirring). The concentration of silicic acid in the
suspension increases during treatment in ball mill to 0.5 g/l in neutral
medium and to 20.5 g/l in alkaline medium.

The strength characteristics of semi-products obtained from the
suspensions are also higher for the suspensions activated in alkaline media
(pH=9.4) and equal to 38-60 MPa, comparing with 9-14 MPa for
suspensions activated in neutral medium [13]. An increase of the
temperature of suspension during activation also increases hydration and
helps strength increasing. In order to increase the strength of semi-products
as prepared, they are thermally treated at 105-110°C or impregnated with
alkaline solutions.
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Different methods are used to prepare water-ceramic binding
suspensions, depending on initial reagents. Wet grinding (followed by
stabilization) is optimal for silica and aluminosilicate materials, while dry
grinding and addition them into the suspension are sufficient for magnesia
compositions.

Prediction of the properties of suspensions is based on the
consideration of the chemical properties of oxides. As it was noticed above
(Chapter 2), one of the parameters that characterize acid-base properties of
an ion, is ion potential (charge to radius ratio). A correlation that was found
in [8] between ion potential and maximal achieved technological
concentration of solid oxide in water-ceramic suspension is shown in Table
9.1.

Table 9.1. Correlation between ion potential of the cation of oxide and maximal volume
concentration of the solid phase in water-ceramic suspension [8].
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= =
Ion potential
(Z/r) 10 10 6.70 6.46 | 530 | 4.88 | 2.70
Mazx. vol.
concentration
of oxide 0.80 | 0.75 0.72 0.70 | 0.62 | 0.58 | 0.50

The preparation of ceramic products and ceramic concrete using
water-ceramic suspensions has been widely used in the production of
constructive materials [9,14].

9.2. Improvement of cement binders

Cement binders are based on silicates, aluminates, aluminium
silicates, aluminium ferrites of alkaline earth metals (mainly calcium). The
hydration of these compounds or their mixtures with the formation of
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hydrated compounds is a process which provides binding and the
preparation of constructive products.

Mechanical activation has not yet found application for the
synthesis of the main minerals of cement; however, it is used to increase the
activity of cement clinker [15-19].

Promising technologies for cement preparation are those using
wastes. The above-mentioned compounds are present in ash formed by coal
combustion, in the wastes of casting and abrasive production, etc. The
quality of binders prepared from these materials depends on the correct
selection of the mixture composition (it should correspond to the
composition of the cement) and on proper mixing providing the components
to give hydrated compounds when coming in contact with water [20]. It was
shown that mechanical activation of mixtures of different industrial wastes
with composition close to that of cement, allows substantially increasing
their binding properties [21].

However, as we have demonstrated above, mechanochemical
interaction between anhydrous oxides is insufficiently effective. But when a
small amount of water is added to a mixture of anhydrous oxides, one can
observe the intensification of reactions since more reactive hydrated oxides
are formed.

This idea was realized in [22] where a composed binder was
obtained from industrial wastes mechanically activated in the presence of
small amounts of water. An initial mixture for binder preparation included
high-calcium ash (the product of coal combustion at heat plant), worked-out
mixture of casting industry containing silica as a main component, and
high-alumina waste of the abrasive industry, i.e. all cement-forming
compounds, as well as the products of their interaction. This mixture was
activated in a planetary mill of periodic action in the presence of small
amounts of water (~2-5 % mass). This method provides the decrease of the
amount of unbound calcium oxide that causes worsening of long-time
strength characteristics of product in water. The properties of the binder
thus prepared were similar to those of standard. The results are shown in
Table 9.2.

Calcium-aluminate cements containing CaO-Al,0,, 12Ca0-7Al,0,,
Ca0-2Al,0,, etc. exhibit good binding properties. They are used to prepare
fast solidified, high-strength and fire-proof concrete. Being added to
ordinary ones, they improve the characteristics of the latter providing the
accelerated solidification and the increased strength.

The authors [23] demonstrated that a substantial effect could be
achieved by adding a mixture of separately activated AI(OH), and Ca(OH),,
taken at a molar ratio of 1:1, to ordinary cement instead of calcium
aluminates. It was also found that the mechanical activation of only
Al(OH), was enough, since Ca(OH), exhibits substantial solubility in water.
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Table 9.2. Changes of specific surface area, free calcium oxide content, strength and water
resistance of composed binder product prepared from a mixture of mechanically activated
industrial wastes versus activation time [22].

Activa- | Dispersion | CaO Compression Softening | Water-
tion |of mixture, |content,| strength, MPa coefficient proof
time, m’/kg % properties
min
Rdr;-' Rsal.so],
0 200 12.6 | 27.82 6.36 0.49 Low
1 400 6.33 | 35.63 9.87 0.57 I
3 500 482 | 41.35 25.73 0.88 I
6 600 392 | 5248 47.65 1.59 High
10 750 2.80 | 56.75 49.98 1.85 i
15 1000 2.02 | 43.54 40.54 1.34 I

The above examples show that the application of mechanical
activation to the improvement of the properties of binders, as well as the use
of industrial wastes in the preparation of binders, appear to be very
promising.

9.3. Preparation of sorbents, catalysts and their supports

Sorbents. At present, large amounts of phosphate raw material is
processed to manufacture phosphorous acid and fertilizers. Fluorine that is
present in raw materials evolves into gaseous phase during treatment. It is
partially captured by wetted absorbers; however, a significant part of it is
released into the atmosphere. Since it is a valuable product, very strict
regulations are applied to fluorine emission. The increase of its utilization
degree is considered to be a very urgent problem.

Since wet purification methods are insufficiently effective, solid
sorbents are used. The systems based on calcium and aluminium oxides and
hydroxides are promising as such sorbents. A sorbent should provide a
minimum gas dynamic resistance, therefore, it is produced as the granules
of complicated shape. Sorbents based on lime and aluminium hydroxide are
good fluorine absorbers. However, lime sorbents do not possess sufficient
mechanical strength, while the use of aluminium hydroxide alone as a
sorbent is limited by its high cost.
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The authors [24,25] proposed to use lime as a raw material and
aluminium hydroxide as reinforcing additive. It was proposed to treat this
mixture by mechanical activation. As it was shown above (see Chapter 6),
3Ca0-Al,0,:6H,0 is formed during the activation of such a mixture. Thus,
the presence of calcium hydroxide provides good absorbing ability towards
fluorine while aluminium hydroxide is responsible for mechanical strength
of granules, due to formation of reinforcing calcium hydroaluminates. In
order to increase the amount of 3Ca0-Al,O;-6H,0, the granules are treated
hydrothermally with sharp vapour. The absorber prepared from
mechanically activated mixture of Ca(OH), and Al(OH), at a molar ratio of
1:1 is characterized by the porosity of 56 vol. %, mechanical strength of
11.1 MPa, and provides the absorption of fluorine and its compounds at a
level of 98-99 %, phosphorous acid of 70 % during 150 h operation time
under industrial conditions [25].

Because of increasing consumption of lithium compounds, the
search for new technologies of lithium recovery from pickles, enriched with
calcium and magnesium chlorides, is a very urgent problem. It has become
possible to solve this problem with the help of a sorbent based on chlorine-
containing form of a double Ilithium and aluminium compound,
LiCl-2Al(OH),-mH,0, with lithium deficit. This compound was prepared by
soft mechanochemical synthesis from AI({OH), and LiCl-H,O [26,27]. The
use of a blade mixer was sufficient to provide this reaction [27]. When fine
Al(OH), was used, the synthesis time was equal to 10 min. This allows to
prepare the product at rather high productivity. Specific surface area of
LiCl-2Al(OH),mH,0 as prepared was 4.9:6.2 m?/g, the static exchange
capacity with respect to lithium was 8.0 mg/g, while theoretical value being
8.8 mg/g. Thus synthesized powder was used to prepare granules with well-
developed porosity (~0.2+0.3 cm’/g).

A method and apparatus for selective sorption extraction of lithium
from liquors (with total salt content of ~350 g/l) have been developed [29-
31]. The method involves the treatment of granulated LiCl-2AK{OH),-mH,0
compound with pickle till complete saturation with lithium under the
conditions of counter-flow regime, followed by lithium desorption from the
sorbent. The working capacity of the sorbent was 6.3 mg of lithium per 1 g
of sorbent, that corresponds to 90 % of its initial capacity. The degree of
lithium recovery under counter-flow regime corresponds to 94-99 %. The
resulting solutions contain lithium chloride (3.1-3.5 g/1), with minor
impurities of sodium, magnesium and calcium salts. Concentrated lithium
chloride solutions were used to precipitate lithium carbonate with soda
[32,33].

Catalysts and supports. The oxidation of ammonia by the oxygen
of air is known to be the main industrial process for nitric acid production.
The process includes three stages: the oxidation of NH, into NO by the
oxygen of air in the presence of catalysts 4 NH, + 5 O, =4 NO + 6 H,0, the
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oxidation of NO into NO, in oxygen excess 2 NO + O,= 2 NO,, and the
interaction of nitrogen oxides with water 3 NO, + H,0 = 2 HNO, + NO.

At present, the main industrial catalyst of ammonia oxidation is
platinum and its alloys with aluminium and rhodium. Taking into account
the deficit and high cost of platinum metals, the decreasing of the
consumption and losses of platinum metals is an urgent problem. Therefore,
several compositions of complex oxide catalysts have been developed with
iron (III), cobalt and chromium oxides as an active component. Complex
oxides with perovskite structure are used as new catalysts; they provide
selective oxidation of ammonia with an yield not less than 90 %. The
authors of [33] proposed to use perovskite powders LaMeO,, where Me=Fe,
Co, Ni, Cr, Mn, and La,_Sr,MeQ,, where Me=Co, Mn and x=0.25-0.75. To
prepare these compounds, they used the precipitation by tetraethyl ammonia
from diluted nitrate solutions taken at necessary ratios. The powders as
prepared are poorly molded as in the form of honeycomb structures as well
as in the form of simple granules.

The authors [34] proposed to use perovskites ABO;, where A are
calcium cations, or a mixture of calcium and lanthanum, and B are iron,
cobalt, nickel or manganese cations, or their mixtures. Besides, aluminates,
silicates, aluminium silicates, zirconates and chromates of different types
are added as structure-forming components providing strength and stability
to thermal shocks [34].

The proposed block catalysts of honeycomb structure are
characterized by the following component ratio, mass. %: perovskite — 50-
95, the oxides of aluminium or silicon, zirconium, chromium 5-50. A
distinguishing feature of the catalyst is the use of perovskites CaMeO; and
Ca,La, ,MeQ,, where Me=Fe, Co, Ni, Mn and x=0.9-0.1, and of active
components with structure-forming and thermostabilizing properties, such
as aluminium, silicon, zirconium, chromium compounds.

Complex oxides with perovskite structure are prepared by means of
mechanochemical synthesis. A mixture of initial oxides, hydroxides or
carbonates are subjected to mechanical activation, then the powder is
calcined at 600-800°C for 2-4 h. The specific surface area of thus prepared
perovskitesis 10-20 m¥*g [35-37].

The tests of catalyst stability towards long operation under
industrial conditions showed that the catalyst remained highly active after
three months and its strength being high. Besides, it was showen that the
use of ammonia oxidation catalyst of a regular structure as the second step
of the catalytic system allows to decrease the investment and the loss of
platinum metals by 30 % and 20 %, respectively. Due to the regular
structure, the proposed catalysts improve gas dynamics of the process; it
becomes more stable, the breakthrough of ammonia is completely excluded,
that improves the safety of the process. The catalyst is stable towards sharp
changes of temperature.
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Complex oxide compounds, such as mullite (3A},0,-2510,),
cordierite  (2MgO-2A1,0,:5810;), celsian (Ba0-Al,0,:2810,), anortite
(Ca0-Al,0,-2810,), thialite (AL, TiOs), zircon (ZrSiO,), are used as catalyst
supports. Their preparation has been described above (see Chapter 7).
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Conclusions

The monograph is devoted to development of new nontraditional
method of preparation of advanced oxide materials, exhibiting a broad range
of exploitation characteristics and, thus, being promising for new
technologies. Continuously growing interest for new materials is the driving
force of the progress and improvement of technological processes of their
synthesis, providing increase of the yield and the quality of products. The
proposed method was called soft mechanochemical synthesis. It is based on
the use of compounds reacting via acid-base mechanism under the
mechanical treatment in high energetic grinding apparatus followed by
calcination at moderate temperatures.

The monograph represents theoretical and experimental foundations
of this method. One of the main characteristics of acid-base properties of
compounds is electronegativity. According to Pauling, it is calculated from
thermodynamic data; according to Mulliken, - from ionization potential and
electron affinity (‘orbital electonegativity’); and according to Godovikov, -
from ionization potential, ion radius and coordination number (‘energy
parameter’). The authors of the present monograph show that a linear
correlation for the difference between the sums of average orbital
electronegativities of the final and initial products, and Gibbs energies of the
reactions exists. On the basis of this dependence, Gibbs energies of the
reactions can be estimated. It is especially important in case when
thermodynamical data for initial and final products are absent.

A correlation was stated between the difference in acid-base
properties estimated on the basis of electronegativity concept and the rate of
mechanochemical interaction obtained experimentally.

In the monograph, the experimental data on soft mechanochemical
synthesis of double and multicomponent oxides obtained by the present
authors and other researchers have been systematized. The specific features
and regularities of the reactions of soft mechanochemical synthesis have been
established. It was demonstrated that at the first stage the interaction
proceeds with the participation of surface acid and base centres, while at the
second stage, the process goes on with the participation of dissolved state
since water is formed in the result of interaction, i.e. according to
hydrothermal-like mechanism.

The authors show that the adding of free water influences the
mechanochemical interactions in the mixtures of anhydrous and hydrated
oxides. The maximum interaction rate is observed at optimal (low, as a rule,)
concentration of water, thus, revealing a new type of interactions of solids at
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the presence of small amounts of water differing from those in the mixtures
of solids and in aqueous solutions.

It was demonstrated that the use of mechanical activation allows to
decrease the temperature of consequent thermal treatment by 200-300°C and
to decrease the annealing time, thus, providing the materials of high
homogeneity and high dispersion. The quality of materials as prepared is
similar or even better than of those prepared by traditional methods of
synthesis. The perspectives of the method for chemical industry have been
demonstrated using specific examples.

The monograph also deals with the description of high energetic
laboratory and semi-industrial apparatus constructed and produced in Russia
and Japan which are widely used for efficient performance of
mechanochemical reactions.

The advanced method of soft mechanochemical synthesis as
compared with the others is characterized by higher environmental purity, the
absence of the waste solutions and sewage that pose major problems for their
recovery. The method also provides the decrease of energy consumption
since no prolonged activation and calcination at high temperatures are
needed.
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