Thermo-
cdynamics
of Silicates




V. 1. Babushkin G. M. Matveyev
O. P. Mchedlov-Petrossyan

Thermodynamics
of Silicates

Editor in Chief O. P. Mchedlov-Petrossyan

Translated by
B. N. Frenkel and V. A. Terentyev

With 93 Figures and 135 Tables

Springer-Verlag
Berlin Heidelberg New York Tokyo 1985



Professor Dr. sc. techn. V. I. BABUSHKIN
Deputy Rector of the Kharkov Civil Engineering Institute
3 Sammerovski Lane, App. 14, 310003 Kharkov, USSR

Cand. Sci. G. M. MATVEYEV

Deputy Director of the Institute of Economics and Information
of the Building Material Ministry

4(2) Second Pugachyov Street, App. 105, 107061 Moscow, USSR

Professor Dr. sc. techn. O. P. MCHEDLOV-PETROSSYAN
Kharkov Civil Engineering Institute

Chief of the Department for Physico-chemical
Mechanics and Concrete Technology

14 Vorobyov Street, App. 5, 310057 Kharkov, USSR

Translated by:

Cand. Sci. B. N. FRENKEL
113 Vernadsky Avenue, App. 46, 117571 Moscow, USSR

Sci. Worker V. A. TERENTYEV
N35-2 Lublinskaya, App. 6, 109390 Moscow, USSR

Translation of: Thermodynamika Silikatow, 4th edn
© by Stroiisdat, Moskwa, to be published

ISBN 3-540-12750-X Springer-Verlag Berlin Heidelberg New York Tokyo
ISBN 0-387-12750-X Springer-Verlag New York Heidelberg Berlin Tokyo

Library of Congress Cataloging in Publication Data. Mchedlov-Petrosian, O. P. (Otar Petrovich) Thermody-
namics of silicates. Translation of: Termodinamika silikatov. Includes index. Bibliography: p. 1. Silicates.
2. Thermodynamics. I. Babushkin, V. I. (Vladimir Ivanovich) II. Matveev, G. M. (German Mikailovich) III.
Title. QD181.S6M34513 1985 546'.68324 84-5442 ISBN 0-387-12750-X (U.S.)

This work is subject to copyright. All rights are reserved, whether the whole or part of the material is con-
cerned, specifically those of translation, reprinting, re-use of illustrations, broadcasting, reproduction by
photocopying machine or similar means, and storage in data banks. Under § 54 of the German Copyright
Law where copies are made for other than private use a fee is payable to ‘Verwertungsgesellschaft Wort’,
Munich.

© by Springer-Verlag Berlin Heidelberg 1985.
Printed in Germany.

The use of registered names, trademarks, etc. in this publication does not imply, even in the absence of a
specific statement, that such names are exempt from the relevant protective laws and regulations and there-
fore free for general use.

Product Liability: The publisher can give no guarantee for information about drug dosage and application
thereof contained in this book. In every individual case the respective user must check its accuracy by
consulting other pharmaceutical literature.

Typesetting: K+ V Fotosatz, Beerfelden
Printing and Bookbinding: Graphischer Betrieb Konrad Triltsch, Wiirzburg
2132/3130-543210



Preface

The intensification of the production of silicate materials and products makes a de-
tailed theoretical study of the processes underlying their manufacture and service
more and more urgent.

The thermodynamic method is of great importance for studying chemical reac-
tions of silicate technology. Together with a study of the rate and mechanism of sub-
stance transfer, it permits obtaining necessary data for the efficient operation of
technological processes.

The progress of science in recent years has solved numerous problems in the
field of the physical chemistry of silicates. The great progress in deciphering silicate
structures, and working out methods of the synthesis of minerals and studying their
properties must be mentioned.

New methods of determining thermic constants have appeared. In future these
methods should be more widely used for determining the heats of the silicate forma-
tion and related compounds in crystalline and vitreous state. This concerns in par-
ticular the system — CaO — Al,O; — Fe,O5 — SiO, — H,O — which is of great impor-
tance for the technology of cement and concrete, ceramics, refractories and glass.

In the first edition of this monograph (1962), the authors collected and genera-
lized the material on the thermodynamic study of the reactions in silicate systems
available at that time in Soviet and world literature.! In the second revised edition
(1965) the range of the systems considered was broadened substantially. The book
aroused interest outside the U.S.S.R.: a translation was twice published by the Ver-
lag fiir Bauwesen in the GDR (1965-1966), and references and reviews in both So-
viet and other literature emphasized the usefulness of the work. In the third edition,
using the new data of periodicals, the reaction calculations in some systems were
improved, the contents of some chapters revised, and remarks and comments from
references and reviews were taken into consideration.

In the present fourth edition all the sections of the book dealing with the practi-
cal application of thermodynamics to silicate and concrete technology have been
substantially revised. All the calculations have been carried out with refined interre-
lated thermodynamic data.

The material on pyrosilicate reactions has been prepared for the most part by
G. M. MATVEYEV and that on hydration reactions and corrosion by V. 1. BABUSHKIN.

1 A number of works should be mentioned dealing with the application of thermodynamics to
technological and, in particular, geological problems [34, 56, 82, 83, 145, 162, 263, 291, 347,
550, 641].
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The authors are profoundly grateful to all those who rendered assistance in
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Introduction

Silicates in the form of minerals and rocks dominate in the composition of the earth
crust and the products of silicate technology — cement, ceramics, refractories and
glass — have a very wide range of use in building, ferrous and non-ferrous metallur-
gy. science, technique and home.

The chemistry of silicates represents one of the most important theoretical and
engineering disciplines. It is the most complicated section of inorganic and physical
chemistry and its theoretical foundations are based on most varied modern investi-
gation methods including thermodynamics, one of the most reliable.

Thermodynamics is a mathematical science dealing with the laws of mutual
transformation of heat and other kinds of energy. Chemical thermodynamics is an
application of thermodynamic methods of investigation to chemical processes.

Together with kinetic methods, thermodynamics enables us to view complicated
phenomena taking place in chemical interactions and phase transformations as a
whole. Unlike kinetics, which deals with the rate of chemical reactions, i.e., with the
transfer of the mass of a substance with time, thermodynamics studies equilibria
and leaves the problem of how solutions are obtained, their rate and mechanism of
the process, to kinetics.

The thermodynamic method being statistical is applicable only to the study of
macrosystems with large masses. It permits determination of:

1. energy possibility and direction of the run of reactions;

2. heat alterations entrained by reactions, allowing calculation of the heat balances
of processes;

3. preferability of reactions? and stability of compounds formed;

4. maximum equilibrium concentrations of the products of reactions and their maxi-
mum output;

5. ways of suppressing undesirable reactions and eliminating by-products;

6. the choice of an optimum regime of the path of the reactions (temperature, pres-
sure and concentration of the reacting substances).

The thermodynamic investigation method should be noted as possessing one im-
portant peculiarity: it allows the theoretical solution of most problems by the use of
a relatively small number of thermic constants of reacting compounds and a simple

2 As in previous works of the authors a theoretical permissibility of comparison has been
shown, by the value of AG°, of the probability of various reactions proceeding (in one and
the same system on condition of the identity of the initial structural and kinetic factors), the
term “preferability” is used in this case.



X Introduction

mathematical apparatus, without resorting to labour-consuming and sometimes
technically unrealizable experiments for the equilibrium study.

For a thermodynamic analysis of reactions only the initial state of the system
and conditions affecting it need be known. This substantially facilitates handling
thermodynamic ideas, but at the same time it restricts the scope of the thermody-
namic method, making no allowance for the time factor. i

Most phenomena of nature may be considered as equilibrium ones only at first
sight; in reality, however, they are connected with non-equilibrium states and irre-
versible alterations. For this reason, classical thermodynamics created chiefly for
equilibrium reversible processes has been supplemented of late by the thermody-
namics of irreversible processes, and we found it necessary to sketch, if only in general,
its essence and application to the phenomena that interest us.

As initial data for thermodynamic calculations, heats of formation, heat capaci-
ties, entropies and some other data characterizing equilibria are used.

Apart from studying equilibria, chemical thermodynamics enables us to analyze
silicate systems under consideration also from the point of view of the phase rule
that gives qualitative and, in certain cases, quantitative characteristics of an equi-
librium [151, 468].

M. M. SHUL’TS has put forward 3 directions of the applications of thermodynam-
ics [574] in the silicate chemistry and technology: (1) amplification of the investi-
gations of thermodynamic properties, (2) quantitative description of phase diagrams
and (3) plotting and analysis of energy balances of production silicate materials.

According to chemical processes of manufacturing and life of materials and pro-
ducts all reactions in silicate systems may be divided in principle into two groups:
pyrosilicate ones and those of hydration and corrosion.

The first one comprises a vast range of dehydration reactions and modification
transformations, reactions in solid phases and melts; the second one, the entire di-
versity of reactions of silicates with water and aggressive media at normal and elevat-
ed temperatures and pressures. Apart from the well-developed domain of slag
melts, the thermodynamic method has been rarely applied in the study of silicates.
It concerns mostly solid-phase reactions of silicate compounds first studied in sys-
tematic works by one of the authors of this book. Reactions of hydration and corro-
sion of silicates under normal and hydrothermal conditions are of great practical
importance, but have been little studied thermodynamically until recently.

The book comprises a theoretical part, in which general thermodynamic ideas
are stated, experimental and approximate methods of obtaining the necessary initial
thermodynamic data are discussed and the expediency and limits of the application
of thermodynamics to the study of silicates are grounded, and an applied one, in
which as far as the initial data are available thermodynamic calculation of reactions
in silicate systems of theoretical and practical importance are carried out and their
theoretical interpretation given.

O. P. MCHEDLOV-PETROSSYAN
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Chapter 1. The Basic Concepts and Laws
of Thermodynamics’

1 Basic Concepts of Thermodynamics

In order to formulate the main principles of the thermodynamic method more
precisely, the chief concepts, terms and values used in thermodynamics must be
defined.

For the thermodynamic analysis of a process individual groups or individual
substance, or even separate parts of it, whose interaction is to be studied, are
singled out of the multitude of the substances under consideration, the scope of
the investigation thus being narrowed. Only these objects, called systems are sub-
mitted to thorough analysis. The substance not included in the system is the en-
vironment and may be taken into consideration only to the extent to which it in-
teracts with the system in question.

Systems may occur as homogeneous and heterogeneous ones the latter having
boundaries between the parts of the system differing in properties. In case homo-
geneous systems have the same composition and properties in all the points, they
are moreover uniform, whereas heterogeneous systems comprise at least two
phases. Therefore the term phase denotes a combination of homogeneous parts
of a system having identical chemical and thermodynamic properties separated
by a boundary from the other phases. Phases can be subdivided into separate
parts but that does not increase their number in the system, e.g., in a saturated
solution of dihydrate gypsum in water, when there is any amount of crystalline
particles of gypsum on the bottom of the vessel and vapour above the solution,
always only one crystalline, one liquid and one vaporous phase will exist.

Components are those kinds of particles which can exist independently
beyond the system. Thus in a water solution of CaSO, at 293 K one can find the
following kinds of particles: water, gypsum, anhydrite, hydrated ions: Ca®*,
SOZ_, H*, OH . There are however only three components there: water, an-
hydrite and gypsum, as the ions cannot be extracted from the given system sep-
arately.

Components are independent constituents of a system. Their number corre-
sponds to that of the constituents sufficient for forming all the phases of an equi-

3 For a deeper study of the chemical thermodynamics one should consult special hand-
books and monographs [1, 12, 66, 118, 149, 150, 151, 194, 234, 242, 274, 277, 302, 304,
311, 488, 527, 529, 550, 562, 603, 622, 658, 667, 672, 719]



2 The Basic Concepts and Laws of Thermodynamics

librium system minus the number of the equations of reactions linking the con-
centrations of the substances in one of the phases.

The interaction of the system with the environment may manifest itself in in-
terchange of substance and energy — open systems —. It is sometimes quite
reasonable to consider a system in an idealized state, when its interaction with the
environment is reduced to a minimum and its volume remains constant. In this
case we deal with isolated systems in which the energy despite the processes and
chemical transformations taking place remains invariable. A change of the
energy of a system can be observed only in the case of its isolation being broken
subsequently allowing energy interaction with the environment. If a system is not
entirely isolated and can alter its volume and exchange energy with the environ-
ment, it is called (unlike the previous isolated one) closed. The values that charac-
terize all the physical and chemical properties of a system, such as temperature,
pressure, volume, internal energy, entropy, concentration etc., are denominated
thermodynamic parameters of state.

For a thermodynamic analysis of the alteration of the state of a system the
change of its thermodynamic parameters must be known. The number of the
parameters of state depends however on the number of the degrees of freedom of
a system*. An alteration of one of them results in an alteration of the state of the
whole system, which causes a thermodynamic process in that system.

The process wherein a system having departed from the initial state and hav-
ing undergone a few alterations returns to the initial state, is called a circular pro-
cess or a cycle.

A process is called reversible when it allows the return of a system to the
initial state with no alterations in the outer medium or in the system itself.

If the course of the process in a certain direction and in the reverse one results
in some alterations in a system or in the environment, the process will be irrever-
sible.

It should be borne in mind that all the processes actually taking place in
Nature are irreversible. The alterations causing them go on in time with finite dif-
ferences between the forces effecting the system, and they are accompanied by
unavoidable losses.

Using the concept of a reversible process and other limiting notions (isolated
system, ideal solution etc.) is very important, as it permits studying the processes
in the most simplified idealized state which in turn simplifies the analysis. The re-
sults obtained in the limits of admissible experimental errors may be well applied
to actual processes.

4 The number of the parameters of state capable of freely altering without breaking the
phase equilibrium is called the number of the degrees of freedom of a system or its vari-
ance. The number of the degrees of freedom is determined for each system by the dif-
ference between the number of the parameters of the system in question and that of the
equations linking them
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One of these idealized notions is the idea of an equilibrium state, which is
characterized by a stable state of a system in time, in which no spontaneous pro-
cesses take place.

The chemical equilibrium is mobile, for the rates of direct and reverse reac-
tions at the moment of the equilibrium are equal.

Taking into consideration that an alteration of external conditions will effect
the equilibrium state of a system and may result in breaking it, for the sake of
study it is necessary to choose such a system in which all extraneous influences
are reduced to a minimum, i.e., to isolate the system.

The thermodynamic process in which a system passes through a continuous
series of equilibrium states, is called an equilibrium process. An equilibrium pro-
cess is characterized by reversibility, absence of any losses, infinitesimal dif-
ference of forces effecting a system, equality of the temperatures of a system and
the external medium, an infinitely great duration of any final alteration of the
state of a system.

A process going on infinitely slowly is often called quasistatic.

In chemical processes reversibility and equilibrium generally concur, i.e., any
equilibrium process is always reversible.

Unlike an equilibrium process, non-equilibrium exists when finite alterations
have taken place in a system. A non-equilibrium process is unidirectional. In this
case owing to the finite rate of the process and because of losses, the work done
by a system will always be smaller than in an equilibrium process.

A system having performed an equilibrium process may return to the initial
state, passing in the reverse process the same equilibrium states that it passed in
the direct process. This property, as mentioned above, is called reversibility of an
equilibrium process.

As chemical thermodynamics studies the processes bringing about a system’s
transition from one equilibrium state to another, differing from the initial one,
the need arises for more detailed knowledge of the parameters, studying the
alteration laws of which produces the goal of the thermodynamic method.

The total measure of the material motion with its transformation from one
kind to another is called energy. A thermodynamic system consists of an enor-
mous number of continuously moving and interacting particles, their energy con-
stituting the total energy of the system. The latter is divided into external and in-
ternal ones. The external energy covers the energy of the motion of a system as a
whole and the potential energy of a system in the field of the forces acting. The
rest of the energy of a system is called its internal energy. In chemical thermo-
dynamics stationary systems in the absence of an external field are considered,
therefore the total energy of a system will equal the internal one.

The internal energy of a system consists of that of all types of motion and in-
teraction of the particles entering the system: the energy of the forward and
rotary motion of molecules and that of the oscillatory motion of atoms, the
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energy of the molecular interaction, the intra-atomic energy of the filled electron
levels, the intranuclear energy etc. :

At present it is not possible to calculate the absolute value of the internal
energy U of any system, but for a thermodynamic analysis it is quite sufficient to
measure the change of the energy U, taking place in one or another process. The
internal energy depends both on the amount of the substance under considera-
tion and on the conditions of its existence. When a thermodynamic system
interacts with the environment two different ways of energy transfer from the
system to the outer bodies are possible: with a change of the external parameters
of the system and without such. The first method of energy transfer is called
work, the second, heat, and the process itself, heat exchange.

A system that does not exchange heat with other bodies is called adiabatically
isolated. The processes taking place at constant temperature are called isother-
mic, at constant pressure, isobaric, at constant volume, isochoric. The processes
accompanied by heat release are called exothermic, those accompanied by
absorption of heat, endothermic.

Enthalpy is an important thermodynamic function. Like the internal energy it
is a parameter of state, i.e., its change is determined by the initial and final states
of a system and does not depend on the process.

H=U+pV, (€))

where p, pressure; V, volume of a system; U, internal energy.

Enthalpy is used in isobaric processes, change of the internal energy in iso-
choric ones.

The sum of the heat given off and the entire work over the environment ex-
cluding the work of expansion is called the heat effect Q of the process.

The heat of formation is the heat given off or absorbed during formation of a
compound, and indicates the decrease or increase of internal energy of the ele-
ments of the compound.

The heat of polymorphic transformations, of dissolution, melting, sublima-
tion etc. is that of the corresponding isothermic and reversible processes.

All energy values — internal energy, enthalpy, heat effects, heats of forma-
tion etc. — may be expressed in any energy units. They are mostly expressed in
calories or joules and are referred to as moles, gram atoms or gram ions.

Heat capacity is the ratio of the amount of heat imparted: increase of the
temperature.

As the heat capacity of substances depends on temperature, mean and true
heat capacities are distinguished. The mean molar heat capacity of a system C is
the heat Q, expended on heating one mole of the substance divided by the dif-
ference of temperatures AT of heating.
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