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Preface to the first Polish
edition

The aim of this book is to present acid-base reactions primarily in the
context of the Bronsted-Lowry theory. The general foundations of that
theory can be found in many Polish textbooks of analytical chemistry.
However, one constantly comes across remnants of the Arrhenius theory
in those textbooks, particularly in the treatment of the reaction tradition-
ally called hydrolysis, and in some other, more complicated, cases. The
present author’s guiding idea was to avoid this duality, which, incidentally,
is also common in the foreign literature.

The study and applications of acid-base reactions in analytical chem-
istry require knowledge of the states of thermodynamic equilibrium of the
systems under consideration. The calculation of ionic equilibria, often
elementary, presents difficulties in more complicated cases. Success can
only be ensured by a systematic approach to problem solving, and a precise
statement of those simplifying assumptions which make it possible to
obtain the final result. Textbooks usually cover only the simplest cases
of ionic equilibrium calculations. The next stage should be a full understand-
ing of the equilibria, permitting results which give a better representation
of the real state. The present book should be an introduction to such an
approach, which is helpful in solving analytical problems.

The book was primarily written for junior students of chemistry. This
can be seen most clearly in the initial chapters. Owing to their elementary
character those chapters are a good introduction to the subject. The book
also discusses some topics which might be considered either superfluous
or too complicated for beginners. In order to be easily identified, the appro-
priate sections are marked with an asterisk in the table of contents and
in the text. They are included in the book to provide a more detailed descrip-
tion of the basic problems concerning acid-base reactions.

Obviously, the book does not contain everything that might be rel-
evant toits title. It deals with selected topics of a more fundamental character,
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and intentionally leaves out the practical side, the methodology of analytical
determination based on acid-base titrations, and a vast range of theoretical
and practical problems relating to the influence of acid-base reactions
on redox reactions, complexation, precipitation, and also catalytic, kinetic
and other effects. To discuss these problems, even superficially, the book
would have to grow into several volumes. However, it seemed useful to
devote one chapter to other acid and base theories, which are extensions
of the Bronsted and Lowry theory.

The general plan of the book is not based on any particular textbook,
although many of the books listed in the auxiliary bibliography have
influenced the presentation of the problems, suggesting ways for their
formulation or exemplification. The final opinion as to whether the design
of the book is appropriate is left to the readers, and especially to those who
will be able to test its usefulness for teaching purposes. The author will
appreciate any critical remarks in this matter. A considerable role in the
preparation of the book has been played by Professor Wiktor Kemula,
who was my teacher in the field of research and teaching over many years.
I wish to thank him for numerous stimulating discussions and words of
encouragement. I also thank Professor Jerzy Minczewski and Professor
Antoni Swinarski for their valuable and kind remarks, which beneficially
influenced the content of the book.

ApAM HULANICKI
Warsaw, April 1971



Preface to the second Polish
edition

The warm reception of my book by the readers of the first edition has stimu-
lated the preparation of a subsequent edition, which does not differ
in general outline from the original version. The additions introduced
in the present edition include a slightly more extensive treatment of acid-
base ionic equilibria involving metal ions and also of problems arising from
the increasing interest in reactions in non-aqueous solvents. However,
since I regard usefulness in teaching during the initial years of chemical
studies as the main aim of the book, I have abstained from expanding those
problems too much, for fear of losing the proportions which—I believe—
were just right in the first edition. For the same reasons I have only slightly
expanded the final chapters, e.g. by briefly discussing the hard and soft
acid-base theory.

In eliminating errors and obscurities I was greatly helped by the kind
remarks of my colleagues and friends, mainly from the Institute of Funda-
mental Problems in Chemistry, Warsaw University. I wish to express my
thanks to all of them. I am particularly indebted to Dr Marek T. Krygowski
for his remarks concerning non-aqueous solvents. I also thank Professor
Zygmunt Marczenko for his numerous constructive remarks. I am very
grateful to Dr B.J. Kaptan of the Institute of Analytical Chemistry and
Geochemistry in Moscow, who pointed out several defects in the work
while preparing its Russian translation, and who helped in eliminating
them. I wish to thank Mrs Zofia Boglewska-Bareja for her assistance in
preparing the present edition.

ADAM HULANICKI
Warsaw, September 1977






CHAPTER 1

Introduction

1.1 GENERAL REMARKS

The reactions of acids and bases, which we encounter in many chemical
problems, particularly in analytical chemistry, are most familiar when
they occur in aqueous solutions, although they can also take place in sol-
ution in other solvents, in molten salts and even in solids. The rules that
govern these reactions are general rules for chemical processes. This intro-
ductory chapter reviews the elementary reactions and definitions, since
they are necessary for a proper understanding of the subsequent chapters.

Reactions of acids and bases in solutions are fundamentally ionic
reactions. Tons in a solution occur as a result of either dissociation of ionic
compounds or ionization and dissociation of molecules with polarized
covalent bonds. The crystal structure of an ionic compound (present in
the solid state as an ionic crystal lattice) under the influence of molecules of
water—a polar solvent—is broken down with formation of hydrated ions
(aquo-ions). In an aquo-ion, the ion, which in a crystal lattice was sur-
rounded by other ions, becomes surrounded instead by molecules of
water. Such a process is observed for instance during dissolution of sodium
chloride or sodium hydroxide.

Compounds with polarized bonds behave in a slightly different way,
since under the influence of the dipoles of the solvent, their molecules be-
come ionized as a result of a total displacement of an electron pair in the
direction of a more electronegative atom, after which each ion becomes
hydrated. In a dissociation process these ions become separated and
exist in solution independently of one another. Such behaviour is typical
of those covalent molecules which in solutions form strong acids, e.g.
HCIL. In many cases, despite the polarized character of the bond, many
molecules are not completely ionized, and we do not observe complete
dissociation in the solution. We then have solutions of weak, incomplete-
ly dissociated electrolytes. An example of such an electrolyte is hydrogen
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sulphide. Complete dissociation of this acid requires agents stronger than
molecules of water, e.g. hydroxide ions.

Reactions of acids and bases are in most cases reversible—they can be
made to proceed in either direction by changing the concentration. This
applies also to dissociation reactions of acids and bases in cases where
the solution contains undissociated molecules. On the other hand, dissocia-
tion of strong electrolytes, for which undissociated molecules do not exist
in solutions, e.g. NaOH or HCI, cannot be reversed. This holds for processes
occurring in dilute solutions. It is formally expressed by using equations
with a single arrow to denote the process of dissolving strong electrolytes.
A double arrow = is used only when the reaction is reversible and when
the molecules appearing in the equation are actually present in the solution.

It is characteristic of reversible reactions that a certain state of chemical
equilibrium, which is a dynamic equilibrium, is reached. In a stage of
dynamic equilibrium the rate of reaction from left to right is the same as
that from right to left. As a result, the total concentrations of substrates
and products do not change in this state, they characterize the state of
equilibrium.

1.2 LAW OF MASS ACTION

The rate of a chemical reaction depends on the probability of collisions
between the molecules present at a given instant in the space where the
reaction takes place. Consider the reaction A + B = C + D; the rate
of the reaction occurring between the molecules of A and B is proportional
to their actual molar concentrations. If these concentrations, expressed in
moles per litre, are denoted by the symbols in square brackets, then the
rate of the reaction is given by

Va8 = ki[A][B] (1.1)

where k, is the proportionality factor, called the reaction-rate constant.
As the reaction progresses, the concentrations of reactants decrease, and
this causes the reaction to slow down until it reaches the equilibrium state.

At the beginning of course of the reaction between A and B, the con-
centrations of the products C and D are negligible, but as more and more
molecules of A and B react, the concentrations of the products increase.
There is then, of course, a possibility of collisions between molecules C
and D, and such collisions will result in formation of molecules of A and
B, if the reaction is a reversible one. The rate of this reverse reaction de-
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pends on the probability of collisions between molecules C and D, which
is proportional to the concentrations of these molecules. Consequently,
the rate of the reaction between C and D is given by

ve,p = k2[C][D] (1.2)

and is small at first, but gradually attains higher and higher values. Finally,
the rate of the reverse reaction becomes equal to the rate of the reaction
between A and B, for the given composition of the mixture. The number
of molecules A and B reacting in unit time is then equal to the number
of molecules of A and B formed as a result of the reaction between mol-
ecules C and D. This final rate determines the final composition of the reac-
tion. It can be measured directly from measurements of changes in the
concentrations of products (or reactants) in unit time.

The rates of the two reactions become equal at chemical equilibrium,
which, as previously stated, is a state of dynamic equilibrium. At equilib-
rium, 94,5 = ¥¢c,p, and hence

k,[A][B] = k;[C][D] (1.3)
or
_ k& [CD]
% = [AIB) (1.4

The statement that the rate of a chemical reaction is proportional to
the actual concentrations of reactants is the essence of the law of mass
action, formulated by Guldberg and Waage in 1863. This law implies that
for the state of equilibrium the ratio of the product of the concentrations
of species formed to the product of concentrations of reactants is a con-
stant quantity, characterizing a given reaction at a given temperature.
This quantity is called the equilibrium constant.

An analogous argument applies to the reaction 2A = C+D. The
equilibrium constant will then be expressed by

_ @D _ QD] s
K=Tarar = e e
In the most general case,

aA+bB+cC+ ... & xX+yY+:zZ+ ...

the equilibrium constant is expressed as:

- XFIYPLZF.. .6

The equilibrium constant derived on the assumption of a certain reac-
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tion mechanism remains valid whatever the mechanism of the reaction,
provided that all the steps are reversible reactions. If, for instance, the
product ABC, were formed from reactants A, B and C, then one of many
possible mechanisms could be assumed, e.g.:

A+ C=AC
B+ C=BC
AC + BC = ABC,

The equilibrium constant of each of these reactions would reflect the situ-
ation at the general equilibrium state. Hence the product of the equilib-
rium constants at each stage

K, = [AC] K. — [BC] K, [ABC,]

TTAIICT TP BICT YT [ACI[BC
would be equal to the general equilibrium constant:

= ]
~ [AIB][CP

The law of mass action and the concept of the chemical equilibrium
constant are applicable to all reactions which can be considered reversible,
in particular to ionic reactions, e.g. to dissociation reactions. Consequently,
if a molecule AB in an aqueous solution dissociates into ions A* and
B, then the equilibrium constant for the reaction is equal to

k= AT1BT] (1.8)
[AB]
where the symbols of ions in square brackets denote the actual concentra-
tions of ions at the state of equilibrium.

Equilibrium constants can characterize a variety of kinds of chemical
reactions occurring between substances in various states of aggregation.
Under certain conditions, the concentrations of some substances may be
effectively constant; then they do not have to be taken into account in the
equation of the equilibrium constant. For instance, for a reaction taking
place in aqueous solution in which molecules of water are reactants

NH; + H,O0 = NH{ + OH-
we can write the equilibrium constant as
_ [NHZ][OHT]

B [NH;]
by omitting the concentration of H,0, which is practically constant in
an aqueous solution, and so can be included in the value of the constant.

(1.7)

(1.9)



