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Preface

This volume of Jon Exchange and Solvent Extraction presents four
important paths developed for the consideration and interpretation
of the ion-exchange phenomenon. It was felt that their educated
and sophisticated presen{ation in one volume would provide the
interested reader an excellent opportunity for examination, evalua-
tion, and comparison of state-of-the-art ion-exchange theory.
For this reason, meaningful demonstration of the advantages of an
approach, wherever possible, and extension of the boundaries of
its application for this purpose were sought from the authors.
Chapter 1, by Steven A. Grant and Philip Fletcher, presents an
overview of the chemical thermodynamics of cation-exchange reactions,
highlighting recent developments in theory and practice. Particular
importance is placed on liquid-phase- and solid-phase-activity coeffi-
cient models. The major liquid-phase-activity coefficient models are
reviewed emphasizing their application to mixed electrolyte aqueous
solutions. Because the development of excess Gibbs-energy-based

solid-phase-activity coefficient models is in a much more rudimentary
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iv PREFACE

stage, their review is restricted to appropriate mathematical forms,

a survey of the mathematical models by which they may be evaluated,
and the statistical techniques employed to optimize the design of
cation-exchange experiments.

The simple, three-parameter model, used with so much success
for the correlation of ion-exchange phenomena, is reviewed in Chap-
ter 2 by Erik Hogfeldt, who introduced it. The model, based on the
Guggenheim zeroth approximation, provides an acceptable fit to all
kinds of ion-exchange data through the use of a few parameters with
simple physical meaning. Its only drawback is the absence of any
predictive properties.

In Chapter 3, Wolfgang H. Holl, Matthias Franzreb, Jurgen Horst,
and Siegfried H. Eberle provide an excellent description of the de-
velopment and application of surface complexation theory to the ion-
exchange phenomenon. The equilibria of representative organic ion-
exchange resins described with the surface complexation model are
shown to compare favorably with the experimental results.

Further insight with respect to the surface complexation model is
provided by Garrison Sposito in Chapter 4. His description of metal-
natural colloid surface reactions and their consideration by surface
complexation modeling complements Chapter 3.

The Gibbs-Donnan-based analysis of ion exchange and related
phenomena is presented by Jacob A. Marinsky in Chapter 5. It is
claimed that with the Gibbs-Donnan approach a much more realistic
picture of the physical aspects of ion-exchange phenomena is forth-
coming. Insights inaccessible to the other models are inherent in the
Gibbs-Donnan model.

Chapter 6, which considers the influence of humic substances on
the uptake of metal ions by naturally occurring materials, is authored
by James H. Ephraim and Bert Allard. Their development of this
topic compares the applicability of both the Gibbs-Donnan and surface
complexation model in their attempts to analyze the various observa-

tions made.

Jacob A. Marinsky

Yizhak Marcus
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Chemical Thermodynamics of Cation Exchange
Reactions: Theoretical and Practical Considerations

STEVEN A. GRANT Cold Regions Research and Engineering
Laboratory, Hanover, New Hampshire

PHILIP FLETCHER Schlumberger Cambridge Research Limited,
Cambridge, England

I. INTRODUCTION

The ion-exchange reaction consists of the replacement of an electro-
statically sorbed ion by a like-charged ion from solution. The
exchangeable ions may be either positively or negatively charged;
the ion exchanger may be solid or liquid; and the equilibrating
solution may be aqueous or a mixture of solvents. Given the many
chemical environments in which the ion-exchange reaction occurs, it
is difficult to write clearly about "general" ion-exchange-reaction
thermodynamics. With some loss of generality, this chapter will be
restricted to cation-exchange reactions on solid cation exchangers
bathed by aqueous electrolyte solutions. This chapter will not neg-
lect consideration of the commonly observed sorption by the cation
exchanger of water and neutral salts. It is hoped that the reader -
will be able to adopt directly any useful ideas found here to his or
her particular research problem.

The measurement and chemical-thermodynamic characterization
of cation-exchange reactions is commonly employed to understar;d
the process or the environment in which the process occurs. The

objective of any formulation of the chemical thermodynamics of
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2 GRANT AND FLETCHER

cation-exchange reactions is to calculate from experimentally mea-
sured cation-exchange data values of thermodynamic functions
(typically exchange equilibrium constants and solid-phase activity
coefficients) which characterize the distribution of [exchanging ions]
between the solid and liquid phases. It is essential to distinguish
between ion-exchange models, such as those for predicting behavior
using molecular or empirical assumptions, and chemical-thermody-
namic formulations designed to quantify experimental measurements.

This chapter does not attempt to repeat what has been pre-
sented in the several excellent reviews of chemical thermodynamics
of cation-exchange reactions [1,2]. Most of this chapter concen-
trates on liquid-phase and solid-phase activity coefficients and the
models which have been developed to estimate their values. The
two sections following this introduction describe the chemical-thermo-
dynamic treatment only, considering the alternative conventions and
techniques that have been used for dealing with both solid and
liquid phases. The chemical thermodynamics of concentrated elec-
trolyte solutions is described in order to facilitate the use of chem-
ical-thermodynamic data to predict or characterize equilibria of multi-
species cation-exchange reactions.

Later sections consider the compact description of measured
chemical-thermodynamic properties of solid cation exchangers with
so-called excess Gibbs energy models. Emphasis is placed on ex-
perimental design and the statistical techniques necessary to choose
suitable models and estimate model parameters. This chapter is con-
cerned only with the properties of solid cation exchange materials.
However, ligand exchange and the properties of liquid cation ex-
changers are equally accessible to chemical-thermodynamic charac-

terization.

II. CHEMICAL THERMODYNAMICS OF CATION-EXCHANGE
REACTIONS

A chemical-thermodynamic treatment of cation-exchange reactions
requires the unambiguous definition of reaction stoichiometries as

well as standard states, reference states, and reference functions



