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Preface
I was at first surprised when asked to write a book within the framework of Materials
Science. As I have been studying ion exchange interactions and developing separation
processes, I considered my field as Analytical and Physical Chemistry. However, the
proposition triggered a doubt. When I looked up the definition of Materials Chemistry,
the best that I could compile was:1
Materials Chemistry is a science, which
• studies materials in terms of their chemical structure and composition, and
• develops chemical methods for preparation of new materials.
This suggests that the modern Materials Chemistry had been solely regarded as an
applied field of research borrowing all fundamental concepts from different branches
of Chemistry and Physics. But, is Materials Chemistry not an independent area of science or is it only a field of applied research? I was not satisfied with this suggestion and
to start with something, I formulated my own definition. The basis came from the classic
definition of Chemistry:
Chemistry is a science about interactions between atoms and molecules resulting
in formation, dissociation, or rearrangement of chemical bounds. Outcome of these
interactions is changes in nature of substances.2
Another basis was the definition of Material Science:
Materials Science investigates the relationships that exist between the structures and
properties of materials.
The word structure in this definition refers to all physical scales: atomic, chemical, micro,
and macro; but mostly emphasises on the micro- and macro-structure.

1 The definitions of Chemistry, Materials Chemistry, and Materials Science presented here are not quotations
but a “synthetic” result based on definitions expressed in several highly regarded books [1–4].
2 One can argue that the definition of Chemistry is Chemistry is a science about matter and its transformations
and refer to different General Chemistry handbooks. I believe such a definition perfectly fits the needs of
freshmen students just starting their pursuit of chemistry. However it is too vast to be suitable for an experienced
chemist.
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This means that Chemistry and Materials Science primarily focus on different dimension
scales. Thus, Materials Chemistry brings together these two scales: micro- and macroscale of Materials Science and atomic and molecular scale of Chemistry. The outcome is
Materials Chemistry is a science dealing with chemical interactions affected by microand macro-structure of involved solid phases.
This definition does not include chemical analysis of materials but, to be frank, analysing
a material does not differ from analysing any other solid (unless the process is affected by
the micro-structure of the object). Thus, this definition reflects the nature and specificity
of Materials Chemistry. Of course, Materials Chemistry widely overlaps with Physical
Chemistry, Inorganic and Organic Chemistry, Polymer Science, Surface Chemistry, and
many other areas of Chemistry. However, it is specific in both fundamental and applied
senses, and should be regarded as a fully self-contained scientific discipline.
The definition derived solved my doubts. What else but ion exchangers perfectly meets
this definition? Almost every property of ion exchangers is affected by their micro(or, as it is popular to express nowadays, nano-) structure. Even such purely chemical
characteristics as rates of reactions and efficient equilibrium constants are dependent on
steric structure of these materials. So, I convinced myself that my area of research is
indeed Materials Chemistry and started planning the contents of this book.
***
The most regarded book about ion exchange materials was published in 1962 by
Helfferich [5]. I believe, the perfection of Helfferich’s book had caused a long silence
among scientists; no book of such a scale has been published since then. The scientists’
respect for Helfferich’s book is so high that it even causes awkward situations – people
believe that everything relating to ion exchange has been described there, including phenomena discovered 10–20 years after the publication of the book. I got a lot of inspiration
from Helfferich and I have quoted his book extensively. Nevertheless, the present book
is less ambitious. It attempts to cover important subjects on ion exchange but targets
readers who are not as advanced in ion exchange as were – and still are – readers of
Helfferich.
***
My colleagues and friends provided me a lot of help on subjects, which would have been
difficult to address without their support. I express my deepest gratitude to Dr. Maria
Tsyurupa, Institute of Organo-Element compounds, Moscow, Russia, who gave valuable
comments and corrections on Sections 2.3, 2.4, and 2.7; Professor Nikolai Tikhonov,
Moscow State University, Russia, who provided valuable advice and mathematical
derivations, which was of great help in the preparation of Sections 10.3, 10.4, 11.5,
and 15.6; and Dr. Elena Gorokhova, Stockholm University, Sweden, who helped me
with Section 19.3 and, during the preparation of this book, kindly discussed many other
subjects with me.
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2a Some symbols are used for more than one purpose that is reflected by multiple definitions. The actual
meaning of the symbol should be obvious from the text.
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dissociation constant of functional groups
constant of water dissociation
constant
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activity of solvent vapours
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temperature
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voltage
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analytical selectivity
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CHAPTER 1

Introduction

The intention of this book is to fill a “two-dimensional” gap. First, there is a lack of
modern comprehensive books on chemistry of ion exchange materials and on relationships between their properties and practical applications. Second, there is a lack of books
on chemistry of ion exchange that are targeted for industrial R&D specialists and research
students who: (i) have not been working with ion exchange on a daily basis, (ii) need
this new competence, and (iii) find it difficult to start studying the subject from primary
scientific publications. This book describes classical and modern theoretical concepts
as well as practical approaches to exploitation of ion exchange materials. The attempt
was to write it with an open mind presenting known concepts and indicating gaps in the
scientific knowledge.
There is a wide diversity of ion exchange materials as well as a diversity of their applications. No publication, unless a multi-volume encyclopaedia, can describe all of them
in detail. The contents of this book are outlined and rationalised as follows. The most
extensive application of ion exchange materials is separation technology. As a result, the
major part of this book is focused on separation applications. However, all fundamental
concepts of ion exchange interactions are fully applicable to questions of ion exchange
catalysis, designing of artificial soils, and other uses of these materials.
Ion exchangers have many appearances: natural and artificial; inorganic and polymeric.
They are woods, papers, sands, clays, glauconites, zeolites, functional resins, and even
living organisms. In this book, the main focus is on ion exchange polymers: ion exchange
resins,3 chelating resins, imprinted (templated), and other functional polymers. Other
materials, and first of all, inorganic materials such as zeolites, are also described, but to a
lesser extent. They are advantageous in a number of particular technologies, particularly

3 Many organic ion exchange materials have mechanical properties of resins and, as a consequence, they are
conventionally regarded as ion exchange resins.
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in catalytic applications. However, in most separation processes, their performance is
below that of polymeric materials.
Chemical interactions could be different for different polymeric and inorganic ion
exchanges. However, most of the thermodynamic and kinetic approaches, as well as
the practical methods and technologies are essentially the same. Because of this similarity, the described concepts could be easily expanded to materials that are only mentioned
in the text. Moreover, concepts and models of ion exchange processes outstretch much
wider than the field confined to ion exchange materials.
1.1 History Note
The exchange of cations as a phenomenon was first discovered in the nineteenth century
in experiments with soils [6,7]. Natural cation exchangers have been known but not
widely used for almost a century until 1930, when the first organic ion exchangers were
synthesised [8]. Contrary to the exchange of cations, anion exchange was developed
almost exclusively with synthetic organic resins. No anion exchangers with satisfactory
properties were available before anion exchange resins were invented.
The discovery of ion exchangers was predetermined by the overall progress in fundamental science in the middle (Michael Faraday, concept of ions) and late (Svante Arrhenius,
theory of electrolytic solutions) eighteenth century. These ideas were crucial for the scientific discovery of ion exchangers, because such materials, both organic and inorganic,
are essentially polyelectrolytes. This means that they can be considered as consisting of
two ions of opposite charge. Contrary to conventional electrolytes, ions of one charge are
fixed to a polymeric (organic ion exchangers) or crystalline (inorganic ion exchangers)
structure. Like any ionic compound, an ion exchange material can dissociate and participate in ion exchange reactions.4 However, dissociation does not result in dissolving
of the material. This causes many specific phenomena and many possibilities to design
heterogeneous systems with ionic properties.
1.2 Applications of Ion Exchangers
Probably, the first extensive investments in the development of ion exchangers and ion
exchange processes were done bearing in mind the potential application for isotope separation in nuclear industry. However, the highest amount of commercial ion exchange
materials is sold today for use in water-treatment technologies. The main consumers of
water are semiconductors manufacturing, electronics, and nuclear industry. Besides all
obvious benefits, there are negative consequences of the huge market for ultrapure water
preparation. First, many manufacturers of ion exchangers are not interested in other
applications of these materials focusing on the processing of water, while the development of exchangers for other needs is regarded to be of secondary importance. Second,
many researchers and developers, who are not closely familiar with ion exchange processes, react to the words “ion exchanger” or “ion exchange material” with a feeling

4A detailed introduction of ion exchange reactions will be given in the beginning of Chapter 2.
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“This is for water treatment. It is irrelevant to our work”. In my discussions with
different scientists, I met this kind of perception way too often, with the only variation,
of the word “irrelevant” being replaced with “not interesting”, “complicated ”, or even
“too simple ”. In many cases, these responses were caused by unawareness about ion
exchange principles and techniques.
The ultrapure water production is the biggest, but only one of the many possible applications, many others can be named. First of all, it is the treatment of waste streams where
ion exchange materials are most efficiently applied when a relatively small amount of
an undesirable substance must be removed from the stream. The main benefits of ion
exchange technologies lie in a possibility of removing highly diluted contaminants and
in the insensitivity of ion exchange techniques to variations in flow and concentration.
These advantages are also decisive in many other separation applications. Moreover, we
can say that ion exchange processes take over other competing separation techniques
when a target substance(s) must be removed from diluted solutions with low or zero
residuals. In many cases, such an ion exchange removal can be highly selective.
The wide application of ion exchange resins in pharmaceutics and in food industry is
determined by another advantage of these materials. While being chemically active, they
are highly stable in both physical and chemical senses and, as a result, do not contaminate
the product.
An extensive use of ion exchangers and, most often, chelating materials in hydrometallurgy is determined by the possibility of creating highly selective separation systems
for a number of ions. Extraction of uranium or noble metals can be mentioned as most
common examples.
The applications in biochemistry and biotechnology could be difficult to describe in
brief. Many of them exploit different specific phenomena besides conventionally utilised
ion exchange interactions. These phenomena allow designing of unique methods and
technologies to obtain desirable products and by-products from complicated biochemical
mixtures.
Applications of ion exchange materials in medicine are under intensive development.
One of the most obvious prospects is a controlled drug release. Certain ion exchange
materials can be incorporated in the pharmaceutical recipes to delay consumption of the
drug by a patient’s body. Due to the high chemical stability, such polymers do not cause
any harm or discomfort when, for example, they are taken as pills.
Applications in chemical analysis are wide and somehow different from industrial use.
The reason is in the essentially different target of the treatment: obtaining or improvement
of the analytical signal instead of a chemical product. Such specificity affects the ways
of materials’ exploitation, while all processes are based on the same physico-chemical
principles.
The list of some conventional and prospective applications is presented in Table 1.1.
The listed references are not comprehensive by any means but could help to find good
examples and more details about particular processes.
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Table 1.1. Few applications of ion exchange materials including both well-developed and
experimental techniques.
• Water preparation for different
purposes:
■ preparation of pure and ultrapure
deionised water [9–12],

• Isotope separation:
■

Eu3+ isotopes [54],

■

lithium isotopes [55],

■

water softening [13],

■

boron isotopes [56],

■

potable water preparation [14–16].

■

nitrogen isotopes [57],

■

isotope analysis [58].

• Removal of specific constitutes:

• Pulp and paper industry:

■

dealkalisation [17],

■

fluoride removal [18],

■

removal of organic matter [19,20],
particularly colourants [21],

■

■

■

■

oxygen removal [22],
iron [23,24] and manganese [25,26]
removal,
Cd2+ removal from drinking
water [27],

■
■

nitrate removal [28–32],

■

ammonia removal [30,33],

■

■

removal of radionuclides from drinking
water [34,35],

removal of other harmful ions from
drinking water [26].
• Nuclear industry:
■ separation of uranium isotopes [36],

detoxification of by-products
transferred for bio-cultivation [60].

• Purification of sugars and
polyhydric alcohols:
■

■

removal of inorganic salts from
liquors [59],

purification of cane, corn, and beet
sugars [61,62],
purification of fructose [63],
separation of monosaccharides
[64–66],

■

purification of glycerine [67],

■

treatment of sorbitol [68,69],

■

recovery of xylitol [70].

■

■

waste decontamination [37,38],

■

final storage of radioactive wastes [39],

■

condensate polishing [10,40,41].

• Decontamination and recuperation of
waste streams:
■ recycling of industrial water [42,43],
■

removal of heavy metal ions [44–48],

■

recuperation of metals [49],

■

ammonia removal [50,51],

■

recovery of calcium aconitate [52],

■

removal of radioactive substances [53].

• Food industry [71]:
■

removing off tasters and
odours [72],

■

recovery of glutamic-acid [73,74],

■

purification of steviosides [75],

■

deacidification of fruit juice [76,77].

• Dairy:
■

■

extraction of lactoperoxidase and
lactoferrin [78],
purification of casein [79].

• Winery:
■

■

adsorption of wine proteins in the
production of wines [80],
stabilisation of wine [81].
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Table 1.1.—Cont’d
• Recovery and purification of
biological and biochemical
substances:

■

ethylbenzene synthesis [113],

■

olefin isomerisation [113],

catalytic reduction of nitrogen
oxides [114,115].
• Pharmaceutics and medicine:
■

■

amino acids [63],

■

proteins [82–85],

■

enzymes [83],

■

antibiotics [116–118],

■

DNA [86],

■

vitamins [118],

■

antibodies [87].

■

active ingredients [119],

■

taste masking [119],

■

tablet disintegration [119],

• Biotechnology:
■

separation of lactic acid from
fermentative broth [88,89],

■

production of l-glutamine [90],

■

production of citric acid [91],

■

organic acids [63].

• Recovery and purification in
hydrometallurgy:

■

■

controlled and sustained drug
release [119,120],
immobilisation of drugs in a carrier
function [121].

• Soil science and technology:
■

artificial soils [122–126],

■

uranium [92–96],

■

thorium [97],

■

rare earths [98],

■

tungsten [99],

• Buffering.

■

transition metals [100],

• Analysis:

■

gold, silver, platinum,
palladium [101–111].

■

■

■

■

• Solvent purification.
• Reagent purification.
• Preparation of inorganic
salts [112].

■

petroleum refining with
zeolites [113],

evaluation of soil properties [130].

chromatography,
sample preparation: separation,
concentrating, purification,
replacement of analyte.

• Drying of different media:
■

• Catalysis:
■

remediation of contaminated soils
[127–129],

■

Desiccation of solvents with
zeolites [131],
Gas drying with polymeric
exchangers [132] and zeolites [113].

1.3 Structure of the Book
The book begins with a description of fundamental concepts explaining: what are ion
exchange materials and what is their specificity. It does not include extensive information on their synthesis and preparation; however, a few references are mentioned
to help a reader who wishes to get more details about relationships between preparation of the materials and their structure. Methods for application of ion exchangers are
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discussed thereafter. An attempt has been made to provide a logical bridge between theoretical concepts of physico-chemical interactions and utilisation of these concepts for
practical needs. A significant part of the book describes principles of the chemical separation and purification using ion exchange materials. These concepts are presented in
terms of chemistry and chemical methodology, as opposed to the best-known books dealing with this field in terms of chemical engineering. This approach allowed describing
main ideas in an easy to understand form without employing sophisticated mathematical
machinery.5 This book demonstrates that different practical needs require different ion
exchange materials and different approaches to the process design. Thus a few primary
ideas about corresponding technological processes are also discussed with main focus
on the relationship between properties of ion exchange materials, main ideas behind the
selection of equipment types, and practical technological schemes.
A special chapter in this book deals with dual-temperature separation, a modern pollutionand contamination-free approach. Few chapters introduce novel ion exchange materials
(imprinted polymers, macronet polymers, ion exchange membranes, ion exchange fibres,
solvent impregnated materials, electron exchangers, etc.) and methods for their practical use. Other chapters discuss less conventional techniques and applications (e.g. ion
exchange purification of gases, electrodialysis, catalysis by ion exchange materials, etc.).
These chapters are here to complete the overall picture. The last short chapter describes a
couple of subjects that are out of chemical “main stream” of the book but highly relevant
to the subject.
To help a reader with finding the original and/or more complete information on the
subject, an extensive reference list is compiled. However, some concepts are presented
without referencing because they are frequently repeated and modified by many authors.
A pursuit for the origin of ideas could result in a separate book on the history of science.
Thus, such concepts can be considered now as a common intellectual property of scientific
community. In other cases, a reader is rather directed to a publication that illustrates the
concept in a better way than the first publication on a particular subject. As we all know,
an idea, when first pronounced, could be yet vague and undeveloped; not to mention that
many great ideas were first published in conference proceedings or universities’ internal
bulletins, which could be very difficult to obtain even in best libraries. If a reader feels
the need to do such a historical investigation, the classical book of Helfferich [5] and
its references are undoubtedly recommended as the first step.6 This book collected all
valuable theoretical and practical information up to the date of its publication and is
organised in the best possible way. This book has not lost its value even now after
45 years of its publication, and has been the favourite of every chemist working in the
area of ion exchange.
“Ready-made” recipes and methodology questions are not extensively described in the
main text but few of them are described in the appendix that can be a useful reference
guide for a practical chemist.

5 The book is written in such a way that it does not require deep knowledge of mathematics from a reader.
6 Helfferich first published this book in German in 1959. It was re-published in English in 1962 and later

translated in some other languages.
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The modern information technology has provided an opportunity to visualise some
dynamic concepts that could be difficult to grasp when reading a conventional textbook description. The web-site http://IonExchange.books.kth.se has been
designed to support the book. A number of animated and interactive applets are intended
to improve the understanding of chemical interactions and technical solutions.
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CHAPTER 2

Ion Exchangers, their Structure
and Major Properties

This chapter begins with very simple ideas, such as ion exchange reactions, their specificity, and the difference between ion exchange reactions generally and the conventional
concept of ion exchange. The major information in this chapter is a description of primary properties and structure of ion exchange materials. As a result, it provides an idea
about discussed materials and prepares a reader to follow more advanced chapters.
2.1 Ion Exchange Reactions in Liquid Phase
This section is intended to refresh the memory of a reader who has already forgotten the
basics of chemical interactions. A more advanced reader can simply skip this information
and advance to next sections.
Let us consider homogeneous systems to begin with. Simplest examples of ion exchange
reactions can be found in liquid phase. Let us take two solutions: one contains Zn(CN)2 ,
another one contains Hg(NO3 )2 . Hg(NO3 )2 can be considered as completely ionised in
aqueous media (see Table 2.1). Practically all Zn2+ ions are initially associated with
CN− ions. Mixing these two solutions initiates an ion exchange reaction
Zn(CN)2 + Hg2+ = Hg(CN)2 + Zn2+

(2.1)

This reaction is illustrated by Applet 1.7 Due to much higher stability of Hg(CN)2 ,
the mercury ions replace zinc in the complexes. To explain this, reaction (2.1) can be
considered as a two-step process:
Zn(CN)2 = Zn2+ + 2CN −

log K = log

2
aZn2+ aCN
−

aZn(CN)2

= − log βZn(CN)2 = −11
(2.2)

7 http://ionexchange.books.kth.se/applet01.html
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Table 2.1. Constants of 1:2 complex
formation (log β ) in aqueous solutions.
CN−
Zn2+

11

Hg2+

34

Mn2+

Hg2+ + 2CN − = Hg(CN)2

NO−
3
−0.2

NO−
3
0.85

0.08
0.80

log K = log βHg(CN)2 = log

aHg(CN)2
2
aHg2+ aCN
−

= 34

(2.3)

where ai is activity of species i; K is thermodynamic constant of the chemical equilibrium; β is the complex formation constant, i.e. constant of the chemical equilibrium
resulting in the formation of corresponding complex.8 The constant of ion exchange
reaction (2.1) can be calculated as
Hg

log KZn = log βHg(CN)2 − log βZn(CN)2 = 23

(2.4)

So a high reaction constant secures practically complete replacement of Zn2+ with Hg2+
in the complexes.
Interaction involving acetic acid can be taken as another example
(CH 3 COO)2 Mn + Zn2+ = (CH 3 COO)2 Zn + Mn2+

(2.5)

The difference in complex formation constants (see Table 2.1) is not high. Moreover,
both complexes are weak. Hence, both zinc and manganese complexes are present in the
equilibrium solution as well as free ions of these metals and acetate ions. Behaviour of
ions in such systems is illustrated by Applet 2.8a Actual concentrations of all compounds
of the solution can be found solving the following system of equations:
β(CH 3 COO)2 Mn =
β(CH 3 COO)2 Zn =

[(CH 3 COO)2 Mn]
2
γCH

−
3 COO

[CH 3 COO− ]2 γMn2+ [Mn2+ ]

[(CH 3 COO)2 Zn]
2
γCH COO− [CH 3 COO− ]2 γZn2+ [Zn2+ ]
3

CMn = [Mn2+ ] + [(CH 3 COO)2 Mn]

(2.6)

(2.7)
(2.8)

8 Each equilibrium chemical reaction is characterised by corresponding thermodynamic constant expressed in

terms of activities. However, practical calculations are often performed using concentrations instead. This
results in apparent characteristics of chemical equilibria that are truly constant only if activity coefficients of
all involved species are equal to unity.
8a http://ionexchange.books.kth.se/applet02.html
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CZn = [Zn2+ ] + [(CH 3 COO)2 Zn]
CCH 3 COO− = 2 · [(CH 3 COO)2 Zn] + 2 · [(CH 3 COO)2 Mn] + [CH 3 COO− ]
2 · [Mn2+ ] + 2 · [Zn2+ ] = [CH 3 COO− ]

11
(2.9)
(2.10)
(2.11)

where C denotes the total (analytical) concentration of the corresponding substances and
γ denotes activity coefficients of corresponding ions. Equations (2.6) and (2.7) reflect
stability of two complexes; (2.8)–(2.10) are mass-balance equations; (2.11) represents the
electroneutrality rule. This principle of calculations is widely used to evaluate chemical
equilibria including those involving ion exchange materials.9
A heterophase system can be formed by two liquids that are insoluble in each other.
Let us consider a system including aqueous and oil solutions. If the system contains a
water-insoluble ligand CH3 (CH2 )n COO− , sodium ion, and potassium ion, the following
chemical equilibrium takes place:
CH 3 (CH 2 )n COONa|oil + K+ = CH 3 (CH 2 )n COOK|oil + Na+

(2.12)

The inter-phase distribution can be illustrated by the upper scheme of Fig. 2.1. This
scheme shows a heterophase ion exchange reaction or ion exchange in the heterogeneous
system. The apparent equilibrium constant of reaction (2.12) is not far from 1:

K
K̃˜ Na



CH 3 (CH 2 )n COOK [Na+ ]

≈1≈
=
CH 3 (CH 2 )n COONa [K+ ]



CH 3 (CH 2 )n COONa [K+ ]
Na


= K̃˜ K
CH 3 (CH 2 )n COOK [Na+ ]
(2.13)

i.e. none of the ions are preferably accumulated in any of the phases. The double tilde
above K̃˜ indicates that the equilibrium constant is calculated in terms of concentrations (in
contrary to the true thermodynamic constant K calculated in terms of activities). Overbars
stand for compounds located in the non-aqueous phase. Deviation of the equilibrium
constant from unity indicates the system where two ions are preferably accumulated in
different phases. Figure 2.2 illustrates distribution of two ions between phases depending
on the value of K̃˜ . The interactive Applet 410 visualises changes of the distribution at
altering of the constant.
Heterogeneous systems including two liquids, insoluble in each other, are widely used
in solvent extraction separation technique. An ion exchange reaction can be exploited

9 If you do not feel confident about interrelations between the constant of the ion exchange reaction and
composition of the equilibrium solution, experimenting with Applet 3 (http://ionexchange.books.
kth.se/applet03.html) can help to develop certain feelings.
10 http://ionexchange.books.kth.se/applet04.html
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oil
CH3(CH2)nCOONa

CH3(CH2)nCOOK

K+

CH3(CH2)nCOONa

Na +

K+

water

C2H5
oil

CH3(CH2)3CHCH2O
CH3(CH2)3CHCH2O

2 (D2EHPA)H
Co2+

C2H5
2H +

C2H5
P

O

O

O

P

O
Co

OH2CH(CH2)3CH3
OH2CH(CH2)3CH3
C2H5

water

Fig. 2.1. Examples of solvent (liquid–liquid) extraction systems. Upper scheme illustrates a
sodium–potassium distribution between the aqueous phase and oil phase containing a waterinsoluble carboxylic acid. Bottom scheme represents a system including Co2+ ion initially
dissolved in the aqueous phase and D2EHPA in the oil phase.

Fig. 2.2. Distribution of two ions between two phases depending on the distribution constant
value. The dependencies were modelled for reaction AL + B = BL + A at equal amounts of all
three compounds (A, B, and L) in the system. All ligand L was assumed to stay in the oil phase
in the form of complexes. Please note that the same plot constructed in a semi-logarithmic scale
˜ B ) appears as a set of two straight lines.
(C/C0 vs. log K̃
A
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if the ligand (extractant) forms strong water-insoluble complexes with the desired ion.
For example, di-2-ethylhexyl phosphoric acid (D2EHPA)

C2H5
CH3(CH2)3CHCH2O

O
P

CH3(CH2)3CHCH2O

(2.14)

O −H+

C2H5
is widely used for extraction of different metal ions. The process of Co2+ extraction can
be discussed as an example. It is illustrated by the bottom scheme of Fig. 2.1. Constant
of the chemical reaction is high
Co
=
K̃H

[(D2EHPA)2 Co][H + ]2
[(D2EHPA)H]2 [Co2+ ]

1

(2.15)

As a result, all cobalt present is transferred into the oil phase (of course, if there is enough
D2EHPA). This system can be used for extraction of cobalt from water solutions.
May be the main difficulty of the solvent extraction technique is the recovery of the
extracted ion from the oil phase. This process, called stripping, follows the extraction
step. When designing a corresponding separation system, one tends to find the most selective ligand to achieve the highest possible separation efficiency, i.e. the chemical reaction
characterised by the highest equilibrium constant is desirable. However, the increasing of
the complex stability results in increasing difficulties in the stripping step. The search for
suitable stripping reaction and operation conditions is not always successful. As a result,
the solvent extraction systems are often designed compromising the separation efficiency
in benefit of the stripping procedure. Speaking in advance of the following chapters, the
same problem is encountered when a separation is performed using ion exchange materials. However, the problem is easily overridden with the use of a column technology that
has a very limited and much less efficient application for solvent extraction processes.
2.2 Ion Exchangers
All reactions and solvent extraction systems, which were described in the previous section, are based on ion exchange interactions. However, the term ion exchange is most
commonly applied to interactions including ion exchange materials. The most conventional class of such materials is functional polymers: ion exchange and chelating resins.
The following text briefly introduces the concept of ion exchange materials with the use
of simplest terms and ideas.
A heterogeneous interaction including carboxylic acid CH3 (CH2 )n COOH was considered above. The restriction for the hydrocarbon part CH3 (CH2 )n – was to be long
enough, i.e. to make the acid and its complexes water-insoluble but soluble in an organic
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non-polar solvent. Acids having large hydrocarbon parts (for example, aliphatic acids
H3 C–(CH2 )n –COOH: stearic n = 16, arachidic n = 18, or behenic n = 20 acid) are
solid at ambient conditions and can be considered as polymers bearing one carboxylic
functional group per molecule. Such polymer acts as a second phase when immersed in
an aqueous solution. The functional groups remain chemically active and can exchange
ions with surrounding media. Of course, only groups, located near the inter-phase boundary (surface of the solids) are reachable for ions dissolved in the aqueous phase because,
in contrary to the solvent extraction, the groups are immobile inside the phase. The interaction can be described as an ion exchange involving only functional groups located at
the surface:
RA + B ⇔ RB + A

(2.16)11

where A and B are ions; the double-bar indicates the surface location. Reaction (2.16)
describes an exchange of two single-charged ions and characterised by the corresponding
constant
 
RB [A]
˜B=  
K̃
(2.17)
A
RA [B]
The double-tilde indicates that the reaction constant is calculated in terms of concentrations (apparent reaction constant). Charges of ions are omitted in Eqs (2.16) and (2.17)
for simplicity. Applet 512 can be used to get a feeling about such interactions and about
the effect of the reaction constant.
The dense polymer described above has almost no practical value as an ion exchanger.13
The ratio between the amount of associated ions and the weight of the overall material
is very low. For example, according to stoichiometric calculations,
3H35 C17 COOH + Fe3+ = (H35 C17 COO)3 Fe + 3H +

(2.18)

one gram of stearic acid can exchange 66 mg of Fe3+ ions.14 However, this theoretical
amount is not practically achievable. Only carboxylic groups located at the surface of the
bulk are available for the ion exchange reaction due to the dense nature of this exchanger.

11 The ion exchange polymer is often denoted by the symbol R. Symbol R can also denote only the hydrocarbon

part of the organic polyion. In both cases R does not represent the entire polymeric chain but only its structural
unit corresponding to one functional group.
12 http://ionexchange.books.kth.se/applet05.html
13 Materials with active functional groups located only on the surface of particles are widely used in analytical
ion exchange chromatography (see Section 13.1). However, dense polymers, while being applicable [133], are
not the most advantageous options for such purposes.
14 The amount of sorbed ions is rarely expressed in milligrams per gram of the material. Milliequivalents per
gram (meq/g) or equivalents per kilogram (eq/kg) are conventionally used. This allows obtaining values that
are independent of charge of loaded ions and, hence, to characterise the material itself. Such characterisation
will be discussed in detail in Section 2.4. The calculation result, for example, expressed by Eq. (2.18), is
3.5 meq/g, that is similar to that for conventional ion exchange polymers.
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COOH
COOH

COOH

COOH

COOH
COOH

COO−

COOH
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Fe3+

COOH

COOH

COO −
Fe3+ COO−

COO−
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COO−

Fe3+
COO−

Fig. 2.3. Cross-linked polymer bearing carboxylic groups. The negative charge of groups is compensated by hydrogen ions (left) or iron(III) ions (right). Possible associations between iron ions
and carboxylic groups are indicated by dash-lines ovals.

It makes the exchangeable amount almost negligible.15 The solution can be found in
use of a polymer bearing many functional groups in the same chain. Such polymers
can be associated with a large amount of exchangeable ions. Unfortunately, due to the
hydrophilic character of the charged groups, such polymeric molecules are water-soluble.
To prevent them from dissolving, different polymeric chains have to be cross-linked with
each other forming a three-dimensional polymeric structure. The cross-linking is usually
performed with short hydrocarbon bridges. Such a structure is illustrated in Fig. 2.3 which
shows a cation exchanger loaded with two different ions: H + and Fe3+ . Cross-linked
functional polymers are not soluble but can swell to a very high degree of the water
content. Water molecules and ions can migrate within the swollen polymeric network.
As a result, most of the groups can participate in ion exchange reactions. Applet 616
illustrates ion exchange interactions in the swollen material and gives an impression
about the effect of reaction constant.
Few terms should be defined before proceeding to the following sections:
• Ion exchangers are insoluble materials carrying reversibly fixed ions.17 These ions
can be stoichiometrically exchanged for other ions of the same sign.
• Ion exchange polymers, particularly ion exchange resins, are cross-linked polymers
carrying fixed functional groups or sites.

15 For example, if we take 0.5 mm spherical beads of stearic acid that is a reasonable size for practical use of an

ion exchange material and assume that the surface layer thickness is 50 nm, the fraction of molecules available
for the exchange would be around 0.001, i.e. one gram of stearic acid could exchange only 0.0035 meq of ions
(66 µg of Fe3+ ) that is far below any practical applicability.
16 http://ionexchange.books.kth.se/applet06.html
17 There is a group of substances called liquid ion exchangers. Usually they are organic extractants and thus
discussed within the framework of solvent extraction. As long as these substances are not materials, they are
not subject of this book.
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• Functional groups are charged acidic, basic, or chelating groups attached to the
polymer matrix.18 The charge of each group is normally compensated by an
exchangeable ion. Inorganic ion exchange materials do not include functional
groups. Elementary cells of their crystalline structure act instead as the charged
sites whose charges are compensated with exchangeable ions. Functional sites is
a wider term than functional groups. It includes the attached groups, chargeable
atoms incorporated in polymeric chains, ion exchange units of crystalline structure
of inorganic ion exchangers, assemblies of groups in imprinted materials, etc. Most
of the approaches and concepts of ion exchange are equally applicable for different
types of functional sites.
• Counterions are exchangeable ions carried by ion exchangers. Counterions can
freely move within the framework but their movement has to be compensated by
corresponding counter-movements of other ions of the same charge to fulfil the
electroneutrality principle. The term counterion has two interpretations:
(i) It can be used exclusively for ions inside the ion exchanger. According to this
definition, an ion becomes a counterion only when entering the exchanger.
(ii) It can be used in a broader sense: whether in the exchanger or in the external
solution, all ionic species with charge sign opposite to that of the functional
groups can be called counterions.
• Co-ions is a term used for ionic species with the same charge sign as the functional
groups. The concept of co-ions is not applicable to materials bearing two types of
groups with opposite charges. These (amphoteric) materials are described below.
• Ionic form is the term defining which counterions are present in the ion exchanger
and, hereby, compensates charge of functional sites.
The concept of ionic form is illustrated below. An ion exchanger containing exchangeable
Na+ ions, is said to be in sodium form. In the process
R− Na+ + K+ → R− K+ + Na+

(2.19)

the cation exchanger, originally in Na+ form, is “converted” to the K+ form. R in
reaction (2.19) and following chemical equations does not represent the entire polymeric
chain but only its structural unit corresponding to one functional group; the bar indicates
the exchanger phase. More examples of ionic forms are illustrated in Fig. 2.4. The first
structure represents H + form of the exchanger. Replacement of hydrogen ions with
sodium transfers the material in Na+ form (second scheme). The third scheme illustrates
the case where a double-charged ion compensates charge of two functional groups (Ca2+
form). The last is a mixed ionic form that is the usual case in practice of ion exchange.
Obviously, the ionic form is not an unchangeable property of the ion exchanger but a
term defining which ion(s) is(are) loaded in the material.
Ion exchangers are conventionally called cation exchangers if they bear negatively
charged functional groups and carry exchangeable cations. Anion exchangers carry anions
18 Generally speaking, the term functional groups covers much wider variety of structures. However, acidic,

basic, and chelating groups are typical for ion exchange materials.
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SO3− +H
1

17

SO3− +Na
2

SO3−Ca2+ −SO3
3

SO3− +H

SO3− +Na

4
Fig. 2.4. Examples of ionic forms for a polymer bearing sulphonic acid groups. 1 – H+ form,
2 – Na+ form, 3 – Ca2+ form, 4– mixed H+ , and Na+ form.

due to the positive charge of their fixed groups. The framework of a cation exchanger
may be regarded as a macromolecular or crystalline polyanion and that of an anion
exchanger as a polycation. If both types of groups are present in the same polymer, it is
called amphoteric ion exchanger. Some groups are able to form chelate structures with
certain ions and molecules (usually with metal ions). Polymers bearing such groups are
called chelating polymers or chelating resins. A typical cation exchange was presented
in Eq. (2.19). An example of cation exchange between differently charged cations is
2RNa + CaCl 2 ↔ R2 Ca + 2NaCl

(2.20)

and typical anion exchange is
2RCl + Na2 SO4 ↔ R2 SO4 + 2NaCl

(2.21)

The process (2.20) occurs, for example, in water softening. A solution containing dissolved calcium chloride (hard water) is treated with a cation exchanger containing sodium
ions. The ion exchanger removes Ca2+ ions from the solution and replaces them with
Na+ . Of course, hard water contains a mixture of Ca2+ and Mg2+ ions and two parallel
processes identical for both the ions take place.
There is no strict difference between ion exchange resins and chelating resins because
some polymers can act as chelating or non-chelating substances depending on the
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Fig. 2.5. Equivalent character of ion exchange. The following reactions are considered: (a) RNa+
K+ = RK + Na+ ; (b) 2RNa + Ca2+ = R2 Ca + 2Na+ ; (c) R2 Ca + 2Na+ = 2RNa + Ca2+ .
For illustration purposes the counterions are shown associated with the functional groups that is
not a case for alkali and alkali earth ions in most of the swollen cation exchange materials.

chemical environment. Examples of such interactions will be given in the following
section.
Ion exchange resembles sorption19 because in both the cases a solid takes up a dissolved
species. The characteristic difference between these two phenomena is in stoichiometric
nature of ion exchange. Every ion removed from the solution is replaced by an equivalent
amount of another ion of the same sign. In sorption, on the other hand, a solute is usually
taken up non-stoichiometrically without being replaced.20 The competition of two or
more ions for functional sites, and thus precisely stoichiometric character of the process,
is illustrated in Fig. 2.5.
To complete the subject, two more definitions of ion exchange and ion exchangers have
to be mentioned [134,135]:
• Ion exchange is the equivalent exchange of ions between two or more ionised species
located in different phases, at least one of which is an ion exchanger. The process
takes place without the formation of chemical bonds.

19 The term sorption is more suitable than adsorption or absorption. This is because some of the ion exchange

processes have adsorption nature, some of them are based on absorption, and, in most of the cases, there is
no obvious point of view either the process takes place on the pore surface or in the bulk of the material.
20 Of course, there are non-exchange sorption processes following strict stoichiometric rules. Furthermore, the
ion exchange itself can be considered as a kind of sorption interaction. However, the term sorption itself does
not suggest a necessity of the stoichiometry.
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• Ion exchanger is a phase containing osmotically inactive insoluble carrier of the
electrical charge (matrix). Osmotically inactive means that the carrier cannot migrate
from the phase where it is located.21
The first of these definitions can be used to distinguish between classical ion exchange
and chelating interactions because chelating of ions results in the formation of coordination bounds. One could note that reactions involving weak ion exchangers in H + (cation
exchangers) or OH− form (anion exchangers) do not match this definition. For example, in case of the hydrogen form of a weak cation exchange material (R − COOH),
functional groups in the exchanger phase are not ionised. Indeed, reaction
R − COOH + Na+ = R − COO− Na+ + H +

(2.22)

can be considered as a two-step process consisting of ionisation of functional groups in
the internal solution
R − COOH = R − COO− H +

(2.23)

followed by the actual ion exchange
R − COO− H + + Na+ = R − COO− Na+ + H +

(2.24)

The definition also emphasises the difference between ion exchange interactions and
ordinary chemical processes, which involve transfer of ions between solution and solid
compounds. For example, transfer of ions between BaSO4 precipitate and SrC12 solution
BaSO4 (s) + Sr 2+ = SrSO4 (s) + Ba2+

(2.25)

is not an ion exchange. This reaction does not match the definition because the new
chemical compound SrSO4 is formed and the number of phases is increased (two distinct
solid phases will be present in the system as a result of the reaction) [134].

2.3 Hydrocarbon Structure of Ion Exchange Polymers
Organic ion exchange materials have, as a rule, a three-dimensional polymeric structure.
The network is called matrix. Chargeable groups like –COOH, –NH2 , etc. are usually
attached to this “carcass” or directly incorporated in the polymeric chains (–NH– can
serve as an example). They can also be attached through short-chain hydrocarbon bridges,
called spacers. The overall structure is illustrated in Fig. 2.6.

21 Please note that the above mentioned liquid ion exchangers do not fulfil the requirements of this definition,
since they do not contain insoluble carrier of the charge [134].
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Fig. 2.6. Schematic representation of polymeric ion exchangers. (a) Cross-linked cation exchange
material; (b) Anion exchange materials with unrecognisable cross-links. 1 – Polymeric chain;
2 – cross-link; 3 – physical knot; 4 – negatively charged cation exchange group attached to
the chain; 5 – positively charged anion exchange group incorporated in chains; 6 – counterion;
7 – water.

In most of the cases the matrix is constructed from linear polymeric chains cross-linked
with each other by relatively short links. For example, the above discussed hypothetical
carboxylic polymer would have the structure:

CH

(CH2)k

CH

COOH

(CH2)n
CH

(CH2)m

(CH2)r

p

(2.26)

q

where left- and right-hand parts represent cross-linking and ion exchange units, respectively. Structures of ion exchange materials are irregular in most cases, i.e. the
indexes k, m, p, q, and r of structure (2.26) can have any positive integer values
including null. These values can be different for different segments of the polymeric
chain. The length of cross-linking bridges of the same material is usually the same
(n = 1 or 2 or 3 . . . = const) that is defined by the most conventional preparation procedure when pre-synthesised and, in many cases, already functionalised polymer is crosslinked with molecules of a monomer, i.e. each bridge is formed from one molecule of
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the cross-linking agent. The most typical example of ion exchange resin is sulphonated
polystyrene cross-linked with divinylbenzene:

CH

CH CH2

CH2

(2.27)

SO3− H+

CH
n

CH2

m

The group –SO3 H can exchange hydrogen ion to any other cation, i.e. structure (2.27)
belongs to a cation exchanger. Styrene–divinylbenzene matrixes can bear a wide diversity
of functional groups. There are different cation exchange, anion exchange, amphoteric,22 and chelating materials of this type. Styrene–divinylbenzene matrix is the most
conventional because of its chemical and mechanical stability. However, many other
polymers are also in general use. The most common are copolymers of phenol with
formaldehyde

OH

OH

CH2

CH2

CH2

n

(2.28)

CH2

SO3H
CH2
OH

22 Many functional polymers contain two or more different types of fixed ionic groups. Such materials are called
bifunctional or polyfunctional. If these groups have opposite charges, the material is amphoteric. Materials
bearing amphoteric groups (groups combining acidic and alkaline units in one regular structure) are also
amphoteric.
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and polyacrylic or polymethacrylic acid with divinylbenzene

CH

R'
C

CH2

CH2

(2.29)

COOH
n

CH

CH2
m

where R = H in polyacrylic and R = CH 3 in polymethacrylic polymers. Besides different main chains, the diversity of three-dimensional structures is also provided by the
use of different cross-linking agents. While divinylbenzene is the most used agent, many
others can also be named. Divinyl can be mentioned as a simplest (but not very often)
example providing shortest links between chains:

CH

CH2

CH

CH2

(2.30)

A more open gel phase can be achieved with cross-linking agents which are more
flexible than divinylbenzene, for example, trimethylolpropane, trimethylacrylate, and
trimethylolpropane triacrylate [136]. Long flexible cross-linking bridges can provide
better flexibility of the matrix. As a result, ions and water molecules have less difficulty
in penetrating inside the material. Thus materials with long cross-links often offer a possibility to exchange large organic molecules which cannot enter inside more conventional
ion exchange materials. Sometimes, materials with longer links are referred as macronet
ion exchange resins [116]. The drawback is an increase in the total weight of the material
without increase of its functionality (capacity)23 that is caused by the larger cross-linking
bridges. One has to note that the presence of cross-links does not change properties of
functional groups or, at least, is not supposed to do so. Hence, the replacement of the
cross-linking agent usually aims at only altering the structure and mechanical properties
of the matrix.
Some types of polymers impose special requirements for cross-linking agents. For
example, preparation of imprinted materials24 requires preservation of the network
conformational structure that is in contrast to the usual non-imprinted ion exchangers
where cross-linking provides only insolubility and mechanical strength. Ethylene glycol
dimethacrylate is remarkable as a cross-linking agent for imprinted polymers. Few more
cross-linking agents have been successfully tested for the synthesis of such materials:
m- and p-divinylbenzene, triethylene glycol dimethacrylate, butanediol dimethacrylate,
methyl methacrylate, etc. [137].

23 The concept of capacity will be discussed later in Section 2.6.
24 Imprinted polymers will be discussed later in Section 3.2.
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In most of the cross-linked networks, particularly in styrene–divinylbenzene, crosslinking bridges are very non-uniformly distributed [138–140]. The non-uniformity is
defined by the nature of the radical polymerisation process and can be unfavourable
for practical properties of obtained materials. A uniform distribution can be formed
with the use of other synthetic procedures, for example, by joining the ends of presynthesised chains having a narrow length distribution [141,142]. Such materials can be
called isoporous.25
The density of cross-links between polymeric chains is called degree of cross-linking.
It influences the structure of the matrix, its elasticity, swelling ability of the material,
and mobility of the counterions inside the exchanger, among others. Materials with
high cross-linking are harder and, in many cases, more stable. However, diffusion in
such materials is slow causing reduction of the rate of all processes. Low-crosslinked
materials can be even jelly-like. Their stability could be low in benefit of fast kinetics
of interactions. A selection of an appropriate material for some practical application can
be a compromise between desirable stability and reactivity.
Conventionally, the cross-linking degree is expressed as percentage of the cross-linking
reagent introduced in a reaction mixture at the synthesis stage. For example, a well-known
ion exchange resin Dowex 50×8 (produced by Dow Chemical for several decades)
contains 8% of divinylbenzene molecules. The polymer formally corresponds to the
structure (2.27), however, the cross-linking process can never be perfect. During the
synthesis, a cross-linking molecule could be attached to a polymeric chain with one end,
while not being able to acquire an appropriate position for attachment to an another chain
within the reachable distance. As a result, the structure can be more precisely depicted as

CH

CH CH2

CH2

CH

CH2

(2.31)

SO3− H+

CH
n

CH2

CH
m

CH2

p

The last unit represents the unsuccessfully used cross-linking agent. Nevertheless, the
formal cross-linking characteristic – expressed as the percent of cross-linking reagent
added in the synthetic mixture – is very useful because it allows a comparison between
differently cross-linked materials of the same type.
Distribution of polymeric chains, cross-links, and functional groups in the bulk of ion
exchange resin is not perfect but it is sufficiently even to consider the material as homogeneous. However, many models consider ion exchangers as two- and even three-phase
systems including the polymer, water inside micropores, and water in macropores.
25 Please note that different authors use the term isoporous to emphasise pore uniformity at different scale, i.e.
the term could also be applied to pores with size much larger than those defined by the inter-crosslink distances.
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Questions of the phase structure of ion exchange materials will be discussed later in
Chapter 7. In fact, defining the phase of ion exchanger is one of the most difficult tasks
of the ion exchange theory. The appropriate way is to consider the material as a single
phase unless the opposite is specifically stated.
While many functional polymers consist of polymeric chains cross-linked with bridges
of regular structure, many others are three-dimensional networks where cross-linking
elements cannot be recognised. For example, the suggested structure of a typical
weak anion exchanger obtained by polycondensation of polyethylenepolyamine with
epichlorohydrin/ammonia oligomer can be presented as [143]

....~NH

CH2 CH2 N (CH2 CH2 NH)n CH2 CH2 N CH2 CH2 NH ~....
CH2
CH
2

HO CH

CH OH

CH2
....~ CH2 CH
OH

CH2

NH +Cl−
CH2

HO CH
CH2

CH2
−+

Cl HN

CH2 CH
OH
CH2

CH2~....

CH OH
CH2

....~ NH CH2 CH2 N (CH2 CH2 NH)n CH2 CH2 N

CH2 CH2 NH ~....
(2.32)

The anion exchange functionality of this resin is provided with nitrogen atoms. The
scheme (2.32) also illustrates that the functional groups can be incorporated in the polymeric chains in contrary to binding by side covalent links (as was illustrated by schemes
(2.27) and (2.31)).
Besides the cross-linked three-dimensional networks, non-crosslinked polymers must
also be named. The insolubility and stability are provided to these materials by physical
tangling and knotting of the polymeric chains. Hydrogen bonds and London forces also
contribute to the insolubility [5]. Such non-crosslinked materials are known but their use
is not so wide in comparison with the cross-linked polymers. Of course, the knotting and
other interactions (electrostatic, hydrogen, hydrophobic, etc. bonds) between chains also
take place in cross-linked polymers contributing to their rigidity, pore size, etc. [5,116].
Materials with higher number of cross-links also have a higher number of physical knots
and non-covalent interactions that provide even higher density of the net. Chargeable
functional groups also contribute to the net density, however, this contribution is not
invariable but depends on the state of the groups. When the polymer is dry these groups
are not ionised. As a result, they can attract each other due to dipole–dipole interactions.
When ionised, due to swelling of the polymer, functional groups acquire charge and
repulse each other reducing the density of the net. The same effects of the dipole–dipole
attraction and of the ionised species repulsion can be observed in the case of groups that
have two states when surrounded by a solvent: ionised and non-ionised. Most of the
other non-covalent interactions between chains also depend on conditions. For example,

Ion Exchangers, their Structure and Major Properties

25

an increase in temperature reduces the number of non-covalent links and the net density
approaches the theoretical structure based on the number of the cross-links successfully
formed during the synthesis.
A special class of materials is hypercrosslinked polymers [144].26 They are prepared
by extensive cross-linking of linear chains in a strongly solvating media. Generally,
the basic principle of obtaining hypercrosslinked polymers consists of the formation
of a rigid network in highly solvated state. Owing to the high rigidity and reduced
degree of chain entanglement, such “expanded” networks are characterised by a loose
chain packing, i.e. high free volume, and by the unique ability to swell in both polar
and non-polar media. These materials are relatively new, however, their advantages in
both analytical chromatography [145] and separation technologies [146] can be foreseen.
These advantages can be specifically high for extraction, separation, and purification of
organic substances.
Ion exchangers called snake in cage materials must also be mentioned. They consist
of three-dimensional polymeric networks and physically trapped large (often linear)
molecules of organic electrolytes [147,148]. The principle illustrating the name of such
materials is shown in Fig. 2.7. Of course, two “parts” of such materials are rather interconnected by tangling and knotting of chains than by trapping in cavities. Snake in cage
ion exchangers are usually modified ion exchange resins consisting of a cross-linked
polymeric network with fixed charges and trapped linear polyelectrolyte of the opposite

00
C H

Fig. 2.7. Illustration of snake in cage phenomenon. The electrolyte is trapped inside the network
but the ionisable group (carboxylic group in this illustration) is available for interactions with
species dissolved in the internal solution of the material.

26 Hypercrosslinked polymers are also referred as macronets.
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charge [149].27 The preparation can be done with a few different approaches. One of the
approaches begins with an appropriate ion exchange resin loaded with inorganic ions.
The ionic form is selected to get maximum swelling of the material.28 Loading of the
material with organic ions and the removal of inorganic ions causes a shrinking of the
swollen polymeric structure. The shrinking process usually takes longer time than the ion
exchange reaction and, thus, the time is sufficient to trap the organic species inside the
material. The reversed reaction cannot be performed because the shrunk ion exchanger
does not allow free diffusion of trapped species inside large organic species. As a result,
only small inorganic ions can penetrate the exchanger phase. Materials of this type are
also prepared by polymerisation of a “snake” monomer inside the structure of an ion
exchange resin. An example is polymerisation of acrylic acid inside the anion exchange
resin Dowex-1 [150]. Two oppositely charged functional sites of the same material are in
intimate contact and tend to neutralise each other, however, the sites still have an attraction to cations and anions and tend to associate with them to some extent. The result is
that the material sorbs both anions and cations from surrounding solutions. Equivalent
amounts of anions and cations can be sorbed simultaneously. The ions, except for H + ,
are held so weakly that they can be eluted with water [150]. Such materials can also
exchange only anions or cations depending on the composition of the liquid phase [151].
More about materials bearing two opposite chargeable types of groups are discussed in
the next section.
2.4 Functional Groups
The main difference between polymeric ion exchangers and non-functional polymers is
the presence of functional groups or functional sites in the structure, i.e. the presence of
functional units is the main feature of the materials discussed. There is a wide diversity of
functional groups that have been attached to polymeric networks to obtain ion exchange
properties. Different examples are given in Table 2.2. However, this diversity is reduced
to only a few types of groups when marketed materials are listed. The reason could rather
have a commercial than a chemical origin.
Chemical properties of functional groups define the type of a particular ion exchange
material. Cation and anion exchangers are the two types bearing respectively the negatively and positively charged groups and, hence, being able to exchange cations or
anions. Due to different dissociation properties of groups, strong and weak exchangers
are recognised similar to that of strong and weak electrolytes.29 Table 2.2 also provides an idea about dissociation constants of some groups if associated with H + (cation
27 Polymeric materials containing two oppositely charged types of groups with first type covalently bounded

and second type physically trapped are also called ion retardation resins.
28 Questions of swelling will be discussed in detail in Chapter 7. The important property at this point is that

the swelling degree of ion exchange resins in the form of organic ions is usually much less than those in the
form of inorganic ions.
29 For example, acids that are completely ionised in aqueous solutions are considered to be strong. Similarly,
the group –SO3 H being an analogue to the sulphuric acid, is completely ionised in the internal solution of the
material. Ion exchangers bearing these groups are strong cation exchangers. Weak ion exchangers are often
considered as materials having working ranges of pH, i.e. being able to exchange ions only if pH allows
ionisation of their functional groups.
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Table 2.2. Examples of functional groups and corresponding types of the ion exchange
materials.a Dissociation constants, pKa , are given in parenthesesb [71,112,116,151–155].
Cation exchange materials; negatively charged groups
–SO−
3 (≤ 1)

–PO2−
3 (2.0–4.5; 6.5–9.5)
−HPO−
2
–SH (>10)

–COOH (3.5–8)
–C6H4OH (≈10)

–AsO−
3

–SeO−
3

Anion exchange materials; positively charged groups
–N + (CH3 )c3 (≤ 1)

−N + (CH 3 )2 C2 H4 OH d (1–2)

–N + (CH3 )2 C2H5

−P + (C4 H9 )3
+
N

≡ N (6–9)

(2–3)

N (9–10)

+
N C2H5

+
N C2H4 CO CH3

+
N C2H4 CO NH2

Amphoteric (bipolar) materials; both type of groups: negatively and positively charged
–SO−+
3 H and −N(CH 3 )2

–COOH and −N + (CH3 )3 OH−

Amphoteric materials; bipolar groups

N
CH2 S

N

C +
N N

COOH

CH2 S

N N
C +
N N

SO3−

Chelating materials; fixed groups which are able to form chelate rings with metal ions
CH2COOH
CH2 N
CH2COOH
a As mentioned earlier, the distinction between the different types of ion exchangers can be quite arbitrary

in many cases. This is specifically true when one speaks about the difference between amphoteric and
chelating materials.
b Dissociation constants are presented here for some groups in order to provide the reader with an idea about
the difference in reactivity of these structures. The constants correspond to associates with H + or OH−
ions. These values can be compared only within semi-quantitative considerations because they have been
determined by different methods under different conditions. Moreover, theoretical discussions on the nature
of the groups dissociation are not over yet and there is no conventional approach to this characteristic.
c Materials bearing −N + (CH ) groups are conventionally called Type I anion exchangers.
3 3
d Materials bearing −N + (CH ) C H OH groups are conventionally called Type II anion exchangers.
3 2 2 4
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exchangers) or OH− (anion exchangers). These constants cannot be considered as reference quantities because their values are dramatically dependent on the determination
method and on the selected physico-chemical model. However, the table gives a good
idea for semi-quantitative comparison of strength exhibited by different groups.
The most common cation exchangers are strongly acidic resins with sulphonic acid
−
groups (−SO−
3 ) and weakly acid resins with carboxylic acid groups (–COO ). Different
ion exchangers bearing the same groups can exhibit significantly different properties
because the strengths of the groups depend on the nature of the supporting hydrocarbon
structure. Examples of this dependency are presented in Table 2.3. However, to obtain
a wide diversity of materials matching different requirements, other types of cation
exchangers have also been developed. These materials carry phosphonic, phosphinic,
arsonic, selenonic acid groups as shown in Table 2.2. Most of the functional groups of
anion exchangers contain nitrogen as a proton-accepting atom. Similar to low molecular
|

+
+
weight amines, weak-base (−NH +
3 , > NH 2 ) and strong-base (for example, − N − or
|

−N + (CH 3 )3 ) anion exchangers are recognised. Besides the nitrogen-containing units,
|

|

strong-base quaternary phosphonium (− P + −) and tertiary sulphonium (− S + −) anion
|

exchange groups are known.
Some scientists do not consider chelating polymers as ion exchange resins because of
different phenomena defining their affinity to ions. These materials also do not fit some
classic models of ion exchange systems that will be discussed in detail in Chapter 7.
However, depending on the chemical system, many chelating groups can act in precisely
the same way as ion exchange groups without exhibiting any chelating property. For
example, an aminophosphonate chelating resin can act as a conventional non-specific
ion exchanger or as a chelating polymer [156]. These interactions are illustrated in
panel (a) of Fig. 2.8. The first (upper) branch of the scheme illustrates ion exchange
between sodium and potassium ions
R2− (Na+ )2 + 2K+ = R2− (K+ )2 + 2Na+

(2.33)

that is the most proverbial example of a pure ion exchange. Precisely the same reaction
can take place in any cation exchanger (only the meaning of R in Eq. (2.33) would be
changed). No direct association between the functional group and corresponding ions of

Table 2.3. pK of functional groups attached to different hydrocarbons.
Hydrocarbon
radical
H3 C–
H5 C 2 −
H3C–(CH2 )2−
Ar–
p–H3 C–Ar–

Functional group
–SO3 H

–COOH

1.92
1.68
1.53
−0.04
0.03

4.8
4.9
4.8
4.2
4.4

–PO3 H2
8.0
–
–
7.5
7.7

2.2
–
–
1.9
2.0

–NH2
10.6
10.6
10.6
4.6
5.1

–NHCH3
10.8
–
–
4.8
–
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CH2 CH2
R
+2K +
CH2 CH2
R

NH

P

O− O−
Na + Na +

O−
K+

K+

O

−2Na+

−2Na+

P

CH2 CH2

+2H +
O

NH

P

O−

R

NH OH

OH

O

+Zn2+
−2Na+

CH2 CH2
R

NH

P

O− O−
Zn2+

O

(a)

+2K +
CH2COO−Na+
R CH2 N
CH2COO−Na+

−2Na +

+2H +
−2Na +
+Cu2+
−2Na +

CH2COO −K +
R CH2 N
CH2COO −K +
CH2COOH
R CH2 N
CH2COOH
CH2COO−
R CH2 N
Cu2+
CH2COO−

(b)
Fig. 2.8. Different interactions involving aminophosphonate (a) and iminodiacetic (b) groups: ion
exchange (upper branch in each panel), protonation (middle branches), and chelating (bottom
branches).

opposite charge happens. The interaction perfectly fits the classic model of ion exchange
material, where counterions are distributed in the internal solution of the ion exchanger
and no direct interaction between them and functional sites is supposed. The second
branch illustrates protonation of the same aminophosphonate group
R2− (Na+ )2 + 2H + = RH2 + 2Na+

(2.34)

Two hydrogen ions replace two sodium ions. The reaction is typical for weakly acidic
cation exchange resins. It is also considered as an ion exchange interaction. The third
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example is the replacement of sodium ions with zinc and the formation of a chelate
structure. Such reaction is typical for chelating polymers. It is perfectly stoichiometric
and can be described by the same type of ion exchange reaction:
RNa2 + Zn2+ = RZn2 + 2Na+

(2.35)

The similarity between reactions (2.33)–(2.35) cannot be overlooked. They also can
be described using the same thermodynamic approaches. Another example is the iminodiacetic group which is well-known for strong complexes with transition metals, for
example, with Cu2+ . However, it acts as a conventional ion exchanger in systems
that include only hydrogen and alkali metal ions. The corresponding interactions are
illustrated in panel (b) of Fig. 2.8.
The −PO2−
3 is conventionally considered as a cation exchange group. However, it can
serve as an inverted example. Two of such groups can form chelate complexes with
four-charged metal cations [116]

CH

CH

CH2

CH2

O−
P

Me4+ O

O
O−

(2.36)

O−
P

O−

Besides functional structures presented in Table 2.2, many other sophisticated units can
be useful for some specific applications. For example, an advantage of chelating groups
having a long spacer between chelating atoms and the polymeric matrix was demonstrated
by comparison of Zn2+ and Cu2+ complex forming ability of three groups [157]:
R − CH 2 − NH − C − NH 2
||

(2.37)

S
R − CH 2 − NH − (CH 2 )2 − NH − C − NH 2
||

(2.38)

S
and
R − CH 2 − NH − (CH 2 )3 − NH − C − NH 2
||

(2.39)

S
The groups (2.38) and (2.39) were found to chelate with copper stronger than with zinc
due to their higher local mobility and, hence, accessibility for chelating interactions.
There are reports that the introduction of spacers between the benzene rings of polymeric
network and quaternary amines also improves chemical [152,153,158], γ-ray [158], and
thermal [158,159] stability of strong anion exchangers. Enhanced reaction rates were
observed for spacer-modified anion exchangers [159].
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2.5 Inorganic Ion Exchangers
Besides organic polymers bearing functional groups, many inorganic materials exhibit
ability for the stoichiometric exchange of ion. Functional polymers are the first choice
for ion exchange materials because of their greater mechanical and chemical stability
in different media as well as reproducibility in behaviour. However, the attention is
constantly brought to inorganic materials due to their much higher stability at elevated
temperatures and in the presence of a strong radiation. These special features of inorganic ion exchangers are significant for their use in radioisotope separations and solving
problems of nuclear waste [160]. Inorganic ion exchangers are also highly advantageous
in a number of catalytic applications [161].
While the chemical composition of inorganic ion exchange materials can be highly
diverse, they are typically single or mixed metal oxides, hydroxides and insoluble
acid salts of polyvalent metals, heteropolyacid salts, and insoluble metal ferrocyanides [38,160]. The wide diversity of such materials includes natural minerals (“as is”
and modified) and synthetic substances. They can be amorphous but, more often, are
inorganic crystalline polymers with microporous framework structure. A short list of
inorganic ion exchange materials would include zeolites, titanates [162], silicotitanates
[163–165], hydrous oxides [166–168], phosphates of zirconium and other transition
metals [166,167], tin(IV) compounds [166,168], manganese compounds [166,168], hexacyanoferrate compounds [165,169–171], hydroxides, and oxides, among others. Ion
exchange properties of all these materials are defined by cavity-containing or layered
structures with exchangeable cations located on internal surfaces of these voids.
Zeolites are the most conventional inorganic ion exchangers, occurring naturally but also
synthesised in a wide diversity of variations. They are hydrated aluminosilicates with
crystalline porous structure. Examples of their crystalline morphology are presented in
Fig. 2.9. Generally, the structure can be regarded as an inorganic polymer built from
tetrahedral MeO4 units, where Me is an Si4+ or Al3+ ion [173]. Each oxygen atom is
positioned in a corner of the unit and shared between two Me atoms, thus forming an
infinitely extended three-dimensional network. The chemical composition of zeolites is
usually represented by the following empirical formula
A2/Z O · Al 2 O3 · ySiO2 · WH 2O

(2.40)

where A is the counterion with valence Z; y accounts for the SiO2 /Al2 O3 ratio; and W is
the water content in the hydrated form of the zeolite. The value of y is usually between 2
and 10 but can be up to 100 in “high-silica” zeolites [173]. Please note that the amount of
counterions in the structure stoichiometrically corresponds to the number of aluminium
atoms. Formula (2.40) reflects stoichiometry of the material that can be expressed as
AZ+ : Al3+ : Si4+ = 2/Z : 2 : y

(2.41)

The representation (2.40) could be somehow confusing because it shows an assemblage of oxides and, as a result, gives an impression of a chemically inert mixture. To
explain the principle, let us consider the material as a crystalline structure with general
formula (MeO4 )m . Left panel of Fig. 2.10 shows such structure consisting solely of SiO2
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Fig. 2.9. Examples of zeolite crystals: (a) single crystals of zeolite A; (b) single crystals of analcime; (c) single crystals of natrolite; (d) zeolite L; (e) typical needle aggregates of zeolite mordenite;
(f) typical needle aggregates of Nu 10. Reprinted from J. C. Jansen, in: Introduction to Zeolite
Science and Practice [172] 1991, Elsevier ©.
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Fig. 2.10. Non-charged structure of silica (left panel) and charged structure of a zeolite (right
panel). Counterions that are necessarily present in the Al-containing structure are not shown for
simplicity.

units (structure of silica). All positive charges provided by Si4+ ions are compensated
by negative charges of O2− . According to expression (2.41), such a structure does not
include counterions. The specific ion exchange nature is provided by a partial replacement of Si4+ with Al3+ (right panel of Fig. 2.10). Such replacement results in an excess
of negative charge that is necessarily compensated by the presence of counterions that
are not included in the well-structured oxide units. As a result, counterions are held
in crystalline pores and do not occupy precisely defined crystalline positions. Thus the
representation more convenient in the framework of ion exchange is
−
AZ+
2/Z [(SiO2 )y (AlO2 ) ] · WH2 O

(2.42)

There are several tens of different zeolite structures: 40 to 50 different natural minerals
and numerous synthetic forms. Figure 2.11 provides an idea about structures of these
materials that are frameworks with voids interconnected by channels. The most common
channel cross-size is between 4 and 7 Å but can be up to 20 Å [173]. The pore size
is conventionally discussed as the outcome of the number of oxygen atoms forming
the structure around each channel. As illustrated in Fig. 2.12, this number is different
for different zeolites while being unchanged within the same type of structure. Precise
regularity of pore dimensions makes such materials essentially different from the above
described organic ion exchangers that are irregular in most cases.
As is obvious from Fig. 2.10, the crystal structure of zeolites consists solely of silicon,
aluminium, and oxygen atoms. The counterions and water molecules are located inside
the channels. As long as counterions are not incorporated in the crystalline structure but
stay inside the material to fulfil the electroneutrality law, they can be exchanged for
other ions of the same charge. The exchange is stoichiometric and reversible that makes
zeolites fully capable ion exchange materials.
Due to the regular zeolite structure, all tetrahedra metal-oxygen units are exposed to
the surface of pores and thus are accessible. Moreover, the surface is formed by atoms
with unchanged coordination, that is in contrast to the surfaces of bulk materials that are
formed by the breakage of bonds [176]. The only exception is the outer surface of the
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Fig. 2.11. Three-dimensional crystal structure of erionite. Reprinted from H. Kalies, F. Roessner,
H. G. Karge, and K.-H. Steinberg, in: Zeolite Chemistry and Catalysis [174] 1991, Elsevier ©.

Fig. 2.12. Examples of 3-connected two-dimensional nets observed in zeolites. Reprinted from
H. van Koningsveld, in: Introduction to Zeolite Science and Practice [175] 1991, Elsevier ©.
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zeolite crystals where the structure is terminated [176]. Besides excellent ion exchange
properties, such porosity provides easiness for modifications such as replacement of
Si and Al in the framework. The modifications lead to altering of different properties
including preference to incorporation of different counterions [176]30 . This, together
with a possibility to obtain a high diversity of channelled shapes, allows to design
advanced ion exchangers and ion exchange sorbents.
Ion exchange reactions with zeolites and other inorganic exchangers can be considered
with the same approaches as reactions involving organic materials. However, a few specific advantages and disadvantages can be recognised. Natural zeolites do not exhibit a
high preference to one kind of counterions, however, some synthetic and modified materials as well as some other inorganic exchangers can be highly selective [160,177–180]
and, hence, can allow to design highly specific ion exchange processes. For example,
hexacyanoferrates and some salts of heteropolyacids are known to possess high affinity for caesium. Hydrous metal oxides, titanosilicates, and titanates have shown a high
preference for strontium ions [180].
Due to the possibility of altering the Si/Al ratio in zeolites, their properties can be adjusted
for specific needs. For example, an increase in this ratio provides a higher thermal
stability, resistance to acidic environment, and hydrophobicity, whereas the ion exchange
capacity decreases.
The uniform pore dimensions allow certain ions to enter the crystals while rejecting the
others. This very precise discrimination of chemical species on the basis of molecular
size is the reason that zeolites are conventionally regarded as molecular sieves. The
corresponding effect is illustrated in Fig. 2.13. This phenomenon combined with chemical
preference of the material allows designing of highly specific processes, for example,
selective catalytic conversion of small organic molecules while larger homologs remain
unchanged.
As a rule, the inorganic exchangers are cation exchange materials. However, some
of them, for example, hydrous tantalum phosphates possess amphoteric property. This
behaviour can be depicted in Fig. 2.14. The difference can be easily recognised between
amphoteric behaviour of tantalum phosphates and amphoteric organic ion exchangers (described in Section 3.5). Such organic materials possess two different types of
functional groups attached to the same polymeric network.
One of the main problems in use of inorganic exchangers for separation purposes is
a narrow pH range of operation because of the dissolution of aluminium and silicon
from the framework at harsh pH conditions. Another problem is that a quantitative
replacement of counterions by means of auxiliary reagents is difficult and, in some cases,
impossible [178]. Relatively pure reproducibility of interactions involving inorganic ion
exchangers, and the difficulty for quantitative elution of sorbed ions can be, among other
causes, the results of pH limitations. As known from the procedures involving organic
ion exchangers, most conventional way to regenerate them for a repeated use is an acidic
30 Questions of preference to one or several kinds of ions, so called selectivity, will be discussed later in
Chapter 8.
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Fig. 2.13. Illustration of molecular sieve effect. Straight chain molecule of normal octane (top)
passes through eight-ring aperture of 5A (CaA) zeolite; branched molecule of iso-octane (bottom)
cannot. Reprinted from E. M. Flainigen, in: Introduction to Zeolite Science and Practice [173]
1991, Elsevier ©.
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− An1+
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O−Ct1+

− Ct1+

O−Ct2+

Fig. 2.14. Ion exchange interactions involving hydrous tantalum phosphates [168]. Two branches
correspond to the behaviour in different media: anion exchange in acidic medium (upper branch)
and cation exchange in alkaline medium (bottom branch). Cti and Ani indicate cation and anion
respectively. Exchange of single-charged ions is shown for simplicity.
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treatment that is inapplicable to most of the inorganic exchangers. For example, an acidic
form of a zeolite cannot be obtained by an ion exchange reaction. The material is loaded
with ammonium instead
+
+
−
R− Ct + + NH +
4 = R NH 4 + Ct

(2.43)

The following heat-treatment converts the material in the acidic form
− +
R− NH +
4 = R H + NH 3 (gas)

(2.44)

R− in Eqs (2.43) and (2.44) represents charged crystalline structure of the inorganic
cation exchanger.
Another drawback is a relatively low rate of ion diffusion inside the crystalline inorganic materials (much lower than in organic ion exchangers). This affects the overall
performance of the material and may offset the economic advantages [38].
2.6 Ion Exchange Capacity
Due to the equivalent character of ion exchange and the defined number of functional
groups in the ion exchanger, an ion exchange reaction can be considered as a competition
between counterions for functional groups of the material. This competition can be
written as
[A] + [B] + · · · = Q

(2.45)

where concentration of ions is expressed in the equivalent concentration scale as well
as the total amount of ions inside the exchanger, Q, so called capacity. Equation (2.45)
defines the primary difference between the exchanger phase and conventional solutions
where the total concentration is limited by only the solubility of the constitutes.
Ion exchange capacity is a major characteristic of ion exchange materials. From a practical point of view, an ion exchanger can be considered as a “reservoir” containing
exchangeable counterions. The counterion content in a given amount of material is
defined essentially by the amount of fixed charges which must be compensated by the
counterions, and thus is essentially constant. According to this fact, ion exchangers are
quantitatively characterised by their capacity which is defined as the number of counterion
equivalents31 in a specified amount of the material [5].
The above definition gives a good filling about the chemical nature of the capacity.
However, it does not reflect either physico-chemical or practical property of any ion
31 Equivalents are units “legally” condemned in favour of moles because, in most chemical systems, the
number of equivalents is simply defined as the number of moles multiplied by the valence. On the contrary,
the amount of functional polymers cannot be expressed in moles. An equivalent represents the amount of the
material providing Avogadro’s number of reacting units, i.e. the weight of one equivalent equal to the weight
of the polymer fragment bearing one functional group multiplied by 6.022·1023 . Similarly, the Normality (N)
concentration scale is still used for functional polymers instead of Molarity (M).
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exchange material. Scientists and engineers use many different definitions of capacity
depending on practical need and even individual preferences. As a result, each material
can be characterised by several values of capacity. Even more, the conditional capacity
(capacity exhibited under certain particular conditions) is often used to describe and
compare ion exchangers. Taking the infinite number of possible operating conditions,
the number of capacity values for one material can be raised up to infinity.
The difficulty in defining capacity has two causes. First, the availability of functional
groups for exchange reaction never achieves 100%. Different fraction of the groups
participates in each process depending on the macrostructure of the material, the swelling
degree, and the size of exchanged ions, among others. Surprisingly, the second problem
is the difficulty in defining the amount of the material. This is related to the main
fundamental problem of ion exchange, that is uncertainty of the boundary between the
phase of ion exchanger and the phase of surrounding media. The difficulty is encountered
in the selection of which part of the water should be counted as an essential part of the
material.32 Moreover, the swelling varies depending on the conditions (see Chapter 7) that
is reflected by the difference in values of conditional capacities. Capacity data supplied
by manufacturers occasionally refer to “air-dry” material,33 i.e. to the material containing
an indistinct amount of water. Such data characterise value of the marketed product rather
than the properties of the ion exchange material. Another question related to the amount
of the material is how the presence of counterions should be taken into account. In most
of the cases, the H + form of cation exchangers and Cl− form of anion exchangers are
selected as standard, i.e. the capacity is calculated per weight of the material including
the weight of sorbed H + and/or Cl− ions. The Cl− form has been selected despite the
logical use of OH− form because of certain difficulties in handling the hydroxide forms
(see Appendix I). However, in many particular cases, capacity is calculated for other ionic
forms. The outcome of these uncertainties is the fact that the capacity data stated without
any description of how they were obtained should be accepted with reservations [5].
The most precise characteristic of capacity is, most probably, least useful for estimation of the material practical performance. The number of functional groups per weight
unit of the dry ion exchanger34 is defined as theoretical capacity or as content of functional groups. This characteristic can be obtained directly by analysing the material.
For example, each atom of sulphur corresponds to one functional group in a sulphonated
polymer (for example, see Scheme (2.31)), hence the number of functional groups can
be derived from the sulphur content
QTheor =

mS
32 · mr · (1 − W)

(2.46)

32 The problem is addressed in more detail in Chapter 7.
33Air drying usually means keeping the exchanger in an open-air container for a long time. So far as the

water-content of the exchanger is sensitive to the air humidity, air-dry weight is a very imprecise characteristic.
34 Dry weight of an ion exchanger can also be defined in different ways. The uncertainty comes from water

molecules hydrating functional groups. For example, each sulphonic group of styrene–divinylbenzene ion
exchangers is strongly associated with one water molecule. The fixation of this molecule is so strong that
even heating up in air rather initiates destruction of the matrix than evaporation of this water. As a result, the
reference to dry weight usually means “weight of dried material”. Nevertheless, the dry weight is a value that
is easy to standardise.
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where mS is the amount of sulphur, mr is the amount of the polymer taken for the
analysis, W is the water fraction in the sample, 32 is the atomic weight of sulphur. The
value of QTheor can also be estimated from the synthesis conditions. The theoretical
capacity has no practical significance, however, it indicates the limiting value, i.e. the
theoretical maximum that can be approached but can hardly be achieved. No other ion
exchange capacity can exceed the theoretical capacity.35 The theoretical capacity is
usually measured in meq/g (milliequivalent per gram) of dry material.
Any practically valuable characteristic of ion exchange capacity can be defined only as
a content of the counterion in the ion exchanger, i.e. it is a ratio between the amount of
ions and the amount of the substance containing these ions:

Q=

mion · Zion
mion exchanger

(2.47)

where Zion is the ion charge. As was already explained, there is no one standardised way
to define the amount of the ion, mion , and the amount of the ion exchanger, mion exchanger .
Both definitions are strongly related to a problem to be solved. The most common
definitions for mion are:
• number of functional groups available for any kind of ion exchange or number of
exchangeable counterions;
• number of functional groups available for certain kind of ions or maximum number
of this kind of ions which can be accommodated;
• number of functional groups utilised for sorption of certain ions in certain process
or number of this kind of ions that was actually sorbed in the process;
• number of functional groups occupied by certain ion at equilibrium state under
certain conditions or number of this kind of ions sorbed at equilibrium state under
these conditions;
• total number of functional groups (this definition relates to the theoretical capacity
and presented here to complete the list).
The most common definitions for mion exchanger are:
• dry weight of the material;
• air-dry weight of the material;
• volume of the swollen material;

35 There are chemical phenomena leading to sorption of ions in excess of the theoretical capacity. However,
these phenomena cannot be considered as purely ion exchange interactions.
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• volume of the exchanger bed36 including the swollen material and the solution
contained in inter-bead voids;
• weight of the solvent contained in internal micropores of the material;
• volume or weight of the solvent contained in the bed;
• one unit of the ion exchange equipment, for example, an overall ion exchange
column.
When reading scientific and technical literature, one can find all possible combinations
of these two (mion and mion exchanger ) to define ion exchange capacity. Besides the total
number of functional groups per dry weight, defining the theoretical capacity, most
commonly used combinations are:
• Total number of functional groups per volume of the swollen material. This characteristic can be identified as concentration of functional groups in the material.
The theoretical capacity and the concentration of functional groups can characterise results of the material synthesis. However, they are hardly useful to reflect
the exchange performance because certain part of the groups is not available for ion
exchange. These groups are completely surrounded by hydrocarbon chains of the
matrix. The counterion allocated near such a group has no way to diffuse out of the
phase and a replacing ion has no way to go in.
• Total ion exchange capacity is usually defined as the number of functional groups
available for any kind of ion exchange or number of exchangeable counterions per
certain amount of the material. In practice, the maximum achievable amount of
sorbed ions is referred when the total ion exchange capacity is reported. The total
ion exchange capacity is usually calculated per weight of the dry material.
• Number of functional groups available for a certain kind of ion or maximum number
of this kind of ions which can be sorbed per certain amount of the material is capacity
towards certain ion (for example, capacity towards Ca2+ ). In some instances it is
called total capacity towards the ion. This definition is used when the interactions
with ions of particular interest are considered. Capacity towards the ion can differ
for different ions due to different ionic size and, as a result, different ability of ions
to penetrate dense regions of the ion exchanger. This characteristic is calculated per
weight of the dry material or per volume of swollen material.
• Number of functional groups per unit of internal solution contained in the material.
This characteristic is rarely referred as capacity. The more common term is

36 Volume of a reactor (for example, an ion exchange column) packet with beads or particles of an ion exchange

material is referred to as ion exchange bed. The fraction of the volume of the bed that is not filled with the ion
exchanger (inter-bead voids) varies between 0.25 and 0.55 depending on the shape and size of the exchanger
beads [112].
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concentration of functional groups in the internal solution.37 The number of groups
available for ion exchange is more commonly used than the total number of groups.
• Number of available functional groups or number of exchangeable counterions per
unit of fully swollen packed bed is referred often as volume capacity or technical
volume capacity. In most cases, the volume of the settled bed is used, however, the
volume under the operating conditions is another common case.
• Number of functional groups utilised for the sorption of certain ions in certain
process or number of this kind of ions which was actually sorbed in the process can
be called utilised capacity. The most common denominator for the utilised capacity
is the volume of the bed including the swollen beads and inter-bead solution. The
value reflects performance of practical separation processes. This value is strongly
dependent on construction of the reactor, operating conditions, etc. Sometimes this
value is also referred as useful capacity.
• Number of functional groups occupied by certain ion at equilibrium state under
certain conditions or number of this kind of ions sorbed at equilibrium state under
these conditions is called equilibrium capacity. It is calculated per weight of the
dry material or per volume of the swollen material. The term equilibrium capacity
is strictly linked to the conventional method of characterising, where ion exchange
materials are investigated under standardised equilibrium conditions.
These “capacities” are characterised by differently selected mion exchanger . The selection
is due to the following:
• In scientific research, this amount is calculated per dry weight of the material, or per
volume of the swollen material, or per amount (weight or volume) of the solvent
contained inside the beads because the calculation aims to characterise the material.
• Commercial information deals with air-dry weight because the air-dry product is
usually marketed.
• Volume of the bed is commonly used in chemical engineering and chemical
technology because the overall performance of the bed is important.
One has to understand that, from a strict point of view, the terms utilised capacity and
equilibrium capacity are misleading. The correct words are loading and equilibrium
loading, i.e. the amount of the matter loaded into the exchanger. However, the word
capacity is widely used in these instances by scientists and chemical engineers.
The amount of exchangeable ions per overall reactor has to be mentioned separately as
ion exchange capacity of the reactor or ion exchange capacity of the column. This value
has nothing to do with performance of the material but it characterises performance of
the industrial unit. For example, the following columns have the same ion exchange
capacity: one loaded with 1.00 m3 of a cation exchanger with capacity 2.0 equivalents
37 Please note, when speaking about concentration of functional groups, the inter-bead void is not included in

the calculation that is in contrast to the technical volume capacity which refers to unit volume of packed bed
including the interstitial void.
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per litre and another loaded with 0.80 m3 of a material with capacity 2.5 equivalents per
litre (1.0 m3 · 2.0 eq/L = 0.80 m3 · 2.5 eq/L).
Another technology concept is breakthrough capacity. If the ion exchange material
is used for a column process (see Chapter 11), the operation is often discontinued at
breakthrough, i.e. when the ion or substance that is targeted to be trapped by the column
appears at the outlet. As a result of such process, the loading of material is not homogeneous along the longitudinal axis of the column. In case of imperfect performance of the
column, a radial inhomogeneity can also occur (see Section 11.4). As a result, the value
of breakthrough capacity of the column is always lower than that of an ion exchange
capacity characterising the material loaded in this column. The breakthrough capacity
depends on the operating conditions and on the properties (including capacity) of the
material, however, the reversed calculation is impossible, i.e. the breakthrough capacity
cannot be used to obtain the material’s characteristics.
Non-exchange sorption of ions and molecules by ion exchange materials often occurs
together or instead of ion exchange reactions. Such phenomena can be caused by many
different factors that will be described later. Two general types of non-exchange sorption
can be recognised: stoichiometric and non-stoichiometric. Examples of stoichiometric
processes could be sorption of anions on non-protonated weak-base anion exchange
groups from acidic solutions [5,181]:
−
R − NH 2 + H + + Cl− = R − NH +
3 Cl

(2.48)

and sorption of zwitterions on H + forms of cation exchangers
R−+ H + H3 N + − R − COO− = R−+ NH 3 − R − COOH

(2.49)

where R is hydrocarbon of the zwitterion. Ion exchange reactions similar to (2.48) and
(2.49) can be easily written:
+−
−
−
−
R − NH +
3 Br + Cl = R − NH 3 Cl + Br

R−+ H + H3 N + − R − COOH = R−+ NH 3 − R − COOH + H +

(2.50)
(2.51)

Obviously, the limiting value for both ion exchange and non-exchange sorption of
the solutes by reactions (2.48)–(2.51) is the ion exchange capacity. Number of nonstoichiometric interactions can take place instead or in addition to the stoichiometric
processes. The two most common are sorption of electrolytes from concentrated solution
and sorption of large organic molecules by surface of the material. The electrolytes can
be transferred from the bulk solution to the internal solution of the ion exchange material
as pairs of cations and anions compensating the charge of each other.38 The transferred

38 Such transfer is counteracted by ion exchangers and thus cannot be regarded as a simple distribution of the

substance between two phases (see Section 7.7).
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amount depends only on the concentration of the external solution and operating conditions. It is not limited by the amount of some groups or units contained in the material.
As a result, the term capacity is not applicable to the process, however, the concepts of
utilised capacity and equilibrium capacity are used very often even omitting the words
“utilised” and “equilibrium” (that is obviously a misleading practice). The surface sorption is limited by the square of the pore surface. Thus the limiting value can be obtained.
For example, if the sorption can be described by a Langmuir isotherm, the saturation
of the isotherm corresponds to the sorption capacity. Like other adsorbents with active
surface, the surface sorption capacity of ion exchange materials is, among other factors,
dependent on the size and morphology of the sorbed molecules. If the same substance
is sorbed by both ion exchange and non-exchange mechanisms, the total amount can be
defined as the over-all capacity [5].
Many sources operate with terms static ion exchange capacity or dynamic ion exchange
capacity. The words static and dynamic reflect practical methods used for the capacity
determination, i.e. refer to the measurement method. As a matter of fact, static ion
exchange capacity is a particular case of equilibrium capacity. The value is determined
at equilibrium with a significant extent of solution, i.e. when most of the available ion
exchange groups are associated to (or can be assigned to) the target ion. While also being
essentially an equilibrium capacity, the dynamic capacity usually has a higher value and
can approach the total capacity because of the more efficient loading procedure.
Practical calculations often request a simplification of considered models. Concept of
apparent capacity or effective capacity can be useful in some cases. The approach takes
into consideration only counterions which can be exchanged in a certain process. For
example, weak-acid or weak-base groups may be incompletely ionised and thus partly
inoperative. If the number of unionised groups remain constant during the process, these
groups can be excluded from the capacity calculation. As a result, the apparent capacity,
expressed in terms of exchangeable counterions, is strongly dependent on the experimental conditions. Reduction of pH reduces ionisation degree of weak-acid groups. In case of
weak-base groups, the ionisation is suppressed by the pH increase. As a result, sorbents
bearing weak-acid groups can take up less, let us say, Na+ ions from acid than from
alkaline solutions. Correspondingly, weak-base exchangers can take up less Cl− ions
from alkaline than from acidic media. The apparent capacity of weak cation exchangers
thus falls off when the pH drops below the ionisation constant (pK) of the groups. The
same is true for anion exchangers when the pH rises above the pK of the groups [5].39
Another example could be an exchange of alkali metals on a chelating polymer partially
loaded with a strongly complexing metal ion. For example, let us consider a polymer bearing picolinic groups with a total capacity of 4 meq/g of dry material. Let us
assume that the material is partially loaded with copper: 1 meq of Cu2+ per gram of dry
material. The exchanger sorbs copper ions almost irreversibly [157] due to the formation
of extremely strong complexes [182]. No one alkali ion can compete with Cu2+ for
these groups. Hence, an exchange between K+ and Na+ can involve only functionality
39 The pH inside ion exchangers differs from the pH of the external solution. Determination of pK values for

functional groups is also a difficult task [143]. As a result, calculation of apparent capacity on the basis of
experimental conditions could be difficult, if ever possible for many cases.
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unoccupied with copper and, thus, the remaining 3 meq/g can be taken as the apparent capacity. Of course, its value cannot characterise either the material or its overall
performance but only its behaviour under certain conditions.
Ionisation degree of the sorbed substance can also affect the value of apparent capacity.
2−
For example, phosphoric acid can be exchanged depending on pH as PO3−
4 , HPO4 , or
−
H2 PO4 ions thus compensating three, two, or one charge of functional groups [5].
In many cases, the apparent capacity is limited by the size of the counterion
[5,112,116,183–186]. For example, zeolites and highly cross-linked ion exchange resins
exclude counterions which are too large to fit into micropores of the material. This
phenomenon is called sieve action [5].40 As a result of this phenomenon, the limiting
capacity for large organic ions depends on: cross-linking degree, size of the sorbed ions,
etc. [116].
The complex dependence of the apparent capacity on the experimental conditions makes
this quantity rather unsuitable for characterisation of ion exchange materials and is
meaningful only when accompanied by a detailed description of the experiment (pH
alone is insufficient). In some cases of weak exchangers, a better way of characterising
is to provide the total capacity and protonation constants for all involved groups [5].
Different capacity characteristics are interrelated; however, most of them are not constant
but depend on the operating conditions. As a result, recalculations between different
capacity values for the same material could be difficult because of the need for additional
information about the measuring procedure. Any derivation of such relationships begins
from mathematical expression of the capacity definition. For example, the total capacity
(Qtot ) is expressed as
Qtot =

n
md

meq/g

(2.52)

where n is the number of equivalents of the available functional groups in the sample;
md is the dry weight of the sample. The concentration of functional groups in the internal
solution (CR , N) is expressed as
CR =

n
VW

(2.53)

where VW is the volume of the internal solution. Volume capacity of the exchanger bed
in an ion exchange reactor is expressed as
Qbed =

n
Vbed

meq/ml

(2.54)

All other capacity characteristics can be expressed in a similar way. The interrelation can
be found considering the denominators in Eqs (2.52)–(2.54). For example, water content

40 The sieve action will be discussed in detail in Section 4.1.

Ion Exchangers, their Structure and Major Properties

45

is swollen or air-dry material is usually expressed as percent of total weight. Hence, the
amount of water in the sample can be calculated as
VW = ρW

W
md
100% − W

(2.55)

where ρW is the density of the internal solution inside the exchanger;41 W is the water
content. Volume of the swollen sample (VR ) relates to its dry weight as
VR = ρ

100%
md
100% − W

(2.56)

where ρ is the density of the swollen material. VR is also connected with volume of
the bed:
VR = Vbed

100% − ε
100%

(2.57)

where ε is the fractional void volume of the packing, i.e. fraction of the bed volume
unoccupied with the ion exchanger. Combining Eqs (2.52)–(2.57) could provide interrelation between capacity characteristics Qtot , CR , and Qbed . However, one has to be sure
that the meaning of n is the same in Eqs (2.52)–(2.54). Otherwise additional coefficients
or relationships must be introduced to indicate fraction of functional groups considered
in each case.
Derivations similar to (2.52)–(2.57) can be used to interrelate other capacity characteristics. The main difficulty is to secure that the measured values (like n in the example
above) are the same, i.e. the measuring conditions have affected the measuring of two
(or more) capacity characteristics in the same way.
To conclude the section, the following warning must be expressed. The term ion exchange
capacity does not say much if there is no description of its meaning. In worst case
(when no description is provided), one can suggest that the total ion exchange capacity
is discussed but this suggestion is hardly reliable. Supplying a capacity value with
corresponding units is often insufficient because such dimensions as, for example, milliequivalents per gram or milliequivalents per cubic centimetre can refer to the swollen
or dry material or to the exchanger bed.
2.7 Physical Structure
As described in Section 2.3, most of the organic ion exchange resins consist of an
essentially irregular macromolecular, three-dimensional network of hydrocarbon chains

41 Concentration of groups or ions in the internal solution is usually calculated with the assumption that the
density of internal solution does not differ from the density of bulk solution of the same composition. This
assumption is far from being precise because the internal liquid is a subject for many influences (elastic response
of the matrix, hydrophobic interactions with hydrocarbon chains, etc.).
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bearing functional groups. The matrix and functional groups define the chemical properties of the polymer. However, besides the chemical structure, physical configuration of
the material is also highly important for the performance because it defines surface area,
mechanical stability, resistance to a liquid flow, etc. Even thermodynamic and kinetic
characteristics of ion exchange are dependent on the macrostructure of the material (see
Chapters 7–10).
Ion exchange polymers differ due to differently distributed density of the gel. Conventional, so called gel resins (a in Fig. 2.15) have relatively homogenous polymer density
across the bead.42 The gels have no well-defined pore structure; however, the molecularand nano-scale open areas between the hydrocarbon chains are conventionally designated
as pores without considering the true geometry.43 When the gels are swollen, these pores
contain the solvent; the pores collapse at drying and are thus virtually non-existent in
dry state. The isoporous resins (b in Fig. 2.15) have specially designed homogenous
distribution of polymeric chains across the bead and thus more regular structure of the
micropores.44
The most widely used materials nowadays are macroporous resins (c in Fig. 2.15).45
They have heterogeneous (in nano- and macro-scale) structure consisting of two phases:
(i) gel regions containing dense polymer chains and a minor amount of the solvent,
(ii) macroscopic permanent pores containing solution similar to the surrounding medium
[189,190]. Such materials are obtained by synthesis in the presence of an inert diluent that
dissolves the monomers but precipitates the grooving copolymer. In the course of polymerisation, the initially homogeneous mixture separates into two phases; one of which

(a,b)

(a)

(c)

(b)

(c)

Fig. 2.15. Morphology (upper row) and distribution of polymeric chains (bottom row) in ion
exchangers: (a) gel resins; (b) isoporous resins; (c) macroporous resins.

42 Please note two meanings of the words conventional ion exchange resins. Traditionally, they refer to gel-type

ion exchangers. However, the same words can also be used when well-known marketed materials are discussed
without specifying their physical structure.
43 Only few inorganic exchangers have pores as channels of uniform cross section [187].
44 The difference between conventional gels and isoporous structures was also discussed in Section 2.3.
45 History of the origin and development of macroporous ion exchange resins can be found in the publication
of Abrams and Millar [188].
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is the cross-linked polymer and the other is pure solvent (which defines the pore structure) [140,191]. Macroporous resins have permanent pores with diameters of these pores
in the range of 20–200 nm that is much larger in comparison with the distance between
adjacent hydrocarbon chains of gel-type materials (0.5–20 nm) [187,190]. An important
feature of macroporous materials is the relative constancy of their shape. Macropores
do not collapse when these materials lose water, that is in contrary to pores of the gels
which appear only in the swollen state (even their size is defined by the swelling degree).
Macroporous resins are highly advantageous if the performance of the process is limited
by a slow diffusion of exchanged ions in the gel phase of the material. The diffusion is
much faster when it takes place in the liquid phase filling the macropores (the solution
in macropores is the same or, at least, similar to the solution surrounding the exchanger).
Besides the facilitation of the diffusion rates, the open-pore structure allows diffusion of
large molecules. The exchange takes place on the surface of macropores or in close proximity to the surface, thus the molecules do not enter the dense gel regions. In addition
to the faster process rates, macroporous ion exchange polymers exhibit better chemical
stability, especially resistance to oxidation [192].
Assembling ion recognition sites of imprinted polymers on the surface of the pores
has been successfully performed. Such polymers imprinted with metal ions have been
prepared by emulsion polymerisation under conditions allowing the formation of the
desired chelate complexes at the aqueous–organic interface of the emulsion. This positioning of the functional sites has been preserved during the polymerisation process
[193]. Imprinted polymers exhibit greatest affinity to desired ions and molecules. These
materials are discussed in detail in Section 3.2.
While surfing through literature on ion exchangers, one can find the term macroreticular
resins. The term was introduced in an attempt to denote different types of porosity [188],
however, it became a synonym for macroporous resins. Some authors use this term to
emphasise the structure of beads consisting of well-defined micro-grains that is illustrated
by Fig. 2.16.
Most of the ion exchange resins are marketed as beads or grains of spherical or undefined
shape. Non-spherical beads are often called blocks. The resins are also manufactured as
membranes, fibre-shaped materials, textiles, and other less conventional forms.
The granular ion exchange resins usually have a relatively wide distribution of the bead
size. However, many ion exchange processes and technologies impose certain limitation
for the bead size and often require use of monodisperse materials. As a result, many
applications begin from a size separation of commercial ion exchangers that is most
often performed with sieving. To provide customers with more convenience, most of
the producers offer materials with narrow ranges of the size distribution of the beads.
Special synthetic procedures allow syntheses of monodisperse materials. Figure 2.17
shows morphology of the monodisperse material MonoPlus S 100 produced by Bayer.
Figure 2.18 shows the size distribution diagram for this material in comparison with the
corresponding hetero-disperse polymer [195]. However, synthesis of mono-sized beads
is not a simple task and has been accomplished only in few cases. Thus most of the
marketed materials with narrow bead-size distribution are simple sieved (or treated with
some other size-discriminating technique) prior to the packing.
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microspheres

particle
of resin

Fig. 2.16. Illustration of the term macroreticular resin. Micrograph of macroporous resin
Amberlyst-15 (sulphonated polystyrene with 20% of divinylbenzene as the cross-linking agent)
and corresponding schematic representation. Each bead consists of small, relatively uniform particles separated by large pores. In fact, these particles are simply regions occupied with the high
density polymer. The micrograph is reprinted from M. A. Harmer and Q. Sun, in: Applied Catalysis
A - General [194] 2001, Elsevier ©.

Fig. 2.17. Monodisperse ion exchangers MonoPlus S 100 (Bayer). Reprinted from A. Scheffler,
in: Ion Exchange at the Millennium [195] 2000, with kind permission of the Society of Chemical
Industry ©.
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Fig. 2.18. Bead size distribution for monodisperse material MonoPlus S 100 (black curve) in
comparison with corresponding hetero-disperse polymer (grey curve) [195].

The density of most of the polymeric ion exchangers is above 1 g/cm3 . The density
of swollen cation exchangers is usually higher than the density of anion exchangers.
Approximate values are: 1.10–1.40 g/cm3 for cation exchangers and 1.01–1.10 g/cm3
for anion exchangers [187]. This difference in density is often exploited for the separation
of these two types of sorbents.46 Density of some weak anion exchange resins could be
below the density of surrounding solution that makes certain inconvenience when these
materials are used in packed bed reactors.
Specific applications require specific properties of ion exchange materials. For example,
the expanded bed technique47 often requires higher density of the exchanger beads than

46 Separation of a cation and anion exchange beads mixture is a common and regular task in so called mixed
bed deionisation. The mixed bed technique will be discussed in Section 12.6.
47 The expanded bed technique will be discussed in Section 14.2.
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that can be provided by the polymer itself. The solution is in the use of composite
functional polymers incorporating heavy particles of inorganic nature. For example, the
particles of TiO2 have been integrated in cellulose-based materials supposed for anion
exchange bioseparations in expanded bed columns [196]. Assemblies consisting of a
dense core, protecting polymeric layer, and the external layer of functional polymer
could be even more advantageous due to the absence of functional groups located deep
inside the bead. However, information about successful preparation of such materials is
limited.
Many functional polymers are marketed nowadays in the form of fibres or textiles
(Fig. 2.19). Inorganic fibrous ion exchangers consisting of monofilaments of uniform
size are also known (Fig. 2.20). The materials of fibrous structure have provided a
number of advantages:
• Short diffusion passes are predetermined, providing sorption rates that can be up to
hundred times faster than that of the conventional granular resins (with a particle
diameter usually between 0.25 and 1 mm) [160].
• Fibrous ion exchangers have higher osmotic stability that allows them to be mechanically more durable in conditions of multiple wetting and drying (for example, at
cyclic sorption/regeneration processes in treatments of gaseous media) [160].
• They allow designing of packet reactors with pressure drops much lower than in
reactors using granular materials [199].

Fig. 2.19. The SEM image of fibrous ion exchange polymer bearing amidoxime groups (left) and
the same material loaded with Au3+ (right). Reprinted from W. P. Lin, Y. Lu, and H. M. Zeng,
in: Journal of Applied Polymer Science [197] 1993, with kind permission of John Wiley &
Sons Inc. ©.
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Fig. 2.20. Electron micrograph of an inorganic fibrous ion exchanger polyacrylonitrile
thorium (IV) phosphate consisting of monofilaments of uniform size ranging between 5 and 50 µm.
Reprinted from K. G. Varshney, N. Tayal, A. A. Khan, and R. Niwas, in: Colloids and Surfaces
A - Physicochemical and Engineering Aspects [198] 2001, Elsevier ©.

20mm

Fig. 2.21. Morphology of fibrous cation exchanger (sulphonated polystyrene) obtained with electrospray deposition. Reprinted from H. Matsumoto, Y. Wakamatsu, M. Minagawa, and A. Tanioka,
in: Journal of Colloid and Interface Science [200] 2006, Elsevier ©.

• Fibrous ion exchangers can be used in the form of various textile goods such as
cloth, conveyer belts, non-woven materials, staples, nets, etc. This opens many
unusual possibilities for new technological designs [160].
Novel techniques allow preparation of ion exchangers with unusual morphology. For
example, organic fibrous cation and anion exchangers shown in Fig. 2.21 have been
obtained with electrospray deposition [200]. Another composite material is shown in
Fig. 2.22 [201]. It has been prepared by coating of a glass fibre substrate with a styrene–
divinylbenzene oligomer and then by curing and sulphonation. Figure 2.23 presents one

52

Ion Exchange Materials: Properties and Applications

Fig. 2.22. Composite ion exchange material consisting of glass fibres covered with sulphonated
styrene–divinylbenzene polymer. Reprinted from L. Dominguez, K. R. Benak, and J. Economy,
in: Polymers for Advanced Technologies [201] 2001, with kind permission of John Wiley & Sons
Limited ©.

Bonding by melting of binder

Ceramic fibre

Fig. 2.23. Composite zeolite sheets based on a mixture of cotton linters pulp, ceramic fibre, and
zeolite. Alumina sol was used as the binder. The sheets were ignited at 700◦ C. Reprinted from
H. Ichiura, N. Okamura, T. Kitaoka, and H. Tanaka, in: Journal of Materials Science [202] 2001,
with kind permission of authors and Springer Science and Business Media ©.
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more example of ion exchange composite based on a mixture of cotton linters pulp,
ceramic fibre, and zeolite [202].
Hypercrosslinked polymeric networks [140,144], particularly Macronet Hypersol MNseries (Purolite Int. Ltd.) are characterised by a very high internal surface area (1000 m2 /g
or higher) [72,140,146] while the surface of conventional macroporous ion exchange
resins is an order of magnitude less. Scanning electron microscopy examination of such
polymers reveals a uniform globular structure (the globule diameter 120–160 nm) for all
the Macronets. The large inter-globular pores enable rapid diffusion of sorbates. Texture
of the surface indicates possible presence of macropores with size around 20 nm [146].
Another class of ion exchange materials is membranes. Their chemical structure is the
same as the structure of ion exchange resins: cross-linked polymer chains bearing either
fixed positive or fixed negative charges. Membranes are manufactured as continuous
sheets, tubes, disks, ribbons, etc. Manufacturing methods define two types of membranes:
homogeneous and heterogeneous membranes. Homogeneous membranes are more common nowadays. They are ion exchange gels with ionic groups evenly distributed in the
membrane bulk, i.e. they consist of conventional gel-type ion exchange resins. Heterogeneous membranes contain particles of an ion exchanger incorporated in an inert support
(polystyrene, polyethylene, wax, etc., see Fig. 2.24). They possess a high mechanical
stability but their performance in different practical applications is not as good as those

−
+
Inert binder

+
Cation exchanger

+
−
−
Fig. 2.24. Heterogeneous cation exchange membrane. Particles of the exchanger are embedded
in an inert binder. The direct contact between beads of the ion exchanger is essential to allow
free migration of counterions in, out, and through the membrane. Co-ions are repelled by the
fixed charges (as described later in Section 7.7) and cannot pass through the membrane. Inert
binder does not allow passage for any ions. As a result, only positively charged ions can migrate
through cation exchange membranes, while anion exchange membranes allow the passage of only
negatively charged ions [71]. The pass-ways are torturous and defined by packing of the exchanger
particles.
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Table 2.4. Main properties of ion exchange resins.
Chemical
•
•
•
•
•

Type of the matrix
Cross-linking degree
Type of functional groups
Ion exchange capacity
Ionic form

Physical
•
•
•
•
•

Physical structure and morphology
Particle size
Pore size and morphology
Surface area
Partial volume in swollen state

of the homogeneous membranes. Heterogeneous membranes are not widely used nowadays, however, they are “easy to prepare” and thus are convenient laboratory test objects.
More about properties of ion exchange membranes and exploitation of these properties
for separation needs is discussed in Chapter 17.
2.8 Properties of Ion Exchange Resins – Summary
Properties of ion exchange resins have to be summarised once more to conclude this
chapter. The list of main properties is presented in Table 2.4. Of course, each material
has many more characteristics. The list contains characteristics that are most common
for all ion exchange materials. It allows to identify the material while its performance in
different processes could be described with the use of corresponding secondary values.
For example, chemical affinity towards different types of ions is characterised by different selectivity characteristics (see Section 8.4). However, the affinity is a product of a
combination between the type of functional groups, type of matrix, cross-linking degree,
ion exchange capacity, swelling, and even composition of the surrounding media.

CHAPTER 3

Specific Interactions in Ion Exchange Systems

Most of the classic ideas about the nature of ion exchange do not suppose direct interactions between ions and functional groups. Such models discuss the exchange of ions as a
process involving the overall material rather than separate structural units. These models
are described in detail in the beginning of Chapter 7. However, many systems are characterised by specific chemical interactions of sorbed ions with functional sites, exchanger’s
framework, and/or other dissolved species. Such interactions can provide high selectivity48 to the ion exchange systems as well as allow designing of highly efficient ion
exchange processes. Obviously, certain specificity in both theoretical approaches and
practical applications can be expected. This chapter introduces materials and systems
characterised by such “non-classical” behaviours. More detailed theoretical approaches
are discussed in Chapters 7 and 8.
3.1 Chelating Ion Exchangers
To begin with the description of chelating ion exchange systems, a few basic ideas of
complex formation should be recalled. It is necessary for two reasons: first to give a
starting point for readers who feel uncomfortable with the concept of complex formation
and, second, to emphasise that only simple basic ideas of complex formation will be
discussed.
Many ions (usually ions of transitional metals) tend to surround themselves with
molecules or ions having a lone pair of electrons. These surrounding species (ligands)
donate their electron pairs to the central ion, establishing covalent-like bonds, called
coordination bonds. The formed species are coordination compounds. Among atoms
able to donate electron pairs are nitrogen, sulphur, and oxygen. Molecules or ions containing these atoms can act as ligands. Ammonium as well as water molecules are good
examples.
48 The concept of selectivity is discussed later in Section 6.8. At the moment, the simplest qualitative definition
can be used: the selectivity is a comparative characteristic indicating the preference of the ion exchange material
to one ion in comparison with another ion.
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Besides coordination binding, other forces can also be responsible for assembling
molecules and ions. Such assemblies are also referred to as complexes because concepts
such as complex stability, stoichiometry, etc. are applicable for all types of associates.
However, there are no coordination bonds in such structures. Thus, a number of concepts
discussed below are not applicable to them.
The number of ligands coordinated around the central atom is defined by the number
of coordination bonds, called coordination number or coordination valence, that is a
property of the central ion. The most common number is six while the same central atom
can show more than one coordination number depending on the ligands and conditions.
As was indicated above, a ligand is able to fulfil the coordination valence because of the
electron pair donating atom. If a ligand contains more than one such atom, it can fulfil
more than one coordination valence. Depending on the number of coordination bonds that
can be formed by the ligand, the ligand is called monodentate, bidentate, or polydentate.
Coordination interactions are highly specific. The specificity can be assigned to the fact
that each electron-donor atom in the coordination shell fulfils a certain position relative to
the central ion. Typical structures of complexes are octahedral (coordination number 6),
tetrahedral (coordination number 4), or square planar (coordination number 4). All distances in these coordination structures are of primary importance and specific for each
coordination compound.
A typical example of a coordination compound is the coordination of a metal ion with
hexadentate ligand EDTA. The complex is shown in Fig. 3.1. As one can see, different
electron-donor atoms (nitrogen and oxygen) are assembled in one coordination shell.
There are no restrictions to assemble different ligands as well, as long as the geometry of
the complex is intact. Besides other phenomena, it leads to the fact that many complexes
have structures with apparently unfulfilled coordination numbers. For example, an ion
having coordination number 6 can be surrounded only with four monodentate organic
ligands. It usually means that two other coordination valences are occupied with water
molecules (oxygen atoms of water as well as those incorporated in organic ligands are
electron-donors).
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CH2
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Fig. 3.1. Coordination of EDTA around Me2+ ion. As long as the charge of EDTA is −4, the
overall complex is negatively charged. Charge-compensating non-complexed cations (for example,
two ions of Na+ ) are not shown in the structure.

Specific Interactions in Ion Exchange Systems

57

Organic structures of functional groups often contain nitrogen, oxygen, and/or sulphur
atoms, which are electron-donor elements. Such groups can form chelate structures
with certain counterions. The complex formation provides a high selectivity of chelating
materials towards these counterions due to the high specificity of the complex formation. Different combinations of electron-donor elements and organic structures enable to
design a large variety of coordination groups. Nevertheless, there is only a limited number of chelating materials marketed. This is explained by low stability of some groups and
also in most cases, for commercial reasons, for example, the high synthesising cost [193]
and small amounts required by commercial applications [203]. Table 3.1 shows examples
of chelating functional groups and indicates their affinity to certain types of ions. A much
wider diversity of chelating groups can be found in literature, for example, in the review
of Sahni and Reedijk [213]. The selectivity of these groups is defined by their chelating
ability, i.e. by formation of coordination bonds in the phase of ion exchanger. Please note
that the information contained in the column “Specific selectivity” in the table should not
be understood as an indisputable value. In many cases the table indicates the ion that can
be associated with a higher selectivity in comparison with other ion exchangers while
some other ions can be associated even more strongly. For example, aminophosphonate
resins are among the best materials for selective sorption of zinc ions [156]. However,
these resins are still more selective towards Cu2+ . The reason of the assignment to Zn2+
is that there is no material more selective to zinc than to copper and, hence, this resin
can be a good choice for chelating of zinc in the absence of copper ions.
The relationship between conventional ion exchangers and chelating resins has already
been discussed in Section 2.4. Chelating resins can be considered as a special type of
ion exchangers. These materials usually exhibit an ability to coordinate counterions in
addition to the ability for simple ion exchange interactions. Let us consider an example
of iminodiacetic groups which form strong chelating complexes with Cu2+ and other
transition metals
CH2 COO−

CH2 COOH
N

+

Cu 2+ =

N

CH2 COOH

Cu2+
CH2 COO−

+

2H +

(3.1)

If the chemical system contains only ions which do not participate in the formation of
coordination bonds, simple non-specific ion exchange reactions can take place:
CH2 COO− +Na

CH2 COOH
N

+

Na+

=

N

CH2 COO− +Na

CH2 COO− +Na
+

CH2 COOH

(3.2)

CH2 COOH

CH2 COOH

N

H+

+

+

Na

=

N
CH2

COO− +Na

+

H+

(3.3)

Table 3.1. Selective functional groups of chelating ion exchange materials (examples).
Group

Structure

Specific selectivity
O−
Me2+

N

Amidoxime
H2N
CH2

CH2

NR

Aminomethylphosphonate

NH2
O−

Heavy metals [187],
Au3+ [197,204]

N
P

O−
O−
Me2+

O

Alkaline earth ions [187,203],
nickel [44], zinc [44,45,156],
copper [205,206]

R = H; -CH2PO(OH)2

Combined imidazole and
carboxylic

Iminodiacetic acid

N

NH2

N

CH2 N

All forms of chromiuma [207]

COOH

CH2COO−
Me2+
CH2COO−

Heavy metals [157,187,205]

O
O

Lysine-Nα ,Nα -diacetic
acid

NH

O
X

O

Fe

N
O
O

X

Trivalent “hard” metal ions
[208,209]

Picolinic

Copper [157,182]
N

COOH

S
R

Thiourea
R=

NH2

NH
CH2 ;

CH2 NH (CH2)2 ;

S

S

1,3,4-thiadiazole-2ditiol

Pd

N N
S

CH2 NH (CH2)3

Gold [210], silver [210],
mercury [211], copper
[157]

S

Au(III), Pd(II) [102]

N N

S

S

Cl
NH

Sulpha guanidine

Pd

SO2 NH C

H2N

C NH SO2

Palladium [103,212]

HN

NH2
Cl

OH

OH OH

H
NH CH2 C C C C CH2OH
H OH H H

CH2 S C

Borate [187]

NH
NH2

Mercury [187]

a As long as chromium of high valences exists in solutions as anions (CrO2− , Cr O2− ), different chromium ions are bounded through different mechanism: cation
2 7
4

exchange on carboxylic groups or anion exchange on imidazole groups.
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Further more, in acidic solutions the iminodiacetic unit can act as a weak anion exchange
group, i.e. to be protonated and acquire a positive charge:
CH2 COOH
N

+
CH2 COOH

H+ =

+

CH2 COOH
NH

(3.4)

CH2 COOH

This example shows an amphoteric nature of chelating groups. Hence, some of the
chelating materials can also be considered as bipolar (amphoteric) exchangers.
The examples discussed above have proved that chelating materials can act as conventional ion exchangers. Examples in contrast can also be presented to confirm the absence
of a borderline between these materials. Carboxylic ion exchangers – that are conventionally used as a first example of weak ion exchange resins – readily form chelating
complexes with different multi-charged cations: U 4+ [214], Ca2+ [215], Cu2+ [215],
Zn2+ [215], Mg2+ [215,216], Cd 2+ [216], etc.
Another example is the complexation of metal ions by weak-base anion exchangers
[27,217,218]. These materials bear primary, secondary, and/or tertiary amino groups and
are normally applied for removal of strong acids. However these resins possess unique
properties due to the Lewis-base behaviour of amino groups. They are able to undergo
coordination bonding with Lewis acids such as heavy metals. Of course, a transfer of
an equivalent amount of co-ions accompanies sorption of the metal ion to maintain
electroneutrality, i.e. the process is not an exchange of ions but a mere sorption of whole
salts [27,217]. An example of such a complex formed between an anion exchanger with
structure (2.32) and Cu2+ ions is shown in Fig. 3.2.
The complexity of interactions involving chelating polymers can be illustrated by sorption of Fe3+ ion on a chelating resin having a lysine-Nα ,Nα -diacetic acid groups (see
structure (3.5)) [209]. These groups have three sets of aminocarboxyl groups in the same
moiety and thus exhibit a great affinity for trivalent “hard” metal ions [208,209]. This is
probably because electrical neutrality can be attained with one metal cation and one
group to form an 1:1 metal complex. Affinity between “hard” aminocarboxyl functional

Fig. 3.2. Examples of complex formation between secondary amines of a weak-base anion
exchanger and Cu2+ ion. Charge-compensating co-ions and water molecules are omitted for
simplicity.
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groups and “hard” metal ions could be an additional reason for the strong association
[209]. This material retains trivalent “hard” metal ions more strongly than iminodiacetic
acid type resins well-known for their strong complexing ability [209,219]. Sorption of
one Fe3+ ion causes a release of three protons. However, the complexity of interactions is
not limited by the straightforward ion exchange. Non-exchange sorption of hydrochloric
acid which is present in the solution can accomplish the process [209]:
O
O
Cl −
NH2
+

O
L

O

Fe

N

L

(3.5)

O
O

where L represents a non-selective, neutral ligand fulfilling the coordination number of
the iron ion (for example, H2O or Cl−+ H). The complex obtained can be used in the
ligand exchange processes that are discussed later in Section 3.3.
Steric availability of functional groups can significantly affect the response of the chelating material to ions with different valence and coordination ability. To secure sufficient
chelating interaction, the requirement of only one functional group involved in each complex has been widely imposed [213]. Indeed, chelating of two or more groups around one
counterion is possible only if these groups are located in close proximity to each other
and the location geometry allows formation of the complex. However, this requirement
cannot be considered as a strict one. Many examples can be named where two or even
more groups are coordinated around one counterion (for example, amidoxime groups,
carboxylic groups, etc.). Such coordination in conventional materials can be assigned
to certain mobility of groups inside the exchanger phase, which is due to flexibility
of polymeric chains and hydrocarbon spacers linking the groups and matrix. A more
advanced option to achieve formation of such complexes is the preparation of imprinted
ion exchangers (see Section 3.2) with groups pre-organised in favourable positions [143].
Nevertheless, the total content of complexes involving two or more groups can never
achieve the total exchange capacity of the material because a fraction of groups is always
located too far from each other for the proper chelate formation.49 Such fraction exists
in both highly flexible and imprinted materials.
3.2 Imprinted Functional Polymers
As mentioned earlier, ion exchange materials consist of functional groups or binding
sites supported by insoluble structures. The mechanism of ion exchange can include
an association between counterions and functional groups causing a high affinity of
the material towards the ion or group of ions. This association is specially exploited

49 Please note that the loading with the metal ion can match the total capacity. However, a fraction of counterions
would be bounded through conventional ion exchange mechanism, i.e. much weaker than counterions involved
in the complexes.
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when chelating systems are designed. If one or more ions tend to associate with one
functional group, the process is limited by only steric availability of this group, i.e.
the interaction can be hindered only if the group is surrounded by dense regions of the
material and ions cannot approach to establish the association. More limitations can be
recognised for the case when one ion associates with two or more functional groups that
are randomly distributed in bulk of the material. Most groups are located at distances
that are too far or too close from each other to form the thermodynamically mostfavourable complexes. Association of two or more groups requires bringing the groups
in certain geometrical positions, i.e. the association of several functional groups with
one counterion causes conformational rearrangements of polymeric chains.50 The left
panel of Fig. 3.3 illustrates this statement. Such rearrangements are thermodynamically
demanding and can cause significant reduction in the strength of the complexes formed.
Manufacturing of functional polymers with desirable arrangements of functional groups
should provide materials designed specifically for certain type of complex formation
(right panel of Fig. 3.3).
The approach called imprinting51 was first proposed for silica gels [220,221] and for
non-ionic polymers [222] targeting a selective sorption of organic molecules. In the
classical example (Fig. 3.4) a silicate solution was acidified in the presence of dye
methylorange leading to a dye-imprinted gel. The material, obtained after drying the

Fig. 3.3. Association of two functional groups around one counterion is opposed by elastic force
if the groups are randomly attached to the matrix (left). Pre-arrangement of group positions allows
avoiding such counteraction (right).

50 This effect is peculiar for flexible polymeric matrixes. Exchange sites of inorganic exchangers are rigidly

fixed in the crystalline structure and cannot be organised around the sorbed ion.
51 The imprinted materials are also called templated polymers, polymers with molecular recognition sites, and

polymers with memory.
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Na2O+SiO2
H+ aq
methyl orange

Wash

Rebinding

ethylorange

Fig. 3.4. Specific adsorbent for methylorange described by Dickey [221]. Reprinted from
B. Sellergren, in: Trends in Analytical Chemistry [223] 1997, Elsevier ©.

gel and eluting the dye, sorbed more than twice as much methylorange as ethylorange
in a subsequent rebinding experiment. This binding preference could be reversed by
using ethylorange as the print molecule [221,223]. Ion exchange systems were originally
considered as more difficult for imprinting because of their ionic nature and necessity to
deal with aqueous environment [193,224]. Nevertheless, successful works on preparation
of sorbents imprinted with metal ions were conducted from 1970s [225–230].
The imprinting process requires a template molecule or ion that organises polymerisable
functional and cross-linking molecules [218,231,232]. First the functional monomers
are arranged around the template (print molecule). Then they are chemically fixed by
co-polymerisation with a cross-linking monomer (upper branch of Fig. 3.5). The outcome
is a rigid polymeric matrix embedding the template. Removal of the template leaves
recognition sites specific to the template and its close analogues.52 Another similar
approach to preparation of imprinted polymers consists of the purposeful conformational rearrangement of non-crosslinked polyelectrolyte macromolecules into positions
favourable for complex formations with certain metal ions (bottom branch of Fig. 3.5).
Subsequent cross-linking preserves these conformations [230,233]. A similar procedure

52 The active sites of imprinted polymers are often regarded as molecular size cavities which are stereochemically complimentary to the targeted species. However, it does not mean that the site must actually be shaped
like a cavity.

64

Ion Exchange Materials: Properties and Applications

Pre-assembly

Polymerisation
with
crosslinking

Removing
template

Pre-assembly

Crosslinking

Removing
template

Fig. 3.5. Two approaches for imprinting process. First (upper branch) is started from pre-assembly
of functional monomers around the template (print molecule) followed by co-polymerisation with
a cross-linking agent. Second (bottom branch) is started from pre-assembly of linear functional
polymers followed by a cross-linking of obtained complexes. In both cases the cross-links “freeze”
functional groups in their positions forming template-defined sites. Removal of the template does
not affect the site geometry that provides a specific affinity to the template or template-like
molecules.

was used for preparation of polymers able to separate mixtures of different ions and
organic compounds [226,234,235]. The shape of the binding sites remains unchanged
after removal of the template from the resulting cross-linked network. Materials obtained
with both approaches are capable of rebinding the template or similar species with high
affinity and selectivity that is defined by the absence of the opposing elastic forces, i.e.
sorption of targeted ions or molecules is thermodynamically highly favourable [218,223].
Similar approaches have been applied to inorganic ion exchangers. Zeolites can be synthesised using organic templates defining favourable shape of the pores. However, so far,
the achieved specificity increase was not as high as in the case of polymers and, thus,
could be insufficient to invoke true imprinting [236,237].
The molecular recognition53 of targeted species by the imprinted material can be driven
by ion exchange, hydrogen bonding, van der Waals forces, and/or the hydrophobic
effects. Functional units chosen for the material synthesis should allow a maximum
number of complementary interactions [238] that could lead to an increased binding
strength and fidelity in recognition [238,239]. The strength and positioning of these
interactions are equally important [238] while contribution of other factors is also
significant. The influencing factors are summarised in Fig. 3.6.
Variations of physical properties of the imprinted materials are not so wide in comparison
with conventional ion exchange resins. The limitation is imposed by the multiple role
of the polymeric matrix. Besides the simple support of functional groups, the matrix
should be rigid enough to allow stiff positioning of the groups in the recognition sites.

53 Molecular recognition is a term emphasising specificity of interactions with the “recognised” object.

It originates from the fact that the approach was first developed for organic molecules. Nevertheless the
general principle is perfectly applicable to ionic substances.
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• Number of interactions
+

• Nature and position of the interactions

• Template shape

• Monomer template rigidity

Fig. 3.6. Factors influencing formation of imprinted binding sites. Reprinted from B. Sellergren,
in: Trends in Analytical Chemistry [238] 1999, Elsevier ©.

As a result, most of the imprinted materials are highly cross-linked [137]. Such polymers
have a limited swelling because the chains relocation, caused by the swelling, affects
steric location of functional groups and, hence, distorts the recognition sites [193].54 The
role of the polymer matrix, however, is not only to contain the binding sites in a stable
form but to provide porosity allowing easy access for the targeted species to all sites.
As a result, in contrast to the requirement for rigidity, the polymers should also have
some flexibility. The flexibility is also necessary to allow a reasonably fast binding and
releasing of the target substances within the active sites [137]. For most applications in
liquid media, permanent porosity and a large surface area of meso- and macro-pores are
preferred, i.e. most of the imprinted materials have a macroporous structure to allow the
mass transfer inside the polymer phase. This gives materials containing mainly accessible
sites (sites A in Fig. 3.7), although a significant number of non-specific sites of type F may
also be present [238]. Based on the above described criteria of accessibility, integrity, and
54 In some cases the recognition sites could be re-established after shrinking [240] however reproducibility of
this phenomenon in repeated swelling–shrinking cycles has yet to be studied.
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Site A. In macropores

F

E

Site B. In micropores
Site C. Embedded

A

D

Site D. Site coalescence
Site E. Induced binding site

C

B

Site F. Non-specific site

G
Site G. Residal template

Fig. 3.7. Different types of binding sites formed during preparation of molecularly imprinted
polymers. Only sites of type A are desirable for the perfect molecular recognition. Reprinted from
B. Sellergren, in: Trends in Analytical Chemistry [238] 1999, Elsevier ©.

stability, the sites can be classified into different types (Fig. 3.7). The sites associated with
meso- and macro-pores (>20 Å, site A) are expected to be easily accessible compared
to sites located in the smaller micropores (<20 Å, site B) where the diffusion is slow.
Unfortunately, the number of the latter may be higher since the surface area, for a
given pore volume, of micropores is higher than that of macropores. The problem of
slow kinetics can be solved for aqueous systems by specifically designing macroporous
polymers bearing molecular recognition sites only on the surface of the macropores [241].
In this case, the selectivity would be defined by positions of the functional groups on the
surface plane rather than by the steric preference of the cavity (that is usually considered
as the cause for the selectivity of imprinted sorbents).
The preparation of an imprinted material targets to get maximum number of recognition
sites. However, the high yield is hardly achievable. One undesirable effect of adding
an excess of template is the loss of site integrity due to coalescence of the binding
sites (site D in Fig. 3.7), which is related to the extent of template self-association. The
optimum amount of template is usually about 5% [238].
No single approach appears to be problem-free. Although the imprinting technique is
conceptually more attractive, it provides slow ion exchange kinetics [193,238], which
arises from the inner diffusion resistance of the imprint molecules towards the recognition sites [193]. The kinetic performance55 is normally reversible depending on the
selectivity of the sorbent that makes the enormously selective imprinted polymers kinetically slow and disadvantageous.56 Another problem in molecular imprinting concerns
the small amount of template that remains strongly bound to the polymer after extraction
55 Kinetics of ion exchange is discussed in Chapter 7. The term kinetic performance here points to the practical

speed of considered ion exchange processes.
56 The reverse dependency between selectivity and kinetic performance is a common trend for all functional

polymers.
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(site G in Fig. 3.7) [238]. The remains could be more than 1% of the amount of template
given to the synthetic mixture; they are bound even after careful washing of the polymer
[242–245]. This may not constitute a problem in preparative separations or catalysis,
but when the materials are used for sample preparation prior to analytical quantification
of low levels of analytes, bleeding of these remains can cause false results [244,245].
Another common limitation is an extensive non-specific binding caused by the low yield
of the high affinity sites [238].
High selectivity of the obtained materials to particular substances leads to the possibility
of creating highly efficient separation processes [224,246,247] and highly stable catalytic
sites [224,237,248,249]. Thus, commercial use of imprinted materials requiring strong
and selective binding of molecules is being assessed. There are also extensive studies
on the use of imprinted materials targeting to design specific receptors or molecular
sensors [224,250]. This development is driven by the potential advantages of polymeric
receptors over biological receptors in terms of stability, capacity, cost, and simplicity of
preparation [223]. Novel medications could also be mentioned as a prospective area for
application of imprinted materials [251].
Intensive research is carried out to improve the existing and to develop new imprinted
exchangers. Thus, the problems limiting the application of these materials have to be
summarised to point out the main directions for further efforts. These limitations can be
named as following [238]:
• Only partial yield of highly specific binding sites is achievable. As a consequence,
the selective capacity is low and an extensive non-specific binding of different
species occurs.
• The mass transfer rate of the selectively sorbed substances inside the material
is slow.
• Analytical determinations can be affected by bleeding of the non-removed template
remains.
• Polymers imprinted for a number of important classes of compounds are still to be
developed and more practical and rapid synthetic procedures need to be found.

3.3 Ligand Exchange
Principles of complex formation were briefly discussed in Section 3.1. The following has
to be added. The coordination shell of a complexing metal can be filled with different
ligands. Even more, different ligands can be present in the coordination shell at the same
time forming the so called hetero-ligand complexes. The complexes can exchange ligands
with the surrounding solution thus being somehow similar to ion exchange systems.
The ability of complexes to exchange ligands has been combined with the ability of ion
exchange materials to retain whole complex ions. The coordination complexes are formed
inside the ion exchange material and the exchange takes place between the ligands,
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not between the counterions. The targeted ligands replace weaker associated ligands in
the coordination shell of the metal ion. Examples of ligand exchange reactions are
2+
−
(R− )2 [Cu(H2O)2+
4 ] + 4NH 3  (R )2 [Cu(NH 3 )4 ] + 4H2O

(3.6)

2+
−
(R− )2 [Cu(NH 3 )2+
4 ] + 2NH 2 C2 H4 NH 2  (R )2 [Cu(NH 2 C2 H4 NH 2 )2 ] + 4NH 3
(3.7)

In reaction (3.6), ammonia is sorbed by a cation exchanger in Cu2+ form replacing water
molecules in the coordination shell. Reaction (3.7) is a ligand exchange of ammonia for
ethylene-diamine [5]. Despite the non-ionic character of the phenomenon, the process can
be treated similar to conventional ion exchange processes because of its stoichiometric
nature. Infact, the whole complex retained in the exchanger can be considered as one
non-covalently assembled functional group.
Ligand exchange combines high selectivity of coordination interactions with high sorption capacity. Furthermore, the ligand exchange capacity can significantly exceed original
ion exchange capacity of the material. Indeed, the ligand exchange capacity (QLE ) is
defined by the amount of the loaded complex and by its coordination valence (nC )
QLE = C · nC

(3.8)

where C is the internal concentration of sorbed complexes. So far as the coordination
valence is usually higher than the charge of the complexes, the ligand QLE can exceed
the ion exchange capacity. Of course, the ligand-exchange capacity is lower if one or
more coordination valences of the metal ion are occupied by functional group of the ion
exchanger, i.e. if the group participates in formation of the coordination shell. Thus, the
general equation describing the relationship between the ligand exchange capacity and
ion exchange capacity (Q) can be expressed as
QLE = X · Q · (nC − nF )

(3.9)

where nF is the number of coordination valences in the complex that are occupied by
the ion exchange group; X is the fraction of the ion exchange capacity loaded with
complexes. Please note that Eq. (3.9) is expressed in equivalent scale while the more
conventional scale for ligand exchange capacity is millimoles of the specific substance
per gram of the dry material.
Similar to the ion exchange, the ligand exchange is essentially a stoichiometric process.
Contrary to ion exchange where the stoichiometry is provided by the electroneutrality
principle, ligand exchange is stoichiometric due to fixed coordination numbers. However,
deviations from the stoichiometric behaviour can occur if coordination valence of the
complexes is not saturated. Apparent behaviour of the system is also non-stoichiometric
if the material can physically sorb additional amount of the ligand.
Ligand sorption and ligand exchange are not restricted to liquid-phase operations.
For example, olefins, which form complexes with Ag+ , Cu2+ , etc. can be sorbed from
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gas streams. The examples (3.6) and (3.7) can also take place in both liquid and gaseous
media.
Selectivity of the ligand exchange system obviously depends on the strength of the
formed complexes, i.e. the selectivity is high when the complexes with the metal ion are
strong. This can be illustrated by the following simplified example considering exchange
of a single ligand per complexing metal ion




RMeL 1 + L2 = RMeL 2 + L1
(3.10)
where L1 and L2 are two different ligands. This reaction is characterised by the constant


RMeL 2 [L1 ]
˜ =

K ≈ K̃
(3.11)57
RMeL 1 [L2 ]

To participate in an interaction with the complexing metal ion, the ligand must migrate
in the internal solution of the exchanger. Hence, a complex formation constant can be
written for the exchanger phase


RMeL i

 
βi = 
(3.12)
RMe Li
Substitution of Eq. (3.12) for each ligand in Eq. (3.11) gives
 

β2 L2 [L1 ]
K=  

β1 L1 [L2 ]

(3.13)

There is no reason to suggest a selective distribution of free ligands between two phases.
At least, such selectivity would be negligible in comparison with difference between
complex formation constants for most of the systems. Hence,
 
L2 [L1 ]
 
≈1
(3.14)
L1 [L2 ]
and

β2
K∼
=

β1

(3.15)

57 The reaction (3.11) does not take into account non-ideality of the system, i.e. activities of species are assumed
to be equal to concentrations.
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One outstanding feature of ligand exchange is that very high selectivity can be attained
because the complex formation is a highly specific interaction and thus the difference
between 
β1 and 
β2 could be very high.
A loss of the complexing metal ions from the polymer is a drawback in applications of
ligand exchange systems. Such loss can be caused by ion exchange with other cations
and even by reaction of hydrolysis
RZ Me + ZH2O = ZRH + MeZ+ + ZOH −

(3.16)

This undesirable process results in a number of problems:
• Removal of the complexing metal ion means a loss of the ligand exchange capacity.
• If the replacing ion also exhibits complex forming ability, the polymer would possess
the ability to form two types of complexes with, obviously, different selectivity characteristics. This would make the material “bifunctional” (similarly to ion exchange
materials bearing two types of ion exchange groups) altering its performance.
• The metal ions would contaminate the product and, probably, cause a need in a
metal-removal treatment.
• Emitted metal ions can cause complex formation outside the sorbent and thus
counteract the ligand sorption and ligand exchange selectivity.
Reduction of the system selectivity in presence of a competing complexing ion in the
surrounding solution can be illustrated as following. Questions of selectivity will be
discussed in detail later in Chapter 8. At the moment a reader only needs to accept that
a practical separation performed with the use of the ligand exchange reaction (3.10) is
characterised by the separation factor α:
α=


C2 · C1

C1 · C 2

(3.17)

where C and 
C are total concentrations of the corresponding ligand in solution and in
the ion exchanger. Presence of non-complexed ligands in the internal solution of the ion
exchanger should be negligible (for system with solutions of moderate concentration).
Hence,



Ci ∼
(3.18)
= RMeL i
However, due to the presence of the metal, the external solution is a more complicated
system:
Ci = [Li ] + [MeL i ]

(3.19)

Equation (3.19) is written with the suggestion that complexes formed in solution have
the same 1:1 stoichiometry as those inside the exchanger, i.e. no occupation of coordination valences with ion exchange groups is considered in this example. Distribution of
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each ligand between two forms of existence is characterised by corresponding complex
stability constant
βi =

[MeLi ]
[Me][Li ]

(3.20)

Combination of (3.19) and (3.20) yields in
Ci = [Li ] + βi [Me][Li ]

or

[Li ] =

Ci
1 + βi [Me]

(3.21)

Substitution of (3.18) and (3.21) for each ligand in (3.11) produces

K=


C2 · C1 · (1 + β2 [Me])

C1 · C2 · (1 + β1 [Me])

(3.22)

Combination of (3.15), (3.17), and (3.22) gives

α=


β2 (1 + β1 [Me])
·

β1 (1 + β2 [Me])

(3.23)

Complex stability constants in internal solution of an ion exchanger are often considered
to be similar to corresponding constants determined in aqueous media [252,253]. At least,
the same order of magnitude can be expected for 
β2 /
β1 and β2 /β1 . As a result, two factors
of expression (3.23) would compensate each other at significant concentrations of the
metal, [Me], dramatically affecting selectivity of the system. Obviously, α approaches
K if [Me] approaches zero.
The example discussed above has been written with the suggestion that only free ligands
are transferable between two phases. Of course, a possibility for exchange of whole
complexes must also be considered. In this case, the following reaction can take place
simultaneously with (3.10):
RMeL 1 + MeL 2 = RMeL 2 + MeL 1

(3.24)

however, there is no reason to suggest a selectivity of such a process, i.e. both loss of
metal ions and loss of whole complexes are undesirable.
Such losses can be prevented or, at least, reduced by using a material with high affinity
for the complexing metal ion. Chelating, interactions between the metal and functional
groups, provides sufficiently strong fixation. However, as has been said, the use of
coordination valences by the functional groups reduces the ligand exchange capacity.
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For example, only four of the six coordination positions of Ni2+ are available for ligand
exchange in materials bearing carboxylic groups [5]

L
COO−

R

L
Ni2+

(3.25)

COO−

R

L
L

and only three in iminodiacetic

CH2COO −
R

L
Ni2+

N
CH2COO −

(3.26)

L
L

A wide diversity of interactions involving complex formation defines the wide opportunities for designing ligand exchange processes. One more interesting example of
ligand exchange can be discussed here. Described in Section 3.1, complex between
lysine-Nα, Nα -diacetic acid groups and Fe3+ ions (structure (3.5)) can be successfully
used for the removal of As(III ) and As(V ) from solutions [209]. The corresponding
reactions can be written as

O
O−

O
+

O−

Cl −

3+

Fe

N

NH2

Cl −
Cl −

O−

+

H3 AsO3

O

(3.27)

O
O
=

−
+ Cl
NH2

O−
O−
N

3+

Fe
O−

O

Cl −
(H2 AsO3−) + H + + Cl −
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and
O
O
+

O−

O−

Cl −

N

NH2

Cl −

3+

Fe
O−

Cl −

+

HAsO42− + H +

O

(3.28)

O
O
=

−
+ Cl
NH2

O−
N

O−
3+

Fe
O−

Cl −
(H2 AsO4−)

+ Cl −

O

The arsenic compounds are bracketed in structures (3.27) and (3.28) because little information on the binding mode has been obtained. For the sake of simplicity, these schemes
do not include H + or Na+ ions present in both phases to fulfil the electroneutrality.
Complexes formed in reactions (3.28) are much stronger. Hence, As(V ) is preferably
removed from the solution. The arsenic speciation can also be performed using opposite
pH dependencies of reactions (3.27) and (3.28). Arsenic(V ) is strongly adsorbed from
acidic solutions at pH between 2 and 4, whereas the maximum but weak adsorption of
arsenic(III ) appears in the pH region from 8 to 10 (Fig. 3.8) [209].
3.4 Chiral Recognition with Ligand Exchangers
The separation of chiral compounds is of great interest because living organisms show
different biological responses to different stereoisomers (so called enantiomers) and the
majority of bio-related molecules are chiral: amino acids, sugars, proteins, nucleic acids,
etc. In other words, chirality is a major concern in biochemistry, molecular biology, and,
of course, pharmaceutical industry [254]. Two main directions of research can be recognised in the field. The first targets analytical purposes. The second is preparative and
deals with separation or catalytic conversion of optical isomers. Scanning through scientific publications on the subject, one can find that the analytical questions are attended to
much more often than preparative. Nevertheless, the preparative separation is a subject
of great importance.
Pure chiral compounds can be obtained through three main routes: extraction from bioproducts, for example from broth in biochemical industry (perfectly stereo-selective
production), asymmetric chemical synthesis (stereo-selective or predominantly stereoselective production), and conventional chemical synthesis (non-stereo-selective production). Obviously, if a mixture of enantiomers is obtained, a suitable enantiomer separation
technique has to be applied. In many cases, there is no choice between these three preparation roots because only one is known. Even if there are different options, economical
considerations can often outline stereo-selective methods in favour of conventional chemical synthesis of chiral compounds resulting in the production of an equivalent mixture
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Fig. 3.8. Effect of pH on adsorption of arsenate and arsenite on Fe3+ -loaded lysine-Nα ,Nα diacetic acid groups. Resin weight 200 mg; volume of solution 20 mL; equilibration time 5 h;
[As(V)] = 0.22 mM, [As(III)] = 0.23 mM. Reprinted from H. Matsunaga, T. Yokoyama, R. Eldridge,
and B. Bolto, in: Reactive & Functional Polymers [209] 1996, Elsevier ©.

of the enantiomers, a racemate. Applications of racemates in biochemistry and medicine
are limited because, as has been said, two enantiomers usually exhibit entirely different
biological activity. Separation of the enantiomers comprising the racemate, i.e. resolution of the racemate, is a common problem in stereochemical research as well as in the
preparation of biologically active compounds. The problem is not easy to solve because,
in contrast to all other types of isomeric species, enantiomers display identical physical
and chemical properties in an achiral environment.58 Energetic difference between two
enantiomeric species is negligibly small – of the order of 10−14 J/mol [254].
To separate two enantiomers, a chiral-selective system must be designed. Such a system must contain chiral molecules or chiral sites that can interact with two enantiomers
in different ways, i.e. preferentially interact with one of the two stereoisomers.59 Such
molecules or sites are called chiral selectors. The most common method for separation is chromatography. Appropriate chiral selector can be chemically bound to the
material as functional groups or incorporated into the stationary phase in some other
way. Chromatographic processes can successfully use materials with functional sites
located only on the surface; thus, the material can also be coated with an appropriate

58 Achiral environment is environment which does not contain chiral compounds.
59 The stereoselectivity can be based on the difference either in thermodynamics or kinetics of the reaction.

However, it has been shown that there is no thermodynamics without kinetic enantioselectivity, whereas the
opposite statement is not true [255,256].
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chiral substance. Enantioselective chromatography can also be performed on achiral
chromatographic columns using the required chiral selector as a chiral mobile phase or
a chiral mobile phase additive. Combinations of several chiral selectors in the mobile
phase [257] as well as in both mobile and stationary phases [258] are also feasible [254].
The recognition of the enantiomer can be achieved via non-covalent bonds comprising
electrostatic, hydrophobic, charge-transfer (e.g. hydrogen bonds), or coordinated metalbonds. For a chiral recognition, a minimum of three (can also be more) interaction
points must exist for each molecule [256,259] as shown in Fig. 3.9. Interaction illustrated by scheme (a) includes three bonds. Non-matching stereoisomer can form only two
bonds as shown in schemes (b–d). Three-bond connection is obviously much stronger
providing the ground for separation of the enantiomers. One can note the existence of
three combinations of two-point interactions available for any of the two enantiomers.
However, the interaction producing the strongest binding obviously predominates. The
matching stereoisomer is bound with three points while the non-matching is bound
with the strongest variant of the two-point interaction. Thus the strongest two-point
interaction determines the retention of the more weakly bonded enantiomer. The third,
weakest interaction point is available only for the matching enantiomer; it determines
the difference between binding of two enantiomers and thus stereoselectivity of the
material [260]. An example of such three-point recognition is shown in Fig. 3.10.
l-dihydroxyphenylalanine complimentary interacts with l-arginine that can be attached
to different polymeric supports with covalent bonds [261].
An existence of the three-point interaction does not necessary mean chiral recognition.
For example, if all three binding points are equal and equally distanced from each other,
both enantiomers would interact with such sites with equal strength. As a result, to achieve
chiral recognition at least one of these interactions must be stereochemically dependent
[259]. The three-point rule does not require all three interactions to be attractive. In many
cases, repulsive steric interactions are invoked, usually in combination with one or more
bonding interactions [256,259]. In this case the three-point chiral recognition does not
necessarily mean stronger bonding of the stereoisomer in comparison with the two-point
bounded molecule, i.e. retention of the recognised species is weaker. However, the
difference in bonding strength can be successfully used for the separation.
Three recognition points are not necessary to be directly attached to the material.
Similar result can also be achieved with a coordination system. Many complexes
have left or right chiral structure depending on chiral properties of involved ligands. In most of the cases, stability of such complexes differs depending on which
stereoisomers are involved as the ligands. Complexes including only l- or only
d-amino acids have the same stability while stability of complexes involving a mixture of the l- and d-ligands differs significantly. Thus optically selective complex
formation, particularly ligand exchange,60 is a powerful tool for separation of stereoisomers. A good example is ligand exchange of amino acids where the amino and
carboxylic groups of the enantiomer are coordinated in the chiral Cu(II) complex

60 Non-stereo-selective ligand exchange has been described in Section 3.3.
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(a)

(b)

(c)

(d)
Fig. 3.9. Chiral recognition by the three-point binding system. Panel (a) shows the matching
interaction while other three panels show different non-matching variants.
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Fig. 3.10. Three-point chiral recognition of l-dihydroxyphenylalanine (DOPA) with l-arginine
[259,261].
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Fig. 3.11. Non-bonding interactions between the side group R of d-enantiomers of amino acids
and functional groups of chiral selectors, which are coordinated in axial positions of Cu(II ) ions
diminishing the stability of the d–l diastereomeric pairs. Reprinted from V. Davankov, in: Chirality
[256] 1997, with kind permission of John Wiley & Sons Inc ©.

incorporated in the material. These groups comprise two points of the intermolecular attraction whereas the required third point is the non-bonding, repulsive interaction of the hydrocarbon chain R of the amino acid with the electron-donating
group coordinated in the axial position of the copper ion (Fig. 3.11). The amino
acid tetrahedron cannot freely rock around its two bonding points to the copper
complex because the coordination bonds resist bending [262]. This conformational
rigidity of the five-member chelate rings additionally facilitates the third, non-bonding
interaction [256].
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Stereoselective ligand exchange is used in the form of ligand-exchange chromatography
[263] involving reversible formation of complexes between metal ions and chiral complexing agents, typically (but not exclusively) α-amino acids [259]. Models developed to
describe corresponding enantioselectivity invoke the presence of multicomponent complexes containing a central metal ion (usually Cu2+ or Ni2+ ) chelated by two chiral
bifunctional molecules. If one or more of the chiral chelators is bound to the support, the
complex is obviously fixed to the solid phase. The different stability of the complexes
results in separation of two enantiomers. If the stationary phase is achiral, but a chelator is present in the liquid phase, the separation may still be obtained due to different
distribution of the complexes between phases [259,264].
Although the stereoselective ligand-exchange chromatography is not highly attractive for
preparative separations, it has been successfully used for this purpose [265]. Difficulties
may be encountered in removing and recycling mobile phases and in removing trace
metal ions. In some cases, metal ion contamination of the eluted enantiomers can be
avoided by passing the eluent through an additional ion exchange column to trap traces
of the emitted metal ion [259,266].
3.5 Bipolar Materials
As stated previously, a polymer can bear several types of ion exchange groups.
This includes materials with both cation and anion exchange functional units in the
same structure. These materials, called amphoteric or bipolar ion exchangers, are able to
sorb cations and anions simultaneously. The condition for such a behaviour is the weakness of internal bonds between cation exchange and anion exchange groups, that can be
fulfilled, for example, by use of strong acidic and weak-base groups or vice versa [116].
The groups could also be well-distanced; however, low density of the groups affects the
ion exchange capacity.
The ability of amphoteric materials to exchange cations and anions simultaneously results
in stoichiometric sorption of the whole dissolved salt. Left-to-right direction of the
following reactions illustrates such sorption on two types of amphoteric materials:

SO3− +H

HO−H(CH3)2 N +

Na+Cl −

SO3− +Na + Cl −H(CH3)2 N +

H2O
(3.29)

COOH

HO−(CH3)3 N +

Na+Cl −
H2O

COO−Na+ + Cl −(CH3)3N +

(3.30)

In many cases, the sorbed salts can be removed from amphoteric ion exchangers by
extensive washing with water [116], i.e. reactions (3.29) and (3.30) can be reversed.
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Thus, the right-to-left direction of these reactions illustrates the desorption process. Of
course, such regeneration is possible only if the binding of the salt is not too strong.
Obviously, two different functional sites (cation and anion exchange) can be combined in the same sophisticated functional group. Besides bi-polarity, such materials can
also exhibit amphoteric properties. For example, the resin bearing carboxyl-substituted
tetrazolium groups

CH2 S

N N
C +
N N

COOH

(3.31)

can strongly interact with Au(III ) through dipole-induced-dipole interactions between
chloro–gold complexes and the bipolar functional groups. The gold cannot be completely desorbed by water or, for example, by perchloric acid. However, if a strong
competing ligand (thiourea in the published experiments) is applied, Au(III ) can be
stripped completely [154].
The state of groups in bipolar materials differs from conventional cation and anion
exchangers. Let’s consider H +/OH − form as the most interesting example. This form
can be formally represented as shown in panel (a) of Fig. 3.12. However, the assignment of hydrogen ions and hydroxyls as the charge-compensating counterions could be
far from the real situation. Due to the low dissociation of water, H + and OH − rather
recombine leaving charges of functional groups to compensate each other. In this case,
oppositely charged functional groups can be weakly associated as shown in panel (b).
If the functional groups can be incompletely ionised (weak groups) stoichiometric amount
of counterions must compensate the charge of other groups as shown in panel (c).
If the second type of groups is also weak they can also be non-ionised. The most
realistic representation of the H +/OH − form is a combination of different possibilities (panel d). Relationships between the number of groups having different state can
be found from equilibria calculations. The following constants (for simplicity written in
terms of concentrations) characterise the system presented in Fig. 3.12

KRC




ROO− H +


=
ROOH




KW = H + OH −


ROO− · · · RN(CH 3 )+
3


KAs = 
+
−
ROO
RN(CH 3 )3

(3.32)

(3.33)

(3.34)
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Fig. 3.12. Internal state of a bipolar ion exchanger in H + /OH− form. (a) formal representation
according to the name of ionic form; all groups ionised; (b) two types of functional groups compensate the charge of each other; (c) weak functional groups (carboxylic groups in this example)
are non-ionised and thus stoichiometric amount of other counterions (OH− ) is present compensating charge of strong functional groups (quaternary amines in this example); (d) most realistic
representation combining three previous cases.

where KRC is the dissociation constant of the carboxylic groups; KW is the water dissociation constant inside the exchanger (the value is not necessarily the same as for
the water dissociation in the bulk liquid); KAs is a constant characterising the weak
association between groups of two different types.61 The following expression reflects
electroneutrality of the system:

 
 
 

+ = ROO− + OH −
+
(3.35)
RN(CH 3 )+
H
3
The mass-balance can be written as

 

 
ROO− + ROOH + ROO− · · · RN(CH 3 )+
3 = QC

 

− · · · RN(CH )+ = Q
+
RN(CH 3 )+
ROO
3
A
3
3

(3.36)
(3.37)

The number of cation and anion exchange groups in most of bipolar ion exchangers are
equal, i.e. the cation (QC ) and anion (QA ) exchange capacity are the same. The values of
61 Please note that the constant (3.34) has a formal meaning. As long as the groups cannot freely move inside

the phase, such interaction cannot be approached with classic ideas of chemical equilibria.
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equilibrium constants must be found to solve the system (3.32)–(3.37). Many different
approaches can be used to estimate KRC . The most conventional is potentiometric titration of the ion exchanger [253] while direct spectral methods could give more conclusive
information about the state of functional groups [143,267]. The water dissociation constant KW could be estimated from the difference in dielectric constant of the media or
calculated on the basis of hydrogen ion activity in the exchanger phase [143]. Estimation
of KAs could be performed with direct investigation methods. For example, a shift in
vibrations of functional groups (vibration spectroscopy: FT-IR, Raman, etc.) can indicate
the strength of the bonding in a way similar to the effects from hydrogen bonds on O−H
vibrations in water molecules [268–271].
The system (3.32)–(3.37) is written for a material bearing weak cation exchange and
strong anion exchange groups. It can be easily converted for strong cation exchange –
weak anion exchange functionalities. In case of two types of weak groups, additional
equation characterising ionisation of these groups (for example primary amines −NH 2 )
must be included:


RNH +
4


(3.38)
KRA = 
RNH 3 H +
and Eq. (3.37) must be re-written as

 
 

− · · · RN(CH )+ = Q
RNH +
RNH
ROO
+
+
3
3 3
A
4

(3.39)

One has to note that application of Eqs (3.32)–(3.39) is wider than only description of
bipolar resins. The double functionality can also occur in deteriorated mono-functional
materials due to altering of the groups in industrial processes. It can also appear if longchain polymeric ions are sorbed on the surface of the exchanger pores and cannot be
removed under particular conditions [272].
A straightforward application of bipolar ion exchangers is simultaneous removal of
cations and anions from aqueous solutions of non-electrolytes and, in some cases, for separation of different electrolytes. Corresponding processes were presented by Eqs (3.29)
and (3.30). These processes are less efficient when compared to consecutive cation
and anion exchange treatments. However, certain advantages can be recognised. Many
organic substances are sensitive to changes in the medium compositions. It is especially true for biological products (for example, for some proteins, enzymes, and DNA).
Demineralisation of solutions containing such substances cannot be performed through a
conventional sequential treatment with cation and anion exchangers because of the acidic
and/or alkaline destruction of target molecules. Bipolar resins can be used in such cases
because they do not cause changes in pH of the treated solution [116,273].
In addition, an interesting separation process can be created on the basis of the ability
of amphoteric ion exchangers to act as both anion and cation exchangers and the ability
of many dissolved species to form differently charged complexes with different ligands.
Separation of Cd2+ from acidic solution containing chlorides of more than 20 different
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metals was performed with the use of Retardion-11A8 resin62 containing –COOH and
−N(CH3 )3 groups [155,274]. Carboxylic groups of the resin are not ionised under the
acidic conditions, hence the material acts as an anion exchanger sorbing anions and
anionic complexes of dissolved species, for example
−
−
+
HOOC − R − N + (CH 3 )3 Cl − + CdCl −
3 = HOOC − R − N (CH 3 )3 (CdCl 3 ) + Cl
(3.40)

The material does not retain ions that do not form anionic complexes. The following addition of ammonia neutralises the acidic media and makes it slightly alkaline.
The carboxylic groups readily interact with metal ions under these conditions, however,
most of the metals form neutral hydroxides at high pH and thus, cannot be retained by
the exchanger. On the contrary, cadmium forms positively charged ammonia complexes
that are stronger than cadmium hydroxides. As a result only Cd 2+ is retained by the
exchanger. An example of such reaction could be written as following
−
+
HOOC − R − N + (CH 3 )3 (CdCl −
3 ) + HOOC − R − N (CH 3 )3 (MeCl 3 )
−
+ n NH +
4 + (n + 6)OH

(3.41)

−
−
= (Cd(NH 3 )2+
n )( OOC − R − N(CH 3 )3 OH)2 + Me(OH)2 + 6 Cl + (n + 2)H2 O

For the sake of simplicity, Me represents a double-charged metal ion other than Cd. Thus,
the method secures retention of cadmium allowing other constituents to pass through:
cations in the first step, anions and some complex forming species in the second step.

62 Retardion-11A8 resin is a “snake in cage” material where linear polyacrylic chains with bond −COOH groups

are incorporated in the cross-linked styrene–divinylbenzene matrix bearing trimethylammonium groups.

CHAPTER 4

Interactions with Organic and Biochemical
Substances

Ion exchangers are widely used for extraction, separation, and purification of organic
substances. These materials are also conventional catalysts in many organic syntheses.
Examples of ion exchange processes can be found in production and analysis of amino
acids [90,275–277], peptides [278–280], proteins [84,116,196,279,281–284], nucleotides
[285,286], DNA [284,287], antibiotics [118,288–293], vitamins [118,294,295], end even
viruses [284]. Description of ion exchange interactions involving organic ions meets
many complications because of different complexity of such substances with an extra
difficulty due to the fact that chemical structures of some biochemical products are yet
to be identified.
Peculiarity of interactions with organic substances has several origins:
• In most cases organic ions are larger than inorganic ions.
• Many organic molecules include more than one ionised group and each of these
groups has its own ionisation constant.
• Many organic molecules, especially biologically produced substances (amino acids,
proteins, etc.), contain oppositely chargeable groups. They are able to form
zwitterions.
• Positioning of the chargeable groups in an organic molecule can be decisive for the
interactions due to possible steric hindrances.
• Organic molecules can contain secondary groups which can participate in coordination, hydrogen, and van der Waals bonds.
• Many organic molecules are ready to form dimers, trimers, and other associates.
• Hydration of organic ions can be much more complicated than inorganic ions
because different fragments of the same organic structure can possess different
affinity to water molecules. The same molecule can incorporate hydrophilic and
hydrophobic parts.
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• Hydrocarbon radicals of organic molecules can participate in hydrophobic interactions with other constituents of the solution or with matrix of the ion exchange
polymer.
Thus ion exchange of organic ions is characterised by stoichiometric reactions but
the selectivity is often determined by concurrent interactions other than electrostatic
ones [296].
4.1 Sieve Effects
First, let us discuss the problems and benefits of dealing with ions of large size. Some
conventional ion exchange processes can be inapplicable to such objects simply because
the large species cannot enter the dense net of the exchanger phase. This phenomenon,
called sieve action, is illustrated in Fig. 4.1. Some other species can enter the phase but
their exchange takes a long time because the large size could define a very slow diffusion
inside the material. Partial exclusion of the larger ion may occur if the pore size varies
significantly and thus only the narrower pores are inaccessible. In this case the smaller
counterion could be only partially displaced by the larger one [5]. Figure 4.2 illustrates

Fig. 4.1. Schematic representation of sieve action. Large counterions cannot enter narrow pores
of the materials while smaller counterions are free to reach functional groups located deep in the
pore structure.
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Fig. 4.2. Ratio between apparent capacities for various organic cations and the capacity for NH+
4.
The ion exchange was performed on H + form of styrene-type cation exchangers having different
degrees of cross-linking with divinylbenzene (DVB). Chloride solutions were used. The organic
ions are: (1) tetramethylammonium; (2) tetraethylammonium; (3) benzyl-trimethylammonium;
(4) trimethyl-n-octylammonium; (5) dibenzyldimethylammonium; (6) cetyltrimethylammonium.
The figure is created on the basis of literature data [5,297].

the dependency of ion exchange capacity on ionic size for materials of the same type.
In many cases this phenomenon defines a need for the use of low cross-linked materials
despite possible disadvantages. On the other hand, the exclusion of large molecules from
the ion exchange process can be turned to fulfil separation needs. A combination of the
ion exchange selectivity and sieve action allows creating efficient separation methods.
Separation of similar ions having different sizes is based on the size-discrimination
phenomenon [116]. For example, a complete demineralisation of streptomycin [288]
can be performed as follows. The mixture is treated with highly cross-linked styrene–
divinylbenzene cation exchanger bearing −SO4H groups. All small cations are replaced
by hydrogen while streptomycin remains in the solution. The following treatment with
an anion exchanger neutralises the solution and removes anionic species. A similar procedure was performed to purify solutions containing other large organic anions [298],
anionic dyes [299], proteins [116], etc. A consequent treatment of a peptide mixture with
cation exchangers of different cross-linking allows fractionation of the peptides according to the hydrated molecular sizes. An example of such fractionation is presented in
Fig. 4.3. One has to note that pore size of organic ion exchangers depends on the media
(see Chapter 7 for details) and, hence, the fractionation results would depend on the
composition of the particular solution [281]. Dependency of the separation on swelling

Dowex 50 × 12

Dowex 50 × 8

Dowex 50 × 4

Dowex 50 × 2

Dowex 50 × 1
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Fig. 4.3. Size-selective fractionation of aqueous peptide mixture. The system consists of six
columns loaded with differently cross-linked cation exchanger Dowex 50 (sulfonic groups attached
to polystyrene matrix). The value after × sign conventionally indicates the cross-linking degree,
i.e. percent of divinylbenzene added in the mixture at synthesis of the material. The figure is
created with the use of literature data [281].

of the material is illustrated by the fact that gel resins with low cross-linking degree
could remove organics from aqueous solutions more efficiently than highly cross-linked
gels and highly cross-linked macroporous resins [300]. For very large organic molecules,
the relative water content of the gel phase could be seen as the only reliable predictor
of the removal performance. The removal efficiency varied with the resin water content,
irrespective of whether the resin was gel or macroporous [19,300]. Figure 4.4 illustrates
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Water Content, %

90
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Fig. 4.4. Removal of natural organic matter from water samples with strong anion exchange
resins containing different amounts of water. The samples were taken from the Mount Zero
Reservoir at Horsham, Victoria, Australia and pre-concentrated. The following strong-base ion
exchange materials were tested: gel resins Amberlite IRA 400, Amberlite IRA 410, Amberlite IRA
458, CSIRO PDAA, and ResinTech SIR 22P; macroporous resins: Amberlite IRA 910, Amberlite IRA 958, CSIRO MASB, and Imac HP 555. The removal of organics was monitored by the
spectral absorbance at 254 nm. Reprinted from B. Bolto, D. Dixon, R. Eldridge, S. King, and
K. Linge, in: Water Research [19] 2002, Elsevier ©.
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linear relationship between the water content and uptake of organics by strong anion
exchange resins. The same trend has been observed for weak-base materials.
The size difference can affect the ion exchange processes even for smaller ions like amino
acids. For example, amino acids such as glycine, alanine, and lysine are readily sorbed
by large crystals of Zeolite KX, while their diffusion rates inside the ion exchanger differ
considerably. Larger amino acids such as phenylalanine cannot enter the zeolite phase
to a significant extent [301]. An efficient size-exclusion method for separation of amino
acid mixtures could therefore be developed.
One has to note that the sieve effect is common but not peculiar for organic counterions. The phenomenon also takes place when some large inorganic complex ions
are exchanged. For example, this approach can be applied to separate the large ion
[B(W3O10 )]5−
4 from much smaller oxychloro complex of molybdenum [302].
Effect of the network is also well recognisable when organic reactions are performed
with the use of ion exchangers as catalysts. The hydrogen form of the cation exchange
resin Amberlite IR-120 efficiently catalyses the acidic hydrolysis of low molecular weight
esters and ethers (EtOAc, Me galacturonate, maltose), but has little or no catalytic effect
on the high molecular weight compounds (polyvinyl acetate, Me polygalacturonate,
glycogen) under identical conditions [303]. More about size-discriminating catalytic
processes with ion exchangers will be described in Section 18.2.
4.2 Effects of Ion Recharging
One of the common properties of many organic and specifically biochemical ions is their
liability to chemical environment and operating conditions. Alterable ionisation degree of
organic ions results in different phenomena accomplishing ion exchange processes. Under
some conditions such organic substances can be exchanged with apparent violation of the
equivalence principle. This is the case if charge of the counterion in the exchanger phase
differs from its charge in the bulk solution. The recharging can take place when several
groups of the counterion are chargeable. Obviously, the conditions are dramatically
changed when the ion is transferred from the aqueous phase into the exchanger. An
example is the sorption of phenol on OH− form of a weak-base phenol–formaldehyde
resin at pH 5 [304]. Phenol is not charged at this pH (Fig. 4.5), however, it is sorbed by
the functional groups through the reaction
R+ OH − + C6 H5 OH = R+ C6 H5 O− + H2O

(4.1)

i.e. the phenol molecule acquires its charge when transferred into the exchanger phase.
The stoichiometric sorption (4.1) by functional groups is confirmed by the fact that as
the pH decreases below 5, other anions are sorbed by the exchanger and compete with
phenol.
Amino acids can serve as good examples of substances which are able for more complicated recharging. Depending on the conditions, the same amino acid can be cationic,
anionic, or even zwitterionic because different groups of the same molecule can be
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Fig. 4.5. Ionisation of phenol in aqueous solutions. Plot of phenol molar fraction vs. pH.

charged oppositely. Such interactions in liquid phase can be illustrated by the following
reaction:
A+  A± + H +  A− + 2H +

(4.2)

where A is the amino acid bearing two oppositely chargeable groups.63 It could be, for
example, mono-amino mono-carboxylic acid like glycine (H2 N–CH2 –COOH ) or alanine
(H2 N–CH(CH3 )–COOH ). Obviously, substances with more functional groups have more
variations of ionisation. Examples of amino acids ionisation are shown in Fig. 4.6.
All interactions in the ion exchange system are dramatically affected by the recharging of target molecules. Figure 4.7 presents an example for the case of interactions
between lysine ions and a strong cation exchanger. The scheme is designed with suggestions that (i) electrochemical behaviour of the substance is similar in both phases:
in aqueous solution and in internal solution of the functional polymer; (ii) interactions
of different ionic forms with the sorbent are independent of each other. Upper part of
the figure illustrates interactions taking place in an aqueous solution (interactions 1–3).

63 When describing amino acids and other substances able for recharging, two notations are used. One is

presented in Eq. (4.2). This notation hides the number of protons associated with the organic structure. As a
result, cation, zwitterion, and anion are denoted as A+ , A± , and A− . The second notation considers the most
negative ion of the substance as the primary ionic form and indicates all associated protons. It denotes the same
ions as H2A+ , HA± , and A− . The second notation looks more comprehensive while being more complicated.
However, selection of the most negative ion could be different for different purposes. For example, tryptophan is
considered as a mono-amino mono-carboxylic acid while its indole radical can dissociate in alkaline solutions
providing double-negative charge to the ion [305]. Thus, the same ions of tryptophan could be denoted as
H2 Trp+ , HTrp± , and Trp− or as H3 Trp+ , H2 Trp± , and HTrp− , and Trp2− .
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Fig. 4.6. Ionisation of amino acids in aqueous solutions. Plots of amino acid molar fractions vs.
pH: (a) curves for glycine and alanine practically coincide; (b) phenylalanine; (c) glutamic acid;
(d) tyrosine; (e) lysine; (f) tryptophan (the symbol in parenthesis (Trp− ) indicates shape of the
plot if ionisation of the indole radical is ignored).

Similar interactions can take place in the phase of ion exchanger (interactions 8–10).
One has to note that, despite this similarity, quantitative characteristics of the recharging
differ in different phases [270,306,307], i.e.
[Am+ ]
[An+ ][H + ]m−n



Am+
=β = β= 

m−n
An+ H +

(4.3)
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Fig. 4.7. Recharging of ions in ion exchange system including strong cation exchanger and lysine.
R represents the ion exchange group and R represents hydrocarbon of lysine –(CH2 )4 –CH –.
–

where β is the complex formation constant. This difference is most probably associated
with the difference in dielectric permeability of the media [307].
The ions Lys2+ and Lys+ obviously can participate in stoichiometric cation exchange
reactions
2 R−+ H + Lys2+ = (R− )2 Lys2+ + 2H +

(4.4)

R−+ H + Lys+ = R− Lys+ + H +

(4.5)

and

These reactions correspond to interactions 4 and 5 in Fig. 4.7. However, when ions enter
the phase of the cation exchanger loaded with H + their environment is changed to much
more acidic. As a result, a change of charge can accompany the sorption. For example,
sorption of Lys+ partially or completely proceeds accordingly to the reaction
2 R−+ H + Lys+ = (R− )2 Lys2+ + H +

(4.6)

that is a combination of interactions 5 and 8 in Fig. 4.7. Recharging of ions inside ion
exchange materials has been directly observed with the help of infrared spectroscopy
and other investigation methods [267].
Interactions between zwitterions and ion exchangers can be very unusual. Sorption of
zwitterions is not an exchange, however, it is stoichiometric
R−+ H + Lys± = R− Lys± + H +

(4.7)

Reaction (4.7) corresponds to interaction 6 of Fig. 4.7. Recharging of zwitterions to
cations also takes place (combination of interactions 6 and 9)
R−+ H + Lys± = R− Lys+

(4.8)64

64 The effect of both reactions (4.7) and (4.8) on the external solution is the same, i.e. H + ions are not emitted

by the ion exchanger. As a result the difference cannot be recognised with chemical methods.
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The final state is a mixture of two forms R− Lys± + H + and R− Lys+ [267]. Processes
similar to (4.7) and (4.8) take place in anion exchange systems:
R+− OH + Lys± = R+ Lys± + OH +

(4.9)

R+− OH + Lys± = R+ Lys− + H2O

(4.10)

and

Please note that the absence of bar over H2O in the right-hand side of Eq. (4.10) does
not indicate a stoichiometric transfer of water molecules out of the exchanger phase.
Reactions (4.7–4.10) take place on hydrogen and hydroxide forms of ion exchangers
correspondingly. Similar chemical equations can be written for salt forms (for example
for Na+ and Cl− forms), but these chemical reactions do not proceed to any significant
extent, i.e.
R−+ Na + Lys± =

(4.11)

R+− Cl + Lys± =

(4.12)

The interaction 7 of Fig. 4.7 is not a stoichiometric reaction. The co-ion A− can be
non-stoichiometrically sorbed by a cation exchanger only with a neutralising ion of the
opposite charge that is however restricted by the Donnan principle.65 Such sorption is
observed only in concentrated solutions. Nevertheless, due to the possibility of the ion
recharging in the exchanger phase (interaction 10 of Fig. 4.7), some amount of the
anion can be sorbed stoichiometrically together with the stoichiometric amount of the
charge-compensating ion. The reaction combining interactions 7 and 10 in Fig. 4.7 is
R−+ H + A− + H + = RAH

(4.13)

So far as the anionic forms of amino acids are more common for alkaline solutions the
following reaction would be written instead of (4.13)
R−+ H + A− + Na+ = RA−+ Na

(4.14)

where sodium is taken as an example of an alkali ion. The product of such an interaction
can be both non-ionised (reaction (4.13)) or ionised (reaction (4.14)) depending on the
associating ability of the charge-compensating ion. According to the experimental evidence, reaction (4.14) cannot convert the ion exchanger in the corresponding ionic form
to any significant extent. The thermodynamic benefit of the overall process is low and
thus only a small fraction of the groups participate in such an interaction.
Some substances have many functional groups and can form many different ionic forms.
Detailed description of interactions between such objects and ion exchange materials

65 However, the spectroscopic investigation clearly reveals different states of the amino acid in the phase of
ion exchanger [267]. The Donnan principle will be discussed in detail in Section 7.7.
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encounters certain difficulties because mixtures of ions are present in both phases at
any pH. Even worse, many compounds (for example, melanoidins) conventionally treated
with ion exchangers have no defined chemical structure. They are mixtures of different
soluble polymers bearing a variety of functional groups. While having certain academic
value, the detailed description of interactions with such compounds has a limited practical interest; thus purely empirical observations are used to develop corresponding ion
exchange technologies. Conditions (first of all pH) corresponding to maximum sorption
are experimentally identified and used in practical applications.
4.3 Positioning of the Functional Groups in Sorbed Organics
Importance of the functional groups positioning in the structure of organic counterion
cannot be underestimated. Association of two or more groups of an ion exchanger with
corresponding number of groups belonging to the counterion usually results in distortion
of the matrix chains and/or the counterion steric structure. The free energy gain caused
by the association is reduced due to the generated elastic forces. This question was
discussed in detail in Section 3.2, where imprinted polymers were described.66 However,
such limitations do not influence sorption of all possible organic structures. Chargeable
groups of large organic ions are often attached to flexible hydrocarbon chains and are
well-distanced from each other. As a result, interactions of these groups with functional
groups of an ion exchanger do not cause much strain of the matrix. The less strain is
indicated, for example, by less shrinking of the organic-loaded polymer in comparison
to the polymer containing inorganic counterions of the same valency [116]. In this case,
the overall strength of the organic ion binding can be higher than binding of smaller
ions of similar substance due to the absence of counteractions from the matrix elasticity
force.
4.4 Effect of Coordination, Hydrogen, and van der Waals Bonds
Contribution of coordination bonds was already discussed in Sections 3.3 and 3.4. In
these cases the coordination binding was considered as the only or the major force
keeping an exchangeable substance inside the ion exchanger. Another possibility is a
contribution from the coordination to the total strength of the interaction that can take
place in combination with ionic (ion exchange) and/or other forces. The coordination
and hydrogen bonds can contribute to the overall strength of interactions of organic
substances in both polymeric materials and inorganic sorbents like zeolites [308].
Hydrogen bonds can be formed between different units present in the ion exchanger
phase directly or indirectly contributing to the strength of interactions between the ion
exchanger and organic substance. For example, phenol-attached OH group of tyrosine
can be associated with water molecule hydrating functional group of the exchanger [307]
thus strengthening the overall interaction. Experiments with anion exchange removal of
naturally occurring organic compounds from natural water have shown that materials
with a low number of charged groups (under the experimental conditions part of the

66 This is actually the reason why this section is so short.
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groups were not ionised) exhibit better organic-removal ability than materials with all the
groups ready for exchange. These results are explained by a non-electrostatic mechanism
involving hydrogen bonding of the protonated acidic units in the organic sorbates to the
amino groups of the low charged anion exchange resins [19,20].
R

N

CH3

CH3 H

R
O

C

R'

N

CH3

CH3 H

O

R'

(4.15)

O

R in structures (4.15) represents the polymeric matrix of the anion exchanger; R is
a radical of the sorbate. Hydrogen bonds are also one of the common causes for the
formation of dimers, trimers, etc. in the phase of ion exchanger.
In most of the cases, sorption of larger organic ions and biological objects involves major
input from non-exchange interactions. Contribution of these – commonly considered as
weak – forces can even overwhelm the contribution of ion exchange itself. For example,
hydrophobic interactions may be the main cause for adsorption of proteins by zeolites.
Depending on pH and pI, the protein67 can be a cation or anion. Even the anion may
be fixed by the zeolite despite of the electrostatic repulsion. In this case the ionic repulsion counteracts the fixation of the protein, partially reducing but not overwhelming the
bounding strength. This has been confirmed by different evidences, particularly by the
fact that zeolites with higher Si/Al ratio and thus fewer charges showed much better
adsorption. As explained in Section 2.5, higher Si/Al ratios are associated with reduced
ion exchange capacity and higher degree of hydrophobicity [309]. The van der Waals
interactions could also be responsible for sorption of large bio-organic molecules. For
example, investigations with infrared spectroscopy indicated that this type of forces are
responsible for sorption of ATP on a strong macroporous anion exchanger AV-17-2P
[307]. The van der Waals forces were also found to be a major contributor (along the
electrostatic forces) in retention of whole yeast cells by ion exchange sorbents [310].
Forces of different types contribute simultaneously in interactions between most of the
large organic molecules and ion exchange materials. For example, investigations on
sorption of natural organic matter from marine water on montmorillonite revealed three
major driving forces. The van der Waals interactions were the main contributor in the
interaction strength as well as ligand exchange. Cation bridging was also suggested to
be involved. The relative contributions of van der Waals interactions, ligand exchange,
and cation bridging were estimated to be approximately 60% : 35% : 5%, respectively.
These values have been reported for adsorption of the organics from a CaCl2 solution.
The ionic and hydrophobic interactions have been identified as minor contributors [311].
Mathematical description of interactions between proteins and the surface of strong anion
exchangers has indicated a possibility for the following types of interaction: electrostatic
(double-layer), London–van der Waals, steric, and salvation [312]. One has to note

67 Isoelectric point (pI ) is the pH value where maximum concentration of the zwitterion (ion bearing two

oppositely charged groups) can be found.
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that contribution of different weak forces are usually treated as being independent and
additive despite the fact that they may not be mutually exclusive.
Selectivity of interactions between ion exchanger and organic substances can also be
enhanced by weak interactions taking place in the solution phase. For example, formation
of internal hydrogen bond in monovalent maleate anion
O
C
HC

O
H

HC

C

(4.16)

O

O

dramatically reduces its hydration ability. The ion is readily transferred in the phase of
ion exchanger (chloride form of an anion exchanger) because such transfer reduces free
energy of the system [313].
4.5 Association of Counterions
Association between ions in the phase of ion exchanger is a phenomenon almost specific
for organic and biochemical substances [269,314,315].68 Panel (a) of Fig. 4.8 shows an
example of quasi-peptide associates between molecules of lysine in phase of a cation
exchange resin [314]. Hydrating water molecules are ignored in this scheme for the sake
of simplicity. Experimental results reflecting loading of two cation exchangers with lysine
ions (Fig. 4.9) show that such structures are formed even at low loading degree. These
associates are polymolecular zwitterions consisting up to 3 (gel exchanger) and 5 (macroporous exchanger) molecules of lysine. The phenomenon is less pronounced for the gel
resin due to steric hindrances. In cases of low soluble substances (for example, tyrosine,
tryptophan, or glutamic acid) the formed associates are so stable that they remain so in the
solution after removal from the phase of the ion exchanger [271,307,314,315,317–320].
This phenomenon of ion exchange isothermal supersaturation takes place at solution pH
equal to or above the isoelectric point for cation exchangers and equal to or below the isoelectric point for anion exchangers. Breakthrough curves illustrating the column process
are presented in Fig. 4.10.69 The amino acid content at the column outlet achieves values
few folds higher than the maximum solubility at these conditions: 3.5 folds for the anion
exchanger and 2.1 folds for the cation exchanger. The obtained supersaturated solutions
are stable up to several hours after losing the contact with the ion exchange material.
Examples of experimental results are presented in Table 4.1. One has to note that there
68 There are examples of dimerisation and polymerisation of inorganic ions however such cases are rather

exceptional.
69 Column processes will be discussed in detail in Chapter 11. At the moment a reader who is not familiar with

column or chromatographic experiments could simply accept that the column is a glass pipe filled with beads
of the ion exchange material. Solution containing some initial concentration of the amino acid C0 is pumped
through. Breakthrough curves illustrate composition of the solution at the outlet of the column.
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Fig. 4.8. Association of amino acid ions in ion exchanger phase. (a) quasi-peptide associates
between molecules of lysine in phase of a cation exchange resin; (b) tunnelling associates of
tryptophan; (c) tunnelling associates of tyrosine.
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Fig. 4.9. Composition of the exchanger phase for gel KU-2-8 (curves 1 and 3) and macroporous
KU-23 (30/100) (curves 2 and 4) cation exchangers loaded with lysine. Curves 1 and 2 show
average number of lysine molecules in associates, nA ; curves 3 and 4 show number of water
molecules per sulfonic group of the exchanger, W. X is the ratio between the amount of loaded
lysine and the exchange capacity. Reprinted from V. F. Selemenev, in: Vestnik Voronezhskogo
Gosudarstvennogo Universiteta [316] 1996, with kind permission of the author, Voronezh State
University ©.
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Fig. 4.10. Breakthrough curve of Tyr ± sorption by OH− form of anion exchanger AV-17-2P
(a) and H + form of cation exchanger KU-23 (b). 1 – concentration of tyrosine, 2 – pH,
3 – concentration of Cl− (a) or Na+ (b). Reprinted from V. F. Selemenev, in: Vestnik Voronezhskogo
Gosudarstvennogo Universiteta [316] 1996, with kind permission of the author, Voronezh State
University ©.

is no solid correlation between stability of the supersaturated solutions and achieved
degree of supersaturation. The degree of supersaturation is related to concentration created inside the exchanger under particular loading conditions and to the elution rate,
while the stability of the associates is attributed only to chemical properties of the particular amino acid. The pH range of the highest stability usually coincides with pH of the
amino acid’s side group ionisation. For example, the most stable associates of tryptophan and tyrosine molecules are formed in corresponding ranges 9.0 < pH < 13.0
and 6.9 < pH < 9.5. This is explained on the basis of IR spectroscopy investigations [271,318] which indicate that the stability of associates is defined by tunnelling
of proton between two groups of the same type as shown in panels (b) and (c) of
Fig. 4.8. Probability of such interactions correlates with reduction in the amount of
water in the exchanger phase (see Table 4.1) that is explained by the increase of the
internal solution concentration and, as a result, shorter average distances between dissolved molecules. The hydrophobisation can be strengthened by an “extra cross-linking”
of the polymer chains due to the formed tunnelling bonds. The association mechanism
represented by panels (b) and (c) of Fig. 4.8 differ from panel (a) that could appear
confusing. As a fact, both mechanisms of the association take place. A domination of
one of them is determined by properties of the amino acid and by the overall chemical
system.
The phenomenon of ion exchange isothermal supersaturation can be successfully used
for purification of corresponding substances. Figure 4.10 shows breakthrough curves
for the treatment of tyrosine solution with two different ion exchangers. These plots
obviously resemble typical curves of frontal chromatography processes. The amino acid
is displaced with Cl− (panel a) or with Na+ (panel b). The difference from conventional
frontal chromatography can be found in chemical peculiarity of the interactions. First, the
anion exchanger retains non-anionic species of the amino acid and the cation exchanger
retains non-cationic species. Concentration of the obtained product is several folds higher
than the maximum solubility. The solution is stable for a time sufficient for its removal
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Table 4.1. Results of experiments on ion exchange isothermal supersaturation. Both exchangers
are macroporous styrene–divinylbenzene type. Initial forms of ion exchangers were H + and
OH− . Columns had diameter 1 cm. Initial height of the bed was 20 cm. Reprinted from
V. F. Selemenev, in: Vestnik Voronezhskogo Gosudarstvennogo Universiteta [316] 1996, with
kind permission of the author, Voronezh State University ©.
Amino acid

pH
of initial
solution

Overloading, Water
content,
mmol/ga,b
g/gb

C/Cmax
in eluate

c
C/Cmax

Stability,
mind

Sulphonic cation exchanger KU-23 (30/100)
Glu
3.1
0.20
4.3
0.32
5.8
0.50
12.2
0.54
Tyr
5.6
0.41
8.1
1.03
9.9
1.60
11.0
1.06
Trp
5.9
0.40
0.86
10.5
11.3
2.02
12.0
1.70
His
3.1
0.82
5.9
1.86
8.3
2.00
9.9
2.76

1.020
0.826
0.795
0.734
0.856
0.820
0.758
0.859
0.902
0.800
0.706
0.720
1.060
0.830
0.763
0.732

0.6
2.1
3.0
4.2
1.0
1.8
3.6
2.1
0.4
1.8
3.0
2.2
0.7
1.7
2.0
2.3

1.0
6.3
10.2
20.2
8.7
114
380
19
3.0
7.4
19.5
15.3
1.0
7.0
9.8
14.0

−
10
18
25
−
35
90
50
−
20
32
32
−
40
86
90

Strong anion exchanger AV-17-2P
Glu
0.9
0.65
2.1
0.76
3.1
0.26
4.3
0.14
Tyr
0.9
1.59
3.6
1.78
5.3
0.76
8.2
0.18
Trp
0.9
0.96
1.9
1.14
2.8
1.89
5.8
0.52
His
1.9
1.35
2.8
1.60
3.6
2.06
5.9
2.00

0.630
0.606
0.814
0.920
0.526
0.512
0.690
0.803
0.690
0.668
0.610
0.724
0.560
0.574
0.592
0.760

2.1
4.4
1.6
0.8
3.5
5.2
1.4
0.2
2.6
2.3
4.1
0.3
1.8
2.1
2.8
0.9

11.6
14.1
3.2
1.4
106.0
126.0
9.6
0.6
14.2
12.0
20.5
4.5
5.9
7.2
10.8
1.5

40
62
30
−
80
186
65
−
20
35
66
−
100
95
118
−

a Overloading was calculated as the total loading minus the total exchange capacity.
b The overloading and water content were calculated per dry weight of resins determined for H + or
Cl− form.
c Concentration of the amino acid in the polymer phase (C) was calculated per water content.
d Stability of the supersaturated solution was taken as the time between the elution moment and the moment

when crystals of the amino acid first appeared.
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from the column, i.e. the column is not clogged by crystals of the amino acid that
could be expected for a sharp elution of a low soluble substance. The supersaturated
solution can be transferred to an appropriate container where the precipitation process
takes place without an additional effort. The technique is applicable for treatment of
industrial solutions and allows one-step operation for the purification and extraction of
crystals.
4.6 Hydrophobic Interactions and Complicated Hydration Effects
Ion exchange processes including biosynthesised substances are strongly affected by
complicated hydration of these objects [271,321–326]. This fact is defined by the presence
of both hydrophilic and hydrophobic parts in the same molecule. The hydrophilicity is
provided by chargeable and polar groups such as –COOH, –OH, –NH3 , =NH 2 , ≡N, =S,
etc. The hydrophobicity comes from hydrocarbon parts of the organic ions. Different
ionic forms of the same substances are differently hydrated. As a result, any interaction
including recharging of the ion inside the polymer phase initiates a water transfer between
the sorbent and solution [327]. The water transfer inevitably follows the exchange of
ions. Thus, the accurately written reaction of exchange must include the water term, for
example:
RH + A+ = RA + H + + W · H2 O

(4.17)

The value of W in Eq. (4.17) can be both positive and negative but rarely equal to zero.
When an organic ion is sorbed by an ion exchanger the hydrocarbon radical of the
ion can be involved in hydrophobic interactions with the matrix of the material. This
phenomenon is specifically pronounced if the matrix is a hydrophobic polymer such
as styrene–divinylbenzene. There are many evidences that hydrophobic interactions
can even dominate the overall sorption process. For example, research on the adsorption of small organic anions – such as benzenesulphonate, naphthalenesulphonate, and
anthraquinonesulphonate – by strongly basic quaternary ammonium resins have shown
that the selectivity of the resins increased with an increase in the number of aromatic rings
in the organic anion and in the number of carbon atoms around the exchange site [19,328].
Thus, hydrophobic interaction plays an important role in offering high ion exchange
selectivity in favour of aromatic and other hydrophobic ions [296]. The mechanism of
such strengthening of the binding is not a simple attraction between the hydrophobic
matrix of the exchanger and hydrophobic parts of sorbed ions. Reorganisation of the
hydration structure is an important contributor in the energy of the interaction. A twostep mechanism can represent the process as shown in Fig. 4.11 [296,329]. Interactions of
the non-polar part of the organic ion and molecules of the solvent are strongly affected by
polarity of the surroundings. Hydrophobic part of the aromatic ion dissolved in aqueous
media is surrounded by highly structured clusters of water molecules. When such ion is
transferred from the solutions in the ion exchanger phase, these structured water clusters
break down causing an increase of the overall entropy. In the second step of the sorption
process, the aromatic ion binds to the ion exchanger through (i) electrostatic interaction
between charge of the ion and charge of the functional groups and (ii) interaction between
the non-polar part of the organic ion and the hydrophobic matrix of the ion exchanger.
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Fig. 4.11. Scheme of interactions between non-polar part of organic anion (NPM) and solvent, NPM and matrix of anion exchanger, and electrostatic interactions during sorption of the
aromatic anion from the aqueous phase. Reprinted from P. Li and A. K. SenGupta, in: Colloids
and Surfaces A: Physicochemical and Engineering Aspects [296], 2001, Elsevier ©.
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The overall sorption process involves the collapse of more structured water clusters
surrounding the non-polar aromatic radical and the expulsion of water molecules from
the ion exchanger phase (hydrophobisation of the material). The dominance of hydrophobic interactions has been confirmed by thermodynamic calculations. The disordering of
the more structured (in comparison with ordinary solutions) water clusters is predominant
in the sorption process thus causing increase of the entropy change. The enthalpy change
is also positive due to the breakage of water–water hydrogen bonds in the structured
water clusters [296].
Interactions between organic substances and polymeric matrixes are not peculiar for
polymers bearing ion exchange groups. For example, sorption behaviour of phenols on
hypercrosslinked macronet polymers do not differ significantly for a non-functionalised
polymer and for polymers bearing weak anion exchange groups. It indicates that the
interaction follows the surface sorption mechanism rather than the stoichiometric ion
exchange [146]. However, as explained before, hypercrosslinked macronet polymers are
unique having unusual swelling ability. Conventional non-functionalised matrixes do not
swell in polar sorbents and, hence, cannot be used in aqueous media. Presence of ionic
groups is essential for providing the swelling ability to conventional polymers including
those which are used for non-exchange sorption of organics.
Surprisingly, the hydrophobic interactions can play a major role even when inorganic
ion exchangers interact with organic substances. For example, sorption of phenylalanine,
tyrosine, and tryptophan on NaZSM-5 zeolite is completely defined by this type of
interactions and has no contribution from the ion exchange. This has been confirmed by
independence of the sorption efficiency on ionisation of these amino acids [330]. Role
of hydrophobic interactions in sorption of proteins by zeolites has been discussed in
Section 4.4.

CHAPTER 5

Redox Materials

Functional polymers that can reversibly participate in oxidation/reduction reactions are
not ion exchange materials and could be out of scope of this book. However, their
similarity with ion exchange resins is so close that a short chapter is suitable in this
book to introduce the subject. This similarity can be recognised in chemical structure
(functionalised polymers), swelling ability, similar kinetic limitations, column dynamics,
chemical engineering solutions, etc. while chemical driving forces for the processes
differ significantly from the truly ion exchange systems. Another reason to describe
these materials is the fact that the loading of conventional ion exchangers with suitable
redox agents is one of the methods for obtaining redox polymers.
Two kinds of polymers should be considered when discussing materials with redox
functionality. They are electron exchangers and redox resins. These names could be
confusing but they are widely used. Chemically speaking, the electron exchangers can be
defined as polymers bearing redox groups and redox resins are functional polymers loaded
with redox agents. In some publications, two groups of redox resins are considered. These
two groups differ in the nature of physico-chemical interactions between the polymer
and the loaded agent. One group consists of ion exchange materials loaded with ionic
substances. Another is polymers incorporating dispersed particles of the agent inside the
pores and channels (two-phase materials) [331,332]. Such division is reasonable when
these materials are considered as chemical reagents. However, there is no strict difference
from the point of view of materials chemistry because (as shown in Section 5.2) the
oxidised form of the same redox material can be an ion-containing single phase while
another form can contain the reduced phase as particles.
Two sections of this chapter describe these two kinds of materials. Following sections
are related to both of them.
5.1 Electron Exchangers
Electron exchangers are polymers which carry built-in functional groups acting as
reversible redox couples. The most common example is quinone/hydroquinone groups
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which can be reversibly oxidised/reduced:
CH

CH2

HO

CH
=

CH2
+

+ 2 H + 2e−

O

OH

(5.1)

O

As mentioned above, the name electron exchanger is not quite appropriate, but has been
generally accepted. These materials are, as a rule, resins with a cross-linked hydrocarbon
matrix same or similar to the matrix of conventional ion exchange resins. However, they
are not ion exchangers because their groups are not ionisable and they do not incorporate
counterions for the charge compensation. An electron exchanger can oxidise or reduce
a substrate and, after that, a regeneration procedure can be performed by a suitable
reduction (or oxidation) agent. Matrix of a perfect material does not participate in redox
reactions, which is a condition for stability and durability of the material [5].
Electron exchangers and redox resins usually behave in a manner similar to the corresponding soluble redox couples or to the corresponding functional monomers, i.e. the
redox potential of a couple is not significantly changed by incorporation into a polymeric
matrix. The most important difference between the soluble couples and the resins is that
the resins are solid agents and thus their reactions are heterogeneous.
Reduction of Fe3+ can be taken as an example of a process involving the hydroquinonetype material [5]:
CH

CH2

HO

CH
+ 2Fe3+ =

O

CH2
+ 2Fe2+ + 2H+
O

OH

(5.2)

Reduced form of the electron exchanger has the lower redox potential than the couple
Fe3+ /Fe2+ , i.e. the electron exchanger is a stronger reducing agent. Thus the dissolved
Fe3+ can be reduced and the reversed reaction cannot take place. Re-conversion of the
material in the reduced form can be performed only with an even stronger reducing agent,
for example with Ti3+ :
CH

CH2

O

CH

+ 2 Ti 3+ + 2 H2O

CH2
+ 2 TiO2+ + 2 H+

= HO

O

(5.3)

OH

Equations (5.2) and (5.3) are obtained combining (5.1) with electrode reactions of the
corresponding couples
Fe3+ + e− = Fe2+

(5.4)
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and
Ti3+ + H2 O = TiO2+ + 2H + + e−

(5.5)

Many other redox groups can be attached to polymeric networks. For example, N-ethyl1,2-dihydropyridine group [333]

+ H+ + 2e−

=

(5.6)

+N
CH2CH3

N
CH2CH3

can be mentioned as well as oxyquinolines, thiols, ferrocene, etc. [332]. Good prospects
could be foreseen for novel materials bearing nitroxide radical groups. Hydrogen
peroxide formation in aqueous media can serve as an example of reactions with materials
having such functional units [334]
H3C

CH3

H 3C

N OH

R
H 3C

O2
=

CH3

H3C

CH3

.

N O + H2O2

R

(5.7)

CH3

Reactions with some groups involve transfer of more than one electron. For example one
phosphinic group can reduce one double charged cation or two single-charged [335]:
O

O

P OH + Hg2+ + H2O =

P OH + Hg + 2H+

H

O H

(5.8)

or
O

O
+

P OH + 2Ag + H2O =

P OH + 2 Ag + 2H +

H

O H

(5.9)

Another example is the bipyridinium group [336]

N

+

+

N

+ 2e−

=

N

N

(5.10)
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An elementary redox reaction can also involve more than one functional group. For
example, if the electron exchanger bears mercapto groups, oxidation involves reaction
of two neighbouring units. The electrode reaction is [5]
SH
SH

S
=

S

+ 2 H + + 2e-

(5.11)

Thus specificity of the reaction involving mercapto groups is that they can act only in
couples.
Some groups can participate in redox reactions stepwise. The reduction of nitro
copolymers occurs according to the following scheme [337]

(5.12)
NO2

NO

NHOH

NH2

The example (5.12) is somehow exceptional because redox transformations of the
polymer-attached aromatic nitro-derivatives differ from redox reactions involving the
corresponding low molecular weight molecules. Reactions of such soluble nitrosubstances result in the formation of azoxy (−N = N + −O− ), azo (−N=N−), and
hydrazo (−N−N−) compounds that is not observed in the polymeric structures. This
could be explained by limitations in movement of the functional groups inside the polymer phase. However such exceptions are rather rare and, in most cases, the redox
reactions inside the polymeric phase proceed in the same way as in homogeneous media.

−

5.2 Redox Resins
Redox resins are conventional ion exchangers loaded with reversible oxidation-reduction
couples such as Cu2+ /Cu, Fe3+ /Fe2+ , methylene blue/leukomethylene blue, etc. The
oxidation-reduction couples can be fixed inside the material in different ways: as counterions, by sorption, by complex formation, or as particles incorporated in micropores.
The supporting ion exchanger is selected according to certain requirements. Two of the
main requirements are:
• redox stability of the matrix (i.e. the matrix must not participate in the carried out
reactions).
• a firm binding of redox couples in both reduced and oxidised forms (undesirable
ion exchange or desorption may cause a gradual loss of the redox capacity).
Some redox couples suitable for loading in ion exchange matrixes are listed in Table 5.1.
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Table 5.1. Some redox couples suited for incorporation into ion exchange
resins.
E0 , V

Reaction
1,4-naphtohydroquinone = 1,4-naphtoquinone + 2H+ + 2e−
2−
+
−
2SO2−
3 + 6H + 4e = S2 O3 + 3H2 O
+
−
Ag = Ag + e
Au = Au3+ + 3e−
Benzohydroquinone = benzoquinone + 2H+ + 2e−
Ce4+ + e− = Ce3+
Cu = Cu+ + e−
Cu2+ + e− = Cu+
Fe2+ = Fe3+ + e−
2I− = I2 + 2e−
Leukomethylene blue = methylene blue + 2H+ + 2e−
Ti2+ + 2e− = Ti
Ti3+ + e− = Ti2+

+0.480
+0.705
+0.7991
+1.50
+0.6994
+1.61
+0.521
+0.153
+0.771
+0.536
+0.53
−1.630
−0.368

Similar to the soluble redox systems, the reaction behaviour of redox resins is not
necessary to follow only one possible half-reaction mechanism. For example, coppercontaining resins are commonly considered as having Cu2+ /Cu oxidation/reduction
couple. However, they can also act as Cu2+ /Cu2 O and Cu2+ /CuO redox agents [338,339].
Please note that the oxidised form of copper can electrostatically interact with ion
exchange groups and stay as counterions inside the material while the reduced copper is
dispersed in micropores as a separate phase.
Common examples of redox resins charged with non-metallic redox substances are
materials containing methylene blue. Its redox behaviour is described by the reaction
N
+ H + + 2e−

+

(H3C)2N

S

N(CH3)2
H
N

=
(H3C)2N

S

N(CH3)2

(5.13)70

The same reaction also takes place for methylene blue derivatives. The behaviour is not
altered when the substance is incorporated in the solid matrix. The methylene blue has

70 One can find different ways to write reaction (5.13). This depends mainly on the media pH resulting in
protonation–deprotonation of the ternary nitrogen atoms.
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Fig. 5.1. Examples of complex structures loaded into ion exchange polymers to obtain redox
resins. (a) Complex that can be bound by electrostatic ion exchange interactions; (b) complex
including functional groups of the polymer as ligands.

been incorporated in ion exchange resins [340], zeolites [341–343], muscovite [344],
and other materials [345–349]. It has also been covalently bound as a functional group
R
N
+

(H3C)2N

S

(5.14)

N(CH3)2

to the polymeric network [340] thus forming an electron exchanger.
Besides metal- and organic-based redox pairs, complex compounds can be loaded in ion
exchange resins to create redox materials. An example of such system can be an anion
exchange resin (styrene–divinylbenzene-type network bearing quaternary amines) loaded
with phthalocyanine tetrasulphonic acid complexes (Fig. 5.1a) of iron, cobalt, zinc, or
copper [350]. Materials charged with osmium complexes (Fig. 5.1b) are also used nowadays [351,352]. The same structure represents ruthenium polypyridyl metallopolymers
[351]. As one can see from the figure, the complexes can be held in the polymer phase as
counterions or incorporating functional groups in coordination shells, i.e. the complexes
are retained in the same way as have been described in the previous chapters for ion
exchange and ligand exchange systems.
5.3 Properties of Redox Materials
Comparison of redox materials with ion exchange systems could be interesting and
indicative. An ion exchanger in the form of any counterion A can be completely converted
to the B form by treatment with solution of any salt BY in a quantity sufficiently exceeding
the equivalent amount. To achieve the conversion, the required excess of BY should
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be very large if the material definitely prefers the ion A. In some cases the complete
conversion is even practically impossible; however, there is no fundamental restriction
for it. On the contrary, conversion of electron exchangers from the oxidised to the reduced
form, and vice versa, becomes virtually impossible if the selected reduction or oxidation
agent is too weak, i.e. its redox potential is not high or low enough. In unfavourable cases,
no reaction occurs regardless of the amount of the reagent. This is a general limitation
applicable to any combination of two redox couples and not only to redox materials.
The oxidation and reduction abilities of a redox material are thus confined to ranges
which can be characterised by the corresponding standard redox potential. However, this
difference between redox reactions and ion exchange is only a matter of degree. The
expressions for thermodynamic equilibrium in redox reactions and in ion exchange are
formally identical. The difference in behaviour is due to different magnitudes of the
reaction free energy which is usually much greater in redox interactions (which are true
chemical reactions) than in ion exchange (which can be considered as a redistribution
of counterions by diffusion or, maximum, as a formation/dissociation of coordination
bonds). Thus equilibria in redox reactions are, as a rule, much more favourable or
unfavourable than in conventional ion exchange.
Main characteristics of redox materials are redox capacity, standard redox potential, and
reaction rate.
The redox capacity is defined as the number of redox equivalents per unit volume or
unit weight of the material and is usually given in milliequivalents per gram of the dry
material. It indicates the amount (in equivalents) of a substrate which can be oxidised or
reduced [5]. Contrary to the electron exchangers, redox capacity of redox resins is not a
characteristic constant because it depends on the actual loading of the support with the
redox couple. However, the maximum capacity which could be expected from the material corresponds to the maximum possible loading. Redox capacity of the conventional
materials could be up to 10–12 meq/mL [332].
The standard redox potential is the most straightforward characteristic. It reflects the
oxidation and reduction strengths of the material and indicates which substrates can be
oxidised or reduced [5]. The redox potential (E) depends on the activity of involved
reactants and can be calculated with the use of conventional equations. For example,
for conversion of quinone to hydroquinone (right to left direction of reaction (5.1)), the
potential is related to the conversion degree (U) as [331]
E = E0 +

RT
RT
U
ln aH + +
ln
F
2F
1−U

(5.15)

where R is the gas constant; T is the temperature, in kelvin; F is the Faraday constant.
The general relationship between the potential and the conversion degree can also be
expressed as [332]
E = E1/2 +

RT
U
ln
ZF 1 − U

(5.16)

108

Ion Exchange Materials: Properties and Applications

where E1/2 is the potential at U = 0.5; Z is the number of electrons involved in the
conversion of the redox material. Most of the redox reactions are characterised by significant redox potential differences thus causing complete or almost complete chemical
transformations. Equation (5.16) can be used to illustrate it. For example, as small a
value as E − E1/2 = 0.1 V gives 98% of the conversion degree at ambient temperature
(calculated for Z = 1).
The main drawbacks in the use of electron exchangers are slow diffusion and reaction
rates in these materials. One of the causes is the lesser polarity of redox groups in comparison with ion exchange groups of conventional ion exchange resins. Among others
it affects the swelling ability. The electron exchanger phase contains much less solvent
and thus the diffusion of the substrate and of reaction products is hindered. Polymers
bearing different types of functional groups were proposed to solve the problem. Polymers with both electron exchange groups and strong cation exchange groups can be
advantageous for practical use despite certain reduction of the redox capacity in comparison with mono-functional materials. Such bifunctional resins combine an enhanced
access mechanism with the redox “recognition” mechanism. The access enhancement is
provided by completely ionised strong cation exchange groups, i.e. the driving force for
the faster kinetics is the ion exchange [335,353]. A good example of such a structure is
sulphonated hydroquinone-type electron exchanger [332].
OH

OH

(5.17)
SO3−H +
OH

Kinetic modelling of reactions involving redox materials could be performed using
approaches similar to those described in Chapter 10. However, specificity of these materials often requires other assumptions and simplifications. For example, diffusion in
particles can be described by a core-shell model [331,332] because, due to the high
conversion degrees (see comments on Eq. (5.16)), a boundary between the fresh and
exhausted material can be recognised inside the beads as shown in Fig. 5.2. In this case,
the time-dependence of the conversion degree can be expressed by the following system
of equations [332]:
⎧
 3
⎪
r
⎪
⎪U = 1 −
⎪
⎪
r0
⎨
⎪
⎪
⎪
⎪
⎪
⎩t =

r02 Q
6D λC0



r
2
r0

3



r
−3
r0

(5.18)

2
+1

where r0 is the bead radius; r is the radius of the core consisting of the fresh material
(see Fig. 5.2); D is the diffusion coefficient inside the material; C0 is the concentration
in the solution; λ is the distribution coefficient (between the material and solution); Q is
the redox capacity.
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r0
r
Boundary between the fresh
and exhausted material
Fig. 5.2. Different stages of redox reaction involving spherical beads of a redox material. Core
of the fresh material is shown in grey and shell of the exhausted material is shown in black. The
well-distinguished boundary between the fresh and exhausted material can be recognised due to
the completeness of the redox reaction. r0 is the bead radius that is constant in most of the model
representations; r is the radius of the core. In fresh material r = r0 (left panel); in completely
exhausted material r = 0 (right panel).

Interactions of soluble redox couples are defined solely by their redox potentials.
However, the redox materials can be selective towards certain substances. The selectivity is based on secondary phenomena (different diffusion rates, sieve action, etc.)
and can significantly affect the interaction results. The following examples of selective
electron exchangers can be mentioned [353]. The phosphinic acid polymer
O
P OH
H

(5.19)

has the highest level of specificity for the mercuric ion across a wide range of conditions.
It reduces ions of the metal: Hg2+ + 2e− = Hg. The phosphonate diester/monoester
polymer
O
P
O
O
P
O

O C2H5
C2H5

(5.20)

OH
C2H5

displays specific interaction with silver ions. This high selectivity can be assigned to
coupling of the access mechanism (steric selection) with the redox mechanism. The
steric hindrances prevent formation of complexes with all but the target species.
5.4 Approaches to Practical Applications of Redox Materials
The most important advantage of redox materials over dissolved oxidation or reduction
agents is their insolubility. The material can be easily removed from the mixture after
the accomplishment of the desirable oxidation or reduction process. The heterogeneous
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redox reactions can be performed in advantageous column reactors, which is impossible
with homogeneous systems. No contamination of the solution by redox agents or their
products occurs in the case of electron exchangers. Bleeding of metal ions from redox
resins can also be avoided or, at least, minimised. Equations (5.1) and (5.11) show that
only electrons and protons are transferred. Hence, the only change in the solution (except
for the oxidation state of the substrate) is the corresponding increase or decrease in pH.
Even the pH remains constant if the substrate accepts or donates protons, for example,
as shown in reaction (5.24). One more advantage of redox materials is that – due to the
high selectivity of redox reactions – they can be regenerated with almost no excess of
the regenerant.
Similar to ion exchangers, redox materials are used in column processes. The reaction
front moves along the column in the same way as the sorption or ion exchange front.71
However, in contrast to the ion exchange, properties of the front are not defined by the
thermodynamic equilibrium because, as was described earlier, the redox reactions are
completely shifted to one side. The defining factors are diffusion processes and/or rates
of involved redox reactions.
All these make the practical use of redox materials very attractive despite the limitations
of relatively low reaction rates and, in many cases, insufficient chemical stability. There
are several illustrations of the practical applications.
• Removal of dissolved oxygen from aqueous media is a well-known example. The
reaction proceeds in two steps [5,354,355]:
O2 + 2H + + 2e− = H2 O2

(5.21)

H2 O2 + 2H + + 2e− = 2H2 O

(5.22)

and

i.e. the overall electrode reaction can be written as [5]
O2 + 4H + + 4e− = 2H2 O

(5.23)

Copper-containing polymers can be successfully applied for the oxygen removal.
The metallic copper oxidises in two steps Cu→Cu2 O and Cu2 O→CuO [356,357].
There are also evidences of a hydroxide CuOH formation in phase of the material [358]. The reaction in copper-containing redox resins can be electrochemically
reversed to restore the original state of the material for the next deoxygenating
procedure [359].

71 Column reactors and concept of the front are discussed in detail in Chapter 11. So far a simplified concept

of column has been introduced as a cylindrical reactor filled with beads of the ion exchange or redox material;
the solution is supplied to one end of the column and collected at the other end. The front is a sharp or diffuse
boundary between the fresh and the exhausted material in the column.
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If an electron exchanger having a protonated reduced form is applied, the reaction
can also be performed without a change in pH of the medium [5].
4RH + O2 = 4R + 2H2 O

(5.24)

where RH is the reduced form, and R is the oxidised form of the fixed redox couple.
The standard redox potential is +0.682 V for reaction (5.21), and +1.77 V for
reaction (5.22). An electron exchanger with a standard redox potential lower than
about +0.7 V can thus accomplish both steps. The second reaction proceeds more
slowly than the first one, though the equilibrium is more favourable in the second
reaction. In this way it is possible to isolate the intermediate product, H2 O2 [5,360].
Besides the water deoxygenating, removal of oxygen from gases through the same
or similar reactions is also an advantageous application of the redox materials [331].
• Redox chromatography is a major application of redox materials in analytical
chemistry [331]. For example, tin isotopes have been separated through oxidation
of Sn(II ) (mobile form) to Sn(IV ) (retained form) in anion exchange column loaded
with Fe(III ) [361]. The redox reaction was combined with the exchange of the
sorbed species:
2Fe(III) + Sn(II) = Sn(IV ) + 2Fe(II)

(5.25)

When eluted with iron solution, the first portions of the tin band emerged from the
column were enriched with light isotopes.
• Electron exchangers are also used in analytical chemistry as auxiliary reagents.
An example is the reduction of Fe3+ prior to the determination of the total iron by
titration with permanganate. The advantage of electron exchangers, in comparison
with conventional soluble reagents, is that the solution is not contaminated. The
standard redox potential of most electron exchangers is lower than that of the couple
Fe3+ /Fe2+ (+0.771 V) and thus is sufficient for accomplishing the reduction [5].
• Another application is the removal of dissolved halogens from aqueous solutions.
An example of the reaction is
RH2 + Cl2 = R + 2H + + 2Cl−

(5.26)

This method can also be used in chemical analysis for quantitative determinations [5].
• Polymers with redox functionality are widely used nowadays in different sensor
applications. In the case of electrodes, we cannot speak about bulk redox materials
but rather about corresponding polymeric coatings on metallic and semiconducting
surfaces. Such redox films can be used to entrap electron-rich analytes providing
a good signal transport to the conducting support [336,362]. The ability to transport signals is also exploited to establish a connection between the supporting bulk
materials and the enzymes used for highly selective recognition of analytes [363].
The process is illustrated in Fig. 5.3. Application of such sensors for biochemical
analyses is a rapidly developing area of research nowadays. Furthermore, there are
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Fig. 5.3. Schematic representation of bi-dimensional (a) and three-dimensional (b) mediated
enzyme electrode, subjected to a double redox-enzyme catalytic cycle, where R and O stand
for the reduced and oxidised forms of the redox mediator, ER for the native enzyme, EO and EO
for the oxidised forms of the enzyme, Z for the substrate, and P for the product. Reprinted from
J. J. Calvente, A. Narvaez, E. Dominguez, and R. Andreu, in: The Journal of Physical Chemistry
B [363] 2003, with kind permission of American Chemical Society ©.

works on biosensors based on direct electrostatic interactions between redox resins
and bacterial surface structures [352].
• Redox materials are also used in organic syntheses, for example, for conversion of
carbonyl groups to per-hydroxyl groups, for dehydration, for reduction of alkaloids,
etc. [331,332].
When selecting a material for any of these processes, one has to keep in mind that the
electron exchanger is best chosen in such a way that its standard redox potential is just
low or just high enough to accomplish the desired reaction. This is because the electron
exchangers with unnecessarily low or high standard redox potentials require stronger
reducing or oxidising agents for their regeneration [5]. Similar principle is applicable
to redox groups, incorporated in different sensors, where both reduction and oxidation
processes have to be accomplished within the same chemical or biochemical system.

CHAPTER 6

Impregnated Resins

The concept of impregnated resins was developed out of the
• need for ion-specific sorbents,
• the limited variations of available selective functional polymers,
• and from the lack of simple inexpensive methods for chemical functionalisation of
polymeric networks [364,365].
Impregnated resins or solvent impregnated resins are polymeric carriers physically
impregnated with conventional solvent extraction reagents.72 The concept provides a
possibility to obtain a diversity of chelating sorbents using simple inexpensive impregnation techniques. In other words, the ease of preparation method allows exploiting a
wide spectrum of highly selective extractants supplying their functionality to suitable
polymeric matrixes [366]. The impregnating reagent can interact with the surrounding
solution without losing contact with the support. Hence, impregnated resins can be considered as chelating resins whose functional groups are not chemically bounded to the
matrix but physically adsorbed on it.
The difference from snake in cage exchangers has to be recognised. The functional
reagents are not entrapped in the matrixes of impregnated materials but fixed on the
surface with weak forces [365,367–373]. This is confirmed by the fact that the extractants
can be completely removed from impregnated materials by washing with an appropriate
organic solvent. Such procedure is hardly possible for snake in cage systems.
The impregnated materials bridge the gap between liquid–liquid extraction and conventional ion exchange. They combine the fast mass transfer rates and high affinity,
72 The extractants incorporated in the solvent impregnated resins are ordinary reagents originally developed
for liquid–liquid extraction processes. Commercial extractants have been used in most of the cases. In other
words, the common approach is to select an existing extractant well-performing in corresponding liquid–liquid
extraction experiments and incorporate it into a suitable support (usually in a macroporous polymeric network).
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distinctive to the soluble extractants, with the simplicity of equipment and operation
distinctive to ion exchange techniques [364].73 An important advantage is the possibility
of performing many cyclic operations without significant losses of the extraction capacity [374], while losses of the extractant is the major drawback of the solvent extraction
technique.
The model of the impregnated resin can be envisaged as a liquid complexing agent
dispersed homogeneously in a solid polymeric medium. The impregnating extractant
behaves as in the liquid state, while exhibiting strong affinity to the matrix. The major
requirements to solvent extraction systems are [364]:
• good mobility of the extractant inside the material phase and good mobility of
exchangeable counterion (a complexing metal ion in most of the applications)
between aqueous and exchanger phases,
• high binding capacities,
• high selectivity,
• good chemical and physical stability and low losses of the extractant.
6.1 Methods of Impregnation
The following requirements are essential for the preparation of an efficient impregnated
resin [364]:
• the extractant must be a liquid or retained in the liquid state by addition of a diluent
(usually an organic solvent);
• both the extractant and the diluent should have minimal solubility in the aqueous
solutions which are supposed to be treated with the obtained material;
• the polymeric support should be fully expanded during the impregnation process and
remain so. Hence, macroporous supports that show minimum volume variations are
preferred;
• the impregnation method should not affect properties of the extractant or the
supporting polymer.
Several impregnation methods with a number of variations have been proposed. The two
most conventional roots, so called dry and wet impregnations, are illustrated by Fig. 6.1.
The dry method of impregnation is the most widely used. The extractant diluted with
a diluent is contacted with the polymer. Then the diluent is removed by slow evaporation under vacuum. This method is most successful in the impregnation of hydrophilic
extractants such as amines, ethers, ketones, etc.

73 The publication of A. Warshawsky [364] is commonly regarded as the fundamental work of the subject.
Thus it is widely cited here and recommended as the first choice for reading.
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Fig. 6.1. Two most conventional methods for preparation of solvent impregnated resins: wet
(upper branch) and dry (bottom branch).

When the wet method is applied, the extractant, dissolved in a pre-calculated amount
of the diluent, is contacted with the polymer until the polymer absorbs all the liquid
phase. The material is washed with water or with an appropriate solution to remove
excess of the diluent. The impregnating solution is usually non-mixable with water; such
removal is rather a hydrodynamic procedure allowing remains of the diluent to stay in
the pores.
Impregnation with complexes of the target metal is a variety of the wet impregnation
method. After absorption of the dissolved extractant, the beads are immersed in aqueous
metal salt solution. The metal-extractant complexes are formed and then the material is
washed with water. The metal is eluted with an acid and the exchanger is re-washed with
water. The material is then ready for application. The specificity of this method is that
the extractant-metal complex is first formed and then impregnated. Please note that the
metal complexes, when impregnated, do not create recognition sites in a similar way as
they do in imprinted materials.
Another approach is the modifier addition method. The impregnating mixture contains a
diluent, extractant, and modifier. The modifier, such as, for example, dibutylpolypropylene glycol, is there to promote water penetration into the polymer. The diluent is then
evaporated as in the dry impregnation method or washed out as in the wet method.
Different impregnation methods result in different composition of obtained materials
[365] that is illustrated in Table 6.1.
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Table 6.1. Composition of impregnated materials obtained with different impregnating methods.
Impregnation method

Composition

Dry impregnation
Wet impregnation
Modifier addition followed by drying
Modifier addition followed by washing

Polymer – extractant
Polymer – extractant – organic solvent
Polymer – extractant – modifier
Polymer – extractant – modifier – organic solvent

The requirements to polymeric supports used for the impregnation will be briefly discussed. Different types of polymers can be used. So far as weak, usually van der Waals,
forces are responsible for the binding of the extractant,74 the most important feature of
the support is its surface [365]. The physical structure can be both gel-type and macroporous but, as mentioned as above, macroporous is used more commonly. The matrix can
be non-functional or functionalised. Amberlite XE-305 can be mentioned as a common
example of the support. It is a material consisting of polystyrene cross-linked with 4%
divinylbenzene. The average pore diameter is 1400 Å and the surface area is 48 m2 /g.
The material expands considerably in organic solvents; for example, it expands in chloroform up to six times to the original volume. It also shrinks back in water very much
like ordinary gel polystyrene. Amberlite XAD-2, Amberlite XAD-4, and Lewatit OC are
also non-functionalised materials commonly used for the impregnation [365]. They are
macroporous highly cross-linked polymers (over 25% divinylbenzene) with an average
pore diameter of 90 Å (XAD-2) and 50 Å (XAD-4) and with surface areas of 330 m2 /g
and 750 m2 /g, respectively. Both polymers have a very rigid and stable structure and
show zero or minimal expansion in organic solvents.
In addition to the non-functionalised polymers, supports bearing functional groups could
also be suitable for the impregnation. The simplest example is conventional ion exchange
resins [365,376]. Impregnation of a reagent in the functionalised matrix is a combination
of adsorption on the pore surface and ionic and/or complexing interactions between the
reagent and the fixed groups. Besides the binding of the reagent, the charged or the polar
functional groups provide hydrophilic character to the material [365]. Another feature
of functionalised supports is the possibility of strong association between the metal,
impregnated ligand,75 and functional groups. This takes place in a way similar to the
one described in Section 3.3 for ligand exchange systems. The metal sorption in this case
proceeds through the following reaction [364,365]:
Me2+ + 2R−+ H + L̄ = R2 MeL + 2H +

(6.1)

The case of a double-charged cation and a cation exchanger impregnated with a noncharged ligand is taken as an example. Another opportunity is utilising the ion exchange
interactions for the fixation of ionisable ligands. However, ion exchange based purely

74 Vibration spectroscopy confirms that the impregnation is the result of only weak interactions between the

extractant and support [375].
75 Impregnated extractant often referred as ligands even in cases when their chelating ability is not considered.
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on electrostatic forces could only be partially responsible for the ligand loading. In most
cases, such retention is combined with π–π interactions [365]. Besides the improvements
in the material performance, the use of functionalised supports can cause undesirable
phenomena. For example, the presence of the functional groups may alter the selectivity
patterns of the loaded reagent.
The above described impregnation methods are characterised by complete transfer of
the extractant into the solid phase that is required for large-scale processes due to high
price of the reagents. However, a successful impregnation can also be achieved through
equilibration of the polymeric support with organic solution of the selected chelating
substance [374]. As could be expected, the amount of the extractant introduced in the
support depends on the extractant concentration in the equilibrium solution. An example
of such dependency is shown in Fig. 6.2. The extractant left in the solution can be simply
ignored if a small lab-scale impregnation is performed. Another example is pumping
of the extractant through a column loaded with an appropriate support until complete
saturation [377]. The washing and other treatments can also be performed in the same
way. Simplicity and convenience of the operation is gained here in expense of the utilised
amount of the extractant and solvent. Such extractant-spending techniques are justified
if the scale of the material preparation is really small; for example, if the material is
prepared for analytical applications.
One more type of selective ion exchange resins, so called Levextrel resins, should also
be discussed here. The Levextrel resins are sorbents similar to the solvent impregnated
resins. They differ in the preparation method. Levextrel resins are obtained by the introduction of extractants in the mixture of monomer(s) prior to the synthesis of the material.
The following polymerisation produces matrix containing physically incorporated extractant. So far as the impregnation process is not involved in the Levextrel resins preparation,
1.2
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Fig. 6.2. Dependence of the Amberlite XAD-2 loading with DEHTPA on concentration of
DEHTPA in the equilibrium solution. Reprinted from A. G. Strikovsky, K. Jerabek, J. L. Cortina,
A. M. Sastre, and A. Warshawsky, in: Reactive & Functional Polymers [374] 1996, Elsevier ©.
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they can be considered as a separate type of materials. However, their specific properties
do not differ significantly from impregnated resins. This is confirmed by the fact that
the extractant can be stripped from the Levextrel resin with an appropriate organic solvent and even replaced by another extractant through an impregnation procedure [364].
Although numerous chelating agents are available for the preparation of impregnated
resins, the extractants that have been used for Levextrel incorporation are limited [365].
This is explained by certain difficulty in the designing of the synthetic procedure which
comes from the necessity to vary polymerisation conditions to compensate the influence
of individual extractants on the properties of the produced materials (that could be a
complex task). In addition, the selected conditions should not involve the extractant in
undesirable chemical interactions.
The above written description of impregnation roots do not cover all variations of the
preparation and treatment methodology. Few general ideas can be formulated to cover
peculiarities common for all impregnation methods. The impregnation intends to load a
solid support with a water-insoluble extractant. The loading is performed with the help
of an organic solvent. The impregnation is followed by a complete or partial removal
of the solvent in order to fix the extractant inside the solid phase. The choice between
complete and partial removal is defined by the chemical system which is supposed to
be treated with obtained material, i.e. by the fact how harsh the media would leach the
extractant from the solid phase. As a rule, the presence of the solvent residues improves
ion exchange characteristics but can result in faster leaching of the extractant in repeated
cyclic operations.

6.2 Peculiarity of Impregnated Materials
Figure 6.3 illustrates the similarity between processes involving solvent impregnated
resins and liquid extractants. Similar to the liquid–liquid separation systems, the targeted
ion can be re-distributed through two different types of interactions (depending on the
type of impregnated material and conditions). Upper panels of the figure illustrate the
case of ion exchange interactions. The reaction proceeds similarly to systems with conventional chelating exchangers. The difference is in the fixation of the extractant inside
the extracting phase. The bottom panels illustrate non-exchange sorption. The targeted
ion is transferred in the exchanger phase together with a charge-compensating ion, i.e.
the whole substance is redistributed between phases. Such interactions are common in
solvent extraction systems but not in ion exchange materials. Exclusion of co-ions from
the exchanger phase is one of the features of conventional ion exchange materials that
will be discussed in Section 7.7. However, this exclusion could be less restrictive in the
case of impregnated materials.
Peculiar properties of a particular material depend on the type of the extractant and also
on the selected impregnation method. For example, residues of the organic solvent are
present inside the material impregnated with wet method. As a result, the molecules of
the extractant are more mobile and have a possibility of diffusing towards the surface
providing higher capacity and faster exchange rate. On the contrary, if dry impregnation
has been used, molecules of the extractant are almost immobile inside the matrix and
only surface molecules can contact with the aqueous phase.
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Fig. 6.3. Comparison of solvent extraction and sorption by impregnated materials. (a) Extraction
by liquid ion exchanger; (b) material impregnated with liquid ion exchanger; (c) solvent extraction
of whole chemical species; (d) transfer of whole chemical species in extractant-impregnated material. Upper phase in all the panels is aqueous. Bottom phase in all the panels is oil (panels (a) and
(c)) or impregnated material (panels (b) and (d)). The material prepared with wet impregnation
method is shown; the pores contain remains of the organic solvent.

Capacity of materials impregnated with different methods must be specially addressed.
In contrast to materials bearing functional groups, there is no chemically predefined
(stoichiometric) ratio between amounts of the polymeric network and extractant in the
material. The capacity reflects the amount of the extractant contained in a unit amount
of the material and the availability of this extractant for exchange reactions:
Q = b · CL

(6.2)

where CL is the concentration of the extractant in the material, b is a coefficient representing part of the extractant available for interactions. The value of coefficient b can be
considered as reflecting mobility of the extractant molecules inside the polymer because
the mobility defines the availability. Usually b is about 0.2–0.3 for resins obtained by the
wet impregnating method and much less for materials prepared through the dry route.
The partial availability of the impregnated extractant expressed by Eq. (6.2) resembles
the difference between the theoretical and total ion exchange capacity of conventional
ion exchange materials, while these phenomena have different physical causes.
A distinct difference between impregnated materials and chelating polymers is defined
by different mobility of the ligands. Even functional groups attached to the matrix by
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spacers have more restricted local freedom than impregnated extractants (even if the
impregnation has been performed with dry method). The mobility of ligands allows
easy formation of multiligand complexes. For example, formation of CuCl2 (HL)8 and
CuClL(HL)8 complexes has been suggested at sorption of Cu2+ ions by Amberlite XAD-2
impregnated with DEHTPA [374]. Such complexes are hardly possible in chelating resins
because of negligibly low probability for assembling eight or nine functional groups
together.
In some cases, impregnation with two extractants can provide higher affinity of the
obtained material towards the targeted ion in comparison with the materials separately impregnated with each of these substances. The phenomenon is explained by
a high energy benefit associated with formation of the corresponding heteroligand com−
plexes. For example, complexes Me2+ (L−
1 )2−n (NO3 )n (L2 )m (HL 1 )p were suggested to
be responsible for the high affinity of Amberlite XAD-2 impregnated with a mixture of
di(2-ethylhexyl)phosphoric acid (L1 ) and tri-n-octyl-phosphine oxide (L2 ) towards Zn2+
and other transitional metals [378].
Mobility of the extractant causes another essential difference of impregnated materials
from conventional ion exchangers. If the molecules of the extractant can form associates in liquid phase, the association can also be expected in the impregnated material
[365,372]:
(HL)n + HL = (HL)n+1

(6.3)

where n = 1, 2, 3, . . . Each step of the association is characterised by the corresponding
complex formation constant76


(HL)n+1
 
K= 
(6.4)
(HL)n HL
Please note that values of constants (6.4) are not necessarily the same as in aqueous or
other liquid media.
An interesting phenomenon was observed for the sorption of water by the impregnated
materials. The water content can decrease with the increase of the impregnation degree
[379,380] as shown in Fig. 6.4. This suggests a competition between water molecules
and the extractant for the surface of the polymeric support [365,380].
6.3 Equilibria Involving Impregnated Materials
Equilibria involving impregnated materials could be much more complicated than equilibria with conventional ion exchangers. This is due to the possibility of multiligand
complex formation in the exchanger phase. In many cases the interactions could not

76All reaction constants are written here in terms of concentrations, i.e. they are apparent reaction constants.
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Fig. 6.4. Water content (mol/kg) of XAD-2 impregnated with di-(2-ethylhexyl)phosphoric acid
as function of the impregnation degree (mol/kg)76a . Reprinted from J. L. Cortina, N. Miralles,
A. Sastre, M. Aguilar, A. Profumo, and M. Pesavento, in: Reactive Polymers [380] 1996, Elsevier ©.

be described by a single equation of chemical reaction. A straightforward application
of knowledge obtained with corresponding solvent extraction systems (where the multiligand complex formation is a common case) is also a questionable approach because
incorporation in the solid phase could significantly affect the structure of formed complexes. Two limiting cases are: (i) formation of the same complexes as in solvent
extraction systems and (ii) ion exchange reaction unaccomplished by the involvement
of additional molecules of the ligand. The first case can be illustrated as mentioned in
Section 6.2, formation of CuCl2 (HL)8 and CuClL(HL)8 complexes [374]. Only ZnL2
complexes are formed in D2EHPA-impregnated Amberlite XAD-2 [381] that illustrates
the second case because the complexes formed in liquid phase are ZnL2 HL [382]. The
first case can be theoretically described as a particular case of liquid–liquid extraction;
the second can be treated as usual ion exchange with immobilised groups. A general
scheme of possible chemical interactions is discussed below.
Let us consider possible reactions in the system containing double charged cation Me2+ .
The material is impregnated with ligand HL. In a general case, the interactions in the
system can be depicted as shown in Fig. 6.5. The scheme looks unnecessarily complicated. Indeed, some of these complexes are fictitious and, may be, never exist in any
system. However, the scheme illustrates general principles in a systematic way reducing all interactions inside the phase to only two associations: with one molecule of
a charged or non-charged ligand. The inter-phase distributions are also presented in a
systematic way.

76a The original figure [380] show units of the y-axis as g/kg. However, this should be a typing error because
conclusions of the paper clearly state that water molecules are stoichiometrically replaced by extractant
molecules.
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Fig. 6.5. General scheme of equilibrium interactions between a material impregnated with ligand
HL and solution containing cation Me2+ . Arrows do not indicate preferable directions of reactions
but show the meaning of the side-scripts. For example, sorption of one metal ion according to
reaction 19 (up–down direction of the arrow) is accomplished by emission of two protons (sign
minus at the transferred protons). Arrows also correspond to left-to-right direction of reactions
discussed in the text.

The simplest case of the ion exchange is shown by interaction 19 and can be written as
2H + + Me2+ = Me2+ + 2H +

(6.5)

with corresponding apparent constant of the reaction

K19



Me2+ [H + ]2
=
2
H + [Me2+ ]

(6.6)

Numeric subscripts at signs of constants in (6.6) and following equations correspond
to the numbering in Fig. 6.5. Interactions similar to (6.5) are common for conventional non-specific ion exchange processes involving strong cation and anion exchangers.
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Ions in such materials are not associated with functional groups but simply located inside
the exchanger phase fulfilling its electroneutrality. The state of the ions in ion exchangers
will be discussed in detail in Chapters 7 and 8.
The main driving force for the ion transfer into the extractant-impregnated material is the
chelating interactions between the ion and impregnating ligands. Thus the presence of
a significant amount of free non-complexed ions (transferred by the reactions similar to
(6.5)) in the exchanger phase could be a rare case. Impregnated materials are similar to
chelating ion exchangers (see Chapter 3) where counterions are associated with chelating
groups. The association of counterions is illustrated by horizontal arrows in Fig. 6.5,
particularly by interactions 23 and 24. The presence of the charged ligands consumed by
these reactions can be assigned to the ligand dissociation
HL = L− + H +

(6.7)

The main driving force for reaction (6.7) is the ion exchange itself because protons are
removed from the exchanger phase by reaction (6.5). For example, the formation of the
most common non-charged complexes MeL2 can be represented as the combination of
interactions 19, 23, and 24:
2HL + Me2+ = MeL 2 + 2H +

(6.8)

Of course, there is no restriction for the system to proceed directly through one-step
reaction (6.8). However, this discussion does not include reaction mechanism (that could
be quite specific for each chelating system) but only equilibrium states and, according
to the fundamental thermodynamic principle, an equilibrium state is independent of the
way in which it has been achieved.
Formation of anionic complexes (interaction 25) can take place if the ligand easily
releases the proton as shown in Eq. (6.7). The combination of interaction 25 and reaction
(6.7) is
+
MeL 2 + HL = MeL −
3 +H

(6.9)

Similar to complex formation in the aqueous phase, a significant amount of anionic
complexes can be formed only if the energy of their formation is higher than the energy
of recombination between the ligand and proton.
Besides the above described reactions, counterions could form chelating structures with
non-charged (protonated) ligands. Such interactions are illustrated by vertical arrows.
The simplest case is the interaction 26
Me2+ + HL = MeHL 2+

(6.10)
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that is characterised by the complex formation constant


MeHL 2+
 
K26 = 
Me2+ HL

(6.11)

The counterion can associate more than one HL molecule that is illustrated in
interaction 33.
Similar to complexation in the aqueous phase, complexes with both charged and noncharged ligands can be formed as illustrated in interactions 27–29, 30–32, and 34–39.
There is no reason to discuss each of them individually. Two general equations can be
written instead. The first describes the association with one charged ligand
MeL m (HL)2−m
+ L− = MeL m+1 (HL)3−m
n
n

(6.12)

and the second corresponds to the association with one non-charged ligand
MeL m (HL)2−m
+ HL = MeL m (HL)2−m
n
n+1

(6.13)

where m and n mean any countable values including zero. Reactions (6.12) and (6.13)
are characterised by corresponding apparent constants


MeL m+1 (HL)3−m
n
 
(6.14)
K = 
MeL m (HL)2−m
L−
n
and



MeL m (HL)2−m
n+1
 
K= 
2−m
MeL m (HL)n
HL

(6.15)

If the ligand is perfectly fixed inside the material, the above discussed interactions can
be used for a complete description of the system. However, this perfection is a rare
case. Leakage of the ligand out of the solid phase causes complex formation in the
phase of solution. The distribution of ligand between two phases is a non-stoichiometric
interaction77
HL = HL

(6.16)

77 One has to note that the leakage is usually a very slow process. As a result, the concentration of the ligand in

a liquid phase is controlled by the release kinetics and cannot be described in terms of equilibria. Non-uniform
energy of the ligand binding on the surface of the support also contributes to the difficulty in predicting the
ligand concentration in the liquid phase. The equilibrium approach is presented here for the sake of simplicity
and unity of the model. The results of direct analytical determinations of the ligand concentration in the solution
should be used instead for most of the practical needs.
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that is characterised by the distribution coefficient

λ1 =

 
HL
[HL]

(6.17)

The structure of equilibria in the liquid phase is essentially the same as in the phase
of the exchanger. They are also described by general equations similar to (6.12)–(6.15)
with only the difference being all their members belong to the solution phase. Similar
“symmetry” of the complex formation has been described for systems including chelating ion exchangers in equilibrium with non-complexing solutions and non-specific ion
exchangers in equilibrium with ligand-containing solutions [252]. One has to note that
the “symmetry” of interactions does not mean identity of the equilibrium characteristics
(6.14) and (6.15). The values of equilibrium constants can be significantly affected by the
transfer from the liquid phase in the ion exchanger. In many cases, different complexes
are predominant in different phases.
Ion exchange reaction (6.8) is not the only possible way of metal distribution between
the solution and impregnated material. Each species that is present in both phases
can be transferred through cation exchange reactions (interactions 19 and 20) or interphase distribution (interaction 21). If anionic complexes are present in both phases, the
anions can be transferred between phases in couples with charge-compensating protons (interaction 22). Such type of transfer is not very common for conventional ion
exchangers due to the Donnan limitation which will be discussed in detail in Section 7.7.
However, contrary to most conventional ion exchangers, the impregnated materials possess lower capacity that, as well as only partial ionisation of the ligand, reduces these
restrictions. The general equation for the inter-phase transfer of species via interactions
19–22 can be written as
MeL 2−m
+ (2 − m)H + = MeL 2−m
+ (2 − m)H +
m
m

(6.18)

and characterised by the apparent constant of ion exchange
[H + ]2−m
MeL 2−m
m
K = 

H+

2−m

(6.19)
[MeL 2−m
m ]

Please note that Eqs (6.18) and (6.19) cover all types of the transfer. When m = 0 or 1,
they describe two cation exchange interactions 19 and 20. Substituting m = 2 results in
zero-power in Eq. (6.19), i.e. the constant of ion exchange is converted to the distribution
coefficient

λ21 =



MeL 2
[MeL 2 ]

(6.20)
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Values m > 2 describe simultaneous transfer of anionic complexes and protons between
two phases. The negative power functions transform Eq. (6.19) correspondingly. For
example, the characteristic of interaction 22 is

K22 =



MeL −
H+
3

[H + ][MeL −
3]

(6.21)

that yields from (6.19) after substitution of m = 3.
complexes between two phases.
Figure 6.5 shows only the transfer of type ML2−m
m
However, there is no general restriction for transfer of type MeL m (HL)2−m
complexes.
n
These interactions are not presented in the scheme for the sake of simplicity. This is
an appropriate way because, as mentioned earlier, the thermodynamic principles allow
step-wise representation of equilibria even if fictitious intermediate states have to be
involved. More complicated cases, for example, systems where charge-compensating
anion (which is present in the solution) participates in the interactions, would require
three- and multi-dimensional visual representations. However, the transfer of species
between two phases happens essentially in the same way and can be described by the
equilibrium constants similar to (6.19).
When a particular chemical system is considered, most of the complexes shown in
Fig. 6.5 are turned to be fictitious. However, actually existing species are different for
different systems and phases; thus the general representation cannot be simplified. Identification of the existing species is a task for experimental research. When they are
named, the equilibrium can be described combining elementary interactions shown in
the scheme. For example, Zn2+ or Cu2+ ions are sorbed by Amberlite XAD-2 impregnated with di-(2,4,4-trimethylpentyl)phosphinic acid as MeL 2 and MeL 2 (HL)2 complexes
[383]. Predominance of one complex depends on the metal–ligand ratio. As a result, the
exchange reactions can be written as
Me2+ + 2HL = MeL 2 + 2H +

(6.22)

Me2+ + 4HL = MeL 2 (HL)2 + 2H +

(6.23)

and

These reactions can be presented as a combination of interactions 19, 23, and 24 or 19,
23, 24, 28, and 25 correspondingly. Apparent constants of these reactions are



2
MeL 2 H +
K =
 2 = K19 · K23 · K24
[Me2+ ] HL

(6.24)
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and

K =


2
MeL 2 (HL)2 H +
= K19 · K23 · K24 · K28 · K35
 4
[Me2+ ] HL

(6.25)

The equilibrium between these two complexes can be described as
MeL 2 + 2HL = MeL 2 (HL)2


MeL 2 (HL)2
K = 
 2 = K28 · K35
MeL 2 HL

(6.26)

(6.27)

Only species Me2+ , HL, MeL 2 , and MeL 2 (HL)2 actually exist in this particular system
and all others shown in Fig. 6.5 are fictitious.
One has to be aware that the amount of the impregnated extractant, CL , cannot be
directly used in the above discussed expressions because of the incomplete availability
of the extractant for chemical interactions (see Eq. (6.2)); i.e.
 
 
CL = L− + HL

(6.28)

The coefficient b representing the availability of the extractant should be used in practical
calculations. For example, the apparent constant of an ion exchange reaction
Me+ + HL = MeL + H +

(6.29)

can be written as



MeL [H + ]
MeL [H + ]
  =
=
[Me+ ] · bCL
[Me+ ] HL


Me

KH

(6.30)

The equation becomes more complicated if there are several forms of the ligand in the
exchanger phase (see Eqs (6.3) and (6.4) in Section 6.2). The distribution of the extractant
between different complexes should also be taken into account.
The approach, which is proposed in this section, formally assigns elementary reactions
in order to simplify the description of equilibria taking place on extractant-impregnated
materials. Nevertheless, the description is a difficult task because experimental evidences
pointing towards which species exist in the exchanger phase could be inconclusive.
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6.4 Stability of Impregnated Materials
The main concern of the development of impregnated materials is providing them with
sufficient stability. Fixed only by weak forces, the extractants could be leached from
their supports during repeated exploitation cycles. The relatively low stability is the
main drawback for application of such materials. Extractant losses can be significant
enough to prevent a wide use of the impregnated materials in large-scale processes. For
example, a material impregnated with DEHPA displays a 7 to 25% (depending on the
used regenerant) loss of its capacity by the fifth cycle of exploitation [384].
The leaching of the extractant is not necessarily causing the immediate capacity reduction. The explanation can be found in the fact that only a part of the impregnated
reactant participates in the interactions (see Eq. (6.2)). Coefficient b is not constant
and could increase during the course of the extractant removal. For example, only
28% of dinonylnaphthalenesulphonic acid freshly impregnated in Amberlite XAD-2 was
found to participate in the ion exchange interactions. The inactive extractant remaining inside the matrix can, to a certain extent, replace losses from the surface of the
beads [385].
Samples with low capacities have been shown to be most stable [386]. It may be considered as an indication of inhomogeneity of the polymeric support interior. In this case,
the small amount of the extractant is located in the most suitable positions and cannot be easily removed. Larger degree of impregnation results in filling of other vacant
places but without providing sufficient stability. In the simplest case the impregnation process can be envisaged as a gradual filling of the extractant in the pore space.
The smallest (most suitable) pores are filled first followed by the pores with larger
diameters [387–389].
Different approaches have been applied to stabilise ion exchange capacity of the impregnated materials, i.e. to preserve a constant extractant content in the solid phase. The
simplest approach is to wash out the part of the extractant that is not sufficiently
bounded. It could be done, for example, by carrying out several ion exchange cycles [366,
385,386,390]. Another procedure involves a “wet- drying” of the impregnated material,
which consists in keeping the sample in boiling water for several hours [366,390]. These
techniques have proved to be sufficiently effective in stabilising the capacity of materials
prepared by using impregnating solutions of dinonylnaphthalene sulphonic acid [390].
The drawback is that such stabilisation could be performed only at the expense of the
total capacity.78 Indeed, the impregnation of macroporous matrixes leads to the immobilisation of the extractant solution both in the pores and in the gel regions of the polymer.
The impregnating solution located in the pore volume is weakly retained by the polymer (mainly due to the capillary forces) and can be easily leached out from the freshly
prepared material. The impregnating solution taken up by the gel regions of the matrix
78 One can ask – what is the benefit of the capacity reducing? Indeed, the amount of target ion exchanged

in first cycles could be higher if such treatments are avoided. However, reproducibility of cyclic operations
could be much more important than a short-term benefit of the higher initial capacity. Another advantage is
the reduction of the leached amount of the extractant and thus less effect of the leaching on the equilibrium
and less contamination of the solution.
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is responsible for the capacity, which remains practically constant during the use of the
material [366,390]. Hence, conventional cycling leads, in fact, to the gradual removal of
the extractant from the pore volume of the matrix. The leaching of extractant in this case
proceeds under “favourable” conditions due to the presence of an organic solvent in the
matrix swollen at the impregnation. The heat treatment of the samples during the “wet
drying” procedure leads to the complete removal of the solvent from both the pores and
the gel regions of the swollen polymer [366,390] that hinders the leaching of extractant
from the matrix. Nevertheless, a certain part of the extractant still remains removable
although many more ion exchange cycles could be performed before the leaching appears
to be too high [366].
The post-impregnation encapsulation is the most promising but most complicated stabilisation technique. It is based on the idea that the loss of the extractant can be prevented
by supplying a semipermeable coat around each bead of the material. The coating must
allow rapid diffusion of target ions but retain the organic extractant and the extractantion complexes [391]. An example of the preparation process is presented in Fig. 6.6.
As shown in Fig. 6.7, the performance of the coated material remains constant while the
uncoated sample rapidly loses the capacity. In the simplest approach the encapsulation
can be considered as an introduction of a semipermeable membrane between two phases.
In this case the binding of extractant on the polymer surface could be unimportant and,
in an extreme case, the polymer would solely be a solid support for the “membrane bag”
containing the liquid extraction medium.
Comparison of the three methods of stabilisation is presented in Fig. 6.8. It illustrates
the highest suitability of the encapsulated material as well as the slower leaching of
the extractant from the “wet dried” resin. Please note that the capacity of all the three
materials is normalised to 100% while encapsulating provides the highest non-normalised
value.

6.5 Comparison with Other Separation Methods
To conclude the chapter, the application of impregnated resins to chemical separations
can be compared with techniques such as the solvent extraction and ion exchange.

+ + +
++
+
+
+ +
+
+
+
+ + +
+
+

a

b

c

d

Fig. 6.6. Scheme of the coating technique for the synthesis of stable solvent impregnated resins.
Vinyl-containing hydrocarbons are covalently or non-covalently immobilised on surface of the
bead (a); the impregnation is performed (b); the coating shell is obtained polymerising the vinyl
structures (c). When immersed in a counterion-containing solution (d) the shell is penetrable for
counterions and impenetrable for the impregnating ligands.
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Fig. 6.7. Percent of complexed Cu2+ as a function of the contact time. Bottom branch corresponds to functionalised styrene–divinylbenzene polymer impregnated with DEHPA. Upper branch
corresponds to the same material encapsulated with poly(GMA/bis(acrylamide)). Reduction of
the complexing ability (bottom branch) is caused by leaching of the extractant. Reprinted from
S. D. Alexandratos and K. P. Ripperger, in: Industrial & Engineering Chemistry Research [391]
1998, with kind permission of American Chemical Society ©.

Fig. 6.8. Relative capacity versus number of ion exchange cycles. The material is Amberlite
XAD-2 impregnated with DEHPA (di-2-ethylhexylphosphonic acid). (1) Stabilised by conventional
cycling; (2) “wet-dried”; (3) encapsulated through treatment with DMF solution. Reprinted from
D. Muraviev, L. Ghantous, and M. Valiente, in: Reactive & Functional Polymers [366] 1998,
Elsevier ©.
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Table 6.2. Separation with solvent impregnated resins in comparison with two other
techniques.
Comparison with solvent extraction
Advantages
Possibility to design column processes
Possibility to treat very dilute solutions
High contact surface area without any mixing
Less reagent loss at cyclic operationsa
Disadvantages
Less percentage of the reagent use and less
capacity
Higher cost

Comparison with ion exchange
Extremely high variety of extractants which
can be incorporated into the polymer beads
Lower cost of preparation
Faster mass transfer in many cases

Low capacity
Instability at cyclic operations

a Losses of extractant caused by its solubility in the aqueous phase can be ten times lower than those observed

in liquid–liquid systems [365].

The comparison is presented in Table 6.2.79 As one can see, the impregnated materials are intermediate between solvent extraction and ion exchange. The only common
drawback is a low capacity in comparison with both conventional techniques. As a result,
the use of impregnated materials is more advantageous in analytical separations, particularly in analytical chromatography. The analytical applications also allow use of the
material in moderate number of cyclic operations that makes drawbacks from the low
stability less pronounced. Nevertheless, certain advantages of the impregnated materials
can also be foreseen for preparative and industrial separations [392,393].

79 One has to note that the solvent extraction and ion exchange techniques are not necessarily competing

technologies. The areas of their economically reasonable applicability are usually distributed along concentration scale. For example, the solvent extraction separation of metallic species is generally considered to
be economical in the range of the aqueous metal concentration 0.01–1 M. Ion exchange is preferable at low
concentration of targeted species.
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CHAPTER 7

Interactions with Water and Aqueous Solutions

For several decades scientists have been trying to explain and model the dualistic nature
of ion exchange materials. From one point of view the ion exchange can be described
as a chemical reaction; from another point of view it is an inter-phase distribution process. Despite a half-century history of extensive research there is no single conventional
theory describing the state of ion exchangers and the basics of ion exchange processes.
A number of theoretical approaches have been developed targeting different types of ion
exchange materials and different chemical systems. Major interactions taking place in
such systems define major terms of corresponding models. For example, if the electrolyte
consisting of functional groups and counterions is completely ionised, no direct chemical
interactions need to be accounted. Such systems can be successfully described with one
of the macroscopic models. These models do not take into consideration the behaviour
of single ions as discrete particles. The ion exchange is represented as a purely mechanical process. Another group of models, microscopic models, consider direct interactions
between ions, molecules, functional groups, and fragments of the matrix. Such models
are more suitable, for example, for strong chelating systems. Of course, most of the
materials behave in an “intermediate” way. As a result, the selection of the model is a
difficult task. A particular choice is an outcome of an evaluation taking into account the
properties of the material and of the overall chemical system. In many cases the final
selection ends with the well-known “expert opinion” method.
These are the simplest examples of approaches to describe ion exchange systems:
• Ion exchange interactions of alkali ions with cation exchange resins bearing −SO−
3
groups can be successfully described in terms of swelling in an electrolyte solution.
No direct association between the groups and counterions needs to be taken into
consideration.
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• Interactions in carboxylic cation exchangers are often described as an outcome of
the protonation reaction:
−COO− + H + = −COOH

(7.1)80

The ionised carboxylic groups are assigned to non-associated cations located in the
internal solution of the material. The equilibrium is defined by the protonation of the
groups and by the distribution of ions between the internal and external solutions.
• Description of chelating systems can often be performed on the basis of only a
chemical complexation model, i.e. considering only specific interactions between
functional groups and sorbed ions or molecules.
Unfortunately each of these simple approaches is applicable to a narrow range of ion
exchange systems. Furthermore, the validity of such approaches must be experimentally confirmed for each particular case. Thus, the model of ion exchange cannot be
selected purely on the basis of theoretical considerations. Another inconvenience is that
many materials and systems have been successfully described applying several different approaches. Application of models could be conditions-dependent or the models can
simply differ by the system of assumptions and approximations.
One can ask what is the purpose of modelling if models should be specific for each
material and even for each chemical system? The modelling helps to understand the
nature of ion exchange interactions, standardise the characteristics within corresponding
groups of materials, and summarise ion exchange data [394–397]. They also serve as a
theoretical base for scaling up chemical processes.
The volume of one chapter is not enough to present all important theoretical concepts
of ion exchange interactions. Thus the discussion starts with swelling-related processes.
Indeed, as mentioned earlier,
• micro- and macro-pores of ion exchangers are filled with solution,
• the ion exchanger itself can be presented as a concentrated solution of counterions
and functional groups (note the specificity: functional groups present one type of
ions while being immobile),
• almost all ion exchange processes take place when the material is swollen or,
at least, contains certain amount of water.
Thus all models of ion exchange take into account swelling as a major contributor. Many
models are based solely on swelling considerations. Thus this chapter mainly describes
the interactions of ion exchangers with water and solutions. The following two chapters
will deal with description of ion exchange interactions.

80 Please note that all members involved in the reaction (7.1) are located inside the polymer phase.
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7.1 Early Models of Ion Exchange
The best way to familiarise with the concepts of ion exchange is to begin with a discussion
about the simplest classical models of ion exchange interactions. Besides the general
educational purpose, the specific value of such historical excursion can be found in the
fact that some old models have been successful enough to survive the modern time.
The phase of an ion exchanger usually contains fixed charges and counterions in a much
higher concentration than the surrounding solution. As a result, the exchanger phase tends
to dilute itself, i.e. to swell. If dried, the exchanger also sorbs certain amount of water
from the surrounding atmosphere. The swelling has been considered as a main driving
force in many early but successful models. The following couple of paragraphs are a
shortened quotation from the classical Helfferich’s book which perfectly summarised the
state of art up to early 1960s [5].
One of the first and most successful thermodynamic models describing ion exchange
equilibria is Gregor’s model [398,399]. The model is based on the concept of inter-phase
distribution. According to this model, the matrix of the resin is a network of elastic
springs. When the resin swells, the network is stretched and exerts a pressure on the
internal “pore” liquid (Fig. 7.1 and Applet 781 ), as the skin of an inflated toy balloon
exerts a pressure on the air inside. The “swelling pressure” in the resin affects swelling,
sorption, and ion exchange equilibria. In the thermodynamic treatment of this model,
the components of the system are usually taken to be the matrix with fixed ionic groups,
the various mobile ionic species, and the solvent. Two different assignments of the solvating water molecules have been used in the same model. Solvation shells have been
considered by Gregor as being part of the ions, and by others as belonging to the solvent.
Gregor’s choice is not so strict from the point of view of thermodynamics, but it clearly

Fig. 7.1. Gregor’s model of the ion exchanger. The intern of the exchanger is represented as a
piston with springs responsible for elastic force of the matrix. The springs are stretched when the
material swells.

81 http://ionexchange.books.kth.se/applet07.html
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Fig. 7.2. Lazare and Gregor’s refined model includes electrostatic interactions. The matrix is
represented by parallel plates which are interconnected by elastic springs and carry uniform electric
surface charges. Charged plates repulse each other; the repulsion is opposed by elastic forces.

brings out the physical action of the swelling pressure. Gregor’s model is purely mechanical considering the swelling pressure as being the particular property and ignoring the
electrostatic interactions. A refined Lazare and Gregor’s model [400] accommodates the
electrostatic forces (see Fig. 7.2 and Applet 882 ). This model pictures the ion exchange
resin as a series of planar plates parallel to one another and interconnected by elastic
springs. The plates carry the same charge and hence repel one another electrostatically
stretching the springs. The pore liquid in the actual exchanger is represented by the
continuous charge of the opposite sign located between the plates. Gregor’s models can
qualitatively explain different preferences of strong cation exchangers towards different
alkali ions as well as some other phenomena. It is applicable to systems where the effect
of swelling pressure is not overshadowed by the action of other forces. The model cannot explain the striking selectivity83 which is usually attributed to specific interactions
between the fixed functional groups and the preferred counterion.
Contrary to the mechanical macroscopic models of Gregor, the microscopic models
are based on molecular scale considerations. As examples of early microscopic models,

82 http://ionexchange.books.kth.se/applet08.html
83 The term selectivity can be corresponded to the affinity of the ion exchange material towards certain type(s)
of ions. The meaning of the selectivity concept will be discussed later in Chapter 8. To avoid confusion, an
attempt has been done within this book to use the term affinity for the phenomenon of preference of the ion
exchange material to one kind of ions or molecules, while selectivity has been corresponded to the property
of the exchanger characterising the affinity. However, this discrimination of terms is not common in the ion
exchange literature.
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Fig. 7.3. Katchalsky’s molecular model. The matrix is represented by a cross-linked network
of chains which consist of rigid, rod-shaped segments carrying one electric charge each. The
interactions are defined by the entropy change due to rearrangements of the chains. Coiling of
chains is higher in less swollen polymer (panel b) in comparison with more swollen (panel a). The
distance between centres of adjusting segments are shorter in case of (b) that suggests stronger
electrostatic repulsion.

the models developed by Katchalsky [401–403] and by Harris and Rice [404,405] can be
discussed. These two models do not differ within terms of the following short description.
The approach is based on the following. The matrix with fixed functional groups is
represented by cross-linked chains consisting of rigid, rod-shaped segments carrying one
group each. The segments are interconnected by flexible joints (Fig. 7.3). Contrary to
the Gregor’s approach, the elasticity of the matrix is not mechanical but, rather, it is
due to the entropy change which accompanies the coiling of the chains, because a coiled
configuration can be realised in more number of ways than a stretched one. Both models
also include electrostatic forces, in particular the repulsion between neighbouring ionised
ionic groups.
Observing the development of these two approaches during the last five decades, one can
note that the microscopic models were transformed to a much larger extent in comparison
with the macroscopic approaches. It is obviously due to a rapid increase of our knowledge
about the microscopic world.
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7.2 Driving Forces for Swelling
The ability to swell is one of the most important properties of ion exchange materials.
Almost all ion exchange reactions involve internal solution of the exchanger. Moreover,
as was discussed in Section 7.1, a number of approaches to ion exchange are based on
the idea that swelling is the driving force of the overall phenomenon. Many other models
describe chemical behaviour of ion exchange materials as a behaviour of concentrated
solutions that also suggests highest importance for questions related to the swelling and
association of water or other solvents.84 Understanding of swelling should provide tools
for the understanding of ion transfer inside the material phase, volume effects accompanying the exchange, and, in some cases, the overall process. Besides the theoretical
importance, the swelling phenomena affect the practical applicability of ion exchange
materials. For example, the storing of nuclear wastes is often performed through incorporation of them in ion exchange resins followed by bituminisation. An undesirable
swelling may build up pressure that might damage the structure of the composite and
cause leakage of radioactive substances [39]. Another example of practical significance
of swelling is the necessity to predict volume variations of the material when a reactor
is designed.
Despite the hydrophobic nature of polymeric chains, organic ion exchangers are
hydrophilic. The hydrophilicity and, hence, the swelling of ion exchange materials
is attributed to the overlapping effect of different causes. One of these causes is the
hydrophilic nature of functional groups and counterions. Functional groups in both
ionised and non-ionised states are solvated with polar molecules of the solvent (water in
most cases). When an exchanger is dry, its groups are non-ionised but polar, and thus
hydrophobic. Sorption of the initial amount of water results in the ionisation of the groups
increasing their hydrophilicity even more [406]. Solvation of functional groups and counterions is not the only possible reason for the swelling. Two more major phenomena can
be named as following [5].
• The internal solution of the ion exchanger is highly concentrated. This creates an
osmotic pressure difference between the interior of the material and the external
solution. As a result, the water molecules tend to be transferred in the exchanger
phase.
• Ionised functional groups positioned near each other along the same matrix chain
repel one another electrostatically. The repulsion is not compensated by attraction
forces from counterions because the hydrocarbon does not allow location of counterions directly between functional groups. This repulsion stretches the chains of the
matrix thus “pumping” water inside the polymer.
One more phenomenon affecting the swelling has to be mentioned. It is an interaction
between the hydrophobic matrix and the molecules of the solvent. The hydrophobic
84 Besides water, ion exchangers can swell in other polar liquids and in mixed solvents. Ion exchange sepa-

ration methods are not so common for treatment of non-aqueous mixtures. However, when used in catalytic
applications, the ability to swell in non-aqueous solvents is an essential feature. Such media are also common
when ion exchangers are applied for analytical needs.
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matrix repels water molecules and thus counteracts the swelling. However, if the solvent can solvate the matrix (an organic or mixed solvent) such interaction positively
contributes to the overall solvation.
Taking up the solvent usually increases the overall volume of organic ion exchangers,
i.e. the materials expand. This phenomenon is common for functionalised polymers.
Inorganic ion exchangers are permeable to water, however, their expansion is restricted
due to the rigidity of the crystalline structure. Hence, the following text is peculiar
for organic ion exchangers, i.e. for cross-linked polyelectrolytes. The overall swelling
phenomenon can be described as following. During the solvation process, the initially
folded and packed chains of the matrix unfold and make room for the solvent. However,
the chains cannot separate completely because of their cross-linked structure. The interconnection is so extensive that each bead of the polymer can be a single polymeric
macromolecule. The dissolution would mean rupture of carbon–carbon covalent bonds
and thus would require much higher energy transfer that happens in most of the ion
exchange reactions. As a result, polymeric ion exchange materials (ion exchange resins)
are insoluble in all solvents unless the dissolving is caused by decomposition of the
structure. Each ion exchange material can accommodate certain amount of water. This
amount strongly depends on the ionic form and conditions.
The swelling process stretches the matrix chains increasing the volume of the material. It
causes an amplified resistance of the elastic forces. On the contrary, all expanding forces
decrease as the swelling progresses:
• The solvation tendency decreases with the fulfilling of the solvation shells.
• The osmotic pressure difference between the internal and external media decreases
with the increasing dilution of the internal solution.
• Electrostatic repulsion between fixed functional groups decreases with the increasing
distance between these groups.
When the swelling attains equilibrium, opposing forces are balanced. The main force
compensating the tendency to swell is the elastic stretching of the matrix (elastic force).
The state of water inside the exchanger is not uniform. A part of the water molecules
participate in the hydration of functional groups and counterions. The rest of the water
forms the internal solution. If the microscopic scale is considered, the internal solution
can be treated as a non-homogeneous medium, i.e. the difference can be recognised
between the primary hydration water, water molecules involved in the formation of
secondary hydration shells, water with structure disordered by a close proximity to
the hydrocarbon chains, and water squeezed in micropores. The presence of differently associated and structured solvent inside ion exchange materials was confirmed by
different experimental methods, for example, by vibrational spectroscopy and thermal
analysis [269–271].
A quantitative modelling of several different states of the solvent inside the exchanger
is a difficult task. Taking into account all the possible states is impossible. The reason
is an infinite number of variations for binding of the solvent molecules. As a result,
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different models consider the ion exchanger to be a single phase or a combination of
several phases. Among the multi-phase models, the most common number of phases is
two (polymer including hydrated groups and internal solution) or three (polymer, disordered or reorganised internal solution, and internal solution with properties similar
to the external medium). More about the multi-phase model will be discussed in
Section 7.4.
7.3 Factors Affecting Swelling
Due to the importance of swelling, its dependency on the properties of the ion exchange
material, on the chemical system, and on other conditions should be discussed in detail.
The main factors affecting the swelling of ion exchange resins are [5]:85
1. Nature of the matrix.
2. Degree of cross-linking.
3. Nature of the functional groups.
4. Capacity.
5. Macrostructure of the exchanger.
6. Nature of the counterion.
7. Degree of association between functional groups and counterions (if there is any
association).
8. Nature of the solvent.
9. Composition of the external solution.
Only the first five items reflect the intrinsic properties of the ion exchange material. Items
6 and 7 reflect the dependence of the swelling on the ionic form. The last two factors
can be attributed to the external medium. Each item in this list can be explained using
the above described simple models of ion exchange materials.
The swelling is defined by the presence of charged and polar groups in the exchanger
phase. So far as charged and polar structures tend to associate with polar solvents, the
nature of the solvent is the factor of primary importance. Polar solvents are, as a rule,
better swelling media than non-polar liquids. Besides water, ion exchange resins swell
in non-aqueous and mixed solutions. The swelling degree reduces with the reduction
of the solvent polarity. Anion exchange resins swell in non-polar solvents (benzene,
hydrocarbons) to some extent while most of the cation exchangers do not swell at all.
If a mixed solvent is used, the resin phase is, as a rule, enriched with solvent which is
present in less fraction [5,112,183,407–409]. All this is peculiar for ion exchange resins
having significant content of functional groups. Hydrophilicity of materials specially

85 Please note that the items in this list are not arranged according to their contribution to the overall swelling.

Contribution of different factors can differ dramatically for different materials and systems.
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Fig. 7.4. Dependency of swelling on the degree of cross-linking (percent of divinylbenzene)
for styrene-type exchangers. (a) ion exchanger bearing sulphonic groups loaded with counterions of different valence; (b) ion exchanger bearing different functional groups in different ionic
forms: 1: −SO3 H; 2: −SO3 Na; 3: −COOH; 4: −N(CH 3 )3 Cl. Reprinted from F. Helfferich,
Ion Exchange [5] 1962 (left panel) and from A. I. Vulikh, Ion Exchange Synthesis [112] 1973
(right panel).

prepared with low content of the groups is not so high. Such materials can significantly
swell in non-polar media.
The degree of cross-linking defines the elastic force opposing the swelling. Highly crosslinked resins are more rigid and have reduced ability to swell. Figure 7.4 illustrates
the dependency of the swelling on the cross-linking degree (content of divinylbenzene
introduced at the synthesis of the material86 ). Theoretically calculated, Fig. 7.5 illustrates
the dependency in the general form. The behaviour is readily explained in all models.
In the macroscopic models the “springs” are considered to be harder. Shorter chains
represent units of more cross-linked ion exchangers in molecular models and, hence, the
loss in configurational entropy accompanying a given expansion is greater. Many studies
have indicated that, for a given counterion, swelling of the gel materials have reversed
linear interdependence with the cross-linking [411–419]:

nW = a + b ·

100 + DVB
DVB

(7.2)

where nW is the number of moles of water per equivalent of swollen resin, a and b
are constants, DVB is the percentage of divinylbenzene in the polystyrene-based
material [420]. The constant a in Eq. (7.2) corresponds to the amount of water hydrating
86 The term degree of cross-linking, as commonly used, refers to the nominal mole percent of the cross-linking
agent introduced at the synthesis of the material rather than to a measured quantity of the cross-linking. Hence,
only semi-quantitative comparisons between the resins of the same type are justified.

142

Ion Exchange Materials: Properties and Applications

60

nw
50

1
40
30

2
3

20

4
10

5
01.
00

1.0
0.9

Cr 1.10
os
s-l
in

0.8

kin

1
g .20

aw

0.7
0.6

Fig. 7.5. Number of water molecules sorbed per functional group of the polyelectrolyte. Dependence on the cross-linking degree and activity of water in the equilibrium solution or in the
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chain. The enhanced lines correspond to: 1 – linear non-crosslinked polyelectrolyte; 2–5 – polyelectrolytes with cross-linking degree 1.04, 1.08, 1.12, and 1.20. Reprinted from N. B. Ferapontov,
V. I. Gorshkov, L. R. Parbuzina, H. T. Trobov, and N. L. Strusovskaya, in: Reactive & Functional
Polymers [410] 1999, Elsevier ©.

ions and functional groups, while b reflects the amount of “free” water. An example of
such dependencies is shown in Fig. 7.6.
Different functional groups have different hydration tendencies. Thus the nature of the
functional groups affects swelling in such a way that materials bearing groups with a
greater affinity for the (polar) solvent swell more strongly, i.e. a stronger ability of the
group to form solvation shells (both primary and secondary) favours to the swelling.
As long as non-ionised groups are usually less solvated, following three items can be
considered here:
• solvation of ionised functional groups,
• ionisation of functional groups,
• and solvation of non-ionised functional groups.
In particular, resins swell more strongly when their functional groups are completely
ionised.
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Ion exchange materials of higher capacity contain ions in higher concentration. The
capacity factor relates to all the three driving forces of swelling. Higher number of
groups means higher number of solvation shells, higher concentration of the internal
solution (osmotic pressure difference), and stronger electrostatic repulsion between the
neighbouring functional group due to shorter inter-group distances.
For a given type of material, the swelling depends on the nature of the counterion
(see, for example, Fig. 7.13 in Section 7.4). The effect of the counterion on the swelling
equilibria is complex and different for different densities of polymeric networks (crosslinking degree). It becomes negligible in highly cross-linked polymers. For example,
the swelling of polystyrene type resins containing ≥16% of divinylbenzene is almost
independent of the ionic composition [112]. Among the properties of counterions that
affect swelling, the following have to be specially mentioned. Higher ability to form
solvation shells results in higher swelling. Higher valence of the counterions means
less total number of ions and thus reduced swelling (see Fig. 7.7). The swelling is
usually highest for H + forms of strong cation exchangers and OH− forms of strong
anion exchangers that is well-illustrated by Fig. 7.8. Co-ions have a little or no direct
effect on the swelling so far as strong electrolytes are considered. The swelling of mixed
ionic forms can be considered as an additive function [421]. Figure 7.9 illustrates the
perfect additivity of swelling for mixed H + /Ca2+ forms of a gel-type strong cation
exchanger.
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There is a certain specificity in the swelling of imprinted polymers in the form of a template ion. A polymer with high cross-linking and high selectivity freed from the template
can swell significantly but shrink if the template is added [423]. Assuming that the
swelling occurs with solvation of the functional groups in the microcavities, the microcavities apparently restore their original form on binding with the template [137] and
thus cannot accommodate water molecules.
Nature of the matrix primarily affects the swelling. There are two main reasons for that.
Various matrixes (even those which have the same cross-linking degree) have different
elasticities and thus counteract swelling forces differently. Another reason is different
hydrophobicity of the hydrocarbon structures. Elasticity of the matrix chains and the
cross-linking degree define the overall elastic characteristics of the material. Thus, the
swelling properties of ion exchangers could be described as a function of such macroelastic characteristic as shear modulus [424].
Hypercrosslinked polymeric networks, particularly Macronets (Purolite Int. Ltd.) are
highly specific because they exhibit the net physical expansion, i.e. they swell in all
solvents including those which normally do not solvate the polystyrene matrix [72,425].
So far, the swelling of these materials is not investigated in all aspects, however, the
matrix nature and structure is obviously the main (if not the only) factor defining the
swelling behaviour.
The water content of inorganic ion exchangers is also discussed in terms of hydrophobicity of the structure. However, hydrophobicity and capacity are directly interrelated in
these materials. For example, the ability of zeolites to adsorb water is known to decrease
with the decreasing concentration of aluminium in the zeolite frameworks [330,426–429].
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Reduction of the aluminium content means both: corresponding decrease in the capacity
of the material and increase in the number of hydrophobic SO2 units in the structure.
Association of functional groups and counterions reduces the swelling. Macroscopic
models explain it by reduction in the tendency to form solvation shells and by reduction
in the osmotic activity. Molecular models attribute this to reduced free energy of the
mixing. As mentioned earlier, the swelling is usually highest for H+ forms of strong
cation exchangers and OH− forms of strong anion exchangers. However this fact depends
on the dissociation ability of the groups.87 Due to the association of functional groups
with H+ or OH− ions (ion-pair formation), the swelling of weak ion exchangers in these
forms is less than those in salt forms [112].
An interesting outcome of the association between functional groups and multi-valence
counterions is an “extra cross-linking” of the matrix. Counterions associated with two
or more groups could serve as additional links between polymeric chains providing the
matrix with extra rigidity. The concept of “extra cross-linking” is also confirmed by
the difference between the swelling of the same exchanger loaded with multi-charged
inorganic and organic ions. If chargeable groups of organic ions are distanced from each
other, interactions of these groups with functional groups of the ion exchanger do not
cause such shrinking of the polymer as in the case of polyvalent inorganic counterions
[116]. This tendency is counteracted by the hydrophobic behaviour of hydrocarbon parts
belonging to organic ions, i.e. the hydrophobic radicals of organic ions cause certain
reduction in swelling.
The water content of amphoteric resins is not so high as that of cation or anion exchangers.
This relative hydrophobicity of the bipolar resins may indicate an existence of strong
interaction between cationic and anionic functionalities [154].
Composition of the solution affects swelling in such a way that resins swell more strongly
in diluted electrolyte solutions. According to macroscopic models, the increase of the
media concentration reduces the osmotic pressure difference between the internal and
external solutions thus reducing the driving force of the swelling. Reduction of the mixing free energy explains the phenomenon in microscopic models [5]. If the ion exchange
resin contains only one type of functional groups and changes in the water activity cause
only transfer of water between the two phases, the swelling degree linearly depends
on the activity of water in the surrounding solution [430]. Besides the concentration,
the nature of the electrolyte significantly affects the swelling. Strong electrolytes are
strongly excluded from the exchanger phase. Hence, the addition of such electrolyte
lowers the activity of water molecules in the external solution more than inside the
exchanger. This reduces the osmotic pressure difference and the material swells less [5].
The influence of the water activity in the external solution can be observed in Figs 7.5
and 7.8. Such dependencies are common for conventional ion exchange resins. Some
less common materials can exhibit a completely different swelling behaviour. For example, snake in cage resins swell in concentrated salt solutions and shrink in dilute salt
solutions [149].
87 To compare dissociation characteristics of different functional groups see Table 2.2 in Section 2.4.
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Even the macrostructure of the exchanger affects the mechanism of the swelling.
An example can be found in Fig. 4.10 of Section 4.5. Swelling effects differently accomplish loading of gel and macroporous cation exchangers of the same type indicating
that the pore structure limits the amount of water that can be accommodated by the
material.
The contribution of the above described factors in the swelling of an actual material
differs for different materials and systems. For example, in moderately and highly crosslinked resins, in which most of the solvent is in the form of solvation shells, the influence
of the solvated size of the counterion is most pronounced [5]. The resin expands when
a counterion is replaced by a larger solvated counterion.88 The series
Cs+ < Rb+ < K+ < Na+ < Li+

(7.3)

illustrates the increase of specific volumes of the alkali-ion forms (conventional cation
exchangers). The same series corresponds to the increase of hydrated ionic volumes.
If the resin is highly cross-linked, solvation may remain incomplete. In this case the
volume series may be partly or completely reversed since Li+ is the smallest and Cs+
the largest ion when not solvated.
Weakly cross-linked resins usually contain a large amount of the solvent that is not
included in coordination shells, i.e. of the solvent with a structure similar to the solvent
in the surrounding solution. In such cases the valence of the counterion is, as a rule,
the main contributor to the swelling effects. The ionic size and solvation effects are
relatively weak in highly swollen materials. Thus, weakly cross-linked resins swell less
when the valence of the counterion is high. The opposite dependency often takes place
in moderately and highly cross-linked resins since the polyvalent ions are usually more
strongly hydrated.
7.4 Multi-phase Model of Internal Water
The phase of ion exchanger is not perfectly homogeneous. Some parts contain denser
polymer net, some are filled with only few chains. Thus, the homogeneity of distribution on the nano-scale level can be accepted as a convenient but non-precise model.89
Besides, there are micro and macropores. As a result, different water molecules of the
exchanger phase are subjected to different forces and thus thermodynamically unequal.
The number of corresponding energetic states is infinite which can be illustrated by
vibrational spectra presented in Fig. 7.10. The spectra show infrared absorbance of water
molecules (region of O–H stretching vibrations). Non-bounded O–H response (reference)
is located at 3700 cm−1 . Involvement of the molecule in formation of associates, i.e. participation in hydrogen bounding, results in increase of vibration frequency in accordance
with the energy of the hydrogen bond. As can be observed from Fig. 7.10, the water

88 If ions of different valences are exchanged, the ionic volumes must, of course, be compared on equivalent
rather than molar basis.
89 In fact, pseudo-porous structure of gel-type ion exchange resins cannot be considered either as homogeneous
or heterogeneous because the phases are separated at the molecular scale [431,432].
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Fig. 7.10. FT-IR total reflection spectra of Dowex 50W×8 in Na+ form. Wavelength region of
water response (O–H stretching vibrations). Different spectra correspond to different drying conditions. (a/d) stands for the air-dried sample. The reference wave number 3700 cm−1 corresponding
to stretching vibrations of non-bound O–H in water molecules is indicated by the dash-line.

response appears as one wide spectral band. It is obviously a result of overlapping with
contribution from different types of binding. However, particular interactions cannot
be recognised. Even gradual drying of the material does not result in the separation of
infrared responses. The water structure inside the exchanger probably has all variety
of interactions with infinite number of energetic states. In some cases few preferable
states of water can be identified, however, they never accommodate majority of water
molecules. Nevertheless, two or even more types of water inside the exchanger phase
are conventionally recognised. The most common distinction is between “free” water
and water bound in the form of hydration shells [5,123]. As described earlier, the distinction between “free” and “bound” water is thermodynamically ill-defined and to a
certain degree arbitrary [5]. However, many phenomena are readily explained in terms
of water heterogeneity. Furthermore, a number of quantitative approaches are based on
accounting for only one type of water. For example, only “free” water, i.e. the water
which is not incorporated in hydration shells, promotes dilution and transport of ions.
A representation of the multi-phase model is shown in Fig. 7.11. According to the model,
an ion exchange system consists of several parts: the matrix, functional groups with

Interactions with Water and Aqueous Solutions

149

2
1

3
4
2

1
4

2

5

Fig. 7.11. Model of ion exchanger containing two types of water. (1) Matrix with functional
groups; (2) counterions; (3) water associated with functional groups and counterions; (4) solution
contained inside pores of the material; (5) external solution. Parts (1–4) belong to the phase of
ion exchanger. Solutions (4) and (5) have the same composition and properties. Reprinted from
N. B. Ferapontov, V. I. Gorshkov, L. R. Parbuzina, H. T. Trobov, and N. L. Strusovskaya, in:
Reactive & Functional Polymers [410] 1999, Elsevier ©.

counterions, hydrating water, water filling pores of the material, and the surrounding
solution [433]. These parts, excluding the external solution, are not considered as separate
phases but only as contributors to the total volume of the system. Despite the artificial
distinction between “bounded” and “free” water, the model has experimental evidences
based on amounts of solution constituents that can be washed out from the material.
Many instances of the multi-phase model distinguish between “free” water located in
micropores of the material (and thus liable for the swelling pressure, influence from
the matrix chains, and other internal factors) and pore water located in larger pores
and occasional cavities (and thus identical to the external solution). Observing infrared
spectra of ion exchange materials (see Fig. 7.11), one could suggest that there is no clear
evidence of the presence of non-bounded water, i.e. the presence of water belonging
to the larger pores is not confirmed by the spectra. However, there is no discrepancy
between the multi-phase model of water contained in ion exchangers and the data of
infrared spectroscopy. The spectra cannot be obtained for swollen samples due to very
strong IR response of water molecules. As a result, the partially dried samples are usually
analysed. Hence the spectra reflect the state of “bounded” water to a much higher extent
than the state of water contained inside the pores (which is first to evaporate during
drying).
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One of the convenient methods to investigate swelling of ion exchangers is thermal
analysis. Observed multiple thermographic responses also provide a proof that different
water molecules are bounded with different energies and, despite the wide scattering,
at least two main energetic levels can be identified (see Fig. 7.12). Assignment of the
strongly bounded water molecules to the associates with counterions and functional
groups is confirmed by higher sensitivity of this water to the replacement of the counterion
in comparison with “loosely” bound molecules (Fig. 7.13).
One has to note that the amount of “free” water inside the material does not necessarily
follow the total water content and is not reflected by the expansion of the exchanger. For
example, the swelling of a resin increases when the hydrated counterion is replaced with
a larger hydrated counterion. However, the created higher swelling pressure squeezes
“free” water out of the exchanger phase. The phenomenon is illustrated in Fig. 7.14.
A strong cation exchanger in alkali metal forms can serve as an example. The swelling
and total water content increases in the series Cs+ < Rb+ < K+ < Na+ < Li+ while
the content of “free” water decreases [5].
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Fig. 7.13. Water uptake by Type I anion exchange resin Dowex 1×8. Reprinted from J. Inczedy,
in: Journal of Thermal Analysis [434] 1978, with kind permission of the author ©.

Depending on how detailed the investigation is and on the sensitivity of the analytical
techniques, more types of water bounding can be recognised. For example, a difference
in binding energy can be recognised between water hydrating functional groups and
counterions. Moreover, the method of infrared spectroscopy allows the assignment of
water molecules to particular positions in hydrating structures. It also allows calculating
the length and energy of the hydrogen bonds [268–271].
7.5 Water Sorption Isotherms
A powerful method to investigate interactions between solvating molecules and ion
exchanger is to deal with the equilibria between the material and the water vapours
of different partial pressure or solutions with different water activity. These sorption
equilibria are conventionally presented as water sorption isotherms, i.e. as plots of the
solvent uptake vs. water activity in liquid or, much more often, in gaseous phase.
An example of water vapour sorption isotherm is shown in Fig. 7.15. The shape of such
isotherms is readily explained suggesting that two types of water exist in the exchanger
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Fig. 7.14. Free water and water of hydration in the fully swollen Li+ (a) and K+ (b) forms of a
cation exchanger bearing SO−
3 groups. Springs and arrows represent elastic force. More hydrated
lithium ion causes higher total water content but, due to the higher swelling pressure, less amount
of “free” water.

phase (see Section 7.4). If the activity of water vapours is low, only limited number
of water molecules is contained in the exchanger phase. The first molecules of water
are sorbed with relatively high H [436] that indicates a stronger binding. These water
molecules hydrate the functional groups and counterions. The units bounding water with
highest energy are hydrated first. An example is the very strong sorption of the hydration
water by sulphonic cation exchangers; −SO−
3 functional groups are always hydrated. Different methods of investigation show the presence of two to five water molecules bound
to each sulphonic group. Bounding of one of these molecules is so strong that it cannot
be removed without irreversible destruction of the material structure. For example, the
thermal analysis of styrene–divinylbenzene materials bearing such groups indicates that
the destruction of the hydrocarbon matrix begins at a lower temperature than evaporation
of last water molecules. So far as, at low values of aW , the amount of water is defined
by the hydration shells, no significant difference between swellings of materials with
different cross-linking degree is observed because the water uptake meets a little counteraction from the elasticity forces. If different ionic forms of the same exchanger are
compared, more hydrated species cause higher water uptake, i.e. the amount of “bound”
water is defined by hydration of ions and ionic pairs and correlates with ion exchange
capacity. Correlation between the amount of strongly associated water and type of the
matrix is weak [123,437,438].
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Fig. 7.15. Water vapour sorption isotherm for H + form of Dowex 50×4 (polystyrene gel with
4% divinylbenzene bearing −SO−
3 groups). The fitted curves correspond to equations: (1) combined (7.4) and (7.5); (2) (7.7); (3) (7.6); (4) (7.4). Calculations are performed for aW range between
0.05 and 1.0. Reprinted from S. A. Veshev and L. K. Arkhangelsky, in: Vestnik Leningradskogo
Universiteta Seriya Fizika Khimiya [435] 1981.

At higher activity of water vapours the material takes up more water than can be
accommodated by the hydration shells. This “free” water is accumulated inside the
solid phase as a continuous structure with properties similar to liquid (bulk) water. It
expands the framework of the gel. As a result, taking up the “free” water is highly
dependent on the degree of cross-linking. There is a certain specificity in water sorption by exchangers loaded with the organic counterions. In comparison with inorganic
species, the organic ions could be less hydrophilic due to the presence of hydrocarbon
radicals in their structures and thus could be hydrated with less energy. Their large radicals can occupy significant space inside the micropores making these voids unavailable
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for water molecules. As a result, the organic counterions usually reduce the swelling at
both hydration and “free” water stages.90
Different mathematical equations have been proposed to describe or, at least, fit the water
sorption isotherms. These are the examples of most known models [435]:
W =d

c + c · ac+1
b · aW 1 − (c + 1) · aW
W
·
c+1
1 − aW 1 + (b − 1) · aW − b · aW

(7.4)

W =d

c )
b · aW b · aW · (1 − aW
·
1 − aW 1 − aW + c · aW

(7.5)

W = d[1 − exp(−b · aW )] exp(c · aW )






y = W · 1 − aW · exp −C · 3 0.1340.134
+ 0.018·W
(W − y) · (d − y) = b · y2

(7.6)

(7.7)

Coefficients b, c, and d are not common among these models and must be found for
each case independently. Figure 7.15 illustrates the fitting of experimental data with such
equations. As one can see, all curves are in good agreement with experimental results
in the area of low and moderate water activity. In the region of high activity, different
models could give better fits for different systems.
A common representation of the water uptake by a dry ion exchanger is the model of
consequent dilution of the concentrated ionic solution. The model is based on well-known
dependencies describing the interactions between solutions of different composition and
concentration with water vapours of different activities. Of course, the specificity of
the exchanger should be taken into account to obtain a justified representation. This
specificity, first of all, comes from the cross-linked structure of the material that makes
the dramatic difference from corresponding soluble polymers.
A model considering water sorption as interaction of water aggregates can be mentioned
as an example for entirely different approaches. In this case the solvent phase inside the
exchanger is represented as consisting of microscopic “droplets” that grow as the degree
of swelling increases [439]. The droplets are separated by “films” of the polymer matrix.
In the dry state the droplets are just the hydrophilic groups or their aggregates. In the
swelling process the new water molecules increase the total volume of the exchanger
by joining the existing aggregates (partial coalescence can also take place). The matrix,
while being stretched, remains non-diluted and maintains the affine deformation property.
This process resembles “inflation” of the matrix rather than its dilution. The model
allows to subdivide the swollen matrix to elementary polyhedral cells with one droplet
90As described in Section 7.3, multi-charged inorganic counterions could cause more swelling reduction in

comparison with the organic counterions of the same charge. Thus, the influence of hydrophobic radicals
(which has been discussed here) should be more pronounced for single-charged counterions. However, there
is no rule predefining which of the two phenomena could affect the swelling to a greater extent and thus only
experimental observations can be conclusive.
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Fig. 7.16. Subdivision of ion exchanger to polyhedral cells [439]: dry (left panel) and swollen
(right panel) states.

in the centre of each cell, as shown in Fig. 7.16. The films (faces of the polyhedra)
are thus represented by flat and thick slabs. When the droplets grow, they squeeze
the films causing changes in their dimensions, i.e. the surface area of the films grow
and the thickness decreases (right panel of Fig. 7.16). The strain in these flat films is
assumed to be uniaxial compression. Under swelling the idealised polyhedral cells are
assumed to deform in such a way that their dimensions will change but not shape. Such
assumptions allow using a relatively simple mathematical procedure to approximate the
swelling behaviour. One has to note that the model, in its simple instance, does not
discriminate between differently associated types of water and thus should be considered
with reservations.
The information obtained from water sorption isotherms can be used to get various
characteristics of ion exchange polymers. For example, the density of knots (both covalent and non-covalent) in the polymeric network can be estimated from the following
equation [116]:


ρ · VW
2 · VP
1/3
2
2
ln aW = ln (1 − VP ) + VP + k · VP +
· a · VP −
(7.8)
M
f
where aW = P/P0 is the activity of the water vapours, k is a thermodynamic characteristic
(Huggins constant) depending on the difference between the forces of two interactions:
(i) interaction of polymeric chains with each other and (ii) interaction of solvent molecules
with polymeric chains [440]; ρ is the density of the dry polymeric gel; M is the average
molecular weight of the polymeric chain located between two adjacent knots; a is a
value close to 1 (for randomly distributed polymeric networks) characterising relative
positioning of molecules; f is the number of chains connected by one knot; VW is the
molar volume of water; VP is the volume part of the polymer in the swollen material.
VW is defined as


ρ
w
(7.9)
VW = 1: 1 +
ρW
where ρW is the density of the solvent; w is the amount of the solvent contained in the
swollen material (determined by weighing before and after the swelling).
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Equation (7.8) can be transformed to [116,441]




1
1 ρ · VW
1
2 · VP
1/3
=
µ
+
·
a
·
·
ln
·
V
−
W
P
(1 − VP )
M
f
VP2
VP2

(7.10)

The representation (7.10) allows plotting the experimental data as a linear dependence
with coefficients µ and 1/M and obtaining values of these coefficients from the simple
fitting.

7.6 Quantitative Treatment of Swelling
Swelling degree can be expressed in weight or number of moles of water per certain
amount of the ion exchanger (per weight of the dry material, weight of the matrix,
or equivalent of the exchanger). It can also be expressed as the ratio of volumes of
swollen and dry material. The relationship between weight and volume characteristics is
not straightforward because the liquid contained in the polymer phase is subject to the
pressure from the matrix elastic force. For example, the water compression coefficient
in the highly cross-linked gel materials is estimated as 0.9 [112]. It can also be expected
that the water located in different regions of macroporous non-homogeneous matrixes is
subject to different compressing forces.
Precise thermodynamic description of the swelling equilibria is interesting from a theoretical point of view but usually turns to be non-practical because of the lack of methods
for direct investigation of the exchanger phase. Many models and approaches have
been developed aiming to provide quantitative predictions but not one succeeded to
be applicable to all or even to majority of ion exchange systems.
Gregor’s simple model of the elastic matrix is explained here as a first choice example.
Ideas of this model are widely used in all relevant areas. The main concept of the model
is the concept of swelling pressure that is the elastic pressure applied by the stretched
matrix on the internal solution of the ion exchanger.91 This pressure is expressed as [5]
≡
P −P

(7.11)

where 
P is the pressure inside the material, and P is the pressure in the external solution.
The swelling pressure causes the difference between the solvent (water) activity inside

91 Existence of the swelling pressure is not a thermodynamically precise concept. Suggesting such pressure

requires considering the ion exchanger as a heterogeneous system consisting of the subject of pressure and
elements applying this pressure. The first is easy to identify as the internal solution; however, distributed in
this solution, polymeric chains are difficult to consider as the perfectly separated second phase [123]. Thus the
model should be discussed keeping in mind the imperfection of its mechanical representation.
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the exchanger (
aW ) and the activity in the external solution (aW). For an exchanger in
equilibrium with pure solvent (aW = 1) the relationship is expressed as
aW
vW = −RT ln

(7.12)

where vW is the partial molar volume of the solvent. Equation (7.12) reflects the principle of equal chemical potentials [39] that is the general thermodynamic condition for
equilibrium between two phases:
µi = 
µi

(7.13)

where i indicates a particular component in the system (water in the case discussed).
Please note that the statement (7.13) is true only for components and not for ions.
The most conventional way to determine the swelling pressure is to analyse vapour
sorption isotherms (like those presented in Fig. 7.15) obtained for materials of the same
capacity and ionic form but of different cross-linking degree. The principle is shown in
Fig. 7.17 and is based on the statement that water activity is the same in ion exchangers of
the same type and containing the same amount of water but having different cross-linking
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Fig. 7.17. Measuring elastic pressure in swollen ion exchange resins of various cross-linking.
The swelling pressure is considered as the only cause for the different values of water activity
corresponding to the same water content in ion exchange resins having different cross-linking
degree. Reprinted from V. Freger, in: Polymer [439] 2002, Elsevier ©.
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degree [399].92 The difference between swelling pressures inside two materials swollen
to the same degree is estimated as
1

−

0

=

1
aW,1
1
PW,1
RT ln
=
RT ln
vW
aW,0
vW
PW,0

(7.14)

where subscripts 0 and 1 refer to the equilibrium with differently cross-linked materials. The value (7.14) would correspond to the swelling pressure inside the investigated
material if a non-crosslinked sample is used as reference. However, due to technical reasons, weakly cross-linked (0.25 to 1% of the cross-linking agent) materials are used for
such investigations [5,439] introducing certain error in obtained values of the swelling
pressure. Another method to estimate the swelling pressure is to perform a series of
comparison for materials with different degrees of cross-linking and extrapolate the
dependency to zero cross-linking [5].
The restriction has to be emphasised pointing that the described, so called isopiestic,
method is only applicable if the degree of cross-linking can be varied without significant change in the structure and capacity (per weight of the material). In this case the
differences in the chemical potentials of the solvent in different samples are exclusively
due to the differences in swelling pressure [5] and all other contributions are efficiently
cancelled out [439].
Figure 7.18 shows swelling pressures inside the cation exchangers in equilibrium with
pure water (aW = 1). The plot was calculated from the water vapour sorption isotherms
using Eq. (7.14). The swelling pressure varies almost linearly with the nominal content
of the cross-linking agent [5].
Swelling equilibria between exchangers and solutions can be treated in a similar way
replacing Eq. (7.12) with [5]
vW = −RT ln


aW
aW

(7.15)

Please note the difference between aW in Eq. (7.14) that corresponds to relative pressure of water vapours, PW /PW,0 , and aW in (7.15) where the water activity differs from
unity due to the presence of solutes. Swelling of ion exchange materials in vapours
and in solutions is virtually identical for most of the systems. Figure 7.19 shows coinciding of nH2 O = f(aW ) and nH2 O = f(PW /PW,0 ) dependencies for a strong gel-type
cation exchanger. It shows that the amount of water sorbed by certain ionic form of
the exchanger depends chiefly on the water activity in the surrounding media [444].
Inconveniently, this deduction is applicable only for gel matrixes with relatively homogeneous state of the inner water. In many other cases the gel increases the weight when
92 This suggestion is directly related to the conventional approach stating that the presence of cross-links does

not affect the properties of the polyelectrolyte internal solution having an effect only on the concentration
of polar groups and counterions. Thus it can be suggested that at equal concentrations, the activity of water
in solutions of a cross-linked polyelectrolyte does not differ from the activity of water in solutions of the
same linear polymer [410]. These suggestions yield in a widely used practice to describe the behaviour of
cross-linked polyelectrolytes using solutions of linear polymers as model systems.
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Fig. 7.18. Relationship between degree of cross-linking and swelling pressure for styrene-type
sulphonic cation exchangers in H + form. Reprinted from F. Helfferich, Ion Exchange [5] 1962.
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Fig. 7.19. Isotherms of water sorption by K+ form of a strong cation exchanger (sulphonated
polystyrene with 8% divinylbenzene). Cross symbols correspond to sorption from KCl solutions;
circles show sorption from KOH solutions. Lines reflect literature data on water vapour sorption:
(1) [442]; (2) [443]. Reprinted from N. B. Ferapontov, V. I. Gorshkov, K. T. Trobov, L. P. Parbuzina,
O. T. Gavlina, and N. L. Strusovskaya, in: Zurnal Fizicheskoy Khimii [444] 1996, with kind
permission of authors and Akademizdatcentr “Nauka” RAN ©.
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transferred from the water vapour surrounding (equilibrium state) to a solution with the
same activity of water. This occurs because some cavities of the material are too large to
be filled with absorbing water vapour but suitable for filling with a liquid. This requires
taking into consideration the heterogeneity of the water state inside ion exchangers [445].
Please note that a similar effect of water uptake can be caused by redistribution of the
electrolyte if the electrolyte (used to get desirable water activity in the solution) is able
to migrate into the exchanger phase.
As mentioned earlier, even gel-type materials contain small amounts of the external
solution in cracks and occasional cavities. This water has properties unaffected by the
exchanger and thus does not belong to the phase of the material. In most of the calculations it has to be excluded from the model. The amount of such water can be estimated
by extrapolating dependency of the water content to zero-value of the ion exchange
capacity [446,447] and then considering only “bound” water in the quantitative calculations. However, this approach could be meaningless if macroporous materials are
examined because in this case the “non-affected” water can be the major part of the water
content.
Dependency between “bound” water content per equivalent of exchange groups (Wh ) on
the water activity (aW ) successfully fits with Freundlich isotherm
Wh = Wh0 · (aW )n

(7.16)

where Wh0 corresponds to hydration of functional groups and counterions in the totally
swollen material [448]. Let us consider a few simple quantitative expressions describing
the isotherm of water sorption [449]. The water content of the ion exchanger can be
expressed as
W = Wp + W h + Wf

(7.17)

where Wf is the amount of “free” water in the phase of ion exchanger and Wp is the
amount of water in occasional cracks and cavities. According to the above discussed
osmotic model of a swollen ion exchanger, the amount of “free” water is defined by the
equality of the water chemical potential inside and outside the material:

µ◦ + RT ln aW = µ◦ + RT ln
aW +


Vw dP

(7.18)

0

where is the equilibrium swelling pressure, Vw is the partial volume of the sorbed water.
Integration of (7.18) can be performed neglecting the dependency of Vw on P [450]:


aW
ln

aW


=

VW
RT

(7.19)
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The swelling pressure , and the equivalent volume of the swollen ion exchange resin,
Ve , are linearly interdependent in a wide range of Ve values [442]
= k · (Ve − Ve,0 )

(7.20)

where k is the coefficient of the matrix elasticity and Ve,0 is the value of Ve obtained by
extrapolation of function = f(Ve ) to = 0. The value of Ve,0 is usually much more
than the equivalent volume of the solid matrix. The difference is defined by the amount
of bound water, Wh . Thus the increase of Ve due to swelling is primarily defined by the
“free” water, i.e.
Ve − Ve,0 ∼
= Wf · VW

(7.21)

Activity of “free” water can be assumed to be equal to the water molar fraction, i.e.

aW =

Wf
Wf + α/Z

(7.22)

where α is the degree of dissociation, Z is the charge of the counterion, and thus α/Z
is the content of the free counterions defining the amount of “bound” water. Please note
that Eq. (7.22) is written for a mono-functional ion exchanger in a pure ionic form.
Substitution of (7.20) and (7.22) in (7.19) gives


ln aW

α
· 1+
Wf Z


=

2
k · VW
Wf
RT

(7.23)

Involving the constant describing the dissociation of functional groups KD allows to
derive the following expression [449,451]:
α2 /Z = KD · (Wh + Wf ) · (1 − α)

(7.24)

The value of Wf can be obtained solving the square power Eq. (7.24) and combining the
result with (7.16) and (7.23). Figure 7.20 shows that the model calculations are in good
agreement with the experimental data for both inorganic and organic counterions, i.e. for
cases with different values of KD . Equations (7.16), (7.23), and (7.24) do not incorporate
a term corresponding to the ion exchange capacity of the material. This reflects the fact
that the dependency of the isotherm on the capacity is weak. Numerical treatment of the
described model allows to estimate the dependency of Wf on different factors.
Thermodynamic functions of swelling can be determined with the use of several
approaches. The most common are equilibrium investigations (usually based on obtaining
water sorption isotherms) and direct calorimetric measurements.
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Fig. 7.20. Isotherms of water vapour sorption for strong cation exchanger KU-2×4 (sulphonic
groups) in potassium (1) and threemethylbenzylammonium (2) forms and strong anion exchanger
AV-17×4 in chlorine (3) and benzenesulphonate (4) forms. Both materials are styrene-type with
4% of divinylbenzene. Reprinted from A. I. Gantman and S. A. Veshev, in: Zurnal Fizicheskoy
Khimii [451] 1985, with kind permission of Akademizdatcentr “Nauka” RAN ©.

Gibbs energy of swelling can be obtained from the vapour sorption isotherms using
equation [5]
PW /P

G = −RT

n d ln

PW
PW
+ nRT ln
P
P

(7.25)

0

First term of (7.25) corresponds to the addition of one mole of a dry exchanger to an
infinite amount of solvent vapour of relative humidity Pw /P:
RA (dry) + nH2 O (PW ) → RA · nH2 O (PW )

(7.26)
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Second term describes the transfer of n moles of solvent from the pure solvent under the
pressure P into an infinite amount of the ion exchanger which is in equilibrium with the
solvent vapour of relative humidity Pw /P
nH2 O(P) → nH2 O(PW )

(7.27)

If direct calorimetric measurements cannot be performed for the enthalpy determination,
H can be estimated from the temperature sensitivity of the isotherms:
d ln K
H o
=
dT
RT 2

(7.28)

G = H − TS

(7.29)

The general relationship

is commonly used for calculation of S from obtained values of G and H. The nature
of the entropy changes has to be briefly mentioned here. The major factor defining
the entropy of swelling is changes in the matrix configuration, i.e. uncoiling of the
chains. The “straightened” configuration is more regular and thus has lower entropy.
Such entropy loss with swelling is usually stronger in materials with high cross-linking
degree. Other factors such as mixing and solvation effects are secondary contributors to
the S value [5].
The swelling of ion exchangers is the process controlled by the diffusion of the solvent
inside the material. This can be illustrated in Fig. 7.21. Different time is required to
achieve the swelling equilibrium in experiments with beads of different diameter. The
swelling kinetics is affected by the content of the cross-linking agent. It is not affected
by pH or electrolyte concentration to a significant extent. The process can be simply
described by an exponential function, which is applied to the cooperative diffusion in
polymer gels. However, contrary to truly homogeneous systems, this diffusion model
must take into account the porous structure of the material. As a result, the efficient
diffusion coefficient is 10–100 times higher (depending on the cross-linking degree)
than the diffusion coefficient in typical gels [452].
To conclude the section, the following has to be noted. Besides summarising the
swelling performance for different materials, the values of swelling pressure and volume
characteristics can be used to predict sorption performances and some other practical characteristics [39,421]. For example, lower swelling pressure in an ion exchange
resin loaded with a particular ion indicates greater preference of the material for that
ion [39].
7.7 Donnan Equilibria
Ion exchangers can sorb solutes (for example, whole salts) from surrounding solutions. As
a rule, the sorption of a solute is a reversible phenomenon, i.e. the solute can be removed
from the ion exchanger by washing with the pure solvent. The sorption behaviour of

164

Ion Exchange Materials: Properties and Applications
1.5

1.4

dt/d0

1.3
d0 [µm]
259
431

1.2

573
709

CD = 4%

1.1

1.0
0

100

200

300

t [sec]

Fig. 7.21. Kinetic curves reflecting swelling of a strong cation exchanger with 4% cross-linking.
d0 is the initial diameter of the beads, dt is the diameter after time t from initiation of the process.
Reprinted from F. Ikkai and M. Shibayama, in: Journal of Polymer Science Part B-Polymer Physics
[452] 1996, with kind permission of John Wiley & Sons Inc. ©.

strong electrolytes is different from that of weak and non-electrolytes.93 The latter two
are sorbed by ion exchangers in a similar way as by non-ionic adsorbents. For example, a certain number of non-dissociated molecules of H3 CCOOH can be transferred in
hydrogen form of a cation exchanger from a solution of acetic acid without violating
the electroneutrality principle. Strong electrolytes, in contrast, are subject to electrostatic
forces arising from the presence of charged functional groups and counterions inside the
material.
An important feature of ion exchange materials is the restriction for co-ions to enter the
phase of ion exchanger. Chemical analysis of the material usually reveals zero or negligibly small content of co-ions. This fact is not a direct consequence of the electroneutrality
law because co-ions could be transferred together with charge-compensating ions, i.e.
the whole chemical compound could be re-distributed. However, it does not happen in
media with moderate concentrations. Two concepts have been developed to explain the
phenomenon: concept of Donnan potential94 and thermodynamic approach.95

93 In this particular section, the term sorption of electrolytes strictly indicates the sorption of a whole substance
(for example, whole salt NaCl, but not separate ions Na+ or Cl − ).
94 The approach is named in honour of F. G. Donnan who described the appearance of an electric potential

between two solutions separated by a membrane non-permeable for one ion [453,454]. Descriptions of the
membrane and ion exchange systems are formally identical because the phase boundary can be considered as
a membrane non-permeable for functional groups of the ion exchanger.
95 In fact, the term Donnan exclusion is conventionally used to denote exclusion of co-ions from exchanger
phase without a special reference to the model of Donnan potential.
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The concept of Donnan potential is specific for ion exchange materials.96 The model
targets to explain why one kind of ions (counterions) are free to migrate between the
ion exchanger and the surrounding solution (as long as the electroneutrality is not violated) and another kind of ions (co-ions) are forbidden to penetrate into the exchanger
phase. The concept is illustrated in Fig. 7.22. If a cation exchanger containing counterions and the solvent is placed in a dilute solution of a strong electrolyte,97 concentration
differences between the two phases can be observed. The counterion concentration is
larger in the ion exchanger and the co-ion is located only in the solution. Such concentration gradients are immediately tended to be levelled by diffusion. However, in the
case of ion exchange system, the diffusion is free to act only for non-charged molecules
because the diffusion of counterions from the phase with their higher concentration
(ion exchanger) as well as diffusion of co-ions in the opposite direction would disturb
the electroneutrality, i.e. the migration of counterions out of the exchanger and co-ions
into the exchanger could generate a strong electrical field counteracting the diffusion
processes. According to the Donnan model, only few ions migrating out of their phases
are enough to create a high electric potential between the exchanger and the solution. This
potential prevents any more diffusion-driven migrations. This so called Donnan potential pulls counterions back into the ion exchanger and co-ions back into the solution. An
equilibrium is established in which the tendency of ions to level out the concentration
differences is balanced by the action of the electric field [5].
Despite high values of the created electric potential, there are no detectable deviations
from electroneutrality in any of the two phases. The transfer of only a few ions is sufficient
to build up an electric field counteracting any further migration. Thus, for all practical
purposes, the condition of electroneutrality must be considered as precisely valid [5].
Let us consider an electrolyte AY. The electroneutrality rule is expressed as
[A+ ] = [Y − ]

(7.30)

[A+ ] = [R− ] + [Y − ]

(7.31)

for the solution phase and

for the exchanger phase. The amount of whole electrolyte transferred in the exchanger
is equal to the content of co-ions:
CAY = [Y − ] = [A+ ] − [R− ]

(7.32)

96 Please note that Donnan’s approaches are also applicable to ion exchange in soils. However, taking into
account that the whole phenomenon of ion exchange was first discovered for soils, we could simply consider
soils as another type of ionic sorbents.
97 In the simplest case, the solution contains the same counterion as the ion exchange material. Of course,
the Donnan model is also valid for the case of different counterions initially contained in two phases and for
mixtures of ions. In the case of two or more counterions present in the system, the Donnan interaction could
be accomplished by the corresponding ion exchange reactions.
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Fig. 7.22. Donnan exclusion in strong cation exchangers: Donnan potential is induced by the slight
(undetectable) diffusion of anions into cation exchanger and cations from the cation exchanger. The
formed electrical charge of phases does not allow migration of considerable amount of anions into
the cation exchanger and cations from the cation exchanger. An anion exchanger can be illustrated
by the same figure with reversed signs of ions. As a result, the sign of the Donnan potential is
opposite for cation and anion exchangers.

So far as the co-ions are excluded from the exchanger due to the Donnan potential, the
whole electrolyte is excluded. This Donnan exclusion is a unique feature limiting the
electrolyte sorption by ionic sorbents.
Quantitative expression of Donnan potential can be derived as following [15]. The
expression of electrochemical potential for each phase is
µi = µ◦i + RT ln ai + Zi F

(7.33)

where  is the electric potential of the phase. If the equilibrium is attained, the
electrochemical potentials in the two phases are equal (µi = µi ). Assuming the reference
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state also being the same (µ◦i = µ◦i ), the combination of equations (7.33) written for
two phases gives
− =

ai
RT
ln = Donnan
Zi F a i

(7.34)

that is the difference between electric potentials of two phases – the Donnan potential. The
Donnan potential affects ionic distribution at the interface and thus affects the interface
transfer processes.
The Donnan exclusion can also be explained from the thermodynamic point of view
[15,112]. According to the basic rule of thermodynamics, the activity of an electrolyte
is the same in both phases if the equilibrium is attained, i.e. for electrolyte AY
2

aA · 
aY = aA · aY = aAY

(7.35)

Assuming the ideality of the system, i.e. the equivalence of ionic activities and
concentrations, ai = Ci , the following can be written:
2

CA · 
CY = CA · CY = CAY

or


CY =

2
CAY

CA

(7.36)

The principle expressed by Eq. (7.36) can be combined with mass-balance considerations
as following. The total amount of the ion A in the phase of an ion exchanger consists of
ions compensating charge of functional groups and ions diffused in the phase together
with co-ions:

 


CA = RA + AY

(7.37)




CY = AY

(7.38)

As already discussed,





So far as RA > 0 and AY ≥ 0, Eqs (7.37) and (7.38) give

CA > 
CY

(7.39)

Combination of (7.36), (7.38), and (7.39) gives



AY = 
CY < CAY

(7.40)

Expression (7.40) implies exclusion of the electrolyte AY from the exchanger phase. The
phenomenon is similar to the exclusion of the common ion from a system consisting of
a solid salt and its aqueous solution.
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Fig. 7.23. Theoretically calculated dependencies of electrolyte AY content in the exchanger phase
on its concentration in the solution. Numbers at curves indicate selected ion exchange capacities
of the material. Both axes have the same concentration scale as the ion exchange capacity.

Combining (7.36)–(7.38) and assuming that the ion exchange capacity (Q) is loaded only
with ion A, the interdependence between the electrolyte uptake and its concentration in
the external solution can be obtained:

 


2
AY · Q + AY = CAY
(7.41)
Figure 7.23 illustrates the outcome of Eq. (7.41). As one can see, higher ion exchange
capacity enhances the exclusion of the electrolyte from the exchanger phase. Low capacity does not obstruct the electrolyte sorption, however, the values of capacity below
1 meq/mL are common only for impregnated materials and for some materials used in
analytical chromatography. The sorption of electrolytes by conventional materials (that
usually have capacity between 2 and 10 meq/mL) becomes observable at concentrations
over 0.5 N that is relatively high in comparison with majority of solutions treated with
ion exchangers.98
The sorption of electrolyte counteracts the co-ion exclusion forces, i.e. counteracts the
Donnan potential. Despite this fact, the electrolyte-transfer equilibria are often referred
to as Donnan equilibria.

98 If separation processes are considered, ion exchangers are most efficient for removal of low and trace

concentrations of target ions.

CHAPTER 8

Physico-chemical Description of Ion
Exchange Processes

An ion exchange reaction takes place when an ion exchanger is placed in an electrolyte solution containing a counterion which is different from the ion contained in the
exchanger. During the reaction the counterions are partially or completely exchanged.
Ion exchange reactions are, as rule, reversible. Hence, the reaction is completed when
the equilibrium state is attained. If the material does not exhibit a very strong preference
to one of the exchanged ions, the equilibrium state is characterised by the substantial
presence of both ions in both phases. A strong affinity results in the complete removal of
one ion from one of the phases. A similar result can be achieved if concentration of one
ion in the solution is much higher than the concentration of another ion. To illustrate the
outcome of the strong affinity, let us consider an ion exchange reaction
A+B →B+A

(8.1)

The system contains m grams of the ion exchange material with ion exchange capacity Q,
initially loaded with A and V millilitres of the solution, initially containing only ion B
0 = 0, 
0 = Q, and 
with initial concentration CB0 ; i.e. CA
CA
CB0 = 0. The reaction (8.1)
transfers ions B in the exchanger and ions A in the solution. Thus, after the reaction
accomplishes
CA + CB = CB0

and


CA + 
CB = Q

(8.2)

where Ci are concentrations at the equilibrium. If the ion exchanger exhibits an absolute
preference to B, all ions B would be transferred in the exchanger phase. However, it
can take place only if the capacity of the material can accommodate all ions of this type
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present in the system. Thus, depending on the initial ratio between Q, m, CB0 , and V , the
system at equilibrium can appear as following:
• If Q · m > CB0 · V , the ion exchanger will contain all ions B and some amount of A
to fill up the capacity. The solution will contain only A.

CA + 
CB = Q;

CA = CB0

• If Q · m < CB0 · V , the ion exchanger will contain only ions B. The solution will
contain all ions A and some amount of B that has not been accommodated by the
ion exchanger.

CB = Q;

CA + CB = CB0

• If Q · m = C0 · V, the ion exchanger will contain all and only ions B. The solution
will contain all and only A.

CB = Q;

CA = CB0

One has to note that this case is very rare in practical operations because precise
calculation of the amount of material required for a certain need is almost impossible.
The absolute preference of an ion exchanger to one ion is not common among ion
exchange processes that are not accomplished by secondary interactions,99 and the equilibrium state is usually characterised by the presence of both ions in both phases. The
concentration ratio of the two competing counterions in the ion exchanger is usually different from that in the solution because, as a rule, the ion exchanger selects one species in
preference to the other. Equilibrium distribution of ions between two phases, selectivity
exhibited by ion exchange materials, and corresponding physico-chemical phenomena
are the main topics of this chapter.
8.1 Chemical Representation of Ion Exchange Reactions
Early models represent the ion exchange resin as some kind of solid solution. On
simplifying, these models state that:
• An ion exchanger consists of a charged polymeric network.
• The charge is provided by the functional groups.
• The electroneutrality requirement is fulfilled by the presence of counterions that are
freely distributed in the bulk of the material.
As a result, a process of ion exchange is not considered as a chemical interaction, but a
pure physical distribution of ions between two phases: the phase of the ion exchanger and
the surrounding solution. This approach is most suitable for swollen strong cation and

99 Examples of absolute preference could be found for redox, imprinted, and some chelating materials.
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anion exchangers because their functional groups are completely ionised in the internal
solution. However, such models are inconvenient when the process is described from
the chemical point of view. Indeed, we say “solution of sodium nitrate” despite the
absence of NaNO3 molecules in the aqueous system. The ions Na+ and NO−
3 associate
only when the water is dried out. Similarly, drying of a strong ion exchanger results in
recombination of ionic pairs. As a result, an ion exchange process is often described as
the reaction:
RA + B+ = RB + A+

(8.3)

while, for strong ion exchangers, the reaction
A+ + B + = B + + A +

(8.4)

is the accurate description. Positively charged counterions are exchanged in these examples. Of course, the same is also true for anion exchange. In case of chelating resins, the
association between functional groups and coordinating ions is the basis for the materials’
performance. As a result, an exchange of two coordinating ions on a chelating resin has
to be described by reaction (8.3). An exchange between two counterions of different
character has to be described by a combined approach:
R− + A+ + B+ = RB + A+

(8.5)

B in reaction (8.5) is chelating and A is non-chelating counterions. Equation (8.5)
is perfectly accurate; however, such expressions can be hardly named as conventional. To emphasise ionisation in the exchanger phase, the following representation
is conventionally used instead:
R−+ A + B+ = RB + A+

(8.6)

The case of weak ion exchangers is more complicated. Similar to weak acids or bases,
functional groups of weak exchangers can be partially or completely associated with
hydrogen or hydroxide ions. For example, carboxylic groups of a weak cation exchanger
are characterised by the protonation/dissociation equilibrium:
R−COO− + H + ↔ R−OOH

(8.7)100

The accurate representation could be a combination of reactions (8.3) and (8.4). For
example, a replacement of sodium with hydrogen ion on the carboxylic resin could be
written as
R−COO− + Na+ + H + = R−COO− + H + + Na+ ↔ R−OOH + Na+

(8.8)

Reactions (8.3) and (8.4) are conventionally used to describe ion exchange processes
even if more complicated interactions take place. Equations like (8.7) and (8.8) are used

100 Please note that all members of the reaction (8.7) belong to the exchanger phase.
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only if behaviour of ion exchange materials has to be considered in detail. This causes
many misunderstandings because literature often lacks description of the approach taken
into consideration. Even worse, some researchers do not recognise the difference between
description (8.3) and (8.4), thus contributing to the confusion.

8.2 Equivalent Fraction
The concept of equivalent fraction should be introduced before proceeding to the next
sections. This concept is a highly convenient tool when applied to ion exchange materials
and ion exchange systems. Its convenience is due to the equivalent character of ion
exchange and the fixed number of functional groups in the ion exchanger. Equivalent
fraction (X) of an ion is the ratio of this ion equivalent concentration and the sum of
equivalent concentrations of all present ions
XIoni =

Zi [Ioni ]

n


0≤X≤1

(8.9)

Zj [Ionj ]

j=1

where Zi and [Ioni ] are charge and molar concentration of the ion number i. For example,
if a phase contains sodium and hydrogen ions (simplest case), the equivalent fraction of
sodium is calculated as
XNa+ =

[Na+ ]
[Na+ ] + [H + ]

(8.10)

The equivalent fraction can be calculated for any phase, however its use in ion exchange
calculations is much more extensive than for most of the other purposes. This can be
illustrated by rewriting Eqs (8.9) and (8.10) in the form specific for ion exchange materials

XIoni





Zi Ioni
Zi Ioni
= n
=
 
Q
Zj Ionj

(8.11)

j=1

and



Na+
Na+
 
=
=
Q
Na+ + H +


XNa+

(8.12)

where Q is the ion exchange capacity. This shows the specificity of the equivalent fraction
concept in application to ion exchangers. The capacity has a fixed value that is defined
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by the nature of the material,101 i.e. in the case of ion exchangers, equivalent fraction
indicates which part of the fixed groups charge is compensated by one kind of ions.
As was described earlier, the concept is also applicable to many other objects but, in
most of such cases, convenience of this characteristic is not so high. For example, the
equivalent fraction can be easily calculated for a solution containing a mixture of ions.
However, the total content of ions in solution is not defined by the system property but
it reflects the sum of present concentrations. This makes the value of the equivalent
fraction dependent on contents of all solutes in the system.
Molar fraction is often used instead of equivalent fraction. Molar fraction of an ion is
the ratio of the ion molar concentration to sum of all present ions molar concentrations
XIoni =

[Ioni ]
n

[Ionj ]

(8.13)

j=1

Molar fraction is less convenient in ion exchange calculations because its use is justified
only if ions of the same charge are considered. While the equivalent fraction is essentially
convenient for the description of the ion exchanger composition, the molar fraction has
no special meaning for ion exchange systems. Please note that, for systems containing
only single charged ions, there is no difference between values of equivalent fraction
and molar fraction.
Most of the ion exchange calculations can be performed by expressing concentrations
as molarities, molalities, or equivalent fractions. If the equivalent fractions are used, the
concentration scale is referred to as rational scale.
8.3 Ion Exchange Isotherm
Similar to other chemical processes, the ion exchange equilibrium can be characterised
by the corresponding equilibrium isotherm. Generally, the isotherm is a graphical representation of the relationship between the equilibrium and all possible experimental
conditions at constant temperature. Thus, the general isotherm is a multi-dimensional
surface with each point corresponding to certain unique set of conditions. However,
this definition is too wide to be applicable for a practical plotting procedure. Indeed,
a plot covering all possible conditions has an unlimited number of dimensions. Twodimensional plots are used as a rule, i.e. only one variable condition is used for x-axis
and all others are supposed to be constant for this particular plot. As a result, the same
chemical equilibrium can be illustrated by an infinite number of plots with differently
selected x-axes and differently fixed other conditions.

101As was described before and will be repeated again, the concept of ion exchange capacity has many instances
and, when practical applications are considered, it cannot be taken as a precisely constant value. However, the
use of total capacity or even theoretical capacity calculated per weight of the dry material makes this statement
undoubtedly accurate.
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Fig. 8.1. Experimental isotherms for ion exchange of CrO2−
4 on Cl forms of two strong anion
exchangers: laboratory-produced material containing 4-vinyl-1-ethylpyridinium groups ( ) and
commercial Purolite A-400 bearing quaternary Type-I amino groups (). Axes represent equivalent
2−
fractions of CrO2−
4 . The plot indicates a high selectivity of both materials towards CrO4 , while
the selectivity of commercial material is higher. The diagonal line indicates position of the isotherm
in absence of any selectivity and conventionally serves as the reference. Reprinted from V. Neagu,
I. Untea, E. Tudorache, and C. Luca, in: Reactive & Functional Polymers [455] 2003, Elsevier ©.

•

The most common ion exchange isotherm represents interdependence between ionic
compositions of two phases: the ion exchange material and surrounding solution. The
most conventional way of representing such isotherms is plotting of the equivalent ionic
A , as a function of
fraction of one counterion in the ion exchanger, for example, X
the equivalent fraction XA of the same ion in the solution (Fig. 8.1). Such a plot is
called normalised ion exchange isotherm because the scale of both axes is dimensionless
with values between 0 and 1. As was described earlier, the other variables are kept
constant. Selection of such a plot is convenient due to two reasons. First, the simplest
case of ion exchange means the presence of two ions in the system. Equivalent fraction
representation is very convenient to envisage this case because fraction of the second ion
(for example, XB ) is calculated as 1−XA and thus the same isotherm plotted for ion B is
a mirror reflection of the isotherm plotted for ion A. Second, the equivalent fraction has
a special meaning for ion exchange materials because, as was explained in Section 8.2,
its maximum value (X = 1) corresponds to the ion exchange capacity.
Thus, taking that the ion exchange capacity Q is constant, the normalised isotherm can
be expressed as
XA = f(CA , XA )

(8.14)

XA = f(CTot , XA )

(8.15)

or
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where
CTot =



Ci

(8.16)

Expressions (8.14) and (8.15) are two ways to represent the same dependence because
XA = CA /CTot . As was mentioned, two-dimensional diagrams with dependencies
A = f (XA ) |c
X

(8.17)

are the most conventional. The origin and the end points of any isotherm described by
Eq. (8.17) lie in the lower left and upper right corners of the plot, respectively. This is
because, at the equilibrium state, the absence of one counterion in the solution corresponds to the absence of this ion also in the ion exchanger. If the ion exchanger shows no
preference to either of the present ions, X is equal to X at any ratio between contents of
these ions. In this case, the isotherm is the diagonal straight line across the plot. One has
to note that any ion exchanger usually exhibits a preference to one of the present counterions. Probably, the only exception is a system including two exchangeable isotopes of
the same element. So far as chemical properties of isotopes do not differ significantly,
affinity of the ion exchanger is almost the same towards both the exchangeable species,
and the isotherm is practically linear.102 Selectivity of the ion exchanger results in deviation of the isotherm from the straight diagonal, i.e. non-linearity of the isotherm reflects
the selectivity. Isotherm lying above the diagonal line indicates higher selectivity of the
exchanger towards ion A (if XA = f(XA ) is plotted) and vice versa.
In many cases, S-shaped isotherms can be observed (see, for example, Fig. 8.2). Such a
shape usually indicates existence of two different processes which affect the ion exchange
behaviour. One process dominates at a lower loading degree and another one at higher.
A typical example is the bounding of the ion by functional groups of a polyfunctional
ion exchange material. The same ion is first bound by groups with higher affinity. When
capacity of these groups is exhausted, the process continues involving lower energy interactions with second type of functional groups [459]. There is no theoretical restriction
for complicated shapes of isotherms if several interactions are involved [460].
An antipode isotherm to the linear one is horizontal isotherm. It represents an absolute
preference of the material towards one ion. In this case, X is equal to unity independent
of the concentration of the ion in the liquid phase. The absolute preference is not a
case in conventional ion exchange systems; however, few cases can be found when
the ion exchange is accomplished by a complex formation. A prominent example is
the complexation of Cu2+ ions with picolinic groups. The difficulty to remove Cu2+
from a picolinic exchanger [182] confirms that these complexes are almost unbreakable
[157]. Most of the interactions involving redox materials can also be characterised by
102As a matter of fact, isotopes are not completely identical when interacting with ion exchange materials,
however, this slight preference to one isotope can be recognised only through a multiple interaction in processes
of ion exchange chromatography (see, for example [55]). Even in this case of the chromatographic separation,
there is no certainty that two separate chromatographic bands can be formed. Instead, enrichment in the front
of the single band with one isotope and in the rear part of the band with the second isotope is often observed
[57,456,457].
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Fig. 8.2. Isotherm representing ion exchange of K+ on the aluminium phosphate dispersed on a
cellulose acetate fibre surface. Dashed lines correspond to the models of the ideal ion exchange
with different preference of the material towards K+ : 1 – material preferentially takes up K+ ;
2 – no preference is observed; 3 – material preferentially takes up the competing ion. Reprinted
from A. M. Lazarin, C. A. Borgo, Y. Gushikem, and Y. V. Kholin, in: Analytica Chimica Acta [458]
2003, Elsevier ©.

the horizontal isotherm owing to completeness of such reactions. One has to note that
a plot of horizontal isotherm does not provide any extra information than the simple
expression X = 1 because the ionic fraction can achieve the perfect unity only at the
absolute preference. As a result, such plots are an excessive way to reflect the material
properties; they usually serve only as a representation of the limiting case.
Ion exchange equilibria are often described by isotherm equations that have been developed for processes other than the stoichiometric exchange. The typical example is the
Langmuir isotherm

C=Q

kC
1 + kC

(8.18)

where Q is the ion exchange capacity, k is the constant, and C is concentration of
the target ion in the external solution. Application of such isotherms could be practically useful (though this has to be taken as an empirical approach), if the exchange is
not strictly following the stoichiometry. For example, such equations can successfully
summarise experimental data in case of ion exchange accomplished with a salt transfer
(see Section 7.7). The use of such isotherms to describe the strictly equivalent exchange
is limited [461].
Experimental isotherms rarely fit theoretical curves with high precision. A widely encountered example is the enhanced affinity of the material towards traces of exchanged ions.
Ion is approaching zero (usually jointly with XIon in the surrounding solution),
When X
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affinity of the material towards this ion increases above any expectation. This phenomenon has been attempted to be explained with different models, but no perfect
approach has been developed so far. This will be discussed again in Chapter 9.
The isotherm is a convenient way to summarise equilibrium behaviour of an ion exchange
system. However, there are no fixed rules pointing which plot or quantity should be used
for such characterisation. A chemist is free to choose the way which best fits to a particular
purpose. This results in multiple equilibrium characteristics that can be encountered in
literature. Different characteristics are often named in the same way. Thus, it is important
to provide definitions of discussed quantities to avoid confusions.
8.4 Selectivity Characteristics
As described in Section 8.3, an ion exchange isotherm provides a broad information
about preference of the ion exchange material towards certain type of ion in the system.
However, the isotherm is, by definition, a graphical representation that is not convenient
in many cases. For example, data summarising for a number of ion exchange systems
would result in a large album of images that are difficult to compare with each other.
Of course, the ion exchange isotherm could be expressed as a mathematical function
attempting to characterise the system with corresponding numeric coefficients. Unfortunately, ion exchange phenomena are so diverse that no one mathematical function can
be used to fit all or most of the experimental dependencies, and comparison of numeric
coefficients for different functions is meaningless in most of the cases.
A common way to represent the selectivity is selectivity series.103 For example, the
selectivity series for exchange of metal ions by copolymers of methacrylic acid is
[116,462–464]
Na+ < Ca2+ < Co2+ < Ni2+ < Zn2+ < Cd 2+ < Cu2+ < Fe3+

(8.19)

It means that Fe3+ is the most preferred ion, Cu2+ is the second, and so on. The
selectivity series provides a good idea about the preference among listed ions (agreed
that all cases were investigated under same conditions). Due to the comparative character, selectivity series are used for semi-quantitative characterisation of ion exchange
materials. No quantitative conclusions about the preference can be driven. All this results
in the need for numeric (preferably thermodynamic) characteristic of the ion exchange
preference.
The selectivity is a widely used characteristic of ion exchange systems. It indicates the
preference of the material to one ion in comparison with another ion, i.e. the selectivity is
a comparative value. The simplest description of selectivity can be done on the basis of
comparison of equivalent fractions of the ion in two phases. The exchanger is considered
as selective towards one ion, if (at the equilibrium state) the equivalent fraction of this
ion in the exchanger phase is higher than in the surrounding solution. For example, for

103 Selectivity series are also called selectivity ranges or selectivity sequences.
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an ion exchange system containing ions of sodium and hydrogen, the ion exchanger is
selective towards sodium if


Na+
[Na+ ]

 
>
or XNa > XNa
(8.20)
[Na+ ] + [H + ]
Na+ + H +
Selectivity of ion exchangers appears as a simple concept. However, the quantitative
characterising encounters the problems similar to characterising of the ion exchange
capacity. Several quantitative characteristics have been developed. Different variants of
each of these quantities can be found in literature. A particular choice of such characteristic usually depends on the problem to be solved and on experimental data available.
As a result, ion exchange selectivity data published in literature could be only partially
compatible with each other. The following paragraphs are intended to give an overview
of the used selectivity characteristics and provide the reader with information about their
inter-dependencies. The expressions are presented for the reaction
ZB AZA + ZA BZB = ZA BZB + ZB AZA

(8.21)

which is one of the conventional ways to represent ion exchange process.
The simplest characteristic of the preference in a heterogeneous separation system is the
distribution coefficient of one species, λ. The distribution coefficient of the ion B can be
written as
λB =


CB
CB

(8.22)

This coefficient is a common characteristic in the Separation Science, however, it has a
limited application in ion exchange. This characteristic does not take into account the stoichiometric character of ion exchange, i.e. while presence of the ion A obviously affects
the equilibrium (8.21), this presence is not reflected by expression (8.22). As a result, the
value of λ can be easily calculated for each ion exchange system, however, comparison
of such values is difficult, if possible. Of course, if λB in the system is equal to several
thousands, and λA is far below 1 (even obtained under slightly different experimental
conditions), the suggestion about the preference of the ion exchange material towards
ion B is obvious. However, such procedure can be hardly considered to be quantitative.
The preference of the ion exchanger for one of the two counterions is often expressed
by a relationship between two distribution coefficients. This value is called separation
factor and defined as [5]
αAB =

Cm · Cm
λB
CB · CA
XB · XA
=
= Bm Am =
λA
XA · XB
CA · CB
CA · CB

(8.23)

It is particularly convenient for practical applications, for example, for calculations of
the reactor performance. The separation factor is dimensionless and can be expressed in
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different concentration scales as shown by different members of (8.23): C corresponds
to the molar scale, Cm is molality, and X is the rational scale representation. If the ion B
is preferred, the separation factor is larger than unity, and if A is preferred, the value
is below unity. As shown by Eq. (8.23), the numerical value of the separation factor is
essentially independent of the choice of the concentration scale that makes this characteristic highly attractive (particularly for collecting reference tables and databases). There is
a simple relationship between the separation factor and the ion exchange isotherm. The
separation factor (8.23) can be expressed as
αAB =

XB · (1 − XB )
(1 − XB ) · XB

(8.24)

and graphically represented as the ratio of the two rectangular areas in Fig. 8.3.104
Applet 9105 has been designed as an interactive illustration. These rectangles are above
and below the isotherm. The only common point for both rectangles belongs to the
isotherm and corresponds to the experimental conditions. One has to note that the separation factor is usually not constant, but depends on the total concentration of the solution,
the temperature, and the equivalent fraction of one of the components (taking that the
equivalent fraction of another component can be calculated as XA = 1 − XB ).
The separation factor (8.23) takes into account the competition between two ions present
in the system. However, it does not accommodate the stoichiometric principle of the
ion exchange. If ions of different valence are exchanged, Eq. (8.23) becomes purely
empirical because it does not correspond to the actual chemical reaction.

XB

XB

1−XB

XB

1−XB

0

XB

Fig. 8.3. Correspondence between ion exchange isotherm and separation factor. The isotherm
is shown as a heavy line. For any ionic composition, the separation factor can be visualised as
the ratio between two rectangular areas touching one another at the corresponding point on the
isotherm.

104 The simplest isotherm of Fig. 8.3 can be expressed with Eq. (8.24) converted to X
 = αX/(1 − x + αX).
105 http://ionexchange.books.kth.se/applet09.html
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The characteristic of the ion exchange equilibrium which is used most often is equilibrium
coefficient
B

KA =

[
B]ZA · [A]ZB
]ZB · [B]ZA
[A

(8.25)

This equation can be obtained by applying the mass action law to the ion exchange
reaction (8.21). The value (8.25) can also be referred as apparent constant of chemical
reaction. However, the term equilibrium coefficient is more general because, as was
shown in Section 7.1, the ion exchange can be treated as a pure physical redistribution
of ions, i.e. without employing the concept of chemical reaction. The quantity (8.25) is
often referred as selectivity coefficient. However, the correct definition of the selectivity
coefficient is [135,465]
kAB =

ZB
ZA · X
X
B
A
ZB · X
ZA
X
B
A

(8.26)

i.e. it is defined in rational scale. The value (8.26) is not equal to (8.25) in case of
B

ZA = ZB , i.e. the difference between KA and kAB must be distinguished.106 The difference between the equilibrium coefficient and selectivity coefficient can be illustrated by
introduction of an extra ion D in the system. Such change does not affect the value (8.25)
as long as it does not affect the equilibrium. In contrary, the value (8.26) is dependent
on the total concentration. To prove this statement, the following can be derived. Let us
assume that affinities of the material towards ions A and B are much higher that towards
ion D, thus [D] ∼
= 0. Combination of Eqs (8.9), (8.11), and (8.26) gives
kAB

[
B]ZA · [A]ZB
=
·
]ZB · [B]ZA
[A



Q
[A] + [B] + [D]

ZA −ZB

=

B
KA


·

Q
[A] + [B] + [D]

ZA −ZB
(8.27)

B

Thus, (i) if ZA = ZB , the value of kAB is not equal to KA even in the absence of ion D;
(ii) kAB depends on the presence of ions that do not participate in the ion exchange
B

equilibria (that is in contrary to KA ).
In case of absence of a complex formation in the solution and absence or ignoring of
interactions between counterions in the exchanger phase, the equilibrium coefficient can
be redefined as
B

KA =


CBZA · CAZB

CAZA · CBZB

(8.28)

106 There are many other, often confusing, names for the same characteristic. For example, the term constant

of ion exchange could be used for value (8.25). However, this term is misleading unless assumptions about
ideality of the system are specifically discussed.
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If ions of the same charge Z are exchanged, Eq. (8.28) results in
B

KA = (αAB )Z

(8.29)107

B

The value KA varies for the same ions and the same ion exchange material depending
on the operating conditions. Nevertheless, this characteristic is often assumed as constant. This is done assuming a similarity of the exchanger phase to diluted solutions,
where all activity coefficients are close to unity (or cancel each other) and the apparent
reaction constant is equal to the thermodynamic constant. Despite the frequent use, such
assumption is not correct for ion exchange systems because ion exchangers contain high
concentration of ions. Indeed, the aqueous phase can be diluted almost to infinity to bring
the activity coefficients to unity. On the contrary, due to the fixed ion exchange capacity,
the total concentration of counterions in the phase of ion exchanger cannot be reduced.
Even attempts to prepare an ion exchange resin with low concentration of functional
groups and, subsequently, counterions is ought to fail because polyelectrolytes bearing
insufficient number of the groups cannot swell and, hence, cannot participate in ion
exchange reactions.108 Nevertheless, researchers widely assume values (8.25) or (8.28)
to be constant even without sufficient ground for this assumption. The reason could be
found in the simplicity to determine all members in Eq. (8.28). Moreover, in most of the
cases, the characteristic (8.28) is the only one that can be measured without employing
a number of assumptions and suggestions about physico-chemical behaviour of ions in
the exchanger phase. Hence, the equilibrium coefficient is the most conventional, while
thermodynamically non-justified characteristic of ion exchange equilibria. Its numerical
value is dimensionless if ions of the same valence are exchanged. In this case, the value
is also independent of the choice of the concentration scale (molar, molal, or rational).
Interdependence between the selectivity coefficient and separation factor expressed by
Eq. (8.29) is not so simple for exchange of ions with different valence. The general form
of this relationship appears as
⎧ B
 ZA −ZB

CB
⎪
⎨ KA = (αAB )ZB · C
for ZA ≥ ZB
B
(8.30)


⎪
⎩ KB = (αB )ZA · CA ZB −ZA for Z ≥ Z
B
A
A
A

C
A

that is hardly useful and is presented here only for an illustrative purpose. For example,
it shows that varying the experimental condition – particularly varying the total solution concentration – affects the equilibrium coefficient (which takes into account ionic
valences) in less extent in comparison with the separation factor [5].

107 Equation (8.29) is also an illustration of the fact that the separation factor can be used to characterise the
chemical interaction only for exchange of equally charged ions.
108 One can speculate that Macronet-type polymers with low content of functional groups could possess properties of ideal solutions because these materials swell in water even in absence of ionised groups. Such research
has not been conducted, however, it could have a certain academic value.
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An attempt to define a selectivity characteristic as close as possible to the corresponding
thermodynamic value without loosing the prospect for its experimental determination
results in the formulation of the corrected equilibrium coefficient109
KAB =

CBZA · aAZB
CAZA · aBZB

Z
Bγ B
A
γBZB

= KA

(8.31)

This value accommodates only measurable quantities approaching the thermodynamic
constant of ion exchange as close as possible. For example, if activities of ions in the solution are directly measurable with ion selective electrodes, the only non-thermodynamic
members of Eq. (8.31) are counterion concentrations in the exchanger phase. The similar
precision can be obtained using calculated activities of ions in solutions because thermodynamics of the aqueous systems is a well-established field. Until recent findings, the
only measurable characteristics for the counterions in the exchanger phase were their
concentrations.110 To solve the problem, activity coefficients of ions of the same charge
are commonly assumed to be equal, i.e.

γA = 
γB

for

ZA = ZB

(8.32)

As a result,

aB
CB ∼ 

γB · 
CB
=
=



aA

γA · CA
CA

(8.33)

Equation (8.33) shows that the corrected equilibrium coefficient could be a truly thermodynamic value, provided that ion exchangers are similar to diluted aqueous solutions.
However, as was already discussed in this section, such suggestion is hardly acceptable
and thus there is no justification to treat the corrected equilibrium coefficient (8.31) as a
thermodynamic value. Nevertheless, many researchers use Eq. (8.31) as granted counting that even a small improvement of the obtained characteristic in comparison with the
coefficient (8.25) must not be neglected.
While the separation factor, equilibrium coefficient, and corrected equilibrium coefficient all refer to a given set of experimental conditions, the only true thermodynamic
characteristic of the selectivity is the thermodynamic constant of ion exchange reaction:
KAB =


aBZA aAZB

aAZB aBZA

(8.34)

109 The same value is often referred as corrected selectivity coefficient or corrected constant of ion exchange

reaction.
110 The search for ways to measure 
aIon in the exchanger phase yielded recently in a method for direct

determination of hydrogen ion activity in the internal solution of the material. The method is based on the
introduction of stable nitroxide radicals and monitoring their response with ESR equipment [143]. The radicals
serve similar to indicator substances introduced in conventional solutions. Information about the H + activity
can allow calculation of activities for other ions. Unfortunately this method is quite labour-consuming and is
still under further development.
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This simple definition of the thermodynamic constant is widely used for convenience,
though being valid only if sorption of the whole electrolyte and changes in swelling can
be neglected. Thermodynamic constant of the reaction accomplished by water transfer
will be discussed later in Section 8.5.
All selectivity characteristics, discussed so far, reflect the ion exchange reaction (8.21).
Thermodynamic characteristics calculated for this representation refer to molar scale.
However, molarity of an ion exchanger is difficult to define.111 Thus, equivalent scale
(normality) is widely used because of the non-confusing definition for one equivalent of
an ion exchanger. The same ion exchange reaction written in reference to the equivalent
scale is
1 zA
1 zB
1 zB
1 zA
A +
B =
B +
A
ZA
ZB
ZB
ZA

(8.35)

Two formulations (8.21) and (8.35) are equally correct. The actual choice is only a matter
of convenience. One has to note that expressions and values of different selectivity characteristics depend on the formulation. The comparison is presented in Table 8.1. The table
allows to identify two groups of the discussed characteristics. Separation factor (8.42)
and selectivity coefficient (8.43)/(8.44) strongly depend on the total concentration of
ions in the solution. In case of non-equal ionic charges, the dependency is strong even
at given CB or XB . Equilibrium parameters (8.36)–(8.41) are targeted to characterise
the equilibrium itself. Their dependence on the total solution concentration is much
weaker.
Applicability of the selectivity characteristics can be summarised as following.
• Distribution coefficient and separation factor are convenient to characterise practical
separations.
• Equilibrium coefficient (apparent constant of ion exchange reaction) is the most
often used characteristic. It is convenient for semi-empirical calculations.
• Corrected equilibrium coefficient is the most rigorous constant which can be
obtained from experimental data.
Distribution coefficient, separation factor, equilibrium coefficient, and corrected equilibrium coefficient all refer to a given set of experimental conditions.
• Thermodynamic constant is the only thermodynamically precise characteristic of
the ion exchange equilibrium. The value is usually calculated with some theoretical
assumptions due to the lack of experimental methods to measure activity inside the
ion exchanger phase.

111 Equations (8.21) and (8.35) discussed here do not include concentration of the exchanger and thus the

problem looks irrelevant. However, the same approach can be applied to representations involving functional
groups and thus including the exchanger into reaction. Such equations have been discussed in Section 8.1.
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Table 8.1. Recommended [135,465] characteristics of ion exchange equilibria and selectivity.
Characteristic

Mathematical expression
for formulation (8.21)

Mathematical expression
for formulation (8.35)

Equilibrium characteristics
Thermodynamic equilibrium
constant

Corrected equilibrium
coefficient

Equilibrium coefficient


aZA aZB
KAB = BZ AZ

aAB aB A

KAB =

B

KA =

[B]ZA aAZB
[A]ZB aBzA

[B]ZA [A]ZB
[A]ZB [B]ZA

Selectivity coefficient

ZA · XZB
X
B
A
ZB · XZA
X
B
A


aBZB aAZA
1
1

aAZA aBZB
1

(8.40)

αAB =

kAB =

KAB =

(8.38)

Separation characteristics
Separation factor

1

1

(8.36)

KAB =

1
1
[A] ZA aBZB

(8.39)

(8.41)

(8.42)
1

(8.43)

1

[B] ZB aAZA

1
1
B
[B] ZB [A] ZA
KA =
1
1
[A] ZA [B] ZB


CB · CA

CA · CB

(8.37)

1

 ZB · X ZA
X
A
kAB = B1
1
 ZA · X ZB
X
B
A

(8.44)

8.5 Thermodynamic Description of Ion Exchange
As was already discussed in Section 7.1, there are two conventional approaches for the
description of ion exchange processes. In one of them, ion exchange is treated as a heterogeneous chemical reaction; in the other as osmotic process. When these two approaches
are applied for quantitative description of particular systems, the difference in the results
is not very large. Nevertheless, the parallel existence of two interpretations of one and
the same phenomenon results in extreme inconvenience in the application of the theory.
This situation reflects the dual nature of ion exchange processes which possess features
of both chemical reaction and osmotic distribution [466]. In many cases, the same ion
exchange system can be described with both approaches. Corresponding thermodynamic
characteristics – while being expressed by different thermodynamic equations – should
differ only due to errors introduced by different systems of assumptions.
Most of thermodynamic methods have been developed for the description of binary
exchanges, i.e. for cases where only two exchangeable counterions are present in
the system. However, real ion exchange equilibria can involve unlimited number of
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Fig. 8.4. Representation of multicompound cation exchange equilibria as combinations of corresponding binary equilibria. Ternary H + −Na+ −Cu2+ (a) and quaternary H + −Na+ −Cu2+ −Zn2+
(b) systems are shown as examples.

ions. Thermodynamic treatment of multi-ion equilibria is a complicated task. Different
approaches have been applied for such multi-compound descriptions [466–478]. The
simplest is to present the multicomponent equilibrium as a combination of corresponding binary equilibria. An illustration of such representation is given in Fig. 8.4. Thus,
only binary equilibria are discussed here for the sake of simplicity.
Thermodynamic constant of ion exchange was briefly discussed in Section 8.4.
It was presented there by Eq. (8.34)112 as the only selectivity characteristic which is
thermodynamically well-justified. Equation (8.34) corresponds to the exchange reaction
(8.21), i.e. to the reaction which is not accomplished with transfer of the solvent. However, any ion exchange reaction, excluding few particular cases (for example, excluding
isotope exchange), is accompanied by the transfer of the solvent and by consequent
changes in the volume. As a result, reaction (8.45) must be written instead of (8.21):
ZB AZA + ZA BZB + W · H2O = ZA BZB + ZB AZA + W · H2O

(8.45)

and reaction (8.46) must be written instead of (8.35):
1 ZB
1 Z
1 ZA
1 Z
A A+
B + W · H2O =
B B+
A + W · H2O
ZA
ZB
ZB
ZA

(8.46)

The transfer of water can proceed in both directions (out or into the exchanger phase),
i.e. the number of transferred water molecules W in Eqs (8.45) and (8.46) can be both
positive or negative. The thermodynamic condition for the ion exchange equilibrium is
[123,466,470]
µ̄A d n̄A + µ̄B d n̄B + µ̄W d n̄W + µA dnA + µB dnB + µW dnW = 0

(8.47)

112 Equation (8.34)/(8.36) was written for molar concentration scale, while the same constant written in rational

concentration scale was expressed by Eq. (8.37).
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where µi and ni are the chemical potential and number of transferred moles for corresponding compound; subscript W indicates water. The mass-balance principle can be
written as
d n̄A = −dnA

(8.48)

d n̄B = −dnB

(8.49)

d n̄W = −dnW

(8.50)

ZA dnA = −ZB dnB

(8.51)

ZA d n̄A = −ZB d n̄B

(8.52)

and the electroneutrality principle as

Substitution of (8.48)–(8.52) in (8.47) yields in
1
1
1
d n̄W
1
µ̄B −
µ̄A −
µB +
µA + (µ̄W − µW ) ·
=0
ZB
ZA
ZB
ZA
ZB d n̄B

(8.53)

In case of binary exchange, equivalent fraction of ion B in the exchanger is
B =
X

ZB n̄B
ZB n̄B + ZA n̄A

(8.54)

Hence
dW
d n̄W
=
B
ZB d n̄B
dX

(8.55)

where W is number of water molecules per one equivalent of the ion exchanger.
Substitution of (8.55) in (8.53) gives
1
1
1
dW
1
µ̄B −
µ̄A −
µB +
µA + (µ̄W − µW ) ·
=0
B
ZA
ZB
ZA
ZB
dX

(8.56)

Expressing chemical potentials in (8.56) through the fundamental relationship
µi = µ0i + RT ln ai

(8.57)113

allows to obtain the expression for thermodynamic constant of ion exchange:
KAB =

1/ZB

· aA

1/ZA

· aB


aB


aA

1/ZA
1/ZB




aW
aW

dW d X
A

1/ZB

=


γB

1/ZA


γA

1/Z

[B]1/ZB · a A
·  1/Z A
A
1/Z
A
· aB B




aW
aW

dW d X
A

≡ const
(8.58)

113 Please note that Eq. (8.57) is perfectly correct only if the molar concentration scale is used [123].
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To calculate the precise value of the thermodynamic constant, activities of all ions and
water molecules in both phases must be measured. Unfortunately, so far, only few steps
have been taken to develop a direct measuring technique for activity determination in
phase of swollen ion exchangers [143]. Different approaches and simplifications are used
instead to overcome the problem or, at least, to find a shortcut. For example, if ions of
the same charge are exchanged, equality between activity coefficients of both ions in
the exchanger phase is suggested. This suggestion allows ignoring the ratio of activity
coefficients in the right-hand instance of Eq. (8.58). As was already discussed in the
previous section, this approach is widely used while being essentially incorrect. Activity
coefficients of equally charged ions are equal only in diluted solutions while the total
concentration of ions in swollen ion exchangers lies in the range between 0.5 and 5 N
(for most of the commercial ion exchange resins). Nevertheless, many authors use this
approach counting that the obtained quantity is closer to the truly thermodynamic constant
out of all values that can be experimentally measured.
Many models have been developed to provide justified estimation of activity coefficients
in the exchanger phase. This is an example of such approach [253,479]114 . A system
including a cation exchanger and surrounding solution of NaCl is discussed. The modelling begins from considering KCl, which is not present in the discussed system but
serves as a reference substance. Activity coefficients of potassium and chlorine are
assumed to be equal due to the equal transport numbers of K+ and Cl− ions over a
sizeable concentration range [480]. Thus,
γK ≈ γCl = γ ± (KCl)

(8.59)

Assuming that 
γNa = γNa (if ionic strength is the same) and taking
γNa · γCl = γ 2± (NaCl)

(8.60)

the following can be written

γNa =

γ 2± (NaCl)
γ ± (KCl)

(8.61)

i.e. the activity coefficient of sodium in the exchanger phase can be calculated from
reference data on γ±(KCl) and γ±(NaCl) . The reference data are taken for solutions having
the same ionic strength as in the internal solution of the exchanger, 
I.
The ionic strength inside the exchanger is created by dissociated pairs counterionfunctional group and counterion-co-ion. Let us consider the case of a weak cation
exchanger and H + ion as the second counterion in the system [479]. All hydrogen inside
the exchanger is assumed to be associated with the weakly acidic functional groups.
Sodium ions, in contrary, are not involved in any direct interaction. So far as Na+
is the ion that cannot form strong complexes, the same considerations are applicable
114 The approach of determining the activity coefficients described in this section is only an example. Many other

approaches have been reported. For example, application of Wilson equation to estimate activity coefficients
in zeolites [478] can also be mentioned.
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to chelating materials [253]. As a result, the ionic strength is defined by the sodium
concentration:

I=

1
CR− + 
CCl− ) = 
CNa+
(
C + +
2 Na

(8.62)

where 
CR− is content of ionised functional groups calculated per volume of the internal
solution. The sodium content in the exchanger can be directly analysed but can also be
estimated. To do the estimation, concentration of sodium in the internal solution can be
taken as the sum of the concentration created by the ion exchange sorption (
CNa,E ) and
an extra concentration coming from the non-exchange transfer of NaCl (
CNa,S ):

aNa = (
CNa,E + 
CNa,S ) · 
γNa

(8.63)

Presence of the chlorine ion is only due to the non-exchange sorption

aCl = 
CCl,S · 
γCl

(8.64)


CCl,S = 
CNa,S

(8.65)

Obviously

Combination of Eq. (7.35), discussed in Section 7.7, with (8.63) and (8.64) gives
2
2
(
CNa,E + 
CNa,S ) · 
CNa,S · 
γNa · 
γCl = CNaCl
· γ±(NaCl)

(8.66)

2
2
CNaCl
· γ±(NaCl)
= aNa · aCl

(8.67)

where

Expression (8.67) corresponds to the solution phase. Equation (8.66) allows to obtain

CNa,S :

CNa,S =

−
CNa,E +


2
2

CNa,E + 4 · CNaCl
· γ±(NaCl)
/(
γNa · 
γCl )
2

(8.68)


CNa,E can be easily calculated from pH difference between the initial and equilibrium
solutions, i.e. from the amount of exchanged hydrogen ions. To get the value of 
CNa,S ,
a numeric iteration procedure can be applied involving Eqs (8.59), (8.61), (8.68), and an
equation for activity calculation in solutions of high concentration (for example, using
the Pitzer’s procedure) [253].
The term of Eq. (8.58) describing water transfer cannot be ignored. An illustration of
its importance can be found in the difference between thermodynamic characteristics for
cation exchange of α-amino acids having polar or ionisable side-groups [316]. Figure 8.5
) and S = f(X
) for exchange of tyrosine cation on
illustrates dependencies H = f(X
two styrene–divinylbenzene cation exchangers bearing sulphonic groups. The difference
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Fig. 8.5. Thermodynamic functions of ion exchange between cation of tyrosine (Tyr+ ) and
hydrogen on gel cation exchanger KU-2-8 (open symbols) and macroporous cation exchanger
KU-23 (30/100) (filled symbols). Reprinted from V. F. Selemenev, in: Vestnik Voronezhskogo
Gosudarstvennogo Universiteta [316] 1996, with kind permission of the author, Voronezh State
University ©.
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between these two materials is only in their macroscopic structure (KU-2 has a gel
structure while KU-23 is macroporous) which affects the swelling and water transfer
characteristics. The complicated shape of dependencies corresponding to KU-23 can be
attributed to the existence of two types of pores in this material. The ion exchange takes
place on the surface of macropores as well as in the micropores between polymeric
chains. While chemical properties of the differently located functional groups are the
same, the absence of space constraints in macropores allows formation of complicated
hydration structures that is restricted in micropores (which are similar to pores of the gel
exchanger).
Certain assumptions need to be involved for accounting the water transfer accomplishing
ion exchange.115 The general approach differs depending on the way selected to describe
the ion exchange system.
If the ion exchange is considered as a conventional heterogeneous chemical reaction,
the state of the same ions is declared to be different inside the ion exchanger and in the
external solution while activity of the solvent is the same for both phases. As a result,
the term describing water-transfer in Eq. (8.58) is equal to unity and Eq. (8.58) becomes
(8.37), i.e. the ion exchange is described by the mass action law [470].
The osmotic model considers ion exchange as distribution of ions between two solutions
of different concentrations under different pressure [470]. The osmotic pressure is taken
as the cause for the chemical potential difference between two phases.116 Conditions of
such equilibrium are
(∂µ̄i /∂P)T = 
νi

(8.69)

and equivalence of electrochemical potentials for mobile ions, i.e.
µi + Zi Fi = µ̄i +

i
νi + Zi F 

(8.70)

where is the pressure difference, 
ν is partial molar volume, F is Faraday constant,  is
electric potential [470]. Substitution of (8.69) and (8.70) in (8.56) yields in [417,466,470]


dW

νA

νB
B
RT ln KA − ·
−
=0
(8.71)
−

ν
B W
ZA
ZB
dX
B ) is close to linear. Hence,
In many practical cases, the dependency W = f(X
dW
= W
B
dX

(8.72)

115 Please pay attention to the approach described in Section 7.6 (Fig. 7.17). The approach is conventionally

used for estimation of water activity in phase of gel exchangers. The idea is based on the statement that the
solvent activity is equal for differently cross-linked polyelectrolytes of the same type containing equal amount
of water [399].
116 Besides the pressure, other forces, such as deformation stress, electrical field tension, and surface tension, can be responsible for differences between the chemical potentials inside and outside the ion exchanger
[185,466,481].
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and

RT ln KAB ≈

·


vA
+ WA
νW
ZA




−


νB
+ WB
νW
ZB


=

· (VA − VB )

(8.73)

where VA and VB is equivalent volume of the swollen exchanger in two different ionic
forms.
The non-osmotic approach is more general because it is applicable to all types of
ion exchange materials. It is also better justified from thermodynamic point of view
[123]. This approach is the only possible approach if water transfer does not accomplish the exchange or if chemical potential of water is the same in both phases. The
inconvenience comes from lack of methods for direct measurements of activity in the
exchanger phase and, hence, from necessity to determine the constant from equilibrium
data [470]. Gel ion exchange resins with low and moderate cross-linking degree usually are well-fit to the osmotic model. However, the “intermediate state” between two
models is the most common and most difficult for description. In this case, the ion
exchange should be considered as a chemical reaction accomplished with the osmotic
phenomena [470].
Besides the discussed models, there are few simplified approaches which allow to
get thermodynamically meaningful characteristics. The experimentally obtainable value
of corrected equilibrium coefficient, K (see Eqs (8.38) and (8.39)) can be connected
with the thermodynamic equilibrium constant K of the ion exchange reaction as
follows [482]
1

log K = K d X

(8.74)

0

The obtained value is referred as integral constant and characterises complete conversion
of the exchanger from one ionic form to another. As follows from Eq. (8.74), multiple
equilibrium experiments must be performed targeting to cover all span of the loading
 from 0 to 1) in order to get the value of the integral constant. Unfortunately,
degrees (X
even this value cannot be obtained for many ion exchange systems because complete

loading of the material with certain ions can be unachievable. A typical example where X
cannot approach unity is exchange of substances with low solubility, i.e. when the external
solution cannot contain the counterion concentration sufficient to achieve high loadings.
Another example is exchange accomplished by association between counterions. In this
case, the concentration increase changes the sorption mechanism and thus low and high
loadings of the exchanger correspond to different types of ion exchange equilibria.
Gibbs energy of ion exchange is usually calculated with classic relationship
G = −RT ln K

(8.75)

As was discussed earlier, equality of the activity coefficients inside the ion exchanger is
often assumed to overcome difficulties encountered at calculation of the thermodynamic
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constant. This results in the common practice to estimate the differential Gibbs energy
from the corrected equilibrium coefficient
G = −RT ln K

(8.76)

The integral Gibbs energy can be calculated as
1
1


G = G d X = − RT ln K d X
0

0

(8.77)

0

Equation (8.77) is usually applied without accounting the water transfer. However, this
simplification is justified only in some particular cases, for example, if the exchange
takes place in diluted solutions (≤1 N) [483].
H and S are calculated by using classic approaches. If calorimetric data cannot be
obtained, enthalpy of the exchange is estimated from the equation
H 0 =

1 ∂ ln K
RT ∂T

(8.78)

∂ ln K
∂(1/T)

(8.79)

or, more conveniently, from
H 0 = −R

The differential equation (8.79) is often replaced with
H 0 = −R

ln K1 − ln K2
1/T1 − 1/T2

(8.80)

and thus experimental results obtained at two different temperatures are used. Of course,
linearity of the dependency ln K = f(1/T) have to be verified before replacing (8.79)
with (8.80).
Entropy of the ion exchange reaction is commonly calculated from the Gibbs energy and
enthalpy values:
S 0 = −

H 0 − G0
T

(8.81)

Please note that H 0 and S 0 are integral values (see Eqs (8.74) and (8.77)), i.e. they
correspond to complete transfer of the ion exchanger from one ionic form to another. This
makes them non-sensitive to internal structure of the ion exchanger but limits practical
value of the information incorporated in these functions [123].
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8.6 Phenomena Affecting Selectivity
As long as the selectivity describes behaviour of the ion exchange material when contacted with a mixture of two or more ions, this characteristic is rather defined by overall
chemical system while being affected by specific properties of the ion exchanger in the
first instance.
Physico-chemical phenomena influencing selectivity can be divided in two groups. One
includes those defined by intrinsic properties of the material. The second group includes
phenomena caused by physico-chemical interactions that do not directly relate to the
material’s properties. Phenomena belonging to the second group usually do not affect
the strength of the bonds between ions and the exchange sites but alter the apparent
selectivity and the interphase ionic distribution.
Property of the ion exchange material is the first option that is considered when a selective
ion exchange system is designed. The most obvious starting point is the search for a
possibility to exploit specific interactions between the ion exchanger and the targeted
ion. The following should be accounted:
• Chelating association between functional groups and counterions provides the material with a high selectivity.117 The interactions are similar to complex formation
in solutions. Higher energy of complex formation with certain counterion defines
higher selectivity of the material towards this ion.
• Protonation of weakly acidic functional groups of cation exchangers can be considered as association between H + and the group. In other words, weak cation
exchangers can be treated as materials highly specific to hydrogen ions. The most
proverbial example is protonation of carboxylic groups
−COO− + H + = −COOH

(8.82)

• Direct electrostatic interactions between counterions and fixed groups can influence
the selectivity even without formation of coordination or other chemical bonds. It can
be considered as a formation of incompletely dissociated ion pairs. The strength of
the electrostatic attraction depends on the ionic charge and the distance of closest
approach between the counterion and the functional group. As a result, strong cation
exchangers often prefer counterions with higher valence and smaller size. Higher
polarisability of counterions also favour such interactions that is most pronounced
for phosphonic acid groups which are excellent proton acceptors [5].
• Imprinted materials (see Section 3.2) can be taken as an extreme case of exchangers designed for highly specific interactions. The pre-organised exchange sites
specifically fit one kind of ions. The actual interactions are explained with different ideas. Materials imprinted with large organic ions are usually considered
as having cavities specifically sized and shaped for this kind of ions. In case
of imprinting with inorganic ions, the selectivity enhancement is explained by

117 Details of the chelating interactions were discussed in Section 3.1.
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coordination geometry and conformational rearrangement of the exchange sites
energetically favouring the formation of certain complexes. The imprinting effect
could be strong enough to counteract large differences in strength of corresponding
complexes formed in solutions. For example, Cu2+ usually forms much stronger
complexes in comparison with Zn2+ ; its complex formation constant with DDDPA
(1,12-dodecanediol-O,O -diphenyl phosphonic acid) is much higher than that of
zinc ions. Nevertheless, Zn2+ imprinted polymer bearing DDDPA-based functional
groups exhibits a well recognisable affinity towards zinc ions in comparison with
copper [193].

• Hydrophobic attraction between organic counterions and matrix of ion exchange
resins causes strengthening of the overall binding. Such interactions are usually
stronger between similar organic structures, i.e. aromatic matrixes strongly attract
aromatic counterions, while aliphatic matrixes prefer counterions with aliphatic
radicals. More hydrophobic counterions (those having larger organic radicals) are
obviously subjects for stronger hydrophobic interactions.
• As was already written, steric availability of functional groups significantly affects
the ion exchange equilibria. In case of a direct association between counterions and
functional groups, steric hindrances can restrict the formation of properly shaped
complexes while allowing some interaction. The improperly shaped complexes have
lower binding energy and, thus, such systems have reduced selectivity. The partial
hindrance could be related to an insufficient local mobility of the groups (that is
especially pronounced when two or more groups are coordinated around one counterion) and to the location of functional groups in close proximity to the hydrophobic
matrix. The necessity in local mobility of the groups is confirmed by comparison
of selectivity for similar groups differently spaced from the matrix. For example,
the higher selectivity was found for thiourea [157] and phosphine sulphide [484]
groups attached through longer spacers. It is interesting that increase of the spacer
length improves selectivity only until some value [157]. It suggests that there is a
limit after which influence from the matrix chain to which the group is attached
does not differ from influence from other chains.
• Similar limitations come from the insufficient flexibility of the matrix. When organic
ions bearing several ionisable groups or polyvalent inorganic ions directly interact
with several groups of the ion exchanger, selectivity of the material can depend on
the matrix flexibility. Stiff matrixes can restrict motion of functional groups and
hinder the direct association between the sorbed counterion and sufficient number
of functional group of the exchanger. More flexible matrixes allow the complete
association, however, counteracting with elastic force and, hence, reducing thermodynamic benefit of the interaction. In this case, ion exchangers with more flexible
matrixes (for example, less cross-linked resins) can be more selective. Of course,
this problem is overcome when imprinted polymers are prepared. The same phenomenon could be one of the reason for higher selectivity at very low loading. In
this case, the sorbed ions can occupy only places where functional groups (randomly
distributed inside the material) are located in positions favourable for the particular
interaction.
• Sieve action was already discussed in detail in Section 4.1. It can be taken as
an extreme case of the effect caused by non-flexible matrixes. Large ions are
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mechanically excluded if the distances between non-flexible matrix chains are too
narrow for accommodating the ion (see Fig. 4.1) [5]. Sieve action is most dramatically displayed by the zeolites which have a regular and rather rigid lattice. Certain
zeolites even exclude inorganic ions such as Cs+ .
• Specific interactions between the exchanger and targeted ion are not the single
available instrument to improve the selectivity. Even ion exchange systems perfectly corresponding to classic Gregor’s models (see Section 7.1) prefer some ions
in presence of others. A typical example is electroselectivity or the preference of
counterions with higher valence.118 The preference increases with dilution of the
solution and is strongest with ion exchangers of high concentration of the internal
solution (see Fig. 8.1 in Section 8.3) [5]. The electroselectivity affects distribution
of ions but does not affect the equilibrium itself. This can be shown by comparing
constant of the ion exchange reaction and the separation factor. Let us take the ion
exchange reaction
RAn + mB = RBm + nA


RBm [A]n

K= 
RAn [B]m
Let us suggest m > n. Thus, the separation factor can be expressed as




RBm [A]
[B] n−1

α= 
=K·
· [B]m−n
[A]
RA [B]

(8.83)119

(8.84)

(8.85)

n

Equation (8.85) indicates that even in case of
 constant ratio between concentrations of two counterions in the solution ([B] [A] = const), the separation factor
strongly increases with the increase in the total solution concentration, i.e. sorption
of B is favoured by high solution concentration, and sorption of A is favoured by
low solution concentration. Expression similar to (8.85) can be written for ligand
exchange explaining the fact that the electroselectivity phenomenon is also observed
when ligands occupying different numbers of coordination valences are exchanged.
In case of the exchange of counterions, the electroselectivity can also be explained
in terms of the Donnan potential (see Section 7.7). Being caused by electrostatic
interactions, the Donnan potential attracts counterions into the ion exchanger with
a force proportional to the ionic charge. Hence, the counterion of higher charge is
more strongly attracted and is preferred by the ion exchanger. The Donnan potential increases with dilution of the solution and with increasing capacity (content
of the fixed ionic groups). Consequently, the same holds for the preference of the
counterion of higher valence [5].

118 The term electroselectivity is not used so often nowadays, however it cannot be neglected and depreciated.
119 In Eqs (8.83)–(8.85) valence of the exchanger R is taken as m · n for simplicity of mathematical expressions.
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• Exchange of counterions is accomplished by water transfer. This results in changes
in the swelling degree, i.e. in stretching of the matrix. The elastic force causing
swelling pressure inside the exchanger (see Section 7.6) is changed. As long as
larger hydration shells cause more stretching of the matrix, ions bearing such shells
are subject to higher swelling pressure. As a result, ions of smaller solvated size are
preferred by ion exchangers. The phenomenon is more pronounced for materials
with higher cross-linking and with dilution of the external solution. The exchange
of alkali ions by strongly acidic cation exchangers bearing sulphonic groups is a
typical example. Here, the selectivity range is [5,116]
Li+ < Na+ < K+ < Rb+ ≤ Cs+

(8.86)

(see also Fig. 8.6). This sequence is the same as that of the decreasing radii of the
hydrated ions. The effects of solution concentration, equivalent ionic fractions, and
degree of cross-linking are shown in Fig. 8.7.
Please note that the selectivity series (8.86) is reversed in highly cross-linked
materials (Fig. 8.7) [5]. Networks of such exchangers are too tight and cannot
accommodate hydrated ions. As a result, the reversed series corresponds to sorption
of incompletely hydrated or non-hydrated counterions.
The second groups of phenomena affect the apparent selectivity and do not necessary
affect interaction strength between the ion and ion exchanger.

N(C2H5)4+

Selectivity coefficient, K iNa

10
7
5
4
3
Li+

2

1
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0.7
+

K
0.5
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0
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100
150
Difference of hydrated molar volumes,
Vi*–VNa*, ml

Fig. 8.6. Correlation between selectivity coefficients and molar volumes of hydrated counterions
[398,399]. Exchange of various univalent counterions on Na+ form of Dowex 50-X10 in 1 mM
solutions. The coefficients are given as a function of the difference of the hydrated molar volumes.
Reprinted from F. Helfferich, Ion Exchange [5] 1962.
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Fig. 8.7. Dependence of the selectivity on ionic composition and cross-linking [485,486]. The
equilibrium coefficient of the exchanges Na+ /H + (left) and K+ /H + (right) on styrene-type cation
exchangers of various divinylbenzene contents is shown. Selectivity for the alkali ion increases with
decreasing equivalent fraction of this ion and with increasing degree of cross-linking. Reprinted
from F. Helfferich, Ion Exchange [5] 1962.

• The typical example is association and complex formation in the solution. For
example, if the counterion A+ is bounded in a complex through reaction
A+ +Y − = AY

(8.87)

this ion is removed from the equilibrium
RA + B+ = RB + A+

(8.88)

and the reaction (8.88) is shifted to right-hand side. As a result, the separation
factor could be high even at low constant of the ion exchange reaction. This
can cause different apparent preference of the exchanger in solutions of different
composition.
The complex formation in solution is responsible for one more useful phenomenon.
So long as formed complexes can be positive, neutral, or negative, they can be sorbed
by corresponding exchangers. For example, anionic complexes of zinc behave like
anions and thus sorbed by anion exchangers. Figure 8.8 illustrates such behaviour.
Initial rise of the distribution coefficient reflects formation of ZnCl−
3 complexes.
The following decline corresponds to formation of double-charged ZnCl2−
4 that
occupy two functional groups each reducing value of the selectivity coefficient. The
difference between curves obtained for different media is explained by different
electrostatic interactions between corresponding cations and chlorine anions [490].
• The uptake of a counterion by the ion exchanger can be enhanced by removing
the competing counterion from the solution by precipitation. The mechanism is
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Fig. 8.8. Distribution coefficient of trace level concentrations of zinc on Type I anion exchangers
in solutions of three different electrolytes [5,487–489]. ZnCl3− complexes are sorbed at lower
concentrations of Cl− and ZnCl2−
4 complexes are sorbed at higher concentrations of this ligand.
Reprinted from J. A. Marinsky and T. Miyajima, in: Reactive & Functional Polymers [490] 1998,
Elsevier ©.

obvious; precipitation reduces the concentration of the competing species in the
solution, thus causing the ion exchanger to release this species [5]. However, in
most cases, precipitation is avoided because it causes clogging of the pores at the
surface of the ion exchanger. In case of column techniques, the precipitate can clog
the entire column destroying the whole process.
One has to recognise the difference between specific and non-specific selectivity of ion
exchange materials. Specific selectivity is caused by specific chemical interactions with
sorbed species. It depends only on specific chemical affinity of the exchanger towards
certain kind of ions. Non-specific selectivity is caused mainly by physico-chemical factors
altering the system in a general way.

CHAPTER 9

Modern Physico-chemical Models

Different models have been developed targeting to solve different problems and discrepancies in the description of ion exchange equilibria. No approach satisfying all the
demands has been found yet. Probably, the problem is very far from its solution. For
example, one of the main obstacles is the phase definition. Contrary to phases in conventional heterogeneous systems,120 the phase of a swollen ion exchanger has no precisely
located boundary even if the exchanger is considered as a single phase. If the water
contained inside the exchanger is taken as one or few (see Section 7.4) separate phases,
the problem of phase boundaries becomes insoluble.
Early approaches to the description of ion exchange systems were discussed in
Section 7.1. Many more models have been developed to resolve the inconsistency of
these descriptions, to cover newly developed materials, and to respond to the discovery of new phenomena. Few of the most successful modern models are discussed in this
chapter. These models vary by different approaches, i.e. they allow seeing the exchangers
from different points of view.
9.1 Gibbs–Donnan Models
According to the Gibbs–Donnan approach, any substance in the water phase can diffuse into the exchanger to level the initially different activity between two phases. If
ions are transferred, they have to be exchanged with other ions or transferred together
with ions of opposite charge. Counterions can be bonded in the exchanger phase. If
the functional group can act as a ligand, the sorption reaction is much more selective than a simple ion exchange. According to this model, the composition of each
complex formed inside the material and respective intrinsic complexation constant can
be obtained from the exchange coefficients determined experimentally. The value is

120 The fundamental definition is: A phase is a homogeneous and physically distinct part of a system separated
from other phases by a definite bounding surface.
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aNa ⋅ aCl = aNa ⋅ aCl

Fig. 9.1. Marinsky’s model of the ion exchanger. An interaction between a weak cation exchange
resin and acidic solution of NaCl is shown in this example.

not a thermodynamic quantity, but it is independent of the composition of the aqueous phase and can be used for the prediction of the exchange coefficient at particular
conditions [491].
One of the best-known and most successful models based on the Gibbs–Donnan theory
is the Marinsky’s model [253,479]. According to his description, the boundary between
the cross-linked polyelectrolyte (that constitutes the charged, three-dimensional skeletal
structure) and the surrounding solution acts as a membrane permeable to the diffusing components (Fig. 9.1). At an equilibrium state, the chemical potential of each of
these components, e.g. salt, acid, water, is the same in both phases. Hence, a transfer of
these components, into or out of the material, occurs when the equilibrium is disturbed
by any change in the solution. The matrix is restrictive to the flow of water directed
into the exchanger phase. The solid phase is considerably more concentrated in counterions and less concentrated in co-ions than the solution phase external to it. The ion
distribution between two phases is described in Eq. (8.73) as discussed in Section 8.5.
The right-hand pressure–volume term could be small enough to be neglected in systems
with flexible organic exchangers [479]. This results in the following activity ratio (the
hydrogen–sodium exchange is considered as an example):
aH
aNa
=
aH
aNa

(9.1)

i.e. there is no preference to one ion and thus KHNa = 1. The small contribution of the
pressure difference (osmotic pressure) to the activity coefficients is neglected in Eq. (9.1).
Association between functional groups and counterions results in withdrawing of these
ions from the internal solution of the exchanger. For example, in case of weak cation
exchangers the hydrogen ions associated with functional groups do not contribute in the
value of aH , i.e. aH is affected by the interactions between H + and functional groups.
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Equation (9.1) can be rewritten as
paH = paH − paNa + paNa

(9.2)

RH = R− + H +

(9.3)

The deprotonation reaction121

taking place in the exchanger phase is characterised by the corresponding dissociation
constant

 
H + R−
 
Ka =
(9.4)
HR
that can also be expressed as
pH − log

α

= pK
a
1−α

(9.5)

where α is the degree of dissociation:
 


R−
Na+
α=     =
Q
RH + R−

(9.6)

 is evaluated in the following
Because of the limitations in the pH measurement, pK
a
way [479]. The reaction resembling dissociation of linear polyelectrolytes can be formally
written:
RH = R− + H +
This equilibrium is characterised by the dissociation constant
 
aH R−
Ka =  
HR

(9.7)

(9.8)

which is strongly dependent on the conditions. Expression (9.8) can be re-written as the
Handerson–Hasselbach equation:
pKa = paH − log

α
1−α

(9.9)

121 In the text below Eq. (9.3) is often referred to as the protonation reaction. In this case the right-to-left
direction is considered.
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Substitution of Eq. (9.2) into (9.9) results in:
pKa = paH − log

α
− paNa + paNa
1−α

(9.10)

Hence, the relationship between deprotonation constants expressed by Eqs (9.5) and (9.9)
can be written as
pKa = pKa − paNa + paNa

(9.11)

The sensitivity of Ka to the salt concentration level is explained by the fact that aH of
the solution is measured when the exchanger (weakly acidic in the discussed case) is
a of
titrated (see Eq. (9.8)),122 while it is the aH of the resin phase that determines the K
the functional groups. Thus Eq. (9.11) describes the relationship between experimentally
a .
measurable Ka and the system-characterising thermodynamic property K
When used to describe equilibria with weak and chelating ion exchange materials, the
Marinsky’s model deals with single-step protonation reactions. A typical example is
protonation of carboxylic groups. The model is also easy to apply for description of
two- and multi-step protonation when no or little overlapping between protonation steps
occurs [253]. A more general approach allowing description of overlapping multi-step
protonation was developed in the works of Szabadka [492–497].123
According to the model [493], the ion exchange system consists of two phases: solution
and ion exchanger. Components of the solution phase are water molecules, protons and
their counterions, and the electrolyte, A+ Y − (e.g. the electrolyte used to adjust the
ionic strength). The exchanger phase is considered as a concentrated aqueous solution
of electrolytes. The phase consists of the following components: basic groups RZ− ,
(Z−j)−

conjugate acid groups formed in the process of protonation RHj

, counterions A+

or co-ions Y − , and water molecules.
Each protonation step is described by the reaction
RZ− + H + = RH (Z−1)−

(9.12)

Capacity of the material is defined as
Q =

N 


(Z−j)−

RHj



= const

(9.13)

j=0

122 Titration method is commonly used for such a study. The method is a powerful tool for investigation of ion

exchange equilibria. It can be performed in the way similar to conventional potentiometric titration. However,
a corresponding set of separate batch equilibria is usually referred as the titration because the outcome of such
experiments is essentially the same. One has to note that the set of batch equilibria usually provides much
higher precision of the determinations.
123 The following text is based on the main description of the model published in [493].

Modern Physico-chemical Models

203

Please note that the number of protonation steps N is not necessarily equal to the
maximum negative charge of the acid Z− because the protonation can result in the
formation of positively charged associates. RZ− in these and the following equations
represents the fully protonated functional group.
Due to the phase electroneutrality requirement, two different protonation reactions must
be considered depending on the initial charge of the functional groups. If the groups are
negatively charged, the reaction is
Z−
RHj−1
+ A+ + H + = RHj

(Z−1)−

+ A+

(9.14)

The corresponding protonation constant is
Kj =

aRHj aA

(9.15)

aRHj−1 aA aH

For neutral and positively charged groups the reaction is
Z+
RHj−1
+ ZY − + H + + Y − = RHj

(Z+1)+

+ (Z + 1)Y −

(9.16)

and the protonation constant is
Kj =

aRHj aY
aRHj−1 aH aY

(9.17)

Please note the fundamental difference between reactions (9.14) and (9.16). Reaction
(9.14) describes an ion exchange process, while reaction (9.16) corresponds to a nonexchange transfer of the salt. The internal reaction of protonation is described by the
Eq. (9.12) and by corresponding constant
Kj =

aRHj
aRHj−1 aH

(9.18)

Combination of Eq. (9.18) with (9.15) gives
aH = aH ·

aA
aA

(9.19)

aH = aH ·

aY
aY

(9.20)

and with (9.17) gives

Using Ion as a common designation for A and Y, Eqs (9.19) and (9.20) can be written as

aH = aH ·

aIon
aIon

±1
(9.21)
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Ion in this case means the ion besides H + which is transferred between two phases to fulfil
the electroneutrality. The sign of power in (9.21) and following equations corresponds
to the charge sign of the Ion.
Combination of Eqs (9.18) and (9.21) gives
aRHj
aIon
+ log
aIon
aRHj−1


RH
j
γ RHj
aIon
 + log
= pH ± log   + log 
γ RHj−1 γ ±1
Ion
RHj−1
Ion

log Kj = pH ± log

(9.22)124

The last term of Eq. (9.22) representing ratio of activity coefficients in the exchanger
phase cannot be measured. Szabadka proposes to use, the so called, mixed proton activity
or calculated proton activity in the exchanger phase that is defined as
⎛
aH = aH ⎝

Ion

 ⎞±1

aIon

⎠

To develop the general equation, an incorporation of the term

(9.23)

γ RHj

γ RHj−1 γ ±1
Ion

in the expression

of the protonation constant was proposed:

RHj · aIon

 
=
RHj−1 · aH Ion


 = K · γRHj−1 γIon
K
j
j
γRHj

(9.24)

Equation (9.24) is written for the case of ion exchange, i.e. for protonation of negatively
charged groups. Substitution of (9.23) in (9.24) gives

RHj
 =

K
j
aH
RHj−1 · 


(9.25)

 for j th complex as
Taking (9.25) and defining complex stability constant β


RHj

 =  

β
=
K
j
j
j
R ·a

124 Charge of ions is not indicated in (9.22) and some following equations for the sake of simplicity.

(9.26)
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the electroneutrality equation for the exchanger phase can be written as
N







 
 · aj
Ion+ + H + − OH − = RZ− ·
(N − j) · β
j
H

(9.27)

j=0

 = 1 has to be used in Eq. (9.27) and
For the sake of simplicity the formal assignment β
0
following. The mass-balance equation is
N

 
j
 ·
Q = RZ− ·
β
j aH

(9.28)

j=0

The degree of functional groups dissociation can be defined as
 
 


Ion+ − H + − OH −
α=α+
Q

(9.29)

Substitution of Eqs (9.27) and (9.28) in (9.29) gives
N
α=

 · aj
H

j=0 (N − j) · βj
N  j
j=0 βj · aH

(9.30)

In the case of salt-transfer, i.e. when neutral or positively charged groups are protonated,
similar operations with the electroneutrality and mass-balance equations yield in
 
 


N
 j
Ion− − H + + OH −
j=0 j · βj · aH
= 
α=
(9.31)
N  j
Q
β ·a
j=0 j

H

After rearrangement of (9.30) or (9.31), the general equation describing the protonation
equilibria can be written as
N


j
 ·
(α − N + j) · β
j aH = 0

(9.32)

j=0

which is the Schwarzenbach relationship [498] written for the case of ion exchanger.
Please note that, if the functional groups have only one protonation step, Eq. (9.32) can
be transformed to
= α − 1 =K

β
α ·
aH

(9.33)

that is, in fact, Eq. (9.5) derived in Marinsky’s model.125

125 Please note that Marinsky’s derivations were presented for the dissociation constant K , i.e. note that
a

K = 1/Ka .
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Protonation of functional groups is not the only application of the model. Similar derivations can be performed for interactions between metal ions and functional groups of
chelating ion exchangers [496,497].
9.2 Högfeldt’s Three-parameter Model
Högfeldt’s three-parameter model ignores all particular interactions and describes the
overall ion exchange equilibrium. However, assumptions about the interactions could
be used at the particular model implementations. The first variant of this model was
presented in 1979 [499] and since then several modifications and many different applications have been reported [253,396,500–502]. The model is based on Guggenheim’s
zero approximation. The equilibrium is described by the overall ion exchange reaction.
Let us consider the general concept before applying it to ion exchange interactions.
According to the model, any mixture of components A and B consists of three kinds of
pairs: A−A, B−B, and A−B. For the pair A−A, any molar property Y is the same as in
pure A. This quantity is denoted as yA . Similarly, for the pair B−B, yB refers to pure B.
The mixture of A and B is characterised by the value ym . According to Guggenheim’s
zero approximation [503], the number of AA pairs is proportional to XA2 and the number
of BB pairs is proportional to XB2 , where XA and XB are stoichiometric mole fractions of
A and B. The number of AB (or BA) pairs is proportional to 2XA XB [502]. As a result,
any extensive thermodynamic property Y can be described by the following equation:
2
Y = yA XA2 + yB XB
+ 2ym XA XB

(9.34)

where yA and yB correspond to the quantity Y for the pure forms and ym refers to the
mixture. The empirical parameter 2ym accounts for deviation of the plot Y = f(X) from
linearity [501].
Let us consider now the example of hydrogen–sodium exchange
RH + Na+ = RNa + H +

(9.35)

Na

The corrected equilibrium coefficient KH characterising reaction (9.35) can be written as
Na

KH =

XNa
aH
·
a
1 −XNa
Na

(9.36)

or, suggesting complete association of hydrogen ions with functional groups and absence
of such association for Na+,
Na

KH =

aH
α
·
1 − α aNa

(9.37)

that is
Na

Na

pKH = − logKH = pH − log

α
+ log aNa
1−α

α represents the degree of functional groups ionisation.

(9.38)
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When the model (9.39) is applied to the binary exchange (9.35), it can be written as
2

Y = yH (1 − XNa )2 + yNa XNa + 2ym (1 − XNa )XNa

(9.39)

If Y stands for log KHNa , the following expression can be obtained by combining the
previously discussed equations:
log K = log KNa α2 + log KH (1 − α)2 + log Km α(1 − α)

(9.40)

Na ) for the exchange reaction (9.35) can be
The thermodynamic equilibrium constant (KH
estimated using Eq. (9.41):

1
Na
log KH

=

log KHNa dα = 13 (log KH + log KNa + log Km )

(9.41)

0

In the Högfeldt’s approach, an empirical equation is introduced at this point so that
log KHNa is expressed as a function of α, instead of α2 . Expression (9.40) can be rewritten
as a polynomial equation:
log K = a + bα + cα2

(9.42)

a = log KH

(9.43)

b = 2(log Km − log KH )

(9.44)

c = log KH + log KNa − 2log Km

(9.45)

where

The values of a, b, and c of Eq. (9.42) can be obtained by multiple regression; then the
parameters log KH , log KNa , and log Km can be easily calculated. The value of KHNa can
be determined from the Eq. (9.41).
So far as
Na

KHNa = KH ·

γNa
γH

(9.46)

and thus
log KHNa = log KHNa + log

γH
γNa

(9.47)
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the following expressions can be derived for the activity coefficients in the exchanger
phase [501]:

log γH = α2
log γNa = (1 − α)2





1
2
2 b + 3 cα



1
1
2b + 3c

(9.48)


+ 23 cα

(9.49)

For c = 0, logK can be fitted by a straight line. In this case expressions (9.48) and (9.49)
are simplified to
log γH = 12 bα2

(9.50)

log γNa = 12 b(1 − α)2

(9.51)

i.e. to expressions reflecting behaviour of regular solutions [501]. As was described
earlier, the ionisation degree of functional groups α is used, suggesting complete association of H + with functional groups and absence of the association for Na+. Such
suggestion may not be allowed if another pair of ions is exchanged. Thus, in general
case, X must be used instead of α without other alteration of the equations.
Fitting of experimental data with Högfeldt’s model always gives better results than with
most of the other conventional approaches (see, for e.g. Fig. 9.2). In fact, the model
fits the data with the second degree function while most of other models exploit linear dependencies. However, this second degree fitting is not a meaningless attempt
to bring the calculated curve closer to experimental points. At least two of the three
coefficients of the model are thermodynamically justified and can be obtained from
independent measurements. The conventional way is to extrapolate experimental dependencies logK = f(X) (or in general, Y = f(X)) for X = 0 and X = 1, thus
estimating two corresponding values [501]. As a result, only one parameter logKm is
empirical.
A simple binary exchange was considered earlier. More complicated systems do not
impose restrictions for applicability of the model. For example, it has been used
to predict behaviour of ternary systems from the binary ones [470,504]. Besides
conventional ion exchange resins, the Högfeldt’s three-parameter model was found
to be perfectly applicable to equilibria in systems including inorganic ion exchangers [505], solvent impregnated resins [386], and peat [506]. Moreover, the model
is also applicable to linear polyelectrolytes [507,508] and to binary liquid [509] or
gaseous [510] mixtures. Thus, it can efficiently describe a wide diversity of equilibria but its semi-empirical nature does not allow us to draw solid conclusions
about physico-chemical processes taking place [253]. However, the model never
claimed to be strictly thermodynamic while being applicable to all kinds of molar
properties [502].
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Fig. 9.2. Interdependence between pH and dissociation degree of functional groups of two
chelating materials. Upper panels represent XAD-2 network supplied with quinol-type functional
groups (the obtained resin is denoted as P-127); bottom panels represent Amberlite IRC-718
(iminodiacetic groups). Left and right panels show titration in media of 0.05 M NaCl and 0.5 M
NaCl, respectively. The data are fitted by two different models. Fitting with Marinsky’s model is
shown by dashed lines and with Högfeldt’s model by continuous line. Reprinted from R. Biesuz,
A. A. Zagorodni, and M. Muhammed, in: The Journal of Physical Chemistry B [253] 2001, with
kind permission of American Chemical Society ©.
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9.3 Soldatov’s Approach
As mentioned in Section 8.3, ion exchange materials exhibit unexpectedly enhanced
selectivity towards ions present in small quantity. Soldatov’s model [511] is targeted
to explain this phenomenon and provide it with quantitative evaluation. The model
defines mathematical form of dependencies “additive property–ionic composition” for
ion exchange systems. In particular, it allows to propose mathematical expression for
dependency of the equilibrium coefficients on equivalent fraction of a counterion in the
ion exchanger [512].
Let us consider the simplest case of ion exchange between equally charged ions
A+B =B+A

(9.52)

The reaction is characterised by the corrected equilibrium coefficient
 
B · aA
K=  
A · aB

(9.53)

The main statement of this model is a suggestion that, due to structural irregularity of
the random polymeric matrix, the exchange sites can have different number of other
exchange sites in the nearest surrounding and, therefore, can exist in different energy
states. The energy state of a given site also depends on ions occupying the neighbouring
sites; for example, a functional group associated with ion A has different energy state
depending on which counterions (A, B, or some mixture of A and B) are associated with
the neighbours. This means that Gibbs energies of three reactions presented in Fig. 9.3
are not the same. As a result, properties of the ion exchanger deviate from that of statistical mixtures,126 which explains the dependency of properties on the degree of ion
exchange. Concept of the model is presented in Fig. 9.4. One of the main parameters of
the model is the probability of existence (Pi ) for different number (i = 0, 1, 2, . . . , n) of
neighbouring exchange sites in a sphere of interaction around a given exchange site.
A property y in a micro-state is assumed to be defined by the number of nearest
neighbours i and the local ionic composition. If the binary exchange is considered, the
local ionic composition can be expressed as the number of neighbouring sites occupied
with one of the exchanged ions. A molar property Y can be represented as a sum of properties y [511],127 i.e. y can be visualised as a contribution from the site (1) (see Fig. 9.4)
in the additive value of Y . If the number of neighbouring sites occupied by ions B is j,
the number of sites occupied by A is i − j and thus y = f(j, i − j). The model assumes
that the property y is dependent only on the number of counterions A and B in the
micro-environment but not on their position related to the central exchange site [511].

126 Statistical mixture here means a mixture where (i) each member is subject to the same forces caused by the
presence of other members and (ii) quantitative changes of the composition do not cause qualitative changes
in the interactions.
127 The molar property Y can be G, H, S, or logK [511].
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Fig. 9.3. Three local ion exchange reactions which are thermodynamically unequal due to different
states of neighbouring functional groups (Soldatov’s model).

Expression of probability for the existence of sites with different local environments
yields in the general “property–composition” equation [511,512]

Y=

n

i=0

Pi

i

j=0

i!
j
· y · (i − j, j) · (1 −X)i−j ·X
(i − j)!j!

(9.54)

where X is the mole fraction of exchange sites occupied by the counterion B. The
Pi values are structural parameters of polyelectrolytes and can be evaluated if the structure
of the polymer is known [512].
The number of nearest neighbours is rarely more than four [511]. It has been shown that
correct selectivity description of sulphonated polystyrene loaded with inorganic ions can
be achieved, if i = 2 for low cross-linked materials and i = 3 for materials with content
of divinylbenzene above 8% [512]. Thus, practical calculations are not so difficult as
they appear at first.
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Fig. 9.4. Schematic representation of Soldatov’s model. Mixed Na+−H + form of a strong cation
exchanger is shown as the example. (1) Considered exchange site; (2) interaction radius, i.e. the
maximum distance between two exchange sites where the interaction between a countercurrent
and the exchange site is significantly influenced by the counterion exchange at the neighbouring
exchange site; (3) sphere of interaction; (4) neighbouring exchange sites situated inside the sphere
of interaction; (5) exchange sites situated outside the sphere of interaction and thus excluded from
the considerations.

The Soldatov’s approach deals with statistical distribution of different micro-units within
the exchanger phase. The type of counterion corresponding to each functional group
is also important. Hereby, this approach differs dramatically from the classical models which describe exchangers as charged polymers and do not allocate counterions to
functional groups.
9.4 Surface Complexation Model
The surface complexation model has been applied to polymeric ion exchange materials
in order to improve the quality of prediction for multicomponent equilibria by means
of binary exchange parameters [513,514]. It is also, and may be even to higher extent,
applicable to inorganic ion exchanges, however, for the sake of simplicity, the following text refers to organic networks bearing functional groups rather than to crystalline
structures incorporating ion exchange sites.
The model [203,217,477,513–518] (Fig. 9.5) represents an ion exchanger as a charged
plane. The charge is compensated by ordered layers of counterions located in closest
approach to the surface. Despite the essential irregularity of polymeric ion exchangers, uniform distribution of ion exchange sites on the plane is assumed. All charges
are considered as available to all counterions, which corresponds to the case where no
functional group is blocked by dense polymeric chains or such groups are excluded from
considerations.
The plane of ion exchanger possesses the charge due to charged functional groups.
The charge is affected by the presence of protons. In the case of cation exchangers,
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interaction of protons with functional groups causes neutralisation and, hence, reduces
the overall charge
n · R − COO− + m · H + = (n − m) · R − COO− + m · R − COOH

(9.55)128

Equation (9.55) presents an example of the charge reduction. In contrast, a protonation
of an anion exchanger results in increase of the plane’s charge
n · R − NH 2 + m · H + = (n − m) · R − NH 2 + m · R − N + H3

(9.56)

Another possible approach to anion exchangers assumes that the material bears positively
charged groups which can be neutralised through sorption of hydroxyl ions
RH + + OH − = R · H2 O

(9.57)

For the sake of simplicity, water molecules formed in reaction (9.57) are assumed to stay
associated with functional groups. This assumption could not have much effect because
the exchanger phase anyhow contains a significant amount of swelling water and the
model neglects swelling effects.
The model considers H + as a special kind of ion because, due to possible recharging
interactions (9.55) and (9.56), H + can be directly located in the plane of ion exchanger
(panel (b) of Fig. 9.5). All other counterions are distanced from the surface and arranged
in characteristic individual layers, called Stern layers129 fulfilling the electroneutrality
principle for the overall phase. These layers are parallel to the surface [513]. In the most
common case each layer contains a counterion of one type, i.e. an ion exchanger loaded
with one counterion contains one Stern layer, loaded with two counterions contains
two Stern layers, and so on. Stern model assumes that a major part of counterions is
located in these ordered layers, whereas the remainder (minor fraction) is distributed
over an additional diffuse layer. The diffuse layer can also contain co-ions. Each of
the two adjusting layers, including the surface, Stern layers, and diffuse layer, can
be considered as two plates of an electric capacitor [513–515,523]. To simplify the
model, it is assumed that there are no interactions between counterions in the same
layer or between counterions located in different layers [513]. Few more assumptions
are [513,514]:
• Each layer has the same surface area.
• The electric field is normal to the surface.
• The relative dielectric permittivity is constant.
128 The double bar in Eqs (9.55) and (9.56) represents the plane of ion exchanger that is in contrast to single

bar that conventionally represents the overall phase including counterions. The essential difference is that the
phase cannot bear an electrical charge (electroneutrality principle). The double bar notation is not conventional
and is assumed in this book to emphasise the difference between surface and bulk of the material.
129 The concept of Stern layers was developed for materials other than ion exchangers. More details about this
concept can be found in works on adsorption of dissolved ions on oxide surfaces [519–522].
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• Swelling of the material at ion exchange and following volume effects are ignored.
• Activity coefficients in the exchanger phase are equal to one.
Panel (a) of Fig. 9.5 illustrates the simplest case of a cation exchanger loaded with one
counterion. The concept has the following outcomes. The charge provided to the surface
by dissociated groups causes a corresponding surface potential s at the surface. This
potential alters to St,n in the Stern layer number n, to d in the diffuse layer and finally
to zero in the free solution (see bottom illustrations in Fig. 9.5) [513].
The distance between the surface and the layer of counterions depends on the solvation
of the particular ion and its size prior to the solvation. Since each ion is rather specific,
it is assumed that, as a rule, each kind of counterion is located in a separate Stern layer
with a characteristic distance from the surface [514]. It is also assumed that the sequence
of layers is in accordance with the series of selectivity [513,524].
To explain different selectivity of the ion exchanger towards different counterions, the
concept of surface complex formation is used. Functional sites and counterions form
ion pairs, called surface complexes that are staying in equilibrium with “free” ions located
in the Stern layer. The concept of surface complexes is specific for the model. It is only a
formal designation and should not be understood in the sense of conventional complexes
such as normally formed in solutions [513,521]. In the case of cation exchange, this
equilibrium can be described as
R− + A+
St = RA

(9.58)

Reaction (9.58) is characterised by the corresponding complex formation constant
βA =

[RA]
[R− ][A+ ]

(9.59)
St

Index St indicates location of the ion in the Stern layer. One must discriminate between
the two different states of ions A+ in the same Stern layer: RA represents the ions bound
to functional sites, while A+ designates the “free” species, which are also located in the
ordered layer but without forming ion pairs. The equilibrium constant (9.59) characterises
the ratio between states of ion A+ [514]. The concept of complex formation is used to
take into account all possible specific interactions between ions and the ion exchanger.
The values of constants characterise specific affinity of functional groups towards certain
ions. As a result, the ratio between surface complex formation constants corresponding
to different ions quantitatively characterises preference in the ion exchange system.
The value of [A+ ]St cannot be measured but it can be estimated from Boltzmann equation:


F
St
[A+ ]St = [A+ ] · exp −ZA
RT

(9.60)

where [A+ ] is the concentration of the ion in bulk solution; Z the charge of this ion;
St the electric potential at the Stern layer (the electric potential is normal to the surface

216

Ion Exchange Materials: Properties and Applications

and hence its value is the same along each Stern layer); F the Faraday constant; R the
gas constant; T the temperature. The electric potential distribution is illustrated by the
bottom diagrams of Fig. 9.5. As described earlier, direct association of protons alters
the surface charge affecting distribution of the potential. Panel (b) of Fig. 9.5 illustrates
the case of a weak cation exchanger loaded only with H + where the surfaced charge is
reduced.
As was described earlier, the distance between a Stern layer and the surface is defined by
properties of the particular ion. Hence, different ions form different layers. Panel (c) of
Fig. 9.5 illustrates the case of a cation exchanger loaded with two single-charged cations.
When two ions are present in the system an ion exchange equilibrium takes place. For
the case of A+ and B+ cations, the selectivity in the system can be characterised by the
ratio of constants (9.59) written for these ions:
A

KB =

[RA][B+ ]St
[RB][A+ ]St

(9.61)

In case of equilibrium between multi-charged ions, stoichiometric coefficients must be
taken into account. For convenience of calculations, the valence of the ion exchanger (ZR )
is selected as the smallest common multiple of the valences of two counterions. It means
that the ion exchanger is considered as consisting of units that do not necessarily
correspond to only one functional group each. For example, if functional groups are
single-charged, the equation will operate with units bearing |ZR | functional groups. The
stoichiometric coefficients are calculated as


 ZR 
 Ion = A, B

(9.62)
nIon = 
ZIon 
The ion exchange equilibrium is represented as following:
RBnB + nA · AZA = RAnA + nB · BZB

(9.63)

Surface complex formation constant for each of these complexes is
βIon =

[RIonnIon ]
Z
[R R ][IonZIon ]nStIon

(9.64)

Equation (9.64) is a general case of Eq. (9.59). General case for selectivity characteristic
(9.61) can be obtained by combining two equations (9.64) written for two ions:
A

KB =

βA
βB

=

[RAnA ][B]nStB
[RBnB ][A]nStA

130 Ionic charges are omitted in Eq. (9.65) and following, for sake of simplicity.

(9.65)130
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Equation (9.60) for each ion is substituted in (9.65) taking into account Eq. (9.62). This
yields in


A
F
F
[RAnA ][B]nB
(9.66)
KB =
·
exp
Z
−
Z


R
St,B
R
St,A
[RBnB ][A]nA
RT
RT
Please note that St,A = St,B because different Stern layers are differently distanced
from the surface (see bottom part of panel (c) in Fig. 9.5).
Amount of each ion in the phase of ion exchanger consists of its amount in the Stern
layer (in forms of surface complexes and free ions) and in the diffuse layer. However,
the charge density in the diffuse layer is small when compared to that in the Stern
layers [521]. Furthermore, except for a few cases, the concentrations of non-complexed
species in the Stern layers are small when compared to the concentration of surface
complexes. Thus, the free ions can be neglected [514]. As a consequence, the first term
of Eq. (9.66) can be assumed to be equal to equilibrium coefficient (see Eq. (8.25) in
Section 8.4) written in terms of the re-defined valences:
 
nB A · [B]nB
A
[RAnA ] · [B]nB
≈ KB =  
(9.67)
[RBnB ] · [A]nA
n B · [A]nA
A

and, hence, calculated from concentrations in the solution and in the phase of ion
exchanger. Substituting (9.67) in (9.66) and taking logarithmic scale, gives
A

A

log KB = logKB +


F 
ZR
·
· St,B − St,A
ln 10 RT

(9.68)

where only the potential difference is non-measurable. To estimate this term, the ion
exchanger is represented as the layered structure of electric capacitors. Charge density
of the surface σS is defined by electric potentials of the surface, S , and of the first Stern
layer, St,A (the layer of ions A is considered here as the closest layer to the surface;
in panel (c) of Fig. 9.5, the closest layer is represented by calcium ions):
el
σS = CS,A
· (S − St,A )

(9.69)

el is the electric capacitance formed by the surface and the Stern layer of
where CS,A
counterions A. The charge density in the Stern layer A is
el
el
σSt,A = CS,A
(St,A − S ) + CA,B
(St,A − St,B )

(9.70)

el is the electric capacitance formed by two Stern layers. So far as the surface
where CA,B
of ion exchanger has charge opposite to the charge of counterions,

σS + σSt,A + σSt,B + σD = 0

(9.71)

where σD is the charge density in the diffuse layer. Equation (9.71) represents electroneutrality law for the phase of ion exchanger. The charge density σS at the surface results
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from charge of functional sites; i.e. charge density corresponds to the total number of
groups minus the number of groups forming surface complexes:
σS = b · (−ZA [A]St + ZR [RAnA ] − ZB [B]St + ZR [RBnB ]) − σD

(9.72)

The coefficient b converts molar concentrations to charge density and is defined as [513]:
b=

FV
A0 S

(9.73)

where V is the surface volume element by which the Stern layer concentrations are
defined; A0 is the surface parameter in m2 per gram of the exchanger; S is the quantity of
the ion exchanger. The charge densities in Stern layers are equal to the charge equivalents
of corresponding counterions:
σSt,Ion = b · (ZIon [Ion]St − ZR [RIonWIon ])

(9.74)

Combination of Eqs (9.69) and (9.70) gives
el
CA,B
(St,A − St,B ) = σSt,A + σS

(9.75)

Substitution of charge densities in Eq. (9.75) with corresponding expressions (9.72) and
(9.74) and neglecting the small charge density in the diffuse layer, the following is
obtained:
el
CA,B
(St,A − St,B ) = −b · (ZB [B]St − ZR [RBWB ])

(9.76)

The right-hand side sum in Eq. (9.76) corresponds to the total amount of ion B in the ion
exchanger and can be expressed through the ion exchange capacity (Q) and equivalent
fraction of this ion (XB ):
  X QS
B
ZB [B]St − ZR [RBnB ] = B =
V

(9.77)

Combination of (9.76) and (9.77) provides the expression for St,B − St,A . Substitution
of this expression in (9.68) taking into account (9.73) yields in
A

A

logKB = log KB −

ZR
F 2Q
X
·
el · RT B
ln 10 A0 · CA,B

(9.78)

Please note that quantities V and S have been cancelled. Only XB in right-hand
side of Eq. (9.78) is a variable. All other members are constants or characteristics of the ion exchange system. As a result, Eq. (9.78) is essentially a straight-line
A

log KB = f(XB ). This dependence can be obtained from equilibrium experiments and
is used to predict the behaviour of the ion exchange material. Experimental results are
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Polymers [513] 1990, Elsevier ©.

usually in complete or partial agreement with the straight-line law that has been confirmed for different ion exchange systems. Figure 9.6 demonstrates such experimental
results for a weak cation exchanger. Deviations from straight-line dependencies can be
explained by processes more complicated than a simple ion exchange. For example, the
representation of Cu2+ −H + equilibrium by two straight lines of different slopes have
been explained by the ability of copper to form different complexes [513].
Obviously, ion exchange systems can be much more complicated than the described
above cases of strong cation exchanger in contact with solution of one ion (panel (a)
of Fig. 9.5), weak cation exchanger (panel (b)), or strong cation exchanger in contact
with solution of two ions (panel (c)). The model can include many Stern layers filled
with different ions. Moreover, in some cases two different ions can occupy the same
Stern layer or the same ion can be distributed between different layers due to its specific
ability for complex formation as shown in panel (d) of the same figure (i.e. different
complexes of the same ion can form different layers introducing an extra difficulty in
the calculations). The general approach to the calculations in multi-ion systems is the
same as described earlier taking into account that the charge density of the Stern layer
number i is calculated as follows:
el
el
σSt,i = Ci−1,i
(St,i − i−1 ) + Ci,i+1
(St,i − St,i+1 )

(9.79)
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CHAPTER 10

Kinetics of Ion Exchange

The key feature of Materials Chemistry is the dependency of chemical interactions on
the macrostructure of involved materials. Kinetic specificity of processes taking place
inside the material phase is one of the reasons for this feature. Rates of the interactions
are highly dependent on the materials’ internal structure that is in contrary to kinetics in
homogeneous media, in systems including fine powders, and to kinetics of most of the
surface processes.
Ion exchange rates can be controlled by rates of actual chemical reactions, however,
control by diffusion processes is a more common case. Moreover, many ion exchange
interactions do not involve any direct chemical reactions (which was discussed in
Chapters 7–9) and, hence, the overall process is controlled solely by the diffusion which,
in turn, is defined by the material structure. Besides the microstructure, macroshape of the
material (size of the beads, layers, membranes, etc.) also influences apparent rates of ion
exchange. This is because larger pieces could require more time for the process to be completed if the rate is limited by diffusion through bulk of the material. More specificity to
ion exchange kinetics is added by, discussed earlier, quasi-homogeneity of the exchanger
phase, the electroneutrality requirement, and other peculiar features of ion exchangers.
Thus, kinetic approaches are very specific for ion exchange materials. This chapter
introduces primary ideas of corresponding kinetic models and representations.
10.1 Mechanism of Ion Exchange Processes
A most common ion exchange system includes a water-swollen ion exchange material
and surrounding aqueous solution. Ion exchange, like any heterogeneous process, is
accomplished by transfer of ions to and from the inter-phase boundary, i.e. the chemical
reaction itself, diffusion inside the material, and diffusion in the surrounding solution
should be taken into account. Besides the two major phases, the thin film of solution at
surface of the exchanger should be accounted separately.131 The film properties differ
from properties of the surrounding bulk solution. Formation of this film is unavoidable.
131 The film is called Nernst layer, however, diffusion in this film is usually referred simply as film diffusion.

221

222

Ion Exchange Materials: Properties and Applications

B
A

Y

B

A

Y
A

B

A
Y
B

Y

Fig. 10.1. Mass transfer at ion exchange (stirred batch reactor). The material is initially loaded
with counterions A. Solution (grey) initially contains counterions B and co-ions Y. During the
process, ions B are transferred inside the exchanger replacing ions A. When transferred between
two phases, the ions pass through the Nernst film of the liquid (dark grey) that cannot be removed
with agitation.

Even a rigorous agitation (an intensive stirring in batch processes or turbulent hydrodynamic flow in column systems) – while being able to reduce the thickness of the
inter-phase film – can never take it off completely.132
Figure 10.1 shows the simplest illustration of the mass transfer at ion exchange. Ions B
diffuse from the solution through the film into the beads and ions A diffuse out of the
beads crossing the film into the solution. This inter-phase diffusion of counterions is what
is called ion exchange [5]. To complete the overall picture of the interaction mechanism,
the stoichiometric character of ion exchange must be emphasised. Any counterions which
leave the ion exchanger are replaced by an equivalent amount of other counterions [5].
This is a consequence of the electroneutrality requirement. When a counterion crosses
the inter-phase boundary, an electric potential is created between two phases. This potential must be compensated by the movement of another counterion in opposite direction
(ion exchange) or by the movement of a co-ion in the same direction (salt transfer).
In many systems, particularly in diluted solutions, Donnan exclusion restricts entering of
co-ions into the exchanger during the whole process. In this case, co-ions do not participate in the reaction and thus have little direct effect on the rate [5]. However, an indirect
132 There are arguments against existence of such film. However, the concept is mathematically justified

and provides good opportunities for kinetic description of ion exchange processes [331]. Existence of the
concentration gradients near surface of the ion exchanger has also been confirmed by direct investigations
based on phenomenon of laser beam interference [525,526].
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influence can be observed. For example, selectivity of the ion exchange system depends
on the nature of the co-ion, and the rate, in turn, may be affected by the selectivity. If the
salt transfer is negligible, the total content of counterions in each phase (in equivalents)
remains constant at any moment of the process irrespective of the ionic composition.133
The consequence is equality of the fluxes for two exchanged ions. This phenomenon,
so called coupling of fluxes, is not limited by the inter-phase transfer of ions. The same
is valid for diffusion of ions inside each phase, i.e. specificity of the mass transfer in the
ionic systems is that any transfer of the ion is accomplished by corresponding transfer
of charge-compensating ion(s) due to the electroneutrality principle.
As long as an ion exchanger can be considered as a “quasi-liquid”, the interface between
the material and surrounding solution is no more than a limit beyond which the matrix (or
crystalline structure in case of inorganic materials) does not extend [527]. No significant
resistance to mass transfer can be expected from such an interface unless some species
are deposed on the surface of the material. Thus, the mechanism of ion exchange can be
presented by Fig. 10.2. The following steps can be listed:
• The first step is diffusion of the first ion from bulk of the solution towards the interphase film (process 2 in Fig. 10.2). This step can be easily manipulated because the

Fig. 10.2. General mechanism of the the ion exchange process. (1) dissociation of the dissolved
complexes containing first ion; (2) diffusion of the first ion from solution towards the inter-phase
film; (3) diffusion of the first ion through the inter-phase film; (4) diffusion of the first ion inside
the material phase; (5) association between the first ion and functional group; (6) dissociation
of the associates between the second ion and functional group; (7) diffusion of the second ion
inside the material phase towards the surface; (8) diffusion of the second ion through the interphase film; (9) diffusion and random distribution of the second ion in the solution; (10) formation
of the second ion complexes in the solution.

133 The text of this chapter primary describes ion exchange processes. Thus, ion exchange of two counterions
is discussed in all cases unless the transfer of salt or transfer of co-ion is specially mentioned.

224

Ion Exchange Materials: Properties and Applications
diffusion transport in the bulk solution can be assisted with agitation. If a column
process is considered, turbulence of the local flows between the exchanger beads
can assist the mass transfer towards and from the inter-phase boundary.

• The next step is diffusion of the ion through the Nernst film (process 3). No convection can be established here. The mass transfer is defined solely by mobility of
the ion. Agitation of the external solution can somehow reduce the thickness of the
film but cannot remove it completely.
• After the transfer of the ion through the boundary between the film and the solid,
the ion diffuses inside the phase of material (process 4). This process is defined
solely by properties of the material and of the ion. The only driving force is the
concentration gradient.
In order to fulfil the electroneutrality principle, the above mentioned steps are
compensated by the following:
• Second counterion diffuses from bulk of the ion exchange material towards the
surface (process 7).
• After transfer of the second ion, through the boundary, it diffuses through the film
towards the bulk solution (process 8).
• Finally, the second ion diffuses from the film into bulk of the solution (process 9).
There are also few steps which could accomplish the process:
• Dissociation of dissolved complexes which incorporate first ion (process 1).
• Association between first ion and functional group (process 5).
• Dissociation of associates between second ion and functional group (process 6).
• Association of second ion in the solution phase (process 10).
These processes could take place only if the system contains species which are able to
form corresponding associates.
As described earlier, the stoichiometry of ion exchange requires equivalency of the
fluxes for two exchanging counterions. This holds even though the counterion mobilities may differ significantly. The simplest approach is based on the assumption that
the mass transport is limited by diffusion of the slowest ion (bottleneck principle).
However, the real ion exchange diffusion is more complicated. The faster ion, of
course, tends to diffuse at a higher rate [5]. However, an initial disparity of diffusion fluxes causes a deviation from electroneutrality. The electric potential created
affects diffusion of both ions, retarding the faster ion and accelerating the slower one.
This effect is illustrated in Fig. 10.3 as a sum of vectors. The created electric potential created acts as a force maintaining electroneutrality or, rather, a state so close
to electroneutrality that the deviation is negligible in almost all the cases of practical
interest [528].
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Fig. 10.3. Electrocoupled diffusion of two ions. Diffusion of two ions of the same charge, A and
B, is shown in the left panel; diffusion of two oppositely charged ions, A and Y, is shown in the
right panel. J 0 stands for fictitious flux of the ion in absence of the coupling phenomenon; J is
the actual flux; J is the outcome of the electric potential created.

10.2 Rate-determining Step
As was discussed in Section 10.1, the mechanism of ion exchange consists of several
steps, which take place in the heterogeneous system solution–Nernst film–ion exchanger.
Simultaneous accounting of all these steps is a difficult, if possible, task. A conventional
kinetic approach used to simplify calculations consists of selecting a limiting step for
each process [529]. According to this approach, rate of a multi-step process is defined by
rate of the slowest step, i.e. the slowest step is the bottleneck for the overall rate [528].
This allows kinetic description of complicated heterogeneous processes with well-known
equations developed for homogeneous systems. The heterogeneity is taken into account
by use of corresponding limiting conditions [529].
The mechanism of ion exchange processes defines possible rate-determining steps. Let us
continue to consider Fig. 10.2 and identify the crucial stages.
• Mass transfer (diffusion) in the solution or in other external medium (processes 2
and 9 in Fig. 10.2) is an unavoidable step in any ion exchange interaction. The process is well-known and described by conventional equations of diffusion. It can be
easily assisted by hydrodynamic turbulences (for example, by stirring) and thus,
is not considered as a possible limiting step for ion exchange.
• Mass transfer (diffusion) through the film surrounding the ion exchanger is represented by processes 3 and 8 in Fig. 10.2. The film is a solution zone of certain
thickness with no convection. The mass transfer in the film is defined solely by
the diffusion coefficients. The film thickness can be reduced by an agitation of the
solution but the zero-thickness is not achievable.
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• Mass transfer (diffusion) in the exchanger phase (processes 4 and 7) depends on the
physico-chemical properties of the system and cannot be enhanced without altering
the chemical system itself, i.e. without affecting selectivity and other important
characteristics.
• Reactions between counterions and fixed groups (ion-pair association/dissociation),
presented by processes 5 and 6, are the only chemical interactions that can affect
the overall rate of the ion exchange.
• Complexes dissociation and formation in solution (processes 1 and 10 in Fig. 10.2)
is not considered as a part of the ion exchange. Nevertheless, the complex formation
can be the bottleneck for the overall process. In this case, the description uses wellknown mathematical approaches developed for solution chemistry and thus can be
left out of this discussion.
As follows from these considerations, most of the ion exchange processes are purely
diffusion phenomena, i.e. they are controlled by diffusion of the counterions rather than
by actual chemical reactions. When models of ion exchange equilibria were discussed
(Chapters 7–9), a possibility to describe each case of ion exchange by corresponding
equation of chemical reaction has been shown. Equation of the reaction may be formally
written even for cases where no chemical bounds are formed or destroyed, i.e. where no
actual chemical reaction takes place. Similarly, reaction rate constants may be formally
defined for each ion exchange process. However, physical interpretation of such constants
could have little in common with rate constants of actual chemical interactions [5].
At first glance, mass transfer in the liquid film should not be considered as a possible
limiting step in the heterogeneous system because, in contrary to the liquid phase, diffusion inside the exchanger is obstructed by the matrix. Moreover, the distance inside the
exchanger to be covered by a diffusing species (from the surface to the centre of the bead)
is usually much longer than the way across the film (relatively short pass between the
surface and the stirred medium). Indeed, in case of the same driving force,134 the diffusion inside particles would always be slower. However, the driving force could be much
different in different phases. The concentration gradient in the Nernst film is defined
by concentrations in the bulk liquid and at the bead surface. Thus, for an ion entering
the exchanger phase, this difference cannot exceed concentration of this ion in the bulk
solution. The factors defining driving force in the exchanger phase are concentrations at
the surface and in centre of the bead. This concentration difference can be as high as the
concentration of fixed ionic groups (ion exchange capacity) that can be much greater
than concentration in the surrounding (often diluted) medium. The question which step
controls the rate thus remains open for each particular case [527].
Two main rate-determining steps are considered in most of the cases: diffusion of ions
inside the material or diffusion of ions through the liquid film. Despite the fact that
both these cases are diffusion-controlled, the difference is tremendous. In both cases,
migration of ions is defined solely by properties of the system. Rate of these steps cannot
be enhanced or slowed down with external actions without altering the system itself.
134 Driving force of diffusion is solely the concentration difference.
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Diffusion inside the material is referred to as particle diffusion and diffusion through
the Nernst film is referred to as film diffusion. In simple cases, the rate of ion exchange
is determined by the slower of these two processes [5].135 Dominance of one of these
mechanisms can be predicted using the following approximate criterion [5,528,530].
·δ
Q·D
· (5 + 2αB
A )  1 particle diffusion control
C · D · r0
·δ
Q·D
· (5 + 2αB
A )  1 film diffusion control
C · D · r0

(10.1)

where Q is the concentration of fixed groups; C is the solution concentration (normality);
 is the interdiffusion coefficient in the ion exchanger;136 D is the interdiffusion coeffiD
cient in the film; r0 is the bead radius; δ is the film thickness; αB
A is the separation factor
(see Eq. (8.23) in Section 8.4). The practical estimation with criterion (10.1) is usually
performed by taking known Q, C, r0 , and αB
A ; individual diffusion coefficients of the
 ; and δ = 10−3 –10−2 cm (depending on the agitation) that is the
counterions for D and D
usual film thickness [5]. Concentration profiles for two different rate-determining mechanisms are schematically presented in Fig. 10.4. As one could expect, cases intermediate
between two described mechanisms are also common. The value (10.1) estimated for
such cases lie in the intermediate range, i.e. the interdiffusion is almost equally fast in
the bead and in the film. Thus, both mechanisms affect the rate of ion exchange and have
to be accounted. This case is called mixed diffusion mechanism.
In the case of particle diffusion control, other steps presented in Fig. 10.2 are much faster.
Thus, the concentration gradients137 exist only inside the exchanger beads. Corresponding radial concentration profiles of the exchanging species are illustrated by panels (a)
and (c) of Fig. 10.4. The momentary exchange flux is approximately proportional to the
concentration of fixed charges and to the interdiffusion coefficient in the beads and is
inversely proportional to the bead radius. The flux is independent of the film thickness,
solution concentration, and diffusion coefficients in the film [5].
Concentration profiles for the case of film diffusion control are shown in panels (b) and
(d) of the same figure. The concentration gradients exist only in the film. The flux is
proportional to the solution concentration and to the interdiffusion coefficient in the film,
inversely proportional to the film thickness, and independent of the concentration of
functional groups, interdiffusion coefficient in the bead, and the bead radius [5].
According to criterion (10.1), all factors which tend to increase the rate of interdiffusion
in the beads and to reduce the rate in the film, favour the film diffusion control and
135 Rate control by the chemical reaction is not common among ordinary ion exchange processes but can be
the limiting step in materials with chelating groups, imprinted materials, etc. if, for example, slowly reacting
complexes are formed.
136 Interdiffusion coefficient is the value characterising coupled diffusion of two ions (see Section 10.1,
Fig. 10.3).
137 Models of ion exchange kinetic usually consider spherical beads of ion exchange materials and radial
concentration gradients suggesting an absence of concentration non-homogeneity in other directions.
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Fig. 10.4. Radial concentration profiles for particle diffusion control (panels a and c) and film
diffusion control (panels b and d). Panels (a) and (b) show the case of infinite solution volume and
thus complete ion exchange. Panels (c) and (d) show the case of finite solution volume and thus
incomplete replacement of A with B. White background corresponds to the solution phase; lightgrey background indicates the Nernst film; darker-grey background corresponds to the exchanger
phase; r is the radius or distance from the centre of the bead measured in any direction. Righthand side of each diagram shows the profiles of species A (initially in the ion exchanger) and
left-hand side shows the profiles of species B (initially in the solution). Various curves correspond
to different moments of the ion exchange reaction: 1 − t = 0; 2 − t < t1/2 ; 3 − t = t1/2 ; 4 − t > t1/2 ;
5 − t = ∞. Bottom of each picture serves only to illustrate the spherical shape of the exchanger
bead. Please note that continuity of the function C = f(r) is interrupted at the phase boundary;
linear concentration gradients in the Nernst film are often assumed for the sake of simplicity while
much more complicated dependencies can be found [116,531].
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vice versa. Thus, the film diffusion control may prevail in systems characterised by the
following properties [5]:
• high concentration of exchange sites in the material;
• low degree of cross-linking;
• small particle size;
• dilute solution;
• inefficient agitation.
The simplest experimental technique for distinguishing between particle and film diffusion control is the so called “interruption test”. The ion exchange interaction is performed
in batch mode. The conversion degree is monitored. The beads are removed from the
solution much before the completion of the process. After a brief period, the material
is re-immersed in the same solution. If concentration gradients are created inside the
beads, these gradients level out when supply of fresh ions from the solution is interrupted. As shown in Fig. 10.5, if the process is controlled by the particle diffusion,
the rate immediately after the re-immersion is greater than prior to the interruption. In
case of the film diffusion, the amount of ions unevenly distributed in the film at the
moment of the interruption is almost undetectable, and no concentration gradients in the

U, %

() ()
()
dU2
dt t 1

t1

t2

1
2

dU2
dt
t2

2

dU1
dt t 2

()

dU1
dt t 1

1

t

Fig. 10.5. Scheme of experiment revealing limiting step of ion exchange process. Grey area
indicates the time when two phases are temporarily separated. Dashed lines are tangents at the
beginning and end of this interruption, i.e. corresponding reaction rates. (dU1 /dt)t1 = (dU1 /dt)t2
indicates film diffusion control (curve 1); (dU2 /dt)t1  (dU2 /dt)t2 indicates particle diffusion
control (curve 2).
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beads exist. Thus, the interruption does not affect this process and the rate before and
after the interruption is the same [5].
In conclusion, attention should be drawn once more to the fact that the concentration of
the external solution can be decisive for the rate-determining step, i.e. a simple increase
of the solution concentration could alter the mechanism from film diffusion to particle
diffusion control (see Expression (10.1)).
10.3 Quantitative Approaches to Kinetics of Ion Exchange
Similar to any other complicated system of interactions, the process of ion exchange
is influenced by a very large number of factors. A mathematical description covering
all known variables could incorporate so many parameters that the outcome would be
meaningless.138 This makes it impossible to create a general model of ion exchange
kinetics. As a result, each kinetic model is based on certain simplifications and prepared
to describe particular cases (or groups of cases) and/or serve particular practical purposes.
Each model investigates influence of few major (for the particular physico-chemical
system) factors assuming other variables as constant or negligible.
The common approach to model ion exchange kinetics is to apply conventional diffusion
equations. However, the need to account interactions, peculiar for ion exchange, makes
the modelling highly complicated. These interactions are diffusion-induced electric forces
(electrocoupling), selectivity, specific interactions, changes in swelling, etc.
The basis for description of diffusion processes is Fick’s first law:
Ji = −Di · grad Ci

(10.2)

or, for the phase of ion exchanger,

 i · grad 
Ji = −D
Ci

(10.3)

where Ji is the flux of the ion i in moles per unit time and unit cross section; D the
diffusion coefficient; Ci the concentration in moles per unit volume. In simplest cases,
the diffusion coefficient is taken as constant and thus the flux is proportional to the
concentration gradient. D being constant means that the species is not subject to any
forces beside the concentration inhomogeneity. This is not the common case when ion
exchange is considered. The first cause of this non-constancy is the electrocoupling
of ionic fluxes (see Fig. 10.3 in Section 10.1). Influence of the coupling is levelled
only if JAo = JBo (and hence, JA = JB = 0). Unfortunately, in ion exchange systems,
such constancy is rather exception than the rule. A typical example of such exception
is diffusion-controlled exchange of isotopes in systems where concentrations of other

138 This rule is not limited to kinetics of ion exchange. Indeed each measurable characteristic incorporates its

error of determination. Imprecision of each estimated value could be even much higher. The errors summarise
and never subtract to compensate each other (that is the fundamental principle). As a result, the outcome of
any model based on too many variables has infinite uncertainty.
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members are levelled.139 The corresponding diffusion coefficient (same for both isotopes)
is referred as the self-diffusion coefficient or individual diffusion coefficient. Its value is
constant throughout any single phase of the system but, of course, depends on the nature
and composition of the particular phase and on the temperature [5].
In most of the other cases, the diffusion coefficient is not constant. It means that the
variation of the diffusion coefficient must be taken into account [5]. The influence of
electric field can be accounted by using the Nernst–Planck equation (10.4) instead of
(10.2) [527]:
Ji = −Di · grad Ci − Di Zi Ci (F/RT ) grad 

(10.4)

where  is the electric potential.
If two exchanged ions are present in the phase with different concentrations, their
diffusion is affected by the electrocoupling interaction unequally. The phenomenon is
explained subsequently. As shown by Eq. (10.3), the flux of diffusion species depends
only on the concentration gradient and does not depend on the concentration itself (first
term in Eq. (10.4)) because the diffusion is a purely statistical phenomenon involving no
physical force on the molecular level. In contrast, the electric field causes a true physical
force acting on every ion and producing a flux proportional to the concentration of the
respective ion (second term in Eq. (10.4)) [5]. As a result, the electric field mainly affects
the ions present as a majority. For those in the minority, the second term is small and
thus Eq. (10.4) approaches (10.2). As a result, the ions present in small concentration
migrate essentially at the rate of their ordinary diffusion.140 For the interdiffusion of two
counterions, in the absence of a significant co-ion transfer, the two fluxes are rigorously
coupled. Diffusion of the minority ion is not much affected by the action of the electric
field and thus predominantly controls the rate [527].
Equation (10.2) is not the only possible and unquestionable way to describe diffusion
processes. The theory of irreversible thermodynamics states that the driving force for
diffusion is not the concentration gradient, but the gradient of the chemical potential.141
In this case [116],
Ji = −Di ·

Ci
grad µi
RT

(10.5)

where µi is the chemical potential and Di is interconnected with D by equation


∂ ln γi

Di = Di · 1 +
(10.6)
∂ ln Ci
139 This is true for both: ions consisting of single atoms (like metal ions) and isotope-labelled multi-atom ions.
140 Due to this reason, the self diffusion coefficient is also referred to as tracer diffusion coefficient of the

species.
141 One of the proofs for use of chemical potential could be the fact that the concentration is different in two
phases (solution and exchanger) at the equilibrium, and thus there could be a driving force for further diffusion.
Equality of the chemical potentials is the condition of equilibrium state and thus µ = 0 and J = 0.
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While Di depends on the concentration and thus can differ in different points of the
non-homogeneous medium, Di can be assumed to be having a constant value [116].
If the system contains more than two compounds (not only the solvent and one solute),
Eq. (10.5) should be replaced with
Ji = −

n

j=1


Dj,i
·

Cj
grad µj
RT

(10.7)

where n is number of compounds. However, due to the electrocoupling of ionic fluxes,
only one diffusion flux can be considered as independent and thus Eq. (10.5) could be
used for most of the ion exchange systems.
Not a single kinetic model can avoid assumptions and simplifications. Most common
of them are discussed here. The phase of ion exchanger is not truly homogeneous.
The matrix is irregular in molecular and nanoscale, and thus the exchanger can be considered as a porous media (moreover, macroporous materials are originally designed
as porous structures as shown in Fig. 2.15 in Section 2.7). Thus, the impenetrable
matrix occupies a part of the material volume obstructing the diffusion. There are two
groups of models describing diffusion in such systems. The most conventional simplification considers the ion exchanger as a single quasi-homogeneous phase (regardless
of its inhomogeneity in molecular and nano-dimensions), i.e. similar to an ordinary
solution.142 Assumption of the phase homogeneity allows us to apply Eqs (10.3) or (10.4)
to the phase of ion exchanger. Such models usually assign retardation of the diffusion to
the “excluded volume” effect, i.e. consider occupancy of the volume and cross-section
by the non-movable organic species distributed in the same phase. Thus, the diffusion
coefficients in the exchange phase are smaller than in ordinary aqueous systems because
their apparent values incorporate effects of matrix and of the inhomogeneity. Out of the
different equations providing the relationship between the diffusion coefficient in liquid
 i , the equation [355]
phase, Di , and in “quasi-liquid” ion exchanger, D
 i = Di [ε/(2 − ε)]2
D

(10.8)

is the most successful [527]. ε in Eq. (10.8) is the fractional void volume. Equation (10.8)
has proved to be a rather good approximation for univalent counterions as well as
for co-ions, provided they are small. It usually overestimates the diffusion coefficients
of higher valence and of large counterions [527]. The single phase models are more
appropriate for flexible matrix.
The second group of models is two-phase models which consider the material as consisting of the solid network and interstitial pore phase. Diffusion takes place only in
the pores. As a result, the diffusion is necessarily slower than in the corresponding

142 The concentrations, in accordance with this concept, are given in moles per unit volume of the swollen ion

exchanger.
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homogeneous systems which have the same composition as the pore phase. Causes for
the retardation are:
• Only that fraction of the total cross-section which is not occupied by the polymer
is available for diffusion.
• The diffusion path is obstructed by the framework. It is tortuous rather than straight.
• Actual mobility of the diffusing species in the pores may be reduced by “mechanical
friction” or other interactions with the pore walls.
Pores inside the material are non-uniformly tortuous, they can have variable cross section,
and some of them can be blocked. The most obvious simplification is an assumption of
pore uniformity. The two-phase models are more appropriate for materials with rigid
highly cross-linked matrix.
One more assumption is common for both single- and two-phase models. Due to the internal diffusion limitations, the time spent for ion exchange depends on the size and shape of
the beads. The non-uniformity and shape irregularity are accounted in some models, but
the conventional simplification is to assume an efficient “equivalent-sphere” size of the
beads. This value is usually calculated from the empirical approach stating equivalence
between the average surface-to-volume ratio of the actual particles and the surface-tovolume ratio of the uniformly sized material having corresponding “equivalent-sphere”
size of the beads [5,532].
One has to note a drawback common for models considering non-uniform structure
of the exchanger phase. Values characterising the non-uniformity cannot be determined with experiments which are not based on the same models [406]. As a result,
obtained characteristics are rather fitting coefficients than independent physico-chemical
values.

10.4 Examples of Kinetic Models
Mathematical modelling of ion exchange kinetics conventionally consists of solving the
differential equations (10.2)–(10.4) under appropriate initial and boundary conditions
and restrictions [5]. The equations are applied to both phases: the ion exchanger and
the solution in the film surrounding the material. A difficulty comes from the fact that
diffusion coefficients in these two phases are different. Furthermore, as was described, the
diffusion coefficients in beads and films are not necessarily constant. Thus, dependencies
of the diffusion coefficients on properties of the system must be identified and taken into
account or their constancy has to be confirmed.
Let us discuss a simple model [5] as an example of kinetic considerations. The geometry
of exchanger beads is spherical and uniform with radius r0 . The process of exchange of
isotopes is controlled by the particle diffusion. In this case D = const, i.e. no electrocoupling interferes the interaction and the flux inside the exchanger is described by
B = 1.
Eq. (10.3). The isotope exchange also suggests absence of any selectivity, i.e. KA
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The time dependence of the concentration is interrelated with the flux by the material
balance and expressed by Fick’s second law
∂
C
= −div J
∂t

(10.9)

Equation (10.9) is often called the condition of continuity [5]. The combination of
Eqs (10.3) and (10.9) gives
 2

∂
CA
CA
∂ 
CA
2 ∂

=D
(10.10)
+
∂t
r ∂r
∂r 2
where r is the radial coordinate, i.e. distance from bead centre. The initial conditions
(the state of the system before beginning of the ion exchange interaction) are taken
as following. Ions A are uniformly distributed in the ion exchanger with concentration
 0A , i.e.
C
 0A = const
0 ≤ r ≤ r0 , t = 0 
CA (r) = C

(10.11)

and the solution does not contain ions A, i.e.
r > r0 , t = 0

CA (r) = 0

(10.12)

The solution composition is selected to be constant during the process:143
r = r0 , t ≥ 0

CA (t) = 0

(10.13)

Equation (10.10) is solved under conditions (10.11)–(10.13). The outcome is the function

CA = f(r, t). The following integration of this function along the bead radial coordinate
gives [5,331,527,529,533,534]
!
∞

6  1
2 2 Dt
(10.14)
exp −π n 2
U(t) = 1 − 2
π
n2
r0
n=1
where U is the conversion degree which depends only on the magnitude of the
 t/r 2 .
dimensionless time parameter D
0
Equation (10.14) allows to estimate the half-time of the ion exchange reaction, t1/2 [5],
substituting U(t) = 0.5:
t1/2 = 0.030

r02

D

(10.15)

The problem can be reversed and Eq. (10.15) can be applied to the experimental data to
 from half-time of the ion exchange reaction, t1/2 .
estimate the diffusion coefficient D
143 Such a case is observed if volume of the solution is infinite in comparison with amount of the exchanger
or if the fresh solution is constantly supplied to the exchanger beads.

Kinetics of Ion Exchange

235

For exchange of univalent counterions on conventional strong cation and anion exchange
 = 10−7 to 10−5 cm2/s) the half-time of the
resins of gel-type (r0 = 0.01 to 0.1 cm; D
particle diffusion controlled interaction is of the order of seconds or minutes. For weak
 is much smaller) the
and inorganic ion exchangers and for polyvalent counterions (D
half-time may be several orders of magnitude longer [5].
The example above gives probably the simplest case of the kinetic considerations.
Another simple example could be a film diffusion controlled isotopic exchange in a
solution of infinite volume. More complicated cases suggest non-constancy of the external solution composition and/or the diffusion coefficients, mixed type of the kinetic
control (with significant contribution from both particle and film diffusion), preference
of the exchanger to one of the ions (selectivity), etc. Examples of equations derived
for a number of cases are shown in Table 10.1. Even more complicated mathematical
approaches have been obtained for other cases. For instance, the modelling can take into
account water transfer accompanying the exchange, changes of the volume, simultaneous
transfer of co-ions, assembly of ions in complexes, etc.
In many cases simple approaches can give a good approximation of experimental
data. For example, the simple Elovich equation (successfully applicable for sorption
processes)
d
C
= a exp(−b
C)
dt

(10.26)

has been applied to follow the simultaneous sorption of Zn2+ and Cu2+ traces by the
chelating agent D2EHPA impregnated in Amberlite XAD-2 [388]. 
C in Eq. (10.26) is the
metal content in the solid phase at time t; a and b are coefficients, and a can be regarded
as the initial rate since
d
C
→a
dt

as 
C→0

(10.27)

Integration of Eq. (10.26) for the case of initially pure ionic form (i.e. for the case where
ions to be sorbed are absent in the sorbent phase at time t = 0) and under the assumption
that the process is in sufficiently slow yields in [388]

C=

1
1
ln(ab) + ln(t)
b
b

(10.28)

is a linear dependency. Experimental evidence of the linearity is presented in Fig. 10.6.
Due to specific properties of some systems particular mathematical models can be dramatically simplified. For example, if the process is controlled by particle diffusion and
the exchanger exhibits a very high selectivity towards the sorbed ion (redox and some
chelating processes), the boundary between areas occupied with two ions is well-defined.
The shrinking core model (see Fig. 5.2 in Section 5.3) is applicable. This model allows
to ignore concentration gradients inside the ion exchanger assuming stepwise change
between regions loaded with different ions [537–540].
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Table 10.1. Examples of kinetic solutions for the following common conditions: beads are spherical, all ion A is initially in the exchanger (condition
(10.12)) and evenly distributed (condition (10.11)) [5,331,527,529,535,536].
Conditions

Solution
⎧
 2
∞ exp(−a2 D
2 
⎪
n t/r0 )
⎪
⎪
U =1−
⎪
⎪
3b n=1 1 + an2 /9b(b + 1)
⎨

• Non-selective exchange, KB
A=1
• Particle diffusion control, r > r0 C = f(r)
 = const
• D
• Non-constant solution composition, r = r0 , t > 0

C(t) = const a

(10.16)

⎪
an cot an = 1 + an2 /3b
⎪
⎪
⎪
⎪
⎩
/CV
b=
CV


• Non-selective exchange, KB
A=1
C = f(r)
• Film diffusion control, r < r0 

U = 1 − exp

3·D·C·t
−
r0 · δ · 
C


(10.17)

C
r ·δ·
t1/2 = 0.23 0
D·C

• Diffusion in the film is stationary
• Film is considered as planar with thickness δ

(10.18)

• D = const
• Constant solution composition, r = r0 + δ, t ≥ 0 C(t) = const
• Non-selective exchange, KB
A=1
C = f(r)
• Film diffusion control, r < r0 


U = 1 − exp

• Diffusion in the film is stationary
• Film is considered as planar with thickness δ
• D = const
• Non-constant solution composition, r = r0 + δ, t ≥ 0

C(t) = const


3 · D · (V
C + VC)
t
−
r0 · δ · 
CV


(10.19)

• Non-selective exchange, KB
A=1
• Mixed control

⎧
∞ bn sin2 (cn r 2 )
6a2 
⎪
0 exp(−Dc2 t)
⎪
⎪U = 2
n
⎪
4
⎪
c
r
⎪
n=1
n
⎪
0
⎪
⎪
⎪
⎨
δ
a = CD/
CD
⎪
⎪
cn2 r02 + (ar0 − 1)2
⎪
⎪
⎪
⎪bn = 2 2
⎪
⎪
cn r0 + (ar0 − 1)ar0
⎪
⎪
⎩
cn r0 = (1 − ar0 ) tan cn r0

• Diffusion in the film is stationary
• Concentration profiles in the film are linear
• Film is considered as planar with thickness δ
 = const
• D = const, D
• Constant solution composition, r = r0 + δ, t ≥ 0
C(t) = const
• Selective exchange, KB
A =1
• Film diffusion control, r < r0

3DCB
1
1
−
t = B ln(1 − U) − 1 − B
δ r0 Q
KA
KA


C = f(r)

• Constant solution composition, r = r0 + δ, t ≥ 0
CA (t) = 0 CB (t) = const


C = f(r)

• Constant solution composition, r = r0 + δ, t ≥ 0
CA (t) = const CB (t) = const

−


C = f(r)

·U

(10.21)





B
2 ln(1−U)− KA −1 ·XA ·U
1+(KB
A −1)XA )
KB
A

3D(CA +CB )
t= 
δr0 Q

(10.22)

• Selective exchange, KB
A =1
• Film diffusion control, r < r0

!

where Q is the ion exchange capacity

• Selective exchange, KB
A =1
• Film diffusion control, r < r0

(10.20)

−

3DCB
t = KB
A ln(1 − U)
δ r0 Q

(10.23)

• Constant solution composition, r = r0 + δ, t ≥ 0
CA (t) = const CB (t) ∼
=0
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Continued

Table 10.1. —Cont’d
Conditions

Solution

• Non-selective exchange, KB
A=1
• Film diffusion control, r < r0


C = f(r)

• Constant solution composition, r = r0 + δ, t ≥ 0
CA (t) = const CB (t) = const
• Non-selective exchange, KB
A=1
• Mixed control

−

3D(CA + CB )
t = ln(1 − U)
δ r0 Q

(10.24)

!
⎧
∞
t
⎪

6a
bn2 D
⎪
⎪
exp − 2
U =1−
⎪
⎪
2
2 2
⎪
r0
n=1 bn (bn + a − a)
⎪
⎨
+
C
)r
D(C
B 0
A
⎪
(10.25)
a=
⎪
⎪

⎪
δ QD
⎪
⎪
⎪
⎩
b cot b = 1 − a

a The common case of the non-constant solution composition is a batch process where one ion is removed by the exchanger from the treated solution and another ion

is emitted into the liquid phase.
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Fig. 10.6. Semi-logarithmic kinetic plots: amount of sorbed metal vs. time. The sorbent is
D2EHPA-impregnated Amberlite XAD-2. The fitting is performed with model based on Elovich
equation. Reprinted from R. S. Juang, and M. L. A. Chen, in: Reactive & Functional Polymers,
[388] 1997, Elsevier ©.

10.5 Approaches to Enhance the Rate of Ion Exchange
To conclude the chapter, few words should be said about approaches targeting to enhance
apparent rates of ion exchange processes. Almost all applications could only improve if
the interaction rates are increased. Controlled drug release is probably the only exception
benefiting from slow kinetics of the ion exchange.
The most straightforward way to get faster diffusion inside the exchanger beads is to
select materials with low density of the gel, i.e. with low cross-linking. Even better
results are achievable with macroporous materials where diffusion takes place inside the
solution-filled pores. Other advantages of macroporous materials in comparison with lowcrosslinked gels are higher stability (chemical and thermal) and much less pronounced
volume effect accompanying exchange of ions. However, the kinetic benefits alone are
often decisive when a macroporous material is preferred for a particular application.
The rate of overall process can be enhanced even without replacement of the material. Reducing the bead size can reduce time of the equilibrium achievement for
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particle-controlled processes. One has to be aware that very small beads pack very tightly
and obstacle the supply of the processed solution to boundaries between the solution and
exchanger, i.e. tightly packed small beads could act almost as one block of the material.
As a result, selection of the bead size is a compromise between requirements for the
short diffusion time inside the material and for the permeability of the exchanger bed.
Too wide bead-size distribution also affects the performance: the larger particles require
longer time to accomplish the ion exchange reaction while smaller particles provide the
bed with the undesirable tight packing.
Elevated temperature enhances the rates independent of the rate-controlling step. However, thermal stability of ion exchange resins limits this possibility to manipulate with
kinetics in such a way. Expenses for the heating should also be considered if a middleor large-scale process is designed. Inorganic exchangers are usually much more stable at elevated temperatures than the ion exchange resins. Of course, this is true for
media where inorganic materials do not exhibit chemical instability. If acidic solutions
are treated, such materials can be slowly dissolved. The elevation of temperature could
enhance the dissolution rate in the same way as it enhances rates of desirable interactions.
Unnecessary high selectivity of functional groups towards certain ions could cause
reduced rates of the exchange. Thus, application of exchangers with too high selectivity towards target ions could be less beneficial if the same or similar result can be
achieved with less selective materials. This is specifically true for imprinted systems
with high binding energies of the template-like species. The binding groups of imprinted
exchangers have two functions. First, during the polymerisation a strong interaction
between template and binding groups should be established. Second, after an initial
synthetic procedure, the imprinted sites should be able to undergo the easily-reversible
binding interaction with the template. For the first purpose binding should be strong,
for the second the activation energy should be low [137]. If the activation energy is high,
the process kinetics could be slow and controlled by the rate of corresponding chemical
reaction. Thus, a certain compromise should be made when the material is selected or
designed.
An interesting idea about enhancement of the exchange kinetics by use of bifunctional
resins has been exploited in order to boost exchange of Eu(III) [136]. The double functionality was introduced in the styrene–divinylbenzene phosphinic acid resin by bonding
sulphonic groups to the matrix

SO3H

(10.29)

H P O
OH

Sulphonic groups enhance access of Eu(III) ions into the polymer network due to their
high acidity and hydrophilicity. The selectivity towards Eu(III) is provided by the interaction with the phosphoryl oxygen on the phosphinic group. The same effect has also
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been reported for diphosphonic acid polymer supplied with second functionality [541].
The same approach is also used for the rate-enhancement in redox materials. Electron
exchangers do not usually allow a fast diffusion because their functional groups are not
ionisable and thus the swelling of these materials is weak. Introduction of strong ion
exchange groups increases the swelling ability providing easy passes for the diffusion.
A specific way to cope with slow particle diffusion is to use materials of core-shell type.
The diffusion rates in these materials are not enhanced but the consequences of the slow
diffusion are reduced. These materials will be discussed in Section 13.1.
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CHAPTER 11

Column Processes

The two most common ion exchange techniques are the batch operation and the
fixed-bed column operation [542]. First let us briefly discuss the advantages of these two
techniques.
Batch operations are rarely used in industrial processes, but they are well-suited for
laboratory purposes due to the simplicity of the experimental setup. The treated solution
and exchanger are simply mixed together in an agitated reactor. The phases are separated
after accomplishment of the exchange. Thus, a large number of experiments can be
carried out simultaneously. In few cases batch technique is the only choice. For example,
many inorganic ion exchange materials (e.g. clays and some synthetic materials) are fine
powders that often tend to agglomerate. When they are settled, a dense cake is formed
blocking access of the solution to the particles and thus preventing any reasonable rate of
exchange [542]. The main drawback of batch process is that it cannot separate the ions
completely if the material has a moderate affinity and hence, equilibrium distribution is
established. The same can be said about non-separation applications where completeness
of the process is also highly desirable. Other disadvantages of batch processes are their
discontinuity and the requirements of the complicated phase-separation operations.
Column techniques are used instead to achieve completeness of ion exchange reactions.
This is possible even with the use of ion exchangers which do not possess a specific
preference towards the target ion. In this, the most frequently used ion exchange technique, the material is packed in a column and all necessary operations are carried out in
the bed [543]. Columns allow to exploit fine differences between properties of ions and
fine preferences of ion exchange systems (which is usually impossible under batch conditions). The ions-containing solution moves through the column subsequently coming
in contact with fresh portions of the material; this forces the reaction to shift increasingly
in the desired direction [544]. In effect, column exchange resembles carrying out a large
number of successive batch operations in series [542]. The column processes exploit
principles of frontal chromatography, however, these are not targeted to obtain the chromatographic pattern and thus have different criteria for interruption, adding secondary
reactants, etc.
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The column technique has many advantages in comparison to the batch operations and
thus are widely used in practical applications. This chapter discusses the basic principles
of column processes. Following chapters are not limited to only columns, but most of
the examples are column-oriented.
11.1 Ion Exchange in Columns
As was described earlier, most of the ion exchange operations are carried out in columns.
A simplest column is a cylinder loaded with beads of an ion exchange material. The whole
bulk of the exchanger inside the column including inter-bead voids is called the bed of
ion exchanger or simply the bed. One or two sides of the cylinder are supplied with
sieve- or grid-like manifolds that allow a free pass for solutions but keep the material
from washing out. The beads do not move in course of the exploitation, while the flow
of solution could be both laminar and turbulent. Such reactors are called packed bed or
fixed bed columns. The most conventional direction to pump solutions is up–down.
Composition of the solution passing through the bed is changed due to the ion exchange
reaction. The changes are not the same during the column process and depend on:
• properties of the ion exchanger,
• composition of the feed solution,
• operating conditions,
• shape and dimensions of the column.
In most cases, the ion exchange in the columns can be considered as frontal or displacement chromatography processes. A simple model of such operation is presented by
Applet 10.144
To explain functioning of the column, let us consider a practical problem to remove ion
B+ from the solution containing no other interfering species. Let us begin the discussion from the simplest ion exchange operation that is a batch equilibrium processing of
the solution with an ion exchanger in the form of another ion, A+ . According to the
fundamental principle of chemical equilibria expressed by Eqs (8.36)–(8.44), concentration of B+ ion in solution cannot be equal to zero. Thus, ion exchange equilibrium
is attained before the complete removal of B+ from the solution. In fact, concentration of B+ could not be even close to zero when most of conventional ion exchange
systems (with limited selectivity) are used. This reduction of B+ concentration to a negligible value requires either an extremely large excess of the ion exchanger or a repeated
treatment with multiple fresh portions of the material [5].
The idea to use fresh portions of the material can be illustrated with the following
example. Let us consider removal of B+ from its 10 mM solution and its replacement
with ion A+ . Let us assume the following system: volume of the solution to treat is
1 litre; the available cation exchanger has capacity 2 meq/mL; equilibrium coefficient
144 http://ionexchange.books.kth.se/applet10.html
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B

KA = 1.5 = const (that means a little preference to B+ );145 the available amount of
the exchanger is 10 mL. Let us assume the simplest system, i.e. no other counterions
are present, the exchanger is initially loaded with ion A+ , and no other interactions take
place besides the ion exchange.
To calculate results of such batch equilibrium in a binary system, the following system
of equations must be solved:
B

KA =

[B+ ]i [A+ ]i
[A+ ]i [B+ ]i

(11.1)

[A+ ]i−1 V + [A+ ]i−1 V = [A+ ]i V + [A+ ]i V

(11.2)

[B+ ]i−1 V + [B+ ]i−1 V = [B+ ]i V + [B+ ]i V

(11.3)

Q = [A+ ]i + [B+ ]i

(11.4)

where index i indicates the number of the batch equilibration in a sequence of such
operations. Expression (11.1) is Eq. (8.40) or (8.41) written for the exchange of single
charged ions. Equations (11.1) and (11.3) represent mass-balance for ions A+ and B+
respectively where left-hand sides correspond to the state before the equilibration and
right-hand sides represent the equilibrium state. Equation (11.4) represents the total ion
exchange capacity.
First, let us model an experiment where all the available amount of the exchanger is
equilibrated with the solution in one batch reaction. Thus system (11.1)–(11.4) must be
solved for i = 1; [A+ ]0 = 0; [B+ ]0 = 0.01 M; [A+ ]0 = 2 eq/L, [B+ ]0 = 0, V = 1 L,
and V = 0.01 L. The result is [A+ ]1 = 7.25 · 10−3 M; [B+ ]1 = 2.75 · 10−3 M; [A+ ]1 =
1.27 eq/L, [B+ ]1 = 0.725 eq/L, i.e. 72.5% of ion B+ is removed from the solution.
Let us model another experiment using only half of the available ion exchanger for the
first batch equilibration, i.e. using the same initial parameters as in previous calculation, but V = 0.005 L. Solution of system (11.1)–(11.4) is [A+ ]1 = 5.51 · 10−3 M;
[B+ ]1 = 4.49 · 10−3 M; [A+ ]1 = 0.899 eq/L, [B+ ]1 = 1.10 eq/L. Only 55.1% of ion
B+ has been removed in this case. However, the second part of the fresh exchanger can
be used for a new treatment. The second step (i = 2) is equilibration of the solution produced in the first step with fresh portion of the exchanger, i.e. [A+ ]1 = [A+ ]0 = 2 eq/L
and [B+ ]1 = [B+ ]0 = 0. Outcome of system (11.1)–(11.4) for the second step is
+
[A+ ]2 = 8.10 · 10−3 M; [B ]2 = 1.90 · 10−3 M; [A+ ]2 = 1.48 eq/L, [B+ ]2 =
0.520 eq/L. Thus, the overall removal of the target ion is 81.0% that is significantly
better than in the first example. Further splitting of the ion exchanger between consequent batch operations allows further improvement in the removal. Figure 11.1 illustrates
the results of such calculations.
145 This example has no requirement for selectivity of the exchanger. Examples with K B = 1 (perfectly nonA
B
selective system) or even with KA < 1 (system selective to A+ ) would prove the same concept (while giving

different numerical values).
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Fig. 11.1. Ion exchange removal of ion B+ from 1 L of 10 mM solution with sequences of
B

batch equilibrations. KA = 1.5; Q = 2 meq/mL; initial form is A+ . Totally 10 mL of the ion
exchanger is equally split between batches in each sequence. Numbers at curves indicate the overall
removal.

Loading of ion exchanger with targeted ion can be performed in the same way. In this
case, the same portion of the exchanger is used in all sequence of batches while fresh
portions of the solution are supplied. In some cases, similar approaches are applicable to
redox and catalytic processes involving ion exchange materials. One has to note that this
technique does not require achieving the equilibrium at each step. Partial equilibration
could be more practical in many cases.
Figure 11.1 demonstrates that higher number of batches increase the efficiency. The
consequent batch operations are used even on an industrial scale. Such installations are
called series of stirred tanks. However, this technology is rare and can hardly be efficient
in general case because the increase in efficiency is achieved at a dramatic expense of
the operation simplicity.
Infinite splitting of the exchanger is the limiting case to improve the separation. Such
operation can be modelled but cannot be practically performed. Column operations are
used instead. The column technique is a logical replacement for the batch sequence.
Passing through the bed, the solution contacts with fresh portions (layers) of the
exchanger again and again (see Fig. 11.2). One might say that, in the column, the solution
goes routinely through a series of batch operations. If the column has sufficient length,
the number of “batches” can be considered as infinite and complete exchange of ion can
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Fig. 11.2. Division of an ion exchange column in three zones: exhausted material (top), sorption
front – zone of the ion exchange reaction (middle), and fresh ion exchanger (bottom).

be achieved.146 Thus, all B+ ions are eventually replaced by A+ before the solution
appears in the effluent.
At any moment of the process, the bed can be divided in three regions as shown in
Fig. 11.2. When the solution is first fed to the column, all B+ ions are exchanged for
A+ in a zone at the top of the bed. The solution (now containing only A+ ) passes
through the lower part of the column without further change in the composition. As the
feed is continued, the top layers of the bed are constantly exposed to the fresh solution.
Eventually, the top layer is completely loaded with B+ , i.e. “exhausted”. The zone of the
column where the ion exchange takes place is thus transferred downstream.147 In due
course, this zone reaches the bottom of the column and ions B+ first appear in the effluent.
This moment is called the “breakthrough” of B+ . If the process targets purification of
the solution, the operation is interrupted at or just before the breakthrough. Continuation
beyond breakthrough results in a more complete conversion of the exchanger from ionic
form A+ to B+ . When the conversion is completed, the whole material is in equilibrium

146Applet 11 (http://ionexchange.books.kth.se/applet11.html) illustrates performance of a
column formally split in a number of batches.
147 Zone of the ion exchange reaction in the column is called sorption front.
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with the feed solution. If pumping of the solution is continued, no further changes in
the phase composition take place [5]. When the equilibrium is achieved, the degree
conversion (U) can be calculated according to the equation
B

U = XB =

KA [B+ ]0
B

[A+ ]0 + KA [B+ ]0

(11.5)

which is derived by combining Eq. (11.1) written for the case of equilibration with the
initial solution (indexes 0) with Eqs (11.4) and (8.13).

11.2 Breakthrough Curve and Performance of Column
Any treatment of a solution with ion exchanger results in altering the solution composition. So far as the overall column process is dynamic, concentration variations at the
column outlet are of primary concern. Plots
Ci = f(t)

or

Ci = f(V)

(11.6)

represent concentration of species i at the outlet of the column. They are called breakthrough curves.148 In (11.6), t represents time from beginning of the process and V is
the total pumped volume. So far as the pumping rate is constant, the interdependence
between the two expressions of (11.6) is linear, which is a common case. If the interdependence is not linear the primary scale is volume. This reflects an ability of the column
to accumulate targeted ions (this property is often exploited in processes where different
volumes of the raw solution are supplied for the treatment with irregular rate).
Origin of the term “breakthrough curve” needs an additional explanation. Let us continue
to consider Fig. 11.2 suggesting a practical task to remove all B+ ions from the solution.
Applet 10 can also be useful as an interactive representation. Continuous pumping of the
solution through the column gradually shifts the zone of ion exchange downwards. As
was described in Section 11.1, at a certain moment of time the zone of fresh exchanger
disappears and ion B+ breaks through the column. At breakthrough, the bottom layers of
the bed are not yet completely converted to B+ form but the task of complete ion removal
cannot be accomplished any longer. Figure 11.3 shows dependency (11.6) for the case
when the pumping is continued after the breakthrough. Such plots are widely used to
reflect the performance of ion exchange columns.149 If the column is used in analytical chromatography, the breakthrough curve corresponds to the conventional analytical
signal recorded at the column outlet.

148 The breakthrough curve is also called effluent history or concentration history.
149 Please note that the outcome of some other separation techniques, for example series of stirred tanks, can

also be represented as breakthrough curves.
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Fig. 11.3. Breakthrough curve (concentration of the targeted ion in the effluent). The x-axis can
represent both the volume of solution passed, V , and the time spent from the beginning of the
process, t. Vbr (tbr ) is the moment of breakthrough; Veq (teq ) is the moment when C becomes equal
to C0 . Vlim (tlim ) is the moment when the separation process could be interrupted on the basis of
practical considerations. Black arrows indicate major parts of breakthrough curve. Grey arrows
indicate use of the effluent in the process targeted to load the exchanger with certain ion.

Breakthrough capacity is another important concept. The breakthrough capacity of the
ion exchange column is the amount of ions (B+ in considered example) that can be
removed from the solution by the column prior to the breakthrough. It is represented by
region (a) in Fig. 11.3 and can be expressed as

Qbr

Vbr
= (C0 − C) dV

(11.7)

0

where C0 is the initial concentration of the targeted ion, C is the targeted ion concentration
in the effluent, V is the volume passed, Vbr is the volume passed until the breakthrough
moment. For the simplest case the breakthrough capacity can be calculated as
Qb = C0 · Vb

(11.8)

More complicated expressions could be written if, for example, one specific ion is
removed from a mixture. Please note that, contrary to different definitions of ion exchange
capacity considered in Section 2.6, breakthrough capacity is not a property of the ion
exchange material but a characteristic of the column performance under particular conditions. The breakthrough capacity is always less than the total ion exchange capacity
of the column.
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The total ion exchange capacity of the column can be determined from Fig. 11.3
summarising square of regions (a), (b), and (c) laying above the breakthrough curve.
The general expression for the column total capacity is
∞
= (C0 − C) dV

Qcol

(11.9)

0

that is directly related to the total capacity of the ion exchanger
Qcol = Q · m

(11.10)

where Q and m are the total capacity of the exchanger and amount of the exchanger
in the column, respectively. Of course, an infinite volume is not pumped through the
column in practical operations. The pumping is completed when C = C0 i.e. when the
effluent composition does not differ from the composition of initial solution any more.
The approach based on Eqs (11.9) and (11.10) is commonly used for determination of
the total ion exchange capacity (the method is described in Appendix I).
Concept of the bed utilisation is directly related to the breakthrough behaviour of the
column. Practical operations do not require performing the process exactly until breakthrough or equilibrium points. The solution is pumped through the bed in one ionic form
so far as the satisfactory conversion to another form is achieved (e.g. from economical or
other practical point of view). Some limit for the effluent concentration (Clim ) is usually
established. If removal of an ion is the purpose, Clim reflects the maximum content of
this ion allowed in the effluent (Callowed ). If the process is continuous, i.e. if the effluent
is continuously sent for the following use, Clim = Callowed . If the effluent is averaged
after the ion exchange treatment, for example, if the produced solution is collected in
one reservoir, the following expression is valid.

Callowed · Vlim

Vlim
= C dV

(11.11)

0

where Vlim is the volume pumped through the column until the moment when Clim is
achieved. Estimation of Clim with Eq. (11.11) usually requires an extensive mathematical
modelling of the column process to express the dependence C = f(V ). Direct monitoring
of the effluent concentration followed, for example, by a simple computer integration is
a more convenient option for practical operations.
Hereby, only a part of the exchanger bed capacity can be utilised for the practical purpose.
This can be characterised by the degree of the column utilisation:
V"lim

(C0 − C) dV

U=

0
V"Eq

(C0 − C) dV

0

(11.12)
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Degree of the column utilisation is the ratio between amount of the solute sorbed by
the column in the particular separation process (regions (a) and (b) in the Fig. 11.3) and
the total ion exchange capacity of the column (regions (a), (b), and (c)). Evidently, the
degree of utilisation is high when the total span of zones (b) and (c) (sorption front)
is short, i.e. when the zone containing both exchanged ions (see Fig. 11.2) occupies
less part of the column length [5]. Thus, sharpness of sorption front is one of the main
concerns when designing column operations. Thus, the concept of sorption front as well
as dependency of its sharpness on different factors will be specially attended in the
following section.
11.3 Sorption Front
Ions inside the column are divided between the moving liquid and the stationary ion
exchanger. Only a fraction of the ions belonging to the liquid phase is moved with the
solution flow. Nevertheless, portions of the same ion cannot be separated from each
other in most cases because of the fast redistribution of the species between phases. As a
result, the overall migration rate of a species is defined by distribution of the ion between
phases, i.e. by the local distribution coefficient (see Eq. (8.22) of Section 8.4), in each
point of the column.150 Thus, species differently distributed between phases migrate
along the column with different rates. As a matter of fact, different rate of movement for
differently preferred species is the base for all chromatographic processes, and not only
for ion exchange. Thus, more information about general principles of column processes
can be found in chromatography textbooks and publications. Only primary ideas are
presented in this section with attention given to the specificity of ion exchange processes.
Concept of sorption front is one of the key concepts in ion exchange technology. Thus,
more attention should be paid to the subject. As have been discussed earlier, efficiency of
the exchanger use in a column is characterised by the degree of utilisation. This degree is
high when the breakthrough curve is sharp, i.e. when the span between zones containing
pure A and B ionic forms (see Fig. 11.2) is short. Shape of the sorption front depends
on the selectivity, on kinetic characteristics, and on the operating conditions [5]. The
sharpness can be characterised by length of the zone (along the column’s longitudinal
axis) containing both ions, i.e. it can be expressed as
Veq − Vbr

or

teq − tbr

(11.13)

Please note that values (11.13) are not properties that can be tabulated because they differ
for different column dimensions even if all other conditions are the same. Moreover, the
sorption front can elongate or compress when moving along the bed, i.e. during one
column operation. However, the front length is a convenient value that is easy to obtain
from the breakthrough curve or by interrupting the sorption process and analysing the
longitudinal distribution of ions. Minimising the value (11.13) for a particular process
is the simplest way to conduct optimisation and thus to enhance the efficiency of the
method.
150 One has to distinguish between the local distribution coefficient and the distribution coefficient corresponding to the equilibrium state. Local equilibria are not necessarily attained inside the column. Thus, besides the
system affinity, the local distribution coefficient depends on kinetic and dynamic properties of the system.
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Let us consider the influence of ion exchange selectivity on the shape of the sorption
front. Let us take representation of a column as a number of repeated batch operations
as was discussed in Section 11.1. If the first layer (represented as a batch) removes
larger part of the target ion from the solution, less amount of this ion is passed to the
next layer and so on. Thus, less number of layers are needed for the complete removal,
i.e. sorption front occupies less number of the layers. If layers of the same size are
considered, the removal in each batch can be increased by replacing the exchanger with
a material of higher selectivity. Thus, increase of the selectivity results in the shortening
of the sorption front. In other words, a stronger preference of the ion exchanger for
the counterion from the feed causes sharper sorption front [5]. The considerations are
illustrated by Applet 11 which presents a column as a series of batch operations and
B

allows varying parameters of the separation. One can vary equilibrium coefficient KA to
see that fewer stages are necessary for complete sorption of ion which is more strongly
preferred.
As described earlier, the front length is not necessarily constant during a column process. Compression of the front in course of the exchange is called self-sharpening
(see Fig. 11.4). If the preferred ion B is initially in the solution and A is in the exchanger,
the following effect takes place along longitudinal axis of the column. The exchanger
ahead of the front contains only ions A while ions B are not delivered yet in this part of
the column. If, by chance, some ion B comes to this zone ahead of the front, it is immediately transferred to the exchanger to fulfil the local equilibrium (see Eq. (11.1)). In
contrary, the solution behind the front contains initial concentration of B and no ions A.
Any ion A remaining in the exchanger behind the front is replaced soon by B to fulfil
the same requirement of local equilibrium. Thus, retardation of B ahead of the front and
prompt replacement of A behind causes sharpening of the front.
An absolutely sharp front has a rectangular shape. This limiting case is called plugfront. It is never achievable in practical operations due to diffusion and hydrodynamic
phenomena accomplishing the process. These phenomena “balance” the self-sharpening
effect causing a steady movement of the front, i.e. providing unchanged shape of the
front travelling along the column. The stronger the preference for B, the shorter the part
of the column needed to attain this so called constant pattern [5]. If the constant pattern
is attainable, the degree of column utilisation can be easily improved by extending the
column length because the breakthrough curve (Fig. 11.3) can be shifted to the right
without change in the shape.151
If equilibrium is unfavourable, the front behaves in the opposite manner. Ions A behind
the front are preferentially retained and fall behind, and ions B ahead of the front suffer
from the strong competition and thus proceed further with the mobile phase [5]. Such
front does not demonstrate a sharpening or constant profile but broadens with increase
of the pass length in the column and shows a so called proportionate pattern [545].
151 Increase of the column length is the most straightforward approach to enhance efficiency of chromatographic
process. However, it leads to a higher flow-resistance, larger size of the equipment, and increased amount of
the exchanger. These disadvantages could be overcome by the use of more advanced moving bed or cascade
columns which will be discussed in Chapter 14.
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Fig. 11.4. Self-sharpening effect in ion exchange column. Black plots represent degree of the
column loading at three different moments of the front travelling. Reciprocal grey curves show
breakthrough curves for columns of different length.

Sharpness of the front can often be influenced simply by adjusting the pumping rate
of the solution. As was described, the local equilibria are not necessarily attained in
each point of the column. In this case, reduction of the pumping rate allows getting
closer to the equilibrium states and thus sharpens the front in expense to the per-hour
column productivity. Such manipulation is obviously limited by the rate allowing to attain
local equilibria. Further reduction of the rate could be inappropriate because counterions
get more time for diffusion in both directions along the column axis. Spreading of the
front by this so called longitudinal diffusion is proportional to the residence time and
to the counterion mobilities [5]. Due to the fundamental principle, the diffusion flow is
proportional to the concentration gradient; thus, sharp fronts are more strongly affected
by the longitudinal diffusion since their concentration gradients are larger.
Another undesirable phenomenon is tailing of the front. If the process of the ion release
from the exchanger beads is limited by the particle diffusion and if the solution velocity
is high, the ions initially located deeply inside the beads have no time to migrate outwards before the front passes along. These ions continue to release long after the front
as shown in Fig. 11.5. This phenomenon is more pronounced for beads of larger size
and inhomogeneous size distribution. If the beads have similar size the diffusion pass
length is nearly the same providing more uniform diffusion. Since there are no larger
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Fig. 11.5. Tailing of sorption front (black curve) due to slow particle diffusion of released ions.
Similar sorption front defined by only equilibrium interactions (grey curve) is presented for
comparison.

beads to release the ions more slowly, front tailing is minimised [63]. Reduction of the
bead size provides improvement of the diffusion behaviour while increasing hydrodynamic resistance of the column. The problem can be overcome by the use of specifically
assembled beads consisting of an inert (e.g. glass) core and a shell of the ion exchange
polymer (see Fig. 11.6). These beads have no ion exchange interior and thus have no
deeply located counterions causing the tailing. However, such materials are rather exotic
and could be very costly when marketed.
Besides the previously discussed microscopic effects, macroscopic hydrodynamic phenomena also distort the front. These phenomena are described in the following
section.

11.4 Hydrodynamic Effects in Columns
Elements of a liquid flowing through a bed of exchanger beads do not have equal
residence times [547]. The assumption that the liquid velocity is uniform across a
column (known as a plug flow) is a common but rough approximation. The front is
disturbed by hydrodynamic effects that result in longitudinal agitation of the mobile
solution. Thus, hydrodynamic phenomena always stretch the front which is highly
undesirable.
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Fig. 11.6. Surface-layer cation exchanger. Each bead consists of a glass core and shell of a cation
exchange gel with thickness around 20 µm. All exchangeable counterions are located in the shells
and thus shorter time is spent for ion exchange controlled by particle diffusion. Reprinted from
G. V. Samsonov, Ion-Exchange Sorption and Preparative Chromatography of Biologically Active
Molecules [546] 1986, with kind permission of Springer Science and Business Media ©.

One of these phenomena is called Eddy dispersion. It occurs inside the columns randomly
packed with beads of the ion exchanger.152 As a result of such packing, velocity of the
solution pumped through the bed is not the same in different points of the column. The
reason is the non-uniform cross-section of voids between the beads. The phenomenon
is illustrated by panel (a) of Fig. 11.7. The voids inside the column can be considered
as a system of channels available for the liquid. The length of neighbouring channels is
not necessarily the same. This contributes to the dispersion because different portions of
the solution could pass different distances before joining together at some point of the
bed (panel (b) of Fig. 11.7). The phenomenon is more pronounced for beds containing
beads of non-uniform size and shape (Fig. 11.8a), but can however happen with any
kind of packing. The resulting scattering of the front obeys, like diffusion, the laws of
statistics with elements of fluid moving forwards, sideways, and backwards varying with
position and time. The process can be visualised as a random three-dimensional diffusion
superimposed on the constant velocity flow. Such motion is also associated with a scatter
in the residence time153 [547]. While the phenomenon is well-pronounced, there is no
unanimous point of view on its quantitative effect. In some theories, Eddy dispersion
is considered as independent of the pumping velocity, others account for non-linear
dependencies [548]. This situation is worsened by the fact that many parameters must
be accounted for mathematical modelling of column processes while precise quantitative

152 Eddy dispersion and other phenomena discussed in this section are not limited to ion exchange and can
appear in any particulate and/or porous medium.
153 Residence time is the time spent by an ion to proceed through the ion exchange column.
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cross-section
of channels

(a)

(b)

Fig. 11.7. Eddy dispersion caused by different overall cross-section of the pass-ways (a) and by
different length of different pass-ways (b).

Irregular
particle size

Channelling

(a)

(b)

Channelling
at the walls

(c)

Fig. 11.8. Flow maldistribution caused by non-uniform packing (a), channelling (b), and wall
effects (c).

effect of each parameter on the model outcome often depends on the initial assumptions
and simplifications.
Non-uniformity of the inter-bead voids is not the only cause for the hydrodynamic inhomogeneity. In an extreme case, relatively long open channels may form in the bed as
shown in panel (b) of Fig. 11.8. The probability of such channelling is high if the bed significantly shrinks and swells during the operation. The channels cause a partial by-passing
of the liquid to the exit without proper contact with the exchanger [547]. The channelling
phenomena caused by swelling can appear during the operation and, in some cases, only
at repeated use of the same poorly packed column. This results in early breakthroughs
of target ions through the column [549] and in pure repeatability of operational cycles.
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An uneven distribution of the solution velocity across the bed often occurs in columns
of small diameter where most of the exchanger is located close to the walls (that is the
most common case in laboratory experiments). The packing density is necessarily lower
near continuous surfaces which restricts arrangement of the particles. The phenomenon
is illustrated by panel (c) of Fig. 11.8. The flow rate at a distance of about one particle
diameter from the wall can be more than twice as high as in centre of the column [550].
The wall effect becomes significant when the bed diameter is less than thirty times the
particle diameter [5,550,551].
The previously described hydrodynamic phenomena can be minimised by regular packing
of the column and selecting the material with uniform particle size and shape. However,
there are hydrodynamic phenomena independent of the structure of the bed. These phenomena depend on properties of the liquid phase. So called fingering occurs if voids
between the exchanger beads in the column are initially filled with solution of which
the density and viscosity differ significantly from the solution pumped through the column. Such situation can, for example, take place during treatment of highly concentrated
solutions. If denser liquid is located at the top of the column (pumping of the denser
liquid up–down or pumping the less dense liquid down–up) the boundary between the
two solutions can become distorted in a peculiar manner. Long, uniform-sized “fingers”
of the upper liquid can intrude deeply downwards [5]. The phenomenon is common for
different kinds of column chromatography (even in uniformly packed beds) and can be
visualised as shown in Fig. 11.9.

(a)

(b)

(c)

(d)

Fig. 11.9. Fingering in a chromatographic column. 100×17 mm glass column was loaded with
15–30 µm YMC C18 silica spheres. 500 µL of saturated iodine were injected in pentane solution.
Flow rate was 51.5 mL/min. Time of experiment: (a) 30 sec; (b) 60 sec; (c) 120 sec; (d) 210 sec.
Reprinted from R. A. Shalliker, B. S. Broyles, and G. Guiochon, in: Journal of Chromatography A
[552] 1999, Elsevier ©.
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In porous media the fingering phenomenon overlaps with viscosity effects. Instability of
the front can occur if a less viscous liquid displaces a more viscous one. The opposite
situation (replacement of a less viscous liquid with a more viscous one) favours the front
stability. The phenomenon is explained by the fact that the flow resistance of the bed
is smallest if the displacement is performed with the less viscous liquid. Any accidental
disturbance of the less viscous liquid ahead of the front encounters less flow resistance and
thus the disturbance tends to grow. If more viscous liquid is pumped in the bed filled with
less viscous liquid, such disturbance encounters a higher flow resistance and thus tends
to disappear. High overall flow rate boosts these viscosity effects. The hydrodynamic
stability criterion is [5]
(ηupp − ηbot )pv + (ρbot − ρupp )g > 0
(ηupp − ηbot )pv + (ρbot − ρupp )g < 0

stable
unstable

(11.14)

where η is the viscosity, ρ is the density; subscripts upp and bot refer to the upper and
lower liquids; p is the permeability coefficient of the bed, i.e. pressure gradient required
to produce unit flow rate of liquid with unit viscosity; v is the velocity of the flow that
is positive for down-flow and negative for up-flow operation; g is the gravity constant.
11.5 Quantitative Treatment of Column Processes
Quantitative modelling of column processes is a large area of scientific research which
is not a subject of this book. However, few words must be written to provide the general
ideas. The following text discusses some primary approaches to the column dynamics
beginning from the simplest case when a solution is pumped through the column and
the solute does not interact with the bed. Sorption and ion exchange phenomena are
introduced in the model stepwise.
First, let us discuss a concentration front travelling along a column in the absence of any
interactions with the bed. This takes place when one solution contained in the inter-bead
voids is replaced by another one and the material does not interact or stays in equilibrium
with any of these two solutions. For example, column is filled with anion exchange
materials and the two pumped solutions differ only by cations. Another example is a
column filled with glass beads or even a column containing no filling at all. Concentration
of the solute at a certain point along the longitudinal coordinate x depends on the time t:
C = C(x, t)

(11.15)

The concentration increase at this point during time t is
C = C(x, t + t) − C(x, t)

(11.16)

The change in amount of the solute in the discussed element of the column is
C · x

(11.17)

where x is the volume element of the column. The value (11.17) can be visualised as
a slice across the column longitudinal axis. Amount of the solute in the column element
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can be expressed as the difference between incoming and outgoing fluxes, i.e. as the
mass-balance equation:
C · x = [v0 · C(x, t) − v0 · C(x + x, t)] · t

(11.18)

where v0 is linear velocity of the flow. Combination of (11.16) and (11.18) gives
[C(x, t + t) − C(x, t)] · x = v0 · [C(x, t) − C(x + x, t)] · t

(11.19)

Transformation of (11.19) provides
C(x, t + t) − C(x, t)
C(x + x, t) − C(x, t)
+ v0 ·
=0
t
x

(11.20)

∂
∂
C + v0 ·
C=0
∂t
∂x

(11.21)

C = f(x − v · t)

(11.22)

or, for t → 0,

Solution of Eq. (11.21) is

where v is velocity of the front movement along the column. The previously discussed
example describes movement of the front in the absence of interactions between the
solution and filling of the column. In this case, the front travels with the same velocity
as the flow, i.e. v = v0 .
Let us now consider a column loaded with a sorbent. The change of the solute amount
during time t in the discussed element of the column x consists of these changes in
liquid and solid phases:
C(x, t + t) + C(x, t + t) − C(x, t) − C(x, t) = C · x + C · x

(11.23)

Equation (11.23) is written in a simplest way with concentration C calculated per unit
length of the column. If C is the content of retained substance per volume of the bed,
the column cross-section must be taken into account. If the concentration is calculated
per volume of the sorbent, density of the sorbent must also be accounted. In these cases,
the mass-balance can be expressed in the following ways:

∂ 
∂
ε · C(x, t) + C(x, t) + v0 · C(x, t) = 0
∂x
∂t

(11.24)


∂ 
∂
ε · C(x, t) + (1 − ε) · C(x, t) + v0 · C(x, t) = 0
∂t
∂x

(11.25)

or

where ε is fractional void volume in the column. The difference between Eqs (11.24)
and (11.25) is defined by selected definition of capacity. In the first case (Eq. (11.24))
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the content of retained substance is calculated per volume of the bed while calculations
per volume of the sorbent are used in Eq. (11.25).
If the interdependency between C and C can be described by the distribution coefficient λ
(see Eq. (8.22) in Section 8.4), Eq. (11.24) can be written as
∂
∂
[ε · C(x, t) + λ · C(x, t)] + v0 · C(x, t) = 0
∂t
∂x

(11.26)

∂
∂
C(x, t) · (ε + λ) + v0 · C(x, t) = 0
∂t
∂x

(11.27)

or

In case of the constant shape of the front that is defined by constancy of the selectivity
characteristics, Eq. (11.22) can be substituted in (11.27)
∂
∂
f(x − v · t) · (ε + λ) + v0 · f(x − v · t) = 0
∂t
∂x

(11.28)

Derivation of Eq. (11.28) gives
−v · f  (x − v · t) · (ε + λ) + v0 · f  (x − v · t) = 0

(11.29)

thus providing the relationship between velocity of the sorption front and velocity of
the flow:
v =

v0
ε+λ

(11.30)

Diffusion of dissolved species in the solution pumped through the column can accomplish
the column process by spreading the front along the longitudinal axis. Diffusion in a
stationary homogeneous medium is described by the equation
∂
∂2
C = D 2C
∂t
∂x

(11.31)

where D is diffusion coefficient in the solution. The diffusion-describing term can be
added in the right-hand side of Eq. (11.24) thus obtaining the mass-transfer equation
taking into account the longitudinal diffusion in the column:
ε·

∂
∂
∂
∂2
C + C + v0 · C = D 2 C
∂t
∂t
∂x
∂x

(11.32)

The second term of Eq. (11.32) describes the change of the substance content in the
solid phase. Thus, it can be expressed on the basis of the kinetic principles. For spherical
homogeneous beads, the expression is


∂
∂
C = S · D Cloc 
(11.33)
∂t
∂r
S
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where S is the area of the bead surface; D is the diffusion coefficient inside the bead;
r is the radial coordinate of the bead; Cloc is the local concentration depending on
distance from the bead surface, i.e. on r. Index S indicates that the derivative is taken
on the bead surface. A common simplification is to suggest a linear distribution of the
substance inside the bead, i.e.
∂
CS − C0
Cloc =
∂r
r

(11.34)

where CS is the concentration at the surface and C0 is the concentration in the centre of
the bead. Taking
C0 = a · C

(11.35)

where a is constant, the following equation is obtained
CS − C0
CS − a · C
∂
=S·D·
C =S·D·
r
r
∂t

(11.36)

Equation (11.36) can be written as
∂
C = b · (Ceq − C)
∂t

(11.37)

where
b=S·D·

Ceq =

a
r

(11.38)

CS
a

(11.39)

Ceq is the amount of the sorbed substance at equilibrium, i.e.

∂
∂t C

= 0 if Ceq = Cloc .

Ion exchange systems are more complicated because each column process involves at
least two ions. However, interactions of the ions with the ion exchange material are
interrelated. If local equilibrium conditions are achieved during the column process, this
relationship is

λi ·

Ci
Ci

1

Zi

= λj ·

Cj
Cj

!

1
Zj

(11.40)

that can be derived from Eqs (8.22) and (8.41). The principle of constant ion exchange
capacity

Ci = Q
(11.41)
also links different quantities involved in the model.

262

Ion Exchange Materials: Properties and Applications

Practical calculations consist of solving the system of discussed equations including,
if needed, equations describing other conditions and processes. For example, complex
formation in solution requires replacing analytical concentrations CIon in Eq. (11.40) by
the corresponding concentrations of ions [Ion]. Thus, relationships between values of
CIon and [Ion] must be included. For example, if the complex formation is described by
the stability constant
β=

[IonY ]
[Ion] [Y ]

(11.42)

Equation (11.42), as well as the mass-balance equation
CIon = [Ion] + [IonY ]

(11.43)

are used in the model calculation.
More details on such modelling can be found in literature [553].
Calculations based on equilibrium theory are relatively simple and even used to illustrate
the column performance by the interactive Applet 11. However, the assumption of local
equilibria cannot be extended to the general case. Profitability of many practical ion
exchange processes could be increased by increasing the flow rates above equilibrium
conditions. Outcome of such processes is defined by kinetic factors; thus, equations of
particle and/or film diffusion have to be included in the model. Details of such calculations can be found in different scientific publications and books on chemical engineering
of ion exchange processes [5,449,451,554–556].

CHAPTER 12

Ion Exchange Purification and Separation

The main application of ion exchange materials is the separation of dissolved ions.
Depending on their purpose, ion exchange separation processes can be classified as
following:
• Purification of a solvent is performed when the solvent is the desired product, and
all the dissolved ions are considered as contaminants. The raw material is usually a solution of one or more ionic substances. A typical example is the water
purification done for electronic industry. The requirement is a zero-content of dissolved substances, i.e. all ions present in the raw solution must be removed and
disposed.
• Purification of solution is performed when the product is a solution of certain composition and the raw material is the same or similar solution but containing an
undesirable solute. A typical example is the decontamination of an industrial waste
stream by removal of one or more highly toxic substances. Another example is the
removal of toxic substances from blood during a haemodialysis treatment.
• Extraction is performed when a dissolved compound has to be extracted from a
solution and the exhausted solution has no value. The typical example is the extraction of gold from seawater. The product (gold) is highly valuable while the treated
water can be disposed back to the sea without any additional care.
• The term separation is obviously applicable to all the earlier described cases. However, the case of two products of interests – an ionic substance or a mixture of
target ions and a solution or a solvent – can be named only as separation. The term
separation also includes cases where several ions of interest are obtained as different products. A typical example is obtaining different amino acids from a mixture
prepared by hydrolysis of proteins. Another example is the classical analytical ion
exchange chromatography in which all compounds should be separated prior to the
final detection procedure.
Of course, a practical treatment can combine the previously described processes. “Grey
area” cases can also be named. For example, many water purification processes can result
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in inorganic acids, alkalis, and salts as by-products, while originally targeting to supply
ultra pure or potable water.
The purpose of the ion exchange separation process defines the selection of ion exchange
material and method for the practical application. This selection is also affected by the
scale of the separation process, economical considerations, questions of environmental
safety, and many others. This chapter is targeted to introduce main approaches to the
application of ion exchange materials in chemical separations.
12.1 Elution and Regeneration
When ion exchange materials are applied to extract targeted ions, these ions are transferred in the exchanger phase. Clearly, substances incorporated in the ion exchange
materials have no practical interest. They have to be obtained in a useful form. In the
case of extraction of metal ions, an organic ion exchanger can be incinerated and a
corresponding metal or metal oxide can be collected as the product. Incineration of a
chelating fibrous exchanger to obtain accumulated metallic gold [197] can be presented
as an example. However, the use of ion exchangers as disposable reactants could be a
luxurious procedure because ion exchange resins, while being inexpensive, are not free
of cost. Besides, the incineration is not applicable to extraction of organic and biological substances. As a result, only few ion exchange processes end up in a furnace with
majority of such applications related to nuclear industry [557–563]. In most cases, the
ion exchanger is reused many times in cyclic operations.154
Let us take ion exchange removal of ion B from a solution. The ion exchange material
is in the form of ion A, i.e. the treatment is described by the ion exchange reaction
ZB RZA A + ZA B = ZA RZB B + ZB A

(12.1)

Reaction (12.1) is only the first stage of the operation called the sorption step. When the
sorption is completed, the ion B must be harvested out of the exchanger phase through
a procedure called elution.155 Then the material must be reconverted to the A form for
the next ion exchange cycle. Such re-conversion is called regeneration. Elution can be
associated with regeneration. In such a simple case, reaction (12.1) is reversed and thus
harvesting of ion B and re-conversion of the exchanger to the form A proceed in one
step. Such combining is attractive due to its simplicity, but separate recovery of the
sorbed ion (elution) and transfer of the material in initial ionic form (regeneration) is
also a common case. Questions of combined or separate elution/regeneration steps are
discussed in the following sections. At this moment, the reader has to note that terms
elution and regeneration are not synonyms. The term regeneration is solely used if there
is no interest in the utilisation of ions stripped from the exchanger during this step. The
process is called elution if the ion B is a species of interest, i.e. if the newly collected
solution of B is the target of the overall process. Elution is a process opposite to sorption
in the sense of obtaining the sorbed substance. Regeneration is a process opposite to
154 Cyclic operations in ion exchange treatments will be discussed in more detail in Section 12.2.
155 The elution can also be called desorption or recovery or stripping.
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sorption in the sense of obtaining the initial form of the ion exchanger. If more than
one product has to be separately eluted from the exchanger, several elution steps can be
included in the process. In contrary, the one or two-step156 regeneration is performed
only once at the end of each separation cycle. Of course, a “grey area” between these
two terms also exists. For example, anion exchangers used in biochemical industry
often serve for simultaneous extraction of the target product and for its purification from
coloured contaminants. Both, the product and dyes, are accumulated by the exchanger
during the sorption step. Recovery of the target product is the elution step. The dyes are
removed from the bed with a special solution. The cycle is completed with conversion
of the exchanger to the desirable form, i.e. with the regeneration. The removal of dyes
can be considered both as a part of the regeneration process (because it prepares the
exchanger for the next cycle) or as a separate elution step. Considering the dyes removal
as elution is adequate because it does not convert the exchanger to the desirable form
and is not even connected to the final regeneration, i.e. if the dyes are weakly bounded
to the sorbent, their removal should be done before elution of the product.
Like any chemical process, both elution and regeneration can be performed with different
efficiency. Efficiency of the elution can be characterised by the following factors:
• required amount (volume and concentration) of the eluent;
• degree of the exchanger conversion, i.e. which part of sorbed substances is recovered
from the material and which part of the sorbent is converted to the new ionic form;
• concentration of the effluent.
Relatively concentrated solutions are normally used to remove ions from the exchanger
because the high concentration of the product is preferable. If the ion of interest is eluted,
the eluent must not destroy the product. The eluent must not also contaminate the product
or must be suitable for an easy removal. For example, solution of ammonium is often
used to recover fragile biological substances from ion exchangers. This eluent is easily
evaporated (and recycled) from obtained concentrated solution of the product.
Requirements for the regeneration step are essentially the same with the only difference
being that the regenerant is never in contact with the product. Of course, this is valid
only for the case where regeneration is not combined with the product elution.
Direction of the regenerating flow can significantly affect efficiency of the column process. As an example, let us consider a water deionisation where more than one ion is
removed simultaneously, i.e. where the ion exchange column traps different ionic species.
When the sorption step is performed, most of the strongly preferred ions are accumulated in the first layers of the column near the inlet and other ions distributed along
the column according to the selectivity series [5] (left column in Fig. 12.1). So far as
the selectivity reverse is not a common case, the most strongly sorbed species are most
strongly retained by the exchanger during the regeneration. If the regenerant is pumped
in the same direction as the direction used at sorption (co-current regeneration), the
156 Two-step regeneration is discussed in Section 12.2.
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Fig. 12.1. Comparison of co-current (upper branch) and countercurrent (bottom branch) regeneration. Left panel shows typical load of the cation exchange column used for water purification.
x-axis of each panel represents molar fraction scale. Different columns represent the ion distribution
at different moments of time (arbitrary time scale). The figure is plotted on the basis of computer
modelling taking into account only three types of ions. As an example, these virtual ions can be
assigned to the following selectivity series: Fe3+ > Ca2+ , Mg2+ > Na+ , K+ > H + . The colour
coding of the loading is: black is Fe3+ ; dark-grey is Ca2+ and Mg2+ ; light-grey is Na+ and K+ ;
white is H + . Both regeneration procedures are not extended until complete removal of all sorbed
ions. However, the remains affect only the process with co-current regeneration (upper branch)
that is indicated by remains of Fe3+ (black) at bottom of the column. These remains come from
previous cycle and contaminate the product during the sorption step.

most strongly preferred ion has to be forced through the whole column. This can require
surplus excess of the regenerating reagent. In such cases, countercurrent regeneration
is advantageous (see Fig. 12.1 and Applet 12157 ), i.e. if the sorption is performed with
down-flow, the regeneration has to be done with up-flow, and vice versa. As a result,
the strongly sorbed ions are emitted from the side of the column where they have been
accumulated, and thus forcing them through the whole column is avoided.
It is obvious that the complete or even almost complete elution or regeneration cannot
be performed with stoichiometric amount of the regenerating agent. A scheme of typical
breakthrough curve for these processes is presented in Fig. 12.2. Please note that the curve
has a more sophisticated shape in comparison to the breakthrough curve of sorption (see
Fig. 11.3). This is because both processes are conventionally started after rinsing the
column with pure solvent, i.e. initial concentration at the column outlet is zero for each
ion. Depending on the affinity of the ion exchange material towards the sorbed ion and
on conditions of the regeneration process, the required amount of the regenerant can
157 http://ionexchange.books.kth.se/applet12.html
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Cmax

Clim
VW,1
0

VC

VW,2
Vp V0

Fig. 12.2. Breakthrough curve of a typical elution or regeneration process. V0 is volume needed
for complete regeneration; Vp is the point where the regeneration process is interrupted due to
practical reasons. If a useful product is eluted, its concentration is an important characteristic, i.e.
the product could be useful only if it’s concentration exceeds a certain limit, Clim . As a result, the
eluted solution consists of the product of volume VC with sufficient concentration and of volume
VW,1 +VW,2 containing too low concentration of the product.

vary between 1.2 and up to several tens of the stoichiometric ratios. Kinetics of the
process also affects the regenerant expenses. A faster kinetics results in lower expenses
in column processes allowing the formation of sharper regeneration front. Unfortunately,
a reasonably sharp regeneration front could be unachievable in many cases. As shown by
Fig. 12.1 and Applet 12, a major part of the reagent is spent to remove the last remains of
the loaded ion. Thus, the complete regeneration is not always reasonable from practical
point of view. While research and laboratory scale separations are usually performed
until zero-presence of removed ions in the bed, industrial processes commonly involve
incomplete regeneration (due to economical reasons). Incomplete elution of a product
can also be a good option if value of the raw solution is not terribly high. Justification of
this approach is obvious from Fig. 12.2. Pumping of each portion of the solution through
the column requires same amount of investments while the major part of ions is removed
with first fractions. The amount of ions remaining in the column after regeneration should
not exceed the limit that could affect the quality of the product obtained in the next cycle.
Different fate of ions remaining in the column after incomplete regeneration is illustrated
by Fig. 12.1.158 Remains of the ions at the column outlet (co-current regeneration) can

158 Please pay attention to the second (minor) black area in the upper branch of Fig. 12.1. This area corresponds
to the remains of Fe3+ ions left from the previous cycle.
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significantly affect the product quality while remains of the ions at the column inlet
(countercurrent regeneration) simply join ions brought in the next sorption step and do
not harm.
One more advantage of countercurrent regeneration is the possibility to treat solutions containing some amount of solids. As a rule, solid-containing solutions cannot
be treated with packed bed columns because the bed works as a filtering layer. Solids
are accumulated at the inlet and block the pumping of solutions. Nevertheless, if the
content of solids is not enough to clog the column during one cycle, they can be
removed in the countercurrent regeneration step. In contrast, the procedure with cocurrent regeneration accumulates solids during consequent cycles and inevitably results
in clogging.
12.2 Cycles of Ion Exchange Separation
Columns loaded with ion exchangers are used repeatedly in most of the applications.159
Actual operation cycle could be specific for each particular case; however, a number of
principles can be recognised. When designing cyclic operations, efficient use of the bed
is one of the keys to optimise the process. To achieve an efficient separation, the system
and conditions with high selectivity to the targeted ions are preferred.
In a few cases, the selectivity of the ion exchanger can be reversed in such a way that
the equilibrium is favourable in both the sorption and the regeneration steps. A classical
example is water softening with a strong cation exchanger where small quantities of
Ca2+ , Mg2+ , and other polyvalent cations are replaced with Na+ . In the sorption step a
dilute solution is treated. The target ions are selectively sorbed due to the preference of
ion exchangers to multivalent ions, i.e.


Me2+ [Na+ ]2
Me
KNa = 
> 1 (dilute solutions)
(12.2)
2
Na+ [Me2+ ]
The selectivity is reversed in highly concentrated media

Na
KMe

=

Na+

2

[Me2+ ]


>1
Me2+ [Na+ ]2

(concentrated solutions)

(12.3)

and Na+ efficiently replaces the polyvalent ions. Thus, the ion exchanger can be
regenerated with only little more than the stoichiometric amount of the concentrated
sodium-containing solution. Much of the success of ion exchange in water softening is

159 Most of the approaches which are described later for cyclic column operations are also applicable to batch
ion exchange separation techniques. However, due to essentially higher efficiency, column processes are mainly
discussed. This must not harm the overall picture because the batch processes are much simpler then column
operations.
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Fig. 12.3. Simplest cycles of ion exchange separation: two-step process combining elution and
regeneration (left) and three-step process with separate elution and regeneration procedures
(right).

due to this fortunate coincidence [5]. This effect allows designing a simplest cycle of
ion exchange separation which is illustrated by left panel of Fig. 12.3.
As a rule, however, a high selectivity towards the sorbed ion results in unfavourable
equilibrium and a non-sharpening front at the regeneration step and, hence, to
undesirable expenses of the regenerating solution. In many cases, only a moderate selectivity of the ion exchanger towards targeted species is the best compromise [5]. Nevertheless, highly selective ion exchangers are required for the
efficient removal of small quantities of one species from a surplus excess of competing counterions. Straightforward regeneration of such materials usually requires
excessive amounts of reagents. Performing the regeneration in two steps with
favourable equilibria could be a better choice. For example, one-step re-conversion
of iminodiacetic chelating groups from the Cu2+ or Ni2+ form to Na+ form

CH2 COO−
Cu2+ + 2Na+

N
CH2

COO−

CH2 COO− +Na
N
CH2 COO− +Na

2+
+ Cu (12.4)160

is completely impractical because of the high selectivity of the material towards the transition metal ions (αCu
Na ≈ 2900). These metals, however, are easily exchanged to hydrogen

160 Equations of this section do not include a bar to denote phase of the ion exchanger. The phase indication
is omitted because the same reactions also take place at complexing in homogeneous solutions.
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ions when treated with a strong acid because H + protonates the nitrogen donor atom
destroying the chelate structure:
CH2 COO−
Cu2+ +

N
CH2

3H +

CH2 COO− +H

NH +

COO−

CH2

COO− +H

+ Cu2+

(12.5)

Transfer of charge-compensating co-ions between phases is not shown in Eqs (12.5)
and (12.6) for the sake of simplicity. The obtained H + form is not suitable for sorption
of transitional metal ions. However, it is easily converted to Na+ form by treatment
with NaOH
CH2 COO− +H
NH +
+ 2Na+ + 3OH −
CH2 COO− +H

CH2 COO− +Na
N
CH2

COO− +Na

+ 3H2O (12.6)

Neutralisation of H + by OH− makes the overall equilibrium highly favourable for the
conversion (12.6). This three-step separation cycle is illustrated by the right panel of
Fig. 12.3.
Washing steps are often introduced between operations. For example, a washing is necessary between the elution and regeneration steps in the previously described cycle to
avoid the neutralisation reaction between the alkali solution and remains of the acid contained in the bed. The washing also reduces acidity of the exchanger’s internal solution
causing deprotonation
CH2 COO− +H
NH +
CH2

COO− +H

CH2 COO− +H
N
CH2

+ H+

(12.7)

COO− +H

however, conditions of the washing step are not alkaline enough to complete this reaction.
The general scheme of the ion exchange separation cycle is presented in Fig. 12.4. It
shows that all cyclic ion exchange processes include sorption, elution, and regeneration stages. As described earlier, in a number of cases elution and regeneration could be
integrated in one step.161 Washing steps (if needed) can be incomplete. A rinsing or even
a simple displacement of solution by water is enough in many cases. Some processes

161 Both names are used for the combined elution/regeneration step. The choice of notation could be due to
the main purpose of the operation. If extraction of the ion is performed, the step is referred as elution. If the
process is purification of the solution, purpose of the step is preparation for the next treatment cycle and thus
the step is referred as regeneration.
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271

Washing

Elution

Washing

Sorption

Ion Exchange Purification and Separation

Fig. 12.4. General scheme of ion exchange separation including optional washing steps.

include two or more elution steps in order to elute different constitutes of the sorbed
ionic mixture. Such processes will be discussed later in Section 12.4.

12.3 Removal of Ionic Mixture
Removal of ionic mixture is performed in order to purify the solvent. Generally, the
mixture of ions can also be a product of interest, however, this case is less common.
The solvent purification does not require selective ion exchange materials. A non-selective
sorption of all ions is performed in this case.
Water is the solvent that is most often purified with ion exchange technology. Actually,
the major share of ion exchange materials produced in the world is used in different
water purification processes. A wide diversity of such applications can be mentioned
(from salinity reduction of brackish water to the production of high purity water for
electronic and nuclear industry). Even conventional cartridge-type laboratory water
purification units cannot avoid using ion exchange materials. The most usual applications are summarised in Table 12.1. A water purification process can target both
complete or only partial removal of the ionic mixture. In some cases removal of only
one or only few ions is required. For example, removal of nitrite ion from drinking
water is essential in a number of areas while the produced water must contain certain
inorganic salts [564–567]. Removal of calcium and magnesium ions is the purpose of
water softening procedures [568–571]. Moreover, preparation of the softened water for
boilers conventionally replaces Ca2+ and Mg2+ with Na+ instead of the ion mixture
removal.
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Table 12.1. Main applications of ion exchange materials in water
deionisation processes.
Process

Purpose

Brackish water desalination
Water softening
Preparation of high purity water

Production of drinking water
Water for boilers
Nuclear industry
Electronics
Chemical industry
Laboratory use

Typical schemes of ionic mixture removal are presented in Fig. 12.3 (Section 12.2) and
consist of the following operations:
• Sorption is performed until the maximum allowed concentration in the effluent
(Clim , see Fig. 11.3). Complete loading of the exchanger is useless because at
V > Vlim the effluent does not fit to imposed requirements for the purified solvent
or solution.
• The regeneration stage can be combined with elution because, in most of the
cases, the obtained ionic mixture is considered to be a waste. Separate elution and
regeneration steps could be applied if this allows to improve efficiency of the ionic
form re-conversion. More complicated elution/regeneration schemes could also be
used if recuperation of some ions is required.
• The rinsing (washing) between sorption and regeneration is optional. It is not
performed in most of the cases unless some ions are recuperated.
• The rinsing after regeneration is obligatory. The bed must not contain any ions prior
to the sorption stage because these ions can contaminate the product. Besides water
purification, removal of ions with ion exchange materials is used for purification of
non-ionic species, for example, for demineralisation in dairy [572,573].
The earlier described separation cycle can also be used for removal of one or more
undesirable ions from an ionic mixture. In this case, the ion exchange material must be
highly selective for the ion (or group of ions) targeted for removal (in comparison with
ions remaining in the solution).
Similar techniques are also used for:
• neutralisation of acidic or alkaline solutions without reduction of the total ionic
content; for example,
R− Na+ + H + Cl− = R− H + + Na+ Cl−

(12.8)

• conversion of salts to acids (exploiting reactions opposite to (12.8)) and salts to
alkalis;
• conversion of one salt to another one (that is widely exploited in so called ion
exchange synthesis [112]).
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12.4 Extraction of Ions
One of the main applications of ion exchange materials is the extraction of targeted
compounds from a mixture. Extraction of gold from ore leaching solutions or even from
seawater, extraction of uranium in the enrichment processes, purification of biochemically produced substances, and many more can be mentioned as examples. The targeted
ion can be obtained from a mixture with the use of two main approaches: selective
sorption and selective elution. The first approach allows to get the exchanger completely loaded with the targeted ion leaving all other counterions in the treated solution.
The second approach consists of the sorption of all the present counterions followed
by the selective elution of the targeted compound. The first approach is more efficient
from practical point of view because all the ion exchange capacity is used only for the
targeted ion and, hence, presence of other counterions does not generate a need for larger
columns or for frequent elution/regeneration procedures. However, materials selective
to a number of valuable ions are not developed yet, which could dramatically limit the
choices. Moreover, not one of these two schemes could be efficient enough for some
particular ions. Thus, combined schemes are widely used where only a few ions out of
all present in the solution are sorbed and only one out of the sorbed ions is eluted. In this
case, the exchanger must be selective towards a group of species at the sorption step and
allow selective elution among the sorbed ions. Such schemes are solely combinations of
the two discussed approaches and do not require a special description.
A general scheme of the process with selective sorption is presented in Fig. 12.5. An
exchanger selective towards one ion is used. Only the targeted ion is sorbed at the

Rinsing

Water
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Fig. 12.5. Extraction of ions with selective sorption scheme. Regeneration and last rinsing are
optional; their presence depends on ionic form obtained after the elution step. In many cases,
certain washing/rinsing steps can be reduced to simple displacement of the solution contained in
inter-bead voids by water.
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sorption stage. All other ions remain in the solution. Sorption can be performed in
two ways:
• If the raw solution is valuable, the sorption is conducted until maximum
allowed concentration of the effluent is reached (see Fig. 11.3). The maximum allowed concentration of the effluent is related to the maximum allowed
loss of the product.
• If the raw solution is freely available, complete or almost complete loading of the
bed is performed. The concentration in the effluent is not limited but probably
controlled to monitor the sorption process.
One can wonder how a solution of the valuable targeted ion could be freely available.
A typical example of such application is the extraction of precious metals from seawater.
The seawater contains around 0.5 µg/m3 of dissolved gold [574,575] with 1.5 µg/m3 or
more in special locations [575]. Since the value of seawater is zero, sorption of the gold
involves only the cost of pumping.
In most of the cases, the elution stage of the process with selective sorption is separated
from regeneration because requirement for the product purity limits the choice of suitable
eluents. For example, let us discuss the extraction of an α-amino acid from a biochemical
mixture with the use of a sulphonic cation exchange resin. In acidic environment, amino
acids are cations H3 N +− R –COOH and thus can be sorbed through conventional cation
exchange reaction. At neutral or close to neutral pH of solutions, amino acids are zwitterions which can be presented in a simplified way as H3 N + −R –COO− . The overall
charge of such species is neutral. An ion exchange reaction on metal forms of cation
exchangers does not take place
R−+ Na + H3 N + − R−COO− =

(12.9)

Acidification of the raw solution to convert the amino acid to cationic form prior to the
ion exchange treatment could be undesirable. Fortunately, the stoichiometric reaction
R−+ H + H3 N + − R−COO− = R− H3 N + − R−COOH

(12.10)

can be efficiently exploited if the hydrogen form of the material is used.
Reaction (12.10) is similar to reaction (12.11) that takes place when a solution of
zwitterions is acidified and thus the zwitterions are converted to cations:
H3 N + − R−COO− + H + = H3 N + − R−COOH

(12.11)

Indeed, while entering the ion exchanger phase zwitterions change the environment from
neutral to highly acidic because the hydrogen ions are kept inside the material (due to
the electroneutrality requirement).
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A combined elution/regeneration process with an acidic solution would contaminate the
product with anions:
R− H3 N + − R−COOH + H + + Y − = R−+ H + Y −+ H3 N − R−COOH

(12.12)

i.e. salt would be produced instead of pure amino acid. Moreover, the necessary excess of
the eluting reagent could be present in the product as an impurity. Solution of ammonium
is applied for the elution instead:
−
−+ NH + H N + − R−COO− + H O
R− H3 N + − R−COOH + NH +
4
3
2
4 + OH = R
(12.13)

As was described earlier, the ammonium elution is common in separation processes
because remains of this substance can be easily evaporated from the product. The material
is transformed to the ammonium form and has to be regenerated:
R−+ NH 4 + H + = R−+ H + NH +
4

(12.14)

Different steps of the process with selective sorption are usually separated by rinsing or
washing steps. The rinsing (washing) after the sorption is obligatory because it provides
purity to the product. The rinsing (or, at least, displacement with water) between the
elution and regeneration is obligatory if an alkali is used for elution and an acid for
regeneration or vice versa. It has to be done in order to avoid a rapid heat-producing
reaction inside the exchanger phase that can evaluate vapours destroying the material,
mixing the bed, etc. The rinsing after regeneration is optional and depends on the value
of the raw solution.
In contrary to the selective sorption scheme, the mixture of ions is sorbed in the selective
elution process. The elution is performed in two, three, or more steps in order to obtain
pure fraction of the targeted ion(s). Let us consider a model example of CrO−
4 extraction
2−
−
from a mixture with SO4 and Cl . The selectivity series for most of the general-purpose
strong anion exchange resins (for example, of a styrene–divinylbenzene resin bearing
quaternary amines) is
−
−
SO2−
4 > CrO4 > Cl

(12.15)

The non-selective sorption of the whole ionic mixture is performed. A weak eluent
removes only chlorine ion. Application of a stronger eluent extracts the targeted CrO−
4
out of the column. The sulphate ion can be removed at regeneration with a strong reagent.
Figure 12.6 illustrates the most typical separation cycle with selective elution. Only one
rinsing stage is obligatory that is prior to the stage of the product elution. This prevents
contamination of the product with the reagent used for the step preceding the elution.
Other rinsing stages can be introduced when needed. Of course, if the targeted ion can be
eluted first, the obligatory rinsing follows the sorption, and then rinsing is followed by the
product elution. If the targeted ion is most strongly bounded by the sorbent, the separate
regeneration stage is still required in most cases as was described earlier for selective
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Fig. 12.6. Extraction of ions with selective elution scheme. Only obligatory steps are shown.

sorption processes. The selective elution is often used to extract two or more products
separately during one ion exchange cycle, i.e. several product-generating elution steps
are included. Figure 12.7 illustrates such cases.
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Fig. 12.7. Selective elution of several products.
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Separate collection of several sorbed substances can also be performed in one step by
applying the so called gradient elution. The technique consists of providing steady
changes of the eluent composition. This causes selective mobilisation of sorbed ions
and thus a chromatographic separation. The gradient elution is common as a replacement for a stepwise elution by several reagents which differ in concentration of one
compound or in the total concentration. The eluent is pumped through the column. The
products appear in the effluent in sequence opposite to the selectivity series, i.e. this
process depends on the species-dependent response of the adsorption equilibrium to the

Last product Residuals of
or regeneration regenerant
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eluent concentration. It is perhaps the most widely used operating mode for protein
fractionation. A common example would be the addition of increasing amounts of salt
in the feed of the ion exchange column [284,576–578]. One has to note that, like any
chromatographic process, gradient elution is more reagent- and time-consuming in comparison to multi-step separations while allowing simplicity of the operation. Thus, it is
more common in small-scale separations.
12.5 Multistep Deionisation
As was described earlier, ion exchange is widely used for the complete removal of
electrolytes from solutions. The process is called deionisation or demineralisation or,
in case of water treatment, water purification. Complete removal of electrolytes, unless
they are acids or bases, requires the treatment with both cation and anion exchange
processes. Let us consider the simplest example first. The solution contains only dissolved
NaCl. H + form of cation exchanger is used to replace sodium with hydrogen:
−+
+
−
+
−
RSO−+
3 H + Na + Cl = RSO3 Na + H + Cl

(12.16)

The hydrochloric acid produced is treated by OH− form of anion exchanger
RN + (CH 3 )3 OH − + Cl − + H + = RN + (CH 3 )3 Cl − + H2 O

(12.17)

No ions (exclude H + and OH− from the water dissociation) are present in the product.
The general scheme of such two-stage deionisation process is presented in Fig. 12.8a. The
solution is first passed through the cation exchange bed in H + form and then through an
anion exchange bed in OH− form. All cations (A1 , A2 , . . .) are removed in the first bed
A1 + A2 + · · · + H + → A1 + A2 + · · · + H +

(12.18)

the anions (Y1 , Y2 , . . .) are removed in the second bed
Y1 + Y2 + · · · + OH − → Y1 + Y2 + · · · + OH −

(12.19)

Equations (12.18) and (12.19) are general cases of (12.16) and (12.17).
In most of the cases, the cation exchanger treatment is performed first as illustrated
by Fig. 12.8a. It provides a self-sharpening front with the use of most of the cation
exchangers (for example, with styrene–divinylbenzene resins bearing −SO3 H groups).
The front in the following anion exchange column is self-sharpening because hydroxide
ions released by the anion exchanger immediately react with H + (released from the
cation exchanger in the previous stage)
H + + OH − = H2 O

(12.20)
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Fig. 12.8. Two-stage (a) and four-stage (b) water-deionisation schemes.

Favourable character of the equilibrium can be illustrated as following. Due to neutral
pH of the produced solution, thermodynamic constant of the anion exchange equilibrium
(see Eq. (8.34)) can be written as
K=

aY ·

√

KW

ZY

Y
aZ
OH · aY

(12.21)

where aY and ZY are activity and charge of the removed anion. To maintain a con√
Z
ZY
= KW Y ) the
stant value of K at such low concentration of the competing ion (aOH
anion Y is intensively transferred into the exchanger phase. As a result, reaction (12.20)
dramatically increases efficiency of the overall process.
Production of high purity water is an example of highly efficient application of ion
exchange materials. This efficiency is due to the low content of the ions to be removed.
Let us consider an example where:
• the raw water contains 6 eq/m3 of salts,
• both anion exchange and cation exchange beds have the utilised capacity 2000 eq/m3
of the exchanger bed,
• both beds have the diameter 1.4 m and height of the exchanger bed 1.5 m,
• the flow velocity in the column is 5 m/h,
• concentration of regenerating solutions is 1 eq/L.
Amount of the water treated in one ion exchange cycle is
π · 0.72 · 1.5 · 2000
= 770 m3
6

(12.22)
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The time taken by the sorption step is
770
= 100 h
π · 0.72 · 5

(12.23)

The regeneration of each column produces
π · 0.72 · 1.5 · 2000
= 4.6 m3
1000

(12.24)

of wastes. Concluding, the system of two 2.3 m3 columns can continuously treat 770 m3
of water during 100 h concentrating the ionic compounds in 83 folds.
Water is not the only substance that can be purified by the above described two-column
scheme. The method can be used for any polar solvent contaminated with salts in ionised
or ionisable form.
The two-column deionisation process has certain limitation of the product quality due
to the emission of competing ion in the first column. While passing through the cation
exchange bed (Fig. 12.8a), the solution becomes more and more acidic. The increase
of H + concentration in the solution phase shifts the equilibria (12.16)/(12.18) to the
left-hand side. Thus the efficiency of removal of the last traces of cations becomes rather
poor. Besides, the significant pH change may have other objectionable consequences
(for example, acidic inversion of sucrose when solutions containing sucrose are demineralised) [579–581]. Multistage technologies are applied to overcome the problem. The
solution is passed through several columns loaded with cation and anion exchangers in
turn. The bulk of the cations is replaced by H + in the first column (which can now be run
to a higher breakthrough concentration), and the remaining traces are taken up by later
cation exchange columns after the solution has been neutralised by the anion exchanger.
Figure 12.8b represents a four-column system, however, up to seven columns are used
in standard installations.
As was described earlier, the first bed is usually a strong cation exchanger preferring metal
cations to H + . This secures a self-sharpening sorption front and thus a high efficiency.
In the following anion exchange column, the front is also self-sharpening because the
presence of H + provides the favourable equilibrium. One or more following beds secure
more and more complete removal of the ionic mixture. Last bed of the multi-column
scheme is usually a weak-acid or weak-base material which is more suitable to provide
the final product with neutral pH because, due to the incomplete dissociation of the
functional groups, these materials work only under (anion exchangers) or above (cation
exchangers) neutral pH. Application of the weak exchanger is possible because these
stages do not operate under hard alkali/acidic conditions. Another advantage of weak
materials is the reduced amount of reagents required for their regeneration.
Application of a weak exchanger in the last step is highly efficient from the economical
point of view; however, a much deeper deionisation can be achieved with a mixed bed
column as the last step of the multi-column system. The mixed bed is discussed in the
following section.
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12.6 Mixed Bed Deionisation
The deepest degree of deionisation can be obtained with a single column containing an
intimate mixture of cation and anion exchanger beads, called the mixed bed [5,582].
The technique is widely used in the preparation of highly pure water.162 As a result of
the close distances between beads belonging to two types of ion exchangers, the cation
and anion exchange reactions take place in close proximity to each other. The overall
reaction can be written as
R− + H + R+ − OH + A+ + Y − = R −+ A + R+ − Y + H2 O

(12.25)

where R− and R+ represent two different ion exchange materials. The disappearance
of H + and OH− ions due to the water formation shifts the equilibrium to the righthand side. All interactions described by reaction (12.25) take place locally; the solution
remains neutral. This secures a highly favourable equilibria of both processes involved
and thus almost a perfect utilisation of the capacity and the highest degree of deionisation.
Mixed bed provides ultra-pure water which is used in many industries with the major
users being in nuclear power and electronics.
Significant drawback in the practical use of mixed bed systems is the difficulty of regeneration. No perfect solution has been found yet. In most of the cases two ion exchangers
are separated, individually regenerated, and remixed again. The separation of two materials can be performed by pumping water upward through the column [5,582]. After
cutting off the water flow, the heavier cation exchanger settles below the lighter anion
exchanger (density of conventionally used cation exchangers is ≈1.26; density of the
anion exchangers is ≈1.07). A typical operation for the regenerable mixed bed column is
presented in Fig. 12.9 [5]. After the sorption step the bed is fluidised with water. When the
water flow is cut off the anion exchange resin settles on top of the cation exchange resin.
The two layers are regenerated in sequence. First, alkaline solution is fed downward and
removed through an outlet positioned at the interface of the two materials. After a rinse
removing the alkaline solution, the acidic regeneration is performed by pumping the
acid at the interface and collecting the effluent at the bottom of the column. The residual
acid is rinsed out and finally the bed is remixed (e.g. with air agitation). Feeding the
regenerating solutions is accompanied by water pumping through “idle” layers. This is
done to prevent the regenerants from entering the “wrong” ion exchangers.
Unfortunately, the complete separation is difficult to achieve. Remains of the foreign
exchangers, undesirably involved in the separate regeneration procedures affect quality
of the water produced in the following cycle. Thus, the main problem of the mixed bed
reuse is mechanical in origin and arises from the need to separate the exchangers for
regeneration. Cross-contamination of the individual materials with the wrong regenerant
is a common outcome of incomplete separation of the cation and anion exchangers prior
to the regeneration stage [583]. As a result, non-regenerable mixed bed units are used in
cases of high demand for the product quality. The mixture of exchangers is disposed after
162 Deionisation of water is the most common but only one of the many applications of the mixed bed approach.
The same ideas and principles are successfully used in other separation applications as well as in analytical
techniques.
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Fig. 12.9. Operation steps of a regenerable mixed bed: (a) processing of water (sorption);
(b) fluidising the bed; (c) settling the beads (the beads settle according to their density);
(d) regeneration of the anion exchanger (the water flow is supplied to prevent alkali from entering the cation exchanger); (e) regeneration of the cation exchanger (the water flow is supplied
to prevent acid from entering the anion exchanger); (f) remixing the bed with air flow. Dark
beads correspond to the heavier cation exchanger and brighter beads correspond to the lighter
anion exchanger. Note the imperfection of the beads separation at boundary between layers of two
materials (panels d and e).

exhausting. As a matter of fact, such disposal is not an expensive luxury if the mixed
bed units are used for final “clean-up” in multistage deionisation schemes. Amount of
the ions supplied to the mixed bed from the previous series of ion exchange columns is
so small that one mixed bed unit could produce extremely large amount of high purity
water before exhausting. For example, if 1 m3 mixed bed with volume capacity 1 eq/L
for each type of ions is used for the removal of 5 · 10−5 eq/L of ions from water, the
total capacity of the bed is enough to proceed 20000 m3 of the solution.
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CHAPTER 13

Analytical Applications of Ion Exchangers

Ion exchange separation and purification techniques used in analytical procedures differ
from those used in preparative applications due to the demands on the intensity and
quality of the analytical signal rather than on the product quantity and purity. Ion
exchangers are also used in other, non-separation analytical procedures. This applies
certain specific requirements to the materials and approaches while the same physicochemical principles are being exploited. This chapter briefly introduces the ideas lying
behind analytical applications of ion exchange materials.
13.1 Materials Used in Ion Exchange Chromatography
When speaking about analytical applications of ion exchange materials, ion exchange
chromatography is the first that comes to mind. This is a vast scientific field described
in detail in many comprehensive books and reviews as well as in thousands of primary
scientific publications [584–591]. There is no need to repeat this information here but
some specificity of the chromatographic materials has to be mentioned.
General demands to ion exchangers used in analytical chromatography are the same as to
materials used in larger scale separation processes. The attention is paid to the selectivity
and a reasonable kinetic performance. However, a number of specific requirements are
also imposed due to the need of high reproducibility of the analytical procedure. Smallscale analytical devices allows to use more “exotic” (expensive or obtainable only in
small quantities) materials and sophisticated equipment. A possibility to use high pressure
allows high performance liquid chromatography (HPLC) techniques. This approach is
rarely affordable on a scale larger than laboratory separations.
The ion exchange chromatography is applicable for analyses of all or almost all
ionised and ionisable substances. The diversity of the analytes cannot be listed but few
examples can be given: inorganic ions [592], organometallics, amino acids, carboxylic
acids [587], organic substances used as medications, peptides [593], different groups of
proteins [586,588,591], plasmids [594] and viruses [595], other mixtures of biological
origin [596], and many more.
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The need for reproducibility of the analyses demands high homogeneity of the materials
in all senses:
• chemical structure,
• pore size,
• bead-to-bead properties,
• column-to-column properties,
• run-to-run (on the same column) uniformity.
The last requirement highly demands stability of the material. The stability is not an
issue, only if disposable columns are used for the analyses.
The most extensive use of ion exchangers in analytical chromatography nowadays is
the separation of proteins and other large biological molecules. Ion exchange materials with conventional “non-specific” functional groups are commonly used in such
cases. High demands are imposed on the pore structure because of the large size of
the analyte molecules. Thus, ion exchange chromatography of proteins requires sorbents with large pores while ion exchange capacity could be much less than the capacity
of exchangers used in large-scale preparative separations. The bead size ranges from
2 to 300 µm with the size distribution varying from mono-disperse up to 30% standard
deviation [591]. Most of the chromatographic media are almost spherical, providing a
lower back pressure in a column as compared to non-spherical materials. Volume-effects
accompanying the ion exchange are highly undesirable because they affect the regularity
of the bed packing (see Section 11.4) causing distortion of chromatographic responses
and pure reproducibility of determinations. Thus, materials with zero or almost zero
response of the swelling to change of the ionic form and environment are preferred.
The porous media consisting of separate beads are not the only materials used in protein
chromatography. Non-porous sorbents have also been gaining great interest [586]. The
typical structure of a non-porous stationary phase is a fluid-impervious material with a
layer of functional groups physically or covalently attached to the surface. Use of the
non-porous sorbents eliminates undesirable phenomena caused by the diffusion resistance
inside the particles.163 This offers certain advantages, such as a good recovery of the
analyte and preservation of the biological activity [133]. As was already mentioned,
a relatively low ion exchange capacity is not a crucial obstacle for the chromatographic
applications. Use of micro-sized (0.05–40 µm [586]) non-porous beads has turned out
to provide a surface bearing sufficient amount of functional groups.
Core-shell type of materials can be considered as an intermediate case between conventional ion exchangers and non-porous phases. Such particles consist of an inert core
surrounded by a shell of an ion exchange material. The shell can be a continuous gel
(as was presented by Fig. 11.6 in Section 11.3), or can consist of small sintered particles
as shown in Fig. 13.1. If the separation is significantly affected by internal diffusion,
163 Recall the tailing phenomenon described in Section 11.3.
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Fig. 13.1. SEM micrograph and schematic representation of chromatographic beads consisting
of particulate porous shells and solid cores. Reprinted from J. J. Kirkland, F. A. Truszkowskia,
C. H. Dilks Jr., and G. S. Engel, in: Journal of Chromatography A [596], Elsevier ©.

only external layers of conventional beads can be efficiently exploited. Thus, core-shell
materials can provide an excellent opportunity to perform the chromatographic process
avoiding tailing of the chromatographic peaks. The efficient capacity is not affected by
the use of core-shell exchangers because internal parts of conventional materials do not
do any good in the processes limited by internal diffusion.
Highly cross-linked polymeric ion exchangers are often used in analytical chromatography (see, e.g. [55]). They can behave in a way similar to non-porous sorbents, i.e.
the internal functional groups could be excluded from participation in the ion exchange
reactions. The reduction in number of available functional groups can be compensated
by the small size of the beads. The high cross-linking also provides an absence of the
volume effects accomplishing the ion exchange reactions. Exploiting of such materials
requires a high-pressure equipment that is common in analytical chromatography, but
could be undesirable if a large-scale separation is considered.
An unusual type of chromatographic sorbents are the monoliths, i.e. continuous stationary phases [591,597–599]. Such materials are used as single piece cast in the column.
Its bulk is intersected with channels [600,601] that do not have dead ends (Fig. 13.2).
Owing to this structure, the transport of the solute to the surface is solely by convection
instead of diffusion [602,603]. Monolithic media are characterised by excellent mass
transfer properties and low pressure drops. The large channel diameter makes monoliths
as excellent stationary phases for protein chromatography [591]. Monolithic media are
also suitable for separation of plasmids [594] and viruses [595]. Molecules of such analytes are extremely large and thus cannot be treated with conventional chromatographic
media.
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Fig. 13.2. SEM of a monolith chromatographic medium made of polymethacrylate. Reprinted
from A Jungbauer, in: Journal of Chromatography A [591] 2005, Elsevier ©.

All or almost all types of ion exchange materials have been successfully applied for different needs of chromatography. This includes strong and weak cation and anion exchangers,
chelating materials, redox systems, etc. Besides the straightforward application of the
discussed materials, chromatographic systems widely use non-exchange interactions such
as complex formation in solution, interactions discussed in Chapter 4, etc. A number of
successful attempts have been done to exploit imprinted materials. However, in general,
the non-linear adsorption isotherm and slow mass transfer often associated with imprinted
structures impede their use in chromatographic applications. The resulting band broadening and asymmetry are significant issues that yet need to be addressed [223,604]. Thus,
all or almost all phenomena described in this book have found applications in analytical
chromatography.

13.2 Sensor Applications
An emerging area for application of ion exchange polymers is the designing of ion
exchange sensors or receptors. As a matter of fact, the word sensor has been applied
to so many different analytical devices that an appropriate common definition for all
such units can hardly be found. The reason is that, generally, any selective (within
the analysed system) interaction can be used for sensing of an analyte. Of course,
a necessary requirement is the possibility to monitor some physical property related
to the existence (qualitative sensing) or strength (quantitative sensing) of this interaction. Thus, in most cases, chemical sensors are understood as relatively small and
simple-to-handle devices converting some outcome of a selective chemical reaction to
easy-to-monitor signal: to change of chemical potential, conductivity, spectral characteristics, etc. Simplest examples of such sensors are ion selective and even pH
electrodes.
The most conventional chemical sensor is a membrane electrode. It consists of a
body filled with a suitable solution surrounding a conventional non-selective electrode. A selective ion exchange membrane separates the internal volume of the electrode
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Fig. 13.3. Protamine-sensitive membrane electrode (top) and an expanded view of the extraction
and ion-pairing of the poly-cation with dinonylnaphthalenesulphonate within the membrane phase
(bottom). Reprinted from N. Ramamurthy, N. Baliga, J. A. Wahr, and U. Schaller, in: Clinical
Chemistry [605] 1998, with kind permission of American Association for Clinical Chemistry ©.

from the analysed medium. The sensed ion is exchanged across the membrane, creating the potential. Such electrodes are conventionally used to measure, for example,
calcium, potassium, and nitrate while having almost unlimited areas of other applications.
Figure 13.3 provides an example illustrating interactions inside the protamine-sensitive
membrane electrode based on dinonylnaphthalenesulphonate ion exchanger. Any literature search will supply many descriptions of ion-exchange-based membrane electrodes
for the analysis of different inorganic, organic, and biochemical ions.
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Another straightforward method is the use of ion exchangers for chemical modification of electrode surface (e.g. potentiometric, voltammetric, or conductivity electrodes).
Such modification can enhance analytical selectivity164 of an electrode towards one ion
in comparison with interfering ions. Another benefit is the improvement of the sensitivity
and other characteristics of the electrochemical device. The exchanger provides selective
preconcentration of the analyte within the surface layer. For example, in case of a heavy
metal determination and speciation, a chelating exchanger can be used to discriminate
between the analyte and other solutes. Under equilibrium, response of the electrode is
proportional to the analyte concentration in solution and to the corresponding complex
stability constant or selectivity coefficient of the exchanger. For a slow accumulation
process, the reaction rate (i.e. the accumulation time) should also be considered [606].
The relationship between ion exchange selectivity of the layer and analytical selectivity of
the determination can be illustrated as follows. The general expression for the analytical
selectivity ( ) towards substance A is given by [607,608]:



hi Ci
= 1−
· 100%
(13.1)
hA CA

where
hi Ci represents the total signal of interfering components, hA CA the signal
of the component to be determined, h the sensitivity of the determination under given
experimental conditions, and C the concentration.
At the surface-modified electrode, the exchanger with a preferential binding of analyte A
alters the concentration ratio Ci /CA in favour of ion A increasing the signal and reducing
the interference [606]. Let us consider analyte AZA+ and interfering component BZB+ .
The ion exchange equilibria of these two ions on the ion exchange surface in H + form
is described by the equilibrium coefficients


AZA+ [H + ]ZA
˜A =
K̃
(13.2)
ZA

H
H+
[AZA+ ]


BZB+ [H + ]ZB
˜B =
K̃
(13.3)

ZB
H
H+
[BZB+ ]
The relationships between the initial concentration of components in the sample solution
and the concentration of these components distributed between the solution and ion
exchanger are related as follows:


CA · V = [AZA+ ] · V + AZA+ · V
(13.4)


CB · V = [BZB+ ] · V + BZB+ · V
(13.5)

164Analytical selectivity is the ability to distinguish one analyte, or class of analytes, from other components

of the sample.
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where V and V are volumes of two phases. The concentration ratio B / A can be
expressed from Eqs (13.2)–(13.5). Then, considering Eq. (13.1), the following can be
derived:
⎛
⎞

−ZA
$
A )−1 ·
hB CB · (KH
H+
+ V /V
[H + ]
⎜
⎟
= ⎝1 −
(13.6)
⎠ · 100%

−ZB
$
B
−1
+
+
hA CA · (KH ) · H
+ V /V
[H ]
In trace analysis, the content of hydrogen in both phases is practically constant. Thus, the
ion exchange equilibrium can be successfully characterised by the distribution coefficient
(13.7) and (13.8) instead of the equilibrium coefficient (13.2) and (13.3):


AZA+
λA =
(13.7)
[AZA+ ]


BZB+
λB =
(13.8)
[BZB+ ]
In this case, the following simplified equation can be derived:
!
hB CB · (λA )−1 + V /V
= 1−
· 100%
hA CA · (λB )−1 + V /V

(13.9)

Equations (13.6) and (13.19) can be further simplified ignoring the contribution of V /V
which is negligibly small in most of the analytical applications:


hB CB · λB
= 1−
· 100%
(13.10)
hA CA · λA
One more sensor application is the ion exchange materials providing support for selective
analytical reagents. An example of such an application is cation exchange immobilisation
of chemiluminescent redox reagent tris(2,2 -bipyridyl)ruthenium(II) [609]. Construction
of the sensor is shown in Fig. 13.4. A similar principle has been used for chemilumi2−
−
nescent determination of H2 O2 with IO−
4 , OH , and CO3 immobilized on a strong
anion exchange resin [610]. The luminescence is not the only possible spectral way
to obtain the analytical response. For example, fluorescence water sensor was developed by immobilizing the metal–ligand fluorophore dipyrido1 [3,2-a:2 ,3 -c]phenazine,
di [cis-1,2-bis(diphenylphosphino)-ethylene] osmium(II) hexafluorophosphate onto an
ion exchange resin [611].
There are many studies on the use of imprinted materials targeting to create specific
receptors or molecular sensors [224,250]. Such molecular recognition elements capable
of strong and selective binding of target molecules are highly promising for the development of highly sensitive analytical methods [224,238,612–614]. Besides ion exchangers,
redox materials are widely used in electrode applications. Such an example has been
discussed in Section 5.4 (see Fig. 5.3).
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Fig. 13.4. Construction of chemiluminescent flow sensor containing tris(2,2 -bipyridyl)ruthenium(II) immobilised on strong cation exchange resin Dowex-50 W. (P) is peristaltic pump;
(PMT) is photomultiplier tube. Analysed samples are injected in the flow of liquid carrier. The DC
current is used to regenerate the redox reagent. Reprinted from J. M. Lin, F. Qu, and M. Yamada, in:
Analytical and Bioanalytical Chemistry [609] 2002, with kind permission of authors and Springer
Science and Business Media ©.

13.3 Pre-treatment of Samples
Analytical chemists regularly encounter the problem of insufficient sensitivity of available
detection methods. As a result, low concentrations of analytes impose limits on direct
determinations. Quantitative preconcentration165 of trace analytes on ion exchangers
allows designing efficient analytical procedures. Another problem is the interference of
major composites when trace amounts are analysed. The solution can also be found
in pre-treatment of the samples. Thus pre-treatment is an unavoidable step in many
analytical procedures.
The most common example of the samples pre-treatment with ion exchangers is the
preconcentration of trace metals using chelating resins.166 The need of such operation
originates from the fact that even so sensitive and well-developed methods like
Inductively Coupled Plasma Spectrometry (ICP) or Atomic Absorption Spectrometry
with graphite furnace (GF-AAS) cannot directly analyse many trace metals present in
fresh and sea waters [619–624].
The main difference between analytical and preparative use of ion exchangers is in
completeness of the target ion trapping. The sample pre-treatment with ion exchange
165 Quantitative preconcentration means complete transfer of the analyte to a smaller volume or reduction of

the volume containing the analyte prior to the analysis.
166 Ordinary anion and cation exchangers are of very limited use for the analytical concentrating of trace
elements. Only lithium can be efficiently concentrated by cation exchange [615,616], and only zinc, cadmium,
bismuth, gold(III), and thallium(III) are amenable to concentrating by anion exchange as their anionic chlorine
complexes [617–619].
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columns is considered below. Similar to other applications, ability of columns to accumulate target substances secures a low sensitivity to the volume of treated samples. Thus,
the columns are the most commonly used devices. However, efficient batch procedures
are also known. There are preconcentration methods with some steps (e.g. trapping of
target ions) performed in batch while other (e.g. stripping and regeneration) in column
modes [623]. In some cases, all main steps (trapping and stripping) are performed in
batch while only service operations (washings, regeneration) in column modes [622].
As was already described, preparative treatments are performed until the breakthrough
point or, more often, until some limiting concentration in the effluent (as shown in
Fig. 11.3, Section 11.2). In contrary, the analytical purposes require securing quantitative
retention of the analyte, i.e. the process must never last until the breakthrough point. As a
result, the total exchange capacity of the column must definitely exceed the total amount
of the analyte in the sample plus the amount of competing ions that could be sorbed
simultaneously with the analyte under the same conditions. Obviously, an increase of the
column size ensures trapping completeness. However, the size increase leads to worse
results at the elution (stripping) stage as described later in this section.
Pre-adjustment of the sample could be required in some cases. For example, maintaining
pH high enough to enable chelating of transitional metals by complexing exchangers
(and thus securing the efficient trapping) while not exceeding the pH-limit imposed by
formation of insoluble hydroxides. Thus, mixing of the sample with a buffer solution is
a common procedure.
Elution of the analyte also differs from such procedures in preparative processes. The
stripping must be performed quantitatively and preferably result in the smallest possible
volume of the eluate.167 This leads to a large enrichment and a high recovery of purified
analyte. Ideally, the purity and concentration are high enough to allow direct quantification in the elution step [238,625,626]. This contradicts to the need for larger amounts
of the exchanger at the sorption stage because stripping of the same amount of target
ions from a larger column requires larger volume of the eluent. A balance between the
necessity to complete trapping and undesirable sizing up of the column is required.
In many cases undesirable interfering constituents are also sorbed in the column. In
case of transitional metal determination in water the interfering constituents are alkali
and alkali earth metals. Such ions are associated with chelating exchangers in a much
weaker way than the analysed transitional metals. As a result, they are sorbed nonquantitatively and can be selectively removed from the exchanger with a weak eluent
prior to the stripping of the analyte with a strong stripping agent [621,622].
If the same portion of the material is used in repeated analyses, the regeneration
must be perfectly complete, i.e. absence of the analyte-remains in the sorbent must
be secured prior to each analytical procedure. Thus, importance of the regeneration
cannot be underestimated. This is in contrary to preparative ion exchange separations

167 The ratio between volume of the original sample and volume of the analyte-containing eluate is called
concentration factor. This value reflects efficiency of the concentrating procedure.
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Fig. 13.5. Operation cycle in ion exchange pre-treatment of analytical samples. Optional washing
are not shown.

where the regeneration step could be optimised taking economical considerations and
compromising on the regeneration completeness.
The overall scheme of the sample pre-treatment is presented in Fig. 13.5. Specificity of
the scheme is that all obligatory stages must be performed quantitatively, i.e. all analyte(s)
must be completely sorbed in the first step and stripped in the elution step. The regeneration step must completely regenerate the exchanger, i.e. remove all strongly bound
constituents of the analysed mixture. The only stage (optional) that can be performed
incompletely is the removal of weakly bound interfering ions. Significant reduction of
their content in the concentrated analyte is usually sufficient.
One has to note that the ion exchange chromatographic separation is not solely a feature
of the chromatographic analysis. Such procedure can also be performed as a sample pre-treatment to separate the analyte from interfering substances. In other words,
the chromatographic procedure is not necessarily followed by detection of the effluent and obtaining conventional chromatographic plot. Corresponding fractions of the
analyte can be collected instead in batches and analysed separately. Moreover, several
consecutive chromatographic treatments could be necessary to prepare samples ready for
some analyses [456].
To complete the section, few more applications of ion exchangers for the sample pretreatment have to be mentioned. They are as follows:
• Removal of interfering substances without sorption of analytes.
• Leaching of analytes from solid objects [627].
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• pH adjustment.
• Redox conversion of the sample constitutes.
• Quantitative stoichiometric replacement of the analyte.
An example of the last method can be found in the simplest analytical procedure used
for determination of total content of cations in tap water.168 A sample of tap water is
passed through a column containing H + form of a strong cation exchanger. All cations
are replaced with hydrogen ions. Washing of the column with deionised water removes
remains of the produced hydrogen. Effluents of the sorption and washing stages are mixed
together and titrated with an alkali. The titration results are recalculated per volume of
initial sample of the tap water.
One has to note that ion exchange methods other than the previously described
sorption approaches are also widely used for pre-treatment of analytical samples.
Off-line electro-membrane neutralisation of strongly alkaline samples prior to chromatographic determination of inorganic anions could serve as an example for application of
electrodialysis [628].169
13.4 Ion Speciation in Solutions
Total content of the same chemical element is often distributed between different ionic
species. Investigation of such distributions is a major field of research in Solution
Chemistry. The presence of different ions in the same system can be due to different
reasons. Two main reasons are as follows:
• Stable distributions of the species that are caused, for example, by different oxidation
states of the same element. Such species can be separated from each other and thus
directly analysed. In such cases, the speciation means separate determination of the
species.
• Equilibrium distributions of the species that are caused, for example, by a rapid
complex formation/dissociation equilibria. Such species cannot be extracted separately and the overall system must be investigated. In these cases the targeted
information are corresponding equilibrium constants.
Ion exchange techniques are applicable in both these fields [629–634]. In case of
stable distribution, the ion exchange treatment could be the same as in earlier
described analytical applications. Speciation of chromium can be taken as an example. Cr(III) and Cr(VI) are the major oxidation states of chromium in natural water.
They differ significantly in biological, geochemical, and toxicological properties. To
analyse them, the sample can be passed sequentially through a chelating ion exchanger
bearing iminodiacetic groups (e.g. Chelex-100) and a strong-base anion exchanger (e.g.
AG MP-1). The chelating material retains positively charged Cr(III ) species and the
anion exchanger retains negatively charged species such as humic complexes or Cr(VI).
168 This analysis is a very common lab exercise offered for the first-year chemistry students.
169 Principles of electrodialysis will be discussed in Chapter 17.
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The chromium species retained by each column are stripped and analysed with any
suitable analytical technique, for example, detected on-line with flame AA spectrophotometer [631]. Besides the speciation, such techniques allow concentrating of the samples
[629] (as described in Section 13.3) and thus analyses of trace constituents.
Determination of complexation constants with the use of ion exchangers is useful if
the species cannot be determined directly and if they are sorbed by the ion exchanger
with different selectivity. Obviously, such situation is rather common than exceptional.
An important condition for the investigation is absence of non-stoichiometric and, generally, non-accountable interactions between the exchanger and constituents of the studied
system. Let us consider investigation of complexation between a metal ion MeZ+ and
ligand L− . The complex formation constants are defined as170
βMeLZ−i =
i

]
[MeLZ−i
i
[MeZ+ ][L− ] i

(13.11)

The ion exchange equilibria for each ion can be written as
[A+ ]Z−i MeLZ−i
i
MeL Z−1
˜
i
K̃A+
=  Z−i 

A+
MeLZ−i
i

(13.12)

where A+ is initial ionic form of the exchanger. The investigation is performed with
assumption of K̃˜ = const provided by the appropriate selection of the conditions (most
commonly, a constant ionic strength is maintained). A number of batch equilibrations
are performed by varying the total amount of the metal ion or of the ligand or of the
ion exchanger. One or more analysable quantities are measured for each experiment:
total concentration(s) of constituent(s) in one or both phases, and/or concentration(s)
of analysable ionic form(s), and/or concentration of the ion A+ , etc. The experimental
results are fit with mathematical model defined by the following system of equations:
• Equation (13.11) written for each formed complex;
• Equation (13.12) written for exchange of each complex and for exchange of free
MeZ+ ion (i = 0);
• Total equilibrium concentrations of MeZ+ and L− :
CMe =

n


[MeLZ−i
]
i

(13.13)

i=0

and
−

CL = [L ] +

n


i · [MeLZ−i
]
i

(13.14)

i=1

170 This example is written with the assumption that polydentate complexes of Me2+ are not formed.
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• Mass-balance equations for all members of the system:
0
CMe
·V =V ·

n


[MeLZ−i
]+V ·
i

i=0

CL0

n 


MeLZ−i
i


(13.15)

i=0

−

· V = [L ] · V + V ·

n


i · [MeLZ−i
]+V
i

i=1

·

n




i · MeLZ−i
i

(13.16)

i=1

and
 
CA0 · V = [A+ ] · V + A+ · V

(13.17)

where C0 is initial concentration of corresponding compounds; V and V are volumes
of the solution and the exchanger (note that the initial concentration of ion A+
0 = Q);
corresponds to the ion exchange capacity, i.e. CA
• Electroneutrality principle is written as
n


(Z − i) · [MeLZ−i
] + [A+ ] − [L− ] = 0
i

(13.18)

i=0

for the solution phase and
n


 
+
(Z − i) · MeLZ−i
A+ = Q
i

(13.19)

i=0

for the exchanger phase.
Please note that complexes of some stoichiometric compositions are not formed under
experimental conditions. These complexes can be excluded from the calculations or zero
values can be assigned to corresponding complex formation constants. The same can be
done for complexes which are not exchanged, i.e. constants of ion exchange for neutral
and anionic complexes (i ≥ Z) can be taken as approaching zero.
Solution of the system (13.11)–(13.19) provides values of the complex formation
constants. Values of the constants characterising the ion exchange equilibria can be considered as “by-products”. Please note that the system (13.11)–(13.19) is excessive, thus
some of these equations can be excluded from particular calculations. Such exclusion
can be done taking into consideration the convenience. Precision of the calculations
can be significantly increased if some of the constants are determined from independent
experiments.
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CHAPTER 14

Technological Schemes of Ion Exchange

Earlier chapters deal mainly with properties of ion exchangers and with chemical or
physico-chemical aspects of their applications. This chapter introduces some technology
concepts in order to describe practical methods for the use of ion exchange materials.
It also provides ideas about overcoming chemical limitations with elegant technical
solutions. The approaches described are common in chemical, biochemical, food, and
pharmaceutical productions, as well as in many other areas of industrial separation.
However, they are hardly common in laboratory use due to the complicated equipment
and operations that are unnecessary when small amounts of substances are treated.

14.1 Multicolumn Technology
Chapter 12 describes the cyclic use of ion exchange materials in separation processes.
Any ion exchange cycle includes at least two stages: sorption and regeneration (Fig. 12.3).
Few other steps are also unavoidable in most cases (Fig. 12.4). The cyclic operations
are inconvenient when solutions to be treated are delivered as uninterrupted streams.
This requires additional efforts to combine the non-stop supply of raw solution and
the cyclic treatment process. A multicolumn technology is the most conventional solution for continuous flow treatment. It is also advantageous when large volumes are
processed.
The treatment of a continuous stream with a single-column system should be considered
first. As shown in panel (a) of Fig. 14.1, a storage reservoir is an unavoidable unit for
accumulating the stream during all non-sorption operations: elution, regeneration, and
rinsing. Panel (b) of the same figure shows an example of the time diagram for such
a process. To simplify the calculations, the scheme is constructed for the process with
half the time spent for sorption and the remaining spent for other operations (which is
obviously not a common case when highly efficient materials are used).
The time spent for sorption depends on the flux (J ) of the ion to be sorbed. The flux of
the sorbed ion is used instead of the volume pumped, to emphasise that the column can
297
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Fig. 14.1. Scheme of a single-column process (a) and the time distribution diagram for
its stages (b). Left column of panel (a) corresponds to treatment of the stream (sorption). Right
column illustrates all other operations. The panel (b) presents the diagram for case of equal fluxes,
Jr = J0 , i.e. equal time spent for the sorption and other operations, tr = ts .

accumulate ions independent of the concentration.171 Hence, concentration of the feed
solution can vary; i.e. we consider, to some extent, that a reduction of the concentration
with relevant increase of the pumping rate or vice versa does not affect the process. Thus,
the flux in this discussion is defined as
J=

V
C
t

(14.1)

where V is the volume pumped, t is time spent, and C is concentration of the targeted ion
in raw solution. Equation (14.1) expresses the amount of ion pumped per unit of time.
If all of the pumped targeted ion is expected to be sorbed by the column, the following
equation can be applied:
J=

V
Q
t

(14.2)

where Q is utilised capacity of the exchanger calculated per volume of the bed and
V is volume of the ion exchanger loaded in the column. The process is performed in
the following manner. The feed solution is pumped through the column during the first
step (left part of panel (a) in Fig. 14.1). The time taken for the second step is spent on
column regeneration; thus, the incoming solution is collected in the reservoir (right part
of panel (a)). The sorption step of the next cycle has to treat both the new incoming

171As repeatedly stated, conventional column processes are not very sensitive to concentration variations of

the sorbed substance.
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solution and the solution from the reservoir. This fact is reflected in Eqs (14.3) and
(14.4), i.e. during the time of the sorption step (ts ) the column must accommodate all
the targeted ion that is incoming throughout the cycle (ts + tr ). Here tr is the time spent
for operations other than sorption:
J = J0 + Jr

(14.3)

where J0 is the flux of the incoming solution and Jr the flux of solution pumped from
the reservoir. Obviously,
J0 · (ts + tr ) = J · ts

(14.4)

The amount of targeted ion collected in the reservoir in each cycle can be calculated as
C · Vr = J0 · tr

(14.5)

where Vr is volume collected in the reservoir. Equation (14.5) is given for constant
concentration C. In case of a varied concentration, an integrated function must be used:

C · Vr = tr J0 dt
(14.6)
however, only case (Eq. (14.5)) is considered here for the sake of simplicity.
As far as the whole incoming stream is concerned, the following is correct:
Q · V = J0 · (ts − tr )

(14.7)

Combining Eqs (14.5) and (14.7), one can obtain the following:
tr
Q
Vr
=
·
ts + t r C
V

(14.8)

Equation (14.8) defines the ratio between the volume of the material in the column and
volume of the reservoir.
The idea to use a reservoir looks reasonable due to its simplicity. However, size can be a
problem. Let us consider a practical example. According to regulations, copper content
in industrial effluents must not exceed 0.03 meq/L.172 Let us assume we have a stream
with CCu = 0.13 meq/L; i.e. we must remove 0.1 meq of copper from each litre of the
solution. Volume capacity of a conventional ion exchange resin is 2 eq/L. According to
Eq. (14.8), for a process with tr = ts and a 1 m3 column, the reservoir has to be as large
as 10,000 m3 ! Even if all service operations (excluding sorption) require only 1% of the
cycle time, the reservoir has to be 200 m3 .

172 Please note that the maximum permissible content of copper varies between different countries and between
different types of waste streams. Thus, the value 0.03 meq/L cannot be used as an undisputed universal
reference.
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Fig. 14.2. Two-column scheme of stream treatment.

Using two columns by turns can help solve this problem. The principle is illustrated in
Fig. 14.2. This scheme should work perfectly in case of tr = ts . However, the benefits of
a more efficient system having tr < ts could not be exploited in this cycle (Fig. 14.3). The
column, ready for the next sorption step, has to wait idle. Considering the equipment and
operating area costs, this can be economically infeasible. Besides, in a practical scenario,
this idle waiting can result in many additional undesirable phenomena. For example,
fungi and algae can easily develop in idle columns exposed to biochemical media.
Such “internal life of the column” can consume the product and produce contaminating
substances.
To avoid the idle time, a multicolumn scheme of stream treatment is usually exploited.
The scheme is presented in Fig. 14.4. Columns start to work at different points of time
to provide continuous treatment to the solution.
The number of columns used simultaneously in the sorption step (ns ) can be calculated as
J0 = J · n s

(14.9)

The ratio between the number of columns used at the sorption step and the number of
columns regenerated (nr ) is defined by the ratio between the time spent for sorption and
that spent for other procedures:
ns
ts
=
nr
tr

(14.10)
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Fig. 14.3. Time distribution of two-column processes with different ratio between tr and ts . The
time direction is clockwise.
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Fig. 14.4. A nine-column scheme of stream treatment. For simplicity, the scheme does not include
rinsing steps. Elution and regeneration are combined for the same reason. The stream treatment
step is performed simultaneously with five columns (columns I–V); regeneration step is performed
with three columns (VI–VIII). One column is excluded from the operation cycle to undergo service
operations such as reparation, replacement of the exchanger, etc.
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The total number of columns (n) can be calculated by the sum:
n = n s + nr + 1

(14.11)

Equation (14.11) indicates that at least one extra column is added in order to perform
service procedures: repairing and replacing equipment when needed, replacing or adding
new exchangers instead of deteriorated ones, etc. There is no reason to eliminate the
idle time completely. Such an attempt can result in an enormous number of small units.
In practice, the number of columns rarely exceeds 10.
14.2 Fluidised Bed and Expanded Bed
The conventional packed (fixed) bed columns have two disadvantages: first, very high
pressure drop if the length of the column is significant and second, clogging of the bed
if the treated solution contains solid particles. As a rule, if the treated solution contains
a minor amount of solids, these particles are accumulated at the inlet of the bed, similar
to the accumulation of solids on sand filters. If the regeneration is performed in the
countercurrent direction, such solids are removed, and the subsequent cycles are not
affected. However, if a significant amount of solids is pumped through the packed bed
during one sorption procedure, the bed could be clogged and the performance could be
dramatically affected [635]. In the worst cases, the bed could become impermeable for
solution flow and, thus, even unsuitable for regeneration. Such clogged columns need
complete unloading and washing of the ion exchange material. As a result, pre-treatment
(such as filtration or centrifugal separation) is required in order to prevent the clogging of
conventional packed bed columns [636]. In practical industrial applications, the removal
of solids often creates major operating problems and results in large capital investments
and considerable yield losses.
These disadvantages can be overcome with the fluidised bed mode, which is successfully
used to treat solid-containing solutions. The fluidised bed column is partially filled with
a granular ion exchanger. The solution flows down–up through the bed with a velocity
sufficient to push the beads up into the vessel, causing them to swirl around (Fig. 14.5a).
As the flow velocity increases, the beads swirl to higher up the column and become more
fluidised. The floating of the ion exchanger reduces the hydrodynamic resistance of the
column. Free pass-ways between the beads allow solid particles to be freely transferred
through the bed. Also, the fluidised bed can be established in a batch reactor (Fig. 14.5b);
however, such reactors are not so common because of the lesser efficiency.
As with any technique, the fluidised bed too has its strong and weak sides. As stated
earlier, the advantage is the possibility of processing solid-containing liquids without any
pre-treatment. This is an important feature for hydrometallurgical applications, effluents
treatment, and extraction of fermentation broth products, among others. Another advantage is the low hydrodynamic resistance of the bed. This allows the use of cheaper
pumping equipment and reduces energy consumption. The main disadvantage is the
unavoidable axial (longitudinal) mixing of both phases (treated solution and the suspended ion exchanger) in the column. This phenomenon dramatically distorts the sorption
front, affecting the efficiency of separation. A longer column can be used to compensate
the effect; however, this requires more investment and incurs higher pumping expenses,
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(a)

(b)

Fig. 14.5. Two simplest fluidised bed systems: (a) ion exchange column with fluidised bed;
sorption front is formed but can be distorted by the longitudinal mixing; (b) continuous batch
reactor; the bed is fluidised by a stirrer; no sorption front can be formed.

while, as was shown in Chapter 11, securing the separation improvement only in certain
cases. Another disadvantage of a fluidised bed is the reduced amount of ion exchange
material loaded per unit volume of the column and, hence, lesser ion exchange capacity
of the column and lesser interfacial area of the beads. These disadvantages limit the
practical use of fluidised bed technology to the cases of favourable equilibria and the
fast kinetics of ion exchange.
Fluidised beds are commonly used for biochemical filtrations where the treated solutions
contain many suspended solids: substrates, remains of microorganisms, etc. The constant
movement of the reactor content ensures that there are no dead spots. The velocity of
the solution is controlled so that the beads collide with just enough force to knock off
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any powders. This occurs when the bed is approximately 100% expanded, i.e. when the
exchanger occupies a volume twice as large as it occupies when settled. Air could also be
used to assist in the fluidising process, especially when solution velocities (limited by ion
exchange kinetics) are too low to obtain sufficient fluidising. This is one of the essential
difference with packed bed columns, where the air entering the bed stacks between
the beads and blocks the fresh solution’s access to the surface of the ion exchanger. In
addition, the stack air occupies a part of the column cross section, undesirably increasing
efficient velocity of the solution.
Chemical engineers continuously attempt to suppress longitudinal mixing in fluidised
beds by introducing special reactor designs. Some schemes of such technical solutions
are presented in Fig. 14.6. Despite the apparent difference, all these designs target to
reduce the mixing and establish formation of sharper sorption fronts.
Another approach applicable to the treatment of streams with moderate content of solids
is expanded bed, which is also called semi-fluidised or suspended bed.173 The expanded

Fig. 14.6. Fluidised bed reactors with reduced longitudinal mixing: (a) series of batch reactors
consequently linked with each other. Such a system can be considered as one “pseudo-column”. (b)
column divided with perforated plates that protect the column content from longitudinal mixing.
The principle is similar to the system of batch reactors but one column can have many more
“compartments” than the series of batch reactors in (a). (c) column separated with vertical baffles
simulating a set of small-diameter columns working in parallel. The front distortion is reduced
because the axial movements of the beads are inversely interrelated with the column diameter.

173 Some authors recognise the difference between the terms expanded, semi-fluidised, and suspended bed.

However, their differences (if present) are more technical than chemical in nature and, hence, can be ignored
within the subject of this book.
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bed can be considered as an intermediate case between the fluidised and conventional
packed beds in terms of advantages and disadvantages as well as the technical solutions
used. When a liquid is pumped upwards through a bed that is not constrained at the
top, the bed expands and spaces open up between the beads. Provided the physical
properties of the beads (such as density, size, and shape) are significantly different
from those of the solids in the feedstock, the particulates can pass freely through these
voids in the bed without being trapped [637]. The solution velocity in an expanded
bed column is selected in such way that the beads are lifted up but still touch each
other. They are not fluidised yet, but the flow resistance is already reduced and passways between beads are expanded.174 The bed can expand by several folds without
fluidisation (the degree of expansion is characterised by the ratio between the expanded
and settled bed heights). The balance between the flow “lifting force” and the gravity
force keeping the beads together could be difficult to control. A porous retaining grid
can be positioned at the top of the column to restrict the bed expansion and prevent it
from fluidisation.
Figure 14.7175 illustrates the fact that performance of an expanded bed can be almost the
same as the corresponding packed bed if the right material and conditions are selected.
As expected, the increase in flow rate results in a decrease in the column-utilised capacity.
However, for the presented experiments, the column efficiency in the expanded bed was
more than 90% of that in the packed bed at the same flow velocity indicating a low axial
dispersion in the system [196].
410cm/h, in EB
410cm/h, in PB
190cm/h, in PB
60cm/h, in PB

1.0

C/C0

0.8
0.6
0.4
0.2
0.0

0

10

20
30
40
50
60
Applied BSA (mg/mL adsorbent)

70

Fig. 14.7. Breakthrough curves for the sorption of bovine serum albumin (BSA) from 1 mg/mL
solution on a TiO2 -densified cellulose-based anion exchanger bearing diethylaminohydroxypropyl
weak-base groups. Different curves represent different flow rates. PB denotes packed bed; EB
denotes expanded bed. Reprinted from Y.-L. Lei, D.-Q. Lin, S.-J. Yao, and Z.-Q. Zhu, in: Journal
of Applied Polymer Science [196] 2003, with kind permission of John Wiley & Sons Inc. ©.

174 The clogging with solids can occur even in the expanded bed [635]; however, this technique is much less
sensitive to the solid content in comparison to the fixed bed.
175 The process is not an exchange but physical sorption. However, the expanded bed method is successfully
applied for different column processes and, thus, the illustration fits its purpose.
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In contrast to the packed bed technique, the density of ion exchange material is an
important factor to be taken into account when a fluidised or expanded bed is designed.
Limitations applied by both techniques to the density of used materials are interrelated
with limitations on the operational flow rate. As shown in Fig. 14.8, slow flow and/or high
density of the material would not allow expanding/fluidising of the bed, while fast flow
at insufficient density would push the bed upwards, forming a packed bed system in the
upper part of the column. Yet, density of the ion exchanger is not a non-adjustable characteristic. Incorporation of a second inert phase inside the beads allows manufacturing of
the material tailored for certain hydrodynamic requirements. For example, the presence
of heavy TiO2 cores in the anion exchanger shells allows an overall density increase
and, thus, designing of expanded beds that can be utilised at high flow rates [196]. The
secondary dense phase can also be incorporated as randomly distributed particles. Such
materials are exotic today and, due to the high cost of preparation, suitable for laboratory
rather than industrial applications. However, there are no theoretical limitations for their
further development and use.
Stability of the expansion behaviour is a subject of concern. The expansion could be
unstable if beads of the ion exchanger are inhomogeneous in density, shape, or size.

(a)

(b)

(c)

(d)

Fig. 14.8. Formation of different types of beds dependent on the down–up flow rate of the solution.
(a) Packed bed (low flow rate); (b) expanded bed (increased flow rate); (c) fluidised bed (flow rate
high enough to suspend beads); (d) undesirable formation of packed bed at the top of the column
(very high flow rate).
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Fluidised bed technique is even more sensitive to the inhomogeneity of the beads.
Different beads would distribute along the column’s longitudinal axis, according to their
density and hydrodynamic “friction”. In the best case, bed performance would be uneven
along the column. In worst case, the bed can form different regions varying from a packed
bed part at the bottom inlet of the column (consisting of beads of high density and low
“friction”) to a packed bed at the outlet of the column (consisting of beads of low density
and high “friction”). Figure 14.9 illustrates such a “splitting” of the bed.
Thus the use of fluidised and expanded bed techniques eliminates the need for conventional filtration or centrifugation of the raw solution, i.e. allows the ion exchange

5
4

3

2
1
Fig. 14.9. Disintegration of a bed consisting of beads with inhomogeneous density and/or hydrodynamic shape. The scheme is formally divided into five regions: packed bed at the bottom of
the column (1), expanded bed (2), fluidised bed in the middle of the column (3), the bed with
expanded-like properties that can be formed under the upper packed bed (4), undesirable packed
bed at the top of the column (5). Please note that the density of beads in the fluidised region is
very low and, thus, this part of the column cannot perform as a shorter fluidised bed of desirable
properties.
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treatment of particle-containing mixtures. The main restrictions are the narrow window
of the operational flow rates for each particular material and the relatively strict requirement for bead uniformity. The application of fluidised bed is also restricted by the high
demand to the shape of the sorption front in order to compensate for the longitudinal
mixing.
14.3 Moving Bed
There are a number of disadvantages that are common for separation methods described in
the previous sections. While limitation of conventional packed bed columns for treatment
of solid-containing streams can be overcome with fluidised or, in many cases, expanded
beds, other drawbacks are still present. One common disadvantage is the cyclic character
of conventional ion exchange operations and, thus, a need for multi-unit technology
when continuous streams are treated. Another common disadvantage of both stationary
and fluidised bed columns is that only a limited part of the material is involved in the ion
exchange process at the same moment of time. As shown by Fig. 11.2 in Section 11.1,
only a minor part of the sorbent is located in the region of the sorption front. The
major part idly waits for its turn or for regeneration. The unused-at-the-moment-of-time
material resists the solution flow and occupies significant volume of the column; as a
result, the required equipment size is much larger than the actual reaction zone. Also,
while ion exchangers are not very expensive, their cost should also be taken into account,
i.e. investments in a material that is not in permanent use could be undesirable.
One more disadvantage of the described columns is related to the elution step. Figure 12.2
(Section 12.1) presents a typical elution breakthrough curve. It is not possible to avoid
the outcome of a certain amount of the diluted product. The same can be said about
regeneration. The volume of solution collected from the column at this step is significantly larger, and its concentration is lower than could be desirable. Often, elution and
regeneration processes have to be performed until C ≈ 0 because the product has to
be completely stripped from the column (at the elution step) and the exchanger has to
be completely transformed into the desirable ionic form (at the regeneration step). This
causes the production of highly diluted effluents.
The obvious solution to avoiding idle parts of the column is to find a way for removal
of exhausted exchanger from upper part of the column, regenerate it elsewhere, and
introduce the material at bottom of the column. This could significantly reduce the
column length. The “removal” and “addition” operations are used only in laboratory
experiments. Larger-scale separations are performed in loop reactors that combine all
operations of the cyclic ion exchange treatment, including elution and regeneration, in
one unit. Figure 14.10 demonstrates a scheme of such reactor and flow directions inside
the loop. The same is dynamically illustrated by Applet 13.176 Such loop-like systems are
called moving bed reactors because the bed is transported along the loop. Direction of this
movement is opposite to the direction of solution flow. Due to the direction of bed motion,
many scientists and engineers call the process countercurrent ion exchange. However,
this term conflicts with the term countercurrent regeneration of the ion exchange column
and, hence, is depreciated.
176 http://ionexchange.books.kth.se/applet13.html
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Fig. 14.10. Scheme of the moving bed process. The grey background indicates the exchanger
loaded with target ions; the white background corresponds to regenerated material.

The two halves of the loop reactor shown in Fig. 14.10 and Applet 13 can be considered
as two connected columns with the following functions:
• The left column confines the sorption process. In contrast to the packed bed, the
exchanger is pumped out from the bottom of the column. Regenerated material is
supplied from the top. The sorption front does not move. The exchanger itself moves
instead.
• The right column confines the elution/regeneration process. The regeneration is
performed in exactly the same way as sorption, i.e. the regenerated material is
removed at the point where the regenerating solution is introduced, and the exhausted
material is introduced at another end of the half-reactor.
Figure 14.10 corresponds to the simplest ion exchange cycle with only two stages: sorption and regeneration. This cycle is illustrated in Section 12.2 by Fig. 12.4 (option
with combined elution and regeneration). However, there are no theoretical limitations
for combining more sophisticated cycles in one moving bed reactor. For example, the
cycle with selective elution of several products illustrated by Fig. 12.7 (Section 12.4)
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can be performed in a loop reactor, including two additional elution sections. The
exchanger loaded with different ions is transported first in the section where the weakly
bounded ion is eluted, then in the second elution section, and finally in the regeneration
section.
If the solution net velocity relative to the moving bed is the same as in the corresponding
stationary bed column, and longitudinal mixing is negligible, the sorption front should
have exactly the same shape in both processes. Of course, in practice the shape of the
front is affected by differences in the packing of beads and by many other factors that
are difficult to account for. However, the main principle is the same. Separate fronts
are formed in each part of the moving bed reactor (as was said, each such part can be
considered as a separate ion exchange column). The sorption and regeneration fronts
are essentially stationary (relative to the walls of the reactor), i.e. concentration profiles
inside the column are constant. Thus, when designing the system, the outlet for effluents
from the elution/regeneration flow can be introduced at the most beneficial position,
obtaining constant concentration of solutes in the solutions coming out of the system
[638]. In other words, the targeted ion can be stripped precisely at the position where
C = Cmax for the particular separation process (see Fig. 12.2), i.e. concentration of
the stripped solution can approach the theoretical maximum without any product losses.
It also decreases the amount of wastes produced in comparison to conventional periodic
ion exchange processes. Other advantages of the moving bed technique are process
continuity and the reduced size of ion exchange columns and auxiliary equipment.
All steps of the process presented in Fig. 14.10 are countercurrent, i.e. the exchanger
and solution are moved in opposite directions. The regeneration process has the same
advantages as the countercurrent regeneration in packed bed columns (see Section 12.1).
Besides the higher efficiency of regeneration and rinsing, this also allows immediate
removal of the solids (see bottom-left corner of Fig. 14.10). However, co-current direction of the rinsing water flows could also be of use. These flows can be utilised to push
the material to circulate along the loop. In this case, the rinsing flows must be hydrodynamically much stronger than flows of treated and regenerating solutions. This method of
exchanger propulsion cannot be considered convenient; nevertheless, it is used in some
cases. Actually, the main problem of moving bed reactors is in providing a steady motion
of the sorbent along the loop. In practice, the motion is often performed by periodical
pushes; this implies that the true continuity of the process is sacrificed [639]. Such a
system with periodical movements is called a simulated moving bed.
One of the most successful simulated moving bed reactors, Higgins contactor, is shown
in Fig. 14.11.The reactor incorporates an extraction or treating section through which the
main feed passes in down-flow. This section is connected with a large-diameter pipework
as a continuous loop around which the material circulates in increments during transfer
operations. Therefore there is a net flow of the exchanger from extraction to backwash
to regeneration to rinse and again to extraction. During the ion exchange treatment of
solution (first panel of the figure), the packed bed fills the extraction and regeneration
sections. The sections are isolated from each other by valves A, B, C, and D. During the
transfer, external flows of liquid are switched off and the main loop valves A, C, and D
are opened to allow the exchanger to be moved around incrementally by the action of the
displaced water. Valves A, C, and D are closed, and the slug of material is backwashed
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Fig. 14.11. Water deionisation with Higgins contactor. The contactor consists of four parts connected with large-diameter pipe-work: deionisation section (1), regeneration section (2), propulsion
section (3), and expansion section (4). Sections are separated by valves A, B, C, and D. Valves controlling the liquid flows are not numbered. Light-grey background indicates a fresh ion exchanger;
dark-grey background indicates an exchanger loaded with ions. All ion exchange processes take
place during the first stage (left panel). A strong pulse of water provides the exchanger with
stepwise motion at the pulse step.

before opening valve B to let it settle into the pulse section. More schemes of moving
bed reactors can be found in the related literature [95].
Despite its advanced nature, wide application of the moving bed technique is hampered by
a number of problems. As was said earlier, the main difficulty is in providing the circular
motion of the exchanger. Another drawback of the moving bed is the instability of the
process. In practice, keeping optimal points of the fronts exactly at the column outlets
is a very difficult task. Certain advantages of column processes, such as robustness, are
scarified. The third problem to be mentioned is longitudinal mixing of the exchanger at
the circular transportation. This problem is similar to the problem of longitudinal mixing
in fluidised bed reactors. Actually, the moving bed reactors often work in fluidised bed
mode. The problem caused by longitudinal mixing is exactly the same in both cases.
One more problem has to be considered. It is the mechanical deterioration of the ion
exchange beads through continuous exploitation. The beads are slowly ground into a fine
powder, which is discharged from the reactor through outlets. The material is wasted, and
the product is contaminated. Replacing the deteriorated exchanger involves significant
expenses. There are three main reasons for extensive mechanical deterioration of the
beads in loop reactors:
• Even simple friction of beads with each other and with walls of the reactor results
in significant deterioration.
• No valve that can work without damaging the beads has been invented.
• If the motion of beads is provided by mechanical pumping, material deterioration
can be enormous due to contact with moving/rotating parts of the pumps.
To conclude the section, the moving bed technique can be compared with conventional
column processes. This comparison is presented in Table 14.1.
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Table 14.1. Advantages of moving bed technique vs. advantages of conventional column
processes.
Conventional column processes
• The equipment is simple and of low cost.
The design and fabrication are also
simple.
• Long lifetime of the ion exchange
material is secured.
• Operation is simple.
• The process is highly stable. It is
insensitive to flow disturbances, to
variations of the treated solution
composition, etc.
• Longitudinal mixing is absent (excluding
fluidised bed).
• Solid-containing solutions can be treated
with fluidised bed mode (but not with
other techniques).

Moving bed
• The process is continuous.
• Concentrations of collected products are
close to the theoretical maxima.
• No losses occur at switching between
technological stages.
• The material use is highly efficient, i.e. a
high percentage of the ion exchanger is
doing “useful work” at the same moment
of time.
• Lesser operating space is required.
• Lesser number of supplementary
equipment is required.
• Solid-containing solutions can be treated
directly without clogging the bed.
• The pressure drop is low.

As already said, providing a circular motion of the sorbent is a difficult task and, in
practice, can be carried out by periodical pushes. A reasonable development for the
idea of periodic movement would be to move portions of the material incorporated in
cartridges. This brings us to a system of short columns connected consequently. As a
result, some authors use the term moving bed or simulated moving bed for systems of
fixed bed columns associated in cascades [640]. However, the cascade system has more
differences than similarities to the true moving bed and is thus described separately in
Section 14.4.

14.4 Consecutive Columns (Cascade)
As described, the steady motion of the ion exchanger in the moving bed can be replaced
by periodical transportation of the portions, i.e. the continuous process can be mimicked
by the pseudo-continuous sequence. A logical solution is the transportation of the sorbent portions together with surrounding segments of the column. Panel (a) of Fig. 14.12
presents a conventional fixed bed column. The sorption front is long. It occupies more
than half of the column. Now, let us split this column and disconnect the obtained sections. The result is a number of very short columns. Each such section is much shorter
than the length of the sorption front. However, if connected together consequently by
pipeworks (as shown in panel (b) of Fig. 14.12), they can act as a single ion exchange
column. Of course, the sorption front could be distorted by such change in the column
geometry; however, this distortion is usually much less significant than the front distortion caused by longitudinal mixing in the moving bed reactor. The exhausted column
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Fig. 14.12. Conventional (a) and corresponding cascade (b) columns. The sorption front is indicated by the boundary between grey and white backgrounds (fresh and exhausted exchanger). Only
part of column (a) occupied by the sorption front is in actual use at one point of time. Columns
2–6 of panel (b) correspond to this part. Columns 1, 7, and 8 can be excluded from the cascade
(at this point of time) and undergo elution, regeneration, and service operations.

(top column in Fig. 14.12) can easily be disconnected, separately regenerated, and connected to the bottom of the cascade. The cycle of the columns’ “journey” is shown in
Fig. 14.13. Of course, there is no particular need to move columns. The solutions can
be redirected by switching valves instead. However, there are industrial systems with
rotating sets of columns. They are called carousel installations.
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Fig. 14.13. Cyclic use of columns in a cascade system. If a service operation is required, any
column can be excluded from the cycle at any point of time and replaced with a regenerated
column that is introduced in position 6 at the purified solution outlet.
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Table 14.2. Comparison of the cascade with other types of ion exchange columns.

Comparison with fixed bed
Advantages
• Pseudo-continuous process.
• Negligible losses around the steps
switching.
• High efficiency of the exchanger use.
• Possibility of treating solutions
containing moderate amount of
solids.
• Moderate clogging.
• Higher average concentration of the
eluted product.
Disadvantages
• Many units of equipment are in use.

Comparison with moving bed
• Simple equipment.
• Simpler operating.
• Absence of longitudinal mixing.
• Low sensitivity to the treated
solution composition and flow rate.
• High stability of the process.
• Long lifetime of the exchanger.

• Pseudo-continuous process.

• More operating space is required.

• Many units of equipment are in use.

• Many control points are required.

• Many control points are required.

• Complicated operation.

• Much more operating space is
required.
• Less tolerance to the presence of
solids.
• Higher number of supplementary
equipment.
• Lower average concentration of the
eluted product.

Comparison of the cascade technology with other approaches is presented in Table 14.2.
As one can see, the central disadvantage of the method is the need for a high number
of columns, control points, valves, and other equipment that reduces convenience of the
technology. However, the stability of the process and tolerance to variations of conditions
make the cascade a first-choice technique. Particularly, the method is attractive in cases
where sorption fronts are long and composition of the raw solutions could vary.

CHAPTER 15

Dual-temperature Separation

The main disadvantage of conventional ion exchange separation arises from the use of
auxiliary reagents (most often acids or alkalis) in elution and regeneration steps. The
regeneration reagents are sources of environmental pollution unless additional waste
treatment operations (expensive in many cases) are introduced. This problem is not so
dramatic for water purification technologies because the amount of wastes produced is
very small in comparison to the volume of water purified. The application of ion exchange
for extraction of chemical substances results in the production of wastes on the same
order of magnitude as the product itself. Another problem related to the use of auxiliary
reagents is contamination of the product by ions introduced at the elution step.
In many cases, solution to the problem can be found by using parametric separations and,
particularly, dual-temperature ion exchange processes. This technique usually exploits
the temperature dependence of sorbent selectivity towards desired ions. For example, the
selectivity of many carboxylic cation exchangers for alkali earth ions strongly depends
on temperature. The sorption is performed at the temperature corresponding to higher
selectivity. The following temperature change initiates desorption of the accumulated
ions and, thus, regeneration of the material. Obviously, this approach is applicable only
to reversible reactions characterised by relatively high values of H (for example, dualtemperature separations have been performed on zeolites of different types and crystalline
structures exploiting H in the range of 15–20 kJ/eq [641]). Both polymeric and inorganic ion exchangers are known to be used in such systems. Thus, the method is widely
applicable. However, it also possesses certain limitations, which will be discussed later
in this chapter.
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15.1 Parametric Elution
All methods described in the previous chapters use external reagents to strip target ions
from the exchanger. For example, if the cation exchange reaction
RA1 + A2 + other species = RA2 + A1 + other species

(15.1)177

describes the sorption step, the ion A2 should be eluted using another ion (an external
reagent)
RA2 + A3 + Y1 = RA3 + A2 + Y1

(15.2)

where Y1 is a co-ion. The regeneration
RA3 + A1 + Y2 = RA1 + A3 + Y2

(15.3)

is performed to obtain the initial A1 form of the exchanger. The process requires the
introduction of external salts A3Y1 and A1Y2 . Reactions (15.2) and (15.3) can be combined
in one step; however, the introduction of an external substance (in this case, A1Y1 or
A1Y2 ) cannot be eliminated.
Parametric approaches have received attention due to the possibility of reversing reaction
(15.1) without the introduction of any external substance. Reversing of the equilibrium
forward and backward can be induced by periodical changing of a thermodynamic variable, i.e. temperature or pressure, that affects the equilibrium distribution of the sorbed
material between the liquid and solid phases. The simplest case of such a separation is
shown in Fig. 15.1.
The idea of parametric ion exchange separation is based on the general thermodynamic description of chemical reactions. Equilibrium (15.1) is characterised by the
thermodynamic constant
K=

aRA2 · aA1
aRA1 · aA2

(15.4)

that depends on temperature and pressure:


d
Ho
ln K =
dT
RT 2
P


d
Vo
ln K =
dP
RT 2
T

(15.5)
(15.6)

177 Subscripts in this and the following equations indicate the numbering of ions, and not the number of ions
in the molecule.
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Fig. 15.1. Simplest cycle of dual-temperature ion exchange separation. The same raw solution is
pumped through the column. The temperature is altered between T1 and T2 . T1 corresponds to a
higher affinity towards the target ion and, thus, corresponds to the sorption half-cycle. Desorption
happens at T2 , which corresponds to the reduced affinity.

where T is absolute temperature, Ho is reaction enthalpy, P is pressure, and Vo is
the change of the system volume. Unfortunately, ion exchange processes are not accompanied by significant volume changes, i.e. Vo →0. Thus, the pressure dependencies
described by Eq. (15.6) are small and, hence, cannot be efficiently used to reverse most
of the ion exchange reactions. In contrast, the temperature dependence (15.5) can be
exploited in a number of cases.
A straightforward separation process with parametric elution is often referred to as the
temperature-swing mode. The separation is performed according to Fig. 15.1 and is
dynamically illustrated by Applet 14.178 The treated solution is pumped continuously
into the bed of the ion exchanger in a mixed ionic form of the same ions as those in
the solution.179 After accomplishing the step, the temperature of the column is changed
alternately from “cold” to “hot” and vice versa. Throughout the process, the flow of the
solution is divided into two parts: one is collected during the “cold” stage of the process
and another in the “hot” stage. The concentration ratio of the separated components
differs for the two obtained solutions [641]. In case of only two ions present in the
solution, one of the collected fractions is enriched with one ion and depleted in another.
The second fraction contains the opposite ratio of ionic concentrations.

178 http://ionexchange.books.kth.se/applet14.html
179 When the first separation cycle is started, any suitable ionic form can be used. For example, if the first
stage of the cycle has to remove cations and emit hydrogen instead, H + form of the cation exchanger would
be most suitable.
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Fig. 15.2. Breakthrough curves of temperature-swing ion exchange separation of alkali ions with
inorganic ion exchangers. (a) Separation of 2.5 M NaCl–0.02 M CsCl mixture on Clinoptilolite
(Dzegvy, Georgia); (b) separation of 1.0 M LiCl–0.021 M KCl mixture on Zeolite Y. Reprinted
from V. A. Ivanov, V. D. Timofeevskaja, O. T. Gavlina, and V. I. Gorshkov, in: Microporous and
Mesoporous Materials [641] 2003, Elsevier ©.

The dual-temperature system cannot provide the complete separation of ions; however, even such a simple technique as the temperature-swing mode allows significant
enrichment/depletion of the target ion concentration. Figure 15.2 illustrates the dualtemperature treatment of alkali ion mixtures (conventionally considered to be difficult to
separate) with the use of columns loaded with inorganic ion exchangers. Carboxylic
cation exchangers can also provide the temperature sensitivity of thermodynamic
characteristics that can be successfully exploited for the dual-temperature separation.
Figure 15.3 shows a successful purification of NaCl solution from calcium impurity
[642]. The practical efficiency of the process is also due to the fact that the ion targeted
for removal (Ca2+ ) is present in a smaller concentration.
15.2 Sirotherm Process
The most recognised process based on dual-temperature separation is Sirotherm desalination. Sirotherm utilises ion exchange resins having the unique ability to be regenerated
from the loaded salts with hot water, rather than with chemicals (the dual-temperature
approach). It therefore offers a cheap method for desalting waters of natural or
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Fig. 15.3. Purification of 2.5 M NaCl from impurity of calcium (0.01 M Ca2+ ). The ion exchanger
is KB-4 (gel-type polymethacrylic resin with 6% of divinylbenzene cross-linking). Please note
that the plot shows the results of experimental runs. As explained in Section 11.2, practical cyclic
operations do not suggest such perfection in loading of the column at purification half-cycles
(curves 1). Reprinted from V. A. Ivanov, V. D. Timofeevskaja, and V. I. Gorshkov, Reactive Polymers
[642] 1992, Elsevier ©.

industrial origin. It also has an environmental advantage over the conventional chemically regenerated systems in that the amount of waste salt discharged in the effluent is
substantially reduced. For example, water containing 1000 mg/L of sodium chloride can
be treated to bring the salt content down to the potable limit of 500 mg/L, with a yield
of 85%. The remaining 15% of the feed water is used as the regenerant at 80◦ C. The
average effluent concentration is 3800 mg/L, which includes the salt stripped from the
ion exchanger. The process is effective on waters having up to 3000 mg/L of dissolved
salts and, because no chemicals are necessary in the normal sense, it is competitive
(depending on the raw water composition) with other processes, such as reverse osmosis, electrodialysis, and conventional ion exchange. It is not suitable for treating more
concentrated water such as seawater, which has a salt content of 35,000 mg/L [643].
The Sirotherm process is performed on specially designed carboxylic resin. The metal
ions are sorbed from the treated water at ambient temperature and stripped by the same
feed water at elevated temperature (see Fig. 15.1). To explain the physico-chemical
principle, let us consider interactions in the system. The solution is pumped through the
column at ambient temperature. The sorption process can be written as
2R − COO− + 2H + + Ca2+ = 2R − COO− + Ca2+ + 2H +

(15.7)180

180 Reaction (15.7) is written for ion exchange of Ca2+ . Exactly the same can be written for magnesium

because the considered water treatment usually targets these two ions together.
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and is characterised by the corresponding reaction constant
Ca

KH



Ca2+ [H + ]2
=
2
H + [Ca2+ ]

(15.8)

The value of this constant does not depend on temperature enough to make the process
thermoreversible. Nevertheless, the same water can successfully regenerate the sorbent
at an elevated temperature. To explain it, all reactions taking place on the system must
be considered. The temperature increase boosts the water dissociation
H2O = H + + OH −

(15.9)

The temperature dependence of the corresponding dissociation constant
KW = [H + ][OH − ]

(15.10)

is illustrated by Fig. 15.4. The peculiarity of Sirotherm resin is its sensitivity to hydrogen ion concentration exactly in the range of the thermo-initiated change of [H + ].
Reaction (15.9) forces the functional groups of the sorbent to protonate

R − COO−

+ H+

= R − COOH


R − COOH


=
KD
R − COO− H +


1

(15.11)

reversing the reaction (15.7) as follows:
(R − COO− )2 + Ca2+ + 2H + = 2R − COOH + Ca2+

15

pKW
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Fig. 15.4. Temperature dependence of water dissociation.

(15.12)
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Please note the difference between reaction (15.7) and reversed reaction (15.12). This
difference illustrates the two different states of Sirotherm functional groups: protonated
and deprotonated.
The discussed thermal regeneration process can be described by the following
mechanism:
• The increase of temperature initiates production of hydrogen ions through reaction (15.9).
• The hydrogen ions produced participate in reaction (15.11), protonating carboxylic
groups of the resin.
• The reaction (15.11) removes charged carboxylic groups from the overall equilibrium (15.1), causing desorption of calcium ions.
The summarised reaction of regeneration can be written as
2R − COO− + Ca2+ + 2H2O = 2R − COOH + Ca2+ + 2OH −

(15.13)

The reaction (15.13) is characterised by the reversed separation factor αCa
H that can be
written as a combination of constants (15.8), (15.10), and (15.11):

1
=
αCa
H

2 

2
Ca
2
Ca2+ OH −
R − COOH
KH · KD
=
2 


2
KW
R − COO−
Ca2+

(15.14)

Expression (15.14) shows that the temperature changes strongly affect the separation
factor due to the square power dependence of α on the constant of water dissociation.
While being highly successful, the Sirotherm process has its specific area of application
and cannot be easily extended to other separation needs. The reason is that the specially
designed Sirotherm resins provide selectivity only towards certain types of ions. These
materials have a narrow work interval of pH that limits their applicability even more.
One has to note that the name Sirotherm is often applied nowadays to other dualtemperature processes that do not actually exploit the same chemical phenomena.
15.3 Principle of Parametric Pumping
Parametric pumping is a special technique introduced in 1966 [644]. It allows the use of
sorption systems of low selectivity and low temperature sensitivity in dual-temperature
separations. The simplest variant consists of splitting the treated solution into two equal
volumes. The volumes are repeatedly in contact with an ion exchanger in a periodically
changing way. Separation is carried out by altering an external parameter (temperature,
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pH value, ionic strength, chemical potential, etc.) that affects the sorption equilibrium.
By synchronising the periodical alterations of this parameter with the changing of the contacting half-volumes, some dissolved components are transported into one half-volume
while other components are transported in the opposite direction. The most important
feature of this process is the elimination of the need for external chemicals [645].181 The
periodical process eventually results in a steady-state concentration difference between
two half-volumes [646]. To demonstrate how the parametric pumping works, let us consider the simple scheme presented in Fig. 15.5. The process is performed in batch; no
column is involved. An exchanger shuttle (in small-scale laboratory experiments, the
shuttle can look like a tea bag) is transported between two stirred reservoirs kept at
different temperatures. At the beginning of the experiment, the reservoirs are filled with
the same solution containing counterions A and B. The ion exchange is described by the
reaction
RB + A = RA + B


A
RA [B]

KB = 
RB [A]

(15.15)
(15.16)

Fig. 15.5. Batch parametric pumping (“tea bag” mode). The shuttle is contacted in turn with
solutions kept at different temperatures. The repeated procedure redistributes ions between the two
reservoirs.

181As a matter of fact, if pH, ionic strength, or chemical potential is the altered parameter, the corresponding

chemicals are introduced into the system. However, quantities of these periodic additions are much less than
the quantities needed for conventional regeneration.
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Fig. 15.6. Thermodynamic representation of parametric pumping. Characteristics of the model:
volume of each stirred reservoir is 100 mL; volume of the ion exchanger is 50 mL; ion exchange
capacity is 2 meq/mL; and initial concentrations: [A]0 = 1 mM, [B]0 = 10 mM.

Figure 15.6 illustrates thermodynamic representation of the separation process, which is
performed in the following steps:
1. Both reservoirs contain the same initial solution of ions A and B. The shuttle is
placed in the left reservoir and stays there until equilibrium is attained (point 1 on
the upper isotherm in Fig. 15.6).
2. The shuttle is moved to the right reservoir. The ion exchange reaction (15.15) is
shifted to the left-hand side due to the temperature change. A certain amount of A is
released, and a certain amount of B is sorbed by the shuttle. The right solution
is enriched in A and depleted in B. Point 2 of the bottom isotherm (Fig. 15.6)
illustrates this equilibrium.
3. The shuttle is moved back to the left reservoir. The ion exchange reaction (15.15)
is shifted back to the right-hand side. A certain amount of B is released, and a
certain amount of A is sorbed. The left solution is enriched in B and depleted in
A (point 3 of the upper isotherm).
4. The shuttle is moved to the right reservoir again. An additional amount of A
is released, and some amount of B is sorbed. The right solution is additionally
enriched in A and depleted in B (point 4).
5. The cycle is repeated several times (point 5 and so on).
Figure 15.7 demonstrates the results of such parametric separation for two different compositions of the initial solution. As one can see from Figs 15.6 and 15.7, equilibria states
gradually “slide” in different directions along the two isotherms corresponding to the
two temperatures. The compositions of the two solutions are changed correspondingly.
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Fig. 15.7. Ion separation with a batch parametric pumping (see Fig. 15.5). Characteristics of the
model: volume of each stirred reservoir is 100 mL; volume of the ion exchanger is 50 mL; ion
exchange capacity is 2 meq/mL; (KBA )1 = 40; (KBA )2 = 4; initial concentrations: [A]0 = 1 mM
in both cases, [B]0 = 1 mM for the left panel, and [B]0 = 10 mM for the right panel. Symbols
represent concentrations of ions in reservoirs. Bars show distribution of the total capacity between
the two ions (ionic fractions).

Due to the repeated treatment of the same solution, high separation degrees are achievable
even if the effect of temperature is small.
Quantitative description of the process is rather simple. Figures 15.6 and 15.7 were
obtained with equilibria calculations solving the same system of equations for each
separation step. The system includes:
• Equation (15.15)
• Equations of mass-balance for each ion


[Ion]i−1 · V + RIon

i−1



· m = [Ion]i · V + RIon · m
i

(15.17)

where V is volume of the solution, m is amount of the ion exchanger, and i is
number of the separation step
• Expression for the ion exchange capacity
Q=



RIon



(15.18)

Dual-temperature Separation

325

If the number of cycles is sufficient, the separation limit can be achieved. The limit
can be defined as shown in the following. Equation (15.16) can be written for the two
reservoirs of Fig. 15.5 as

A
(KB )1
A
(KB )2


=

=

RA
RB
RA
RB


1
1



2
2

[B]1
[A]1
[B]2
[A]2

(15.19)

(15.20)

The separation limit is achieved when there is no exchange between the material and
any of the two solutions, i.e. when both Eqs (15.19) and (15.20) are fulfilled at the same
composition of the exchanger:



RA
RB




1

RA

1

RB

 = 


2

(15.21)

2

Combination of Eqs (15.19)–(15.21) gives
A

(KB )1

A [A]2
[A]1
= (KB )2
[B]1
[B]2

(15.22)

Expression (15.22) shows that the thermodynamic separation limit is achieved if the
difference between the equilibria constants (at different temperatures) is compensated by
difference in the ionic ratio. Please note that the limit can be achieved independently on
the ratio between the amount of the exchanger and the volume of the treated solution.
However, a larger solution/exchanger ratio results in a higher number of steps needed to
achieve the same separation degree.
Separation of two ions between two reservoirs is the simplest case. More complicated
ionic mixtures can be separated according to the temperature response of the involved
selectivity characteristics. Also, the direction of separation with parametric pumping
could be different for the same or similar solutes, depending on the selected system and
operating conditions. For example, the separation of several amino acids in the presence
of 1 M HCl on Dowex 50 × 8 (styrene–divinylbenzene cation exchanger with sulphonic
groups) resulted in concentrating of all amino acids in one reservoir [647] while under
other conditions the same system (1 M HCl and Dowex 50 × 8) allowed the separation
of proline from valine, and phenylalanine from leucine and valine [648]. To achieve
efficient separations, additional reagents can be introduced to enhance the temperature
response of the overall system. For example, a number of successful studies have been
published on parametric pumping with the addition of complexing agents [645,649–651].
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Fig. 15.8. Column systems for parametric pumping altering: (a) pH; (b) temperature; (c) pressure.
(1) Conventional ion exchange column; (2) and (3) bottom and top stirred reservoirs; (4) reversible
pump; (5) acidic buffer; (6) alkaline buffer; (7) thermostated ion exchange column; (8) doubletemperature thermostat; (9) pressure source with on–off valve.

15.4 Parametric Pumping in Columns
Different modes of column parametric pumping are shown in Fig. 15.8.182 The operation
is visualised by Applet 15.183 The ion exchange column is connected to two reservoirs.
The cycle consists of pumping of the solution through the bed alternatively from the
bottom reservoir to the top and from the top reservoir to the bottom.184 The temperature
or another external parameter is changed synchronously with the flow direction. One of
the solutes or a group of solutes is concentrated preferentially in the top reservoir and
the other in the bottom reservoir. There are cases where all solutes are concentrated in
one reservoir and depleted in another.
Figure 15.9 shows different stages of the process and gives a more conventional illustration of the corresponding isotherms (in comparison to Fig. 15.6). Equilibrium conditions
at each point of the column and at each moment of time are assumed. This process is
considered as consisting of four repeated steps [647,648,652,654]. The illustration has

182 The column systems shown in Fig. 15.8 are often referred to as batch parametric pumping. Using of this

term here could be confusing. The tea bag experiment described earlier (Fig. 15.5) represents truly batch
interactions in each step of the process. The separation according to Fig. 15.8 is performed in the closed
system, while each step of the separation is not a batch but a column operation. Hence, it must be regarded as
closed parametric pumping to distinguish between the tea bag and column methods.
183 http://ionexchange.books.kth.se/applet15.html
184 Two reservoirs of the parametric pumping system are conventionally designated as top and bottom, while
their actual positioning has no special importance.
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Fig. 15.9. Thermodynamic representation of column parametric pumping. Equilibria at two temperatures are characterised by two isotherms (left panel). The columns (right) illustrate the five
initial steps of the separation: (i) equilibrating with initial solution at temperature T1 ; (ii) changing
the temperature from T1 to T2 ; (iii) pumping at T2 ; (iv) changing from T2 to T1 ; (v) pumping
at T1 . The subsequent cycles consist of steps (ii–v). Correspondence between concentrations at
different ends of the column and in the reservoirs, equilibria at different ends of the column, and
different points of the isotherms are illustrated by the letters A–E and Ci [647,648,652,653].

been prepared for the following initial conditions. The column is equilibrated with the
raw solution at temperature T1 ; the bottom reservoir is filled with the same solution; and
the top reservoir is empty. This state is illustrated by panel (i) and equilibrium point A in
Fig. 15.9. The following operations are (numbering corresponds to panels in the figure):
(ii) Temperature of the column is changed to T2 . The ions are redistributed between the
ion exchanger and solution due to the temperature change. The new state corresponds to
point B.
(iii) The solution from the bottom reservoir is pumped up to the top reservoir through
the column at temperature T2 . As a result, solutions at the two sides of the column have
different compositions. The equilibria are characterised by points C and B.
(iv) Temperature of the column is changed to T1 . The equilibria are shifted towards points
D and A at the two ends of the column.
(v) The solution from the top reservoir is pumped to the bottom reservoir through the
column at temperature T1 . The new state is characterised by points E and D.
Repeating of this cycle results in increasing the concentration difference between two
reservoirs. Equilibrium points “slide” further in two directions along the isotherm at each
step of the process.
Considering the discussed examples as well as the system of Eqs (15.17) and (15.18),
one can see that, besides the equilibrium constants, the separation results are strongly
dependent on the composition of the treated solution, This dependency is illustrated
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by the two panels of Fig. 15.7 (Section 15.3). The right panel demonstrates a better
separation of the minor constitute A between two solutions at the expense of the major
constitute B.
Dependency of the separation efficiency on distribution of the solution between two
volumes can be exploited in the following way. Increasing of one reservoir to infinity
allows the most significant enrichment (or depletion, if purification of the solvent/solution
is targeted) of the target ion in the second reservoir. Of course, no infinite tank is used.
Fresh portions of the solution are supplied in the first reservoir instead. The result of
such separation is illustrated in Fig. 15.10. Such a scheme is called half-open or semicontinuous parametric pumping. The system operates similarly to the closed system
during one half-cycle and continuously during the other half-cycle.
Many authors apply the equilibrium scheme to the column separation. However, such
equilibrium treatment suggests significant simplifications and are applicable for illustration rather than for quantitative treatment of the column process. In practice, the
separation is defined by complicated concentration profiles formed inside the column.
The profile formation could be specific to the discussed technique because ions migrate
inside the column in alternate directions. Following the course of a single ion of the solute
would result in the path illustrated in Fig. 15.11. The ion is transported in the direction
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Fig. 15.10. Ion separation with half-open parametric pumping (batch mode). Characteristics of
the model: volume of the closed reservoir is 100 mL; volume of the ion exchanger is 50 mL;
A

A

ion exchange capacity is 2 meq/mL; (KB )1 = 40; (KB )2 = 4; initial concentrations: [A]0 = 1 mM
and [B]0 = 10 mM. The bars show distribution of the total capacity (ionic fractions) between
two ions.
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Fig. 15.11. Migration of a single ion inside the column during repeated cycles of parametric
pumping. The “cold” direction corresponds to increased selectivity towards the discussed ion
(T1 in previous figures) and “hot” direction corresponds to reduced selectivity (T2 ).

of pumping, which is altered in each half-cycle. The “concentration wave” moves slowly
during the half-cycle performed at T1 and follows the solution flow much faster at T2 .
In most of the published works, volume of the pumped solution has been adjusted in
such way that only one concentration wave is formed inside the column. However,
unusual separation phenomena have been observed for “high-frequency” approaches.
These phenomena were assigned to “resonance effects” [655,656]. Making use of the
wave movement allows designing highly efficient separation systems. Thus, despite
the specificity, all advantages of column processes, such as forming of sorption fronts
and frontal chromatography phenomena, can be exploited to the full extent within the
discussed technique.
The parametric pumping in a column system can be quantitatively modelled using the
approaches presented in Chapter 11 and keeping in mind that the selectivity, diffusion
characteristics, etc., are temperature dependent. The comprehensive models can be found
in the related literature [554,646,648,652,653,657–661].
The following operational variables affect the performance of parametric pumping:
• Type and characteristics of the ion exchanger
• Temperatures of two half-cycles
• Dimensions of the ion exchange bed
• Volume of the treated solution and distribution of the solution between two
reservoirs185
• Initial composition of the solution
• Volume pumped in each half-cycle
• Flow velocity
185 One has to note that the larger the reservoirs relative to the column interstitial fluid, the longer it takes to

reach the steady state [661].

330

Ion Exchange Materials: Properties and Applications

If the system operates in non-equilibrium conditions (i.e. the pumping rate is too fast to
achieve equilibria at each point in the bed), the time spent for temperature altering must
also be considered as a major variable.
The column parametric pumping can be successfully used in combination with conventional elution techniques for complete separation of complicated ionic mixtures. As
was said earlier, a steady state is achieved after a number of half-cycles. In many cases,
adjustment of operating conditions allows the distribution of the constitutes of the mixture
inside the column in such way that a steady periodic wave pattern is established [554].
In most successful cases, concentration profiles of different components do not overlap each other. The opportunity for complete separation comes when the positioning
of different components inside the column follows the selectivity range of the ion
exchanger towards these solutes, which can happen if the selectivity series186 is not
altered with the temperature change. If distributed in such manner, the components can
be recovered in pure form by elution with a suitable reagent. Such combined techniques
require much shorter columns and much less eluent in comparison to conventional elution
chromatography.
The main disadvantage of closed and half-open parametric pumping is the significant
time and energy expenses at low productivity. The main advantage is that the whole
separation process is performed in a confined system without the introduction of additional chemical substances, i.e. no eluent can contaminate either of the two products.
The method provides high separation efficiency; however, it is not well-suited for more
than a laboratory scale. As the result, applications of parametric pumping are mainly
limited to preparation of high-purity chemicals.
One has to note that parametric pumping is not a technique that specifically uses ion
exchange materials. Other types of sorbents are also successfully exploited [644]. Besides
the “tea bag” and column systems, the successful use of membrane units has also been
described [662,663].
15.5 Continuous (Open) Parametric Pumping
The closed and semi-continuous systems discussed earlier are well suited for the processing of small volumes. If larger-scale operations are required, some type of continuous
process must be considered [554]. Open systems are operated in such a way that the
feed is injected and the products are removed in a continuous or semi-continuous way
[661]. Many variants of continuous parametric pumping have been reported. These systems usually differ from each other according to how and when the feed is introduced
[554,661].
Figure 15.12 represents such a scheme, with the feed introduced at one end of the column.
The column takes a feed stream and separates it into two products collected at different
temperatures at two sides of the column. At the first temperature, the flow of the raw
solution and the flow coming from one reservoir (upper reservoir in Fig. 15.12) are fed
186 The concept of selectivity series was discussed in Section 8.4.

Dual-temperature Separation

Raw
solution

331

Raw
solution

T1

Product 2

T1

T1

T2

T2

Product 1

Fig. 15.12. Operation steps of “non-symmetric” open parametric pumping, with feed introduced
at one end of the column [661].

into the column. The effluent of the column is split into two parts: one is collected as the
first product and another is directed into the second reservoir. At the second temperature,
the solution is pumped in opposite direction from the second reservoir; the effluent is
distributed between the stream of the second product and the first reservoir [554,661].
Such a scheme is “non-symmetric” and is characterised by unequal fluid displacements
in each direction. In spite of this fact, the steady periodic wave pattern inside the column
is the same as in the corresponding closed system [554].
Another scheme is presented in Fig. 15.13 [664]. The feed solution is introduced continuously at the middle of the column. The effluent of each half-cycle is split into two
parts: that collected in the corresponding reservoir and that removed from the process as
the product.

Product 2

Raw
solution

T1

Raw
solution

T2

Product 1

Fig. 15.13. Open parametric pumping scheme, with feed introduced at the middle of the
column [664].
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More “non-symmetric” and “symmetric” schemes of open parametric pumping can be
found in the literature. All variations include reservoirs for partial or complete collection
of the treated solution. This allows the repeated treatment of the solution, providing
an increase in the separation degree. If two separation experiments are compared, the
one with smaller fraction of the solution collected in the reservoirs will yield lower
separation efficiency while processing a larger volume of the raw solution during the
same time period. A system without reservoirs can be considered as a limiting case.
The raw solution is pumped in two directions at different temperatures. The effluents
coming at each temperature are the two products. Such a scheme is the simplest case
of open parametric pumping [644], while it is also a dual-temperature separation with
countercurrent thermal regeneration.187 Another limiting case is the closed parametric
pumping (see Section 15.3), where all solution is pumped between two reservoirs, and
the thermodynamic separation limit is achievable.
15.6 Rocking Wave Separation
The rocking wave separation [665–667] is a relatively new dual-temperature separation
method. To explain its concept, let us consider the following separation system. A certain
amount of the target substance is introduced in an ion exchange column. The amount
of substance is significantly lesser than the ion exchange capacity of the bed. Thus, due
to the conventional chromatographic process, the substance is distributed inside the column as a concentration profile that can be depicted as a wave (panel a of Fig. 15.14).
When the solution is pumped, each point of the curve travels a certain distance along
the column. Concentrating of the target substance can be achieved if the column consists of two parts kept at different temperatures T1 and T2 , and thus characterised by
λ1 < λ2 , respectively.188 As one can see, point (b) of the curve travels a longer distance
at temperature T1 , while most of the travelling of point (f) happens at temperature T2 . As
was discussed in Chapter 11, higher selectivity (larger λ) causes slower travelling of the
target substance. Thus, the travelling distance xf is shorter than xb (xb > x > xf ), which
results in reduction of the wave span and increase in the concentration. If the pumping
direction is reversed and the temperatures in the two parts of the column are altered, the
same process can be repeated and the concentration can be increased again. Alternating
the pumping direction causes “rocking” of the wave between the two parts of the column,
which is accompanied by temperature-induced concentrating of the target substance.
Keeping two parts of the column at different temperatures is obviously a difficult task.
Two-column systems can be used instead. Such a scheme of the rocking wave separation
is shown in Fig. 15.15. The system consists of two ion exchange columns (1 and 2),
a heat exchanger (3), heating/cooling devices (4, 5), a number of valves, and a reversible
pump. The solution is pumped in a looped circuit. Each separation cycle consists of three
steps. Initial state could be equilibrium between the solution and ion exchanger in both

187 The countercurrent regeneration has been discussed earlier in Section 12.1.
188 λ is the distribution coefficient (see Eq. (8.22) in Section 8.4). The method is described here in simple

terms of the distribution coefficient instead of values more suitable to characterise ion exchange interactions
(see Table 8.1) because the method is not limited by only ion exchange processes and can be applied to any
temperature-sensitive sorption system.
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Fig. 15.14. Principle of rocking wave dual-temperature separation. The white and grey backgrounds indicate parts of the column kept at different temperatures. Dashed curves indicate
concentration profiles before (in white area) and after (in grey area) of each separation cycle. x is
the longitudinal coordinate of the column. The temperature T1 corresponds to the lower affinity of
the sorbent to the target substance; T2 corresponds to the higher affinity. Arrows indicate direction
of the solution flow, as well as distances passed by different parts of the concentration wave.
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Fig. 15.15. Practical scheme of rocking wave separation. (1), (2) Ion exchange columns; (3) heat
exchanger; (4), (5) heating/cooling devices; (6) valve for collection of the product. Valves disconnecting particular units from the loop and the reversible pump are not shown for simplicity.
The temperature T1 corresponds to the lower affinity of the sorbent to the target substance (white
background); T2 corresponds to the higher affinity (grey background).
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columns at T2 , i.e. at the temperature corresponding to a higher λ. After the equilibration
temperature of the column 1 is changed to T1 , the cyclic operation is started.
• Step 1 includes transfer of the target substance from column 1 to column 2. This process has been discussed earlier and is illustrated in Fig. 15.14. The heat exchanger
between the columns allows keeping solutions and columns at desired temperatures, in addition to providing recuperation of the thermal energy. The unavoidable
heat dispersion (around 15%) is compensated for by the heating/cooling devices.
The flow transfers a certain amount of the substance from column 1 to column 2,
simultaneously increasing its maximum concentration.
• Step 2 consists of shifting the temperature distribution along the loop. In contrast
to other dual-temperature techniques, the heat is not directly supplied to jacketed
columns but transferred with the circular flow of the solution. The temperature
front proceeds along the column at a much faster rate than the wave. Thus, the
wave movement during Step 2 is short. The temperature change also causes partial
redistribution of the target substance that is transferred from the exchanger in the
solution; however, the overall content of the substance in the cross section of the
column remains unchanged.
• During Step 3, first column is disconnected from the loop and is loaded with an
additional amount of the target substance by pumping the raw solution. All other
parts of the system are kept idle.
The subsequent cycle is performed in the same way, while the direction of the pumping
and temperatures of the columns are altered.
Several cycles of the process allow accumulating the target product in one highly concentrated wave. This makes the system ready for providing the concentrated product.
When the highest concentration of the product passes valve 6 (during Step 1), the valve
is opened and the product collected. Thus, the system allows collecting the product at
its highest possible concentration.
The rocking wave approach can also be used for the continuous treatment of streams.
In this case, the system is supplied with the third column. The loop pumping is performed
in two columns (Steps 1 and 2 of Fig. 15.15), while the third column is fed with the raw
solution at T2 (Step 3). After completing Step 2, the second column is replaced with the
third. The complete cycle of the three-column operation is shown in Fig. 15.16. As one
can see, the raw stream is continuously accommodated by the system. The concentrated
product is collected periodically (as was said, when the highest concentration passes the
corresponding outlet).

15.7 Schemes of Dual-temperature Separation
To conclude the subject, a few words should be said about the different practical schemes
of the dual-temperature method. Operations can be performed in all the different types of
ion exchange reactors: stationary bed, fluidised bed, moving bed, cascade, etc. Of course,
the reactors must be modified to operate in the dual-temperature mode. Panels (a–e) of
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Fig. 15.16. Stages of continuous three-column treatment of a stream with rocking wave approach.
Only Steps 1 and 3 of each cycle (see Fig. 15.15) are shown. Heat exchangers, heater/coolers,
and valves are skipped for the sake of simplicity. The temperature T1 corresponds to the lower
affinity of the sorbent to the target substance (white columns); T2 corresponds to the higher affinity
(grey columns).
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Fig. 15.17. Different ion exchange reactors using temperature changes to perform efficient separations. Dual-temperature reactors: (a) fixed bed; (b) parametric pumping; (c) fluidised or expanded
bed; (d) moving bed; (e) cascade. Combined schemes of conventional regeneration supported
with the temperature shift: (f) fluidised or expanded bed; (g) moving bed; (h) cascade. Dualtemperature separation schemes with pH adjustment: (i) fluidised or expanded bed; (j) moving
bed; (k) cascade. (1) Fixed bed column; (2) fluidised-bed column; (3) moving bed-sorption section; (4) moving bed – regeneration section; (5) cascade system – sorption section; (6) cascade
system – regeneration section; (7) raw solution; (8) purified solution; (9) concentrated solution;
(10) regenerant; (11) pH adjusting reagent; (12) switch valve; (13) one-way pump (optional pumps
serving up–down flows are ignored); (14) two-way pump; (15) pump to convey the ion exchanger;
(16) double-temperature and thermostat; (17) single-temperature thermostat.
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Fig. 15.17 provide a collection of these schemes. In addition, Applet 16189 visualises the
work of the moving bed dual-temperature reactor.
Unfortunately, the dual-temperature approach cannot be applied to every separation
need because of the low temperature sensitivity of the involved interactions. However,
combining of conventional reagent regeneration with temperature shifts can bring down
the amount of regenerant required and reduce the environmental damage. Examples of
such systems are presented in panels (f–h) of Fig. 15.17.
An intermediate case can also be used. The regeneration is performed with the same raw
solution; however, an adjustment of its composition, synchronous with the temperature
changes, is involved. pH is the adjusted parameter in most of the cases. Examples are
presented in panels (i–k) of Fig. 15.17.

189 http://ionexchange.books.kth.se/applet16.html
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CHAPTER 16

Treatment of Gases and Fumes

The most conventional media treated with ion exchange materials are aqueous solutions.
Similarly, ion exchangers are applicable to non-aqueous polar media and to mixtures.
Gases, in contrast, are non-polar. Indeed, the temperature range of applicability for conventional polymeric ion exchangers is between 0 and 70–110◦ C. The bottom limit is
related to the ice formation that stops diffusion processes. Formation of ice inside the
beads can also result in mechanical destruction of the material. This bottom temperature
limit can be reduced to some extent for concentrated and non-aqueous media; however,
this shift cannot be larger than 10–20◦ C. The upper limit is related to chemical stability
of ion exchange materials. The value 110◦ C is common for polymeric cation exchangers, while many anion exchange resins can lose their functionality even at 60–70◦ C.
Application of inorganic ion exchangers can significantly increase the temperature stability; however, this increase is not unlimited. Hence, the temperature limits for application
of ion exchangers do not overlap with temperatures common for ionisation of gases.
As a result, straightforward ion exchange processes cannot take place when an exchanger
is contacted with a gas or a mixture of gases. Nevertheless, ion exchange materials can
be successfully used for the treatment of such media. Complicated multistep processes
based on non-exchange interactions (such as stoichiometric chemical sorption) are usually involved. Most of these processes cannot be called “ion exchange” because of the
absence of ions in the gas phase. An exchange or non-exchange stoichiometric sorption
is the correct expression.

16.1 Exchange Reactions in Gas Phase
Studies on the development of gas sorption with ion exchange materials have been
motivated by the potential of such processes for the deep purification of gases from low
concentrations of dangerous compounds [668]. Removal of SO2 from the atmosphere
can serve as an example for the stoichiometric exchange sorption [669]:
R2 CO3 (dry) + 2SO2 (gas) + H2O(gas) = 2RHSO3 (dry) + CO2 (gas)

(16.1)
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Reaction (16.1) is similar to the ion exchange reaction that takes place in aqueous
solutions:
−
−
−
+
+
(R + )2 CO2−
3 + 2HSO3 + H = 2R HSO3 + HCO3

(16.2)

In contrast to processes involving the liquid phase, reactions between gas and dry ion
exchangers are rather slow. Also, only macroporous sorbents can be used for processes
such as (16.1), while gel structures do not perform to any significant extent [668].
To enhance the process rate, gaseous media are treated with ion exchange resins swollen
in water. An appropriate system includes three phases: the ion exchange resin, swelling
water, and surrounding gas. The chain of reactions illustrated by Fig. 16.1 takes place
instead of (16.1). First, the sulphur dioxide is dissolved in the internal water190 of the
exchanger:
SO2 (gas) = SO2

(16.3)191

Reaction of sulphur dioxide with water produces acid:
SO2 + H2O = H + + HSO−
3

(16.4)

The ion exchange reaction follows and can be written as
2−
R2 CO3 + 2HSO−
3 = 2RHSO3 + CO3

(16.5)

Please note that reaction (16.5) may have only a formal meaning because, as was written
in Chapters 7 and 8, ion exchange does not necessary involve direct association between
ions and functional groups. Produced by reaction (16.5), anions react with the hydrogen
ions coming from reaction (16.4):
+
CO2−
3 + 2H = CO2 + H2O

(16.6)

and the carbon dioxide is released into the gas phase:
CO2 = CO2 (gas)

(16.7)

Thus, the overall reaction can be written as
R2 CO3 + 2SO2 (gas) + H2O = 2RHSO3 + CO2 (gas)

(16.8)

The described mechanism is confirmed by the decrease of material humidity during the
process.
190 The term internal water is used in this chapter to indicate both the water contained inside the material and

the water film surrounding the beads. Please note the difference in the use of this term from previous chapters
where ion exchange in solutions was discussed.
191 Please note than the bar in Eq. (16.3) and others indicates the apparent solid phase that includes both the
exchanger and the water.
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Fig. 16.1. Mechanism of stoichiometric exchange between gases. The example represents
exchange between carbon dioxide and sulphur dioxide on a strong anion exchange resin.

An interesting advantage of the ion exchange treatment can be observed from this
example. Ion exchange resins do not require the preliminary removal of water vapour
from the treated gas, which could be an unavoidable operation for many gas purification
processes with other types of sorbents. In contrast, many processes of gas treatment with
ion exchange resins require maintaining of high humidity [668–672].
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16.2 Chemical Sorption of Gases
Ion exchange resins are also commonly used for chemical sorption of gases. Such processes cannot be considered as ion exchange; however, in contrast to conventional
sorption, they are perfectly stoichiometric. A typical example is the sorption of amines
by the dry H + form of a sulphonic-type cation exchanger. Undesirable gaseous amines
and ammonia are generated in various chemical processes, including the manufacture of
cellophane, rayon, and paper, as well as in sewage disposal and food processing [673].
Removal of these compounds from waste gases is important because of their strong smell
and certain health hazards. The following steps are included in the air decontamination
cycle. First, sorption of the amine takes place on the dry ion exchanger, without releasing
any compound into the atmosphere
R − SO3 H + NH2 − R  (gas) = R − SO3 NH3 − R 

(16.9)

Sorption of ammonia takes place through the same reaction (R  in this case means
hydrogen). The following elution and acidic regeneration are performed in water:

+
R − SO3 NH 3 − R  + NaOH = R − SO−
3 N a + NH 2 − R + H2O

(16.10)

−+
+
+
+
R − SO−
3 N a + H = R − SO3 H + N a

(16.11)

+
R − SO−
3 H = R − SO3 H

(16.12)

Finally, the drying

prepares the exchanger for the next sorption cycle. Hydrazine can be removed from gas
streams with reactions similar to (16.9); however, the presence of water is a necessary
condition [331]. Ammonia can also be efficiently sorbed by zeolites with complete or
partial conversion of NH3 in NH +
4 due to the water present inside the phase of the material
[674,675]. A strong preference over other gases has been observed [676].
Exchange or non-exchange mechanism of gas sorption is defined solely by the chemical
system. For example, while sorption of SO2 by the CO−
3 form of the anion exchanger is
an exchange process as follows from reaction (16.1), the OH − form of the same material
sorbs the same target compound without any emission [669]:
ROH + SO2 (gas) = RHSO3

(16.13)

If a swollen material is used, the overall process (16.13) begins from dissolution of the
gas and formation of the acid. These steps are followed by neutralisation [668]:
ROH + H2 SO3 = RHSO3 + H2O

(16.14)

The overall reaction is identical to (16.13); however, the presence of water in the material strongly enhances the rate of interaction (Fig. 16.2). One has to note that the highly
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Fig. 16.2. Sorption kinetic of SO2 from gas phase with OH − form of strongly acidic anion
exchanger S8-D. The water content is: (1) 45%; (2) 60%; (3) 75%. Reprinted from O. N. Myagkoi,
in: Ion Exchange Methods for Purification of Substances [331] 1984, with kind permission of
authors and Voronezh State University ©.

alkaline medium inside the OH − forms of strong anion exchangers can cause the oxidation of SO2 and formation of sulphate ions [331]. The treatment described earlier for the
removal of SO2 is also applicable to CO2 and SeO2 . Nitrogen oxide can also be sorbed
through dissolution in water, followed by neutralisation with hydroxyls of the exchanger;
however, a complete removal of NOx cannot be performed without a multistep treatment.
Fumes of such acids as HF, HCl, HBr, HI, HCN, H2 S, and C6 H5 SH are readily sorbed
by OH − anion exchangers due to the straightforward reaction of neutralisation.
When the fumes of sulphuric acid are removed from an air stream, the stoichiometric
reactions
2ROH + H2 SO4 (fumes) = R2 SO4 + H2O

(16.15)

R2 SO4 + H2 SO4 (fumes) = 2RHSO4

(16.16)

and

are followed by non-stoichiometric dissolution of additional sulphuric acid in the produced water [331]. In addition to enhancing the operational capacity, this phenomenon
allows partial regeneration of the exhausted material by simple water washing:
2RHSO4 · nH 2 SO4

H2O

=

R2 SO4 + (2n + 1)H2 SO4

(16.17)

Gaseous acidic oxides can also be sorbed by the Na+ or NH+
4 forms of weak cation
exchangers [331]. The driving force is the high affinity of such materials to protons. An
example of such reactions is
R −+ Na + CO2 (gas) + H2O = RH · NaHCO3

(16.18)

The regeneration can be performed with the corresponding alkali solution without the
need for the subsequent washing.
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H2 S is sorbed by the heavy metal forms of cation exchangers in a similar way, but the
obtained solids are precipitated and trapped inside the material as a separate phase [331]:
R2 Me + SO2 (gas) = 2RH + MeS(solid)

(16.19)

While being interesting, this reaction can hardly be recommended for practical use
because of the lower capacity, slow diffusion inside the phase filled with particles, and
need for multistep regeneration.
In addition to the reactions described earlier, deep conversions of sorbates can accomplish
some processes [331]. For example, the conversion of cyanide on weak anion exchangers
proceeds as follows:
ROH + HCN(gas) = RCONH 2

(16.20)

4ROH + COCl 2 (gas) = 2RCl + R2 CO3 + 2H2O

(16.21)

Phosgene is decomposed

as well as CCl3 SCl:
4ROH + CCl 3 SCl(gas) = 4RCl + S + 2H2O + CO2

(16.22)

Carbon disulphide is associated with the formation of covalent bonds:

SH
R NH2 + CS2 = R NH C

or
S

R
R

NH + CS2 =

R
N
R

SH
C
S
(16.23)

Despite their covalent nature, the obtained structures (16.23) are not stable. Thus, the
regeneration can be performed with 1% HCl or by elevating the temperature.
16.3 Use of Complexation in Exchanger Phase
Complex formation inside the ion exchanger is successfully used for the sorption of
ammonia and amines from gas phase. Materials loaded with transition metals, usually
Cu2+ or Ni2+ , are most efficient [671]. Co2+ , Cd 2+ , and Zn2+ forms [331] should also
be mentioned. The chemical nature of the interactions is similar to the one described for
ligand exchange processes in Section 3.3. The reactions can be written as
2+ + nNH (gas) = (R − SO− ) [Cu(NH ) ]2+
(R − SO−
3
3 n
3 )2 Cu
3 2

(16.24)

2+ + nNH CH (gas) = (R − SO− ) [Cu(NH CH ) ]2+
(R − SO−
2
3
2
3 n
3 )2 Cu
3 2

(16.25)

or
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The reaction mechanism includes the transfer of amine through the water phase, which
is similar to the process described earlier by Eqs (16.3) and (16.7). An apparent nonstoichiometric behaviour can be observed, the reason being the formation of amine
complexes with different coordination numbers. An extra amount can also be absorbed
by the water contained in the pores:
NH 3 (gas) + H2 O = NH 4 OH

(16.26)

NH 2 CH 3 (gas) + H2 O = HONH 3 CH 3

(16.27)

So far as the binding is weak, an advantageous regeneration method is the application
of hot steam [672].
There are data indicating that carboxylic resins are even more efficient for the sorption
of amines from the gas phase. Reactions similar to (16.24) and (16.25) take place on
these materials:
(R − COO− )2 Cu2+ + nNH 3 (gas) = (R − COO− )2 [Cu(NH 3 )n ]2+

(16.28)

(R − COO− )2 Cu2+ + nNH 2 CH 3 (gas) = (R − COO− )2 [Cu(NH 2 CH 3 )n ]2+ (16.29)
Experiments involving different aliphatic amines and ammonia have shown that the
efficiency of sorption is higher for amines with longer hydrocarbon chains. It is explained
by the fact that the increase in length of the chain increases the ability of these ligands
to accept a proton and participate in the complex formation [671].
Another interesting example is the formation of iodine complexes in I − anion exchangers
[331]:
RI + nI2 (gas) = R [I (I2 )n ]

(16.30)

Complexes [Cl(I2 )n ]− , [Cl(Br2 )n ]− , [Br(I2 )n ]− , etc. can also be formed, but these
complexes are less stable in comparison to [I (I2 )n ]− . Redox treatment is most
advantageous for the regeneration:
R[I (I2 )n ] +

n
n
N2 H4 + 2nNaHCO3 = RI + 2nNaI + 2nH 2O + 2nCO2 + N2
2
2
(16.31)

The hydrazine expenses for reaction (16.31) are almost stoichiometric.
Similar to ligand exchange, the use of complex formation is beneficial for practical applications because the capacity towards the targeted substance is defined by the coordination
number of the metal ion and, hence, is significantly higher than the number of available
functional groups [671].
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16.4 Redox Materials in Gas Treatment
Redox materials are advantageous for gas treatment. Removal of hazardous substances
from the gas stream is one of the major applications. The most known example is
the decomposition of ozone in ion exchangers loaded with suitable ions reducers.
A requirement for these ions is the stability in air, i.e. they should not be oxidised
by O2 present in the same airstream. A prospective example is [331]
2RI + O3 (gas) + H2O = (ROH)2 I2 + O2 (gas)

(16.32)

The regeneration can be performed with stoichiometric amounts of hydrazine:
2(ROH)2 I2 + N2 H4 = 4RI + 4H2O + N2

(16.33)

Reaction (16.33) can also be used to decompose hydrazine in gas streams [331], followed
by regeneration with a solution of hydrogen peroxide
2RI + H2O2 = (ROH)2 I2

(16.34)

2RI + O3 + H2O2 = (ROH)2 I2 + O2

(16.35)

or with ozonated air

Phosphine and its alkyl-derivatives can be decomposed with materials containing
oxidising ions. For example, the reaction
4RI(I2 )n + nPH 3 (gas) + 4nH 2O = 4RI + 8nHI + H3PO4

(16.36)

is advantageous for the removal of PH 3 from carbide-produced acetylene [331].
Another example involves strong cation exchange materials:
RN 2H5 + 2O3 (gas) = RH + 2H2O + N2 (gas) + O2 (gas)

(16.37)

Process (16.37) is more attractive in comparison with (16.32) because of the quadruplehigher redox capacity and because the presence of water in the system is not required.
One has to note that the presence of reducing ions in the material protects polymeric
chains from being oxidised with ozone because O3 preferably reacts with these ions.
The trapping of mercury from fumes or aerosols is another important application. A good
example is the application of strong anion exchange resins in I − form saturated with I2
(which can be denoted as RI · (I2 )n ). Such materials can be loaded with a weight ratio
between mercury and the sorbent up to 2:5 [331]. The reaction is
RI · (I2 )n + nHg(gas) = RI · nHgI2

(16.38)
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The solid HgI 2 is strongly fixed inside the material.192 Stripping of the material can be
performed with one of following reactions:
RI · nHgI 2 + 2nKI = RI + nK 2 [HgI 4 ]

(16.39)

RI · nHgI 2 + 2nNa2 S = RI + nNa2 [HgS 2 ] + 2nNaI

(16.40)

Finally, the material is re-saturated with I2 . Reactions similar to (16.38) can be performed
with RCl · (I2 )n and RBr · (I2 )n .
Strong cation exchangers can also be used for the removal of mercury fumes and aerosols.
An interesting fact is that the mercury form of the exchanger can be used to trap mercury
[331]:
R2 Hg + Hg(gas) = R2 Hg2

(16.41)

The regeneration is performed with 1–2 M HNO3 , followed by re-saturation with Hg2+.
This method could be preferable compared to those described by the reaction (16.38)
due to the faster kinetics.
Another possibility is the application of strong cation exchangers loaded with Ag+ [331]:
2RAg + Hg(gas) = R2 Hg + 2Ag

(16.42)

Obtained with reaction (16.42), the particles of silver participate in an amalgam formation
nAg + mHg = Agn Hgm

(16.43)

allowing a high capacity towards mercury. Regeneration of the material can be performed
with nitric acid.
Redox interactions involving gaseous substances and inorganic ion exchangers is a wide
field of research and applications. The decomposition of nitrogen oxides from exhaust
gases have to be mentioned as one of the most important examples [677–681]. Such
catalysts are extensively studied in order to replace conventional materials based on
noble metals.
16.5 Pressure- and Temperature-reversible Processes
A good possibility for the practical use of ion exchangers for sorption of gases is
pressure-reversible processes. The method is based on the consequence of Le Chatelier’s
principle: when pressure is applied to a reaction at equilibrium, the composition tends
to shift in the direction that corresponds to the smaller number of gas-phase molecules

192 Colour of the material is sharply changed due to the accumulation of HgI , which allows the use of this
2

interaction for indicating the presence of mercury in atmosphere.
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(smaller volume of the gas phase). A typical example is the sorption of carbon dioxide
by weak anion exchange resins
2−
2R − NH 2 + CO2 (gas) + H2O(gas) = (R − NH +
3 )2 CO3

(16.44)

The sorption is performed under higher pressure than desorption. For example, the sorption can be performed at normal pressure, and regeneration can be done in vacuum at
50◦ C [670]. This example is also based on the high sensitivity of gas sorption processes to temperature variations. For example, the SO2 -loading capacity of macroporous
styrene–divinylbenzene anion exchange resin Dowex MWA-1 (20–50 mesh) is highly
sensitive to temperature and rapidly decreases with temperature elevation [682].
16.6 General Approaches to Ion Exchange Treatment of Gases
The examples discussed earlier allow the formulation of the requirements for the use of
ion exchange materials for the treatment of gases:
• The gas must be able to react with functional groups of the material.
• If an exchange reaction is involved, the material should be selective towards the
sorbed species in comparison with the discharged species.
• The emitted gas should migrate out into the gas phase to avoid accumulation in the
internal water. The migration of gases should be fast enough.
If the decontamination of air is considered, one more requirement has to be imposed.
The discharged gas should not be dangerous and, of course, it should not have a strong
smell.
As is obvious from the described examples, each gas treatment process, including ion
exchange materials, is specific and almost unique. It is in contrast to the applications of
ion exchangers in liquid phase, where altering of the chemical system often results only
in quantitative changes (i.e. in altering the selectivity and kinetic performance), while the
physico-chemical nature of the interactions remains the same. Thus, the search for new
gas treatment processes is a difficult task. This explains why only a few corresponding
procedures have been described so far; however, most probably, more will be found in
the future.
The main use of the discussed processes is environmental or labour protection. For
example, ion exchange materials are used in individual gas masks. Of course, it does not
mean military gas masks, which have to sorb a wide spectrum of poisoning gases, but
gas masks for use in specific hazardous environments.
To conclude the gas treatment subject, the analytical use of gas sorption has to be mentioned. Many different kinds of gas analyses include sorption steps. For example, the
trapping of carbon dioxide through a neutralisation-like reaction
2ROH + CO2 = R2 CO3 + H2O

(16.45)
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followed by quantitative elution and acidimetric titration has been proposed for the determination of CO2 in gas phase [683]. Similar reactions have also been proposed for
quantitative analytical trapping of other acidic gases:
2ROH + H2 S = R2 S + 2H2O

(16.46)

2ROH + SO2 = R2 SO3 + H2O

(16.47)

ROH + HCN = RCN + H2O

(16.48)

In many cases, the advantage of the ion exchange materials is in the selectivity of involved
reactions. All interactions discussed here are specific to one or more kinds of gaseous
substances. Stoichiometric character of the reactions can also be utilised for quantitative
analysis.
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CHAPTER 17

Electroseparation with Ion Exchange Materials

The common disadvantage of conventional ion exchange processes is the use of chemical
reactants for elution and regeneration. These reagents are usually distributed between the
product (often as undesirable constitutes) and the waste streams. An approach to replace
the reagent regeneration with thermal regeneration was described in Chapter 15. Another
idea is to replace the chemical driving force by electrical driving force. Such replacement cannot be efficiently applied to conventional ion exchange installations but require
a completely different technology design. Physical form of the ion exchange materials
is also different, requiring different variations of membrane-like shapes.193 The most
well-known electrically driven ion exchange process is electrodialysis. Strictly speaking,
electrodialysis, which is also referred to as electrodeionisation, is a process that removes
ionisable species from liquids using electrically active media and the electrical potential as a driving force for ion transport. The electrically active media in corresponding
devices may function to alternately collect and discharge ionisable species, or to facilitate
the transport of ions continuously by ionic or electronic substitution mechanisms [684].
Electrodeionisation is a highly advantageous process for robust treatment of water due
to low- or zero-pollution operations and low energy consumption. Deep deionisation
can also be efficiently performed by exploiting advanced electrodialysis techniques. In
addition of deionisation, many other applications are conventionally recognised. They
are separation of electrolytes from non-electrolytes, concentrating or depletion of ionic
substances, and exchange of ions between solutions (splitting of salts to produce acids
and alkalis, synthesis of new ionic compounds). When considering industrial applications, the following can be named in addition to water-treatment processes: treatment
of effluents originating from nuclear industry equipment decontamination [685], food
production [71], separation of amino acids [686], other products of biotechnology [71],
etc. Most of these applications involve ion exchanger membranes, which exhibit specific electrochemical properties defining the possibility for separation. Please note that
the term electrodialysis is often used for all electrically driven membrane ion exchange
processes even if they do not result in dialysis of the treated solution.
193 In this case, the word membrane defines much broader shapes of materials than simple planar sheets.
The reason will be explained in Section 17.2.
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The key point for the successful application and optimisation of electrodialysis is an
understanding of the ion transport mechanisms in ion exchange membranes. Thus,
this chapter discusses electrochemical properties of ion exchange materials prior to the
description of electrodialytic separations.

17.1 Electrical Current in Ion Exchangers
As with any ionic mixture, swollen ion exchange materials are electrically conductive,
despite the fact that ions of one polarity are not mobile in the exchanger phase. The
fixed groups can be considered as ions having zero diffusion coefficient, making electrochemical properties of exchangers unusual. The specific electrochemical behaviour
of ion exchangers is widely exploited in separation processes, particularly in different
variations of electrodialysis.
Electrical conductivity of any phase is defined by the normal concentrations and mobilities of charge carriers. As long as ions (predominantly counterions) are the only mobile
charged species in the phase of ion exchangers, these materials are ionic conductors.
Concentration of ions in conventional ion exchange resins is usually above 1 M, which
makes the electrical conductivity considerably high, although lesser than in aqueous solutions of the same concentrations. This difference is due to the slower diffusion and, thus,
lesser mobility of the charge carriers. The high specific conductivity of ion exchangers
is favoured by [5]:
• High ion exchange capacity, providing a high content of the current-carrying
counterions.
• Low degree of cross-linking of the material that secures the high-diffusion
coefficients.
• Loading with counterions of small size and low valence, i.e. the counterions
characterised by high-diffusion coefficients.
• High concentration of the solution, which is in equilibrium with the ion exchanger,
that, for instance, suppresses the Donnan rejection, providing extra charge carriers
(co-ions and corresponding excess of counterions).
• Elevated temperature that enhances diffusion processes.
The following text discusses items of this list in more detail.
Molar conductivity of counterions in ion exchangers is more sensitive to ionic charge
than in solutions. Increasing the ionic charge results in conductivity reduction. This effect
is stronger in cation exchangers than in anion exchangers. The explanation can be found
in stronger electrostatic and hydrogen interactions between multicharged counterions and
functional groups of the polymer. If counterions of the same charge are compared, the
molar conductivity increases with increase of non-hydrated ionic size and reduces with
increase of hydrated ionic size. The fastest current carriers are H + ions in strong cation
exchangers and OH− ions in strong anion exchangers [526].

Electroseparation with Ion Exchange Materials

353

Fig. 17.1. Dependence of electrical conductivity of an anion exchange membrane MA-41 in equilibrium with solutions containing Na+ and the following anions: (1) HCOO− ; (2) CH3 COO− ;
(3) CH3 CH2 COO− ; (4) C3 H7 COO− ; (5) CH3 (CH2 )8 COO− ; (6) − OOC–COO− . Reprinted from
V. A. Shaposhnik, I. V. Drobysheva, and V. V. Kotov, in: Elektrokhimiya [687] 1983, with kind
permission of authors and Akademizdatcentr “Nauka” RAN ©.

As was said, conductivity of the exchanger is also dependant on the concentration and
composition of the surrounding solution. If the concentration is raised over a certain limiting value, the Donnan exclusion does not prevent co-ions from entering the exchanger
phase. As a result, the number of carriers is increased and, thus, electrical conductivity
of the material increases. This effect is illustrated by Fig. 17.1 [526].
The conductivity of ion exchange materials () is directly related to the diffusion
coefficients of counterions. The following approximate relationship can illustrate this
interdependence for the case of mono-ionic forms:
D=

RT
ZF 2

(17.1)

Please note that the values of D calculated using Eq. (17.1) are approximate and usually
higher than the diffusion coefficients measured directly [526,688,689].
When an electrical field is applied to an ion exchanger, the counterions start to move in
the direction of the oppositely charged electrode. Electrical current appears. The current
rise is counteracted by friction with the surrounding medium. The friction increases in
proportion to the velocity, and, thus, a steady state is established in a very short time.
This steady state is caused by a balance between the accelerating force of the electrical
field and the friction. Constant rates of ion transfer and a constant electrical current
through the system are attained.
A fundamental difference in the species transfer in solutions and in ion exchange materials
can easily be recognised [5]. Due to the stoichiometric content of cations and anions in
an electrolyte solution, both types of ions are exposed to an equal overall force from
the electric field. The solvent is subjected to equal friction force from the cations and
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anions, irrespective of the rate of migration and valence (multicharged ions are lesser in
number but exposed to correspondingly higher electric force). As a result, the current
transport in liquids takes place in stationary media, i.e. no solvent is transferred except
for the solvation shells.
The equality of friction momentums applied to the solvent from two kinds of ions is
because the different mobilities are solely defined by the different strengths of interactions
between the charge carriers and the solvent. It is not the same for ion exchangers. Mobility
of one kind of ions (functional groups) is zero. However, this zero value has nothing
to do with the solvent; the groups are directly attached to the matrix. As a result, only
moving counterions apply the friction momentum to the internal solvent and, thus, carry
the solvent in the same direction.194 As a result, the charge carriers “swim with a fair
tide” [5], moving faster than could be predicted by theories developed for stationary
liquids. This conductivity increase, caused by the solvent transfer, is called convection
conductivity. It is obvious that the presence of co-ions in the exchanger phase (reduced
Donnan exclusion) causes two-directional movement of charge carriers, thus reducing
the convection conductivity.
Processes discussed in this chapter deal with electrical transport of ions targeting their
separation. The major practical question consists of efficient use of the electricity; this
is directly related to efficiency of the overall process. In the case of electro-membrane
separations, the question is not only about energy use. The difference between the energy
spent and energy efficiently used drives processes that usually counteract the separation
and can even hinder it completely. To assign energy fractions to different involved ions,
the concept of transport number has been introduced. The transport number of a species
is defined as the fraction of the electric current that is carried by this species. Transport
numbers are positive for all ions independently of their charge and zero for electrically
neutral species (undissociated molecules, neutral complexes, solvent). By definition, the
sum of transport numbers for all carriers in the phase is equal to unity [5].195
Another related concept is transference number, which is the number of moles of the
ionic species transferred by 1 Fd of electricity through a stationary cross-section in the
direction of positive current. The transference numbers of anions are negative since
anions are transferred in the opposite direction.196
In homogeneous electrolyte solutions, the concentrations of cations and anions are stoichiometrically equivalent. Hence, the ratio of transference numbers is determined solely

194 This unique property of ion exchangers is directly related to their ill-defined phase structure. If assumed that

the material consists of two phases – stationary polymer and micropore solution – a similarity with capillary
electrophoresis can be observed. In both cases, ions are transported along oppositely charged capillary walls,
causing a flow of the solvent.
195 Please note that the concept of transport numbers is not peculiar for ion exchange processes but is applicable
to any conductor having different electricity carriers. If there is only one carrier, its transport number is equal
to unity.
196 One has to be aware that in some sources, the terms transport number and transference number are
mistakenly used instead of each other.
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by the ratio of ionic mobilities. An electric field applied to ion exchangers almost exclusively transports counterions; thus, the overall transport number of counterions is nearly
unity. A deviation from this principle is observed in concentrated solutions in which
the Donnan exclusion is incomplete and, thus, a significant number of co-ions participate in the electricity transfer [5]. This applies certain limitations for the treatment of
concentrated solutions with electro-membrane methods.
The concepts discussed earlier are directly related to the concept of current efficiency
which is a fraction of the overall current used for the transportation of desirable ions.
More about this concept is discussed in Section 17.3.
17.2 Ion Exchange Membranes
Some information about ion exchange membranes is given in Section 2.7, where the physical properties of ion exchange materials are described. More should be said about these
products before discussing major electrochemical operations with ion exchangers. The
presence of such description in this chapter is justified solely by practical applications.
A membrane is conventionally defined as a film or layer with a thickness that is small in
comparison with the surface. However, another definition covering a much wider diversity of shapes is in use when ion exchange materials and the corresponding processes
are considered. In most cases, the ion exchange membrane serves as a separator between
two different liquids, a separator that possesses specific properties. This role became
a base to define an ion exchange membrane as an ion exchanger of any geometrical
shape that can be used as a separation wall between two solutions. Figure 17.2 shows a

-
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+-+
-

+

+

-

Fig. 17.2. Membrane cell with cation exchange membrane. Two stirred reservoirs contain different
electrolytes. Dashed lines indicate Nernst films that are not affected by stirring or flow turbulences.
Cations are free to diffuse through the membrane, while anions are rejected from entering the
exchanger phase from either side.
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device consisting of two solutions and an ion exchange membrane. Counterions are free
to pass into and from the membrane phase as long as the electroneutrality is fulfilled.197
Thus, they can easily (with only diffusion limitations) migrate between two compartments of the setup. According to the Donnan principle, co-ions are treated differently
by the membrane. They are efficiently excluded from the exchanger phase and, thus,
find it impossible (or, at least, very difficult) to pass through. As a result, ion exchange
membranes are permselective, allowing the “free pass” only for counterions. Please note
that the reduction of Donnan exclusion in solutions of high concentrations suppresses
the permselectivity and, thus, promotes the transfer of co-ions through the membrane.
If two different solutions are initially placed at two sides of the membrane, the equilibrium is attained after some time. The equilibrium is characterised by the levelling of
counterions ratio in two compartments while the co-ions remain separated. The shape of
the membrane does not affect the outcome of the equilibrium but only the time required
for the equilibration. In addition to the different permeability for oppositely charged ions,
the permselectivity causes a difference in the electric potential between the two solutions,
the so called membrane potential, which is almost independent of the geometrical shape
of the membrane [5].
Practical requirements for an ion exchange membrane, defined by primary applications
in electro-membrane separation processes,198 are a high electrical conductivity combined
with a high ionic permeability. The electrical conductivity can be increased by increasing
the ionic charge density (i.e. by increasing the capacity); however, it can lead to undesirable high swelling ability. The material must therefore be sufficiently cross-linked.
The basic characteristics of a good membrane are [15]:
• High permselectivity (distinction between cations and anions).
• High electrical conductivity.
• Moderate degree of swelling.
• High mechanical strength.
Electrical conductivity is a commercial characteristic of ion exchange membranes.
However, it is not constant, and depends on ionic composition, swelling degree of the
material, and other factors. Thus, the value of membrane conductivity has to be referred
to certain measurement conditions.
17.3 Electrotransport of Ions through Ion Exchange Membranes
As follows from Donnan principle, an electric current, applied to the phase of an
ion exchanger, transports counterions exclusively (ideal systems; diluted solutions) or
preferably (solutions of high concentration). This phenomenon has been successfully
197 Of course, the free entrance of counterions in the exchanger phase means absence of the electrostatic
repulsion (while obeying the electroneutrality law). In case of some additional influences, such as sieve action,
counterions could be rejected from entering the membrane.
198 Electro-membrane separation processes will be discussed in following sections of this chapter.
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Fig. 17.3. Schemes of simplest batch (left) and continuous (right) electro-membrane processes.
The case with cation exchange membranes is shown. Dashed lines indicate Nernst films that cannot
be removed by the stirring or by flow turbulences. Ions H + and OH− , produced by electrode
reactions, are not shown.

utilised for deionisation of solutions. The principle of selective ion transfer in membrane cells is illustrated in Fig. 17.3. The simplest electrodialysis apparatus is obtained
if two cells with membranes of different types are combined as illustrated in Fig. 17.4.
Panel (a) shows a cell consisting of two compartments supplied with electrodes and
separated by an anion exchange membrane. If the solution to be treated is filled in the
cathode compartment and the electrical field is applied, anions are transferred through
the membrane towards the anode, i.e. in the anode compartment.199 The process with
cation exchange membrane is performed in the same way, with the only difference that
all charges have opposite signs (Fig. 17.4b). In both cases, the separation occurs due to
electromigration of ions through membranes, which is defined by the electrical charge
of the species combined with their ability to penetrate through membranes. Uncharged
molecules, including molecules of the solvent, are not affected by the electrical force.
Hence, electrically charged components can be separated from their uncharged counterparts. The unit shown in panel (c) of Fig. 17.4 is in fact an assembly of two membrane
cells presented in panels (a) and (b). The treated ionic solution is placed in the central compartment. Due to the transfer of anions and cations in opposite directions, the
solution is deionised. In all the three cases presented in Fig. 17.4, the products are acid
and alkali (mixtures of acids/alkalis if a mixture of the corresponding salts is treated).
The ions are removed from the central compartment of scheme (c) that produces the
deionised solvent.

199 The solution in the compartment adjacent to the anode side of the anion exchange membrane is usually

referred as an anolyte (also in the absence of the anode itself). Correspondingly, the solution in the compartment
adjacent to the cathode side of the cation exchange membrane is usually referred to as catholyte.
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Fig. 17.4. Principle of electrodialysis. (a) cell with anion exchange membrane; (b) cell with cation
exchange membrane; (c) electrodialytic cell with three compartments and two types of membranes.

Figure 17.5 shows the complete system of chemical interactions for splitting of the
dissolved sodium sulphate. Ions H + and OH− required to maintain the charge balance
are produced from water at the electrodes:
= H + + 14 O2 + e−

(17.2)

Me+ + H2 O + e− = MeOH + 12 H2

(17.3)200

1
2 H2 O

The system separates ions of the salt, producing sulphuric acid and sodium hydroxide.
Figure 17.5 also illustrates the fact that the membranes are generally imperfect. They
do not only transport the desired ions, a considerable number of OH− ions penetrate
the cation exchange membrane and H + ions penetrate the anion exchange membrane.
In consequence, the product yield is reduced [690]. The transfer of co-ions defines the
non-ideality of the separation. Thus, the efficiency of electricity use is below 100%.
The concept of current efficiency is employed to express the non-ideality. The current
efficiency provides information on which fraction of the total current is used to transfer

200 The process of electrode splitting of water also produces oxygen and hydrogen. This process incurs signifi-

cant energy expenses. In order to reduce the energy consumption, gas diffusion electrodes or bipolar membranes
can be used [690]. Bipolar membranes are discussed later, in Section 17.7.

Electroseparation with Ion Exchange Materials

359

Fig. 17.5. Electrolysis of sodium sulphate in a three-compartment cell with anion and cation
exchange membranes (AEM and CEM, respectively). Please note that water molecules are transported from the central compartment in both directions due to the phenomenon described in
Section 17.1. Reprinted from J. Jörissen, S. M. Breiter, and C. Funkc, in: Journal of Membrane
Science [690] 2003, Elsevier ©.

the desirable ions, and is defined as the amount of transported counterions (equivalent
scale) per faraday of the transferred electricity. The current efficiency is not necessarily
constant during the electrodialytic process. If the solution is not renewed in the compartments (batch operation), electrolytes accumulate in certain compartments and are
depleted in others. This particularly causes a difference in the osmotic pressure and,
thus, causes diffusion of the electrolyte, counteracting the separation and reducing the
current efficiency [5].
Flux of an ion through a membrane can be calculated as [685]
JA (t) =

1 dnA
·
S dt

(17.4)

where JA (t) is the flux of ion A at time t (moles·cm−2 ·s−1 ); S is the membrane area
(cm2 ); nA is the number of moles of the ion A in the receiving compartment (in the
anolyte if ion A is negatively charged or in the catholyte if the charge is positive).
The leakage of the co-ion through the membrane (in most cases, H + for anion exchange
membranes or OH− for cation exchange membranes) can be expressed as
JB (t) = 1 −

Z·F
· JA (t)
J el

(17.5)

where JB (t) is the co-ion leakage at time t; Z is the amount of electricity (in faradays)
transferred through the membrane by one mole of ions A, i.e. it is simply the charge of
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ion A; F is the Faraday constant; J el is the current density (A·cm−2 ).201 Equation (17.5)
is written in a simple form, assuming that the ion B is single charged and that only one
type of counterions (ion A) and one type of co-ions (ion B) are transferred through the
membrane. Note that the quantity JB approaches the co-ion transport number; however,
these two are not equal if the electromigration mechanism of the co-ion transfer is
accompanied by the diffusion mechanism.
Such non-ideal behaviour results in the fact that the amount of electricity needed for an
ion-transfer process exceeds the “stoichiometric value”. For the continuous membrane
separation scheme presented in the right panel of Fig. 17.3, the following equation can
be used [15]:
I el = Z · F · ν · C/η

(17.6)

where I el is the electrical current required to remove the ions; Z is the ionic charge;
F is the Faraday constant; ν is the rate of solution flow through the apparatus; C is
the concentration difference (normality) between the feed and the diluted effluent; and η
is the current efficiency.
Apparent deviations can also occur besides the non-ideality caused by secondary current
transfer processes. One possible reason for the apparent non-ideal performance of ion
exchange membranes is ionic interactions inside the material and in the surrounding
solution. As an example, let us consider how double-charged sulphate ion influences iontransfer through an anion exchange membrane.202 SO2−
4 can interact with the functional
groups, reducing effective charge of the membrane. This results in less rejection of
co-ions, i.e. in decreased permselectivity. Two mechanisms of the interaction can occur
in this case:
• The double-charged anion SO2−
4 interacts with several fixed groups, weakening the
positive charge of all of the fixed ions involved.
• Each anion SO2−
4 interacts with only one positive fixed ion, leading to an excess
negative charge and a reversal of the polarity inside the membrane at this location.
That is, the anion exchange material is partially converted into a “cation exchanger”.
Similar effects are known for cation exchange membranes, where the permselectivity is
diminished by multiply charged cations [691].
Association of ions can also enhance the apparent current efficiency. For example, if the
central compartment of a cell shown in Fig. 17.5 contains an acidified sodium sulphate

201 The current density is expressed as J el = I/S, where I is the electrical current and S is the cross-section

of the conducting medium. In the cases discussed, S is the square of the ion exchange membrane.
202 The following description is a short citation from a recently published work of J. Jörissen, S. M. Breiter,

and C. Funk [690]. More of the interesting details can be obtained from the original paper.
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solution, formation of HSO−
4 associates can be expected:
+
SO2−
4 +H

pK=1.99

=

HSO−
4

(17.7)

As a result, the same amount of electricity would transfer two single-charged hydrogen
sulphate ions through the anion exchange membrane instead of one double-charged
sulphate ion, i.e. transfer of double-charged SO2−
4 anions can be partially or even predominantly replaced with transfer of double the amount of single-charged ions. The
process also results in a co-transfer of H + ions (which are bound within HSO−
4 ions)
into the anode compartment. This phenomenon can partially compensate or even exceed
the current efficiency loss caused by the H + ion leakage in the opposite direction.
Figure 17.6 illustrates the influence of reaction (17.7) on processes taking place in

Fig. 17.6. Suggested ion transport for anion exchange membranes in the case of sodium sulphate
electrolysis. CA is acid concentration in the anolyte on the anode side of the anion exchange
membrane; CC is acid concentration on the cathode side of the anion exchange membrane; CE stays
for current efficiency. Reprinted from J. Jörissen, S. M. Breiter, and C. Funkc, in: Journal of
Membrane Science [690] 2003, Elsevier ©.
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different compartments of the electrodialysis system. Four different cases are discussed.
The normal operating conditions of salt splitting is shown in panel (a). In this case,
current efficiency for transfer of the acid is below 100%, i.e. there is an H + leakage
through the membrane. This leakage increases with increase of the acid concentration at
the anode side of the anion exchange membrane. According to the model presented in
the figure, acid concentration at the cathode side cannot influence the current efficiency
at the anode side of the membrane. The acid concentration at the cathode side of the
−
anion exchange membrane only affects the ratio of SO2−
4 :HSO4 ions entering into the
+
membrane, and has no effect on the overall balance of H ions. Even a very high acid
concentration is not able to change the current efficiency because the sulphate ions with
the highest H + content are exclusively migrating through. Thus, in the case shown in
panel (a), current efficiency is only influenced by the acid concentration on the anode
side of the membrane, because this decides the magnitude of the H + ion leakage.
If the acid concentration on the anode side of the membrane is reduced, the current
efficiency rises until the effective H + leakage flow is stopped. This situation is illustrated
by panel (b) of Fig. 17.6 for neutral conditions on the cathode side of the membrane,
+
i.e. only SO2−
4 ions are present there. The H ion leakage flow inside the membrane
−
is completely consumed for the conversion of SO2−
4 ions into HSO4 ions, so that all
+
of the H ions are transferred back and none can enter into the solution in the central
compartment.
Panel (c) illustrates the borderline case where the acid concentration on the anode side is
+
so high that only HSO−
4 species are entering into the membrane. Then, the H ion leakage
flow completely arrives in the solution on the cathode side. It depends solely on the acid
concentration on the cathode side and directly decides the maximum current efficiency.
If this concentration approaches zero, and therefore no H + ion leakage occurs, the current
efficiency is up to 200% in comparison with the system where no ionic interactions occur
and, thus, only SO2−
4 ions are transferred.
At lower acid concentrations on both sides of the anion exchange membrane, current efficiency values higher than 100% may be non-achievable. In this case, the anion exchange
membrane behaves as shown in panel (d) of Fig. 17.6. The H + leakage in the membrane (which is small due to the low acid concentration on the anode side) is completely
exhausted by reactions with SO2−
4 . Therefore, under these conditions, current efficiency
does not depend on acid concentration on the anode side. But the acid concentration on
the cathode side has a significant influence in this case, because it decides the H + content
of the ions that enter into the membrane. If the solution in the central compartment is
neutral, 100% current efficiency is achieved.
17.4 Practical Aspects of Electro-membrane Separations
Industrial units have a multicompartment structure to enhance the efficiency of current
use and to reduce operation space. A typical device comprises alternating anion and cation
exchange membranes. The spaces between membranes are configured to create compartments with liquid flow between inlets and outlets. The distances between membranes
are kept as short as possible for the sake of low overall electrical resistance. When the
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Fig. 17.7. Five-compartment cell for electrodialytic demineralisation.

compartments are subjected to an electric field, ions in the liquid are attracted to their
respective counter-electrodes. The result is that each compartment surrounded by the
anion exchange membrane facing the anode and the cation exchange membrane facing the cathode becomes ionically depleted and the compartments surrounded by the
anion exchange membrane facing the cathode and cation exchange membrane facing
the anode become ionically concentrated [684]. An example of the multicompartment
scheme is presented in Fig. 17.7. For simplicity, the figure shows only five compartments (including two depletion and one concentration compartments), while industrial
units have hundreds of membranes placed in an alternating pattern between the cathode
and anode. In commercial practice, 100–200 membranes may be assembled to form a
membrane stack, and an electrodialysis system may be composed of one or more stacks.
Commercial electrodialysis membranes may be as large as 2 m2 [71].
If the batch operation is performed, the efficiency of deionisation drops with the process
course. The removal of counterions goes on until the conductivity of the treated solution
drops down significantly and water dissociation (production of H + and OH− ) begins
to compete with the transfer of targeted ions. As stated, the accumulation of salt in
the concentrate compartment (as well as hydrogen at the anode and hydroxide at the
cathode) also affects process efficiency. Thus, continuous pumping of solutions through
the compartments is the most common mode. There are also schemes where depletion
and concentration compartments work in different (continuous and batch) modes.
The electrodialysis system can be supplied with extra features to provide it with specific
properties or to prevent undesirable processes. For example, if the apparatus depicted in
Fig. 17.4 is used to split sodium chloride, the produced solutions are sodium hydroxide
and hydrochloric acid.203 The hydrochloric acid in contact with anode would proceed to

203 The process of salt splitting with electrodialysis is often referred to as an electrolysis with ion exchange
membranes.
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Fig. 17.8. Splitting of sodium chloride with electrodialysis. The apparatus is equipped with an
extra chamber preventing the anode reaction Cl− = Cl + e− and protecting the anion exchange
membrane from oxidation.

chlorine due to the anode reaction
Cl− = 12 Cl2 (gas) + e−

(17.8)

and destroy the anion exchange membrane (anion exchange membranes are sensitive
to oxidising agents). To solve this problem, an additional cation exchange membrane
adjoining the anode is introduced, as shown in Fig. 17.8. The newly formed anode
compartment is filled with sodium sulphate solution, protecting the anode from the
destruction. Certainly, this configuration cannot produce pure hydrochloric acid as a
by-product of the salt splitting.
Any process designer would want to increase the productivity of the separation unit.
An obvious solution to force more ions through the system of membranes is to raise
the voltage, increasing the current density. Such an increase has a specific limitation.
Figure 17.9 shows the corresponding performance of an ion exchange membrane. Three
regions can be observed. In region (1), the electrical current is related to the electrical
potential difference by Ohm’s law. In region (2), the current reaches a plateau value
which implies that the ohmic resistance has been increased. This is the region of the
el ), which is the current necessary to transfer all the available
limiting current density (Jlim
ions. When the voltage is increased further, no ions are available anymore to transfer
the charge. The corresponding current increase is due to the water splitting, which is
obviously undesirable. In addition, all kinds of non-equilibrium processes occur in this
region [15]. Thus, the limiting current density is the point at which the electrical resistance
of the system becomes non-constant. Determination of the limiting current can be easily
done by plotting the experimental measurements as the function
V el
 = el = f
I



1
I el


(17.9)
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Fig. 17.9. Scheme of voltage–current characteristic of an ion exchange membrane. Reprinted from
M. Mulder, Basic Principles of Membrane Technology [15] 1996, with kind permission of Springer
Science and Business Media ©.

where  is the electrical resistance; V el is the applied voltage; and I el is the electrical
current. The plot of dependency (17.9) can be fitted by two straight lines with the intercept
el .
corresponding to Jlim
There are many advantages of water purification with electrodialysis in comparison with
the multistep column treatments (sequences of cation and anion exchange columns were
discussed in Section 12.5). First of all, electro-membrane methods are characterised by
low or zero pollution, while conventional column processes require treatment or disposal
of effluents coming from regeneration steps. The energy consumption by the electrodialysis is low, and the equipment is compact. The main disadvantage is inapplicability
to processes of ion separation. The applicability of electrodialysis for water purification is also limited because a presence of contaminating ions in the purified product is
predefined by the principles of ion transport discussed earlier. To solve the problem of
high-purity water production, electrodialysis is combined with column techniques. For
example, it is often applied to raw water as the first treatment stage, and the product
is sent to a mixed bed ion exchange column. Another approach consists of combining
the ion exchange sorption, electro regeneration, and electrodialysis processes into one
system. This technique is described in Section 17.9.

17.5 Monovalent-ion Permselective Membranes
As a rule, electrodialysis is not a method that can efficiently discriminate between different cations or between different anions, i.e. electrodialysis is not suitable for separation
of ions but only for their removal. The only exception is monovalent-ion-permselective
membranes. When an electrical field is applied, they allow a free transport only for
monovalent ions rejecting divalent and polyvalent ions from passing through.
The membranes capable of repulsing polyvalent ions are obtained by the deposition
of a thin permselective polymeric layer on both sides of commercial membranes. In
particular, in monovalent-anion-permselective membranes [692,693], the permselective
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Fig. 17.10. Discrimination between ions by a monovalent-cation-permselective membrane.
The dark area represents bulk of the cation exchange membrane. Only one layer of the positively charged polymer is shown. Reprinted from L. Firdaous, F. Quemeneur, J. P. Schlumpf, and
J. P. Maleriat, in: Desalination [696] 2004, Elsevier ©.

layer can be made of a highly cross-linked polymer, whereas in monovalent-cationpermselective membranes [694,695], the thin layer is positively charged (anion exchange
layer), as shown in Fig. 17.10. The suggested selectivity mechanism is either steric
(anion exchange membranes) or electric (cation exchange membranes) repulsion [697].
The electric repulsion of divalent ions by monovalent-cation-permselective membranes
can be explained as follows. The thin positively charged layer rejects multi-charged ions
much stronger than monovalent species. As a counterpart, the presence of such positively
charged layer increases the overall electric resistance of the membrane compared to
conventional cation exchange materials [697].
In contrast to the corresponding equilibrium characteristic described in Section 8.4, the
separation factor, characterising performance of such membranes, is not even nearly
constant, and is defined by the dynamic processes in the system. It can be expressed as
[697,698]
αm =

Jm Cd
Jd C m

(17.10)

where Ji is the molar flux of ions through the membrane, mol·m−2 ·s−1 ; C is the interface molar concentration; subscripts m and d indicate monovalent and divalent ions,
respectively. The separation factor is a function of many controlling parameters: ion
concentrations in the diluate, applied current density, etc. [697].
A detailed theory explaining the permselectivity of these membranes is yet to be created.
However, a kinetic discrimination between single- and multi-charged ions looks like the
most reasonable explanation. It is assumed that the permselective layer imposes different
a to the permeation
potential energy barriers (i.e. apparent activation energies) Eda and Em
of divalent and monovalent ions, respectively (Fig. 17.11). There are no undisputable
quantitative approaches allowing the calculation of the separation factor αm ; however,
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Fig. 17.11. Scheme of potential profiles and apparent activation energies of mono-(m) and di-(d)
valence ions in an ion-permselective ion exchange membrane. Reprinted from G. Saracco and
M. Zanetti, in: Industrial & Engineering Chemistry Research [698] 1994, with kind permission of
American Chemical Society ©.

some interdependencies can be expressed. The difference between transfer rates of different ions can be accounted assuming that the ion concentrations inside and outside the
membrane are linked as [698]
!

Eia − |Zi | · F ·  · J el
Ci
= Ki = K∞,i exp −
(17.11)
Ci
RT
where Zi is the valence of the generic ion i, F is the Faraday constant, and  is the
electric resistance of the film. Ki in Eq. (17.11) is a kinetic constant, accounting for the
existence of a potential barrier Eia , for the molar thermal energy of the ions RT, or, which
is most important, for the electric energy they possess as a consequence of the imposed
effective current density J el .
Provided the entire permselectivity is given to the membranes by the considered layer
and no further separation occurs in the bulk of the membrane,

Jm
Cm
=

Jd
Cd

(17.12)

an expression for the separation factor can be derived:
αm =

Km
Kd



Cm
Cd

n−1
=



Ea − Eda
K∞,m
exp − m
K∞,d
RT
(|Zm | − |Zd |) · F ·  · J el
× exp
RT

!

Cm
Cd

n−1
(17.13)
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Experimental data can be fitted by a logarithmic form of expression (17.13), neglecting
the dependency of  on temperature [698]
ln αm = a + b



1
J el
Cm
+c
+ d ln
T
T
Cd

(17.14)

The described model is obviously a simplification. Transport phenomena through
monovalent-ion-permselective membranes are particularly complex since divalent-ion
rejection takes place simultaneously with a number of different transport mechanisms:
convective counterion transport, co-ion leakage, backward diffusion of ions, osmosis
or electro-osmosis, etc. [697,698]. As was already encountered in previous chapters, a
comprehensive modelling with incorporation of all phenomena is impossible to handle.
Thus, many different models other than that expressed by Eq. (17.13) have been developed, taking into account major transport routes. These models are not described here
but can be found in the related literature [697].
17.6 Purification of Organic Substances with Electrodialysis
As discussed earlier, electrical field does not affect non-charged species and, thus,
removal of ionised or ionisable members from organic-containing mixtures is a straightforward application of electro-membrane techniques, i.e. purification of non-chargeable
organics can be performed without any specific terms. Techniques for removal of Na+,
K+, and Ca2+ from sugar syrups [699,700] can be taken as examples of such processes.
The same effect is achieved when solutions containing charged organic compounds are
treated with membranes permeable for ions of opposite charge. A good example of such
processes is the removal of cations from solutions of lactic acid [701]. The purification
of lactic acid from fermentation broth can also be performed in a conventional electrodialyser where lactate-anions migrate through an anion exchange membrane, leaving the
non-charged contaminants in the feed compartment [702].
In addition to the straightforward applications, many electrodialytic techniques are based
on the use of specific effects. For instance, such techniques can exploit the fact that different organic and bio-organic substances can assume different electric charge, depending
on the conditions. A typical example of rechargeable substances is amino acids that,
depending on pH, can be cations, anions, or even zwitterions (see Fig. 4.6 in Section 4.1). The conditions in the purification compartment(s) of the electro-membrane
apparatus could be adjusted to secure the existence of the purified substance as the
zwitterion (which experiences equal driving forces in the directions of the cathode and
anode), thus allowing removal of all other ionic substances from the solution. For example, such demineralisation of phenylalanine from a model solution was performed with
the product recovery up to 95% at 98% demineralisation and the current efficiency for
the demineralisation process approximately 98% [276]. The dissociated inorganic salts
were transported through membranes into concentrate compartments. The phenylalanine,
in contrast, was prevented from the crossing because the solution pH was in the range
of the neutral overall charge Phe± . The method can even be applied to separate different amino acids, peptides, and/or proteins. In this case, different solutions are supplied
in different compartments of the electrodialyser, as shown in Fig. 17.12. The treated
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Fig. 17.12. Electrodialytic separation of amino acids utilising the difference in their isoelectric
points (pI). The raw mixture of amino acids is placed in the central compartment, where pH is
maintained at the isoelectric point of the target amino acid (pIt ). Two adjusting compartments are
filled with solutions maintaining pH below and above pIt to prevent back-transfer of other amino
acids, which can be caused by inappropriate pH.

solution is directed to the central compartment being adjusted to the isoelectric point
of the target substance (pIt ). Constitutes with pI = pIt are charged at this pH either
positively or negatively, depending on their specific isoelectric points. They migrate in
the direction of the cathode and anode, respectively. In this way, a complete separation
of various mixtures containing amino acids and/or proteins can be obtained by simply
adjusting the pH values [15].

17.7 Bipolar Membranes
As was discussed earlier, the complete removal of ions from the deionisation compartment of an electrodialyser (see, for example, Fig. 17.3) is followed by the dissociation
of water and the transfer of H + and OH − ions through cation and anion exchange membranes towards the cathode and anode, respectively. This process can hardly be desirable
because of its inefficiency, caused by the high resistance of the ion-free solution. The
resistance can obviously be reduced by bringing the membranes close to each other.
The limiting case is two membranes contacting with surfaces. An assembly of two ion
exchange membranes of different polarity is called a bipolar membrane. When an electrical potential is applied, water splitting takes place in the microscopic distance between
the two materials of the membranes, making the process efficient.
Figure 17.13 shows an application of a bipolar membrane for the splitting of sodium
sulphate. A solution of Na2 SO4 is directed into compartments surrounded by cation
and anion exchange membranes. The products are electrically driven into the central compartment, which is separated by the bipolar membrane. The sulphate ions
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Fig. 17.13. An example of electro-membrane system, including bipolar membrane. The system
is used for the splitting of sodium sulphate, producing caustic soda and sulphuric acid. Reprinted
from M. Mulder, Basic Principles of Membrane Technology [15] 1996, with kind permission of
Springer Science and Business Media ©.

pass through the anion exchange membrane towards the anode and associate with the
hydrogen ions provided by the bipolar membrane. At the same time, the sodium ions
pass through the cation exchange membrane towards the cathode and form sodium
hydroxide with the hydroxyl ions from the bipolar membrane. Of course, similar
results can be obtained with the conventional mono-polar membranes, however, in
this latter process, the protons and hydroxyl ions are provided by the electrolysis of
water at electrodes (redox reactions), which implies that the energy consumption is
higher than in the case of the bipolar membrane process (water dissociation) [15].
Moreover, many acids cannot be obtained with mono-polar membranes due to the
undesirable electrode reactions. For example, Cl− ions are readily discharged due to
the anode reaction (17.8), which suppresses the reaction (17.2). Thus, hydrochloric
acid cannot be obtained in the electrode compartment. Another advantageous possibility is to assemble multicompartment industrial units consisting of alternating cation
exchange, anion exchange, and bipolar membranes. The application of bipolar membranes makes the discussed process so efficient that even by-production of a mixed acid
and a mixed base from regenerates of ion exchange desalination could be economically
profitable [16].
The ability of bipolar membranes to supply hydrogen and hydroxyl ions in the
adjusted compartments has also been efficiently used in many other electro-membrane
processes. For example, they allow the treatment of solutions of neutral amino
acids without preliminary pH adjustment. The emitted OH− ions convert zwitterions in anions, allowing transfer of the amino acid through the anion exchange
membrane [703,704].
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17.8 Electrochemical Processes in Packed Beds
The mechanism of electricity transport in a packed bed of ion exchange beads depends
on the ratio between concentrations of the carriers in two phases. If voids between the
exchanger beads are filled with a concentrated solution of high conductivity, the electricity is carried through the liquid phase, as shown in panel (a) of Fig. 17.14. Electricity
carriers of both charges are involved and, thus, no difference from the current transport
in solutions could be observed. In case of solutions with moderate concentrations, conductivity of the liquid phase is low while conductivity of the exchanger is almost the
same in all cases because the total number of counterions is defined by the ion exchange
capacity.204 Thus, if the beads are surrounded by a dilute solution, the current is transported through the exchanger phase (panel (c)). The point at which the conductivities of

+

-

+

(b)

+

Solution conductivity

(a)

(c)

Fig. 17.14. Transport of electric current in a packed cation exchange bed. The current is transported by: ions located in the void liquid in the case of high conductivity of the solution (panel (a));
counterions located inside the exchanger in case of diluted solutions and, thus, low conductivity
of the solution (panel (c)). Panel (b) illustrates the case where conductivities of both phases are
equal. Arrows show movement of counterions (cations). In case of an anion exchange bed, the
counterions (anions) move in an opposite direction.

204As a matter of fact, conductivity of exchangers surrounded with concentrated solutions is higher because of
the presence in their phase of some amount of co-ions. However, due to the Donnan principle, this conductivity
increase is much less than the difference between the conductivities of concentrated and diluted solutions.
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ion exchanger and solution are equal is called equiconductance point and is illustrated
in panel (b) of Fig. 17.14.
The current transport through exchanger phase results in the transfer of counterions in
the direction of the cathode for cation exchangers or anode for anion exchangers. Finally,
counterions come out of the bed being replaced by H + or OH− produced by electrolysis
of water (reactions (17.2) and (17.3)). As a result, the electrical current transports counterions through the bed. In the case of a cation exchanger, the ions initially contained in
the beads are accumulated around the cathode, being replaced by the hydrogen coming
from the anode. Anion exchange beds work in exactly the same way, the only difference
being in the charge signs. Thus, the phenomenon can be used for the regeneration of
ion exchange beds. One has to note that many other electrode reactions can take place
instead of reactions (17.2) and (17.3). For example, if the initial ionic form is Cu2+ , the
metallic copper would depose on the surface of the cathode
2+
1
2 Cu

+ e− = 12 Cu0

(17.15)

and could be easily utilised.205
If the bed is loaded with a mixture of different counterions, members of the mixture
move along the electrical field gradient at different rates. If the pathway is long enough,
the ions separate into individual electrochromatographic bands following one another in
the sequence of decreasing mobility. This phenomenon is exploited for analytical purposes in electrochromatography, which is a separation technique combining the aspects
of both interactive chromatography and electrophoresis. This analytical technique can use
packed beds as well as monoliths (see Section 13.1). The advantage of using a monolithic
stationary phase is that its properties, in terms of active sites and charged moieties, can
be more precisely tailored [705]. Porous beds of small packed particles (down to submicrometre size) as well as channelled ion exchange monoliths are also successfully used in
capillary electrochromatography that combines aspects of capillary electrophoresis with
liquid chromatography to achieve a unique separation methodology [706].
There are only a few related publications reporting experiments on application of
electro-regeneration in conventional column or batch separation processes [199,707].
The most attractive application is regeneration of mixed bed columns [708,709] because,
as discussed in Section 12.6, conventional techniques used for regeneration of mixed
beds are difficult, expensive, and often incomplete. The principle of electroregeneration is successfully used in electrodialysis with filled compartments, as described in
Section 17.9.
17.9 Electrodialysis with Filled Compartments
Electrodialysis with filled compartments combines a few processes in a single device:
ion exchange sorption, electrochemical regeneration, and electrodialysis. All processes
take place simultaneously, making the overall treatment continuous. The introduction
205 Electroregeneration targeting to collect the desirable product is often referred to as electroelution.

Electroseparation with Ion Exchange Materials

373

of ion exchange media into the electrodialysis stack provides a significant increase in
the desalting degree in comparison to the previously described electrodialysis setups
[710–712].
Apparatuses for electrodialysis with filled compartments are similar to the systems
described in the previous sections of this chapter. However, the space within the ion
depleting compartments, and, in some cases, in the ion concentrating compartments, is
filled with ion exchange materials (most commonly with granular ion exchange resins),
preferably of uniform particle size and morphology (Fig. 17.15, panel (a)). The filling
ion exchangers can be considered as a mixed bed (see Section 12.6), removing two types
of ions from the solution and being simultaneously electroregenerated. The ion exchange

Fig. 17.15. Different schemes of membrane electrodeionisation with filled compartments [684].
(a) Mixed bed filled in deionisation compartment; (b) mixed bed filled in all compartments;
(c) layered bed filled in deionisation compartment and cation exchanger bed in concentrate compartments; (d) the deionised solution is consequently pumped through two electrode compartments
filled with different exchangers. Please note that, in cases of a compartment filled with only cation
exchanger or with only anion exchanger, co-ions are transported in voids between beads.
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media enhances the transport of ions and can also act as a substrate for desirable electrochemical reactions. The compartments can be filled in different ways. The simplest and
most obvious filling is the mixed bed, i.e. intimately mixed anion and cation exchangers.
However, certain advantages are achieved when the cation and anion exchangers form
layers or clusters [684].206 Non-spherical fillers, for example, elongated bars of cation
and anion exchange resins, have also been used.
The use of an ion exchange filling in the deionisation compartment has strong
advantages [713]:
• It reduces the electric resistance of the cell and, consequently, decreases the polarisation phenomenon that occurs when electrodialysis is applied to solutions of low
concentrations.
• Hydrogen and hydroxyl ions produced from water splitting are spent for electrochemical regeneration of the exchanger.
The systems with filled compartments are characterised by: (i) independence of the
device conductivity on ionic content of the solution, (ii) suppression of the undesirable
phenomena, (iii) and sufficient amount of regenerated ion exchange functionality at
any point of time. All these favour efficient removal of low ionic concentrations. As a
result, the systems with filled compartments have a removal efficiency similar to mixed
bed ion exchange columns. This advantage is combined with the true continuity of the
process [713].
Ion removal consists of two distinct operating regimes: enhanced transfer and electroregeneration. The particular regime is selected taking into consideration composition of
the raw solution and requirements imposed to the deionised product.
• In the enhanced transfer regime, the exchangers within the device are in the salt
forms. As previously discussed, when the surrounding solution is diluted, the ion
exchanger acts as the medium where the ions (and thus the current) are transported
across the compartments to the surface of the ion exchange membranes. This allows
for a high efficiency of the device.
• The electroregeneration regime is characterised by the continuous regeneration of
the filling exchangers by electrically produced hydrogen and hydroxide ions. As a
result, the exchangers inside the device are preferably in H + and OH − forms. This
allows for the efficient removal of weakly ionised compounds [684].
Selection of the membrane materials filling the compartments must be performed taking
into consideration the efficiency of water electrochemical splitting at various locations
within the device [684]. The dissociation of water preferentially occurs at interfaces
between the cation and anion exchanger in the depleting compartment at local points of
low ionic concentrations [684,714]. The two primary types of interfaces in devices with
filled compartments are bead/bead and bead/membrane. The produced H + and OH− ions
206 This section extensively cites the publication of J. H. Wood, G. C. Ganzi, and P. A. Springthorpe [684].
The original paper is highly recommended to obtain more details on the subject.
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are spent for regeneration of the ion exchanger.207 The selection of ion exchange materials
for electrodeionisation is derived from the need for different reactivity, mechanical and
transfer properties, and based on the composition of the treated media and operating
conditions [684].
In addition to the proper selection of exchangers, the electroregeneration process can
be enhanced by several methods that reduce the electrical resistance of the device and
therefore allow higher current and, thus, enhance the productivity of the system [684].
The simplest way to reduce the overall resistance is to introduce a conductive salt (for
example, NaCl) into the concentrate compartments. However, the most interesting and
preferred method is to incorporate an exchanger into the concentrate compartments,
as shown in panel (b) of Fig. 17.15. This eliminates the need for injection of a conductive
salt. The beads also help to transport ions away from the surface of the concentrate side
of the ion exchange membrane. This reduces the ion concentration in the boundary layer,
suppressing back-diffusion and improving salt removal.
For the exchanger to transport an ion, there must be a continuous path of the appropriate
type of ion exchange material, i.e. pass between two membranes consisting only of cation
exchanger beads for transfer of cations and consisting only of anion exchanger beads
for transfer of anions. This imposes significant limitations for intermembrane spacing in
units with mixed bed filling because the probability of a direct conductive path is related
to the number of beads between the membranes.
To enhance the formation of continuous paths, a layered filling of the compartments
could be preferable. Such filling is shown in panel (c) of Fig. 17.15 [684,715]. Beads
of the ion exchangers are loaded in separate, alternating layers (clusters in other type
of devices), each layer either an anion or a cation exchanger. As one can see, the
number of interfaces between the cation and anion exchange materials is reduced in
comparison with mixed bed fillings. This requires more careful selection of the materials to provide efficient catalysis of the water-splitting reaction. This selection must
also take into account the relative electrical resistance and selectivity of the layers,
so that the DC current is distributed as desired [684,716]. Thus, the selection of
material for the layered feeling can be much different from that of the mixed bed
alternative.
Another type of electrodeionisation device uses separate compartments, with the cation
exchanger placed in a compartment between the cation exchange membrane and the
anode, with direct contact with the electrode [684,717,718]. The anion exchanger is
placed between the anion exchange membrane and the cathode. The two ion exchange
membranes create a concentrate compartment at the centre of the cell. This configuration
is shown in panel (d) of Fig. 17.15. Instead of splitting water at a bead/membrane or
bead/bead interface, this process obtains the hydrogen or hydroxyl ions needed for the
regeneration from the corresponding electrode reactions.

207 Regeneration here means regeneration of ion exchange materials filling the intermembrane compartments,
not the ion exchange material of membranes.
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Fig. 17.16. Water dissociation process occurring in bipolar textiles (panel (a)) and loss of demineralisation due to recombination reaction between protons and hydroxyl ions (panel (b)). (A) denotes
anion exchanger; (C) denotes cation exchanger. Reprinted from E. Dejean, E. Laktionov,
J. Sandeaux, R. Sandeaux, G. Pourcelly, and C. Gavach, in: Desalination [712] 1997, Elsevier ©.

Granular ion exchange resins are not only materials that are used to fill the compartment.
For example, a number of works on electrodialysis with ion exchange textiles have shown
faster exchange kinetics, lower poisoning of the materials, and lower pressure drop [199].
The electrodeionisation process with ion exchange textiles filling the deionisation compartment can be used at flow rates significantly higher than with granular ion exchange
resins. The flow increase is achieved without encountering significant pressure drops.
The current efficiency is enhanced, and energy losses are reduced [713]. In addition, the
textile materials have a sheet shape and are particularly well adapted to be introduced
and compressed between two adjacent plane ion exchange membranes, thus ensuring
good electrolytic contact [199,712,719]. Other advantages of ion exchange textiles and
fibres, such as, for example, fast exchange kinetics, have also to be accounted for the
electrodialysis applications.
A novel advantageous approach is the use of bipolar textiles of different configurations.
They are composed of alternate layers of cation and anion exchange textiles, where
cation or anion exchange layers are mechanically juxtaposed [712].208 As was said, the
splitting of water occurs preferably at the junction between opposite ion exchange layers.
The bipolar textiles provide a very high number of such interfaces, thus favouring the
intensive production of desirable H + and OH− ions. The process takes place at the
level of very small dimensions and can be depicted as shown in panel (a) of Fig. 17.16.
One has to note that layering of the cation and anion exchange constituents of the textile
across direction of the electric current can result in undesirable recombinations of protons
and hydroxyls, followed by a leakage of the salt out of the desalination compartment
(panel (b) of Fig. 17.16). This effect is more pronounced in multilayered textiles.

208 Please note the difference from bipolar ion exchange resins, where functional groups of opposite charge
are attached to the same polymeric chain. Bipolarity of the textiles is accomplished at the macroscale level
(structure of the material), while the resins are bipolar in the molecular (chemical) level.

CHAPTER 18

Subjects that do not Fit in Other Chapters

This chapter contains a few independent sections that do not fit into the subjects discussed
till now. Being positioned in this un-organised collection does not impair the importance
of the subjects discussed.
18.1 Ion Exchange Synthesis
Ion exchange synthesis is the preparation of chemical substances via ion exchange reactions with ion exchange materials. In this case, the exchanger acts as a reactant but not
as a catalyst.209
Ion exchange synthesis is usually applied for the preparation of ionic substances such as
salts, acids, or alkali. To explain the idea, let us consider a synthesis of the salt A1 Y2
using two reagents A1 Y1 and A2 Y2 .210 The reaction
A1 Y1 + A2 Y2 = A1 Y2 + A2 Y1

(18.1)

is not useful if it takes place in a homogeneous system. An equilibrium state could be
established with all the four ionic species present in the solution in ionised or non-ionised
+
−
−
form, i.e. all combinations could be found in the resulting solution: A+
1 , A2 , Y1 , Y2 ,
A1 Y1 , A2 Y2 , A1 Y2 , and A2 Y1 . Extraction of the target product could be a difficult task,
if possible at all. An efficient conversion can be performed only if the product A1 Y2 or
the by-product A2 Y1 is removed from the reaction due to precipitation or evaporation,
i.e. if the system becomes non-homogeneous. A possibility for such non-homogeneous
synthesis solely depends on the peculiar properties of the products. Hence, the process
cannot be considered to be as easily applicable to a wide variety of chemical systems.

209 Reactions where ion exchange materials act as catalysts belong to the area called ion exchange catalysis,
which is briefly discussed in Section 18.2.
210 Subscripts here represent the numbering of different ions but not the number of atoms in the molecules.
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On the contrary, ion exchange synthesis is essentially a heterogeneous process. If the
synthesis is performed with the use of a cation exchanger, the following reaction can be
conducted instead of (18.1):
RA1 + A2 Y2 = RA2 + A1 Y2

(18.2)

Reaction (18.3) describes the case in which an anion exchanger is used:
RY 2 + A1 Y1 = RY 1 + A1 Y2

(18.3)

If the process is performed in a column reactor – this is also a possibility granted by the
use of a heterogeneous ion exchange system – a complete conversion can be achieved.
The solution obtained with process (18.2) or (18.3) contains only the product and, thus,
can be used without an extra purification.
The output of the overall process can be expressed by combining the equations that
describe sorption and regeneration. If regeneration of the cation exchanger is performed
through the reaction
RA2 + A1 Y1 = RA1 + A2 Y1

(18.4)

the combination of (18.2) with (18.4) gives Eq. (18.1). The same equation can be obtained
for the use of anion exchanger by combining the regeneration reaction
RY 1 + A2 Y2 = RY 2 + A2 Y1

(18.5)

with (18.3). This indicates that the ion exchange material acts as an intermediate reactant
that is:
• used to achieve heterogeneity of the process in all stages,
• completely recovered after each cycle of the ion exchange synthesis.
Most probably, the first patent on the subject was issued in 1938 [720]. The patent
introduced industrial synthesis of alkali metal nitrates [112]:
2RK + Ca(NO3 )2 = R2 Ca + 2KNO3

(18.6)

The regeneration was performed with solutions of chlorides:
R2 Ca + 2KCl = 2RK + CaCl 2

(18.7)

Many more variants of the synthesis have been introduced over the past seven decades.
There is no need to present all the wide variety of compounds obtainable with the ion
exchange approach because the basic principle is essentially the same.
As mentioned earlier, the application of ion exchange materials allows perfect heterogeneity of the synthetic procedure. The advantage of the method is the purity of the
obtained products. Indeed, the use of column technology allows trapping all traces of the
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counterion contained in the raw solution, and no auxiliary reactants need to be added in
the liquid phase. Moreover, the counterions contained as impurities in the raw material
could also be trapped, providing even higher purity compared to the initial compounds.
Another advantage of the method is its flexibility. The same industrial installation allows
the manufacturing of different products. Transferring of the exchanger in a new ionic
form and the use of a raw solution containing a new co-ion results in the production of
a new chemical substance.
18.2 Catalysis with Ion Exchange Materials
Catalysis is a term describing a process in which the rate and/or outcome of the reaction
is influenced by the presence of a substance (the catalyst) that is not consumed during
the reaction and which is subsequently removed if it is not to constitute as an impurity
in the final product.
One of the key advantages of using ion exchangers as catalysts is directly related to
the last statement of this definition. Let us consider acidic or alkaline catalysis. The
conventional way to convey such processes is a homogeneous chemical reaction. The
catalyst (an acid or an alkali) is introduced into the reaction mixture, catalyses the desired
reactions, and stays mixed with the products. The resulting mixture imposes a choice:
either the catalyst is allowed to stay in the product as an impurity (which can affect
the quality of the final product and, in some cases, requires the presence of catalystdeactivating additives), or additional separation procedures have to be involved (given
that the removal of the catalyst could be a multistep and costly procedure). An alternative
is to perform the processes in heterogeneous catalytic systems, i.e. to have the catalyst
as a separate phase that is easy to remove from the mixture after accomplishing the
desired reactions. As long as ion exchange materials are the only known non-dissolvable
acids and alkalis,211 the choice of such catalysts is obvious. One can question if ion
exchangers – which appear as harmless polymers that can be manipulated with unprotected hands without any damage to the skin – could match the reactivity of strong acids
or alkalis. However, the doubt is groundless. The apparent harmlessness is not due to low
reactivity but because the majority of the reacting groups are located inside the material,
i.e. the groups can react only with substances entering the exchanger phase. The high
reactivity can be illustrated by comparing the Hammett acidity function for different ion
exchangers and soluble reactants. The comparison is presented in Table 18.1.
Besides the acid–base catalysis, the catalysis with transitional metal ions is successfully
converted in the heterogeneous mode, fixing the metal ions inside ion exchangers. When
the reaction is performed with such metal-loaded material, configuration of the catalysing
complex is of primary concern. If the metal complex exhibits the desired catalytic activity in the liquid phase, its transfer in the exchanger must not affect the configuration.
However, in many cases, the dissolved metal forms two or more different chelating structures. The structures stay in equilibrium with each other, with only one of them being
catalytically active. This equilibrium could be dramatically affected (in either the desired
211 Strictly speaking, the ability of a material to act as an acid or alkali makes it an ion exchanger.
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Table 18.1. Values of Hammett acidity function for different ion exchangers in comparison to
soluble reactants. Reprinted from M. M. Sharma, in: Reactive & Functional Polymers [721]
1995, Elsevier ©.
Acid

Hammett acidity function

p-Toluenesulphonic acid
Montmorillonite natural
Montmorillonite cation exchanged
Amberlyst-15a
Sulphuric acid (40%)
Sulphuric acid (100%)
Nafionb
HY Zeolites
H3 PW12 O4 and Cs2.5 H0.5 PW12 O40 (HPA)
Lanthanum and cerium exchanged HY zeolites
Fluorosulphonic acid
Sulphated zirconia
HSO3 F-SbF5

+0.55
1.5 to −3.0
−5.6 to −8.0
−2.2
−2.4
−12.3
−11 to −13
−13.6 to −12.7
−13.16
<−14.5
−15.07
−16
−20

a Amberlyst-15 is a macroporous sulphonic styrene–divinylbenzene resin specifically developed for nonaqueous catalytic applications.
b Nafion is a sulphonated tetrafluorethylene copolymer.

way or otherwise) by the transfer from solution in the exchanger phase because different
complexes could be differently preferred by the material. Selective incorporation of the
desired complex in the exchanger could provide significant benefits. The limiting case is
the imprinting of the catalytic complex in a polymeric support that significantly improves
useful properties of the catalyst (provided the desired form is exclusively or preferably
imprinted).
Leaching of the metal from the exchanger phase is an undesirable phenomenon that leads
to activity losses at continuous exploitation, to a need in the periodical reloading of the
catalyst with the metal ions, and to the corresponding contamination of the product. As
a result, a requirement for the strong fixation of the ion inside the exchanger is imposed.
Unfortunately, the strong fixation could often affect the activity of the catalytic complex.
Thus a certain compromise between the fixation and the reactivity should be found.
Imprinted materials can be considered as enzyme-analogue reactants because of the
opportunity to shape out catalytic reaction centrums similar to active centrums of natural enzymes [722] (which are known to be the most efficient catalysts). The concept of
imprinting has been introduced in Section 3.2, followed by a discussion about selective
sorption of template-like species. When catalytic applications are considered, selection of
the template is a more complicated task which must take into account the expected mechanism of catalytic interaction. Imprinted catalysts have been prepared using compounds
mimicking [224]:
• reaction substrates [723–725],
• transition structures [726–732],
• products [733].
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An interesting approach has been used in the early years of imprinting. The imprinted
cavities were designed to serve as micro-reactors for regio- and stereo-selective interactions. To achieve this, the cavity was first imprinted with one possible product of
the reaction and a precursor was then embedded into the cavity. The idea was that the
pre-shaped cavity should provide a favourable environment for synthesis of the desired
product [249]. The concept was proved to be suitable for partially asymmetric syntheses
with the highest achieved enantiomeric excess of 36%. Deprotonation of glycine followed by alkylation was performed in the chiral cavity formed by imprinting with the
l-dihydroxyphenylalanine-based template possessing boronic acid and salicylaldehyde
binding sites [249,734,735].
Table 18.2 provides information about some practical properties of imprinted catalysts
targeting to mimic the catalytic properties of enzymes. According to the analysis provided
by Davis, Katz, and Ahmad [237], zeolites are the most efficient of all ion exchange
catalysts. However, one has to note the significant limitations in the applicability of
imprinting techniques to these materials. Thus, a much lesser variety of catalytic sites
can be prepared in comparison with the imprinting of polymers and, consequently, a lesser
number of reactions can be conducted.
All the types of ion exchange catalysts discussed here, as well as the catalysts that have
not been mentioned in this section (for example, redox materials), have certain common
peculiarities that have to be discussed. The principal differences between catalysis by
dissolved electrolytes and by solids are due to the following. In homogeneous catalysis,
the catalytically active species is dissolved in the reaction medium and, thus, uniformly
distributed throughout the system. This is not the case with conventional solid catalysts.
The active sites are fixed on the solid support. As a result, they are located only on
the surface of the material. The bulk solution is completely free of the catalyst and,
consequently, is catalytically inert [736].212 Yet, ion exchange materials differ from
other heterogeneous catalysts. In contrast to conventional catalytic materials, all the bulk
of the ion exchanger is involved in the reactions because the exchanger is not truly
solid but permeable for counterions and solvents. Moreover, as catalytic processes are
usually conducted with high concentrations of reactants, a significant presence of co-ions
inside the exchanger could also be expected. Thus, the exchangers offer the chemical
benefits of homogeneous catalysis combined with the physical and mechanical benefits
of heterogeneous catalysts [736]. Please note that the liquid phase of the ion exchange
system is catalytically inactive, similar to systems with conventional surface catalysts.
The main peculiarities of ion exchange catalysts can be listed as follows [736]:
• With exchangers as catalysts, the catalysis overlaps the diffusion, adsorption, and
desorption processes.
• The concentration of reactants at reaction points inside the catalyst may be different
from that in the bulk solution. This is due to the different distributions of species

212 The review of Chakrabarti and Sharma [736] is extensively cited here. The original publication covering
the subject of catalysis with cation exchange resins is highly recommended for a more comprehensive reading.

Table 18.2. Practical properties of imprinted catalysts. Catalysis with antibody is given for comparison. Reprinted from M. Davis, A. Katz, and W. Ahmad, in:
Chemistry of Materials [237], 1996, with kind permission of American Chemical Society ©.
Catalyst type Ease of
“Robustness” Regeneration Asymmetric
preparation
conversions

Reaction rates Productivity
per unit
volume of
the reactor

Range of
Active-site Active-site
Active-site
functionalities density of homogeneity density in
for active
catalyst
reactor
site

Antibody
Imprinted
polymers
Imprinted
zeolites

Can be high
Low

Low
Low

Broad
Broad

High
Low

Excellent
Poor

Low
Moderate

Good

Narrow

High

Good

High

Difficult
Moderate

Low
Moderate

Unknown
Proven

Proven
Proven

Moderate

High

Excellent

Questionable Can be high
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between the phases. The phenomenon depends on the nature of the matrix, functional
groups, reactants, and the solvent.
• For a particular catalyst and reactant system, the distribution of species between the
exchanger phase and the solution may be altered by changing the solvent (even if
solvents do not participate in any involved reactions).
• The matrix has some influence (which is not purely physical) on the course of the
reaction.
The advantages of ion exchangers as catalysts can be listed as follows:
• The particulate nature of the ion exchange materials permits mechanical removal
of the catalyst by filtration or decantation, thus eliminating chemical or physicochemical separation procedures (such as distillation or extraction) for product
isolation and recycling of the catalyst [194,736].213
• When speaking about catalysis with an imprinted material, no corresponding homogeneous catalyst could be found; i.e. the catalysis with imprinted materials is
unique.
• In many cases, ion exchange materials can selectively catalyse chemical reactions,
while the corresponding homogeneous systems are not selective at all. Selective
catalysis will be discussed in more detail later in this section.
• Ion exchange materials can be used as a catalyst in continuous processes that
apply column techniques [194,736]. Besides column processes, a number of other
processing options appear, such as, for example, a gas flow reactor [194].
• High purity of the product is achievable because the catalysts and the product are
easily separated after the process. Moreover, being excellent sorbents selective to
constituents that present in small concentrations, ion exchangers can remove contaminants from the reaction mixture, thus preventing impurities of raw reagents to
be transferred in the products.
• In many cases, the selective character of the catalysis provides improved yield of
the reaction [5,736].
• Exchangers can often be used in hundreds of catalytic cycles without regeneration.
Therefore, the cost of the catalyst per unit production is much lower in comparison
to homogeneous systems [736].214
• The ability of ion exchange resins to work in both aqueous and non-aqueous
systems allows the processing of hydrophobic media (usually with macroporous
resins) [736].

213 Subsequently, the catalysis by ion exchangers lowers the capital and processing costs (in comparison to the
corresponding homogeneous processes) by eliminating the steps and equipment required for the removal of
the catalyst [736].
214 Of course, homogeneous catalysts can be recovered and reused. However, the recovery efficiency is usually
much below 100% and, as was said, it is a costly process.
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• Exchangers, even those having strength similar to strong mineral acids, can be
handled without danger to personnel [736].
• The content of contaminants in the waste streams is reduced [194]. In some cases,
waste disposal can be avoided [736].
• The exchangers can be used conveniently in mild steel equipment because the number of reactive groups on the surface of the beads in contact with the equipment is
very small and, thus, the problem of corrosion does not arise [736].
The major disadvantage of ion exchange resins in catalysis is their relatively low
thermal stability. Operation of conventional sulphonated styrene–divinylbenzene resins
even at 150◦ C for a long time may cause desulphonation and, thus, a significant
reduction in the activity. Thus, such catalysts are not recommended for use above
120◦ C [736]. Anion exchangers are even more sensitive to elevated temperatures.215
The research is conducted for decades, aiming to develop novel materials with improved
thermal stability. For example, Nation (perfluorinated sulphonic acid resin) can withstand temperatures up to 200◦ C [736,737]. Unfortunately, so far, such materials are
rare and could be quite expensive. Inorganic ion exchangers such as zeolites are
much more stable at high temperatures and are widely used in catalytic applications. However, their hydrolysis can occur in hot aqueous media [167]. Inorganic
exchangers could also be less resistant to dissolution in some non-aqueous and mixed
environments.216
As mentioned earlier, a change from homogeneous catalysts to ion exchange materials results in the possibility to design selective catalytic processes. The ion exchangers
as catalysts could distinguish between the various reactant molecules, being perhaps
about halfway between the non-selective dissolved electrolytes and the extremely selective enzymes [736]. Imprinted materials approach the selectivity of enzymes even
closer [722]. The most common selectivity mechanism is size exclusion. Ion exchange
resins can be tailor-made for selective catalysis of small molecules in the presence
of large molecules. This can be done by selecting the cross-link density so that
large molecules are excluded from the interior of the material by sieve action, while
small molecules may enter without restrictions. This favours the reaction of only the
small molecules [736].217
When speaking about selecting a size- and/or shape-selective material for heterogeneous
acidic catalysis, zeolites could be a more advantageous choice in comparison with the
polymeric cation exchangers. The reason is the regular structure and precise pore dimensions of these materials. The molecules of substrates and the pores of zeolites have
dimensions in the same order of magnitude (see Figs. 18.1 and 18.2), which leads to the
unique opportunity of designing selective processes. Shape-selective catalysis encompasses all effects in which the selectivity of the heterogeneously catalysed reaction

215 Thermal deterioration of ion exchange resins is discussed in Section 18.3.
216 Nevertheless, catalysis is one of the most important fields of zeolite applications.
217 Influence of sieve action on ion exchange interactions has been discussed in Section 4.1.
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depends on the pore width or pore architecture of the catalyst. These effects can be
classified as follows [739]:218
• Reactant shape selectivity could be observed if there are at least two competing
reactants with differences in their molecular dimensions. The smaller molecules
react preferentially if the diffusion of the larger reactant is hindered by the material.
The limiting case is the complete size exclusion of one reactant.
• Product shape selectivity could take place if at least two products with differences
in their molecular dimensions are formed in parallel or consecutive reactions. If the
diffusion of the larger product inside the pores is hindered, the smaller molecules are
formed preferentially. The limiting case is the complete suppression of the formation
of larger molecules.
• Restricted transition state shape selectivity could appear if there are at least two
parallel or consecutive reactions, one of which is going via a large-size transition
structure that cannot be accommodated inside the zeolite pores. In favourable cases,
this reaction is entirely suppressed. The chances for achieving restricted transition
state shape selectivity in a suitably selected zeolite are usually very good if the same
reactant can undergo a monomolecular as well as a bimolecular reaction.
It is obvious that any combination of these three types of size restriction can take place,
however, a “limiting” process can usually be recognised. Considering the listed possibilities, one has to note that the first and second cases on this list are identical in their
nature and have their origin in mass transfer effects. These effects can often be amplified
(or weakened) by using larger (or smaller) crystals of the same zeolite, i.e. by lengthening (or shortening) the diffusion paths inside the pores. The third case is an intrinsic
effect independent of the crystal size [739].
The size-distinguishing and the molecular imprinting mechanisms, discussed earlier, are
not the only possibilities for selective catalysis. Some others may be based on the differences in sorption of various reactants. The preferential sorption of one of the reactants
may favour a reaction that is insignificant if the catalysis is performed with soluble
electrolytes [736].
Kinetics of the catalysis is considered from essentially the same positions as described
in Chapter 10. For the reaction to proceed: (i) reactant molecules must first migrate from
the bulk solution into the ion exchanger; (ii) react; and (iii) finally, the reaction products
must migrate back into the solution. Thus, the possible rate-controlling steps are [736]:
• diffusion of the reactants and products across the Nernst film surrounding the catalyst
particle,
• diffusion of the reactants and products in the interior of the catalyst particle,
• chemical reaction at the active sites.
218 Review of Weitkamp [739] is highly recommended as a more comprehensive reading on catalytic
applications of zeolites.
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In most of the practical cases, the diffusion processes are imperative or, at least, significant and, thus, define the overall reaction rates. However, if the diffusion limitations can
be ruled out, the kinetic order of the chemical reaction itself is expected to be the same
as in homogeneous catalysis by the corresponding soluble electrolyte. This is a strong
evidence in support of the view that the reaction mechanism is essentially the same in
both the cases [736]. Of course, if the exchanger selectively catalyses only one of the
few reactions that take place in the homogeneous system, the order of this particular
reaction must be taken for comparison.
The number of catalytic applications of ion exchange materials is enormous. Almost
each review on the subject presents large tables with catalysed organic reactions and
corresponding references [194,721,736,740,741]. Even list of reaction types limited to
catalysis with acidic or alkaline ion exchangers would include alkylations, isomerisations,
oligomerisations, acylations, esterifications, etherifications, hydrations, dehydrations,
nitrations, condensations, electrophilic substitution, oxidation, cyclisation, nucleophilic
substitution, and many more. There is no need to repeat such information here. It is easy
to find the relevant data by searching the related literature.

18.3 Deterioration of Ion Exchangers
Since ion exchange materials are continuously used in different physico-chemical processes, deterioration of these materials is of primary concern. It reduces the efficiency of
industrial technologies and contaminates the final products with the outcomes of material
decomposition. Different types of deterioration can be recognised:
• physical (mechanical) deterioration,
• thermal degradation,
• degradation caused by irradiation,
• chemical deterioration,
• fouling.
Physical deterioration is the mechanical destruction of the beads, causing discharge of
the exchanger from the reactor. The reason for physical deterioration is the movements
of beads and the swelling/shrinking of the material in each production cycle. This brings
about the need for regular addition of fresh material in amounts up to 25% per year
(an estimation for packed bed columns). Fluidised and moving bed systems destroy the
beads at a much faster rate.
In packed bed (including cascade), the beads are destructed due to periodic volume
changes in altering the ionic form. This destruction can be attributed to the imperfect
flexibility of the materials matrix. Since the swollen volume of the ion exchanger depends
on the ionic form and composition of the surrounding media, the rate of mechanical
destruction could be different even for the same material if used in different processes.
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The deterioration is higher in the cases of:
• larger difference between the swelling of the material in ionic forms following each
other in the cyclic operation
• higher concentration difference between subsequent solutions
• more rapid transfer of the material from one ionic form to another
Materials possessing less swelling effects are more durable in the sense of swellingcaused mechanical deterioration. Thus, highly cross-linked and macroporous polymers
are more durable than gel-type resins. However, the situation could be opposite if the
mechanical damage is caused by fluidisation or by mechanical devices (such as valves
and pumps). In this case, more elastic gel beads could be more resistant in comparison
to non-elastic materials.
Many processes involving ion exchange materials are performed at elevated temperatures.
However, the thermal stability of ion exchange resins is not unlimited. The most frequent
causes for the thermal deterioration are the loss of functional groups (for example, by
thermal hydrolysis) and degradation of the matrix (for example, by temperature-enhanced
oxidation). Most of the modern commercial cation exchange resins are stable in all
conventional solvents, except in the presence of strong oxidising or reducing agents, and
can be used for treatment of solutions at temperatures slightly above 100◦ C. Strong-base
anion exchange resins begin to deteriorate above 60◦ C. Weak exchangers could be more
stable. The approximate operating limit could be 75◦ C for weak anion exchangers and
180◦ C for weak cation exchangers [187].

Fig. 18.3. Degradation of sulphonic cation exchanger KU-2 (styrene–divinylbenzene matrix) at
continuous heating (195◦ C) in water. The loss of weight reflects the removal of functional
groups [742].
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Most chemically stable ion exchangers are usually the materials of first choice when
a new technology is designed. Styrene–divinylbenzene cation exchangers bearing sulphonic groups make a good example. Breaking of the covalent bounds between –SO−
3
groups and matrix requires very harsh conditions. Figure 18.3 illustrates degradation of
the cation exchanger when continuously heated in water at 195◦ C. The figure shows
results of the experimental investigation, although such extreme conditions are rare in
the practical use of the ion exchange resin. The data on thermal stability of different
materials are presented in Table 18.3. Salt forms of both cation and anion exchangers are
more stable in comparison to hydrogen or hydroxyl forms. NH+
4 form is an exception;
it is usually less stable than H + form of the same material. Besides the matrix destruction
and loss of functional groups, thermal alteration can appear in the form of functional
group degradation. Quaternary amines of strong anion exchangers can degrade to ternary,
secondary, and primary amines, as discussed in the following [112,272,743–747]. The
mechanism of degradation can be presented by the following schemes [187]:
CH3OH
+

N
CH2

CH3

Heat
N

+

CH3

CH2

CH3

CH3

H3COH

(18.8)

CH3OH
+

N
CH2

CH3

CH2CH2OH

Heat
N
CH2

CH3
CH3

+

CH2OH
CH2OH

(18.9)

Degradation of Type I resins results in the production of methanol (reaction (18.8)).
Type II resins degrade more rapidly and, besides the ethylene glycol produced by the
reaction (18.9), give methanol, dioxane, and dimethylethanolamine.
There are data on 5–10% reduction in ion exchange capacity of some ion exchange resins
after freezing [748]. However, the main danger of freezing in aqueous solutions is the
mechanical splitting of the resin structure. As a result, the beads can be destroyed and
membranes can be punctured.
Due to the extensive use of ion exchangers in the nuclear industry, the radiation stability
of these materials can be highly important. Radiation can attack ion exchangers in two
different ways. First is the direct breaking of the hydrocarbon structure of the material.
The outcome is multiple: degradation of polymeric chains, reduction of cross-linking,
and removal of functional groups. The second way is decomposition of the molecules
contained inside the exchanger. Products of such decomposition could be aggressive
and could damage the material. An example of such a process is gamma-radiolysis of
water resulting in the formation of hydrogen peroxide which, in turn, causes undesirable
oxidation in all types of ion exchangers [187].
In comparison to polymeric materials, zeolites are more stable to ionising radiation
and, thus, they are often used in radioisotope separations and in solving nuclear waste

Table 18.3. Thermal stability of different ion exchange resins [112].
Material

Marketed name

Matrix

Beginning of destruction
in water (◦ C)

Loss of ion
exchange
capacity
after 24 h at
150◦ C (%)

Recommended
working
temperature,
up to ◦ C

Functional groups

H + or
OH− form

Na+ or
Cl− form

H + or
OH− form

–SO−
3
–SO−
3
–COO−

100
150
160

150
>200
>200

80
0
0

100
120
120

–COO−

150

>200

0

120

–PO2−
3

180

—

0

120

Type II quaternary amines
Ternary and secondary
amines; small amount
of Type II quaternary
amines

70
120

120
100

45
10

60
60(?)

Ternary and secondary
amines

70

100

90

40

Cation exchangers
KU-1
KU-2
KB-4
KB-2

KF-1

Phenol-formaldehyde
Styrene–divinylbenzene
Copolymer of
methacrylic acid and
divinylbenzene
Copolymer of acrylic
acid and
divinylbenzene
Styrene–divinylbenzene

Anion exchangers
AV-17
EDE-10P

AN-2F

Styrene–divinylbenzene
Product of
polycondensation
between
polyethyleneimine
and epichlorohydrin
Product of
polycondensation
between
polyethyleneimine
and phenol

Subjects that do not Fit in Other Chapters

391

Table 18.4. Maximum recommended irradiation of ion exchange materials [112]
Material

Dose (rad)

Sulphonic groups on styrene–divinylbenzene matrix
Sulphonic groups on matrixes obtained through polycondensation
Carboxylic cation exchangers
Phosphonic cation exchangers
Strong anion exchangers
Anion exchangers with matrixes obtained through polycondensation
Pyridine
Inorganic ion exchangers

108
109
107
1010
107
5·107
5·108
1010

problems [167]. The maximum irradiation levels recommended for some materials can
be found in Table 18.4.
Chemical deterioration is very diverse and complicated. It could result in several
undesirable phenomena [272]:
• Breaking of covalent bonds between the matrix and functional groups results
in losses of the groups and reduction (or even total loss) of the ion exchange
capacity [742]. Some processes alter ion exchange groups, degrading them to nonexchange structures or to groups with altered ion exchange properties. This affects
the selectivity and other features of the material [272].
• Some irreversibly or semi-reversibly sorbed species serve as extra cross-linking of
the polymer [297,749,750]. It results in a decrease in the matrix flexibility, fragility
of the beads, and reduction of permeability for ions. The physical deterioration is
increased and kinetic properties are impaired [751].
• Irreversible interactions between the sorbent and the sorbed organic species result in
the third kind of chemical deterioration. Large organic species can physically block
the functional groups altering the capacity [297,749].
The chemical, thermal, and mechanical stability and the ion exchange behaviour of the
resins depend chiefly on the structure and degree of cross-linking of the matrix and on
the nature and number of the fixed ionic groups.
Many processes involving ion exchangers are performed in oxidising conditions. Despite
the relatively high chemical stability of ion exchange resins, the following has been
observed:
• Salt forms of cation exchangers obtained through polymerisation synthesis are
resistant to oxidation by all conventional agents, with only a few exceptions. For
example, they can be oxidised by solutions of MnO−
4 [112] or O3 [187]. The hydrogen forms of these materials can also be oxidised by concentrated solutions of HNO3
and H2 CrO4 [112,187]. Reducing agents such as H2 could damage the sulphonic
groups of these materials [187].
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• Cation exchange materials synthesised by polycondensation can be destroyed by
less-strong oxidising agents such as diluted HNO3 , H2 O2 , chlorine, etc. [112,187].
• The most oxidation-stable anion exchange resins are polymerisation-type materials
with Type I groups (inorganic salt forms). For example, their oxidation with H2 O2 ,
diluted H2 CrO4 , or diluted HMnO4 is very slow [112].
• Weak anion exchangers of polycondensation type are most vulnerable. They can be
easily oxidised by a variety of agents [112,187].
Elevated temperature stimulates all these oxidation processes [112]. For example, it
promotes the rapid oxidation of many different ion exchange resins with O2 [187].
As explained earlier, the separation of –SO−
3 groups from the polymeric matrix requires
very harsh conditions. In contrast to cation exchangers, the anion exchange materials are
less stable. Alkaline degradation of amino-groups can take place when anion exchangers
are regenerated with hot alkali.219 Such degradation of quaternary amine functional
groups is described for the case of Type I strong anion exchangers by the following
reactions [272]:
R—CH 2 —N + (CH 3 )3 OH −

TO

=

R—CH 2 —N (CH 3 )2 + CH 3 OH

NaOH

R—CH 2 —N (CH 3 )2 + H2 O
R—CH 2 —NH—CH 3 + H2 O

TO

=

NaOH
TO

=

NaOH

(18.10)

R—CH 2 —NH—CH 3 + CH 3 OH (18.11)
R—CH 2 —NH 2 + CH 3 OH

(18.12)

The degraded material contains different amines: quaternary, ternary, secondary, and
primary. Reactions (18.10)–(18.12) alter the selectivity, while the total ion exchange
capacity is not affected. Complete degradation following Hofmann mechanism
R—CH 2 —N(CH 3 )3 OH = R—CH 2 —OH + N(CH 3 )3

(18.13)

could take place at temperatures above 90◦ C [752]; however, such high temperatures are
usually avoided in practical anion exchange processes.
In fact, functional groups of anion exchange resins are thermodynamically unstable. Thus,
they slowly deteriorate even under gentle conditions of water-treatment processes.220
However, the overall deterioration is rather a combination of progressive hydrolysis of
functional groups, general loss of groups, and more obscure ageing processes leading to
a loss in rate of exchange, possibly due to fouling [583].221
219 The “hot” regeneration is applied to improve the efficiency of the procedure and to benefit from the

simultaneous removal of large organic molecules (for example, dyes) sorbed by other than ion exchange
mechanism.
220 Even conventional storage of anion exchangers in water results, over a few years, in the ageing of these
materials.
221 The fouling phenomenon is discussed later in this section.
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Type II strong anion exchange resins are less stable. However, they are widely used in
water-treatment processes due to higher regeneration efficiency. To solve the problem
of constant capacity loss, these materials are used at low regeneration levels. In this
case useful operational lifetimes are obtained by progressively increasing the amounts
of reagents used in each operation cycle [583].
The alkaline regeneration affects polyethylene–polyamine ion exchangers even more.
The alkali causes a sequence of reactions transforming the original pyridine groups of
these ion exchangers to pyridone
O

OH +
R N

NaOH
R N

T

(18.14)

When alkali is removed from the material, the pyridone formed by reaction (18.14)
can associate with a proton. The charged group exists as two forms that stay in
equilibrium [753,754]:
OH

O
R

+
NH

R

+
N

(18.15)

Quantitative data on the altering of ion exchange capacity for strong anion exchange
resins AV-17-2P (reactions (18.10)–(18.12)) and AV-16G (reactions (18.14) and (18.15))
are collected in Table 18.5.
Specific chelating groups may be less stable in comparison with acidic or alkaline groups
of ion exchange resins. Deterioration of amidoxime resins in acidic media can be taken
as an example. Two possible degradation reactions are [755]:
NOH
C

+

H+ +

NH2

2H2O

C

O
OH

+ NH2OH + NH+4

(18.16)

Table 18.5. Ion exchange capacity of strong anion exchange resins treated with 1.5 M NaOH
at 60◦ C. Reprinted from A. A. Zagorodni, D. L. Kotova, and V. F. Selemenev, in: Reactive &
Functional Polymers [272] 2002, Elsevier ©.
Material
AV-16G
AV-17-2P

Time of treatment ( min)
Initial resin
30
60
Initial resin
30
60

Capacity, meq/g dry resin
Total

Strong-base

4.2
4.2
3.9
3.8
3.8
3.6

1.5
1.1
0.3
3.8
3.4
2.2
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and [756]
NOH
C

+
NH2

H+ + H2O

NOH
C
OH

+ NH+4

(18.17)

Reaction (18.17) probably takes place in less acidic media in comparison to reaction
(18.16) [757].
Functional polymers exploited in biochemical productions are subject to dramatic chemical deterioration due to the irreversible sorption of organic dyes. The dyes bear different
functional groups (–COOH, –NH2 , –OH, –O–C–O–, etc.) [758,759], which provide the
possibility for different types of interactions inside the sorbent phase: ion exchange,
hydrogen binding, dipole–dipole interactions, van der Waals forces, etc.222 Hydrocarbon
radicals of dyes participate in hydrophobic interactions with polymeric matrix. The chemical interactions are accomplished with physical effects: chain twisting, physical trapping
of large organic molecules inside microcavities, diffusion difficulty, etc. Table 18.6 illustrates the degradation of a strong cation exchanger used continuously for the extraction of
lysine from microbiologically produced broth. The dyes are fixed in the polymer through
physical and weak chemical interactions. The weak nature of interactions has been confirmed by the outcome of regeneration experiments (Table 18.7). No solid limit was found
for the regeneration degree; however, 100% regeneration was never achieved [272].
More complex multistep interactions between the exchanger and organic molecules
can also take place. For example, some organic substances can be altered inside the
exchanger phase and the products can be irreversibly sorbed. The internal chemical
environment of the polymer phase can be harsh enough to alter even molecules of
sucrose, which can be converted inside a strong anion exchanger (OH− form) at an
elevated temperature [272]. Sucrose exposed to the alkaline environment participates
Table 18.6. Deterioration of strong cation exchange resin KU-2-8 (sulphonated styrene–
divinylbenzene) exploited in lysine production. Reprinted from A. A. Zagorodni, D. L. Kotova,
and V. F. Selemenev, in: Reactive & Functional Polymers [272] 2002, Elsevier ©.
Time of
exploitation (h)
Initial resin
20
40
100
200
400

Dyes accumulation,
mg/g dry resin

Capacity towards Lys2+ ,
mmol/g dry resin

Relative
mechanical
stability

0
38
51
60
64
67

2.6
2.1
2.0
1.6
1.3
1.2

100%
89%
80%
71%
70%
69%

222 Such weak interactions between organic substances and ion exchange materials have been discussed in
Section 4.4.

Subjects that do not Fit in Other Chapters

395

Table 18.7. Experiments on regeneration of strong cation exchange resin KU-2-8 worked in
lysine production. Reprinted from A. A. Zagorodni, D. L. Kotova, and V. F. Selemenev, in:
Reactive & Functional Polymers [272] 2002, Elsevier ©.
Reagent
NaCl
NaOH
HCl
Acetone
Alcohol

Concentration

Regeneration efficiency

1M
5M
1M
3M
1M
3M
30%
40%

30%
40%
60%
67%
80%
85%
60%
40%

in several chains of reactions [760,761], forming compounds that incorporate carboxyl,
aldehyde, ketone, and hydroxyl groups [762] as well as carboxylic acids, oxymethylfurfural, and polymeric dyes. The subsequent exposure of these substances to an alkali
medium results in the formation of macromolecular dyes [762] that are irreversibly sorbed
through the mechanism described earlier for other types of dyes.
Ion exchangers exploited in complicated mixtures of organic and biological substances
suffer from the combined influence of deteriorating factors. As a result, a periodical
replacement of the sorbents is inevitable. However, deteriorated materials are not necessarily subject to disposal. Their secondary reuse could be considered due to their
complexing and weak ion exchange abilities [763,764].
One more phenomenon, called fouling, is often regarded as the deterioration of ion
exchange materials. It can be defined as the irreversible non-specific sorption of large
organic anions on the surface of beads or membranes. Fouling results in the physical blocking of functional groups and, thus, the gradual reduction in capacity. If the
sorbed organic molecules bear functional groups, the fouled material can get undesirable
polyfunctional properties.
For many processes, the operational life of an ion exchanger, or at least the time between
major clean-up campaigns, is limited by the fouling. This phenomenon certainly affects
the choice of ion exchangers for a particular application. The susceptibility of an ion
exchanger to the fouling with a particular feedstock may exclude its use for that function
despite having otherwise excellent operational capacity and specificity for the target
substances [71]. One has to note that fouling blocks the surface of the material. It can
happen without actual changes in the ion exchanger itself. Thus the process is rather
related to the macrostructure of the bead surface than to the properties of the material.
Moreover, organics deposited due to fouling could, in some cases, be removed from the
bead surface by simple mechanical actions.
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CHAPTER 19

Non-chemical Aspects of Ion Exchange Technology

Some questions do not belong to the field of Chemistry or Material Science but are
highly relevant to the subjects of ion exchange materials and ion exchange technology.
These questions are important variables when applications of ion exchange techniques
are considered, and, thus, are collected here in the last chapter of the book.

19.1 Approaches to the Technology Design
The main variable in the design of an ion exchange plant is the configuration of the
exchanger bed(s) when it reacts with the treated solution. The choice has to be done
between fixed beds, moving beds, fluidised beds, cascades, and stirred tanks (batch reactors). Electro-membrane technologies could be even more beneficial if the composition
of raw solutions and requirements imposed to the products allow application of these
techniques. The amount of suspended solids in the feed solution determines which of
the column techniques are feasible. Packed beds act as efficient filters and are rapidly
blocked if suspensions are present, whereas fluidised beds can handle up to several hundred parts per million of fine solids. Stirred tanks can handle slurries containing up to
20 wt.% solids provided that no particles are larger than the beads of the ion exchanger
because the following phase separation is performed with grids or meshes.
The size of the ion exchange system is another factor that may lead the designer to
consider other options besides the conventional fixed bed. Small systems usually exploit
fixed beds to benefit from the operation simplicity. The tolerance of such columns to variations in the raw solution feed rate and composition allows an easy design of automatic
systems. Indeed, only one sensor at the outlet of the column (measuring, for example, pH, conductivity, or concentration of target ion) could often be enough to provide
feedback information sufficient to make decisions about the switching of operations.
The use of continuous (moving bed) ion exchange may be advantageous if a large plant
is designed because a much smaller operating space allows a significant reduction of the
capital costs.
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The choice of the reactor is obviously limited by the targeted process and the available
raw material. In general, the clear dilute solutions are treated in fixed or moving packed
beds while turbid effluents and ore slurries are handled in fluidised beds or stirred tanks.
If a long sorption front is expected, a cascade installation could be the only reasonable
choice.
The variable of general importance is the required amount of liquid feed passing through
the ion exchanger per unit of time. Once the type of the bed (fixed, fluidised, or stirred)
has been selected, a design velocity of the solution inside the bed must be assumed from
a feasible range for that type of column. The cross-sectional area of the bed is calculated
directly from the specified total throughput and the superficial velocity. If this value is
too high for obtaining reliable separation, then the parallel streams must be considered
(for example, see Fig. 14.4).
The pressure drop over the bed is an important variable in large fixed bed columns. This
value is not so high in other techniques and can often be ignored in comparison with
the pressure losses incurred in pumping the liquid through the pipework. Velocity of the
solution is one of the main variables in the pressure-drop and bed-expansion calculations.
Please note that use of a cascade instead of a single column allows replacement of high
pressure pumping equipment with inexpensive and reliable inter-cascade pumps.
Detailed discussion on design of ion exchange technologies and chemical engineering of
ion exchange reactors are outside the scope of this book. Such information can be found
in different Chemical Engineering literature.

19.2 Economical Aspects of Ion Exchange Technology
This short section is not supposed to provide the reader with actual costs or cost comparisons. It neither supplies generalised tools for the economical evaluation of ion exchange
technology. The objective is only to explain a few main ideas. These ideas can be useful
when selecting separation technology for some particular treatment. The section mainly
discusses separations with the use of ion exchange columns because these techniques are
most extensively discussed in this book. The actual costs of an ion exchange treatment
can be listed as shown in Table 19.1. Members of this list have to be discussed in more
detail.
Investments in operating space have to be done only once with different space required
for different types of processes. The space demands increase in the following sequence
of techniques:
• moving bed reactors,
• cascade columns,
• packed bed columns,
• fluidised bed columns.
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Table 19.1. Major expenses for ion exchange treatments.
Initial investments

Periodic investments

Operating costs

• Investments in operating
space (buildings)

• Replacement of
equipment

• Cost of reagents

• Purchase of equipment

• Replacement of
deteriorated ion
exchanger(s)

• Salary and benefits

• Purchase of ion
exchanger(s)

• Cost of water
• Energy
• Equipment service
• Payments for
environmental damage
• Taxes

Single column installations with additional reservoir significantly increase space demands
for packed and fluidised bed systems in comparison with multicolumn systems. As often
seen in chemical industry, large ion exchange equipments can be located outdoors
provided that the temperature is kept within the operating range. In this case much
smaller buildings are required only for control units, personal, and auxiliary operations.
Membrane units are usually exploited in much smaller scale than column installations
and their size to productivity ratio is more attractive.
Investments in equipment depend on the separation process to be performed. Packet bed
systems are considered as less expensive due to the process simplicity. Many cyclic
ion exchange technologies operate with aggressive solutions (acidic regeneration of
cation exchangers can be taken as an example). Corrosion resistant materials are commonly used: stainless steel, rubber-plated steel, plastics, glass, etc. The application of
resistant materials increases the equipment cost. Investments in equipment have to be
done once. However, their periodical and accidental replacements have to be taken
into account.
Cost of ion exchange material(s) also consists of two parts. A large amount has to
be purchased initially followed by periodical replacements of the deteriorated material.
The deterioration is inevitable but is highly dependent on the nature of the ion exchange
process and on the type of equipment used. Almost all ion exchange processes are
accompanied by changes in the volume of the ion exchange material (see Chapter 7,
particularly, the dependency of swelling on the nature of countercurrent). Periodical
increase and decrease of the beads size results in their destruction and discharge of the
powder obtained out of the reactor. The beads deterioration increases in the following
sequence of techniques:
• In packed bed (including cascade) the beads are destructed due to periodic volume
changes that are caused by altering the ionic form.
• The same cause of the destruction is aggravated in a fluidised bed by mechanical
friction of beads with each other.
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• Moving bed techniques extensively deteriorate the exchanger because, in addition
to the above described causes, a dramatic mechanical deterioration occurs due to
the contacts with valves and pumps.
The exchanger has to be added in the column periodically to replace the discharged
powder. In fixed bed systems, the amount of the material to be added annually varies
between 5 and 20% of the total volume (for water deionisation processes). Poisoning
of the exchanger and irreversible sorption of impurities (chemical deterioration) can
result in a need for periodical replacements. Such necessity can occur, for example, in
sugar treatment processes and in the purification of biologically produced substances
(biochemical industry, pharmacy, etc.).
Chemical regeneration requires purchase of reagents. These expenses do not exist in
processes that exploit dual-temperature schemes and are absent or significantly reduced
in membrane technologies.
Cost of water has to be considered separately from cost of reagents because of completely different amounts, sources, and prices. Due to the extensive use of water (usually
deionised) for the reagents’ dissolution, washing, and service operations, its cost cannot
be negligible. The only exception is processes of water deionisation where a part of the
product can be used for “internal” needs.
Salary expenses depend on the degree of process automation. The routine ion exchange
treatment can be completely automated. However, the maintenance operations are
performed manually.
Energy has to be spent for pumping and steering. So far as the ion exchange operates
mainly with aqueous solutions with freezing points not far below 0◦ C, operating in northern countries requires heating of the buildings (or reactors) during the cold period of the
year. Dual-temperature systems require significantly higher energy expenses. However,
modern heat-exchangers allow recycling up to 85% of the energy used for periodical
heating operations. Electrodialysis also requires energy (electricity), but less because
most of it is spent for the direct transport of target ions.
Payments for equipment service can be significant for low-scale productions. Small industries can find it more profitable to use external service rather than keep own specialists
and maintenance base.
The cost optimisation begins from the selection of the treatment technique. Different
processes can provide the same product but at a different cost. In many cases only quantitative difference of the raw material composition or different requirements imposed
to the product purity can affect the choice of the technology. Concentration of the constituent to be removed is the first to be considered when designing the separation process.
Figure 19.1 demonstrates economically reasonable concentration ranges for different separation techniques. Please note that these ranges are very approximate and depend on
many factors such as specific chemical composition, scale of production, and even local
costs and taxations. Selection of particular ion exchange technique is also dependent
on the available raw materials and, of course, on requirements imposed to the product. For example, conventional ion exchange columns have an economical advantage
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Fig. 19.1. Separation technologies suitable for industrial treatment of solutions with different
concentrations of the target constituent. Reprinted from S. E. Kentish and G. W. Stevens, in:
Chemical Engineering Journal [43] 2001, Elsevier ©.

over membrane processes for very high and very low salt concentrations in the water
to be deionised, while electrodialysis is more suitable for raw water in the 0.3 to 6 g/L
concentration range. The economics of electrodialysis with diluate compartments filled
with ion exchange resins is particularly attractive at feed salt concentrations lower than
10 g/L [713].
Reduction of the costs can be achieved optimising the chemical process. It is true for
both initial and periodic investments. In fact, a smaller but more efficient unit could
require fewer reagents and maintenance. So far as column processes are robust and can
treat raw solutions of significantly varied compositions, optimisation of the process does
not mean that a best setup can be identified once and for all. In many cases optimisation
is a task that could be continuously implemented.
The sorption and elution stages are usually adjusted for the best quality and quantity
of the product. As a result, there are only limited possibilities here for the cost reduction.
The following can be considered at the sorption stage:
• Sharper sorption front allows more efficient use of the exchanger bed.
• Higher pumping rates allow higher productivity per unit of time.
• Allowing higher concentration of the target substance in the effluent after the breakthrough (see Fig. 11.3) results in higher loading of the exchanger and better sorption
to regeneration time ratio.
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These opportunities are not independent but interrelated. For example, increasing the
pumping rate can elongate the sorption front. Thus optimisation is not a straightforward
procedure.
The regeneration stage provides most of the opportunities for the optimisation of the
costs. The following parameters can be easily varied to achieve the best performance
from the economical point of view:
• type of the regenerating agent,
• degree of the regeneration,
• re-use of incompletely exhausted regenerating solutions.
Incomplete regeneration of ion exchange columns (see Section 12.1) is a commonly used
approach to reduce the costs. Of course, the incomplete regeneration reduces the utilised
ion exchange capacity of the column. Hence, a right balance between the desirable
reduction in amount of the regenerant and corresponding undesirable reduction of the
volume treated in one cycle should be found.
Additional economical benefits could be obtained from recuperation of waste solutions.
For example, mixtures of acids and alkalis produced by an electrodialyser can be applied
for regeneration of ion exchange sorbents used in the same multi-stage water-treatment
technology.
19.3 Environmental Aspects
Emissions of any process larger than a laboratory-scale installation are subjects of environmental concern. Ion exchange is not an exception. Yet, like any separation method
suitable for medium- and large-scale applications, ion exchange is widely used for
decontamination of waste streams. One, who is unaware about primary concepts of environmental cleaning, would think that technologies applicable for protection of nature are
themselves not harmful. Unfortunately this is not the case. “By-production” of wastes
is an inevitable feature of any process including processes of waste decontamination.
This section provides a short discussion about environmental aspects of ion exchange
technologies. The main attention is paid to the chemical wastes produced by the ion
exchange separation processes.223
First, let us consider the mass balance principle. All substances supplied to the production
process are distributed between the product and wastes. Figure 19.2 shows a simple
illustration of this principle applied to ion exchange treatment. Clearly, an increase of
the inputs results in corresponding increase of the pollution excluding the matter and
energy incorporated in the product. Redistribution of matter and energy between different
flows presented in the figure is the desirable way to reduce the environmental damage.
223 The thermal pollution should also be included in environmental risk assessment of technological processes,

however it could be minor in comparison with chemical emissions and thus is not discussed here for the sake
of simplicity.
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Fig. 19.2. Mass energy balance in ion exchange treatment.

Increase in the product outcome is highly desirable. Recycling of the matter and energy
flows reduces the amount of wastes but may increase the cost of the overall production.
Unfortunately, the pollution can be reduced but almost never eliminated.
Evaluation of the environmental impact is a complicated task, which can rarely be performed in a strictly quantitative way, but it often involves (or sometimes even solely
relies on) an “expert opinion” or even “common sense”. The problem originates from
the fact that more than one pollutant is usually a source of environmental concern and
each substance has its own environmental fate and effects [765]. Many ways of evaluation have been proposed, from suggesting to consider amounts of main pollutants
as independent characteristics to calculating total mass of emitted pollutants (as is or
per unit of the obtained product). It is obvious that the individual assessment of different pollutants creates substantial difficulties when different technologies are compared.
If these technologies emit entirely different types of wastes, such comparison may not
be possible at all. Evaluation of the environmental impact based on cumulative amount
of pollutants is also not feasible because different components of the environment have
different sensitivity towards different chemical substances. Therefore, the overall effect
would depend on the structure and resilience of local ecosystems and, therefore, the
same waste disposed in different locations can cause completely different environmental
impact. Probably the most realistic quantitative evaluation is summarising the pollutant
amounts multiplied by coefficients reflecting corresponding environmental toxicities:
Vt =



mi bi

(19.1)

where V t is the characteristic of the overall environmental impact, m and b are the
amount and environmental toxicity coefficient of pollutant i. Equation (18.1) suggests
additive impact of different pollutants on environment and linear dependency of the
impact on concentration of each substance. This is not always true as many pollutants
act synergistically. But it could be accepted as a convenient approximation. The most
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debatable part is the proper selection of bi .224 To do this, different ways have been
suggested. For example, bi was proposed to be calculated as 1/CRef,i , where CRef,i is a
reference value, such as 50% lethal concentration or no-effect concentration.225 Another
example is bi = ti /CRef,i , where ti is a time parameter, reflecting decomposition of the
pollutant i in the environment [765,766]. Probably, the most reasonable method is using
maximal allowable concentrations (CP ). In this case, Eq. (19.1) becomes [767,768]
Vt =

 mi
CiP

(19.2)

The obtained characteristic V t represents volume of the medium (air, water) polluted
up to the levels permitted by local regulations. As far as the comparative analysis of
alternative stream treatment methods is concerned, it can be achieved by a direct comparison of volumes of water polluted to CP values [769]. This equation assumes that,
when authorities impose maximum permitted concentrations, the decision-making process includes complex risk-assessment of the effects of these substances, taking into
account all environment-related considerations: toxicity, synergistic effects, life-time
in nature, transportability by natural streams, danger of decomposition products, etc.
However, environmental standards vary from one country to another; they are altered
because of discoveries of new impacts, changes in priority of concerns, and even political situation. Thus, if a new technology is designed, certain “expert opinion” is needed
to extrapolate existing environmental standards to the future. An additional problem in
applicability of Eq. (19.2) becomes apparent when the process emits both liquid and
gaseous wastes. In this case, the obtained value V t represents a sum of water and air
volumes, which is meaningless. However, since most of the ion exchange processes deal
with aqueous systems, this problem could be irrelevant.
Equation (19.2) can be applied in different ways. If a local environmental impact of a
particular technology needs to be assessed, only pollutants produced and released on the
spot have to be included in calculations. However, in addition to that, assessment of
the overall environmental damage should include emissions accompanying production
of reagents, energy, etc.
Let us consider different ways to reduce the environmental impact. They are:
• reduction of the total amount of pollutants,
• relocation of wastes,
• substitution of highly hazardous constituents,
• recuperation,
• dilution.

224 The same equation is valid if the total amount of pollutants is used as the characteristic. In this case b = 1 for

all members of the equation.
225 The 50% lethal concentration is usually denoted as LC
50 and no-effect concentration is abbreviated as

NOEC. These abbreviations could be useful when searching for the relevant reference data.
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Any combination of the above described approaches is also feasible. Ion exchange
techniques are applicable to conduct most of the listed procedures.
Reduction of the total amount of pollutants is obviously the most effective and desirable
way. In this case, one or more mi values in Eq. (19.2) are reduced thus reducing V t .
When a new technology is being selected or designed, a minimum-pollution approach
is preferable. However, optimisation of pollution for already working processes is one
of the major concerns. For example, optimised regeneration of ion exchange columns
require less reactants and thus produce less wastes (see Section 12.1). Optimisation is
highly desirable in all industrial ion exchange separations, both when it is used as a major
production process (optimisation of primary wastes) and when it is applied for treatment
of waste streams producing its own wastes (optimisation of secondary wastes).
Relocation is probably the oldest method of dealing with pollution. Sewage pipelines
leading out wastes from inhabited areas have been built many decades ago, when local
environmental concerns just rose. Today, this “pipeline approach” is out-of-date, however
the same concept is applicable to dumping of highly concentrated hazards in specially
organised locations. Ion exchange technology is extremely useful and widely applied for
extraction of toxic substances from waste streams. The process could be followed by
solidification, thus minimizing waste volumes, and storing in underground dumps. The
values of CP, allowed in specially organised storage/dumping locations, could be many
orders of magnitude higher than in natural environment.
More harmful pollutants can be substituted with less harmful ones. An example could
be ion exchange extraction of heavy metals (like Pb or Hg) from the streams replacing
them with equivalent amount of sodium, which is less harmful. Thus, CPPb (higher value)
is replaced with CPNa (lower value) resulting in lower V t. Moreover, the heavy metal is
concentrated and can be recuperated for further use. However, even if it is dumped to a
special location, its impact could be defined by the new much higher value of CPPb,Dump .
The overall impact could be viewed as:
mPb
mPb
mNa
+ P
 P
P
CNa
CPb,Dump
CPb

(19.3)

because CPNa  CPPb , CPPb,Dump  CPPb , and mNa = mPb . Another example is replacement
of the conventional regeneration of ion exchangers (chemical pollutions) with dualtemperature approaches discussed in Chapter 15 (dispersing of less hazardous heat).
Recuperation of harmful substances reduces mi values thus being very attractive. Selectivity of ion exchange processes makes them highly advantageous for the recuperation
purposes, because they often allow to pick-up the target substances from a complicated
multi-compound media and the obtained pure substances can be converted to by-products
more easily than mixtures. However, one has to bear in mind that recuperation can never
be perfectly complete and, in many cases, is very difficult and/or expensive for existing
separation techniques. Futhermore, it could be a daunting task to find a suitable market
for the recuperated products (e.g. mixtures of acids that are often obtained as by-products
of ion exchange technologies) which makes the recuperation process less attractive.
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Dilution of wastes to permitted levels of pollutants is probably the only approach that does
not use any separation technologies. However, the dilution does not remove pollutants
and only reduces their immediate local impact, i.e. does not affect the V t value.
If ion exchange is considered for waste stream decontamination, its efficiency can be
expressed as the difference between the environmental toxicity of the streams coming
from the main production to the waste treatment unit and that of the treated streams:
V t =

 mi
 mj
−
P
Ci
CPj

(19.4)

where index i corresponds to substances entering the treatment and j – to substances
emitted.
A simultaneous addressing of both environmental and economical design is an important
issue. The economic optimum (minimum of specified expenses) can either coincide or
disagree with the environmental optimum (minimum pollution). The disparity can often
be minimised (and in some cases even eliminated) through reuse of originally wasted
mixtures. An example could be the use of regenerates from ion exchange reactors as
fertilisers [770,771]. However, certain factors, such as dealing with relatively diluted
solutions, their transportation, storage and dosage make such fertilisers much more costly
and less convenient than those marketed in a solid form [769]. At the same time, more
and more strict regulations on emissions could force producers to bear these costs and
perhaps even subsidise reuse of the regenerates.
A few words must be said about environmental impact of particular ion exchange
treatments. The column ion exchange deionisation is characterised by two sources of
pollution: (i) wastes associated with production of reagents necessary for the regeneration and (ii) disposal of streams containing extracted salts. It is obvious that even in the
ideal case, when the regeneration is carried out according to stoichiometric calculations,
ion exchange deionisation results in the emission of at least twice the quantity of salts
because each type of the exchangers (cation and anion exchange columns) is regenerated separately. The average acid expenditure for regeneration of cation exchangers and
base expenditure for regeneration of anion exchangers was demonstrated to be 200% of
stoichiometric values or two equivalents per equivalent extracted salts. At the same time
triple quantity of salts were disposed even when excessive acids and bases neutralised
each other. In electronics industry, 3 eq/eq reagent consumption is used in the production
of high purity water [769]. Of course, all these values are presented per amount of impurities in the raw water. Modern membrane technologies are locally much cleaner because
the wastes (if not recuperated) consist of only impurities from the raw water. However,
the energy consumption is significantly higher and thus the environmental impact at the
energy production site should also be taken into consideration. Nevertheless, the membrane technologies are commonly regarded as less polluting than conventional column
processes. Another example is ion exchange reduction of nitrate concentration in potable
water. Nitrate selective ion exchange materials have been developed and the process is
widely used. However, the effluent (that is a brine containing high nitrate concentrations)
is becoming increasingly difficult to dispose due to its harmful effect on the environment and its tendency to infiltrate to natural waters and then reappear in potable water.
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A solution can be an electrochemical reduction of the dissolved nitrate to N2 , which can
be performed in alkali media without production of undesirable nitrous oxide gases [32].
Ion exchange materials can lose their capacity and/or other primary properties during
some industrial operations. This can happen due to different phenomena described in
Section 18.3. Disposal of the deteriorated materials could also be a question of environmental concern. Incineration is probably the most common for processing of such wastes.
However, a number of examples have been published on utilisation and/or reuse of these
polymers. The most straightforward way is to use the non-exchange sorption ability.
Indeed, as have been discussed in Section 18.3, many deteriorating processes provide
exchangers with poly-functionality. Such materials can be used, for example, for sorption
or immobilisation of large organic and bioorganic molecules [763]. Of course, performance of such altered sorbents could vary significantly between the materials obtained
from different “batches”. However, these variations can be ignored, if a robust treatment
is performed. Another way is to reuse the materials after suitable modification or conversion. For example, deteriorated ion exchange resins have been carbonised to obtain
active carbons. Such carbons have exhibited excellent ability to remove toluene and
diesel oil [772].
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APPENDIX I

Practical Laboratory Methods

There is a wide diversity in the methods which are applicable or even specifically
developed for work with ion exchange materials. An extensive collection could be enough
to write a separate book. Thus only few descriptions of experimental techniques are presented in this appendix with the intention to provide the reader with few convenient
laboratory methods which are commonly used in the practice of ion exchange research.
An attempt has been done to show most common and/or most “difficult to find” techniques. In this case, the “difficult to find” means that experienced researchers consider
many methods as obvious and do not report them in any written form. As a result,
a search for such methodologies could be a laborious task. Many more experimental
techniques as well as details on the methods described below can be found in literature
[5,483,526,529,542,543,742,773–780].
AI.1 Storing Ion Exchange Resins
Many ion exchangers are unstable when dried. This is especially true for anion exchange
resins. As a result, most of the resins are recommended to be stored in swollen or semiswollen state. Hydroxyl form of anion exchangers are less stable in comparison with salt
forms, hence Cl− form is the first choice for the storage. One can note an undesirable
odour produced by some materials after long-time storage. This odour can be hazardous
with continuous exposure.
AI.2 Swelling of Ion Exchange Resins
Swelling of ion exchange resins can be given as an example of a commonly overlooked
procedure. Resins are often supplied and/or stored in dry form and must be swollen prior
to use. An uninformed user could put the dry material in distilled water and listen for
wispy clicks which means that the polymer is swelling too rapidly. The clicks “report”
micro-disrupters of the beads, which is hardly desirable for the long life of the material.
The proper swelling procedure consists in use of some concentrated solution where the
exchanger does not swell so much and so rapidly. Saturated solution of sodium chloride
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is the most obvious choice. After 4–6 hours of swelling in NaCl, the material can be
washed with water and, if required, transformed to the desired ionic form.
The procedure could be skipped for some modern resins produced with very high quality
of the polymeric structure. However, one has to be aware whenever a new material or a
new supplier is chosen.

AI.3 Conditioning
Ion exchange resins are often supplied “ready for use” but not “ready for investigation”. This means that many applications do not apply very strict requirements for the
initial state of the exchangers in comparison with samples that are used for determination of chemical and physico-chemical characteristics. This could appear surprising;
however it is explained by economical reasons and by robustness of many ion exchange
processes. Let us consider an exchanger intended for removal of cations from water in
cyclic processes with incomplete regeneration procedure (see Section 12.1 for justification of this approach). A minor fraction of Na+ , present in the material marketed as H +
form, could not affect the performance in any significant way, while the price difference
(in comparison with the pure H + form) could be attractive. However, the presence of
Na+ makes the determination of the ion exchange capacity impossible by measuring the
amount of desorbed hydrogen or consumed sodium ions. It could also affect the results
when other characteristics of the material are measured.
The most common obstructions in the use of fresh ion exchangers in precise experiments are:
• Impurities of counterions different from the declared ionic form;
• Impurities of the monomer and cross-linking agent used in the synthetic procedure;
• Presence of weak cross-links and knots between polymeric chains in the matrix
structure.
The last item in this list has to be explained in more detail. When the exchanger is
prepared, the cross-linking (both chemical and physical) occur in positions favourable
under conditions of the synthesis. However, the material is usually exploited in a completely different environment. Furthermore, the swelling is repeatedly changed during
the exploitation. As a result, some cross-links (especially physical knots), which appear
at the synthesis, could not sustain the repeated swelling pressure variations and break
down. Thus the elastic properties of the overall matrix could be different at the beginning
of the use and after a couple of ion exchange cycles.
To avoid the above discussed problems, the materials are conditioned prior to precise
experiments. This is usually performed by the alternating treatment with NaOH and
HCl. Three cycles are considered to be enough for most of the materials. If the number
of breakable cross-links is supposed to be high, mechanical breaking of the beads can
be expected when the material rapidly changes the environment (for example, when
the material is transferred from deionised water to a relatively concentrated solution).
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In this case, a gradual or stepwise concentration change has to be applied. If the material
contains iron ions, which could happen if the synthetic procedure was performed with
non-deionised water (cheapest materials), 3 M HCl treatment is recommended in the first
cycle. The most meticulous conditioning procedure can be listed as follows:
1. Swelling in concentrated solution of NaCl in a beaker.
2. Rinsing with water.
3. Transfer of the material into a column.
4. Washing with water.
5. Treatment with HCl increasing the concentration stepwise: 0.5; 1; 2 M.
6. Continuous treatment with 3 M HCl until absence of iron in the effluent (test with
KCNS).
7. Stepwise decreasing of HCl concentration: 2; 1; 0.5 M.
8. Washing with water.
9. Stepwise treatment with NaOH: 0.1; 0.5; 1; 0.5; 0.1 M.
10. Washing with water.
11. Stepwise treatment with HCl: 0.5; 1; 2; 1; 0.5 M.
12. Washing with water.
13. Repeating of steps 9–12 once or twice.
14. Conversion to the desirable ionic form with 0.1–1 M solution of suitable substance.
Please note that the amount of reagent applied in each step must significantly exceed the
ion exchange capacity. pH and CNa can be monitored instead at the exit of the column
(for example, with pH-meter and the simple flame test for Na) to verify completeness of
the ionic form conversion.
AI.4 Handling Hydroxyl Forms of Anion Exchangers
Hydroxyl forms of anion exchange materials rapidly consume carbon dioxide from the
environment through the non-exchange reaction
ROH + CO2 (atm) = RHCO3

(AI.1)

2ROH + CO2 (atm) = R2 CO3 + H2 O

(AI.2)

or even

Precise experiments with OH− forms of anion exchangers are performed with the use
of CO2 -protection devices. Storage of OH− forms prior to experiments is undesirable
even if tightly closed and/or CO2 -protected containers are used. Thus conversion of the
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anion exchangers in hydroxyl forms is recommended to perform directly prior to the
experimental procedures.

AI.5 Water Content [272]
Water content of air-dry ion exchange materials is very sensitive to the humidity in the air
and can drift significantly in a few hours. Thus, any sampling of these materials requires
simultaneous determination of the water content.
The analysed material can be dried with elevated temperature or with drying agents.
A vacuum drying can also be used “as is” or in combination with heating or with a water
absorber. The drying method is selected considering thermal stability of the material.
The procedure described below has been developed for strong cation exchange resins.
Reduction of the drying temperature or applying a drying agent without stirring of the
atmosphere can lead to significant increase in duration of the treatments.
1. 1.0000 g samples of the air-dry material are placed in dry weighed glass containers
supplied with tight glass stoppers. At least two samples are analysed independently
to obtain a reliable result.
2. Containers are placed in a pre-heated drying furnace. Stoppers are taken out at the
last moment and kept in the same oven.
3. The samples are dried at 105◦ C during 24 hours. Some authors recommend 110◦ C.
The oven is not opened during the drying time. Strong anion exchange resins are
dried at 70◦ C or even 50◦ C under vacuum because of their lower thermal stability.
4. The oven is opened and the containers are immediately covered with stoppers.
5. Containers are taken out of the oven and placed in a desiccator containing a drying
agent (usually CaO or P2 O5 ).
6. The samples are cooled down at room temperature for 45 minutes. The cooling
time may be shortened if the drying temperature is selected to be less then 105◦ C,
however the cooling time must essentially be the same in all measurements.
7. Containers with samples are weighed with 0.2 mg precision.
8. The operations 2–7 are repeated several times with each drying time of at least
4 hours. The determination is completed when the weight reduction between two
drying steps does not exceed 0.4 mg. The weight increase or oscillations indicate
a need in increase of the drying time between the weighing procedures.

AI.6 Mechanical Stability of Resin Beads [272]
At least 20–30 beads of the material are selected visually (microscope) for each test.
The following selection criteria are applied: spherical shape, absence of fractures and
cavities, uniform diameter. An increasing mechanical pressure is applied to each bead
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Applied weight

Holder
Hard rod
Thermostated cell
Exchanger bead
Microscope

Fig. AI.1. Setup for investigation of the mechanical properties. Reprinted from A. A. Zagorodni,
D. L. Kotova, and V. F. Selemenev, in: Reactive & Functional Polymers [272] 2002, Elsevier ©.

(Fig. AI.1) under visual control (microscope). The measure of the material stability is
the pressure (P) at which deformation of the bead becomes irreversible (developing of
fractures).
AI.7 Density and Pore Size of Ion Exchange Resins
A mercury pycnometer is used for determination of the overall density of the resin beads.
The value measured by this method represents the ratio between weight and total volume
including dense parts of the networks and pores because mercury cannot penetrate in the
pore structure of the material (at ambient conditions). Density of the polymeric network
can be measured by a helium pycnometer due to a high penetrating ability of helium.
A standard BET equipment is used to measure the square of the pore surface.
The ratio between the pore surface and volume can be used to estimate the pore size
(modelling pores as spheres, cylinders, or as some other simple shapes). However,
a direct measurement can be performed to characterise the pore size distribution. For
relatively large pores such measurements can be done characterising pressure dependence of results obtained with the mercury pycnometer. The pore size distribution can
also be characterised by evaluating the penetration of large organic dyes in the resin
phase. Scanning Electron Microscopy is also a good option to characterise the pore
structure.
AI.8 Water Vapour Sorption Isotherms
The simplest, though very time-consuming, method to obtain water vapour sorption
isotherms is performed as follows.
1. 1.0000 g samples of the air-dry material are placed in dry weighed glass containers
supplied with tight glass stoppers. At least two samples are investigated independently for each value of water vapour activity (P/P0 ) to obtain a reliable result.
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Table AI.1. Pressures of water vapours (P/P0 , %) over saturated solutions of some salts.
Salt

Temperature

K2 SO4
CuSO4
KNO3
NaBrO3
ZnSO4
K2 CrO4
KCl
KHSO4
KBr
(NH4 )2 SO4
Na2 S2 O3
NaCl
CH3 COONa
NaClO3
NaNO2
NH4 NO3
Mg(CH3 COO)2
NaBr
Na2 Cr2 O7
Mg(NO3 )2
KSCN
KNO2
K2 CO3
Zn(NO3 )2
CaCl2
Ca(NO3 )2
MgCl2
CH3 COOK
LiCl
ZnCl2

5◦ C

10◦ C

15◦ C

20◦ C

25◦ C

30◦ C

35◦ C

40◦ C

45◦ C

50◦ C

98
–
96
–
94.7
–
88
–
–
82
–
76
–
–
–
–
–
–
59
58
–
–
–
–
39.8
–
34
–
14
–

98
–
95
–
–
–
88
–
–
82
–
76
–
–
–
73
–
–
58
57
–
–
47
–
–
–
34
21
14
–

97
–
94
–
–
–
87
–
–
81
–
76
–
–
–
69
–
58
56
56
–
–
44
–
–
–
34
21
13
–

97
98
93
92
90
88
86
86
84
81
78
76
76
75
66
66
65
–
55
55
47
45
44
42
–
–
33
22
12
10

97
–
92
–
–
–
85
–
–
80
–
75
–
–
65
62
–
–
54
54
–
–
43
–
–
–
33
22
12
–

96
–
91
–
–
–
85
–
–
80
–
75
–
–
63
59
–
–
52
52
–
–
43
–
–
–
33
22
12
–

96
–
89
–
–
–
84
–
–
80
–
75
–
–
62
55
–
–
51
51
–
–
43
–
–
–
32
21
12
–

96
–
88
–
–
–
82
–
–
79
–
75
–
–
62
53
–
–
50
50
–
–
42
–
–
35.5
32
20
11
–

96
–
85
–
–
–
81
–
–
79
–
75
–
–
59
47
–
–
47
47
–
–
–
–
–
–
31
–
11
–

96
–
82
–
–
–
80
–
–
78
–
75
–
–
59
42
–
–
–
–
–
–
–
–
–
–
30
–
11
–

Samples for determination of the water content in the air-dry material must be taken
simultaneously.
2. Series of desiccators are prepared. The desiccators contain saturated solutions of
pure inorganic salts. Excess of the non-dissolved salts must be present inside the
solutions to compensate absorption of extra water by the media. Examples of such
salts and their values of P/P0 are presented in Table AI.1.
3. Containers with samples of the material are placed in the desiccators. Stoppers are
taken out at the last moment and kept in the same desiccators.
4. The samples are exposed to selected atmospheres for a duration sufficient for equilibration. This duration depends on the set-up (size and shape of the desiccators,
size and shape of the sample containers, etc.) and could last for several weeks.
Stirring of atmosphere inside the desiccator (without opening!) could speed-up the
process and reduce the time of experiment to several days. The desiccators are not
opened during the equilibration time.
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5. The desiccators are opened. The containers are immediately covered with stoppers
and immediately weighed with 0.2 mg precision.
6. The operations 4–7 are repeated several times. The determination is complete when
the weight drift of the sample between exposures to the standardised atmosphere
does not exceed 0.4 mg. Oscillation of the weight indicates a need in increase of
the exposure time between the weighing procedures.
7. The water content in each sample is calculated from the difference between the
weights of the air-dry material, of the water contained in the air-dry material, and
of material equilibrated with vapours of selected P/P0 .
AI.9 Ion Exchange Columns
Examples of laboratory-scale ion exchange columns are presented in Fig. AI.2. Panel (a)
shows a simplest column that can be assembled using even a laboratory burette. Some
inert porous medium (for example fibreglass) is fixed at the bottom and the column is
filled with an exchanger. The valve is used to adjust the flow rate. A disadvantage of this
column is the need for constant supply of the raw solution and thus constant attention
of an operator. Lack of the solution above the exchanger can result in penetration of air
into the bed and spoiling the experiment.

Fig. AI.2. Laboratory-scale ion exchange columns. Recommended material is glass or chemically
inert transparent plastic. (a) simplest column; (b) column which does not require continuous
attention; (c) column for experiments with down–up flow including expended and fluidised bed;
(d) thermostated column. (1) Vertical cylindric tube; (2) fiberglass separator; (3) granular ion
exchange material; (4) flow adjustment valve; (5) flow of raw solution; (6) effluent; (7) porous
(for example, glass) separator; (8) helix-heat exchanger; (9) stopper; (10) thermostated jacket.
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Panel (b) shows the most conventional ion exchange column. The fibreglass is replaced
by a permanently weld porous glass filter. Significant volume of the raw solution can
be introduced in the upper reservoir at once. Positioning of the outlet above the bed
level secures the exchanger from the air entering. The column can be attended once at
the beginning of the experiment or a few times to refill the reservoir. Disadvantage of
this column is the large volume of the liquid between the bed outlet and outlet of the
column.
Panel (c) shows the setup for column experiments with down–up flow. The flow rate
and positioning of the upper separator define that either the experiments are performed
in stationary, expanded, or fluidised mode. Please note that a free volume between the
bed and the upper separator has to be allowed for volume expansion of the material.
Panel (d) shows the setup for thermostated experiments. The raw solution is pumped first
through the helix heat exchanger to get the desirable temperature and then supplied to
the bed. The stopper is opened only for loading–unloading of the ion exchanger. When
the material is unloaded and the column is turned upside down, a strong flow could be
supplied to the inlet in order to prevent the beads from entering the helix. Such columns
can be used for both: experiments with precise temperature control and dual-temperature
experiments.
Valves presented in schemes (a), (c), and (d) can be replaced with pumps that could
provide more precise and convenient pumping. All columns, excluding those supposed
to work in fluidised bed mode, must be filled in such a way that no air bubbles remain
in the bed.

AI.10 Column Experiments
The most conventional column experiments consist of continuous pumping of a solution
through the column and monitoring the effluent composition. If online monitoring cannot
be performed, the effluent is collected in fractions and then analysed. Few general rules
must be followed when such experiments are performed.
• Volume of the solution initially filling the inter-bead voids and the pass-way between
the bed outlet and outlet of the column has to be accounted. This volume is usually measured prior to the main experiment by pumping the solution out of the
column. When the experiment is performed one fraction equal to the obtained value
is collected first and disposed.
• Smaller size of collected fraction allows to obtain the breakthrough curve with
higher precision. If the number of collected fractions exceeds capacity of the analytical laboratory, then some fractions have to be left without analysis. Collection
of larger fractions would reduce precision of the experiment. Thus volume of the
collected fractions is defined by the volume required for each analysis.
• One has to remember that concentration measurable in each fraction represents
averaged value, i.e. the value integrated over the collection time. Thus, when the
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Fig. AI.3. Error introduced by an incorrect positioning of experimental points corresponding to
experimental results obtained by analysis of fractions. Each fraction is represented by a rectangular
bar, open symbols positioned at end of fractions (erroneous positioning), closed symbols positioned
at middle of fractions (proper positioning). Reprinted from Analytica Chimica Acta [781] 2004,
Elsevier ©.

breakthrough curve is constructed, the experimental point must be plotted in the
position corresponding to the middle of the fraction as shown in Fig. AI.3. For
example, if three 1 mL fractions have been collected and analysed, the plotted
points must be located at 0.5, 1.5, and 2.5 mL [781]. The integral nature of the
fraction composition must be also accounted for any mathematical treatment of
the experimental results.

AI.11 Ion Exchange Capacity of Strong Ion Exchangers
Because strongly acidic and basic resins are completely dissociated in water solutions,
their total ion exchange capacity is readily determinable with simple column experiments
[5,542]. This is a generalised example:
1. A sample of the material, the water content of which is known, is placed in a
suitable column.
2. Solution of a strong electrolyte containing counterion A is pumped through the
column until the total loading.
3. The column is washed with deionised water until absence of the ion A in the
effluent.
4. Solution of another strong electrolyte containing counterion B is pumped. Whole
effluent of this step is collected in a volumetric flask. The process is performed
until the complete replacement of ions A with B. It can be monitored by absence
of A in the effluent or, simply, by pumping pre-estimated excess of B.
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5. The column is washed with deionised water collecting the effluent in the same
flask.
6. Remaining volume of the volumetric flask is filled with deionised water.
7. Concentration of A is determined in the flask.
8. The capacity is calculated from amount of the emitted ion and amount of the
material.
Depending on the selected ions A and B and concentrations of solutions, different types
of capacity can be obtained. Determination of the total ion exchange capacity is conventionally performed for cation exchangers with H + as ion A (1 M HCl ) and Na+
as ion B (0.1 N NaOH ). Please note that this combination of ions does not allow a
simple measurement of H + in the collected solution. Amount of the applied NaOH must
be precisely measured to calculate amount of emitted hydrogen ions. In case of strong
anion exchanger, the first ion (A) is conventionally OH− (NaOH ) and the second (B)
is Cl− (0.1 N HCl ).
Precision of the capacity determination is defined by size of the sample and precision
of the analytical techniques. However, the capacity is rarely measured with precision
better than 1%.

AI.12 Anion Exchange Capacity: Separate Determination of Strong-base and
Weak-base Groups [272]
A weighed dry glass column (diameter 0.8 cm) is filled with water and loaded with
2 mL of the swollen anion exchange resin. 200 mL of 7% HCl is pumped through the
column. The material is washed with ethanol until absence of Cl− ions in the eluate (test
with AgNO3 ). The obtained Cl− form of the exchanger is treated with 50 mL of 1%
NH4 OH followed by 200 mL of H2 O. The eluates of both NH4 OH and H2 O treatments
are collected together in a 250 mL volumetric flask. Water is added into the flask to fill
the volume. The concentration of the Cl− ions in the eluate is determined (for example,
by potentiometric titration with 0.1 M AgNO3 ). The quantity of ions desorbed from the
weak-base groups and from part of the strong-base groups (nA , moles) is calculated from
the titration results. The following treatment of the material is performed with 200 mL
of 4% Na2 SO4 (sufficient amount to complete the reaction). The eluate is collected in
a 250 mL volumetric flask. Water is added into the flask to fill the volume. Acid–base
titration of the eluate is performed with 0.05 M H2 SO4 . Results of the titration indicate
the amount of OH− ions sorbed by strong-base groups in the previous stage (nB , moles).
The rest of the Cl− remaining at the strong-base groups after the NH4 OH treatment
(nC , moles) is determined in another aliquot of the same eluate. All determinations are
repeated 3–4 times. The exchanger is regenerated to the Cl− form and washed with
ethanol. The column containing the exchanger is dried at 75◦ C under vacuum, weighed,
and the dry weight of the material (md.r. ) is calculated. The total amount of acting
anion exchange groups in the exchanger is calculated as (nA + nC )/md.r. . The amount of
weak-base groups is calculated as (nA − nB )/md.r. . The amount of strong-base groups is
calculated as (nB + nC )/md.r. .
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AI.13 Titration of Ion Exchangers [542]226
A more general method for determination of the ion exchange capacity consists of
obtaining the titration curve. This method also provides information allowing to characterise ionisation of functional groups. The exchanger is first converted completely to
one ionic form, for example to H + form with 0.1 M HCl, and washed thoroughly with
deionised water (the example is given for titration of a cation exchange material). The
procedure could be carried out as an ordinary titration by stepwise addition of, say, 0.1 M
NaOH, to a vessel containing a sample of the exchanger in water.227 However such a
procedure does not provide sufficiently precise results because of the error accumulation. A more appropriate method is to equilibrate several samples of the same material
with increasing amounts of the same NaOH solution and determine the pH and sodium
concentration after attainment of the equilibria (establishing of the equilibria can be
monitored by following the pH of the solutions). Ion exchange capacity of the exchanger
is obtained from the consumption of NaOH or emission of H + ions until the inflection
point and recalculated per amount of the dry exchanger.
The titration curves can also be used to characterise apparent ionisation constants of
weak functional groups. The following equations are used for the calculations [5,542]:
pKa = pH + log [Na+ ] − log(Q/2)

(AI.3)

for titration of H + cation exchangers with NaOH and
pKa = pH − log [Cl − ] + log(Q/2)

(AI.4)

for titration of OH− anion exchangers with HCl. The calculations are performed for
the titration point corresponding to half-conversion of the exchanger in new form. The
titration is usually conducted with 0.1 to 1.0 N background salt concentration [5].

226 The work of Lehto and Harjula [542] contains an extensive information about errors and mistakes that can
arise when characteristics of ion exchange materials are determined. It is highly recommended for additional
reading.
227All precise experiments involving OH− -containing media or OH− forms of exchangers must be conducted
in CO2 -free atmosphere.
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APPENDIX II

Definitions

This list of definitions has been compiled to help readers who feel uncomfortable with
the basic terminology used in the field of ion exchange. A few items describing chemical
concepts are included because these concepts are extensively used throughout the subject
of ion exchange. Some old and depreciated definitions are also given, aiming to provide
the meaning of terminology that can be found in the corresponding literature. Thus, this
list should not be regarded as a list of terms recommended for use within the subject.

A
Absorbate – see absorption.
Absorption is the capability of solid substances to incorporate in their volumes molecules
of gases, solutions, or solutes with which they are in contact. Solids that are used to
absorb gases or dissolved substances are called absorbents; the absorbed molecules are
usually referred to collectively as the absorbate. See also: adsorption, sorbent, sorption.
Activity is the ability of a chemical species to react with other species.
Activity coefficient is a coefficient providing the relationship between the activity of
the species, for example, an ion, and its molar concentration. For instance, activity
coefficient of sodium ion, γ Na , is defined by the relationship aNa = γNa · [Na+ ], where
aNa is activity and [Na+ ] is the concentration of sodium ions.
Adsorbate – see adsorption.
Adsorption is the capability of solid substances to attract to their surfaces molecules of
gases, solutions, or solutes with which they are in contact. Solids that are used to adsorb
gases or dissolved substances are called adsorbents; the adsorbed molecules are usually
referred to collectively as the adsorbate. See also: absorption, sorbent, sorption.
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Achiral compound is a compound that does not possess chiral properties. See also:
chirality, enantiomers, optical isomers.
Acrylic acid is a monomer used for the preparation of different polymeric networks. The
structure is CH2 =CH−COOH.
Affinity is the preference of a material to react with certain species. In ion exchange,
affinity is the ability to uptake certain species stronger than others. Affinity is a synonym
for selectivity; however, it is used more often in qualitative considerations.
Air-dry weight is the weight of the exchanger that is in equilibrium with the atmosphere
(usually in an open container). The air-dry weight is not constant because the water
content is highly sensitive to the air humidity.
Alamine 336 is a commercial extractant; C8 –C10 tertiary amine.
Amphoteric materials are ion exchange materials possessing both negatively and positively charged (or chargeable) fixed groups. Materials bearing groups with negatively and
positively chargeable units in the same unit are also amphoteric. Counterions in amphoteric materials are both anions and cations. The concept of co-ions is not applicable to
amphoteric materials.
Anion exchange materials are materials possessing positively charged fixed groups or
sites and exchangeable anions.
Aspect ratio of a column is the ratio of the column length and diameter.

B
Breakthrough capacity of an ion exchange column is the amount of ions taken up prior
to the moment when these ions appear in the effluent.

C
Capacity is the property of a sorbent that quantitatively characterises its ability to accumulate sorbed substances. The capacity of an ion exchange material is defined by the
number and availability of its functional groups or sites. See also: capacity towards
certain ion; equilibrium loading; loading; total ion exchange capacity.
Capacity towards certain ion is the number of functional groups available for a certain
kind of ion or the maximum number of this kind of ions that can be accommodated
by a certain amount of the material. Sometimes the term total capacity towards the ion
is used.
Cation exchange materials are materials possessing negatively charged or negatively
chargeable fixed groups or sites and exchangeable cations.
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Chelating materials are materials possessing fixed groups that are able to form chelate
rings with metal ions.
Chiral compounds – see enantiomers.
Chiral selectors are molecules or structural units (sites) that react differently with two
enantiomers. Interactions involving chiral selectors are used for analytical or preparative
recognition of enantiomers.
Chirality is the geometric property of a rigid object (or spatial arrangement of points or
atoms) of being non-superposable on its mirror image. Such an object has no symmetry
elements of the second kind (a mirror plane, a centre of inversion, a rotation–reflection
axis). If the object is superposable on its mirror image, the object is described as being
achiral [782]. The simplest example of chiral geometry is left and right hands.
Chromatography is the process in which compounds are separated from one another
when passing through a column that retains some of them more strongly than others. In
Fig. AII.1, a solution containing compounds A and B is placed on top of the column
previously packed with solid particles and filled with an eluent. When the outlet is

Fig. AII.1. Separation with elution chromatography. The stationary phase (for example, an ion
exchange resin) has a greater affinity to B than to A; thus, B processes through the column at a
slower rate. The affinity to the eluent is lowest.
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opened, A and B flow down into the column and are washed through with the fresh
eluent applied to the top of the column. If solute B is sorbed by the solid particles more
strongly than solute A, B moves down the column more slowly than A and emerges at
the bottom outlet after A.
The term chromatography is derived from experiments performed by M. Tswett (in
1903), who separated plant pigments with a column containing solid CaCO3 particles
(the stationary phase). The column was washed with a hydrocarbon solvent (the mobile
phase). The separation of coloured bands led to the term chromatography, from the Greek
word chromatos, meaning “colour”.
Co-ions are ionic species with the same charge sign as functional groups of the ion
exchanger. The concept of co-ions is not applicable to amphoteric ion exchangers.
Complex formation constant (β) is an equilibrium constant describing the formation of
a certain complex in solution. For example, for reaction
Cu2+ + SO2−
4 = CuSO4

(AII.1)

the complex formation constant expressed in terms of concentration is

β=

[CuSO4 ]
[Cu2+ ][SO2−
4 ]

log β = 2.36

(AII.2)

Concentration of functional groups in ion exchange material is the total number of
functional groups per volume of the swollen material.
Condensate polishing (condensate purification) is the treatment of condensed steam
from turbines operating in the power industry. Condensate polishing is conventionally
performed with ion exchange methods targeting to remove any impurities before the condensate is fed back into the boilers. Any ingress of soluble and/or insoluble contaminants
into the feedwater would cause corrosion of the equipment [10].
Content of functional groups is the total number of functional groups per dry weight of
the material.
Counterions are exchangeable ions of the ion exchanger. Counterions compensate the
charge of fixed functional groups or sites. The term counterion has two interpretations:
• It can be used exclusively for ions within the ion exchanger. According to this
definition, an ion becomes a counterion only when entering the exchanger.
• It can be used in a broader sense: either in the exchanger or in the external solution,
all ionic species with the charge sign opposite to that of the exchanger framework
can be called counterions.

Definitions

425

Cross-links are interconnections (hydrocarbon bridges) between polymeric chains of the
matrix. Cross-linking provides the ion exchange polymer (resin) with insolubility. It also
affects other major properties of the material.

D
D2EHPA (di-(2-ethylhexyl)-phosphoric acid) is a widely used chelating agent with the
structure
H5C2

C2H5

C4H9

H9C4

(AII.3)

O

O
P
O

OH

DDDPA (1,12-dodecanediol-O,O -diphenyl phosphonic acid) is a chelating agent with
the structure

(AII.4)

Degree of column utilisation is the ratio between the amount of solute sorbed by the
column in a particular separation process and the total capacity of the column.
Degree of cross-linking is the nominal mole percent of the cross-linking agent used for
synthesis of the polymer.
DEHTPA (di-(2-ethylhexyl)-dithiophosphonic acid) is a chelating agent widely used in
hydrometallurgy for extractions of heavy metals.
Deionisation is the complete removal of ions from solution.
Desalting – see water desalting.
Desorption is the process opposite to sorption. It is also opposite to absorption and
adsorption. See also: elution.
Displacement chromatography is the process in which the mixture of compounds to be
separated is introduced into a column and then pushed through the column with a solution
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A and B
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Band C

Band A

Stationary phase
(f.ex. swollen
ion exchanger)

Band B
Band A

Solvent

Solvent

Solution of A

Solution of B

Time
Fig. AII.2. Separation with displacement chromatography. The selectivity series is A < B < C.

containing a reactant that is highly preferred by the sorbent (Fig. AII.2). The analysed
compounds appear at the outlet of the column in the order reverse to the selectivity series.
Donnan equilibria are equilibria in two-phase systems characterised by the following:
• Both phases contain ions (for example, two aqueous solutions separated by a
membrane or a solution in contact with an ion exchange resin).
• One phase contains one or several types of ions of one charge that cannot be
transferred to the second phase.
• Ions of the opposite charge are free to diffuse in both phases.
A peculiar characteristic of such systems is Donnan potential.
Donnan potential is an electric potential that occurs between two phases at Donnan
equilibrium. Donnan potential prevents ions of one charge from passing through the
interphase boundary. Donnan potential is induced by a slight (undetectable) diffusion
of co-ions into the ion exchanger and counterions from the ion exchanger. The formed
electrical charge of phases does not allow further migration of co-ions into the cation
exchanger and counterions from the cation exchanger. The concept is illustrated by
Fig. 7.22 in Section 7.7.

Definitions

427

DVB (divinylbenzene) is the most conventional cross-linking agent used for preparing
ion exchange resins.
Dynamic ion exchange capacity is the capacity measured in dynamic (column)
experiments.

E
Effluent is the solution collected at the outlet of a chromatographic column.
EDTA (ethylenediaminetetraacetic acid) is a chelating agent widely used for different
applications.
Eluent (mobile phase) is the solvent or solution pumped through a chromatographic
column to transfer previously sorbed species. A particular case is the application of an
eluent to collect desirable species from a column (elution).
Elution (recovery, stripping) is the extraction of a targeted (desirable) ion from an ion
exchange material. Sometimes is also referred as desorption.
Enantiomers (chiral compounds) are two chemically identical molecular species that
differ from each other as non-superposable mirror images. The most simple example for
enantiomeric structures is the two hands, left and right [254]. Figure AII.3 demonstrates
an example of two enantiomers of amino acid. See also: chirality, optical isomers.
Equilibrium is the state characterised by an equivalence of rates for forward and
backward processes. For example, process rates for the reaction
nA + mB ⇔ pC + qD

(AII.5)

are




 n [B]m
v = k[A]

and v = k[C]p [D]q

(AII.6)





Due to v = v,

 n [B]m = k[C]p [D]q
k[A]

Fig. AII.3. Two enantiomers of the same amino acid. Zwitterions are presented.

(AII.7)
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and, hence,
k
[C]p [D]q
˜
= K̃
=
k
[A]n [B]m

(AII.8)



Please note that constants (AII.6) and (AII.8) are written in terms of molar concentrations.
Equilibrium capacity – see equilibrium loading.
Equilibrium constant (K) is a characteristic of the equilibrium composition of the
reaction mixture. For the reaction
A1 + A2 + · · · + An = B1 + B2 + · · · + Bm

(AII.9)

the thermodynamic constant is
K=

aB1 · aB2 · . . . · aBm
aA1 · aA2 · . . . · aAn

(AII.10)

In Eqs (AII.9) and (AII.10), A1 , A2 , . . . , An are reactants, B1 , B2 , . . . , Bm are products
of the reaction, and ai are activity of the species. The constant can be expressed in terms
of molar concentrations
˜ = [B1 ] · [B2 ] · . . . · [Bm ]
K̃
[A1 ] · [A2 ] · . . . · [An ]

(AII.11)

The value (AII.11) is called apparent constant and varies with conditions.
Equilibrium loading is the number of functional groups occupied by a certain ion at
an equilibrium state under certain conditions or the number of this kind of ions sorbed at
equilibrium state under these conditions. Equilibrium loading is often called equilibrium
capacity, while the latter is a depreciated term.
Equivalent (gram-equivalent) represents the mass of material providing the Avogadro
number of reacting units. The number of equivalents is given by the number of moles
multiplied by the number of reacting units per molecule or atom. Equivalents are based
on the same concept as moles, but the number of equivalents depends on the number of
reacting units supplied by each molecule. In simple words, the number of equivalents is
equal to number of moles multiplied by the valence. See also: equivalent concentration,
equivalent weight.
Equivalent concentration (normal concentration, normality) is the number of equivalents of a substance per litre of solution. It can be defined as the molarity multiplied by
the valence.
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Equivalent fraction (X) of an ion is the ratio of this ion’s equivalent concentration to
the sum of all the present ions’ equivalent concentrations
Zi · [Ioni ]
Xi = n
j=1 Zj · [Ionj ]

0 X 1

(AII.12)

Equivalent weight is the formula weight divided by the number of reacting units
(valence).

F
Fixed group is a group covalently attached to the polymeric matrix. The term fixed group
is usually applied to emphasise the difference from soluble substances (for example, from
free diffusing ions), as well as from functionalities in impregnated materials. See also:
functional group.
Fouling is the deposition of organic foulants (for example, natural humic substances)
on the surface of the ion exchange material. Fouling affects practical performance of the
material.
Frontal chromatography is the process in which the mixture of compounds to be separated is continuously pumped through a column. The solute least preferred by the sorbent
appears first at the outlet as a pure band. Other solutes appear as mixtures, as shown in
Fig. AII.4.
Functional group is an ion exchange or other group that is able to participate in some
specific chemical interactions. See also: fixed group, ion exchange group.

G
Gel resins are resins with a matrix having homogenous polymer density. In the swollen
state, the micropores between the hydrocarbon chains of the gel contain the imbibing
solvent.
Gram-equivalent – see equivalent.

H
Heterogeneous system is a system containing two or more phases.
Hydration shell is a set of water molecules coordinated around an ion, molecule, or
other unit in an aqueous medium.
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of A and B

Solution of
A, B, and C

Time
Fig. AII.4. Separation with frontal chromatography. The same mixed solution is passed through
the column. The least selectively sorbed solute appears at the outlet as a pure solution. The
subsequent solutes appear as mixtures. The selectivity series is A < B < C.

Hydrophilic means water-attracting.
Hydrophobic means water-repelling.
Homogenous system is a system containing only one phase.

I
Imprinted polymers (templated polymers, polymers with memory) are polymers with
functional groups fixed in conformational positions favourable for interactions with one
specific type of ions or molecules. Imprinted polymers are often used as molecular
recognition polymers.
Ion exchange group (ionogenic group) is a charged acidic, basic, or chelating group
attached to the polymer matrix. The charge of the group is normally compensated by an
exchangeable ion. See also: fixed group, functional group.
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Ion exchange isotherm is the graphically or mathematically expressed dependence of
the ion concentration in an ion exchanger on its concentration in the surrounding phase
(equilibrium states are considered). Isotherms describing the dependency on other variables are also used. Each isotherm corresponds to one constant temperature. Ion exchange
isotherm describes stoichiometric interactions and, hence, is a particular case of sorption
isotherm (the last could describe both stoichiometric and non-stoichiometric equilibria).
The ion exchange isotherm is often plotted as the interdependence of equivalent fractions,
as shown in Fig. 8.3 (see Section 8.4) and illustrated by Applet 9.
Ion exchange resins are three-dimensional polymers carrying fixed functional groups,
i.e. they are cross-linked polyelectrolytes. See also: ion exchangers.
Ion exchangers are insoluble materials carrying reversibly exchangeable ions. These ions
can be stoichiometrically exchanged for other ions of the same sign when the exchanger
is in contact with an electrolyte solution.
Ion retardation resins (retardation resins) are polymeric materials containing two oppositely charged types of groups, where the first type is covalently bonded and the second
type is physically trapped.
Ionic form is the term used to define which counterions are present in an ion exchanger.
Ionogenic group – see ion exchange group.

J
Jones reductor is a column packed with amalgamated zinc. Such a column is used in
chemical analysis for the pre-reduction of analytes.

L
Le Chatelier’s principle is a fundamental law stating that a dynamic equilibrium tends
to oppose any change in the conditions.
Loading (uptake) is the number of functional groups utilised for the sorption of certain
ions in a certain process or the number of these kinds of ions that was actually sorbed
in the process. Loading is often called utilised capacity.

M
Macroions – see polyelectrolytes.
Macroporous resins are resins with a matrix having heterogeneous structure: highdensity polymeric regions and permanent macropores.
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Macroscopic approach to matter is based on the description of properties, which are
suggested by sense perceptions such as pressure, temperature, volume, and weight. It is
found that in order to completely describe a piece of matter so that it can be recognised
when it is returned to the same state, only a few of the many macroscopic properties
need to be specified. The macroscopic point of view is independent of any assumptions
concerning the structure of matter or the mechanisms by which changes occur. Thermodynamics is the study of the relations between heat and other forms of energy, and
changes in macroscopic properties. See also: microscopic approach.
Matrix of an ion exchange resin is an irregular (in most cases), macromolecular, threedimensional network of hydrocarbon chains. The matrix carries functional groups (ion
exchange groups). In many cases, the matrix consists of cross-linked linear polymeric
molecules.
Methacrylic acid is a monomer used for the preparation of different polymeric networks.
The structure is

H2C

C

COOH
CH3

(AII.13)

Microscopic approach to matter is based on ideas about structure and details of the
processes occurring on a molecular scale. Kinetic theory and statistical mechanics
are the microscopic approaches to explaining the macroscopic properties of matter.
These methods can provide a deeper insight into the physico-chemical states and processes while being much more difficult for mathematical descriptions than the classical
thermodynamic methods. See also: macroscopic approach.
Mobile phase – see eluent.
Molar concentration (molarity) of a solution is the number of moles of solute contained
per litre of the solution.
Molar fraction is a value often used instead of equivalent fraction. Molar fraction of an
ion is the ratio of its molar concentration to the sum of molar concentrations of all the
ions present (see Eq. (8.13) in Section 8.2).
Molarity – see molar concentration.
Molecular recognition polymers are polymers bearing functional sites that are capable of
highly specific interactions with only one kind of molecules or ions. See also: imprinted
polymers.

N
Normal concentration – see equivalent concentration.
Normality – see equivalent concentration.
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O
Optical isomers are compounds that by the nature of their chiral structure have the
ability to rotate polarised light from a standard reference plane. Structurally, optical
isomers differ in the placement of atoms about a chiral centre. The term optical isomers
is often used as a synonym for enantiomers or chiral compounds.

P
Phase is any portion of a system that is homogenous and divided from any other homogeneous portion of the system by a definite bounding surface. A phase has uniform
or continuously varying macroscopic properties. The properties change abruptly at the
phase boundaries.
Polyacrylic acid is a water-soluble polymer with the following structure:

CH CH2
(AII.14)

COOH
n

Polyampholytes are polyelectrolytes that contain both acidic (cationic) and basic (anionic)
functional groups.
Polyelectrolytes (macroions, polyions) are polymers bearing positively or negatively
charged or chargeable groups or atoms. Non-crosslinked polyelectrolytes are usually
water-soluble, which is in contrast to hydrocarbon polymers without chargeable groups.
Polyions – see polyelectrolytes.
Polymers with memory – see imprinted polymers.
Polystyrene is a polymer with the following structure:

CH CH2
(AII.15)
n
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Polystyrenesulphonic acid is a polyelectrolyte with the following structure:

CH CH2
(AII.16)

SO3H

n

R
Racemate is a mixture of equal quantities of two enantiomers.
Reacting unit can be considered as a proton or an electron. For acids and bases, the
number of reacting units is based on the number of protons (i.e. hydrogen ions) that the
acid can furnish or the base can react with, while for oxidation–reduction reactions, it
is based on the number of electrons that the oxidising agent can take on or supply. The
number of reaction units per molecule corresponds to the valence.
Recovery – see elution.
Regenerant is the reagent applied to an ion exchanger in order to perform regeneration.
Regeneration is the transfer of an ion exchanger in the initial ionic form prior to the next
cycle of use.
Residence time is the time spent by an ion to proceed through an ion exchange column.
Retardation resins – see ion retardation resins.

S
Salting in – see salting out.
Salting out is the effect in which the solubility of a substance in a certain solvent is
reduced by the presence of a second solute. For example, certain substances dissolved
in water can be precipitated or evolved as a gas by the addition of an ionic salt (the
substance is more soluble in pure water than in the salt solution). The opposite effect,
involving an increase in the solubility, may also occur. This is known as salting in.
Selectivity is the ability of a sorbent to uptake one chemical species at the expense of
another. Selective sorbents allow the extraction of one or several preferable species from
a mixture. Selectivity is a synonym for affinity; however, it is used more often in a

Definitions

435

quantitative or semi-quantitative sense. Selectivity is also a conventional comparative
characteristic for sorbents, including ion exchangers.
Selectivity series is a series of sorbates ranged according to the selectivity of the sorbent.
For example, the series

A1 < A2 < A3

(AII.17)

means that the sorbent is most selective to A3 and least selective to A1 (if three sorbates
A1 , A2 , and A3 are compared).
Softening – see water softening.
Solute is a dissolved substance. Please note that solute refers to the whole substance.
For example, dissolved NaCl can be referred as a solute, whereas Na+ and Cl− cannot.
Solvation shell is a set of solvent molecules coordinated around an ion, molecule, or
structural unit.
Sorbate is the substance sorbed by a sorbent. If an ion exchange is considered, the
counterion can be refered to as a sorbate. When a whole salt is transferred in the exchanger
(in case of concentrated solutions), the salt can also be referred to as a sorbate. See also:
sorbent, absorption, adsorption.
Sorbent is a solid substance capable of ion exchange, absorption, or adsorption.
Sorption is a term covering ion exchange, absorption, and adsorption. This is a general
term used to name all these phenomena at once, or, more often, used when discrimination
between these phenomena is difficult. See also: sorbate, sorption.
Sorption isotherm is the graphically or mathematically expressed dependence of a chemical species’ concentration in the sorbent on its concentration in the surrounding phase
(or on some other variable) at constant temperature. Isotherm refers to equilibrium states.
See also: ion exchange isotherm.
Static ion exchange capacity is the capacity measured in a batch (static) experiment.
Stationary phase is the substance that stays fixed inside a chromatographic column.
A bed of exchanger beads is the stationary phase in an ion exchange column.
Stereoisomers are isomers that possess identical constitutions but differ in the arrangement of their atoms in space [782]. Enantiomers and cis-trans-isomers are examples of
stereoisomers.
Stripping – see elution.
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T
Templated polymers – see imprinted polymers.
Total capacity towards ion – see capacity towards certain ion.
Total ion exchange capacity is the number of functional groups available for ion
exchange or the number of exchangeable counterions per certain amount of the exchanger.

U
Uptake – see loading.
Utilised capacity – see loading.

W
Water desalting (desalting) is a synonym of deionisation usually used when requirements
to remaining ionic content in the desalted water are not too strict; for example, when
potable water is prepared from brackish water or seawater.
Water softening (softening) is the removal of hardness ions (Ca2+ , Mg2+ ) from an
aqueous solution. The most common method of water softening is by replacing the
hardness ions with non-hardness ions (Na+ ).

Z
Zwitterion is an organic molecule carrying both positive and negative charges. Typical
examples are zwitterions of amino acids:

COO−
R'

CH

NH3+

(AII.18)

The overall charge of a zwitterion is neutral. If the species carries positive and negative
charges but their numbers are not equal (i.e. the overall charge is not zero), the species
is referred as a cation or an anion.
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Film diffusion control, 227–230, 235–238
Fingering, 257, 258
Fixed bed column, 243, 244
Fixed group, 429
Fouling, 395, 429
Frontal chromatography, 96, 243, 329,
429, 430
Functional sites, 16, 18, 26, 29, 47, 55
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Gel resins, 46, 86, 94, 429
Gibbs–Donnan theory, 200
Gibbs energy
differential, 192
integral, 192
of ion exchange, 191
of swelling, 162
Gregor’s model, 135, 136, 195
Guggenheim’s zero approximation, 206
Handerson–Hasselbach equation, 201
Hetero-ligand complex, 67
Higgins contactor, 310, 311
High purity water, 271, 272, 278, 281,
365, 406
Högfeldt’s model, 206–209
Hydration shell, 429, see also solvation shells
Hydrodynamic effects in columns, 254–258
Hydrophobisation of ion exchanger, 96, 100
Hypercrosslinked polymers, 25, 53, 100, 145
Impregnated resins, 113
characters, 118–120
equilibrium, 120
preparation, 114
dry impregnation, 114
modifier addition followed by drying, 116
modifier addition followed by
washing, 116
wet impregnation, 115
stability, 128, 129
Impregnation degree, 120, 121
Imprinted ion exchangers, 22, 61
Imprinted polymers, 430, 432, 433, 436
Imprinting, 62
Inorganic ion exchangers, 31–37
Integral equilibrium constant, 191
Integral thermodynamic values, 192
Internal water, 147, 340, 348
Interruption test, 229
Ion exchange
of anion, 20, 28, 42, 60, 78, 80, 81, 100, 418
capacity, 178
catalysis, 377
of cation, 20, 30, 108
chemical representation, 170–172
group
anion, 20, 28, 42, 60, 78, 80, 81, 100, 418
cation, 20, 30, 108
isotherm, 173–177
horizontal, 175

Index
linear, 175
non-linearity of, 175
normalised, 174
models of, 135
reaction, 169
corrected constant, 181
thermodynamic constant, 182
removal of ion mixture, 270–272
separation cycle, 268–270
synthesis, 377
thermodynamic description, 184–192
Ion exchange column, 94, 243, 247,
415–417
breakthrough capacity, 43, 249, 422
breakthrough curve, 248
capacity, 40, 41
performance, 248
self-sharpening effect, 253, 277
total capacity, 43, 250, 291, 425
volume, 40, 308
Ion exchange membranes, 47, 53, 54, 351,
352, 355, 356
characteristics, 356
conductivity of, 353, 356
effective charge, 360
flux of an ions, 359
heterogeneous, 53, 54
homogeneous, 53, 54
imperfection, 358,
non-ideality, 360
permselectivity, 360, 365, 366, 368
polarity reversal, 360
Ion exchange processes
mechanism, 221, 225
Ion exchange techniques
advantages, 312
batch operation
advantages, 243
disadvantages, 243
chromatography applications, 283
consecutive columns, 312
conventional column, 311, 312, 365, 372
expanded bed, 304–308
fixed bed
advantages, 314
disadvantages, 314
fluidised bed, 302–304
moving bed, 308–312
advantages, 312, 314
disadvantages, 314
multicolumn, 297–302

Index
Ion exchanger
amphoteric ion exchanger, 17, 78, 81, 442
as quasi-homogeneous phase, 232
as quasi liquid, 223, 232
sulphonic-, 97
type II anion-, 27
Ion retardation resins, 431
Ion speciation in solutions, 293
Ionic form, 16
Ionogenic group, 430
Isoelectric point, 93, 94, 369
Isoporous materials, 23, 46
Kinetic performance, 66, 248, 283
Kinetics of ion exchange
modelling, 227, 230, 232–239
diffusion, 232–239
Lazare and Gregor’s model, 136
Le Chatelier’s principle, 431
Levextrel resins, 117, 118
Lewis-base behaviour of amino groups, 60
Ligand exchange, 61, 67–73, 75, 78, 93,
106, 195
in gases, 344, 345
Limiting step of ion exchange kinetics,
225–227, 229
Liquid phase ion exchange reactions, 9
Loading, 431
Longitudinal diffusion, 253, 260
Longitudinal mixing, 302–304, 308,
310–312, 314
Macroions, 431
Macronet-type polymers, 22, 53, 145, 181
Macropores, 47, 53, 431
hydration structures in, 190, 199
Macroporous materials, 47
Macroporous resins, 431
Macroscopic approach, 432
Marinsky’s model, 200, 202, 205, 209
Mass-transfer equation, 260
Matrix, 432
Membrane, 47, 53, 54, 351, 355
bipolar, 358, 369
encapsulating extractant, 129
heterogeneous, 53, 54
homogeneous, 53, 54
in Donnan models, 164, 200
units in parametric pumping, 330

475
Membrane electrode, 286, 287, 373
Membrane potential, 356
Methacrylic acid, 432
Micropores, 429
hydration structures in, 190, 199
Microscopic approach, 432
Mobile phase, 75, 78, 252, 424,
427, 432
Models
macroscopic, 133, 136, 141, 146
microscopic, 133, 136, 137, 146
Modifier addition method, 115
Molar fraction, 432
Molecular recognition, 64, 66, 289
polymers, 432
Moving bed reactors, 308–312, 398
Multicompartment electromembrane units,
362, 363, 370
Nernst film, 222, 224–228, 355,
357, 386
Nernst layer, 221
Nernst–Planck equation, 231
Non-osmotic approach, 191
Non-stoichiometric reaction, 124
Optical isomers, 433
Osmotic model, 160, 190, 191
Packed bed columns, 244, 268, 302,
304, 398
Parametric elution, 316
Parametric pumping
batch, 326
closed, 326, 330
continuous, 330–332
half-open, 328, 330
in columns, 326
open, 330–332
principle of, 321
semi-continuous, 328
variables affecting, 329
Particle diffusion, 227
Particle diffusion control, 227–230, 236
Pattern of front in column
constant, 252
proportionate, 252
wave, 330–331
Performance of column, 248–251
Permselective membranes, 365
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Plug flow, 254
Plug-front, 252
Polyacrylic acid, 433
Polyampholytes, 433
Polyelectrolytes, 433
Polyions, 433
Polymeric chains, 62
Polymers with memory, 430
Polystyrene, 433
Polystyrenesulphonic acid, 434
Pores in ion exchangers, 23
clogging, 198
diffusion in, 53
imprinted, 64
in gel exchangers, 46, 47
in impregnated materials, 116, 119
in imprinted materials, 66
in inorganic exchangers, 33, 46, 64,
384–386
macro, 47, 53, 431
micro, 429
permanent, 46, 47
role in diffusion of ions, 232, 233, 239, 386
shape, 233, 284
size, 33, 85, 116, 284, 384–386
measuring, 413
surface measuring, 413
Positioning of functional groups
and sorption of organic ions, 83, 92
in imprinted materials, 47, 64
Principle of electrodialysis, 358
Protonation
constants, 44
of functional groups, 29, 134, 171, 193,
202–204, 214, 270
Purification
of solution, 5, 271, 328
of solvent, 328
Quantitative preconcentration, 290
Quasi-peptide associates, 94, 95
Racemate, 74, 434
Rate determining step, 225
mass transfer
complexes dissociation and formation in
solution, 226
in the exchanger phase, 226
in the solution, 225

Index
reaction between counter ions and fixed
groups, 226
through film, 225
Reacting unit, 434
Receptors, 286, 289
Recovery, 427, 434
of analyte, 284, 291
of ion in solvent extraction, 13
of phenylalanine in electro-membrane
process, 368
of sorbed ion, 264, 265
Redox groups, 102–104
Redox materials
applications, 109
advantages of, 109, 110
auxiliary reagents, 35, 111, 315, 403
limitations, 101, 104, 110
in organic syntheses, 112
removal of halogens, 111
removal of oxygen, 110
sensors, 111
in electrodes, 289, 290
in gas treatment, 345–347
interactions of, 109
polarity of groups, 108
properties, 106
kinetics, 107–109, 241
redox capacity, 107, 108
selectivity, 109, 175, 235
standard redox potential, 107, 108, 112
Regeneration, 264
Residence time, 253–255, 434
Retardation resins, 26, 431, 434
Rocking wave separation, 332, 333
Salting in, 434
Salting out, 434
Selective sorption, 57, 62, 273–275, 380
Selectivity, 136, 434
characters, 177
quantitative, 178
coefficient, 180
factors affecting, 193–198
non-specific, 198
product shape-, 386
ranges, 177
reactant shape-, 386
restricted transition state shape-, 386
sequence, 177
series, 177
specific, 198

Index
Self-sharpening of front, 252, 253, 277, 279
Sensors, 67, 111, 112, 286, 289
Separation characters
selectivity coefficient, 183
separation factor, 183
Separation factor, 178
Series of stirred tanks, 246, 248
Sieve action, 44, 84, 85, 109, 194, 195,
356, 384
Sieve effect, 84
Simulated moving bed, 310
Sirotherm process, 318–321
“Snake in cage”, 25, 82, 113, 146
Softening see water softening
Soldatov’s approach, 210–212
Soluble redox couples, 105
Solvation shells, 435
inside ion exchangers, 142, 143, 146, 147
in Gregor models, 135
Solvent impregnated resins, 113, 115, 117,
118, 129, 131, 208
Sorbate, 435
Sorption, 435
Sorption front, 247, 251–254
Sorption isotherm, 435
Spacers, 19, 30, 61, 120, 194
Static ion exchange capacity, 43, 435
Stationary phase, 435
Stereoisomers, 73, 74, 435
Stern layer, 214
Stoichiometric chemical sorption, 339
Stoichiometric exchange between gases, 341
Stripping, 13, see also elution
Surface complexation model, 212, 213
Surface complexes, 215, 217, 218
Suspended bed, 304
Swelling pressure, 135, 136, 149, 150, 152,
156–161, 163, 196, 410
Swelling–shrinking cycles, 65
Tailing of the front, 253
Tea-bag operation, 322
Temperature–swing mode, 317, 318
Templated polymers, 62, see also imprinted
polymers
Theoretical capacity, 38–40, 173
Three-point rule, 76
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Total capacity, 172
Total ion exchange capacity, 40, 45, 119, 245,
249–251, 392, 417, 418, 422, 436
Transference number, 354
Transport number, 354
Ultra-pure water, 280
Uptake, 431, 436, see also loading
of counterion, 197
of electrolyte, 168
of organics, 87
of water, 151, 152, 154, 160
Utilised capacity, 41, 43, 278, 298, 305, 431,
see also loading
Volume capacity, 41, 44, 281, 299
Wall effect, 256, 257
Water desalting, 436
Water purification, 263, 266, 271, 272, 277,
315, 365
Water softening, 436
Wet-drying of the impregnated materials, 128
Zeolites, 1, 31
acidity of, 380
activity coefficients in, 169
as catalysts, 381, 382, 384, 386
charged with redox substances, 105, 106
chemical composition, 31, 35
composite, 52, 53
crystals, 32–34
for dual temperature separations, 315, 318
high-silica, 31
natural, 35
pores, 44, 385
sorption
of amino acids, 100
of anions, 93
of gaseous ammonia, 342
of proteins, 93, 100
of water, 145
stability, 384, 389
structure, 33, 34
surface, 34, 35
templated, 64
Zwitterions, 436
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