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Preface

Ion exchange is a process of exchanging ions between stationary and mobile phases.
It is a natural process and has been in practice for ages. Since commercial develop-
ment took place in the last century, both academic and industrial research have
been improving technology to find new applications.

This edition covers the introduction, principle, instrumental and theoretical
fundamentals, structure, synthesis and characterization, kinetic and equilibrium,
simulation and computer modeling studies of ion exchange materials in addition to
the preparation and properties of ion exchange membranes for electrodialysis and
fuel cells.

Chapter 1 covers the basic fundamentals of ion exchange kinetics and equilibri-
um and discusses the various applications that utilize ion exchange processes.
Chapter 2 reviews the selectivity coefficient as well as the exchange isotherm
diffusion and transport in terms of thermodynamics, equilibria and ion exchange
kinetics. Chapter 3 examines the various conditions of ion exchange equilibrium
with important theories developed in literature and reviews ion exchange kinetics
and mass transport processes based on semi empirical models, Fick’s law and
derived expressions. Chap. 4, presents fundamentals of ion exchange fixed bed
operations. Chapter 5 deals with the performance of ion exchange membrane
electrodialysis for saline water desalination. The desalination performance of a
practical-scale electrodialyzer is discussed using computer simulation. Chapter 6 is
devoted to the structure, synthesis and properties of organic ion exchange materials.
Preparation, properties and application of ion exchange membranes are discussed in
Chap. 7. Chapter 8 focuses on the synthesis, structure, properties and applications
of synthetic ion exchange materials. Chapter 9 reviews the most important aspects
such as: synthesis, physical and chemical properties, equilibria and kinetics, as well
as of sorption processes, possible and real field applications of fibrous ion exchan-
gers. Fibrous catalysts, color-changing sorbents and hybrid fibrous sorbents impreg-
nated with nanoparticles of inorganic substances are also described. The structure,
coordination chemistry and applications of most commonly employed chelating ion
exchangers are discussed in Chap. 10. Chapter 11 focuses on the recent advances in
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the field of ion exchanger—based voltammetric sensors, whose widespread use has
instigated a new electroanalytical technique named ion exchange voltammetry.
Chapter 12 discusses the properties of sulfonated poly(ether ether ketone)
(SPEEK) as a promising membrane material for polymer electrolyte fuel cell.
Chapter 13 reviews the preparation and use of organic—inorganic hybrid ion
exchangers in organic reaction catalysis. An introduction to the ion exchange
technique in solid matter, mainly optical glasses, to fabricate wave guides tele-
communications is reviewed in Chap. 14. Network simulation of electrical response
using Nernst—Planck and Poisson equations is used to describe the ionic transport
processes through a cation-exchange membrane and two diffusion boundary layers
on both sides of the membrane in Chap. 15. Chapter 16 reviews the authors’ work
on the mathematical and computer modeling of ion exchangers on styrene—
divinylbenzene matrix, a mathematical model based on the concept of the influence
of neighbouring exchange sites on the properties of each other. Such a model
allowed to explain the dependence of selectivity and additive properties of the
ion exchange system on the degree of ion exchange.
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Chapter 1
Introduction to Ion Exchange Processes

Mohamed Mahmoud Nasef and Zaini Ujang

Abstract Ion exchange technology remains the workhorse of various chemical,
petrochemical, food, power, and pharmaceutical industries. The success of ion
exchange process depends literally on understanding of its basic principles and
applying them in a way suiting the nature of the treated feed. This chapter reviews
the basic fundamentals and key components of ion exchange process taking into
consideration the latest progress taking place in the field. The variation in the ion
exchange materials, their nature, forms, and functions are reviewed. The kinetics,
sorption equilibrium, operating modes, and engineering configurations for ion
exchange processes are also discussed. A brief encounter for the various
applications utilizing ion exchange processes is also presented.

1.1 Introduction

Ion exchange is a technology that has been ever receiving growing attention in
various industries for several decades. This technology is commonly used to purify
solutions by removing the dissolved ions by electrostatic sorption into ion exchange
materials of various physical forms. The removed ions are replaced with equivalent
amounts of other ions of the same charge in the solutions. The use of ion exchange
reaction allows either all ions to be removed from a solution or particular ions to be
selectively separated. Therefore, both selective removal of ionic contamination and
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complete deionization can be distinguished. The selection between both depends
mainly on the composition of the solution and the extent of decontamination
required [1].

The applications of ion exchange are numerous and cover wide ranges of
industries and households. These applications mainly cover purification purposes;
however, ion exchange is also widely implemented in the separation and extraction
of valuable substances such as uranium and plutonium from the nuclear industry
waste [2]. Deionization (demineralization) of water and water softening are known
to be the most common applications. However, the spectrum of other applications
varies from large-scale extraction of metals in hydrometallurgical and metal
finishing processes to recovery of precious metals [3, 4]. The applications of ion
exchange are also extended to food and beverages, petrochemical and chemical,
pharmaceutical, sugar and sweeteners, industrial wastewater, ground and potable
water, semiconductor, production power soil remedy, and pulp and paper industry.

In principle, ion exchange is a process involving an exchange of ions between
an electrolyte solution (aqueous phase) and similarly charged ions immobilized in
an ion exchange material (solid phase), which takes place through a stoichiomet-
ric reversible ion exchange reaction. Ion exchange materials represent the heart of
ion exchange processes that fall into various categories: polymeric and mineral,
cationic and anionic, and resins and membranes depending on their classification.
Engineering systems of various configurations meeting the requirements for
industrial application are available and vary depending on the morphology of
the ion exchange materials. Batch and column systems are the most common
configurations to accomplish ion exchange processes using resins, whereas
plate and frame modules/cells are favored upon using membrane/sheet forms.
Currently, a large number of commercial resins and membranes are available
giving high possibility for more than one technically effective solution that allows
the utilization of custom-designed ion exchange process. However, having a
robust system design requires a thorough knowledge of all available resin types
along with a clear understanding of basic fundamentals and economics of ion
exchange to ensure highly efficient and cost-effective operations.

This chapter provides an intensive review for the basic fundamentals of ion
exchange process covering its essential ion exchange materials, reaction kinetics
and sorption equilibrium, operating modes, system configurations, process econ-
omy, and industrial applications.

1.2 Historical Perspective

Ion exchange phenomena have been known for many years. The first examples of
this phenomena were discovered by Thompson and Way (1850) [5, 6] during their
investigations concerning the way in which soluble manures were retained for long
periods in the soil, instead of being washed out by rainwater. The importance of this
discovery (in ion exchange terms) was not fully understood until later in that decade
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Fig. 1.2 Strong cation- and anion-exchange resins based on polystyrene divinylbenzene copoly-
mer resins

when this reaction was found to be reversible. This phenomenon was caused by
certain minerals in the soil as released in the latter half of the nineteenth century.
These minerals, called resins, are based on tetrahedron structure of silicon and
aluminum compounds called zeolites. In 1905, synthetic zeolites were manufactured
and utilized for water treatment in a form of water-softening agent ever since [7].
Synthetic cation-exchange resins were developed during the 1930s using certain
types of coal treated with sulfuric acid [8, 9]. This was an important evolution due
to the fact that the sulfonated coal would operate in a greater pH range, 1-10. This
made the sulfonated coal more versatile for the use in many more industrial
applications. However, these resins were found to have serious deficiency caused
by their lower exchange capacity compared to the zeolites. A few years later, the
phenol formaldehyde polymer resin from the type shown in Fig. 1.1 was synthesized
[10]. This polymer was sulfonated forming strong acid ion exchange resin. Using the
same base polymer only functionalized with an amine (NH,) produced the first weak
base ion exchange resins. The major development for the power industry came in
USA in 1944 when strong acid and strong base resins from the types shown in
Fig. 1.2 were produced based on divinylbenzene cross-linked polystyrene, which
was treated with sulfuric acid to make a strongly acidic resins or chloromethylated
and subsequently aminated to produce strongly basic resins [11-13]. These resins
possess much better characteristics than earlier phenol/formaldehyde resins. These
new resins are now used almost exclusively in water demineralization plants for high
pressure boilers. By the year 1950, weakly acidic ion exchange resins shown in
Fig. 1.3 based on polymerization of methacrylic acid and divinylbenzene were
developed. Eventually, the macroporous methyl methacrylate and divinylbenzene
resins were synthesized with various functionalities (weakly basic, strongly basic,
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Table 1.1 The most important milestones in the development of ion exchange resins

Year  Milestones

1850  Agricultural chemists Harry Thompson and John Way discovered ion exchange
phenomena

1858  German Chemist Eichom reported that ion exchange is a reversible reaction

1905  Robert Gans introduced first process to soften water using zeolite (sodium
aluminosilicate)

1913  American company (Permutit) introduced first commercial zeolites

1935  English chemists Adams and Holmes prepared first synthetic polymer cation and anion
exchangers (phenol formaldehyde and polyamine formaldehyde)

1944  D’Alelio developed cation-exchange resins based on polymerization of styrene and
divinylbenzene

1946  Anion-exchange resins based on polymerization of styrene and divinylbenzene were
developed

1950  Weakly acidic cation-exchange resins based on polymerization of methacrylic acid and
divinylbenzene were developed

1965  Weakly basic resins based on polymerization of methyl methacrylate and divinylbenzene
were developed

>1965 Bifunctional resins based on polymerization of methyl methacrylate and divinylbenzene
were developed

and bipolar), by the year 1965 and above, with each resin having its own niche
application in the water treatment industry [3]. Table 1.1 shows the most important
milestones in the development of ion exchange resins. Today, hundreds of resins of
various types, chemical groups, structures, and morphologies are available in the
market with many more materials being researched to introduce more tolerance,
cost-effectiveness, and new applications to ion exchange processes.

Ion exchange membranes are another significant class of materials that have been
explored since the discovery of ion exchange phenomena. A significant develop-
ment in ion exchange membranes was started by studies on ion-permeable
membranes, collodion-type membranes which were carried out by Michaelis [14]
who recognized the effect of membrane charge on ion permeation through the
membrane. The theory of membrane potential was proposed by Meyer et al. [15]
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Fig. 1.4 Milestones of the development of ion exchange membranes and related processes

paving the way for the modified collodion membrane to be the first charged artificial
membrane. The synthesis of ion exchange membranes was reported in 1950 by Juda
and MacRae [16]. The preparation of proton exchange membrane and its use in fuel
cells was first reported by Grubb in 1955. Later, in 1961 [17], Asahi Chemicals
installed a membrane electrodialysis plant for the production of edible salt in Japan,
and as a result, electrolysis in Japan was totally converted from the mercury method
to a process using the ion exchange membranes by 1986. In 1977, the membrane
chlor-alkali industry was introduced by Asahi Chemicals. This was followed by the
introduction of Nafion (perfluorinated sulfonic acid membrane) for chlor-alkali
industry by Diamond Shamrock and DuPont in 1979 [18]. The milestones in the
development of ion exchange membranes are schematized in Fig. 1.4.

1.3 Ion Exchange Materials

Ion exchangers are a class of functional materials that display ion exchange
properties owing to existence of fixed ionic sites bonded to their framework,
which is held together by chemical bonds or lattice energy and can be called
polyions. Oppositely charged ions move throughout the framework and can be
replaced by ions of similar charge. lon exchange materials are available in different
forms and structures varying in their classifications depending on origin, physical
form (morphology), immobilized functional group, and their functions, as shown in
Fig. 1.5. The mechanism of ion exchange is dictated by various parameters related
to the ion exchange materials such as the nature and type of fixed functional groups,
the physical forms, and the origin of the ion exchange material [19].



6 M.M. Nasef and Z. Ujang

Classifications of ion exchange
polymeric materials

! P [ . 1

Physical Material Chemical Nature of fixed
form origin function group
1 .  FR |
Resins or Membranes Natural Synthetic lon exchange Chelating Cation Anion
beads polymer polymers exchange exchange
\ J J
[ Hydrogels ] [ Bipolar
| S—

Fig. 1.5 Various classifications of ion exchange materials

}

| Fibers &
fabrics

1.3.1 Classifications of lIon Exchange Materials

On the basis of origin, there are two general types of ion exchange materials, that is,
organic and minerallic; the former majority are synthetic polymers available in
cationic and anionic forms whereas the latter exists in cation-exchange form only
(e.g., zeolites and betonites). Thus, organic ion exchange materials can be cationic,
anionic, and combined cationic/anionic (amphoteric) exchangers considering the
nature of fixed ion exchange sites (functional groups).

Since ion exchangers act in a similar way to conventional acids and bases, the
main classes of these materials, that is, cation and anion exchangers, can be further
classified depending on the type of the functional group into several types: strongly
acidic, strongly basic, weakly acidic, and weakly basic materials. Ion exchange
materials containing sulfonate (-SO; ) and phosphorate acid (-PO3; ™) groups and
those containing tetraammonium (—NR3*) basic groups are strongly acidic and
strongly basic exchangers, respectively. On the other hand, materials containing
phenolic (-OH) groups and primary amine (-NH,) and secondary amine (-NRH)
groups are weakly acidic and weakly basic exchangers, respectively. Carboxyl
groups (-COO™) and tertiary amine (-NR,) groups take a medium position between
strong and weak acidic and basic exchangers, respectively.

Practically, most strong acid exchangers contain sulfonate groups, which are
active over the entire pH range. Unlikely, most weak acid exchangers have carbox-
ylic groups, which are not active at pH values below 4-6. However, such
exchangers often have higher ion exchange capacities than sulfonate exchangers
together with other specific advantages [4]. Similarly, strong basic exchangers are
active over the entire pH range unlike weak base exchangers which are not active at
alkaline pH. A summary of the common functional groups and their negative
logarithm of the dissociation constant (pK) are presented in Table 1.2. It can be
clearly seen that each of these major resin classes has several physical or chemical
variations within the class. Such variations impart different operating properties to
the resin. Thus, the terms strong and weak in the ion exchange world do not refer to
the strength of binding; it rather reflects the extent of variation of ionization with pH
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Table 1.2 Common

: Anion-exchange materials Cation-exchange materials
functional groups of - — - —
polymeric ion exchange Fixed ionic groups pK Fixed ionic group pK
materials and their respective =N* 1-2 -SO;H 1-2
pK values =N 4-6 -POsH, 2-5
=NH 6-8 —-COOH 4-6
-NH2 8-10 -OH 9-10

of the medium solution. Each of these major resin classes has several physical or
chemical variations within the class. Strongly acidic resins are commonly available
in Na* form or H* form with different degrees of cross-linking to meet the
requirements in various applications, whereas strongly basic resins are available
in C1~ or OH™ forms.

Physically, organic (polymeric) ion exchange materials are available in various
morphologies related to the polymer framework carrying the functional groups.
This includes beads, fibers, and membranes. Such variation in the physical forms
brings about wide differences in chemical and physical properties of these ion
exchangers. The majority of these ionic forms have synthetic polymer structures
and mainly exist in a resin form represented by a wide number of commercial resins
with polystyrene divinylbenzene backbone. A smaller class of biosorbents obtained
from modified natural polymer sources including alginate, chitosan, and cellulose is
also under development. Ion exchange resins fall into two main categories: cation-
and anion-exchange forms. A combination of cation- and anion-exchange groups
can be used to obtain a bipolar form of the resins that can replace mixed bed in ion
exchange column. More details on the various types of ion exchange materials can
be found in Refs. [4] and [20].

1.3.2 Ion Exchange Resins

Considering the separation mechanism, ion exchangers can be further classified into
various categories including ion exchange resins, chelating adsorbents, hydrogels,
affinity polymers, and ion exchange membranes. Among all, ion exchange resins,
which are covalently cross-linked insoluble polyions supplied as spherical beads
(particles), represent the major class of exchanger being commercially produced as
stated earlier.

1.3.2.1 Preparation of Ion Exchange Resins

Commercial ion exchange resins that are available in market today are commonly
produced by suspension polymerization, polycondensation, or polymer-analogous
transformations [19]. Resins based on styrene-divinylbenzene copolymers as a
building block involve the preparation of a cross-linked bead copolymer followed



