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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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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 weremanufactured

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 (NH2) 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,

Fig. 1.1 Phenol

formaldehyde ion exchange

resins

CH CHCH2 CH2 CH CH2

CH CH2

X

XX

X = SO-H+ or CH2N(CH)2CH+Cl-3 3

Fig. 1.2 Strong cation- and anion-exchange resins based on polystyrene divinylbenzene copoly-

mer resins
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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]

COOH

C

CH-CH2

CH-CH2CH2

CH3Fig. 1.3 Weak cation-

exchange resins based on

polymethylmethacrylate

divinylbenzene copolymer

resins

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
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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. Ion 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].

Ostwald, Nernest-Planck, Donnan and others
studied the first ion exchange membranes

Michaelis studied
the first synthetic
membrane collodion

Manegold and Kalauch-1939
and Meyer and Strauss-1940
described electrodialysis

Ionics installs the first successful
electrodialysis plant-1952

Production of table
salt using membrane
electrodaialysis

Liu at Allied develops the first
practical bipolar membrane-1977

Diamond Shamrock/DuPont
introduce perfluoromembranes
for chlor-alkali plants-1979

The use of ion exchange membranes
in all electrolysis processes in Japan

Ionics introduces the reverse
polarity process, a breakthrough in
electrodialysis plant reliability-1970

Asahi Chemical starts first
commercial sea salt
production plant-1961

Grubb
developed
proton
exchange
membrane

Kressman, Murphy et al. and
Juda and McRae produce the
first practical ion exchange
membranes

1900 1910 1920 1930 1940 1950 1960 1970 1980 1990 2000

Fig. 1.4 Milestones of the development of ion exchange membranes and related processes
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1.3.1 Classifications of Ion 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 (–SO3
�) 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 (–NH2) and secondary amine (–NRH)

groups are weakly acidic and weakly basic exchangers, respectively. Carboxyl

groups (–COO�) and tertiary amine (–NR2) 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

Fibers &
fabrics

Hydrogels

Resins or
beads

Membranes

Physical
form

Natural Synthetic

Material
origin

Ion exchange
polymer

Chelating
polymers

Cation
exchange

Bipolar

Anion
exchange

Nature of fixed
group

Chemical
function

Classifications of ion exchange
polymeric materials

Fig. 1.5 Various classifications of ion exchange materials
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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 Cl� 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

Table 1.2 Common

functional groups of

polymeric ion exchange

materials and their respective

pK values

Anion-exchange materials Cation-exchange materials

Fixed ionic groups pK Fixed ionic group pK

�N+ 1–2 –SO3H 1–2

¼N 4–6 –PO3H2 2–5

¼NH 6–8 –COOH 4–6

–NH2 8–10 –OH 9–10
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by chemical treatment with a sulfonating agent in the case of strong acid cation-

exchange resins, or chloromethylation and subsequent amination of the copolymer

for obtaining anion-exchange resins. The degree of cross-linking achieved in the

resin beads depends on the proportions of the styrene monomer and the cross-linking

agent (divinylbenzene) used in the polymerization step. Practical ranges of cross-

linking are in the range of 4–16%; however, 8% cross-linking level is preferred [4].

It is not straightforwardly known which one of the two resin structures, that is,

strongly or weakly, is advantageous without knowing specific operating conditions

of the treatment site. This is because the operating properties for acrylic resins differ

from those of the corresponding sulfonic acid resin. The preferred resin is the one

that has operating properties matching up best with the site’s operating parameters,

thus maximizing operating efficiency and cost-effectiveness.

1.3.2.2 Physical Characteristics of Ion Exchange Resins

Physically, ion exchange beads have either a dense internal structure with no or

minimal discrete pores, that is, gel (microporous) (0.5–20 nm) resins or macroporous

(macroreticular) (20–200 nm) resins with multichanneled structure, as schematized

in Fig. 1.6. The type of internal structure of the resins beads dictates the selection of

an ion exchanger for a particular application.Macroporous resins, with their tridimen-

sional matrix with high effective surface area, obtained by adding porogen (phase

extender) during their production followed by its washing out leaving voids in the

structure, facilitate the ion exchange process. Also, multichannel structure gives an

access to the exchange sites for larger ions allowing the use of almost any solvent,

irrespective of whether it is a good for resin solvation together with little or no change

in volume upon solvent loss. This confers more rigidity to the resin beads and

facilitates their removal from the reaction system. On the other hand, the presence

of no discrete pores in the microporous beads leads to a limitation in the solute ions

diffusion hindering the interaction with fixed ionic sites and leading to a slowdown in

the reaction rates. However, these resins offer certain advantages such as less fragility,

less required care in handling, faster in functionalization and applications reactions,

and possessing higher loading capacities [20].

Cross-linking of the resins during the preparation step is an essential step toward

inheriting toughness and insolubility to the resin. The level of cross-linking plays an

Microporous resin
Gel-type

Microporous resin
Multichannel

Multichannel bead

Ion exchange beads

Macropore

Macropore
Macropore

Pores

Fig. 1.6 Macroporous ion exchange resin bead with multichannel structure
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important role in affecting the physical and chemical properties of the resins.

For example, resins with very low degree of cross-linking tend to adsorb more

moisture and change dimensions markedly depending on the type of ionic sites

bound to polymer backbone. The main physical properties that get influenced by

cross-linking mainly include (1) moisture content and (2) particle size, together

with other associated properties such as pore size and morphology, surface area,

and partial volume of the resins in a swollen state [4]. The moisture content, which

is primarily a hydration of the fixed ionic groups, is a function of the degree of

cross-linking and the type of functional group. Low degree of cross-linking in

gel resins having sulfonic acid or quaternary ammonium groups allows absorption

of large amounts of water resulting in remarkable resin swelling. Water swelling of

resins leads to variation in their volume, which varies in turn with degree of

hydration that depends on the attached counter (incoming) ion [21]. However,

frequent swelling and subsequent contraction during drying may shorten the

resins lifetime.

On the other hand, resin particle size causes an impact on their performance.

For instance, smaller particles improve the kinetics of the ion exchange reaction

but cause an increase in the water pressure drop leading to a decrease of the flow

rate [19]. The chemical properties of resins involve ion exchange capacity, type of

resin’s matrix, and type and concentration of functional groups attached to

backbone of the resin.

The stability (chemical, physical, and mechanical) and the behavior of the ion

exchange resins depend primarily not only on the structure and the degree of cross-

linking of the resin matrix but also on the nature and number of fixed ionic groups.

The former determines the porosity of the matrix and accordingly the degree of

swelling of the resin and the mobility of the counter ions through it, which in turn

controls the rates of ion exchange in the resin. Furthermore, highly cross-linked

resins are harder and more resistant to mechanical breakdown but with lesser

swelling and counter ion accessibility. However, higher and lower cross-linked

resins are also available with less or more water sorption capabilities. Therefore, the

most desired combinations of properties in ideal ion exchange resins required of

industrial applications are:

1. Fast kinetics, that is, speedy rate of exchange

2. High chemical stability

3. Physical stability in terms of mechanical strength and resistance to wear

4. Reasonable degree of cross-linking

5. Hydrophilic structure of regular particle size and reproducible form

6. Effective and lasting ion exchange capacity

7. Consistent particle size

8. Effective surface area compatible with the hydraulic design requirements for

large-scale plant

Finally, it can be stated that the performance of ion exchange resins in terms of

kinetics and sorption equilibrium depends on the physical and chemical properties

of the resins.
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1.3.3 Special Ion Exchange Materials

1.3.3.1 Chelating Resins

Chelating or ligand exchange resins are considered as subgroup of normal ion

exchange resins that bind counter ions by coordinate bonds interaction and some-

times by electrostatic interactions, as shown in the mechanisms in Fig. 1.7. Similar

to common ion exchange resins, the chelating resins are insoluble in water as they

have cross-linked matrix and are characterized by two components: polymer

matrix, which provides the stability, and the functional groups, representing the

ligands required for metal complexation. The most common coordinating atoms

present in the main or side chains are N, O, P, and S in the forms of functional

groups such as iminodiacetic acid and aminophosphoric acid, amidoxime, and thiol

making the metal complexes, which their stability is a function of pH of the sorption

medium. The principal active groups of chelating ion exchangers and their chemi-

cal formula are shown in Table 1.3.

Chelating resins have the same bead form and cross-linked polymer matrix as in

normal ion exchange resins. They are mainly based on divinylbenzene-cross-linked

polystyrene [22]. However, they differ from ordinary resins in their high selectivity

toward certain metal ions in the sorption processes. Hence, it is possible to make

chelating resins that have selective absorption capacity for certain metal ions by

fixing desired ligand groups on the polymer backbone. For example, chelating

polymers containing amidoxime groups were found to have high selectivity for

uranyl ions and proposed for the recovery of uranium from seawater [23–26].

R-CH2-N

R-CH2-N

R-CH2-N

CH2COO-Na+

CH3(CH2)3CHCH2OCH3(CH2)3CHCH2O

CH3(CH2)3CHCH2O

OCH2CH(CH2)3CH3

OCH2CH(CH2)3CH3
CH3(CH2)3CHCH2O

CH2COO-Na+

O-H+

C2H5C2H5

C2H5 C2H5

C2H5

C2H5

CH2COO-K+

CH2COO-

CH2COO-

CH2COO-K+

Imino-di-acetic acid resin

+ 2K+

Cu2+

+ Cu2+

+ Co2+
PP P

OO

O O

O

Co

2

Di-2-ethylhexyl phosphoric acid

Fig. 1.7 Mechanisms of ion exchange in chelating resins
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Upon use, the selectivity of chelating resins is based on the different stabilities of

metal complexes at the appropriate pH values. Chelating polymers are very useful

for the purpose of selective adsorption of certain metal ions from their mixtures,

removal of metal ions, and recovery of soluble metal ions [27–29]. Adsorption of

toxic metal ions using chelating polymers has the advantage of high efficiency,

ease of handling, availability of different adsorbents, and cost-effectiveness. Thus,

chelating polymers has a great importance in environmental applications including

wastewater treatment [30, 31].

Chelating polymers can be divided into two classes: graft adsorbents and graft

biosorbents. The former have side chains carrying functional groups attached to a

synthetic matrix, whereas the functional groups are attached to biopolymer matrix

(e.g., chitosan, alginate, and starch) in the latter [19]. Recently, a great attention has

been paid for developing cheaper and effective sorbents based on various natural

polymers to overcome the high cost of the synthetic resins. The recent progress in

the development of biosorbents from various natural polymers and their

applications in heavy metal and color removal from industrial wastewater can be

found on other reviews [32, 33].

1.3.3.2 Affinity Ion Exchange Materials

Affinity beads are porous particles having selective affinity ligands including

immobilized biological or synthetic molecules attached to their pores. These

beads have found a widespread application in separation and purification of

Table 1.3 Principal active groups of chelating ion exchangers and their chemical formula [76]

Chemical groups Formula Selectivity

Iminodiacetate Hg+ > Cu2+ > UO2
2+ > Pb2+ > Fe3+ > Al3+

> Cr3+ > Ni2+ > Zn2+ > Ag+ > Co2+

> Cd2+ > Fe2+ > Mn2+ > Ba2+ > Ca2+

> Sr3+ > Mg2+ > Na+

Aminophosphonic

acid

Th4+ > U4+ > UO2
2+ > Fe3+ > Be2+ > Rare

earth > H+ > Ag+ > Cd2+ > Zn2+ > Cu2+

> Ni2+ > Co2+ > Mn2+ > Ca2+ > Na+

Thiol Ag+ > Cu+> > Pb2+ > Cd2+>> Zn2+ > Ni2+

> Fe3+ > Ca2+

Amidoxime Cu2+, Ru6+, Au3+, Rh3+,V4+, Pd2+, U6+, Pt2+,

Fe3+, Mo6+ > Cu2+ > Ni2+ > Co2+ >
Zn2+ > Mn2+

N-methylglucamine BO3
2�

N-bis-picolylamine Ni2+ > Co2+ at low pH

Triethylammonium —N(C2H5)3
+
OH

� NO3
�

Thiourea Hg+ < Cd2+
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biological macromolecules in both analytical and preparative scales in a variety

of bioprocesses [34]. Among all, affinity (adsorption) chromatography, which

provides an alternative technique to conventional chromatography, has proven its

efficiency and time stability [35]. Such adsorption chromatographic techniques are

often used for the isolation and purification of fermentation products [36]. They are

also used to eliminate toxic effects on growth, reduce feedback repression of

production, and ultimately extend fermentation time and product yield [37].

Column operations are commonly adopted for those applications, where affinity

resins (beads) are used as chromatographic separation media. The selectivity of

beads is largely a function of the three-dimensional geometry of the pores of the

beads and occluded functional/ligand groups; therefore, both pore and chemical

characteristics of the beads dictate the separation and adsorption capacity of the

target compounds [38]. However, conventional packed beds have several major

limitations: (1) the pressure drop across a packed bed is generally high and (2) the

dependence on intraparticle diffusion transport of biomolecules such as proteins to

their binding sites within the pores of such beads. Various chromatographic modes

and techniques using beads selective for specific proteins have been introduced to

enhance the protein separation and purification processes [39]. More details on the

use of affinity resins and their recent progress in protein separation and purification

can be found elsewhere [40, 41].

1.3.3.3 Amphoteric Ion Exchange Materials

Amphoteric or bipolar ion exchange materials are ion exchangers that have the

ability to exchange cations and anions simultaneously with stoichiometric sorption

of the whole dissolved salts. These polyions contain both cationic and anionic

groups, or a combinations of groups such as –SO3
�H+ and –N(CH3)2 and –COOH

and –N+(CH3)3OH
� laying back to back on a polymer backbone and also known as

ampholytic polymers [42]. When ionic groups of opposite signs are incorporated

into the same pendant groups, thematerial is called, depending on the structure of the

pendant groups, a zwitterionic polymers or polybetaines. An example for prepara-

tion of cross-linked polyzwitterionic carboxybetaines based on the 4-vinylpyridine

and divinylbenzene macromolecular supports can be found in Neagu et al. 2010

[43]. Zwitterionic polymers have high selectivity toward specific ionic species

depending on the fixed ionic sites and are commonly used in selective separation

as their corresponding amphoteric resins. The various trends in synthesis of func-

tional polymer and the corresponding selective ion exchange polymers were early

reviewed in Refs. [44] and [45].

1.3.3.4 Snake in Cage Ion Exchange Resins

Snake in cage represents a class bipolar polymeric ion exchangers having network

structure in three dimensions with fixed charges and trapped linear polyelectrolytes of
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the opposite charge, which have equal values and tend to neutralize each other. These

ion exchangers can absorb both anions and cations of equivalent amounts simulta-

neously. A typical commercial example for this resin is Retardion 11-A-8 (Dow

Chemicals Co.) [46]. The resin of such type is characterized by having the ionic

groups of counter ions not attached to the matrix; thus, the changes in the counter ions

and that of the matrix have more freedom to move relative to one another and hence

may neutralize one another. As a consequence, it is not necessary for the resin to

contain mobile ions to remain electrically neutral provided that the changes of the

fixed ionic groups and counter ions are properly balanced [47]. These resins are

excellent reversible sorbents of electrolytes. They are used for separation by ion

retardation [4, 20]. Examples of special ion-selective resins are shown in Fig. 1.8.

N-methylglucamine-containing resins (e.g., Amberlite IRA 743, Dowex XUS 43594,

Purolite S 108, and Diaion WA 30) are boron selective [48–50], whereas amidoxime

resin is selective for uranyl ions [51–53]. The latest developments and achievements

of various ion-selective resins together with ordinary resins in terms of materials and

applications have been reviewed by Alexandratos (2009) [54].

1.3.4 Ion Exchange Membranes

Ion exchange membranes is a class of ion exchange materials in a form of

highly swollen polymer film carrying fixed charged chemical groups covalently

bonded to the polymer backbone that can exchange their mobile ions for ions

of similar charge from the surrounding medium [55]. Ion exchange mem-

branes can be divided into (1) cation-exchange membranes, which contain

negatively charged groups ( � SO�
3 ;�COO�;�PO2�

3 ;�PO3H
�and � C6H4O

�),

CH-N-CH3

CH-CH2-CH-2CH2CH-CH2-CH-CH2

CH2 CH3-CH2OH

CH-CH2-CH-CH2

CH=NOH N+(CH3)2Cl-

SO3
-H+

CH2

CH2OH

H-C-OH

H-C-OH

H-C-OH

HO-CH

N-methylglucamine resin

Sulfonic quaternary-amino
bipolar resin

Amidoxime resins

NH2

Fig. 1.8 Some special ion-selective resins
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(2) anion-exchange membranes, which contain positively charged groups

(� NHþ
3 ;�NRHþ

2 ;�NR2H
þ;�NRþ

3 ;�PRþ
3 and � SRþ

2 ), and (3) bipolar (ampho-

teric) membranes containing both negatively and positively charged groups

fixed to the polymer matrix in film/sheet forms.

The presence of fixed ionic groups (anionic or/and cationic) in the dense

sheet-form structures confers these membranes their essential properties and

infringes various interesting phenomena. The former is represented by ion exchange

capacity and water uptake (swelling), both of which dictate the electrical resistance.

The latter is marked by permselectivity of cations or anions through the membrane,

generation of membrane potential and bi-ionic potential, ion conductivity, diffusion

of electrolyte and nonelectrolyte through the membrane, water transport involving

osmotic water and electroosmotic water, and salt rejection in the presence of

hydraulic pressure [56]. Thus far, the separation behavior (cations from anions or

vice versa from aqueous solution) of each type of these membranes is determined

by the chemical nature of attached charged group, and thus, these membranes

possess high permselectivity, that is, high preferential transport number for counter

ions [57, 58].

Ion exchange membranes are also broadly classified into strong or weak acid

cation-exchange membranes and strong or weak base anion-exchange membranes

depending on the strength of the functional groups as explained in the corre-

sponding ion exchange resins. In the amphoteric membranes, one side contains

weak or strong anion-exchange layer and the other side possesses weak or strong

cation-exchange layer. Ion exchange membranes can be also divided depending on

the degree of heterogeneity into (1) homogeneous membranes, (2) interpolymer

membranes, (3) microheterogeneous graft- and block-copolymer membranes, (4)

chelating membrane, and (5) heterogeneous ion exchange membranes [59, 60]. Ion

exchange membrane materials can be further divided into three large classes: (1)

high molecular weight membranes based on polymer containing ionic moieties, (2)

inorganic membranes, and (3) hybrid membranes composed of organic/inorganic

materials [61].

Like their corresponding resins, affinity polymers in the form of membranes

are also available. These membranes are capable of overcoming the shortcomings

(e.g., fouling) associated with membrane operation based on sieving mechanism

such as microfiltration and ultrafiltration. Affinity membranes have selective func-

tional groups immobilized in the porous structure of a film that allow high flow rates

to be achieved at low pressures, enabling the processing of large volumes (such as

cell culture fluids) within short processing times compared to affinity beads [62].

Ideal film substrates used for affinity membranes should fulfill the following

conditions: (1) proper pore structures and mechanical strength for use at high

flow rates and low back pressure in rapid processing, (2) availability of reactive

groups such as –OH, –NH, –SH, and –COOH for the further coupling of spacer arms

or ligands, (3) chemical and physical stability under harsh conditions of high

temperature or chemical sterilization, and (4) hydrophilic surfaces to avoid any

unspecific interaction between biomolecules and the membrane surface [63]. This

has made affinity membrane, which combines a high processing rate with a
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selective affinity adsorption, proven to be more efficient than the classical column

affinity method in chromatography [64].

Ion exchange membranes have been widely used in various industrial appli-

cations related to separation processes and ion-selective transport in many electro-

chemical processes and solid-state devices. The most famous membrane separation

systems are utilizing diffusion dialysis, electrodialysis, pervaporation, and reverse

osmosis, which operate based on concentration, potential, or pressure gradient as a

driving force. Electrochemical devices using ion exchange membranes including

fuel cells, batteries, and sensors are also available. To meet the requirements

for such applications, ion exchange membranes have to essentially possess

(1) low electrical resistance, (2) high ionic permselectivity, (3) moderate degree

of swelling, (4) reasonable degree of cross-linking, (5) thermal resistance, (6)

chemical stability, and (7) high mechanical strength. The various characteristics

of ion exchange membranes and the diversity of their applications have been

reviewed in literature on several occasions [60, 65–69].

1.4 Fundamentals of Ion Exchange Reactions

1.4.1 Ion Exchange Equilibrium and Selectivity

Ion exchange process depends on the mechanism by which mobile ions from an

external solution are exchanged in the opposite direction for an equivalent number

of ions that are electrostatically bound to the functional groups contained within a

solid matrix of the ion exchange material.

The preference of one ionic species over another by the ion exchangers can be

attributed to several causes [20]:

1. The electrostatic interaction between the charged framework and the counter

ions depends on the size and valence of the counter ion.

2. Other effective interactions between ions and their environment.

3. Large counter ions may be sterically excluded from the narrow pores of the ion

exchanger.

All these effects depend on the nature of the counter ion and thus may lead to

preferential uptake of species by the ion exchanger. The ability of the ion exchanger

to distinguish between the various counter ion species is called selectivity.

Metal ions initially contained in an aqueous solution are exchanged with ions

initially contained in ion exchange materials. This process represents cation-

exchange reaction that can be illustrated by the reaction:

R�Hþ þ Aþ ! R�Hþ þ Hþ (1.1)
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where R is ion exchanger and A+ is a positively charged metal ion. The bars indicate

the phase of the ion exchanger. The equilibrium constant (K) is given by the

following formula:

K ¼ RA½ �
RH½ � x

Hþ½ �
Aþ½ � (1.2)

The distribution of the two ions between the two solid and liquid phases

(ion exchange material and external solution) depends on the reaction constant

value. A similar reaction involving anions is called anion exchange:

RþY� þ B� ! RþB� þ Y� (1.3)

where B� and Y� are anions or negatively charged metal ions. The equilibrium

constant (K) is given by the following formula:

K ¼ RB½ �
RY½ � x

Y�½ �
A�½ � (1.4)

Ion exchange reactions are reversible and follow stoichiometry, as seen in the

following reaction:

2 R� SO3Hð Þ þ NiSO4 $ R� SO3ð Þ2Niþ H2SO4 (1.5)

To achieve the removal of both positively and negatively charged ions from

solution, a mixture of cation and anion exchanger in a mixed bed system is often

used. Alternative, bipolar bed system can replace the cation and anion exchanger in

a mixed bed system.

Unlike many other chemical separations, reactions 1 and 3 can be successfully

used even if they are shifted to the opposite direction. By taking advantage of the

fact that, under certain conditions, ion exchange media has a greater affinity for

certain ionic species than for others, a separation of these species can be made.

Chemical selectivity of reactions 1 and 3 is desirable but is not a requirement [4].

The selectivity (ion exchange) coefficient for reaction 1 expresses the relative

distribution of the ions when a resin in theH+ form is placed in a solution containing

A+ ions, whereas the selectivity coefficient for reaction 3 expresses the relative

distribution of the ions when a resin in Y� form is placed in a solution containing B�

ions. The selectivity coefficients for reaction (1) (KAþ
Hþ) and (3) (KB�

Y� ) are given by:

KAþ
Hþ ¼ Aþ½ �Re sin

Hþ½ �Re sin �
Hþ½ �Solution
Aþ½ �Solution and KB�

Y� ¼ B�½ �Re sin
Y�½ �Re sin �

Y�½ �Solution
B�½ �Solution (1.6)

The selectivity coefficients in ion exchange systems can describe the ion

exchange equilibrium and provide a means of determining what to expect when

various ions are involved. However, they are not constant and vary with the
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operation conditions such as types and properties of the resins, concentration of the

feed solution, pH of the solution, temperature, and the presence of other competing

ions in the solution [70].

When two ions have similar charge and ionic radii, the selectivity stemmed from

the properties of the ion exchange material (acidity, basicity, and the degree of cross-

linking) is not sufficient for performing effective separation. Therefore, an appropriate

complexing agent has to be added to the aqueous phase to allow the selectivity to be

attained through either the difference in the stability constants, the difference in

charges, or the variation in the structures of the complexes formed. As a result, an

increased selectivity can be achieved. However, the determination of selectivity

coefficients is practically complicated task and is ordinarily not undertaken in the

design of ion exchange processes such aswastetreatment systems. In factmost of these

parameters can be extracted from manufacturers’ data or research literature [1].

The rules of thumb that have to be considered for general design purposes when

cationic polymeric ion exchange resins at low concentrations and normal waste pro-

cessing, the selectivity typically increases with increasing charge on the exchanging

cation in the order: Li+ < H+ < Na+ < K+ < Cs+ < Rb+ < Ag+ < Be+2 < Mg2+

< Cu2+ < Ni2+ < Co2+ < Ca2+ < Sr2+ < Ba2+ < Ce3+ < La3+ < Th4+. Selec-

tivity also increases with increasing the atomic number (decreasing hydrated

ionic radii) of the exchanging cation in the order of Li+ < H+ < Na+ < K+ < Cs+

(Li+ is an exception, owing to its high hydration energy).

For anions, a typical series of selectivity is as follows: F� � OH� < HCO3
� <

CH3COO
� < Cl� < HSO3

� < Br� < CrO4
2� < NO3

� < SCN� < I� <
ClO4

� < C2 O4
2� < SO4

2�.
The ion exchange equilibrium can be also described in terms of the ion

exchange isotherm, the thermodynamic equilibrium constant, and the distribution

coefficient.

1.4.2 Ion Exchange Thermodynamics

The distribution coefficient (Kd) is a measure of the effectiveness of the ion

exchange resins to remove particular ionic species (metal ion) from a liquid

solution. It is defined as the ratio of metal ion concentration in the solid to metal

concentration in the liquid. The Kd is generally determined with batch contacts

between the exchanger and solution and is calculated according to the following

formula:

Kd ¼ ðCi � Cf Þ
Ci

:
Vs

me
(1.7)

where Ci is the initial concentration (before contact), Cf is the final concentration

of metal in solution, ms is the mass of exchanger used, and Vs is the volume
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of solution. The Kd is specific to the temperature and concentration of other ions in

the solution. Systematic information of the Kd forms fundamental base from

ion exchange process to be planned. High values of the distribution coefficient

are always desirable. Changes in the physical parameters and the concentration

of functional groups affect the Kd and can affect the driving force for the ion

exchange process.

The Kd value is used in the following equation to determine the Gibbs free

energy of adsorption (DGo):

DGo ¼ �RT : ln : Kd (1.8)

where DGo is standard free energy change (J), R is the universal gas constant

(8.314 J mol�1 K�1), and T is the absolute temperature (K).

1.4.3 Ion Exchange Kinetics

Kinetics of the ion exchange reaction represents the speed with which reaction takes

place. Upon designing an ion exchange process system, the rate of exchange, which

is subjected to mass-transfer resistances in both liquid and solid phases, is highly

significant in the design and operation of the ion exchange process. The exchange

rate has impact on the size of the ion exchange columns required and/or its flow

rate. The kinetics of the ion exchange reaction is affected by the type and nature of

the exchanger, solution concentration, and temperature at which the exchanger

is operated.

When an ion exchange bead is brought into contact with a solution, a static liquid

film of a thickness varying in the range of 10–100 nm depending on the rate of flow

of liquid passes the particle, is formed around it. The ion exchange process taking

place between the resin particle and the solution involves six distinct steps; any

combination thereof can be the rate controlling step. They are [4, 20]:

1. Diffusion of counter ions through the bulk solution surrounding the bead

2. Diffusion of counter ions through the hydrated film of solution that is in close

contact with the bead matrix

3. Diffusion of counter ions within the bead matrix

4. The actual ion exchange reaction

5. Diffusion of the exchanged species out of the ion exchange bead

6. Diffusion of the exchanged species from the bead surface particle into the bulk

solution

It is noteworthy mentioning that the concentration differences that might

occur in the bulk solution are constantly leveled out by agitation, which disturbs

the necessary transfer by convection. Nonetheless, agitation neither affects the

interior of the beads nor the thin liquid film, which adheres to the bead surfaces.

The ion transfer takes place within the beads and through the thin film only by
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diffusion, and as a result, the actual ion exchange reaction occurs very quickly and

is not generally considered to be rate limiting. Thus, the rate-determining step is

either the interdiffusion of counter ions within the ion exchanger itself (particle

diffusion) or interdiffusion of counter ions in the adherent film (film diffusion).

In practice, either step can be the rate-determining step. However, the slower of

these two steps controls the overall reaction rate. In intermediate cases, the rate

may be affected by both steps [4]. Moreover, the particle size of the resin being

used is also a determining factor. Uniform particle-sized resins exhibit enhanced

kinetic performance compared to conventional polydispersed resins due to the

absence of kinetically slow larger beads. Recent studies showed that ion exchange

resins in fibrous forms have improved the kinetics allowing greater adsorption of

toxic and precious metals [71, 72].

It is important to mention that in systems with ion exchange through organic

solvents, the transfer of the counter ions in the resin is usually lower than in aqueous

systems because swelling is less pronounced and electrostatic interactions with the

fixed charges are stronger. Particle diffusion, thus, is relatively slow and, hence,

usually controls the rate-controlling mechanism [2]. Finally, the actual rates of ion

exchange can vary over a wide range, requiring a few seconds to several months to

reach equilibrium.

1.4.4 Exchange Capacity

Capacity of the ion exchange materials is a significant chemical characteristic

that is defined as the number of counter ion equivalents that can be adsorbed in a

specified amount of ion exchange material. The ion exchange capacity and related

data are primarily used for (1) describing the total available exchange capacity of

ion exchange materials and (2) the use in the numerical predesign calculations

of ion exchange processes. This value is expressed in milliequivalents per gram

(meq/g) or milliequivalents per milliliter (meq/mL) based on the dry and wet

weights of the material in a given form (H+ or Cl�), respectively. The capacity

of the resins can be described in various ways depending on the conditions.

For example, maximum ion exchange capacity (meq/g dry H+ or Cl� form) is

represented by the total static exchange capacity when it is determined under static

conditions, whereas the dynamic or volume-exchange capacity (eq/L packed bed in

H+ or Cl� form and fully water-swollen) is determined by passing a solution

through a bed of the exchanger. The extent of the use of the total exchange capacity

depends on the level of ionization of the functional groups of the exchanger

together with the chemical and physical conditions of the process. The total dynamic

capacity can be also expressed as breakthrough capacity, which characterizes

the column operation and depends on (1) column design and operating parameters,

(2) the concentration of the ions being removed, and (3) the effects of interference

from other competing ions.

Under dynamic conditions, in which the ion exchange resin is used in a packed

bed or a column, the distribution coefficient Kd can be used to calculate the
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theoretical maximum capacity of the ion exchange bed in terms of weight. If the bed

includes m (kg) of ion exchange resin, the total capacity of the bed Vtot can be

calculated as:

Vtot ¼ Kd � m (1.9)

In water purification, the volume of each type of the resins can be determined as

a function of the operating time chosen between two regenerations using the

calculated operating capacities:

V ¼ Q : t : Sð Þ=C (1.10)

where

V ¼ resin volume, m3

Q ¼ flow rate, m3/h

t ¼ operating time, h

S ¼ salinity to be adsorbed by the resin, eq/m3 of water or meq/L

C ¼ operating capacity of the resin, eq/m3 of resin

In column operation, the total capacity or breakthrough capacity generally refers

to the volume of the solution that can be treated before a sharp increase in the

effluent concentration of the ionic species being removed is observed. At this point,

the ion exchange medium is considered to be exhausted and must be replaced or

regenerated. This trend can be clearly seen in the column schematic representation

shown in Fig. 1.9. Part I refers to the resin, which has finished exchange reaction;

part II refers to the exchange zone in the resin, which is working until it moves

downward with the continuous flow of Y� ions (ion to be removed); and part III

represents the zone in which the resin is exhausted and Y� ions completely break

through the resins [73].

Thus, the performance of ion exchanger is measured by comparing the solution

concentration or conductivity of both influent and effluent, which can be monitored

in terms of ion-exchanger effectiveness known as decontamination factor (DF),
which is defined as a ratio of the concentration (or activity) of the fluid at the inlet

compared to the concentration (or activity) at the effluent (Eq. 1.11), which

expresses the effectiveness of an ion exchange process.

DF ¼ Influent concentration or conductivity

Effluent concentration or conductivity
(1.11)

In practice, the operator of the ion exchange system has to have a requirement

for DF. For example, if the decontamination factor requirement is 100, the ion

exchange bed has to be replaced when 1% breakthrough occurs. Therefore, the

breakthrough capacity is practically the most interesting parameter in the design of

a column type ion exchange system and is generally given as the number of bed

volumes (the ratio of the volume of the liquid processed before the breakthrough

point to the volume of the settled bed of the exchanger).
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A typical breakthrough curve is shown in Fig. 1.10. The points Co and Cx are the

concentrations of Y� in the influent and effluent, respectively. The breakthrough

begins at point c, and the extent of breakthrough increases until point e (end point)

beyond which no further ion exchange takes place (i.e., a complete exhaustion point

of the column). The breakthrough capacity is proportional to the area abcd and so is
the overall capacity to the area aecd. The shape of the breakthrough curve and the

breakthrough capacity (i.e., the total liquid volume treated up to a particular

percentage breakthrough) depend on the operating parameters.

Some important parameters that affect the breakthrough capacity include

[1, 4, 20, 73]:

1. The nature of the functional group on the exchanger

2. The ion exchange medium grain size

3. The degree of cross-linking of the resins

4. The concentration and type of ions in the solution to be treated

5. The flow rate of the feed solution

6. The rate of percolation

7. Depth of the resin bed

8. Type, concentration, and quantity of regenerant

In practical operations, it is desirable to have the breakthrough curve as steep as

possible to increase the extent of column utilization (i.e., bringing the ratio of the

Glass wool fibers

Influent

Effluent

E
xchange zone

Part I
R-B

Part III
R-Y

Part II
Y−+ R-B→R-Y+B−

Fig. 1.9 Schematic diagram

of ion exchange column
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breakthrough capacity to the total capacity closer to unity). It is worth noting

that upon requirement of high DF, the degree of column utilization can vary

considerably for different ion exchange resins.

1.5 Ion Exchange Process Equipment and Operation

The feasibility and success of ion exchange processes depend on the nature of the ion

exchange material and its process operating conditions. For instance, the morphol-

ogy and type of the ion exchanger dictate the selection of the process configuration

and its operating mode. As mentioned earlier, the basic morphologies of ion

exchange materials include resins or beads, membranes, fibers, and hydrogels. To

bring such polymer forms into applications, they have to be hosted in a proper

engineering system that provides a set of adjustable operating parameters to control

their performance. Accordingly, the ion exchange systems take various

configurations depending primarily on the physical form of ion exchange material,

as indicated in Fig. 1.11 which depicts a schematic representation of various

morphologies of ion exchangers and their respective operating systems. In addition,

the volume of the solution to be treated and the concentration of the ionic species to

be separated also play a role in selection of system configuration but to lesser extent.

1.5.1 Cycle of Ion Exchange Process

When ion exchangers are in a resin form, the separation is conventionally

accomplished by either batch or column method. Most commonly, the ion
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Fig. 1.10 Schematic representation of breakthrough curve
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exchange is performed in cyclic operations. Each cycle is divided into three main

stages: (1) sorption, (2) elution, and (3) regeneration, as shown in the ion operation

cycle schematized in Fig. 1.12. Details of ion operation cycle are as follows:

1. Sorption: The solution containing the targeted ions is passed slowly through to

reaction vessel. The ions bind into the resins. Ions initially contained in the

exchanger are released.

2. Elution (stripping): The target ions are subsequently stripped from the loaded

resin with a small volume of an eluent. The eluent replaces and hence also

releases the target ions from the resin into the solution phase.

3. Regeneration: The principle of displacement of selectively binding ions by less

selective binding ion is the basis for each regeneration procedure. Depending on
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Fig. 1.11 Various operating configurations for different morphologies of ion exchange materials

Feed
solution

Eluent
Regenerant

Acid or base solution

R
eg

en
er

at
io

n

E
lu

ti
on

S
or

pt
io

n

Treated
solution

Concentrated
ions

Regeneration
waste

Fig. 1.12 Schematic representation of ion exchange operation cycle
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the type of the ion exchanger and the stripping agent, most of the ion exchanger

can be regenerated by acids (excess of H+ ions), salt-brines (excess of sodium or

chloride ions), or alkali (excess of OH� ions). During regeneration, the adsorbed

ions are removed and replaced by suitable ions. For example, if the sorption step

uses a cation exchanger loaded with H+ ions but the elution leaves Na+ ions in

the exchanger phase, the material has to be protonated. A strong acid could be

applied in order to convert (regenerate) the exchanger in the initial state. It is

important to mention that designing an optimized cyclic ion exchange process

requires efficient utilization of bed through selection of resins having high

selectivity toward the target ions.

1.5.2 Operating Configurations of Ion Exchange Processes
with Resins

Upon utilization of ion exchange process, solution (influent) is pumped through a

vessel loaded with the ion exchange resin and represents one of four basic operating

configurations (1) continuous stirred (batch) tank, (2) fixed bed column, (3)

fluidized bed column, and (4) a moving bed (closed loop) system.

In a batch method, the resin and solution are mixed in a batch tank, the exchange

reaction is allowed to come to equilibrium, and then the resin is separated from the

solution. The degree to which the exchange takes place is limited by the preference

the resin exhibits for the target ions in solution. Consequently, the use of the resin’s

exchange capacity is limited unless the selectivity for the ions in solution is far

greater than for the exchangeable ion attached to the resin. Because batch regener-

ation of the resin is chemically inefficient, batch processing by ion exchange has

limited potential for industrial applications and often used in laboratories for

fundamental sorption equilibrium and kinetic studies [74].

The fixed bed column operation is the most usable ion exchange configuration in

industrial applications. It has a basic component of which the bead column is

considered to be analogous of several batch reactors in series [1, 4]. The purpose

of the column operation is to work around the limitation of selectivity of the resin.

To favor high selectivity, more stages can be used (multicolumn system). Three

types of column operation modes are available: (1) down flow, (2) up flow, and (3)

counterflow. Most column beds operate with down flow operation, as shown in

Fig. 1.13 that depicts a schematic representation of fixed bed ion exchange column

system with operation and regeneration modes. This is where feed and beads pass

down through the resin bed. On the contrary, up flow operation is used when the

feed and resin are raised through a bed. The final flow is counterflow, and it consists

of the feed flowing down from the top and the regenerate flows up from the bottom.

Most industrial applications of ion exchange use fixed bed column systems, the

basic component of which is the resin column.

Ion exchange column is typically applied in a pressure vessel, as shown in

Fig. 1.14. It is equipped with appropriate internal plumbing that has two purposes:
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(1) it prevents the ion exchange resin from being washed out of the vessel and (2) it

provides an appropriate distribution of liquid flow through the ion exchange resin

bed. The internal system is a corrosion-resistant screen mounted above a porous

backing plate. The pressure vessel is also equipped with slit nozzles (strainers),

piping, and fittings to maintain low pressure drop. During the operation, the pressure

vessel is filled to only half of its volume with the empty space above the ion

exchange resin bed (called freeboard) to allow free volume for swelling and

shrinking during operations of exhaustion and regeneration.

In summary, the column design must consider the following [1]:

1. Contain and support the ion exchange resin.

2. Uniformly distribute the service and regeneration flow through the resin bed.

3. Provide space to allow the resins to swell, shrink, and be fluidized during

backwash.

4. Include the piping, valves, and instruments needed to regulate flow of feed,

regenerant, and backwash solutions.

Ion exchange cloumn

Ion exchange
resins

Feed solution in

In operation

Treated
solution

out

Acid/or
caustic
solution in

In regeneration

Waste acid/
or caustic
solution out

Fig. 1.13 Schematic representation of fixed bed ion exchange column system showing operation

and regeneration modes

Influent waste water Regenerant solution
Spent backflush water

Effluent purified water
Spent regenerant

Backflush water

Fig. 1.14 Typical structure

of ion exchange column

[Reproduced from Ref. [1]

with kind permission of

# Wiley-VCH Verlag

GmbH & Co (2005)]
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The operating or breakthrough capacity of an ion exchange column system

depends on its design and operating parameters, the concentration of the ions

being removed, and the effects of interference from other ions. In a column system,

capacity generally refers to the volume of the solution that can be treated before a

sharp increase in the effluent concentration of the species being removed is

observed. At this point, the ion exchange medium is considered to be spent and

must be replaced or regenerated. The operating or breakthrough capacity is the most

significant parameter in the design of a column-type ion exchange system and is

generally given as the number of bed volumes (the ratio of the volume of liquid

processed before the breakthrough point to the volume of the settled bed of the

exchanger). Some important parameters that affect the breakthrough capacity

include (1) the nature of the functional group on the exchanger, (2) the degree of

cross-linking of the resins, (3) the concentration of the solution to be treated, (4) the

valence and the size of ions to be exchanged, and (5) the operating temperature.

Figures 1.15 and 1.16 show a schematic diagram and picture, respectively, of a

laboratory-scale fixed bed column ion exchange system. In practical operations, it is

desirable to have the breakthrough curve as steep as possible. A steeper break-

through curve will increase the extent of column utilization, that is, to bring the

ratio of the breakthrough capacity to the total capacity closer to unity as early

mentioned. If the required decontamination factor is high, the degree of column

utilization can vary considerably for different ion exchange media.

The fluidized bed column operation is used when the raw feed contains

suspended solids. The column is partially filled with the ion exchange beds. The

feed solution flows down up through the bed with a speed sufficient to push up the
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Fig. 1.15 Schematic diagram of a laboratory scale ion exchange column system
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beads up into the column causing them to float and swirl around. The floating of the

ion exchange beads reduces the hydrodynamic resistance of the column. The

presence of free-pass ways between beads allows the solid suspended particles to

be transferred through the column giving fluidized bed column the advantage of

processing solid-containing solution without any pretreatment. Therefore, fluidized

beds are commonly used for biochemical filtration such as fermentation broth

where treated solutions are highly contained with suspended solids.

The moving beds are the most economical beds of ion exchange systems. The

principle of this operation relies on bringing the beads and the solution to flow

through the system. The beads are contacted countercurrently with the exhausting

and regenerated streams. The advantage of this operation is featured by continuous

product of uniform quality at less space, capital, and labor. However, the

Fig. 1.16 Picture of a laboratory scale ion exchange column system schematized in Fig. 1.15
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complexity of the design poses a problem during operation. Comparison between

the advantages and disadvantages of various ion exchange systems is presented in

Table 1.4.

With the wide number of resin types available in the marketplace, it is probable

that there is more than one technically effective solution that will meet all the

system’s design specifications. This is where experience and knowledge are

required to help selecting a system design suitable for the separation expected by

the customer under the conditions existing at the desired site. This experience

Table 1.4 Comparison between the advantages and disadvantages of various ion exchange

systems

System

configuration Advantages Disadvantages

Batch system Simple to construct and operate Manual operation may be

cumbersome to operate with large

volumes of waste
Good for small-scale applications

The separation of liquid and ion

exchange media is required

A wide variety if ion exchange media

can be used

Can only be operated at atmospheric

pressures and ambient

temperatures

Easy to be customized for specific

treatment problems

Once through use only

Operate with resins of various shapes

Conventional

column

system

Good throughput Large equipment can be costly

Simple to operate The regeneration of media may

require extra equipmentA wide variety of media are available

There are difficulties in transporting

inorganic ion exchangers through

pipelines

Can be operated at elevated

temperatures and pressures

Cannot treat solid-containing

solutions and thus prefiltration is

necessary

High decontamination factors are

possible

Limited part of the bed particle is

involved in ion exchange in the

same time

Moving bed

system

The process is continuous Instability of the process

Very high decontamination factors Longitudinal mixing problem

Less operation space Difficulty in providing circular motion

Requires less number of supplementary

equipments

Extensive mechanical deterioration of

resin beads

Low pressure drop

Can treat solid-containing solution

without bed plugging

Membrane

system

Can be used either as a waste treatment

or fluid concentration technique

Equipment can be costly to construct

and operate on a large scale

Prefiltration is not necessary

Does not need granular materials

High decontamination factors are

possible
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includes a thorough knowledge of all available resin types along with their various

advantages and disadvantages so they can be applied in ion exchange systems that

are both technically sound and cost-effective. Sound equipment design, effective

use of available resins, and readily available services that meet all the expectations

of the industrial customer will lead to a win/win long-term customer relationship

that benefits both the supplier and the customer.

1.5.3 Operating Configurations of Ion Exchange Membrane
Processes

Putting ion exchange membrane into practical application requires the membrane to

be housed in a vessel called module. Membrane module provides support and

protection against operating pressures (if any) and daily wear and tear of a produc-

tion environment and allows applying control strategy over the system performance.

More detail on the requirements for efficient module designs to house various

membrane types can be found elsewhere [75]. The most common configurations

of membrane modules are (1) plate and frame, (2) spiral wound, (3) tubular, and

(4) hollow fiber. Among all, plate-and-frame module is the most common module

used in ion exchange membrane processes.

Plate-and-frame module consists of layers of membranes separated by

corrugated structural sheets. Corrugations run at right angles in alternating layers

with feed material flowing in and retentate flowing out in one direction, while a

carrier fluid flows in and permeate out in the other direction. Advantages of this

system include ability to accommodate low levels of suspended solids and viscous

fluids and the ability to change out membranes if needed (though it is not difficult).

Disadvantages of this module include relatively low packing density, high initial

cost, and difficulty of cleaning. The common uses for this module configuration

are in electrodialysis and electrochemical membranes; other membrane types may

be differently configured [65, 68]. Based on their applications, ion exchange

membrane processes can be classified into five categories:

1. Mass separation processes such as electrodialysis, diffusional dialysis, and

Donnan dialysis

2. Chemical synthesis processes such as chlorine-alkaline electrodialysis and pro-

duction of H2 and O2 by water electrolysis

3. Catalysis processes such as inversion of sugar and production of biodiesel

4. Energy conversion and storage processes such as fuel cell and batteries

5. Sensing and stimuli-response such as sensors and actuators

Potential applications of novel ion exchange membrane-based processes, their

state of development, and possible advantages and experienced problems were sum-

marized in Table 1.5. More details on various ion exchange membrane processes

and their fundamental operation and essential process parameters can be found in

Refs. [65] and [67].
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1.6 Selection of Ion Exchange Materials and Systems

Selection of ion exchange materials and system is a crucial step toward achieving

the economic and technical goals of treatment. To summarize the process of

selection of ion exchange materials, system configuration, and operating mode,

three major factors have to be carefully taken into account: (1) Waste

characteristics where the concentration of total suspended solids in the waste should

be less than 4 mg/L and the total dissolved salts content is less than 1–2 g/L. (2) Ion

exchange material and system where the selection of appropriate materials (resin,

hydrogel, or fibers) depends on the needs of the system. The ion exchange media

must be compatible with the chemical nature of the waste (such as the pH and type

of ionic species present) and the operating parameters, notably temperature and

pressure. However, if there are large concentrations of chemically similar ions in

the waste, the process of selection becomes more difficult. (3) Cost consideration

where the total cost of operating a process is the sum of the capital costs, the initial

cost of the ion exchange media, the operating costs, and the costs associated with

the treatment and disposal of the exhausted ion exchange resins. The total costs can

be reduced by a frequent regeneration of the exhausted ion exchange resin instead

of using it once through process.

A good ion exchange system designer not only will design the system to meet all

design specifications but also will utilize resins that will allow the system to operate

at peak efficiency and maximum cost-effectiveness. The presence of a wide number

of commercial resins available in the marketplace gives high possibility for finding

more than one technically effective solution to meet all the system’s design

specifications.

1.7 Advantages of Ion Exchange Processes

The widespread applications of ion exchange processes in various industrial aspects

are supported by a combination of various advantages including the following:

• Proven ability to remove variety of impurities from various volumes with the

availability of a wide number of resins.

• Tolerance for fluctuating feed flow rates.

• Low energy consumption.

• Accumulated experience that provides technically effective solutions that

meet all system’s design specifications.

• Large varieties of specific resins are available from suppliers. Each resin is

effective in removing specific contaminants.

• Fast reaction and simple process operation.

• Can be operated at a high flow rate.

• The discharged effluents can achieve regulator acceptance.
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• Cost-effectiveness which can be further improved by technical innovation

including introducing cheap and highly tolerant ion exchange materials.

• The regenerant chemicals are cheap, and if well maintained, resin beds can last

for many years before replacement is needed.

1.8 Limitations of Ion Exchange Process

Despite the extendable and diverse uses of the ion exchange process applications,

there are a number of limitations which must be taken into consideration very

carefully during the design stages. They include:

– High levels of suspended solids (greater than 10 ppm) and oil together with

grease in wastewater may cause clogging of nonselective resins.

– Waste brine from regeneration step requires treatment and disposal, though

waste volume can be reduced.

– Spent nonselective resins require frequent replacement and careful disposal.

– Competitive uptake by other ions may limit the effectiveness of nonselective

exchange resins.

– Effectiveness of treatment is strongly influenced by water chemistry of the site

(e.g., the presence of competing ions and pH of the water source).

– Oxidants present in the ground water may damage the ion exchange resin.

– Usually not feasible with high levels of total dissolved solids (TDS).

– Pretreatment required for most surface water treatments.

– Wastewater is generated during the regeneration step, and it requires additional

treatment and disposal.

1.9 Economy of Ion Exchange Processes

Ion exchange has long been proven to be capable technology for removing many

dissolved contaminants from various streams despite concerns over capital cost.

Capital and operational costs for ion exchange systems vary depending on a number

of factors, such as the effluent discharge requirements, the volume of water to

be treated, contaminant concentration, the presence of other contaminants, type

of utilized resin and regenerant utilization, brine disposal, and site-specific

hydrological and geochemical conditions. Among all, the key cost factors include

(1) pretreatment requirements, (2) discharge requirements and resin utilization,

(3) regenerant used, and (4) efficiency.

The economy of the ion exchange process in an application can be

optimized by [4]:

1. Selection of the right process based on the feed composition and the requirement

of effluent to be discharged
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2. Selection of the type of ion exchange materials based on raw solution

characteristics and optimum combinations of the operating parameters

3. Selection of sorption and elution conditions taking into consideration that

(a) Sharper sorption front allows more efficiency in bed utilization

(b) Higher pumping rates allow higher productivity per unit time

(c) Higher concentration in the effluent causes more regeneration time

4. Optimization of regeneration including the type of regeneration agent and the

degree of regeneration and the reuse of incompletely exhausted regenerating

solution

5. Utilization of waste solution

The economy of the ion exchange processes can be further improved by process

innovation. Particularly, introducing new ion exchange materials with low cost and

high tolerance to feed concentrations are key issues in boosting cost reduction

and expanding the usage of the technology to new frontiers. Also, introducing

computer software and automation help very much to enhance the ion exchange

process efficiency.

1.10 Applications of Ion Exchange Processes

The applications for ion exchange processes are numerous and cover wide range of

industries and house appliances. The purpose of separation dictates the selection

of the type of the ion exchange materials, their physical form, and system configu-

ration for practical application and thus forms the basis of a large number of

ion exchange processes, which can be functionally divided into three main

categories [1]:

1. Substitution: A valuable ion (e.g., copper and silver) can be recovered from

solution and replaced by worthless one. Toxic ion such as cyanide can be

similarly removed from solution and replaced by nontoxic one.

2. Separation: A solution containing a number of different ions passes through a

column containing beads of an ion exchange resin. The ions are separated and

emerge following the order of their increasing affinity for the resin.

3. Removal: By using combination of cation-exchange resin (in the H+ form) and

an anion-exchange resin (in the OH� form) or bipolar resins, all ions are

removed and replaced by water (H+OH�). The solution is thus demineralized.

Despite the diversity of ion exchange processes, their chief application of today

is still the treatment of water with the principle offering of unlimited possibilities

in other fields. Commercial ion exchange installations are serving in water and

water treatment, food, and chemical industries include processes such as purifica-

tion of sugar solutions, separation and purification of drugs and fine chemicals,

purification of waste effluents, and the recovery of valuable wastes, for example, in

the metallurgical industries, the extraction and quantitative separation of elements
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