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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

v



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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José M. Loureiro LSRE/Department of Chemical Engineering, School of

Engineering, University of Oporto, Porto, Portugal

Leandro Martins Institute of Chemistry, Universidade Estadual Paulista –

UNESP, Araraquara, SP, Brazil

Ligia M. Moretto Department of Molecular Sciences and Nanosystems, University

Ca’ Foscari of Venice, Venice, Italy

A.A. Moya Departamento de Fı́sica, Universidad de Jaén, Jaén, Spain

xiii



Tulsi Mukherjee Analytical Chemistry Division, Chemistry Group, Bhabha

Atomic Research Centre, Trombay, Mumbai, India

Mohamed Mahmoud Nasef Institute of Hydrogen Economy, Universiti

Teknologi Malaysia, Kuala Lumpur, Malaysia

Jin-Soo Park Department of Environmental Engineering, College of Engineering,

Sangmyung University, Dongnam-gu, Cheonan, Republic of Korea

Jayshree Ramkumar Analytical Chemistry Division, Chemistry Group, Bhabha

Atomic Research Centre, Trombay, Mumbai, India

Victor Anthony Garcia Rivera Institute of Physics and National Institute of

Optical and Photonic (INOF) of São Carlos, University of São Paulo, São Carlos,

SP, Brazil

Wolfgang Schmidt Max-Planck-Institut für Kohlenfoschung, Mülheim an der

Ruhr, Germany

Carlos Manuel Silva CICECO/Department of Chemisty, University of Aveiro,

Aveiro, Portugal

V.S. Soldatov Institute of Physical Organic Chemistry of the National Academy of

Sciences of Belarus, Minsk, Republic of Belarus

Lublin University of Technology, Lublin, Poland

Dhiraj Sud Department of Chemistry, Sant Longowal Institute of Engineering and

Technology, (Deemed to be University), Longowal, India

Abdullah S. Sultan Center for Petroleum & Minerals, King Fahd University of

Petroleum & Minerals, Dhahran, Saudi Arabia

Yoshinobu Tanaka IEM Research, Ushiku-shi, Ibaraki, Japan

Paolo Ugo Department of Molecular Sciences and Nanosystems, University Ca’

Foscari of Venice, Venice, Italy

Zaini Ujang Institute of Environmental and Water Resources Management,

Universiti Teknologi Malaysia, Skudai, Johor, Malaysia

S.M. Javaid Zaidi Center of Research Excellence in Renewable Energy, King

Fahd University of Petroleum & Minerals, Dhahran, Saudi Arabia

Department of Chemical Engineering, King Fahd University of Petroleum &

Minerals, Dhahran, Saudi Arabia

V.M. Zelenkovskii Institute of Physical Organic Chemistry, Belarus National

Academy of Sciences, Minsk, Republic of Belarus

Antonis Zorpas Institute of Environmental Technology and Sustainable

Development, Department of Research and Development, Laboratory of

Environmental Friendly Technology, Paralimni, Cyprus

xiv Contributors



Abbreviations

aAB Separation factor

12MR Twelve-membered ring

4MR Four-membered ring

4-VP 4-Vinylpyridine

6MR Six-membered ring

8MR Eight-membered ring

aAz
b, aBs

a Activities

APAS Aminophosphonic acid silica

ASV Anodic stripping voltammetry

BEA Zeolite Beta
BT Breakthrough

BV Bed volumes

CD Cyclodextrin

CEC Cation-exchange capacity

CMX Cation exchange membranes

CPE Carbon paste electrode

CsEBS Cesium salts of ethylbenzenesulfoacid

CSV Cathodic stripping voltammetry

CV Cyclic voltammetry

Cyt c Cytochrome c
D Diffusion coefficient

D4R Double four-membered ring

D6R Double six-membered ring

Dapp Apparent diffusion coefficient

DEA Diethylamine

DEAPA Diethylaminopropylamine

DETA Diethylenetriamine

xv



DFs Decontamination factors

DL Detection limit

DMAPA Dimethylaminopropylamine

DMFC Direct methanol fuel cell

DMG Dimethylglyoxime

DP-ASV Differential pulse anodic stripping voltammetry

DPV Differential pulse voltammetry

DS Degree of sulfonation

Ds Diffusion coefficient in the solution phase

DVB Di-vinyl benzene

E(OC) Open circuit electrochemical potential

E1/2 Half-wave potential

Eappl Applied potential

ECL Electrochemiluminescence

ED Electrodialysis

EDA Ethylenediamine

EDR Electrodialysis reversal

EDTA Ethylenediaminetetraacetic acid

Ei Initial potential

EIS Electrochemical impedance spectroscopy

ENM Electrospin nano-fiber membrane

Epb Backward peak potential

EPBI(DMG) Epoxidized polybenzimidazole(Dimethyl-

glyoxime)

Epf Forward peak potential

ETSS Ethyl styrene sulfonate

EW Equivalent weight

F Faraday constant

FAU Faujasite
Fc Ferrocene

Fc+ Ferricinium cation

FCC Fluid catalytic cracking

FS Full scale

GCE Glassy carbon electrode

GIS Gismondine

GME Gmelinite
HASB Hard soft acid base

HPA Hydrated tungstophosphoric acid

HPCIC High performance chelation ion chromatogra-

phy

IDA Iminodiacetic acid

IEC Ion exchange capacity

IEV Ion-exchange voltammetry

IO Integrated-optic

xvi Abbreviations



Ipp Peak current for analytes n the polymer phase

Ips Peak current for analytes in the solution phase

IS Iontosorb salicyl

ITO Indium thin oxide

Ka Equilibrium constant

kD Distribution coefficient

kex Site to site electron exchange rate constant

KX
M Selectivity coefficient

LB Langmuir-Blodgett

LBL Layer-by-layer

LDPE Low density polyethylene

LS Lab scale

LTA Linde Type A
m- DVB metha-Divinylbenzene

MAs, MBs Molarities

mAz, mBz Molalities

MEL Maximum exchange level

MFI ZSM-5 (five)
MHL Metal proton ligand

MINI, MIDI(d), 3-21G* Basis sets for non-empirical calculations.

MMT Montmorillonite

MOR Mordenite
MP2/3-21G* and MP2/MIDI(d) Level of theory of non-empirical calculations

with using basis sets 3-21G* and MIDI(d) and

with accounting for electronic correlation in the

frame of the second order Moeller-Plesset per-

turbation theory.

MSWV Multiple square wave voltammetry

MTA Methylthriamyl ether

MTB Methylthributhyl ether

MV Methyl viologen

MWW MCM-22 (twenty-two)
N Noise

N-DC N, N0 di(caroxymethyl)dithiocarbamate

NMP N-methyl-2-pyrrolidinon

NMR Nuclear magnetic resonance

PA Polyamide

PAMAM Polyamidoamine

PAN Polyacrylonitrile

PBI Poly(benzimidazole)

PBI Polybenzimidazole

PC Polycarbonate

PDDMACl Poly(diallyldimethylammonium chloride)

PDDPCl Poly(1,1-dimethyl-3,5-dimethylenepiperidi-

nium chloride)

Abbreviations xvii



PEEK Poly(ether ether ketone)

PEI Poly(ether imine)

PEK Poly ether ketone

PEKEKK Poly(ether ketone ether ketone ketone)

PEM Proton exchange membrane

PEMFC Polymer electrolyte membrane fuel cell

PES Polyether sulphone

PET Poly(ethyleneterphthalate)

PFSA Perfluorosulfonic acid

PI Polyimides

PILC Pillared clay

PLE’s Polymeric ligand exchangers

PMA Poly mtharcylate

PMeT Poly(3-methylthiophene)

PP Polypropylene

PPO poly(phenylene oxide)

PP-ST-DVB Polypropylene with grafted polystyrene with

divinylbenzene

PPy Polypyrrole

PS-DVB copolymer PSDC

PS-DVB Polystyrene divinylbenzene

PSS Poly(4-styrene sulfonate)

PSSH Poly(styrenesulfonic acid)

PSSNa Poly(sodium styrenesulfonate)

PSU Polysulphone udel

PSU-NH2 Aminated polysulfone udel

PTFE Poly(tetrafluoroethylene)

PV Pervaporation

PVA Poly(vinyl alcohol)

PVC Poly(vinyl chloride)

PVP Polyvinyl pyrollidone

Q Ion exchange capacity

R Gas constant

REC Real exchange level

RHF Restricted Hartree-Fock method for closed

shalls.

RO Reverse osmosis

ROHF Restricted open shall Hartree-Fock method.

S Signal

SCF MO LCAO Model, in which a molecular orbital (MO) is

represented as a linear combination of atomic

orbitals (LCAO), are examined in light of ab

initio self-consistent field (SCF) computations

with bases of various sizes.

xviii Abbreviations



s-IPNs Semi-interpenetrating polymer networks

SMM Surface modifying macromolecules

SPE Screen printed electrode

SPEEK Sulfonated poly(ether ether ketone)

SPI Sulfonated polyimide

SPME Solid phase microextraction

SPSU Ortho-sulfonesulfonated poly (ethersulfone)

ST Polystyrene

ST-DVB Matrix Styrene – divinylbenzene matrix

ST-DVB Styrene–divinylbenzene

SWV Square wave voltammetry

T Temperature

t Time

TCB Phenol-trichlorobenzene

TEC Theoretical exchange level

TETA Triethylenetetraamine

Tg Glass transition temperature

THF Tetrahydrofuran

TMFE Thin mercury film electrode

TPA Tripropylamine

TPABr Tetrapropylammonium bromide

UF Ultra filtration

v Scan rate

WKB method Wentzel-Kramers-Brillouin method

XAD Commercial polystrene divinylbenzene resin

ZA, ZB, SA, SB Equivalent fractions

ZrP Zirconium phosphate

DG0 Free energy change

DH Enthalpy change

DS Entropy change

Nomenclature

a Minimum approximation distance between ions

A External particle surface area

Ag Debye-Huckel constant

A
0
ij;A

0
ji

Margules parameters

AzA ;BzB ;CzC Counter ions with valences zA; zB; zC
�A
zA ; �B

zB Counter ions with valences zA; zB inside the exchanger

ai Activity of species i in solution

�ai Activity of species i in exchanger

Azi
i Generic counter ion i with valence zi

ap External surface area per unit particle volume

B Second Virial coefficient

Bj;i Langmuir constant

Abbreviations xix



Cb Solute concentration at breakthrough time

Cef;i Concentration of sorbate in the effluent

CF;i Concentration of species i in the feed

Ci Molar concentration of species i in solution

C�
i Molar concentration of species i at the exchanger/film interface

CN;i Normality of species i
CN;t Total normality of solution

Cp;i Molar concentration of species i inside the pores
�Cp;i Average concentration of species i inside the pores

Csat Saturation concentration

Ct Total molar concentration of ionic species in solution

d Particle diameter

DA;DB Self-diffusion coefficients of species A and B
DAB Interdiffusion coefficient

Deff;p;i Effective diffusion coefficient of species i in macropores

Deff;s;i Effective diffusion coefficient of species i in micropores

Df Diffusion coefficient in the film

Di Diffusion coefficient of species i
MS surface diffusivity of the pair i�j
MS surface diffusivity corresponding to the interaction between i
and the fixed ionic charges

DL Axial dispersion coefficient

e Electron charge

Ei;j Energy of adsorption of ion i on site j
�Ei Average adsorption of ion i

F Faraday constant

Fi Fractional attainment of equilibrium of species i
gij Energy parameter characteristic of the i� j interaction

I Ionic strength

Ji Diffusion flux of species i
k Boltzmann’s constant

k1 Rate constant of the first order sorption

k2 Rate constant of the second order sorption

KA
aB

Corrected selectivity coefficient

kAB Bohart and Adams rate constant

KA
B

Thermodynamic (equilibrium) constant

KC Selectivity coefficient

KD Distribution coefficient

kf Convective mass transfer coefficient

KLDF Linear driving force coefficient

KMxMm

S
Stability constant

kTh Thomas rate constant

kYN Yoon-Nelson rate constant

L Column length

xx Abbreviations



Mmþ Cation

mi Molality of species i
mt Total molality of ionic species

n Freundlich constant, number of ionic species in solution

N0 Avogadro’s constant

nc Number of counter ions

nf Number of functional groups

Ni Molar flux of species i
Np;i Diffusion fluxes of species i through the macropores

Ns;i Diffusion fluxes of species i through the micropores

nw Number of water molecules in the zeolite

nx þ ny Total number of tetrahedral in the unit cell of zeolite

qi Molar concentration of ionic species i in exchanger

p Parameter in binomial distribution

pj Equivalent fraction of exchanger site of type j

�qi Average loading of ionic species i in exchanger

q�i Resinate concentration in equilibrium with the fluid concentration

Qi Equivalent ionic concentration of species i in exchanger

Qe
i Surface excess of ion i

Qj;i Equivalent ionic concentration of species i on exchanger site j

qM Kusik-Meissner parameter

qmax Maximum sorbate concentration in the solid phase

qs Molar concentration of ionic fixed groups in exchanger

qt Total molar concentration of ionic species in exchanger

Qt Ion exchange capacity (in equivalents)

r Radial position

R Particle radius

< Universal gas constant

t Time

T Absolute temperature

t1 2= Time required for 50% sorbate breakthrough; stoichiometric time

tb Breakthrough time

U0 Superficial velocity

ui Electrochemical mobility of species i, velocity of diffusing species i
Vef Volume of effluent

VL Volume of fluid phase

Vs Volume of solid phase

VZLC Volume of the ZLC column

Wexch Mass of exchanger

Wij Weighting factor

xi Ionic fraction of species i in solution

Xi Equivalent ionic fraction of species i in solution

Xx� Anion

yi Ionic fraction of species i in exchanger

Abbreviations xxi



Yi Equivalent ionic fraction of species i in exchanger

ys Mole fraction of ionic fixed groups in exchanger

zi Valence of ionic species i

Subscripts

0 Initial condition

e Equilibrium

f Free

s Solid, fixed ionic groups of the exchanger

t Total

intra Intraparticle

Greek Letters

aAB Separation factor

�aij Average separation factor

d Film thickness

e Dielectric constant

eb Bed porosity

ep Particle porosity

’ Electric potential

gi Activity coefficient of species i in solution

�gi Activity coefficient of species i in exchanger

Gij Thermodynamic factor

G Reduced activity coefficient of Meissner and Kusik

li Distribution coefficient of species i
Lij;Lji Wilson parameters

mi Chemical potential of species i in solution

�mi Surface chemical potential of species i
v Volumetric flow rate, number of site types

vc Number of cations per electrolyte

vi Pure-component molar volume

va Number of anions per electrolyte

rw Density of pure solvent

si Standard deviation of energy distribution

td Time constant for intraparticle diffusion

td;m Maximum value of td
td;i Minimum value of td

xxii Abbreviations



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

1 Introduction to Ion Exchange Processes 13



(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
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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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and metallic complexes. The diverse applications of ion exchange processes can be

classified into the following categories [4, 20, 60, 65–69]:

Water production, for example:

– Desalination of seawater

– Desalination of brackish water

– Production of pure and ultrapure water

– Water softening

Wastewater treatment, for example:

– Removal of heavy metals from industrial streams

– Removal of dyes and colors

– Removal of nitrate and ammonia

– Removal of fluoride

– Dealkalization

Radioactive waste treatment, for example:

– Waste decontamination

– Storage of radioactive waste

Isotopes separation and radioactive industry, for example:

– Separation of uranium isotopes

– Separation of lithium isotopes

– Separation of boron isotopes

Recovery of metals, for example:

– Recovery of precious metals such as silver, gold, and platinum

– Recovery of rare earth metals

– Recovery of transition metals

Purification and separation in chemical industries, for example:

– Production of caustic soda in chlor-alkali industry

– Production of sulfuric acid

– Recovery of chromic acid

– Synthesis of ethylbenzene

– Production of table salt

– Dehydration of solvents

– Removal of inorganic salts from waste streams in pulp and paper industry

– Electrolysis of water

– Catalysis in petroleum refineries (zeolites)

Separation and purification in food industry, for example:

– Purification of sugars

– Inversion of sugar

– Removal of tastes and odors

– Recovery of glutamic acid
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– Deacidification of fruit juice

– Extraction of lactoperoxidase and purification of casein in dairy industries

Biotechnological applications, for example:

– Production of organic acids such as citric, L-glutamic, and amino acids

– Separation of lactic acid from fermentative broth

– Recovery of proteins

– Enzyme immobilization

– Recovery of enzymes

– Production of biodiesel

Biomedical and pharmaceutical applications, for example:

– Production of antibiotics

– Extraction of vitamins

– Drug delivery systems

– Gene and hormone delivery systems

– Ultrapure water for dilution of medicine

Soil remedy and improvement, for example:

– Artificial soil

– Soil decontamination

– Improve water retention in sandy soil

– Determination of nitrogen content in soil

Chemical analysis, for example:

– Ion chromatography

Energy conversion and solid state applications:

– Battery separators

– Solid polymer electrolyte in fuel cells

– Sensors and actuators

Details of potential and fast-growing applications and their basic principles of

operation together with the latest progress in the materials and accommodating

process are discussed in the next chapters of this book.
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Chapter 2

Principles of Ion Exchange Equilibria

Jayshree Ramkumar and Tulsi Mukherjee

Abstract The old axiom of chemists, namely, “Corpura non agunt nisi fluida sive

soluta”, used to give a general feeling that reactions do not occur unless the

components are in fluid state or dissolved. However, this is no longer true as

many fundamental reactions in nature, like the transport of ions by soil and also

the geochemical distributions of various ions, show that reactions do occur in the

heterogeneous phase. This is the basis for the understanding of ion exchange

process which is not a new phenomenon at all. The basic principles of ion exchange

like ion exchange equilibria and capacity are useful for understanding the process of

ion exchange. The selectivity coefficient and exchange isotherm have been

discussed in terms of thermodynamics and equilibria. The diffusion and transport

have been illustrated within the context of exchange kinetics.

2.1 Introduction

There is always a general feeling that reactions do not occur unless the components

are in fluid state or dissolved as per the old general principle of “Copura non agunt

nisi fluida sive soluta”. However, this old axiom of chemists is now being considered

as not true. This is because the fundamental reactions in nature, like the transport of

ions by soil and also the geochemical distributions of various ions, make it easy to

realize that reactions do occur in the heterogeneous phase. This is the basis for the

understanding of ion exchange process. The discovery of ion exchange is not recent

but is dated to as early as times of the ancient Bible. Ion exchange properties were

found in nature itself to. Soil is one of the best known ion exchange materials.
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In this chapter, the basic principles of ion exchange like ion exchange equilibria

and capacity will be reviewed with a view to understand the concept of ion

exchange. The selectivity coefficient and exchange isotherm have been discussed

in terms of thermodynamics and equilibria. The diffusion and transport have been

illustrated within the context of exchange kinetics.

2.2 Ion Exchange and Ion Exchangers

Ion exchange is defined as the process in which ions in the liquid phase (electrolyte

solution) exchange with the ions present in the solid phase, known as ion

exchangers. Ion exchangers are insoluble solid materials with fixed ion exchange

sites and contain exchangeable cations or anions which can be exchanged with

stoichiometric equivalent amount of other ions of the same charge when placed in

contact with aqueous solutions. Ion exchangers which can exchange cations are

known as cation exchangers, whereas those with replaceable anions are known as

anion exchangers. Amphoteric ion exchangers can exchange both cations and

anions. The four main types of ion exchange resins are described in Table 2.1.

In general, the ion exchange process is an equilibrium-controlled process.

For instance, when a cation exchanger with counter-ions A (RA) is placed in

an electrolyte containing the counter-cations B and coions C, the distribution of

cations occurs till equilibrium is reached, as given by the following equation.

The ion exchange process is shown in Fig. 2.1.

R
�
Aþ BC , R

�
Bþ AC

Table 2.1 Classification of ion exchangers and various associated properties

Parameter

Cation exchanger Anion exchanger

Strong

acid Weak acid Strong base Weak base

Functional group SO3H COOH NR4
+ Polyamine

Type 1: R ¼ methyl

Type 2: R ¼ methyl and

ethanol

Operating pH 0–14 7–14 10–14 1–7

Regenerant Acid Base

(% of stoichiometric amount)

200–300 100 200–300 100

Application Softening Used along

with

strong

cation

resin

Type: total anion removal;

for high alkalinity and

silica waters

Used for water with

high

concentration of

sulphate, chlorideType: in dealkalizers;

without high silica

content
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Ion exchangers owe their properties to their structure. The framework is held

together by chemical bonds and carries a surplus positive or negative charge which

is then charge neutralized by ions of opposite charge known as counter-ions.

The counter-ions are free to move within the matrix and can also be replaced by

ions of same charge present in solution. To put it simply, the ion exchanger may be

considered as a sponge with counter-ions floating in the pores. When the sponge is

immersed in a solution, the counter-ions leave the pores and float out. To maintain

electro-neutrality, stoichiometric amount of ions from the solution fill the pores of

the sponge. However, this simple model does not help in the actual understanding

of the selectivity of ion exchange. The electrostatic interactions are well understood

by the sponge model. Capacity and related data are used for two fundamental

applications, first to characterize the ion exchangers and secondly to use in numeri-

cal calculations for use in actual applications. Capacity is a term that should be

defined in such a manner that it is characteristic constant of the material and

independent of experimental conditions. Capacity is defined as the number of

ionogenic groups present per specified amount of ion exchanger. The scientific

weight capacity has units of meq/g of dry resin (H+ form for cationic exchanger and

Cl� for anion exchanger). For technical volume capacity, the units are eq/L of

packed column bed of resin. Thus, capacity is a constant used to characterize the ion

exchangers [1]. Apparent capacity or effective capacity is the number of exchange-

able counter-ions per amount of ion exchanger. The unit is meq/g of dry resin

(H+ form for cationic exchanger and Cl� for anion exchanger). It is lower than the

maximum capacity and depends on experimental condition like pH, solution con-

centration, etc. Sorption capacity is the amount of solute taken up by sorption per

specified amount of sorbent rather than by ion exchange alone, and this depends on

the experimental conditions. Useful capacity is defined as the capacity utilized

when equilibrium is not attained and depends on experimental conditions.

The values can be determined by titration. The capacity unit expressed in terms

of weight qw can be converted into volume basis qv, by using the following

Fig. 2.1 Schematic representation of the ion exchange equilibrium process
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expression, wherein b is the fraction void volume of the packing, r the density of

the swollen resin in g/cm3 and o is the water content given in percentage:

qv ¼ ð1� bÞrð1� oÞqw:

For a weak acid resin, the apparent pKa value is used to obtain the apparent

weight capacity factor: qapp ¼ aqw.
Under experimental conditions, these values are found to be very useful. For a

weak acid resin (RH), the dissociation constant K and degree of dissociation a are

given by the equations

K ¼ ½R�½H�=½RH� and

a ¼ ½R�� ½R�� þ ½RH�
� �.

:

Thus, pK ¼ pH (a ¼ 0.5) and the pH of the resin phase should be related to the pH
of the solution as a first approximation. At 50% conversion of the HR resin into the

Na+ form, the concentration of Na+ in the resin phase is given by Na ¼ ðXÞ 2= , where

ðXÞ ¼ ½R�� þ ½RH� is the total concentration of the dissociated and undissociated

functional groups. Thus, substituting the various parameters, the final relation between

pH, pK and a can be written as log½ð1� aÞ a2
� � ¼ pK � pH þ logðXÞ � logðA�Þ:

2.3 Selectivity Coefficient and Ion Exchange Isotherm

For any ion exchange reaction, the equilibrium is represented as follows:

mBRn þ nAmþ , nARm þ mBnþ

Q ¼ ðARmÞn : ðBnþÞm
ðBRnÞm : ðAmþÞn :

When n and m ¼ 1 and Q ¼ a, the separation factor can be rewritten as

a ¼ ðARmÞ ðAmþÞ=

ðBRnÞ ðBnþÞ=
:

If n ¼ m and Q ¼ an, then after incorporating the corrections for non-ideality of
solution,

K ¼ QðgB gA= Þn ¼ ½aðgB gA= Þ�n:
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K is known as the selectivity coefficient, and a, the separation factor, refers to the
ratio of the two metal ions A and B. Selectivity coefficient depends on various

factors [2]:

1. Higher valence ions are more preferred:

Tetravalent > Trivalent > Divalent > Monovalent

Th4þ>Fe3þ>Ca2þ>Kþ

PO4
3�>SO4

2�>Cl�

2. Least hydrated ion is the most preferred:

The higher the ionic radius, the lower is the radius of the hydrated ion.

Csþ>Rbþ>Kþ>Naþ>Liþ

SCN�>ClO4
�>I�>NO3

�>Br�>CN�

3. Ions with greater ability to polarize are preferred:

NO3
�> Br�> NO2

�> Cl�

4. Ions with least tendency to form complexes in solution:

Cl�> HCO3
�> CH3COO

�> OH�>F�

For a two component system using a cation exchange number,

Anþ þ nRB , nBþ þ R�
n A

nþ

Using the ionic concentrations, the selectivity coefficient K can be written as

KA
B ¼ ðBþÞnðAnþÞ ðAnþÞðBþÞn�

The equilibrium constant K can also be expressed in terms of activity as given

below:

K ¼ aM � aH
aH � aM

:

In the “rational approach”, the exchanger is considered as a solid solution of two

forms of the swollen resin and the standard states are chosen as monoionic H+ and

M+ forms of the exchanger [3]. The rational thermodynamics equilibrium constant

is given by

K ¼ M½ � H½ �
H
� �

M½ � �
gH
gM

� fM
fH

¼ Kc � g2�HCl

g2�MCl

� fM
fH

;
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where Kc ¼ NM�NH

NH�NM
:

The quantities in brackets are the appropriate stoichiometric concentrations of

the ions in the two phases; gM and gH are the solution phase activity coefficients

of the two ions and fM and fH are the exchanger phase activity coefficient; Kc is

the stoichiometric concentration product (selectivity coefficient) which can be

estimated using equilibrium composition in solution; N and N are the equivalent

fraction of ions in the solution and exchanger phase, respectively; g� is the mean

molal activity coefficient for both MCl and HCl in aqueous electrolyte mixture [4].

Further, an approximation is made that the ionic coefficients are a function of the

total ionic strength only and are independent of ionic composition of the solution

[which is valid for uni-univalent electrolyte where the ionic strength (m) � 0.1].

The mean activity coefficient of the electrolyte in solution phase can be obtained

from the literature. However, one cannot directly determine the activity coefficient

(f ) of the different ionic forms in the exchanger. In this rational approach, the f 0s are
included into the equilibrium constant, that is, K0

c ¼ Kc � fM
fH
:

As a result, the equilibrium constant Kc will vary with the resin phase

composition, NM(equivalent fraction in the resin phase). It has been shown that

logK0
c ¼

ð1

0

logKcdNM:

K0
c can be obtained by finding the area under the curve of the plot of log Kc

versus NM. The equilibrium constant, K, is given by

logK ¼
ð1

0

logKcdNMþ2 log
g�HCl

g�MCl

:

The term 2 log g�HCl g�MCl= refers to the activity coefficients of a mixture of MCl

and HCl, keeping the ionic strength constant. Application of Harned’s rule to these

systems of mixed electrolytes reveals that this term reduces to log g�HCl g�MCl= , the

g� values now refer to the pure electrolyte at the same concentration [5]. Then

logK ¼
ð1

0

logKcdNMþ2 log
g�HCl

g�MCl

:

Ion exchange is an adsorption process which occurs when there is equilibrium

between a fixed number of ions on the resin phase and ions in solution. The

concentrations in the solution and resin phases can be expressed in the form of

mole fractions. The solution phase concentration can be expressed in terms of C
which is the total ionic concentration of the solution in equivalents per litre:

XAnþ ¼ ðAnþÞ C= and XBþ ¼ ðBþÞ C= :
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Similarly, for the resin phase, XAnþ ¼ ðAnþÞ C
�

and XBþ ¼ ðBþÞ C
�

, wherein C is

the total ion exchange capacity in equivalents per litre.

Also, XAnþ þ XBþ ¼ 1 and XAnþ þ XBþ ¼ 1 :

Therefore,
XAnþ

ð1�XAnþ Þ
¼ KA

B
C
C

� �n�1
XAnþ

ð1�XAnþ Þ :

When considering monovalent exchange, n ¼ 1 and therefore C;C do not

appear in the equation. However, for ion exchange of different valence of ions,

these terms become very important.

Being an adsorption process, the data can be fitted to both Langmuir and

Freundlich models of adsorption [6]. The linearized form of Freundlich equation

is given below, where qe is the amount adsorbed at equilibrium (mg/g) and Ce is the

equilibrium concentration (mg/L). Kf and n are constants indicative of adsorption

capacity and adsorption intensity, respectively.

ln qe ¼ ln Kf þ 1

n
ln Ce

The Langmuir equation assumes that (1) the solid surface presents a finite

number of identical sites which are energetically uniform; (2) there are no

interactions between adsorbed species, meaning that the amount adsorbed has no

influence on the rate of adsorption and (3) a monolayer is formed when the solid

surface reaches saturation. The linear form of Langmuir equation is given below,

where qe is the amount adsorbed at equilibrium (mg/g), Ce is the equilibrium

concentration (mg/L), b is a constant and Q0 is the mass of adsorbed solute required

to saturate a unit mass of adsorbent (mg/g). Q0 represents a practical limiting

adsorption capacity when the surface is fully covered with ion:

Ce

qe
¼ 1

Q0 � bþ
Ce

Q0

The isotherms can be derived from the equilibrium process. For an exchange

reaction, given below,

Ce

qe
� 1

Q0 � bþ
Ce

Q0

The isotherms can be obtained from the equilibrium process. Consider the

following equilibrium process, Aþ þ BR , ARþ Bþ. If b is the maximum capacity

of the resin and C0 is the initial concentration of A+ ion in solution, then BR ,
b� AR and Bþ ¼ C0 � Aþ:

Q ¼ ðARÞ½C0 � ðAþÞ�
½b� ðARÞ�ðAþÞ :

After rearrangement,
ðARÞ
b ¼ Q

ðAþÞ
Co

� ��1

þðQ�1Þ
.
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Hence, we have a relation between the concentration of the cation A+ in the resin

phase
ðARÞ
b and the concentration in solution phase

ðAþÞ
Co

h i
for different values of Q.

The plot of concentration in the resin phase versus the concentration in the solution

phase is known as ion exchange isotherm. Above is an example of an equilibrium

process between a divalent cation, say Ca2+ and a monovalent cation Na+. In the

Fig. 2.2, the blue line at 45� represents no selectivity to either of the phase. For

dilute solutions of Na+ ions, it is seen that the resin phase prefers the divalent cation

with increase in selectivity observed with decrease in the concentration of Na+ ions.

However, at higher concentration, there exists a selectivity reversal [7]. This

phenomenon is very helpful for the application of regeneration of used ion

exchange resins using high concentrations of salt solutions.

2.4 Ion Exchange Equilibria and Kinetics

Different theories have been proposed for understanding the ion exchange

kinetics. The crystal lattice theory attempted to account for the fixed sites of

ions, and for many minerals, the crystal lattice ions can be interchangeable. The

double layer theory was postulated for understanding the ion exchange phenome-

non in colloidal systems to taken into consideration the pH of the external solution

and concentration effects. For ion exchange membranes, Donnan membrane
theory was postulated to understand the transport of certain ions in preference

to the others which are not allowed to diffuse through. However, all the theories

postulated come to a common understanding that ion exchange process has

certain characteristic features irrespective of the nature of the resin or condition

of use. It is understood that ion exchange reaction is a stoichiometric reversible
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process following mass law. It occurs by adsorption process, and transport and

diffusion processes are allowed. Ion exchange is a diffusion-controlled process

wherein the ions get redistributed by diffusion. The rate-determining step in the

ion exchange process is the interdiffusion of the exchanged counter-ions within

the ion exchanger (particle diffusion) or with an adjacent liquid film that is not

affected by agitation of solution (film diffusion) [8].
Film diffusion is favoured by a resin with cross-linking, low concentration of

exchanging ions in solution and high exchange capacity, and the rate of change of

concentration is given by

�dC dt ¼ kf ðC� CeÞ a
o

v

�
;

where kf is the film diffusion coefficient, ao is the effective area for mass transfer, v
is the volume of the solution and Ce is the concentration of the metal ion at

equilibrium.
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Chapter 3

Ion Exchange Equilibria and Kinetics

Patrı́cia F. Lito, Simão P. Cardoso, José M. Loureiro, and Carlos M. Silva

Abstract The accurate modelling of equilibrium and kinetics of ion exchange is

fundamental for economic and safe design of industrial units, particularly to carry

out the delicate scale-up studies and simulations.

With regard to equilibrium, this chapter covers the following topics: (1) ion

association phenomena; (2) activity coefficients in solution and exchanger phases;

(3) the milestones works of Gaines and Thomas, Argersinger et al., and Ioannidis

et al. to the thermodynamic treatment of ion exchange; and (4) a deep discussion of

the three most important theories in the literature (homogeneous mass action

models, ion adsorption and related models, and heterogeneous mass action models).

Concerning ion exchange kinetics and mass transport processes, the chapter

reviews semiempirical models, Fick’s law and derived expressions, Nernst–Planck

equations, and the Maxwell–Stefan formulation.

The chapter ends with the general modelling approaches to the omnipresent

batch and fixed bed applications.

Modelling and simulation are essential tools to study and design chemical plants. It is

fundamental to be able to predict the dynamic behaviour, optimise the operating

conditions, and scale up any unit from laboratory to industrial scale. Such goals may

be accomplished by computer simulation in order to reduce the number of indispens-

able experiments. Amodel can be validated through the fitting of experimental results,

but its usefulness comes mainly from its ability to predict the behaviour of a process

under operating conditions different from those used to obtain its parameters.
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This chapter focuses the equilibrium and kinetic modelling of ion exchange,

with the aim to provide accurate and theoretically sound approaches and theories to

describe these phenomena. Topics of equilibria, kinetics, and flow patterns are

fundamental for computer-aided design of several ion exchange applications as, for

instance, softening and deionisation of water, waste treatment, catalysis, chemicals

purification, plating, food, and pharmaceutical uses.

The chapter starts with two preliminary sections (Sects. 3.1 and 3.2) where some

introductory concepts and notes about ion exchangers are given. Then, Sect. 3.3 is

devoted to the equilibrium modelling, being divided into four subsections:

Sect. 3.3.1 deals with mass action law principles; Sect. 3.3.2 describes activity

coefficients models for ions in solution or in exchanger phases; Sect. 3.3.3 analyses

ion association in solution; Sect. 3.3.4 presents the most important approaches for

equilibrium modelling, namely, the homogeneous mass action models for ideal and

non-ideal systems (group I), the ion adsorption and other related models like those

based on statistical thermodynamics (group II), and the heterogeneous mass action

models (group III). The subsequent Sect. 3.4 covers ion exchange kinetics along

four subsections, where semiempirical models, Fick’s law and derived expressions,

Nernst–Planck equations, and Maxwell–Stefan formulation are discussed. Finally,

Sect. 3.5 describes some applications of the previous models to batch, fixed bed,

and zero-length-column operations.

3.1 Introduction

Ion exchangers may be considered insoluble electrolytes which possess the prop-

erty to exchange ionic species with those of the same charge sign existent in a

surrounding electrolyte solution. Solids with mobile cations, like Hþ in resins

containing sulphonic acid functional groups �SO�
3 Hþ� �

, are named cation

exchangers, and solids with mobile anions, like Cl� in resins with quaternary

ammonium group �CH2N
þ(CH3Þ3Cl�

� �
, are called anion exchangers. The

exchangeable ions are named counter ions, whether in the solid or in the external

solution. The fixed ions on the solid framework are the co-ions, and the same

designation is attributed to the species of the same charge sign in solution.

Ion exchange is commonly treated as a chemical reaction because it is a

stoichiometric process in order to ensure electroneutrality in both phases. Accord-

ingly, the exchange of counter ions AzA and BzB , with general valences zA and zB,
respectively, may be represented by the general equation:

zBA
zA þ zAB

zB $ zBA
zA þ zAB

zB (3.1)

where the top bar was drawn to distinguish the solid phase domain and the modulus

was omitted in the stoichiometric coefficients for simplicity. The total concentra-

tion of ionic charges in the solid is established by the abundance of co-ions in the

framework and defines its exchange capacity, Qt, which is frequently expressed in

equivalents/kg or equivalents/m3.
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In the following, the main concentration scales and conversions found in the

field of ion exchange are given for the case of two counter ions, AzA and BzB . Their

extension to nc counter ions is straightforward.
In the external fluid phase, the molar concentration, molality, and normality of

species i are denoted by Ci, mi, and CN;i. The concentrations of all counter ions in

solution are:

mt ¼ mA þ mB

Ct ¼ CA þ CB

CN;t ¼ CN;A þ CN;B

(3.2)

Then, the ionic fraction and the equivalent ionic fraction of AzA are calculated

by, respectively:

xA ¼ CA

Ct

¼ mA

mt

¼ CN;A zA=

CN;A zA= þ CN;B zB=

XA ¼ CN;A

CN;t
¼ zACA

zACA þ zBCB

¼ zAmA

zAmA þ zBmB

(3.3)

The next relationships must be adhered to:

Pnc
i¼1

xi ¼ 1 and
Pnc
i¼1

Xi ¼ 1 (3.4)

xA ¼ XA zA=
XA zA= þXB zB=

and XA ¼ zAxA
zAxA þ zBxB

(3.5)

For the ion exchanger phase, the molar and equivalent concentrations of counter

ion i are denoted by qi and Qi. Hence, the ionic fraction and the equivalent ionic

fraction of AzA are computed by, respectively:

yA ¼ qA
qA þ qB

¼ QA zA=

QA zA= þ QB zB=

YA ¼ QA

QA þ QB

¼ zAqA
zAqA þ zBqB

(3.6)

It is to be noted that:

qt ¼ qA þ qB (3.7)

Qt ¼ QA þ QB (3.8)

X
yi ¼ 1 and

X
Yi ¼ 1 (3.9)
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The above definitions are essential for the next sections, particularly those

relative to equilibrium and kinetic modelling. In the next section, a brief discussion

about ion exchange materials is presented.

3.2 Ion Exchange Materials

The ion exchangers may be either organic or inorganic. The most common

materials are organic polymers (resins) with ionisable groups placed along their

chains. The well-established backbone for ion exchange resins is polystyrene. It is

relatively easy to incorporate ionic groups into the polymer, usually on the benzene

of polystyrene. To make the resin essentially insoluble in water, even with the large

concentration of polar sites, and provide the necessary structural strength, the

polystyrene is cross-linked with divinylbenzene.

The exchangers may be classified as strong or weak. In the first ones, the active

sites are fully ionised or dissociated, being available for ion exchange. This is the

case of sulphonic acid groups �SO�
3 H

þ� �
in cation exchangers or quaternary

ammonium groups �CH2N
þ(CH3Þ3Cl�

� �
in anion exchangers. In weak

exchangers, the functional groups are not fully ionised. Examples of weak cation

resins are copolymers of divinylbenzene and acrylic or methacrylic acid. When

ternary or even secondary amines are built into the polymer, weak anion resins are

obtained. It is important to refer that although weak exchangers often exhibit lower

ion exchange capacity owing to being partially ionised, they are easier to regenerate

than the stronger ones.

Some exchangers may be prepared with more than one type of functional group,

being designated by polyfunctional exchangers. For instance, resins obtained by

sulfonation of acrylic and methacrylic acid polymers contain both sulphonic and

carboxylic acid groups.

Molecular sieves, such as zeolites and titanosilicates, are well-known types of

inorganic ion exchangers. A minute discussion about the structure of zeolites will

be presented in order to explain the origin of the ion exchange ability of these

materials. Zeolites have a regular framework formed by a three-dimensional com-

bination of SiO4 and AlO4 tetrahedrons building blocks connected with each other

by shared oxygen atoms. An isolated SiO4 group contains a charge of�4, while it is

neutral in a solid containing an O/Si ratio of 2 since each oxygen is connected with

two Si atoms. Taking into account the AlO4 unit charge is �1, the global structure

of zeolites carries a negative charge, which is neutralised by exchangeable extra-

framework cations. The structural formula of zeolites may be expressed for the

crystallographic unit cell as:

Mnx zM= AlO2ð Þnx SiO2ð Þny
h i

nwH2O
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where MzM is a cation of valence zM which balances the negative charge of AlO4,

nw is the number of water molecules in the zeolite, and nxþ ny is the total number

of tetrahedra in the unit cell. The channels and cavities of zeolites framework are

occupied by the cations and water molecules. These cations are able to exchange

with surrounding counter ions.

3.3 Ion Exchange Equilibrium

In this section, the ion exchange equilibrium is focused in detail. Firstly, the most

important models for estimating activity coefficients of ions in solution and in

exchanger phases are described. These properties are essential for the accurate

modelling of the equilibrium, particularly under the scope of the mass action law

approach. Furthermore, activity coefficients play an important role in mass trans-

port at high concentrations or in non-ideal liquid solutions. This aspect will be

emphasised in Sect. 3.4.5, when discussing Maxwell–Stefan diffusion equations.

The ion association phenomenon is important at high concentrations because it

reduces the number of free ions available for ion exchange. It will be interpreted

here by the Kester and Pytkowicz approach. The milestones works of Gaines and

Thomas, Argersinger and collaborators, and Ioannidis and coworkers on the ther-

modynamic treatment of the equilibrium are essential topics in this section. Finally,

these tools will be called to model the equilibrium, whose main objective is the

determination of isotherms. The prediction of multicomponent systems on the basis

of parameters optimised only from binary data is most desirable. The most signifi-

cant and theoretically sound models existent in the literature for non-ideal mixtures

are explained and reviewed.

3.3.1 Mass Action Law Fundamentals

The thermodynamic constant corresponding to the equilibrium of Eq. 3.1 depends

only on the temperature and is rigorously expressed as function of the activities ai
and �ai of the two ions by:

KA
B ðTÞ ¼

�azBA azAB
azBA �azAB

(3.10)

For simplicity, the valences of both particles are omitted in the subscripts. Once

more, the top bar identifies the exchanger phase. The activities of both species,

whether in solution or exchanger, are calculated by the product of their

concentrations by the corresponding activity coefficients on the same concentration
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scale. Generally, mole fractions, yi, are adopted for the ion exchanger and

molalities, mi, for the solution:

�ai ¼ �gi � yi

ai ¼ gi � mi

(3.11)

The activity coefficient gi is commonly calculated in asymmetrical convention,

which implies gi ! 1 when mi ! 0. On the contrary, in the solid phase, the

symmetric convention is mostly adopted, by which the limit �gi ! 1 when yi ! 1

is observed. In Sect. 3.3.2, the most frequently used models to represent non-ideal

behaviour in both phases are listed.

The equilibrium constant is related with the standard Gibbs energy change of

reaction by Ln KA
B ¼ �DGo=< T, where< is the universal gas constant and T is the

absolute temperature. The influence of temperature upon KA
B is expressed by the

classical thermodynamic relation involving the standard enthalpy change of reac-
tion by d Ln KA

B dT= ¼ DHo <T2
�

[1, 2].

Some authors, like originally Dranoff and Lapidus [3] and Pieroni and Dranoff

[4], assumed the system is ideal, i.e. the activity coefficients are unitary in both

phases, what is expected to be correct only for diluted solutions. It should be

emphasised that in this case, the quantity used to represent equilibrium is not a

true thermodynamic constant. It is called selectivity coefficient and is calculated by:

Kc T;mi; yið Þ ¼ yzBA mzA
B

mzB
A yzAB

(3.12)

By comparing Eqs. 3.10 and 3.12, one concludes that Kc depends simultaneously

on the temperature and on the composition of both phases due to the effect of the

activity coefficients involved:

Kc ¼ KA
B � �gzAB gzBA

�gzBA g
zA
B

(3.13)

When the deviations to the ideal behaviour are taken into account in the liquid, a

corrected selectivity coefficient, KA
aB, dependent on temperature and on the compo-

sition on the ion exchanger results:

KA
aB T; yið Þ ¼ KA

B � �gzAB
�gzBA

� �
¼ yzBA a

zA
B

azBA y
zA
B

(3.14)

Another quantity of interest in practical applications, particularly for trace levels

of counter ions, is the distribution coefficient, which establishes the ratio between

the concentrations in both regions:

li ¼ yi mi= or li ¼ yi xi= (3.15)
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The separation factor, aAB, analogous to the well-known relative volatility in

distillation, corresponds to the quotient between the distribution coefficients of two

counter ions:

aAB ¼ lA
lB

¼ yA mB

mA yB
¼ yA xB

xA yB
(3.16)

and may be taken as a shorthand method of comparing the easy separation of

different ions in solution, i.e. the selectivity of the ion exchanger. When aAB ¼ 1,

the exchange is then non-selective. Attending to the previous discussion about Kc, it

is obvious that li and aAB are also functions of temperature and concentration.

In order to illustrate the impact of exchanger composition upon Kc and KA
aB

due to non-idealities, their plots are shown in Fig. 3.1 for the binary system

Ca2+/Mg2+ 0.10 N in Amberjet 1500 H along with the true equilibrium constant

for comparison. As the figure shows, the former two constants are very sensitive

to the concentration in the solid, whereas KA
B remains practically invariable.

In Sect. 3.3.4.1, the most important methods that may be applied to extract the

equilibrium constant from experimental data are presented and discussed in detail.

The previous developments refer to binary systems AzA BzB= . Nonetheless, in

practical applications, ion exchangers are usually exposed tomore than two exchange-

able species, and so more equations are needed to represent equilibrium. For instance,

for the ternary system AzA BzB= CzC= , the following reactions are now implied:

zBA
zA þ zAB

zB $ zBA
zA þ zAB

zB (3.17)

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0

2

4

6

8

10

12

14

YCa
2+

K
B
, K

a B
, K

C
A

A

Fig. 3.1 Calculated selectivity coefficient (D), corrected selectivity coefficient (●), and equilib-

rium constant (○) for the system Ca2+/Mg2+/Cl�/Amberjet 1200 H at 298 K and 0.10 N [15]
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zBC
zC þ zCB

zB $ zBC
zC þ zCB

zB (3.18)

zCA
zA þ zAC

zC $ zCA
zA þ zAC

zC (3.19)

whose equilibrium constants are:

KA
B ¼ �azBA azAB

azBA �azAB
(3.20)

KC
B ¼ �azBC azCB

azBC �azCB
(3.21)

KA
C ¼ �azCA azAC

azCA �azAC
(3.22)

It may be easily shown that only two chemical equations are independent, once

the third one can be obtained by linear combination of the other two. Equation 3.19

arises when Eq. 3.18 is multiplied by � zA zC= , added to Eq. 3.17, and finally

multiplied by zC zB= . Therefore, the three equilibrium constants are also interre-

lated, and it is now straightforward to show that they satisfy the so-called triangle

rule, KC
B

� �zA KA
C

� �zB KA
B

� ��zC ¼ 1, which we prefer to recast as:

KA
B

� �zC ¼ KA
C

� �zB
KB
C

� �zA�
(3.23)

Akin to binary systems, if concentrations are used in Eqs. 3.20–3.22 in spite of

activities, the corresponding Ki
a j and Kc are obtained, and the corresponding

triangle rules express themselves as:

KC
aB

� �zA KA
aC

� �zB KA
aB

� ��zC ¼ 1 and Kc;C=B

� �zA Kc;A=C

� �zB Kc;A=B

� ��zC ¼ 1

(3.24)

These results may be extended to any ion exchange system involving nc>3

counter ions, Azi
i . The complete description of equilibrium only needs nc � 1 binary

chemical equations:

ziA
zj
j þ zjA

zi
i $ ziA

zj
j þ zjA

zi
i (3.25)

where i< j, i ¼ 1; 2; :::; nc � 1, and j ¼ 2; 3; :::; nc.
If selectivity coefficients or equilibrium constants are available for a series of

ions of interest on the ion exchanger under study, then a reference counter ion CzC

may be chosen to provide Kc;j=C or Kj
C for the various pairs jzj CzC= . After that, the

desired Kc or K
A
B for the system AzA BzB= can be estimated by Eqs. 3.23 and 3.24.
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3.3.2 Activity Coefficients Models

The deviations from ideality in electrolyte solutions are important even at low

concentrations since ions interact strongly with each other and with the solvent or

exchanger through their electric charges. In this section, the most utilised models for

estimating the activity coefficients of ions in the solution and exchanger phases are

summarily presented. In the following, they are divided into these two main groups.

3.3.2.1 Solution Phase Modelling

In solution, molal unsymmetrical activity coefficients are mostly adopted. Several

models may be found in literature, namely, Debye–H€uckel, H€uckel, Bromley,

Guggenheim, Pitzer, Meissner and Kusik, etc. (e.g. [2, 5]).

Debye–H€uckel Model

The Debye–H€uckel limiting law was formulated in 1923 for extremely diluted

electrolyte solutions. The activity coefficient depends on the ionic strength, I,
defined as:

I ¼ 1

2

Xn
i¼1

z2i mi (3.26)

where n is the total number of ionic species in solution. It is expressed by:

Ln gi ¼ �Ag z
2
i

ffiffi
I

p
(3.27)

and provides accurate results for ionic strengths less than 0.001 molal. Constant Af

is the well-known Debye–H€uckel constant given by:

Ag ¼ e2

ekT

� � 3=2 ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2p rwN0

1000

r
(3.28)

where N0 is the Avogadro constant, rw and e are density (g cm�3) and dielectric

constant (C2N�1 m�2) of pure solvent, k ¼ 1:38066� 10�23 J K�1 is Boltzmann

constant, T is absolute temperature (K), and e ¼ 1:60206� 10�19 C is the electron

charge. Pitzer et al. [6] published Ag values for aqueous solution in the range

0–300�C; at 298.15 K, Ag ¼ 1:174 kg1 2= mol�1 2= for natural logarithm.

In order to extend the previous limiting law to higher concentrations, a correc-

tive term has been introduced to take into account ions size and short-range
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interactions. The model includes a minimum approximation distance equal for all

ions, a, and can be applicable for ionic strengths up to 0.1 molal:

Ln gi ¼ � Agz
2
i

ffiffi
I

p

1þ ba
ffiffi
I

p (3.29)

b ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
8 p e2N0r
1000 e k T

r
(3.30)

By setting the standard value a ¼ 3:04Å, the quantity ba in the denominator of

Eq. 3.29 becomes unity.

H€uckel Model

H€uckel tried to expand Eq. 3.29 to higher concentrations by summing one term

related with the reduction of the dielectric constant raised by the increasing ionic

concentration:

Ln gi ¼ � Agz
2
i

ffiffi
I

p

1þ ba
ffiffi
I

p þ cI (3.31)

Here, a and c are ion specific. Robinson and Stokes [7] obtained reliable results

for binary systems up to 1 molal, but failed to describe concentrated multicompo-

nent solutions.

Bromley Model

Bromley [8] based his model on the Debye–H€uckel theory by adding a correction

term Fi which includes electrostatic contributions characteristic of Coulomb forces

besides those of long range. For a generic ion i in a multicomponent mixture, it is

given by:

Ln gi ¼ �Agz
2
i

ffiffi
I

p

1þ ffiffi
I

p þ Fi (3.32)

Fi ¼
X
j

_Bijz
2
ijmj (3.33)

zij ¼ zi þ zj
2

(3.34)

_Bij ¼ 0:06þ 0:6Bij

1þ 1:5 I zizj
�� ���� �2 zizj

�� ��þ Bij (3.35)
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In these equations, when i is a cation, j represent anions; on the other hand, if i is
an anion, j refers to cations. Bij is Bromley parameter for ij pair. This equation may

give good results up to 6 molal.

Guggenheim Model

Similarly to the previous models, Guggenheim extended the Debye–H€uckel expres-
sion to improve its behaviour at higher concentrations by summing additional

terms. The activity coefficients of a particular cation, gc, and a particular anion,

ga, are given by:

Ln gc ¼ �Agz
2
c

ffiffi
I

p

1þ ffiffi
I

p þ
X
j

Bcj mj (3.36)

Ln ga ¼ �Agz
2
a

ffiffi
I

p

1þ ffiffi
I

p þ
X
i

Bia mi (3.37)

where subscripts i and j refer to all cations and anions in solution, respectively; c

and a denote the specific cation and anion under study.

Pitzer Model

The Pitzer equations may give good results up to 6 molal. The activity coefficients

of a particular cation, gc, and a particular anion, ga, are given by [2, 9]:

Ln gc ¼ z2cFþ
X
j

mj 2Bcj þ 2
X
i

mizi

 !
Ccj

( )
þ
X
i

mi 2Yci þ
X
j

mjCcij

 !

þ
X
i

X
j

mimj z2cB
0
ij þ zcj jCij

	 

þ 1

2

X
j

X
j0

mjmj0Ccjj0 ð3:38Þ

Ln ga ¼ z2aFþ
X
i

mi 2Bia þ 2
X
j

mjzj

 !
Cia

( )
þ
X
j

mj 2Yaj þ
X
i

miCaji

 !

þ
X
i

X
j

mimj z2aB
0
ij þ zaj jCij

	 

þ 1

2

X
i

X
i0

mimi0Cii0a ð3:39Þ

F ¼ �Ag

3

ffiffi
I

p

1þ 1:2
ffiffi
I

p þ Ln 1þ 1:2
ffiffi
I

p� �
0:6

" #
(3.40)

In these equations, subscripts i and j are intended to span all cations and anions in
solution, respectively; c and a identify the specific cation and anion under calculation.
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The term F includes the Debye–H€uckel contribution to take the electrostatic

far field interactions between ions into account. The second virial coefficients, B,
represent the specific binary, near-field interactions between pairs ij. The

corresponding ternary interactions ijk are described by the third virial coefficient,

C. For the limiting case of diluted solutions, the second and higher terms vanish,

and Pitzer model reduces to Debye–H€uckel:

Bij ¼ bð0Þij þ bð1Þij g a1
ffiffi
I

p	 

þ bð2Þij g a2

ffiffi
I

p	 

(3.41)

B0
ij ¼

bð1Þij g0 a1
ffiffi
I

p� �þ bð2Þij g0 a2
ffiffi
I

p� �
I

(3.42)

For any salt containing a monovalent ion, a1 ¼ 2 and a2 ¼ 0, while for 2–2

electrolytes and higher valence types, the corresponding values are a1 ¼ 1:4 and

a2 ¼ 12. The functions gðxÞ and g0ðxÞ are given by:

gðxÞ ¼ 2 1� 1þ xð Þ exp �xð Þ½ �
x2

(3.43)

g0ðxÞ ¼ �2 1� 1þ xþ 0:5x2ð Þ exp �xð Þ½ �
x2

(3.44)

where x ¼ a
ffiffi
I

p
. Coefficients Cij are defined by Pitzer [162] as:

Cij ¼
C
ð0Þ
ij

2 zizj
�� ��0:5 (3.45)

For binary systems, the activity coefficients depend only on the interaction

parameters bð0Þij , bð1Þij , bð2Þij , and C
ð0Þ
ij to compute the implied variables B and C. For

multicomponent mixtures, it is also necessary to include parameters Y and C: the

parameters Y account for cation–cation and anion–anion interactions, while

parameters C call cation–cation–anion and anion–anion–cation interactions.

Meissner and Kusik Model

The mean activity coefficient of an electrolyte ca, gca, was defined by Meissner and

Kusik [10, 11] in terms of a reduced activity coefficient Gca:

Ln gca ¼ zczaj jLnGca (3.46)

The mean ionic activity coefficient may be calculated from the individual ionic

coefficients, gc and ga, taking into account their stoichiometry (nc and na):

gca ¼ gncc � gnaa
� � 1

ncþna (3.47)
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For a multicomponent solution, Gca is calculated at 25�C by:

Gca ¼ 1þ B 1þ 0:1 Ið Þqca;mix � B½ �G� (3.48)

where

B ¼ 0:75� 0:065qca;mix (3.49)

Ln G� ¼ � Ag
ffiffi
I

p

1þ C
ffiffi
I

p (3.50)

C ¼ 1þ 0:055 qca;mix exp �0:023 I3
� �

(3.51)

The Meissner interaction parameter qca;mix comprehends the contributions of all

couples ia and cj, where i and j span all cations and all anions present in the

multicomponent solution, respectively. Hence:

qca;mix ¼

P
j

Ijq
o
cj

I
þ
P
i

Iiq
o
ia

I
(3.52)

where qoij is the Meissner parameter for electrolyte ij in pure solution, and

Ik ¼ 0:5mkz
2
k is the partial ionic strength of ion k.

The temperature effect upon qoij may be estimated by:

qoijðTÞ � qoij 25
�Cð Þ

T � 25
¼ 0:0027qoij 25

�Cð Þ
zi zj
�� �� (3.53)

Figure 3.2 presents a comparison between experimental and estimated mean

activity coefficients of the well-known binary system NaCl in aqueous solution at

25�C. The models of Debye–H€uckel, Bromley, Guggenheim, Pitzer, and Meissner

and Kusik were selected to perform the predictions. It is clear from the figure that

Debye–H€uckel and Guggenheim provide unacceptable results along almost all

concentration range. The remaining models behave similarly, but the accurate

description accomplished by Meissner and Kusik and particularly Pitzer models

should be emphasised.

3.3.2.2 Exchanger Phase Modelling

The equations applied to compute solid phase activity coefficients are those

originally developed for vapour–liquid equilibrium. One may cite, for instance, the

models of Wilson, NRTL, Margules, van Laar, UNIQUAC, etc. For strongly non-

ideal binary mixtures, the Wilson equation is the most adopted since it contains only
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two adjustable parameters while NRTL possesses three, and the UNIQUAC expres-

sion is more complex. Such facts sponsor its frequent utilisation for multicomponent

mixtures too because prediction is based on binary parameters only. In the following,

the activity coefficients of Wilson, NRTL, and Margules models are summarily

presented due to being the most adopted in ion exchange research. The remaining

models, as well as others not mentioned, may be consulted elsewhere (e.g. [5, 12]).

Recently, Aniceto et al. [163] compared the performance ofWilson, NRTL,Margules

and UNIQUAC models to represent the non-idealities in the exchanger phase for

binary systems, and concluded that the Wilson, NRTL and Margules activity coeffi-

cient models provide similar representations and predictions, whereas UNIQUAC

performed worse. In the case of multicomponent systems, NRTL and Wilson

provided the best results [164].

Wilson Model

The Wilson equation takes into account the combined effects of differences in

molecular size and intermolecular forces. For a solution of nc species, it requires
only parameters obtained from binary data:

Ln �gi ¼ 1� Ln
Xnc
j¼1

yjLij

 !
�
Xnc
k¼1

ykLkiPnc
j¼1

yjLkj

(3.54)
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Fig. 3.2 Comparison between experimental [2] and estimated mean activity coefficients of NaCl

in aqueous solution at 25�C. Models: (––) Debye–H€uckel, (···) Guggenheim, (- – - –) Bromley, (- -)

Meissner and Kusik, and (–*–) Pitzer
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< is the ideal gas constant, and Lij and Lji are binary interaction temperature-

dependent parameters defined such that i 6¼ j, being calculated as function of the

pure-component molar volumes (vi,vj) and characteristic energy difference

(lij � lii) by:

Lij ¼ vj
vi

exp � lij � lii
<T

� �
(3.55)

For a binary ij system, the model simplifies to:

Ln �gi ¼ �Ln yi þ yjLij

	 

þ yj

Lij

yi þ yjLij
þ Lji

yiLji þ yj

" #
(3.56)

NRTL Model

The multicomponent NRTL expression contains only parameters obtained from

binary data and is given by:

Ln �gi ¼

Pnc
j¼1

yjtjiGji

Pnc
l¼1

yl Gli

þ
Xnc
j¼1

yjGijPnc
l¼1

yl Glj

tij �
Pnc
r¼1

yrtrjGrj

Pnc
l¼1

yl Glj

0
BB@

1
CCA (3.57)

where

tij ¼
gij � gjj
<T ; Gij ¼ exp �aijtij

� �
; aji ¼ aij
� �

(3.58)

gij is an energy parameter characteristic of the i� j interaction, whose significance

is similar to that of lij in Wilson equation; aij is related to the nonrandomness in the

mixture (when aij ¼ 0, the binary mixture is completely random and the model

reduces to the two-suffix Margules equation). aij varies frequently in the range

0.20–0.47 and can be set arbitrarily when data are scarce (e.g. aij ¼ 0:3).
For binary ij mixtures, Eq. 3.57 shortens to:

Ln �gi ¼ y2j tji
Gji

yi þ yjGji

 !2

þ tijGij

yj þ yiGij

	 
2
2
64

3
75 (3.59)
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Margules Model

The simplest Margules expressions for binary systems are the two-suffix equations

that contain only one parameter (Ln �gi ¼ A
0
y2i ) and are applicable for mixtures of

very similar (size, shape, and chemical structure) components. The one-parameter

Gibbs excess function is symmetrical with composition and exhibits an extremum

at yi ¼ yj ¼ 0:5. To represent the skewness of real binary data, it is necessary to

include two parameters, A
0
ij and A

0
ji, giving rise to the well-known three-suffix

Margules equations:

Ln �gi ¼ y2j A
0
ij þ 2 A

0
ji � A

0
ij

	 

yi

h i
(3.60)

The three-suffix Margules equations may be derived for multicomponent

mixtures by Wohl method [5, 13]. For instance, for a ternary mixture ijk, the
activity coefficient of component i is:

Ln �gi ¼ A
0
ijy

2
j 1�2yið Þþ2A

0
jiyiyj 1� yið ÞþA

0
iky

2
k 1�2yið Þþ2A

0
kiyiyk 1�yið Þ

�2A
0
ikyjy

2
k �2A

0
kjy

2
j ykþ

1

2
A

0
ijþA

0
jiþA

0
ikþA

0
jkþA

0
kj

	 

�W

0
� �

yjyk�2yiyjyk

	 


(3.61)

The A
0
ij constants refer to pure binary ij systems, while W

0
is determined

from ternary data (if these data are not available, one may set W
0 ¼ 0 as a first

approximation). To get �gj from Eq. 3.61, it is sufficient to substitute i by j, j by k,
and k by i. In the case of �gk, replace i by k, j by i, and k by j.

3.3.3 Ion Association

The correct description of ion exchange should take into account the real

concentrations of the various ionic species present in solution. When ions of

opposite sign are close together, the energy of their mutual electrical attraction

may be considerably greater than their thermal energy, so they may constitute a

virtually new stable entity in solution. With unsymmetrical electrolytes, new ionic

species of a charge type not previously present may result, while no net charge

components appear in the case of symmetrical electrolytes, notwithstanding they

should exhibit a dipole moment.

When a generic salt MxXm is introduced into an aqueous solution, the following

equilibrium is established:

MxXm $ xMmþ þmXx� (3.62)
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The corresponding stability constant, KMxXm

S , is:

KMxXm

S ¼ MxXm½ �
Mmþ½ �xf Xx�½ �mf

(3.63)

where Mmþ½ �f and X
x� �

f
are the free concentrations of cation Mmþ and anion Xx�

in solution. As mentioned above, some of the ions are not available for ion

exchange since they are not present as free species but rather as ion pairs. Even

simple salts are weak electrolytes in solvents of low dielectric constants, for

example, KBr in acetic acid or ammonia; CsCl in ethanol; KI in acetone,

n-propanol, or pyridine; and NaI in ethylenediamine.

The method of Kester and Pytkowicz [14] can be successfully applied to

determine the real ionic concentrations in solution. For instance, consider the

five-component system studied by Vo and Shallcross [15], where K+, Na+, H+,

Ca2+, and Mg2+ are present with co-ion Cl� in solution. Some of the particles will

exist as KCl, NaCl, MgCl+, and CaCl+; it is assumed that all CaCl2 and MgCl2
dissociate to CaCl+ and Cl�, and MgCl+ and Cl�, respectively. The material

balance to potassium is:

K½ �t¼ Kþ½ �fþ KCl½ � (3.64)

where K½ �t is the total concentration of potassium present in solution in whatever

form. Taking into account the stability constant, KCl½ � ¼ KKCl
S Kþ½ �f Cl�½ �f , and

Eq. 3.64, the concentration of free K+ can be obtained after rearrangement:

Kþ½ �f ¼ K½ �t
1þ KKCl

S Cl�½ �f
(3.65)

The same approach may be applied to the remaining ionic species, giving rise to:

Naþ½ �f ¼ Na½ �t
1þ KNaCl

S Cl�½ �f
(3.66)

Hþ½ �f ¼ H½ �t
1þ KHCl

S Cl�½ �f
(3.67)

Ca2þ
 �

f ¼ Ca½ �t
1þ KCaClþ

S Cl�½ �f
(3.68)

Mg2þ
 �

f ¼ Mg½ �t
1þ KMgClþ

S Cl�½ �f
(3.69)

Cl�½ �f ¼ Cl½ �t
1þ KKCl

S Kþ½ �fþKNaCl
S Naþ½ �fþKHCl

S Hþ½ �fþKCaClþ
S Ca2þ½ �f þ KMgClþ

S Mg2þ½ �
(3.70)
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All free concentrations can be now calculated from Eqs. 3.65–3.70, once the

total concentrations and stability constants are known.

Kester and Pytkowicz [14] proposed a simple relation between the stability

constant and the solution ionic strength, I:

Ln KMxXm

S

� � ¼ A0 þ B0I (3.71)

KMxXm

S values or correlations are available in the literature for several salts and

complexes [14, 16–20]. The method of Kester and Pytkowicz [14] for the partial

dissociation of salts in solution has been applied to ion exchange processes by

several authors, as, for instance, Mehablia et al. [21], Vo and Shallcross [15],

Mumford et al. [22], and Aniceto et al. [163, 164].

3.3.4 Modelling Ion Exchange Equilibrium

An ion exchange isotherm characterises equilibrium by representing the

concentrations of counter ions in exchanger as function of their concentrations in

solution at constant temperature. It is desirable that they cover all possible experi-

mental conditions with accuracy in order to be used in the design and optimisation

of ion exchange processes.

The number of research works in literature concerning binary equilibria is

rather large in comparison to those on multicomponent systems, which results

from the large complexity arisen from the various background processes causing

non-idealities and coupling of their models. The nature of the systems, the

interactions of counter ions in the solution and in the solid phases, the interactions

between them and the exchanger, the heterogeneity of the exchanger surface, the

clustering and dissociation of exchangeable ions, the limited solubility of counter

ions, and the synergistic effect of competitive ions may be cited, for instance [23].

This scenario explains why no fully theoretical model has been developed to date to

predict ion exchange equilibrium without at least some experimental data.

In order to simplify multicomponent analysis, the general approach adopted by

researchers is the development of good semi-theoretical models based on binary ion

exchange data. The models are firstly applied to binary equilibrium data to optimise

the corresponding binary parameters. Afterwards, these are used in the extended

model formulation to predict the multicomponent equilibrium of interest. This

has been the primary goal of wide variety of models published during decades.

For example, the ternary system AzA BzB= CzC= may be represented by the three

constitutive binaries AzA BzB= , AzA CzC= , and BzB CzC= . It is assumed that these

parameters are independent of the presence of any other ionic species.

Shallcross [24] proposed the following series of requirements that any proposed

ion exchange equilibrium model should meet: (1) Model parameters must be

independent of solution phase concentration. (2) Model parameters must remain
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constant in the presence of different nonexchanging counter ions. (3) Internal

consistency of the model is essential. Most models are overspecified, with more

equations to be solved than unknowns present. The parameters’ values must not be

significantly dependent on which of these equations are used in the solution

procedure. (4) The model must be applicable up to quaternary systems.

The models adopted to represent and/or predict ion exchange equilibrium may

be divided into four groups.

In the first group, ion exchange equilibrium is described in terms of the law of

mass action, i.e. it is treated as a chemical reaction. The principles of this approach

were already exposed in Sect. 3.3.1, while the most important and significant

mathematical treatments used to determine the embodied parameters are presented

in this section. The exchanger is homogeneous, and the non-idealities are

introduced via the activity coefficients of ions in solution and in the solid phases.

Hence, the models of group I are named homogeneous mass action models.

The second group comprehends models where ion exchange is treated as an

adsorption process. The first attempts to explain and predict equilibrium utilised the

well-known Freundlich and Langmuir isotherms, whereas, presently, more thor-

ough models have appeared. In this method, the deviations from ideal behaviour are

explained in terms of energetic heterogeneity of the functional groups of the ion

exchanger. Accordingly, these models may be called heterogeneous adsorption

models.

The third group collects models derived from the original work of Melis et al.

[25]. It is based also on the mass action law, but differs from the first group because

it takes into account the heterogeneity of ion exchange sites. This is the reason why

they are frequently called heterogeneous mass action models.

In the last group, we included purely empirical models, which generally possess

limited theoretical interest and small extrapolation ability, being used for correla-

tive purposes only. For this reason, they will not be analysed in this chapter.

In view of their importance, the former three groups will be discussed in separate

subsections.

3.3.4.1 Group I: Homogeneous Mass Action Models

Group I describes ion exchange in terms of the law of mass action, as it may be seen

in Eqs. 3.10 and 3.20–3.22. Several authors adopted this approach, for example,

Dranoff and Lapidus [3], Pieroni and Dranoff [4], Klein et al. [26], Smith and

Woodburn [27], Sengupta and Paul [28], Shallcross et al. [29], Martı́nez et al. [30],

Mehablia et al. [21], Ioannidis et al. [31], Vo and Shallcross [15], Mumford et al.

[22], Borba et al. [32], and Aniceto et al. [163, 164]. In the following, the modelling

principles of ion exchange equilibrium for ideal and real binary and multicompo-

nent systems according to mass action law are presented and discussed in detail.
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Ideal Systems Modelling

As has been mentioned above, some early publications assumed the ion exchange

systems are ideal (e.g. [3, 4, 26], Pieroni and Dranoff [4], Klein et al. [26]), i.e.

activity coefficients are unitary in both phases, which means that selectivity

coefficients may be used in calculations. It is worth noting that only dilute solutions

are expected to fulfil this behaviour. In this case, binary isotherms are very simple

and explicit, whether for equal or distinct valence counter ions. With the aid of

Eqs. 3.3, 3.4, and 3.9, Eq. 3.12 may be rewritten as:

yA ¼ K
1 z=
c xA

1þ K
1 z=
c �1ð ÞxA ; for zA ¼ zB ¼ z (3.72)

yA
1�yAð Þ2 ¼

Kc

mt

xA
1�xAð Þ2 ; for zA ¼ 2 and zB ¼ 1 (3.73)

From Eq. 3.73, the important role played by the solution concentration, mt, when

zA 6¼ zB, is clear.
For multicomponent ideal systems, when selectivity coefficients Kc;i=j are

known, the mole fraction of any counter ion A
zj
j in exchanger may be expressed

in terms of yi by:

yj ¼
xj

K
1 zi=
c;i=j m

zj zi= �1
t

yi
xi

� �zj zi=

(3.74)

For any component i, Eq. 3.9 gives rise to a polynomial in yi when the remaining

j 6¼ i fractions are substituted:

yi þ
X
j6¼i

xj

K
1 zi=
c;i=j m

zj zi= �1
t

yi
xi

� �zj zi=

¼ 1 (3.75)

These nc equations allow us to calculate the exchanger phase whenever the

solution is known. For the external solution, the fundamental relations may be

derived analogously to give:

xi þ
X
j6¼i

yj

K
1 zi=
c;i=j m

zj zi= �1
t

xi
yi

� �zj zi=

¼ 1 (3.76)

Non-ideal Systems Modelling

The behaviour of real systems, where the selectivity coefficients vary with both

exchanger and solution compositions, cannot be accurately described by the previ-

ous equations (e.g. [15, 22, 32, 33, 163, 164]). This statement is clearly illustrated
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in Fig. 3.1, where Kc exhibits a strong dependence on the resin composition. The

combination of activity coefficients and ion association approaches are undoubt-

edly necessary to achieve good equilibrium representations and predictions. The

solution non-idealities may be usually introduced by activity coefficients estimated

by the Debye–H€uckel, H€uckel, Bromley, Guggenheim, Pitzer, or Meissner and

Kusik models (Sect. 3.3.2.1), while those for the solid phase may be typically

Wilson, NRTL, or Margules (Sect. 3.3.2.2). Very recently, Aniceto et al. [163, 164]

compared the performance of Wilson, NRTL, Margules and UNIQUAC models for

binary [163] and multicomponent systems [164]. Results showed that the Wilson,

NRTL and Margules activity coefficient models provide similar representations

and predictions, whereas UNIQUAC performed worse. The validation of these

conclusions was accomplished with a large database containing 26 binary systems,

20 multicomponent systems, and 1546 data points totally.

Kataoka and Yoshida [34] assumed that only the exchanger phase was ideal, and

used corrected selectivity coefficients, Ki
aj. Elprince and Babcock [35] proposed the

Wilson model to estimate the �gi. Later, Smith and Woodburn [27] used the same

model for the solid and the extended Debye–H€uckel equation for the solution with

the aim to study the equilibrium behaviour of SO2�
4 NO�

3

�
Cl�= in Amberlite IR-

400. Exactly the same recipe has been considered later by Shehata et al. [36] to

study the ternary system Sr2þ Csþ= Naþ= on chabazite. Shallcross et al. [29] pro-

posed an identical model for the equilibrium of Ca2þ Mg2þ
�

Naþ= on Amberlite 252,

but estimated the aqueous phase activity coefficients by Pitzer theory inasmuch as the

extended Debye–H€uckel equation did not take into account the nature of any other

ions present in the mixture, except through their effect upon the ionic strength (see

Eqs. 3.26 and 3.29). de Lucas et al. [37] studied the Naþ Kþ= Amberlite IR - 120= ion

exchange equilibrium on different organic and mixed solvents, making use of the

Debye–H€uckel and Wilson models to compute gi and �gi, respectively. Vamos and

Haas [38] used the Margules equations to represent the resin phase activity

coefficients. The statistical analysis of data fits indicated that although the Wilson

and Margules equations were able to model adequately the resin phase non-idealities,

the Wilson model provided superior data fits. Pabalan and Bertetti [39] also chose the

Margules expressions to represent the deviations from ideality of Naþ Sr2þ
�

,

Kþ Sr2þ
�

, and Kþ Ca2þ
�

in clinoptilolite. Recently, Borba et al. [32] selected the

Bromley and the Wilson models for solution and solid non-idealities, respectively,

being able to predict the ternary system Cu2þ Zn2þ
�

Naþ= in Amberlite IR-120.

Several works have investigated the influence of temperature upon ion exchange

equilibria, for instance, those of Mumford et al. [22, 40], Carmona et al. [41], and de

Lucas et al. [42]. Generally, the influence of the temperature on the equilibrium

constant is interpreted by thermodynamic or semiempirical relations. Regarding its

effect on the activity coefficients, it is taken into account by the proper relations of

each model as, for instance, Eqs. 3.28, 3.30, 3.53, 3.55, and 3.58. For the particular

case of the Wilson model, which is the most adopted for ion exchange calculation,

other approaches appear, as the Robinson and Gilliland relationship [41–43].

Most publications estimate solution non-idealities with Pitzer or Debye–H€uckel
type models. de Lucas et al. [44] and Martı́nez et al. [30] are two essays where the

Meissner and Kusik electrolyte solution theory has been selected instead. Vo and

Shallcross [45] analysed binary and multicomponent ion exchange equilibria
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involving Hþ, Naþ, Kþ, Mg2þ, and Ca2þ ions in Amberjet 1200 H. They adopted

the Wilson model for the resin and compared the performance of three models for

the non-ideal behaviour of the solution, which may be arranged in order of increas-

ing accuracy as ideal < extended Debye–H€uckel < Meissner and Kusik < Pitzer.

Nonetheless, it has been demonstrated that the ion association effects contribute

more significantly to more accurate results than the employment of sophisticated

models to account for the solution non-idealities [45].

The models of Smith and Woodburn [27], Shallcross et al. [29], de Lucas et al.

[37], and Borba et al. [32] require three parameters per binary system, namely, the

equilibrium constant KA
B and the Wilson interaction parameters LAB and LBA, which

have been simultaneously regressed from the binary equilibrium data. In the case of nc
counter ions in solution, this type of models involves nc nc � 1ð ÞWilson parameters to

describe the interactions between nc nc � 1ð Þ 2= different pairs of ions. These

parameters, along with the equilibrium constants, should be evaluated from experi-

mental data for the corresponding nc nc � 1ð Þ 2= binary systems. In order to eliminate

one adjustable Wilson parameter per binary, the following reciprocity relationship

investigated by Allen et al. [46] and Allen and Addison [47] may be applied:

LAB LBA ¼ 1 (3.77)

In the multicomponent case, the connection between Lij values is referred to as

the Hála constraint [48, 49]. For ternary systems, it writes:

LAB LBCLCA ¼ 1 (3.78)

Notwithstanding these equations, as well as other triangle relations to reduce

model complexity, they do not adequately represent experimental data. Allen et al.

[46] applied their modified version of the Smith and Woodburn [27] model, which

contains only parameters KA
B and LAB per binary system, but both optimised values

varied significantly with solution concentration. Other authors have drawn the same

conclusions [21, 47, 50].

The works of Smith and Woodburn [27], Shallcross et al. [29], and Shehata et al.

[36] demonstrate the predictive capability of mass action models. Nonetheless, the

simultaneously correlated constants that they obtained for each constitutive binary

system (KA
B , LAB, and LBA) exhibit a disturbing interdependence, specifically KA

B

values very sensitive to minor changes in the values of the Wilson parameters, LAB

and LBA. Hence, it is vital to apply and develop alternative approaches to decouple

the model parameters in order to get equilibrium constants independent of the

solution concentration. Fortunately, there are several methods available which

may be successfully applied with that purpose. The next topics under discussion

are the approaches of Argersinger et al. [51], Gaines and Thomas [52], and

Ioannidis et al. [31] that will be presented below in detail due to their importance

in the field of ion exchange equilibrium.

Another point of concern in the modelling of multicomponent ion exchange

equilibrium by mass action law principles is the overspecified nature of the problem.

As has been mentioned before, the number of parameters available from binary

subsystems exceeds the number required to describe the corresponding multicompo-

nent system. In general, for nc counter ions, we may form nc nc � 1ð Þ 2= binary
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systems, though just nc � 1 are truly independent, which means it is necessary to

choose the most appropriate subsystems for modelling. Various methods have been

used to select this optimal choice. Themost accurate one in the majority of cases is the

use of those binary subsystems containing the most strongly exchanging component

which may be seen as the reference component in this context [21, 47, 50, 53].

Thermodynamic Treatment of Equilibrium

The problem of the simultaneous fitting of the equilibrium constant and parameters

of the activity coefficient models in the solid phase from experimental data is the

high degree of correlation between the two sets of parameters. It is fundamental to

apply thermodynamically consistent models that provide estimates of equilibrium

constants independently of the activity coefficients in the sorbed phase. Here we

present the most utilised and powerful approaches in the literature: Argersinger

et al. [51], Gaines and Thomas [52], and Ioannidis et al. [31]. They use only

thermodynamic relations and consist essentially in the calculation of the equilib-

rium constant and activity coefficients in exchanger from corrected selectivity

coefficients data under various conditions. With this purpose, the Gibbs–Duhem

equation is used in the derivation, as it is shown below.

Argersinger–Davidson–Bonner and Gaines and Thomas Approaches

Both methods provide very similar equations for the equilibrium constant, KA
B , and

allow the calculation of the activity coefficients of counter ions in the exchanger, �gi.
Nonetheless, Argersinger et al. [51] adopted ionic fraction scale, yi, while Gaines

and Thomas [52] used equivalent ionic fractions, Yi.

For the sake of simplicity, the derivation of the Gaines and Thomas [52]

equations will be accomplished here in terms of the less elaborate approach, by

neglecting solvent and electrolyte sorption effects.

The Gibbs–Duhem equation applied to the ion exchanger relates the chemical

potentials, �mi, of both counter ions:

nAd�mA þ nBd�mB ¼ 0 (3.79)

After expressing the chemical potentials in terms of activity coefficients and

equivalent ionic fractions, Eq. 3.79 gives rise to:

dLn �gA ¼ � yB
yA

dLn �gB � dLn YA � yB
yA

dLn YB (3.80)

Furthermore, by applying logarithms to Eq. 3.14 followed by differentiation,

one gets:

dLn KA
aB ¼ zAdLn �gB � zBdLn �gA (3.81)

3 Ion Exchange Equilibria and Kinetics 73



The previous equations may be used to eliminate dLn �gB so that:

dLn �gA ¼ � YB

zB
dLn KA

aB � dYA � zA
zB

dYB (3.82)

Since YB dLn KA
aB ¼ d YBLn KA

aB

 �� Ln KA
aB dYB, Eq. 3.82 may be recast as:

dLn �gA ¼ � 1

zB
d YBLn KA

aB

 � þ 1

zB
Ln KA

aBdYB � dYA � zA
zB

dYB (3.83)

which after partial integration under initial mono-ionic A form condition yields:

Ln �gA ¼ � 1

zB
YBLn KA

aB þ 1� zA
zB

� �
YB þ 1

zB

ðYB

0

Ln KA
aB dYB (3.84)

By an analogous procedure, one obtains an expression for Ln �gB:

Ln�gB ¼ 1

zA
YA LnKA

aB þ 1� zB
zA

� �
YA � 1

zA

ðYA

0

LnKA
aBdYA (3.85)

By substituting these two relations into Eq. 3.14, one finally gets the Gaines and

Thomas model:

LnKA
B ¼ zB � zAð Þ þ

ð1

0

LnKA
aB dYA (3.86)

According to the previous equation, the equilibrium constant can be calculated by

integrating the natural logarithmof the corrected selectivity coefficient,LnKA
aB, from the

mono-ionic B form YA ¼ 0ð Þ to themono-ionic A form YA ¼ 1ð Þ of the ion exchanger.
The activity coefficients can also be calculated using Eqs. 3.84 and 3.85. Data is

previously regressed to obtain an expression for LnKA
aB as function of YA, and then

the integration is accomplished. Polynomials and rational functions are frequently used.

For illustration, the graphical representation of LnKA
aB against YCa2þ is shown in

Fig. 3.3 for the binary system Ca2+/Mg2+/Amberjet 1200 H at 25�C and 0.10 N,

along with the polynomial fitted to the experimental data. The Pitzer model

(main Eqs. 3.38–3.40) was selected to compute the activity coefficients for the

solution. The polynomial obtained is:

LnKA
aB ¼�5:8486Y4

Ca2þ þ 7:4164Y3
Ca2þ � 4:5334Y2

Ca2þ þ 0:1515YCa2þ þ 1:3371

(3.87)

which after integration between 0 and 1 according to Eq. 3.86 yields the true

equilibrium constant, KA
B ¼ 1:7969.
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As has been mentioned above, Argersinger et al. [51] adopted the ionic fraction

scale instead of equivalents. Their final expression is:

LnKA
B ¼

ð1

0

LnKA
aBdyA (3.88)

The procedure to implement the model of Argersinger et al. [51] is totally similar

to that of Gaines and Thomas, though Eq. 3.88 is now implicated.

Particular attention must be paid when equilibrium data are not available in the

limits of the integral (yA;YA ! 0 or yA;YA ! 1), and extrapolations are necessary

to span all range. In such cases, large errors may result, which requires an alterna-

tive approach. Ioannidis et al. [31, 54] solved this problem, providing new

expressions that do not require extrapolations outside the experimental data range

(derivation given below).

Fletcher and Townsend [55] and Soldatov and Bychkova [56] extended the

methodologies of Argersinger et al. [51] and Gaines and Thomas [52] to multicom-

ponent systems.

Ioannidis–Anderko–Sanders Approach

Ioannidis and Anderko [57] and Ioannidis et al. [31] developed a mathematical

treatment analogous to that of Gaines and Thomas [52] and Argersinger et al. [51],

which avoids the need of experimental data over the full range of the ionic fraction

YCa
2+

Ln
K

aBA

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
−1.5
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−0.5
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1

1.5

Fig. 3.3 Gains and Thomas approach for the calculation of the equilibrium constant of the system

Ca2+/Mg2+/Cl�/Amberjet 1200 H at 25�C and 0.10 N [15]
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to determine the equilibrium constant, in contrast with previous Eqs. 3.86 and 3.88.

This is fundamental for works where it is impossible to cover all concentration

range or data is not available.

The Gibbs–Duhem equation is once more applied to the ion exchanger but

includes now the solvent contribution:

nAd�mA þ nBd�mB þ nsd�ms ¼ 0 (3.89)

Expressing the chemical potentials in terms of activity coefficients and ionic

fractions, one obtains after manipulation:

YAdLn yA�gAð ÞzB þ YBdLn yB�gBð ÞzA þ nszAzBdLn as ¼ 0 (3.90)

From Eq. 3.81, originally developed from Eq. 3.14, one may easily get:

YBzAdLn�gB ¼ YBdLnK
A
aB � YBzBdLn�gA (3.91)

YAzBdLn�gA ¼ YAzAdLn�gB � YAdLnK
A
aB (3.92)

Substituting Eqs. 3.91 and 3.92 individually into 3.90 yields, respectively:

zBd Ln�gA ¼ �YBd lnK
A
aB � YAzBd Ln yA � YBzAd Ln yB � nszAzBd ln as (3.93)

zAd Ln�gB ¼ YAd LnK
A
aB � YAzBd Ln yA � YBzAd Ln yB � nszAzBd Ln as (3.94)

The integration of Eq. 3.93 between two points of the isotherm, labelled y1 and
y2, may be written as:

zB Ln
�gA y1ð Þ
�gA y2ð Þ ¼

ðy2
y1

YBdLnK
A
aB þ zB

ðy2
y1

YAdLnyA þ zA

ðy2
y1

YBdLnyB þ zAzB

ðy2
y1

nsd Lnas

(3.95)

The three former integrals on the right-hand side can be treated and calculated to

give:

ðy2
y1

YBd LnK
A
aB ¼

ðy2
y1

d YB LnK
A
aB

� �� LnKA
aB dYB

 �

¼ YB LnK
A
aB

 �y2
y1
�
ðy2
y1

LnKA
aB dYB (3.96)
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zB

ðy2
y1

YAd Ln yA ¼ 1

z�1
B � z�1

A

Ln
yA
zB

þ yB
zA

� ��y2
y1

(3.97)

zA

ðy2
y1

YBd Ln yB ¼ 1

z�1
A � z�1

B

Ln
yA
zB

þ yB
zA

� ��y2
y1

(3.98)

Similarly, integrating Eq. 3.94 between the same isotherm points, y1 and y2, an
expression for zA Ln �gB y1ð Þ �gB y2ð Þ=½ � can be derived. Subtracting both equations to

eliminate the terms containing the solvent activity, the final relation of Ioannidis

et al. arises:

Ln
�gzBA y2ð Þ
�gzBA y1ð Þ þ Ln

�gzAB y1ð Þ
�gzAB y2ð Þ ¼ LnKA

aB y1ð Þ � LnKA
aB y2ð Þ (3.99)

The calculation procedure is quite different from those of Argersinger et al. [51]

and Gaines and Thomas [52]. Now, from a set of experimental data, one chooses a

reference point y1ð Þ and calculates LnKA
aB for all points y2ð Þ. Then, the differences

LnKA
aB y1ð Þ � LnKA

aB y2ð Þ are computed, and the parameters of the activity coefficient

model adopted for �gi are optimised by minimising the sum of residuals of Eq. 3.99.

Figure 3.4 displays such a plot for the same system studied above, Ca2+/Mg2+/

Cl�/Amberjet 1200 H at 25�C and 0.10 N. The activity coefficients for the solution

were estimated by Pitzer model (main Eqs. 3.38–3.40), and Wilson was selected for
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Fig. 3.4 Ioannidis et al. [31] plot for the Ca2+/Mg2+/Cl�/Amberjet 1200 H at 25�C and 0.10 N

[15]
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the resin (Eq. 3.56). The reference point is the number four, for which the difference

LnKA
aB y1ð Þ � LnKA

aB y2ð Þ vanishes (see Fig. 3.4). The equilibrium constant deter-

mined by Ioannidis et al. approach is KA
B ¼ 1:7873, which differs by only 0.54%

from the value offered by the method of Gaines and Thomas. It is worth noting that

all calculations were performed between yCa2þ ¼ 0:1 and 0.9, i.e. without

extrapolations to yCa2þ ¼ 0 and yCa2þ ¼ 1. In Fig. 3.5, the equilibrium constants

calculated by Eq. 3.14 using the optimised Wilson parameters, L12 and L21, and

Pitzer model are plotted. The invariance of the values found is remarkable. For

illustration, an equivalent plot for another system (K+/Na+/Cl�/clinoptilolite at

25�C and 0.05 N) was superimposed.

Application of Modelling Techniques

As has been mentioned above, it is fundamental to study ion exchange equilibrium

on the basis of thermodynamically consistent models that provide estimates of

equilibrium constants independently of the activity coefficients of the resinates.

Furthermore, not only the non-ideal behaviour of both phases (Sect. 3.3.2) should

be taken into account but also the incomplete ionic dissociation/ionisation in

solution (Sect. 3.3.3).
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Fig. 3.5 Equilibrium constants calculated by Ioannidis et al. approach for Ca2+/Mg2+/Cl�/
Amberjet 1200 H at 25�C and 0.10 N (●) and K+/Na+/Cl�/clinoptilolite at 25�C and 0.05 N (■)

[15, 59]
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The research carried out by Mehablia and coworkers [21, 58] has been essential

in the field of ion exchange modelling of multicomponent systems. Their model

accounted for the non-idealities of the solution and exchanger phases by applying

Pitzer’s electrolyte solution theory and the Wilson model, respectively; the ionic

pairing effect has been also considered by the equilibrium-based approach of Kester

and Pytkowicz [14]. By employing the Gaines and Thomas [52] approach, they

decoupled the calculation of the binary equilibrium constants from that of the

Wilson parameters. The same approach has been applied recently to 26 binary [163]

and 20 multicomponent [164] systems, where the Wilson, NRTL and UNIQUAC

models were adopted for the exchanger phase.

Let us compare modelling results accomplished by techniques discussed up till

now under the scope of mass action law. With this purpose, the ion exchange

equilibrium of the binary system K+/Na+/Cl�/clinoptilolite at 25�C and 0.05 N

studied by Pabalan [59] was taken. As Fig. 3.6 points out, the ideal model (Eq. 3.72)

provides poor results, in contrast to the isotherm achieved using Gaines and Thomas

[52] approach combined with Pitzer and Wilson models. It is also plotted the

correlation achieved by fitting the equilibrium constant and the two binary interac-

tion parameters simultaneously; the Pitzer model was used for the solution. It is

important to observe the split of the yKþ provided by the last two methods – due to

Gaines and Thomas [52] and Smith and Woodburn [27] – since the embodied

equations are exactly the same: mass action law, Pitzer and Wilson. This fact

denunciates the interdependence of the three parameters under analysis. The

calculations achieved for the same system using the Ioannidis et al. approach [31,

54] are displayed in Fig. 3.7, where ideal, Pitzer and Debye–H€uckel equations were
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Fig. 3.6 Modelling the ion exchange equilibrium of K+/Na+/Cl�/clinoptilolite at 25�C and 0.05 N.

Models: (–) ideal, (···) Smith and Woodburn approach, (– - –) Gaines and Thomas approach, and (- -)

Melis et al. model [59]
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adopted for the liquid phase. Once more, the ideal model exhibits the worse

behaviour, whereas Pitzer and Debye–H€uckel give rise to identical results since

they are inside their range of validity (CN;t ¼ 0:05 N, I ¼ 0:05 molal).

In Fig. 3.8, the correlation of three binary isotherms achieved with Gaines and

Thomasmethod combinedwith the activity coefficients models of Pitzer andWilson

is presented. The systems under study are Ca2+/Na+, Mg2+/Na+, and Ca2+/Mg2+

at 25�C and 0.10 N, with co-ion Cl� and Amberjet 1500 H. The results depicted

emphasise the good performance of this approach. Afterwards, the optimised

binary parameters were used to estimate the corresponding ternary system

Ca2+/Mg2+/Na+/Cl� in Amberjet 1500 H. The prediction accomplished was very

successful, as Fig. 3.9 illustrates.

The effect of total concentration in solution is fundamental in ion exchange.

Figure 3.10 exhibits the isotherms of the aqueous system Ca2+/Na+/Cl�/
clinoptilolite at 25�C for 0.05 and 0.5 N. Once again, we emphasise the good

performance assured by the thermodynamic treatment of the ion exchange equilib-

rium, in this case via Gains and Thomas approach, together with the Pitzer equation

andWilson model for activity coefficients of ions in solution and exchanger phases,

respectively.
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Fig. 3.7 Modelling ion exchange equilibrium of K+/Na+/Cl�/clinoptilolite at 25�C and 0.05 N by

Ioannidis et al. approach. Activity coefficient models for the liquid phase: (···) ideal, (–)

Debye–H€uckel, and (- -) Pitzer [59]
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Fig. 3.8 Comparison of modelling results for the ion exchange equilibrium of (D) Ca2+/Na+, (□)

Mg2+/Na+, and (○) Ca2+/Mg2+, with co-ion Cl�, on Amberjet 1500 H at 25�C and 0.10 N [15]
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Fig. 3.9 Comparison of model predictions to experimental data for the ion exchange equilibrium

Ca2+/Mg2+/Na+/Cl� in Amberjet 1500 H at 25�C and 0.05 N [15]
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3.3.4.2 Group II: Ion Adsorption and Related Models

Models of group II describe ion exchange as phase equilibrium akin to an adsorp-

tion process. Under this group, one may consider the empirical or semiempirical

application of classical isotherms, such as Langmuir or Freundlich [60–72], as well

as more theoretically sound models, where deviations from ideal adsorption are

generally explained in terms of the functional groups heterogeneity of the ion

exchanger [73]. Another reliable and successful approach is based on the principles

of statistical thermodynamics, as well as on the Metropolis Monte Carlo numerical

method [53, 74–77].

Application of Adsorption Isotherms

Altin et al. [68] presented a review of adsorption isotherms that successfully represent

binary equilibrium data between heavy metal and clay minerals. Some applications

may be cited. Petrus and Warchol [69] utilised the Langmuir and competitive

Langmuir models to study ternary and quaternary ion exchange equilibria of

Pb2þ Cd2þ
�

Cu2þ
�

solutions with Na-form of clinoptilolite. Ku et al. [70] used

Langmuir and Freundlich models to describe the equilibria of aqueous solutions of
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Fig. 3.10 Isotherms of Ca2+/Na+/Cl�/clinoptilolite at 25�C for (□) CN;t ¼ 0:005N, (●) CN;t ¼
0:05N, and (D) CN;t ¼ 0:5N [39]
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phenols with Purolite A-510 in chloride form, a strong basic anionic resin. They

considered that the uptake occurs only on the active sites of the resin by either

adsorption or ion exchange. pH affects significantly equilibria since phenols act as

weak acids; consequently, the species distribution has been taken into account by

including the corresponding ionisation reactions and acidity constants. Later,

Carmona et al. [71] studied phenol removal from aqueous solution with Amberlite

IRA-420 and developed an improved theoretical model to define the contribution of

the adsorption and ion exchange mechanisms in the overall uptake. In their analysis,

Langmuir equations were adopted for both phenomena. Recently, Langmuir and

Freundlich models have been also adopted to represent equilibria of phenol from

aqueous solution on Dowex XZ (strong anion exchange resin) and AuRIX 100 (weak

anion exchange) [72]. Langmuir and Freundlich isotherms have been used to represent

ion exchange equilibria of Hg2þ and Cd2þ aqueous solutions on titanosilicates ETS-4

and ETS-10 [60–67].

Fundamental Works of Myers and Collaborators

In the original work of Novosad and Myers [74], the thermodynamic description of

adsorption from liquid solutions was used as a basis for a rigorous thermodynamic

treatment of ion exchange. The authors defined the surface excess of ion i,Qe
i , as the

difference between the concentration of adsorbed ion and that for a non-selective

exchanger, i.e. equal to the bulk liquid:

Qe
i ¼ Qt Yi � Xið Þ (3.100)

This quantity may be expressed solely in terms of the equivalent ionic fraction in

the liquid at equilibrium and of the initial concentrations and amounts of solution

and exchanger:

Qe
i ¼

WexchQt þ CN;t VL

Wexch

Xi;0 � Xi

� �
(3.101)

where Wexch is the mass of ion exchanger and VL is the solution volume. From

Eq. 3.100, one concludes that:

Qe
A þ Qe

B ¼ 0 (3.102)

QA ¼ Qe
A þ Qt XA (3.103)

The relationship between the surface excess and the separation factor follows

from Eqs. 3.16 (recast in equivalent ionic fractions), 3.8, and 3.100:

Qe
A ¼ Qt XAXB aAB � 1

� �
aABXA þ XB

(3.104)
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Novosad and Myers [74] also devised an integral thermodynamic consistency

test for an ion exchange cycle involving three pairs of 1–1 counter ions, A B= , B C= ,

and C A= , formed from the set A B= C= , in analogy with the thermodynamic consis-

tency test for adsorption at liquid/solid interface [75]:

Bþ �A $ �Bþ A

Cþ �B $ �Cþ B

Aþ �C $ �Aþ C

(3.105)

Considering the isofugacity principle of equilibrium and the Gibbs–Duhem

relationship [5], such test can be derived at constant normality and temperature to

give the following triangle rule [74]:

ð1

XA¼0

Qe
Ad Ln

aAX
aBX

� �
þ
ð1

XB¼0

Qe
Bd Ln

aBX
aCX

� �
þ
ð1

XC¼0

Qe
Cd Ln

aCX
aAX

� �
¼ 0 (3.106)

where X is the co-ion in solution and AX, BX, and CX denote the dissolved

electrolytes. Equation 3.106 is rigorous and is evaluated with experimentally

accessible variables: surface excess and solution activities. It can be simplified if

Harned’s rule [76] is obeyed for the activity coefficients of the electrolytes in

solution, so activities are replaced by ionic fractions:

ð1

XA¼0

Qe
A

XAXB

dXA þ
ð1

XB¼0

Qe
B

XBXC

dXB þ
ð1

XC¼0

Qe
C

XCXA

dXC ¼ 0 (3.107)

If it is further assumed that the total capacity of exchanger is the same for all

counter ions, then substituting Eqs. 3.102 and 3.104 into 3.107 yields:

�aAB � �aBC � �aCA ¼ 1 (3.108)

where �aij is an average relative separation factor given by:

Ln �aij ¼
ð1

Xi¼0

aij � 1

aijXi þ Xj
dXi (3.109)

If separation factors are constant, i.e. aij ¼ k, Eq. 3.109 reduces to:

�aij ¼ aij ¼ k (3.110)

Four years later, Myers and Byington [73] published the milestone model of

group II. In that essay, they assume the ion exchange non-idealities are due to

energetic heterogeneity of the adsorption sites. The non-uniformities were
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simulated through the binomial distribution of n ¼ nþ 1 site types, each having a

characteristic energy level Ei;j for the adsorption of ion i on site j. The fraction of

sites of type j is:

Pj ¼
n

j

 !
pj 1� pð Þn�j

(3.111)

with the following energy level:

Ej;i ¼ �Ei þ j� npffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
np 1� pð Þp si (3.112)

where 0<p<1 is the skewness parameter (for a symmetric distribution, p ¼ 1 2= ), �Ei

is the average adsorption energy of counter ion i, and si is the standard deviation of
the distribution. It is worth to note that Pj ¼ Qj Qt= , where Qj represents the ion

exchanger capacity in terms of j functional sites.
The adsorption process of ion i on site j has been described by the ideal

Langmuir isotherm [73]:

Qj;i ¼ Qt
Bj;iXiCN;t

1þ
Pnc
l¼1

Bj;lXlCN;t

j ¼ 0; :::; nð Þ
(3.113)

where Bj;i is the Langmuir constant of adsorption calculated by:

Bj;i ¼ �Bi exp
Ej;i � �Ei

<T
� �

(3.114)

It is assumed that the total capacity of ion exchanger, Qt, is the same for all ionic

species; otherwise, Langmuir equation fails.

The concentration of ion i in the sorbent is computed by carrying out the

summation over all sites, Qi ¼
Pn

j¼0 Qj;iPj. From Eq. 3.113, one gets:

Qi

Xi
¼ Qt

Xn
j¼0

Pj Bj;iCN;t

1þPnc
l¼1

Bj;lXlCN;t

(3.115)

The general separation factor for pair i� j is obtained by combining Eqs. 3.16

(recast in equivalent ionic fractions) and 3.115:

aik ¼ Qi Xi=
Qk Xk=

¼
Pn
j¼0

Pj Bj;i 1þtjð Þ=

Pn
j¼0

Pj Bj;k 1þtjð Þ=
; tj �

Pnc
l¼1

Bj;lXlCN;t (3.116)
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The parameters of the model are the number of sites, n ¼ nþ 1; the skewness of

the distribution, p; the average adsorption energy, �Ei; and standard deviation, si, for
each counter ion. Input variables are the solution normality, CN;t; equivalent ionic

fractions in solution, Xi; and temperature, T.
At high normality, we may consider 1þ tj � tj, which simplifies Eqs. 3.115 and

3.116. For instance, Eq. 3.115 reduces to:

Qi

Xi
¼ Qt

Xn
j¼0

Pj Bj;iPnc
l¼1

Bj;lXl

(3.117)

Saunders et al. [77] used this result without introducing the CN;t ! 1 approxi-

mation since they noted that for completely ionised functional groups, it is more

appropriate to describe the single site exchange equilibrium by Eq. 3.118 below,

instead of Eq. 3.113:

Qj;i ¼ Qt
Bj;iXiPnc

l¼1

Bj;lXl

j ¼ 0; :::; nð Þ
(3.118)

For the simplest case of two counter ions, nc ¼ 2, on a two-site exchanger,

n ¼ nþ 1 ¼ 2, the separation factor at high normality reduces to:

a12 ¼ �a
�aWUþVX1 þ WU 1� pð Þ þWVp

 �
X2

�a WV 1� pð Þ þWUp
 �

X1 þ X2

(3.119)

where

�a ¼ exp
�E1� �E2

<T
	 


and W ¼ exp s1�s2
<T

� �
(3.120)

U ¼ � pffiffiffiffiffiffiffiffiffiffiffi
p 1�pð Þ

p and V ¼ 1�pffiffiffiffiffiffiffiffiffiffiffi
p 1�pð Þ

p (3.121)

In this case, the model comprehends three parameters. If additionally the

distribution is symmetric, p ¼ 1 2= , the resultant two-parameter model may be

rewritten as:

a12 ¼ �a
� þ X1 �a� �ð Þ
1þ X1 �a� � 1ð Þ (3.122)

where

� ¼ cosh s1�s2
<T

� �
and �a ¼ exp

�E1� �E2

<T
	 


(3.123)
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In both models, Eqs. 3.119 and 3.122, when s1 ¼ s2, the separation factor

is constant, i.e. a12 ¼ �a. Furthermore, it is to note that substituting Eq. 3.122

into 3.109 and integrating, one obtains �a12 ¼ �a, which implies that this model

satisfies the triangular rule given by Eq. 3.108, being thermodynamically consistent

[73].

The form of the multicomponent model of Myers and Byington [73] usually

adopted in applications may be expressed by:

air ¼ �air

Pnc
k¼1

�akr Xk W
UþV
k;r 1� pð ÞWU

i;k þ pWV
i;k

h in o

Pnc
k¼1

�akr Xk W
UþV
k;r 1� pð ÞWU

r;k þ pWV
r;k

h in o (3.124)

with U and V given by Eq. 3.121, and

�air ¼ exp
�Ei� �Er

<T
	 


and Wi;r ¼ exp si�sr
<T

� �
(3.125)

Here, subscript r denotes a reference counter ion. Note that air ¼ 1 ari
�

,

aik ¼ air a
r
k ¼ air akr

�
, and aii ¼ 1. The concentration of species i in the exchanger

phase is calculated by:

Yi ¼ Xi airPnc
k¼1

Xk akr

(3.126)

The models of Myers and Byington have been applied to correlate binary data of

amino acids and subsequent prediction of the corresponding multicomponent

equilibria, taking into account the ionisation equilibria involved [77, 78]. Later,

Zammouri et al. [79] studied the equilibrium uptake of amino acids by strongly

basic anion exchange resins in the hydroxyl form (Amberlite IRA458 and

Amberlite IRA900B) using the same modelling approach. In that work, the authors

proved the importance of energetic heterogeneities in ion exchangers. The same

model has been applied to describe the equilibria of dipeptides on cation resins with

varying degrees of cross-linking, and rather satisfactory results were obtained [80].

The ion exchange equilibria of phenylalanine and tyrosine on a strong-acid cation

exchanger resin (PK220) and on a strong-base anion exchanger resin (PA316) were

investigated by Moreira and Ferreira [81], and their experimental binary and

multicomponent data were successfully represented by Myers and Byington [73]

model. In Fig. 3.11, the isotherm for the binary equilibrium Tyr2�/OH�/PA316
obtained at NaOH concentrations of 10 and 100 mM is shown, where Tyr2� is the

divalent form of tyrosine. In this range, the ionic fraction of its monovalent form

(Tyr�) is negligible. As the figure points out, the Myers and Byington model

provides very good representation of the experimental data.
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Models Based on the Principles of Statistical Thermodynamics

In last years, theoretical models based on the principles of statistical thermodynam-

ics as well as on the Metropolis Monte Carlo numerical method have been

published. The model was originally developed by de Kock and van Deventer

[82], refined and extended by Lukey et al. [83, 84], and recently adapted by Provis

et al. to generate a single-parameter model for binary [85] and multicomponent [53]

ion exchange equilibria.

The main assumptions made in the formulation of the original model by de Kock

and van Deventer [82] are as follows: (1) The solvent is an additional species

(denoted by 0). Hence, a binary system (two counter ions) is considered a three

component competitive sorption. (2) The ion exchanger is initially loaded by the

solvent only. This means that for the first iteration, the concentration of any counter

ion in the sorbent is zero. (3) The mean sorption energy of any species i, Ei, is

measured relative to the solvent. Consequently, the mean sorption energy of the

solvent is zero, E0 ¼ 0. Moreover, Ei is taken as negative because total system

energy diminishes after ion exchange. (4) The probability Pr Iloadð Þ that an active

site is loaded with species i is given by:

Pr Iloadð Þ ¼ Yi (3.127)

where Yi is the equivalent fraction of all active sites occupied by i. It is implied

in this equation that the whole surface is available for sorption. In cases of highly
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Fig. 3.11 Experimental [73] and calculated ion exchange equilibrium for the binary system

Tyrosine2�/OH�/PA316 (model by Myers and Byington [73])
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non-ideal selective sorption, it is necessary to include selectivity effects, modifying

the form of Eq. 3.127 [82–84]. (5) Ion exchange is assumed to occur by collision

between dissolved exchanging species with active sites occupied by counter ions or

solvent molecules. The probability of resinate species i being replaced by dissolved
species j is computed by:

Pr I ! Jð Þ ¼ Pr Jcolð Þ Pr Iloadð Þ Pr I ! Jð Þcol (3.128)

where Pr Jcolð Þ is the probability that species j in the bulk phase collides with an

active site, and Pr I ! Jð Þcol is the probability that species i will be replaced by j if
a collision between them occurs. (6) The Boltzmann criterion is utilised to calculate

Pr I ! Jð Þcol in terms of the difference between the dimensionless sorption

energies of i and j by:

Pr I ! Jð Þcol ¼ min exp �DE�
I!J

� �
; 1

 �
(3.129)

where DE� ¼ DE k Tð Þ= , k is Boltzmann constant, and T ¼ 294 K is the reference

temperature adopted. (7) The ratio between collisions of different species from

solution is equal to the ratio of their concentrations in the bulk phase. This

assumption implies that the solution exhibits ideal properties – Provis et al. [85]

utilised activities instead. (8) At equilibrium, the probability of an increase or a

decrease in the loading of any species i must be equal:

Xnc
j¼0

Pr I ! Jð Þ ¼
Xnc
j¼0

Pr J ! Ið Þ (3.130)

(Note that summation includes solvent, 0, and all nc counter ions.)
The multicomponent model can be now developed. Substituting Eq. 3.128 into

both sides of Eq. 3.130 yields:

Pr Iloadð Þ
Xnc
j¼0

Pr Jcolð Þ Pr I! Jð Þcol
 �¼ Pr Icolð Þ

Xnc
j¼0

Pr Jloadð Þ Pr J! Ið Þcol
 �

(3.131)

which after assumptions 4 and 7 gives rise to:

Yi

Xnc
j¼0

Xj Pr I ! Jð Þcol
 � ¼ Xi

Xnc
j¼0

Yj Pr J ! Ið Þcol
 �

(3.132)

Attending to the fact that the solvent fraction is Y0 ¼ 1�Pnc
j¼1 Yj, Eq. 3.132 can

be rewritten as:

Yi

Xnc
j¼0

Xj

Xi
Pr I! Jð Þcol

� �
þ
Xnc
j¼1

Yj Pr 0! Ið Þcol � Pr J ! Ið Þcol
 �� �¼ Pr 0! Ið Þcol

(3.133)
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This equation reduces to a set of linear equations with the following matrix

formulation:

M þ N
	 


S ¼ D (3.134)

whereM is a square matrix, N is a diagonal matrix, S is a column vector containing

the exchanger phase loadings, and column vector D contains the probabilities that

the sorbed solvent will be replaced by counter ion I:

M i; jð Þ ¼ Pr 0 ! Ið Þcol � Pr J ! Ið Þcol (3.135)

N i; ið Þ ¼
Xnc
j¼0

Xj

Xi
Pr I ! Jð Þcol (3.136)

SðiÞ ¼ Yi (3.137)

DðiÞ ¼ Pr 0 ! Ið Þcol (3.138)

Attending to assumption 3, D ¼ 1½ � in most cases. It must also be noted that

Pr I ! Ið Þcol ¼ 1 since this imposes no change in system configuration (see Eq. 3.129).

For the simplest case of a binary system containing the solvent and counter ions

A and B, the model reduces to:

M ¼ Pr 0 ! Að Þcol � 1 Pr 0 ! Að Þcol � Pr B ! Að Þcol
Pr 0 ! Bð Þcol � Pr A ! Bð Þcol Pr 0 ! Bð Þcol � 1

� �
(3.139)

N ¼
1þ P

j¼0;B

Xj

XA
Pr A ! Jð Þcol 0

0 1þ P
j¼0;A

Xj

XB
Pr B ! Jð Þcol

2
64

3
75 (3.140)

S ¼ YA

YB

" #
(3.141)

D ¼ Pr 0 ! Að Þcol
Pr 0 ! Bð Þcol

" #
¼ 1

1

" #
(3.142)

This model can be applied to dilute systems containing equally sized particles that

non-selectively and reversibly sorb onto a homogeneous surface of an ion exchanger.

Furthermore, no interactions between adjacent particles occur. Lukey et al. [83, 84]

incorporated non-ideal properties to solve these limitations, such as surface heteroge-

neity, selective and irreversible sorption, and lateral interactions in the solid.
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The heterogeneous nature of the ion exchanger was modelled by dividing the

surface into np equally sized and homogeneous patches, each of a different energy.

The energy distribution over the patches was characterised by a unimodal or

bimodal Gaussian distribution. The more the surface is divided np ! 1� �
, the

better the representation of the real exchanger can be made. In practice, 30 patches

are sufficient in most cases since superior numbers require additional computation

time for minimal improvement in model results [53, 83–85].

The selective sorption was modelled by dividing the homogeneous patch into

2nc � 1 different areas, whose fractions are initially pre-assigned and then deter-

mined by nested calculations. Here, the solvent is excluded as a species.

The lateral interactions between sorbed species and the irreversible ion exchange

are modelled by the following equation:

E�
i;load ¼

E�
i;load;0

zi
þ zadj

Xnc
j¼0

Yj Li;j (3.143)

E�
i;load is the dimensionless observed sorption energy of species i, E�

i;load;0 is the

dimensionless sorption energy of i on a specific site, zi is its irreversible parameter

0<zi 	 1ð Þ, Yj is the equivalent fraction of species j on patch, zadj is the number of

interacting adjacent sites, and Li;j is the lateral interaction factor between species i
and j, which is calculated based on their values for similar species:

Li;j ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Li;i � Lj;j

p
1� bi;j
� �

(3.144)

bi;j may be taken as a deviation to the classical combining rule.

Prior to evaluating the model, the following parameters and initial values must

be specified: initial surface composition, number of patches into which the surface

will be divided, and the statistical distribution used to model the energy distribution

of the surface experienced by each species.

The parameters used to describe the exchanger surface are chosen using prior

knowledge of the sorption system; they are the energy distribution of each species,

the distribution fraction if a bimodal distribution is adopted, the distribution mean

and standard deviation, and the selective sorption parameter.

Realistic estimates of parameters are necessary to initially solve the model:

mean sorption energy of each species between�5 and�100 and interaction energy

of each species between �5 and 5.

Lukey et al. [84] noticed that the model was able to successfully describe the

multicomponent equilibrium sorption of gold cyanide and copper cyanide onto an

ion exchange resin containing trimethylammonium functional groups in non-saline

as well as saline solutions attaining 0.5 or 1.0 M KCl.

In another work, Lukey et al. [83] used this model to describe the same equilibria

onto distinct resins – Amberjet 4400, dimethylamine, and tripropylamine resins – in

order to determine the influence of functional group structure, hydrophilicity, and

ionic density of the resin on specific model parameters.
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The former applications of the model did not include any solution phase non-

idealities. Hence, subsequent works by Provis et al. [53, 85] used its simplest

possible form in conjunction with accurate description of solution behaviour to

provide the most accurate results based on a minimal set of fitted parameters.

Accordingly, Provis et al. incorporated the ion association following the approach

of Kester and Pytkowicz (Sect. 3.3.3) and the Pitzer model for the activity

coefficients in solution (Sect. 3.3.2.1), but disregarded the complex exchanger

phase effects cited above (lateral interactions, selective sorption, irreversible sorp-

tion). Consequently, a single-parameter model was derived, where only DE�
I!J is

required to represent a binary ion exchange system.

Provis et al. [85] studied the behaviour of all binary combinations of Ca2+, Mg2+,

Na+, K+, and H+ ions in the presence of Cl� with the commercial resin Amberjet

1200 H. They obtained acceptable fits to all data sets, and the optimised parameters

for each binary system were independent of the solution concentration.

Later, Provis et al. [53] continued the analysis of their one-parameter approach

by detailing its extension to ternary and quaternary ion exchange systems.

They used the parameters fitted to binary systems and accomplished predictions

for the following systems: Ca2+/Mg2+/H+/Cl�/Amberjet 1200 H, Ca2+/H+/Na+/

NO�
3 /Dowex HSR-S(E), Ca2+/H+/Na+/SO2�

4 /Dowex HSR-S(E), Ca2+/K+/Na+/H+/

Cl�/Dowex HSR-S(E), and Ca2+/Mg2+/Na+/H+/Cl�/Amberjet 1200 H. The

modelling results were highly accurate in many cases; those systems that were

not predicted so accurately from binary data were able to be described by

recalculating one parameter using the multicomponent data.

3.3.4.3 Group III: Heterogeneous Mass Action Models

Group III accounts for the heterogeneous nature of the ion exchanger in the

framework of the equilibrium models based on the mass action law discussed in

Sects. 3.3.1 and 3.3.4.1. The milestone models are due to Barrer and Meier [86] and

Melis et al. [25]. The first authors recognised the existence of two different sites in a

zeolite and described the equilibrium of binary systems of monovalent cations

through the superimposition of two ideal mass action laws. Later, Melis et al.

[25] adopted a similar approach to interpret the behaviour of systems involving

ions of distinct valences, giving rise to the most significant model of group III.

The model of Melis et al. [25] assumes that both the solution and the exchanger

phases behave ideally, in contrast to the majority of the expressions belonging to

group I. The effect of mixture non-idealities is supposed to be smaller than that

caused by the heterogeneity of the exchanger phase, in a similar way to the idea of

Myers and Byington [73] discussed above in Sect. 3.3.4.2. Nonetheless, the activity

coefficients of the ionic species in solution can be perfectly incorporated in the

calculations by using one of the models of Sect. 3.3.2.1.
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In the simplest situation, the resin is constituted by only two functional groups

nf ¼ 2ð Þ. Accordingly, its total capacity corresponds to the sum of the individual

resin capacities with respect to functional groups of types 1 and 2:

Qt ¼
Xnf¼2

j¼1

Qj ¼ Q1 þ Q2 (3.145)

and the fraction of the active site j ¼ 1; 2 is given by Pj ¼ Qj Qt= . Following this

notation, the equilibrium constant for the ion exchange on the functional group j is:

KA
B;j ¼

�a
zB
j;A

a
zA
B

�a
zA
j;B a

zB
A

j ¼ 1; 2ð Þ (3.146)

The corresponding standard free energy change is DG0
j , which means the

average value for the global ion exchange process is:

DG0 ¼
Xnf¼2

j¼1

Pj DG0
j ¼ P1 DG0

1 þ P2 DG0
2 (3.147)

From thermodynamics, the equilibrium constant can be estimated as function of

temperature if the standard free energy change is known: LnK ¼ �DGo <T= [5].

Accordingly, the average equilibrium constant must be related to the individual

constants by:

�KA
B ¼ exp �DG0

<T

 !
¼ KA

B;1

	 
P1

KA
B;2

	 
P2

(3.148)

If all activity coefficients are unitary, the activities in Eq. 3.146 are replaced by

concentrations, for example, equivalent fractions and molalities. In this case, the

selectivity coefficient for the functional group j is:

Kc;j ¼ Y
zB
j;A

X
zA
B

Y
zA
j;B X

zB
A

Qj

CN;t

	 
zB�zA
j ¼ 1; 2ð Þ (3.149)

where the following stoichiometric restrictions must be adhere to:

Yj;A þ Yj;B ¼ 1 j ¼ 1; 2ð Þ (3.150)

The overall resin composition is obtained by considering, for each counter ion i,
the quantities present on each type of functional group:

Yi ¼
Pnf¼2

j¼1

Pj Yj;i i ¼ A, Bð Þ (3.151)
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With this purpose, for given values of Kc;1 and Kc;2, Eq. 3.149 is solved in

conjunction with Eq. 3.150 for the unknowns Yj;A and Yj;B, for each active site j
independently. The overall compositions are finally computed through Eq. 3.151.

For a multicomponent system containing nc exchangeable ions, there exist nc �
1 independent equilibrium relations between a reference counter ion and the

remaining ones. The nthc ionic species is frequently taken as reference. Conse-

quently, similarly to Eq. 3.149, the selectivity coefficients for the equilibrium

between each counter ion i ¼ 1; 2; :::; ðnc � 1Þ and reference ion r ¼ A
znc
nc on sites

of type j are:

Kc;jji=r ¼ Yzr
j;i X

zi
r

Y
zi
j;r X

zr
i

Qj

CN;t

	 
zr�zi
j ¼ 1; 2; i ¼ 1; 2;:::;nc � 1; r ¼ A

znc
ncð Þ (3.152)

which, along with the stoichiometric restrictions:

Pnc
i¼1

Yj;i ¼ 1 j ¼ 1; 2ð Þ (3.153)

provide the nc necessary equations to compute the concentrations Yj;i on active

site j. Then, the overall exchanger loads can be obtained by summing up the

corresponding concentrations of the individual active sites, analogously to

Eq. 3.151:

Yi ¼
Pnf¼2

j¼1

Pj Yj;i i ¼ 1; 2;:::;ncð Þ (3.154)

It is worth noting that for multicomponent systems, the model requires

nf nc � 1ð Þ ¼ 2 nc � 1ð Þ equilibrium constants and the value of the parameter P1,

which is the same for all binary systems (remember that P2 ¼ 1� P1). Once more,

the average equilibrium constants may be calculated by:

�Ki
r ¼ exp �DG0

i;r

<T

 !
¼ Ki

r;1

	 
P1

Ki
r;2

	 
P2

(3.155)

Melis et al. [87] tested their model with a large database collected from the

literature. Its reliability in describing binary uptake data and in predicting the

behaviour of multicomponent systems (using the parameters of the corresponding

nc � 1 couples firstly optimised) has been proved. Valverde et al. [88] compared

this model with the homogeneous mass action law (group I) where the non-

idealities of the solution and solid phases have been included. They studied ten

binary systems and five ternary systems, combining Ca2+, Mg2+, K+, Na+, and H+

on the same resin (Amberlite IR-120), and observed that, for binary systems with

counter ions of different valences and for ternary systems, the homogeneous

approach provided better results than the heterogeneous model developed by

Melis et al. [87].
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In Fig. 3.6 above, a comparison between ideal and non-ideal mass action law

models for the binary system K+/Na+/Cl�/clinoptilolite is presented. Superimposed,

it is also the correlation achieved by Melis et al. model, which is reliable when

compared to the remaining ones.

In Fig. 3.12, the excellent correlation achieved by the model of Melis et al. [87]

for the aqueous system Ca2+/Na+/Cl�clinoptilolite at 25�C is shown. The ideal mass

action law representation is also graphed for comparison and provides rather poor

results. However, it is worth noting that the first model contains three parameters

(KA
B;1, K

A
B;2, p1) in contrast to the single-parameter ideal model.

3.4 Ion Exchange Kinetics

This section focuses the modelling of ion exchange kinetics. First, a brief overview

of the classical semiempirical pseudo-first and pseudo-second order equations is

presented. Then, a more detailed description around fundamental equations based

on the Fick’s law, where electrochemical gradients are not taken into account, will

be given. Finally, particular attention will be devoted to models that accurately

describe ion exchange in the presence of an electrical field, namely, the

Nernst–Planck and the Maxwell–Stefan equations. In particular, a detailed model

based on the Maxwell–Stefan formulation to describe ion exchange in microporous

materials is presented.
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Fig. 3.12 Representation of the ion exchange equilibrium of the aqueous system Ca2+/Na+/Cl�/
clinoptilolite at 25�C and 0.05 N, by the models of (–) Melis et al. [87] and (- -) ideal mass action

law [59]
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3.4.1 General Overview

Apparently based on the original work of Lagergren in 1898, the kinetic perfor-

mance of an ion exchange process is frequently interpreted by semiempirical

pseudo-first and pseudo-second order equations [64, 66, 89–103]. Besides, the

Ritchie and Elovich kinetic models have been also commonly applied to model ion

exchange kinetics [104–110]. However, such models have no theoretical back-

ground, which limits their application and extrapolation.

Some authors represent experimental data with analytical models devised

specifically for particle diffusion control or film diffusion control under well-

defined conditions, as, for instance, isotopic exchange at infinite solution volume

or constant diffusion rate and radial diffusion coefficient. However, such conditions

generally never hold in practice [111–114].

Mass transport in dilute ionic systems can be effectively described by the

Nernst–Planck (NP) equations [111, 115–126]. In an electrolyte solution, the electric

field induced by the different mobility of counter ions produces an additional force

also responsible for the transference of ions. The Nernst–Planck equations account for

both concentration and electric potential gradients. However, the interdiffusion

coefficients of counter ions are composition dependent and the ionic interactions

(ion–ion, ion–solvent, and ion–ion exchanger) are lumped into effective diffusivities

[111]. Furthermore, the Nernst–Planck model does not take into account non-ideality

effects and the pressure gradient [111, 127]. Such weak points are solved by the

Maxwell–Stefan approach of mass transport, which is particularly advantageous at

high concentrations.

3.4.2 Semiempirical Models

The pseudo-first order rate equation of Lagergren [128] is one of the most widely

used kinetic models to express the ion exchange mechanism. The Lagergren

equation was the first rate equation for sorption of liquid/solid systems based on

the solid capacity. It may be represented by:

d�qi
dt

¼ k1 �qi;e � �qi
� �

(3.156)

where k1 is the rate constant of the first order sorption and �qi;e is the sorbed solute

concentration at equilibrium. The top bars denote average concentrations. By partial

integration of Eq. 3.156, from t ¼ 0 and �qi ¼ 0, one obtains after manipulation:

Ln �qi;e � �qi
� � ¼ Ln �qi;e

� �� k1 t (3.157)

In order to fit Eq. 3.157 to experimental batch data, �qi;e must be known. The �qi
values can be obtained for each time t frommaterial balance to the experimental batch
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system. Then, constant k1 can be determined by plotting Ln �qi;e � �qi
� �

versus t.
The value of Ln �qi;e

� �
is expected to be equal to the intercept of the Ln �qi;e � �qi

� �
versus t representation; however, this is often not the case.

The pseudo-second order rate equation is also based on the sorption capacity of

the solid and can be written as:

d�qi
dt

¼ k2 �qi;e � �qi
� �2

(3.158)

where k2 is the rate constant of the second order sorption. After integration, it can be
expressed as:

t

qi
¼ 1

k2�q2i;e
þ 1

�qi;e
t (3.159)

and k2 can be determined by liner fitting.

Since the ion concentration in the solid is calculated from a material balance to

the batch vessel, both the k1 and k2 constants of the pseudo-first and pseudo-second
order models depend on the relative amounts of solid and fluid in the experiments

used to extract them. This prevents their further use to simulate any other system,

namely, the operation of open systems; in this context, these models are useless.

3.4.3 Fick’s Law–Based Models

The counter ions diffusion is frequently the rate-determining step in ion exchange

processes [111], occurring simultaneously in both the ion exchanger and in the

solution. In particular, kinetics of ion exchange can be governed by either interpar-

ticle diffusion (film diffusion) or intraparticle diffusion (particle diffusion) or, in

intermediate cases, by a combination of both steps.

Particle diffusion may be described by homogeneous models assuming that the

particle has homogeneous structure, being the ion transport controlled by solid phase

diffusion. However, ion exchangers generally consist of small microporous crystals

embedded in a macroporous composite pellet, in which two distinct resistances to

ion transfer may be distinguished: the micropore resistance of the solid phase and

macropore resistance of the pellet (see Fig. 3.13). In this case, the ion exchange

kinetics is more accurately described by heterogeneous diffusion models.

When a solid ion exchanger is in contact with an ionic solution, a diffusion

process occurs by transference of ions from and into the solid particle. Neglecting

the electrochemical gradients, the flux of exchangeable ions through the pellet, Ji,
may be described by the Fick’s first law, which for homogeneous pellets writes:

Ji ¼ �Di rqi (3.160)
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whereDi is the diffusion coefficient. The evolution of concentration along time may

be determined accordingly to the Fick’s second law:

@qi
@t

¼ �r 
 Ji (3.161)

which for spherical coordinates and constant diffusion coefficients yields:

@qi
@t

¼ Di
@2qi
@r2

þ 2

r

@qi
@r

� �
(3.162)

where r is the radial position.
Numerous solutions for Eq. 3.162 could be obtained for a variety of initial and

boundary conditions, giving rise to several single-particle methods frequently used

to evaluate the implied diffusion coefficients. In the following, some analytical

solutions are briefly presented.

3.4.3.1 Expression for the Infinite Solution Volume Condition

When the volume of the external solution is much higher than the exchanger

quantity (batch method), the fluid concentration remains approximately invariable

throughout the process – infinite solution volume condition.
For particle diffusion rate control, the concentrations at exchanger surface are

the same as in the bulk solution since there is no film. The corresponding initial and

boundary conditions for particles initially clean are:

t ¼ 0; qi ¼ qi;0 (3.163)

Fig. 3.13 External film,

macropores, and microporous

crystals where mass transfer

limitations may occur in a

composite pellet
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r ¼ R; qi ¼ 0 (3.164)

r ¼ 0; @ qi
@r

	 

¼ 0 (3.165)

being R the particle radius. By integration and averaging, one obtains [111, 113,

129, 130]:

FiðtÞ ¼ 1� 6

p2
X1
i¼1

1

i2
exp �Ditp2i2

R2

� �
(3.166)

where FiðtÞ is the fractional attainment of equilibrium, defined as

FiðtÞ ¼ qi;o � qiðtÞ
� �

qi;o � qi;e
� ��

. In this equation, td ¼ R2=Di can be interpret

as a time constant for intraparticle diffusion.

3.4.3.2 Diffusion Model According to Vermeulen’s Approximation

For small values of t=td, Eq. 3.166 does not converge rapidly. As an alternative,

Vermeulen’s approximation [131] can be adopted for isotopic exchange under

infinite solution volume conditions. Less accurate than the exact solution,

Vermeulen’s approximation may be more suitable for practical use, fitting the

entire range 0 	 FiðtÞ 	 1:

FiðtÞ ¼ 1� exp �Ditp2

R2

� �� �1 2=

¼ 1� exp �p2t td=
� � �1 2=

(3.167)

The diffusion coefficient can be determined by linear regression of previous

equation recast as [111, 113, 129, 132]:

Ln 1� FiðtÞ2
	 


¼ �Ditp2

R2
(3.168)

3.4.3.3 Parabolic Diffusion Model

This model was derived for diffusion in a cylinder, assuming that diffusion is the

controlling mechanism (rate limiting) and that the surface concentration is constant.

Assuming only radial diffusion, i.e. neglecting axial diffusion (semi-infinite

cylinder), the model equation is:

@qi
@t

¼ r
@

@r
rDi

@qi
@r

� �
(3.169)
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If the cylinder is initially at constant concentration, the analytical solution for

short times is [113, 130, 133, 134]:

FiðtÞ ¼ 4

p1 2=

Dit

R2

� � 1 2=

� Dit

R2
� 1

3p1 2=

Dit

R2

� � 3 2=

(3.170)

Neglecting the third term of this equation, for small values of t=td, the diffusion
coefficient may be determined from the slope of the plot Fi t= versus 1 t= 1 2= .

3.4.3.4 Another Homogeneous Diffusion Model

Another homogeneous model has been developed from the second Fick’s law for

the case of constant diffusion rate, radial diffusion coefficient, and surface concen-

tration [113, 133, 134]:

FiðtÞ ¼ 1�
X1
i¼0

bi exp � cit

td

� �
(3.171)

where bi and ci are parameters dependent on the exchanger geometry. For spherical

particles and short times, Eq. 3.171 simplifies to:

FiðtÞ ¼ 6

p1 2=

Di
1 2=

R
t1 2= (3.172)

The diffusion coefficient may be easily calculated from the slope of FiðtÞ versus
t1 2= . For long times, Eq. 3.171 gives rise to, after manipulation:

Ln 1� FiðtÞð Þ ¼ Ln
6

p1 2=

� �
� p2Di

R2
t (3.173)

3.4.3.5 Film Diffusion Control

When intraparticle diffusion is much faster than external diffusion, the film

becomes the rate-controlling step [111, 114, 135].

In the following treatment, we assume that the film is planar and quasi-

stationary, i.e. diffusion across the film is faster than the concentration changes at

the boundary. According to Fick’s first law for isotopic exchange under constant

diffusivity, the flux through the film is thus:

Ji ¼ �Di
DCi

d
(3.174)

where d is film thickness.
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The time dependence of the solution concentration is obtained from lumped

material balance:

dCi

dt
¼ �Ji

Ap

VL

(3.175)

Ap is the external surface area of the solid particles. Assuming clean solution and

uniform distribution in the solid at beginning, the proper conditions are [111]:

r ¼ R; C�
i ¼

qi;oCt

qt
r � Rþ d;Ci ¼ 0

(3.176)

where Ct and qt are total concentrations in solution and in ion exchanger and C�
i is

the concentration of species i at the interface. Under the infinite solution volume

approximation, the boundary condition should be:

r � Rþ d; t � 0 Ci ¼ 0 (3.177)

Accordingly, after integration and manipulation of previous equations, one gets

under infinite solution volume restriction:

FðtÞ ¼ 1� exp � 3D iCi t

R d qt

� �
(3.178)

For the case of finite solution volume, the interface concentration varies along

time, being necessary to include a global material balance (both phases) to follow

their bulk concentration and compute DCi. The final analytical solution is:

FðtÞ ¼ 1� exp �3Di
Vs qt þ VL Ct

R dVLqt
t

� �
(3.179)

3.4.3.6 Heterogeneous Diffusion Model

The heterogeneous diffusion model assumes that processes with distinct diffusion

coefficients can occur simultaneously inside particle [134]. In this case, different

td0s should thus be assigned to each individual process, being the overall sorption

determined by:

q ¼
ðtd;m

td;i

qt;e qtðtÞ qt;e
� �

dtd (3.180)
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where td;m and td;i are the maximum and minimum values of td, respectively. After
appropriate approximations for small and large values of t, the kinetic equation

takes the form [134]:

d qiðtÞ qi;e
� �

dLnðtÞ ¼ 1

Ln td;m td;i
�� � 1� 4t

ptd;m

� �1 2=

� 8

p2
exp � p2t

4td;i

� �" #
(3.181)

For small values of t, the second term on the right-hand side of Eq. 3.181 is

negligible, while the third term can be neglected at large t.

3.4.4 Nernst–Planck Model

An electric field in an electrolyte solution, caused by the different mobilities of

counter ions, produces an additional force responsible for the transference of ions.

In contrast to the classical Fick’s law analysed above, the Nernst–Planck model

does account for the influence of this electric field.

In the absence of concentration gradients, the transference of a species i in the

direction of the current is proportional to the gradient of the electric potential f and

to its concentration and electrochemical valence:

Ni ¼ �uiziCirf (3.182)

where ui is the electrochemical mobility, defined by the Nernst–Einstein equation:

ui ¼ DiF

<T (3.183)

where F is the Faraday constant. In solutions with concentration gradients, both

electrical and diffusion transferences must be taken into account. Hence, the flux of

each counter ion in dilute ionic solutions may be described by the Nernst–Planck

equations [111]:

NA ¼ �DA

@qA
@r

� �
� DAzAqA

F

<T
@f
@r

� �
(3.184)

NB ¼ �DB

@qB
@r

� �
� DBzBqB

F

<T
@f
@r

� �
(3.185)

being DA and DB are the self-diffusion coefficients of species A and B. In the

following development, the particle is assumed to be subjected to the restrictions of

electroneutrality and absence of electric current, mathematically represented by:

qAzA þ qBzB ¼ Qt (3.186)
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zANA þ zBNB ¼ 0 (3.187)

The electric potential term in the transport equations may be eliminated by

substituting Eqs. 3.184 and 3.185 in Eq. 3.187 and then combining with Eq. 3.186:

F

<T
@f
@r

¼ zA DB � DAð Þ
zAqA zADA � zBDBð Þ þ DBzBQt

@qA
@r

(3.188)

After substitution of Eq. 3.188 into 3.184, the general expression for the molar

flux of A is obtained:

NA ¼ �DADBðz2BqB þ z2AqAÞ
DAz2AqA þ DBz2BqB

@qA
@r

� �
(3.189)

This equation may be recast as a special form of the Fick’s first law, where a

coupled interdiffusion coefficient, DAB, appears:

NA ¼ �DAB
@qA
@r

	 

; and DAB � DADB z2

A
qAþz2BqBð Þ

DAz2AqAþDBz2BqB
(3.190)

DAB depends onDA,DB, and on the ionic concentration in the ion exchanger, which

varies throughout the ion exchange process. Accordingly, DAB takes the value of

DA when yA ! 0, while it assumes DB for vanishing values of yB. Such tendency,

depicted in Fig. 3.14 for univalent exchange, elucidates that the ion present in

smaller concentration mainly controls the interdiffusion rate [111].

A simplified solution for multicomponent ion exchange kinetics based on the

Nernst–Planck model has been developed by Pátzay [136]. The good results

obtained prove its applicability for multispecies systems.

3.4.5 Maxwell–Stefan Approach

An alternative approach to describe an ion exchange process deals with the appli-

cation of the Maxwell–Stefan (MS) equations, due to their well-documented

advantages in mass transport [137–139]. However, in the case of porous structures,

such formulation has been essentially applied to non-ionic systems, particularly in

the gas phase [140, 141]. In the last years, some papers focus on the application of

MS theory to mass transfer in membrane electrolysis process (e.g. works of van der

Stegen [142] and Hogendoorn et al. [143]) and electrodialysis [144]. The MS

equations do take into account and distinguish both ion–ion and ion–solid

interactions, and they have been proved to be more effective in predicting ion

exchange than the above mentioned Nernst–Planck relationships [127, 145–147].

Furthermore, under the scope of MS formalism, one diffusivity coefficient
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is defined for each pair of components, being dependent on their properties only. In

addition, these coefficients are only weakly dependent on composition.

In the following, the intraparticle resistance to ion exchange in microporous

materials will be described using the generalised MS equations (e.g. Krishna and

Wesselingh [137]) subjected to the following assumptions: (1) Surface diffusion is

the only transport mechanism since due to the very small pore diameters, ions never

escape from the force field of the matrix co-ions, mainly due to the strong and long-

range nature of the electrostatic interactions. (2) The solid matrix is considered to

be a uniform distribution of fixed ionic groups corresponding to the nc þ 1ð Þth
component, through which counter ions diffuse. Therefore, uncþ1 ¼ 0, as in the

well-known Dusty Gas Model [137, 148, 149].

Considering the abovementioned assumptions, the MS transport equation for

species i in multicomponent ionic systems is:

�r�mi � Fzirf ¼
Xnc
j¼1
j6¼i

yj<Tðui � ujÞ
Đij

þ ys<Tui
Đis

(3.191)

where r�mi is the surface chemical potential gradient of i, Ðij is the common MS

surface diffusivity of the pair i - j, Ðis is the MS surface diffusivity corresponding
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Fig. 3.14 Plot of the ratio between the interdiffusion and self-diffusion coefficients against the

ionic composition inside the solid for different values of DB DA= , for univalent exchange. Dashed
lines DB DA= ¼ 10, dotted lines DB DA= ¼ 5, solid lines DB DA= ¼ 1, and dash-dotted lines
DB DA= ¼ 0:1
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to the interaction between i and the fixed ionic groups (subscript s stands for solid);
ui and uj are the velocities of species i and j, yj ¼ qj qt þ qsð Þ= is the mole fraction of

counter ion j, qs being the molar concentration of ionic fixed groups (i.e. co-ions)

and qt the molar concentration of all counter ions (extension of Eq. 3.7); and

ys ¼ qs qt þ qsð Þ= is mole fraction of ionic fixed groups. It should be noted

that
Pncþ1

i¼1

yi ¼ 1 and qt is not constant whenever counter ions have different

electrochemical valences. Taking into account the definition of molar flux of

the ionic species j:

Nj ¼ qtyjuj (3.192)

Equation 3.191 may be rewritten as:

� yi
<Tr�mi � yizi

F

<Trf ¼
Xnc
j¼1
j 6¼i

yjNi � yiNj

ðqt þ qsÞĐij
þ ysNi

ðqt þ qsÞĐis
(3.193)

Assuming equilibrium between exchanger and bulk solution, (i.e. �mi ¼ mi), r�mi
can be expressed in terms of the mole fraction gradients of counter ions in the

particle by:

yi
<Tr�mi ¼

Pnc
j¼1

Gijryj; with Gij � yi
@ ln gixið Þ

@yj
(3.194)

where gi is activity coefficient of counter ion i in solution and Gij is the thermody-

namic factor. It is worth noting that in Eq. 3.194, xi and yi are related by the

equilibrium isotherm. This fact emphasises the importance of good isotherms

(discussed in Sect. 3.3.4) even in kinetic equations.

Equation 3.193 can be expressed in n-dimensional matrix notation. Introducing

the matrix of thermodynamic factors, G½ �, given by Eq. 3.194, one obtains:

� qt þ qsð Þ G½ � ryð Þ � qt þ qsð Þ rxð Þ ¼ B½ �ðNÞ (3.195)

or

ðNÞ ¼ � qt þ qsð Þ B½ ��1 G½ � ryð Þ � qt þ qsð Þ B½ ��1 rxð Þ (3.196)

where

Bii ¼ ys
Đis

þ
Xnc
j¼1
j 6¼i

yi
Đij

; Bij ¼ � yi
Đij

(3.197)

rxi ¼ yizi
F

<Trf (3.198)
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Under conditions of electroneutrality and absence of electric current, the

following relations are adhered to:

Xncþ1

i¼1

qizi ¼ 0 (3.199)

Xncþ1

i¼1

ziNi ¼ 0 (3.200)

Equations 3.196 and 3.200 may be combined to eliminaterf from the general-

ised MS equations. As a result, the mass transport process in a mixture of nc þ 1

components can be described by the following set of equations:

1. nc � 1 Maxwell–Stefan equations for components 1 to nc � 1 (Eq. 3.196)

2. One reference condition (bootstrap relation):

Nncþ1 ¼ 0 or uncþ1 ¼ 0 (3.201)

3. The no current relationship, Eq. 3.200

The electric potential gradient obtained from Eqs. 3.196 and 3.200 is:

F

<Trf ¼
�Pnc

i¼1

zi
Pn
j¼1

Lijryj

 !

Pnc
i¼1

yizi
Pn
i¼1

zjLji

� � (3.202)

which gives for a binary system (nc ¼ 2):

F

<Trf ¼

�zA L11 G11ryA þ G12ryBð Þ þ L12 G21ryA þ G22ryBð Þ½ �
�zB L21 G11ryA þ G12ryBð Þ þ L22 G21ryA þ G22ryBð Þ½ �

yAz
2
AL11 þ yBzAzBL12 þ yAzAzBL21 þ yBz

2
BL22

(3.203)

where L½ � ¼ B½ ��1
.

3.5 Batch and Fixed Bed Applications

The time dependence of ion concentrations in a phase can be calculated by solving the

appropriate material balances combined with equilibrium relations, kinetic equations,

and specific initial and boundary conditions. In this section, the general modelling

guidelines of the omnipresent batch and fixed bed applications are presented.Aminute

description of the zero-length column method is given at the end.
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3.5.1 Batch Operation

Most commercially available resins used in batch experiments consist of small

microporous phases into a macroporous pellet (see Fig. 3.13). Accordingly, both

macropore and micropore diffusion resistances may control the ion exchange

kinetics in a composite pellet. For a perfectly stirred tank, the material balances

to the spherical particle and reservoir are:

1� ep
� � @qi

@t
þ ep

@Ci

@t
¼ � 1

r2
@

@r
r2Ni;intra

� �
(3.204)

d Ci

dt
¼ � Vs

VL

d

dt
�qi þ ep �Cp;i

� �
(3.205)

where Vs, VL, and ep are the volume of the solid and fluid phases and particle

porosity, respectively. The intraparticle diffusion flux is calculated by:

Nintra;i ¼ Np;i þ Ns;i (3.206)

where Np;i and Ns;i are the diffusion fluxes through the macropore and micropore

regions, respectively, which according to the most common Nernst–Planck

approach may be calculated as:

Np;i ¼ �Deff;p;i
@Cp;i

@r
(3.207)

Ns;i ¼ �Deff;s;i
@qi
@r

(3.208)

being Deff;p;i and Deff;s;i the corresponding effective diffusion coefficients. For a

binary system A/B, theDeff;s;i is calculated using the interdiffusion coefficient given

by Eq. 3.190; a similar approach is used forDeff;p;i also. The average loading and the

average pore concentration are calculated by:

�qi ¼
3

R3

ðR

0

r2qi dr (3.209)

�Cp;i ¼ 3

R3

ðR

0

r2Cp;i dr (3.210)

and the boundary and initial conditions for exchanger are:

t ¼ 0; Cp;i ¼ qi ¼ 0; and Ci ¼ Ci;0 (3.211)

r ¼ R; Cp;i ¼ Ci;s; and qi ¼ qi;s (3.212)
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r ¼ 0;
@ Cp;i

@r

	 

¼ @ qi

@r

	 

¼ 0 (3.213)

In Eq. 3.211, it is assumed that the solid is initially clean. The concentration at

the interface is uniquely determined by equalising internal diffusion and film

diffusion fluxes, i.e.:

Nintra;i

��
r¼R

¼ Np;i þ Ns;i

� ���
r¼R

¼ kf Ci � Ci;s

� �
(3.214)

where kf is the external mass transfer coefficient by film diffusion.

For homogeneous particles, i.e. ep ¼ 0, the model equations reduce to:

@qi
@t

¼ � 1

r2
@

@r
r2Ns;i

� �
(3.215)

d Ci

dt
¼ � Vs

VL

d �qi
dt

(3.216)

together with Eqs. 3.208, 3.209, and 3.214. Now, the effective diffusivity is the

interdiffusion coefficient in the solid phase. The initial and boundary conditions

become:

t ¼ 0; qi ¼ 0; and Ci ¼ Ci;0 (3.217)

r ¼ R; qi ¼ qi;s (3.218)

r ¼ 0; @ qi
@r

	 

¼ 0 (3.219)

For well-established agitated systems, it is possible to estimate kf using

correlations which depend generally on the Reynolds, Schmidt, and Power numbers

and on geometrical parameters such as the ratio of impeller to tank diameter, the

specific geometry of the impeller, and the geometry of baffling, if any, used to

inhibit vortex formation in the vessel. Several correlations may be found elsewhere

[135, 150–153].

In the following, a comparison between Nernst–Planck (NP) and Maxwell–Stefan

(MS)models’ ability to correlate and predict a batch ion exchange systemwhere ETS-

4 is used to uptake Cd2+ from aqueous solution at room temperature will be presented.

The hypotheses of the model are (1) there exist film and intraparticle mass transfer

resistances; (2) spherical solid particles; (3) isothermal operation; (4) liquid and solid

volume changes are neglected; (5) co-ions are excluded from the ion exchanger

particles (Donnan exclusion); and (6) ideal solution.

In Fig. 3.15, the experimental data and calculated results are shown, being

possible to conclude that both MS (––) and NP (––) flux equations provide similar

representations and predictions, because the corresponding curves are almost indis-

tinguishable. It is worth noting that from the four sets of experimental data, only one
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(Exp. 3) has been used to fit the model parameters (diffusivities and kf ). The
remaining three curves (Exp. 1, Exp. 2, and Exp. 4) have been purely predicted.

Such findings prove that, under the particular conditions of these experiments, both

approaches can be equally applied notwithstanding the above mentioned concerns

about NP. In fact, since in this case one deals with dilute solutions, MS do not

import any additional accuracy to the final solution.

Figure 3.16 shows, as an example, the normalized concentration of cadmium(II)

in the ETS-4 particles, calculated using the MS based model, as function of time

and radial position, for Exp.3 of Figure 3.15. This plot illustrates an interesting

time evolution of the concentration at surface normalized with the final equilib-

rium concentration, qAðt; r ¼ RÞ=qA1. Accordingly, an initial sudden rise of

surface concentration is so pronounced that it goes through a maximum and then

decreases gradually until equilibrium is reached, while far from surface a monotonic

behaviour is found instead.With no film resistance, the initial particle concentration at

surface would be expected to raise suddenly from qAðt ¼ 0�; r ¼ RÞ ¼ 0 to

qAðt ¼ 0þ; r ¼ RÞ ¼ qAðCA;0Þ, which is the concentration in equilibrium with bulk

solution. Then, for t > 0; qAðt; r ¼ RÞ would decrease monotonically until final

system equilibration. This figure illustrates such behaviour, but the existence of

external diffusion smoothes the ideal trend identified with such initial step increase.
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Fig. 3.15 Prediction and correlation of ion exchange uptake curves by Maxwell–Stefan (––) and

Nernst–Planck (––) based models. System: Cd2+/Na+/ETS-4 [62]: □, Exp. 1 (Co ¼
0.51 � 10�3 kg m�3 and Wexch ¼ 44 mg); *, Exp. 2 (Co ¼ 0.64 � 10�3 kg m�3 and Wexch ¼
50 mg); ○, Exp. 3 (Co ¼ 0.84 � 10�3 kg m�3 and Wexch ¼ 51 mg); ◊, Exp. 4 (Co ¼
0.62 � 10�3 kg m�3 andWexch ¼ 100 mg)
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3.5.2 Fixed Bed Column

In practice, most ion exchange processes are carried out in percolation columns,

where the solution flows through a packed bed of exchanger beads. Depending on

the system and operating conditions, micropores or macropores intraparticle

resistances and/or external film resistance may be controlling.

For isothermal operation and negligible concentration radial gradients, the

material balance to the column is:

@Ci

@t
þ ui

@Ci

@z
� DL

@2Ci

@z2
¼ � 1� ebð Þ

eb

d

dt
ep �Cp;i þ �qi
� �

(3.220)

where ui is the interstitial fluid velocity,DL is the axial dispersion coefficient, and eb
is the bed porosity. For a bed initially free of solute, Eq. 3.220 is subjected to the

following initial and boundary conditions:

t ¼ 0; Ci ¼ �Cp;i ¼ �qi ¼ 0 (3.221)

z ¼ 0; uiCF;i ¼ uiCijz¼0þ � DL
@Ci

@z

��
z¼0þ (3.222)

z ¼ L;
@Ci

@z
¼ 0 (3.223)

where CF;i is the feed concentration and L is the column length.

The representation of breakthrough curves is essential to attain successful design

of a column sorption process. However, the complexity and diversity of the previous

models require the development of simplifications and approximations for practical

column modelling. As a result, simplified expressions are frequently adopted to

describemass transfer as, for instance, the linear driving force (LDF) approximation.
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Fig. 3.16 Simulation results obtained for Exp.3 (Fig. 3.15) graphed as normalized Cd2+ concen-

tration inside the ETS-4 particle as function of time and normalized radial position.
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The exact solution of the fixed bed column is obtained combining Eq. 3.220 with

the material balance and averages to the particle given by Eqs. 3.204 and

3.206–3.210 and with an isotherm. Moreover, the implied fluxes are calculated

according to Fick, Nernst–Planck, or Maxwell–Stefan formalism. This gives rise to

a very complex system of algebraic and partial differential equations, whose

solution necessitates the application of reliable numerical methods.

Alternatively, the LDF approach provides an excellent compromise between

accuracy and simplification. According to LDF, the material balance to the particle

expresses now as:

d

dt
ep �Cp;i þ �qi
� � ¼ KLDF;i q

�
i � �qi

� �
(3.224)

where the global linear driving force coefficient is computed by:

1

KLDF;i
¼ R2

15Deff;i
þ 1

kfap
(3.225)

q�i is the resinate concentration in equilibrium with the external solution, and ap is

external surface area per unit particle volume. For homogeneous particles, ep ¼ 0,

or negligible pore accumulation, this equation simplifies to:

d�qi
dt

¼ KLDF;i q
�
i � �qi

� �
(3.226)

Townsend and Harjula [154] have proposed a simplified approach based on the

plate concept by considering the number of “transfer units” or “effective plates” as

a measure of the column efficiency. Accordingly, the following relation has been

obtained for film diffusion–controlled exchange:

Ni ¼ A Dið Þ1 2= d�3 2= Lui;0
�1 2= (3.227)

where d is the particle diameter and Di is the diffusion coefficient in the film.

Their expression for particle diffusion–controlled exchange is:

Ni ¼ BKDDid
�2Lui;0

�1 (3.228)

In previous equations, A and B are empirical factors and KD the distribution

coefficient.

Additionally, a number of analytical models have been developed to describe

fixed bed sorption, as, for instance, the Thomas [155], Bohart–Adams [156], Clark

[157], and Yoon and Nelson [158] models. The first two expressions are representa-

tive of chemical kinetic type models, where rate laws are represented by rate

equations of chemical reactions. Nonetheless, it is well known that several

equivalences may be found between apparently distinct models. For instance, the

expressions of Bohart–Adams [156] and Wolborska [159] are equivalent, notwith-

standing the last one comprehends the concepts of axial dispersion and external mass

transfer resistance. A short description of each model is given in the following.
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The Thomas model [155] is one of the most general and widely used kinetic

models to study the column performance. It is based on the Langmuir kinetics of

adsorption–desorption with no axial dispersion and assumes the rate driving force

to follow a second order reversible reaction kinetics. Besides, the separation factor

is assumed constant, although being appropriate to either favourable or

unfavourable isotherms. It takes the form:

Cef;i

CF;i
¼ 1

1þ exp kTh
v qmaxWexch � CF;iVef

� � � (3.229)

where kTh is the Thomas rate constant, Cef;i is the concentration of sorbate in the

effluent, qmax is the maximum sorbate concentration in the solid phase, Vef is the

volume of effluent, and v is the volumetric flow rate.

Bohart and Adams model [156] was originally developed to describe the adsorp-

tion of chloride on charcoal in a continuous flowing system, being nowadays used

to quantitatively describe other systems [160]. It was derived based on the surface

reaction theory considering that equilibrium is not instantaneous. Accordingly,

the sorption rate was assumed proportional to both the residual capacity of the

exchanger and the concentration of the solute species [161]. The Bohart–Adams

equation can be written as:

Cef;i

CF;i
¼ exp kABCF;it� kABCsat

L

U0

� �� �
(3.230)

where the kAB is the rate constant, Csat is the saturation concentration, and U0 is the

superficial velocity.

In 1987, Clark [157] has developed a new relation for the breakthrough curve by

using the mass transfer coefficient in combination with the Freundlich isotherm.

The following relation was obtained:

Cef;i

CF;i
¼ 1

1þ b exp �ytð Þ
� �1 n�1=

(3.231)

which can be rearranged to the following linear form:

Ln
CF;i

Cef;i

� �n�1

� 1 ¼ �ytþ Ln bð Þ (3.232)

where n is the Freundlich constant and Cb is the solute concentration at break-

through time, tb. The values of b and y can be determined using the above equation

to predict the breakthrough curve.

The model proposed by Yoon and Nelson [158] is simpler than the previous ones

and requires no detailed data concerning the characteristics of sorbate, the type of

sorbent, and the physical properties of the bed [161]. It was developed to describe
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the sorption and breakthrough curves of gases in activated charcoal, assuming

the rate of decrease in the probability of sorption for each sorbate molecule to

be proportional to the probability of sorbate sorption and sorbate breakthrough

on the sorbent. The Yoon–Nelson model for a single component system is

expressed as:

Cef;i

CF;i � Cef;i
¼ exp kYNt1 2= � tkYN

� �
(3.233)

where kYN is the Yoon–Nelson rate constant and t1 2= is the time required for 50%

sorbate breakthrough, i.e. the stoichiometric time.

3.5.3 ZLC Bed

Beyond batch, shallow bed, or single-particle methods, the zero-length column

(ZLC) provides a simple and effective technique for measuring intraparticle diffu-

sion coefficients in adsorbents. The column consists in a differential bed of particles

initially saturated with a solution of ions, assumed as a well-mixed cell. The system

is exposed to a solution containing a different counter ion, while desorption of the

ion initially present in the particles is followed along time. Assuming spherical

particles, the mass balance for the ZLC is:

VZLCeb
@Ci

@t
þ VZLC 1� ebð Þ @qi

@t
þ nCi ¼ 0 (3.234)

being VZLC the volume of the ZLC column. The initial conditions are:

t ¼ 0; qiðrÞ ¼ qi;o; Ci ¼ Ci;o (3.235)
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Chapter 4

Fundamentals of Ion Exchange Fixed-Bed

Operations

Vassilis J. Inglezakis and Antonis Zorpas

Abstract As a physical phenomenon, ion exchange is basically a subject of

physical chemistry, while fixed bed is a common reactor studied in chemical

engineering. Furthermore, it is a subject bringing together the experimentalists

and the modeling scientists, who in the typical case have different views on the

same system. This interrelation of several sciences and approaches is by no

means a particularity of ion exchange fixed-beds field. The experience of the

authors and the study of the related published research in journals for many

years indicate a clear gap in many scientific publications, where authors are

frequently missing aspects which are well known to other scientists working on

the same subject. This chapter comes to fill the gap and in the same time to

balance between all these different views of scientists with different approaches

and background. It should be mentioned that the principal target of this work

is to analyze the fundamentals of the operation (fixed bed) and not the physical

chemistry of the phenomenon (ion exchange), which is a subject of other

chapters in the present book. From this point of view, the authors have

followed the most common approach, in which ion exchange is treated as a

sorption process when it comes to the design of fixed-bed processes.

Consequently, the authors consider this chapter as an added value for the related

literature.
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4.1 Introduction

4.1.1 General

Ion exchange is a process in which mobile ions from an external solution are

exchanged for ions that are electrostatically bound to the functional groups con-

tained within a solid matrix. These functional groups and the ions carry opposite

charge and electroneutrality of the matrix and solution is always preserved because

ion exchange is a stoichiometric process. Ion exchange is of the most common

processes used for wastewater treatment and other separation operations and in

the most of the cases takes place in fixed beds [1, 2]. A large number of predictive

models exist for the description of the dynamics of ion exchange fixed-bed

operations. However, the mathematical complexity and the need of knowing

many parameters from separate experiments make them rather inconvenient for

practical use. This is the reason why adsorption models are frequently used for ion

exchange fixed-bed operations as is true that the two phenomena share many

common features, of the most basic being the transfer and resulting equilibrium

distribution of one or more solutes between a fluid phase and particles [3, 4]. In the

related literature, ion exchange and adsorption are grouped together as sorption for

a unified treatment.

4.1.2 Ion Exchange, Adsorption and Sorption

Sorption is a separation process involving two phases between which certain

components are distributed. There are three types of sorption, classified according

to the type of bonding involved [1]:

• Physical sorption or adsorption, where no exchange of electrons occurs, rather

intermolecular attractions between sorption sites and is therefore independent of

the electronic properties of the molecules involved.

• Chemical sorption or chemisorptions, where an exchange of electrons between

specific surface sites and solutemolecules occurs, which results in the formation of

a chemical bond. In general, chemisorption exhibits stronger adsorption energy

than physical adsorption.

• Electrostatic sorption or ion exchange, where coulombic attractive forces

between ions and charged functional groups occur.

Ion exchange shares many common characteristics with adsorption, such as

mass transfer from the fluid to the solid phase, which is a diffusion-driven process

as is presented in Sect. 4.2.1.1. However, there are some significant differences,

the most important being the nature of the sorbed species, which are ions in ion

exchange and electrically neutral substances in adsorption. In ion exchange, the

ions removed from the liquid phase are replaced by ions from the solid phase,
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and thus a two-way traffic (exchange) occurs in contrast to adsorption, where one-

way removal of species takes place. This exchange of ions between the two phases

(liquid and solid) is such that the total charge sorbed and desorbed is exactly

the same as imposed by the electroneutrality principle [5]. All these factors

constitute the quantitative treatment of ion exchange much more complicated

than adsorption. Although the differences, adsorption and ion exchange are

grouped together as sorption for the purposes of a unified treatment in practical

applications and in the related literature most of the mathematical theories and

approaches developed originally for adsorption are used with minor modifications

for ion exchange. As a general rule of thumb, the applicability of a simplified

theory hinges on the mode of operation rather than on the particular mechanism

of solute uptake [5]. As the principal target of this chapter is to analyze the

fundamentals of the operation (fixed bed) and not the physicochemistry of

the phenomenon (ion exchange), it is based on the simplified approach as

presented above.

4.1.3 Fixed-Bed Operations

Fixed bed is the most frequently used reactor for ion exchange and adsorption

operations. In Figs. 4.1 and 4.2, a typical fixed-bed operation and its breakthrough

curve are presented.

As is visible in Fig. 4.1, the operation is upflow, i.e., the liquid phase is

introduced in the bottom of the bed. This mode of operation is preferred as it

provides better flow quality and complete wetting of the material. In Fig. 4.2,

the dimensionless exit concentration C/Co versus effluent volume Veff is plotted,

i.e., the breakthrough curve of the operation. The breakpoint is the moment when

the operation is stopped, typically when the exit concentration reaches a certain

predefined level. This is the case in all wastewater treatment operations, where a

maximum concentration is selected above which the effluent becomes unacceptable

for disposal. In the optimum fixed-bed operation, the breakthrough curve is a single

step, a vertical line, but in the most actual cases is a sigmoidal curve, and the steeper

the breakthrough curve, the higher is the fixed-bed utilization. High degree of

utilization means that the ratio of the breakthrough capacity to the total capacity

is closer to unity [3].

During sizing fixed beds, the main aim is to predict the time (or total effluent

volume) until the effluent exceeds the desired breakpoint concentration. The

corresponding breakpoint effluent volume is the most important information

which could be derived from experiments conducted in laboratory fixed beds

and is used during scale-up in order to design the large-scale unit. Fixed-bed

operation is influenced by equilibrium (isotherm and capacity), kinetic (diffusion

and convection coefficients) and hydrodynamic (liquid holdup, geometric

analogies, and maldistribution) factors, constituting the design a complicated

task and in some cases, for complicated systems the full process modeling is
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practically impossible [3, 5]. A characteristic example is the simple case of the

treatment of mono-component solutions in ion exchange fixed beds where it is

experimentally found that equilibrium parameters and/or solid diffusion

coefficients seem to be unexpectedly influenced by contact time, making the

modeling of the operation a complex task [6]. Furthermore, it is true that the

effectiveness of a fixed-bed operation is heavily dependent on its hydrodynamic

performance, a fact that in many cases is overlooked and inevitably leads many

operations to failure. Failures are frequently a result of the competitive effects of

kinetics and fluid dynamics: internal mixing, dead spaces, channeling, and

bypasses, phenomena that radically alter the performance of a reactor, especially

when compared to the “ideal” or theoretical presentation [7]. In liquid–solid

systems, these phenomena are termed as “liquid maldistribution,” and they are

related to inadequate liquid distribution and low liquid holdup, especially in

downflow operation. Liquid maldistribution is a critical factor in laboratory-,

pilot-, and commercial-scale reactors, and scale-up has always to deal with such

problems. As scale-up is always a complicated procedure, in most cases,

engineers utilize empirical rules by selecting the essential design variables and

taking into consideration several safety or overdesign factors [3, 8]. It is not

surprising that even today many decisions in commercial-scale operations are

not always sufficiently supported by adequate experimental evidences or

modeling but are taken based on experience and approximate methods.

4.2 Theoretical Fundamentals and Modeling

4.2.1 Ion Exchange Kinetics and Equilibrium

4.2.1.1 Kinetics

When an ion-exchanger particle is brought in contact with a solution, a static

adherent liquid film is formed around it, the thickness of which may vary between

10 and 100 mm, depending on the flow conditions around the particle. Ion exchange

involves five distinct steps [1]:

(a) Transport of ions through the bulk solution in order to reach the ion-exchanger

particle

(b) Diffusion of ions through the liquid film surrounding the particle

(c) Diffusion of the ion across the film–particle interface

(d) Diffusion of the ion through the particle

(e) The exchange of ions on the active sites

Unless the concentration of ions in the solution is extremely low, steps (a), (c),

and (e) are very fast, and the overall ion exchange rate is determined by step (b)

or step (d), or a combination of these two steps. In other words, the overall rate is
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controlled by mass-transfer resistance, rather than by the intrinsic sorption kinetics

[5, 9]. Thus, the phenomenon is a diffusion process and Fick’s first law is applicable

[5, 10]. Fick’s first law relates the diffusive flux to the concentration field, by

postulating that the flux goes from regions of high concentration to regions of

low concentration, with a magnitude that is proportional to the concentration

gradient (in one dimension, this gradient is equal to @Ci

@x ):

Ji ¼ �D � grad Cið Þ ¼ �D � rCi; (4.1)

where Ji is the flux of the diffusing species i, Ci is its concentration, and D is the

diffusion coefficient. The negative sign in Eq. 4.1 arises because diffusion occurs in

direction opposite to that of increasing concentration. In some cases, for example,

diffusion in dilute solutions, D can be reasonably taken as constant, while in others,

it depends on the concentration [10]. Several authors showed that internal (particle)

diffusivity increases with particle loading, and various relationships have been pro-

posed as for example exponential expressions [11]. However, it is true that in the most

cases for practical applications the diffusion coefficient is assumed to be a constant.

As mentioned above, an electric field is developed in ion exchange systems and

thus, the flux because of the electric potential should be added in Eq. 4.1. Exchange

between counter ions A in solid and counter ions B may be represented by the

Nernst–Planck equation as [12]:

Ji ¼ �Di � rCi � ui � zi � Ci � r’ ¼ �Di � rCi � zi � Ci � F
R � T � r’

� �
; (4.2)

where i ¼ A or B, u is the electrochemical mobility, ’ is the electric potential, z is
the ion charge, T is the temperature, R is the ideal gas constant, and F is the Faraday

constant. The quantity ’ represents the electrical potential generated by the

difference in mobility. The requirements of electroneutrality and absence of net

electric current reduce Eq. 4.2 to

Ji ¼ �DAB � rCi; (4.3)

where [13]

DAB ¼ DA � DB � z2A � CA þ z2B � CB

� �
z2A � CA � DA þ z2B � CB � DB

: (4.4)

This is the interdiffusion coefficient and depends on the individual diffusion

coefficients, on the local concentration of both species and therefore on the radial

position and time. Thus, the effect of the electric field is expressed by the variant

interdiffusion coefficient. For ions of equal mobility, DAB becomes equal to the

self-diffusion coefficient of each ion and Eq. 4.3 reduces to Eq. 4.1. Furthermore,

as it can be proved, an average constant value could be used under certain

conditions valid for many practical applications [13, 14]. As mentioned above,

the concentration dependence is a general fact for diffusion-driven phenomena and
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is not a particularity of ion exchange. Again, the simplified approach of a constant

diffusion coefficient is very common in the related literature, and although in batch

systems, models incorporating the electric field are frequently used, for fixed-bed

systems, the ordinary diffusion-driven potential is themost common approach. It is not

by chance that inPerry’s Chemical Engineers Handbook ion exchange and adsorption
are grouped together as sorption for a unified treatment when dealing with application

in batch and fixed-bed processes [4]. The same approach is followed in Coulson and
Richardson’s Chemical Engineering book, where the design of fixed-bed ion

exchangers shares a common theory with fixed-bed adsorbers [12]. Clearly, this

approach reduces the physical meaning of the models providing however simplicity

on the interpretation of fixed-bed operation, a process considerably more complicated

than a batch system. Amore detailed analysis on the applicability of simplifiedmodels

for ion exchange in batch systems is given elsewhere [13, 15].

Focusing on the solid-phase diffusion, a substantial fraction of the particle volume

is occupied by the solid matrix, which may consist of small microporous crystals

formed into a macroporous structure. In this case, two distinct diffusion resistances

exist: the macropore (pore diffusion) and the micropore (solid diffusion) resistances,

frequently grouped under the single term “intraparticle diffusion” [4, 5, 9]. Pore

diffusion is the diffusion of solutes in fluid-filled pores, which are so large enough

for the diffusing species to escape the adsorbent surface force field [4]. On the other

hand, solid diffusion is the diffusion in the adsorbent surface itself, where the pores are

so small that the diffusing species never escapes the force field of the adsorbent

surface. Pore and solid diffusion act in parallel, and thus the dominant transport

process is the faster one. For the purpose of this chapter, Helfferich’s approach on

the kinetics is followed: the particle, consisting of pore fluid and a solid matrix, is

treated as a single quasi-homogeneous phase, regardless of its inhomogeneities in

molecular or colloidal dimensions and its particular geometrical structure [15].

In solid diffusion-controlled process, the corresponding diffusion coefficient is an

“effective” kinetic parameter characterizing the ease ofmovement of the solutes in the

particle pores. Furthermore, the diffusion coefficient considered to be constant, or

to be more realistic, is an average value as it can be dependent on the solute solid-

phase concentration. Following this simplified approach, the time dependence of

the concentration is related with the flux by the Fick’s second law [10]:

@Ci

@t
¼ �div Jið Þ ¼ D � r2Ci: (4.5)

Fick’s second law is derived from first law and the mass balance and predicts

how diffusion causes the concentration field to change with time. Combining

Eqs. 4.1 and 4.5, the mass-transfer process for spherical particles is described by

the following diffusion equation, written in spherical coordinates [5]:

@Ci

@t
¼ Ds � @2Ci

@r2
þ 2

r
� @Ci

@r

� �
; (4.6)
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where Ds is the solid diffusion coefficient and Ci is the solid-phase concentration

of the solute (in the following paragraphs, this concentration is denoted by q).
Equation 4.6 must be solved under the appropriate initial and boundary conditions.

For the mass transfer associated with the transport of solutes through the fluid

layer surrounding the particle, the driving force is the concentration difference

across the boundary layer, and the flux at the particle surface is [5]

Ji ¼ kf � Ci;f � Ci;s

� �
: (4.7)

where kf is the mass-transfer coefficient and Ci,f, Ci,s are the concentrations of solute

in the bulk fluid and at the particle surface phase, respectively.

The ion exchange rate can vary over a wide range, requiring a few seconds to

several months to reach equilibrium, and it is affected by a number of parameters,

such as the properties and nature of the exchanger and counter ions, the extent

of agitation and flow conditions, the concentration of the cations and anions, etc.

The main factors affecting the exchange rate are given in Table 4.1 [1].

4.2.1.2 Equilibrium

Ion exchange reactions are stoichiometric and reversible, and in that way, they are

similar to other solution phase reactions. A common way to represent the equilib-

rium in ion exchange systems is the equilibrium isotherm, which represents the

distribution of the adsorbed material between the adsorbed phase and the solution

phase at equilibrium. The basic difference between adsorption and ion exchange

is that while there is only one isotherm at a specified temperature for adsorption,

more than one isotherm can exist at a specified temperature for different normality

Table 4.1 Factors affecting ion exchange kinetics (subscript s denotes solid phase and f
fluid phase)

Parameter Particle diffusion control Film diffusion control

Counter ion mobility

Solid phase Proportional to Ds No effect

Liquid phase No effect Proportional to Df

Particle size Proportional to 1/r2 Proportional to 1/r

Capacity of the ion

exchanger

No effect Inverse proportional to the concentration

of functional ionic groups

Degree of cross-linking Decreases with increasing

cross-linking

No effect

Selectivity of the ion

exchanger

Preferred counter ion is generally taken up at higher rate and

released in lower rate

Concentration of the

solution

No effect Proportional to the concentration

Temperature Increases with temperature

Rate of agitation or flow No effect Proportional to the agitation or flow rate
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of the solution in ion exchange of ions of different valences due to the

concentration–valence effect [5]. Thus, a specific ion exchange system presents

one equilibrium curve (isotherm) only under constant temperature and normality.

Ion exchange equilibrium has been studied for many decades and numerous

theories and models have been proposed. Although the sound theoretical basis and

proven quality of such models, it is true that in many cases they fail to incorporate

several interfering phenomena encountered in an ion exchange system, like the

hydrolysis of ion exchangers and cations and the sorption of electrolytes [16].

Another weakness of rigorous complex models is the errors associated to several

experimental parameters and the unavailability of such parameters. An alternative

has always been the development and use of simplified equations, both theoretical

and empirical in nature, which in the most of the cases are valid as approximations

under certain assumptions and experimental conditions. Nevertheless, such

simplified equations would probably serve best the purpose of equilibriummodeling

and in a further step of a commercial-scale operation design [16]. In the following

paragraph, the twomost common isotherms used for liquid-phase adsorption and ion

exchange systems are presented, namely, the Langmuir and Freundlich isotherms.

Langmuir equation is applicable to a manifold of simple binary ion exchange

systems. The underlying theory assumes the adsorbents to contain fixed individual

sites, each of which adsorbs equally only onemolecule, forming thus a monolayer [4]:

qe
QM

¼ K � Ce

1þ K � Ce
: (4.8)

where qe is the solid-phase concentration in equilibrium with liquid-phase concen-

tration Ce, QM is the ultimate sorptive capacity, and K is an equilibrium constant.

For Ce ¼ Co, Eq. 4.8 becomes

qmax

QM

¼ K � Co

1þ K � Co
: (4.9)

where qmax is the solid-phase concentration in equilibrium with Co. Dividing

Eq. 4.8 with Eq. 4.9, we have

qe
qmax

¼ Ce

Co
� 1þ K � Co

1þ K � Ce
: (4.10)

The equilibrium parameter La is defined as

La ¼ 1

1þ K � Co
: (4.11)

Then, the dimensionless form of Langmuir Eq. 4.10 is

Y ¼ X

Laþ 1� Lað Þ � X : (4.12)
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where

Y ¼ qe
qmax

(4.13)

and

X ¼ Ce

Co
: (4.14)

By using the dimensionless equilibrium relationship (Eq. 4.12), La can also be

expressed as

La ¼ X � 1� Yð Þ
Y � 1� Xð Þ : (4.15)

Freundlich isotherm is an empirical equation and assumes the adsorbents to have

energetically heterogeneous surface consisting of sites with different adsorption

potentials. The equation is [4]

qe
QM

¼ k � CFr
e : (4.16)

where qe is the solid-phase concentration in equilibrium with liquid-phase concen-

tration Ce, QM is the ultimate sorptive capacity, and k, Fr are equilibrium constants.

Another form of the Freundlich isotherm is the following:

qe ¼ KF � CFr
o : (4.17)

where

KF ¼ QM � k: (4.18)

Applying Eq. 4.16 for Ce ¼ Co:

qmax

QM

¼ k � CFr
o : (4.19)

here qmax is the solid-phase concentration in equilibrium with Co. Dividing

Eqs. 4.16 and 4.19,

Y ¼ XFr: (4.20)

At this point, it is important to underline the difference between qmax and QM,

the first being the solid-phase concentration in equilibrium with the initial fluid-

phase concentration, while QM is the maximum adsorption capacity. For an ion
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exchange system, qmax corresponds to the maximum exchange level (MEL), while
QM corresponds to the real exchange capacity (REC) [17]:

• Real exchange capacity refers to the amount of the actual exchangeable

cations of the solid, measured by ion exchange methods, and is a characteristic

constant of the ion exchanger independent of the experimental conditions. REC
is the upper limit of the actual solid capacity and, in general, is lower than the

theoretical exchange capacity (TEC) calculated by chemical analysis of

the solid.

• Maximum exchange level is a characteristic property of the specific ion

exchange system. An ion exchange system is defined a system consisting of a

material and a liquid solution which contains the ion to be exchanged, under a

specified temperature and normality. MEL is straightforwardly related to the

equilibrium behavior of the specific ion exchange system. It is measured by

repeated equilibrations or by determinations using equilibrium data. MEL and

REC could be equal for “ideal” ion exchange systems, i.e., systems where

complete exchange is achieved. However, generally, MEL is only a fraction of

REC and this is the case of partial exchange.

The empirical constants La and Fr are related to the particular system under

investigation and are obtained from laboratory experiments [5]. Generally, in X
versus Y plot, an isotherm is favorable for the incoming ion if its shape is convex

upward @2Y
@X2 >0 and unfavorable for the incoming ion if its shape is concave upward

@2Y
@X2 <0. In Fig. 4.3, the characteristic isotherm shapes are presented.

The parameter La is also called separation factor and is La ¼ 0 for irreversible,

La < 1 for favorable, La ¼ 1 for linear, and La > 1 for unfavorable isotherm type.

The same holds for Fr in Freundlich isotherm. More isotherm types can be found

elsewhere [5].

The discussion of equilibrium is completed by presenting some basic

relationships and parameters involved in ion exchange equilibrium. Let us suppose

that the solid phase is initially in the B form and that the liquid-phase ion is A [5]:

Aþ B $ Aþ B:

The separation factor aA�B is defined as

aA�B ¼ qA � CB

qB � CA
¼ YA � XB

YB � XA
: (4.21)

where

Yi ¼ qi
qmax

(4.22)

Xi ¼ Ci

Co
: (4.23)
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where i is A or B. In Eq. 4.22, qmax is the maximum exchange level and only in the

case of complete exchange is equal to the real exchange capacity (REC). A complete

analysis of the ion exchange capacity types and its measurement is given elsewhere

[17]. Furthermore, Co is the initial concentration (normality) of the solution phase,

which for the case of ion exchange is constant throughout the exchanging process.

If the ion A is preferred, the separation factor is larger than unity, whereas if ion B is

preferred, it is smaller than unity. Expressing all concentrations in equivalents:

XA þ XB ¼ 1 ) XB ¼ 1� XA (4.24)

YA þ YB ¼ 1 ) YB ¼ 1� YA: (4.25)

Then,

aA�B ¼ YA � 1� XAð Þ
XA � 1� YAð Þ : (4.26)

Recalling Eq. 4.15 is easy to show that aA�B and La are related as follows:

aA�B ¼ 1

La
: (4.27)
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This relation is the reasonwhy La is also called as “separation factor” in the related
literature. A constant separation factor aA�B in an ion exchange systemmeans that this

system obeys a Langmuir equilibrium isotherm, in which La is constant. Finally, the
distribution coefficient li and the selectivity coefficient KA�B are defined as follows:

li ¼ qi
Ci

(4.28)

KA�B ¼ qA
ZB � CB

ZA

qB
ZA � CA

ZB
: (4.29)

where zi is the absolute value of the ions charge. If the ion A is preferred, then the

selectivity coefficient is larger than unity, whereas if ion B is preferred, it is smaller

than unity. It is obvious that due to the exponents, different units result in different

values of the selectivity coefficient.

4.2.2 Fixed-Bed Mass Balances

In a fixed bed, the continuity equation around a segment of the solid phase between

the height x and x + dx and during time dt is [2–5, 9]

� rb �
@q

@t
¼ e � @C

@t
þ us � @C

@x
�Dax � e � @

2C

@x2
: (4.30)

where e and rb are bed porosity and bulk density, respectively, us is the superficial
liquid velocity, Dax is the axial dispersion coefficient, C is the solution concentra-

tion, and q is the mean concentration of solute in the solid phase. For the common

case of dilute solutions, us is considered constant throughout the fixed bed, but

under high concentration levels, us is variant, and this term should be incorporated

into the derivative. Such effects are usually significant only for adsorption in

gaseous systems [9].

Dividing and multiplying the second and third term of Eq. 4.30 by the bed height

Z, we have

� rb �
@q

@t
¼ e � @C

@t
þ us

Z
� @C

@ x
Z

� �� Dax � e
Z2

� @2C

@ x
Z

� �2 : (4.31)

and rearranging

� rb �
Z

us
� @q
@t

¼ e � Z
us

� @C
@t

þ @C

@ x
Z

� �� Dax � e
us � Z � @2C

@ x
Z

� �2 : (4.32)
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the term e ∙ Z/us is the liquid residence time (or contact time), while the term Dax � e
us � Z

is the inversed bed Peclet number. Both C and q are dependent on time t and
height Z, and Eq. 4.32 is a partial differential equation. As the solute uptake is

controlled by the diffusion rates, the rate equations to be used are [3–5]

@q

@t
¼ kf � au

rb
� C� C�ð Þ (4.33)

@q

@t
¼ Ds

rb
� @2q

@r2
þ 2

r
� @q
@r

� �
¼ Ds

rb � r2p
� @2q

@ r
rp

� �2
þ 2

r
rp

� � � @q

@ r
rp

� �
0
B@

1
CA: (4.34)

where C* is the concentration of the solute in the fluid phase, which is assumed to be

in equilibrium with q and au is the total external solid surface area per unit bed

volume [3]:

au ¼ 6 � 1� eð Þ
dp

: (4.35)

The mean solid concentration q is [18, 19]

q ¼ 3

r3p
�
ZR

0

q � r2 � dr: (4.36)

where r is the distance from particle center and dp, rp are the particle diameter

and radius, respectively. Equation 4.33 holds for liquid film control, and Eqs. 4.34

and 4.36 for solid diffusion control. For liquid film control, q¼q. For combined

resistances, Eqs. 4.33, 4.34, and 4.36 should be used simultaneously. The solid

diffusion coefficient Ds is theoretically independent of the flow type and rate, and it

can be calculated using appropriate diffusion models in batch reactors. Liquid mass-

transfer coefficient is a flow-dependent parameter,which can be evaluated from several

correlations found in the related literature (see Sect. 4.3.5.1). Experimental methods

for the determination of several model parameters are provided in Sect. 4.3.5.3.

As in the case of adsorption, the physical process of ion exchange is considered

to be so fast relative to diffusion steps that in and near the solid particles a local

equilibrium exists, and thus, the equilibrium isotherm q ¼ f(C*) relates the station-
ary- and mobile-phase concentrations at equilibrium [17]. For the purposes of

simplified fixed-bed modeling, Langmuir and Freundlich equilibrium equations

are used [9, 18, 19]. The empirical constants La and Fr are related to the particular

system under investigation and are obtained from laboratory experiments [5]. The

continuity, rate and equilibrium equations are solved simultaneously using the

appropriate initial and boundary conditions [9]. This system consists of four

equations and four unknowns, i.e., C, q, q, and C*.
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4.2.3 Fixed-Bed Hydrodynamics

Following the study of the mass balance, kinetics and thermodynamics of the

system, the hydrodynamic behavior of the fixed-bed reactor should be investigated.

This investigation basically involves the evaluation of liquid holdup, quality of the

flow and bed geometry. During this step, physical mechanisms that are sensitive to

size are investigated separately from chemical (kinetic or equilibrium) studies [20].

Here, the fixed bed is examined in respect to its flow patterns, as a vessel, irrespec-

tive of the specific chemical reaction or physical phenomenon that takes place in it.

4.2.3.1 Peclet Number and Liquid Holdup

A fixed bed is an array of voids into which fluid flows at relatively high velocity,

accelerating in the ports created by particle–particle intersections and decelerating

upon entering the voids, leading to a certain degree of mixing. In the ideal case of

plug flow in fixed beds, axial mixing between the several cross sections of the bed is

minimal, whereas radial mixing in each section is maximal [3, 5]. Ideal flow is

studied and represented using the classic dispersion or dispersed plug-flowmodel of

Levenspiel [21]. Recall the material balance of a fixed-bed reactor (Eq. 4.31):

� rb �
Z

us
� @q
@t

¼ e � Z
us

� @C
@t

þ @C

@ x
Z

� �� Dax � e
us � Z � @2C

@ x
Z

� �2 :

The last term of this equation is zero in both cases of plug and mixed flow: in

plug flow, Dax ¼ 0, and in mixed flow, @2C

@ x
Zð Þ2 ¼ 0. The physical parameter relevant

to the flow quality is the axial dispersion coefficient, incorporated into the particle

Peclet number:

Pep ¼ u � dp
Dax

: (4.37)

where dp is the particle diameter, Dax is the axial dispersion coefficient, and u is the
interstitial fluid velocity (equal to us/e). Multiplying this number with the term Ζ/dp,
where Z is the fixed-bed length, we obtain the bed Peclet number. In the case of

fixed beds, the higher the vessel Peclet number, the better flow quality, and if close

or higher than about 100, the flow is considered to be ideal (plug flow) [3].

Another critical parameter in fixed beds is the liquid holdup, representing the

part of the bed occupied (wetted) by the liquid phase. This is important especially in

downflow operation, as in upflow operation the liquid occupies practically the

whole external free void volume of the bed. Total liquid holdup ht consists of two
parts: static hs and dynamic holdup hd. Static holdup is related to the volume of
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liquid which is adherent to the particles surface, whereas dynamic holdup is related

to the flowing part of the liquid [5]. Liquid holdup (ht, hd, or hs) based on the total

volume of the bed occupied by liquid he and liquid holdup based the void volume of

the bed occupied by liquid hv are related as follows:

hv ¼ Vliquid

e � Vtotalbed
¼ 1

e
� Vliquid

Vtotalbed

� �
¼ he

e
: (4.38)

Then, 0� he � e while 0 � hv � 1. Several correlations for the determination of

Peclet number and liquid holdup are given in Sect. 4.3.5.2. It is worthwhile to

mention that in the case of partial wetting of the bed (he � e), he should be used

instead of e in all model equations.

4.2.3.2 Fixed-Bed Sizing and Geometry

Fixed-bed geometric analogies are essential for a good hydrodynamic behavior in

both laboratory- and full-scale units, especially during scale-up where in order to

“transfer” experimental data from the small to the large unit, maldistribution

and liquid holdup should be kept in a satisfactory level and similar in both scales.

In particular, the following analogies are of the most important for avoiding

large-scale flow maldistribution [3, 5]:

Z

D
� 5 (4.39)

D

dp
� 12� 30 (4.40)

Z

dp
� 50� 150: (4.41)

where D is the bed diameter, Z is the bed height, and dp is the particle diameter.

Relationship (4.40) is relevant to the bed porosity, which is practically constant for

low dp/D (< 0.1).

In order to avoid extended friction between the packing material in both down

and upflow operations, a maximum linear velocity is defined [9]. This velocity is

0.8 times the minimum fluidization velocity for upflow operation and 1.8 times the

same velocity for downflow operation. The minimum fluidization velocity can be

evaluated using the following equation [4]:

150 � m � ufm
Fs

2 � dp2
� 1� e

e3
þ 1:75 � r � ufm2

Fs � dp � 1
e3

¼ g � rp � r
� �

: (4.42)

where dp is the particles diameter, rp and r are the density of the particles and of the

liquid, respectively, g is the gravity acceleration constant (9.81 m2/s), m is the

136 V.J. Inglezakis and A. Zorpas



dynamic viscosity of the liquid, e is the bed voidage, ufm is the minimum fluidiza-

tion velocity, and FS is the sphericity of the particle. For granular particles,

sphericity is between 0.6 and 0.95, while for spherical particles, it is equal to 1

[22]. In Fig. 4.4, the maximum linear velocity versus particle diameter is presented.

In the typical system shown in Fig. 4.4, it is clear that the smaller the particles,

the lower the permissible operating liquid velocity, especially in the upflow mode.

The operating velocity could be higher under the condition that larger particles are

used. However, as is well known, by increasing particle size, the adsorption and ion

exchange rates are decreased [3, 9, 15]. In laboratory fixed beds, the use of small

particles and low velocity is not a problem, but during scale-up, in order to keep the

same contact time and particle size in the large bed, inevitably the liquid velocity is

increased, and there is the possibility to exceed the maximum permissible limit.

In this case, it could be the case of operating in downflow mode as the maximum

permissible velocity for the same particle size is higher, leading to a safer operation.

Concluding, it is clear that particle size should be chosen considering kinetics and

hydrodynamics in the same time for both scales (laboratory- and large-scale beds).

Another problem associated with small particle sizes is the increased pressure

drop, which in downflow mode is possible to cause flooding. In ion exchange

operations where pretreatment and/or regeneration steps are in use, by using

the maximum permissible velocity and the contact time during pretreatment/regen-

eration (which is generally higher than the treatment one), the maximum bed height

is determined as follows [3]:

QFS ¼ a � VFS ) uFS ¼ QFS

AFS
¼ a � VFS

AFS
� umax;FS ) ZFS � umax;FS

a
: (4.43)
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Fig. 4.4 Maximum linear velocity versus particle diameter (u upflow, d downflow) for rp ¼ 2.08

g/cm3, m ¼ 0.9 cP, r ¼ 1 g/cm3, e ¼ 0.5, and F ¼ 0.65 (for sand-type granular materials)
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where a is the number of bed volumes per hour (BV/h), subscript FS is for full-scale
bed, umax is the maximum allowable linear velocity, and A is the bed cross-sectional

area. For safety, 85% of this height should be used. The fixed-bed height is also

influencing the force applied on the particles in the bed bottom, which exhibit a

certain level of particle strength. These particles are under the pressure of the upper

layers as well as the hydraulic pressure of the liquid, and thus, a maximum

permissible bed height is allowed [23]:

Z � Fc � dp � rb
g �Mk � rb þ e � rð Þ : (4.44)

where Z is the bed height, rb is the bed bulk density, Mk is the particle weight, and

Fc is the maximum force that can be applied to a single particle without breaking it

(particle strength).

4.3 The Use of Predictive Models

4.3.1 Models for Single Controlling Step

Predictive models could be used in order to model the process and determine

the controlling step, which for the most cases in ion exchange and liquid-

phase adsorption is the particle diffusion within the solid matrix. Nevertheless,

the controlling step depends on liquid velocity because in low velocities, the liquid

film diffusion step could influence the process. In order to use simplified models,

the following assumptions should be met [3]:

(a) Plug flow. In this case, the last term in Eq. 4.32 is neglected. This assumption

holds only if the bed Peclet number is greater than 100 [21]. Generally, in

upflow operation, the quality of the flow is better, especially at low velocities.

For complete analysis of fixed-bed hydrodynamics, see Sect. 4.2.3.

(b) Constant-pattern condition. With a favorable isotherm and a mass-transfer

resistance or axial dispersion, the concentration front approaches a constant

pattern, which is an asymptotic shape beyond which the wave will not spread.

The wave is said to be “self-sharpening” [4]. In contrast, if the concentration front

is seen to spread out more and more as it propagates toward the column outlet, it

is a dispersive or spreading behavior (Figs. 4.5 and 4.6). Constant-pattern

condition reduces the continuity Eq. 4.32 to the simple relation: C/Co¼q/qmax,
or, to put it in words, the dimensionless profiles of concentration and exchanger

loadings are identical. This means that all points on the breakthrough curve are

moving in the bed under the same velocity, and thus a constant shape of this

curve is established [5]. Practically, the constant-pattern assumption holds if the
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equilibrium is favorable and under high residence times, i.e., deep-bed and low

superficial velocity [4]. However, constant-pattern assumption is weak if the

system exhibits very slow kinetics [24].

C
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m
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Fig. 4.5 Self-sharpening behavior
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Fig. 4.6 Spreading behavior
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Simplified models under the above assumptions have been proposed and

analyzed in the related literature and are in the form of either arithmetic or

analytical solutions [5, 9]. The following dimensionless parameters are defined [4]:

L ¼ rb � qmax

Co
(4.45)

T ¼
t� Voe

Q

� �
L�Vo

Q

� � (4.46)

Nf ¼ kf � au � Vo

Q
(4.47)

Ns ¼ 15 � Ds � L � Vo

rp2 � Q (4.48)

Np ¼ 15 � Dp � ð1� eÞ � Vo

r2p � Q
: (4.49)

where t is time, Vo is the total bed volume, e is the bed voidage, Q is the volumetric

flow rate, rb is the bed density, and qmax is the operating capacity, which should be

evaluated from bed data in dynamic experiments [6]. Subscript f refers to the fluid,

s to the solid, and p to the pore phase resistance. The following equations are

approximate solutions of fixed-bed model under the constant-pattern and plug-flow

assumption for favorable Langmuir isotherm and linear driving forces [3, 4]:

Nf � ðT � 1Þ ¼ lnðXÞ � La � ln 1� Xð Þ
1� La

þ 1 (4.50)

Ns � ðT � 1Þ ¼ 1

CS
� La � lnðXÞ � ln 1� Xð Þ

1� La
� 1

� 	
(4.51)

CS ¼ 0:894

1� 0:106 � La0:5 : (4.52)

Equation 4.50 is for liquid film diffusion control and Eq. 4.51 for solid diffusion

control. In Fig. 4.7, Eq. 4.51 is plotted for two different values of the Langmuir

constant (La ¼ 0.1 and 0.7), and in Fig. 4.8, both Eqs. 4.50 and 4.51 are plotted for

La ¼ 0.3.

From Figs. 4.7 and 4.8, it is evident that the more favorable the isotherm (lower

value of La), the steeper the breakthrough curve (the performance of the fixed bed is

better) while a tail is formed, either at the start (liquid film control) or at the end

(solid diffusion control) of the curve.
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The following equations are based on nonlinear driving forces and Langmuir

isotherm, the first for pore diffusion control and the second for solid diffusion

control. For the case of pore diffusion control, the equations are [3, 5]

Np � ðT� 1Þ ¼ 1

cpore

� �2 �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� 1� Lað Þ �X

p
� La

1� La
� lnr1 þ

ffiffiffiffiffiffi
La

p

1� La
� lnr2

� �
þ Ic

(4.53)

r1 ¼
1þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1� 1� Lað Þ � Xp
1� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1� 1� Lað Þ � Xp (4.54)

r2 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� 1� Lað Þ � Xp þ ffiffiffiffiffiffi

La
p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� 1� Lað Þ � X � ffiffiffiffiffiffi

La
pq (4.55)

Ic ¼ 2:44� 2:15 � La (4.56)

cpore ¼
1

La2 þ 1:83 � 1� Lað Þ0:92 : (4.57)

For solid diffusion control, the equations are [5]

Ns � ðT � 1Þ ¼ 1

csolid

� 1

1� La2
� l1 þ l2 þ l3ð Þ

� 	
þ Ic (4.58)

l1 ¼ ln
1

1þ Lað Þ � 2 � La � X � 1� Lað Þ � X2

� 	
(4.59)

l2 ¼ La � ln X þ 1þLa
1�La

1� X

� �
(4.60)

l3 ¼ 2 � La2 � lnX (4.61)

csolid ¼
1

La1:5 þ 1:688 � 1� Lað Þ (4.62)

Ic ¼ �106:67 � La5 þ 177:82 � La4 � 114:38 � La3 þ 31:604 � La2
� 4:5323 � La� 0:8408: (4.63)

Both models are satisfactory approximations of the respective numerical

solutions, especially when the interest is in the first part of the breakthrough

curve, which is of great importance in industrial applications [23]. Finally, the
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following equation is a solution of the fixed-bed model under the constant-pattern

and plug-flow assumption, for fluid-film diffusion control and favorable Freundlich

isotherm [5]:

Nf T � 1ð Þ ¼ 1þ lnðXÞ � Fr

1� Fr
� ln 1� X

1�Fr
Fr

� �
þ o (4.64)

o ¼ Fr

Fr � 1
�
X1
k¼1

Fr

k � k � 1� Frð Þ þ Fr½ �: (4.65)

4.3.2 Models for Combined Controlling Steps

For combined diffusion resistances (fluid film and solid diffusion), the concentra-

tion in the bulk liquid phase is different than this on interface due to the effect of the

fluid-film resistance. The following equations can be used for Langmuir and

Freundlich equilibrium equations as published by Miura and Hashimoto [3, 5, 25].

Langmuir isotherm

yt � Xt ¼ 1

1þ z
� ’1 þ

z
1þ z

� 1
�
� ’2 (4.66)

’1 ¼
1

1�La
� lnXi � La

1� La
� ln 1�Xið Þ� ln Laþ 1�Lað Þ �Xi½ � � La

1�La
� ln Laþ 1

(4.67)

’2 ¼
La

1� La
� lnXi � 1

1� La
� ln 1� Xið Þ � 1 (4.68)

� ¼ 1� 0:192 � 1� Lað Þ3: (4.69)

Freundlich isotherm

yt � Xt ¼ 1

1þ z
� o1 þ z

1þ z
� 1
�
� o2 þ 1

1þ z
� z
zþ �

� o3 (4.70)

o1 ¼ Fr

Fr � 1
� ln Xi

Fr�1 � 1
� �þ 1þ �

zþ �
� Fr2

Fr � 1
� IA (4.71)

o2 ¼ 1

Fr � 1
� ln 1� Xi

1�Fr
� �þ z

zþ �
� 1

Fr � 1
� IB (4.72)
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o3 ¼ Fr � 1þ Fr

Fr � 1
� IA þ IBð Þ (4.73)

� ¼ 0:808þ 0:192 � Fr (4.74)

IA ¼
X1
n¼1

1

n � n � 1� Frð Þ½ � þ Fr
(4.75)

IB ¼
X1
n¼1

1

n � n � 1� Frð Þ½ � þ 1
(4.76)

where

yt ¼ ks � au
rb � ð1þ 1

zÞ
� t� e � Z

us

� �
(4.77)

Xt ¼ ks � au � g
1þ 1

z

� Z
us

(4.78)

ks � au ¼ 15 � Ds � rb
r2p

(4.79)

g ¼ qmax

Co
(4.80)

z ¼ kf � au
ks � au � g (4.81)

au ¼ 3

rp
� ð1� eÞ: (4.82)

where qmax is in mass of solute per unit mass of solid and Co is in mass of solute per

unit volume of fluid. For practical use, the infinite series IA and IB are shown in Fig. 4.9.
The interface relative concentration Xi is related to the respective bulk relative

concentration X as follows [5]:

Langmuir

X ¼ z � Laþ �ð Þ � Xi þ z � 1� Lað Þ � Xi
2

zþ �ð Þ � Laþ 1� Lað Þ � Xi½ � : (4.83)
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Freundlich

X ¼ z � Xi þ � � Xi
Fr

zþ �
: (4.84)

The equations provide only the Xi versus yt-Xt relation, while for a direct

relationship between X and yt-Xt, Xi should be explicitly expressed by using only

X. However, there is not an explicit relationship for Freundlich isotherm and, in this

case, an iteration procedure is needed. For Langmuir isotherm,

Xi ¼ �bþ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
b2 � 4 � a � c

p

2 � a (4.85)

where

a ¼ z � 1� Lað Þ (4.86)

b ¼ z � Laþ �ð Þ � ðzþ �Þ � ð1� La � XÞ (4.87)

c ¼ �La � zþ �ð Þ � X: (4.88)

The same equations can be used as approximations for pore diffusion control, by

setting ks�au equal to 15�Dp� 1�eð Þ
g�r2p :
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4.3.3 Approximate Methods for the Determination of the
Controlling Mechanism

If the target is the determination of the controlling mechanism, another useful

method is the following [3, 23]. This method is approximate and is based on the

experimental breakthrough curve. Based on these data, it is easy to construct the T-1
versus C/Co curve, where C is the exit concentration, Co the inlet concentration, and

T is the dimensionless time modulus. If the experimental data are plotted in N∙(T-1)
versusC/Co graph, theC/Co at whichN ∙ (T-1) equals to zero is called stoichiometric

point and is independent of volumetric flow rate [4]. The characteristic C/Co versus

N∙(T-1) curves are shown in Fig. 4.10.

The stoichiometric point is always lower than about C/Co ¼ 0.7, regardless of

the controlling mechanism for both Langmuir and Freundlich isotherms [3, 4, 18,

19]. Furthermore, the (C/Co)stoich values are between 0.51 and 0.70 for solid

diffusion control, and the more favorable equilibrium, the higher the (C/Co)stoich.
The opposite holds for liquid film control where the corresponding (C/Co)stoich
values are between 0.31 and 0.5. Using the approximate models (Eqs. 4.50, 4.51),

the Xstoich versus La is shown in Fig. 4.11.

As an alternative method, Miura and Hashimoto defined the mechanical param-

eter z, as follows [25]:

z ¼ kf � au
K � qmax

Co

� � (4.89)

K ¼ 15 � Ds � rb
r2p

: (4.90)

0
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0,4

0,6

0,8

1

N(T-1)=0 N(T-1)

C
/C

o

Fig. 4.10 Characteristic C/Co versus N∙(T-1) curves for solid diffusion control (dotted line) and
liquid film diffusion control (La ¼ 0.05)
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If z is zero (<< 1), then liquid film diffusion is controlling the process rate,

while if z is infinite (>> 1), then the solid diffusion is controlling the process rate.

Essentially, the mechanical parameter represents the ratio of the diffusion

resistances (solid and liquid film). This equation can be used irrespective of the

constant-pattern assumption.

If modeling or other approximate methods are not applicable, then a series of

experimental runs are conducted in order to examine the effect of liquid velocity on

the bed performance and on the breakpoint in particular. Then, by keeping the same

contact time and particle size, the effect of liquid velocity can be examined by

changing the bed length: liquid velocity has no effect in case of solid diffusion

control while the opposite holds for film diffusion control. That way, a minimum

liquid velocity is calculated, above which the controlling mechanism is solid

diffusion control. Thus, for higher liquid velocity, which is expected in large-

scale units, it is guaranteed that the controlling step is solid diffusion, unaltered

in all bed sizes. This procedure is useful only if the flow conditions are close to ideal

plug flow as in a different case, changes in the liquid velocity are affecting the flow

quality and consequently the bed performance.

4.3.4 Equilibrium Limited Systems

In the case of unfavorable equilibrium, the local equilibrium analysis could be

applied. Local equilibrium is a condition under which the mass transport step is

0,3
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X
st

oi
ch

La

F

S

Fig. 4.11 Stoichiometric point curves (S solid diffusion control, F liquid film diffusion control)
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neglected as negligible and equilibrium is established between the liquid and solid

phase. In this case, equation of continuity reduces to [3, 4]

dY
�

dX
¼ T , dFðXÞ

dX
¼ T: (4.91)

where Y* ¼ F(X) is the equilibrium relationship between Y and X. The limits of

validity of Eq. 4.91 can be found setting X ¼ 0 (for T minimum) and X ¼ 1 (for T
maximum). Finally, using the local equilibrium analysis, the isotherm of a system

can be found from breakthrough experiments using the following equation:

Y� ¼
Z 1

0

T � dX: (4.92)

In the case of favorable equilibrium, local equilibrium analysis predicts that at

T ¼ 1, the concentration X will rise instantly from 0 to 1 (ideal step change). This

situation is ideal and does not correspond to real situations, as when a system

exhibits favorable equilibrium, mass transfer always is controlling the rate.

4.3.5 Derivation of Basic Model Parameters

4.3.5.1 External Mass-Transfer Coefficient

Liquid mass-transfer coefficient or convection coefficient is a flow-dependent

parameter, which is evaluated by use of empirical and semiempirical correlations.

One of the most well-known correlations for use in water treatment situations is the

following [3, 26]:

Sh ¼ 2þ 0:644 � Re 1
2 � Sc 1

3

� �
� 1þ 1:5 � 1� eð Þ½ �: (4.93)

In adsorption processes for wastewater treatment by use of granular activated

carbon, the Williamson correlation is proposed [27]:

kf ¼ 2:4 � us
Sc0:58 � Re0:66 : (4.94)

Kataoka correlation has been used in adsorption systems from liquid phase [28]:

kf ¼ 1:85 � Re � Scð Þ�2
3 � us

e
� 1� e

e

� ��1
3

: (4.95)
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Finally, for very low Reynolds number (<0.01), the Wilson–Geankoplis

correlation has been used in ion exchange as well as in adsorption from liquid

phase [11, 29, 30]:

Sh ¼ 1:09

e
� Sc1

3 � Re1
3: (4.96)

where

Sh ¼ kf � dp
Df

(4.97)

Re ¼ dp � us
n

(4.98)

Sc ¼ n
Df

: (4.99)

where Re is the particle Reynolds number, Sh is the Sherwood number, Sc is the

Schmidt number,Df is the diffusion coefficient of the solute in the liquid phase, dp is
the particle diameter, and n is the liquid kinematic viscosity.

4.3.5.2 Peclet Number and Liquid Holdup

For materials that are frequently used in adsorption and ion exchange systems in

wastewater treatment applications, as for zeolites and similar particles of irregular

shape, the following equations can be used [3, 5, 31]:

Pep ¼ L � Rek (4.100)

%hv;t ¼ 21þ 99:72 � u0:28s : (4.101)

where v is the kinematic viscosity of the liquid phase, L is 0.52 for upflow and 0.05 for

downflow, and k is�0.65 for upflow and 0.48 for downflow. In Eq. 4.101, total liquid

holdup is expressed as percentage of the total void bed volume, while superficial

velocity is in cm/s. Peclet correlation (Eq. 4.100) holds for 0.6 < Re < 8.5 and liquid

holdup correlation (Eq. 4.101) for particle size of 1.2–1.3 mm. For different particle
size, the dynamic liquid holdup is evaluated using the following analogy:

%hðd1Þ
%hðd2Þ ffi

d2
d1

� �m

: (4.102)

where m is 0.72. Several correlations for the Peclet number and liquid holdup can

be found elsewhere [3, 32, 33]. In the equation above, the bed voidage is

considered to be the same for different particle sizes, which is true for low dp/D
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values (see scale-up analysis), while the value proposed here is for activated

carbon particles, which are of similar shape as zeolites [34, 35]. The constant

part in liquid holdup correlation (Eq. 4.101) is the static liquid holdup. This part is

between 0.11/e and 0.072/e for particle size between 0.2 and 2 mm, where e is the
bed voidage [23]. In the typical case of e ¼ 0.4–0.5, static holdup is between 14%

and 27%. More correlations for liquid holdup are given in [5].

The bed Peclet number is evaluated as follows [21]:

PeL ¼ Pep � Z
dp

: (4.103)

Generally, for spherical and other irregular-shaped particles (intalox saddles,

raschig rings, berl saddles), particle Peclet number is found to be between 0.3 and

0.8 for Reynolds number between 0.01 and 150. For high Reynolds number, the

following expression holds [5]:

Pep ¼ 1

e
� 0:2þ 0:011 � Re0:48� �

: (4.104)

This expression holds for 25 < Re < 320. This correlation is derived using

glass beads, aluminum beads, and steel beads, and it has been used for ion exchange

systems by use of resins beads [11]. Furthermore, according to a literature review

presented in [32], the particle Peclet number is between 0.06 and 0.3, showing no

particular trend, for 0.01 < Re < 10 and is steadily increased for Re > 10. More

correlations for Peclet are given in [5]. For the specific case of irregular-shaped

particles, a review is published by Inglezakis [33].

4.3.5.3 Experimental Data

In any design problem in engineering, preliminary experiments in laboratory-scale

beds are always essential. In the laboratory, a series of measurements are collected

for all mechanisms and phenomena that are independent of size. This applies in

particular to everything related to thermodynamics and chemical kinetics [20]. The

laboratory reactor should not necessarily be similar to the industrial one but has to

be designed in order to give the best information [7].

Figures 4.12–4.15 show the relationships between areas determined by a break-

through curve and the axes, plotted in terms of concentration versus effluent volume.

These areas represent different elements of an overall material balance on a com-

plete exchange operation and imply no assumption of equilibrium or kinetics [4, 15].

(a) The amount in mg of solute that has been leaked out of the column between

effluent volumes 0 and V in excess of the initial interstitial solute is represented

by the hatched area on Fig. 4.12 and given by the integral

L ¼
ZV

0

C � dV: (4.105)
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Fig. 4.12 Breakthrough curve

Fig. 4.13 Breakthrough curve
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Fig. 4.14 Breakthrough curve

Fig. 4.15 Breakthrough curve
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(b) The amount of solute in mg introduced into the column in excess of the initial

content is simply (Fig. 4.13)

I ¼ Co � V: (4.106)

(c) The amount of solute in mg stored in the bed in this interval is the difference of

the two preceding quantities (Fig. 4.14):

S ¼ I � L ¼ Co � V �
ðV

0

C � dV: (4.107)

(d) The exchange capacity available is the maximum amount (mg) of solute the

column can store, accounting for its initial state and feed concentration Co. This

is obtained by letting V becoming very large (Fig. 4.15):

A ¼
ð1

0

Co� Cð Þ � dV ffi Co � VT �
ðT

0

C � dV: (4.108)

Then, the operational ion exchange capacity in mg/g is

qmax ¼
Co � VT �

ÐT
0

C � dV
rb � Vo

: (4.109)

During experiments, it is essential to minimize the flow non-idealities; otherwise,

the underlying phenomena could be masked. The most well-known method for

hydrodynamics studies, which is basically the determination of the Peclet number

and liquid holdup, is the tracing technique, and details are provided elsewhere [31,

33, 36]. It is always safer to run experimental laboratory-scale fixed beds in upflow

mode as in small-scale beds downflow operation frequently suffers from severe

liquid maldistribution and low liquid holdup [31]. Another advantage of upflow

operation is that liquid holdup is near 100%, and thus the theoretical contact time

equals the real contact time of the reactor. The minimal set of data needed for a

shortcut design is the bed diameter DLS, particle diameter dp, relative volumetric

flow rates BV/h for treatment b and pretreatment/regeneration a, and the achieved

breakpoint volume (bed volumes, BV) for the selected volumetric flow rate (treat-

ment) and breakpoint concentration. Obviously, fixed-bed operation is stopped at

this point, and the performance of the unit is based on the achieved treated volume

(breakpoint volume). Simple correlations between contact time and breakpoint

volume could be valuable information in scale-up procedure. Breakthrough volume

is considered to be a primary parameter for design purposes. In experimental section,

it could be valuable to determine the following: the maximum adsorption capacity of
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the solid qmax, the diffusion coefficients of the solutes in the solid phase Ds, and the

equilibrium isotherm. Generally, all the above measurements are made in batch

systems using simplified kinetics models. The maximum adsorption (or ion

exchange) capacity of the solid qmax is frequently measured separately by the

“repeated equilibrations method” in batch systems [6, 37].

Theoretically, for a specific ion exchange or adsorption system, the equilib-

rium isotherm, ion exchange capacity, and solid diffusion coefficient are inde-

pendent of the experimental method used for their determination and independent

of flow conditions [5, 15]. However, a number of experiments have shown that the

maximum adsorption capacity, the equilibrium isotherm, and the diffusion coef-

ficient measured in fixed beds and batch systems could be different, and they

might be flow dependent [6, 11, 38–41]. All these observations seem to be a result

of the limiting (low) contact time in fixed beds and of the different concentration

gradients in different reactor arrangements, and it is true that batch reactors do not

approximate the hydrodynamic and contaminant removal patterns of fixed-bed

reactors [40]. In case resins are used as packing material, another explanation

could be the lack of adequate mechanical strength of particles and permeability of

particles to fluid flow [42]. The dependence of qmax on residence time could be

expressed as follows [23, 38]:

qtmax ¼ q0max � 1� exp �o � tð Þ½ � (4.110)

qtmax ¼ q0max � 1� exp �o � t0:5� �� �
: (4.111)

where qtmax and q
o
max are the operational bed capacity and themaximum exchange level

(measured in batch reactor systems), t is the residence time, and o is a system-specific

constant. It is obvious that if residence time is infinite, the operational bed maximum

capacity is equal toMEL, which is theoretically expected, as noticed elsewhere [6].
Concluding, solid-phase capacity should be experimentally measured in

fixed-bed experiments, and if models are applicable, diffusion coefficients should

also be determined in fixed-bed apparatus. However, equilibrium isotherms require

extended experimental data and are quite difficult to be conducted in fixed-bed

reactors, and by this point of view, it is more practical to be studied in batch reactor

systems. In the case that such isotherms are used in fixed-bed models, the equilib-

rium discrepancy (if exists) can be compensated by a different estimate for the solid

diffusion coefficient [6, 38].

4.4 Scale-Up

4.4.1 General Analysis

As is well known, while the rate (chemical kinetics) of a given system is

independent of the size and the structure of the reactor, the physical processes
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involved in the overall rate, for example, mass and heat transfer, are usually

controlled by these factors [4]. Nevertheless, it is true that scale-up has better

chances of success if laboratory- and large-scale units are carried out in the same

type of reactor, for example, fixed bed, fluidized bed and batch reactors [43, 44].

Then, by keeping the same reactor structure, the critical parameter is the reactor

size, which incorporates its geometrical analogies and dimensions. In the

particular case of wastewater treatment in ion exchange and adsorption fixed

beds, no real chemical reaction or heat transfer occurs; it is a crucial subject as

these operations are essentially isothermal. Thus, scale-up mainly considers

the mass-transfer phenomena and the hydrodynamic performance of the reactor,

i.e., liquid distribution, small-scale dispersion of the flow, and liquid holdup.

From a practical point of view, a distinction should be made between a system

that can be fully modeled mathematically, for example, treatment of one-

component solutions in fixed beds, and a system that such a modeling is not

practically feasible, for example, treatment of a complicated multicomponent

solution in the same operation. In the case where full modeling is applicable,

scale-up can be based on the model, keeping adequate flow conditions and geomet-

ric analogies in order to avoid extensive particle attrition, partial fluidization, and

large-scale maldistribution of the flow as channeling, dead spaces, and fluid recir-

culation [43].

Even in one-component systems because of the nonlinearity associated with

the equilibrium expressions, a full solution of the resulting partial differential

equations of the models requires complicated numerical solutions. In our days

with the aim of computers and sophisticated software, these solutions are easily

found. However, to obtain a priori prediction of the breakthrough curve, indepen-

dent experiments and/or reliable engineering correlations are required to estimate

the numerous equilibrium, transport, and sorption kinetic parameters. As a result,

some of the model parameters are evaluated by fitting the model to experimental

breakthrough curves. Such multiparameter fitting may reduce the physical signif-

icance of the parameters [43, 45]. By this point of view, scale-up is often

following other routes.

In the case where modeling is not applicable, apart from flow conditions

and geometric considerations, scale-up should also be based on some additional

rules, called similitude rules. Then, under specified conditions, the data of a

laboratory-scale unit can be used for the evaluation of the large-scale unit

performance. The similitude rules can be withdrawn using the continuity

equation, rates equations, and hydrodynamic equations (for %h and Pep). From
continuity equation, it is clear that for the same ion exchange or adsorption system

and the same Co, qmax, the exit concentration C at each time interval t will be the
same for any bed size if the equation terms are the same. These terms are shown

in Table 4.2.

In many cases, not all of the parameters in Table 4.2 are critical. In Table 4.3, the

most critical comments are summarized.
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4.4.2 Fixed-Bed Scale-Up

There are some basic scale-up rules for each operation. In fixed bed, adsorption and

ion exchange operations are scaled-up from laboratory tests in small-diameter bed,

and the large unit is designed for the same superficial velocity and particle size

[22, 43]. Particle size should be kept the same, as it is well known that it affects

the rate of the adsorption and ion exchange [5, 9, 15]. Liquid velocity is considered

as an important parameter also in other studies. As is pointed out, due to geometric

considerations it is not possible to keep linear velocity constant during scale-up, and

only if the pilot plant has a very high ratio of height to diameter, compared to the

large unit, the linear velocity could be similar in the two units. However, contact

time is more critical than superficial velocity and is incorporated in the continuity

equation, representing the physical contact time allowed for the two phases

(liquid/solid) to interact. The physical meaning of this is that contact time is the

time allowed for the system to react. However, it is known that in some systems,

contact time is possibly influencing the equilibrium, leading to a “partial”

equilibrium behavior in the bed, at least in reversible and of low kinetics liquid-

phase adsorption and ion exchange processes [6]. This effect represents another

“non ideality” not incorporated in the continuity Eq. 4.32. Concluding, fixed-bed

scale-up is based on the same contact time and particle size [43].

Table 4.3 Comments on the critical design parameters [5, 43]

Parameter Comments

Z/us Critical

Z/dp Minimal effect if is higher than 150

D/dp Minimal effect if is higher than 30

Rep Minimal effect if solid diffusion is the controlling mechanism and the bed is operated

in near plug-flow mode (or for Z/dp higher than 150)

dp Critical

E Minimal effect if dp/D is lower than 0.1

us Minimal effect if solid diffusion is the controlling mechanism and the unit is operated

in upflow mode. The same for downflow mode if the liquid holdup is 100%

Table 4.2 Parameters derived from the analysis of model equations [5, 43]

Parameters Equation Parameter is a function of

e Continuity equation (4.32) D/dp
Z/us –

PeL Pep, Z/dp or Z/dp, Rep
Ds Rate equation for solid diffusion (4.34) –

R (or dp) –

kf Rate equation for liquid film diffusion

(4.33)

e and Rep
au dp, e, and particle shape

h% Liquid holdup equations (e.g., 4.101) us, dp, e
Equilibrium

behavior

Isotherm (�) Possibly influenced by contact time

Z/us
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Constant contact time has been used as an essential factor for scale-up of

adsorption and ion exchange fixed beds, provided the degree of maldistribution of

the flow is very small [46, 47]. Contact time is also used as the basic scale-up factor

in two-phase flow (gas–liquid) fixed beds in the common case of liquid reactant

limited systems [48, 49]. Again, the full-scale fixed bed, being taller than the

experimental pilot or laboratory one, at the same contact time (or space velocity)

has amuch larger liquid mass velocity which causes improved contacting efficiency.

Contact time (or space time) is determined by the linear velocity as follows [43]:

t ¼ e
I
¼ Vo � e

Q
¼ Z � e

us
: (4.112)

where I is the relative volumetric flow rate commonly expressed in empty bed

volumes per hour (BV/h). Essentially, I is equal to the reactor space velocity [21].

From a hydrodynamics perspective by keeping the same contact time liquid

velocity is much higher in the large fixed bed. As a consequence, the higher velocity

minimizes the diffusion resistance in the liquid film, leading in parallel the system

closer to solid diffusion control and results in higher liquid holdup (for downflow

operation) and higher PeL, provided that liquid dispersion in the top of the fixed bed
is well designed. Under these conditions, the performance of the bed is expected

better, i.e., higher breakthrough volume will be achieved. In systems that solid

diffusion controls the uptake rate, as in the case of adsorption and ion exchange, the

influence of superficial velocity on the bed performance is expected minimal,

provided that the flow is near plug flow and the liquid holdup is near to 100%

[43]. In these cases, if scale-up is based on the same contact time, the experimental

results from laboratory-scale bed can be directly used in large bed. For example, if

contact time-breakpoint volume relationships derived from the laboratory bed

experiments are available, the relationship can be safely used to predict the perfor-

mance of the large bed. Nevertheless, when modeling is applicable in laboratory-

scale bed, the possible change in the controlling mechanism should be taken into

account, and different model type is likely to be needed in large-scale bed [43].

Considering the liquid distribution in downflow operation, several liquid

distributors could be used as weir-through, simple slotted-pipe, and perforated-

pipe distributor [4, 43, 50]. For the later, the design procedure is rather simple and is

presented in the literature [51]. Finally, reproducible and appropriate bed voidage

should be ensured in large beds in order to avoid dead volumes. A suitable method

called “snow storm filling” is presented in the literature [52]. Furthermore, in order

to have near-ideal plug flow in small-scale bed, particle Peclet number should be

high enough to have a high bed Peclet number. In contrast, in large-scale unit

particle, Peclet number is of minimal importance since it is multiplied by Z/dp, and
thus the bed Peclet number is expected high enough (see Eq. 4.103). In order to

ignore the geometrical similarity between the different unit sizes, Eqs. 4.39–4.41

and the following one should be satisfied [5, 8, 43]:

DFS

DLS
� 10: (4.113)
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Using the above relationships, the limits of volumetric flow rates could be

evaluated. Here, I is the relative volumetric flow rate in BV/h, b is for treatment,

and a is for pretreatment/regeneration (generally a > b):

Q ¼ I � V ¼ I � Z � A ) A ¼ Q

I � Z ) D ¼ 4 � Q
I � p � Z

� �0:5

: (4.114)

Then the following equations hold [43]:

D � Z

5
) 4 � Q

I � p � Z
� �0:5

� Z

5
) Q � Z

5

� �2

� I � p � Z
4

(4.115)

D � 30 � dp ) 4 � Q
I � p � Z

� �0:5

� 30 � dp ) Q � 30 � dp
� �2 � I � p � Z

4
(4.116)

DFS � 10 � DLS ) 4 � QFS

I � p � ZFS

� �0:5

� 10 � DLS ) QFS � 10 � DLSð Þ2 � I � p � ZFS

4
;

(4.117)

where subscript LS is for laboratory-scale bed and FS for the large unit. Using

Eqs. 4.115–4.117, the appropriate limits of working volumetric flow rates can be

evaluated. Then, the full-scale bed diameter can be evaluated using Eq. 4.114

according to the chosen working volumetric flow rate [43].

4.4.3 Bed Voidage Considerations

In order to use safely the above analysis, the bed voidage should be approximately

the same for both units. Bed voidage is a function of dp/D [53]. However, for small

dp/D values (typically lower than 0.1), the bed voidage is practically constant. As in

practical applications dp/D is kept lower than 0.1, the bed voidage could be

considered the same in both scales. For example, using particles of 2 mm diameter,

the bed diameter should be greater than 2 cm. This is critical then only in

laboratory-scale units. In Fig. 4.16, Dixon’s correlations are presented for spheres

and cylinders, in the case of dp/D < 0.5 [53]. For cylinders, dp is equal to diameter

of equal volume sphere.

From Fig. 4.16, it is clear that for dp/D < 0.1, the differences of bed voidage are

small, while for dp/D > 0.1, the bed voidage is greatly affected by particle/bed

diameter ratio. Although such data are available for regular-shaped particles, for

irregular ones, measurements should be conducted in order to evaluate bed voidage

and its dependence on dp/D. Finally, as pressure drop is very sensitive to the bed
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voidage, the ratio dp/D greatly influences pressure drop across the bed in the case of

dp/D > 0.1 [52, 54]. Again this happens because for dp/D > 0.1, bed voidage

changes considerably (Fig. 4.16).
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Chapter 5

Principles of Ion Exchange Membrane

Electrodialysis for Saline Water Desalination

Yoshinobu Tanaka

Abstract Irreversible thermodynamics is the fundamental principle in ion exchange

membrane electrodialysis. The mechanism of saline water desalination is explained

based on irreversible thermodynamics. The overall mass transport equation is devel-

oped on the basis of the electrodialysis experiments. The phenomenological equation

appearing in irreversible thermodynamics is substantially identical to the overall mass

transport equation. The overall membrane pair characteristics appearing in the overall

mass transport equation are expressed by functions of the overall hydraulic perme-

ability of the membrane pair. In an electrodialyzer, solution velocities in desalting

cells vary between the cells. Salt concentrations are decreased along the flow-passes in

desalting cells. These events give rise to electric resistance distribution and current

density distribution in the electrodialyzer and exert an influence on the limiting

current density of the electrodialyzer. The electrodialysis process is classified into a

continuous (one-pass flow), a batch, and a feed-and-bleed process. The performance

of each process is discussed using computer simulation (electrodialysis program) and

by applying the principles of mass transport, current density distribution, cell voltage,

energy consumption, and limiting current density. An electrodialysis program is

operated for desalinating saline water, and the performance of a practical-scale

electrodialyzer is discussed with figures created using computer simulation. The

program aims to work as a pilot plant operation.

5.1 Introduction

Ion exchange membrane electrodialysis is a process to separate or extract ionic

species in an electrolyte solution. The largest scale application of the electrodialysis

is the demineralization of saline water. Other applications are desalination and
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reuse of sewage or industrial waste, recovery of useful components from a metal

surface treatment process, refining of amino acid solution, desalination of milk,

whey, sugar liquor, concentration of seawater, organic acid, etc. Electrodialysis

is the fundamental technology based on the ion exchange membrane, and it is

applied to the succeeding technology such as bipolar membrane electrodialysis,

electrodeionization, electrolysis, diffusion dialysis, fuel cell, etc.

Looking back at the development of the history of ion exchangemembrane electro-

dialysis, the notable achievement is the theory of mass transport, the Nernst–Planck

equation developed by Planck [1]. Donnan presented themembrane equilibrium theory

[2]. Michaelis and Fujita studied permselectivity of biological membranes using

colloidal membranes [3]. Teorell [4] and Meyer and Sievers [5] discussed membrane

phenomena and revealed the mechanism of membrane potential, electric conductivity,

transport number, etc. Meyer and Straus electrodialyzed a KCl solution and realized

doubled KCl concentration [6]. Wyllie and Patnode [7] and Juda and McRae [8]

invented artificial ion exchange membranes, and the membranes were applied to

electrodialysis for desalting saline water. Ion exchange membrane electrodialysis is

now one of the basic technologies in saline water desalination industry. This chapter

discusses “saline water desalination” from fundamental and practical viewpoints.

5.2 Principles

5.2.1 Irreversible Thermodynamics

Mass transport across the membrane must be discussed fundamentally on the basis of

thermodynamics because the thermodynamics describes the rule of energy changes

inevitably generating in the mass transport. Many phenomena (including membrane

phenomena) generating in the natural world are far away from reversible states, so the

reversible thermodynamics was ineffective to discuss their mechanism. However,

the irreversible thermodynamics (nonequilibrium thermodynamics) succeeded in

discussing the mass transport by introducing the concept of “time” in its system.

When two kinds of ions are transported with solvent in a solution, their fluxes

influence each other, because the fluxes and driving forces are not independent

but are coupled together. The irreversible thermodynamics describes such an

interaction by the following phenomenological equation [9]:

Ji ¼ Li1X1 þ Li2X2 þ���þ LinXn ¼
Xn
k¼1

LikXk ði ¼ 1; 2;��� nÞ (5.1)

whereXi is the force and Ji is the flux.Lik is the phenomenological coefficients, inwhich

i and k are components. The following Onsager’s reciprocal theorem [10] suggests

that the matrix composed of the phenomenological coefficients is symmetrical:

Lik ¼ Lki i; k ¼ 1; 2; ������nð Þ (5.2)
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Based on the irreversible thermodynamics, an electric current, I, volume flow of

a solution, J, and a mass flux of component, i, Ji, are introduced as the functions of a
potential difference Dc, a pressure difference DP, and a chemical potential differ-

ence Dmi as follows [11]:

I ¼ LEDcþ LEPDPþ
X
i

LEiDmi (5.3)

J ¼ LEPDcþ LPDPþ
X
i

LPiDmi (5.4)

Ji ¼ LiEDcþ LiPDPþ
X
i

LikDmi (5.5)

Further, the phenomenological equation is also introduced as follows:

Ji ¼
X
i

zkLikDcþ vkLikDPþ LikDmikð Þ (5.6)

where zk and vk are the electric charge number and partial volume of component k,
respectively.

Hause [12] discussed an electrokinetic phenomenon based on the approaches of

Kedem and Katchalsky [11]. Referring to this suggestion, Schultz [13] discussed

ionic transport in an electrodialysis process and introduced the phenomenological

equation. The mechanism of saline water desalination is presented as follows [14]

based on the equation developed by Schultz.

A salt solution dissolving monovalent cations and monovalent anions is

assumed to be electrodialyzed using a three-cell electrodialysis system (Fig. 5.1)

Anode Cathode

AK

Cell IIICell IICell I

K: Cation exchange membrane
A: Anion exchange membrane

C’ C’C′′

i

JV,K + JV,A

JS,K + JS,A

Fig. 5.1 Three-cell

electrodialysis system
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consisting of central cell II and electrode cells I and III placed on both outsides of

the cell II.

A cation exchange membrane (K) is placed between cell I and cell II, and an

anion exchange membrane (A) is placed between cell II and cell III. Supplying a

salt solution (electrolyte concentration C0) into cells I and III, constant current

density i is applied, and the salt solution being collected in cell II is taken out from

the system until the electrolyte concentration in cell II reaches steady constant (C00).
Salt accumulation JS,K + JS,A and solution accumulation JV,K + JV,A in cell II in the
steady state are given by the following equations introduced from the phenomeno-

logical equation:

JS;K þJS;A ¼ tKþ tA�1ð Þ i
F
�RT oK þoAð Þ� LP;KsK 1�sKð ÞþLP;AsA 1�sAð Þ� �

C�
S

� �
DC

(5.7)

JV;K þ JV;A ¼ bK þ bAð Þiþ RT sKLP;K þ sALP;A
� �

DC (5.8)

Here, t is the transport number, o is the solute permeability, LP is the hydraulic

conductivity, s is the reflection coefficient, b is the electro-osmotic permeability, F
is the Faraday constant, R is the gas constant, T is the absolute temperature, and DC
(¼ C00 � C0) is the concentration difference between cell I and cell II. In an ion

exchange membrane, the reflection coefficient is generally assumed to be 1; s ¼ 1.

CS* is the logarithmic mean concentration defined by:

C�
S ¼

C00 � C0

lnðC00=C0Þ (5.9)

5.2.2 Overall Mass Transport

Irreversible thermodynamics described in Sect. 5.2.1 is the classical and basic

theory of the transport phenomena across an ion exchange membrane. However,

it cannot elucidate the mechanism of phenomena occurring in a practical-scale

electrodialyzer because the phenomena generating in the electrodialyzer include

too many parameters not being considered in the irreversible thermodynamics.

The overall mass transport equation is developed to understand the mechanism of

saline water desalination process on the basis of the following electrodialysis

experiments. This equation is in agreement with the phenomenological equations

based on irreversible thermodynamics [14].

An electrodialyzer was set up incorporating with commercially available ion

exchange membranes. Saline water was supplied to desalting cells at linear velocity

u, and electric potential was applied between electrodes. After electrolyte concentra-
tion in concentrating cells reached stable, the fluxes of ions JS (eq/cm

2s) and a solution

JV (cm3/cm2s) across an ion exchange membrane pair, electrolyte concentration in

desalting cells C0 (eq/cm3) and in concentrating cells C00 were measured. Changing

166 Y. Tanaka



current density i (A/cm2) incrementally, electrodialysis was repeated. Plotting JS/i and
JV/i against (C

00 � C0)/i ¼ DC/i produced linear lines as exemplified in Fig. 5.2.

These lines are expressed by the following overall mass transport equation:

JS ¼ C00JV ¼ li��m C00 � C0ð Þ ¼ li� mDC (5.10)

JV ¼ fiþ r C00 � C0ð Þ ¼ fiþ rDC (5.11)

l (eq C�1) is the overall transport number, m (cm s�1) is the overall solute

permeability, f (cm3C�1) is the overall electro-osmotic permeability, and r
(cm4eq�1 s�1) is the overall hydraulic permeability, and these are overall mem-

brane pair characteristics. The term “overall” means that the coefficients express

the contributions of a cation and an anion exchange membrane. It also means that

the coefficients express the contributions of many kinds of ions dissolving in an

electrolyte solution. Terms li and mDC in Eq. 5.10 stand for migration and diffusion

of ions, respectively. Terms fi and rDC in Eq. 5.11 correspond to electro-osmosis

and hydraulic osmosis.

Based on the saline water electrodialysis experiment described above, r versus

l, m, and f plots are presented by the following empirical equations:

l ¼ 9:208� 10�6 þ 1:914� 10�5r (5.12)

m ¼ 2:005� 10�4r (5.13)
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Fig. 5.2 JS/i versus DC/i plot and JV/i versus DC/i plot
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f ¼ 3:768� 10�3r0:2 � 1:019� 10�2r (5.14)

Further r versus alternating current electric resistance of ion exchange mem-

brane pair Ralter ¼ ralter,K + ralter,A is presented by the following equation:

Ralter ¼ ralter;K þ ralter;A ¼ 1:2323r� 1=3ð Þ (5.15)

The salt concentration in a concentrating cells C00 after arriving at steady state

and current efficiency � in the above electrodialysis are given by the following

equations:

C00 ¼ 1

2r

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
A2 þ 4rB

p
� A

	 

(5.16)

A ¼ fiþ m� rC0 (5.17)

B ¼ liþ mC0 (5.18)

� ¼ JS
i=F

(5.19)

The phenomenological equation introduced in irreversible thermodynamics

Eqs. 5.7 and 5.8 describes the mass transport in a pair membrane system. The

overall mass transport equation, Eqs. 5.10 and 5.11, also presents the mass transport

across a pair of membranes. Both equations are substantially identical, so the

overall mass transport coefficients are presented by the functions of phenomeno-

logical coefficients as follows putting s ¼ 1:

l ¼ tK þ tA � 1

F
(5.20)

m ¼ RT oK þ oAð Þ � LP;KsK 1� sKð Þ þ LP;AsA 1� sAð Þ� �
C�
S

� � ¼ RT oK þ oAð Þ
(5.21)

f ¼ bK þ bA (5.22)

r ¼ RTðsKLP;K þ sALP;AÞ ¼ RT LP;K þ LP;A
� �

(5.23)

5.2.3 Concentration Polarization and Limiting Current Density

Under an applied electric current, a boundary layer is formed on the desalting

surface of an ion exchange membrane, and the salt concentration in the layer is

depleted due to concentration polarization (Fig. 5.3) [15–18].
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Depletion of the salt at the membrane surface means that an increasing fraction of

the voltage drop is dissipated in transporting ions across the boundary layer rather

than through the membrane. A point can be reached at which the concentration at the

membrane surface is zero. The current through the membrane at this point is the

limiting current density of the ion exchange membrane. At over limiting current

density, the extra power is dissipated by the side reaction such as water dissociation

[19–23]. Concentration polarization is a very important phenomenon in ion exchange

membrane electrodialysis because it influences the performance of an electrodialyzer.

We assume here that a cation exchange membrane is immersed in a NaCl

solution and an electric current density i is applied across the membrane. In a

desalted side of the membrane, Na+ ion transport number in the solution tNa is 0.4,
while that in the membrane t

�
Na is 0.95. In this situation, Na+ ion flux in

the solution JNa ¼ tNa(i/F) ¼ 0.4(i/F) is less than Na+ ion flux in the membrane

J
�
Na ¼ t

�
Na(i/F) ¼ 0.95(i/F). In order to maintain the material balance, NaCl

concentration is decreased, and the concentration gradient (C � C0)/d is generated

in the boundary layer. The material balance in the boundary layer is consequently

given as follows:

t
�
Na

i

F
¼ D

C� C0

d
þ tNa

i

F
(5.24)

in which D is the diffusion constant of NaCl, d is boundary layer thickness.

If current density i is increased in Eq. 5.24, C0 is decreased and reaches C0 ¼ 0

at i ¼ ilim, which is limiting current. Substituting these parameters introduces:

ilim ¼ FDC

t
�
Na � tNa

	 

d

(5.25)

Fig. 5.3 Concentration

polarization
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Equation 5.25 is the limiting current density equation which is known widely.

In discussing the limiting current density with Eq. 5.25, we cannot determine the

boundary layer thickness d easily. In order to solve such a problem, ilim is usually

measured experimentally as follows with current–voltage relationship, I–V curves

[24–26].

The experimental apparatus (Fig. 5.4a) was assembled with cation exchange

membranes (Aciplex K-172, Asahi Chemical Co.) and anion exchange membranes

(Aciplex A-172) [27]. The thickness of cell D was adjusted to 0.075 cm. Width and

length of the flow pass in cell D were adjusted to 1 and 2 cm, respectively

(Fig. 5.4b). A diagonal net spacer was put into cell D. A 25�C NaCl solution was

supplied to cell D. Passing an electric current and changing the current density

incrementally, the limiting current density ilim of a cation exchange membrane (K*

in the figure) was measured from the inflection of V/I versus 1/I plot [28]. The
experiment was repeated by changing NaCl concentration C and solution velocity u
in D step by step. ilim of an anion exchange membrane was measured in the same

manner. From the above experimental results, ilim was expressed by the following

empirical function of C and u:

ilim ¼ mCn (5.26)

For a cation exchange membrane Aciplex K-172

m ¼ 83:50þ 24:00u

n ¼ 0:7846þ 8:612� 10�3u
(5.27)

Fig. 5.4 Apparatus for

measuring limiting current

density (Reproduced from

Ref. [27] with kind

permission of # Elsevier

(2005))
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For an anion exchange membrane Aciplex A-172

m ¼ 66:63þ 14:72u

n ¼ 0:7404þ 3:585� 10�3u
(5.28)

5.2.4 Solution Velocity Distribution

In an electrodialyzer, ion exchange membranes, desalting cells, and concentrating

cells are arranged alternately, and a solution is supplied into desalting cells. In this

flow system, the solution velocity distribution in desalting cells does not become

uniform. This phenomenon causes the concentration distribution and influences

to the limiting current density of the electrodialyzer (Sect. 5.2.7). The solution

velocity distribution is evaluated by measuring the solution velocity ratio x defined
by the following equation:

x ¼ u� u
�

u
� (5.29)

in which u is solution velocity in each desalting cell, u
�

is the average solution

velocity in every desalting cell integrated in a stack.

We introduce here a measuring instance of the solution velocity distribution

in a practical electrodialysis unit [27]. Seawater was supplied at the average

velocity u
� ¼ 3 cm/s to desalting cells in a stack of a unit-cell type electrodialyzer

incorporated with Selemion CMV/ASTmembranes (Asahi Glass Co.) and crosspiece

spacers. The distance between membranes in a desalting cell was 2 mm. The solution

velocity distribution was evaluated by injecting coloring liquid into the inlets of each

desalting cell andmeasuring elapse time until the coloring liquid appears in the outlets

of the desalting cells. The frequencies of desalting cells Ncell are plotted against the

solution velocity ratio x (Eq. 5.29) and shown in Fig. 5.5 which is equated with

the normal distribution, and the standard deviation of the normal distribution s is

measured as 0.078.

Seawater was supplied to desalting cells in a filter-press type electrodialyzer

incorporated with Aciplex K-172/A-172 membrane (Asahi Chemical Co.) and

electrodialyzed at the current density of 3 A dm�2. The solution velocity in each

desalting cell u was evaluated by measuring the electrolyte concentration at the

inlets Cin and the outlets Cout of the cells. Ncell versus x ¼ (u � u
�
)/ u

�
was

confirmed to be equated with the normal distribution. Standard deviation of s of

solution velocity ratio x is determined as presented in Table 5.1. s is distributed in

the range of 0.017–0.222.
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5.2.5 Current Density Distribution

Ohm’s law V ¼ IR is estimated to hold between electrodes in an electrodialyzer.

This is because electric resistance Rin (current Iin) is decreased (increased) at the

inlets of desalting cells and electric resistance Rout (current Iout) is increased

(decreased) at the outlets of desalting cells, and the following relationship is

realized between electrodes:

Vin ¼ IinRin ¼ Vout ¼ IoutRout (5.30)

In order to confirm the reasonability of the above assumption, the following

experiment was performed [27]. Seawater was supplied to electrodialyzers

Table 5.1 Standard

deviation of solution velocity

ratio s in desalting cells

(Reproduced from Ref. [27]

with kind permission of

# Elsevier (2005))

u cm/s C0
in eq/dm

3 C0
out eq/dm

3 s

1.12 0.590 0.276 0.117

1.58 0.557 0.276 0.222

1.73 0.606 0.392 0.141

2.07 0.603 0.430 0.017

2.24 0.606 0.426 0.134

3.12 0.603 0.488 0.020

3.54 0.606 0.491 0.122

4.93 0.603 0.535 0.102

Fig. 5.5 Velocity

distribution of desalted

solutions between desalting

cells (Reproduced from Ref.

[27] with kind permission of

# Elsevier (2005))
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incorporated with diagonal net spacers, and voltage difference at the inlets Vin and

the outlets Vout of desalting cells in a stack was measured as shown in Table 5.2.

Experiment 1 is for the small-scale electrodialyzer in which the number of

membrane pairs between electrodes is 20. Current density was changed and Vout/
Vin was in the range of 1.05–1.11. Experiments 2 and 3 are for the large-scale

electrodialyzers. The number of membrane pairs between electrodes was, respec-

tively, 1,044 and 1,800, and in both experiments, Vout/Vin is 1.0. This is because

electric resistance and ohmic loss of the electrodes incorporated in the large-scale

electrodialyzers are negligible compared to the values between electrodes.

Electrolyte concentrations in desalting cells are decreased along flow-passes and

give rise to electrolyte concentration distribution. It causes electric resistance

distribution and current density distribution. Current density in an electrodialyzer

decreases from iin at the inlet (x ¼ 0, x: distant from the inlet of a desalting cell)

to i ¼ I/S (average current density of an electrodialyzer, I: electric current, S:
membrane area) at x ¼ pl in the desalting cells. It decreases further from i at x
to iout at the outlet (x ¼ l, l: flow-pass length in a desalting cell). In order to

determine current density distribution in an electrodialyzer, we assume that current

density i at x is approximated by the following current density distribution

equation [27]:

i ¼ a1 þ a2
x

l

	 

þ a3

x

l

	 
2
(5.31)

Table 5.2 Voltage difference between electrodes in a stack (Reproduced from Ref. [27] with kind

permission of # Elsevier (2005))

Experiment 1a

I/S (A dm�2) 1 2 3 4 6 8

Vout (V) 3.56 5.60 8.69 11.00 15.40 17.90

Vin(V) 3.22 5.47 7.82 9.90 13.80 17.00

Vout/Vin 1.11 1.02 1.11 1.11 1.12 1.05

Experiment 2b

I/S (A dm�2) 1.97 2.66 3.38 – – –

Vout (V) 19.2 23.6 29.7 – – –

Vin(V) 19.2 23.7 29.6 – – –

Vout/Vin 1.00 1.00 1.00 – –

Experiment 3c

I/S (A dm�2) 2.50 2.50 – – – –

Vout (V) 104.3 104.1 – – – –

Vin(V) 103.4 103.6 – – – –

Vout/Vin 1.01 1.00 – – –
aS ¼ 5 dm2, N ¼ 20 pairs, Selemion CMV/ASV (Asahi Glass Co.), 20 pairs/stack � 1 stack

¼ 20 pairs between electrodes
bS ¼ 200 dm2, N ¼ 87 pairs, Neosepta C66-5T/ACS (Tokuyama Inc.), 87 pairs/stack � 12

syacks ¼ 1,044 pairs between electrodes
cS ¼ 140 dm2, N ¼ 300 pairs, Aciplex K-172/A-172 (Asahi Chemical Co.), 300 pairs/stack � 6

stacks ¼ 1,800 pairs between electrodes
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To determine a1, a2, and a3 in Eq. 5.31, the following three simultaneous

equations are set up, taking into account the voltage difference measurement

between electrodes (cf. Eq. 5.30):

Vin ¼ Vout (5.32)

Vin ¼ Vp (5.33)

zinout ¼ zinp (5.34)

zinout is introduced from Eq. 5.32 and expressed by Eq. 5.35, which is equal to zout
(outlet electric current nonuniformity coefficient):

zinout ¼
a1 þ a2pþ a3p2

b1 þ b2pþ b3p2
¼ zout ¼

iout
I=S

(5.35)

zinp is introduced from Eq. 5.33 and expressed by Eq. 5.36, which is also equal to

zout:

zinp ¼
g1 þ g2pþ g3p

2

2p� 3p2ð Þ I=Sð Þ ¼ zout (5.36)

We determine a1, a2, a3 with zin ¼ iin/(I/S) (inlet electric current nonuniformity

coefficient), zout, iin, and iout:

zin ¼
iin
I=S

¼ a1
I=S

(5.37)

zout ¼
iout
I=S

¼ a1 þ a2 þ a3
I=S

(5.38)

5.2.6 Cell Voltage and Energy Consumption

Cell voltage Vcell is given by the following equation, taking into account the voltage

difference measurement between electrodes [29] (Sect. 5.2.5):

Vcell ¼ VO;in þ Vmemb;in ¼ VO;out þ Vmemb;out (5.39)

Ohmic potential VO,in and membrane potential Vmemb,in at the inlets of desalting

cells in Eq. 5.39 are given as:

VO;in ¼ r0in þ rmemb;in þ r00
� �

iin (5.40)
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Vmemb;in ¼ 2 tK þ tA � 1ð Þ RT

F

� �
ln

g00C00

g0inC0
in

(5.41)

r0in and rmemb,in are, respectively, electric resistance of a solution and direct electric
resistance of a membrane pair at the inlet of a desalting cell. r00 is electric resistance
of a solution in a concentrating cell. r0 and r00 include the influence of the electric

current screening ratio of a spacer e (electric current screening area of a spacer/

membrane area). C0
in and C

00 are, respectively, electrolyte concentration at the inlet
of desalting cells and in the concentrating cell. tK and tA are the transport number of

a cation and an anion exchange membrane, respectively. g0in is the activity coeffi-

cient of ions dissolving in a solution at the inlet of a desalting cell. g00 is the activity
coefficient of ions dissolving in a concentrating cell.

Ohmic potential VO,out and membrane potential Vmemb,out at the outlets of

desalting cells in Eq. 5.39 are given by averaging the values for N cells integrated

in an electrodialyzer:

VO;out ¼
Xjmax

j¼1

Yjr
0
out;j þ

Xjmax

j¼1

Yjrmemb;out;j þ r00N

 !
� iout

1

N

� �
(5.42)

Vmemb;out ¼ 2 tK þ tA � 1ð Þ RT

F

� �Xjmax

j¼1

ln
g00C00

g0out;jC0
out;j

� 1

N

� �
(5.43)

r0out and rmemb,out are electric resistance of a solution and direct electric resistance of
a membrane pair at the outlet of a desalting cell, respectively. C0

out is electrolyte

concentration at the outlet of a desalting cell. g0out is the activity coefficient of ions

dissolving in a solution at the outlet of a desalting cell. Yj is number of desalting

cells in group j, and subscript j denotes group j in the normal distribution within the

range of xj � Dxj < xj < xj +Dxj. N is number of desalting cells in a stack.

Energy consumption E is expressed by the following equation:

E ¼ VcellI

Qout
(5.44)

I is an electric current and Qout is solution volume at the outlets of desalting cells,

the desalted solution output.

5.2.7 Limiting Current Density of an Electrodialyzer

Limiting current density of a cation exchange membrane is less than that of an

anion exchange membrane, because the mobility of counter ions in a solution for a

cation exchange membrane is less than that for an anion exchange membrane.

So the limiting current density of an ion exchange membrane integrated in an
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electrodialyzer, ilim, is given by the following empirical equation established for a

cation exchange membrane (cf. Eqs. 5.26 and 5.27 in Sect. 5.2.3):

ilim ¼ m1 þ m2uoutð ÞC0 n1þn2uout
out (5.45)

When current density reaches the limit of a cation exchange membrane ilim at the

outlet of a desalting cell in which linear velocity becomes the least among uout, uout
#

the average current density applied to an electrodialyzer is defined as its limiting

current density (I/S)lim which is expressed by Eq. 5.46 introduced from Eqs. 5.38

and 5.45 [27]:

I

S

� �
lim

¼ ilim
zout

¼
m1 þ m2u

#
out

	 

zout

C 0#
out

� �n1þn2u
#
out (5.46)

in which C0
out

# is C0
out at u ¼ uout

#.

In Eq. 5.46, uout
# is nearly equal to uin

#. Substituting uout
# ¼ uin

# in Eq. 5.46

leads to:

I

S

� �
lim

¼ m1 þ m2u
#
in

zout
C 0#

out

� �n1þn2u
#
in (5.47)

in which C0
in
# is C0

in at u ¼ uin
# given by:

uin
# ¼ uinð1� 3sÞ (5.48)

in which s is the standard deviation of the normal distribution of the solution

velocity ratio x (Eq. 5.29).

On the other hand, the relationship between (I/S)lim and C0
out

# is also introduced

as follows:

I

S

� �
lim

¼ a

ll

	 

u#in C0

in � C 0#
outÞ

�
(5.49)

Putting Eq. 5.47 equal to Eq. 5.49:

Z1 ¼
C 0#

out

	 
n1þn2u
#
in

C0
in � C 0#

out

(5.50)

Z2 ¼ azout
l l

� �
u#in

m1 þ m2u
#
in

 !
(5.51)

Z1 ¼ Z2 (5.52)
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5.3 Electrodialysis Process

5.3.1 Electrodialyzer

The basic structure of an electrodialyzer consists of stacks in which cation exchange

membranes, anion exchange membranes, and gaskets (desalting cells and

concentrating cells) are arranged alternately (Fig. 5.6) [30].

Fastening frames are put on both outsides of the stack which is fastened up

together through crossbar setting in the frames. Inlet manifold slots and outlet

manifold slots are prepared at the bottoms and heads of the gaskets, respectively.

Spacers are incorporated with the gaskets to prevent the contact of cation exchange

membranes with anion exchange membranes and to mix the solution. Many stacks

are arranged through the fastening frames, and electrode cells are put on both ends

of the electrodialyzer, which are fastened by a press putting on the outsides of

electrode cells (Fig. 5.7) [30].

Fig. 5.6 Structure of a stack (Reproduced from Ref. [30] with kind permission of # Sea Water

Science, Japan (1980))
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An electrolyte solution to be desalted is supplied from solution feeding frames to

entrance manifolds, flows through entrance slots, current passing portions and exit

slots, and discharged from exit manifolds to the outside of the stack. A concentrated

solution is supplied to concentrating cells with a part of a feeding solution in a

circulation flow system and discharged to the outside of the stack through an

overflow extracting system.

Electrodialysis process is classified to a continuous (one-pass flow) process

(Sect. 5.3.2), a batch process (Sect. 5.3.3), and a feed-and-bleed process

(Sect. 5.3.4) [31–33]. The performance of each process is computed by applying

the electrodialysis program, including the following steps described in each

parenthesized section:

Step 1 Mass transport (cf. Sect. 5.2.2)

Step 2 Current density distribution (cf. Sect. 5.2.5)

Step 3 Cell voltage and energy consumption (cf. Sect. 5.2.6)

Step 4 Limiting current density (cf. Sect. 5.2.7)

The program aims at determining the relationship between the parameters in

each process and is developed on the following assumptions:

1. The overall transport number l, overall solute permeability m, overall electro-
osmotic permeability f, and alternating electric resistance Ralter are expressed

by the empirical functions of overall hydraulic permeability (leading parameter)

r (Eqs. 5.12–5.15).

2. Influence of temperature T on the performance of an electrodialyzer is evaluated

from the relationship between T and r.
3. Solution leakage and electric current leakage in an electrodialyzer are negligible.

4. Direct current electric resistance of a membrane includes the electric resistance

of a boundary layer formed on the desalting surface of the membrane due to

concentration polarization.

Anode
chamber

Press (fix)

Stack Stack

Feeding
frame

Fastening
frame

Feeding
frame Cathode chamber

Press (move)

Fig. 5.7 Electrodialyzer (Reproduced from Ref. [30] with kind permission of # Sea Water

Science, Japan (1980))
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5. Frequency distribution of solution velocity ratio in desalting cells is equated by

the normal distribution.

6. Current density i at x distant from the inlets of desalting cells is approximated by

the quadratic equation.

7. Voltage difference between the electrodes at the entrance of desalting cells is

equal to the value at the exits.

8. Limiting current density of an electrodialyzer is defined as average current

density applied to an electrodialyzer when current density reaches the limit of

an ion exchange membrane at the outlet of a desalting cell in which linear

velocity and electrolyte concentration are the least.

9. Salt concentrations are uniform in concentrating cells, and the concentrated

solutions are extracted from the concentrating cells to the outside of the process.

Further, the model equations in the program are developed on the basis of the

following experimental measurements:

1. Membrane characteristics (l, m, f, r)
2. Alternating and direct current electric resistance of membranes

3. Solution velocity distribution between desalting cells and current density distri-

bution in an electrodialyzer

4. Voltage difference between electrodes at the inlets and outlets of desalting cells

in an electrodialyzer

5. Physical properties of desalted and concentrated saline water

6. Limiting current density of ion exchange membranes

7. Solution leakage in an electrodialyzer

5.3.2 Continuous Process

5.3.2.1 Introduction

The continuous process is applicable to large-scale electrodialysis, and its perfor-

mance was so far investigated as follows. Belfort and Daly constructed optimization

routine for a continuous electrodialysis plant. The algorithm was applied to the Office

of Saline Water test bed plant at Webster, South Dakota and compared the actual cost

and operating conditions [34]. Avriel and Zeligher developed a mathematical model

for preliminary engineering design and economical evaluation of a continuous elec-

trodialysis plant. Detailed cost computations were performed resulting in capital

investment and annual operating costs [35]. Lee et al. developed a computer simula-

tion program for describing a continuous flow process and estimated investment and

operation costs. Further, electrodialysis plant was designed and optimized in terms

of overall costs and the different parameters [36]. Moon et al. investigated ionic

transport across membranes based on one- and two-dimensional continuous electrodi-

alysis modeling using the principles of electrochemistry, transport phenomena, and

thermodynamics [37]. Fidaleo and Moresi simulated mass transfer, mass balance,
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potential drop, and limiting current density in a continuous operation based on the

Nernst–Planck equation [38]. Sadrzadeh et al. modeled continuous flow desalination

starting from a differential equation of steady-state mass balance and give salt

concentration in dilute compartments or separation percent for various voltages,

flow rates, and feed concentrations [39]. Nikonenko et al. described electrodialysis

or electrodeionization characteristics (mass transfer coefficient, Sherwood number,

degree of desalination, and others). The reasonability of the functions was discussed

with experimental measurements [40]. Brauns et al. developed simulation model

through solver software. Experimental verification of the software was performed

using industrial type pilot plant. Limiting current density was theoretically evaluated

in the model calculations for design purpose and corrected with the experimental

results [41]. In the previous investigation, we developed a program for computing the

performance of a continuous constant current mode seawater concentrating process.

The validity of the program was discussed by comparing with the performance (NaCl

concentration in concentrated solutions, energy consumption to obtain 1 t of NaCl) of

electrodialyzers operated during 1 year in seven salt-manufacturing plants (output

200,000 t/year for each plant). The differences of data between the computations and

the operations are assumed to be due to solution leakages and electric current leakages

generated in the electrodialyzers, which are not taken into account in the model. From

the above discussion, the validity of the computer simulationmodelwas assumed to be

supported by the plant operations [42].

5.3.2.2 Continuous Electrodialysis Process

A continuous electrodialysis process is illustrated in Fig. 5.8, in which an

electrodialyzer (effective membrane area S, number of desalting cells N) is operated
with constant applied voltage.

A salt solution (concentration C0
in) is supplied to the inlets of desalting cells at

average linear velocity uin. Salt and solutions transfer from desalting cells to

concentrating cells. Average fluxes of ions and solutions transferred through a

membrane pair are expressed by JS and JV, respectively. In desalting cells, salt

concentration is decreased under applied average current density I/S and reaches

average salt concentration C0
out at the outlets of desalting cells. Salt concentration

change in desalting cells causes current density change along the flow-pass from iin
at the inlets to iout at the outlets. Figure 5.8 shows that current density becomes i and
I/S, respectively, at x and pl distant from the inlets of desalting cells. Further, the

figure shows that JS, JV, and average salt concentration C0 and C00 ¼ JS/JV are the

values at pl distant from the inlets of desalting cells. Here, l is flow-pass length of a
desalting cell, and p is the dimensionless distance from the inlet of a desalting cell at

which current density is equal to the average current density I/S of an

electrodialyzer. u ¼ (uin + uout)/2 is the average median velocity in desalting

cells. Salt solutions in the concentrating cells are extracted at pl and discharged

to the outside of the electrodialyzer. Ionic constituent ratio in the solution supplied

is assumed to be the same as that of seawater.
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The electrodialysis program [43, 44] is given in Fig. 5.9 (steps 1–3) and Fig. 5.10

(step 4) as described in Sect. 5.3.1.

The equation numbers supplied in the figures correspond to those of equations

described in Sects. 5.2 and 5.3. Computation of the electrodialysis program is

performed with substituting the following input and control keys in Figs. 5.9 and

5.10.

(a) Input

Overall hydraulic permeability r
Salt concentration at the inlets of desalting cells C0

in

Average linear velocity at the inlets of desalting cells uin
Flow-pass thickness in a desalting cell a
Flow-pass width in a desalting cell b
Flow-pass length in a desalting cell l

Fig. 5.8 Continuous electrodialysis process (Reproduced from Ref. [43] with kind permission of

# Elsevier (2009))
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r
l, m, f

t
K

+t
A,

R
alter

 

I/S*

Eqs. (12)-(15),(20)

Eqs.(54)-(56)
no

yes

Eqs.(10),(11),(16)

control key

control key

control keyinput

input

input

input

Start

JS, JV, C ′out
C´´, h, u 

h *, u*,C ′* 
(19)

h = h*, u = u*, C ′=C ′*=C ′p

r ′i n, r′′    rmemb,in

Vin= Vout

Vin= Vp

Eq.(32)

C ′out,j, r ′out,j,rmemb,out,j

z inout  Eqs.(35)

 Eqs.(33)

p*

Eq.(36) Eq.(54)

a1, a2, a3

a1, a2, a3

C ′p,j       r ′p,j, rmemb,p,j

z inp C ′p

Eq.(34),(57)

 Eqs.(37),(38)

Eqs.(40)-(43)

no

VΩ,in, Vmemb,in, VΩ,out, Vmemb,out

z inout = zinp

z in, iin, zout, iout

Eqs.(39),(44)
control key

Eq. (53)

Vcell,   E

no

Vcell*

Vcell =Vcell*

yes

yes

to Steps 4

Step 2  C
urrent density distribution

Step 1 M
ass transport

Step 3  E
nergy consum

ption

C ′in, uin
 a, b, l

e

a,   j, N

Fig. 5.9 Simulation of mass transport, current density distribution, and energy consumption in a

continuous process (steps 1–3) (Reproduced from Ref. [43] with kind permission of # Elsevier

(2009))
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(b) Control key

Current density I/S*
Cell voltage Vcell*
Current efficiency �*
Average median linear velocity in desalting cells u*
Average salt concentration in desalting cells at x ¼ pl, C0*
Position at which current density becomes I/S in an electrodialyzer p*

from Steps 3

input

input input
l, a, l,C´in

zout 

uin, a

Z1 = Z2 =

uin
# =uin(1-3a)

uin
#

uin

m1, m2, n1, n2

m1 + m2 uin

control key
C´out 

#*

 Eq.(48)

 Eq.(50)

 Eqs.(52),(58) no

yes

 Eq.(51)

Eq.(46)

End

Z1 = Z2

C´out
#

(C´#out)
n

1
+ n

2 
u

in

C´in-C´#out

a zout

zout

ll

#

#

m1 + m2 uin
# #

(C´out)
n

1
+ n

2
u

in
I

S 1in
=

#

Fig. 5.10 Simulation of limiting current density (step 4) (Reproduced from Ref. [43] with kind

permission of # Elsevier (2009))
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Computation is carried out using the following trial-and-error calculation:

1. Steps 1–3 (Fig. 5.9)

① I/S* is adjusted to realize

Vcell ¼ Vcell
� (5.53)

② C0* is adjusted to realize

C0 ¼ C0
p ¼

1

N

Xjmax

j¼1

YjC
0
j ¼ C0� (5.54)

③ �* is adjusted to realize

� ¼ FJS= I=Sð Þ ¼ �� (5.55)

④ u is adjusted to realize

u ¼ uin þ uoutð Þ=2 ¼ u� (5.56)

⑤ p* is adjusted to realize

zinout ¼ zinp (5.57)

2. Step 4 (Fig. 5.10)

C0
out* is adjusted to realize

Z1 ¼ Z2 (5.58)

In the above computation, if an algorithm reaches a decision point (diamond

symbol), it is adjusted by changing control keys to realize the equations, Eqs. 5.53–5.58,

given in the decision points. Then, it loops back to an earlier portion in the algorithm.

The trial-and-error calculation is repeated until all equations are satisfied. The com-

putation is finished within 10 m to obtain one group of plots in the figure shown in

Sect. 5.3.2.3.

5.3.2.3 Computation

We try computation assuming that a continuous process is operated applying the

following electrodialytic conditions and electrodialyzer specifications and chang-

ing the level of C0
in and Vcell:
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Salt concentration at the inlets of desalting cells C0
in ¼ 0.02 (TDS ¼ 1,157 mg/l),

0.03 (1,736), 0.04 (2,315), 0.05 (2,894) eq/dm3

Cell voltage Vcell ¼ 0.2, 0.3, 0.4, 0.5, 0.6 V/pair

Linear velocity at the inlets of desalting cells uin ¼ 10 cm/s

Standard deviation of normal distribution of solution velocity ratio s ¼ 0.1

Flow-pass thickness in a desalting cell a ¼ 0.05 cm

Flow-pass width in a desalting cell b ¼ 100 cm

Flow-pass length in a desalting cell l ¼ 100 cm

Membrane area ¼ S ¼ bl ¼ 104 cm2 ¼ 1 m2

Number of desalting cells integrated in an electrodialyzer N ¼ 300 cells

Overall hydraulic conductivity of a membrane pair r ¼ 1 � 10�2 cm4/eq s

Current screening ratio of a spacer e ¼ 0.15

r values of commercially available ion exchange membranes vary to some

extent. r ¼ 1 � 10�2 cm4/eq s inputted above is estimated to be a reasonable

and convenient value which was decided based on the observed data.

Computed data are explained as follows. Salt concentration at the outlets of

desalting cell C0
out is decreased with the increase of Vcell and the decrease of C0

in

(Fig. 5.11). Current efficiency � is increased with the increase of Vcell and C0
in

(Fig. 5.12). Desalting ratio a ¼ (1 � C0
out/C

0
in) is increased with the increase of

Vcell; however, it is not influenced by C0
in (Fig. 5.13). Water recovery Re ¼ Qout/

Qin is higher than 0.9, and it is decreased with the increase of Vcell and C0
in

(Fig. 5.14). Energy consumption E is increased with Vcell and C0
in (Fig. 5.15).

0.02, 0.03, 0.04, 0.05 eq dm-3

Vcell (V/pair)

C
 ′ o

ut
 (
eq

 d
m

-3
)

Fig. 5.11 Salt concentration in a desalted solution
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0.02, 0.03, 0.04, 0.05 eq dm-3

Vcell (V/pair)

h

Fig. 5.12 Current efficiency

0.02, 0.03, 0.04, 0.05 eq dm-3

Vcell (V/pair)

a

Fig. 5.13 Desalting ratio
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0.02, 0.03, 0.04, 0.05 eq dm-3

Vcell (V/pair)

R
e

Fig. 5.14 Water recovery

0.02, 0.03, 0.04, 0.05 eq dm-3

Vcell (V/pair)

E
 (
kW

h 
m

-3
)

Fig. 5.15 Energy consumption
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Figure 5.16 shows current density distribution. Current density i decreases from the

inlet toward the outlet of a desalting cell, and it is higher at larger C0
in, but its

change along the flow-pass is relatively larger at lower C0
in. Figure 5.17 shows inlet

current density nonuniformity coefficient zin and outlet current density nonunifor-

mity coefficient zout. zin and zout coverage 1 at lower Vcell. zin is increased and zout is
decreased with the increase of Vcell and decrease of C

0
in. Limiting current density (I/

S)lim is plotted against current density I/S taking Vcell as a parameter (Fig. 5.18).

Intersections between the plots and a I/S ¼ (I/S)lim line show the real limiting

current density of the electrodialyzer (I/S)lim operating in this section, which is

estimated to be at over 0.6 V/pair.

s is influenced extremely by precision of part dimensions of a stack and skill of

stack assembling work of an electrodialyzer, and it is desirable to keeping s value

as low as possible. An electrodialyzer is operated stably at s < 0.1 because the

Fig. 5.16 Current density distribution
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0.02,
open; filled;

0.03, 0.04, 0.05 eq dm-3

Vcell (V/pair)

z 
ou

t 
 z

 in

z outz in

Fig. 5.17 Current density nonuniformity coefficient

0.02, 0.03, 0.04, 0.05 eq dm-3

I/S (A dm-2)

I/
S

lim
 (
A

 d
m

-2
)

Fig. 5.18 Limiting current density
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limiting current density (I/S)lim is high. However, electrodialyzer operation

becomes unstable at s > 0.15 because (I/S)lim is lowered. s = 0.1 defined in

Sects. 5.3.2.3, 5.3.3.3 and 5.3.4.3 functions as a safty factor for operating an

electrodialyzer stably. (I/S)lim is calculated at Vcell ¼ 0.4 V/pair taking s as param-

eter and keeping the other parameters as described above and shown in Fig. 5.19.

The limiting current density of this electrodialyzer is obtained from intersections

between (I/S)lim lines and the I/S-(I/S)lim line. (I/S)lim is found at s ¼ 0.23 for every

C0
in. C

0
out, �, a, Re, and E are not influenced by s. We conclude that excepting

limiting current density, the performance of an electrodialyzer is not influenced by s.

5.3.3 Batch Process

5.3.3.1 Introduction

A batch process is applicable to the operation of every kind of small- or middle-

scale electrodialysis operations; Tokuyama Inc. installed a commercial multistage

batch system electrodialysis plant for desalination of brackish groundwater at

Hatsushima, Atami, Shizuoka Pref., Japan [45]. Tokuyama Inc. developed a seawater

desalination batch mode unit operated in a vessel [46]. Rapp and Pfromm removed

I/S (A dm-2)

0.02, 0.03, 0.04, 0.05 eq dm-3

Vcell = 0.4 V/pair
s = 0.05, 0.1, 0.2, 0.24, 0.25, 0.27, 0.28

I/
S

lim
 (
A

 d
m

-2
)

Fig. 5.19 Relationship between s and (I/S)lim
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chloride from the chemical recovery cycle of a kraft pulp mill [47]. Elidaoui et al.

demineralized sugar liquor in a beet sugar-manufacturing pilot plant [48]. Banasiak

et al. investigated the removal of fluoride and nitrate from brackish groundwater [49].

Walha et al. demineralized brackish groundwater by nanofiltration, reverse osmosis,

and electrodialysis in Tunisia and compared their energy consumption [50]. Kabay

et al. removed nitrate, fluoride, and boron in a salt solutionwith a batch electrodialyzer

[51–53]. The performance of a batch process has been discussed from various view

points; Parulekar investigated energy consumption of batch operation in (1) constant

current, (2) constant voltage, (3) constant current followed by constant voltage,

(4) constant voltage followed by constant current, and (5) operation with time-variant

current and voltage [54]. Demircioglu et al. introduced equations expressing the ionic

mass balance around a dilute circulation tank and discussed energy consumption in

a batch process [55]. Ahmed et al. developed amathematicalmodel to predict changes

in contaminants with time and to estimate contaminant fluxes of migration, diffusion,

and convection in a laboratory-scale batch electrodialysis cell for the regeneration

of contaminated hard-chrome plating baths [56]. Moon et al. predicted the perfor-

mance of a one- and two-dimensional batch electrodialysis process based on the

fundamental principles of electrochemistry, transport phenomena, and thermodynam-

ics [37]. Ortiz et al. developed amathematical model for a batch process and discussed

mass balance, ohmic drop, and membrane potential [57].

5.3.3.2 Batch Electrodialysis Process

In Fig. 5.20, a definite volume Q0 ¼ Q0
start of a salt solution (concentration C0

in ¼
C0

in,start) is prepared in the circulation tank at first. Next, we open valve V1, close

valve V2, and then the solution is supplied to the inlets of desalting cells in an

electrodialyzer setting linear and volume velocity of the solution at uin and q0in,
respectively, and applying constant cell voltage Vcell. Effective membrane area and

number of desalting cells are, respectively, S and N. Flow-pass thickness and length
in a desalting cell are a and l, respectively. Current density in an electrodialyzer

decreases from iin at the inlets (x ¼ 0), via i ¼ I/S at x ¼ pl and i at x, to iout at the
outlets (x ¼ l) in desalting cells. Voltage difference between a cathode and anode is
maintained at Vin (x ¼ 0) ¼ Vp (x ¼ pl) ¼ Vout (x ¼ l). JS and JV are, respectively,
fluxes of ions and solutions across membrane pairs from desalting cells to

concentrating cells at x ¼ pl. C0 is salt concentration in desalting cells at x ¼ pl.
C0

out, uout, and q
0
out are, respectively, salt concentration, linear velocity, and volume

velocity of solutions at the outlets of desalting cells. u and q0 are, respectively,
average median linear and volume velocity in desalting cells (u ¼ (uin + uout)/2,
q0 ¼ (q0in + q0iout)/2). C00 and q00 are, respectively, salt concentration and volume

flow velocity of a concentrated solution, which is extracted at x ¼ pl to the outside
of the process. Electrodialysis is performed until salt concentration of a desalted

solution in the tank C0
in changes from C0

in,start at operating time t ¼ 0 to a definite

value C0
in,final at t ¼ tope, and then valve V1 is closed, valve V2 is opened, and

the solution is discharged to the outside of the process to obtain a desalted solution

(potable water).
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The electrodialysis program consists of mass transport (step 1), current density

distribution (step 2), and cell voltage (step 3) (Fig. 5.21) [58]. The equation

numbers supplied in the figures correspond to those of equations described in

Sects. 5.2 and 5.3. Computation is performed with substituting the same input

and control keys described in Sect. 5.3.2.2. In this computation, however, it is

necessary to determine the relationship between C0
in and I/S, C00 and C0 which is

expressed as follows and exemplified in Fig. 5.22:

I=S ¼ X1C
0
in
0:5 þ X2C

0
in þ X3C

0
in
1:5

(5.59)

C00 ¼ Y1C
0
in
0:5 þ Y2C

0
in þ Y3C

0
in
1:5

(5.60)

C0 ¼ Z1C
0
in
0:5 þ Z2C

0
in (5.61)

De: Desalting cell, Con: Concentrating cell, V1 V2: Value
K: Cation exchange membrane, A: Anion exchange membrane
Js, Jv: Fluxes of ions and solutions across membrane pairs at x = pl 

u =(uin+uout)/2 q′ =(q′in + q′out)/2
C ′,C ′ ′: Elecrolyte concentration in desalting and concentrating cells at x = pl 

Desalted solution (Potable water)

Concentrate tank

average C ′ ′
 Q′ ′ 

C ′ ′ q′ ′

C′in, final

i in

C′in, Q′

Q′start -Q′′finalPumpCirculation tank

Anode C′in

C′out

q′in

q′out

q′

Vin

Vout

uin

uout

Js Jv C′

Vp

Electrodialyzer Cathode

inletx = 0

i = I/Sx = pl

x = I  outlet  i out

xi

a

u

Feed solution

De Con

A AK

V1

V2

Fig. 5.20 Batch electrodialysis process (Reproduced from Ref. [58] with kind permission of #
Elsevier (2009))
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r
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Vcell =Vcell*

e

Fig. 5.21 Simulation of performance of a batch electrodialysis process (steps 1–3) (Reproduced

from Ref. [58] with kind permission of # Elsevier (2009))
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The coefficients X1, X2, X3, Y1, Y2, Y3, Z1, and Z2 are substituted into Eqs. 5.63

and 5.64 in the following step 4 (Fig. 5.23) for computing, respectively, batch

duration tope and the volume of a solution Q00 being discharged from concentrating

cells to the outside of the process.

Step 4 Mass balance and energy consumption (Fig. 5.23) in the batch process are

expressed as follows, taking into account the overall mass transport equation,

Eqs. 5.10 and 5.11:

� Q0
start � f

I

S
þ r C00 � C0ð Þ

 �
NS

� �
dC0

in

dt
¼ l

I

S
� m C00 � C0ð Þ

 �
NS (5.62)

Operating time tope during which C0
in decreases from C0

in,start to C0
in,final, i.e.,

batch duration is introduced from Eq. 5.62 as follows:

tope ¼ 1

NS

Z C0
in;start

C0
in;final

Q0
start � A1C

00:5
in þ A2C

0
in þ A3C

01:5
in

	 

NS

B1C00:5
in þ B2C0

in þ B3C01:5
in

dC0
in (5.63)

in which

A1 ¼ fX1 þ r Y1 � Z1ð Þ

I/
S

 (
A

 d
m

-2
)

C
 ′′

(1
0-

3 
eq

/c
m

3 )
,C

 ′(
10

-1
 e

q/
cm

3 )

C ′in(10-4 eq/cm3)

Fig. 5.22 C0
in versus I/S, C00, and C0 (Reproduced from Ref. [58] with kind permission of #

Elsevier (2009))
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A2 ¼ fX2 þ r Y2 � Z2ð Þ

A3 ¼ fX3 þ rY3

B1 ¼ lX1 � m Y1 � Z1ð Þ

B2 ¼ lX2 � m Y2 � Z2ð Þ

B3 ¼ lX3 � mY3

The volume of a solution being discharged from concentrating cells to the

outside of the processQ00 and output of a desalted solutionQ0
final is given as follows:

Q00 ¼
Z tope

0

f
I

S
þr C00 �C0ð Þ

 �
NSdt¼

Z tope

0

A1C
00:5
in þA2C

0
inþA3C

01:5
in ÞNSdt

	

(5.64)

Q0
final ¼ Q0

start � Q00 (5.65)

Water recovery Re is

Re ¼ Q0
final

Q0
start

(5.66)

Fig. 5.23 Simulation of mass

balance and energy

consumption (step 4)

(Reproduced from Ref. [58]

with kind permission of #
Elsevier (2009))
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Energy consumption to obtain 1 m3 of a desalted solution (potable water) E
(kWh/m3) and production rate of a desalted solution PR (m3/h) are, respectively,

presented as follows:

E ¼ VcellNS

Q0
final

Z tope

0

I

S
dt (5.67)

PR ¼ Q0
final

tope
(5.68)

Step 5 Limiting current density is explained in Sect. 5.2.7, and its simulation is

given in Fig. 5.10.

5.3.3.3 Computation

A batch process is assumed to be operated applying constant voltage between

electrodes for obtaining potable water. We assume the following specifications of

an electrodialyzer operating with changing the level of C0
in,start, Vcell, and Q0

start.

Salt concentration of a solution supplied to an electrodialyzer at the beginning of

operation C0
in,start ¼ 500, 1,000, 2,000, 3,000, 4,000 mg/l (ionic constituent

ratio is the same as that of seawater).

Cell voltage Vcell ¼ 0.2, 0.25, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8 V/pair

Volume of a solution prepared in a circulation tank Q0
start ¼ 5, 10, 15, 20 m3

Standard deviation of solution velocity ratio in desalting cells s ¼ 0.1

Linear velocity at the inlets of desalting cells uin ¼ 10 cm/s

Flow-pass thickness in a desalting cell a ¼ 0.05 cm

Flow-pass width in a desalting cell b ¼ 100 cm

Flow-pass length in a desalting cell l ¼ 100 cm

Membrane area S ¼ bl ¼ 104 cm2 ¼ 1 m2

Number of desalting cells N ¼ 300 cells

Overall hydraulic permeability r ¼ 1 � 10�2 cm4/eq s

Electric current screening ratio e ¼ 0.15

Figures 5.24 and 5.25 exemplify the change of C0
in and I/S with operating time

t setting Q0
start ¼ 10 m3 and Vcell ¼ 0.4 V/pair. Operation time (batch duration) tope

versus Vcell computed setting Q0
start ¼ 10 m3 is given in Fig. 5.26. Vcell versus

potable water production rate PR, water recovery Re, and energy consumption E are

computed taking C0
in,start as a parameter and shown in Figs. 5.27–5.29 which are not

influenced by Q0
start. Figure 5.30 shows relationship between Q0

start and tope.
Limiting current density (I/S)lim versus current density I/S is given in Fig. 5.31

setting Vcell and C0
in as parameters. A I/S ¼ (I/S)lim line is indicated in the figure

showing that I/S approaches (I/S)lim at increased Vcell and decreased C0
in.
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Fig. 5.24 Salt concentration changes in a feeding solution with operating time (Reproduced from

Ref. [58] with kind permission of # Elsevier (2009))

Fig. 5.25 Current density changes in a feeding solution with operating time (Reproduced from

Ref. [58] with kind permission of # Elsevier (2009))
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Fig. 5.26 Operating time (Reproduced from Ref. [58] with kind permission of# Elsevier (2009))

Fig. 5.27 Water production rate (Reproduced from Ref. [58] with kind permission of# Elsevier

(2009))
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Fig. 5.28 Water recovery (Reproduced from Ref. [58] with kind permission of # Elsevier

(2009))

Fig. 5.29 Energy consumption (Reproduced from Ref. [58] with kind permission of # Elsevier

(2009))
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Fig. 5.30 Relationship between volume of a solution prepared and operation time (Reproduced

from Ref. [58] with kind permission of # Elsevier (2009))

Fig. 5.31 Limiting current density (Reproduced from Ref. [58] with kind permission of #
Elsevier (2009))
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5.3.4 Feed-and-Bleed Process

5.3.4.1 Introduction

A feed-and-bleed operation is widely performed so far. For instance, Asahi Chemi-

cal Co. developed a feed-and-bleed electrodialysis plant (2,500 m3/day) for pro-

ducing potable water in Ohoshima island, Tokyo [59]. Asahi Glass Co. constructed

large-scale blackish water desalination plants in Kashima Power Station (2,000 m3/

day) and Kashima South Joint Power Station (12,000 m3/day), Ibaraki Pref., Japan

[60]. Morinaga Milk Industry Co. developed a four-stage feed-and-bleed electrodi-

alysis process for demineralizing whey [61]. Tokuyama Inc. developed the tech-

nology to establish a closed system by means of electrodialytic reuse of waste water

in a plating process [62]. Ryabtsev et al. developed a two-stage feed-and-bleed

setup for desalination of underground saline water. The first stage involves desali-

nation of initial water in galvanostatic regime at increased current density, and the

second stage involves profound desalination in a potentiostatic regime resulting in

desalinated water [63]. Rapp and Pfromm removed chloride in a kraft-pulping

process with feed-and-bleed operation incorporated with monovalent-selective

anion exchange membranes [64]. Thompson et al. separated sulfide from hydroxide

in kraft white liquor with an electrodialysis system operated in both the batch and

feed-and-bleed modes, producing sulfide-rich white liquor [65].

5.3.4.2 Feed-and-Bleed Electrodialysis Process

Figure 5.32 shows solution flow in a feed-and-bleed process. Saline water (salt

concentration C0
0) is supplied to compartment I in a circulation tank with volume

flow rate ofQ0
0. Then, it (salt concentrationC

0
in) is supplied (volume flow rateQ0

in) to

desalting cells in an electrodialyzer inwhich the salt concentration is decreased toC0
out

under an applied electric potential field. A concentrated solution (salt concentration

C00) is transferred to concentrating cells across the membranes and extracted to the

outside of the process. The diluate in the desalting cells is returned (volume flow rate

Q0
out) to compartment II in the circulating tank, it (salt concentration C0

out) flows out

(volume flow rateQ000) to the outside of the process to obtain potable water (product),
and it is transferred to compartment I (volume flow rate Q0

in � Q0
0).

The electrodialysis program consists of mass transport (step 1), current density

distribution (step 2), and cell voltage (step 3) (Fig. 5.33) [66]. The equation

numbers supplied in the figures correspond to those of equations described previ-

ously. After step 3, mass balance and energy consumption (step 4) is added.

In Fig. 5.32, the volume of a solution flowing out from desalting cells Q0
out and

that of a solution flowing out from compartment II in the circulation tank Q000 are:

Q 0
out ¼ Q 0

in � SNJV (5.69)

Q 00 0 ¼ Q 0
0 � SNJV (5.70)
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Material balance in compartment I is:

C0
inQ

0
in ¼ C0

0Q
0
0 þ C0

out Q
0
in � Q0

0ð Þ (5.71)

Feeding solution volume Q0
0, water recovery Re, energy consumption E, and

desalting ratio a in this process are introduced from the above equations as follows:

Q0
0 ¼

C0
in � C0

out

C0
0 � C0

out
Q0

in (5.72)

Re ¼ Q000

Q0
0

¼ Q0
0 � SNJV
Q0

0

¼ 1� SNJV
Q0

0

(5.73)

E ¼ IVcellN

Q000 ¼ 1

Q000

� �
I

S

� �
SVcellN (5.74)

a ¼ 1� C0
out

C0
0

(5.75)

De: Desalting cell, Con: Concentrating cell,
K: Cation exchange membrane, A: Anion exchange membrane
Js, Jv: Fluxes of ions and solutions across membrane pairs at x = pl 
C ′,C ′ ′: Elecrolyte concentration in desalting and concentrating cells at x = pl 

Circulation tank

III

Anode

Feed solution C′in, Q′0

Vin
uin

Electrodialyzer
Cathode

Concentrated solution

Q′in
Q′in

Q′′′

C′′,Q′′

Q′0
C′in

C′out

Js Jv   C′
Vp

Vout

uout

C′out,Q′out

A AK

Desalted
solution
(Potable water)

a

u

i = I/Sx = pl

x
i

x = I  outlet  i out

De Con

i ininletx = 0

Fig. 5.32 Feed-and-bleed electrodialysis process (Reproduced from Ref. [66] with kind permis-

sion of # Elsevier (2010))
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Fig. 5.33 Simulation of performance of a feed-and-bleed electrodialysis process (steps 1–4)

(Reproduced from Ref. [66] with kind permission of # Elsevier (2010))

5 Principles of Ion Exchange Membrane Electrodialysis for Saline. . . 203



Step 5 Limiting current density is explained in Sect. 5.2.7, and its simulation is

given in Fig. 5.10.

5.3.4.3 Computation

A feed-and-bleed process is assumed to be operated applying constant voltage

between electrodes for obtaining potable water. We assume the following

specifications of an electrodialyzer operating with changing the level of C0
0, and

Vcell:

Salt concentration of a feeding solution C0
0 ¼ 500, 1,000, 2,000, 3,000, 4,000,

5,000 mg/l (ionic constituent ratio is the same as that of seawater)

Cell voltage Vcell ¼ 0.1, 0.2, 0.25, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8 V/pair

Salt concentration of a desalted solution C0
out ¼ 300 mg/l (potable water)

Standard deviation of normal distribution of solution velocity ratio s ¼ 0.1

Linear velocity at the inlets of desalting cells uin ¼ 10 cm/s

Flow-pass thickness of a desalting cell a ¼ 0.05 cm

Flow-pass width of a desalting cell b ¼ 100 cm

Flow-pass length of a desalting cell l ¼ 100 cm

Membrane area S ¼ bl ¼ 104 cm2 ¼ 1 m2

Number of desalting cells integrated in an electrodialyzer N ¼ 300 cells

Overall hydraulic permeability of a membrane pair r ¼ 1 � 10�2 cm4/eq s

Current screening ratio of a spacer e ¼ 0.15

Relationships between cell voltage Vcell and current density I/S, ionic flux JS,
solution flux JV, current efficiency �, ohmic potential VO, and membrane potential

Vm are shown in Fig. 5.34. These parameters are independent of salt concentration

in a feeding solution C0
0. Q

000 corresponds to product capacity of the unit, and it

increases with the decrease in C0
0 and the increase in Vcell (Fig. 5.35). E increases

with the increase in C0
0 and Vcell; however, minimum E values are found near

Vcell ¼ 0.2 V/pair (Fig. 5.36). The increase in E at Vcell < 0.2 V/pair is due to

decrease inQ000 (Fig. 5.35). Re decreases with the increase in C0
0 and the decrease in

Vcell (Fig. 5.37) because of decrease in Q000(Fig. 5.35).

5.4 Conclusion

The main principles being included in the computer simulation program (electrodi-

alysis program) are as follows:

1. Overall mass transport equation, Eqs. 5.10 and 5.11

2. Relationship between the overall hydraulic permeability (leading parameter)r
and other overall membrane pair characteristics, Eqs. 5.12–5.15

3. Current density distribution, Sect. 5.2.5

4. Limiting current density of an electrodialyzer, Sect. 5.2.7
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Fig. 5.34 Ionic flux, solution flux, current density, ohmic potential, and membrane potential

(Reproduced from Ref. [66] with kind permission of # Elsevier (2010))

Fig. 5.35 Output of a desalted solution (Reproduced from Ref. [66] with kind permission of #
Elsevier (2010))
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Fig. 5.36 Energy consumption (Reproduced from Ref. [66] with kind permission of # Elsevier

(2010))

Fig. 5.37 Water recovery (Reproduced from Ref. [66] with kind permission of # Elsevier

(2010))

206 Y. Tanaka



The electrodialysis program is developed based on the above principles and

many empirical equations to calculate the performance of a continuous, a batch, and

a feed-and-bleed electrodialysis process. The program aims to work as a pilot plant

operation, but the ability of the program is assumed to be insufficient at present. In

order to improve the precision of the program further, the following functions or

factors must be integrated into the program:

1. Influence of temperature on the performance of an electrodialyzer

2. Addition of a feeding solution into concentrating cells for preventing scale

precipitation

3. Multiple stage operation

4. Influence of electric current leakage and solution leakage

5. Pressure drop in an electrodialyzer
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Chapter 6

Structure, Synthesis, and General Properties

of Ion Exchangers

Jin-Soo Park

Abstract For decades, industrial applications have demanded removal, recovery,

and transport of ionic substances in their processes. The technological demands

motivated extensive research activities with great progress in ion exchange science.

Great efforts have been and are being made to develop new and improved ion

exchangers. Advances in polymer science have been devoted to be able to meet the

demand. Polymer tailoring technology has developed novel synthetic methods and

varied the structure of ion exchanging materials. A wide spectrum of properties

of ion exchangers make it possible to expand various industrial experiences to be

involved in desalination, purification, separation, chemical synthesis, etc., addressed

in this book. This chapter is devoted to updating the state-of-the-art structure,

synthesis, and properties of ion exchangers. Ion exchangers are made of inorganic

or organic materials. At present, many ion exchangers used in industrial applications

are organic compounds. Thus, this chapter focuses on the structure, synthesis, and

properties of organic ion exchangers. Ion exchangers in this chapter contain all types

such as resin, membrane, powder, etc.

6.1 Structure of Ion Exchangers

An ion exchanger is an insoluble material which traps ions and simultaneously

releases ions. This process is known as ion exchange reactions. The ion exchanger

has a functional group. The insoluble host structure allows diffusion of hydrated

ions, i.e., a hydrophilic matrix, which must carry a fixed ionic charge, termed the

fixed ion. Electrical neutrality of the structure must be established by the presence

of a mobile ion of opposite charge to that of the fixed ion [1].
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If it has insoluble fixed anionic/cationic complement, it is a cation-/anion-

exchanger, respectively. In a cation-exchanger, the fixed negative charges are in

electrical equilibrium with mobile cations in the interstices of the polymer as

indicated in Fig. 6.1 (left-hand side), which shows schematically the matrix of a

cation-exchanger with fixed anions and mobile cations; the latter are referred to as

counter ions [2].

There are four main types differing in their functional groups [3, 4]:

• Strongly acidic (typically sulfonic acid groups, e.g., sodium polystyrene sulfonate)

• Strongly basic (quaternary amino groups, e.g., trimethylammonium groups)

• Weakly acidic (mostly carboxylic acid groups)

• Weakly basic (primary, secondary, and/or tertiary amino groups, e.g., polyeth-

ylene amine)

Ion exchangers are characterized by their structures on a microscopic scale.

They are represented by a microphase separation between hydrophobic matrix and

hydrophilic ionic domains [5]. Ion exchangers based on linear fluorocarbon

polymers are quite heterogeneous on a microscopic scale due to a backbone of a

highly crystallized polymer and a highly amorphous ionic domain. The amorphous

region consists of fixed charges, hydrated counter ions, and neighboring water. The

highly hydrophilic ionic domain well separated by the distinct crystalline area can

form clusters (water pools embedded in the polymer matrix) with a diameter of ca.

4–6 nm connected by “bottlenecks” between crystalline regions of ca. 1 nm in

diameter [2]. The structure of the fluorocarbon-polymer-based membrane has

been studied in great detail using transmission electron microscopy, wide and

small angle X-ray diffraction [6], differential scanning calorimetry, and infrared

and nuclear magnetic resonance spectroscopy [7, 8]. From the experimental

evidence, it can be concluded that the fluorocarbon polymer membranes have a

heterogeneous two-phase structure composed of crystalline polytetrafluoroethylene

and amorphous vinyl ether with fixed charges as depicted in Fig. 6.2.

Fig. 6.1 Schematic diagram of chemical structure of cation-exchangers (left) and

anion-exchangers (right)
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Most hydrocarbon polymer membranes have a rather regular distribution of

cross-linkings and ionic groups attached to a backbone of aromatic rings. As a

result, these membranes are quite homogeneous in their structure even on a

microscopic scale [2].

6.2 Synthesis of Ion Exchangers

So far, many synthetic methods to prepare ion exchangers have been reported.

Although they use different routes to synthesis, all synthesized materials should

have [1]:

1. A hydrophilic structure of regular and reproducible form

2. A controlled and effective exchange capacity

3. A reversible and rapid rate of exchange

4. Chemical stability toward electrolyte solutions

5. Physical stability in terms of mechanical strength and resistance to attrition

6. Thermal stability

7. Consistent particle size and effective surface area compatible with the hydraulic

design requirements for industrial scale plant

8. An option on the type of exchanger so as to be able to select either cation- or

anion-exchange

Fig. 6.2 The structure of the fluorocarbon polymer showing crystalline and fixed charges

(the dotted lined circle indicates the crystalline of the fluorocarbon polymers) (Reproduced from

Ref. [2] with kind permission of # Elsevier (2004))

6 Structure, Synthesis, and General Properties of Ion Exchangers 213



The first completely synthetic ion exchangers were prepared by the condensation

polymerization of methanol (formaldehyde) with phenol or polysubstituted ben-

zene compounds which give a phenol-methanol polymer chain (a cross-linked

copolymer) with the elimination of water. Afterward, the functional groups such

as sulfonic acid group or ammonium group are introduced in the polymer [1].

In the recent history of synthesis of ion exchangers, ethenylbenzene (so-called

styrene) and diethenylbenzene (divinylbenzene) are most commonly utilized

neutral starting material for a traditional hydrocarbon type cation-exchanger for

industrial uses, from which a strongly acidic cation-exchanger is usually prepared

by sulfonation [9]. These syntheses are based on vinyl polymerization (or addition

polymerization) which is carried out by radical reactions between monomers with

vinyl (or ethenyl) double bonds (-CH ¼ CH2) (Fig. 6.3).
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CH CH2CH2
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CH CH2 CH CH2

SO3
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-H+
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styrenic sulfonic acid resin

Fig. 6.3 Addition polymerization synthesis of a styrene sulfonic acid cation-exchanger

(Reproduced from Ref. [1] with kind permission of # The Royal Society of Chemistry (1994))
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Styrene has been widely used as a grafting vinyl monomer, because it shows

favorable radical polymerization kinetics, and the aromatic ring is readily

sulfonated to introduce ionic conductivity. For the better performance and durability

of styrene-based ion exchangers, divinylbenzene as cross-linking monomer is used.

Nevertheless, the shortcoming of sulfonated styrene-based cation-exchangers is that

they are intrinsically weak to radical species (HO�, HOO�) [10]. The Achilles’

heel appears to be the weak benzylic hydrogen at the a-position of poly(styrene

sulfonate), which is easily abstracted during acid-catalyzed HO� radical attack

at the aromatic ring, leading eventually to chain scission [11]. To overcome this

weakness, substituted styrene monomers, preferably with protected a-position,
are potentially offered as alternative monomers such as m,p-methylstyrene,

p-tert- butylstyrene, a-methylstyrene, and a,b,b-trifluorostyrene [10].
There is an alternativemonomer to be copolymerized with divinylbenzene, i.e., the

propenoic (acrylic) monomers. Various alkyl-substituted propenoic acid monomers

may be employed in the manufacture of weakly acidic cation-exchangers, as are

propenonitriles (acrylonitriles) and alkyl propenoate (acrylic esters) [1] (Fig. 6.4).

Apart from the ion exchangers based on styrene or acrylic monomers, wholly

aromatic polymers are also believed to be one of the promising materials to prepare

ion exchangers. Various aromatic polymers or monomers are commercially avail-

able, thermally and mechanically stable, cost-effective, etc., specifically poly

(arylene ether ether ketone), poly(arylene ether sulfone), polyimide, and their

derivatives [12–14] (Fig. 6.5).

Introduction of cation-exchangeable sites to the polymers can be carried out

by postsulfonation of a polymer and direct copolymerization of sulfonated mono-

mers. The postsulfonation approach to prepare cation-exchanger is easy to

produce, time-saving, and mass productive but hardly controls the degree of
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acrylic weak acid resin

Fig. 6.4 Addition polymerization synthesis of an acrylic carboxylic cation-exchange

(Reproduced from Ref. [1] with kind permission of # The Royal Society of Chemistry (1994))
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sulfonation and location of functionalization because sulfonation depends, to

a great extent, on reaction time, temperature, and concentration and type of

sulfonating agents. The major drawbacks of postsulfonation approach can be

solved by direct copolymerization of sulfonated monomers. As seen in Fig. 6.6,

we might expect enhanced stability and higher acidity from two sulfonic acid

groups which are attached to an electron-deficient aromatic ring than from one

sulfonic acid group bonded to an electron-rich aromatic ring [13, 14].

Robeson and Matzner [15] were the first to have reported the sulfonated mono-

mer. Ueda et al. [16] reported the sulfonation of 4,40-dichlorodiphyeny sulfone and

provided general procedures for its purification and characterization. McGrath’s

group modified the procedure for disulfonation of the monomer, shown in Fig. 6.7.

Sulfonated poly(arylene ether sulfone) copolymers were then synthesized via direct

copolymerization in any composition desired as shown in Fig. 6.8 [17]:

Two families of sulfonated polyimides (SPIs) have been reported. The phthalic

SPIs are characterized by five-membered imide rings (Fig. 6.9a), while the

naphthalenic SPIs contain six-membered imide rings (Fig. 6.9b).
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Y = a bond, SO2 ,

Z = SO2 ,

C C

CF3

CF3CF3
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O

, ,

,C

O

Fig. 6.5 Several possible poly(arylene ether) chemical structures (Reproduced from Ref. [14]

with kind permission of # The American Chemical Society (2004))
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Fig. 6.6 Placement of the sulfonic acid group in postsulfonation (activated ring) versus direct

copolymerization (deactivated ring) (Reproduced from Ref. [14] with kind permission of # The

American Chemical Society (2004))
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Naphthalenic SPIs present a higher stability and a better ionic conductivity since

phthalic SPIs are prone to be hydrolyzed, resulting in chain scission. A decrease in

molecular weight by the chain scission makes phthalic SPIs brittle.

A strongly basic anion-exchange membrane is usually prepared by two steps,

chloromethylation and quaternary amination of various copolymers. Chloromethy-

lation is performed by a Friedel-Crafts reaction which was developed by Charles

Friedel and James Crafts in 1877. Amination is the reaction in which an amine

group is introduced into the chloromethylated copolymer.

Chloromethylation of the polymerized ethenylbenzene-diethenylbenzene

copolymer is carried out by a Friedel-Crafts reaction between the copolymer and

chloromethoxymethane with aluminum chloride as the catalyst and introduces

chloromethyl groups (-CH2Cl) into the ethenylbenzene nuclei as shown in

Fig. 6.10. The chloromethylated copolymer is aminated by reaction with various

alkyl-substituted aliphatic amines. Trimethylamine, (CH3)3 N, gives the quaternary

benzyltrimethylammonium chloride functional group, RCH2N(CH3)3
+Cl�, which is

characteristics of most strongly basic anion-exchangers, shown in Fig. 6.10. The equi-

valent reaction using dimethylethanolamine, (CH3)2(C2H4OH)N, gives the Type II

class of strong base anion-exchangers, RCH2N(CH3)2(C2H4OH)
+Cl�. If instead of

using tertiary trimethylamine, methylation or dimethylation is employed, the resulting

anion-exchangers are weakly basic with secondary, RCH2NH(CH3), or tertiary,

RCH2N(CH3)2, functionality [1].

Anion-exchangers can be also prepared by an acrylic matrix which shows the

greater hydrophilic nature of the aliphatic skeletal structure of the acrylic matrix.

It is attributed to a weaker van der Waals type attraction between the resin matrix

and the hydrocarbon structure of an organic counter ion. In general, methyl pro-

penoate (methyl acrylate) is chosen as the monomer for copolymerization with

diethenylbenzene to give the host matrix as shown in Fig. 6.11 [1]. Amination with

dimethylaminopropylamine introduces a tertiary amine functional group, and a

subsequent “quaternization” step employing chloromethane (methyl chloride)

converts the weak base product to the strongly basic quaternary ammonium resin

as shown in Fig. 6.11.

Recently, many anion-exchangers have also been prepared by aromatic

polymers or monomers. A variety of anion-exchangers based on poly(phenylene

oxide) [18, 19] and poly(arylene ethers) [20–23] have been reported. Poly

(phenylene oxide) has excellent electrical properties, unusual resistance to acids

and bases as well as other chemicals, excellent dimensional stability, low moisture

absorption, and high mechanical and dielectric strength [24, 25]. Poly(arylene

ethers) are high-performance polymers that are thermally and chemically stable

[24, 26] (Figs. 6.12 and 6.13).

The stability of anion-exchangers is one of the key issues in the literature. In

particular, the stability of anion-exchangers under strong alkaline conditions is of

importance.

Sata et al. [27] have studied the effect of trimethyl, triethyl, tri-n-propyl ammo-

nium, and tri-n-butyl ammonium groups on the alkaline stability of anion-

exchangers. The comparative analysis showed that as the chain length of alkyl
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groups bonded to ammonium groups increased, the loss of ion exchange capacity

was significant. However, anion-exchanger-containing benzyl trimethylammonium

groups were stable.

When anion-exchange copolymer cross-linked diethenylbenzene was aminated in

the diamine solution, anion-exchanger with high electrical resistance and low water

content was obtained due to the double cross-linking of the polymer matrix with

diethenylbenzene and diamine [28]. Komkova et al. [29] have investigated a series of

anion-exchangers prepared from chloromethylated polysulfone and aliphatic diamine

compounds, i.e., N,N,N0,N0-tetramethylmetanediamine (TMMDA), N,N,N0,N0-
tetra-methylethylenediamine (TMEDA), N,N,N0,N0-tetramethyl-1,3-propanediamine
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Fig. 6.10 Addition polymerization synthesis of styrenic anion-exchange resins (Reproduced from

Ref. [1] with kind permission of # The Royal Society of Chemistry (1994))
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(TMPDA), N,N,N0,N0-tetramethyl-1,4-butanediamine (TMBDA), and N,N,N0,N0-
tetramethyl-1,6-hexanediamine (TMHDA). It was generally shown that biquater-

nization with diamine was more preferable than mono-quaternization. However, an

exception was found for the diamine with bulky substitute at the amine nitrogen

(Fig. 6.14).

According to the connection way of charge groups to the matrix or their chemical

structure, ion exchangers can be further classified into homogenous and heteroge-

neous resins, in which the charged groups are chemically bonded to or physically

mixed with the polymer matrix, respectively. However, most of the practical ion

exchangers are rather homogenous and composed of either hydrocarbon or fluoro-

carbon polymer matrices hosting the ionic groups [30].

Apart from homogeneous polymeric ion exchangers, a heterogeneous ion

exchanger can also be prepared from the mixture of polymeric matrix and grinded

inorganic material powders made of zeolites, bentonite, or phosphate salts

[31–33]. However, these membranes are rather unimportant due to their high

cost and other disadvantages, such as relative bad electrochemical properties and

too large pores, though they can undergo higher temperatures than organic

membranes [34].

6.3 Properties of Ion Exchangers

The development of new ion exchange membranes with better selectivity, lower

electrical resistance, and improved thermal, chemical, and mechanical properties

and other applications of ion exchange membranes apart from the initial
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Fig. 6.14 Quaternization with the aliphatic diamines of various lengths of the aliphatic chain

(n ¼ 1–6) (Reproduced from Ref. [29] with kind permission of # Elsevier (2004))
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desalination of brackish water have recently gained a broader interest in food, drug,

and chemical process industry as well as biotechnology and waste water treatment

nowadays [35–42].

Properties of ion exchangers are highly dependent on their chemical structure

which can be manipulated by differing the type of polymer matrix, functiona-

lization step (sulfonation or chloromethylation/amination), and posttreatment.

The properties can be categorized into two parts: (1) physicochemical properties

such as water content, hydraulic permeability, and mechanical strength, and (2)

electrochemical properties such as ion exchange capacity, electrical resistance, and

permselectivity (or transport number).

6.3.1 Water Content

The water content of an ion exchanger depends on the type of polymer matrix,

the nature of the ion-exchangeable groups and their concentration in the ion

exchanger, the counter ions, the cross-linking density, and the homogeneity of the

ion exchanger. The water content of an ion exchanger depends not only on the

properties of the ion exchanger but also on the composition of the solution with

which the ion exchanger is in contact. Especially, the concentration of the solution

has a significant effect on the water content of the ion exchanger because of osmotic

effects that are directly related to the chemical potential difference of the water in

the ion exchanger and in the solution [2]. The state of water in an ion exchanger can

be categorized into three parts: (1) freezable bound water which is weakly bound to

clusters and embedded particles in the polymer, (2) free water which corresponds to

water existed in free volume of the polymer, and (3) nonfreezable water which is

strongly bound to cluster and embedded particles in the polymer [43]. It can be

studied by differential scanning calorimetry, infrared spectroscopy, and nuclear

magnetic resonance.

The total water uptake of the ion exchanger in equilibrium with an electrolyte

solution can be determined by measuring the weight difference between an ion

exchanger in wet and dry state. To determine the water content of an ion exchanger,

a sample is equilibrated in any test solution. After removing the surface water from

the sample, the wet weight of the swollen ion exchanger is determined. The sample

is then dried at elevated temperature over phosphorous pentoxide under reduced

pressure until a constant weight is obtained. The water content of an ion exchanger

is obtained in weight percent by

wt % swelling ¼ Wwet �Wdry

Wwet
� 100 (6.1)

where Wwet and Wdry are the weight of an ion exchanger sample in the wet and the

dry state [2].
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6.3.2 Hydraulic Permeability

Hydraulic permeability measurements provide information on the diffusive or

convective transport of components through a membrane under a hydrostatic

pressure driving force. The hydraulic permeability of the ion-exchanger is deter-

mined at room temperature using deionized water and a hydrostatic pressure

driving force in a conventional filtration cell. The permeability can then be calcu-

lated from the volumetric flow rate [2].

6.3.3 Ion Exchange Capacity

The ion exchange capacity (IEC) of ion exchangers is an important property and a

measure of the number of fixed charges per unit weight of dry polymer. It is usually

expressed in milliequivalents per gram of dry ion exchanger. Experimentally, the

cationic or anionic exchange capacity of an ion exchanger is readily determined by

titration of the fixed ions with NaOH or HCl, respectively. For these measurements,

cation- and anion-exchangers are equilibrated for about 24 h in 1 N HCl or 1 N

NaOH, respectively, and then rinsed free from chloride or sodium for 24 h with

deionized water. The ion exchange capacity of the samples is then determined

by back titration with 1 N NaOH or 1 N HCl, respectively. Weak base anion-

exchangers are characterized by equilibrium in 1 N sodium chloride and titration

with a standardized 0.1 N silver nitrate solution. The samples are then dried, and

the ion exchange capacity is calculated for the dry membrane [2]. The ion exchange

capacity of the ion exchanger is calculated from the titration data using the

following equation:

IEC ¼ Vi ðmLÞ � Ni ðNÞ
W ðgÞ meq g�1 of dry ion exchanger (6.2)

where IEC is the ion exchange capacity, Vi the volume of consumed NaOH or HCl

(mL), Ni the molarity of NaOH or HCl, and W the weight of a dried ion exchanger.

6.3.4 Electrical Resistance

Electrical resistance of ion exchangers is one of the factors which determine the

energy requirements of the processes driven by an electrical field. The specific ion

exchanger resistance is usually reported as O cm or O m. From the engineering

point of view, the ion exchanger area resistance in units of O cm2 or O m2 is more

useful and generally given in the literature describing commercial products. Alter-

natively, electrical resistance can be converted into electric conductivity which is
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an inverse of electrical resistance. The specific electric conductivity of a material

is essentially given by the concentrations and mobilities of the charge carriers

(electrons or ions) which the material contains. The specific electric conductivity

is normally expressed as S cm�1 or S m�1 [44].

For the measurement of electrical resistance of ion exchange resin beds, a quite

good approach has been chosen by the Wyllie group [45]. Here, a simple model is

used for calculating electrochemical properties from empirical geometrical

parameters. This “porous-plug” model is based on the idea that, in principle, the

electric current can take three different paths through the bed: (1) the first path leads

through alternating layers of particles and interstitial solution, (2) the second

exclusively through particles which are in contact with one another, and (3) the

third exclusively through the interstitial solution. In themodel, the bed is represented

by three conductance elements in parallel which correspond to the three possible

paths. The fractional cross-section equivalents a, b, and c of the three elements

and the contributions d and of the particles and the solution, respectively, to the

first element are empirical constants which must be determined experimentally.

The specific conductivity of a bed which is filled with, and is in equilibrium with, a

solution of given specific conductivitymay bewritten as the sum of the contributions

k1, k2, and k3 of the three conductance elements:

kb ¼ k1 þ k2 þ k3 (6.3)

The contributions, when defined according to this relation, are given by

k1 ¼ akk

dk þ ek
k2 ¼ bk k3 ¼ ck (6.4)

With strong-acid, spherical cation-exchange resins of moderate cross-linking

(Dowex 50-X8, Amberlite IR 120) and aqueous solutions, the following values for

the empirical parameters were obtained:

a ¼ 0:63 b ¼ 0:01 c ¼ 0:34 d ¼ 0:95 e ¼ 0:05

The values depend little on the particle size and the nature of the electrolyte.

They are likely to hold rather well for other spherical conductivity of the bed can

be calculated from the parameters by use of Eqs. 6.3 and 6.4, provided that the

specific conductivities of the resin and the solution are known [44].

Proton conductivity of sheet-like ion exchangers (i.e., ion exchange membranes)

is measured using a galvanostatic four-point-probe ac electrochemical impedance

spectroscopy (EIS) technique, which is relatively so insensitive to the contact

impedance that it could be adequate to accurately test membranes with high

conductivity as reported by Cahan and Wainright [46]. A conductivity cell was

made up of two platinum foils carrying the current and two platinum wires sensing

the potential drop, which were apart a certain distance. The cell configuration was

illustrated in Fig. 6.2. Fully hydrated membranes with deionized water (18 MO cm)
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during 24 h were cut in a rectangular shape prior to mounting on the cell. After

mounting sample onto two platinum foils on the lower compartment, upper com-

partment was covered, and then the upper and lower compartment were clamped

tightly by four bolts and nuts. The impedance analyzer was worked in galvanostatic

mode with ac current amplitude of 0.01 mA over frequency range from 1 MHz

to 10 mHz by Nyquist method [47] (Fig. 6.15).

6.3.5 Transference Numbers and Transport Numbers

The transference number ti of a species I is defined as the number of moles of the

species transferred by 1 Faraday of electricity through a stationary cross section in

the direction of positive current – a complete definition only when the frame of

Fig. 6.15 Four-point-probe conductivity cell for measuring ionic conductivities in ion exchange

membranes: (1) Teflon block, (2) Pt wires for potential readout, (3) Pt foils for constant current

supply, and (4) membrane specimen (Reproduced from Ref. [47] with kind permission of

# Elsevier (2003))
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reference is specified. The electric current induces convection in the pores. Thus, it

makes a difference whether the matrix, the solvent, or the pore liquid is considered

as stationary [48, 49]. A spectator riding on a solvent molecule or floating in the

pore liquid will see the matrix being “transferred.” In the following, the matrix is

chosen as the frame of reference. Transference of the solvent must thus be considered.

According to the definition given above, the transference numbers of anions are

negative since anions are transferred in the direction opposite to that of positive

electric current.

The transport number of a species is defined as the fraction of the electric

current which is carried by the species. According to this definition, the transport

number is the product of the transference number and the electrochemical valence

of the species. The transport numbers are positive for all ions and zero for the

(electrically neutral) solvent. By definition, the sum over all transport numbers is

equal to unity:

X
i
ziti ¼ 1 (6.5)

In homogeneous electrolyte solutions, the concentrations of the cation and the

anion are necessarily stoichiometrically equivalent. Hence, the ratio of the trans-

ference numbers is determined solely by the ratio of the ionic mobilities. In ion

exchangers, the situation is different. Here, the concentrations of the counter ion

exceed that of the coion by far, particularly if the solution which is in equilibrium

with the ion exchanger is dilute (Donnan exclusion). If an electric field is applied to

the ion exchanger, the transport of the electric current thus is accomplished nearly

exclusively by the counter ions. The transport number of the counter ion (or the

sum over the transport numbers of all counter ion species) is nearly unity. Electric

current in an ion exchanger transfers predominantly counter ions. However, when

the concentration of the solution is increased, the Donnan exclusion of the coion

becomes less efficient. The increasing concentration of the coion in the ion exchanger

causes a decrease in the transport number of the counter ion.

6.3.6 Permselectivity

The permselectivity of an ion exchanger is determined by the ratio of the flux of

specific components to the total mass flux through the membrane under a given

driving force. In ion exchangers, the permselectivity is generally related to the

transport of electric charges by the counter ions to the total electrical current

through the ion exchanger. However, the transport rate of different components

of the same charge in ion exchangers can also be quite different because of kinetic

parameters such as the size of the components and the structure of the ion

exchangers. The permselectivity of ion exchangers, i.e., its charge selectivity, is

determined by the concentrations of counter- and coions in the ion exchanger,
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which again depends mainly on the ion exchange capacity of the membrane and

the ion concentration in the outside solutions because of the Donnan exclusion as

discussed earlier. The permselectivity can be calculated from the transport or

transference number of the counter- and coions in the ion exchanger and the outside

solutions [44].

The permselectivity of an ion exchanger is given by the following equation:

Cm ¼ Tm
cou � Tcou

Tco
(6.6)

The transport numbers are defined by the following equation:

Ti ¼ ziJiP
i ziJi

(6.7)

Here, C is the permselectivity, T is the transport number, z is the valence, and J
is the flux; the subscript i refers to cation or anion, the subscripts cou and co refer to
counter- and coions, and the superscript m refers to ion exchangers.

To determine the transport number of ions in the ion exchanger and the ion

exchanger permselectivity, respectively, two methods can be applied. The first

method is based on a measurement of the increase in concentration of certain

ions in the concentrate and the decrease in the diluate solution during electrodialy-

sis of a test solution and by measuring the amount of current passing through the

unit. From the current utilization, the permselectivity of the ion exchanger and

the transport number of the counter ion can be calculated. With this “dynamic”

measurement, water transport due to electroosmosis and osmosis is taken into

account and the “true” ion exchanger permselectivity is obtained. The dynamic

method, however, is rather time-consuming and affected by concentration polari-

zation at the membrane surfaces facing the diluate and concentrate solutions [44].

A faster “static” method for the determination of membrane permselectivities,

which is not affected by boundary layer transport phenomena, is based on the

measurement of the potential gradient across an ion exchanger which separates

two electrolyte solutions of different concentrations. The static method, however,

does not take the water transport through the ion exchanger into account and is

referred to as “apparent” permselectivity.

6.4 Conclusion

Ion exchangers made of organic materials such as various types of polymers have

been significantly contributed to recover, remove, or reuse ionic substances in many

industrial processes. The state-of-the-art polymer tailoring technology makes it
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possible to update energy conversion systems. Energy conversion devices such

as proton exchange membrane fuel cells and dye sensitized solar cells are being

developed to cope with global warming and deficiency in fossil fuels. Those

devices accompanied with ionic transport through polymeric ion exchangers are

used as electrolytes sandwiched between electrodes. The polymeric electrolytes

with functional groups demand more critical ion exchanging properties, and thus

further development based on much sophisticated polymer tailoring technology is

necessary. Hydrocarbon aliphatic polymers were sufficient to meet the requi-

rements of ion exchangers used in conventional industrial fields, but for the energy

conversion devices, perfluorinated aliphatic or hydrocarbon-aromatic-polymer-

based ion exchangers are necessary. In addition, the higher mechanical strength

of ion exchangers is important due to their thin film casting, and to secure dimen-

sional stability against electrical resistance, the high ratio of ion exchange capacity

to water content becomes a critical property to develop ion exchangers. Generally,

the development of new synthetic methods is to fulfill the properties of ion

exchangers which are required in industrial applications. Thus, understanding the

properties of ion exchangers with respect to their structures architected by polymer

tailoring technology is of importance.
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Chapter 7

Ion Exchange Membranes: Preparation,

Properties, and Applications

Mahadevappa Y. Kariduraganavar, Arjumand A. Kittur,

and Srikant S. Kulkarni

Abstract Membrane science is a relatively new area of applied chemistry and

chemical engineering and plays a vital role in the field of alternative energy and

separation applications. The field of membrane science is therefore an emerging

area with enormous industrial and public health significance. Today, various kinds

of separation membranes have been studied and utilized industrially in different

processes including reverse osmosis, nanofiltration, ultrafiltration, microfiltration,

electrodialysis, and pervaporation. Technical feasibility of all these processes

largely depends on membrane and its properties. Among the separation membranes,

ion exchange membranes are one of the advanced separation membranes. There-

fore, this chapter addresses on different types of ion exchange membranes with

reference to their preparation, properties, as well as their industrial applications.

Although ion exchange membranes are broadly classified into homogeneous and

heterogeneous membranes, this chapter also covers other types of ion exchange

membranes such as amphoteric, mosaic, bipolar, interpolymer, and graft and block

copolymer membranes. At the end, prospectives and conclusions on the ion

exchange membranes have also been highlighted. The relevant literature was

collected from different sources including Google sites, books, reviews, and research

articles.
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7.1 Membrane Science

Membrane science is a relatively new area of applied chemistry and chemical

engineering. During the 1960s and 1970s, this area was primarily developed for

water desalination application for the production of drinking water from sea and

brackish water sources. Today, this application is a fast growing one all over the

world. During the past two decades, membranes have been developed for a wide

variety of chemical separation applications involving the treatment of industrial

liquids, gases, and vapors, such as those involved in wastewater treatment, pollution

control, wastewater reuse and waste recovery, food processing, gas separations,

petroleum engineering, biotechnology, and biomedical devices. Membranes are

also now playing a special role in the field of alternative energy as one of the

fundamental parts of a fuel cell. In this sense, membrane technology has potential

contribution for a green chemistry. The field of membrane science is second to none

in terms of economic significance and social relevance as it touches many vital

areas of everyday life. Therefore, the field of membrane science is an emerging area

with enormous industrial and public health significance. To make the fullest

utilization of the potentialities of membranes for practical applications require

intensive and extensive R&D work [1].

Despite the apparent proliferation of membrane processes, the science and

technology of membrane separations is still in its early stages of development.

Tremendous opportunities exist and will continue to exist for the penetration of

membrane processes in every facet of chemical process engineering and environ-

mental protection through intensive research and development.

The level of research and development activity in the general field of membrane

science and technology has been rising dramatically all over the world during the last

two decades. This is happening not only because of the growing recognition of the

commercial potentialities of membrane separations but also because of the growing

realization of the international scientific and engineering community that synthetic

membranes are capable of playing tremendous beneficial roles in society and industry

far more than what has hitherto been appreciated. This is particularly a significant and

welcoming realization for the health and well-being of all humanity.

Today, various kinds of separation membranes have been studied widely and

utilized industrially in various fields, including membranes for reverse osmosis,

nanofiltration, ultrafiltration, microfiltration, pervaporation, electrodialysis, and for

medical use as an artificial kidney [2]. Among these membranes, ion exchange

membranes are one of the most advanced separation membranes.

7.2 Ion Exchange Membranes

Ion exchange membranes are thin sheets or films of ion exchange material, which

can be used to separate ions by allowing the preferential transport of either cations

(in case of cation-exchange membrane) or anions (in case of anion-exchange

234 M.Y. Kariduraganavar et al.



membrane) [3]. In 1950, ion-selective membranes having high selectivity, low

electrical resistance, high mechanical strength, and good chemical stability were

described [4]. These were essentially insoluble, synthetic, polymeric ion exchange

resins in sheet form. The chemical structures of typical modern membranes of this

type are shown in Fig. 7.1. The membrane illustrated consists (cation-exchange

membrane) of polystyrene having negatively charged sulfonate groups chemically

bonded to most of the phenyl groups in the polystyrene. The negative charges of the

sulfonate groups are electrically balanced by positively charged cations (counter ions).

Sulfonated polystyrene swells greatly in water. The amount of swelling is typically

controlled by introducing cross-linking groups in the polymer backbone (divinyl-

benzene in Fig. 7.1), by incorporating electrically neutral polymers, or by substituting

fluorine groups on the polymer that decrease the affinity for water.

The positively charged counter ions are appreciably dissociated into the imbibed

water, and these may be exchanged for other anions from an ambient solution while

maintaining the electrical neutrality of the membrane. The high concentration of

counter ions in ion exchange membrane is responsible for the low electrical

resistance of the membrane. The high concentration of bound negatively charged

groups tends to exclude mobile negatively charged ions (co-ions) from an ambient

solution and is responsible for high selectivity of the membrane. The anion-

selective membrane represented in Fig. 7.1 consists of cross-linked polystyrene
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Fig. 7.1 Schematic representation of ion exchange membranes: (a) cation-exchange membrane;

(b) anion-exchange membrane
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having positively charged quaternary ammonium groups chemically bonded to

most of the phenyl groups in the polystyrene. In this case, the counter ions are

negatively charged and are the principal carriers of the electric current.

7.3 Historical Background

The development of ion exchange membrane–based process began in 1890 with

the work of Ostwald [5], who studied the properties of semipermeable membranes

and discovered that a membrane can be impermeable for any electrolyte. To

illustrate this, the so-called membrane potential at the boundary between a

membrane and its surrounding solution was postulated as a consequence of the

difference in concentration. In 1911, Donnan [6] confirmed the existence of such

boundary and developed a mathematical equation describing the concentration

equilibrium, which results in the so-called Donnan exclusion potential. However,
the actual basic studies related to ion exchange membranes were carried out in

1925 by Michaelis and Fujita with the homogeneous, weak acid collodion

membranes [7]. In 1932, Sollner presented the idea of a charge-mosaic membrane

or amphoteric membrane containing both negatively and positively charged ion

exchange groups and showed distinctive ion transport phenomena [8]. Around

1940, interest in industrial applications led to the development of synthetic ion

exchange membrane on the basis of phenol–formaldehyde polycondensation [9].

Simultaneously, Meyer and Strauss proposed an electrodialysis process in which

anion-exchange and cation-exchange membranes were arranged in alternating

series to form many parallel solution compartments between two electrodes

[10]. It was hard to go into the industrial implications because commercial ion

exchange membranes with excellent properties especially low electric resistance

were still not available at that time. With the development of stable, highly

selective ion exchange membrane of low electric resistance in 1950 by Juda and

McRae of Ionics Inc. [4] and Winger et al. at Rohm in 1953 [11], electrodialysis

based on ion exchange membranes rapidly became an industrial process for

demineralizing and concentrating electrolyte solutions. Since then, both ion

exchange membranes and electrodialysis have been greatly improved and widely

used in many fields. For example, in the 1960s, first salt production from seawater

was realized by Asahi Co. with monovalent-ion-permselective membranes [12];

in 1969, the invention of electrodialysis reversal (EDR) realized long-term run

without salt precipitation or deposition on both membranes and electrodes [13];

in the 1970s, a chemically stable cation-exchange membrane based on sulfonated

polytetrafluoroethylene was first developed by DuPont as Nafion, leading to a

large scale use of this membrane in the chlor-alkali production industry and

energy storage or energy conversion system (fuel cell) [14]; simultaneously, a

composition of cation-exchange layer and anion-exchange layer into a bipolar

membrane was developed in 1976 by Chlanda et al. [15], which brings many

novelty in electrodialysis applications [16]. By the development of new ion

236 M.Y. Kariduraganavar et al.



exchange membranes with better selectivity, lower electrical resistance, and

improved thermal, chemical, and mechanical properties, other applications of

ion exchange membranes apart from the initial desalination of brackish water

have recently gained a broader interest in food, drug, and chemical process

industry including biotechnology and wastewater treatment [16–23]. Apart

from polymeric ion exchange membranes, an ion exchange membrane can also

be developed from inorganic materials such as zeolites, bentonite, or phosphate

salts [24–26]. However, these membranes are rather unimportant due to their high

cost and other disadvantages such as relatively bad electrochemical properties

and too large pores, though they can undergo higher temperatures than organic

membranes [27]. It can be expected that ion exchange membranes prepared

from polymers can possess both chemical stability and excellent conductivity,

if the membranes were incorporated with inorganic component such as silica.

Therefore, inorganic–organic ion exchange membranes were developed in the late

1990s by sol–gel technique for the applications in severe conditions such as

higher temperature and strongly oxidizing circumstances [27–29]. Thus, till

today, various ion exchange membranes including inorganic–organic (hybrid)

ion exchange membranes, amphoteric ion exchange membranes, mosaic ion

exchange membranes, and bipolar membranes are available, and their position

in the history of ion exchange membrane development as well as the important

affairs related to them are schematically shown in Fig. 7.2.

Novel ion-exchange membrane process: Coupling/hybrid ED process; Comprehensively 
industrial applications; Hybrid ion-exchange membranes; etc.

Nafion; Chlor-alkali electrolysis; first bipolar membrane

First electrodialysis reversal, first continuous electrodeionisation

First sea salt production (Asahi)

First commercial ion-exchange membranes and ED

First industrial application of electro-membrane

First mosaic membrane, amphoteric membrane

First synthesis of ion-exchange membrane

Donnan exclusion potential

First electro-membrane process

1880 1900 1920 1940 1960 1980 2000

Fig. 7.2 Timeline visualization of ion exchange membrane development and its related

processes [30]
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7.4 Preparations and Properties of Ion Exchange Membranes

As far as chemical structure is concerned, ion exchange membranes are very similar

to normal ion exchange resins. From a chemical point of view, these resins would

make excellent membranes of high selectivity and low resistivity. The difference

between membranes and resins arises largely from the mechanical requirement of

the membrane process. Unfortunately, ion exchange resins are mechanically weak,

cation resins tend to be brittle, and anion resins soft. They are dimensionally

unstable due to the variation in the amount of water imbibed into the gel under

different conditions. Changes in electrolyte concentration in the ionic form or in

temperature may cause major changes in the water uptake and hence in the volume

of the resin. These changes can be tolerated in small spherical beads. But, in large

sheets that have been cut to fit an apparatus, they are acceptable. Thus, it is

generally not possible to use sheets of material that have been prepared in the

same way as a bead resin. However, the most common solution to this problem is

the preparation of a membrane with a backing of a stable reinforcing material that

gives the adequate strength and dimensional stability.

Most commercial ion exchange membranes can be divided into two major

categories such as homogeneous and heterogeneous based on their structure and

preparation procedure. According to Molau [31], depending on the degree of

heterogeneity of the ion exchange, they can be divided into (a) homogeneous ion

exchange membrane, (b) microheterogeneous graft and block polymer membrane,

(c) snake-in-cage ion exchange membrane, (d) interpolymer membrane, and (e)

heterogeneous ion exchange membrane. However, mosaic and bipolar membranes

are the recent inventions of ion exchange membranes.

7.4.1 Homogeneous Ion Exchange Membranes

The method of making homogeneous ion exchange membranes can be summarized

in three different categories:

1. Polymerization or polycondensation ofmonomers; at least one of themmust contain

a moiety that either is or can be made anionic or cationic groups, respectively

2. Introduction of anionic or cationic moieties into a preformed solid film

3. Introduction of anionic or cationic moieties into a polymer such as polysulfone,

followed by dissolving the polymer and casting it onto a film

7.4.1.1 Membranes Prepared by Polymerization and Polycondensation

of Monomers

Under this category, the membranes prepared from polymerization and polycon-

densation of monomers, in which at least one of them must contain a moiety that

can be made anionic or cationic. Under the polycondensation type of the
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membranes, formaldehyde is used as a cross-linking agent to make the membrane

water insoluble, while using suitable monomeric/polymeric material endowed

with ion exchange properties. The first membrane made by polycondensation of

monomer followed by cross-linking with formaldehyde was of phenolsulfonic

acid [32]. The preparation scheme is presented in Fig. 7.3.

In the scheme, the phenol was treated with concentrated sulfuric acid at 80�C,
which led to phenolsulfonic acid in para form. This was then reacted with 38%

solution of formaldehyde in water initially at �5�C for about 30 min and then at

85�C for several hours. The solution was then cast into a film, which forms a

cation-exchange membrane. Excess monomer was removed by washing the film

in the water. With a slight modification of this procedure, condensation of anisole

or sulfonated phenol with formaldehyde and subsequent casting onto a glass

plate or mercury followed by curing at 90�C gives the cation-exchange membrane

[33]. Similarly, anion-exchange membrane was prepared by condensation of

m-phenylenediamine or aliphatic diamine compounds such as polyethylenediamine

or dicynodiamines with formaldehyde [34]. The resulting membranes showed good

electrochemical properties but were lack in mechanical strength. The membranes

prepared from dimethyl-2-hydroxy benzyl amine, phenol, and formaldehyde [35];

condensation of C6H4(OH)2 or C6H3(OH)3 and NH2C6H4 COOH with formalde-

hyde [36]; benzidine–formaldehyde condensate with binder of acrylonitrile–vinyl

chloride copolymer [37]; and phenolsulfonic acid cross-linked with formaldehyde

supported on orlar cloth [38] were also reported.

Fluorinated Ionomer Membranes

These membranes are prepared by the polymerization of monomers, which contain

a moiety that can be made either cationic or anionic by further treatment. These

membranes are mainly developed for the applications in the chlor-alkali industries

and for the fuel cell applications [39] since most of the conventional hydrocarbon

ion exchange membranes degrade in the presence of oxidizing agent especially at

elevated temperatures. These are the fluorocarbon-based ion exchange membranes

(Nafion) developed by DuPont with good chemical and thermal stability [40]. There

is a four-step procedure for the synthesis of Nafion membranes: (a) the reaction

of tetrafluoroethylene with SO3 to form the sulfone cycle, (b) the condensation of

these products with sodium carbonate followed by copolymerization with

Fig. 7.3 Reaction of phenolsulfonic acid with formaldehyde
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tetrafluoroethylene to form the insoluble resin, (c) the hydrolysis of this resin to

form a perfluorosulfonic polymer, and (d) the chemical exchange of the counter ion

Na+ with the proton in an appropriate electrolyte. DuPont introduced this mem-

brane in 1966 following the reaction route shown in Fig. 7.4.

Fig. 7.4 Nafion membrane and its preparation
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These are the high equivalent weight (EW) perfluorinated membranes and have

limited use in fuel cells because they consume high power density. The Dow

Chemical Company has overcome this problem with the development of low EW

perfluorinated membranes in 1988. The Dow membrane is prepared by the copoly-

merization of tetrafluoroethylene with vinyl ether monomer as per the reaction

scheme shown in Fig. 7.5.

The polymer has a Teflon-like backbone structure with a side chain attached

via ether group. This side chain is characterized by a terminal sulfonate functional

group. It must be pointed out that the Dow monomer is more complicated to ela-

borate than the DuPont monomer. The synthesis of Dow epoxy (Fig. 7.5) is more

complicated than that of a Nafion epoxy (Fig. 7.4), which is a commercially available

material [41, 42]. The perfluorinated ionomer membrane was also developed by

Asahi Glass Company and commercialized as Flemion. The general properties of

long-side-chain perfluorinated ionomer membranes (e.g., Nafion/Flemion/Aciplex)

and short-side-chain perfluorinated ionomer membranes (e.g., Dow) are as follows:

(a) EW range ¼ 800–1,500 and (b) conductivity ¼ 0.20–0.05 S/cm2.

7.4.1.2 Introduction of Anionic or Cationic Moieties into a Preformed

Solid Film

Styrene–Divinylbenzene-Based Membranes

Styrene–divinylbenzene-based membranes are the best-known membranes in the

literature for the application of electrodialysis [43–46]. Copolymerization of styrene

and divinylbenzene followed by sulfonation and amination in solution or in bulk

gives the cation- and anion-exchange membranes, respectively. The cation-exchange

membrane was prepared by the sulfonation of polymer with chlorosulfonic acid

or with concentrated sulfuric acid in dichloroethane using the silver sulfate as catalyst.

The anion-exchange membrane was prepared by chloromethylation of the polymer

followed by amination. The reaction scheme for thesemembranes is shown in Fig. 7.6.

It is known [45] that the selectivity of pure styrene–divinylbenzene cation-exchange

membrane is poor for monovalent ion. It is also known that there is no remarkable

effect of cross-linking agent on the selectivity of particular cations, though the

mobility of multivalent cations decreases with increasing the cross-linking. This was

due to a compact structure of the membrane.

From the point of commercial applications, special types of ion-selective

membranes have been prepared using these monomers. For example, membranes

for monovalent ion selective for the production of table salt, the membranes for

high hydrogen ion retention to recover acids from the wastewater, etc. The hydro-

gen ion can pass selectively through the membrane against all other ions in

electrodialysis, and therefore, the development of membranes with high acid

retention was really a challenging task for the applications of acid recovery. Sata

[45–47] reported on the monovalent-ion-selective membranes for the production of

table salt from seawater. They reported the modification of permselectivity between

ions with the same charge through ion exchange membranes in electrodialysis, and
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they have been classified according to its mechanism. The first is the sieving of ions

with changing cross-linkage of the membrane; the second is the effect of charge

and electrostatic repulsion on permselectivity of ions; and the third is the specific

interaction between the specific ion exchange groups, the membrane matrix, and the

ions. In case of anion-exchange membrane, sieving of ions by highly cross-linked

layer was effective on changing the permselectivity between chloride and sulfate

ions. Sieving can also be done effectively by introducing the dense polyelectrolyte

layer on the membrane surface, like polymerization of pyrrole on the surface of

cation- and anion-exchange membranes to change the permselectivity of the larger

Fig. 7.5 Dow membrane and its preparation
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Fig. 7.6 Reaction scheme for styrene–divinylbenzene-based ion exchange membranes
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ion, such as calcium and sulfate ion with respect to sodium and chloride ions,

respectively. Selective permeation of specific ions is mainly dependent on the

degree of affinity of specific anions with the anion-exchange membrane and

partially on the change in mobility through the membrane. The affinity of the

specific ions to the membrane depends on the balance of hydrophilicity of the

membrane as done by introducing the polysoap layer made up of poly(n-dodecyl-

4-vinylpyridine bromide) on the anion-exchange membrane. Utilization of electro-

static repulsion force to change the permselectivity was studied from various

aspects, and this was effective on achieving monovalent cation and monovalent

anion permselectivity [46–48]. It is also reported that a bipolar ion exchange

membrane is selectively permeated to lower valent cations compared to higher

ones. In a special type of membrane [48], synergistic effect of the change in ion

exchange equilibrium constants of various anions to chloride ions and the change in

the ratio of mobility between anions have been studied by developing membranes

from poly(vinyl alcohol), b-cyclodextrin, and poly(n-ethyl-4-vinylpyridinium

bromide) by the casting method, followed by cross-linking with formaldehyde.

Cyclodextrin is a naturally occurring cyclic oligosaccharide, mostly consisting of

six, seven, and eight D-glucose units for a-, b-, and g-cyclodextrin, respectively. The
doughnut-shaped cyclodextrin has an interior cavity with a diameter of 4.7–5.3 Å

(a-CD), 6.0–6.5 Å (b-CD), or 7.5–8.3 Å (g-CD) [48]. They have a unique configu-

ration, which makes the outer surface hydrophilic and the inner cavity hydrophobic

in nature. Due to the presence of hydrophilic outer surface and hydrophobic inner

cavity, it was expected that the permeation of different anions through anion-

exchange membrane would be different. On the other hand, it was reported that

the permselectivity of anions through anion-exchange membranes in electrodialysis

is mainly governed by a balance of the hydrophilicity of anion-exchange mem-

branes with the hydration energy of anions in permeating through the membrane

[48]. b-cyclodextrin makes the membrane hydrophilic, in which water content

of the membranes was increased with increasing the content of b-cyclodextrin.
Consequently, transport numbers of the less hydrated anions (nitrate and bromide

ions) relative to chloride ions decrease and those of strongly hydrated anions

like sulfate and fluoride ions increase with increasing the content of b-cyclodextrin.
The anion-exchange membrane prepared from the copolymerization of

4-vinylpyridine and divinylbenzene followed by quaternization with methyl iodide

gives the membrane with good electrochemical properties but lacks in chemical

stability. Very recently, Kariduraganavar et al. [49] developed the novel homoge-

neous anion-exchange membranes by polymerization of 4-vinylpyridine and simul-

taneously cross-linking with epichlorohydrin and aniline on an oven support cloth

at different ratios. The reaction was carried out at 80�C in the presence of benzoyl

peroxide as an initiator. The resulting membranes were subsequently quaternized

with methyl iodide using hexane as a solvent. The scheme of the reaction is shown

in Fig. 7.7. These membranes exhibited good electrochemical properties and

mechanical strength and can be used for the conversion of sea and brackish

water into potable water, production of table salt from seawater, and production

of chlor-alkali.
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Partially Fluorinated Ionomer Membranes

The preparation of monomer a,b,b-trifluorostyrene was carried out by Cohen

et al. [50], even though the poly-a,b,b-trifluorostyrene was first synthesized by

Prober [51]. The structure of the polymer is shown in Fig. 7.8.

Hodgdon [52] investigated the sulfonation of a,b,b-trifluorostyrene seeking

their applications in fuel cells. From the optimization of the reaction conditions,

he has prepared a multiplicity of equivalent weight or different ion exchange

capacity of both linear and cross-linked poly-a,b,b-trifluorostyrene sulfonic

acids. He has shown that the extreme difficulty in sulfonation of poly-a,b,b-
trifluorostyrene was caused by the beta-directing influence of the perfluorinated

polyalkyl group attached to the aromatic ring [51]. The degree of sulfonation was

Fig. 7.7 Poly(4-vinylpyridine) based anion-exchange membranes
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very much dependent on the temperature as well as on the concentration of

chlorosulfonic acid. The linear poly-a,b,b-trifluorostyrene sulfonic acid was

prepared by a direct combination of chlorosulfonic acid with trifluorostyrene.

Sulfone cross-linked poly-a,b,b-trifluorostyrene sulfonic acid was prepared and

was found to be totally resistant to oxidative mode of degradation, which causes

drastic oxidative depolymerization of polystyrene and polystyrene–divinylbenzene

sulfonic acids. This is attributed to the substitution of fluorine in place of benzylic

hydrogen atom of polystyrene, leading to the added C–F bond strength required to

resist the oxidation environment. Thus, it was claimed that the high stability of

fluorine atoms attached to alkyl carbon atoms imparts the oxidative and thermal

stability much superior to that of conventional ion exchange membranes such as

styrene sulfonic acid.

7.4.1.3 Introduction of Anionic or Cationic Moieties into the Polymer

Polysulfone-Based Ion Exchange Membranes

For the purpose of applying electrodialysis process under severe conditions such

as high temperature and strongly oxidizing conditions, a more stable Nafion and

Dow ion exchange membranes have been developed and successfully applied under

those conditions. It was found that only a few major industrial applications were

sought other than the chlor-alkali industry, primarily because of its high cost.

Thus, there has been a challenge to develop new types of ion exchange membranes,

which would be low cost but also have good electrochemical properties and

excellent resistance to degradation by heat and chemical attack. Engineering

plastics such as polysulfone and polyethersulfone have been widely used as a

base polymer for ultrafiltration and gas separation because of their excellent

workability and mechanical strength [53–56]. In particular, a polysulfone mem-

brane having excellent chemical resistance has been studied for its application as an

Fig. 7.8 Poly(trifluorostyrene) based ion exchange membranes: (a) linear; (b) cross-linked
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ion exchange membrane by improving the permeability for ultrafiltration and

reverse osmosis or imparting ion permselectivity by introducing the ion exchange

groups into the membrane [57–59]. Several researchers [60–62] have prepared the

ion exchange membranes using polysulfone as a base polymer of the membrane.

The sulfonation was achieved either by solution method [63] or by slurry method

[64], and their properties have also been described [61, 65, 66]. The sulfonation

procedure for poly(arylene ether sulfone) Udel P-1700 (PSU) and Vitrex PES

5200P (PES) was described in the patent literature [64]. A new sulfonation process

for polysulfone ionomers has also been proposed [61, 67–71]. It was reported that

these polymers have been cross-linked into membranes by a new cross-linking

procedure. The basic working hypothesis for the new type of sulfonation method

was that polysulfone Udel as shown in Fig. 7.9 is usually sulfonated at the ortho
position to the ether bridge of the bisphenol-A position by electrophilic substitution

[72] because this part of the molecule has high electron density in contrast to the

diarylsulfone portion of the repeating monomer unit, which has a low electron

density due to the electron-withdrawing SO2 group.

One disadvantage of electrophilically sulfonated polysulfone is that the SO3H

group at this position can undergo ipso-substitution with H+, which lowers the

hydrolytic stability of the sulfonated polysulfone in strong acids. This limits the

application of the commonly sulfonated polysulfone as a cation-exchange polymer

in electro-membrane process. The new method based on the sulfonation of poly-

sulfone in the diarylsulfone part should show increased hydrolytic stability against

ipso-substitution by H+ compared to electrophilically sulfonated polysulfone, due to

the electron-deficient of the diarylsulfone position of the polymer.

Based on the literature [71], it was found that polysulfone Udel can be substituted

in the electron deficient of the monomer by first deprotonating the aromatic ring

position ortho to the sulfone bridge with metal-organic reagents and subsequent

reaction of the metalated site with the electrophiles. Deprotonation reactions by

attack of metal organics at the polymer backbones are also known from poly

(2,6-dimethyl-para-phenylene ether) (PPO), polystyrene, poly(vinyl-thiophene),

and poly(methylphenylphosphazene). To convert the metalated site of the

deprotonated polymer into sulfonic acid group, the metalated polymer is quenched

with the electrophile SO2, and the metal sulfinate derivative of the respective

polymer is formed. Sulfinates and particularly the corresponding sulfinic acids are

known to be chemically unstable and can be easily oxidized to sulfonic acids.

Based on the aforementioned facts, a three-stage process has been developed for

introduction of sulfonic acid group in diarylsulfone part of the polysulfone Udel.

The scheme for this process is presented in Fig. 7.10.

Fig.7.9 Structure of Udel polysulfone

7 Ion Exchange Membranes: Preparation, Properties, and Applications 247



The sulfonation process consists of the following steps:

(a) Lithiation of the polymer in a 2.4 wt% THF solution with 10 N n-butyl lithium at

temperature ranging from�50 to �80�C under argon atmosphere. The lithiation

proceeds very fast (0.5 h) and is nearly quantitative, as it was proved by NMR;

(b) Introduction of SO2 into the reaction vessel containing the lithiated polymer at

temperature range from �65 to �20�C. The reaction of the lithiated polymer

Fig. 7.10 Schematic presentation of sulfonation of Udel polysulfone membrane
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with the electrophile, SO2 is also nearly quantitative as it was proved by NMR.

The sulfonation reaction was finished after 5–10 min of SO2 introduction;

(c) Oxidation of the formed sulfinate. Alkaline or neutral H2O2, sodium hypochlo-

rite, or KMnO4 was used for oxidation in an aqueous solution or suspension

after isolating the polymeric sulfinate.

(d) Conversion of lithium sulfonate to the corresponding sulfonic acid by aqueous

HCl (water-insoluble polymeric sulfonic acids) or by stirring of the sulfonate

with a cation-exchange resin (water-soluble polymeric sulfonic acid).

The ion exchange capacity (IEC) of the resulting polymer is largely dependent

upon the oxidation step. A loss in sulfinate groups can partially be caused by splitting

off of the sulfinate group during the oxidation process and subsequent substitution by

hydrogen (ipso reaction). However, by selecting the suitable oxidation conditions,

the loss in IEC can be minimized as can be seen at the oxidation of poly

(sulfone)-SO2-25 with KMnO4, where 98.9% yield of the oxidation products

are obtained. At higher to medium degree of sulfination, KMnO4 and NaOCl are

the most suitable oxidants (3.3–1.9 mequiv/g of IEC). For the low degree of

sulfination, nonionic oxidant H2O2 should be used. The membrane swelling

largely depends upon the IEC. At IECs of �2.4 mequiv SO3H/g dry polymer, the

polymer becomes water-soluble. The specific conductance of the membranes is

dependent on the IEC and is lower than that of Nafion membrane. This can be

explained by stronger clustering of SO3H in Nafion due to its extremely hydropho-

bic backbone [72].

It is reported [61, 73, 74] that the ion exchange membranes prepared using

polysulfone as a base polymer are likely to undergo a dimensional change during

flocculation and tend to have defects. As the ion exchange capacity (IEC) increases,

the affinity toward water molecules increases, whereby it tends to hardly flocculate.

Hence, it is difficult to obtain a membrane having sufficient mechanical strength

since dimensional stability tends to be poor [62]. The water tends to concentrate as

molecular clusters around the ionic groups, and therefore, the affinity of the mem-

brane toward water molecules increases with IEC. The high affinity toward water

leads to low cohesive forces, and thereby, membrane swells greatly in water [73].

Terada et al. [63, 75] have reported a new type of ion exchange membrane.

Their study demonstrated that anion-exchange membrane formed using a block

copolymer having segments, to which ion exchange groups can be introduced

readily, had a higher mechanical strength as compared with the type of ion

exchange membranes formed by segments, to which ion exchange groups can

hardly be introduced. The advantage of the block copolymer is that the cohesive

force of the part of polymer without ionic groups controls the membrane swelling.

The anion-exchange membranes have been prepared by block copolymers of

polysulfone and poly-phenylenesulfidesulfone in two steps. In the first step, poly-

mer undergoes chloromethylation and in the second step, amination of chloro-

methylated copolymers takes place [73]. These membranes have shown good

dimensional stability with poor electrochemical properties. Sulfonation of the

copolymer with triethylphosphate and sulfuric acid yields cation-exchange

membranes with poor electrochemical properties [76].
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Partially Sulfonated Poly(Ether Ether Ketone) Membranes

The electrophilic aromatic sulfonation of the poly(ether ether ketone) (PEEK) was

reported in the literature [77]. The general concept of the sulfonation is to dissolve

the dried PEEK in concentrated sulfuric acid. The desired level of sulfonation

depends on the time and temperature of the process. For instance, Bailey et al.

[78] have sulfonated the PEEK by dissolving 10 g of the oven dried PEEK in 100 ml

of 96% H2SO4. The time and temperature of the deep-red viscous solution were

varied in order to achieve the desired level of sulfonation. The reaction was

quenched by slowly pouring the acidic solution into 1 L of distilled water. The

precipitation of the polymer was appeared instantly. In the last step, the polymer

was extensively washed to remove the excess acid and dried in a vacuum oven

at 100�C.
Unfortunately, these membranes have swollen in a gel-like state, making

them mechanically fragile. Due to this, the lifetime of the membrane in electrolysis

system will be limited. There are different strategies for the reduction of swelling of

the ion exchange membranes: cross-linking the polymer with suitable cross-linking

agent and blending the polymer, which are capable of formation of hydrogen bonds.

The formation of hydrogen bonds leads to compatibilization of the blend polymers.

Many examples of this type of blend are mentioned in the literature [79]. Kerees

et al. [80] developed the ion exchange membranes by blending of sulfonated poly

(ether ether ketone) with the aminated polysulfone Udel (PSU-NH2), polyamide,

PA 6-3-T (Trogamid P) (Huls), and poly(ether imine) PEI Ultem (General Electrical).

In the blend membrane, swelling was reduced by specific interaction in case of

blend components PA and PEI hydrogen bonds and in the case of the blend component

PSU-NH2 (partial) polysalt formation, leading to electrostatic interaction between

the blend component macromolecules and hydrogen bonds.

The acid–base interactions also led to a decrease of ionic conductivity by partial

blocking of SO3 groups for cation transport, when compared with the ionic conduc-

tivity of the hydrogen bond containing blends, the acid–base blends showed better

ion permselectivities than the hydrogen bond containing blends, even at higher

electrolyte concentrations, and thus, they have a better performance in electrodial-

ysis. The thermal stability of the blends is good, and in case of acid–base blend, it

is still better. The investigated blend membranes showed similar performance as

indicated from the commercial cation-exchange membrane CMX in electrodialysis

(ED) application. The performance of the acid–base blend membrane is better

than the performance of the hydrogen-bonded PEEK-PA blend, especially in ED

experiment applying the higher NaCl concentration. This may be due to lower

swelling and thus, better ion permselectivity of the acid–base blend membranes

when compared to the PEEK-PA blend.

Polyphosphazene Ion Exchange Membranes

Polyphosphazenes are the new class of base polymers for ion exchange membranes

because of their reported thermal and chemical stability and the ease of chemically
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altering the polymer by adding various side chains onto the –P ¼ N– backbone.

Sulfonated polyphosphazene cation-exchange membranes are the attractive alter-

native to perfluorosulfonic acid and polystyrene sulfonate membranes. However,

there are few reports in the literature on the fabrication and properties of ion

exchange membranes from the sulfonated polyphosphazenes. The difficulty

associated with producing such membranes lies in preparing the sulfonated

polyphosphazene and, more importantly, in balancing the hydrophilicity of the

resulting polymer to prevent dissolution in aqueous solution [81]. One of the main

methods for the synthesis of these polymers is illustrated in Fig. 7.11.

Poly(dichlorophosphazene) reacts with a wide variety of nucleophiles to yield

high-molecular-weight organic-derivatized polymers with properties that vary

widely with the side-group structure. The stability of the phosphorus–nitrogen

backbone makes this class of macromolecules particularly suitable for side-group

and surface modification. Allcock et al. [82] reported that the molecular level and

surface sulfonation of aryloxy and arylamino phosphazene were accomplished

through the use of concentrated sulfuric acid. Allcock et al. also reported [83] the

sulfonation of aminophosphazene with 1,3-propanesulfone, but the yield was very

low. Montoneri et al. [84, 85] showed that aryloxy polyphosphazene can also be

sulfonated via the use of sulfur trioxide. In the sulfonation of poly[bis(phenoxy)

phosphazene] in dichloromethane with SO3, it was found that when the mole ratio

of SO3 to phosphazene was less than one, there was no C-sulfonation and up to

50% of the skeleton nitrogens were attacked to form � N ! SO3 complex. When

the molar ratio of SO3/polyphosphazene is greater than one, the C-sulfonation can

be observed mainly at the meta-position in the phenoxy side groups. Usually,

sulfonation of polyphosphazene yields water-soluble polymers [81]. So, in practice,

water-insoluble sulfonic acid membranes from polyphosphazene polymers can be

made which involve the cross-linking polyphosphazene membranes followed by

Fig. 7.11 Reaction scheme for the preparation of sulfonated polyphosphazene cation-exchange

membrane
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heterogeneous sulfonation [85]. Alternatively, homogeneous or heterogeneous

polymer sulfonation is carried out followed by film casting and cross-linking.

These two methods require that the polyphosphazene contains side groups that

can be used for cross-linking, or in the second case, sulfonate groups can serve this

purpose [86]. The water insoluble polyphosphazene can be made by introducing the

alkyl groups on the phenoxy ring followed by controlling mole ratio of sulfonating

agent to polyphosphagene mole ratios [87].

7.4.2 Styrene/Ethylene–Butadiene/Styrene Triblock Copolymers

Styrene/ethylene–butadiene/styrene triblock polymer is a commercially available

product (Kraton G1650) containing a saturated carbon center block, which should

be inert to the sulfonation reaction. This polymer exhibits good mechanical and

chemical stability [88, 89]. The typical casting solvent of the sulfonation process

can be reached in n-propanol, which should preferentially solvate the sulfonated

styrene blocks. It has been claimed that membranes with reproducible properties at

a constant sulfonation were obtained. It was also indicated that the conductivities at

sulfonation levels above 50 mol% of styrene units exceed that of Nafion under

similar measurement conditions. In particular, a sulfonation level of 60% was found

to be a good balance of electrical and mechanical properties.

7.4.2.1 Poly(Benzylsulfonic Acid) Siloxane (PBSS)-Based Membrane

The synthesis of this membrane was obtained by sol–gel process with different

steps. It was based on the hydrolysis condensation of the benzyl-triethoxylane

precursor in a methanol solution containing water and triflic acid (F3SO3H). The

steps of preparation are indicated elsewhere [90], and the structure is as shown in

Fig. 7.12.

The polymer was sulfonated in dichloromethane solvent using chlorosulfonic

acid. Several copolymer compositions prepared from different proportions of

the mixture of benzyl-triethoxysilane, n-hexyltrimethoxysilane, and ethoxysilane

(e.g., different organically modified alkoxy silanes). Cross-linking was also

performed in THF by hydrosilylation of silane groups with divinylbenzene using

divinyltetramethyldisiloxane platinum complex as catalyst. These membranes are

thermally stable up to 250�C and have shown conductivity of 1.6 � 10�2/O/cm at

room temperature [90].

7.4.2.2 Membranes Prepared by the Grafting Method

Radiation grafting of polymers is a well-known technique for modification of the

physical and chemical properties of the polymer [91–96]. Irradiation of polymers
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by means of ionizing radiation such as g-rays induces the formation of radicals on

the polymers, polymer main chain from which polymerization of another monomer

can be initiated. Therefore, from this technique, it is possible to bring two highly

incompatible polymers in one material having combined properties. In recent years,

the amount of efforts devoted to use this technique for the preparation of various

types of membranes increased significantly because it provides the ability to closely

control the membrane composition and properties by proper selection of the degree

of grafting. Moreover, it overcomes the membrane shaping problem where grafting

can be started with a film already in amembrane form. The ion exchangemembranes

made using polyethylene sheets by the grafting method followed by sulfochlori-

nation and amination have exhibited low electrical resistance combined with high

permselectivity and excellent mechanical strength. The reaction scheme for the

preparation of these membranes is shown in Fig. 7.13.

A large number of papers were published on radiation grafting of monomers

onto polymer films to obtain ionomers for versatile applications; they are used as

anion- and cation-exchange membranes in electrodialysis processes, water desali-

nation, carrier for immobilization of medical products, separators in alkaline

batteries, etc.

Nasef et al. [95] prepared the proton exchange membrane by simultaneous

irradiation of g-rays from a 60Co source at a dose rate of 1.32–15 kGy/h for styrene

grafting onto tetrafluoroethylene-co-hexafluoropropylene films at room tempera-

ture and sulfonic acid cation-exchange membranes by radiation grafting of styrene

onto poly(tetrafluoroethylene-co-perfluorovinyl ether) films followed by a sulfo-

nation reaction. The content of the polystyrene in the membrane was found to be

strongly dependent upon the grafting conditions like nature of solvent, dose rate,

Fig. 7.12 Structure of

poly(benzylsulfonic acid)

siloxane–based

cation-exchange membrane
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irradiation time, monomer concentration, etc. Similar behavior was also obtained

upon grafting of other monomers such as acrylic acid onto poly(ethyleneterphthalate)

(PET) films and for grafting of styrene onto normal PET films by pre-irradiation.

It was found that the grafted PET films possess good mechanical stability, suggesting

their use for the preparation of proton exchange membranes.

Kostov et al. [91–93] showed that the similar effect of irradiation dose on the

anion-exchange membrane prepared by grafting of 4-vinylpyridine (4-VP) onto

low-density polyethylene (LDPE) and polytetrafluoroethylene (PTFE) films by

Fig. 7.13 Schematic presentation of grafting of polyethylene membrane
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irradiation from 60Co g-source or high-energy electron beam. The initial properties

of the polymer such as mechanical strength, thermal and chemical resistance

combined with ion exchange properties of grafted polymer give valuable properties

of the polymer. By varying the reaction conditions of the radiation copolymeriza-

tion, grafted copolymers were prepared with degree of grafting from 17.1% to

74.5% for LDPE and from 0.7 to 13.4 for PTFE. The method of multiple grafting

was used involving post-polymerization effect, which provides possibility for

the monomer to penetrate into the polymer matrix together with the stepwise

generation of free radicals. It is observed that the linear dependence of the

irradiation dose on grafting degree was noticed for both the films. Irradiation exerts

stronger effect on the grafting onto PTFE compared to LDPE, which is connected

with the lower radiation resistance of C–F compared with C–H bonds. The water

content of the membrane increases linearly with the grafting degree of 4-VP.

The thickness of the grafted layer of the 4-VP affects the value of the specific

resistances, which decreases with increase in the amount of grafted 4-VP.

7.4.3 Amphoteric Ion Exchange Membranes

Amphoteric ion exchange membranes contain both acidic (negative charge) and

basic (positive charge) groups that are randomly distributed within the membrane

matrix [97–101]. The sign of the charge groups in these membranes exhibits a pH

response to an external solution. Generally, amphoteric membranes are classified

into four types: (1) membranes in which both anion and cation-exchange groups are

distributed randomly during the preparation, (2) snake-in-the-cage-type amphoteric

membranes, (3) polysalt membrane, and (4) membrane prepared by layer-by-layer

method. In the first case, styrene, 2-methyl-5-vinylpyridine, and divinylbenzene are

copolymerized in presence of an inert polymer, and the membrane thus obtained

was sulfonated and then quaternized [102]. Amphoteric polyelectrolytes such as

copolymer of n-diethyl amino methacrylate and methacrylic acid are dissolved in a

suitable solvent together with an inert polymer, and then, it was cast onto a flat

surface [103].

Snake-in-the-cage ion exchange (retardion) membranes can be synthesized by

saturation of a suitable ion exchange resin (the cage) with an organic counter ion

that can be polymerized to form a linear chain of oppositely charged polymer

(the snake) [104, 105]. The polymer chain cannot be removed from the host resin

due to strong electrostatic interaction and the restricted mobility of the linear

polymer chains. The ionic sights of the resin cage are neutralized in the presence

of oppositely charged polymer chains. This provides mechanical stability leading to

decreased swelling and shrinking properties. The main retardion resins have a low

affinity for nonelectrolyte, coupled with an ability to selectively retard ionic

substances. They can therefore be used not only for salting nonionic solutions but

also for separating unwanted ions from ionic substances. In addition to retention of

ions, retardion resins absorb acids and can be used for such purposes as removing
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excess acid following acid hydrolysis of proteins. The relative mobility of snake

polymer chains provides the possibility of very close contact between oppositely

charged groups on retardion resins and is a prime reason for the characteristics of

these materials.

For polysalt amphoteric membrane, a cationic polyelectrolyte solution such as

poly(benzyl trimethyl ammonium salt) and an anionic polyelectrolyte solution

such as polystyrene sulfonate were mixed. The resulting precipitated polymer salt

was then dissolved in a suitable solvent and formed into a membrane by casting

technique [106]. Recently, membranes prepared by a “layer-by-layer” technique

have been actively studied. For example, a cationic polyelectrolyte can be

absorbed on a flat plate as a monolayer and then anionic polyelectrolyte layer

was added to it. The same procedure can be repeated so as to obtain ultrathin,

multilayer, amphoteric ion exchange membrane [107]. The multilayers formed on

a porous membrane have been used as separation membrane [108], and further,

such membranes have also been used as new functional material for sensors,

devices for photoelectronics [109], etc.

7.4.4 Mosaic Ion Exchange Membranes

In 1932, Sollner reported ion transport through a mosaic ion exchange membrane

[8]. Such membranes contain a set of anion- and cation-exchange elements

arranged in parallel, each elements providing a continuous pathway from one

bathing solution to the other [8, 97]. To prepare such mosaic membranes, various

methods have been employed: (1) distributing particulate cation- and anion-

exchange resins in an inert polymer film so as to have each resin particle penetrate

both membrane surfaces; (2) cutting a laminated block of alternating cation- and

anion-exchange membranes into films perpendicular to the membrane surface; (3)

forming a film using two different copolymers (copolymers of styrene–butadiene

and vinylpyridine–butadiene) and introducing anion- and cation-exchange groups

into respective copolymer domains together with a cross-linking reaction [110];

(4) forming a film by a casting method using a block copolymer composed of a part

in which cation-exchange groups can be introduced and a part for insulation, and

then introducing the respective ion exchange groups into the domain; and (5)

forming a film by the casting method using a dispersion that contains cationic

microsphere gel, anionic microsphere gel, and matrix polymer and introducing a

charge group into the gels if necessary [111].

After the preparation of a film from a block copolymer composed of five

components (isoprene-4-vinylbenzenedimethylamine-isoprene-styrene-isoprene)

by the casting method, cation-exchange groups (sulfonic acid) and quaternary

ammonium groups were introduced into the respective domains after a suitable

cross-linking. Also, after preparing a film from a block copolymer composed of

styrene-butadiene-4-vinyl pyridine, cross-linking was carried out by g-ray irradia-

tion, and then the respective ion exchange groups were introduced [112].
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7.4.5 Bipolar Membranes

Bipolar membranes are a special type of layered ion exchange membranes. They

consist of two polymer layers carrying fixed charges, one is only permeable for the

anions and the other only for cations [113–117]. Actually, unlike with membranes

used for separation purposes, nothing should be transported from one side to the

other. The desired function is a reaction in the bipolar junction of the membrane

where the anion and the cation permeable layers are in direct contact: water is split

into hydroxide ions and protons by a disproportionation reaction. The produced

hydroxide ion and proton are separated by migration in the respective membrane

layer out of the membrane. Unlike water splitting at electrodes during electrolysis,

no gases are formed as a side product nor gases are used up [30].

Bipolar membrane efficiently converts an aqueous salt solution such as NaCl into

the baseNaOHand the acidHCl. Similarly, other salts suchKF, Na2SO4, NH4Cl, KCl,

etc., as well as the salts of organic acids and bases can be converted. It is an

electrodialysis process since ion exchange membranes are used to separate ionic

species in solution with the driving force of an electrical field, but it is different by

the unique water splitting capability of the bipolar membrane. In addition, the process

offers unique opportunities to directly acidify or basify process streams without

adding chemicals, avoiding by-products or waste streams and costly downstream

purification steps. For the preparation of bipolar membranes, various methods have

been initiated, such as preparing directly from commercial cation- and anion-

exchange membranes by adhering with heat and pressure or with an adhesive paste

[118], preparing by casting a cation-exchange polyelectrolyte solution (or an anion-

exchange polyelectrolyte solution) on a commercial anion-exchangemembrane (or on

a cation-exchange membrane), respectively [119, 120], or preparing from the same

base membrane by simultaneous functionalizing at the two membrane sides

[121–124] or selectively functionalizing on one side to give cation selectivity and

on the other side to give anion selectivity [125]. Among these, the casting method

seems to be the most attractive one for preparing such membranes as it is simple, low

cost, and allows a bipolar membrane with desired properties for commercial use such

as good mechanical strength, ability to operate at high current density, high

permselectivity, low potential drop, etc. [126]. Using this method, novel bipolar

membranes have been prepared by casting the sulfonated poly(phenylene oxide)

(PPO) solution on a series of anion-exchange membranes as shown in Fig. 7.14 [127].

The two ion exchange layers in a bipolar membrane allow for the selective

transport of the water dissociation products – protons and hydroxyl ions and block

co-ions in the electrolyte. To facilitate the water-splitting effect, a bipolar mem-

brane also includes a contact region, also referred to the interfacial layer, where the

desired water dissociation reaction occurs. The charged groups and structure of this

region are of great significance for water dissociation and thus generally are

modified elaborately to improve the bipolar membrane’s performance. Now, it is

well concluded that materials with the best catalytic activity are sufficient amounts

of weak acids (and the corresponding bases) such as amino groups, pyridine,

carboxylic acid, and phenolic and phosphoric acid groups [128–131] as well as
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heavy metal ion complexes such as ruthenium trichloride, chromic nitrate, indium

sulfate, hydrated zirconium oxide, etc. [132–135]. The catalytic mechanism is

underlined by chemical reaction model of water dissociation, i.e., the water splitting

could be considered as some type of proton-transfer reaction between water

molecules and the functional groups or chemicals [130, 136].

Another interesting approach reported recently is the modification of a bipolar

membrane with the starburst dendrimer polyamidoamine (PAMAM) [137], which

possesses much higher amino groups than conventional macromolecule as shown in

Fig. 7.15. As expected, these amino groups have appreciable catalytic function
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when they are incorporated into the middle layer of a bipolar membrane [137].

However, due to the PAMAM steric effect, the catalytic function of amino groups

varies with both PAMAM concentrations and generations.

7.4.6 Interpolymer Ion Exchange Membranes

The interpolymer ion exchange membranes developed in the literature [138–140]

possess an excellent combination of both electrochemical and mechanical properties.

For the preparation of interpolymer membrane, linear polyethylene was used as a

binder. It was made into an organosol with suitable solvating monomers like

styrene–divinylbenzene. This blend on polymerization of monomers under a free

radical mechanism yields a chemical polyblend of two interpenetrating networks of

linear and cross-linked polymer molecules [139, 140]. In addition, due to grafting,

there may be an inter cross-linking between polyethylene and polystyrene phase.

Such a chemical polyblend behaves like a homogeneous type having less probability

of microvoids compared to heterogeneous-type membranes. For lack of such avail-

able space, when there is solvation of ionic groups, there is an expansion of matrix

with the dimensional changes.

Recently [141], ion exchange membranes, by the semi-interpenetrating polymer

networks (s-IPNs), have been prepared by mixing of two polymers such as PVA and

polyelectrolytes, followed by gaseous cross-linking with dibromoethane. The

polyelectrolytes used to develop tailor-made ion exchange membranes are poly

(sodium styrenesulfonate) (PSSNa), poly(styrene sulfonic acid) (PSSH), and poly

(acrylic acid) (PAA) for cation-exchange membranes and polyethyleneimine (PEI),

poly(diallyldimethylammonium chloride) (PDDMACl), and poly(1,1-dimethyl-

3,5-dimethylenepiperidinium chloride) (PDDPCl) for anion-exchange membranes.

It was found that the homogeneous film with suitable mechanical property was

obtained for the 60/40 mass ratio of poly(vinyl alcohol) to polyelectrolyte. The

membranes PVA/PAA show less ion exchange capacity and swelling compared

to PVA/PSSNa and PVA/PSSH membranes. The anion-exchange membranes

prepared using the above polyelectrolytes show weak ion exchange capacity.

7.4.7 Heterogeneous Ion Exchange Membranes

Ion exchange membranes, both the homogeneous and heterogeneous, being unique

in their nature overcome each other in one way or another. Homogeneous

membranes having good electrochemical properties lack in their mechanical

strength, whereas heterogeneous membranes having very good mechanical strength

are comparatively poor in their electrochemical performance [142]. However, by

choosing a suitable binder to make non-reinforced membranes or by choosing a
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suitable reinforcing fabric, it is possible to have good ion exchange membranes by

an optimum combination of electrochemical properties and mechanical strength

with heterogeneous method. Heterogeneous ion exchange membranes can be made

[143] by the incorporation of powdered ion exchange resin into sheets of rubber,

PVC, acrylonitrile copolymers, or some other extrudable or moldable matrix. Such

membranes can be prepared [144] either (1) by calendaring ion exchange particles

into an inert plastic film, (2) by dry molding of inert film forming polymers and ion

exchange particles and then milling the mold stock, or (3) resin particles can be

dispersed in a solution containing a film-forming binder, and then the solvent is

evaporated to give ion exchange membrane. Such heterogeneous membranes may

also be reinforced with a chemically resistance fabric [145]. Kariduraganavar et al.

[146] and Adhikari et al. [138, 139] found that the particle size distribution of the

resin particles of different mesh affected on the electrochemical and mechanical

properties of the membranes. It is observed that with increase in resin loading, the

membrane becomes more and more brittle, and at the same time, it is also observed

that the finer the resin particles are, the more flexible is the membrane. For PVC

binder, with resin particles of �300 + 400 mesh (39 mm), it is possible to obtain

flexible membrane up to 60% resin loading, whereas the membrane becomes brittle

even with 40% loading for �100 + 200-mesh-sized (80 mm) resin particles. The

brittleness of the membrane may be due to increased resin loading, which increases

after a certain point when the phase inversion takes place. The cross-linked resin

particles tend to form the continuous phase, whereas binders tend to form the

discrete phase. Actually, resin particles being more brittle in nature compared to

binder fail to act as impact modifier, and crack propagation becomes facile,

resulting in a brittle membrane. At any particular blend ratio, the finer the resin

particles, the more homogeneous the blend is, resulting in a more flexible mem-

brane. As the resin load increases, the burst strength of the membrane decreases.

This may be due to the formation of continuous phase by the resin particles, which

has a lesser impact on the strength. However, the burst strength can be improved by

decreasing the particle size.

For practical applications, the dimensional stability in different ionic forms is the

most desirable criteria for any commercially successful ion exchange membrane.

The heterogeneous ion exchange membranes show the good dimensional stability

compare to the homogeneous membranes. This may be due to the absence of

microvoids in the homogeneous ion exchange membranes since it forms the

continuous phase during the polymerization. In case of heterogeneous membranes,

the loss of solvent due to evaporation introduces microvoids between the resin

particles and binder regions. These microvoids are sufficient to accommodate

solvent molecules for the solvation of ionic species in the resin, so the salvation

does not manifest the dimensional changes of the membranes. The particle size of

the resin also affects the ion exchange capacity and areal resistance of the mem-

brane. At a definite resin loading and thickness of the membrane, the electrical

resistance decreases and ion exchange capacity increases with decreasing the

particle size. Decreasing the particle size results in the higher surface area of the

resin particles. With increase in the surface area, the number of functional groups
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which may actively participate in the transport of counter ions through the

membrane results to lower the resistance and higher the ion exchange capacity of

the membranes.

7.5 Applications of Ion Exchange Membranes

Ion exchange membranes are widely used in various separation processes like

electrodialysis, electrolysis, diffusion dialysis, Donnan dialysis, piezodialysis,

reverse osmosis, etc. The driving force for permeation of ions and water through

the membrane at initial stage was thought primarily because of electrochemical and

chemical potential. But in the recent papers [147, 148], it is reported that hydraulic

pressure, temperature difference, difference of proton concentration, and so on are

also responsible for the driving force. This is especially observed in tube and hollow

fiber type ion exchange membranes wherein driving force is not electrochemical

potential. Therefore, the recent applications of ion exchange membranes are due to

the development of an anisotropic structure or other new types of membranes:

charged reverse osmosis membrane, mosaic ion exchange membrane, gas separa-

tion membranes having amino groups, and so on. As it is impossible to explain all

the applications reported in the literature, only the important applications of ion

exchange membranes are summarized in Table 7.1.

Table 7.1 Applications of ion exchange membranes [149]

Methods

Types of ion exchange

membranes Purposes

Electrodialysis Cation-, anion-, and

bipolar-exchange

membranes

Concentration or desalination of electrolyte

solution, separation of ionic materials from

nonionic materials, production of acid and base

by water splitting, double decomposition of salt,

sterilization of water, etc.

Electrolysis Cation- and anion-

exchange membranes

Separator for electrolytes (chlor-alkali, organic

synthesis, water electrolysis, etc.)

Diffusion

dialysis

Anion-exchange membrane Recovery of acid from waste acid solution, etc.

Donnan

dialysis

Cation-exchange

membrane

Recovery of trace amount of ions, ion exchange,

etc.

Piezodialysis Mosaic, amphoteric

exchange membranes

Concentration, desalination, and separation of

electrolytes

Reverse

osmosis

Anisotropic cation- and

anion-exchange

membranes

Desalination, concentration, and separation of

electrolytes

Facilitated

transport

Cation- and anion-

exchange membranes

Separation between ions with same charge

Cell and

battery

Cation- and anion-

exchange membranes

Electrolyte of fuel cell, reverse electrodialysis,

separator of redox-flow cell and others

Others Cation- and anion-

exchange membranes

Sensor for humidity, proton, etc. Pervaporation, gas

separation, etc.
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7.5.1 Ion Exchange Membranes in Electrodialysis

Initially, the purpose of developing ion exchange membrane was to produce sodium

chloride from seawater by electrodialysis. Later, it was spread to demineralization

of cheese whey, deacidification of fruit juice, removal of potassium tartarate

from wine, demineralization of amino acid solution in food industry, desalting of

sugar and molasses, protein recovery from blood plasma, etc.

Electrodialysis (ED) was commercially introduced during the 1960s well before

the reverse osmosis for water desalination. The most important large-scale applica-

tion of ED is the production of portable water from brackish water [150–156], in

which ED competing directly with reverse osmosis (RO) and multistage flash

evaporation. ED is generally the most economical process for water with relatively

low salt concentration (less than 5,000 ppm). One significant feature of ED is

that the salt can be concentrated to comparatively high value (in excess of

18–20% by wt.) without affecting the economics of the process. The most modern

ED units operate with the so-called reverse polarity (electrodialysis reversal, EDR),

which are effective on protection of membrane from organic fouling as well as

scaling of low-solubility salt such as CaSO4 [157].

Desalination by ED process had been commercialized in the USA during

the 1970s, and several ED/EDR plants were installed. For desalination of brackish

water, more than 2,000 plants with a total capacity of more than 1,000,000 m3 of

product water were installed [158]. In India, Central Salt & Marine Chemicals

Research Institute (CSMCRI) installed several brackish water desalination

plants of desired capacity in rural area during 1985–1995. A substantial number

of installations of ED/EDR units can also be found in Russia and China for the

production of potable water [158, 159]. ED units powered by photovoltaic cell

were also developed and installed for providing potable water from brackish water

[160, 161].

Figure 7.16 shows the applications of membrane technology which covers not

only ED but also applications of RO and UF in diary industry. Other applications to

food industries are the mineralization of molasses in order to increase the sugar

recovery [162], the acid removal from fruit juice, the separation of amino acids and

minerals in amino acid production process [163, 164], and so on. It is also reported

that acid removal by ED has made grape juice stable against precipitation of

potassium tartarate [165]. In these cases, organic fouling of anion-exchange mem-

brane is serious, and therefore in several cases, neutral membranes are being used

instead of anion-exchange membranes.

Treatment of industrial wastewater by electrodialysis using NEOSEPTA

membranes has contributed to pollution abatement and recovery of valuable

minerals, for example, the concentrating recovery of nickel galvanization effluent

as shown in Fig. 7.17. The treatment of copper-, zinc-, and tin galvanizing liquors

and the recovery of noble metals are made efficiently. Similar applications are

developer regeneration by electrodialysis for color paper processing [166] and

electrolytic recovery of silver from photographic fixing solutions and the reuse of

the solution by simultaneous treatment of the waste photographic fixing and

bleaching solution in a cell [167].
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Fig. 7.16 Application to dairy industry
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Fig. 7.17 Flow diagram of treatment of Ni-galvanization effect

7 Ion Exchange Membranes: Preparation, Properties, and Applications 263



Other interesting applications of ion exchange membranes are bactericidal

effect of electrodialysis on E. coli and accelerated fermentation to produce

glutamic acid and lactic acid. Bactericidal effect of electrodialysis on E. coli
is observed when the electrodialysis is carried out over the limiting current

density and is dependent on cation and anion species contained in the solution.

This effect is connected with pH change of the solution and observed remarkably

in the presence of ionic species, which permeate easily through the membrane

[168]. Accelerated fermentation is made by removing glutamic acid and lactic

acid from culture fluid by electrodialysis continuously in order to maintain

the low concentration in products [169]. Applications of the electrodialysis to

dilute solution are enrichment of trace level ions (10�6–10�4 mol/l; ionic strength

is adjusted by KC1) [170] and removal of radioactive ions by multistep electrodi-

alysis [171].

7.5.2 Ion Exchange Membranes in Electrolysis

Typical example of this case is electrolysis of sodium chloride to produce chlorine,

hydrogen, and sodium hydroxide (chlor-alkali process). With the development of

chemically and thermally stable perfluorocarbon ion exchange membranes, the

chlor-alkali industry is nowadays one of the largest industries producing annually

more than 48 million tons of sodium hydroxide and more than 42 million tons of

chlorine [172]. This has been attained by the improvement of membrane,

electrolyzer, and electrolysis methods as well as development of new cathode of

low hydrogen overvoltage. Especially, perfluorocarbon carboxylic acid group

membranes gave high current efficiency in caustic soda production, and surface

treatment of the membrane served to release bubble from the membrane surface,

thereby reducing the cell voltage significantly.

Ion exchange membrane is used for electrolysis of water to produce hydrogen

and oxygen gas as for utilization of hydrogen energy. In this case, the usage of

perfluorocarbon cation-exchange membranes and inorganic ion exchange

membranes [173] is being made. Especially, it is reported that solid polymer

electrolyte (SPE) method produces hydrogen gas at high efficiency, where perfluo-

rocarbon cation-exchange membranes are used with catalyst coated as electrodes

[174]. Ion exchange membranes are also used as separator in organic synthesis by

electrolysis. Typical example is hydrodimerization of acrylonitrile to produce

adiponitrile [175]. Other various applications to electrolytic organic synthesis

have been reported [176]. Tokuyama Soda Co. Ltd. has made significant contribu-

tion to this area. Application of SPE electrolysis method to organic synthesis is also

reported [177]. There are many other applications of ion exchange membranes to

the electrolysis as separator [164]: the recovery of precious metal in catholyte by

deposition on the cathode, the reduction of uranyl ions to uranous ions by the

cathode reaction, and so on.
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7.5.3 Ion Exchange Membranes in Diffusion Dialysis

Diffusion dialysis is one of the oldest membrane processes that has been established

for many years where ion exchange membranes are used instead of uncharged

membranes. Acid recovery from waste acid solutions is made by this process using

anion-exchange membranes. The examples of diffusion dialysis applied to various

acids recovery are given in Table 7.2. Flow rate of the solution in dialysis is about

1–5 cm/min, and therefore, this is an energy saving process.

The anion-exchange membranes for this purpose were developed by Tokuyama

Soda Co. Ltd., i.e., NEOSEPTA APN [178]. This process requires membranes with

high permeation of acid, less leakage of metal ions, good mechanical strength, and

so on. Industrial recovery of HNO3 and HF acids has been retarded because of

oxidative deterioration of anion-exchange membranes.

Donnan dialysis is also one kind of diffusion dialysis. This process has been used

for water softening using cation-exchange membrane and sodium chloride solution

[179], the removal of potassium hydroxide from gold plating bath [180], the removal

of hazardous metal ions, the pretreatment of ion chromatography in order to con-

centrate ions [181], and so on. There is a report on the utilization of pH difference as

the driving force to transport ions through the cation-exchange membrane against

the concentration gradient [182].

7.5.4 Ion Exchange Membranes in Fuel Cells and Battery

Recently, proton exchange membrane (PEM) gained broader attention for fuel cells

and electrochemical energy conversion devices [183–189]. The usage of perfluoro-

carbon sulfonic acid to hydrogen–oxygen fuel cell as an electrolyte is well known.

Other cases are the usage of membranes of low electrical resistance to alkali battery

as a separator where the membrane is made by grafting of acrylic acid to polyeth-

ylene, separator for zinc–bromine battery [190], Zn–Cl2, and redox-flow battery

[191]. Recently, many promising polymers based on aromatic thermoplastics such

as poly(ether ether ketone) (PEEK), poly(ether sulfone) (PES), poly(benzimid-

azole) (PBI), and polyimides (PI) have been studied, which have demonstrated

Table 7.2 Examples of diffusion dialysis applied to various acids recovery [149]

Process Acid recovery

Acid recovery from pickling solution or pickling waste solution of steel H2SO4, HCl, HNO3, HF

Purification of battery waste acid H2SO4

Acid recovery from alumite process waste acid solution H2SO4, HNO3

Acid recovery from metal refining process H2SO4, HCl, H3PO4

Treatment of etching waste solution (Al, Ti) HCl

Acid recovery from surface treatment acid of electroplating line H2SO4, HCl, HNO3, HF

Purification and acid removal from organic synthetic process H2SO4, HCl
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excellent chemical resistance, high thermo-oxidative stability, good mechanical

property, and low cost [192–196]. By introducing sulfonic acid groups to the polymer

chains, these sulfonated PEEK, PES, PI, and PBIs were applied as a polymer electro-

lyte membrane [197–199].

7.5.5 Ion Exchange Membranes in Other Applications

Ion exchange membranes are interesting materials as they are polymeric in nature

containing ion exchange groups, i.e., hydrophilic groups. In view of this, ion

exchange membranes for pervaporation (PV) applications are now actively pursued

[200]. Especially, cation- and anion-exchange membranes of various ionic forms

are examined in case of separation of ethanol–water mixtures [201]. Further

attempts have also been made to increase the flux and selectivity by suitably

modifying the membranes [202]. As olefinic compounds react reversibly with silver

ions, cation-exchange membrane, i.e., ion exchanged with silver ion, is expected to

separate olefinic compound from alkane compound. Similarly, CO2 is also separable

by the cation-exchange membrane, i.e., ion exchange with ethylenediamine [203].

For the purpose of gas separation, anion-exchange membrane derived from poly

(2,6-dimethyl-p-phenelyne oxide) shows the oxygen-enriching properties [204].

Water content of the ion exchange membrane varies with humidity. Therefore,

ion exchange membrane is being used as a hydrometer. When water content of the

membrane increases with increasing the humidity, the increase in the current or ionic

conductivity between the electrodes on both sides of the membrane is detectable

[205]. Membrane potential is also used to determine the concentration of ions [206].

Ion exchange membranes are used as carriers for photosensitive materials as they

have ion exchange groups: photovoltaic behavior of bacteriorhodopsin-loaded

cation-exchange membranes [207], photophysical properties of cadmium sulfide

loaded on cation-exchange membrane [208], and others [209].

7.6 Conclusions

From the literature, it is concluded that ion exchange membranes play a vital role in

solving different problems. For any purpose, preparation of ion exchange mem-

brane is the most crucial. During the last two decades, development of new ion

exchange membranes has gained the advantage of an interdisciplinary approach

integrating recent advances in the field of material science. This chapter

demonstrates the interest of using innovative methods for material processing

with several examples on the preparation of ion exchange membranes. As shown

in Fig. 7.18, conventional mode starts from a specific application. To satisfy with a

specific requirement, one has to choose a proper membrane from the sea of mem-

branes, optimize the operation condition then design the process. Such application
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status is limited by the current research status, the relation between electro-

membrane function and structure, the controlled formation of electro-membrane

and the properties evolution of electro-membranes with time leave to be quantita-

tively determined at this time. Therefore, it is necessary to discard this old mode

and establish a new one for synthesis and applications of ion-exchange membranes.

As shown in Fig. 7.19, the new mode is expected to go to the reverse route to the

conventional one: designing a specific membrane for a specific purpose. The new

mode starts from required membrane properties for a specific purpose, determina-

tion of membrane properties, membrane structure, and finally, design of the mem-

brane from molecular level, i.e., such mode goes to form mole to process.

Apart from the preparation of ion exchange membranes, the technical and

commercial relevance of the ion exchange membranes based processes should

also be considered. As analyzed by Strathmann in his recent work [97], some of

the applications can be considered as state-of-the-art technology, such as the

applications using conventional electrodialysis, production of pure water using

continuous electro-deionization, and some specific applications using bipolar

membranes such as producing organic acid from the fermentation broth or

recovering HF and HNO3 from a waste stream generated by neutralization of a

steel pickling bath. Often, ion exchange membrane separation processes are in

competition with other mass separation techniques and their application is deter-

mined based on economic considerations. Some of the ion exchange membranes

have better quality and eco-friendly in nature, and therefore, they are being used in

spite of their high cost. In view of the above, the development of ion exchange

Research status Application status

· The relation between electro-
membrane function and
structure  is   not   quantitatively
established

Specific requirements

· The controlled formation of
electro-membranes is not
available

· The properties evolvement of
electro-membranes with time is
unclear

Selection of membranes

Optimization of conditions

Process design

Disadvantages: high cost, low membranes life, low separation efficiency, long period
for discovering new electro-membranes

Fig. 7.18 Current status in research and application of electro-membrane fields
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membranes has gained the importance of an interdisciplinary approach, integrating

recent advances in every field of science and technology. Therefore, technologists

and researchers should give prime consideration to interdisciplinary knowledge

such as material, chemistry, polymer science and technology, mathematics, as well

as engineering to solve some challenging issues.

References

1. Sourirajan S (1991) Lectures on membrane separations. The Indian Membrane Society,

Baroda

2. Seno M, Takagi M, Takeda K et al (1993) Handbook of separation science. Kyoritsu Shuppan

Co, Tokyo

3. (1993) IUPAC compendium of chemical technology, 2nd edn, vol 65, p 856

4. Juda W, McRae WA (1950) Coherent ion-exchange gels and membranes. J Am Chem Soc

72:1044

5. Ostwald W (1890) Elektrische eigenschaften halbdurchl€assiger scheidew€ande. J Phys Chem
6:71–82

6. Donnan FG (1911) The theory of membrane equilibrium in presence of a non-dialyzable

electrolyte. Z Elektrochem 17:572–581

7. Michaelis L, Fujita A (1925) The electric phenomena and ion permeability of membranes. II.

Permeability of apple peel. Biochem Z 158:28–37

Specific
requirements

Engineering
design for
specific
process

Membrane
preparation
for specific
process

Membrane preparation

Membrane
parameters

Separation
behaviours

Membrane structure Determination
of membrane
structure

M
em

brane
param

etersM
em

br
an

e
pr

op
er

tie
s

E
la

ps
e

tim
e

M
em

brane
structure

Determination
of membrane
prameters

Fig. 7.19 New mode for an electro-membrane designed for a specific process

268 M.Y. Kariduraganavar et al.



8. Sollner K (1932) Uber mosaikmembranen. Biochem Z 244:390

9. Wassenegger H, Jaeger K (1940) Effecting cation-exchange in removing calcium from hard

waters. US Patent 2,204,539
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Chapter 8

Synthetic Inorganic Ion Exchange Materials

Wolfgang Schmidt

Abstract Synthetic ion exchangers are used for a wide range of different

applications, ranging from water softening, water remediation, catalysis, molecular

sieving, and selective adsorption to medical applications. Their well-defined

compositions and tunable structural features allow minute tailoring of their specific

properties. A selection of the most prominent ion exchangers for aqueous ion

exchange is introduced in this chapter, and the ion exchange process is illustrated

for selected materials. Furthermore, structural features of individual materials are

discussed and typical preparation methods and applications are addressed.

8.1 Introduction

In this chapter, synthetic ion exchangers will be introduced. The focus is on solid

exchangers for ion exchange in aqueous solutions and at temperatures up to about

100�C. A selection of materials has been made which is by far not comprehensive

but illustrates features and properties of the most abundantly used synthetic

inorganic ion exchangers. The survey will start with a class of materials denoted

as zeolites. They are the most commonly used synthetic inorganic ion exchangers

and therefore will be discussed in some more detail. The concept and theory of ion

exchange on synthetic solids will be illustrated on zeolites; however, they can

be also transferred directly to the other materials that will be described in the

following sections.

W. Schmidt (*)

Max-Planck-Institut f€ur Kohlenfoschung, Kaiser-Wilhelm-Platz 1,

M€ulheim an der Ruhr 45470, Germany

e-mail: schmidt@kofo.mpg.de

Inamuddin and M. Luqman (eds.), Ion Exchange Technology I:
Theory and Materials, DOI 10.1007/978-94-007-1700-8_8,
# Springer Science+Business Media B.V. 2012

277

mailto:schmidt@kofo.mpg.de


8.2 Benefits of Synthetic Ion Exchangers

Ion exchange on solids is a type of reaction that is often thought to proceed mainly

on organic ion exchangers since ion exchange resins are nowadays commodities

that are used for many application in industry and private households. However, ion

exchange is also a feature that is quite commonly observed on inorganic solids.

Basically, any polar surface is able to coordinate ionic species and thus can act as

ion exchanger. The ion exchange capacity then simply scales with the specific

surface area of that material. Accordingly, a broad variety of materials with ion

exchange properties can be found in nature, be it clay minerals, natural zeolites,

metal oxides, or others. Thus, one could ask why one should want to generate

synthetic ion exchangers. There are two main reasons to do so. One problem of

natural products is their inhomogeneity with respect to chemical and phase compo-

sition as well as to morphological features, such as particle sizes, particle size

distributions, and particle morphologies. Synthetic products can be synthesized

with well-defined phase and chemical composition. Furthermore, a high degree of

control on morphological properties is allowed for. The second reason why syn-

thetic materials have advantages is that they can be produced in a bottom-up

approach. This allows tailoring of properties already at the stage of the particle

formation which is hardly possible for solids that already exist as macroscopic

particles. Disadvantage of synthetic materials can be higher production costs in

comparison to most natural products. Ion exchange materials on the basis of

minerals can be found in large natural deposits. Production thus involves mining,

crushing, sieving, and may be crude phase separation, all of which are usually not

cost intensive. Therefore, natural ion exchangers usually have a much lower price

than synthetic ones. For any practical application, expenses and advantages have to

be balanced thoroughly.

8.3 Zeolites

Synthetic zeolites are the most abundant inorganic ion exchange materials for techni-

cal applications. Very unique structural features make zeolites excellent ion

exchangers. They are typically crystalline aluminosilicates with structures that form

pore networks throughout the crystallites. These intrinsic pores accommodate exchan-

geable cations which compensate negative charges of the aluminosilicate framework.

About 200 different structures are known for zeolites, fromwhich approximately 20%

can be found as natural minerals. The others exist only as synthetic materials. Due to

their specific structural features, basically, all zeolites can serve as ion exchangers, but

for practical application, only a little number is actually used. Since its ion exchange

capacity is directly related to the aluminum content of the zeolite, high-alumina

zeolites are preferred for ion exchange applications. Furthermore, a well accessible

pore system is advantageous for a rapid ion exchange. If such zeolites then can be
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synthesized with high yields at moderate temperatures, this is of course highly

welcome for large-scale applications. For those reasons, high-alumina zeolites with

easily accessible pore systems, such as the zeolites Linde type A (LTA), Linde type X

(FAU), or zeolite P (GME), are the most commonly used synthetic zeolites for ion

exchange applications.

8.3.1 Zeolite Structures

Zeolite structures are formed by SiO4 and AlO4 tetrahedra, the corners of which are

connected via shared oxygen anions, as shown in Fig 8.1. Since either silicon or

aluminum atoms occupy the centers of the tetrahedra, they are denoted as T-atoms.

The tetrahedra are connected to each other in a way that larger channels and/or

cages are formed. Such cages, formed by tetrahedra, can be represented in a

simplified manner as polyhedra that form the final zeolite structure, as shown in

the Fig. 8.1. In this representation, the oxygen atoms are omitted and straight lines

connect the silicon and aluminum sites of the zeolite framework. The polyhedra

representation allows an easy visualization of the larger cages and windows of the

open zeolite pore system.

Often, zeolite structures are described with the help of structural subunits, such

as rings and cages. As for example, the b-cages of the Linde type A (LTA) structure

consist of rings that are formed by either six or four tetrahedra, denoted as 6MR

(6-membered ring) or 4MR (4-membered ring). The LTA structure, as shown in

Fig. 8.1, consists of b-cages that are connected to each other via double 4-

membered rings (D4R). In that way, a larger a-cage with an approximate diameter

of 1.18 nm is formed which is accessible only via 8MR windows. The diameter of

this 8MR window is about 0.41 nm, and only cations or molecules that are smaller

can pass through these windows. The smaller b-cages are only accessible via the

very narrow 6MR windows with free diameters of only 0.21 nm.

Fig. 8.1 Schematic construction of zeolites from SiO4 and AlO4 tetrahedra and simplified

polyhedra representation of a zeolite structure
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Connecting b-cages via double 6-membered rings (D6R) results in the FAU

structure. Also in this structure, large cages (so-called Faujasite cages) with

diameters of about 0.90 nm are formed that are accessible via 12MR with a free

diameter of about 0.70 nm.

The topologies of the frameworks are characteristic for each zeolite, and there-

fore, zeolites are classified according to their framework types. For each framework

type, a three-letter code exists that specifies the zeolite structure. Exchangeable

cations that are located in the channels and cages of the zeolite are generally rather

mobile and not considered for this kind of classification. As for some examples, the

three-letter code LTA is assigned to the structure of synthetic Linde type A zeolites

and the code FAU to structures of Faujasite-type zeolites. Faujasites are naturally

occurring minerals, but the structure-type FAU is also found in the synthetic

zeolites Linde type X and Linde type Y. Natural zeolites can be easily recognized

by their names, but for synthetic zeolites, the nomenclature is more or less arbitrary

and many zeolite producers have their own names for a given zeolite material.

Thus, many different names may exist for the same type of zeolite material. In order

to avoid confusion, in the following, the three-letter codes will be used for the

assignment of zeolites. A prefix will be used to specify exchangeable cations, for

example, Na-LTA specifies a Linde type A zeolite, the framework charges of which

are compensated by Na+ cations. Formally, the composition of the zeolite can be

represented by a stoichiometric formula, such as:

NaxAlxSiy�xO2y � n H2O or Nax AlO2ð Þx SiO2ð Þy�x � n H2O;

with n the number of water molecules adsorbed within the pores of the zeolite. This

formula reflects that, for each aluminum in the structure, one exchangeable cation,

also called extra-framework cation, is present (here Na+). Al-O-Al bonds are

generally not observed for aluminum in tetrahedral coordination. Even though

exceptions to this so-called L€owenstein rule have been reported, it applies to

zeolites in general. Thus, the minimum Si/Al ratio achievable is 1.

For zeolites, their stoichiometric formula is often reported as the number of

elements in one unit cell of the respective structure. Thus, for an LTA-type zeolite

with Si/Al ¼ 1, the unit cell content may be given as Na96Al96Si96O384 216 H2O,

and for a FAU-type zeolite with Si/Al ¼ 2, as Na64Al64Si128O384 240 H2O.

It should be noted that zeolites not necessarily have to be aluminosilicates.

Substitution of Si or Al in the tetrahedral by other elements also results in zeolitic

structures. Some typical elements for partial or full substitution are Ti, Ge, Ga, or P.

8.3.2 Ion Exchange Properties of Zeolites

As explained above, zeolite frameworks are formed by corner-connected SiO4 and

AlO4 tetrahedra. Each oxygen anion coordinates either two silicon cations or one

280 W. Schmidt



silicon and one aluminum cation. Thus, it formally contributes one negative charge

to each T-atom. Each four-valent silicon cation is coordinated by four oxygen

anions, and the charges are balanced. However, also each three-valent aluminum

cation is coordinated by four oxygen anions, and thus, one negative charge from the

oxygen atoms remains unbalanced. This creates one negative framework charge per

aluminum site in the structure, as illustrated in Fig 8.2.

These negative charges are compensated by cations that are located in the

channels and cavities of the respective zeolite. Since such cations are only weakly

coordinated by the zeolite framework, they can be easily exchanged against other

cations, provided the latter are small enough to fit into the pores of the zeolite. If

water is present in the pores of the zeolite, the zeolite framework and the exchange-

able cations are usually also coordinated by water molecules. Small cations with

high positive charge can be coordinated by several shells of water molecules. This

can cause problems for the ion exchange since for ion exchange not only the cation

must enter the zeolite pores but also its hydration shell which is sometimes bigger

than the diameter of the pores. In such cases, ion exchange is either limited or stripping

of the hydration shell takes place, especially if the ion exchange is performed at

elevated temperature. Upon drying of the zeolite, for example, at high temperature

and/or under vacuum, water molecules are removed from the pores and from

the hydration shells. As a result, the cations move closer to the oxygen anions of the

zeolite framework. Since different cations have different sizes, pore openings can be

modified by exchanging a given zeolite with different cations.

Such cations are often found on well-defined positions in the cages and/or pores

of zeolites. Some typical preferred cation sites for LTA- and FAU-type zeolites are

shown in Fig. 8.3. For LTA zeolites, cations are often found facing 6MR (S1) or 4MR

(S3) units in the larger cages of the zeolite. Others occupy sites in the 8MR window

opening (S2) of the LTA structure. However, for steric reasons, not all of these four

cation sites are occupied simultaneously. In addition, cations are also located inside of

the b-cages. The occupation of these sites depends on the types, charges, and sizes of
the respective cations. Similarly as LTA zeolites, FAU-type zeolites also are formed

by b-cages (see Fig. 8.1) that are differently connected to each other by these two

zeolites. As for zeolite LTA, cations are also found within the b-cages (S10 and S20)
and in D6R units, connecting the b-cages (S1) for FAU-type zeolites. In the large

cages of the FAU zeolite, further cations can be located at sites facing 6R units (S2),

4R units (S3), and in the center of the large 12MR pore window (S4).

Fig. 8.2 Compensation of

negative zeolite framework

charge by sodium cation
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The change of free energy associated with the ion exchange is

DGo ¼ DH � TDS: (8.1)

As for any other chemical reaction, ion exchange is favored if the change in free

energy of ion exchange DGo is < 0. Thus, changes of enthalpy, DH, as well as of
entropy, DS, at a given temperature, T, have to be considered. Entropy is lower for

cations that are bound to a zeolite framework compared to those in solution.

Furthermore, entropy changes occur during release of water molecules from a

coordination shell of cations and/or from the zeolite pores. As a result, ion exchange

is a complex interaction of changes of enthalpy and entropy. Knowing the thermo-

dynamic equilibrium constant Ka, DG
o may be calculated as

DGo ¼ �RT

ab
lnKa; (8.2)

with R being the ideal gas constant, T the temperature, and a and b the valences of

the cations Aa+ and Bb+. As for every chemical reaction, the equilibrium constant is

characteristic for a given reaction, and in the case of ion exchange in zeolites,

b As
aþ þ a Bz

bþÐb Az
aþ þ a Bs

bþ;

where z and s assign ions in the zeolite (z) or in the solution (s). The equilibrium

constant is defined as [1–5]

Ka ¼
abAZ

aaBS

abAS
aaBZ

; (8.3)

with abAz, a
a
Bs, being the ion activities in the solution and the zeolite. Ion exchange

of a given cation Aa+ proceeds until equilibrium is reached, i.e., until the ratio

described in the equation meets Ka. More comprehensive thermodynamic

Fig. 8.3 Typical cation sites in LTA- and FAU-type zeolites
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descriptions of ion exchange processes in zeolites can be found in literature, for

example, by Breck [4] or Dyer [6]. One should note that strict thermodynamic

control of the ion exchange process is only coming into effect for cases where other

factors, such as ion size exclusion or space restrictions, can be excluded.

For cations Aa+ and Bb+ in the zeolite, equivalent fractions, ZA and ZB, can be

calculated as

ZA ¼ a � mAZ

a � mAZ
þ b � mBZ

and ZB ¼ b � mBZ

a � mAZ
þ b � mBZ

; (8.4)

with mAz and mBz being the molalities of the cations in the zeolite (moles of

respective cation in 1 kg of zeolite (mol/kg)). The denominator in these equations

is the total ion exchange capacity, Q, of the zeolite, i.e.,

Q ¼ a � mA þ b � mB: (8.5)

Likewise, equivalent fractions of the cations in solution can be calculated as

SA ¼ a �MAS

a �MAS
þ b �MBS

and SB ¼ b �MBS

a �MAS
þ b �MBS

(8.6)

withMAs andMBs being the molarities of the cations (moles of respective cations in

1 L of solution, (mol/l)). Thus, SA and SB represent the fractions of the negative

charges due to anions in solution, compensated by the cations Aa+ and Bb+. The

total number of cations in the system is supposed to be constant. Thus, the system is

sufficiently described by two equivalent fractions. This allows describing the

complete ion exchange process at a given temperature by plotting the equivalent

fraction of one cation Mm+ in the zeolite, ZM, against the equivalent fraction of the

same cation in the solution, SM. The total normality of all cations remains constant.

Such a plot is denoted as ion exchange isotherm. What information does it provide?

Let us consider four hypothetical isotherms, such as shown in Fig. 8.4 [4].

For isotherm (a), the cations Aa+ from solution readily replace the cation Bb+ in

the zeolite. Such isotherms are observed for zeolites that have a preference for the

entering cation Aa+. Isotherm (b) shows the exact opposite situation. It is found for

zeolites that prefer the cation Bb+ that has to be exchanged. Isotherm (c) has a

sigmoidal shape. It is typical for zeolites with two different exchange sites that have

opposite preferences for cations Aa+ and Bb+. At low degree of exchange, cations

from sites that prefer the entering cation are exchanged, whereas at higher exchange

degree, also cations from sites that prefer the leaving cation are replaced (¼
selectivity reversal). If the exchange cannot proceed to completeness, for example,

for steric reasons, isotherm (d) is observed.

The preference of a zeolite for one specific cation (A) over another one (B) may

be expressed by the separation factor aAB:

aAB ¼ ZASB
SAZB

; (8.7)

where aAB > 1 if Aa+ is preferred by the zeolite over Bb+ [4].
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The different preferences of zeolites for given cations will be illustrated in the

following for the zeolites Na-A (LTA) and Na-Y (FAU). Zeolite Na-A with

composition Na96Al96Si96O384 216 H2O has a cation-exchange capacity (CEC) of

5.48 meq g�1. As can be easily seen from Fig. 8.5a [7], the affinity of alkali cations

for zeolite LTA generally decreases with increasing size of the cations, Li+ being an

exception from this trend. DG is always positive for exchange of Na+ by any of the

other alkali cations, i.e., Na+ has the highest affinity to zeolite LTA. The overall

affinities of the cations for the zeolite may be summarized as Na+ > K+ > Rb+ >
Li+ > Cs+ [7]. Due to space limitations, the large Cs+ cations cannot replace all Na+

in Na-A. All other alkali cations can fully replace Na+ in that zeolite.

The bivalent alkaline earth cations Ca2+, Sr2+, and Ba2+ readily replace Na+ in

Na-A as illustrated in Fig. 8.5b [1, 8]. Their affinities to zeolite LTA is much higher

than that of the smaller Mg2+ cation. More energy is required to strip the hydration

shell from the smaller Mg2+ cation which is a prerequisite for entering the narrow

LTA pores. Exchange of Na+ by Mg2+ is thus less favored in comparison to the

other alkaline earth cations. Affinities of alkaline earth cations to zeolite LTA can

be summarized as Sr2+ > Ba2+ > Ca2+ > Mg2+ [4].

The major use of Na-A is in detergents for replacing of Ca2+ and Mg2+ by Na+ in

aqueous washing liquor (water softening), but also, other transition metal cations

can be removed from aqueous solutions as illustrated in Fig. 8.5c [9]. In contrast to

Zn2+ and Cd2+, which may fully replace Na+ in Na-A, exchange of Na+ by Co2+ and

Ni2+ is not complete at room temperature. Insufficient water stripping from their

hydration shells prevents full exchange of these cations at 298 K. Increasing the

temperature of the exchange solution results in easier water stripping and, as the

consequence, in enhanced replacement of Na+ by Co2+ and Ni2+ in zeolite LTA [9].

Fig. 8.4 Typical ion exchange isotherms for binary exchange with (a) selectivity (preference) of

the zeolite for the entering cation over the entire range, (b) selectivity for the leaving cation over

the entire range, (c) selectivity reversal with increasing fraction of the entering cation in the

zeolite, and (d) incomplete exchange of an initially preferred cation (Reproduced from Ref. [4]

with kind permission of # John Wiley & Sons (1974))
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A relatively low pH of more concentrated transition metal salt solutions, as the result

of autoprotolysis of water, may cause severe damage to the aluminosilicate frame-

work of low-silica zeolites, such as LTA zeolites. In acidic solutions, aluminum is

easily extracted from the structure of low-silica zeolites which may result in

complete disintegration of the zeolite structure [10–12].

For the same reason, low-silica FAU-type zeolite X suffers of dealumination in

acidic solutions. Its somewhat more siliceous counterpart zeolite Y is more stable

toward acidic solutions, but nevertheless, its framework is also susceptible to

dealumination in solutions with lower pH [12, 13]. Zeolite Na-Y with composition

Na54Al54Si138O384 241 H2O has a CEC of 3.17 meq g�1. However, ion exchange in

zeolite Y often proceeds not to full exchange. This is illustrated for alkali cations in

Fig. 8.6a [14]. The ion exchange isotherms show that K+ and Li+ can fully replace

Na+ in zeolite Y, whereas exchange with Rb+ and Cs+ proceeds to only about 68%.

These larger cations cannot pass the 6MR windows of the b-cages and thus cannot

replace Na+ from sites within these cages and from D6R units. In such cases, ion

exchange is limited to cations that are located within the large Faujasite cages.

From the shape of the isotherms for these cages, a preference for cations in the order

of Cs+ > Rb+ > K+ > Na+ > Li+ can be deduced. Similar observations have been

made for alkaline earth and transition metal cations. Even though they are obvi-

ously preferred by sites within the large cages, as can be seen from Fig. 8.6b [15],

only about 68% of Na+ can be replaced by Ca2+, Sr2+, and Ba2+. The smaller

b-cages cannot be populated by these cations. Water molecules in their hydration

shells are strongly bound to the bivalent alkaline earth cations and thus prevent their

access to the b-cages. Applying elevated temperatures of 323 K does not change

this exclusion of Ca2+, Sr2+, and Ba2+ from the smaller cages of that Y zeolite.

More or less the same behavior has been reported for exchange of Na+ from

Na-Y with bivalent transition metal cations [16]. Figure 8.6c shows that Zn2+, Cu2+,

Co2+, and Ni2+ are preferred over Na+ in the larger cages and they completely

replace Na+, but they cannot fully replace the monovalent sodium cation in Na-Y.

Ni2+ is completely excluded from its b-cages, and the three other bivalent transition
metals only partially replace Na+ in these cages.

Fig. 8.5 Ion exchange isotherms of Na-A (LTA) with (a) Li+, K+, Rb+, and Cs+ [7]; (b) Ca2+, Sr2+,

Ba2+ [1], and Mg2+ [8]; and (c) Zn2+, Cd2+, Co2+, and Ni2+ [9] (total normalities 0.1 N, 298 K)

(Reproduced from Ref. [1] with kind permission of# The American Chemical Society from Ref.

[7] with kind permission of the Royal Society (1963), Ref. [8] with kind permission of# Elsevier

(1989) and from Ref. [9] with kind permission of # The Royal Society of Chemistry (1971))
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It should be mentioned at this point that these preferences are not specific for all

FAU-type zeolites. Zeolite X has somewhat larger 6MR windows and therefore

allows access to b-cages for cations that might be excluded from those in zeolite Y.

These examples show that ion exchange in zeolites is very specific and based on

a very delicate balance between space limitations within cages and channels,

window size, cation size, and sizes of rigidity of hydration shells. Furthermore,

thermodynamic parameters such as enthalpies of exchange and entropy changes are

factors that determine ion exchange processes in zeolites.

The kinetics of ion exchange in zeolites is generally diffusion controlled

resulting in slower exchange rates for larger crystallites. This is shown in Fig. 8.7

for the exchange of Na+ by Ca2+ in aqueous solution [17]. The ion exchange

proceeds faster with the smaller crystallites, whereas the ion exchange equilibrium

is identical as expected. With the smaller crystallites, a quite rapid exchange is

observed and the solution depletes substantially of Ca2+ within less than a minute.

8.3.3 Application of Synthetic Zeolites as Ion Exchangers

Ion exchange of Ca2+ and Mg2+ ions proceeds very rapidly in synthetic LTA-type

zeolite Na-A or GIS-type zeolite Na-P. This feature makes them valuable water-

softening agents that are used to large extents in detergents. At room temperature,

Na-A and Na-P are able to remove up to 165 mg CaO (NaP) or 175 mg CaO (Na-A)

and up to 40 mg MgO per gram of zeolite from aqueous solution [18, 19]. Modern

laundry detergents may contain up to 25% of such zeolites [18]. The annual con-

sumption of synthetic zeolites in detergents worldwide is about 1.3 million metric

tons, which makes their application in detergents by far the largest application of

synthetic zeolites with respect to production capacity. This enormous production

volume is only exceeded by the use of natural zeolites that are used in annual

Fig. 8.6 Ion exchange isotherms of Na-Y (FAU) with (a) Li+, K+, Rb+, and Cs+ (anhydrous Na-Y:

Na50Al50Si142O384) [14]; (b) Ca
2+, Sr2+, and Ba2+ (anhydrous Na-Y: Na51Al51Si141O384) [15]; and

(c) Co2+, Ni2+, Cu2+, and Zn2+ (Na-Y: Na54Al54Si138O384 241 H2O) [16] (298 K, (a) and (b) total

normalities 0.1 N, (c) 0.01 N) (Reproduced from Ref. [14] with kind permission of # The

American Chemical Society (1966), from Ref. [15] with kind permission of # The American

Chemical Society (1968), and from Ref. [16] with kind permission of # The Royal Society of

Chemistry (1975))
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amounts of more than 2.5 million metric tons as cements additives, nutrient release

agents in agriculture, as odor control agents in animal husbandry, as pH control

agents in aquaria, as pet litter, as soil conditioner, and as ion exchangers for the

removal of radioactive isotopes from ground water and reactor effluents [20].

For most of these applications, synthetic zeolites are too cost intensive and there-

fore replaced by the low-priced natural zeolites.

Another important market for synthetic zeolites is their use as acidic catalysts.

Cations in synthetic zeolites can be also exchanged by protons. Direct protonation

with mineral acids is possible but often results in severe damage of the zeolite

framework. Therefore, usually ammonium cations are used for the ion exchange:

Z� Naþ NH4
þ ! Z� NH4 þ Naþ:

The resulting ammonium-exchanged zeolite is subjected to calcination at

temperatures of about 450–600�C. During that procedure, the ammonium cations

decompose, releasing ammonia and protons. The ammonia is released from the

zeolite pores, and the protons remain in the zeolite:

Z� NH4
þ ! Z� Hþ NH3 "

The protons are located within the micropores of the zeolite and loosely bound to

the framework of the zeolite. They are mobile within the pores and can be used for

the protonation of guest molecules. In that way, zeolites act as proton donators,

i.e., they are solid acids. The acidity of zeolites is very high, and acidic zeolite

catalysts are indispensible for various processes in oil refinery, petrochemistry

[21–24], and/or production of fine chemicals [21, 25, 26]. Even though about 200

zeolite structure types are known, only a few of them are actually used in catalytic

processes. The most abundant zeolitic catalysts consist of FAU-type zeolite

Fig. 8.7 Kinetics of calcium

removal from aqueous Ca2+

solution (0.0025 N) by either

2.5–3 mm (LTAlarge) or

1.0–1.5 mm (LTAsmall) zeolite

A crystallites at 303 K

(Reproduced from Ref. [17]

with kind permission of #
Elsevier (1997))
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(>90%), followed by MFI-, BEA-, MOR-, and MWW-type zeolites. The world-

wide production capacity of zeolite catalysts of about 230,000 t is significantly

smaller than that of zeolites for detergents, but the highest market value is in

catalysis. A major application of zeolite-containing catalysts is in processes, such

as fluid catalytic cracking (FCC) for gasoline production, in crude oil refinery.

Zeolite catalysts are highly selective since only molecules that are small enough to

enter the pore systems of the respective zeolite get transformed and only product

molecules that are small enough to diffuse through the pores of the same zeolite

are released to the product stream.

Another application of ion-exchanged zeolites is in adsorption and separation

technology. The well-defined pore entrances of zeolites make them not only highly

selective catalysts, as pointed out above, but also very selective adsorbents. Zeolites

specifically adsorb smaller molecules and are therefore often called molecular sieves.

Using appropriate zeolite adsorbents, separation of specific components from gas

mixtures is possible. Zeolites are therefore used in air separation and the removal of

contaminants from gas streams. In liquids, zeolites are used as molecular sieves for

smaller molecules, for example, for removal of trace amounts of water from organic

solvents. As illustrated above, specific cations occupy defined sites in the pore

openings of given zeolites. Since different cations have different cation radii and/or

charges, the free diameter of the pores of a zeolite changes if one type of cation is

replaced by another one. Thus, a zeolite adsorbent can be adjusted to the sizes of

specific molecules. Commercialized molecular sieves are, for example, zeolites Na-A

(molecular sieve 4A), K-A (molecular sieve 3A), and Ca-A (molecular sieve 5A) with

pore openings of 0.30, 0.38, and 0.43 nm, respectively.

8.3.4 Production of Zeolites for Ion Exchange Applications

Zeolites for ion exchange applications, such as zeolite Na-A, are usually

synthesized in stirred tank reactors at temperatures of 80–100�C. For a typical

synthesis, two premixed aqueous solutions, one containing a silica source, such

as sodium silicate, and the other one containing an alumina source, such as sodium

aluminate, are admixed in the reactor. The reaction mixture, containing defined

amounts of the components SiO2, Al2O3, Na2O, and H2O, is then reacted at

80–100�C. An aging step at lower temperature may precede the crystallization at

that temperature. The crystallization time for the formation of the respective zeolite

ranges from a couple of hours to some days. Reaction temperature, composition of

the reaction gel, as well as the choice of the educts have a strong influence on the

type of zeolite formed and the morphology of the individual crystallites. Zeolites

are thermodynamically metastable intermediates that are transformed into dense

silica and/or silicate phases at prolonged reaction time and/or at higher reaction

temperature. Also, transformations of one zeolite phase into another one might

occur. It is thus important for the crystallization of a well-defined product to

precisely control the gel composition and reaction parameters.
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After termination of the reaction, the crystalline zeolite product is filtered and

dried at elevated temperature. The obtained zeolite powder can be used directly for

some ion exchange processes, such as in laundry detergents, and for others, pellets

or extrudates might be advantageous. If so, the zeolite powder can be mixed with

water and a binder, such as clays, silica sols, or alumina, and then granulated or

alternatively extruded. Calcination at 300–600�C results in mechanically stable

granules or extrudates.

8.4 Pillared Clays

The structures of clay minerals consist of layers that are formed by octahedra and

tetrahedra as basic building blocks. The tetrahedral are typically Si(O,OH)4 units,

and the octahedral, Me(O,OH)6 units with Me ¼ Al3+, Mg2+, Fe3+, or Fe2+. These

building blocks form two-dimensional sheets consisting of either one tetrahedra and

one octahedra monolayer (1:1 minerals) or one octahedral monolayer between two

tetrahedral layers (2:1 minerals) [27]. Substitution of Si4+ by Al3+ in the tetrahedral

layer or Al3+ by divalent cations, such as Mg2+, in the octahedral layer results in the

formation of negative charges in the sheets, as illustrated in Fig. 8.8. Between the

layers, cations are located that compensate the negative charges. These cations can

be exchanged by others, which makes these clays natural ion exchange materials.

Fig. 8.8 Structure of the clay mineral montmorillonite with composition (Ca)x/2[(Al2�x,Mgx)

Si4O10(OH)2]. The Ca
2+ cations are located between [(Al2�x,Mgx)Si4O10]

x� layers
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Water molecules that coordinate the cations are also located between the layers.

The layer to layer distance depends on the size of the extra-layer cations and the

amount of water between the layers. A specific features of such clays is their ability

to not only accommodate large amounts of water between their layers (swelling) but

also larger molecules, such as alkyl ammonium cations, and charged species, such

as, for example, polyoxo cations, metal clusters, or metal oxides. Using appropriate

pillaring agents to prop the layers, micropore systems with pore dimensions similar

as in zeolites can be generated in the clay materials. The products of that process are

pillared clay (PILC) materials.

Prominent pillaring agents are Al, Zr, or Ti-based Keggin-type polyoxo cations,

such as [Al13O4(OH)24(H2O)12]
7+. The polyoxo cations replace a fraction of

the cations between the layers (Fig. 8.9). By this ion exchange, the layer to layer

distance becomes larger due to the size of the Keggin cations. The pillars cross-link

the layers and provide an open-pore system. Free interlayer distances of up to about

1 nm have been reported for such PILCs [27, 28].

The ion exchange capacity of the clay layers can be significantly reduced by the

pillaring process, but the ion exchange capability of the material can be maintained

to a certain extent, especially after calcination [29–31]. During calcination, the

polyoxo cations decompose into metal oxide pillars and the micropore diameters

are reduced [32]. Nevertheless, the open pores allow a fast exchange kinetics and

exchange and have been tested for various applications, for example, for the

removal of uranyl cations from nuclear waste water. Clays pillared with copper

polyoxo cations has been reported to be efficient in removal of UO2+ from aqueous

solutions with a depollution efficiency of 99.99% [31].

Fig. 8.9 Generation of pillared clays from clay minerals using pillaring agents
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8.5 Hydrotalcite

In brucite, a layered magnesium hydroxide, Mg2+, is octahedrally coordinated by

OH� anions. The Mg(OH)2 octahedra form layers in which all positive charges of

the Mg2+ cations are balanced by negative charges of OH� anions. The layers are

held together by hydrogen bonds. Similar layers are found in hydrotalcite, as

illustrated in Fig. 8.10. Hydrotalcite is a mixed magnesium and aluminum

hydroxycarbonate. Substitution of Mg2+ by Al3+ in the brucite layer creates positive

excess charges that are compensated by CO3
2� anions. The carbonate anions are

located between the [Mg6Al2(OH)16]
2+ layers.

In addition to carbonate anions, water molecules are located in the interlayer.

Carbonate in the interlayers can be replaced via ion exchange by other anions.

Hydrotalcite with the general composition Mg6Al2(CO3)(OH)16 · 4 H2O is thus an

inorganic anion-exchange material. It can be synthesized from aqueous solutions/

slurries containing magnesium hydroxide, carbonates, and aluminum hydroxide

under hydrothermal conditions with the precursors being either in solution or finely

dispersed solids [33–35]. Hydrotalcites can be also achieved with other anionic

species than carbonates in the interlayer as well as with different bi- and trivalent

cations, such as Fe3+, Fe2+, Ni2+, Zn2+, Cu2+, etc., in the brucite-like layers

[e.g., 36–40].

Anion exchange proceeds readily in hydrotalcites that are thus potent agents for

the removal of anionic species. Depending on the size of cations within the

interlayer, the basal spacing between the brucite-like sheets may change signifi-

cantly [39, 40]. Typical anion-exchange isotherms of some hydrotalcite materials

are shown in Fig. 8.11 [40]. SA and HA have the same meaning, now for anions in

solution and in hydrotalcite, as SM and ZM have for metal cations in solution and a

zeolite, as discussed above.

Fig. 8.10 Structure of hydrotalcite of composition Mg6Al2(CO3)(OH)16 · 4 H2O
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As can be seen from Fig. 8.11a, the preference of the Mg/Al-containing

hydrotalcite for monovalent anions changes as follows: OH� > F� > Cl� > Br�

> I�. For the exchange with bivalent anions as shown in Fig. 8.11b, preferences can
be indicated as follows: CO3

2� > NYS2� > SO4
2�. There exists a high preference

for CO3
2� and OH� in hydrotalcite. Their selectivity and rather high anion-

exchange capacity (AEC) of about 3 meq g�1 makes them valuable agents for the

removal of anionic pollutants, such as phosphates (HPO4
2�), cyanides (CN�,

Fe(CN)4
2�), chromates (CrO4

2�), arsenates (AsO4
3�), or dye molecules, from

waste waters [40]. They are also used as additives for the production of halogen-

containing polymers in which they act as stabilizers, for example, for neutralization

of hydrochloric acid that is generated upon age- or temperature-induced decompo-

sition of polyvinyl chloride [40, 41].

In medical applications, hydrotalcites are widely used as antacid for symptomatic

relief in case of peptic ulcer, gastritis, and heartburn. The carbonate in the interlayer

neutralizes the gastric acid. They are furthermore under investigation as drug release

agents [42–45].

8.6 Layered Phosphates

Another intensively investigated class of materials with ion exchange properties are

layered metal phosphates, the most prominent ones being zirconium phosphates,

often denoted as ZrP [46]. The structure of a-ZrP consist of octahedra and

tetrahedra which form two-dimensional Zr(HPO4)2 layers, the Zr4+ being located

in the centers of the octahedral and coordinated by oxygen atoms from PO4

tetrahedra. One hydrogen atom per phosphate group compensates negative charges.

Water molecules are present in the interlayer, and the Zr(HPO4)2 layers are held

together by hydrogen bonds. The structural features of a-ZrP are illustrated in

Fig. 8.11 Anion-exchange isotherms for exchange of (a) CO3
2� in carbonate-containing

hydrotalcite (HT-CO3) by OH�, F�, Cl�, Br�, and I� and (b) HT � NO3, HT � Cl, and HT �
SO4 by either CO3

2�, SO4
2�, or Naphthol Yellow S, an organic anionic molecule (total normalities

0.1, 298 K) (Reproduced from Ref. [40] with kind permission of# Clay Minerals Society (1983))
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Fig. 8.12 [47–49]. Even though well-crystallized materials can be synthesized, ZrP

is often used as a material with little structural order and or very small particles.

XRD patterns of ZrP often consist of rather broad and ill-defined signals indicating

low crystallinity of the products. Nevertheless, the zirconium phosphates possess

high ion exchange capacities of up to 6.64 meq g�1 [46, 49]. The protons are

exchangeable and can be replaced by cations.

Ion exchange proceeds readily for smaller cations, such as Li+, Na+, or K+.

The voids between the layers are large enough to accommodate such cations. They

migrate into the interlayer and exchange the protons in the ZrP. The exchange proceeds

in a stepwise manner, for example, for Na+ exchange, in a first step a ZrNaH(PO4)2 5

H2O phase is formed, which then is transformed into Zr(NaPO4)2 3 H2O with further

exchange. Similar observations aremade for the two other smaller alkali cations; forK+,

also two phases, and for Li+, three individual phases have been identified [46, 47, 50].

For the exchange of Rb+ and Cs+, the interlayer has to expand, a process that requires

additional energy. In exchange experiments, the latter can be provided by bases that

neutralize the released protons [47]. The exchange of these cations, however, proceeds

only to 75% in alkaline solution. Exchange of larger cations is thus not favored ina-ZrP,
but formore hydrated ZrPwith larger interlayers, such as, for example, y-ZrP, exchange
of Cs+, Sr2+, or Ba2+ proceeds readily [51]. Layer expansion is thus an option to modify

the ion exchange properties of ZrP. There also exist reports on other ZrP phases, such as

Zr2O3(HPO4) n H2O (n ¼ 0.5, 1.5) [52], that have specific ion exchange properties.

In addition to surveys on water remediation using ZrP phases [53–55], layered

zirconium phosphates have been studied as inorganic proton-conducting compo-

nent of mixed inorganic/organic membranes for fuel cells. Admixing ZrP to the

polymers resulted in membranes with higher stiffness and more stable conductivity

at high temperatures [56–58].

It should be noted that high CECs are reported not only for ZrP but also for other

layered phosphates, such as Ti(HPO4)2 H2O (7.76 meq g�1), Ge(HPO4)2 H2O

(7.08 meq g�1), Sn(HPO4)2 H2O (6.08 meq g�1), Hf(HPO4)2 H2O (4.17 meq g�1),

or Pb(HPO4)2 H2O (4.79 meq g�1) [46, 59].

Fig. 8.12 Structure of layered zirconium phosphate (a-ZrP) of composition Zr(HPO4)2 H2O 47

[47, 48]

8 Synthetic Inorganic Ion Exchange Materials 293



8.7 Synthetic Silicates

There exist a number of silicates that have very good ion exchange properties, such

as the sodium disilicates that is commercially used for water softening in laundry

detergents. It is a layered silicate that is observed in different phases, assigned as a-,
b-, g-, or d-Na2Si2O5 [18, 60, 61]. The exchangeable sodium cations are located

between two-dimensional layers of SiO4 tetrahedra. The major differences of these

phases are modifications of the curvatures of layers. The ion exchange properties of

these materials do not depend strongly on the phase, but for commercial

applications, mainly d-Na2Si2O5 is used. Sodium disilicate can be produced by

spray drying of sodium water glass. The resulting amorphous silicate is then

transformed into the layered d-Na2Si2O5 by calcination at about 600–800�C.
Alternatively, b-Na2Si2O5 can be synthesized from sodium water glass via a

hydrothermal reaction at 250�C [18, 62, 63].

Amorphous aluminosilicates of the approximate composition Na2O Al2O3 �
SiO2 y H2O are usually referred to as permutites. They can be obtained either from

melts of quartz, kaolin, and sodium/potassium carbonate or from via a gel process

from solutions of sodium silicate and sodium aluminate (gel-permutite) [64, 65].

At the beginning of the last century, the terms zeolites and permutites had been

often used synonymously, which caused some confusion in the literature. Here, the

term permutite will be used only for amorphous silicates. Permutites have been

the first commercially available ion exchangers. Due to their low stability toward

temperature and acidic environment, permutites tended to show variability of

behavior. Even though they were able to remove a variety of cations from solutions

[66], they have been widely replaced by other ion exchanges since then [67].

However, they are still in use and considered for applications, such as water

remediation [68, 69].

8.8 Others

Ion exchange reactions are quite common on surfaces of polar solids or as bulk

reactions at elevated temperature. It would exceed the scope of the present chapter

by far to deal with all synthetic materials that show ion exchange properties to a

certain extent. There are excellent reviews to be found in literature that deal with

those, concededly less commonly used, materials [64, 67, 70–73]. A broad variety

of materials are described, ranging from gel particles, hydrated oxide, hydroxides,

to heteropoly acids, layered antimonates and arsenates and salt compounds, all with

very specific ion exchange properties. However, even though being of scientific

interest, most of these materials are of only limited importance for applications on a

larger scale. Readers that are interested in these materials are encouraged to refer to

the references given above.
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8.9 Conclusions

The majority of inorganic ion-exchanger materials consist of crystalline phases

that possess a negatively or positively charged framework, the charges of which

are compensated by exchangeable cations. The latter are often located either

within defined pores or within interlayers between sheet-like structural units.

Synthetic inorganic ion exchangers can be synthesized in a wide range of struc-

tural and compositional variation which allows a minute tuning of their

properties. This allows the synthesis of well-defined materials which makes

synthetic inorganic ion exchangers advantageous for many applications. The

materials with the widest range of applications are zeolites. The largest produc-

tion capacities of inorganic ion exchangers will be found in the field of water

softening agents, for example, for laundry detergents. However, as pointed out

above, there are many other fields in which specific inorganic materials are of

importance for certain applications in fields such as water softening, water

remediation, catalysis, adsorption, and medicine.
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Corma A, Sch€uth F (eds) Introduction to zeolite science and practice, vol 168, 3 Revisedth edn,

Studies in surface science and catalysis. Elsevier, Amsterdam

7. Barrer RM, Rees LVC, Ward DJ (1963) Thermochemistry and thermodynamics of ion

exchange in crystalline exchange medium. Proc Roy Soc A 273:180–197

8. Rees LVC (1989) Calcium and magnesium exchange in Na-A, Na-X and their precursor gels.

In: Karge H, Weitkamp J (eds) Zeolites as catalysts, sorbents and detergent builders, vol 46,

Studies in surface science and catalysis. Elsevier, Amsterdam

9. Gal IJ, Jankovic O, Malcic S, Radovanov P, Todorovic M (1971) Ion-exchange equilibria of

synthetic 4A zeolite with Ni2+, Co2+, Cd2+, and Zn2+ ions. Trans Faraday Soc 67:999–1008

10. Breck DB, Eversole WG, Milton RM, Reed TB, Thomas TL (1956) Crystalline zeolites. 1. The

properties of a new synthetic zeolite, Type A. J Am Chem Soc 78:5963–5971

11. Bhat R, Babu GP, Bhat AN (1995) Nickel ion-exchanged zeolite 4A – Reduction behavior of

nickel and structure stability. J Chem Soc Faraday Trans 91:3983–3986

12. Weidenthaler C, Schmidt W (2000) Thermal stability and thermal transformations of Co2+- or

Ni2+-exchanged zeolites A, X, and Y. Chem Mater 12:3811–3820

8 Synthetic Inorganic Ion Exchange Materials 295



13. Weidenthaler C, Zibrowius B, Schimanke J, Mao Y, Mienert B, Bill E, Schmidt W (2005)

Oxidation behavior of ferrous cations during ion exchange into zeolites under atmospheric

conditions. Microp Mesop Mater 84:302–317

14. Sherry H (1966) Ion-exchange properties of zeolites. I. Univalent ion exchange in synthetic

Faujasite. J Phys Chem 70:1158–1168

15. Sherry H (1968) Ion-exchange properties of zeolites. 4. Alkaline earth ion exchange in

synthetic zeolites Linde X and Y. J Phys Chem 72:4086–4094

16. Maes A, Cremers A (1975) Ion-exchange of synthetic zeolite X and Y with Co2+, Ni2+, Cu2+,

and Zn2+ ions. J Chem Soc Faraday Trans 1 71:265–277

17. Borgstedt E, Sherry H, Slobogin JP (1997) Ion-exchange behavior of zeolite NaA and

maximum aluminum zeolite NaP. In: Chon H, Ihm SK, Uh YS (eds) Progress in zeolite and

microporous materials, vol 105, Studies in surface science and catalysis. Elsevier, Amsterdam

18. Upadek H, Kottwitz B, Schreck B (1996) Zeolites and novel silicates as raw materials for

detergents. Tenside Surfactant Deterg 33:385–392

19. Adams CJ, Araya A, Carr SW, Chapple AP, Franklin KR, Graham P, Minihan AR, Osinga TJ,

Stuart JA (1997) Zeolite MAP: the new detergent zeolite. In: Chon H, Ihm SK, Uh YS (eds)

Progress in zeolite and microporous materials, vol 105, Studies in surface science and cataly-

sis. Elsevier, Amsterdam

20. Maesen T (2007) The zeolite scene – an overview. In: Čejka J, van Bekkum H, Corma A,
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Chapter 9

Fibrous Ion Exchangers

E.G. Kosandrovich and V.S. Soldatov

Abstract The chapter is a review covering the most important aspects of fibrous

ion exchangers: syntheses, physical chemical properties, equilibria and kinetics of

sorption processes, and possible and real fields of their applications. Their properties,

methods of preparation, and applications are in many ways different from those of

conventional ion exchange resins. Advantages and problems connected with fibrous

ion exchangers are considered in the chapter. Sorption of different substances from air

and applications of fibrous ion exchangers for air purification from substances of

different natures (acid, base, neutral substances, water vapors) is a most important

field for their practical use. Fibrous catalysts, color-changing sorbents, and hybrid

fibrous sorbents impregnated with nanoparticles of inorganic substances are also

described.

9.1 Introduction

Each new physical form of ion exchangers requires a specific technology and

a niche for their practical application. We know how different are technologies of

water treatment with ion exchange beads, membranes, powders, or liquid ion

exchange extractants. Fibrous ion exchangers also require specific technologies and

apparatuses for their efficient applications. In some cases they can be used in place of

other forms of ion exchangers, but there are also specific cases in which only fibrous
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ion exchangers can be used. For several reasons considered in this chapter, fibrous ion

exchangers cannot be used in conventional industrial ion exchange columns.

Many natural and synthetic fibers have small amounts of ionogenic groups in

their structure, improving their dyeability, wetting, or reducing accumulation of an

electrostatic charge. In this chapter we consider only synthetic fibers with properties

and applications similar to those of ion exchange resins. Fibrous ion exchangers on

the base of cellulose and its derivatives, carbonized fiber, and biological fibers will

not be considered.

Syntheses of fibrous ion exchangers are described in monographs and review

articles [1–16]. The data on their properties and applications are scattered in

numerous original publications, many of which are not readily available to Western

readers because they are published in Japanese and Russian. The terms fibrous
ion exchangers and ion exchange fibers used in this chapter are identical.

9.2 Common Properties of Fibrous Ion Exchangers:

Advantages and Problems

9.2.1 Some Specific Terms and Definitions for Fibrous Materials

Fibrous ion exchangers can be produced in any textile form, but the main forms

used in practice are staple fibers, nonwoven canvases, and short-cut fibers (Fig. 9.1).

The staple of chemical fibers is obtained by cutting or breaking the bunch

of parallel endless filaments into pieces with a length of 40–70 mm (Fig. 9.1a).

They can be used in the sorption application as such or as starting materials for

production of nonwoven canvases, threads, felts, etc.

The nonwoven materials under consideration are canvases manufactured from

the staple fibers without application of spinning or weaving (Fig. 9.1b). They are

characterized by the surface density, measured by the mass per square meter and

thickness (mm), measured at standardized conditions.

The short-cut fibers usually have a filament length of 0.25–1.5 mm.

There is also a great variety of other textile forms from which fibrous ion

exchangers are obtained. The most important of them are threads, cloth, belts,

paper, and some others for example: nonwoven fabric, sew-knit fabric.

The filaments of ion exchange fibers can have different cross-sectional shapes,

e.g., circular, rectangular, or more complicated figures. Therefore, characterizing

their properties by “diameter” is not always correct. The term effective diameter can
be used as a more customary one for chemists than the terms used by professionals

in the textile field. This quantity usually has a value of 10–40 m.
An important set of properties of fibrous ion exchangers are their mechanical

characteristics, on which their processibility into textile goods strongly depends.

The most important of them are force at rupture of a single filament, tensile

strength, elongation at rupture, and modulus of elasticity.
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For filaments with an arbitrary sectional shape, the thickness is characterized

indirectly by the mass of a fiber of a certain length (linear density). Denier is an old
international unit used to denote the fitness or coarseness of yarn designated by

the weight in grams of 9,000 m of the yarn. At present, the most often used unit is

named tex. It is defined as a weight in grams of 1,000 m of a fiber. Linear density of

a fiber expressed in denier is called titer. Obviously, titer in denier, TD, and titer in

tex, Tt, relate as

TD ¼ 9 � Tt (9.1)

Force at rupture, r, related to a single filament is measured in grams, kilograms,

or Newtons.

Tensile strength, R, is a ratio of the force at rupture to the area of cross-section of
the fiber expressed in square millimeters. If the fiber section is round:

R ¼ 4 � r=ðp � d2Þ (9.2)

Fig. 9.1 Forms of fibrous ion exchangers: (a) Staple fiber of anion exchanger FIBAN A-6. (b)

Nonwoven fabrics of different FIBAN materials. (c) Comparison of granular ion exchanger (bead

diameter 0.5 mm) and fibrous ion excanger (fiber diameter 22 mm). (d) Microphotograph of staple

fiber of ion exchanger FIBAN A-6 with 33% Nitron fiber (magnification ¼ �600)
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R usually is expressed in kg/mm2 or inmegapascals (MPa; 1 kg/mm2 ¼ 9.81MPa).

For the fiber with an arbitrary sectional shape, the tensile strength is expressed as

a ratio of the force at rupture to the titer number:

Rt ¼ r=Tt (9.3)

RD ¼ r=TD (9.4)

The area of cross-section in square millimeters is connected to the titer numbers

by the equation

S mm2
� � ¼ 10�3 � Tt=r ¼ 10�3 � TD=ð9 � rÞ; (9.5)

if density r is expressed in gram per cubic centimeter.

Tensile strength expressed in kilogram per square millimeter is

R kg=mm2
� � ¼ 103 � r � r=Tt ¼ 103 � 9 � r � r=TD; (9.6)

where r is density in gram per cubic centimeter.

Elongation at rupture is recorded at the moment of rupture of the specimen,

often expressed as a percentage of the original length. It corresponds to the breaking

or maximum load.

Modulus of elasticity is the ratio of stress, which has units of pressure, to strain,

which is dimensionless and can be calculated as

E ¼ tensilestressð Þ= tensilestrainð Þ ¼ F=A0ð Þ=ðDL=L0Þ
¼ ðF � L0Þ=ðA0 � DLÞ;

(9.7)

where E is the Young’s modulus (modulus of elasticity), Pascal; F is the force

applied to the object, Newtons; A0 is the original cross-sectional area through which

the force is applied, square meter; DL is the amount by which the length of the

object changes, meter; and L0 is the original length of the object, meter.

The approximate limiting values of these quantities sufficient for reprocessing

the staple fibers into nonwoven canvases are: R ¼ 7–10 cN/tex.

9.2.2 Advantages and Problems Connected with Fibrous
Ion Exchangers

In this section we consider some common properties of fibrous sorbents irrespective

of their chemical nature and structure, and originating exclusively from their

physical form.

Fibrous ion exchangers would be identical in chemical properties to granular

ion exchange resins of the same chemical composition and molecular structure.
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However, granular and fibrous ion exchangers are not exactly the same. This makes

it necessary to study a full set of properties needed for successful application of

each particular ion exchange fiber. Such properties are, e.g., selectivity and kinetics

of ion exchange, acid–base strength, structural characteristics, and effect of differ-

ent destructive factors on the properties of ion exchange fibers.

It is often stated that the main advantage of fibrous ion exchangers compared

with their granular analogues is the faster processes of sorption and regeneration

(“better kinetics,” in the customary slang). That is not true because in many

publications comparing the rate of sorption by fibrous and granular exchangers,

the fibrous sorbents with effective filament diameters of 20–40 m are compared with

resins that have globular particles with diameters of 300–600 m. As far as we know
the rate of sorption of fibers and beads with equal diameters of the particles has

never been studied. The diffusion processes in fibers most often are slower than in

the similar ion exchange resins. Moreover, the spherical form of the resin beads is

more favorable for faster sorption than the cylindrical form of the filaments with

equal diameter. The high rate of sorption on fibrous ion exchangers is caused

exclusively by the shortness of the diffusion path from the surface to the middle

of the fiber, which overcompensates for the slower internal diffusion.

A common statement, that the faster sorption process is due to the higher surface

area of the fibers compared with that of granules of conventional ion exchangers, is

also incorrect. The ion exchange fibers are not porous materials and their specific

surface in the absence of uncontrolled defects is equal to the geometric area of

the fibers with a mass of 1 g. It is easy to calculate that the value for filaments with a

diameter of 20 m is only about 0.16 m2/g. Nevertheless, the rate of sorption of such

a fiber is about a 100 times faster than that of the macroporous resins with a specific

surface area of 102 m2/g. It proves that the shortness of the diffusion path, not

the surface area, is the real reason for the high rate of sorption.

The real advantage of a fibrous ion exchanger is the possibility of making a

packed bed of a sorbent with thin filaments that have a high hydrodynamic

permeability combined with the fast sorption similar to that of the microspheric

resins. The density of the filtering layer formed by fibrous materials is not directly

connected with the filament diameter and can be varied in the range 0.1–0.5 g/cm3

by compressing it to the desired density in the filtering units or in the layers of

textile materials using a wide range of textile processing methods. That allows

choosing the sorption layer density according to the admissible pressure loss on

the sorption unit.

To understand the real potential possibilities of fibrous ion exchangers in specific

applications, one has to consider the properties of their packed beds compared with

traditional sorbents used for the same purposes. In any application in which the ion

exchanger is used in dynamic conditions (extraction of target substances from

liquid or gas, chromatographic separations, catalysis, etc.), the properties of filter-

ing layers that are of primary interest for the user are working capacity of the bed

and the pressure loss on the filtering layer, depending on the specific conditions of

the process. In turn, they are determined by the exchange capacity of the ion

exchanger, the fraction of void volume, the rate of the sorption process, and the
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external conditions of the dynamic process: the liquid or gas flow velocity and

the contact time of the medium and the sorbent.

The volume sorption capacity, Ev, depends on the full capacity of the sorbent

related to its mass unit, E, and the density of package of the sorbent in the bed,

expressed by the mass of the sorbent in the volume unit of filtering bed, m:

Ev ¼ E � m (9.8)

The full capacity of a fibrous ion exchanger is always lower than that of its

granular analogue. Typical values for the strong base or strong acid fibers are about

2.5–3.0 meq/g, whereas the same values for the same type of granular ion exchange

resins are 4.5–5.0 meq/g.

The package density of globular particles in the column is a fixed value (~70% of

the volume). The typical volume capacity in the working state is 1.5–2.0 meq/cm3.

The package density of the fibrous ion exchangers in the filtering beds can be varied

in the range 0.05–0.5 g of the dry material per cubic centimeter of the filtering bed.

A value of 0.25 g/cm3 can be taken as the one used in common practice. That means

that the volume capacity of the filtering beds with fibrous ion exchangers is usually

0.7–0.8 meq/cm3, which is 2.5 times lower than the value for the granular resins.

Increasing the package density of the fibers in the bed causes an increase in the

pressure drop on the filtering layer. An empirical relation between the amount of

the dry fiber in the volume unit of the filtering layer, its water uptake, and the flow

rate of water was derived in Ref. [17].

It has to be taken into account that loose fibrous filtering layers can be irreversibly

compressed by the flow of the eluent, and their compressibility significantly changes

with the temperature. So, the pressure drop may not be stable in cyclic processes.

Nevertheless, the pressure drop on the filtering layers recommended for practice

(thickness <20 cm) never exceeds 20 kPa.

This consideration does not deny the possibility of applying ion exchange

fibrous materials in widely used, large-scale water treatment processes. It only

proves that special processes and apparatuses accounting for the features of these

materials have to be developed. At the same time, fibrous ion exchangers easily can

be used in small water treatment devices such as home drinking water purification

filters and softeners, in which the thickness of the filtering layer is usually not larger

than 20 cm.

9.2.2.1 Kinetics of Sorption

As has already been mentioned, the faster rate of sorption of fibrous ion exchangers

compared with “conventional” ion exchange resins (i.e., with particles 300–1,000 m
in diameter) is exclusively due to the shortness of the diffusion path of the sorbate to

the middle of the filament. Nevertheless, it does not mean that the rate of the

sorption process is determined by the particle diffusion. It will be shown later that,

in the case of simple ion exchange of inorganic ions, the rate-determining step of
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the sorption process is the diffusion of ions through the film of the solution adhered

to the particle because the time required for particle transport is shorter than that for

the transport across the film. In cases of slower processes such as sorption of

organic ions or formation of chelate structures in the sorbent, the process rate is

controlled by the rate of transport of the sorbate ions inside the sorbent particle.

Intermediate cases probably also occur.

In the literature [18–23], kinetic equations for the sorption processes controlled

by film and particle diffusion into particles of spherical shape (resins) and endless

cylinders are often used. The most obvious kinetic parameter characterizing the rate

of the process is the time of half process, t1/2.
In the case of ideal particle diffusion for the spherical particles under a condition

of infinite volume solution,

t1=2 ¼ 0:030 � r02=D; (9.9)

where r0 is a radius of the spherical particle and D is the diffusion coefficient in the

particle.

The equation for the endless cylinder (the model of fiber) is:

t1=2 ¼ 0:065 � rf 2=D; (9.10)

where rf is a radius of the fiber.
In the case of film diffusion in the absence of selectivity, the similar dependences

are as follows:the sphere:

t1=2 ¼ 0:231 � r0 � d �
�C

D
0 � C (9.11)

the cylinder:

t1=2 ¼ 0:345 � rf � d �
�C

D
0 � C (9.12)

In these equations, C and �C are concentrations of exchanged ion at the interface

of film-solution and ion exchanger-film, respectively; d is a film thickness and D0 is
the diffusion coefficient in the film.

It follows from Eqs. 9.9–9.12 that if the diffusion coefficients are equal, the

process on the fibers should be slower than on the spherical beads.

The shapes of kinetic curves for the film and particle diffusion processes are not

so greatly different that they can be used for distinguishing between the two

mechanisms without a thorough mathematical analysis. There are simple ways to

see whether the process includes a substantial fraction of the film or particle

diffusion mechanism: the method of interruption, dependence of the process rate

on the intensity of mixing, etc.
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It has to be noted that the ion exchange fibers in many cases (probably even most

often) do not have a cylindrical shape. The ion exchanger fibers of the Nichibi

company [24] have rectangular cross-section with the sides 10–20 and 30–60 m
(the authors name it “small diameter and “large diameter”); FIBAN and VION

fibers on the base of polyacrylonitrile (PAN) have a kidney-shaped cross-section

[25]; IONEX fibers are a combination of different shapes, and FIBAN fibers on a

base of polypropylene (PP) have a cylindrical shape [20]. Kinetic equations can be

derived for the fibers of any specific shape [19, 26]. The shortest distance between

the periphery and the center of the kidney shaped fiber is much shorter than that

for the cylindrical cross-section with the same area. The diffusion path in these

cases is shorter and the time of particle transport also is shorter.

Independent of the mechanism, the rate of sorption on the fibrous ion exchangers

whose effective diameter is 10–40 m is always faster by of one or two order of

magnitude than that on the granular resins with particles diameter larger than 200 m
used in common practice. Typical half process times (t1/2) for simple ion exchange

such as Na+–Ca2+, Cl�–SO4
2� under conditions of intensive stirring is 2–3 s; for

sorption of the cations by chelating ion exchangers t1/2 is 20–30 s, whereas these

values for the granular resins are 3–5 min and 40–60 min respectively [27–29]. That

means that fibrous ion exchangers can be used under conditions of much shorter

contact time between the sorbent and solutions, i.e., thinner filtering layers and/or

higher flow rate of the mobile phase. It follows from the previous consideration

that fibrous ion exchangers can be advantageous compared with the granular ones

if they are applied in shallow filtering beds. The experimental confirmation of

this issue was obtained in Ref. [30]. In the example presented in Fig. 9.2 the

breakthrough curves of Ca2+ through the shallow beds (2 cm) of strong acid

granular and fibrous ion exchangers are compared.

It is shown that selected conditions are favorable for the fibrous ion exchanger.

The efficiency of the filtering layer is approximately 70% if the breakthrough point

is selected as CCa/C0Ca ¼ 0.05 (absolute concentration in the effluent is 0.68 meq/l).

The immediate breakthrough of Ca2+ occurs on the granular resin. In our specific

example working capacity of the fibrous ion exchanger was 47 bed volumes (BV),

whereas it was zero for the granular resin. Nevertheless the dynamic activity of

the resin at CCa/C0Ca ¼ 0.5 is higher for the granular resin because of the higher

capacity of the filtering bed. The volumes of the product water are 50 and 100 BV

respectively. This example shows that the expediency of using granular or fibrous

ion exchanger in the same system depends on the specific requirements of the

technological parameters of the process (the process time, pressure drop, frequency

of regenerations, etc.) and quality of the final product.

These considerations can be used in designing the contacting apparatuses on

fibrous ion exchange materials [31]. It has to be taken into account that their most

suitable textile form is nonwoven fabric with a thickness of 2–10 mm and a density

of 0.2–1.0 kg/m2. Accounting for that, the filtering bed can be imagined as several

layers of such materials with a total thickness of 20 mm compressed to the surface

density of 0.25 kg/m2. The specific constructions of ion exchange contactors on

fibrous ion exchangers can be different: frame types similar to those used in

membrane technologies, cylindrical cartridges with radial water flow, moving
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bands, etc. The first of the mentioned types is the simplest for evaluation of the main

parameters of the apparatus and its comparison to the conventional ion exchange

column. To be certain, we evaluated parameters of the contactor with an operational

volume of 1 m3.

The conventional column of such volume has the full ion exchange capacity of

about 2,000 equivalents. If a rectangular chamber of the same volume is filled with

layers of the fibrous ion exchanger 2 cm thick and the distance between them is

1 cm, the number of such layers is 33 and the volume occupied by the fibrous ion

exchanger is 660 dm3. The mass of ion exchanger in the unit is 165 kg and the total

capacity is 165 � 3 eq/kg ¼ 495 ~ 500 equivalents (that is four times less than

the capacity of the column with conventional resin). The filtration area of such a

unit is 33 m2 compared with 1 m2 of the column. The filtration of purifying water

goes simultaneously through all layers as shown in Fig. 9.3.

Assume that the purifying water contains 10�3 equivalent/l of the component to

be removed, the efficiency of the filtering beds is 70%, and the linear flow rate is

20 m/h per square meter, we obtain the following comparative parameters for the

contactors on the granules and fibers (Table 9.1).

There are a number of other possibilities for rational use of fibrous ion exchangers

in water treatment reviewed in Refs. [32, 33]. Some of them, like using moving

bands of ion exchange fabrics, sound quite realistic but they have not yet been

developed into real technologies.

Fig. 9.2 Breakthrough curves of Ca2+ for sulfonic-type fibrous FIBAN K-1 (curve a, Ev ¼ 0.83

meq/cm3) and granular KU-2 (curve b, Ev ¼ 1.90 meq/cm3) ion exchangers. Conditions of the

experiment: flow rate ¼ 16.4 cm/min; thickness of the filtering layer ¼ 20 mm; initial concentra-

tion of Ca2+ (as chloride) ¼ 13.7 meq/dm3
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Summarizing potential applications of fibrous ion exchangers in water treatment

we conclude that they can be rationally used in the constructions of thin filtering

layers used for fast treatment of large volumes of dilute solutions.

This conclusion is also applicable for air purification processes from ionizable

impurities. In these cases the rate of sorption is controlled by the particle diffusion,

and the length of the diffusion path of the sorbate in the particle plays a decisive

role in the kinetics of sorption. Practical large-scale application of granular ion

exchangers in this case is problematic (if at all possible) because of slowness of the

sorption process and difficulties with regeneration. In spite of numerous research

works in this field done during more than 50 years, granular ion exchangers did not

find significant application in practice.

In contrast with that, fibrous ion exchange materials have good prospects for

massive application in air purification, especially in view of increasing requi-

rements to the quality of breathing and technological air (removal of toxic and

badly smelling substances; trace amounts of aggressive substances for the clean

rooms of semiconductive, precise machinery, pharmaceutical industries). They are

convenient for the air filter physical form, fast sorption rate, low aerodynamic

resistance, and a high osmotic stability allowing their plentiful drying and wetting

(in the regeneration process) without significant mechanical destruction.

One more problem connected with fibrous ion exchangers should be noted.

That is their relatively high cost. On one hand it is caused by the low scale of

their production at present. On the other hand the cost of their production seems to

Water
flow

Ion
exchanger

Fig. 9.3 Scheme of water filtration through the absorber

Table 9.1 Comparative parameters for the contactors with granular and fibrous ion exchangers

Parameter Granules Fibers

Flow through the absorber, m3/h 20 660

Purified water volume, m3 1,400 350

Time before regeneration, h 70 0.53

Number of cycles for treatment of 10,000 m3 water 5 29

Time for treatment of 10,000 m3 water, h 350 18.3

Pressure loss on the filtering bed, kPa 20 1
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be always higher than their granular analogues because it includes more operations

than the synthesis of resins. Therefore the most prospective area of their application

is air purification and individual means for human’s protection from harmful

impurities, where application of the granular resins is less convenient and effective.

There are also examples of economically justified applications of ion exchange

fibers in low-scale water treatment processes.

9.3 Preparation of Fibrous Ion Exchangers

Conventional ion exchangers are not fiber forming materials. Their spatial heavily

cross-linked and electrically charged network is not suitable for preparing fibers

using traditional wet or melt spinning technologies. Increasing exchange capacity

of the fiber always leads to the deterioration of its mechanical properties down

to complete destruction of the fiber. Therefore special technologies developed for

their preparation always compromise the exchange capacity, water uptake, and

mechanical properties of the ion exchange fiber (specifically tensile strength and

elasticity). The latter should satisfy severe requirements to the fibers undergone

textile processing. A brief review of the existing methods for preparation of fibrous

ion exchangers is given in this section.

9.3.1 Preparation of Fibrous Ion Exchangers from Special
Polymers

One of the ways for preparing ion exchange fibers is synthesis of special copolymers

from monomers containing ionizable groups and nonionizable monomers, and

spinning solutions or melts of such copolymers with cross agents. At the following

heating the spatial network is formed in the fibers. A number of monomers were used

in such syntheses: acrylic andmethacrylic acids, maleic anhydride, 5-vinyl pyridine,

5-vinyl-2-methylpyridine [3], sodium methallylsulfonate [34, 35], monomers with

quaternary ammonium groups [36, 37], aminoalkylacrylates, N-vinylphthalimide

[38], diallylaminoacrylamide monomers [39], and monomers containing carboxylic

acid and sulphite groups [40]. Acrylonitrile and (more seldom) styrene were used as

fiber-forming inert monomers. Hydrazine [41, 42] or epoxy compounds [43, 44]

were most often used as cross agents.

Such methods for preparation of ion exchange fibers are rather expensive and did

not find a large application. As we know, the only industrial fiber produced in this

way is weak base ion exchanger VION AN-1(Russia) obtained by spinning of

copolymer of 5-vinyl-2-methylpyridine and cross-linked with an epoxide oligomer.

These fibers have good textile properties and were used for preparing nonwoven

canvases.
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9.3.2 Composite Fibers

Ion exchange fibers can be prepared by mechanical mixing of inert fiber-forming

polymer solutions or melts with finely dispersed ion exchange resins or inorganic

ion exchangers with their following spinning into fibers. Fine dispersed particles of

granular ion exchangers with the size 3–5 mm [45] in the solution or melt of the fiber

forming polymer can be spun to form the fibers containing up to 35% of the ion

exchange material. Such technology for obtaining ion exchange fibers is universal

and it was described in a number of papers. Another variant of this technique is

mixing the fiber-forming polymer with the polymer that can be easily converted to

the ion exchanger after formation of the fibers [46–58]. Ion exchange fibers can also

be obtained by polymerization, copolymerization, or polycondensation of mono-

meric carriers of functional groups inside or on the surface of the parent fiber

[59–64]. The ion exchange fibers prepared in this way did not have good properties.

Their mechanical properties and osmotic stability were too low for textile

processing or prolonged use in technological processes.

A method for preparation of ion exchange fibers containing polymeric rein-

forcement in the volume of the fiber was developed by Yoshioka and Shimamura

[20, 65, 66] (Toray Company, Trade name IONEX). The composite parent fiber

consists of a mixture of polystyrene and polyethylene (1:5) and strings of poly-

ethylene (16 strings with a diameter of 4.2 m each per filament). The polystyrene

component was cross-linked by formaldehyde and functionalized, forming

composite ion exchange fibers of a different type. A great variety of ion exchange

fibers have been obtained on the basis of the composite fibers described. They

contain sulfonic, quaternary ammonium, primary, secondary, and ternary amino

groups; quaternary phosphonium groups; crown ether, and different chelating

groups. The structure of these fibers obtained the name “islands–in-the-sea”

because their cross-section resembles a map of an archipelago with 16 islands

represented by the polyethylene rods. IONEX ion exchangers are produced in

forms of short-cut fibers (0.5 mm long). There is no information on the textile

materials on their base or of their industrial applications.

9.3.3 Fibrous Ion Exchangers on the Base of Graft Copolymers

Graft copolymerization is a universal technique for syntheses of a great variety of

ion exchange fibers. In such fibers the side chains carrying ionogenic groups are

grafted on the chain of the main fiber-forming polymer. The latter should be

sufficiently chemically inert to withstand active chemicals used in the functiona-

lization of the side chains and further use of the ready ion exchange materials.

Therefore, sufficiently chemically inert chemical fibers are used as parent materials

for grafting, such as polyolefins, polyethyleneterephtalate, etc. The ionogenic grafts

can be formed by monomers containing ionizable groups (e.g., acrylic acid,
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vinylpyridine, and their derivatives) or by functionalization of nonionogenic grafts,

such as side chains formed by polymerization of styrene, glycydyl methacrylate, or

acrylonitrile.

The grafting requires generation of free radicals or ions on the main polymer

chain. It can be caused by heat, ionizing radiation, or a chemical reaction. There are

numerous publications in the literature on all aspects of graft polymerization and

properties of graft copolymers (e.g., [67–75]). Both radiation and chemical grafting

were used for syntheses of ion exchange fibers.

9.3.3.1 Direct Radiochemical Grafting

In this method the main polymer fibers immersed in the solution of the grafting

monomer are placed in the field of penetrating radiation [76–78], usually in the
60Co g radiation or accelerated electrons. The amount of the grafted polymer

increases with the absorbed dose of radiation and depends on the nature and

concentration of the monomer, solvent, additives controlling the grafting process

(usually initiators or inhibitors), and temperature. The grafted monomer can contain

the ionizable group (e.g., vinylpyridine or acrylic acid) or form a polymer chain

that can be converted into polyelectrolyte in the following chemical modification

(e.g., styrene or glycydyl methacrylate). By its nature the radiation activation of

polymerization is not selective. It causes formation of the polymer in all parts of the

irradiated system. Therefore, along with grafting, formation of the homopolymer

occurs in the solution and on the surface of the fiber. That causes a loss of the

monomer and deterioration of the properties of the fiber. Formation of the homo-

polymer is a serious technological problem because its washing out from the

product fiber is a prolonged and expensive process. Formation of the homopolymer

of styrene in the process of its grafting into polypropylene fiber was minimized in

the process of its grafting in the field of 60Co g radiation by careful choice of the

process parameter. A family of ion exchangers, FIBAN, obtained on the base of

polypropylene fiber with grafted polystyrene with divinylbenzene (PP-ST-DVB) is

produced at the experimental production plant of the Institute of Physical Organic

Chemistry [79] (Minsk, Belarus). Using conventional methods for synthesis of

granular ion exchangers on the base styrene–divinylbenzene copolymers, their

fibrous analogues have been synthesized. Some reactions used in the syntheses of

FIBAN ion exchangers on the polypropylene fiber base are summarized in Fig. 9.4.

The problems connected with formation of homopolymer in the solution can be

avoided by carrying out the grafting process from the vapor phase of the monomers.

Such a technique was used for grafting of acrylic acid and acrylonitrile [80] into

polypropylene fibers. The rate of grafting rapidly increases with temperature and

decreasing diameter of the fiber and is strongly inhibited by the residual oxygen in

the system. The carboxylic acid fiber obtained by this method had excellent

physico-chemical properties. It was produced under the trade name KATIOLAN

and used for production of protective cloth. Along with this advantage this tech-

nique has serious drawbacks. The process is rather slow (the longevity of the
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working cycle is as long as several tens of hours), sensitive to occasional

disturbances, and requires complicated equipment working in the radiation field.

Polymerization from the gas phase is mainly located in the surface layer of the fiber.

9.3.3.2 Post Irradiation Grafting

Polyolefin fibers irradiated in the air are oxidized by oxygen. In the process of

oxidation peroxide and hydroperoxide groups fixed on the polymer chain are

accumulated in the volume of the fiber. They are rather stable under ambient

conditions and stay in the irradiated polymers for several days. Upon contact with

a monomer solution, the grafting can proceed spontaneously or be accelerated by

increasing temperature. Grafting of acrylic and methacrylic acids and the other

monomers, which can easily form ionizable groups on polyolefin fibers, was

described in a number of works [3, 81–88]. This method has been used in produc-

tion of commercially available fibrous ion exchanger FIBAN K-4, a graft copoly-

mer of polypropylene and acrylic acid.

The homopolymerization is usually suppressed by salts of divalent iron added

to the liquid phase. It converts the free radicals formed in the solution intoOH– anions:

HO� þ Fe2þ ! OH� þ Fe3þ (9.13)

Fig. 9.4 The reactions used in the syntheses of ion exchangers on the PP-ST-DVB fiber base
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The inhibition of graft polymerization proceeds in a much lesser degree because

the scavenger (Fe2+) is present in the fiber in much lower concentration than in the

solution.

9.3.3.3 Chemical Grafting

Most of the research on chemically initiated grafting was done on polyamide fibers.

In this case functional groups able to form fixed radicals or ions have to be

introduced first into the structure of the polymer. They are complex-forming groups

able to fix ions with variable valences, peroxide or hydroperoxide groups and

quaternary ammonium ions. The graft polymerization can be initiated by thermal

decomposition of these groups or by redox reactions. In some cases the centers of

graft polymerization can be obtained owing to the chain-transfer reaction because

of localization of one of the components of the redox system on the main polymer.

The redox systems are formed using Cu2+/Cu+ or Fe3+/Fe2+ couples or their

complexes. A great variety of syntheses of fibrous ion exchangers (mainly weak

acid and weak base) utilizing this type of redox systems have been described [89–99].

Stable complexes of these metals in the fibers can be activated by treatment them

with oxidizing agents such as hydrogen peroxide.

In Refs. [90, 91] stable copper complexes were incorporated into the fibers

from the melts. The subsequent treatment of such fibers with hydrogen peroxide in

the presence of vinyl monomers results in graft polymerization of side chains with

different functional groups: dimethylaminoethylmethacrylate [92, 93], diethylamino-

ethylmethacrylate [94], and glycidylmethacrylate [95]. Interesting variants of this

method were suggested in Refs. [100–109]. A technology of industrial production

of ion exchange fibers by grafting of methacrylic acid (fiber trademark KM-K-1) or

dimethylaminoethylmethacrylate (fiber trademark KM-A-1) has been developed.

The fibers had a sufficiently high exchange capacity and excellent mechanical

properties. Unfortunately we could not find information of the commercial products

with such names and of the fate of this development.

It is of note that the chemical stability of ion exchangers on the base of

polyamides is not high and they probably can be used as disposable materials.

Another method of initiation of graft polymerization is oxidizing of the main

polymer, causing formation in its structure of peroxide and hydroperoxide groups

[110–113], followed by their thermal decay in the media containing vinyl

monomers (e.g., acrylic or methacrylic acids) with formation of OH• radicals.

Polycaproamide fibers pre-treated with a Cu2+–H2O2 solution and placed in

solutions of monomers after several hours of storage in air were able to cause

graft polymerization at low temperatures (20–30�C) without additional introduction
of the metal of variable valence to the solution [100]. Efficiency of grafting

approaching 100% was possible at temperatures below or equal to 50�C. The theory
of this process is given in reference [101], and the industrial process is described

in Refs. [102–105]. In this way, the weak-base ion exchange fiber KM-A1
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was produced (polycaproamide with graft dimethylaminoethylmethacrylate). Its

exchange capacity was 2.8 meq/g and it had excellent mechanical properties.

Examples of application of redox systems with fixed quaternary ammonium

groups in the form of persulfate ion in contact with aqueous solutions of vinyl

monomers are given in Refs. [114–117]. In these cases efficient grafting occurs

without formation of homopolymers. It is supposed that in this case the polymeri-

zation is initiated by •SO4
� ion-radical joined to the quaternary ammonium group.

9.3.3.4 Polymer Analogues Conversion of Existing Polymeric Fibers

Fibers modified by grafting of polystyrene, poly(glycidyl methacrylate), polyesters

of acrylic acid and some other nonionogenic polymers can be converted to ion

exchangers by polymer analogues conversion reactions such as sulfonation, chloro-

methylation with subsequent amination, saponification, etc. These conversions are

well described in the literature on the synthesis of conventional ion exchangers and

do not need to be repeated in the present paper (see for example review [18]).

Here we consider polymer analogues conversions of some industrial fibers,

which led to synthesis of practically important fibrous ion exchangers. The parent

fibers should contain some reactive groups that can be converted to ionizable

groups without destruction of the fibrous structure. The most important among

such fibers are polyacrylonitrile (PAN), modacrylic and polyvynylalcohol (PVA)

fibers. A number of commercial products were obtained on the base of these fibers.

There are two important side effects at the syntheses of fibrous ion exchangers

by this technique: the fibers lose their mechanical properties with increasing

exchange capacity; the swelling of the fibers sharply increases with the capacity

increase. The conditions of synthesis should be chosen so that the product fibers

would have a sufficiently high ion exchange capacity, the water uptake is suitable

for ion exchange technological processes, and mechanical properties maintained,

allowing their reprocessing in the textile goods. That means that the conversion

of the functional groups present in the parent fiber is usually incomplete. In some

cases the reactions of conversion are accompanied by cross-linkage of the fiber-

forming polymer, preventing its dissolution in the reaction mixtures, or exceedingly

high swelling. In another cases additional cross linkage of the fiber is necessary.

The PAN fibers. The most important reactions leading to obtaining fibrous ion

exchangers are alkaline hydrolysis of nitrile groups into carboxylic acid groups;

their aminolysis by aqueous solutions of polyamines with formation of amido-amino

groups, and amination in nonaqueous solutions or pure polyamines with formation

of imidazoline structures. A special and very important reaction is cross-linkage of

the PAN fibers by hydrazine [118–121] and polyamines accompanied by accumula-

tion of weak base groups. Another important reaction is formation of amidoxime

and hydroxamic acid groups in the fibers treated with hydroxylamine [122–124].

The reactions used in the syntheses of ion exchangers on the PAN fiber base are

summarized in Fig. 9.5.
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It has to be taken into account that reaction of hydrolysis proceeds in parallel

with some other reactions. The final products of these reactions always contain

carboxylic acid groups. The ratio of carboxylic and weak base groups can be varied

in a wide range and, to some extent, can be controlled by the synthesis conditions.

The weak base anion exchangers with ternary amino groups can be quaternized

with different alkylating agents forming strong base groups [125].

Different types of commercially available fibrous exchangers have been

synthesized on the base PAN fibers having the family names VION (Moscow,

Russia) and FIBAN (Minsk, Belarus).

Polyvinylalcohol fibers have been used for preparation of several practically

important fibrous ion exchangers. Reactions of conversion of the hydroxyl groups

were used in syntheses of ion exchange fibers [126–137] but they did not find a

significant application in practice. Most often, thermal treatment of PVA was used

as the first stage of its chemical modification. It leads to cross-linkage and formation

of polyvinylene structures (Fig. 9.6). The dehydrated polymer has a high reactivity

and can be used for preparation of a large variety of ion exchange fibers using

Diels-Alder reaction with vinyl derivatives containing carboxylic acid groups.

Brominated polyenic fibers treated with ammonia, amines, or pyridine can be used

for introduction into the fibers anion exchange groups [132]. The reactions used

in the syntheses of ion exchangers on the PVA fiber base are presented in Fig. 9.6.

The Nichibi Company (Japan) has developed technology for synthesis of sul-

fonic acid ion exchange fibers by direct sulfonation of thermally dehydrated PVA.

The trademark of this product is “Nichibi IEF-SC3050.” Reactions of diene

Fig. 9.5 The reactions used in the syntheses of ion exchangers on the PAN fiber base
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condensation between the polyene part of the dehydrated PVA and azomethyne

derivatives can also be a universal method for preparation of PVA anion exchange

fibers [2].

Polyvinylchloride fibers after dehydrochloration also formpolyvinylene structures,

and the same reactions as those described above can be used for their functiona-

lization. Emission of HCl in these syntheses is a serious technological drawback of

these processes.

Reactions of fibrous copolymers of vinylchloride and acrylonitile with

polyamines were used by Egava et al. [138] for preparation of ion exchange fibers.

9.4 Physical, Chemical, and Sorption Properties

9.4.1 Strong Acid Fibrous Ion Exchangers

Properties and applications of strong acid fibrous ion exchangers are predetermined

by the nature of their predominant functional groups and are similar to those for

sulfonic type ion exchange resins. Nevertheless, as described in the review of

methods for their preparation, they have specific features.

Toray fibers (IONEX) [139] have sulfonic groups in polystyrene cross-linked

with methylene bridges and mechanically mixed with polyolefin.

Fig. 9.6 The reactions used in the syntheses of ion exchangers on the PVA fiber base
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Ebara fibers [140] contain linear sulfonated polystyrene grafted on the polypro-

pylene chains. The ion exchange component is evenly spread in the volume of

polypropylene fiber.

FIBAN fibers [141] contain domains of sulfonated copolymer of styrene and

divinylbenzene graft on the polypropylene chains.

Nichibi fibers [142–144] contain sulfonic groups in the structure of partially

carbonized fibers of polyvinylalcohol.

In many applications, such as water deionizing or softening, the difference in

structure of these materials is not very important. In the other cases, such as

catalysis, chromatographic separation of ions, sorption of organic substances, or

bacteria fixation, the structure of the sorbent can be of great importance.

Exchange capacity of different fibers usually is in the range of 2–3 meq/g

(Table 9.7).

Ion exchanger FIBAN K-1 is strictly monofunctional, with a capacity of

2.9–3.3 meq/g. As the computer analysis of its potentiometric titration shows

[145] the amount of weak acid groups is less than 0.15 meq/g, i.e., the same as in

the styrene–DVB resins. The Nichibi material contains a significant number of

weak acid groups: its salt splitting capacity is 2.4 meq/g and the total capacity is

3.1 meq/g. The IONEX fiber has strong acid capacity of 2.6 meq/g; the total capacity

is not given in the company information. The Ebara fibers (similar to FIBAN)

are monofunctional by the method of their synthesis. Their capacity can be easily

controlled by the amount of grafted polystyrene. The capacity of about 3 meq/g is

probably optimal. Its further increase using the irradiation-induced processes is

possible, but the mechanical and osmotic properties of the ion exchange fibers

sharply deteriorate.

In our experiments we observed that ion exchangers obtained from the graft

copolymers of styrene without cross-agent (DVB) lose their capacity in the

sorption-regeneration cycles in the process of their prolong exploitation. Therefore,

in production of FIBAN K-1 addition of 0.5–2% of DVB is used for stabilizing

its capacity in cyclic work.

Chemical and thermal stability of all sulfonic fibrous ion exchangers is similar to

that of their bead analogues.

Chemical, thermal, and osmotic stability of FIBAN PP-ST-DVB- based ion

exchange fibers have been described in refs. [146–150]. Stability of these fibers

in aggressive media was similar to that for the conventional ion exchange resins on

ST-DVB matrix. The main properties of the ion exchange fibers FIBAN and effect

of different destructive factors on them is illustrated by Table 9.2.

The basic properties of strong acid ion exchange fibers of different producers

are summarized as follow: Toray (TIN-100) – E ¼ 3.0 meq/g, working tempe-

rature (max) ¼ 120�C, diameter of the fiber ¼ 40 m, fiber length ¼ 500 m; Nichibi
(IEF-SC3050) – E ¼ 2.4–3.1 meq/g, density ¼ 1.3 g/cm3, water uptake ¼ 45%,

large diameter of fiber ¼ 30 m, small diameter of fiber ¼ 10 m, fiber length ¼
500 m. Separate data on mechanical characteristics of the other ion exchange fibers

of sulfonic type are similar to those given in the Table 9.2 and can be found in the

cited references.
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All these ion exchangers are (or can be) produced in form of different textile

goods (nonwoven fabrics, felt, threads, cloths etc.) and as standard staple fibers or

short cut fibers (0.25–1 mm long). It seems that the latter is the main form of Toray

and Nichibi fibers, whereas FIBAN is mainly produced as staple fiber and nonwo-

ven canvases with the width up to 140 cm and thickness 2–15 mm (0.2–1.5 kg/m2).

Observation of the graft matrix fiber and ion exchange filaments in the scanning

electron and optical transmission microscope [151] gave compatible results

evidencing axial macroscopic nonregularities in their structure. Starting from

DP ¼ 120% the filaments have clearly observed corrugate-like shape with the

period of thickening 3–5 m (Fig. 9.7).

The nature of these structures is not known. It seems most probable that we see

the appearance of internal cracks or zones of mechanical destruction of the fibers

caused by filament shrinkage and the strength evolved with increasing the filament

volume in the process of grafting.

The supermolecular structure of this type of fibrous ion exchangers was studied

by X-ray analysis in wide and low angles and IR spectroscopy [152, 153]. The

difractograms were used to compute the mean size of the crystallites in the direction

perpendicular to the main molecular chains and mean orientation angle of the

crystals relative to the direction of the fibers stretching. Data on the low angle

X-ray scattering were used to determine the value of the large period of the polypro-

pylene (PP) and the dimensions of the scattering structures in parallel and

perpendicular direction to the axis of stretching.

Table 9.2 Effect of different destructive factors on the properties of polypropylene with grafted

polystyrene with divinilbenzene (PP-ST-DVB)-based ion exchangers

FIBAN type Initial property

0.5 h 5 h 0.5 h 5 h 5 h 48 h

5 M

NaOH

5 M

NaOH

5 M

HCl

5 M

HCl

5 M

HNO3

10%

H2O2

100�C 100�C 100�C 100�C 100�C 20�C
Exchange capacity E, meq/g

K-1, H+ 3.63 3.69 3.37 3.58 3.58 3.43 3.90

A-1, Cl� 3.22 3.17 2.87 3.17 3.10 2.11 3.22

Water uptake W, g H2O/meq

K-1, H+ 0.340 0.344 0.283 0.322 0.293 0.288 0.349

A-1, Cl� 0.229 0.221 0.221 0.227 0.203 0.299 0.216

Force at rupture, r (percent of initial)

K-1, H+ 8.1, 100% 102 102 105 98 77 107

A-1, Cl� 12.2,100% 93 72 93 73 44 89

Tensile strength, R Kg/mm2 (percent of initial)

K-1, H+ 6.7, 100% 99 99 99 97 94 102

A-1, Cl� 8.7, 100% 99 94 97 90 59 98

Elongation at rupture, L% (percent of initial)

K-1, H+ 11, 100% 157 52 166 43 28 138

A-1, Cl� 30, 100% 93 77 87 50 40 93

Elasticity modulus, F, Kg/mm2 (percent of initial)

K-1, H+ 282, 100% 82 94 84 95 107 82

A-1, Cl� 248, 100% 85 98 106 104 95 95
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The X-ray analysis has shown that the initial PP fibers have crystalline

monoclynic oriented structure.

The most important simple deduction from the X-ray studies is that ion exchange

fibers of the considered type contain regularly distributed domains of PP crystallites

and functionalized ST-DVB copolymer with the size 10–14 nm (Fig. 9.8).

Investigation of ion exchange equilibrium for H+–K+ [148], Na+–Ca2+ [28],

Cl�–NO3
�, Cl�–SO4

2�, NO3
�–SO4

2� [29] and K+–Cs+ [154] have shown that

selectivity of sorption on the fibrous ion exchanger and its dependence on the

degree of exchange is the same as that on the granular ion exchanger with the

same water uptake.

Kinetics of ion exchange on sulfonic acid fibers were not deeply studied. In the

cited works, mostly comparisons of the fibers with “conventional” resins with

unknown bead sizes are presented to demonstrate advantages of the fibers. There

is no convincing data either on the mechanism of sorption (interparticle diffusion or

film diffusion) or on the kinetic parameters (diffusion coefficient, thickness of the

diffusion film etc.). In reference [20] the kinetics of ion exchange for Na+-Ca2+

Fig. 9.7 Electron microscopic photographs (X1000) of the PP-ST-DVB fibers with 2% DVB and

different DP values (%). (a) 0. (b) 75. (c) 100. (d) 151
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was studied. It appeared that the process is controlled by the film diffusion at a

concentration of the solution less than 0.1 mol/l, whereas at the higher concentra-

tion the particle diffusion controls the process rate. In publication [23] extensive

studies of gadolinium ion (Gd3+) from acid solution were performed. The ion

exchanger was sulfonated polyvinyl alcohol fiber with ion exchange shell 4.6 m.
The author presents the particle diffusion coefficient of the order 10�8 cm2/s,

i.e., the same as that for the granular ion exchangers. On the other hand the

experimental results of this work clearly show that under conditions of the experi-

ment the rate of the process was controlled by the film diffusion because it was

strongly dependent on the stirring rate and the solution concentration.

Having excellent kinetic characteristics and uniform thickness of the filaments,

ion exchange fibers appeared to be prospective chromatographic material both for

preparative and analytical applications. In Ref. [6] it was shown that sulfonic ion

exchanger FIBAN K-1 in different textile forms in the process of separation of K+

and Cs+ is approximately equivalent to Dowex 50X2 resin with the size of particles

100–200 mesh. Probably lower volume capacity and a large void volume fraction in

the filtering bed of the column filled with the fibrous ion exchanger did not allow

revealing better kinetic properties of the fibrous packed bed. At the same time,

separation of different pairs of amino acids (threonine-valine, alanine-leucine,

lysine-histidine) was much more efficient on the sulfonic ion exchanger FIBAN

K-1 fiber than on Dowex 50X2 (Fig. 9.9).

High efficiency of Nichibi Company short cut fibrous ion exchangers has been

demonstrated in experiments on separation of mixtures of lysine-histidine-arginine

and ions of Gd-Sm.

Water treatment is a traditional field of application of strong acid ion

exchangers, often in combination with anion exchangers. Extensive research in

15

0 010 1020 30 40 d d5 15 20 25 30

YBaYBa

Fig. 9.8 Electron probe microanalysis diagram, resolution 1.5 m. YBa – concentration of

Ba2+ in conventional units along the diameter of the fiber; d – diameter of the fiber. Cameca

instruments (France). Sulfonic type PP-ST –2% DVB bases ion exchangers. DP ¼ 120%. Left

figure: E ¼ 3.1 meq/g; Ba2+ form; fiber diameter 45 m. Right figure: E ¼ 2.2 meq/g; Ba2+ form;

fiber diameter 35 m
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Fig. 9.9 Separation of amino acid mixture on fibrous FIBAN K-1 and granular Dowex 50X2

sulfonic types in exchangers (eluent: citrate buffer). Column parameters: d ¼ 0.8 cm; h ¼ 18 cm;

C ¼ 0.92 meq/cm3; W ¼ 0.5 ml/min; L ¼ 1.74 meq/eq [6] (Reproduced from Ref. [6] with kind

permission of # Elsevier (1988))
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this area was done by all research teams developing fibrous ion exchangers. Here

we briefly review actual and potential applications of these materials in different

processes of water treatment.

The filtering layers of fibrous ion exchangers combine two properties oppositely

affecting its efficiency in dynamic processes in comparison to granular resins.

A higher rate of ion exchange is a factor favoring high performance of fibrous ion

exchangers in dynamic processes of water treatment such as softening. A lower

volume capacity and large void volume of the filtering layer deteriorate the process.

Studies on the effect of package density, thickness of the filtering layer, and flow

rate on the performance of Ca2+ removal from the water in column conditions

allowed outlining the rational conditions for application of fibrous ion exchangers

in water treatment. The largest density of the filtering layer in practice is about

0.27 g/cm3, which corresponds to ion exchange capacity of 0.83 meq/cm3 for ion

exchanger FIBAN K-1 (the full capacity is 3.10 meq/g). The experiments have

shown that the filtering layer with a thickness of 7 mm already allows water

softening with 34% efficiency of the filtration layer at a linear high flow rate

(16.4 cm/min). This corresponds to the solution residence time in the filtering

layer 2.56 s. An acceptable column efficiency of 70% occurs when the thickness

of the bed is 30mm. Such characteristics are unachievable for the granular analogue.

Toray ion exchangers found practical application in purification of low radioac-

tivity waters of atomic power stations as an addition of short cut fiber IONEX to the

powder of ion exchangers circulating in cooling water. Addition of the fibers

sharply increases permeability of the precoat ion exchange filters and increases

their exploitation period several times.

The fibers of the Nichibi Company were tested for purification of radioactive

wastes in combination with anion exchange resins. The fibers and resin beads

form fluffy flakes leading to formation of filtering layers with low hydrodynamic

resistance, which allows increasing the operation time of the purifying systems.

The Toray Company has developed several apparatuses and technologies for

preparation of high purity water using a combinations of reverse osmosis and ion

exchange on IONEX fibers. The apparatuses of small and medium size for produc-

tion of ultrapure water have become commercial products (Toraypure LV-10T)

[24]. Good perspectives have electrodeionizers with fibrous strong-acid and

strong base ion exchange fibers in the deionizing chamber. Nonwoven fibrous ion

exchange materials are extremely convenient for this purpose. The information of

the construction of such devices is scarce. It is only known that such apparatuses

are produced and their efficiency is higher than those of granular resins.

Ion exchange paper has been developed on the base of Toray and Nichibi fibers.

It found application for analytical purposes.

All developers and producers of ion exchange fibers note their applicability to air

purification from impurities of basic nature (ammonia and amines). This is the field

of application where fibrous materials have great advantages over the ion exchange

resins and it will be discussed in detail in Sect. 9.5 of this paper.
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IONEX sulfonic ion exchangers reveal a high performance in sorption of organic

substances and bacteria and have good prospects in separation of biologically active

substances from cultural liquids and other biological media.

A potential special use of fibrous cation exchangers is in solid acid catalysts.

This question will be considered in Sect. 9.7 for all fibrous catalysts on the base of

ion exchangers.

9.4.2 Strong Base Fibrous Ion Exchangers

In contrast with strong acid fibers, represented by only one type of functional

group and two types of matrix polymer (polystyrene and polyvinylalcohol), there

are many strong base fibers differing by the type of the functional group and the

polymeric matrix.

Strong base ion exchangers with different functional groups on the polystyrene-

containing matrix (IONEX, FIBAN A-1), polyninyl alcohol (NICHIBI IEF-SA),

and polyacrylamide (FIBAN A-6–A-10) have become commercial products.

Ion exchange fibers on the base of polystyrene containing copolymers are similar in

properties to granular ion exchangers of the same type. Their syntheses are following

the same procedure as those for the bead ion exchangers that is chloromethylation of

the polystyrene containing fiber followed by quaternization, most often with trimeth-

ylamine. Such fibers have become commercial products IONEX TIN-200 and

FIBAN A-1.

The IONEX anion exchanger revealed excellent chromatographic efficiency in

separation of niobium and tantalum anions – an extremely difficult mixture for

separation. Its efficiency in sorption of caramel pigment from sucrose solutions was

higher than that of the granular resin in spite of the higher exchange capacity of the

latter.

The main properties and its stability to different destructive factors are given in

Table 9.2. Their selectivity to simple inorganic ions is similar to that of the bead

styrene divinylbenzene resins with identical swelling [147]. The selectivity of ion

exchange of inorganic ions of the fiber with 2% DVB and 104% degree of grafting

was practically the same as that for Dowex 1X2 resin. Extensive studies of chloride-

sulfate exchange on FIBAN A-1 and some other fibrous anion exchangers [21]

showed convincingly that the rate of the process is controlled by the film diffusion

at the studied ionic concentration (up to 1.8 equiv/l). The process is extremely fast

and the half process time ranges within 3–10 s depending on the stirring rate and the

solution concentration.

Cases of true particle diffusion control of the process rate were observed in the

experiments on sorption of Na+ salts organic sulfonic acids on Cl� forms of strong

base fibrous ion exchanger with different percentage of DVB in comparison with

granular resins Dowex 1 [155]. Sorption rates of benzene, naphthalene, and benz-

penicilline sulfonic acids have been studied. The effective diameters of these anions

were respectively 0.85, 1.0, and 1.5 nm. The rate of these processes was lower

than that in the cases of sorption of inorganic anions, what allowed more precise
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evaluation of the kinetic parameters. It appeared that the diffusion coefficient in the

fibers having the same swelling in water was the same as that in the resins if the ion

exchanger contained less than 10 water molecules per sulfonic group. At higher

swelling the diffusion coefficient was higher for the resins.

Strong base FIBAN fibers with groups triethyl-, tri-n-propyl, and tri-n-buthyl-

benzyl ammonium revealed extremely high selectivity to nitrate ions compared

with sulfate and chloride and can be used as alternative to nitrate selective anion

exchange resins with much better sorption kinetics [29].

The polyfunctional anion exchangers with quaternary ammonium groups will be

considered in the following section of the paper.

9.4.3 Weak Acid Fibrous Ion Exchangers

9.4.3.1 Carboxylic Acid Ion Exchangers on Polypropylene Base

Many authors described syntheses and properties of fibrous ion exchangers

obtained by radiochemical grafting of carboxyl containing monomers into polyole-

fin fibers, but only few of these products found practical applications.

Ion exchanger FIBAN K-4 produced at the experimental plant of the Institute of

Physical Organic Chemistry (Minsk, Belarus) is a graft copolymer of acrylic acid to

industrial polypropylene fiber. Its synthesis is described in the previous section and,

in more detail, in Ref. [156]. It has an exchange capacity of about 5 meq/g, good

textile properties, and low hydro and aero-dynamic resistance in filtering layers.

Its drawbacks are relatively short shelf life (about 2 years) and steady destruction at

prolonged work in aqueous media, especially at elevated temperatures, with loss of

exchange capacity and mechanical properties. Nevertheless, it can be used as a

disposable material for air purification from basic impurities and water purification

from some heavy metals, specifically led and copper. Its instability is caused by

destruction of polypropylene matrix in the course of its g irradiation in the synthesis
process and hydrolysis of the ether bonds between the polypropylene trunk and

the polyacrylic acid chain.

In an important work [157] carboxylic acid ion exchangers FIBAN K-4 and

granular resin Purolite C-104 (the bead diameter 500–1,200 m) have been compared

in the process of water softening and regeneration with the pressurized aqueous

solution of carbon dioxide. In experiments carried out under identical conditions, it

was established that although the total Ca2+ dynamic capacity was greater for the

resin, the Ca2+ breakthrough from the fiber column was much sharper and, as a

result, the working capacity of FIBAN K-4 was about twice that for the resin.

The authors proved that the rate of sorption of Ca2+ by the fiber is controlled by the

film diffusion, compared with the beads wherein the particle diffusion is predomi-

nant. This is similar to the results obtained at comparison of strong acid resin and

fiber [30] described in Sect. 9.4.1. Especially interesting are results on regeneration

of the ion exchangers by CO2 pressurized aqueous solutions. The degree of regen-

eration of the fiber from Ca2+ reached about 90% at the pressure 6.8 atm, whereas
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this value for the resin was less than 10%. The authors explained this striking

difference by kinetic hindrances at regeneration of the beads with CO2 caused by

formation of a low swelling shell of the H+ form.

Work on improvement of chemical stability of FIBAN K-4 is in progress [158,

159]. We do not have information on the other ion exchangers of that type produced

as commercial products.

In Ref. [27] some properties of chelation fibers on the base of the “island-in the

sea” matrix have been described. The fibers with the following functional groups

were obtained (Fig. 9.10).

These fibers revealed a high selectivity to Cu (II) and Mn (II). The sorption

processes in this case appeared not as fast as that in the case of simple ion exchange;

the half time of the process was 1–7 min, depending on the water uptake by the

fibers. This allowed obtaining reliable data whose careful analysis confirmed the

particle diffusion mechanism of sorption. The analysis of the kinetic curves

indicates that the process is controlled by particle diffusion with D ¼ 0.33–1.78

�10�9 cm2/s for the fibers and swelling increasing from 1.0 to 2.6 g H2O/g fiber.

Comparison of the fibrous ion exchangers with their granular analogue Diaion

CR-10 showed that the half process time is 10–50 times shorter for the fibers than

for the resin.

9.4.3.2 Amino-Carboxylic Acid Ion Exchangers on the Base of PAN Fibers

Ion exchange fibers of this family are separated in a special group because their

classification into cation or anion exchangers is conventional. They are

polyampholytes containing amino and carboxylic groups in different proportions.

Conventionally they are named cation or anion exchangers in the literature,

depending on the predominant functional groups. They deserve great attention

because some of them found significant practical applications and are produced

in ton amounts.

Syntheses of ion exchangers on the PAN base are complicated processes includ-

ing simultaneous reactions of several types. In order to avoid dissolution or

exceedingly high swelling of the final products, preliminary cross linkage of the

PAN fibers has to be done.

Fig. 9.10 Structure of

chelating functional groups of

fibrous ion exchangers

IONEX: a – functional groups

of iminodiacetic acid;

b – functional groups of

imidodipropionic acid
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The most efficient cross linking agent for PAN fibers is hydrazine. It reacts with

polyacrylonitrile, forming insoluble polymer owing to formation of interlinking

units and different nitrogen containing groups having anion exchanging prop-

erties. The structure of the final product can be realized in many ways [118].

The most probable structures in the final product are nanapthyridine (Fig. 9.11a)

(can appear at heating of polyacrylonitrile polymers to temperatures above 100�C),
hydrazide (Fig. 9.11b), triazole derivatives (Fig. 9.11c), and carboxylic acid groups

formed at hydrolysis of nitrile groups (Fig. 9.11d).

4-N-amino-1,2,4-triazole units (Fig. 9.11c) are the most probable interchain

bridges in the resulting polymer. The triazole nucleuses are very stable to hydroly-

sis by mineral acids.

Hydrolysis in alkali and acid media is used for introduction of carboxylic acid

groups into the fiber. The process proceeds through a number of stages and ends up

with formation of carboxylic acid groups and ammonia. Treatment of PAN fibers

with hydrazine has been used in preparation of carboxylic acid cation exchangers

by the following or simultaneous saponification of the nitrile groups with alkali

[41, 118, 160–170].

Fibrous ion exchangers of this type are produced under trademarks FIBAN K-5

and VION KN-1. Their main properties are presented in Table 9.3.

Fig. 9.11 Most probable structures of hydrazinated PAN fiber: a – nanapthyridine; b – hydrazide;

c – triazole derivatives; d – carboxylic acid groups

Table 9.3 Properties of carboxylic acid fibrous cation exchangers on the base of PAN

Fiber

ECOOH,

meq/g

Eamine,

meq/g

Water uptake, g H2O/g

ion exchanger

Linear

density, tex

Strength

sN/tex

Elongation,

%H2O

NaOH

5%

H2SO4

5%

Fiban K-5 4.0–8.0 0.5–2.0 0.4–0.5 1.3–1.9 0.4–0.5 0.5–1.4 5–10 15–25

Vion KN-1 5.0–7.0 0.2–1.0 0.4–0.5 1.5–2.0 0.4–0.5 0.2–1.0 7–10 20–30
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These ion exchangers have found significant practical application as components

of the cartridges for drinking water purification in small-size kitchen filters, light

chemical respirators [171], and air purification from ammonia (after additional

treatment) [14, 172].

Reactions of modacrylic and polyacrylonitrile fibers with polyamines were used

for syntheses of fibrous anion exchangers:

ð9:14Þ

This reaction has been used by Trochimczuk and Kolarz for preparation of

granular ion exchangers from copolymers of acrylonitrile and divinylbenzene

[173, 174]. The mechanism of this type of reaction was studied by Dragan et al.

[175, 176].

In the absence of water amination of PAN leads to formation of imidazoline

groups:

They steadily hydrolyze in aqueous (especially acid) media with opening the circle

and of formation amidoamine groups [177]. These ion exchangers reveal excellent

chromatographic properties in separation of the ions of complex formingmetals. In its

turn the materials with residual nitrile groups in aqueous media, especially in alkalis,

hydrolyze accumulating carboxylic acid groups. It was observed [178–180] that in ion

exchanger FIBAN AK-22 with initial anionic and cationic capacities of 6.3 and

0.5 meq/g, respectively, after keeping during 90 days at ambient temperature in

1.0 N solution of Na2CO3, 0.2, 0.5, and 1.0 N solutions of NaOH changed their

capacities to the following values, respectively: 1.0 N Na2CO3 – Eamine ¼ 5.6 meq/

g, ECOOH ¼ 1.0 meq/g; 0.2 N NaOH – Eamine ¼ 6.1 meq/g, ECOOH ¼ 2.5 meq/g;

0.5 N NaOH – Eamine ¼ 6.1 meq/g, ECOOH ¼ 3.1 meq/g; 1.0 N NaOH – Eamine ¼ 6.0

meq/g, ECOOH ¼ 3.4 meq/g. Its mechanical properties remained sufficient.
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The functionalized polymers are insoluble, which proves that in parallel with the

main reactions the reaction of cross-linkage proceeds:

ð9:15Þ
This reaction was used instead of hydrazination in synthesis of carboxylic acid

ion exchanger FIBAN K-3.

A family of ion exchangers FIBAN AK-22(n) was developed and found

practical applications. The n in parenthesis denotes the number of amino groups

in the structure of the predominant functional group. Ethylenediamine (EDA),

diethylenetriamine (DETA), and triethylenetetramine (TETA) have been used to

obtain fibrous ion exchangers FIBAN AK-22 (1)–(3). Their main properties are

summarized in Table 9.4.

These ion exchangers reveal a high selectivity to complex-forming cations

increasing with the number of amino groups in the radical of the functional

group. They showed promising results in extraction of color and noble metals

from technological solutions and waste waters of hydrometallurgical and metal

finishing production (Fig. 9.12).

Ion exchangers FIBAN AK-22 are selective to oxy-anions of heavy metals such

as chromate, molybdate, and tungstenate. The sorption of these anions passes

through maxima at pH ¼ 3–5, reaching values of 300–800 mg of the metal per

gram of sorbent. They also selectively and reversibly absorb chloro complexes of

platinum and palladium [181].

By variation of conditions of the syntheses a number of aminocarboxylic

polyampholytes with controlled total amounts and ratio of the amino and carboxylic

acid groups were obtained. By alkylation of fibers FIBAN AK-22(n) with

Table 9.4 Properties of ion exchange fibers FIBAN AK-22

Fiber Anion exchange group ECOOH, meq/g Eamine, meq/g

Water uptake, g H2O/g ion

exchanger

Cl� form Free amine form

AK–22(1) -(CH2)2NH2 0.4 2.7 0.52 0.72

AK–22(2) -[(CH2)2NH]2H 0.5 6.3 0.85 0.92

AK–22(3) -[(CH2)2NH]3H 1.1 7.0 0.68 0.80
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mono-chloroacetic acid chelating fibers, FIBAN X-(1)–(3) have been obtained

[182, 183]:

R� CO� NH� CH2CH2NHð ÞnH þ ClCH2COOH !
R� CO� NH� CH2CH2N COOHð Þð Þn�1ÞnCH COOHð Þ2

(9.16)

Because of its high selectivity to the ions of heavy metal ions and a high rate of

sorption, FIBAN X-1 found application in fine water purification from these ions in

drinking water home filters. Its comparison with the granular analogue and the

other carboxylic acid fibrous ion exchangers showed its superiority [30, 184].

The usage of granular resins under conditions of the free flow filters was inefficient.

Ion exchangers FIBAN K-4 and K-5 have good rates of sorption but their selectivity

was not sufficient for efficient use of these fibers in removal of Co, Ni, and Zn.

FIBANX-1 found application in analytical chemistry for pre-concentration of the

heavy metal ions present in concentrations below that required for their accurate and

reliable determination from the aqueous media containing Ca2+ and the other usual

cations in a large excess [185–188]. The pre-concentration process is very fast –

practically all ions (Cu, Pb, Cd, Ni, and Mn) are absorbed by 1 g of the fiber by

passing 1 l of the solution through theminiature columnwith this fiber during 10min

(for comparison: this process would take at least 100 min with conventional chelat-

ing ion exchange resin). This method is extremely convenient for collecting probes

under field conditions. A complete extraction of the absorbed ions from the fiber

required not more than 10ml of nitric acid. The lowest selectivity of FIBANX-1was

to Mn2+. The selectivity to this ion appeared much higher for ion exchange FIBAN

X-2 [182]. FIBAN X-1 passed all strict requirements for officially accepted method

analysis and was included into the list of official recommended Methods of Deter-

mination of Concentrations of the heavy metal ions in drinking water [189, 190]

A fibrous ion exchanger with ternary amino groups FIBAN A-5 was obtained by

reaction of the PAN fiber with dimethylaminopropylamine (DMAPA) (as well as its

Fig. 9.12 Sorption curve (a) of Cr(VI) by amino carboxylic ion exchanger FIBAN AK-22 from

hydrogen chloride solution (thickness of filtering layer ¼ 7 mm; mass of ion exchanger ¼ 20.7 g;

pH ¼ 2.5; velocity of water filtration ¼ 0.093 m/h; initial concentration of Cr(VI) ¼ 20 mg/dm3),

and desorption curve (b) of Cr(VI) (regeneration solution – 1 N NaOH; rate of regenerant

filtration ¼ 2.5 ml/min)
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analogue with diethylaminopropylamine (DEAPA)). Since these amines are not

able to form cross-linking units, preliminary cross-linking agents or those in the

process of aminations were used.

ð9:17Þ
As it will be shown in Sect. 9.5, ion exchanger FIBAN A-5 reveals a high

efficiency in removal of acid gases from the air. The ion exchangers of this type also

appeared to be good parent materials for preparation of composite fibers containing

immobilized amorphous iron (III) oxide, having a good sorption ability to arsenic

anions [25, 191–195].

A family of strong base fibrous ion exchangers was synthesized by

quaternization of this fiber with different quaternizing agents. These fibers also

contain residual ternary amino groups (about 30% of their capacity). The largest

application has found ion exchanger FIBAN A-6, the product of interaction of the

FIBAN A-5 with epichlorohydrine. It is used in fine air purification from SO2 [196].

It also revealed good sorption ability to viruses and bacteria as well as natural

colorizing agents present in the surface waters [197]. The main properties of ion

exchangers of this group are presented in Table 9.5.

Except for quaternary ammonium groups, these ion exchangers contain

weak base groups (1.0–1.5 meq/g) and 0.3–0.8 meq/g of carboxylic acid groups.

These fibers are described in more detail in Ref. [198]. It is seen that the basic

strength of these ion exchangers is lower than that for the ion exchanger with

benzyltrimethylammonium fixed anion and strongly depends on the structure of

N-alkyl radicals.

9.4.4 Acid–Base Properties of Ion Exchangers FIBAN

Acid base properties of most of the fibrous ion exchangers were not quantitatively

characterized with the exception of FIBAN fibers. Potentiometric titration curves,

Table 9.5 Properties of some strong base fibrous ion exchangers FIBAN

FIBAN type

Alkylation agent of ternary

ammonium group

E strong base, meq/g

OH� form pKb

Water uptake, g

H2O/g OH� form

A-6 (C2H3O)CH2Cl 2.4 2.2 0.8

A-7 ClCH2CH2Cl 2.5 2.3 2.1

A-8 CH3I 2.6 3.0 0.5

A-9 C6H5CH2Cl 2.6 1.5 1.6

330 E.G. Kosandrovich and V.S. Soldatov



needed for calculating the acidity parameters of ion exchangers, in the latter case

were obtained in a wide range of pH and, in some cases, at different concentration

of the supporting electrolyte (KCl or NaCl). They were treated using the approach

and computer program developed in refs. [199–203]. This approach allows

analyzing the titration curves of polyfunctional ion exchangers with unresolved

inflection points. The following quantities characterizing the ion exchanger can be

obtained by the computer analysis of the titration curves: the number of types of

the functional groups (i ¼ 1, 2,..n); the exchange capacity of each type group Ei;

and the parameters of their acidity pKi and Dpki.
The ki is an equilibrium coefficient of ion exchange of H+ with the cation of

titrant (in our case K+)

Ki ¼ xKi
:CH= xHi

:CKð Þ (9.18)

where the xKi and xHi are the equivalent fractions of K
+ and H+ on the i type of the

functional groups and CH and CK are the concentrations of the relative cations in

the solution.

Ki is an equilibrium constant [199, 200]:

logKi ¼
ð1

0

log kidxKi (9.19)

In approximation of linear dependence of log ki ¼ f(xKi) accepted in the model

pki¼pKi þ Dpki � 1=2� xKið Þ (9.20)

pKi ¼ pkiðx¼1=2Þ (9.21)

Dpki ¼ pki;x¼1�pki;x¼0 (9.22)

The overall titration curve is described by a set of nEqs. 9.20–9.22. The computer

program fits this set to the experimental data with minimal n and predetermined

precision and in this way returns values Ei, pKi, and Dpki.
Anion exchangers are described in the same way with OH� in place of H+ and

Cl� (as a standard anion of the supporting electrolyte) in place of K+.

The examples of titration curves of several fibrous ion exchangers are given in

Fig. 9.13; the acidity parameters are presented in Table 9.6; the main properties of

fibrous ion exchangers are given in Table 9.7.

There are numerous publications on different specific fibrous ion exchangers and

their applications that were not considered in the present section, whose signifi-

cance and potential practical extraction of uranium from sea water is an attractive

goal for many researchers. The most promising sorbent for this purpose is probably

fibrous ion exchangers with amidoxime and hydroxamic acid functional group

[122–124].
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Table 9.6 Acidity parameters of FIBAN fibrous ion exchangers

Ion exchanger FIBAN Functional groups pKa Dpk E, meq/g

K-1 –SO3H �0.3 0.3 3.1

K-4 –COOH 5.3 2.0 4.2

K-5 –COOH 8.0 1.0 1.0

5.0 0 2.8

–NH-NH2, ¼NH, �N 3.0 0 1.5

X-1 –N(CH2COOH)2 9.3 1.0 2.4

4.6 0.5 1.4

¼NH, -NH2 2.9 1.0 1.4

AK-22(2) ¼NH, -NH2 2.0 0 0.5

4.6 1.5 1.3

7.8 1.5 2.0

–COOH 10.0 0 0.9

AK-22(3) ¼NH, -NH2 2.0 0 0.3

4.6 1.5 2.4

8.9 1.0 3.2

–COOH 11.0 0 1.1

AK-22 G ¼NH, -NH2 5.0 1.5 1.5

8.0 1.0 1.1

10.0 0 1.3

-COOH 11.0 0 0.5

A-1 -N+(R)3 3.0 0 0.5

15.0 0 2.1

A-5 –N(R)2 9.3 0 3.3

–COOH 11.0 0 1.0

A-6 –N+(R)3 11.8 0 1.9

–N(R)2 9.0 0 0.7

Fig. 9.13 Potentiometric titration curves of fibrous ion exchangers FIBAN: a – K-1; b – K-5; c –
A-1; d – X-1. In the abscissa the amount of the KOH or HCl per gram of the ion exchanger are

given. The points are experimental data; the lines are calculated from the model with the

parameters in Table 9.6

332 E.G. Kosandrovich and V.S. Soldatov



T
a
b
le

9
.7

T
h
e
m
ai
n
p
ro
p
er
ti
es

o
f
fi
b
ro
u
s
io
n
ex
ch
an
g
er
s

T
ra
d
em

ar
k
o
f
th
e
fi
b
er

F
u
n
ct
io
n
al

g
ro
u
p
s

E
x
ch
an
g
e
ca
p
ac
it
y
,
m
eq
/g

W
at
er

u
p
ta
k
e,
g
H
2
O
/g

M
ax

te
m
p
er
at
u
re
,
� C

F
IB
A
N
A
-1

–
N
+
(C
H
3
) 3
C
l�

2
.7

0
.8

5
0
(O

H
� )

1
0
0
(C
l�
)

F
IB
A
N
A
-5

–
N
(C
H
3
) 2
;
¼N

H
4
.2

1
.4

8
0

–
C
O
O
H

0
.5

F
IB
A
N
A
-6

–
[N

(C
H
3
) 2
C
3
H
5
O
]+
C
l�

2
.0

1
.2

8
0
(C
l�
)

–
N
(C
H
3
) 2

0
.8

F
IB
A
N
A
-7

–
[N

(C
H
3
) 2
C
2
H
4
O
H
]+
C
l�

2
.1

1
.6

8
0
(C
l�
)

–
N
(C
H
3
) 2

1
.0

F
IB
A
N
K
-1

–
S
O
3
H

3
.0

1
.0

1
0
0
(H

+
)

F
IB
A
N
K
-1
-1

–
S
O
3
� (
K
+
,
C
o
2
+
)

3
.0

0
.7

1
0
0

K
x
C
o
y
[F
e(
C
N
) 6
]

1
0
m
as
s.
%

F
IB
A
N
K
-3

–
C
O
O
H

5
.0

0
.5

1
0
0

¼N
H
,
�N

2
.0

F
IB
A
N
K
-4

–
C
O
O
H

5
.0

1
.1

8
0

F
IB
A
N
K
-5

–
C
O
O
H

5
.0

0
.5

8
0

–
N
H
–
N
H
2
,
¼N

H
,
�N

1
.2

F
IB
A
N
X
-1

–
N
(C
H
2
C
O
O
H
) 2

3
.5

0
.6

8
0

–
N
H
2

0
.5

F
IB
A
N
X
-2

–
N
(C
H
2
C
O
O
H
) 2

5
.2

0
.5

8
0

–
N
H
2

0
.8

F
IB
A
N
A
K
-2
2

–
N
H
2
,
¼N

H
,
�N

4
.5

0
.8

8
0

–
C
O
O
H

0
.5

F
IB
A
N
A
K
-2
2
-1

¼N
H
,
�N

4
.5

0
.7

8
0

–
C
O
O
H

1
.0

F
IB
A
N
A
K
-2
2
-B

–
N
H
2
,
¼N

H
2
.0

–
8
0

–
C
O
O
H

2
.0

N
ic
h
ib
i
IE
F
-S
C
3
0
5
0

–
S
O
3
N
a

2
.4
–
3
.1

0
.5

–

N
ic
h
ib
i
IE
F
-S
A

–
C
H
2
–
N
(C
H
3
) 3
+
C
l�

1
.8
–
2
.1

0
.6

–

(c
o
n
ti
n
u
ed
)

9 Fibrous Ion Exchangers 333



T
a
b
le

9
.7

(c
o
n
ti
n
u
ed
)

T
ra
d
em

ar
k
o
f
th
e
fi
b
er

F
u
n
ct
io
n
al

g
ro
u
p
s

E
x
ch
an
g
e
ca
p
ac
it
y
,
m
eq
/g

W
at
er

u
p
ta
k
e,
g
H
2
O
/g

M
ax

te
m
p
er
at
u
re
,
� C

N
ic
h
ib
i
ch
el
at
in
g

–
N
(C
H
2
C
O
O
N
a)

2
2
.0

0
.6

–

T
IN

-1
0
0

–
S
O
3
N
a

3
.0

–
1
2
0

T
IN

-2
0
0

–
C
H
2
–
N
(C
H
3
) 3
+
C
l�

2
.0

–
6
0
(O

H
� )

8
0
(C
l�
)

T
IN

-3
0
0

N
o

–
–

–

T
IN

-4
0
0

–
C
H
2
C
l

2
.5

–
–

T
IN

-5
0
0

–
C
H
2
N
H
2

2
.5

–
1
0
0

T
IN

-6
0
0

–
C
H
2
–
N
(C
H
2
C
O
O
N
a)

2
1
.5

–
8
0
(H

+
)

1
2
0
(N

a+
)

V
IO

N
K
N
-1

–
C
O
O
H

5
.0
–
7
.0

0
.4
–
0
.5

–

V
IO

N
K
C
-2

–
S
O
3
H

0
.8
–
1
.1

0
.3
–
0
.4

–

V
IO

N
A
N
-1

2
.0
–
2
.5

0
.1

–

V
IO

N
A
N
-3

¼N
H
,
–
N
H
2

3
.0
–
3
.5

0
.1
–
0
.2

–

V
IO

N
A
C
-1

0
.8
–
1
.2

0
.2
–
0
.3

–

V
IO

N
A
C
-2

0
.7
–
1
.1

0
.2
–
0
.3

–

334 E.G. Kosandrovich and V.S. Soldatov



Ion exchange fibers are suitable for immobilization of bacteria and purification

of water and air from viruses and bacteria [197].

Fibrous ion exchangers are already used in analytical chemistry for precon-

centration of trace amounts of different ions [189, 190] in place of microspheric

resins and have good prospects for future.

9.5 Removal of Volatile Substances from Gaseous Phase

The first publication on application of ion exchange resins to treatment of gas media

was done in 1955 [204].

Since then an immense amount of scientific work on studies of sorption of gases by

ion exchangers has been done. Their final aim was development of new technologies

for separation of gases and their drying; purification of exhaust and ventilation air of

different industries and agricultural productions; gas analysis; and deep purification

and deodoration of the air. The research done on the ion exchange resins has shown

that in spite of principle possibility of their using in thementioned processes they have

drawbacks preventing from their wide industrial applications. They are slow sorption

of substances from gases, exceedingly high aerodynamic resistance of their filtering

layers and poor osmotic stability in wetting–drying cycles. Fibrous ion exchange

materials are free of these drawbacks, and air purification seems to be the most

promising field for their large-scale practical application.

There are several ways for using ion exchangers in air purification from

impurities of different chemical nature.

The most straightforward process is neutralization of H+ or OH� forms of ion

exchangers with impurities of the base or acid nature. The examples of such

processes are sorption of ammonia by the cation exchangers

RH þ NH3 gasð Þ $ RNH4 (9.23)

and hydrogen chloride by the anion exchanger

ROH þ HCl gasð Þ $ RCl þ H2O (9.24)

Ion exchangers can also function as carriers of acid and base concentrated

solutions, absorbing the base and acid gases by the same mechanism. Air purifica-

tion from trace amounts of weak acids such as HCN or H2S is retarded by the

carbon dioxide–stronger acid present in the natural air in a higher concentration. In

such cases the other chemical mechanisms for removal of such substances can be

utilized, for example catalytic conversion or specific interaction of the impurities

with the functional groups or impregnating agents in the ion exchanger. It is also of

note that the simple main processes like the two mentioned almost always are

accompanied by different side processes, making the overall process much more

complicated than it looks at first sight.
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On one hand gaseous sorption systems are simpler than the liquid ones because

the gas phase is much closer to the ideal systems than the liquid one. On the other

hand they are more complicated in theoretical description because they include one

more degree of freedom compared with the systems with aqueous solutions: that is

the activity of water vapor always present in natural air. Typical specific examples

of practically important processes will be considered in this section of the paper.

In the aqueous systems the water activity is nearly constant and close to the

activity of pure water; in gaseous systems the water activity can change from zero

to unity, being one of the major factors controlling the equilibrium and rate of the

sorption process in the system. Therefore we start consideration of the gaseous

sorption systems with a description of water sorption dependent on its activity.

9.5.1 Water Sorption

The role of water in the sorption of substances from the gaseous phase is manifold:

it may be a participant or product of the main reaction; a diffusion medium in

which transport of the sorbate molecules to the sorption centers occurs; an agent

causing ionization of the functional groups of ion exchanger and the sorbate

molecules; or a solvation agent affecting the effective concentration of the

interacting ions. Therefore the water activity (relative water humidity) is one of

the key factors in processes of air purification. The water sorption isotherms W ¼ f

(a) (isopiestic curves, where a ¼ P/P0) give valuable information of the state of

water and ions in the phase of ion exchanger and have been extensively studied for

both ion exchange resins and fibers [205–221]. The results of these studies were

used for calculating thermodynamic functions of the sorption processes and differ-

ent parameters characterizing intermolecular and interionic interactions in ion

exchangers [214, 222–225].

Nevertheless none of the existing models allow expressing the water sorption

isotherm in terms suitable for its explicit application in prediction of the influence

of water activity on the sorption of a target substance. Such predictions have a great

practical importance for calculation of the working resources of gas filters for

obtaining ultrapure air in electronic and similar industries. Direct experimental

determination of the working resource is difficult because the concentration of the

target substance in the product air is low (order of 1 ppb). For a filter with filtering

layer thickness of 3 mm, the period of work before regeneration is about 1 year; the

sorption strongly depends on the relative air humidity.

We have developed a mathematical model allowing expression of the total water

sorption in a whole interval of water activity via the amount of water in the sorbent,

in which the sorbate can be dissolved (free water) and the hydrate water, in which

the sorbate cannot be dissolved [226, 227].
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Knowledge of these values is necessary to calculate the amount of sorbate that

can be extracted from the air before its saturation and in so doing correctly predict

longevity of its working time.

The main statements of the model are as follows:

1. The total amount of water in the ion exchanger is expressed by the sum of the

water bound to hydrates of the ionic pairs counter ion-fixed ion with the number

of water molecules qi and constant of their formation Ki, and free water in which

the sorbate can be dissolved.

2. The concentration of sorbate in the free water is determined by Henry’s law with

the same distribution constant as that for the system water-gas.

3. The internal solution is an ideal mixture of the free water molecules, hydrated

and nonhydrated functional groups in H form, and obeys Rault’s law; that means

that hydration is assumed the only reason for nonideality of the system.

From these statements the following equation for the water sorption isotherm

was derived:

W ¼
X
i

qi � Khi � aqi
1þ Khi � aqi þ

a � ðW0 �
P
i

qi � nh;iÞ � f W
1þW0 �

P
i

qi � nh;i�a � ðW0 �
P
i

qi � nh;iÞ
(9.25)

where a ¼ P/P0 is relative humidity of air;W0 is total water uptake (a ¼ 1), mol/eq;

fW is activity coefficient of the free water; nh,i and nW are numbers of moles in the

hydrate i containing qi water molecules and free water respectively; and Khi is

the equilibrium constant of hydrate formation, determined from the equation

of the hydrate formation:

Khi ¼ nh;i
nR;i � aqi (9.26)

The quantities qi and Khi are fitting parameters.

Application of this equation to different ion exchangers showed that in most

cases assumption of one hydrate and fW ¼ 1 is sufficient for accurate description of

the water sorption as a function of a. In more complicated cases (H+, OH�, F�

forms of ion exchangers) assumption of the presence of two hydrates significantly

increases the accuracy of description [226, 227].

The presence of higher hydrates can be accounted in the inexplicit form by the

dependence of the free water activity coefficient of a in the form

f W ¼ al (9.27)

where constant l is a fitting parameter.

This equation has been applied to hydrogen forms of strong and weak acid

fibrous cation exchangers that were systematically investigated for sorption of
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ammonia from the air under dynamic conditions dependent on the relative air

humidity and external conditions of the process (Fig. 9.14). The amounts of free

water at different relative humidities needed for the calculation of the ammonia

sorption have been found.

Ion exchangers also can be used as drying agents for gases [228–232] at a high

relative humidity (P/P0 > 0.2) because they reveal a higher drying efficiency than

zeolites or silica gel.

9.5.2 Sorption of Bases

Air purification by both granular and fibrous ion exchangers from the compounds

of basic nature (mainly ammonia) has been described in plentiful publications,

e.g., [14, 153, 172, 233–254]. Ion exchangers used had different functional groups

(sulfonic, carboxylic, or phosphonic acid) and different polymeric matrixes

(polypropylene with grafted sulfonated polystyrene, cellulose, polyacrylonitrile).

The filtering layers of fibrous ion exchange materials had much higher dynamic

sorption activity compared with the fixed beds of their granular analogues as well as

more suitable physical form for the gaseous filters. The sorption efficiency of these

materials increases with the increasing acid strength of the functional groups,

relative air humidity, and concentration of ammonia in the air.

The authors of works [172, 236, 248, 249] presented results of comparative

studies of different filtering plants loaded with granular and fibrous ion exchangers.

It has been shown that because of a low aerodynamic resistance and small size of

the filters on fibrous ion exchangers, they can be easily built into existing ventilation

systems and provides efficient air purification from ammonia and the other plentiful

alkaline contaminants to the level below their maximal admissible concentrations.

In paper [238] sorption of ammonia from the air by cellulose phosphate has been

Fig. 9.14 Isopiestic curves of ion exchangers FIBAN K-1 (a) and FIBAN K-4 (b) (the symbols

calculated from experimental data; 1 – experimental points; 2 – total amount of water; 3 – amount

of hydrate water; 4 – amount of free water; 2, 3, 4 – theoretical curves computed from Eq. 9.25)
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studied at different relative humidity and thickness of the filtering layers. These

materials were recommended for practical applications. However in Ref. [234] it

was noted that such ion exchangers have rather low exchange capacity (<2.5 meq/g)

and their chemical stability in the acid and alkaline media is low. Reference [250]

presents the data on ammonia sorption from the air with its very low concentration

(the starting concentration of NH3 was 5 ppm) by the fibrous sulfonated graft

copolymer of polystyrene and polypropylene. The sorption was studied under

dynamic conditions by H+, Cu2+, and Ni2+ ionic forms. It was observed that the

amount of absorbed ammonia depends on the exchange capacity of the fiber and

does not depend on its concentration in the air. The ion exchangers in Cu and Ni

forms absorb more ammonia than in H form because NH3 absorbs because of its

coordination by the metal ions and coordination numbers for Cu and Ni are 4 and 6,

respectively. The use of a similar ion exchanger for air purification from the basic

impurities was described [251]. Air purification from ammonia by carboxylic acid

ion exchange fiber VIONKN-1 in the form of nonwoven fabric was studied in a wide

range of concentrations of NH3 (5–1,000 mg/m3) [252]. The conditions of sorption

and regeneration of the ion exchanger were established.

Systematic studies of ammonia sorption from the air flows by two commer-

cially available fibrous cation exchangers FIBAN K-1 and K-4 in the form of

nonwoven fabric were performed in Ref. [253]. Their application to air purifica-

tion from ammonia was described in detail in review [254]. The influence of the

following factors on the efficiency of sorption has been studied: concentration of

ammonia (2.5–20 mg/m3), relative air humidity (0.075–0.85), the filtering layer

thickness (3–12 mm). The air flow rate was 0.081 m/s; temperature was 25, in

some cases 15�C.
The simplest behavior was observed for the sulfonic ion exchanger FIBAN K-1:

the sorption is practically unaffected either by ammonia concentration (in the

breakthrough points at different concentration of ammonia the sorption was practi-

cally equal: ~2.4 mmol NH3/g) or by the air relative humidity within the studied

range of these parameters.

Markedly different regularities were observed for the carboxylic acid fiber

FIBAN K-4. In this case the sorption strongly depends on the ammonia concentra-

tion and relative air humidity. At a concentration of ammonia in the air of 18 mg/m3,

efficient air purification is possible only if the relative air humidity is above 0.52. At

this condition the ion exchanger in equilibrium with the initial gas solution absorbs

2 mmol NH3/g (~40% of its full capacity). The time before NH3 breakthrough

(the protection action time) increases with a in parallel with increasing full dynamic

capacity of the ion exchanger reaching about 80% of the total capacity at a ¼ 0.94.

At fixed air humidity a ¼ 0.55 the protection action time decreases with increasing

concentration of NH3 but the full dynamic capacity increases. This means that weak

acid ion exchangers are inefficient for removal of trace amounts of ammonia from

the gas phase. A moderate variation of temperature at a constant relative humidity

does not affect the breakthrough curve. In our experiments at 15 and 25�C at the

same relative humidity (a ¼ 0.56) we observed that the sorption curves coincide in

spite of a large difference in concentration of the water vapors (7.18 g/m3 at 15�C
and 12.90 g/m3 at 25�C).
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The length of mass transfer zone calculated from the breakthrough curves

appeared equal to 1.7 mm for FIBAN К-1 and 3.6 mm for FIBAN К-4.
The experimental data obtained in these studies have been used for testing the

theoretical model allowing aprioristic calculation of equilibrium sorption of gas-

eous bases and acids by ion exchangers, depending on their concentration and the

air humidity [227]. The model accounts for the acidic strength of the functional

group in the ion exchanger and its variation with degree of sorption via the acidity

parameters of the ion exchanger pK and Dpk. It also accounts for the ionization

constant of the sorbate via its ionization constant KD. With knowledge of the mole

fraction of free water in the ion exchanger as a function of the water activity in the

gas phase XW ¼ XW(a), the degree of loading of the ion exchanger with the sorbate
X can be found from Eq. 9.28 (Fig. 9.15). All parameters in this equation are

accessible from independent experiment. Details of derivation and calculations on

the model are given in refs. [227, 255].

X ¼ KH � XW � NH3½ �G � KD=ðkhyd þ KD � KH � XW � NH3½ �GÞ (9.28)

where KH is Henry’s constant; XW is mole fraction of “free” water in ion exchanger;

[NH3]G is concentration of ammonia in gas phase; KD is ammonia dissociation

constant; and khyd is equilibrium coefficient of hydrolysis reaction of NH4
+-form of

ion exchanger.

The model suggested allowed correct prediction of the interval of relative

air humidity and ammonia concentration in which these materials can be used.

Especially important was calculation of the working range of the filters for removal

of traces of ammonia from outdoor air, containing usually less than 100 mg/m3 of

Fig. 9.15 Equilibrium ammonia sorption on ion exchangers FIBAN K-1 (curve 1) and FIBAN K-

4 (curve 2) depending on relative air humidity at [NH3]G ¼ 17.5 mg/m3 (a), and concentration of

ammonia at a ¼ 0.48 for K-1 and a ¼ 0.55 for K-4 (b). Points on the figures are experimental

data; the curves are computed from Eq. 9.28 with the following parameters: (FIBAN K-1) q ¼ 2,

Kh ¼ 500, l ¼ 0, pK ¼ 0, Dpk ¼ 0, E ¼ 3.0 meq/g; (FIBAN K-4) q ¼ ½, Kh ¼ 5, l ¼ 3.5,

pK ¼ 4.93, Dpk ¼ 2.0, E ¼ 4.2 m-eq/g
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NH3, down to the level suitable for high performance clean rooms (1–5 mg/m3).

Direct experimental determination of these values is extremely difficult because

their working period usually lasts 1–2 years.

Efficient sorbents for air purification from alkaline contaminants were obtained

by impregnation of fibrous ion exchangers with concentrated strong nonvolatile

acids, specifically phosphoric and sulfuric acid. Aminocarboxylic fibers FIBAN

AK-22 and FIBAN K-5 can retain up to 4–5 mmole of these acids per gram and

remain surface dry at the ambient air humidity. They reveal excellent sorption

properties toward ammonia (Fig. 9.16) and found practical application in purifica-

tion of the air in the clean rooms of electronic production [256].

The sorption of amines from the air was studied in much less detail than that of

ammonia. At the same time this problem is receiving increasing attention in

connection with the removal of bad smells from the air. Separate studies devoted

to this topic show that, in principle, the regularities of amines sorption are similar to

that of ammonia [257–259]. Nevertheless existing data are not sufficient for

estimating efficiency of fibrous ion exchangers in the process of extracting amines

from the air.

Recently we studied sorption of a typical representative of this class of

substances, diethylamin, on different fibrous ion exchangers. These data allow

choosing the optimal ion exchanger and external conditions for air purification

from this and similar substances. Diethylamine (DEA) is a volatile substance with

a boiling temperature of 56.3�C and pKb ¼ 3.07 (compared with 4.75 for NH3).

It has a strong unpleasant smell. The conditions of the experiment were as follows:

initial concentration of DEA 35–42 mg/m3; temperature 19 	 0.5�C, linear flow
rate of the air 0.08 	 0.005 m/s; and the filtering layer thickness 6 mm.

The data obtained compared with those for ammonia are present in Table 9.8.

The regularities of diethylamine (DEA) sorption can be summarized as follows:

The breakthrough curves on the strongest acid ion exchanger FIBAN K-1 are

Fig. 9.16 The breakthrough and sorption curves of ammonia on ion exchanger FIBAN AK-22B

impregnated with phosphoric acid: a – C (NH3) ¼ 18.6 mg/m3; b – C (NH3) ¼ 4.7 mg/m3; c – C

(NH3) ¼ 2.0 mg/m3
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practically independent of the relative air humidity, its working capacity to the

breakthrough point is 2.0–2.1 mmol/g, the full capacity 2.8–3.1 mmol/g indepen-

dent of the thickness of the filtering layer (3, 6, and 9 mm) and relative air humidity

(18–85%).

A similar behavior was observed for FIBAN AK-22 M (amino-carboxylic

polyelectrolyte impregtated with phosphoric acid): the breakthrough capacity was

1.5–1.7 mmole/g, the full capacity 1.8–2.1 mmole/g; the layer thickness and

relative air humidity does not affect the sorption.

Different regularities were observed for the carboxylic acid fiber FIBAN K-4

and FIBAN K-5. In this case the sorption strongly depends on the DEA concentra-

tion and relative air humidity. At a concentration of DEA in the air of 40 mg/m3,

efficient air purification is possible only if the relative air humidity is greater than

0.50 (for K-4) and 0.55 (for K-5).

Dependencies of the protection time, t, corresponding to the breakthrough

capacities of the filtering layer thickness, L, have been used for calculation of the

most important technical characteristic of the filtering layer, that is the length

of the mass transfer unit L0 [260]: for K-1 L0 ¼ 1.7 mm; for K-5–4.8 mm;

K-4–4.5 mm; AK-22M–2.3 mm.

9.5.3 Sorption of Acids

9.5.3.1 Removal of Acids and Anhydrides through Ion Exchange

and Molecular Sorption in the Absence of Side Processes

The simplest case of acid sorption by alkaline form of anion exchanger is expressed

by equations:for strong base groups

RþOH� þ Hþ þ A� $ RþA� þ H2O (9.29)

for weak base groups

R þ Hþ þ A� $ RHþA� (9.30)

Table 9.8 Comparison of sorption parameters of ammonia and diethylamine

FIBAN type E, meq/g Min a NH3/DEA

Breakthrough capacity,

mmol/g; NH3/DEA

Capacity at C/C0 ¼ 0.5,

mmol/g; NH3/DEA

a ¼ 0.55 a ¼ 0.80 a ¼ 0.55 a ¼ 0.80

K-1 3.0 <0.07/<0.15 2.4/2.1 2.4/2.1 2.8/2.7 2.8/2.7

AK-22M 3.7 –/0.08 1.7/1.6 –/1.6 2.5/1.9 –/1.9

K-4 4.9 0.45/0.50 1.7/0.3 2.9/1.0 2.3/0.9 3.5/1.9

K-5 7.8 –/0.55 –/0.1 –/1.5 –/0.9 –/2.1
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These processes are symmetric to the sorption of ammonia by cation exchangers

and can be theoretically described in the same way as it was done in Sect. 9.5.2.

Important examples of such processes are sorption of monobasic carboxylic acids

and hydrohaloid (most often acetic and the other fatty acids, hydrogen chloride and

fluoride).

More complicated is the mechanism of sorption of dibasic acids. In this case the

process includes two steps:

2RþOH� þ 2Hþ þ A2� $ Rþ
2A

� þ 2H2O (9.31)

Rþ
2A

� þ Hþ þ HA� $ 2RþHA� (9.32)

and

2Rþ 2Hþ þ A2� $ RHþ
2A

2� (9.33)

Practically important cases of such processes are sorption from the air CO2

and SO3.

In air purification it is especially important to account for the presence in the

air of carbon dioxide, whose concentration in atmospheric air is about 300 mg/m3.

This greatly exceeds the concentration of many other acid impurities intended for

removal from the air and present in concentrations of few tens milligrams per cubic

meter (e.g., HCN, H2S). Being weaker acids than carbonic acid they practically will

not be absorbed by the anion exchanger in the presence of CO2. In the process of air

purification with ion exchanger the latter is converted into the carbonate-

bicarbonate form soon after the beginning of the process and the sorption of acid

proceeds owing to substitution of carbonate (bicarbonate) with the anion of the

absorbing acid:

Rþ HCO3
�;CO3

2�� �þ Hþ þ A� ! RþA� þ CO2 þ H2O (9.34)

Another feature of the acid sorption is the ability to form in the phase of ion

exchanger associates such as

RþA� þ nHþ þ nA� $ RþA� HAð Þn (9.35)

where n ¼ 1, 2, . . .
This causes super-equivalent sorption of the acids even at their low

concentrations in the air.

An example of such processes is air purification from HCl. This process has been

studied mainly on granular [261–264] and some fibrous ion exchangers [12,

265–267], but systematic data on its regularities at low concentrations of HCl in

the air have not been obtained. In our work sorption of HCl has been systematically

studied in dynamic conditions on different fibrous ion exchangers depending on the
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air humidity at concentrations of HCl 50–100 mg/m3. The ion exchangers studied

differed in the type of functional groups, their basic strength, polymeric matrix, and

hydrophilicity. The initial ionic form of the fibers was obtained by coating them

with a solution of 0.1 M sodium carbonate, which corresponds to conditions of their

regeneration in multicyclic work. The main properties of studied ion exchangers are

presented in Table 9.6. The experiments were carried out in the same way as those

described in Sect. 9.5.2 for sorption of ammonia.

The experimental breakthrough and sorption curves of HCl on different ion

exchangers are presented in Figs. 9.17–9.18. The main regularities of these pro-

cesses can be briefly summarized as follows.

In all the cases super-equivalent sorption is observed. No peculiarities in

dependencies g ¼ g(t) occur at the point corresponding ion exchange capacity of

the fiber. This confirms the opinion that the sorption HCl on the ion exchange group

and formation of the associates proceed in parallel [268].

A large super-equivalent sorption of HCl (parts of curves in Figs. 9.17–9.18

above the horizontal line) even from its low concentrated mixtures with air is a

good pre-condition for the easy regeneration of the ion exchangers with water or

Fig. 9.17 The breakthrough and sorption curves of HCl on strong base FIBAN anion exchangers:

(a) A-1, (b) A-6 (a: 1–0.35; 2–0.50; 3–0.60). The conditions of the experiment: initial concentra-

tion of HCl ¼ 80 mg/m3, thickness of the filtering layer ¼ 9.5 	 0.5 mm, the air flow velocity

¼ 0.11 m/s, temperature ¼ 18�C
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low concentrated solutions of HCl. In Ref. [12] it was shown that by recycling

regenerating water in a regeneration bath it was possible to obtain 6–7% HCl

solution from the air containing 100 mg/m3 of HCl.

In contrast with the sorption of ammonia on the strong acid cation exchanger,

sorption of HCl on the strong base anion exchanger depends on the relative air

humidity (Fig. 9.17a).

All studied ion exchangers can be used in air purification from HCl at the relative

air humidity of 0.35 and higher with the exception of FIBAN AK-22G, for which

the lowest a is 0.50. Ion exchanger FIBAN A-5 has the highest working capacity in

the studied humidity range. The decrease in this value with decreasing humidity is

the lowest for the strong base ion exchanger FIBAN A-1 and the largest for the

weak base FIBAN AK-22G (Fig. 9.19).

It is interesting to note that breakthrough capacity of hydrofluoric acid (HF)

on this ion exchanger does not depend on the relative humidity (a ¼ 0.05–0.95)

and its concentration in the air (10–1,000 mg/m3) [12]. This peculiarity is a result

of the specific features of HF, which can play a role of solvating agent in the

phase of ion exchanger similar to water molecules causing protonization of the

functional groups.

Fig. 9.18 The breakthrough and sorption curves of HCl on weak base FIBAN anion exchangers:

(c) A-5, (d) AK-22G. See captions for Fig 9.17
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The dynamics of sorption of hydrofluoric acid (HF) by fibrous ion exchangers

VION AN-1 in the concentration range 10–30 mg/m3 at temperatures from �20�C
to +24�C was studied. It was observed that the breakthrough capacity increases 2–3

times at the decreasing the temperature to �20�C.
Sorption of acetic acid from diluted solutions in the air strongly depends on the

relative air humidity (Fig. 9.20).

At the studied concentration (23–27 mg/m3) the super-equivalent sorption is not

observed. At an acetic acid concentration of 2 g/m3 a large superequivalent sorption

on weak base anion exchanger VION AN-1 was observed in Ref. [269]. Ion

exchanger FIBAN A-6, having quaternary ammonium groups, provides deeper air

purification than the fiber FIBAN A-5 with ternary amino groups but its capacity at

10% breakthrough is substantially higher than that for the FIBAN A-6, (1.4 and

1.0 mmol/g). The critical humidity at which the ion exchangers can be used for air

purification is lower for the FIBAN A-5. Finally we can conclude that both ion

exchangers can be efficiently used in air purification from the vapors of acetic acid

at relative air humidity above 0.5.

9.5.3.2 Sorption Processes Accompanied by the Catalytic Conversion

of the Sorbates

Among such processes the most practically important is air purification from sulfur

dioxide. Sorption of SO2 by anion exchangers is accompanied by its oxidation by

the atmospheric oxygen at room temperature in the presence of the water vapor

[270, 271]. The process is catalyzed by the anion exchange because of strong

binding of the product of oxidation that is mainly sulfate ion. The latter is a bivalent

anion of a strong acid and its binding by the ion exchanger is much stronger than

Fig. 9.19 Breakthrough capacity on HCl of different fibrous ion exchangers FIBAN as a function

of relative air humidity: 1 – A-5; 2 – AK-22G; 3 – A-6; 4 – A-1
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that of the predominant anion HSO3
� forming in the ion exchanger upon sorption of

SO2 and whose concentration in the internal solution of the ion exchanger is low

owing to incomplete dissociation of H2SO3. The higher basicity of the ion

exchanger and decrease of air humidity increase the degree of oxidation [271].

The air purification from SO2 is a problem of great practical importance and a

large number of scientific works have been devoted to it. The majority of them

concerns purification of industrial wastes to the sanitary admissible level (from 104

to 100 mg/m3). Purification to the level of 102 mg/m3 can be efficiently achieved by

wet scrubber technology. The removal of residual SO2 is economically more

expedient by using sorption technologies. The new problem that appeared owing

to development of production of microcircuits of high integration, precise machin-

ery, and optics, is air purification in the clean rooms of these productions to the level

10�3 mg/m3. The two problems tasks most efficiently can be solved by application

of filtering systems equipped with fibrous anion exchangers.

Regularities of SO2 removal from the air by granular ion exchangers have been

studied in numerous papers (e.g., [272–293]) but systematic data on the fibrous ion

exchangers are presented only in a few works [2, 77, 196, 266, 267, 294–304].

Fig. 9.20 The breakthrough and sorption curves of CH3COOH on different FIBAN anion

exchangers: (a) A-6, (b) A-5 (a: 1–0.30; 2–0.40; 3–0.50; 4–0.60; 5–0.70; 6–0.80). The conditions
of experiment: initial concentration of acetic acid ¼ 23–27 mg/m3, thickness of the filtering

layer ¼ 6.0 	 0.5 mm, the air flow velocity ¼ 0.1 m/s, temperature ¼ 19–21�C
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Equilibrium sorption in static conditions of SO2 and water vapors by fibrous

anion exchangers on the base of PAN fibers VION with different weak and strong

base groups have been studied [304]. It has been established that all studied ion

exchangers (in different degree) can be recommended for air purification but the

lowest relative air humidity should be above 0.4.

In Ref. [196] the sorption of sulfur dioxide was studied in dynamic conditions on

two fibrous ion exchangers, FIBAN A-5 weak base fiber and FIBAN A-6 strong

base fiber in HCO3
� ionic form. This ionic form has been chosen because in

practical air purification OH� form rapidly converts to mixed carbonate-

bicarbonate form because of its reaction with atmospheric CO2, whose concentra-

tion is about 300 mg/m3.

The influence of relative humidity on the breakthrough curves of SO2 is

illustrated by Figs. 9.21 and 9.22.

Fig. 9.21 The breakthrough and sorption curves of sulfur dioxide on anion exchanger FIBAN A-5

(HCO3
� form) at various relative air humidity. The experiment conditions: temperature – 25�C;

velocity of the air filtration – 0.08 m/s; SO2 concentration – 37 mg/m3; thickness of the filtering

layer – 6 mm. a: 1–0.15; 2–0.22; 3–0.28; 4–0.49; 5–0.68; 6–0.91

Fig. 9.22 The breakthrough and sorption curves of sulfur dioxide on anion exchanger FIBAN A-6

(HCO3
� form) at various relative air humidity. The experiment conditions: temperature – 25�C;

velocity of the air filtration – 0.08 m/s; SO2 concentration – 32 mg/m3; thickness of the filtering

layer – 6 mm. a: 1–0.28; 2–0.33; 3–0.33; 4–0.48; 5–0.75
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It is rather surprising that weak base anion exchanger FIBAN A-5 with ternary

amino groups reveals better ability for removal SO2 from the air at equal relative

humidity than strong base FIBAN A-6 at concentration of 32–37 mg/m3.

One possible reason for a higher sorption ability of FIBAN A-5 may be catalytic

oxidation of SO2 to SO3 with the following formation of H2SO4 in the phase of ion

exchanger. If this conversion on the ternary amino groups of FIBAN A-5 is faster

than on quaternary ammonium groups of FIBAN A-6, the rate of the overall SO2

sorption process is controlled by this process and the difference between weak and

strong base ion exchanger is not significant at the studied concentration of SO2 in

the air. That is because a difference in degree of neutralization of the weak and

strong base groups by strong sulfuric acid can be noticed only at very low

concentrations of SO2.

Ion exchangers FIBAN A-5 and A-6 have found significant practical application

in industrial exhaust air cleaning and the air of clean rooms of semiconductor

industries. In the latter case, it is critically important to remove SO2 from the air

with relative humidity about 0.4.

Another practically important case of application of catalytic conversion of the

sorbate on the fibrous ion exchanger is removal of hydrogen sulfide from the air.

Plentiful attempts to apply an alkaline form of anion exchangers in air purification

from low concentration of H2S were doomed to failure because of strong competi-

tion with CO2 present in the air in higher concentration and forming much stronger

than H2S carbonic acid. In refs. [305–308] it was suggested to remove H2S from

the air flow by its absorption with the alkaline form of the ion exchanger with a

following catalytic oxidation to elemental sulfur on a suitable catalyst fixed in

the fiber. Fe(III) complex with etylenediaminetetraacetate (EDTA) in alkaline

solutions was applied as a catalyst. The main advantage of this catalytic system is

selective oxidation of H2S to S0 without formation in noticeable amounts of side

products, such as thiosulfates, sulfates, or sulfites.

The scheme of this process can be formulated as follows:

H2Sgas ! H2Ssolution (9.36)

H2Sþ OH� ¼ HS� þ H2O (9.37)

2Fe3þ þ EDTA þ HS� ¼ S0 þ Hþ þ 2Fe2þ þ EDTA (9.38)

2Fe2þ þ EDTAþ H2Oþ 1=2O2 ¼ 2Fe3þ þ EDTA þ 2OH� (9.39)

The dry catalyst in these processes is inactive. In many cases it was required to

remove H2S from the air with relative humidity of about 50%, which was achieved

by adding different humidifying agent to the fiber. The performance of H2S removal

from air with the optimal composition of the catalytic fiber is illustrated by

Fig. 9.23.
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The working capacity of such catalysts is higher than that for pure ion

exchangers and restricted only by accumulation of elemental sulfur in the filtering

bed. At the same time this process requires longer contact time of the air and the

fiber, which can be achieved by reducing the rate of air filtration or application of

thicker filtration layers. The air purifying devices on such catalytic fibers can be

disposable or continuously operating units with a regenerable catalyst.

Fibrous ion exchangers can be used for removal from the air of many other bases

and acids not described in this section, as well as neutral substances. In the literature

applications of fibrous ion exchangers to removal of the following substances have

been described: nitrogen oxides [309–311], hydrazine [312], elemental halogens

[313–315], and ozone [316, 317].

This allows hope that fibrous ion exchangers will find their niche in practice in a

not too distant future.

9.5.4 Color Changing Materials

The gas filtering materials can be impregnated with different color changing

indicators showing presence in the outlet of the filter of a target impurity by

changing the color of filtering materials. The simplest case is indication of acids

or bases. In this case the ion exchange filtering fabric is impregnated with one of the

acid–base indicators. Such materials are convenient to use in industrial air purifying

filtering plants, chemical gas masks, protective clothing, and wiping materials for

immediate indication of their exhaust.

Most of ion exchange fibers can be obtained in indicator forms. The important

requirement to the initial material is absence of its own intensive color. In some cases

Fig. 9.23 Breakthrough

curve of H2S on fibrous

catalyst (the parent material

FIBAN AK-22; C0

(H2S) ¼ 60 mg/m3; thickness

of catalyst layer ¼ 3 mm (1

layer, mass 13.0 g); linear air

flow ¼ 0.033 m/s; relative air

humidity ¼ 50%; the catalyst

contain 0.18 mmol Fe/g)
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the indicator is not absorbed or deactivated by the ion exchangers.We have prepared a

number of color changing materials and in this section present some examples.

Ion exchange materials used for deep air purification from ammonia are

polyampholyte FIBAN AK-22 with almost balanced capacities on amino and

carboxylic acid groups (2.1 and 2.8 meq/g, respectively) and impregnated by

sulfuric or ortho-phosphoric acid to have about 3 mmole of free acid per gram of

the sorbent (FIBAN AK-22M). They are white-yellow and after the impregnation

receive the indicator color in the strong acid medium. In the experiment the air flow,

with concentration of ammonia 13 mg/m3 and relative humidity 0.5, was passed

through the layer of the nonwoven material 6 mm thick at a rate of 0.081 m/s at

temperature 25�C. The color of the filtering material on the outlet was observed at

the breakthrough point (0.6–0.7 mg NH3/m
3).

A similar experiment was done with anion exchanger FIBAN A-5 (carbonate

form) in sorption of SO2 under the same conditions except for the concentration of

SO2 which was 32 mg/m3 and the breakthrough point 1.5–1.7 mg/m3 SO2.

Examples given in Figs. 9.24 and 9.25 show a good correlation between the

position of the breakthrough point and the moment of the color change of the

material.

The color indication can be done at different concentrations of the acid or

alkaline sorbate by choosing an appropriate indicator. For example, if concentration

of the ammonia at the outlet should be lower than that indicated with methylorange

(pH color change 3.0–4.4) then the indicator with lower transition pH should

be used, for example methyl violet, having two distinct color transition: at

pH ¼ 0.13–1.5–3.2 (yellow-blue and blue-violet respectively).
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Fig. 9.24 Breakthrough curve of NH3 and change color of indicating material FIBAN AK-22 M

with methyl orange
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9.6 Hybride Fibrous Sorbents

Recently ion exchange resins [318–327] and fibers [328–332] were obtained

containing in the polymer body finely dispersed inorganic precipitates with sorption

properties [Cs, Mn, Ni, F, Fe, Ti, Zr, etc.]. Such materials allow combining a high

selectivity to specific ions of inorganic ion exchangers with better mechanical

properties and a higher rate of sorption on the polymeric ion exchangers.

Composite ion sorbents are obtained by precipitation of a desired inorganic

compound in the phase of parent polymeric sorbent. For example fibrous composi-

tion sorbents for selective removal of arsenic anions from water were obtained by

precipitation of iron (III) hydroxy-oxide in different ion exchange fibers.

Iron hydroxy-oxide FeOOH in granular form is used as sorbent of As anions

and produced under trademarks Bayoxide E33 (Bayer), GFH (USFilter Co.),

AD-33L (Adedge Technologies, Inc.). It has a high selectivity to these anions but

its drawbacks are slowness of the sorption process, low mechanical strength, and

spontaneous peptization with release of the particles of sorbent absorbed As to

purifying water. The low rate of sorption allows its use only in large filters of

centralized drinking water purification with the depth of the filtering layer more

than 1 m.

The composition of sorbents contained in the phase of polymeric ion exchanger

FeOOH was obtained in several varieties. The precipitate can be formed both in

cation and anion exchangers. The method of precipitate formation can be different:

1. The cation exchanger saturated with Fe3+ ions put in contact with the alkaline

solution

2. The anion exchanger in OH� form put in contact with Fe3+ solution
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Fig. 9.25 Breakthrough curve of SO2 and change color of indicating material FIBAN A-5 with

phenol red

352 E.G. Kosandrovich and V.S. Soldatov



In both cases at least a part of the precipitate remains in the ion exchanger.

It appeared that the sorption properties of such sorbents strongly depend on the

nature of the parent ion exchanger and details of the procedure of precipitation.

An efficient fibrous As sorbent (FIBAN-As) was obtained on the base of anion

exchanger with ternary amino groups [25]. It contains 1.2 mmol/g of FeOOH

and absorbs both As(III) and As(V) anions and can be produced in the form of

nonwoven fabric. The process of sorption is very fast and controlled by the particle

diffusion, with the diffusion coefficient 1.8–10�8 cm2/s; the process half time is

23 s. This allows using it in thin filtering beds with the high flow rates usual for

point-of-use filters such as small kitchen portable water filters. Even at a filtering

layer thickness of 4 cm it allows purifying of 5,500 bed volumes of tap water

containing 100 mg/l of arsenate down to the level below sanitary norm 10 mg/l
(Fig. 9.26). Recently, the method of water purification from As(III) anions was

improved by introducing in the purifying system preliminary step of oxidizing of

As(III) to As(V) by the composition fiber impregnated with Mn(III) oxide [333].

In a similar way some other fibrous composite sorbents have been obtained:

for sorption Cs+ – cation exchanger impregnated by cyanofferrate K-Co (KxCoy[Fe

(CN)6]) [334]; for sorption F� – anion exchanger impregnated by TiO2.

9.7 Fibrous Ion Exchange Catalysts

Since the sorption of interacting molecules is the first stage of the reaction in the

heterogeneous catalysis, the high rate of sorption processes on the fibrous ion

exchangers is a good precondition for their good catalytic properties. Not much
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Fig. 9.26 Retention of As(V) by the layer of FIBAN-As 4 cm. Conditions of the process: initial

CAs ¼ 50 mg/dm3, sorbent-solution contact time 40 s, thickness of filtering layer ¼ 35 mm

(Reproduced from Ref. [25] with kind permission of # Elsevier (2006))
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research on catalytic properties of fibrous ion exchangers has been done until now,

but the information collected up to date shows that this area of catalysis is

extremely promising.

The catalytic properties of fibrous ion exchangers have been tested in processes

of different types. The most common case is acid catalysis. In Ref. [335] it was

shown that fibrous ion exchanger IONEX is an efficient catalyst of reaction of

sucrose inversion and methyl acetate hydrolysis in aqueous media.

Ion exchanger FIBAN K-1 revealed good catalytic properties in reaction of

synthesis of methylthributhyl and methylthriamyl ether from methanol and butenes

mixture (MTB and MTA, the modifier of gasoline increasing its octane number). Its

catalytic activity and selectivity were comparable to that of Dowex M-31 used in

industrial process [336] (Fig. 9.27).

It is of note that Dowex M-31 is a macroporous sulfostyrene ion exchanger with

specific surface area 30 m2/g, whereas FIBAN K-1 is not a porous material. Its high

catalytic activity may not be explained by the small diameter of the fibers. In

comparative experiment with finely ground sulfonic gel type ion exchange beads

(to the size of the fiber diameter) it was observed that its catalytic activity is very

low. The reason for the high catalytic ability of the fibrous ion exchanger of this

type can be a close alliance of strongly polar domains of sulfonated polystyrene and

nonpolar domains of the polypropylene. The interface is the location of the catalytic

reaction. In favor of this assumption is the fact that FIBAN K-1 can absorb some

amount of butenes (~5% mass), whereas neither cross-linked sulfostyrene nor

polypropylene absorb butenes in significant amounts.

Fig. 9.27 Catalysis of reaction MTA ether formation by granular Dowex M-31 (curve 1; E ¼ 3.7

meq/g) and fibrous FIBAN K-1 (curve 2; E ¼ 4.4 m-eq/g) sulfonic types ion exchangers.

Conditions of the experiment: pressure ¼ 0.8 MPa; CH3OH : i-C5H10 ¼ 1:1 (Reproduced from

Ref. [336] with kind permission of # The Publishing House of Siberian Department of Russian

Academy of Sciences (2001))
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The acid catalysis of isomerisation reaction was successfully used for synthesis of

isobornyl acetate, valuable aromatic substance, by isomerization of camphene [337].

In the previous examples the fibrous ion exchanger itself was used as a catalyst.

Another group of catalysts was obtained on the base of ion exchange fibers where

they are used as a carrier of the catalytic agent.

Important examples of such catalysts are fibrous ion exchangers impregnated by

metallic palladium. The palladium is introduced into the ion exchanger as a cation

or as an anion by ion exchange and then reduced to metal palladium with controlled

size of the particles. Sulfonic ion exchanger containing 0.1–1.0% palladium

appeared to be an effective catalyst of reaction low temperature oxidation of

hydrogen with oxygen [338, 339]. The further development of this research has led

to obtaining extremely active catalysts of this type on the base of weak base anion

exchanger and found application in deoxygenation of boiler water of power stations.

A catalyst of reaction of oxidation of hydrogen sulfide to elemental sulfur was

obtained by impregnation of fibrous ion exchangers with concentrated solutions of

Fe-EDTA complexes in strongly alkaline solutions. This catalyst has found an

application in air purification from H2S and is described in more detail in Sect. 9.5.
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Chapter 10

Chelating Ion Exchangers: Theory

and Applications

Dhiraj Sud

Abstract The lack of selectivity, sensitivity, and capacity of the conventional ion

exchange resins particularly for trace heavy metal ions had led to the development

of metal-ion-specific exchange resins known as chelating ion exchangers or

chelating ion exchange resins. The chelating ion exchangers are the polymers

covalently bonded to ligands forming complexes with metal ions through func-

tional groups. The chelating ion exchangers consist essentially of two com-

ponents – polymeric matrix and chelating ligands. A variety of polymeric

matrices, namely, inorganic (silica) and organic – both natural and synthetic

[polystyrene divinyl benzene (PS-DVB), polymethacrylate (PMA)] – have been

employed for the synthesis of chelating exchangers. Most of the commercially

available chelating exchangers are silica- or PS-DVB-based and have diverse

applications. A large number of diversified chelating ligands may be employed for

the synthesis of chelating exchangers, such as the carbamates, b-diketones,
diamine, iminodiacetic acid and amino acids, aldoxime, aminophosphonic acids,

various azo-triphenylmethane dyes, and 8-hydroxyl quinolinol. These chelating

ligands are incorporated into a polymeric matrix by different methods. The

chelation exchange mechanisms are found to be slower than ion exchange, and

efficient separations are possible only by the choice of the correct chelating

functional group. Furthermore, the chelating ligand should have a broad spectrum

of chelating action and have no special selectivity for one or two metal ions. The

structure, coordination chemistry, and applications of most commonly employed

chelating ion exchangers have been discussed. Chelating ion exchangers

containing iminodiacetic acid (IDA) chelating group have been the most studied

for metal separations. The efficiency and versatility of another chelating

exchanger containing the chelating ligand aminophosphonate have been add-

ressed. The development of new chelating ion exchange materials with special
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chelating properties can provide better kinetics of interaction between metal ion

and chelating groups, and better understanding of their coordination chemistry

for surfaces can revolutionized the domain of chromatographic separations and

analysis of trace metal ions particularly from complex matrices.

10.1 Introduction

Ion chromatography using highly efficient ion exchange substrates is now a

well-established technique for the separation of metal cations. This technique is

preferred for routine analysis because of its relative cheapness, ease of automation,

and online capability. However, a limitation of the technique is the selectivity ofmetal

separation, particularly of trace metals in the presence of other massive-amount

metals. The high concentration of alkali metal salts could swamp the column and

degrade or destroy the separation of metal cations, thereby lowering the column

capacity. These limitations of the selectivity and capacity of the conventional ion

exchange resins have led to the development of a new class of specific and selective

ion exchange resins known as chelating ion exchange resins. A chelating ion exchange

resin consists of polymeric complexing and chelating compounds showing selectivity

and specificity toward the particular ion. These chelating ion exchangers can be used

in analytical separation columns in an ion chromatograph system just like ion

exchange columns and have added advantage of insensitivity to changes to ionic

strength. Chelating ion exchange resins/materials have increasing application in trace

metals as well as alkali and alkaline earth metal ion separations, preconcentration, and

recovery of trace metals in pollution control and industrial process, hydrometallurgy,

and various miscellaneous applications [1–3].

The first chelating resin, a polystyrene derivative containing a dipicrylamine

group, was originally proposed in 1940 by Skogseid [4] for the selective isolation of

K+. The earliest covalently bonded commercially available chelating exchange

substrate was Chelex 100 (or Dowex A-1), a low cross-linked polystyrene substrate

containing bonded IDA. The first notable analytical achievement with this resin

was the determination of trace metals in seawater by Riley and Taylor [5] in 1968.

There onward, a considerable number of chelating substrates other than Chelex 100

are being developed and studied. The development of these high-performance

chelating substrates for trace metal separations and determinations, opened vistas

for their use in the IC system and led to a new important technique called high-

performance chelation ion chromatography (HPCIC).

10.2 Chelation

The term chelation is used for a special type of metal complexation having

ring structures with two or more bonds between binding sites. A chelating ligand

possesses more than one coordination position, and binding takes place through
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more than one donor atom present in the ligand. Depending upon the donor atom –

two, three, four, and six – the chelating ligands are termed as bidentate, tridentate,

tetradentate, and hexadentate ligands. Examples of some common polydentate

ligands are given in Fig. 10.1.

Chelating or coordinating resins are polymers with covalently bonded functional

group atoms containing one or more donor atoms that are capable of forming

complexes directly with metal ions. In these resins, the most frequently used

chelating ligand contains functional group atoms – nitrogen (e.g., N present in

amines, azo groups, amides, nitriles), oxygen (e.g., O present in carboxylic,

hydroxyl, phenolic, ether, carbonyl), sulfur (e.g., S present in thiols, thiocarbamates,

thioethers), the ligands containing N and O as donor atoms (hydroxylamine, oxine),

S and N as donor atoms (dithiocarbamates), and other related ligand atoms.

A chelating ion exchanger consists essentially of two components, that is, a

chelating ligand and a polymeric matrix or the support.

10.3 Polymeric Matrix

Fundamentally, the two types of polymeric matrices used for the synthesis of

chelating resins are inorganic and organic.

10.3.1 Inorganic Polymeric Matrix

Silica is one of the most extensively used inorganic supports and has diverse

applications. The advantages of inorganic supports are high mechanical strength,
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Fig. 10.1 Examples of chelating ligands
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high thermal stability, ability to withstand high pressure, and stability toward

organic solvents and mineral acids. However, these supports lack high degree of

functionalization and have relatively low ion exchange capacity. A number of

silica-based chelating exchangers are commercially available. Few examples of

silica-based chelating exchangers are given in Table 10.1.

Although silica-bonded chelating exchangers exhibited favorable high effi-

ciency, they are unstable at high pH value, the use of silica support for the

attachment of chelating ligands working in alkaline solution is not possible [7].

10.3.2 Organic Polymeric Matrices

Organic matrices used in chelating ion exchangers may be natural or synthetic

polymers. Among the naturally occurring polymers used as support, cellulose

has been the most studied. Other naturally occurring polymers are chitin-poly

(N-acetyl-D-glucosamine) and its deacylated derivative, chitosan.

Synthetic organic polymeric matrices used as supports or matrices for chelating

ion exchangers include polymers of esters, amides, and alkyl halides, and styrene

divinylbenzene copolymers synthesized by addition or condensation polymeriza-

tion processes. The most frequently used substrate, styrene divinylbenzene

copolymers, is synthesized via addition polymerization. The structure of a styrene

divinylbenzene (ST-DVB) is shown in Fig. 10.2.

This additional resin contains primarily polystyrene, and a small amount of

divinylbenzene is added during the polymerization to cross-link the resin. These

cross-linked polymers are mechanically stable, resist hydrolytic cleavage and pH

changes, and are stable at relatively high temperature. Typically, 2–25% weight of

the cross-linking compound is used for microporous resins and upto 55% weight

cross-linking for macroporous resins. Table 10.2 includes some of the commonly

used ST-DVB-based chelating ion exchange resins.

10.3.3 Microporous and Macroporous Resins

Polymeric matrices can be further classified as microporous or macroporous resins.

Microporous resins are produced by suspension polymerization in which styrene

and divinylbenzene are suspended in water droplets and benzoyl peroxide is added

to initiate the polymerization process. The monomers are kept in suspension in a

reaction vessel through rapid uniform stirring. The resulting uniform beads are

microporous. The size distribution of the beads depends on the stirring rate, that is,

faster stirring produces smaller beads. However, the microporous resin undergoes a

large change in volume upon conversion from one ionic form to another. Such

volume changes can disrupt the uniform packing in a column. Even a low degree of

swelling is undesirable for chromatography.
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Table 10.1 Commercially available chelating ion exchanger (Adapted from Ref. [6] with kind

permission of # Elsevier (1984))

Chelating ligand Manufacturer

Commercial

name Polymeric matrix

Iminodiacetic acid Diamond Shamrock IMAC SYN

101

Polystyrene X% DVB

HO

NH

OH

O O Diamond Shamrock Duolite ES

466

Polystyrene X% DVB

Coordinating atoms: N,O,O DOW chemical Dowex A-1 Polystyrene X% DVB

Bio-rad Chelax-100 Polystyrene X% DVB

Mitsubishi Diaion CR-10 Polystyrene X% DVB

Reanal Ligandex E Polystyrene X% DVB

Rohm & Hass IRC-718,

Wofatet

MC50

Polystyrene X% DVB

Permutit Co.Ltd. Permutit

S-1005

Polystyrene X% DVB

Bayer A.G. TP-2007 Polystyrene X% DVB

Aminophosphonic acid Diamond Shamrock Duolite

ES-467

Polystyrene

R NH2
+

CH2 P O

O-

O- Purolite Purolite S950 Polystyrene-divinyl

benzene

copolymer

Coordinating atoms: N, O, O

Dithiocarbamate Nippon soda Misso ALM-

525

Polystyrene

R

N

R''

S

R'

S Sumitomo Sumichelate

Q-10R

Polyacryclic

Coordinating atoms: N, S, S

(continued)
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Another type of copolymer are macroporous resins, sometimes called macro-

reticular resins, which are prepared by a special suspension polymerization process.

During polymerization, the monomers are kept as a suspension of a polar solvent.

The suspended monomer droplets also contain an inert diluent that is a good solvent

for monomers but not for polymerized beads. After polymerization is complete, the

diluents are washed out of the beads to get rigid, spherical macroporous beads

having high surface area. Macroreticular resins have a permanent macroscopic

structure regardless of the ionic form. The surface area of macroporous resins

is much higher (25–800 m2/g) as compared with microporous resin surface area

(1 m2/g). The macroporous resins have an extensive network of large pores up to

50 nm in diameter and even larger throughout the interior of the resin beads, which

allows exchange reactions to proceed rapidly.

Traditionally, most of the polymeric resins contain microporous beads, but now

both microporous and macroporous resin beads are extensively employed for

synthesis of chelating ion exchangers (Table 10.3).

Table 10.1 (continued)

Chelating ligand Manufacturer

Commercial

name Polymeric matrix

8-Hydroxyquinoline

N

OH

Lachema Spheron

oxime

1000

Poly(hydroxyl ethyl

methacrylate

co-ethylene

diamine metha

acrylate)

Coordinating atoms: N, O Iontosorb Iontosorb oxin

(IO)

–

----------HC CH ----------

----------HC CH CH2CH2

CH2CH2

----------

Fig. 10.2 Structure of styrene –divinyl benzene (SDVB) copolymer
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10.4 Chelating Ligand

The chelating ligand is the most critical factor for the development of chelating ion

exchangers, which can result in efficient and selective separations. Criteria for the

selection of the chelating ligand to anchor onto the polymeric matrices are of

paramount importance.

Gregor et al. [14] postulated the properties a suitable chelating ligand should

have:

1. It should be capable of resin formation or substitution in the resin matrix.

2. It should be sufficiently stable to withstand the polymerization process.

Table 10.3 Chelating exchangers containing styrene-divinyl benzene (ST-DVB) as polymeric

matrix

S.

No. Functional group

Type of resin

and capacity

Column and

particle size

Separated

ions Ref.

1 ST-DVB, XAD-4 28�6 mm,

45–75 mm
Cu(II),

U(VI),

Th

(IV),

Zr(IV)

[62]

2 ST-DVB, XAD-4 Cu(II), Mo

(VI)

[63]

3 ST–4% DVB, BN-4,

gel type,

0.042–1.33

mequiv. /g

250 � 3 mm,

7–10 mm
Mn(II), Fe

(II), Co

(II), Zn

(II), Ni

(II), Cu

(II)

[64]

4 ST–DVB, XAD-4 – Ti(IV), Zr

(IV),

Mo

(VI),

Fe(III),

Th

(IV),

etc.

[65]

5 ST–2% DVB 45–75 mm Zn(II), Ni

(II), Cu

(II)

[66]
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3. It should be compact so as not to be sterically hindered by the dense resin matrix.

4. Both arms of the chelate structure should be on the same monomer in proper

spatial configuration.

The chelating ligands which do not form 1:1 complexes, e.g., anthranilic acid,

are not found suitable. A number of chelating ligands containing different func-

tional groups such as iminodiacetic acid, hydroxylamine, aminophosphonic acid,

oxines, thiols, dithiocarbamates, schiff bases, crown ethers, etc., have been

incorporated into a variety of polymeric matrices.

Sahni and Reedijk [6] pointed that the essential requirements necessary for the

synthesis of chelating ion exchange resins are:

1. The chelating ligand attached to a solid matrix should possess strong metal-

binding properties and selectivity toward certain metal ions. According to the

hard soft acid base (HASB) theory by Pearson [15], soft metal ions, for instance,

gold(III), silver(I), and palladium(II) ions, show affinity to soft bases with donor

atoms as O< N < S. On the other hand, hard metal ions, for instance, copper

(II), iron(III), and aluminum(III) ions, show affinity to hard bases with donor

atoms as O> N > S.

2. The chelating group should be capable of undergoing incorporation into a

polymeric network and allows the process of polymerization or resinification.

The chelating polymer should be resistant to strong acids and alkalies at elevated

temperatures.

3. The chelating ligand should preferably be multidentate, permitting the formation

of 1:1 chelate with metal ion. Chelating ion exchangers should be monofunc-

tional as far as possible.

4. The chelating ion exchanger should possess good swelling properties, and

compatibility between the polymer and the medium (generally aqueous) is

essential; this can be regulated by the presence of hydrophilic groups on the

polymer and the extent of cross-linking. A high degree of cross-linking results in

increased mechanical strength, but the swelling properties of the reagents are

adversely affected.

Based on the experience of the researchers working on the use of chelating ion

exchangers on columns for the separation of trace metal ions, the following points

are highlighted:

1. The choice of the correct chelating functional group is a critical factor for the

efficient functioning of the separation system.

2. The efficiency of the separation system depends on the homogeneity of the

bonded functional group.

3. Generally, bi- or tridentate ligands are preferred over those with higher denticity.

The ligands with higher denticity have slower kinetics of dissociation because of

the number of bonds involved with the metal.

4. The chelating groups should have a broad spectrum of chelating action and have

no special selectivity for one or two separate metals.
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10.4.1 Chemical Functionalization: Incorporation of Chelating
Ligands into Polymeric Matrices

Chemical functionalization means incorporation of chelating ligands into the

polymeric matrices. The chelating ion exchange resin is developed by fictionaliza-

tion of the polymeric matrices. Some of the most frequently used chelating ligands

are the carbamates, b-diketones, diamine, aminodiacetate and imino acids, various

azo-triphenylmethane dyes, and 8-hydroxyl quinolinol.

Akelah and Sherrengton [16] have discussed three methods which have been

employed to incorporate active functional groups into polymer chain:

(a) Direct polymerization and copolymerization of monomers containing the

desired functional groups

(b) Chemical modification of preformed polymer

(c) Both (a) and (b)

The method involving the incorporation of chelating ligands into preformed

polymers or matrices to synthesize chelating ion exchange resins is preferred over

other methods. This method offers to control the degree of functionalization by

varying the amount of the cross-linking agent and the extent of modification in

preformed matrices. A large number of chelating ion exchangers has been prepared

by attaching a chelating ligand to a preformed polymer, and the most extensively

used preformed polymers are the copolymers of styrene divinylbenzene.

Apart from covalently bound and permanent impregnation techniques of

forming a chelating surface, there is another approach that, as yet, has been with

little study. This is the dynamic modification of the substrate where the chelating

compound is added to the mobile phase.

10.5 Exchange Equilibrium Involving Chelating Ion

Exchangers

The chelation exchange process involves the formation of a covalent coordinate

bond between a metal cation and the functional groups present on the surface of the

chelating exchange resin. On the other hand, ion exchange mechanism involves the

equivalent exchange of ions between two or more ionized species located in

different phases, and one of which is an ion exchanger, without the formation of

a covalent bond. Thus, in chelation exchangers, the thermodynamics and kinetics of

metal complex formation and dissociation control the process.

For efficient chromatographic separations of metal ions on columns containing

chelating exchange resins, the chelating groups should be readily accessible so that the

chelation of metal ions takes place readily without steric hindrance. The equilibrium

between a divalent metal ion (M2+) and a chelating resin (RL�H+) may be written:

M2þ þ 2RL�Hþ ! ðRLÞ2Mþ 2Hþ:
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Mostly, the chelating ligands are conjugate bases of weak-acid groups and

accordingly have strong affinity for hydrogen ions. Increasing the H+ concentration

in the eluent weakens the chelates and speeds up the elution. Therefore, an acidic

eluent is used to control this equilibrium so that the retention factor of the sample

metal ion is in the desired range. Separations of different metal ions will occur due

to differences in their metal stability constants. Ligands being charged species,

cation exchange due to electrostatic interactions may also take place, and generally

the dominance of the chelation mechanism is achieved by ionic strength

regulations. Other dominant factors affecting the separation are pH of the eluent

and temperature. A strong correlation between the retention of metal ions on

IDA-silica [17] and the corresponding stability constants has been demonstrated

at high ionic strength of the eluent and increased temperature.

The separation of metal ions on a chelating resin column can also be achieved by

using a complexing eluent (E�), such as oxalate and tartrate at a fixed pH.:

RLð Þ2Mþ 2E� ! 2RL� þME2:

The presence of a complexing agent in the mobile phase results in a competition

between the chelating group on the surface of the substrate and the chelating group

in the mobile phase. Thus, the retention of metal ions will be influenced by the type

and concentration of L� in the chelating resin, the pH of the eluent, and the type and

concentration of E� in the eluent. Because the formation and dissociation of metal

chelates are slower than a simple ion exchange equilibrium, it is essential to select

chelating resins with fast kinetics. When a complexing eluent is involved, the

kinetic situation may become more difficult, and slower equilibrium between the

metal chelate and the eluent chelate also exists.

10.6 Chelating Ion Exchangers Containing Chelating Ligands

Chelating ion exchangers containing different chelating ligands are extensively used

for chromatographic separations. The chelating ligands include the iminodiacetic

acid, dithiocarbamates, b-diketones, diamine, aminodiacetate and imino acids,

various azo-triphenylmethane dyes, and 8-hydroxyl quinolinol. The chelating

exchangers containing commonly used ligands along with their applications are

discussed in this section.

10.6.1 Chelating Ion Exchangers Containing Iminodiacetic Acid
Functional Group

Iminodiacetic acid and its derivatives have been incorporated into a variety of

polymeric matrices using addition and condensation polymerization. The chelating
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ion exchangers are synthesized by the modification of a polymer through a

sequence of reactions on the polymer itself. The best route for the synthesis of

iminodiacetic acid resin on a polystyrene matrix consists in the treatment of cross-

linked polystyrene with iminodiacete, and its subsequent hydrolysis [18] is depicted

in Fig. 10.3. The chelating resin was first manufactured by the Dow Chemical

Company and was marketed as Dowex A-1. The iminodiacetic acid resin contains

average out of every 8 rings in the resin 5 is substituted with iminodiacetic acid.

The resins containing iminodiacetic functional groups that are now commer-

cially available under different names are given in Table 10.1. The free acid form of

an IDA resin has a symmetric structure, and various forms of the ligand as a

function of pH are given in Fig. 10.4. In alkaline solutions, the protons can be

neutralized in two consecutive steps, leading to a deprotonated form which exists

only at pH > 12. Furthermore, at high proton concentrations in the liquid phase, the

nitrogen atom is protonated, and thus, the resin can absorb anions [19].

Dowex A-1 acts as a tridentate ligand bonding through the imino nitrogen atom

and through two carboxylic oxygen atoms involving deprotonation (Fig. 10.5).

These chelating ligand forms mainly 1:1 complexes with different metal ions,

though the possibilities of 1:2 metal to ligand complexes may occur.

Most of the IDA metal complexes are being kinetically labile and moderately

soluble. These properties ensure the reversible sorption of metal ions. Thus, the

IDA function is one of the most favorable from the view of kinetics and specificity

of chelate formation, and IDA emerged as the most promising ligand suitable for

chromatographic separations. Among the commercially available resins, Dowex

A-1 and Chelex-100 have been used for the selective separation of various metal

ions from alkali and alkaline earth metal ions as a function of pH, even from higher

ionic strength. The selectivity coefficients of resin relative to calcium, KM Ca,

are 4.9 for Mn2+, 15.2 for Co2+, 19.8 for Zn2+, 52 for Ni2+, and 500 for Cu2+ [20].

The affinity of IDA stationary phase toward transition metal ion is of great

----------HC ----------

+

----------HC ---------- ----------HC ----------

N
CH2COOH

2ClCH2CO2Na

H2CH2C

CH2COOH

+
dioxane

CH2CH2CH2

CH2Cl NH2

NH3

Fig. 10.3 Synthesis of polystyrene-iminodiacetic acid [18]

RCH2NRCH2NH+

CH2COO-

CH2COO-

CH2COO-

CH2COO-RCH2NH+

CH2COOH

CH2COO-
RCH2NH+

CH2COOH

CH2COOH

pH 2.21 3.99 7.41 12.30

Fig. 10.4 Structure of iminoacetic acid ligand as function of pH
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advantage for the determination of trace metals in samples containing high levels of

alkali and alkaline earth metal ions.

A comparative study between macroreticular and microreticular chelating resins

containing iminodiacetate groups has been preformed. Macroreticular chelating ion

exchangers containing iminodiacetate groups prepared from XAD-1, macro-

reticular styrene-divinyl copolymers, show selectivity among metal ions similar

to those of the commercially available microreticular chelating resins [21]. The

selectivity order for the macroreticular iminodiacetate resin is K+ < Mg2+ < Ca2+

< Mn2+ < Ni2+ < Co2+ < Zn2+ << Cu2+. Hering [22] determined the following

order for a gel-type iminodiacetate resin: Na+ < Mg2+ < Ca2+ < Co2+ < Zn2+

< Mn2+ < Ni2+ << Cu2+, while Rossets [20] determined the selectivity of Dowex

A-l as Mg2+ < Mn2+ < Co2+ < Zn2+ < Ni2+ << Cu2+. The elution order with the

macroreticular chelating resin is therefore similar to that previously observed with the

microreticular chelating resins. However, the chromatographic separation on the

macroreticular chelating resin is rapid and sharp (Fig. 10.6).

A silica-based (Nucleosil 300-7) IDA substrate was synthesized for the determi-

nation of trace metal ions in seawater [23]. The effect of various complexing

eluents (ethylenediamine, PDCA, tartrate) on the speed of separation was studied.

A tartrate eluent (pH 2.5) was found suitable for the determination of Co(II) < Zn

(II) < Cd(II) in seawater, the analysis time was �20 min. The factors affecting

the elution parameters to optimize separation on a commercial IDA-silica packing

(Biochem Mach, Ruslar) are ionic strength and pH. Increasing the ionic strength

negates the ion exchange interactions and ensures that chelation is the dominant

mechanism. With pH being the fundamental parameter to manipulate retention,

chelating groups are conjugate bases of weak acids and correspondingly have

high affinity for protons. Increasing the temperature increases the retention of

metal ions due to the “chelate effect” and changes in entropy. Under optimized

conditions, 35 mM potassium chloride, 65 mM potassium nitrate, pH 2.5, 50�C,
and Cd(II) < Co(II) < Zn(II) were determined in freshwater samples, using PAR

H2C CH2

CH2
CH2

CH2

C

O

O

C O

O

---------

N M

C O

O
N

M C O

O

Fig. 10.5 Possible metal

coordination of chelating ion

exchangers
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(495 nm). Mn(II) coeluted with the alkaline earths on the solvent front at lower

temperatures [24].

The silica-gel-bonded IDA substrate-based chromatography IC column was

employed for chromatographic separation of 14 lanthanide ions and yttrium [25].

The influence of nitric acid concentration, ionic strength of the eluent, and temper-

ature as well as complexing agents (diglycolic, maleic acid) was investigated. It

was shown that with nitric acid as the eluent, in the presence of 0.5–1.0 M

potassium nitrate, the retention of the lanthanides under increased temperature is

defined mainly by the stability of the corresponding surface complexes with

Mg Mn Zn

1000 2000
Eluent Volume,    ml

Cu

C DBA

C DBA

A
bs

or
pt

io
n,

re
la

tiv
e 

un
its

K Ca Co Zn Cu

Fig. 10.6 Chromatographic separations with the macro reticular iminodiacetate ion exchange

resin. Buffer solutions: A-pH 4.3, B-pH 3.1, C-pH 2.0, D-pH 1.2 (Reprinted from Ref. [21] with

kind permission of # Elsevier (1970))
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iminodiacetic acid functional groups (Fig. 10.7). The combination of increased

ionic strength of the eluent (0.5 M potassium nitrate) and increased temperature of

the chromatographic column (65�C), under an optimal concentration of nitric acid

(1.6 � 10 M), allowed the isocratic separation of 14 lanthanide ions and yttrium in

65 min. This work also suggests that high-performance chelation of complex

matrixes is definitely possible.

An other application of the IDA-silica-based exchanger is in the determination

of Fe(II) and Fe(III) in many sample types. One important example is in the power

industry where the measurement of the two forms in boiler water can give important

information about potential corrosion problems. IDA-silica is ideal for this analysis

as the eluent can be optimized to give very short retention times. Figure 10.8 shows

a chromatogram of Fe(II) and Fe(III) separations at two different concentration

levels. The high sensitivity and low LODs are due to the short retention times [17].

An iminodiacetic resin, amberlite IR-718, is employed for the removal of Hg(II)

selectively from solutions containing iron, zinc, cadmium, and lead in sulfuric acid

at pH 1.5. The resin is highly selective for Hg(II). Hg capacity at pH 1.5 is about

3.3 meq/g, although the full capacity will not be realized in applications requiring

very low Hg leakage [26]. The effectiveness of IRC-718 is very dependent on

pH, and regeneration with 3 M NaCl at near-neutral pH yields a solution from

which mercury can be recovered by reduction to an insoluble and commercially

valuable form.

0 10 20 30 40 50 60 70

LuYb
Tm

Er

HoDy
Tb

Eu

Gd
Sm

Y
Nd

Pr
Ce

Lu
658 nm

0.002 au

Time, min

]

Fig. 10.7 Isocratic separation of standard mixture of 14 Lanthanides and Yttrium. Eluent:

1.6 � 10�2 M HNO3 with 0.5 M KNO3; flow-rate 1.0 ml /min; column temperature 65�c; sample

volume 20 ml; sample concentration of each metal was 4 ppm in 0.2% HNO3 (Reprinted from Ref.

[25] with kind permission of # Elsevier (1997))
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10.6.2 Chelating Ion Exchangers Containing Amino Phosphonic
Acid Functional Group

Resins containing aminophosphonic acid functional groups show increased selec-

tivity toward toxic heavy metals and are commercially available under the trade

names Lewatit OC1060 (Bayer), Duolite ES-467 (Rohm & Hass), Purolite S940

and 950 (Purolite Intl.), and Chelate P (SERVA). The kinetics of the complexation

of Aminophosphonic acid silica (APAS) is as good as with IDA, and a more closely

spaced selectivity coefficient under acidic conditions allows the high-efficiency

isocratic separation of a great number of metal ions. These reagents have been used

for preconcentration of uranium and thorium and other trace metals from natural

and industrial water [27–30].

APAS was synthesized [31] by the reaction of aminopropylsilica with

hypophosphorous acid and formaldehyde (Fig. 10.9). APAS contains 0.35 mmol/

g unreacted aminopropyl groups and 0.1 mmol/g aminophosphonic acid functional

groups at the surface.

Aminophosphonate functionality can be represented as shown in Fig. 10.10,

depending on the pH of the eluent. APAS can exhibit properties of acids due to the

dissociation of the phosphonic acid functional groups and base properties due to the

2.0

1.6

1.2

0.8

0.4

0.0

-0.4

0 1 2 3 min

mau

Fe (III)

Fe (II)

Fig. 10.8 Separation of Fe(III)/Fe(II) at two different concentration levels using a 100 � 4.0 mm

ID-silica, 5 lm column. Injection volume, 100 mL, 20 mg/L of each species (dashed line) and 2 mg/
L of each species (solid line) (Reprinted from Ref. [17] with kind permission of # Elsevier

(2007))
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presence of a secondary amine group. The pKa values for the corresponding

equilibrium between different forms of aminophosphonic acid are 1.45, 5.4, and

11.0, respectively [32].

The amino methyl phosphonic acid chelating group has three ligating atoms and

so is potentially a tridentate ligand (Fig. 10.11), having two bonding sites at

phosphonic acid group and one coordination site yielding secondary nitrogen

atom, respectively, N, O, and O chelation system. Thus, aminomethylphosphonic

acid can bind metal ions via oxygen atoms from the phosphoric group normally

under acidic conditions and nitrogen from secondary amino groups. As pH

increases, the formation of complexes involving N, O, and O cannot be ruled out

depending on the magnitude of individual metal stability constant. This type of

ligand shows 1:1 M-L stoichiometry, and mostly the formation of a four-member

ring occurs through deprotonation of the P–OH group. Normally, amine nitrogen

does participate under acidic conditions, and chelation occurs through the O–O

chelating system. However, the formation of N, O, and O chelation cannot be

ruled out.

Si O Si NH2
.

.
. + NaH2PO2 + HC

O

H

Si O Si NH
.

.
. CH2CH2CH2

CH2CH2CH2

CH2 P

OH

OH

O
HCl

propylene glycol

APAS

Fig. 10.9 Synthesis of aminophosphonic acid silica (Reprinted from Ref. [31] with kind permis-

sion of # Elsevier (1998))
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Fig. 10.10 Structures of aminophosphonate at various pH
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Aminophosphonate bonded to silica is reported to be more efficient and versatile

than the IDA-based substrate. An aminomethylphosphonic acid-functionalized

silica column was employed to study the chromatographic behavior of alkaline

earth metals, Cu(II), Mn(II), Co(II), Zn(II), Ni(II), and Pb(II). The observed reten-

tion order of transition and heavy metal ions is Ni(II) < Mg(II) < Co(II) < Zn

(II) < Cu(II) < Pb(II) < Cd(II) < Mn(II). This order agrees very closely with the

order of stability constants for metal proton ligand [MHL] complexes of

aminomethylphosphonate measured by Mohn and Abbot [33]. The chromatogram

(Fig. 10.12) illustrates the high selectivity for Mn(II) at pH 1, eluting last after Cu
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Fig. 10.11 Possible metal coordination of APAS

Fig. 10.12 Separation Of Ni(II) 1 ppm, Zn(II) 2 ppm, Cu(II) 1 ppm, Cd(II) 1 ppm, And Mn(II) 1

ppm on the aminophosphonic acid-functionalized silica column, 250 � 4.6 mm. Eluant:1MKNO3,

100 mm HNO3 (Reprinted from Ref.[32] with kind permission of # Elsevier (1999))
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(II). The high-efficiency isocratic separation of a greater number of metal ions in a

reasonable time takes place.

APAS also shows a very high selectivity between the alkaline earth group and 2+

transition and heavy metal ions at high pH as well as good resolution between the

individual members of each group at selected pH values as shown in Fig. 10.13.

These characteristics make aminophosphonate chelating substrates a useful and

more versatile phase for high-performance chelation ion chromatography than

iminodiacetate phases.

Purolite S950, a microporous styrene divinylbenzene chelating resin containing

an aminophosphonic acid functional group, has been shown to have a high affinity

for various heavy metals, and its successful application in metallurgical and waste

water treatment processes has been encouraging [28, 34]. The aminophosphonate

chelating reagents have greater success in the recovery of metals from complex

solutions in comparison to cation exchange resins.

Purolite S950 was investigated for the adsorption of Ni and Co present as metal

organic complexes during the biological leaching of low grade nickel laterite ores

[35]. The adsorption of the various Ni and Co complexes on Purolite was quite low,

16–18 and 5.4–9 mg/g of resin, respectively, in comparison to the smaller nickel

ions and nickel sulfate. This was attributed to the bulky organic ligands which

promoted a crowding effect or steric hindrance. The adsorption of these complexes

was further hampered by the strong affinity of the resin to H+ ions under acidic

conditions. The elution efficiency of both Ni and Co complexes from Purolite S950

resin was high (82.5%).

In another study, resins with typical chelating functional groups Purolite’s

iminodiacetate S930, aminophosphonate S940 and S950, thiouronium S920 resins,

Fig. 10.13 Separation Of Ba(II) 1 ppm, Sr(II) 1 ppm, Ca(II) 1 ppm, And Mg(II) 1 ppm on the

aminophosphonic acid-functionalized silica column, 250 � 4.6 Mm. Eluent:1MKNO3 at pH 5

(Reprinted from Ref.[32] with kind permission of # Elsevier (1999))

10 Chelating Ion Exchangers: Theory and Applications 391



and salicylic acid (Spheron Salicylide) were tested for their abilities to remove Zn,

Ni, Cu, and Cd from solutions simulating waste effluents from the metal-plating

industry [36]. From the pure-metal chloride solutions, the aminophosphonate resin

showed the best performance, and it behaved in the same way in most of the studied

solutions. Capacities between 0.85 and 1.4 meq/mL at 5% breakthrough (BT) point

were obtained in the series of Ni–Cd–Zn which is well in line with literature [6].

The decontamination factors (DFs) were good at around 250. In copper sulfate

solutions, the uptake and the DFs were considerably lower, being 0.35 meq/mL and

100, respectively. Complexing agents, especially cyanide, considerably reduced the

performance of the resins with only a few exceptions. Ammonium seemed to

improve the ion exchange performance of some chelating resins, and capacities

higher than the theoretical values, given by the manufacturer, were measured.

Comparative experiments between chelating-strong acid and weak-acid ion

exchange resins showed that the advantage of chelating exchangers over strong-

and weak-acid exchangers is the very low metal BT level, even as low as 2 mg/L,
which is very important, especially in the end-of-pipe polishing.

10.6.3 Chelating Ion Exchanger Containing Dithiocarbamate
Functional Group

Dithiocarbamates form exceptionally strong insoluble complexes with a large

number of metal ions except alkali and alkaline earth metals. The chelating ability

of dithiocarbamate has been explored by anchoring onto a variety of polymeric

supports.

Several dithiocarbamate resins are synthesized by treating polyamine-polymer

urea resins containing some available secondary amine groups with carbon disul-

fide [37]. These dithiocarbamate chelating resins form mainly (1:1) metal to ligand

complexes, and the capacity of resins for various metal ions tested appears to follow

the order Ag+ > Hg2+ > Cu2+ > Sb2+ > Pb2+ > Cd2+ > Ni2+ > Co2+, and Ca2+

was not taken up. Poly(dithiocarbamate) has been used for concentration and

separation of trace elements from complex matrixes. The structure of the styrene

vinylbenzene-based dithiocarbamate ligand is given in Fig. 10.14.

CH----------H2C

N

C2H5

CH2

S-Na+

S

Fig. 10.14 Structure of

chelating exchanger

containing ligand

dithiacarbamate
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According to the principle of HSAB, sulfur-containing groups are, namely, soft

bases, and therefore, it is reasonable to use sulfur-containing functional group

materials to remove with much efficiency such soft acids like Cu(II), Pb(II), Ni

(II), etc. [15]. Various types of dithiocarbamate (DTC) which were widely used as

sulfur-bearing complexing agents were anchored to diverse polymeric supports to

remove and separate heavy metals from different systems [38–40]. Nevertheless,

those synthesized chelating resins possessing DTC as the sole functional group still

suffer from disadvantages including the low-adsorption selectivity and capacity

toward divalent metals. Recently, a new PS-DVB copolymer (PSDC), consisting of

DTC and IDA moiety, with the chemical functionalization with sodium N,N0-di
(carboxymethyl) dithiocarbamate, has been synthesized [41]. The typical characters

and the special performances of such typical divalent heavy metal ions like Cu(II),

Pb(II), and Ni(II) are comprehensively investigated. The synthesis of the PS-DVB

copolymer (PSDC) was done as follows: N, N0 di(carboxymethyl) dithiocarbamate

(N-DC) acid was prepared by the reaction of carbon disulfide with iminodiacetic

acid. The chloromethylated PS-DVB copolymer was reacted with N-DC to form the

N,N0-di(carboxymethyl) dithiocarbamate resin (Fig. 10.15).

The adsorption behavior of Pb(II), Cu(II), and Ni(II) by PSDC was pH depen-

dent, with the most effective uptake at pH of 5–6. The strong affinity of PSDC

toward these target soft acids could be well demonstrated with the electrostatic

attraction and chelating interaction caused by IDA moiety and sulfur. This new

material shows the characteristics of a chelating exchanger and can therefore be

used as an alternative adsorbent in selective separation processes.

10.6.4 Chelating Ion Exchanger Containing Phenolic
and Carboxylic Acid Groups

Compounds containing phenolic groups can easily be converted into polymeric

compounds by condensing them with HCHO or any other aldehyde, with or without

phenol, in the presence or absence of a cross-linking agent to get gel-type ions.

Fig. 10.15 (a) Preparation of N-DC (b) Preparation of PSDC
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The salicylic acid exchangers exhibited selectivity for copper, aluminum, and

uranyl ions. These resins were used successfully in column operations to determine

the iron and copper contents of the brine. A chelating resin containing salicylic acid,

chemically bound via the side chain azo group to hydrophilic glycol methacrylate

gel, has been reported by Jing et al. [42] and is commercially available under the

trade name Spheonsalicyl-1000. Table 10.1 shows high selectivity for iron(III) and

aluminum(III) above pH 2.5.

Salicylate-containing ion exchange resins exhibit the selectivity order as per the

stability constant of metal salicylate complexes. The order of the stability constants

of metal salicylate complexes, is Fe3+ > Al3+ > Cu2+ > Ni2+ ¼ Co2+ ¼ Zn2+

[43]. This is the controlling factor in the metal take-up by the resin, the effect of

hydrated ionic radius playing at most a minor role. However, a lightly cross-linked,

polystyrene-based exchanger demonstrated higher selectivities than a highly cross-

linked dense condensation resin. A salicylate resin showed better selectivity for iron

(III) than an equivalent p-hydroxybenzoate resin, and it is possible to produce

salicylic acid condensation resins suitable for column operations [44]. The resin

used for column work showed selectivity for iron(III) and copper(II) ions over

manganese and sodium ions. The results with the polystyrene-azo-salicylate resin

confirmed the findings of Vernon and Eccles [45] that the functional group shows

selectivity for uranyl ions in the pH range 3–4.

Iontosorb oxin (IO) and iontosorb salicyl (IS), cellulose resins containing cova-

lently bonded 8-hydroxyquinoline, and salicylic acid functional group were used

for the determination of speciation of aluminum in water samples. The determined

ratio of reactive Al in the water samples was relatively high – from 64.2% to 89.9%

of total Al content. This method offers a relatively simple technique, without a need

for high-cost instrumentation, and can also be performed in the field [46].

10.6.5 Chelating Ion Exchange Resins Containing Hydroxamic
Acid and Amidoxime Functional Group

Chelating ion exchange resins containing hydroxamic acid groups have been

synthesized from cross-linked poly(carboxylic acid) resins by the conversion of

the carboxyl groups to the acid chloride [47, 48] or to an ester [49], followed by

treatment with hydroxylamine.

Alternatively, the poly(hydroxamic acids) prepared from the hydrolysis of cross-

linked poly(acrylonitriles) and subsequent condensation with hydroxylamine show

high stability toward concentrated acids and bases during regeneration and, in turn,

retain their high capacity for iron(III) ions (3.5 mmol/g) [50]. This type of chelating

ion exchanger is cheaper and easier to prepare than Dowex A-l, and the swelling,

equilibration rates, and total capacities are comparable. They possess higher selec-

tivity, which makes them more versatile ion exchangers for analytical purposes.
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The synthesis of a macroporous cross-linked poly(hydroxamic acid) has been

achieved through the hydrolysis of a cross-linked poly(acrylonitrile)-DVB copoly-

mer to an amide upon treatment with hydroxylamine [51]. This polymeric ligand

has been reported to be superior to those previously reported and was found

selective for iron(III), vanadium(V), and mercury(II). These types of resins are

completely stable toward 5 M HCl or H2SO4 and also to 1 M NaOH. The main

advantage of such types of resin appears to be their ability to separate multivalent

ions, e.g., iron(III) from Cu(II) at pH 1.5 and Cu(II) from Co(II) at pH 3.5, whereas

iminodiacetic acid resin is most useful for blanket extraction of these metal ions at

pH > 5. The application of these resins for the recovery and separation of iron and

uranium from sea water samples is studied. Sorption and desorption of gold and

silver by this exchanger and separation from each other are reported [52].

Another class of chelating ligands, amidoxime, are being increasingly studied

for their incorporation into chelating exchangers because of their ability to selec-

tively bind to several metal ions such as iron(III), copper(II), and uranyl(II) at very

low pH range. A poly(acrylamidoxime) metal chelating resin is cross-linked with

divinylbenzene to improve its mechanical stability for use in columns [53]. The

proposed structure of a poly(acrylamidoxime) resin is depicted in Fig. 10.16.

Fig. 10.16 The proposed structure of poly(acrylamidooxime) resin

10 Chelating Ion Exchangers: Theory and Applications 395



In comparison with Chelex-100 and a poly(dithiocarbamate) resin [54], the poly

(acrylamidoxime) resin (CII) has been shown to possess a distinct advantage in the

full recovery of sequestered metals. A commercial resin, Duolite CS-346, cross-

linked to a polyacrylic matrix containing an amidoxime functional group, strongly

binds iron(III), uranium(VI), vanadium(II), and copper(II) and binds moderately

with cobalt(II) and nickel(II), whereas metals like chromium(III) also form rela-

tively stable complexes with this resin at relatively low pH [52]. Using this

chelating resin, the separation of iron(III), copper(II), and uranium(VI) ions,

using pH control, was studied by Vernon and Kyffin [55].

A new resin, epoxidized polybenzimidazole (Dimethylglyoxime) [EPBI

(DMG)], was prepared from microporous polybenzimidazole (PBI) of 250–500-m
m spherical bead size from Celanese reaction with epichlorohydrin and sodium

hydroxide, and the resulting epoxidized product (EPBI) (Fig. 10.17) further reacted

with DMG using a quaternary ammonium salt as the phase transfer catalyst [56].

The resin has high sorption capacity for UO2
2+ and Fe3+. The sorption of UO2+ is

the maximum in weakly acidic or neutral solution pH (5–7) while the uptake of Fe3+

is not affected by pH. The sorbed UO2
2+ is readily stripped by 1N HCl, with nearly

90% stripping taking place in 1 min under vigorous agitation, and thus provides a

method for selective stripping and recovery.

10.6.6 Chelating Ion Exchanger Containing
8-Hydroxyquinoline

The chelating ion exchange resins incorporating 8-hydroxyquinoline (oxine or 8-

quinolinol) form an important and extensively studied class of selective ion

exchangers. A large number of resins with oxine as a functional group having

different types of matrices have been synthesized. The oxine resins studied so far

can be divided into four groups: (1) cross-linked polystyrene resins with oxine

groups attached to a styrene ring via an azo linkage; (2) condensation resins derived

from formaldehyde, phenol, and oxine; (3) resins derived from poly(5-vinyl-oxine);

and (4) oxine attached to silica gel and porous glass beads. Parrish synthesized [57]

an oxine resin using cross-linked polystyrene as a matrix in which the chelating

group is linked through an azo group, and the resin, polystyrene-(4-azo-5)-

8-hydroxyquinoline, was synthesized (Fig. 10.18).

O

N + HON C C NOH
Cat.

N CH2CHCH2O N C C NOH

OH

H3C

H3C

H3C

H3C
CH3CH3

CH2CH2.HC

CH3CH3

EPBI EPBI (DMG)DMG

Fig. 10.17 Synthesis of epoxidized polybenzimidazole (EPBI) (Reprinted from Ref. [56] with

kind permission of # Elsevier (1989))
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A commercial resin containing 8-quinolinol as a chelating group is now avail-

able commercially as Spheron Oxine-1000 (Table 10.1). This resin consists of a

matrix of a copolymer of hydroxyethyl methacrylate, and ethylenedimethyl acry-

late, and the functional group is bound to the polymeric matrix via an azo group

[58]. Spheron Oxine-1000 does not interact with ammonium and alkali metal ions

or (in acidic media) with ions of alkaline earths. This resin thus differs from

classical chelating resins containing iminodiacetic acid groups, which also possess

the nonselective properties of weak carboxylic cation exchangers. In contrast, the

affinity of Spheron Oxine is remarkably high for heavy metal ions and is only

slightly influenced by ionic strength. The exchange capacity of this resin for most

heavy metal ions varies from 0.2 to 0.3 mmol/g at pH 5. Spheron Oxine-1000 is

useful for group-selective separation of metal ions like Mn2+, A13+, Pb2+, Zn2+,

Cd2+, Co2+, Ni2+, Fe3+, Cu2+, and UO2
2+ [59].

8-Hydroxyquinoline immobilized on silica gel has been prepared and used for

the preconcentration of Cd, Pb, Zn, Cu, Fe, Mn, Ni, and Co from seawater prior to

their determination by graphite furnace atomic absorption spectrometry [60].

10.7 Chelating Ion Exchangers for Separation of Anions

The chelating resins can also be employed for the separation of anions by loading

metal ions onto a weak base chelating resin. Recently, six new chelating resins were

prepared by functionalizing three commercially available XAD resins of various

matrix properties, including XAD1180, XAD16, and XAD7HP for selective sepa-

ration of strong ligands such as arsenate [61]. Two types of pyridinyl functional

groups were loaded on these sorbents, one with two nitrogen donor atoms (2 N) per

functional group and the other with three N-donor (3N) atoms per functional group.

Consequently, six polymeric ligand exchangers (PLEs) were prepared by

immobilizing Cu(II) ions onto these chelating resins, where Cu(II) serves as the

surface central metal (Fig. 10.19). The highest Cu(II) loading was determined to be

44 mg/g. The PLEs displayed greater affinity toward arsenate than for sulfate. The

N N

N

CH----------H2C

HO

Fig. 10.18 Structure of poly

(acrylamidoxime) resin
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binary arsenate-sulfate separation factor (aAs/S) ranged from 5.1 to 10. Bench-scale

column breakthrough tests confirmed the greater selectivity for arsenate over other

common anions (sulfate, bicarbonate, and chloride). The breakthrough of arsenate

occurred last at �920 BV for XAD1180-3N–Cu. The PLEs can be effectively

regenerated using 8% NaCl at pH 10. The arsenate capacity can be completely

recovered using the brine. Despite the high surface area, the PLE’s sorption

capacity was limited by the hyper-cross-linkage and the degree of methylation/

amination of the template XAD resins.

10.8 Concluding Remark

The development of new chelating ion exchange materials with special chelating

properties can provide better kinetics of interaction between metal ion and chelating

groups, and better understanding of their coordination chemistry at surfaces can

revolutionize the domain of chromatographic separation of trace metal ions partic-

ularly from complex matrices.
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Chapter 11

Ion Exchange Voltammetry

Paolo Ugo and Ligia M. Moretto

Abstract This chapter focuses on recent advances in the field of ion-exchanger-

based voltammetric sensors, whose widespread use has given rise to a new

electroanalytical technique named ion exchange voltammetry (IEV). The chapter

starts with a brief historical overview and a short introduction to voltammetric

methods of analysis, followed by the presentation of the fundamentals of ion

exchange voltammetry. Analytical advantages and limits up to the most recent

developments in the technique are then presented and discussed. Typical examples

of application to determinations of trace concentrations of inorganic and organic

electroactive molecules of interest for environmental and biomedical analysis are

finally given along with future prospects.

11.1 Introduction

11.1.1 Ion Exchange Voltammetry: A Brief History

Ion exchange voltammetry (IEV) is a new analytical technique which conjugates

recent advances in the field of ion exchange in thin films with detection capabilities of

modern dynamic electrochemical methods of analysis. The idea as well as

fundamentals of IEV date back to the beginning of the 1980s, when pioneering studies

carried out in Anson’s, Bard’s, Murray’s, and other laboratories [1–4] showed the

possibility and advantages ofmodifying the surface of electrodes by simply depositing

a thin layer of an ion exchange polymer onto the electrode surface. The term ion

exchange voltammetry was firstly used by Chuck Martin and coworkers in a paper
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published in 1986 [5]. These and following studies opened the way to extended

research efforts which brought rapidly to the development of a large arsenal of

polymer-modified electrodes whose surface properties were tailored for specific

analytical purposes [6–9]. Side by side with continuously growing application

for analytical purposes, further recent advances in the field of IEV came from improve-

ments of the techniques used for controlling the molecular structure of ultrathin

ion-exchanger layers, thanks to the application to this aim of Langmuir-Blodgett

techniques, of self-assembled monolayers and layer-by-layer techniques, whose

principles can be found in references [10, 11]. This allowed one to obtain nano-

structured electrode interfaces which represent, indeed, successful examples of the

bottom-up nanotech approach, by which the careful and controlled assembly of

different molecular bricks allows the fulfillment of specialized functions in an analyti-

cal device, in this case, an electroanalytical sensor.

Themodification of electrode surfaces is presently finding a large impulse, thanks

to the widespread interest for electrochemical sensors to be applied in different

fields, for instance, in advanced biomedical devices [12, 13] or for environmental

monitoring [7]. It can be noted that many of the early studies on polymer-coated

electrodes employed a variety of Ru, Ir, Os, and Fe complexes as electroactive

reversible probes which were used for understanding the fundamentals of charge

transfer at electrode/polymer interfaces. At that time, the electrochemistry of such

metal complexes was considered of almost no interest as far as practical applications

were concerned; nowadays, many of such molecules are widely used as redox

mediators in a variety of biosensors, including some of the most advanced DNA

chips [14–16] and glucose sensors [17].

The present chapter deals mainly with electrodes functionalized by thin films of

ion exchangers, deposited onto the surface of metal electrodes. It is divided into two

parts. In the first, the principles of IEV as well as its analytical advantages and limits

are presented and discussed. In the second, recent examples of application to

determinations of inorganic and organic electroactive molecules of interest for

environmental and biomedical analysis are given along with prospects for future

developments. For the case of electrodes in which the ion exchanger is incorporated

into the body of the electrode, such as carbon paste or screen-printed electrodes, the

reader is invited to refer to the review article published recently by Svancara et al.

on this specific topic [18].

11.1.2 An Introduction to the Detection Technique: Voltammetry

This section presents some short basic notions on electrochemical methods of

analysis, useful for understanding the functioning and better appreciating most

recent advancements in IEV, which constitutes the core of this chapter. Readers

interested in a deeper insight on fundamentals and applications of electroanalytical

techniques are addressed to specialized textbooks [19, 20].
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The analytes detected by electrochemical methods are redox species, that is,

molecules or ions which can release (or acquire) electrons to (from) proper reactants

(molecules or metal surfaces) characterized by oxidizing (or reducing) properties.

From a classification viewpoint, electrochemical methods of analysis are

divided in equilibrium methods (potentiometry) and dynamic ones (polarography,

amperometry, voltammetry, coulometry, and others) [19, 20].

In the former, no current circulate through the electrochemical cell and the

tendency of a certain redox reaction to occur is obtained by measuring the open-

circuit electrochemical potential (E(OC)) of the cell; it is linked to the concentration

of redox species in the electrolyte solution by the Nernst equation.

In dynamic (or transient) electrochemical techniques, a net current (or charge) is

obtained as the result of an external excitation (generally, a voltage waveform)

applied to the electrochemical cell; since such a current signal obeys Faraday’s law,

it is named Faradaic current. Experimental conditions are chosen so that the

system operates under concentration polarization conditions and the Faradaic

current (at proper applied potentials) is a function of the concentration in the

electrolyte solution of the redox species (analyte) being reduced or oxidized at

the electrode.

In voltammetry, the quantity being measured is the intensity of the electrical

current which circulates through the circuit composed of the so-called working

electrode (which is the “sensing” electrode), the electrolyte solution, and the

counter electrode (a large area electrode, with polarity opposite to the working

electrode). The excitation waveform is given as an electrical potential applied

(and changed in a known manner) to the working electrode with respect to a third

electrode, which acts as an unpolarized reference electrode (generally, a second

species electrode, e.g., an Ag/AgCl electrode).

In linear sweep and in cyclic voltammetry (CV), the potential (Eappl) applied to

the working electrode changes linearly with time (t) according to Eq. 11.1:

Eappl ¼ Ei þ vt (11.1)

where Ei is the initial potential which is lower than the Nernst potential (E0) of the

redox couple (i.e., jEij < jE0j); v is the scan rate (in V s�1 or mV s�1)

In CV, the potential is scanned forward and backward (once or many times,

depending on the measurement mode used) from Ei (where no Faradaic current is

observed sincejEij<jE0j) to move (with a certain scan rate) toward a vertex poten-

tial (Ev chosen so that jEvj>jE0j) where a net current corresponding to the Faradaic
reduction (or oxidation) of the analyte is observed. In the backward scan (from Ev

to Ei), the opposite electrode process occurs, which corresponds roughly to the

return to the initial redox state of the product generated; if the forward process is a

reduction, the process expected in the backward scan is the reoxidation of reduction

products.

Transport of the analyte from the bulk solution to the electrode/solution interface

can take place only by diffusion since convection and migration are inhibited by

keeping the solution quiet, by avoiding thermal gradients (eventually by a thermostat),
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and bymaking negligiblemigration by annulling the effect of the applied electric field

using an excess supporting electrolyte (electrochemically inert).

With planar electrodes of dimensions larger than the thickness of the diffusion

layer (see below), that is, in the millimeter size range, diffusion follows the so-

called semi-infinite planar diffusion model. The CV obtained under this diffusion

regime is characterized by two associated voltammetric peaks, one recorded during

the forward scan and one in the backward scan. The two peaks are located at

potential values symmetric with respect to a characteristic potential value named

half-wave potential (E1/2). For reversible redox couples, E1/2 ¼ (Epf + Epb)/2,

where Epf and Epb are the potentials of the forward and backward peak, respec-

tively; E1/2 is strictly related to E0 [19, 20]. If the analyte is an oxidized species,

then the forward peak corresponds to the direct process:

Oxþ ne ! Red (11.2)

and the backward peak to the reverse process (from electrogenerated Red back

again to Ox).

It would be worthy to note that in voltammetry, an electrochemical process is

considered reversible when the charge-transfer process between the analyte and the

electrode is faster than mass transport (diffusion). Therefore, under diffusion

control and when |Eappl| >> |E0|, a concentration gradient is generated between

the electrode surface (where the concentration of analyte is zero since all redox

molecules which come or are on the electrode surface are reduced) and the bulk

of the solution (where the concentration is the initial analyte concentration).

The region where a concentration gradient exists is called diffusion layer. Under

these conditions, the Faradaic current relevant to reaction 11.2 depends on the flux

of the analyte which diffuses from the bulk solution to the electrode surface, this

being inversely proportional to the thickness of the diffusion layer. This points out

that voltammetric responses are time dependent since the thickness of the diffusion

layer, d, depends on time according to Eq. 11.3:

d ¼ D tð Þ1=2 (11.3)

where D is the diffusion coefficient of the analyte (in cm2 s�1) and t is the

timescale of the experiment. Note that in voltammetry, t depends on the scan

rate according to:

t ¼ RT=Fv (11.4)

Scan rates normally used in voltammetry are between 0.020 and 1.000 V s�1,

and diffusion coefficients for solution species are of the order of 10�5–10�6 cm2 s�1,

so that it is easily estimated that the thicknesses of diffusion layers are in the

micrometer scale. This will be relevant when using electrodes with some peculiar

dimensions (electrode diameter or thickness of electrode coatings) in such or even

smaller dimension range.
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The Faradaic current signal (S) is not the only current being measured by

voltammetric electrodes; an electrode dipped in an electrolyte solution behaves,

in fact, also as a capacitor, and a certain amount of current (charging current) is

consumed to build up the so-called electrical double layer [19, 20]. The double-

layer charging current increases with the electrode area and the scan rate. Other

small currents, named residual currents and related to the electroactivity of trace

concentrations of redox impurities, can interfere with the recording of the Faradaic

current of the analyte. In voltammetry, double-layer charging currents and residual

currents constitute the main component of the noise (N). The voltammetric S/N

ratio can be improved by using the pulsed voltammetric techniques, such as

differential pulse voltammetry (DPV) or Osteryoung’s square wave voltammetry

(SWV) [19, 20]. These electroanalytical techniques use excitation waveforms

which are the combination of linear (or staircase) potential ramps with

superimposed sequences of short potential pulses (10–50 mV for 10–50 ms). Proper

sampling and combination of current values measured at fixed time lag with respect

to the pulses application allow significant improvements in S/N ratios and conse-

quent lowering of detection limit (DL) values. In fact, while with classical cyclic

voltammetry (where no noise reduction is applied), DLs are typically in the 10�4 M

range, with pulsed techniques, DLs go down to the 10�6–10�7 M range. Newly

advanced pulsed techniques such as, for instance, multiple square wave

voltammetry (MSWV) [21, 22] and double-differential MSWV [23, 24], allowed

even further lowering of voltammetric DLs.

The already low DLs achievable by using these pulsed techniques can be

improved by introducing a preconcentration step before the voltammetric detection.

The preconcentration of the analyte is performed directly at the transducer (electrode)

surface via Faradaic (for anodic, ASV, or cathodic, CSV, stripping voltammetry) [25]

and/or non-Faradaic (adsorption, ion exchange, complexation, etc.) processes [26];

this allows one to reach DLs as low as 10�9–10�11 M.

11.1.3 Classical Electroanalysis with Mercury and Related
Electrodes

Transient electrochemical techniques are very sensitive, and they allow one to work

rather easily at very low detection limits. In addition, they can give information on

the redox state and complexation of the analyte in the sample [27]. They can be

used in turbid or colored samples and do not suffer for interference from ambient

light. However, in some cases, dissolved oxygen (which is electroactive) can

constitute a problem and should be eliminated; indeed, some experimental tricks

can allow one to shorten or even avoid the necessity to eliminate dissolved oxygen

[28, 29]. All these characteristics make, in principle, electrochemical methods

and sensors attractive for determining redox analytes at trace (micromolar) and

ultratrace (submicromolar) concentration levels in complex samples such as those
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of interest, for instance, in environmental monitoring or for biomedical analyses.

However, up to the recent time, some limits to the widespread use of dynamic

electrochemical methods came from the fact that a great part of these methods were

based on the use of mercury as electrode material. Mercury has some advantages in

electroanalysis, and the very first dynamic electroanalytical method, polarography,

for which Jaroslav Heyrowski was prized with the Nobel Prize in 1959, was based

on the use of the dropping mercury electrode. However, because of the high toxicity

of mercury, nowadays, there is an increasing interest in developing methods which

employ different electrode materials. Note that, in addition to toxicity-related

problems, the use of mercury electrodes suffers also from other limitations. Even

the most recent mercury drop electrode systems are still rather expensive and

cumbersome; they use relatively high amounts of mercury and are rather compli-

cate for set up of unmanned automatic analyses. Recently, silver-mercury amalgam

[30] and bismuth [31] have been proposed as alternatives for mercury. However,

mercury as well as these alternative materials cannot be used at positive potential

values because of their easy oxidation, so that all the world of oxidation processes is

precluded to this kind of electrodes.

In order to widen the application field of electroanalytical methods, it is impor-

tant to develop novel electrode systems characterized by high sensitivity, good

reproducibility, wide usable potential window, and low cost and made of nontoxic

materials. Moreover, they should be characterized by intrinsic molecular recogni-

tion properties so that they can give specific responses in complex real samples

and can be used even for automatic continuous monitoring. Obviously, this is not an

easy task, also because interferences and artifacts are always a possible important

source of mistake; however, some significant steps in this direction have been taken

recently, also thanks to the development of new electrode systems and IEV.

11.2 Films of Ion Exchangers on Metal Electrodes

11.2.1 Principles of Ion Exchange Voltammetry

For simplicity, principles of IEV are discussed here for the case of the

preconcentration and electrochemical one-electron reduction of a cationic-oxidized

analyte, Mn+, at an electrode coated with a polyanionic film containing, for

instance, sulfonic groups as ion exchange sites. Analogue considerations can be

obtained, with the proper easy corrections, for IEV of anionic oxidized species on a

polycationic-coated electrode and for reduced cationic or anionic analytes as well.

The preconcentration capability of the coating is ruled by the ion exchange

equilibrium between the electroactive counter ion (analyte) and non-electroactive

counter ions present in the solution or already incorporated into the coating,

according to the following reaction [32]:

Mnþ þ n SO3
�Xþð Þ(+ n SO3

�ð ÞMnþ þ Xþ (11.5)
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where SO3
� are the ion exchange sites in the polymer, X+ is an electrochemically

inert counter ion (for simplicity, a cation of charge z ¼ 1, as generally is the

supporting electrolyte cation, e.g., Na+), and Mn+ is the multiply charged electro-

active analyte.

The extent of such equilibrium reaction is expressed quantitatively by the

selectivity coefficient KM
X :

KM
X ¼ ½Mnþ�p½Xþ�ns

½Mnþ�s½Xþ�np
(11.6)

where subscripts p and s indicate concentrations in the polymer and solution phases,

respectively, and square bracket indicates molar concentrations. With proper

adaptations, ionic equivalent fractions can be used instead of molar concentrations.

In some cases, a corrected selectivity coefficient is used, where activity coefficients

of the solution species are used instead of concentrations. It is worth stressing that

the selectivity coefficient is not strictly constant but can depend on experimental

conditions [32].

When the ion-exchanged analyte is a trace species, the changes in [X+]s and

[X+]p can be negligible and the selectivity coefficient can be conveniently

substituted by the distribution coefficient, kD, given as:

kDðMnþÞ ¼ ½Mnþ�p
½Mnþ�s

(11.7)

It is obvious that the analyte will be preconcentrated by coatings characterized

by kD > 1.

When a reducing electrochemical potential is applied (i.e., Eappl < E0), Mn+ is

reduced at the polymer/electrode interface and a voltammetric peak is correspond-

ingly recorded. If, as stated above, the reduction is a one-electron process

(i.e., number of electrons exchanged, n ¼ 1), reaction 11.8 holds [33, 34]:

n SO3
�ð ÞMnþ þ e� þ Xþ (+ n� 1ð Þ SO3

�ð ÞM n�1ð Þþ þ SO3
�Xþ (11.8)

Under proper experimental conditions (three-electrode electrochemical cell;

mass transport controlled by semi-infinite planar diffusion), the voltammetric

reduction current is a function of the concentration of electroactive species incor-

porated into the coating. It is interesting to note that the open circuit electrochemi-

cal potential at the coated electrode (E(OC)CE), obtained by applying the Nernst

equation to reaction (11.8), is given by:

EðOCÞCE ¼ E00 þ RT

F
ln
½Xþ�s
½Xþ�p

þ RT

F
ln

½Mnþ�p
½Mðn�1Þþ�p

(11.9)

11 Ion Exchange Voltammetry 409



where E00 is the formal potential of the incorporated redox couple at the ionic

strength of the coating; ionic activities have been approximated by their

concentrations. Equation 11.9 can be easily rearranged for cases where n or z 6¼ 1.

It was shown [33, 35, 36] that, when differences in diffusion coefficients of

oxidized and reduced species are negligible, the half-wave potential obtained by

IEV at the coated electrode, (E1/2)IEV, exhibited by the redox couple within the

coating is given by:

ðE1=2ÞIEV ¼ E00 þ RT

F
ln
½Xþ�s
½Xþ�p

(11.10)

The partitioning of the oxidized and reduced species between the solution and

the coating is ruled by relevant distribution coefficients; Eq. 11.7 for the oxidized

analyte is complemented by Eq. 11.11 relevant to the reduced partner:

kDðMðn�1ÞþÞ ¼ ½Mðn�1Þþ�p
½Mðn�1Þþ�s

(11.11)

By proper substitution, one gets:

EðOCÞCE ¼ Eo0 þ RT

F
ln
½Xþ�s
½Xþ�p

þ ln
kDðMnþÞ

kDðMðn�1ÞþÞ
þ ln

½Mnþ�s
½Mðn�1Þþ�s

( )
(11.12)

This equation is important for cases where both redox partners Mn+ and M(n�1)+

are present in the sample. In particular, when the concentration of electroactive

analytes Mn+ and M(n�1)+ is low, almost all the ion exchange sites are saturated by

X+ so that changes in [X+]p are negligible [37], and Eq. 11.10 can be rearranged as:

EðOCÞCE ¼ Kþ RT

nF
ln

½Mnþ�s
½Mðn�1Þþ�s

(11.13)

where

K ¼ E00 þ RT

nF
ln

kDðMnþÞ
kDðMðn�1ÞþÞ

þ RF

F
ln
½Xþ�s
½Xþ�p

(11.14)

This means that open-circuit potential values, E(OC)CE, measured by

potentiometry [37] at the polymer-coated electrode, change linearly with ln

([Mn+]s/[M
(n�1)+]s) with a slope equal to 59/n mV (at 25�C) and with an intercept

given by Eq. 11.14. If all the other terms are independently known, E(OC)CE values

allow one to calculate the concentration ratio in the sample solution between the

redox species Mn+ and M(n�1)+. Equation 11.13 is rather similar to the usual Nernst

equation for a redox indicator electrode [20] with the advantage that the coated
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electrode can preconcentrate the redox ions so, in principle, it can be used for trace

analysis; moreover, the coating rejects interfering species of opposite ionic charge

than the analyte.

These principles are the basis for performing redox state speciation of trace

analytes of environmental interest, as for instance, Fe2+ and Fe3+ cations [37], by

using ionomer-coated electrodes. By combining ion exchange voltammetry and

potentiometry (with both data sets obtained at the same polymer-coated electrode),

it is possible to obtain quantitative information on speciation. IEV is used for

quantifying total concentrations and for obtaining relevant kD values (see below);

potentiometry at the coated electrode is employed for obtaining the concentration

ratio between chemical species characterized by different redox states.

11.2.2 Current Signals at Polymer-Coated Electrodes

Many research papers have been devoted to study the mechanisms which rule mass

and charge transport phenomena in polymeric matrices (see Ref. [38–40] for

reviews). Depending on the experimental conditions involved (mainly, type of poly-

mer, redox properties, and concentration of the ion-exchanged analyte), the overall

transport process can be controlled by a variety of phenomena such as physical

diffusion of redox species, electron hopping, segmental motion of polymer chains,

polymer diffusion, counter ion migration, and ion pairing [38, 39]. Regardless of the

microscopicmechanism, such transport phenomena obeys Fick’s law of diffusion, and

the rate of transport depends on an observable parameter characteristic for the analyte

(and polymer layer) which is named apparent diffusion coefficient, Dapp.

Analogously with voltammetric experiments performed at the electrode/solution

interface, also at polymer-coated electrodes, peak currents are determined by the

dimensions and time dependence of the diffusion layer which (for the polymer case)

is the region of the electrode/polymer interface where an analyte concentration

gradient is generated by the applied potential. Note that, at polymer-coated

electrodes, the rate-limiting step which determines current responses is diffusion

through the electrode/polymer interface. It is therefore important to distinguish

whether the measurements are carried out in a timescale, t, for which the thickness

of the diffusion layer, d, is smaller or larger than the thickness of the polymeric

coating, F. This determines the existence of two different kinds of voltammetric

responses, typical of polymer-coated electrodes, which are [4]:

(a) A linear diffusion controlled behavior, when d << F
(b) A thin-layer-like behavior, when d >> F

The passage from situation (a) to situation (b) depends on relevant values of the

coating thickness and voltammetric scan rate. Under conditions (a), there is a pool

outside the diffusion layer which furnishes fresh analyte able to diffuse to the

electrode in the time course of the scan; for case (b), the analyte incorporated in
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the coating is reduced (or oxidized) exhaustively during the voltammetric scan. As

illustrated in Fig. 11.1, the characteristics of the voltammograms recorded under the

two conditions are very different:

– Under linear diffusion conditions (case a), the voltammetric peak shows the

classical diffusive tail due to the Cottrellian current decay observed at potential

values cathodic enough with respect to the peak potential (see Fig. 11.1a); the

peak current depends on the square root of v, according to easy rearrangement

[5] of the classical Randles-Sevcik equation, where Dapp substitutes D and

[Mn+]p ¼ kD[M
n+]s substitutes the bulk solution concentration.

– For a thin-layer-like behavior (case b), the voltammetric peak shows a

characteristic symmetric Gaussian shape (see Fig. 11.1b); the peak current Ip

depends linearly on the scan rate v, according to Eq. 11.15 [4]:

Ipð Þp ¼ 9:39� 105n2 v V Mnþ½ �p (11.15)

where V is the volume of the polymer thin layer (electrode area � film thickness).

Signals given by Eq. 11.15 are independent of Dapp but depend on the film

volume V. This means that the peak current in thin-layer-like conditions increases

with the film volume, that is, film thickness.

Measurements under thin-layer-like conditions are useful for measuring voltam-

metrically the amount of analyte incorporated in the polymer layer after equilibra-

tion with a certain concentration of analyte in the sample solution; this quantity is

obtained via coulometric integration of the voltammetric peak recorded in thin-

layer-like conditions (low scan rate, generally 2–5 mV/s). The plots [Mn+]p versus

[Mn+]s at constant temperature give the ion exchange distribution isotherms from

which one can calculate relevant KM
X or kD values (see Eqs. 11.6, 11.7) [41, 42].

Fig. 11.1 Typical CV patterns observed at electrodes coated with thin films of ion exchangers: (a)

under semi-infinite linear diffusion (film thickness> diffusion layer thickness; Ip scales with v1/2);

(b) under thin-layer-like conditions (film thickness � diffusion layer thickness; Ip scales with v)
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Ion exchange voltammetric signals recorded under semi-infinite linear diffusion

conditions are strongly influenced by Dapp values. The ratio between peak currents

recorded in the same experimental conditions at unmodified, (Ip)s, and at polymer-

coated electrodes, (Ip)p, (of the same surface area A and with both electrodes

operating under semi-infinite planar diffusion control) is given by Eq. 11.16 [5]:

ðIpÞp
ðIpÞs

¼ Dapp

Ds

� �1=2

kD (11.16)

It shows that the factor (Dapp/Ds)
1/2 kD plays the role of an amplification factor

which quantifies the increase of voltammetric signals when polymer-coated

electrodes are used instead of bare ones. Dapp values are typically in the

10�9–10�12 cm2 s�1 range [38–40]; they are two to three orders of magnitude

lower than Ds values, usually in the 10�5–10�6 cm2 s�1 range. Because of such a

large difference in diffusion coefficient values, the ion exchange preconcentration

results effective in increasing voltammetric signals for those analytes who are

characterized by ion exchange distribution coefficient values kD > 100–1,000. In

such cases, the increase in sensitivity can then be from one to several orders of

magnitude.

Without entering into a detailed analysis of the dynamics of electron transport

in ion-exchanger coatings, it is worth noting that the operativity of different

microscopic charge-transfer mechanisms can have consequences also for the ana-

lytical application of IEV since it can cause the appearance of a dependence of Dapp

(and therefore of (Ip)p) on [Mn+]p. Although such complications can be considered

more exceptions than the rule, the possibility that Dapp changes with [M
n+]p cannot

be neglected. If electron hopping between the redox centers incorporated into the

polymeric coating is the rate-determining step [3, 43, 44], then Dapp can increase

with [Mn+]p [45, 46]. According to the Dahms-Ruff electron hopping model [39, 47,

48], Dapp is given as:

Dapp ¼ 1

6
kexd

2½Mnþ�p (11.17)

where kex ¼ site to site electron exchange rate constant and d ¼ distance of closest

approach between two neighboring sites.

The incorporation of a multiply-charged analyte which can interact electrostati-

cally with more than one polymeric chain can cause a sort of electrostatic cross-

linking effect which reflects in a decrease of Dapp with increasing [Mn+]p [49–54].

With electrodes modified with perfluorosulfonate ionomers, the decrease of diffu-

sion coefficients with increasing concentration was explained by a bottleneck effect

caused by the narrow channels that interconnect ionic clusters in these polymers

[49]. It was shown that changes in the microenvironment within the ionomeric

coating can influence such a behavior [55].

11 Ion Exchange Voltammetry 413



11.3 Electrode Modifiers for Ion Exchange Voltammetry

11.3.1 Ion Exchangers and Coatings

The electrode coating most widely used in IEV of cationic analytes is probably

Nafion®, followed by the sulfonated polyesters such those belonging to the

Eastman AQ™ series. For anionic analytes, poly(4-vinylpyridine) and Tosflex®
IE-SA 48 (produced by Tosoh Co., Japan) are the most used polymeric coatings.

Nafion®, Tosflex®, and sulfonated polyesters (see Scheme 11.1) belong to the

ionomer group that are ionic polymers characterized by a rather low content of ionic

groups [56].

These ionic groups interact or associate to form ion-rich hydrophilic regions

surrounded by hydrophobic domains [57], such a clustering being the basis of the

high stability of ionomer films.

The easiness of modification of the electrode surface and mechanical and

chemical stability of ionomer coatings explain their successful use in IEV. The

physical properties of Nafion® such as density, ion exchange capacity, etc., which

are relevant to the successful preparation and analytical application of coated

electrodes have been the subject of careful studies by Leddy’s group [58–60].

Apart from ionomers, also other ion exchangers were applied for ion exchange

voltammetry such as, for instance, poly(4-vinylpyridine) [1], poly(2-vinylpyrazine)

[35], and poly-L-lysine [61, 62]. However, because of the higher water solubility

Scheme 11.1 Structural formulas of some ionomers used in IEV
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of these polyelectrolytes which contain a large number of ion exchange sites,

the preparation of stable coatings requires a chemical cross-linking stabilization

procedure. Another class of electrode coatings of inorganic nature is based on the

use of clays. Applications and recent trends on the promising use of these inorganic

modifiers for IEV has been nicely reviewed by Walcarius [63, 64].

11.3.2 Classical Methods of Coating Depositions

Different ways of film deposition can be used, the simplest and more popular

procedure being casting a microvolume of polymer solution onto the electrode

surface, then allowing the solvent to evaporate slowly. The steps used for the

modification of the electrode surface are summarized in Fig. 11.2. This procedure

has been used successfully for modifying electrodes starting from alcohol-water

Fig. 11.2 Sequence of the main steps used in the deposition of an ionomer by microvolume

evaporation: (a) mirror polishing of a glassy carbon disk electrode on graded alumina powder (0.3

and, then, 0.05 mm particle diameter), followed by rinsing in deionized water and ultrasonication;

(b) a mirror-polished glassy carbon electrode with a disk diameter of 5 mm; (c) application of a

microvolume (typically 3 ml) of 0.05% (w/v) Nafion solution in water/methanol/isopropanol (1/1/

1); (d) after drying at room temperature for about 30 min, the modified electrode is dipped in the

electrolyte in a three-electrode electrochemical cell; on the left: modified working electrode; in the

center: Ag/AgCl reference electrode; on the right: Pt spiral counter electrode
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solutions of the perfluorinated cation-exchanger Nafion® [2, 65] or Tosflex® [66,

67]. Film uniformity can be improved by resorting to spin-coating [68, 69].

However, particular care must be devoted to avoid partial removing of the

polymer solution by centrifugal force while spinning the electrode; otherwise, any

information on the amount of deposited modifier will be lost. Droplet evaporation

and/or spin coating has been used also for casting coatings of poly(estersulfonic

acid) of the Eastman AQ series. However, in this case, stable films are obtained

only after heating the deposited polymer at temperatures of about 60–80�C [70] or

by dissolving the ionomer in a water-acetone mixture of proper composition [71].

Nafion®, Tosflex®, and Eastman AQ™ are characterized by high equivalent

weights and by a low number of ion exchange sites interposed between long organic

chains. This makes the structure of the solvated coating a cluster-like structure in

which hydrophobic and hydrophilic domains exist [57], the hydrophobic zones

being responsible for adsorption and stabilization of such coatings on hydrophobic

electrode materials such as glassy carbon and pyrolytic graphite.

The influence of parameters such as composition of the polymer solution

and drying temperature [72–75], humidity [76, 77], or other treatments such as

RF-plasma treatment [78] on the structure, stability, and ion exchange behavior of

recasted coatings is known.

Polymeric materials characterized by low equivalent weights and high number

of ion exchange sites have been used to recast polymer films on electrode surfaces

by microvolume evaporation, followed by stabilization via chemical cross-linking.

A typical example is given by poly(4-vinylpyridine), which gives more stable and

reproducible coatings when the polymer backbone is cross-linked by reacting with

alkyl dihalides [79, 80]. This procedure was used also for other polymers containing

heterocyclic nitrogen, such as poly(2-vinylpyrazine) [35]. Note that poly

(4-vinylpyridine) behaves as an anion exchanger when the pyridinic nitrogen is in

the pyridinium form, e.g., protonated by dipping the modified electrode in solution

at pH < 5.2 [1], or quaternized by reaction with alkyl halides [81]. Cross-linking

of polyelectrolytes can be obtained also by irradiation methods, as for the case of

poly(dimethyldiallylammonium chloride) [82].

Another popular and effective way of preparing ion exchange coatings is

electropolymerization [4], this procedure being used for depositing films of

electroactive polymers prepared by polymerization of electroactive monomeric

precursors. They can be redox polymers (see, e.g., [83]), conducting polymers

[84], or functionalized conducting polymers [85–89]. However, in principle,

performing ion exchange voltammetry with electrodes coated with polymers

which are electroactive themselves can suffer some limitations since the electro-

activity window relevant to the polymer can overlap with the detection window of

some analytes. On the other hand, the signal relevant to the electroactive moiety of

the polymer can be used to good advantage as an internal standard to evaluate

signals quantitatively [90].

As above mentioned, electrochemical oxidation is used to electropolymerize

anionic or cationic derivatives of pyrrole [87–89], so obtaining coatings in which

the potential dependent ion exchange properties typical of conducting polymers are

enhanced and become independent on the applied potential. Moreover,
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functionalization of polypyrrole with fixed ion exchange sites increases its ion

exchange capacity about four times [88], compared with plain polypyrrole in its

fully oxidized form. Electrochemical polymerization is used for the preparation of

coatings which incorporate the electroactive mediators used in electrochemical

biosensors. This approach has been introduced some years ago by Heller and

coworkers [91], originating a class of electroactive polymeric materials tailored

for the electrochemical “wiring” of redox enzymes and other biomacromolecules,

successfully used for glucose sensors [92].

11.3.3 Molecular Engineering of Ionomer Deposition

Advances in the reliable use of polymer-coated electrodes for analytical purposes

depend on improvements in the control and reproducibility of the deposition of the

polymer layer. This allows the lowering of the film thickness and shortening of the

response time. Moreover, molecular control of the coating structures allows the

deliberate control of the hydrophobic/hydrophilic properties as well as clustering

and surface exposures of the ion exchange sites.

Hoyer et al. [93] presented an electrostatic spray deposition method which

allows the preparation of very uniform thin films (ca 0.3 mm), keeping unaltered

the peculiar features of Nafion® as far as permselectivity and rejection of

interferents are concerned.

New possibilities to built ordered structures of ionomer films on a smaller scale

(nanometer) have been demonstrated by the application of layer-by-layer deposi-

tion techniques [12]. The layer-by-layer strategy allows the construction of supra-

molecular sandwiches, assembled by exploiting electrostatic interactions. It is

based on the alternate deposition of molecular layers of cationic and anionic

(poly)ions arranged in sandwiched ordered structures, thanks to favorable electro-

static interactions between the layers of opposite charge. Typical examples of

application of the layer-by-layer strategy to the preparation of modified electrodes

and sensors are found in the biosensors literature [94–101]; for instance, a thin film

consisting of alternating layers of Nafion® and ferric ions was used to develop

calcification-resistant implantable biosensors [102] or other nanolayered materials

[103–105].

Other possibilities in the molecular engineering of ionomer films on electrodes

surfaces were opened recently, by studying the preparation and characteristics of

ionomer coatings prepared by using the Langmuir-Blodgett (LB) technique [10]. It

is used to build up monolayers or multilayers of organic amphiphilic molecules in

which the order and 2-D structure are controlled at the molecular level by

controlling the compression extent in the LB trough of a monomolecular layer of

amphiphilic molecules spread at the air/water interface. By this way, it is possible to

obtain ultrathin films characterized by long-range order, which can provide new

insights on electron transfer processes at molecularly ordered interfaces. The 2-D-

ordered interfacial layer can be transferred on solid surfaces by controlled dipping

through the interface. There are two ways of dipping the substrate: the classical
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Langmuir-Blodgett technique (vertical transfer) and the Langmuir-Schaefer (LS)

technique (horizontal transfer). The LS technique is usually employed for the

transfer of rigid films of materials such as polymers. Although the LS technique

showed to work well for Nafion® [106], it has the limitation to rely upon the

manual ability and experience of the experimentalist. Recently, it was shown that

successful transfer of Langmuir layers of ionomers [107] can be achieved also by

optimizing the conditions for the classical LB technique which is a vertical dipping-

lift deposition technique for which the rate and extent of the movement of the

substrate through the interfacial film is controlled automatically by a mechanical

dipper driven by suitable software.

It was shown that if proper electrolyte is dissolved in an aqueous subphase,

Nafion® forms an interfacial film at the air/water interface, which can be com-

pressed in a typical Langmuir-Blodgett experiment, giving a stable film transferable

on the surface of a variety of materials, including electrode surfaces. The thickness

of the Nafion film can be as thin as few nm and scales with the number of layers

deposited, keeping its typical permselectivity [106].

Very recent advances showed the possibility to characterize the structure of

these ultrathin coatings by using electroactive photoluminescent probes such as

Ru(bpy)3
2+ complexes [108] as well as to exploit electrochemically induced lumi-

nescence to detect suitable co-reactants (analytes) such as tertiary amines or oxalate

[109, 110].

11.3.4 Coating Regeneration and Electrochemical Control
of Ion Exchange Voltammetry

When considering the analytical application of IEV, it is important to assess the

reusability of the modified surface. If the ion exchange selectivity coefficient for the

analyte is not too large, regeneration can be achieved by simply exposing the film to

a high concentration of non-electroactive salt solution so obtaining expulsion of the

analyte from the ion-exchanger film. However, such a simple regeneration proce-

dure cannot be successful for analytes characterized by very large ion exchange

selectivity coefficients. For this reason, a number of studies were devoted to two

alternative approaches which can overcome this problem; they are:

– Preparing single-use electrodes based on the preparation of cheap and disposable

electrode systems such as screen-printed electrodes [111, 112]

– Developing coatings which can facilitate the regeneration of the ion exchange

membranes

The modifiers used for the preparation of screen-printed electrodes are typically

different from the polymeric membrane systems which are the subject of the present

chapter, so we will not go into many details of this approach.
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The regeneration of the coatings can be improved by developing polymer films

whose net charge can be switched chemically and/or electrochemically from posi-

tive to neutral to negative. Pioneering studies in this direction were outlined already

in the 1980s by researches performed in Anson’s group where poly(4-vinylpyridine)

[113] and poly(2-vinylpyrazine) [35], containing electroactive pendant groups such

as [Fe(CN)5
3�/2�], were used to this aim.

A similar approach, in which the ion exchange characteristics were modulated

by electrochemical switching, implied terpolymers based on styrene (backbone),

styrene sulfonate (unswitchable cation exchanger), and vinylferrocene (electro-

chemically switchable from neutral to anion exchanger) [114]. When the Fc/Fc+

couple in the film was reduced, the terpolymer acted as a cation exchanger. When

Fc was oxidized, the electrogenerated Fc+ cation became the counter ion for the

SO3
� groups, thus allowing the release of the incorporated cations (analyte). A

similar approach was extended recently to add electrochemical control to ion-

permeation capabilities in templated nanotubes functionalized with 11-ferrocenyl-

1-undecanethiol [115]. The switching from cation exchanger to neutral polymer

was achieved also by using electrodes coated with conducting polymer and

polyelectrolytes composites [116–125]. Typical examples of such an approach

were the electrochemically controlled binding and release of cations at poly(N-

methyl-pyrrole)/polystyrene sulfonate [123] or at polypyrrole/polyester sulfonate

[125]. When the conducting polymer was reduced, cations such as protonated

amines, Ru(bpy)3
2+, or methylviologen were incorporated into the film, while the

release of these compounds was accomplished by simple reoxidation [113].

More recently, these principles were applied for developing solid-phase

microextraction (SPME) electrodes in which the redox switching of the conducting

polymer was exploited for performing the electrochemically controlled uptake and

release of ionic analytes [126–129].

By taking advantage of the anion preconcentration capabilities of oxidized con-

ducting polymers, Mark and coworkers [126] used a Pt microfiber coated with poly

(3-methylthiophene) (PMeT) to perform the electrochemically controlled extraction

and desorption of arsenate anions. The extension of this principle to cationic analytes

was presented by Nyholm and coworkers [129], who used polypyrrole films doped

with anions of lowmobility in order to obtain a filmwhich in the reduced state acts as

a cation exchanger.

All these studies were performed using aqueous solution as the sample. However,

both from a SPME viewpoint and when thinking to chromatographic applications of

electrochemically switchable ion exchange devices [130], the development of

electrochemically switchable polymer films usable in organic solvents is rather

attractive; recently, a composite between poly(3-methylthiophene) and polyester

sulfonate was developed to this aim [131]. The microscopic structure of this com-

posite is shown in Fig. 11.3.

Note that, among the ionomers used as coatings on electrode surfaces, Eastman

AQ55™ is the only one which is both stable and shows very good cation-exchange

properties also in acetonitrile solutions [70, 71, 132].
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The development of ionomer-based SPME devices can open the way to extended

application of IEV for environmental electroanalysis and in electrochemically

controllable separation methods.

11.4 Recent Analytical Applications of Ion Exchange

Voltammetry

Some of the earlier analytical applications of IEV have been reviewed previously

[6–9]. In the following, Tables 11.1–11.3 are listed and briefly commented those

examples which can be considered as typical for IEV, together with some very

recent updates. These examples of analytical applications of IEV methods demon-

strate the excellent capabilities of the technique; note that many of the methods

listed are characterized by very low detection limits, typically in the 10�9 M range

or lower. In many cases, the use of ion-exchanger-coated electrodes can reduce

drastically the effects of interferences and electrode poisoning and allows one to

perform trace speciation analysis, that is, to identify and to measure the concentra-

tion of one or more individual chemical species of the same element. In the same

cases, suitable electrocatalysts incorporated in the ion-exchanger film are used to

sense a soluble analyte (substrate), generating an electrocatalytic current which

scales with the analyte concentration. In Tables 11.1–11.3, we included only those

examples of electrocatalysis at polymer-coated electrodes in which the ion

exchange process plays a key role.

Fig. 11.3 SEM image of a cross-section of the bilayer composite Eastman AQ55™ (lower layer)
and poly(3-methylthiophene) (upper granulated layer) for achieving electrochemical control of the

ion exchange (Reproduced from Ref. [131] with kind permission of # Elsevier (2006))
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Table 11.1 Organic cation exchangers

Exchanger Analytes Notes Reference

Nafion Dopa, epinephrine,

norepinephrine

Amperometric detection in flow

systems. Advantages of

bifunctional coatings are

described

[133, 134]

Nafion + cellulose

acetate

Nafion Dopamine, serotonin Carbon fiber electrodes for

in vivo detection of the

analytes in the nM range

[135–137]

Nafion Yb3+, Eu3+ Determination of trace Yb3+ and

Eu3+. DL ¼ 30 nM for Eu3+

and 20 nM for Yb3+

[138, 139]

Nafion Promethazine Good exclusion of interfering

anions and satisfactory results

in flow analysis

[140]

Nafion UO2
2+ Effect of oxidation state on the

partitioning of UO2
2+ is

examined. Influence of local

proton activity inside Nafion

is studied

[42]

Nafion 4-Nitroso-N,N-

diethylaniline

Study of the redox mechanism at

the Nafion GC modified

electrode. DL 3 nM

[141]

Nafion Salbutamol, fenoterol,

metaproterenol

Nafion is deposited on the surface

of a CPE. DL 2.5 � 10�8 M

[142]

Nafion Pb(II) Nafion/copper-mercury film

electrode. DL 80 ng L�1
[143]

Nafion/1-(2-pyridylazo)-

2-naphthol

Pb(II) The chelating agent in Nafion

increases sensitivity and

selectivity

[144]

Nafion and Nafion/poly

(vinylsulfonic acid)

Cu(II),Cd(II), Pb(II),

Zn(II)

Different kinds of coatings are

compared for batch analysis

of environmental samples

such as river and run-off

waters

[145]

Nafion CH3Hg
+ DPV and multiple square wave

voltammetry (MSWV) allows

ultratrace determination of

CH3Hg
+ with Nafion

[23]

Nafion Tl(I) Square wave stripping, in the

presence of EDTA. DL

0.01 ppb

[146]

Nafion Parathion DL 50 nM, linear range up to

15 mM
[147]

Nafion Selenium(IV) Nafion-coated mercury film

electrode modified with 3,30-
diaminobenzidine. CSV, DL

0.48 mg L�1

[148]

Polyester sulfonate Cu(II), Cd(II), Pb(II),

Zn(II)

Electrodes coated with ionomer/

mercury thin film for ASV of

heavy metals

[149]

Nafion Apomorphine Ion exchange preconcentration,

detection by SWV. DL 3 nM

[150]

(continued)
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Table 11.1 (continued)

Exchanger Analytes Notes Reference

Nafion Eu3+ MSWV for ultratrace

determination, DL 10 pM,

application to nuclear plants

cooling waters

[24]

Nafion Phenol Adsorptive stripping in the

presence of

ethyltrimethylammonium

which favors the analysis. DL

1 nM

[151]

Sulfopolyester (Eastek) N-nitrosamines Study on the effect of the degree

of sulfonation; comparison

with Nafion, cellulose acetate,

and butyrate. DL 0.1 nM

[152]

Eastman AQ55™ Cyt c GCE modified with AQ55™.

Incorporation of cyt c;

electrocatalytic activity is

observed

[153]

Eastman AQ55™/silica

composite

Oxalate, TPA,

chlorpromazine

Ru(bpy)3
2+ immobilized in

AQ55™/silica film. ECL

detection

[154]

Polydiphenylamine/Na-

dodecylsulfate

Electro-inactive

cations

Gold electrode modified with ion

exchanger

[155]

Amperometric detector for IEC

PDMDAAC Cations Sol–gel preparation of CPE with

ion exchanger incorporated.

Preconcentration by IE,

detection by SWV

[156]

Poly(sodium 4-styrene

sulfonate)

Trace heavy metals Application for heavy metal

analysis in estuarine waters

[157]

Nafion Cytochrome c/
ascorbate

Nafion or AQ55™ film deposited

by LB technique

incorporating cyt c.

Electrocatalytic detection of

ascorbate

[158]

Eastman AQ55™

Eastman AQ55™ Ethyl 4-iodobenzoate Incorporation of nickel

complexes by ion exchange,

as detecting electrocatalyst

[159]

Di-bromocyclohexane

Polylysine/polystyrene

sulfonate

Pb(II), Cu(II), Cd(II) GC/TMFE, preconcentration by

IEV and detection by SW-

ASV

[160]

2,5-Bis(2-thienyl)-N-(3-
phosphorylpropyl)

pyrrole

DNA Electropolymerization of PPy,

target 27- and 18-mer DNA

incorporated in the film by IE.

Detection of 0.16-fmol DNA

[161]

Hexacyanoferrate

nanocomposite

Radioactive caesium Incorporation of Cs by ion

exchange in the reduction of

nickel hexacyanoferrate

[162]

Nafion TPA Immobilization of Ru(bpy)3
2+ in

Nafion LB film for ECL,

detection of tertiary amines

[109, 163]

(continued)
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Table 11.1 (continued)

Exchanger Analytes Notes Reference

Nafion/CNT NADH Ion exchange immobilization of

thionine, electrocatalyst for

NADH detection

[164]

Nafion/PSS TPA Immobilization of Ru(bpy)3
2+ on

ITO/Nafion/PSS electrode

[165]

ECL detection. DL 3 nM

Poly (sodium-4-styrene

sulfonate) (PSS)

Pb(II) GC/TMFE, preconcentration by

IEV and detection by SW-

ASV

[166]

Polyvinyl ferrocenium Hg2+ DL 5 � 10�10 M [167]

Nafion/nano-Au/thionine

multilayer

Thrombin (TB) Au electrode coated LBL by ion

exchange with Nafion,

thionine, and nano-Au. DL

40 pM

[168]

Nafion Cr(VI) Preparation of silver

nanoparticles in GCE/Nafion

film. Electrocatalysis of Cr

(VI)

[169]

Nafion Phenolic compounds Electrospun Ru(bpy)3
2+-doped

Nafion nanofibers. ECL

detection. DL 1.0 nM

[170]

Phosphonic acids bearing

pyridinium groups

Cations Phosphonic acids bearing

pyridinium groups grafted on

mesoporous TiO2. Cations are

incorporated by ion exchange

[171]

Nafion NO2
� Fe(bpy)3

2+ immobilized in

Nafion by IE. Amperometric

sensor

[172]

Table 11.2 Organic anion exchangers

Exchanger Analytes Notes Reference

Protonated poly

(4-vinylpyridine)

Cr(VI) Detection by reduction to Cr

(III). Linear range:

10�6–10�8 M

[173]

Quaternized poly

(4-vinylpyridine)

Cu/Cl� Copper preconcentrated as

electrogenerated anionic

cuprous complexes

[174]

Tosflex Cu/Cl� Copper preconcentrated as

electrogenerated anionic

cuprous complexes. DL

3 � 10�6 M. Influence of

amino acids is examined

[66]

Tosflex Hg/Cl� Trace determination of Hg(II)

in chloride-containing

media. DL 4 � 10�11 M.

Application to seawater

analysis

[175]

(continued)
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Table 11.2 (continued)

Exchanger Analytes Notes Reference

Poly(4-vinylpyridine) Bi(III) Square wave stripping of

anionic complexes of Bi

(III) with chloride

[176]

Tosflex HgCl4
2� The mechanism of IEV

preconcentration/detection

is examined

[177]

Tosflex/8-quinolinol Te(IV) Cathodic stripping of anion

TeCl6
2�. DL 0.1 mg/L

[178]

Quaternized poly

(4-vinylpyridine)

(QPVP)

Pb(II) Anionic complexes generated

in the coating are

preconcentrated;

application to groundwater

analyses

[179]

Tosflex Bi(III) Preconcentration of the

analyte by IE. DL 0.58 ppb

[180]

PDMDAAC Anions Cross-linking of the modifier

by m-irradiation.
Application to Fe(CN)6

3�

analysis

[181]

Tosflex Zn2+ TMFE modified with Tosflex [182]

DL 0.1 ng/mL

Tosflex Diethyldithiophosphoric

acid

DL 0.4 ppb [183]

Poly(N-chloranil N,N,N0,
N0-tetramethylethylene

diammonium

dichloride)

b-Lactam antibiotics DL 2.12 nM [184]

Poly(vinylsulfonic acid)

(PVSA)

Anions Fe(CN)6
4� Sol–gel preparation of the

modified electrode. SWV

detection

[185]

Poly-L-lysine Iodide DL 0.017 mg/mL [62]

Idoxuridine

Tosflex S2� SPE modified with Tosflex/Fe

(CN)6
3�. Electrocatalytic

detection. DL 8.9 nM

[186]

Cationic poly(allylamine

hydrochloride) (PAH)

Pb(II) Anionic complexes of Pb are

detected

[187]

DL 6 nM

Tosflex 2-Naphthol DL 0.2 � 10�7 M [188]

Poly(allylamine) + poly

(acrylic acid)

PdCl4
2� Ion exchange loading of

PdCl4
2� for application as

nanocatalyst

[189]
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Table 11.3 Clays, zeolites, and silica and organosilica modifiers

Exchanger Analyte Notes Reference

Zeolite-Y MV2+ Study of ion exchange/charge

transfer mechanism

[190]

Zeolite-Y Cl�, Br� Ag-modified zeolite [191]

Zeolite-Y + anionic

surfactant

MV cation

radical

Preconcentration by ion exchange,

detection by double potential

step chronocoulometry

[192]

Montmorillonite/cellulose

acetate (NCA)

Cu(II) NCA-modified GCE;

preconcentration by IE. DL

1.73 ppb

[193]

Zeolite (nano) Ag+, Cd2+, Pb2+ GCE modified by nanoscale

zeolites building blocks via

layer-by-layer technology

[194]

Clays and organoclays Cations or anions Grafting of amine groups and

protonating with HCl. It is not

better than Nafion

[195]

Na-montmorillonite

nanoparticles +

anthraquinone

Cd(II), Pb(II) Preconcentration by ion exchange,

detection by DP-ASV

[196]

DL 3-nM Cd2+; 1-nM Pb2+

Clay TPA, oxalate Ru(bpy)3
2+ immobilized in clay

multilayer films. Detection by

ECL

[197]

Silica Anions Sol–gel preparation of quaternary

amine functionalized silicon

alkoxide

[198]

Polysiloxane-immobilized

amine or thiol ligands

Hg(II) Selective accumulation of anionic

chloro-complexes of Hg(II).

Speciation analysis

[199]

Porous silica sphere

functionalized with

ammonium quaternary

groups

Anions Silica microspheres obtained by the

surfactant template route

[200]

Kaolinite/dimethylsulfoxide

triethanolamine

CN� GCE modified with triethanolamine

grafted kaolinite.

Electrochemical

preconcentration of cyanide

[201]

Mesoporous silica

functionalized

Cations or anions CPE modified with solid ion

exchanger

[202]

Nanomontmorillonite Methyl

jasmonate

DL 5 � 10�7 M [203]

Clay + p-phenylene

dimethylene bis-dodecyl

N,N-

dimethylammonium

Methyl parathion DL 70 nM [204]
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11.5 Conclusion and Prospects

The functionalization of voltammetric electrodes by depositing on their surface thin

films of ion exchangers has contributed significantly to develop a new class of

tailored electrochemical sensors characterized by very high sensitivity and very low

detection limit, both characteristics being improved dramatically with respect to

conventional electrodes.

Ion exchange voltammetry at ionomer-coated electrodes has grown progres-

sively up to reaching nowadays the rank of a widespread powerful electroanalytical

technique. It is suitable for trace and ultratrace analyses and can be used as a

valuable tool in speciation analysis for environmental studies and biomedicine.

The ion-exchanger coating gives to the electrode high sensitivity and selectivity and

protects it from surfactant and organic interferences. Further efforts should be

devoted in the near future to continue improving the reproducibility and control

of the coating deposition procedure and to shorten the analysis time. The applica-

tion of molecular engineering procedures such as LB, electrostatic spray, layer-by-

layer deposition, or other bottom-up approaches can play a crucial role in this issue.
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Chapter 12

Sulfonated Poly(Ether Ether Ketone) (SPEEK):

A Promising Membrane Material for Polymer

Electrolyte Fuel Cell

Amir-Al-Ahmed, Abdullah S. Sultan, and S.M. Javaid Zaidi

Abstract Nafion has been the material of choice for polymer electrolyte membrane

fuel cells (PEMFCs), but during the last two decades, considerable efforts have

been made to find an alternative with similar or better physicochemical properties

and with lower manufacturing cost. Developments over the last two decades have

resulted to some novel membrane materials with improved properties. Among the

materials researched and developed, sulfonated poly(ether ether ketone) (SPEEK)

has been the most promising and has the potential for commercialization. In this

chapter, the properties of SPEEK and its characteristics are discussed.

12.1 Introduction

Proton exchange membrane (PEM) is an electrolyte used in both polymer electrolyte

membrane fuel cells (PEMFCs) and direct methanol fuel cells (DMFCs) which allows

protons (H+) to conduct from the anode to the cathode. It is expected to provide a

barrier against electrons, gas, and methanol transporting through the membrane. The

pioneer of PEM is Nafion, a perfluorinated polymer with sulfonic acid groups as
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pendant, which was developed by Dupont in the 1960s. Nafion has excellent ionic

properties; themost important advantage of Nafion is its excellent proton conductivity

in the hydrated condition. Furthermore, it has good physical, chemical, and mechani-

cal stability. However, the main drawbacks are its high cost, high methanol perme-

ability (in the case of DMFC), and loss of proton conductivity at higher temperatures

[1, 2]. Ideally, PEMs should possess certain characteristics such as high proton

conductivity; low water and methanol permeability; excellent mechanical properties;

good thermal and chemical stabilities; high resistance to dehydration; low swelling;

high resistance to oxidation, reduction, and hydrolysis; and low cost. Furthermore, the

polymeric membranemust be an electron insulator to prevent electron leakage, which

leads to low efficiency. Commonly used PEMmaterials are, for example, Nafion 117

(proton conductivity 90–120mS cm�1 at 80�C and 34–100%RH), Nafion 115 (41mS

cm�1 at 25�C), sulfonated poly(ether ether ketone) (SPEEK) (0.9 mS cm�1 at 20�C),
sulfonated poly(benzimidazole) (SPBI) (10–40 mS cm�1 at 130–180�C), sulfonated
poly(phosphazene) (40mS cm�1 at 25�C), asymmetric-based acrylic (AMPS) (42mS

cm�1 at 90�C), poly(vinylidene fluoride) (PVDF) with styrene membrane (resistance

0.454 Ω cm2), PVDF with SiO2 or SiO2 gel (70 mS cm�1 (SiO2) and 200 mS cm�1

(gel) at 25�C), etc. [1–6].
To get a replacement, membrane materials other than Nafion were tried for their

low price and better properties. In some cases, blends and/or composites were

fabricated to improve membrane properties. The poly(arylene ether ketone) family

(Fig. 12.1) is of particular interest because it is an engineering thermoplastic

material with excellent thermal and chemical stabilities, high mechanical strength,

good insulating properties, and relatively low cost compared to Nafion. Several

sulfonated derivatives of polymers such as poly(ether ether ketone), poly(sulfone),

poly(arylene ether sulfone), poly(styrene), and poly(phenylene sulfide) have been

developed for fuel cells [7–11]. Copolymers of sulfonated poly(arylene ether

sulfone) and/or sulfonated poly(arylene ether ketone)s by direct copolymerization

of bisphenol, disulfonated activated aromatic halide monomers, and the precursor-

activated aromatic halide monomer for fuel cell membrane applications were

synthesized [9, 12]. Sulfonated poly(arylene ether sulfone) copolymers were also

synthesized by the McGrath group [13]. Four bisphenols (4,40-bisphenol A; 4,40-
bisphenol AF; 4,40-bisphenol; and hydroquinone) were investigated for the synthe-

sis of novel copolymers with controlled degrees of sulfonation. These copolymers

are promising candidates for high-temperature PEM fuel cells [9, 12, 14]. The poly

(aryl ether ketones) family are thermostable polymers in which ether (E) and ketone

(K) units connect phenylene rings, giving a range of polymers, such as PEK, PEEK,

PEKEKK, etc. The proton conductivity and thermal and mechanical properties of

sulfonated PEEK [15, 16] and its fuel cell performance in hydrogen–air and

hydrogen–oxygen up to 110�C [16], as well as in DMFC, have been reported in

recent years, and long-term tests have claimed lifetimes of up to 4,300 h at 50�C
[17]. In this chapter, some properties of SPEEK are discussed in view of its applica-

tions in PEMFC/DMFC.

438 Amir-Al-Ahmed et al.



12.2 Sulfonated Poly(Ether Ether Ketone) (SPEEK)-

Based Membranes for Fuel Cells

12.2.1 Pure Sulfonated Poly(Ether Ether Ketone) (SPEEK)

Fuel cell membranes can be divided into two broad classes: (1) perfluorosulfonic

acid (PFSA)-based membranes (e.g., Nafion), which have been the standard for

a long time, and (2) membranes based on aromatic sulfonic acid, which have been

the primary class of materials synthesized, as people search for alternatives to

PFSAs. The latter include a wide range of polymers such as sulfonated poly

(phosphazenes), sulfonated poly(sulfone), sulfonated poly(ether ether ketone),

sulfonated poly(trifluorostyrene), and so on. Some particular advantages for the

latter class include excellent mechanical properties, enabling the preparation of
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Fig. 12.1 Sulfonated poly(ether ether ketone) and representative membranes of the poly(ether

ketone) family
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very thin low-resistance films and more resistance to swelling. As compare to other

membranes, perfluorosulfonic acid membranes have almost all of the necessary

properties for a good fuel cell membrane. Major drawbacks of the PFSA

membranes are their high cost and their limited stability at temperatures substan-

tially in excess of 100�C [15, 18, 19].

The first preparation of poly(ether ether ketone) was reported by Bonner [20],

who obtained a polymer of low molecular weight by Friedel–Crafts polycondensa-

tion using aluminum chloride as the catalyst. Later, crystalline poly(aryl ether

ketones) and poly(aryl ether ketone-co-sulfones) were also obtained by polycon-

densation of bis-4-halogenophenyl ketones (plus bis-4-halogenophenyl sulfones for

copolymers) with potassium salt at 280–340�C using certain diarylsulfones as

solvent for the reaction [21]. In the case of PEEK, it was observed that if the mol

% of the ether ketone repeating unit decreases, the Tm and crystallizability from

melt increases, and Tg decreases on the other side. Helmer-Metzmann et al. [22]

proposed (in their patent) sulfonated poly(ether ether ketone) (SPEEK) membranes

as proton conductors in a PEM fuel cell. They reported good chemical stability of

the SPEEK membranes. They checked the degree of sulfonation (DS) and the ion

(proton) exchange capacity (IEC) of SPEEK. A certain percentage of aqueous

swelling of SPEEK layers is required to minimize the mass transport resistance in

the case of composites and to increase the permeability of cations through these

stabilization layers [23]. On the other hand, it has been found by Gates and Newman

[24] that a high degree of swelling of the polymer network allows the components

of the liquid membrane phase to permeate through the SPEEK layer into the

surrounding aqueous phase. Wijers et al. [23] reported that the degree of swelling

decreases with increasing ionic strength or decreasing chemical potential of the

aqueous solution. At room temperature, PEEK is insoluble in common organic

solvents and dissolves only in some concentrated acids such as sulfuric acid,

methane sulfuric acid, or hydrofluoric acid, and it was also found that close to the

melting point, PEEK dissolves in high-boiling-point esters, benzophenone, and

diphenyl sulfones also [25]. Often, resins or fillers such as glass and carbon fibers

are mixed with PEEK polymer for different applications, where it requires strength,

high-temperature performance, and chemical resistance. For example- model

components for medical, automotive, aerospace, chemical processing and micro-

electronics industries etc. Till 1985, its molecular characterization has remained

limited to the melt or sulfuric acid solution’s viscosities, for example, the average

molecular weight �Mwð Þ and the radius of gyration �RGð Þ, and the second virile

coefficients (A2) of five melt viscous samples of PEEK were determined by

light scattering (LS) in concentrated sulfuric acid [25]. Correlations between light

scattering and molecular weights and melt viscosity in sulfuric acid or in a 50:50

phenol–trichlorobenzene (TCB) mixture were reported at 25�C and 115�C, respec-
tively [25].

Poly(ether ether ketone) had been modified using various sulfonation agents

such as sulfuric acid (concentrated/fuming), chlorosulfonic acid, or sulfur trioxide

(or complexes thereof). This polymer consists of sequences of ether and carbonyl

linkage between phenyl rings. The presence of adjacent ortho-directing ether
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groups confers highest reactivity to the four equivalent sites on the hydroquinone

unit situated between the ether segments. The sulfonation of PEEK has been

reported to be a second-order reaction, which takes place at the aromatic ring

flanked by two ether links, due to the higher electron density of the ring [26].

Since the electron density of the other two aromatic rings in the repeat unit is

relatively low due to the electron-attracting nature of the neighboring carbonyl

group, one sulfonic acid group per repeat unit may be substituted. Postmodification

reactions are moderately less favorable due to their lack of precise control over the

degree of sulfonation, site specificity, and the possibility of side reactions, or

degradation of the polymer backbone. It has been reported that sulfonation of

PEEK with chlorosulfonic acid or fuming sulfuric acid causes mostly unexplored

degradation of the polymer; therefore, concentrated sulfuric acid is typically used

[27]. The sulfonation rate of PEEK in concentrated sulfuric acid can be controlled

by changing the reaction time, temperature, and acid concentration to provide

polymers with a sulfonation range of 30–100% without degradation and cross-

linking reactions [28]. However, it has been shown that the sulfonation of PEEK in

sulfuric acid cannot be used to produce truly random copolymers at sulfonation

levels less than 30% because the dissolution and sulfonation occur in a heteroge-

neous environment [29]. Nevertheless, this area of PEM synthesis has received

much attention and may be the source of merging products such as sulfonated

Victrex poly(ether ether ketone) [30–32]. A novel approach was adopted by many

researchers to obtain sulfonated aromatic copolymers, i.e., the copolymerization of

sulfonated monomers. Direct copolymerizations of sulfonated monomers have

become an alternative approach with some distinct advantages compared with the

modification of a preformed polymer. This process gave closer control on the

molecular design of the resulting copolymer [14]. It has been of interest to investi-

gate the effect of sulfonation, for example, on the deactivated sites of the repeat

units since one might expect enhanced stability and higher acidity from sulfonic

acid groups which are attached to electron-deficient aromatic rings rather than from

sulfonic acid groups bonded to electron-rich aromatic rings as in the case of

postmodification [33]. The possibilities of controlling and/or increasing molecular

weight to enhance durability are not feasible in the case of postreaction on an

existing commercial product.

SPEEK is made up of highly branched, narrow channels for proton conduction

and has more dead-end components than the wider, less-branched channels of

Nafion (Fig. 12.2). The more extensive hydrophobic–hydrophilic interface region

in SPEEK results in greater separation between sulfonic acid functional groups

[34]. In sulfonated hydrocarbon polymers, the hydrocarbon backbones are less

hydrophobic and the sulfonic acid functional groups are less acidic and polar. As

a result, the water molecules of hydration may be completely dispersed in the

nanostructure of the sulfonated hydrocarbon polymers. Both perfluorosulfonic

acid (PFSA) and sulfonated hydrocarbon membranes have similar water uptakes

at low water activities, whereas at high relative humidity (100%), PFSA

membranes have a much higher water uptake due to the more polar character of

sulfonic acid functional groups. Sulfonated aromatic polymers have different
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microstructures from those of PFSA membranes [35]. Sulfonated PEEK-WC

membranes with a degree of sulfonation of 15–40% have been employed in PEM

fuel cells. The membranes exhibit electrochemical performances comparable to

Nafion membranes [36].

12.2.2 Sulfonated Poly(Ether Ether Ketone) (SPEEK)-
Based Blends

Blending technology appears to be a more versatile approach for the development

of new and better membranes as the properties of the membrane materials can be

varied over a wide range. Polymer blends has been prepared by combining poly-

meric nitrogen-containing bases (N-base) with the polymeric sulfonic acids. The

sulfonic acid groups interact with the N-base by forming hydrogen bonds with the

basic N sites of the other polymer [37, 38]. The most advanced acid–base polymer

sulfonated polyetherketone (PEEKK)
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Fig. 12.2 Schematic structure of SPEEK (Reprinted from Ref. [34] with kind permission of
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blends are those on SPEEK or ortho-sulfone-sulfonated poly(ether sulfone) (SPSU)

as the acidic component and poly(benzimidazole) (PBI) as the basic component.

SPEEK-based blends are explored to obtain good mechanical properties, high

proton conductivity, and optimized membrane characteristics. Matthew et al. [27]

studied solubility and properties of PEEK in strong acids such as H2SO4 and

HSO3Cl by combining different techniques including steady and dynamic light

scattering, viscometry, NMR, elemental analysis, and absorption spectra. They

compared PEEK and poly(ether imide) (PEI) in terms of strength and stiffness,

ductility, and glass transition temperature (Tg) (around 215�C) and found better

chemical resistance properties in PEEK as compared to PEI [39], and both of them

are cheaper than Nafion. Now, PEEK/PEI blends have been the subject of several

fundamental investigations dealing with basic mechanical properties, miscibility,

morphology, and the crystallization behavior of the blend. Gensler et al. [39]

studied the effect of temperature on the deformation behavior of different amor-

phous PEEK/PEI thin films, where all pure and blend polymer materials showed

localized shear deformation at temperatures well below Tg � 143�C. In case of

pure PEI thin films and the blend containing 60% PEEK, they observed a transition

from shear to disentanglement crazing with the increasing temperature toward Tg,

such transition occurred also in bulk tensile bars of these materials, leading to

fracture of the samples near Tg [39]. Rheological studies on these polymer solutions

focused on characterizing their intrinsic properties through solution viscometry or

melt properties. One of these studies is the derivation of the intermolecular hydro-

dynamic contribution toward the reduced viscosity of polyelectrolyte solution as a

function of polymer concentration by separating the theoretically calculated

intermolecular electrostatic contribution from the observed reduced viscosity. The

resulting intermolecular part reflects the effect of the polyion conformation which

increases with decreasing polymer concentration [40, 41]. Kerres et al. [42] devel-

oped novel acid–base polymer blend membranes consisting of SPEEK and

sulfonated poly(sulfone) (sPSU) as the acidic components and poly(sulfone) (PSU),

poly-4-vinylpyridine (P4VP), poly(benzimidazole) (PBI), and poly(ether imide)

(PEI) as the basic components. The membranes showed good proton conductivities

at ion exchange capacity, (IEC) ¼ 1 and are thermally stable up to 270�C. Some of

these membranes were tested in a H2 fuel cell and showed impressive performance.

When tested for direct methanol fuel cell (DMFC), these blend membranes showed

low methanol permeabilities than Nafion® membranes [42]. SPEEK was found to

be miscible with poly(ether sulfone) in N-methyl-2-pyrrolidinon (NMP) over a

weight ratio of 0.02–0.040% of SPEEK in the total polymer blend, and partially

miscible with PSU in NMP over a small range of weight ratio [43]. Thermal analysis

of SPEEK–PEI and SPEEK–PC binary blend systems showed single- and double-

glass transition temperatures, respectively. This result suggests that SPEEK and PEI

are miscible with each other, but SPEEK and polycarbonate (PC) remain as individ-

ual components in the blends. Similarly, for SPEEK–PEI–PC ternary blends, phase

separation regions showed two Tg’s. Those miscibility results of the three systems

were also proven to be in agreement with the values of the polymer–polymer
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interaction parameter w12, which was obtained using the modified Flory–Huggins

equation [44].

The proton conductivity of pure SPEEK membranes is not as good as that of

Nafion®, so various inorganic materials such as SiO2, ZrO2, heteropolyacids, and

phosphates were incorporated into SPEEK to improve its proton conductivity

[1, 2]. Hydrated tungstophosphoric acid (HPA) has good proton conductivity (1.9

� 10�1 S/cm) and produce stable Keggin-type anions. When embedded into the

polymer matrix, it increases the conducting properties of the membrane while

retaining other desirable properties of the polymer films [45]. A different SiO2/

SPEEK composite membrane was also prepared, and its performance was com-

pared to that of pure SPEEK in a single-cell assembly with an active surface area

of 5 cm2; one example is shown in Fig. 12.3 (electrodes were loaded with 1 mg Pt

and 0.35 mg Nafion® per square cm) [46]. The ionic interaction between inorganic

and organic components improved the mechanical properties of the membranes

by increasing the interface region between inorganic and organic components.

This also allows enhanced proton conductivity compared to the pure sulfonated

polymer [46]. Zaidi et al. [47] prepared membranes by blending SPEEK and PBI

and incorporating boron phosphate (BPO4) into these blends. These acid–base

blend membranes showed reduced methanol permeability. But due to the reduc-

tion in water uptake, the conductivities were lowered. They [47, 48] studied the

membrane properties with different BPO4 loading (10–40% wt) and found that

the water uptake increased with the increasing BPO4 content, reaching maximum

at 30% and then drops down. With the addition of PBI into the SPEEK matrix, the

amount of water uptake was decreased, resulting in the reduction of the swelling

of the membranes, bringing up improvement in the mechanical properties of the

Fig. 12.3 Polarization characteristics of (a) SPEEK, (b) SPEEK-modified silica (10 wt% SiO2)

(Reprinted from Ref. [48] with kind permission of # JOHN WILEY AND SONS (2002))
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membranes. But the conductivity of the SPEEK-blended PBI was found to

decrease with the increase of the percentage of PBI in the matrix. This is due to

the decrease in the number of free SO3H groups by the formation of ionic cross-

linkings to the imidazole groups by proton transfer, leading to the increase in

protonic resistance and decrease in conductivity [49]. Poly(ether sulfone)/

sulfonated poly(ether ether ketone) (PES/SPEEK) blend membranes were

investigated for methanol uptake, water uptake, permeability, and proton conduc-

tivity [50]. The blend of PES and SPEEK was prepared by mixing the two

polymers in N-methyl-2-pyrroelidone (NMP) solution. It was found out that

poly(ether sulfone) plays an important role in decreasing water uptake and

methanol permeability while enhancing thermal stability. Composite membranes

of SPEEK with various compounds of solid heteropolyacids (HPA) have also

been prepared by Zaidi et al. [45]. These membranes were found to have high

proton conductivity and good mechanical strength. But after prolonged exposure

to water, the HPA were leached out, reducing the conductivity which results in the

poor performance of the membranes. In order to tackle the problem of leaching

out HPAs from the SPEEK polymer matrix, Ahmad et al. (2006) [51] synthesized

novel composite proton-conducting solids – heteropolyacids loaded onto Y-

zeolite or MCM-41 [52]. Various weight percentages of HPAs were loaded onto

Y-zeolite and MCM-41 structures. The conductivity was found to increase with

the increasing percentages of the HPA loading onto Y-zeolite and MCM-41, as

shown in Fig. 12.4. The highest proton conductivity in the order of 10�2 S/cm was

obtained at room temperature for a fully hydrated membrane containing 50 wt%

HPAs. These materials were reported to combine the high thermal and structural

stability of Y-zeolite and MCM-41 with high conductivity, making them one of

the most promising solid proton conductors. These solid proton-conducting

Fig. 12.4 Conductivity of SPEEK/PBI blends membranes with increasing PBI content (Reprinted

from Ref. [49] with kind permission of # Elsevier (2005))
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powders were embedded into the SPEEK matrix in order to increase its conduc-

tivity. The composite SPEEK membranes with heteropolyacids, impregnated into

the pores of Y-zeolite or MCM-41, acting as proton conductors exhibited better

proton conductivities at room temperatures, and this conductivity increased with

increasing temperature [53]. Fuel cell performance of these composite

membranes had been carried out in H2/O2 fuel cells. The polarization curves

and plots of power density vs. current density for various percentages of TPA-

MCM41 loading into the SPEEK matrix are shown in Fig. 12.5. Zaidi et al. [46]

also studied the methanol transport behavior of novel composite membranes

prepared for use in the DMFC using the potentiometric technique. The composite

membranes were prepared by embedding different proportions (10–30 wt%) of an

inorganic proton-conducting material (tungstophosphoric acid (TPA)/MCM-41)

into the SPEEK polymer matrix. The methanol permeability and crossover flux

increase with increasing loading of the solid proton-conducting material. The

lowest permeability value of 5.7 � 10�9 cm2s�1 was obtained for the composite

membrane with 10 wt% of the solid proton-conducting material (40 wt% TPA and

60 wt% MCM-41). However, all the composite membranes showed higher selec-

tivity (ratio between the proton conductivity and the methanol permeability)

compared to the pure SPEEK membrane. In addition, the membranes are ther-

mally stable up to 160�C. Using the potentiometric technique, potential values

were recorded for the pure SPEEK membrane and also for the fabricated compos-

ite membranes. The methanol concentration history in reservoir B for the pure
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Fig. 12.5 Polarization curves and plots of power density vs. current density for different

percentages of TPA-MCM41 loading into SPEEK matrix. [Operating conditions: Anode flow

(H2) ¼ 100 sccm, cathode flow (air) ¼ 200 sccm, Tcell ¼ Thumidifiers ¼ 60�C, Pressure ¼ 20

psi]. (Re. M.S.)
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SPEEKmembrane and the fabricated composite membranes is shown in Fig. 12.6.

As can be observed, the methanol amount in reservoir B is higher for the pure

SPEEK membrane than the fabricated composite membranes, except for the

sample S60T-Yz. From the experimental data, they observed that the lower

inorganic loading gives better reduction in the methanol crossover. This is due

to the voids created because of the incompatibility of the inorganic materials with

the polymer matrix at higher inorganic loadings. It has been reported that sizing of

the carbon molecular sieve (CMS) particles using polyvinylpyrrolidone (PVP)

can be carried out to promote adhesion between the inorganic substrate and the

polymer matrix which in turn reduced the interfacial voids. In general, these

membranes showed lower permeability values than the pure SPEEK membrane.

The membrane sample S60T-Yz showed the highest permeability value of

7.04 � 10�8 cm2/s, while the membrane sample S70-Yz, which does not contain

any TPA, showed the least permeability value of 1.64 � 10�8 cm2/s. The TPA

was incorporated to enhance the proton conductivity of the membranes [46–50].

Hasani-Sadrabadi et al. [54] prepared SPEEK with various degrees of sulfonation

using H2SO4 and prepared blends with montmorillonite (MMT) clay. They

fabricated membranes by solvent-casting methods and found increased ion

exchange capacity and water uptake properties with the increased degree of

sulfonation. They also reported that the methanol permeability of the membrane

decreases to 5 � 10�8 cm2/s by the addition of only 10% MMT clay. Chen et al.

[55] prepared SPEEK-based membranes by grafting divinylbenzene (DVB) and

ethyl styrenesulfonate (ETSS) onto the PEEK film. They compared properties of

Nafion 212 with the hydrolyzed DVB and ETSS-grafted SPEEK and found better

proton conductivity and mechanical properties when tested in a fuel cell, as

evident in Fig. 12.7.
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Fig. 12.6 Methanol concentration history in the reservoir B for the pure SPEEK and the

composite membrane samples for 2.5 M initial methanol concentration in the reservoir A
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12.3 Conclusion and Future Directions

Sulfonated aromatic high-performance polymers with good durability and high

proton conductivity (in the wet state) show promises for low-cost alternatives to

Nafion. However, the two main hurdles for polymeric membranes are the high

proton conductivity at low water contents (e.g., under conditions of 120�C and

50% RH) and long-term durability under fuel cell conditions. Attempts have been

made to increase the hydrophobicity and length of nonsulfonated properties as well

as the hot water stability of these membranes by incorporating larger and rigid

moieties in the structure. It is thought that the fluorine content in bisphenol 6F

promotes adhesion and electrochemical compatibility with Nafion-based electrodes

and reduces swelling. Blends of SPEEK showed good proton conductivities, which

is close to that of Nafion under similar conditions. Some of the blends gave low

methanol permeabilities (in the case of MDFC) lower than that of Nafion as well.

As already mentioned, the cost of SPEEKs is much lower than that of Nafion;

therefore, SPEEKs have the potential to replace Nafion and can accommodate itself

as PEM materials for PEMFCs.
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The future of PEM fuel cell strongly depends on the technological solution of the

challenges in the fuel cell industry. Academic organizations and industries both are

looking into the technological aspects and cost factors. Attempts can be made to

examine the effect of asymmetric or composite structures on the performance of

PEM. Considering that only a small amount of polymeric additive is required for

surface coating of the membrane, the future direction of research and development

efforts should be focused on the development of new methods of membrane surface

coating and surface modification. In this context, the approach of surface-modifying

macromolecules (SMM) might be interesting. Another novel approach is the use of

an electrospun nanofiber membrane (ENM) for fuel cells. Polymeric materials

having sulfonic acid groups have been fabricated into ENMs. The electrospinning

process is capable of producing fibers in the submicron to nanoscale range.
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Chapter 13

Preparation and Use of Organic-Inorganic

Hybrid Ion Exchangers in Catalysis

Dilson Cardoso and Leandro Martins

Abstract Organic-inorganic hybrids constitute a new class of compounds in the

research area of materials design. In this context, the preparation of hybrid organic-

inorganic catalysts is presented, focusing on catalysts where an organic molecule

is ionically bonded to the surface of an inorganic material. The application of this

class of hybrid catalysts in some organic reactions is presented.

13.1 Introduction

Why use inorganic catalysts containing ionic organic guests to perform different

catalyzed reactions? This topic has been written to show that these hybrid

heterogeneous catalysts allow for more efficient catalytic processes, which are

more cost-effectively derived from a higher productivity of the catalysts and from

a lower temperature of reactor operation.

One of the major problems of homogeneously catalyzed reactions is the diffi-

culty in recovering the catalyst from reaction products. Therefore, heterogeneous

catalysts have a significant advantage over the homogeneous counterparts. There

are several procedures attempting to “heterogenize” homogeneous catalysts in

order to combine the advantages of the homogeneous catalyst with those of the

heterogeneous [1]. Traditional heterogeneous catalysts are relatively limited in the

nature of their active sites and thus the reactions that they can accomplish.
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However, soluble organic catalysts can catalyze a much larger variety of reaction

types than traditional solid catalysts. In this context, the first attempt to

heterogenize homogeneous catalysts occurred when Haag et al. [2] showed that

transition metal complexes could be immobilized on polymer resins to be used in

hydrogenation and oxidation reactions.

An important class of reactions is those catalyzed by liquid acids or bases,

and there is a strong incentive to find solid acids [3] or bases [4] that can replace

their liquid equivalents in large-scale reactions. An alternative is the use of ion

exchange resins that have been available for many years [5]. Acid ion exchangers

are generally based on a linked polymer with acid functionalities in the form of

MSO3H. Similarly, strongly basic ion exchangers contain basic groups such as the

quaternary ammonium hydroxides, �N(CH3)3
+OH�.

Nafion, a perfluorinated ion exchange polymer, known as containing a very

strong Brønsted acid site, has been used in a wide range of catalyzed reactions

such as alkylation, esterification, and transesterification [6]. Poly(vinylalcohol),

another type of organic matrix, has been modified with different agents in order

to improve their hydrophobic/hydrophilic properties. In a previous work, it was

shown that these membranes can be successfully used as acid catalysts [6].

Attempts have also been made to modify porous inorganic materials owing to

their superior thermal and mechanical properties [7]. Hybrid catalysts with organic

groups attached to the support by silica functionalization techniques have been

proposed [8].

However, it must be pointed out that not only the acid or basic sites are important

in catalysis. Indeed, a solid surface may interact with reactants also as a function of

its hydrophobicity [6]. A weak interaction hinders any catalytic step, while too

strong interaction of reactants to the surface makes desorption too slow or impossible.

Again, the hydrophilic-hydrophobic character of the surface may be manipulated by

an appropriate choice of the exchangeable ions [7].

In the context of materials development for more efficient catalytic processes,

inorganic-organic hybrid materials offer new and exciting opportunities. This topic

focuses on organic-inorganic hybrid catalysts, with organic molecules ionically

bonded to the surface of inorganic support materials. This topic does not aim to

cover the properties of hybrids with covalently bonded molecules, because these

materials have already been subject to a growing amount of research during the last

few years [8].

13.2 Anionic Inorganic Supports: Zeolites and Mesoporous

Molecular Sieves

The most typical inorganic matrices with anionic character are the zeolites, also

known as molecular sieves due to its microporous system. These materials are

formed by silica-alumina networks in which the aluminum atom has a tetrahedral

configuration and, hence, generating negative framework charges [9]. These anions
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are compensated by mobile cations, which can be easily exchanged by others

present in liquid solutions as depicted in Fig. 13.1a. More recently, Kubota and

coauthors [10] discovered very important properties of new anionic matrices

formed by direct synthesis of mesoporous silicas (Fig. 13.1b).

The preparation and properties of these two hybrid materials are described in

more detail in the following items.

13.2.1 Anionic Inorganic Supports: Prepared by Ion Exchange

Ion exchange is an intrinsic property of zeolites. It is associated with the presence of

cations that compensate the negative charge of structural AlO4
� species. Various

zeolite applications are directly or indirectly based on this property. Additionally,

zeolites have attracted attention mainly due to their environmentally benign char-

acter and their potential use in fine chemical synthesis [11].

Fig. 13.1 Organic-inorganic hybrid anionic exchangers prepared by different procedures: (a) Ion

exchange in FAU zeolites, (b) direct synthesis of MCM-41 structure
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Zeolites are interesting materials not only by the properties of their active

sites but also by the way these sites are situated inside their microporous structure.

In an attempt to profit from the microporosity of zeolites, several researchers have

devoted their attention to generate stronger basic sites in zeolites [11]. Usually, the

basicity of zeolites can be developed by ion exchange with alkali metal cations [9];

however, these sites present relatively weak basic strength. Intrinsic zeolite basicity

is associated with framework oxygen atoms bearing the negative charge and is thus

of Lewis type. Decreasing the electronegative character of the non-framework

compensating cations the negative charge over oxygen ions is enhanced, i.e., the

basicity of alkali-exchanged zeolites increases with the compensating cation size in

the order Li+ < Na+ < K+ < Rb+ < Cs+. Indeed, this is a way of describing

zeolite basicity. According to Barthomeuf [9], the electron density on the oxygen

atom depends also on other factors, such as zeolite structure nature and cation

location. In this alkali metal’s sequence, francium cation (Fr+) could ensure a higher

basicity to zeolites because it has the lowest known electronegativity. However, this

element is the second rarest naturally in occurrence and is a highly radioactive

metal. An alternative to incorporate stronger basic sites in the zeolite pores is by

supporting alkali compounds. Since cesium ions induce stronger basic sites

than other alkali cations, researchers have focused significant attention on

supported cesium catalysts.

A new basic zeolite catalyst, comprising ion-exchanged methylammonium [12] as

well linear alkylammonium cations [13] in Faujasite zeolite (FAU) was found. These

catalysts showed to be six timesmore active than cesium-FAU zeolites in Knoevenagel

condensation of benzaldehyde with ethyl cyanoacetate (Reaction 1). This original

result indicates that zeolites containing organic cations might have huge potential in

various applications, which have not been properly explored. In addition, ammonium

cation compounds are much cheaper than cesium. In this previous work [12], four

different cations were evaluated, and interestingly, as occurs with the alkali metals, for

the same ion exchange degree, the zeolite catalytic activity increaseswith the size of the

organic compensating cation: NH4
+ < (CH3)NH3

+ < (CH3)3NH
+ < (CH3)4N

+.

Among the Mei cations (where 0 < i < 4, stands for the number methylammonium

groups in the cation), the monomethyl cation, (CH3)NH3
+, showed the highest ion

exchange degree and consequently ensured the highest catalytic activity to the FAU

zeolite (Table 13.1).

An alternative manner of increasing zeolite basicity is by incorporating alumi-

num atoms in the zeolite framework because, in this way, the negative framework

charge density is increased [9]. FAU zeolites with different framework aluminum

content and exchanged with methylammonium cations have been tested in the
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Knoevenagel condensation [14], and the material with higher aluminum content

(Si/Al ratio of 1.4) showed a conversion up to three times superior compared with a

zeolite having lower aluminum content (Si/Al ratio of 2.5). The main idea when

developing these Mei
+-FAU hybrid materials was to take advantage of the best

properties of each component that forms the hybrid material, trying to eliminate the

cesium high costs drawback and obtain catalysts with superior basicity.

Another class of reaction in organic synthesis over basic catalysts is the produc-

tion of glycols and glycol ethers [14]. These products are versatile molecules and

extremely important from an industrial point of view. There are several methods for

the synthesis of propylene glycol ethers; however, the propylene oxide (PrO

in Scheme 13.1) reaction with methanol is most suitable and commercialized.

In the presence of basic zeolites, the C-O epoxide bond preferentially opens

at the least sterically hindered position, leading mainly to secondary alcohols

(1-methoxy-2-propanol – 1M2P). However, on the contrary, acid zeolites provide

most primary alcohols (2-methoxy-1-propanol – 2M1P) [14].

Commonly, propylene oxide (PrO) methanolysis can be described by a sequence

of consecutive reactions depicted in Scheme 13.1. The most preferable conditions

would be obtained for the highest content of monopropylene glycol methyl ethers

(first reaction), which is a mixture of isomers 1-methoxy- 2-propanol (1M2P) and 2-

methoxy-1-propanol (2M1P). In this reaction, the zeolite CH3NH3
+-FAU, prepared

by ion exchange with an alkylammonium cation, was found to be more active than

Cs+-FAU for the conversion of propylene oxide (Table 13.2). This indicates higher

Table 13.1 Activity of FAU zeolites in Knoevenagel condensation [14]

Zeolite Si/Al ¼ 2.5 Zeolite Si/Al ¼ 1.4

Catalyst Conversion (%) Selectivity (%) Conversion (%) Selectivity (%)

Na+-FAU 8.2 100 16.6 99.4

Cs+-FAU 20.7 99.3 50.4 98.5

CH3NH3
+-FAU 38.4 99.2 83.1 95.8

(CH3)4N
+-FAU 29.4 98.8 60.1 98.5

CH3OH + PrO ® CH3O(PrO)H

CH3O(PrO)H + PrO ® CH3O(PrO)2H

CH3O(PrO)n-1H + PrO ® CH3O(PrO)nH

(1st reaction)

(n reaction)

(2nd reaction)

Scheme 13.1 Reactions

taking place during propylene

oxide methanolysis

Table 13.2 Activity of FAU zeolites in propylene oxide methanolysis [14]

Catalyst

Propylene oxide

conversion (%)

Selectivity to

monomers (%)

Selectivity to

dimers (%)

Na+-FAU 39.4 45.2 19.1

Cs+-FAU 41.2 46.1 17.1

CH3NH3
+-FAU 90.7 74.7 2.3
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basicity of the hybrid catalyst. Interestingly, selectivity toward the monomers

1M2P or 2M1P also showed to be strongly dependent on catalyst. Controlling

selective production of 1M2P and 2M1P is a very important step in obtaining

high-quality glycol ethers. The hybrid catalyst CH3NH3
+-FAU showed an excellent

result for obtaining the desired selectivity toward 1M2P and 2M1P isomers [14].

Zeolites are also known by that the shape or topology of the internal pore

structure that can strongly affect the selectivity, with which particular product

molecules are formed, designated as shape selectivity [11]. Particularly in zeolite

CH3NH3
+-FAU, pore narrowing is more severe, and thus cation volume is consid-

erably increased after ion exchange of Na+ from 4 to 49 Å3, making more evident

the shape selectivity toward formation of smaller molecules. This is an enormous

advantage when using hybrid alkylammonium zeolites, thus the selectivity is easily

controlled by ion exchange.

Generally, during propylene oxide methanolysis, dipropylene glycol methyl

ether mixture of isomers (DPGME, Reaction B, Fig. 13.2) is also formed, and its

content increases with advancement of the reaction. However, on zeolite CH3NH3
+-

FAU good selectivity towards CH3O(PrO)H (Reaction A, Fig. 13.2) was obtained

Fig. 13.2 Methanolysis of propylene oxide in FAU zeolite pores: (a) Formation of the monomer

CH3O(PrO)H (1M2P and 2M1P), (b) of the dimer CH3O(PrO)2H (DPGME) in the pores of the

zeolite Na+ or Cs+-FAU, and (c) lowered formation of the bulky dimer in zeolite Me1
+-FAU
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and the formation of bulkier products was suppressed. Actually, the micropore

narrowing caused by ion exchange with a more voluminous cation hinders the

second step of the methanolysis (Reaction C, Fig. 13.2) and leads to high selectivity

toward the smaller monomers molecules.

Basic property of zeolites, as a consequence of ion exchange with inorganic

cations, has been studied in a number of papers [9], but almost no attention had

been given to zeolites ion-exchanged with organic cations. With exception of two

works from the 1960s [15, 16], which studied uniquely ion exchange isotherms of

alkylammonium cations, no other paper described the effect of organic cation in

zeolite properties.

The exchangeable cations in FAU zeolite are usually found at four different

crystallographic positions, namely, type I, I0, II, and III [12]. Type I exchange sites

are located inside hexagonal prisms connecting sodalite cavities. Sites I0 are inside
the sodalite cavity, with its face positioned toward the hexagonal prisms. Sites II

are located in the six-member ring of the sodalite catalyst, facing the supercavity.

And sites III are also in the supercavity, next to four-member rings in the sodalite

cavity. Sites types I and I0 represent approximately 17% and 13% of aluminum

atoms present in this zeolite, respectively [12]. Sites II and III correspond to 20%

and 50% of ion exchange sites, respectively. These results, obtained from crystal-

lographic data and theoretical models, provide an explanation for ion exchange

results obtained with methylammonium cations summarized in Table 13.3 [17].

The maximum ion exchange obtained for cation with intermediate volumes

(between 13.6 and 49 Å3, in Table 13.3) is in agreement with the observations

that the proportion of Na+ ions located in the supercavity is around 70%.

In the ion exchange of FAU zeolites with alkylammonium cations, Table 13.3

shows that some organic cations should allow 100% ion exchange, but none of

the alkylammonium cations used was able to exchange all sodium present in the

zeolite. This limitation is attributed to two stereo-spatial barriers that may take

place simultaneously, depending on cation volume. The first is due to the inacces-

sibility of internal region of hexagonal prisms and sodalite cavities to voluminous

cations, thus restricting ion exchange to the supercavity. The second barrier

is related to the lack of space between neighbor anions to voluminous cations

Table 13.3 Estimated cation volume (VC), maximum ion exchange percentage, and micropore

volume of FAU zeolites [17]

Cation VC (Å3)

% Expected

exchange

% Experimental

exchange

Micropore

vol. (mL/g)

Na+ 3.6 100 100 0.25

Cs+ 20.2 100 70 0.20

NH4
+ 13.6 100 74 0.21

CH3NH3
+ 49 100 71 0.19

(CH3)3NH
+ 129 74 52 0.11

(CH3)4N
+ 175 54 35 0.14

CH3CH2NH3
+ 94 81 71 0.10

CH3CH2CH2NH3
+ 115 77 65 0.12
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(i.e., Me3 and Me4) because they have kinetic diameter larger than the distance

between two negative neighboring charges, induced by the incorporation of alumi-

num atoms in the zeolite framework. Figure 13.3 illustrates better this second

barrier that the ion exchange at neighboring aluminum atoms is difficult.

13.2.2 Anionic Inorganic Supports: Prepared by Direct Synthesis

In 2004, Kubota et al. [10] published their pioneering work about the use of Beta

zeolite as catalyst without going through calcination, i.e., with pores still occluded

with the cationic structure directing template, the tetraethylammonium cation. This

hybrid cationic-anionic material showed to be an excellent catalyst in the base-

catalyzed condensation reactions [18]. This novel result indicated that zeolites

containing organic cations might have high potential of application, which

motivated other researchers to test different zeolite structures enclosing entrapped

cationic species prepared through ion exchange (Fig. 13.1a) [12] or synthesis

procedures (Fig. 13.1b) [18].

Particularly during zeolites synthesis, organic-inorganic coulombic forces that

exist between the cationic structure directing agents and the anionic structure of the

zeolites play an important role in stabilizing zeolite phases. Actually, these forces

are important for the nucleation and crystallization of high-silica zeolites [18].

During the nucleation process, the organic species arrange TO4 tetrahedra (T ¼ Si

and Al atoms) into a particular topology, providing the building block for a

particular structure type [18]. This is a strong indication of the presence of organic

cationic species, in concert with anionic ones such as siloxy � SiO� or aluminoxy

groups [AlO4]
�. In these catalysts, the siloxy groups are very strong basic sites that

are capable to catalyze several reactions. Figure 13.4 evidences this finding because

as silicon fraction is increased in different zeolites and mesoporous materials,

the same tendency is observed in benzaldehyde conversion. The catalyst with

+ +
- -

+
+
- -

- -

+ +

AlO4 AlO4

AlO4 AlO4

AlO4 AlO4

maximum ion exchange

prohibited ion exchange

Na+

Mei+

ion exchange

Fig. 13.3 Maximum ion

exchange degree and

prohibited ion exchange in

the channels of zeolite FAU
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superior activity in this reaction is the siliceous MCM-41containing CTA cations

(Fig. 13.1b).

Although the mesoporous materials designed as MCM-41 was discovered in

1992, many properties have already been explored, and the commercial application

of some of them is likely underway. One important novel property of this molecular

sieve was found in 2004: the as-synthesized MCM-41, denoted as [CTA+]-

MCM-41 (CTA stands for cetyltrimethylammonium cation), showed interesting

and remarkable basic properties that is attributed to the presence of siloxy anions in

combination with CTA+ cations. This attractive catalyst has already been tested

in three different reactions – Knoevenagel condensation [19–21], Michael addition

[22], and cycloaddition reaction of CO2 with epoxides [23] – and showed superior

activity compared to other basic catalysts.

Because the MCM-41 catalyst channels are blocked with the ionic surfactant, the

high activity in the investigated reactions is attributed to basic sites located at

the pore mouth. The [CTA+]-MCM-41 possesses a surface area of only 1 m2/g,

and therefore, the basic sites present inside the channels are inaccessible for the

reactants [19]. This catalyst shows high catalytic activity even at low temperatures

and has in addition an extra great advantage because it can be used as synthesized,

without further modification.

The main goal in heterogenization of homogeneous catalysts is to utilize an

organic molecule as the active site and the solid to provide possibilities of recovering

and recycling the catalyst. The support material itself is usually not catalytically

active. However, the use of ionic organic molecules (e.g., alkylammonium cations)

changes dramatically the acidity/basicity character of these surfaces and conse-

quently the purposes of their use. For example, in the case of as-synthesized MCM-

41, the active sites are the siloxy anions � SiO� that exist in combination with

CTA+ cations.
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Fig. 13.4 Conversion in Knoevenagel condensation (Reaction 12-1), between ethyl cyanoacetate

and benzaldehyde, as a function of molar fraction of silicon in molecular sieves containing

entrapped organic cations (Reproduced from Ref. [18] with kind permission of# Elsevier (2002))
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Frequently, the basicity of mesoporous silicas, like MCM-41, MCM-48, SBA-15

molecular sieves, is achieved by functionalizing its surface with compounds

containing terminal amines [8]. The material is functionalized by anchoring organic

bases at the silanol groups, thereby forming a covalent bond. Prior to function-

alizing, the cationic surfactants present in the pores of the mesoporous support have

to be removed in the first place in order to make the pores free and to generate the

silanol groups, usually carried out by calcination under airflow. Another method of

obtaining basic MCM-41 can be achieved by dispersing alkali metal oxides [24].

However, due to the high pH of the impregnating solution, the MCM-41 structure

can be somewhat damaged. Cesium acetate is usually used for the impregnation of

calcined MCM-41, followed by heating to generate the basic Cs2O centers [24].

Since their first description in 1992, the mesoporous micelle templated silicas,

like MCM-41, have become favored carriers for homogeneous catalysts. In fact,

discovery of these materials is mainly responsible for the renewed interest in

homogeneous catalysts “heterogenization.” However, the main drawbacks of

these methods for preparing functionalized supports are the high experimental

expenditures.

13.3 Cationic Inorganic Supports: Layered Double

Hydroxides or Hydrotalcites

Layered double hydroxides (LDH) are well known as anionic inorganic supports

[25]. The ion exchange of interlayer cations (organic or inorganic) has received

considerable attention due to their importance as functional materials. LDH

has a positively charged hydroxide layer due to trivalent cations substituted for a

part of divalent cations in the layer. The positive layer charge is compensated

by intercalated anions. The chemical composition of LDH is represented as

½M2þ
1�xM

3þ
x ðOHÞ2�½An�

x=n � yH2O�, where M2+ is a divalent cation, M3+ is a trivalent

cation, and An� is an anion (inorganic and/or organic anions). The M3+ cation

substitution parameter x varies between 0.20 and 0.33. The nature of the layer

cations can be also changed, although most of the studies reported in the literature

refer to systems with M2+ and M3+ cations in the layers [26].

The intercalation of organic compounds into LDH has been investigated because

of the resulting compound is a nanostructured material with new functional

properties. The system is constituted of sheets lying on top of each other in which

coulombic forces maintain the chemical integrity and define an interlamellar

distance filled up with an organic anion, forming a sandwich-like structure [25].

Exchange of interlamellar anions by organic ions was first reported by Miyata and

Kumura [27]. LDH easily exchanges short- and long-chain alkyl sulfate anions or

fatty acid anions. As a consequence of this ion exchange, the basal spacing of the

LDH then increases with the fatty acid chain length.
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Catalytic applications of LDH have for a long time focused on the organic

condensation reactions carried out with mixed oxides obtained by calcinations

of Mg/Al LDH. However, the versatile character of materials prepared from these

LDH exhibiting catalytic activity has recently been highlighted and directed them

to extended functions [28].

Several LDH containing organic cations or cationic complexes have been

prepared; however, restricted examples of the catalytic application of these materials

are known. One example is the intercalation of anionic complexes such as porphyrins

or other supramolecular assemblies between the lamellar structures. In their cationic

or anionic forms, the porphyrins display a very high affinity toward negatively or

positively charged inorganic supports [29]. The charge density of the layers directly

controls the concentration of the catalytic species. This concentration can be

high, especially with high charge density supports such as layered zirconium

phosphates or double layered hydroxides. Indeed, LDH display very high ionic

exchange capacities compared to the cationic-exchange capacity of other supports.

This might be interesting because, in the case of porphyrins adsorbed on clays,

the guest-host interactions have shown improved chemical stability, including the

prevention of rapid photodegradation.

Porphyrins are extensively known as oxidation catalysts, especially for their

ability to catalyze the oxidation of various substrates under mild conditions,

including inert molecules such as alkanes. As verified by Bonnet et al. [29], the

ability of anionic porphyrins to exchange and to remain bonded to the LDH layers,

even under thermal treatment up to 300�C, encourages the use of such heterogenized
catalyst. Additionally, the intercalation process seems to favor the catalytic activity

of iron porphyrins probably because the supported catalyst is less susceptible to

inactivation by molecular aggregation and/or bimolecular self-destruction than the

parent porphyrin in solution.

Additionally, there has been increasing interest in supporting metallophthalo-

cyanines on LDH, owing to the fact that these macrocyclic complexes can function

as catalysts for the oxidation of organic molecules in aqueous solution [24, 30].

Cobalt(II) phthalocyanine tetrasulfonate, for example, is active for the oxidation of

a thiolate. Incorporation of the phthalocyanine complex into a MgAl LDH was

found to significantly improve the catalyst reactivity and longevity for this reaction,

compared to the homogeneous catalyst.

Another example is the intercalation into Zn/Al layered double hydroxides with

sulfonato-salen metal complexes containing Fe or Mn metal centers and application

as catalyst for the epoxidation of cyclohexene. In this case, the catalysts showed

good activity and selectivity in the epoxidation reaction using oxygen as oxidant

and at room temperature [31].

A major disadvantage of LDH is that many of the applications are largely

restricted due to the inaccessibility to the inner surfaces of the layers. The most

effective solution to this problem may be delamination into single layers as this

maximizes the use of the layers. Nevertheless, the strong electrostatic interactions

between layers and guest anions make the delamination difficult [32].
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13.4 Concluding Remarks

The heterogenization of homogeneous catalysts is an area that has been subject

to increasing attention during recent years, especially in the case of hybrid

composites where organic molecules are ionically associated to the surface of an

inorganic material. There are two main reasons for that: (1) the discovery of new

basic catalysts with superior basicity compared to the traditional ones and (2) the

possibility of choosing different ionic organic molecules allows tailoring of the

heterogeneous catalyst according to the specific strength needs of the active sites.

While many of the materials traditionally used as catalyst are too expensive for

industrial applications today (e.g., cesium containing zeolites), organic-inorganic

hybrid ion exchangers can lower their prices to a point where the advantages of

these versatile catalysts can lead to their use in real industrial conditions.
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Chapter 14

Ion Exchange to Fabrication of Waveguides

for Optical Telecommunication

Victor Anthony Garcia Rivera

Abstract Ion exchange technique in the process of design and fabrication of passive

devices for telecommunication has been a procedure to increment the glass refraction

index and has received special attention because it improves surface-mechanical

properties of glass and, more importantly, creates a wave-guiding region in the glass.

Today, glass waveguides are considered to be suitable candidates for passive and active

device for the integrated optical (IO) such as couplers, multiplexers, demultiplexers,

and others. Their importance is borne out by their compatibility with optical fibers, low

cost, low propagation loss, and integration into the system. In this way, with increasing

speed of data transmission, the importance of integrated photonic devices and circuits

grows. Many research groups have focused in the development of optical amplifier

based on Erbium-doped materials since their potential to realize broadband and

inherently linear compatible with current technology. This chapter gives an introduc-

tion to the ion exchange technique in solidmatter, mainly optical glasses. I shall present

the main results and equations describing the traditional ion exchange processes.

14.1 Theory

The modern history of ion exchange goes back over a hundred years (H. S.

Thompson and J. T. Way, 1850), during which there have been many scientific

and technical developments in this field. Progress has accelerated recently as a result

of the introduction of optical glasses. In 1972, Izawa and Nakagone [1] reported the

first ion exchange waveguides by thallium ions in silicate glass containing oxides of

sodium and potassium. This report marked the starting of the understanding the ion

exchange process and the fabrication conditions of waveguides.
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The ion exchange reaction is defined as the reversible interchange of ions

between a solid phase and a solution phase, that is, the ion exchange existence in

the medium in which the exchange is made. If an ion exchanger M�A+, carrying

cations A+ as the exchanger ions, is placed in an aqueous solution phase containing

B+ cations, an ion exchange reaction takes place which may be represented by the

following equation:

M�Aþ|fflfflffl{zfflfflffl}
solid

þ Bþ|{z}
solution

$ M�Bþ|fflfflffl{zfflfflffl}
solid

þ Aþ|{z}
solution

: (14.1)

The equilibrium represented by Eq. 14.1 is an example of cation exchange where

M� is the insoluble fixed anionic complement of the ion exchanger M�A+, often

called simply the fixed anion. The cations A+ and B+ are referred to as counter ions,

while ions in the solution which bear the same charge as the fixed anion of the

exchanger are called co-ions. This way, anions can be exchanged provided that an

anion-receptive medium is employed. Analogous representation of an anion

exchange reaction may be written:

MþA�|fflfflffl{zfflfflffl}
solid

þ B�|{z}
solution

$ MþB�|fflfflffl{zfflfflffl}
solid

þ A�|{z}
solution

: (14.2)

Equation 14.2 illustrates the essential difference between ion exchange. The

main fact is that electroneutrality is preserved at all times in both the exchange and

solution phases. Important features characterizing an ideal exchange are:

– Controlled and effective ion exchange capacity

– Rapid rate of exchange

– Chemical stability

– Physical stability in terms of mechanical strength and resistance to attrition

Several cation pairs have been studied, and in most cases [2, 3], sodium ions in

the substrate glass are exchanged for one of the cations, namely, Cs+, Rb+, Li+, K+,

Ag+, or Tl+; of the various monovalent ions, each one has its advantages and

drawbacks. In all the cases, surface indices change and thereby is possible fabricate

single- and multimode waveguides for optical telecommunication system. How-

ever, for integrated-optic (IO) applications, it is desirable to fabricate a waveguide

with low propagation loss and desired refractive index profile. Both depend upon

the substrate glass, that is, the relatively slow progress in ion exchange technology

can be attributed to this dependence. For example, losses are dominated by absorp-

tion, due to presence of foreign impurities and scattering contributions caused by

glass inhomogeneity and surface imperfections. In the same way, dopants introduce

additional scattering to the background losses caused by the multicomponent nature

of the glass.
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In the production process of waveguides (telecommunication optics) for a given

substrate glass, such a systematic study entails the following distinct steps:

(a) Ion exchange equilibrium to determine the relationship between the melt

composition and the glass-surface-ion concentration

(b) Diffuse equation with appropriate boundary conditions to predict the concen-

tration profile

(c) Measurement of the diffusion profile

(d) Waveguide characterization propagation for the given index profile

(e) Optical characterization of the waveguide and correlation between the optical

characteristic and the process parameters

The exchange capacity is possibly the most important characteristic of an ion

exchange material since it is a measure of its capability to carry out useful ion

exchange work [2–4], for example, the rate at which an ion exchange reaction

proceeds is a complex function of several physical-chemical processes such that the

overall reaction may be influenced by the separate or combined effects of concentra-

tion gradients in both phases, electrical charges gradient in both phases, ionic interac-

tion in either phase, exchanger properties, and chemical reactions in either phase.

The basic step in the fabrication of ion exchange waveguides is the development

of suitable glass substrate having sufficient alkali ion concentration (typically Na+,

K+, and Ca+ ), chemical durability, and activity ion solubility [5]. Thus, the

exchange is realized by thermal movement of cations in salt bath, which can be

assisted by an electric field external, so these cations are exchange to other cations

with the same valence (e.g., Ag+, Rb+, Cs+, Li+, K+, and Tl+). We can wait that the

dielectric permittivity increment proportionately to the dopant cationic concentra-

tion, and thus, planar/strip optical waveguides can be obtained. Being a diffusion-

driven process, ion exchange produces a gradient like concentration profile. Also,

due to differing polarizabilities and sizes between the exchange ions, it produces a

refractive index change in the glass. Therefore, the prediction of the cation concen-

tration is of great importance to design high-performance optical device [6].

Basically, the net index change (Dn) depends on the extent of the ion exchange

dictated by the equilibrium at the melt-glass interface [6, 7], and the effective

diffusion constant of cations species into of bulk glass and the time diffusion [8].

Penetrability of the glass can be thus considered as one of the figures of merit for

application of ion exchange for the fabrication of photonics components.

The only major disadvantage of the ion exchange technology is that it requires

thoughtful adjustment of the technology procedure appropriate for a certain combi-

nation of a chosen glass substrate [9] and the expected utilization of the waveguide.

However, once the fabrication procedure is adjusted, this technology enables

formation of enormous amount of low-cost waveguide with fully reproducible

properties.

In the next section are shown theoretical approaches that describe the development

of ion exchange for the production of devices for the optical telecommunications.
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14.1.1 Standard Models

In case of the simultaneous diffusion of two species (e.g., cations A and B) with
different diffusion coefficients (DA and DB) in a medium (glass) where fixed anions

are present this process is governed by three partial differential equations of the

second order: the Poison’s and two drift-diffusion equations (one for each specific

cation). In most cases, this system can be simplified under the approximation of

charge neutrality, i.e., the total cation concentration is assumed to be almost equal

that of anion everywhere. It is supported by the fact that a very small charge

disequilibrium is enough to generate a strong electric field which dominates the

drift-diffusion equations; this field moves the cations in such a way that the charge

neutrality tends to be restored [10, 11]. This approximation was developed in the

ref. [12] for the cases where the total flux of cations (J0) is null. Thus, the following
diffusion equation (without drift term) is written as:

@CA

@t
¼ ~r DADB

DACA þ DBCB

~rCA

� �
; (14.3)

where t is the time and Ci is the mole fraction of the species i ¼ A, B. Each mole

fraction is related with concentrations of both species through:

Ci ¼ Ci

CA þ CB
; i ¼ A;B: (14.4)

Note that CB could be eliminated from Eq. 14.3 since CA þ CB ¼ 1.

A generalization of charge neutrality approximation is desirable to describe

these kind of cases; for one-dimensional problems [13], the following was obtained:

@CA

@t
þ DADB

DACA þ DBCBð Þ2
J0x
C0

@CA

@x
¼ @

@x

DADB

DACA þ DBCB

@CA

@x

� �
; (14.5)

where x is the Cartesian coordinate, C0 the anion concentration, and Jox the cation
flux density along the x-axis.

A first approach was made in [14] by approximation of the total electric field

(but not its divergence) by external one ðE�!extÞ in three dimensions, which leads to:

@CA

@t
þ DADB

DACA þ DBCBð Þ2
e E
!

ext

kBT
~rCA ¼ @

@x

DADB

DACA þ DBCB

~r2
CA

� �
: (14.6)
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Here e, kB, and T are the proton charge, the Boltzmann’s constant, and the

absolute temperature, respectively; however, this is a not a true generalization.

Defining the drift term proportional to the field, E
!

ext is obtained:

e E
!

ext

kBT
¼ J0

DACA þ DBCB
: (14.7)

Albert and Lit [15] claim that E
!

ext is the external applied field, but it will be

shown later that charges located inside glass contribute to this field. Specifically,

E
!

ext

� �
x
should be independent of the position in one-dimensional problems (like

above J0x), which makes clear that the drift terms of Eqs. 14.5 and 14.6 are different

although their qualitative behavior is similar. On the other hand, both Refs. [16] and

[17] have obtained the same multidimensional electro-diffusion equation:

@CA

@t
þ DADB

DACA þ DBCBð Þ2
J0
C0

r!CA ¼ r! DADB

DACA þ DBCB
r!CA

� �
: (14.8)

That depends on total flux density instead of J0 of the electric field. It can be

regarded as a satisfactory extension of both Eqs. 14.3 and 14.5.

The influence conductivity change on the flux density has been formalized in

Ref. [18] to explain why channel waveguides are buried more slowly than slab

ones: they assumed the Ohm’s law: eJ0
!¼ �sr!V, where V is the electric potential

and s is the conductivity, this last can be related with the mole fraction by means of

the following: s ¼ e2C0

kBT
DACA þ DBCBð Þ. Finally we can have:

r! DACA þ DBCBð Þr!V
� �

¼ 0; (14.9)

from Eq. 14.9 we can determine V if the concentration profile is known; next, J0
!

is

trivially calculated from V.
The above referred works assumed both constant self-diffusion coefficients

and ideal behaviors of cations. Nevertheless, the experimental profile of the field-

assisted burying of slab waveguide is much more asymmetric (sharp front of profile

and smooth rear tail) than predicted from constant self-diffusion coefficients. For

that reason, a strong dependence of self-diffusion coefficients on cation composi-

tion is needed to get an accurate description [19]. Such dependence is called mixed

alkali effect and is known [4, 20–22], although no theory has been universally

accepted to explain effect.

The measurements realized by Wakabayashi and Messerschmidt et al. [21]

indicate the dependence on concentration and a nonideal behavior.
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14.1.2 Diffusion Equation

The diffusion of the ion A+ (e.g., Ag+) can be derived in the following form [14]:

@CA

@t
¼ mA~Eext � r!CA

1

1� aCA

� �
þ n

1� aCA
DAr2CA; (14.10)

where a ¼ 1� mA
mB
, mi is the mobility of ion, and

n ¼ @ ln aA
@ lnCA

: (14.11)

Here, aA is the thermodynamic activity of the ion A+. Equation 14.10 can be

solved to obtain the concentration profile provided the initial condition and the

boundary conditions are known. In Eq. 14.10, it has been assumed that the Nernst-

Einstein relation is satisfied. One of the boundary conditions involves knowledge

of the concentration of cation A+ at the glass surface, which is a function of the

melt concentration. Figure 14.1 shows the ion exchange process. The determination

Fig. 14.1 Representation of ion exchange process. Top left: glass into molten salt bath A+-B+ to

temperature T. Down: schematic of the ion exchange Ag+-Na+ to silicate glass between molten

salts and the glass. Top right: stage final, planar waveguide with x depth.Down: refractive index in
function of the depth; the better fitting is obtained from of Eq. 14.26 (Reproduced from Ref. [22]

with kind permission of V.A.G. Rivera, Master thesis, IFGW-UNICAMP-SP-Brazil (2005))
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of this boundary condition was accomplished by ion exchange equilibrium studies

reported earlier [4].

In addition, other important characteristic of the self-diffusion coefficient which is

of interest in ion exchange is the mixed alkali or double alkali effect [22]. When a

second alkali is added to a glass, a significant reduction in the self-diffusion coefficient

of the original alkali ion occurs. While this reduction occurs whether the second alkali

ion is smaller or larger than the original one, themagnitude of the change varies directly

with the concentration and the size mismatch of the second alkali. In fact, the self-

diffusion coefficient of an alkali ion is always considerably higher than that of the

impurity alkali ion, and the diffusion curves of the two alkalis intersect at a certain

concentration ratio, suggesting the alternation of the principal current carrying species.

As a result, the electrical conductivity passes through a minimum where the

two diffusion curves intersect. Although such a concentration dependence of the

self-diffusion coefficients has been measured in several glasses [22], the data for

most glasses of practical interest for ion-exchanged glass waveguide applications

are almost nonexistent. This is especially true for the Ag+-Na+ case as silver-rich

glasses have not been fabricated and studied. The mixed alkali effect has consider-

able influence on the diffusion profile [3].

14.1.3 Diffusion Without External Electric Field

Equation 14.10 can be further simplified if there were no external electric field,
~r � ~E ¼ 0, without the presence of space charge. Therefore, we can write the Eq.

14.10 in two spatial dimensions [23]:

@NA

@t
¼ @

@x

nDA

1� aNA

@NA

@x

� �
þ @

@y

nDA

1� aNA

@NA

@y

� �
; (14.12)

where NA is the concentration of ion, e.g., of silver in glass in mole fractions.

From Eq. 14.12, we can have the following cases:

• If a ¼ 0, we have the two cations with the same mobile. In the case of planar

waveguide, Eq. 14.12 reduces the one-dimensional equation:

@NA

@t
¼ @

@x
D
� @NA

@x

� �
(14.13)

where D
�

is the interdiffusion coefficient given by:

D
� ¼ nDA

1� aNA
¼ nDADB

DANA þ DBNB
: (14.14)
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• For NA << 1 as in the case of single-mode Ag+-Na+ waveguides, D ¼ nDA.

In this case, the diffusion equation has the form:

@NA

@t
¼ nDA

@2NA

@x2
(14.15)

The solution of Eq. 14.15 is [24]:

NA x; tð Þ ¼ N0erfc
x

W0

� �
(14.16)

where W0 ¼ 2
ffiffiffi
n

p
DAt is the effective depth of diffusion and N0 is the mole fraction

the Ag+ ion in the surface; see Fig. 14.1 (planar waveguide).

14.1.4 Diffusion with External Electric Field

Diffusion of an incoming ion can be enhanced by applying an electric field across

the substrate. In this case, one has to solve Eq. 14.10, which is a difficult task at best

in the two-dimensional case. However, in the case of one dimension (planar

waveguides), approximate solutions can be obtained in certain conditions. For

example, in the case of low concentrations (NA << 1), space-charge effects can

be neglected, and for planar waveguides, Eq. 14.10 reduces to:

@NA

@t
¼ nDA

@2NA

@x2
� mAEext

@NA

@x
; (14.17)

where NA(x,t) is calculated by Laplace-transform technique:

NA ¼ 1

2
N0 erfc x0 � rð Þ þ exp 4rx0ð Þerfc x0 þ rð Þf g: (14.18)

Here, x0 ¼ x=W0 ¼ x=2
ffiffiffi
n

p
DAt is the normalized effective depth of diffusion

without an external field and r ¼ mEt=W0.

It has been shown that the influence of the space charge leads to steeper diffusion

fronts when compared to the solution of Eq. 14.18 [25]. For large values of r, the
contribution of second term in Eq. 14.18 is negligible, and the diffusion profile can

be approximated as:

NA x0; rð Þ ffi N0

2
erfc x0 � rð Þf g r>2:5: (14.19)

In the two-dimensional case, Eq. 14.10 has been solved, neglecting the concen-

tration dependence of the interdiffusion coefficient and assuming that the diffusion

474 V.A.G. Rivera



term is small [25]. This solution is valid in many cases, nevertheless, in determined

conditions they fail to describe the diffusion of a determined ion into the glass. In

such a situation, Eq. 14.10 can be solved by numerical methods.

Abou-el-Lei and Cooper [13] have analyzed the problem of electric-field-

induced ion exchange in detail and compared their results with the data from the

viewpoint of strengthening of glass. Not much consideration was given to

conditions characteristic of waveguide formation.

14.1.5 Boundary Conditions

Boundary conditions depend on the substance that is in contact with the glass. Three

kinds of substances are usually studied: molten salts, metallic films as cation source,

and masks. The standard theory of electrolytes [26] is applied to obtain the boundary

conditions for both CA and V, in such a way that the usual boundary conditions of

results in a potential difference that arises between the glass and the salt or the

metallic film, that is, a contact potential exists when cations can cross the boundary.

For example, the solution of Eq. 14.11 is shown in Eq. 14.26, which is obtained

from of the initial and boundary conditions:

NA x; 0ð Þ ¼ 0 for x>0

NA 1; tð Þ ¼ 0

NA 0; tð Þ ¼ N0

)
for all t � 0 ð14:20Þ

14.2 Ion Exchange Process

Since Izawa and Nakagome [1] reported the first ion exchange waveguide made by

T1+-Na+ exchange from a mixture of molten nitrate salts, molten bath has almost

invariably been used as the source of exchanging ions for fabrication of glass

waveguides. Several cation pairs have been studied. In most cases [1, 2, 27, 28],

sodium ions in the substrate glass are exchanged for one of the cations, namely, Cs+,

Rb+, Li+, K+, Ag+, or Tl+ (Table 14.1). Also, Cs+-K+ exchange has been reported for

Table 14.1 Some results of ion exchange to obtained waveguides from different ions

Ion Host matrix Melt salts Temperature (�C) Dn Ref.

Tl+ Borosilicate TlNO3 + KNO3 + NaNO3 530 0.001 1

K+ Soda lime KNO3 365 0.008 2

Ag+ Aluminosilicate AgNO3 225–270 0.13 2

Rb+ Soda lime RbNO3 520 0.015 3

Cs+ Soda lime CsNO3 520 0.03 3

Li+ Soda lime Li2SO4 + K2SO4 520–620 0.012 31

Ag+ Tellurite AgNO3 + KNO3 + NaNO3 280 0.13 35
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waveguide fabrication [10]. Table 14.1 shows the first published reports for each

cation pair along with the ion exchange conditions, the salt bath, the substrate glass,

and the accompanying surface-index change (Dn). It is necessary to say that of the

various monovalent ions, each one has its advantages and drawbacks.

Several methods have been developed to produce optical waveguides in glasses.

Among these methods, ion exchange [28–50] is the most known and explored

technique to obtain waveguide candidates for IO.

14.2.1 Exchange from Molten Bath

In order to create a waveguide in glass systems, it is necessary to create an area

where the refraction index is higher than that of the adjacent areas. In the process of

ion exchange from of bath salt molten, variations can be obtained in the refractive

index, absorption, luminescence, and others. In this sense, the most often used salts

are nitrates of sodium, potassium, and silver or mixtures of them [21, 25]. For IO

applications, it is desirable to fabricate waveguides with low propagation loss and

desired refractive index profile. Still, both parameters depend upon the substrate

glass. Resulting in a slow progress in the ion exchange technology for the fabrica-

tion of optical waveguides due to the dependence above mentioned.

Furthermore, molten salts (nitrates) of such cations are common sources of

dopants, although a metallic film deposited on the glass surface can be also a source

of cations. The exchange happens by thermal movement of also cations or it can be

assisted by an electric field. The refractive index of the glass increases proportion-

ally to the dopant cation concentration, and thus, slab optical waveguides can be

obtained after a time determined of ion exchange. By selective masking of the glass

surface (aluminum or others), ion exchange can be locally prevented or allowed to

fabricate IO elements such as channel waveguides, splitters, multiplexers, and

others optical planar devices. It must be stressed that even amplifiers, lasers, and

frequency doubling have already been demonstrated in rare-earth-doped glasses.

On the other hand, large diffusion times are required for suitable waveguide to

occur, limiting its use for single-mode guides. The resulting waveguides are

birefringent [51] although they exhibit negligible depolarization [30] and small

propagation losses. Li+ is very mobile in glasses, and highly multimode guides with

index profiles compatible with optical fibers can be produced in a few minutes [31].

The maximum index change of the order of 0.015 is achievable, but so far, no

low-loss guides have been demonstrated.

Moreover, because of large mismatch in the ionic radius of the two ions

(Table 14.1), large stress is introduced in the glass network, causing surface

damage. In the case of Cs+, an index change of the order of 0.04 has been achieved

[25] in a special potassium-rich BGG2 glass with very low losses (<0.2 dB/cm).

However, one disadvantage of using Cs+ is that cesium salts react with most

materials and diffusion must be carried out in crucibles made of special materials

such as platinum, thereby adding to the cost.
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The requirements for an ideal substrate glass have been listed in Ref. [31, 32].

The losses are dominated by absorption, primarily due to presence of foreign

impurities, and scattering contributions caused by glass inhomogeneity and surface

or geometric imperfections. By careful choice of the host glass, waveguide losses

below 0.1 dB/cm can be obtained [27, 33, 34]. Scattering losses are generally

introduced in the processing steps.

Dopants introduce additional Rayleigh scattering to the background losses

caused by the multicomponent nature of the glass. Reduction of cations to metallic

form, such as in the case of silver, as pointed out earlier, can give rise to additional

absorption and scattering losses.

Hence, the refractive index profile depends on various process parameters in an

intricate manner. The composition of the host glass,1 the nature of the incoming ion

and its concentration in the source, the temperature, the diffusion time [8], and the

magnitude of the externally applied field all affect the index profile. Since the

waveguide characteristics are determined by the index profile, it is necessary to

establish a correlation between the process parameters and the index distribution

before the process can be tailored to produce waveguides of desired characteristics

through a careful choice and control of the process parameters.

The reproducibility of the fabrication process should be verified for a given

diffusion time from the bath salt molten.

Due to the presence of sodium in the very glass composition, ion exchange at

Na+-Ag+ was chosen [28, 35]. For example, the bath composition can be a mixture

of XAgNO3-YNaNO3-ZKNO3 (weight %, X + Y + Z ¼ 100), which was

performed at near (up-down transition temperature, Tg), in a time period ranging

from a few minutes to hours in a special ion exchange equipment representative

(see Fig. 14.2). The salt was contained in a crucible held in a vertical furnace, in

which the temperature was controlled.

14.2.2 Equilibrium at the Melt-Substrate Interface

The simultaneous diffusion of two cation (or more) species (A and B) with different
diffusion coefficients (DA andDB) in a melt-substrate interface occurring in order to

maintain charge neutrality. This process can be represented by Eq. 14.1 or 14.2. It is

supported by the fact that a very small charge disequilibrium is enough to generate a

strong electric field which dominates the drift-diffusion equations; this field moves

cations in such a way that the charge neutrality tends to be restored [11].

1 The multicomponent optical glasses used for ion exchange are usually silicate glasses composed

of SiO2 and various other oxides. The oxides of monovalent cations such as Na2O, K2O, Li2O, etc.,

are called the network modifiers, and it is believed that the basic structure of the glass does not

change as a result of the binary ion exchange where one of the network modifiers is exchanged

with an ion of higher polarizability.
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This equilibrium may be limited by the following processes:

• Mass transfer of reactants

• Kinetics of the reaction at the interface

• Transport of cation in the glass phase

Transfer of cations in the melt takes place through of the diffusion and convec-

tion processes. Convection can be enhanced by stirring the melt. For diffusion to be

a limiting process in the melt, the important parameter is
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
NB=NAð Þ DB=DAð Þp

,

where NA(NB) denotes the concentrations in mole fractions of cation A in the melt

(glass) and DA the self-diffusion coefficient in the respective medium.

In addition, the ion exchange process consists basically the net index change Dn
that depends on the extent of the ion exchange dictated by the equilibrium at the

melt-glass interface and on the differences in the radii and polarizabilities of the two

cation species involved (particularly in the binary exchange). While the contribu-

tion of the ionic polarizability is easy to understand, the role of the mismatch of the

ionic size in the determination of the index change is not well understood.

The equilibrium state is governed by an equilibrium constant K defined as:

K ¼ aAaB
aBaA

; (14.21)

where a0s represent thermodynamic activities of the cations in the respective phase.

Fig. 14.2 Schematics of the experimental arrangement for the diffusion
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14.2.2.1 One Species of Cations

This occurs when the substrate containing a monovalent cation A into a molten salt

solution containing the diffusing monovalent cation B. The ion B is driven into the

glass by an interphase chemical potential gradient.

These cations move from salt to glass and vice versa to achieve the equilibrium,

which happens when the cation electrochemical potentials are equal in both phases

and they do not depend on the position. As cations are charged particles, each

electrochemical potential can be split into an electrical and a chemical part:

e Vs � Vð Þ ¼ �m0ACA � �m0AsCAs: (14.22)

The subindex “s” means the salt; no subindex means the glass. Note that �m0ACA,

�m0AsCAs, V, and Vs depend on the position. Let us suppose that the salt has less

energetic states which results in a lower value of its chemical potential in bulk

region; thus, if both phases are put in contact, glass cations tend to cross the

interface. As cations cross, a negative charge builds up in the glass and a positive

one also appears in the salt. The resultant electrostatic force keeps these charges

confined in two thin surface layers. These charges cause a potential difference

between the glass and the molten salt. Obviously, the cation migration stops when

this difference balances the original energetic stop [36].

Likewise, the bulk value of the salt potential (Vs) is used instead of its value at

the surface (Vs|F; the subindex “|F” represents the charged layers) because the

conductivity of the molten salt is much higher than that of the glass; hence, the

potential differences into the salt can be neglected. Furthermore, the charge density

near the interface is not neglected, but the thickness of the charged region is.

Finally, the boundary condition of f is equal to that of V because CA ¼ 0:

fjF ¼ Vs þ �m0As � �m0A
e

: (14.23)

14.2.2.2 Two Species of Cations

When two species are present in the process of ion exchange, the electrochemical

potentials also depend on the mole fractions of cations; therefore:

mAs ¼ mAjF As $ Að Þ
mBs ¼ mBjF Bs $ Bð Þ: (14.24)

We can assume the salt as homogeneous because its cation mobility is much

higher than the one in glass; in addition, the salt convection continuously renews the

salt at the boundary. So, we can obtain the following relation:

�mAs þ �mBjF ¼ �mAjF þ �mBs As þ B $ Aþ Bsð Þ: (14.25)
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Nevertheless, as neither salt nor glass behaves ideally, we have [11]:

�mi ¼ �mi
0 þ kBT ln ai

�mis ¼ �mis
0 þ kBT ln ais

	
i ¼ A;B

ln
aAsaBjF
aBsaAjF

¼ �mA
0 � �mAs

0 � �mB
0 � �mBs

0ð Þ
kBT

:

(14.26)

Consequently, to relate mole fractions at the glass boundary (CA Fj and CB Fj ) with
those of salt (CA sj and CB sj ), can be written [37]:

aB
aA

¼ CB

CA

� �n

; (14.27)

where n is a constant to the ratio of the thermodynamic activities in glass.

Once mole fractions at the glass boundary are known, the potential differential is

fixed by Eq. 14.21:

V Fj ¼ Vs þ m0As � m0A
e

þ kBT

e
ln

aAs
aAjF

¼ Vs þ m0Bs � m0B
e

þ kBT

e
ln

aBs
aBjF

(14.28)

and thus, the following Dirichlet condition for f is obtained:

f Fj ¼ Vs þ m0As � m0A
e

þ kBT

e
ln aAs

aBjF
aAjF

þ DACA

DBCB

� �
 �

¼ Vs þ m0Bs � m0B
e

þ kBT

e
ln aBs 1þ DACA

DBCB

� �
 �
: (14.29)

Note that CA Fj is the same in all points of the glass surface in contact with the

salt. Therefore, both V Fj and f Fj are also constant along the frontier between salt

and glass but different from Vs.

14.2.2.3 Experimental Cases: Ag
+
-Na

+
, K

+
-Na

+
, and Cs

+
-K

+

Most of the progresses in the ion exchange process for obtained (single- or

multimode) waveguides at optical telecommunication are based in three basic

cation pair systems. The main results are summarized as follows:

Ag+-Na+ Exchange: This is the most studied system. There are several advantages

of choosing this cation pair: (1) Index change can be varied diluting the AgNO3

melt with NaNO3. No birefringence or depolarization is observed. Losses are also

kept low. (2) Diffusion temperatures are the lowest, and diffusion times are also

reasonable as silver has high mobility. With the control of diffusion time, it is

possible to obtain single- or multimode guides. (3) Buried waveguides are easy to
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fabricate by thermal diffusion as Ag+ near the glass surface diffuses out in the

second step ion exchange. (4)While the attempts to optimize the single-mode guides

for low losses and fiber compatibility have given favorable results, the progress on

the device end using Ag+-Na+ exchange is slow. This can be attributed to the lack

enthusiasm, owing to the general belief that silver ions embedded in a glass matrix

can exhibit optical losses and, therefore are prone to deterioration of their optical

transmission. While this is true if pure AgNO3 melts are used, single-mode

structures with low silver contents are not likely to suffer from these drawbacks.

K+-Na+ Exchange: This system has by far been the most used for single-mode

device fabrications. This preference may be attributed to two principal factors: (1)

the index change with pure KNO3 melt is highly compatible with single-mode

fibers and (2) unlike Ag+-Na+ of the exchange process, no concentration control of

the melt is required, thus simplifying the fabrication procedure. Yip et al. [38, 51]

have reported an extensive study of K+-Na+ planar guides in soda-lime glass.

Cs+-K+ Exchange: This cation pair system has recently been adopted by several

workers. The composition of the glass [32] is such that it allows optimization of the

process parameters for single-mode waveguide fabrication. The process diffusion is

performed from a molten mixture of CsNO3 and CsCl.

Recent studies in ion exchange process have permitted a better understanding

of the role of the processing conditions and the matrix glass in influencing the

index profile of planar and buried single- and multimode waveguides; this allows

fabrication of low-loss, fiber-compatible, reproducible. Buried channel waveguides

have characteristics excellent for applications in photonics.

In the ion exchange process, it is possible to have the space-charge effect. This is

created by the unequal ionic mobilities (mA/mB 6¼ 1) since the substrate glass is rich in

cation B, mA < mB when glass is immersed in the melt. Cation B migrates faster than

A, causing space-charge region. However, as ion exchange proceeds, the depth of the
cationA–rich region increases, and in this region, mA > mB provided sufficient cations
of species B have been replaced by A. As a result of this interplay, the ionic

conductivity of the glass varies across the substrate, being the lowest in the space-

charge region. This variation is time dependent, and the ionic current is not constant

[39]. The extent to which space-charge effects modify the index profile depends upon

the range of variation of mA and mB in the two extreme concentrations. In the case of

Ag+-Na+ exchange, the effects are not severe, and the ionic current is time indepen-

dent during the process. However, in the cases such as K+-Na+, it may be an

important factor and therefore must be considered in the analysis.

Dielectric Mask

A mask is deposited on the glass in order that the cation crosses the glass only in the

region desired, still if the sample is totally immersed in molten salt. If the mask is a

dielectric like Al2O3 [23], SiO2, Si3N4, polyimide [40], or photoresist [41], no

charge transference is possible between cations and mask; thus:
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J
!

AjF � êF ¼ 0

J
!

BjF � êF ¼ 0
: (14.30)

It leads to the Newman conditions for CA, V, and f; thus:

r!CAjF � êF ¼ 0

r!V Fj � êF ¼ 0

r!f Fj � êF ¼ 0

: (14.31)

Metallic Mask

Aluminum or titanium films are widely used as metallic masks [42]. Chromium

masks have been also proposed for dry field-assisted ion exchange [43]. Their

boundary conditions have been also modeled by Eq. 14.31, in spite of several

known failures of the model [23, 44].

14.2.3 Type Waveguide: Formation Process

A waveguide is a structure which guides electromagnetic waves. These

waveguides differ in their geometry which can confine energy in one dimension

such as in slab waveguides or two dimensions as in fiber, planar, channel, or

buried waveguides.2

A propagation mode in a waveguide is one solution of the wave equations or, in

other words, the form of the wave. Due to the constraints of the boundary

conditions, there are only limited frequencies and forms for the wave function

which can propagate in the waveguide. The mode with the lowest cutoff frequency

is the basic mode of the waveguide, and its cutoff frequency is the waveguide cutoff

frequency.

Waveguides used at optical frequencies are typically dielectric waveguides

(glass generally), structures in which a dielectric material with high permittivity,

and thus high index of refraction, is surrounded by a material with lower

permittivity.

2 The wave propagation along the waveguide axis is described by the wave equation, where the

wavelength depends on the waveguide structure as well as on the frequency. Along the width of

the waveguide, the wave is confined in a standing wave pattern. The equation that describes the

transverse wave form is more complicated and is derived in the case of electromagnetic waves

from Maxwell’s, along with boundary conditions that depend on the shape of the waveguide and

the materials from which it is made. These equations have multiple solutions, called propagation

modes (TE, transversal electric, and TM, transversal magnetic).
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Practical rectangular-geometry optical waveguides are most easily understood

as variants of the simple dielectric slab waveguide, also called planar waveguide

(see Figs. 14.1 and 14.3). The slab waveguide consists of three layers of materials

with different dielectric constants, extending infinitely in the directions parallel to

their interfaces.

Light may be confined in the middle layer by total internal reflection. This occurs

only if the dielectric index of the middle layer is larger than that of the surrounding

layers. In practice, slab waveguides are not infinite in the direction parallel to the

interface, but if the typical size of the interfaces is much larger than the depth of the

layer, the slab waveguide model will be an excellent approximation.

Another type is the strip waveguide, which is basically a strip of the guiding

layer confined between cladding layers. The simplest case is a rectangular wave-

guide, which is formed when the guiding layer of the slab waveguide is restricted

in both transverse directions rather than just one. Rectangular waveguides are used

in IO circuits, and in laser diodes. They are commonly used as the basis of such

optical components as Mach-Zehnder interferometers and wavelength division

multiplexers. The cavities of laser diodes are frequently constructed as rectangular

optical waveguides. Optical waveguides with rectangular geometry are produced

by a variety of means, usually by a planar process. In a channel waveguide, the light

propagates within a rectangular channel (the dashed region in Fig. 14.3) which is

embedded in a planar substrate. To confine light within the channel, it is necessary

for the channel to have a refractive index greater than that of the substrate and, of

course, greater than the refractive index of the upper medium, which is usually air

or the same for buried waveguides. Because the substrate is planar, the technology

associated with IO circuits is also called planar lightwave circuits (PLC).
Figure 14.3 shows the geometry of an optical fiber, which can be considered as a

cylindrical channel waveguide.

The technology and fabrication methods associated with IO circuits and

components are very varied; in addition, they depend on the substrate material

with which the optical device is fabricated. Optical integration can expand in two

directions: serial integration and parallel integration. In serial integration for optical

communication devices, the different elements of the optical chip are consecutively

interconnected: laser and driver, modulator and driver electronics, and detector and

receiver electronics. In parallel integration, the chip is built by bars of amplifiers,

Fig. 14.3 Basic waveguide geometries: (a) planar, (b) channel, and (c) optical fiber
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bars of detectors, and wavelength (de)multiplexors. Also, a combination of these

two architectures should incorporate optical cross-connects and add-drop modules.

The glass-based IO devices have the great advantage of the low cost of the

starting material and the fabrication technique, mainly performed by an ionic

exchange process.

14.3 Characterization

The important characterization of passive waveguides includes measurement of index

(dopant) profile, propagation constants of the guided modes, attenuation, and mode

field pattern. The results may be a valuable supplement to numerical modeling

verification.

In addition, two models attributed to Huggins and Sun (HS) and Append have

been successfully used to evaluate the index change due to ionic substitution in

multicomponent glasses and are described below [45].

Ion exchange process is only possible when the process temperature is above Tg.
In this sense, the thermal properties were measured by differential thermal analysis

(DTA) technique. Powdered samples were characterized by DTA using a-alumina

crucibles as reference and sample holder in the 50–1,100�C range, heating rates

of 10�C/min, sample mass of orders mg, and N2 flux of 50 ml/min, usually

experimental conditions. This analysis determines the features temperatures (Tg,
onset crystallization temperature on heating, Tx, peak crystallization temperature on

heating, Tc, and melting point, Tm). These characteristic temperatures refer to the

first crystallization and melting peaks on heating. The thermal stability against

crystallization parameters of the glasses is calculated from equations proposed

by Nascimento et al. [46]. Another similar technique is differential scanning

calorimetry (DSC).

The purpose of this section is to show the most important methods used to

characterize waveguides obtained through of the ion exchange process and the

consequence this process into the glass matrix.

14.3.1 Index Change by Ion Substitution

The effective indices of the glass samples and planar waveguides are measured at

transverse electric (TE) and magnetic (TM) polarizations with an m-line apparatus

(Model 2010, Metricon) based in the prism coupling technique with 0.0005 resolu-

tion [28]. Through this equipment, it is possible to determine the guided modes and

effective refractive index of the sample. In this way, the effective refractive index of

the guided mode increases with enhancing exchange time [8], and the temperature

will play a more important role in the ion diffusion.
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In addition, the index change after ion exchange process is due to polarizability,

volume, or stress-induced change into the system glass, which are associated with

the substitution of the A ion for a B ion.

14.3.1.1 Polarizability and Volume Change

The refractive index of an isotropic medium such as glass can be expressed by the

Clausius-Mossotti or Lorentz-Lorenz equation [45]. For a single-component oxide

glass, such as SiO2 (fused silica), the above equation is n2�1
n2þ2

¼ R
V , where

R ¼ 1=ð3e0ÞNa is called molar refraction of the glass, a is the molecular polariz-

ability, N is the Avogadro number, and V is the molar volume.

Thus, the ion-exchanged glass never attains the volume predicted by free

expansion. If so, the difference between the initial and final volumes is limited

due to stress in the glass when subjected to ion exchange process (an A ion for a

B ion).

14.3.1.2 Stress-Induced Index Change

Ion exchange process involves exchange of two cations of different ionic radii at

temperatures well below the stress relaxation temperature of the glass. As a result,

the accompanying volume changes have to be accommodated only in the direction

normal to the substrate since the surface is prevented from expanding (or

contracting) laterally due to resistance to bending of the glass substrate.

The stress profile generally follows the concentration profiles. Moreover, since

the stresses are anisotropic, the index change depends on the state of polarization of

the optical electric field, that is, the resulting waveguides are birefringent [47].

Another factor which causes stress in ion-exchanged waveguides is the

mismatch between the thermal expansion coefficients of the waveguide and the

substrate materials.

However, this effect is very small [47] and can be neglected in comparison to the

compositional stresses unless the exchange is carried out above the stress relaxation

temperature as in the case of Li+-Na+ exchange in aluminum silicate glass [48].

14.3.2 Refractive Index Profile

There are several techniques for measurement of the index profile in waveguides.

These include interferometry, reflectivity measurement, and the inverse Wentzel-

Kramers-Brillouin method (WKB method) which relies on the mode-index data.

Interferometry may be the most accurate and direct technique [1]. However, the

sample preparation is time consuming and laborious, and the technique is destruc-

tive. The two-dimensional index profile can also be determined by measuring

14 Ion Exchange to Fabrication of Waveguides for Optical Telecommunication 485



reflectivity from polished faces with the aid of an optical multichannel detection

system [14]. The index distribution is calculated from Fresnel’s formula.

Another method which yields the index profile of the waveguide relies on the

measurement of mode indices. This can be easily accomplished by the prism

coupler technique with accuracies approaching 1 � 10�4 [14]. From the mode-

index data, the index profile is derived using the inverse WKB method [49].

This method gives reasonably good results for multimode guides with ERFC3 and

exponential profiles. Moreover, the WKB approximation is known to be erroneous

near the mode cutoffs [50].

The method may thus give reliable results for diffusion depths, but the value of

surface-index change is always subject to error. In case of surface waveguides (such

that prism coupling can be employed for measurement of mode indices) with the

large number of guided modes, WKB method has been used extensively for

characterization of waveguides [28].

There are basically two ways of calculating the normal modes from the

fundamental parameters (refractive indices and thicknesses of the layers):

1. A classical theory based on geometrical optics

2. The direct resolution of Maxwell’s equations whose analysis, as discussed

below, shows a similar quantum pretty interesting

In the framework of geometrical optics, the confinement of light inside the film

must be described by the total reflection at two interfaces (substrate-film and film-

superstrate). Starting from this definition, there are two different types of

waveguides: single-4 and multimode guides.

14.3.3 Determination of Diffusion Coefficient D and Mobility m

The diffusion process that occurred by ion exchange process was characterized by

diffusion coefficient D calculated from the following equation:

D ¼ d2=4t; (14.32)

where d is a depth of the waveguide (mm) and t stands for time of the ion exchange

process.

Besides the boundary conditions obtained by the ion exchange equilibrium

reported earlier [4], complete solutions of diffusion Eq. 14.32 also require knowl-

edge of interdiffusion D and mobility mA�B.

3 ERFC is the complementary error function, commonly denoted erfc(z), and is an entire function

defined by erfcðzÞ ¼ 2ffiffi
p

p
R1
z

e�t2dt.
4 A single-mode waveguide is a waveguide designed to carry only a single ray of light (mode). This

ray of light often contains a variety of different wavelengths. Although the ray travels parallel to

the length of the fiber, it is often called the transverse mode since its electromagnetic vibrations

occur perpendicular (transverse) to the length of the fiber.
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In addition, field-assisted ion exchange can, in general, be used to decrease the

processing time or, as in our case, to permit fabrication of buried channel waveguides.

Then, the profile the refraction index can be written as:

nðxÞ ¼ nv þ Dn exp
�x2

d2

� �
: (14.33)

This equation is very important to determine the characteristic of waveguidesmake.

Then, Dn is the refraction index change, nv is the glass refraction index, and d is the

effective depth of the waveguide. Figure 14.4 shows the behavior described above.

From experimental measurement (e.g., prism coupler), it is possible to determine

the parameter d to a time determined and, finally, the diffusion coefficient,

Eq. 14.32. Moreover, D is temperature function described for Arrhenius:

De ¼ D0 exp
�ED

RT

� �
; (14.34)

where D0 is a pre-exponential factor, ED is the activation energy, T is the absolute

temperature, and R is the gas constant (8.314 J/K mol). From this, we can determine

the parameter better for the fabrication of channel or planar waveguide, single- or

multimode, etc.

14.4 Conclusion

The correlation between the theory and experiment allows determination or rele-

vant parameters such as the index profile, the electric mobility of A(B) ion in matrix

glass, and the interdiffusion coefficient for given melt composition and other

process parameters. The low diffusion coefficient is responsible for the longer

time needed to fabricate a waveguide at low temperature. Furthermore, complex

network in the glass makes the ion exchange process slow.

Fig. 14.4 Change of refraction index in depth waveguide function
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Consequently, after the diffusion profile was determined, a method was used to

obtain the mode-index and the mode-field profiles. Therefore, it may be possible to

obtain the same desired waveguide performance by a range of combination of these

parameters.

A large problem in the ion exchange process is that the surface of glass will be

corroded and the optical property of the fabricated waveguide will be deteriorated.

The corrosion becomes more and more severe with increasing exchange time and

temperature. One reason possible is the intrinsically weak stabilization of glass

structure; weakly acidic property of glass is the main factor leading to the corrosion

of glass surface.

Finally, several methods have been developed to produce optical waveguides in

glasses, but process ion exchange is the most known and explored that allows

integration of optoelectronic devices on the same chip and efficient waveguides to

optical fiber coupling.
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Chapter 15

Network Simulation of the Electrical Response

of Ion Exchange Membrane Systems

A.A. Moya

Abstract The steady-state, transient and small-signal ac responses of ion exchange

membrane systems are studied by using the network simulation method. A network

model for the Nernst-Planck and Poisson equations is used to describe the ionic

transport processes through a cation-exchange membrane and the two diffusion

boundary layers on both sides of the membrane. With this model and the electric

circuit simulation programme PSpice, the steady-state, chronoamperometric,

chronopotentiometric and small-signal ac responses are simulated. In this work,

we analyse the influence of the fixed-charge concentration inside the membrane on

(1) the steady-state current-voltage characteristic, (2) the ionic fluxes ratio describ-

ing the permselectivity of the membrane, (3) the chronoamperometric response, (4)

the chronopotentiometric response and (5) the electrochemical impedance. Some of

the results obtained for highly charged membranes can be compared with the

analytical solutions in ideal membranes.

15.1 Introduction

Theoretical studies on ionic transport through ion exchange membranes have

received considerable attention in the last years because of the interesting techno-

logical applications in fuel cells, batteries and electrodialysis for seawater desali-

nation [1]. It is now well known that the ionic transport properties in ion exchange

membrane systems can be obtained by analysing the response of the system to

controlled electric potential or current perturbations. Chronopotentiometry and

electrochemical impedance spectroscopy are examples of experimental techniques

commonly used to characterizing the electrical properties of ion exchange mem-

brane systems [2].
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The characterization of electrochemical systems by electrical response

measurements requires the development of mathematical models for which the

response can be determined theoretically and which serve as a basis for the

interpretation of experimental data. For the case of ion exchange membranes, the

theoretical treatment most commonly employed is based on a model in which the

ionic transport through the system is governed by the Nernst-Planck and Poisson

equations [3–5]. However, the nature of these equations is such that an exact

analytical solution for the electrical response of ion exchange membrane system

is almost impossible to obtain in most of the interesting physical situations.

Although the main electrical properties of ion exchange membrane systems can

be analytically obtained using certain approximations, such as the consideration of

ideal membranes, the electrical neutrality condition in the membrane and in the

diffusion boundary layers or the Donnan equilibrium relations at the membrane-

solution interfaces, the general and rigorous treatment of the problem requires the

use of numerical methods. Excellent procedures have been developed to solve the

Nernst-Planck and Poisson equations in ion exchange membrane systems [6–11].

However, they found serious difficulties in adapting to the different experimental

conditions.

An alternative method to the classical numerical method is the network simula-

tion method [12]. This simulation method basically consists in modelling a physi-

cochemical process by means of a graphical representation analogous to circuit

electrical diagrams which is analysed by means of an electric circuit simulation

programme. Highly developed, commercially available software for circuit analysis

can thus be employed to obtain the dynamic behaviour of the whole membrane

system without having to deal with the solution of the governing differential

equations. In this work, it is shown that the network simulation method can be

used satisfactorily in the study of the electrical response of ion exchange membrane

systems. Some of the reasons for this have been given in our previous papers

[12–15], and they can be summarized as follows: (1) the network simulation

method permits to impose any condition on the electric potential and the electric

current; (2) steady-state, transient and small-signal ac responses can be dealt with

by means of this approach and (3) it permits the study of any transport process

through spatial regions where large gradients in the ionic concentrations and the

electric potential occur. Moreover, it must be noted that the network model of the

system is an appropriate electric circuit to model the diffusion-migration imped-

ance of ion exchange membrane systems [16].

In this chapter, a network model for the Nernst-Planck and Poisson equations is

used to describe the ionic transport processes through a cation-exchange membrane

and the two diffusion boundary layers on both sides of the membrane. With this

model and the electric circuit simulation programme PSpice, the steady-state,

chronoamperometric, chronopotentiometric and small-signal ac responses are

simulated. We analyse the influence of the membrane fixed-charge concentration

on (1) the steady-state current-voltage characteristic, (2) the ionic fluxes ratio

describing the permselectivity of the membrane, (3) the chronoamperometric

response, (4) the chronopotentiometric response and (5) the electrochemical
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impedance. Some of the results obtained for highly charged membranes can be

compared with the analytical solutions in ideal membranes.

15.2 Ionic Transport in Ion Exchange Membrane Systems

15.2.1 Mathematical Model

The system under study is constituted by a membrane that extends from x ¼ 0 to

x ¼ d0 and two diffusion boundary layers adjacent to the membrane lying from

x ¼ �d0 to x ¼ 0 and from x ¼ d0 to x ¼ d0 + d0. The membrane is bathed by

two bulk solutions with the same concentration c00 of a z:z electrolyte, and it will be
assumed to have a negative fixed charge. Assuming that the ionic transport is

one dimensional and perpendicular to the membrane/solution interface, with x the
direction of transport, the equations determining the behaviour of the system are

the laws of mass conservation or continuity equations:

@ Ji
0 ðx; tÞ
@ x

¼ � @ ci
0 ðx; tÞ
@ t

; i ¼ 1; 2 (15.1)

the Nernst-Planck flux equations written for dilute solutions:

Ji
0 ðx; tÞ ¼ �Dip

0 @ ci
0 ðx; tÞ
@ x

þ zi ci
0 ðx; tÞ F

RT

@ f ðx; tÞ
@ x

� �
(15.2)

and the Poisson equation:

@ D0 ðx; tÞ
@ x

¼ F z1 c1
0 ðxÞ þ z2 c2

0 ðx; tÞ � y0ðxÞ½ � (15.3)

where

D0ðx; tÞ ¼ �e0
@ f0 ðx; tÞ

@ x
(15.4)

Here Ji
0, Dip

0, ci0(x,t) and zi denote the ionic flux, the diffusion coefficient, the

molar concentration and the charge number (z1 ¼ z and z2 ¼ �z) of ion i, respec-
tively. In this work, we consider the ion diffusion coefficients to be different in the

diffusion boundary layers and in the ion exchange membrane, and DiS
0 and DiM

0

stand for the diffusion coefficients of ion i in the solution S and membrane M

phases, respectively. The electric potential is represented by f0(x,t), the electric

permittivity by e0 and the electric displacement by D0(x,t). The constants F, R and T
have their usual meanings: Faraday constant, ideal gas constant and absolute
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temperature, respectively. y0(x) is the fixed-charge concentration, which is pre-

sumed known and expressed in a general way as a function of position x.
On the other hand, since the total electric current density through the membrane

system, I0, is not a function of x [17], it can be written as

I0 ðtÞ ¼ F z1 J1
0 ð�d0; tÞ þ z2 J2

0 ð�d0; tÞ þ d D0 ð�d0; tÞ
d t

� �
(15.5)

In order to study the transient response of the ion exchange membrane system,

the following boundary conditions are used:

c1
0 ð�d0; tÞ ¼ c1

0 ðd0 þ d0; tÞ ¼ c0
0

(15.6)

c2
0 ð�d0; tÞ ¼ c2

0 ðd0 þ d0; tÞ ¼ c0
0

(15.7)

dD0 ð�d0; tÞ
dt

¼ I0 ðtÞ � z1 J1
0 ð�d0; tÞ � z2 J2

0 ð�d0; tÞ (15.8a)

f0 ð�d0; tÞ ¼ fA
0 ðtÞ (15.8b)

fðd0 þ d0Þ ¼ 0 (15.9)

Equations 15.6–15.9 specify all the physical conditions to be imposed on the

solution of the Nernst-Planck and Poisson equations. In particular, Eqs. 15.6 and

15.7 indicate that the system is electrically neutral at the outer boundaries of the

diffusion boundary layers, because c1
0 and c2

0 have the constant concentration c00.
Equation 15.8a, which is obtained from Eq. 15.5, is a boundary condition for the

time evolution of the electric displacement, D0, at x ¼ �d0, and it is imposed when

the total electric current, I0(t), is the externally controlled variable. When the

electric potential, fA
0(t), is the externally applied perturbation, it is necessary to

take into account the boundary condition given by Eq. 15.8b, instead of Eq. 15.8a;

in this case, the electric current through the system must be evaluated from

Eq. 15.5. Finally, Eq. 15.9 defines the reference level for the electric potential.

Since it is easier to numerically solve the above equations using groups of

dimensionless variables, the following relations are defined:

x ¼ x

l
; t ¼ Dat

l2

ci ¼ ci
0

ca
; Ji ¼ lJi0

Daca
; Dip ¼ Dip

0

Da
; i ¼ 1; 2

f ¼ Ff0

RT
; e ¼ RTe0

F2cal
2
; D ¼ D0

Fcal
; r ¼ r0

Fca
; y ¼ y0

ca
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I ¼ lI0

FDaca

c0 ¼ c0
0

ca
; d ¼ d0

l
; d ¼ d0

l
; fA ¼ FfA

0

RT

where l, Da and ca are scaling factors with the dimensions of length, diffusion

coefficient and molar concentration, respectively. l, Da and ca are taken as charac-

teristic values of the system studied. In particular, we have taken e ¼ 1, and so the

length l is given by

l ¼
ffiffiffiffiffiffiffiffiffiffi
e0 RT
F2 ca

r

and it can be considered as the Debye length in the system [18].

15.2.2 Network Model

The network model for the electrodiffusion process in a spatial region or compart-

ment of width dk has been obtained elsewhere [13], and it is shown in Fig. 15.1a.

In this figure, the network elements are as follows: Rdik is the resistor representing

the diffusion of ion i in the compartment k; GJeik(�) is the voltage-controlled

current source modelling the electrical contribution to the ionic flux, minus and

plus signs meaning the flux entering and leaving the compartment k, respectively;
Cdk is the capacitor representing the nonstationary effects of the electrodiffusion

process in the compartment k; Rpk is the resistor modelling the constitutive equation

of the medium; GJpk is the voltage-controlled current source modelling the electric

charge stores in the compartment k. The relation between those network elements

and the parameters of the system is given by

Rdik ¼ dk
2Dip

(15.10)

GJeikð�Þ ¼ �Dipziciðxk � dk
2
Þ fðxkÞ � fðxk � dk

2
Þ

dk=2
; i ¼ 1; 2 (15.11)

Cdk ¼ dk (15.12)

Rpk ¼ dk
2e

(15.13)

GJpk ¼ �dk z1c1ðxkÞ þ z2c2ðxkÞ � yðxkÞ½ � (15.14)
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For network modelling purposes, a number N of circuit elements like those in

Fig. 15.1a (k ¼ 1,. . ., N) must be connected in series to form a network model for

the entire physical region undergoing an electrodiffusion process.

Figure 15.1b shows the network model for the membrane system. In this figure,

the details of the structures of boxes 1,. . .,N are shown in Fig. 15.1a, and the letters

S and M indicate solution (Dip ¼ DiS) and membrane (Dip ¼ DiM) phases, respec-

tively. In the network model of Fig. 15.1b, the concentrations of the ionic species in

the bathing solutions (Eqs. 15.6, 15.7) are represented by independent voltage

sources of values c0. The perturbation of electric current (Eq. 15.8a) is introduced

from a current-controlled current source, GI, which impose the value of the electric

displacement at x ¼ �d from the value of the external electric current, I, when the

switch is in position 1. The perturbation of electric potential (Eq. 15.8b) is

represented by an independent voltage source of value fA(t), and it is imposed

Fig. 15.1 (a) Network model for the stationary electrodiffusion in a volume element. (b) Network

model for an ion exchange membrane system. Details of the structures of boxes 1-N are shown in

(a). Letters S and M indicate solution and membrane phases, respectively
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with the switch in position 2, while the origin of the electric potential Eq. 15.9 is

introduced into the network model by short-circuiting the node f at x ¼ d + d.

15.3 Results and Discussion

The results for the steady-state, transient and small-signal ac electrical properties of

ion exchange membrane systems are obtained by means of the simulation into the

electric circuit simulation package PSpice [19], under dc, transient or ac conditions,

of the network model depicted in Fig. 15.1b, with the appropriate numerical values

for the system parameters.

In this work, we consider a homogeneous cation-exchange membrane system in

which the negative fixed charge obeys the following equation:

yðxÞ ¼ X; 0 � x<d
0; �d< x<0and d< x<d þ d

�
(15.15)

where X is the membrane fixed-charge concentration. Figure 15.2a shows a sketch

of the membrane system under study.

We will now study the electrical responses of ion exchange membrane systems

with various values of X, z ¼ 1, d ¼ 1,000, d ¼ 1,000, D1S ¼ D2S ¼ 100, D1M ¼
D2M ¼ 10, c0 ¼ 0.5 and e ¼ 1. The chosen spatial grid contains N ¼ 480

compartments, and the compartment thickness, dk, is given by

dk ¼ 33; k ¼ 1; . . . ; 30 and 451; . . . ; 480

dk ¼ 0:6; k ¼ 31; . . . ; 40; 201; . . . ; 210; 271; . . . ; 280 and 441; . . . ; 450

dk ¼ 0:05; k ¼ 41; . . . ; 200 and 281; . . . ; 440

dk ¼ 16:33; k ¼ 211; . . . ; 270

This spatial grid considers the presence of two membrane/solution interfaces and

three volume phases. Moreover, it takes into account that the membrane/solution

interfacial regions have a size of about 4l in each phase [8]. Figure 15.2b shows a

sketch of the characteristic zones used in the discretization of the membrane system

under study. This spatial grid is symmetrical about the middle point of the mem-

brane, x ¼ d/2 ¼ 500. In the left solution phase, we have chosen 30 compartments

of width 33 from x ¼ �d/l ¼ �1,000 to x ¼ �10, 10 compartments of width 0.6

from x ¼ �10 to x ¼ �4 and 80 compartments of width 0.05 from x ¼ �4 to

x ¼ 0. On the other hand, in the membrane phase, we have chosen 80

compartments of width 0.05 from x ¼ 0 to x ¼ 4, 10 compartments of width 0.6

from x ¼ 4 to x ¼ 10, and 30 compartments of width 16.33 from x ¼ 10 to x ¼ d/
2l ¼ 500.

15 Network Simulation of the Electrical Response. . . 497



15.3.1 Steady-State Current-Voltage Characteristics

Figure 15.3 gives the total electric current, I, through the system as a function of

the applied electric potential, fA, for various values of the membrane fixed-charge

concentration, namely, X ¼ 2, 4 and 6. It is worth noting that, when the applied

electric potential is positive, fA > 0, the electric current is also positive, I > 0, and

the anions move from the membrane to the solution at the left interface and from the

solution to the membrane at the right interface. In this way, the left interface is

reverse biased, while the right interface is forward biased [7]. In Fig. 15.3, two

regions are observed: an ohmic region for small values of fA (underlimiting current

regime) and one region in which the electric current varies very slowly with the

voltage (overlimiting current regimes) for high values of fA. In the lower voltage

range, the slope of the current-voltage curves increases as the fixed-charge concen-

tration, X, increases. However, in the higher voltage region, this slope decreases as

X increases. This behaviour is typical of negatively charged membranes [20–23]. In

this way, a limiting value for the electric current is expected in highly charged

membrane systems. The classical expression for the limiting electric current, IL,
which is obtained in a membrane system with an ideal permselectivity (i.e. zero

coion flux), is given by [8]

IL ¼ 2 zD1Sc
0

d
(15.16)

Fig. 15.2 (a) Schematic view of the ion exchange membrane system. (b) Schematic representa-

tion of the zones used in the discretization of the electrodiffusion region
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and for the systems here considered (z ¼ 1, D1S ¼ 100, d ¼ 1,000, c0 ¼ 0.5), one

obtains IL ¼ 0.1.

15.3.2 Permselectivity

It is worth noting that the previous papers on steady-state ionic transport through

ion exchange membranes have used the flux ratio, �, given by

� ¼ � J1
J2

(15.17)

in order to characterize the permselectivity of the membrane [24]. Figure 15.4

shows the steady-state flux ratio-voltage characteristics under the same conditions

given in Fig. 15.3. In Fig. 15.4, it can be seen that the flux ratio, �, is a function

of the applied electric potential, fA. This fact is due to the concentration polariza-

tion in an ion exchange membrane system [24]. In Fig. 15.3, it is observed that

the flux ratio, �, increases as the fixed-charge concentration of the membrane, X,
increases, regardless of the value of the applied electric potential, fA. In this figure,

it is also observed that all the curves show an appreciable curvature due to the

Fig. 15.3 Steady-state current-voltage characteristics of membrane systems with z ¼ 1, d ¼ 1,000,

d ¼ 1,000, D1S ¼ D2S ¼ 100, D1M ¼ D2M ¼ 10, c0 ¼ 0.5, e ¼ 1 and X ¼ 2, 4 and 6. The arrow
indicates increasing values of X
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concentration polarization and this curvature is more pronounced for the higher

values of X, i.e. for the more charged membranes, as expected [24].

15.3.3 Chronoamperometric Response

In this section, the transient response of the ion exchange membrane systems to an

externally applied electric potential, fA(t), is reported. The initial conditions for

the ionic concentrations and the electric potential correspond to the equilibrium

values, and they are determined from a steady-state analysis for fA ¼ 0 (I ¼ 0).

The system is then perturbed with an electric signal given by

fAðtÞ ¼ 0; t ¼ 0

fS; t > 0

�
(15.18)

where fS is the amplitude of the perturbing electric potential.

Figure 15.5 gives the total electric current, I(t), for the amplitude of the

perturbing electric potential fS ¼ 10, in charged membranes with the membrane

fixed-charge concentration X ¼ 2, 4 and 6. The current-time responses show an

Fig. 15.4 Flux ratio vs. applied voltage for membrane systems with z ¼ 1, d ¼ 1,000, d ¼ 1,000,

D1S ¼ D2S ¼ 100, D1M ¼ D2M ¼ 10, c0 ¼ 0.5, e ¼ 1 and X ¼ 2, 4 and 6
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initial ohmic current region, followed by a decay into the steady-state current

region. It is interesting to note that the diffusional relaxation time of the ion

exchange membrane system, tD, is

tD ¼ d2

D1M
(15.19)

while the electric relaxation time, tE, of the system can be estimated from that of an

electroneutral membrane system as [13]

tE ¼ e
d

z2 D1M cþ þ D2M c�ð Þ þ 2d
z2 c0 D1S þ D2Sð Þ

� �
(15.20)

where c+ and c� are the equilibrium concentrations of the cation and the anion,

respectively, in the volume of that membrane and they can be evaluated by using

the Donnan equilibrium relations [7]:

c� ¼ �X

2
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
X

2

� �2

þ ðc0Þ2
s

(15.21)

Fig. 15.5 Time evolution of the electric current in response to a step-function potential of

amplitude fS ¼ 10, for membrane systems with z ¼ 1, d ¼ 1,000, d ¼ 1,000, D1S ¼ D2S ¼ 100,

D1M ¼ D2M ¼ 10, c0 ¼ 0.5, e ¼ 1 and X ¼ 2, 4 and 6. The arrow indicates increasing values of X
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For the systems here considered (z ¼ 1, d ¼ 1,000, d ¼ 1,000, D1S ¼ D2S

¼ 100, D1M ¼ D2M ¼ 10, c0 ¼ 0.5, e ¼ 1), one obtains tD ¼ 100 � 103 and

tE ¼ 0.065 � 103 for X ¼ 2 (c+ ¼ 2.12 and c� ¼ 0.12), tE ¼ 0.044 � 103 for

X ¼ 4 (c+ ¼ 4.062 and c� ¼ 0.062) and tE ¼ 0.036 � 103 for X ¼ 6 (c+ ¼ 6.041

and c� ¼ 0.041). From these results, it is clearly inferred that the electric relaxation

time of the system decreases as the membrane fixed-charge concentration, X,
increases.

Now, the initial ohmic current through the system is given by

I t ¼ 0þð Þ ¼ e
tE

fA (15.22)

and for the systems here considered with fS ¼ 10, one obtains I(t ¼ 0+) ¼ 0.154

for X ¼ 2, 0.227 for X ¼ 4 and 0.278 for X ¼ 6. The results inferred from Fig. 15.4

for the initial value of the electric current is then in good agreement with the

theoretical expectations.

15.3.4 Chronopotentiometric Response

In this section, the transient response of the ion exchange membrane systems to an

externally applied electric current, I(t), is reported. The initial conditions for the

ionic concentrations and the electric potential correspond to the equilibrium values,

and they are determined from a steady-state analysis for fA ¼ 0 (I ¼ 0). Now, the

system is perturbed with an electric signal given by

IðtÞ ¼ 0; t ¼ 0

IS; t > 0

�
(15.23)

where IS is the amplitude of the perturbing electric potential.

The time evolution of the electric potential difference across the membrane

systems, fM(t) ¼ f(�d/l,t), with X ¼ 2, 4 and 6, for a value of the amplitude of

the current in the overlimiting regime, IS ¼ 0.11, is shown in Fig. 15.6. In this

figure, it can be observed that, after an electric potential vertical jump due to the

ohmic resistance of the system, the electric potential difference increases and

reaches a maximum, and then it evolves to the steady-state value. In this figure, it

can also be seen that the maximum value of the electric potential increases as the

membrane fixed-charge concentration, X, increases. Moreover, the time in which

this maximum is reached increases as X increases. In Fig. 15.6, one observes that

the transition time to the steady-state value of the membrane system potential

increases as the membrane fixed-charge concentration, X, increases, according
with the experimental results obtained by other authors in this field [25–30].
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15.3.5 Electrochemical Impedance

In order to study the electrochemical impedance, the system is perturbed around an

equilibrium state with an electric potential given by

fA ðtÞ ¼ f0 sin otð Þ (15.24)

where f0 is the amplitude of the perturbing sine electric potential and o is the

angular frequency, which can be written as a function of the conventional fre-

quency, f:

o ¼ 2 p f (15.25)

When a small-amplitude ac signal (f0 < <1) is used, the membrane system

potential can be written as

I ðtÞ ¼ I0 sin otþ ’ð Þ (15.26)

Fig. 15.6 Time evolution of the membrane system potential in response to a step-function current

of amplitude IS ¼ 0.11, for membrane systems with z ¼ 1, d ¼ 1,000, d ¼ 1,000, D1S ¼ D2S

¼ 100, D1M ¼ D2M ¼ 10, c0 ¼ 0.5, e ¼ 1 and X ¼ 2, 4 and 6. The arrow indicates increasing

values of X
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where I0 is the ac amplitude of the electric current and ’ is the phase difference

between the current and the perturbing voltage. Now, the electrochemical imped-

ance, Z, is a complex quantity given by the following equation [31]:

ZðjoÞ ¼ f0

I0
e�j’ ¼ Zr oð Þ þ j Zi oð Þ (15.27)

Where j ¼ ffiffiffiffiffiffiffi�1
p

is the imaginary unit and Zr and Zi are the real and imaginary parts

of the impedance, respectively.

Figure 15.7 gives the complex-plane impedance plot of the charged membrane

systems with X ¼ 2, 4 and 6. In this graph, �Zi(o) is plotted against Zr(o) with the
angular frequency, o, as a parameter increasing from the right to the left of the plot.

These impedance plots are typical of ion exchange membrane systems [32–35], and

they show two regions: a geometric arc at high frequencies and a diffusional arc at

low frequencies. In Fig. 15.7, it can be seen that the geometric arc is distorted and it

can be considered as the combination of two different geometric arcs associated

with the electric migration processes taking place in the bathing electrolyte

solutions and in the membrane. Moreover, in Fig. 15.7, it is clearly observed that

the diffusional arcs are Warburg-type impedances [36] since they present a 45�

straight line at high frequencies and a semicircle at low frequencies. It must be

Fig. 15.7 Complex-plane impedance plot for membrane systems with z ¼ 1, d ¼ 1,000,

d ¼ 1,000, D1S ¼ D2S ¼ 100, D1M ¼ D2M ¼ 10, c0 ¼ 0.5, e ¼ 1 and X ¼ 2, 4 and 6. The

arrow indicates increasing values of X
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noted that analytical solutions for the impedance are not possible in this case

because of the presence of the electric double layers at the interfaces. However,

the characteristic parameters of the impedance can be estimated from those of

single systems [37, 38]. Thus, the theoretical characteristic frequency of a solution

geometric arc in an electroneutral system is given by

f1S ¼ z2 c0 D1S þ D2Sð Þ
2 p e

(15.28)

while the theoretical characteristic frequency of an homogeneous, electroneutral

membrane geometric arc is

f1M ¼ z2 D1M cþ þ D2M c�ð Þ
2 p e

(15.29)

where c+ and c� are the equilibrium concentrations of the cation and the anion,

respectively, in the volume of that membrane (see Eq. 15.21). Moreover, the width

of a solution geometric semicircle is given by

RacS ¼ 2 d
2 p e f1S

(15.30)

while the theoretical width of an homogeneous, electroneutral membrane geometric

arc is

RacM ¼ d

2 p e f1M
(15.31)

On the other hand, the theoretical peak frequency of a diffusional arc in an

electroneutral layer, fd, is given by the following relation [36]:

2 p fd ¼ 2:54
2D1S D2S

D1S þ D2Sð Þ d2 (15.32)

Moreover, in a membrane system with an ideal permselectivity, the width of the

diffusional arc is [35]

Rd ¼ D2S

D1S
RacS (15.33)

From Eqs. 15.28, 15.30, 15.32 and 15.33 for the systems here considered (z ¼ 1,

d ¼ 1,000, d ¼ 1,000, D1S ¼ D2S ¼ 100, D1M ¼ D2M ¼ 10, c0 ¼ 0.5, e ¼ 1),

one obtains f1S ¼ 15.9, RacS ¼ 20, fd ¼ 4.03 � 10�5 and Rd ¼ 20. Moreover,

from Eqs. 15.29 and 15.31, one obtains f1M ¼ 3.565 and RacM ¼ 44.64 for
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X ¼ 2, f1M ¼ 6.564 and RacM ¼ 24.25 for X ¼ 4 and f1M ¼ 9.68 and RacM

¼ 16.44 for X ¼ 6.

On the other hand, Table 15.1 shows the results obtained for different parameters

of the impedance plots for systems of charged membranes with X ¼ 2, 4 and 6.

The tabulated parameters are:

• The dc resistance of the system, RDC ¼ Zr f ¼ 0ð Þ, i.e. the real part of the

impedance at the limit of zero frequency.

• The peak frequency of the diffusional arc, f2, and the imaginary part of the

impedance at this frequency, Zi2 ¼ Zi f2ð Þ.
• The real part of the impedance at the intersection point between the geometric

and diffusional arcs, Rac. This parameter is obtained from the relative minimum

value of the imaginary part of the impedance at low frequencies.

• The width of the diffusional arc, RDC�Rac.

• The peak frequency of the total geometric arc, f1.

It must be noted that the values obtained for the total ohmic resistance of the

systems, Rac, are in good agreement with those theoretically estimated from

Eqs. 15.30 and 15.31 as the sum of RacS and RacM, i.e. RacS + RacM ¼ 64.64 for

X ¼ 2, 44.25 for X ¼ 4 and 36.44 for X ¼ 6. Moreover, the peak frequencies of the

geometric arcs, f1, take values in the range from f1M to f1S. Also, from Eq. 15.32, one

obtains fd ¼ 4.03 � 10�5, and the results obtained for the peak frequencies of the

diffusional arcs are then in good agreement with the theoretical expectations.

However, the width of the diffusional arc for X ¼ 2, RDC�Rac ¼ 14.34, differs

from the value obtained from Eq. 15.33, Rd ¼ 20, since the membrane is weakly

charged and it is not ideal.

From the data shown in Table 15.1, it can be also inferred that the influence of

the membrane fixed-charge concentration, X, on the peak frequency of the diffu-

sional arc, f2, is very small. Moreover, it has been found that the dc resistance of the

system, RDC, decreases and the width, RDC�Rac, and the height, � Zi2, of the

diffusional arc increase as the membrane fixed-charge concentration, X, increases.

Acknowledgement I am indebted to Professor J. Horno for many helpful suggestions.

Table 15.1 Numerical results obtained for the characteristic

parameters of the impedance plots of membrane systems

with z ¼ 1, d ¼ 1,000, d ¼ 1,000, D1S ¼ D2S ¼ 100,

D1M ¼ D2M ¼ 10, c0 ¼ 0.5, e ¼ 1 and various values of X

X ¼ 2 X ¼ 4 X ¼ 6

RDC 79.46 62.22 55.27

f2 � 105 3.631 3.802 3.89

�Zi2 6.035 7.412 7.793

Rac 65.12 44.59 36.73

RDC�Rac 14.34 17.63 18.54

f1 4.365 9.55 12.88
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Chapter 16

Computer Modeling of Strong Acid Cation

Exchangers on Styrene: Divinylbenzene Matrix

V.S. Soldatov and V.M. Zelenkovskii

Abstract This chapter is a review of the authors’ works on the mathematical and

computer modeling of ion exchangers on styrene–divinylbenzene matrix. A mathe-

matical model based on the concept of influence of neighboring exchange sites on the

properties of each other allowed explaining the dependence of selectivity and additive

properties of the ion exchange system on the degree of ion exchange. The information

of interaction between the nearest neighbors and water molecules in the vicinity of the

functional groups as well of the structures on the fragments of the polymeric structure

of the ion exchanger has been obtained using quantum chemistry nonempirical ab initio

calculations. These data have been obtained for different degrees of hydration (0–10

water molecules per sulfonic group) and the following counter ions: H+, Li+, Na+, K+,

Rb+, Cs+, Ag+, Be2+, Mg2+, Ca2+, Sr2+, Ba2+, Cd2+, Ni2+, and Pb2+. The mathematical

modeling as well as molecular mechanic and quantum chemistry calculations is

consistent with the main concepts used in interpreting of ion exchange equilibria: a

concept of nonregularity of the exchange sites in polymeric ion exchangers and

competitive interaction of the counter ions with the fixed ion and water molecules.

16.1 Introduction

This chapter is devoted to interpreting of known regularities of ion exchange and

physical chemical properties of polymeric ion exchangers by their comparison with

the computer images of representative fragment of their structure. The visualization
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of microstate with a possibility of immediate evaluation of distances and angles

between atoms, the forces of interaction between them, effective electrical charges

on the atoms, and the degree of covalence of the bonds is the best way for

understanding physical reasons for ion exchange selectivity.

The traditional methods of the interpretation are based on common chemical and

physical knowledge, analysis of the macroscopic properties of ion exchange systems,

spectroscopic studies, and different interpretive models. They also have, as their final

goal, the construction of visually perceptible situation in the ion exchanger. This is

achieved by the creation of the schematic drawing of imaginable structures and/or

their verbal description. Such an interpretation may not be complete and unambigu-

ously understandable. The knowledge of structure of the representative fragment of

ion exchangers and the characteristics of interionic and ion–molecule interactions are

necessary conditions for correct interpretation of its properties and sorption behavior.

Computer modeling gives such a possibility. Its reliability is restricted by the perfect-

ness of the computer programs used, characteristics of the hardware applied, the

correctness and completeness of the initial database set, and the correctness of the

choice of the microstate. The computer visualization of structure does not leave place

for a doublemeaning interpreting of the structure and it is easily subjected to criticism.

This method is extensively used in physical chemistry of polyelectrolyte solutions

(see, e.g., monograph [1] and reviews [2, 3]). The methods used in these publications

are not suitable for ion exchangers with dense polymer network and high concentra-

tion of the charged fixed ionic groups and the counter ions. In spite of their obvious

great potential, the methods of computer modeling for studies of ion exchange

processes practically have not been used in this area. Except for our own publications

starting from 1993, there are no other ones directly related to the computer modeling

of ion exchangers. The closest papers containing results of ab initio calculations of the

fragments of polymeric ion exchangers are Refs. [4–6] and [7–10]. In the first group of

references, the structure of fragments of Nafion membrane has been calculated. In the

second one, themonomeric units of sulfostyrene resin in Na+ form have beenmodeled

by one molecule of sodium benzene sulfonate in the presence of 0–3 water molecules

[8], and themonomeric units of a carboxylic acid resin inNa+ formhave beenmodeled

by the sodium salt of pivalic acid in the presence of 6 and 10 water molecules [10].

This chapter is a review of our works on the mathematical and computer

modeling of sulfostyrene ion exchangers [11–22].

The computer modeling of polymeric ion exchangers has been performed on two

levels: on the level of relatively large fragments of the polymer structure including

its typical elements such as linear chains, cross-links, different order of the repeti-

tive unit junction, etc., and on the level of one or several pairs of interacting ions in

the presence of certain numbers of water molecules. In the first case, the methods of

molecular mechanics have been used; in the second case, the methods of ab initio

quantum chemical calculations have been applied.

It is the aim of this chapter to demonstrate potential ability of computer modeling

on the example of the most spread and the best studied resins, and those are

sulfonated copolymers of styrene and divinylbenzene. We wish to attract the atten-

tion of researchers to computer modeling as a powerful method for investigating ion

exchange phenomena.
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16.2 Mathematical and Molecular Mechanic Modeling of Ion

Exchangers on Styrene: Divinylbenzene (ST–DVB) Matrix

Ion exchangers on the base of ST–DVB matrix are the best studied type of ion

exchange resins. The experimental data obtained on these materials are the funda-

ment for theoretical interpretation of ion exchange processes as a whole class of

physical chemical phenomena. Therefore, this matrix has been chosen as a specific

object for the mathematical and computer modeling. It is to note that the same

method can be used for modeling of the other polymeric ion exchanger.

The interpretation of regularities of ion exchange equilibria implies clear answer

at least to two questions:

• Why is one ion absorbed stronger than the other by the ion exchanger with a

different functional group and matrix?

• Why does the selectivity of ion exchange depend on the loading of the sorbent

with the exchanging ions?

The answer to the first question can be obtained from quantum chemical

calculation of the structures of one or several pairs of ions in the presence of the

water molecules. The answer to the second question implies assumption on the

irregularity of the exchange centers of ion exchanger caused by mutual influence of

the nearest neighboring groups on the energy of interaction of the counter ions and

fixed ions.

In this section, we consider the possible reasons for nonequivalency of the fixed

ionic groups in the structure of monofunctional ion exchanges on ST–DVB matrix.

We do not consider such reasons for irregularity of the ion exchange structure as

uncontrolled defects caused by the imperfectness of their method of preparation.

16.2.1 The Mathematical Model

The ion exchange equilibrium of monovalent ions is formulated as

I1 þ I2 $ I1 þ I2 (16.1)

The over bar denotes the ion exchanger phase.

The model allows obtaining dependence of any additive property Y of the ion

exchange system as a function of ionic composition of the ion exchanger expressed

as equivalent fraction of ion 2, x, and some structural parameters of the ion

exchanger such as a total number of neighbors of the observed exchange site i
and its local composition expressed as a number of ion 2 denoted as j:
Y ¼ P

Yðx; i; jÞ. Quantity Y for each iðYÞ can be obtained as a weight average of

properties y of the microstates differing only by the local composition. The Y can be
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logarithm of the equilibrium or selectivity coefficient, Gibbs energy or enthalpy, the

water uptake, molar volume, etc.:

Yi ¼
Xj¼i

j¼o

yði� j; jÞpði� j; jÞ (16.2)

where y(i � j, j) is property Y related to the microstate i � j, j; p(p(i � j, j) is the
probability of the existence of the exchange site having i � j neighbors of type 1

and j neighbors of type 2. It is proportional to the molar fraction of each counter ion

raised to a power equal to the number of the neighbors of a relative type and a

number of their permutations. If the sum of the probabilities is 1, then

pði� j; jÞ ¼ i!

ði� jÞ!j! yði� j; jÞð1� xÞði�jÞxj (16.3)

The overall property Y is proportional to the probability (mole fraction) of the i
sites Pi and the p(i � j, j):

Yi ¼
Xi¼n

j¼o

Pi

Xj¼i

j¼o

i!

ði� jÞ!j! yði� j; jÞð1� xÞði�jÞxj (16.4)

Equation 16.4 is a polynomial of power n. The number of neighbors in real

systems is rarely more than 4. Thus, Eq. 16.5 represents the following set of

equations:

Y0 ¼ yð0; 0Þ (16.5a)

Y1 ¼ yð1; 0Þð1� xÞ þ yð0; 1Þx (16.5b)

Y2 ¼ yð2; 0Þð1� xÞ2 þ 2yð1; 1Þð1� xÞxþ yð0; 2Þð1� xÞx2 (16.5c)

Y3 ¼ yð3; 0Þð1� xÞ3 þ 3yð2; 1Þð1� xÞ2xþ 3yð1; 2Þð1� xÞx2 þ yð0; 3Þx3 (16.5d)

Y4 ¼ yð4;0Þð1� xÞ4þ4yð3;1Þð1�xÞ3xþ6yð2;2Þð1�xÞ2x2þ4yð1;3Þð1�xÞx3þ yð0;4Þx4
(16.5e)

Quantities y(i � j, j) are constants which can be found by fitting Eq. 16.5 to the

experimental dependence Y ¼ YðxÞ in each specific case.

The power of polynomial indicates the largest detectable number of neighbors of

the ion exchange site in the ion exchanger.

Here we need to specify what exchange sites are accounted neighbors. The
location of exchange site is defined as the center of the sulfur atom in the functional

group. The neighbors are a functional group influencing the interaction of the
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observed counter ion with the fixed ion within the predetermined precision of our

experiment. They are situated inside a sphere with the center in the exchange site

with radius R0 named the radius of interaction. Quantitative evaluation of the R0 is

given in the following section of this chapter.

16.2.2 The Molecular Mechanic Modeling of Ion Exchangers
on Styrene: Divinylbenzene Matrix

The aim of this modeling is quantitative evaluation of the radius of interaction and

the probabilities of existence of a certain number of neighbors in different

fragments of the polymeric matrix of ion exchanger.

The polymer matrix is assumed to be a statistical mixture of elementary

fragments with different structures. They are randomly integrated into a matrix,

and a property of the integrated system can be found as a weight average of the

properties of the fragments. The sulfonic group is assumed situated in para position
relative to the chain. The following types of fragments were chosen to represent the

polymer structure: linear chain (L), H- and T-shaped fragments, and small loops

(rings – R). Any other structures can be obtained as combinations of these

fragments. The choice of size of the elementary fragments is important. We

accepted it as a junction of 8–10 repeating units, since with the larger fragments

it would be impossible to represent the structure of highly cross-linked resins. The

smaller fragments do not have statistical meaning. Each fragment can have a

different internal structure due to difference in the order of junction between the

monomer units (head to tail, ht; head to head, hh; tail to tail, tt), absence or presence
of the functional group in the DVB ring, and the cross-bridge type (para- or meta-
DVB fragment). According to this classification, each structure has been given an

individual letter code as shown in Table 16.1.

The probabilities of finding of the functional group in the distance R from the

observed group require calculating the geometric structure of the whole fragment,

which implies knowledge of distances between any atoms in the system. The

number of groups with distances between them less than R0 can be determined.

The structure of the fragment was determined by finding the structure with the

minimal energy as described in Ref. [11]. In each specific fragment, the probability

of existence of i neighbors was found using the Boltzmann distribution equation:

pi ¼ expð�Eq=RT
Xs

q¼1

expð�Es=RTÞ
,

(16.6)

where q and s denote the number of the accounted conformers in the fragment (1, 2,

. . .q, . . .,s). The overall probability Pi can be found as the weight sum of the pi
values. No methods for evaluation of probability of these fragments themselves
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are known. Therefore, our further consideration will be restricted with analysis of

values pi only.
In order to evaluate the distances between sulfonic groups on the polymer chain,

the calculation of structure of dimer of sodium p-styrene sulfonate in aqueous

medium (10 water molecules per ionic pair) was done by nonempirical method

SCF MO LCAO and program GAMESS [23] using basis set MINI [24]. Initial

distances between the sulfur atoms were chosen by variation of torsion angles

formed by four carbon atoms of the hydrocarbon chain in the fragment. Optimizing

of the coordinates of all atoms in the system was done to find the total energy

minimum. It appeared that such a molecule has three stable conformations as shown

in Fig. 16.1. The sulfonic groups interact via bridges formed by water molecules; at

a distance between 0.8 and 1.2 nm, the interaction disappears. Increasing the

distance between the sulfonic groups above 1 nm leads to spontaneous separation

of the sulfonic groups to a distance 1.15–1.16 nm. Their hydrate structure splits into

two independent structures. At such distances, electrostatic interaction between

sulfonic groups in the presence of water molecules is weaker than the conformation

strength in the hydrocarbon chain determining the shape of the structure.

At distances shorter than 1 nm, a decisive role belongs to electrostatic interaction

in the common hydration structure; the sulfonic groups spontaneously approach

each other until they form stable structures 2 and 1 with a lower energy for the latter

structures. The least energetically favorable is structure 3.

Evaluation of the radius of interaction for the sulfonic ion exchanger was

performed in the following way. It is known that dependences Y ¼ YðxÞ for weakly
cross-linked ion exchangers and soluble polyelectrolytes are rather simple and can

be expressed by the polynomial with at most the second power [25]. In terms of the

model, it means that the exchange sites in this case have two neighbors.

The calculated probabilities of occurrence of zero to five neighbors in different

linear fragments of the sulfonic acid polyelectrolyte as a function of distance from

the exchange site are presented in Fig. 16.2. It is seen that in the fragments with

Table 16.1 The letter codes and the Pi > 2 for different fragments of the spatial polymer net

Type of the fragment

No functional group in the DVB

residue

The functional group in DVB ring

is present

The letter code Pi > 2 The letter code Pi > 2

Linear chain L(ht) 0.046

L(hh) 0.461

L(tt) 0.217

T – shaped fragment T(ht) T(ht)*

T(hh) 0.000 T(hh)* 0.144

T(tt) T(tt)*

H – shaped fragment H(ht) 0.000 H(ht)* 0.416

H(hh) H(hh)*

H(tt) H(tt)*

R – ring-shaped fragmenta R(ht)N R(ht)N*

R(ht)6 0.047 R(ht)6* 0.373
aIn place of N in each specific case should stay the number of monomer units in the ring

* In this cases the asterisk means that fragment is sulfonated
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Fig. 16.1 Computer images of tree stable conformations of Na+ salt of a dimer of sulfostyrene

hydrated with 20 water molecules, corresponding to minima of the energy
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Fig. 16.2 Calculated probabilities of occurrence of zero to five neighbors in different linear

fragments of the sulfonic acid polyelectrolyte as a function of distance from the exchange site
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irregular structures (hh and tt), the probabilities of larger numbers of neighbors at a

shorter distances from the exchange site are rather high. The dependences Y ¼ YðxÞ
of such polyelectrolytes can be very complicated, which contradicts to the experi-

mental data. Therefore, it is reasonable to assume that in such systems, the predom-

inant fragment in the polymer structure is linear chain consisting mainly of the L(ht)
subfragments.

The probabilities of number of neighbors more than two for R0 � 1 nm for this

and the other structures for the fragments containing 8–10 monomer units are given

in Table 16.1. As seen from the probability histogram of L(ht) structure (Fig. 16.2),
a significant probability of three and more neighbors appears when the distance

from the observed exchange site is more than 1.0 nm. At the smaller distances, the

exchange sites have two or one neighbors, and the radius of interaction may not be

longer than 1.0–1.2 nm. If the R0 were assumed to be longer, then the site would

have three or more neighbors, and the property–composition dependence would be

described with polynomial Eq. 16.5 of a power higher than 2, which was not

observed in the experiments. Value R0 ¼ 1.0 nm agrees well with the result of

the quantum chemical calculations. Based on these considerations, we assumed the

interaction radius to be equal to 1.0 nm. Calculation of the number of exchange sites

in a sphere with R ¼ 1.0 nm allows identifying the fragments responsible for the

complexity of the dependence Y of the mole fraction of the exchanging ions in the

sorbent. The property of primary importance for ion exchange systems is Y ¼ logk
(�x), where k is the equilibrium coefficient defined as

k ¼ xð1� xÞ ðxð1� xÞÞ= (16.7)

Examples of dependences of enthalpy of ion exchange DH and logk of �x are

given in Figs. 16.3 and 16.4. In order to determine correctly the power of polyno-

mial, the k value should be determined in a sufficiently wide range of �x. The regions
near �x ¼ 0 and �x ¼ 1 are especially important [12] as are the regions also seen from

Figs. 16.3 and 16.4. Unfortunately, most of the published data may not be used for

such analysis because the interval of the studied ionic composition is too narrow

and the number of experimental points on dependences logk ¼ f(�x) is not large

enough for the mathematical analysis. Only in separate cases (e.g., [26, 27]) do the

quality of the data and the way of their presentation allow their treatment in terms of

the model described.

It is seen from Fig. 16.3 that the logk ¼ f(�x) curves for resins with low cross-

linkage (<8% DVB) are described by Eq. 16.5 of the second power and those for

the higher cross-linkage need the polynomial of the third power.

In these cases, constants y(i � j, j) denote logarithms of the equilibrium

constants of elementary ion exchanges related to each microstate. For example, if

i ¼ 3, the ion exchange equilibrium is a superposition of four ideal elementary

equilibria each related to one of the four possible microstates of the exchanging ion:

I1 3; 0ð Þ þ I2 $ I2 3; 0ð Þ þ I1; y 3; 0ð Þ ¼ log K 3; 0ð Þ;K 3; 0ð Þ
¼ �x 3; 0ð Þ 1� xð Þ=ðxð1� 3; 0ð ÞÞÞ
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I1 2; 1ð Þ þ I2 $ I2 2; 1ð Þ þ I1; y 2; 1ð Þ ¼ logK 2; 1ð Þ;K 2; 1ð Þ
¼ �x 2; 1ð Þ 1� xð Þ=ðxð1� 2; 1ð ÞÞÞ

I1 1; 2ð Þ þ I2 $ I2 1; 2ð Þ þ I1; y 1; 2ð Þ ¼ logK 1; 2ð Þ;K 3; 0ð Þ
¼ �x 1; 2ð Þ 1� xð Þ=ðxð1� 1; 2ð ÞÞÞ

I1 0; 3ð Þ þ I2 $ I2 0; 3ð Þ þ I1; y 0; 3ð Þ ¼ log K 0; 3ð Þ;K 0; 3ð Þ
¼ �x 0; 3ð Þ 1� xð Þ=ðxð1� 0; 3ð ÞÞÞ

The dependence of the equilibrium coefficient of �x for %DVB � 8 is described

by Eq. 16.5 of the third power.

Complexity of such dependences may increase with increasing the number of

neighbors i. If I ¼ 0, the ion exchange is ideal and described by one equilibrium
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Fig. 16.3 Dependences of

log k ¼ f ðxÞ of the degree of
ion exchange H+–K+ on

styrene–m-DVB ion

exchanger KRSm with

different percent of m-DVB:
1, 1%; 2, 5%; 3, 8%; 4, 12%;
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from Ref. [11] with kind

permission of # Elsevier

(2004))
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constant (polynomial of the zeroth power). If i ¼ 1, the ion exchange can be named

regular because it is described by linear equation similar to the property–

composition function of regular solution. If i ¼ 2, the ion exchange is described

to be the polynomial of the second power, and dependence of property–composition

may have one extremum but may not have an inflection point (see Figs. 16.3

and 16.4). Both extremums and inflections may occur if i � 3 (the case of large

organic ions, [28]).

This model was applied for interpreting the selectivity, heat effects of ion

exchange, and water uptake by resinous and liquid ion exchangers [29, 30].

The data obtained can be summarized in the following way: In the structures

formed by regular linear chains, T and H fragments without the functional group in

the cross bridge, and some of the ring structures, the probability of more than two

neighbors is negligently small. This corresponds to ion exchangers with low cross-

linkage demonstrating the simplest property–composition dependences. The

fragments responsible for the complicated Y ¼ Y(x) functions are H structures

with the functional group in the cross bridge. The calculations of the probabilities

for the fragments with hh and tt junctions in all kind of fragments have shown [11]

that the probabilities of higher than two neighbors sharply increase. The simplicity

5

4

4

6

3
3

2 2

1

1

0
0.0 0.2 0.4 0.6 0.8 1.0

ΔH
kcal/mol

xK+

Fig. 16.4 Dependences of

enthalpy of the degree of ion

exchange H+–K+ on

styrene–m-DVB ion

exchanger KRSm with

different percent of m-DVB.
See captions to Fig. 16.3.

The data were obtained by

measuring heat effect of ion

exchange. The beginning and

the end of the arrows show the

directing, starting, and end

points of the process in

the calorimetric

measurements [26]
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of the Y ¼ Y(x) dependence for the resins with a low cross-linkage and soluble

polyelectrolytes shows that the head-to-tail junctions dominate. This means that the

conditions of polymerization process to obtain the matrix polymers can affect

the selectivity of ion exchangers with identical compositions.

In the case of sorption of large organic ions, complicated shape of function

logk ¼ f(x) is often observed both on the resinous and liquid ion exchangers. These
dependences correspond to the presence of four numbers of sites and are well

described by Eq. 16.5 for i ¼ 4.

16.3 Quantum Chemical Modeling of the Sorption Complexes

The macroscopic model described above does not give an answer to the questions

how in the sphere of interaction the neighboring exchange sites are distributed, in

what distances the interacting ions and water molecules are located, and how they

oriented to each others. The nature of the bonds between the interacting atoms is not

specified either. The answer to these questions can give quantum chemical calcula-

tion of the structure of hydrated sorption complexes including one or several

functional groups.

For these calculations, we used program pack GAMESS [23]. The full gradient

optimizing of all geometric parameters for obtaining minimal potential energy of

the system was done. All structural characteristics of our systems discussed further

in this chapter are related to the minima on the potential energy surface. Preliminary

calculations have shown that the most acceptable for our systems is nonempirical

method SCF MO LCAO applying minimal basis set MINI [24]. It allows calcu-

lation on personal computers of large multiatomic systems (200–300 atoms).

The calculations were performed by method RHF SCF MO LCAO. In the case of

some heavy metal ions, for example, Ni and Cu in the main valence state, the

doublet electronic state is realized; in these cases, the calculations were done by

ROHF SCF MO LCAO method.

The quantum chemical calculations give structural, electronic, and energy

characteristics of the system under consideration. They are coordinates of each

atom, electrical charges on the atoms, and bond order of bonds between atoms (the

value reflecting the degree of the bond covalence). These data allow reconstruction

of the visual image of the sorption complex and calculation of the thermodynamic

functions and spectra of the modeled substances.

The simplest calculations are for the structure of complexes formed by one

counter ion and several water molecules. Some features of the interactions in the

real ion exchange systems can be obtained by such calculations. At the same time,

the interaction between several functional groups and the counter ions always

occurring in the ion exchangers may not be foreseen from such calculations.

Therefore, more reliable information on the interactions in the real ion exchangers

can be obtained only for representative fragment of the structure containing several

function groups with sufficient number of water molecules.
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The following conventions were used in drawing and discussion of the computer

images.

The atoms are considered chemically bound if the calculated distance between

them is not larger than 25% of the sum of their radii. The drawing program is made

so that in this case, it draws a bar between the atoms meaning the chemical bond, no

matter ionic or covalent one.

The hydrogen bond is shown as the dotted lines drown if in the system –

X. . .H. . .Y – the distances between atoms are in the range 0.18–0.35 nm and the

angle XHY is 150–250�. The effective electrical charge (in electron units) is shown

near the relative atom with the relative sign; its length in nanometers is placed near

the bond; the order of bond is given in square parentheses.

The meaning of all above-mentioned terms correspond to IUPAC recommen-

dations [31].

The totality of molecules, ions, and fragments of the polymer network in the

considered fragment is named hydration system. The structure of atoms and ions

bound directly to water molecules is named hydration complex. It does not include
the water molecules bound by hydrogen bonds only with the other water molecules.

Complete information on structural and electronic characteristics of the hydrated

fragments obtained in the calculations is too bulky for its presentation in this chapter.

Therefore, we present only several examples and the most important characteristics

of the molecular fragments. The information of the other characteristics – for

example, valence angles, electrical charges on the atoms, and geometric and

electronic characteristics of water molecules bound to the functional groups and/

or the counter ion – is stored in electronic form and can be used for interpretation of

the properties of ion exchangers. In this case, a situation occurs when we cannot use

all information obtained and restrict our consideration only with its part according

to our subjective idea of the importance of different factors affecting ion exchange

selectivity.

16.3.1 Hydration Systems with Univalent Counterions

The ion exchanger was modeled by p-ethylbenzene sulfonic acid and the oligomers

of polystyrene sulfonic acid and their salts with the degree of polymerization

p ¼ 2–4. As counter ions, Li+, Na+, K+, Rb+, Cs+, Ag+, and H+ have been chosen.

The structures of the hydration systems in the presence of W ¼ 0–10 water

molecules per sulfonic group have been calculated. One of the important questions

to clarify is whether the structure of the hydration system of p-ethylbenzene
sulfonic acid and its salts is identical to those for the oligomers and what is the

minimal size of the fragment which can be used for modeling the ion exchanger.

The structures of the hydration systems presented in this section have been calculated

using MIDI(d) basis with accounting for electronic correlation MP2/MIDI(d).

In several cases, 3-21G*, MIDI(d), MP2/3-21G*, and MP2/MIDI(d) bases have

been used. The results obtained were practically the same as those for the used basis.
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16.3.1.1 Alkali Metal Ions

The Models of Fragment Containing One Isolated Sulfonic Group

Alkali metal ions are expected to be the simplest case of such systems. The structures

of sorption complexes at the different degrees of hydration of p-ethylbenzene
sulfonates of Li+ and Cs+ are given as the examples in Fig. 16.5.

These examples reflect some common features in the structures of the hydrated

complexes which also can be related to the lonely exchange groups present in the

structure of the ion exchangers as it was described in Sect. 16.2.

Fig. 16.5 Calculated structure of p-ethylbenzene sulfonates (p-EBS) of Li and Cs at different

degrees of hydration. W ¼ 0, 3, and 10 water molecules per sulfonic group
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In all cases, the cations in the waterless structure are bound to two oxygen atoms

of sulfonic groups forming unsymmetrical structure. Zundel [32] obtained the IR

spectral proof of the asymmetry of these groups, but he assumed that the cation is

bound to one oxygen atom. Nevertheless, his experimental data are in agreement

with the results of our calculations. The stepwise hydration of the Li+ salt leads to

complete separation of the ions while Cs+ remains bound to one of the O atoms of

the sulfonic group even in presence of 10 water molecules which corresponds to the

swelling of ion exchanger with approximately 4% DVB. The calculations done for

the other alkali metals show that Na+ salts hydrated similar to that of Li+ ones and

K+ and Rb+ salts behave like Cesium salts of ethylbenzenesulfoacid (CsEBS).

In Refs. [33, 34], a difference in selectivity of Li+ and Na+–H+ exchange on one

side and K+, Rb+, and Cs+–H+ on the other side was observed and explained by the

difference in the type of the hydration mode of these groups of ions. Li+ and Na+ are

“structure-forming” ions (“positively hydrated”), and K+, Rb+, and Cs+ are “struc-

ture-breaking” or “negatively” hydrated ions [35–37]. The quantum chemical

calculations explain the nature of this phenomenon. In the complete hydrated ion

exchangers with a moderate and high cross-linkage, Li+ and Na+ ions are not

directly bound to the sulfonic group while K+, Rb+, and Cs+ remained fixed on

one of the oxygen atoms.

Figure 16.6 shows the location of the cation in the vicinity of the sulfonic group

as three numbers expressing the distances between the centers of the cation and

the centers of the oxygen atoms. It is seen from this diagram that distances of

two oxygen atoms in the absence of water and at the first steps of hydration are

practically equal to the sum of the ionic radii of oxygen and the cation which

corresponds to existence of the bonds between them. The order of these bonds in

this case (degree of covalence) is less than 0.05, and the bonds are purely electro-

static. Upon hydration, one of the bonds became broken. In the case of structure-

forming ions (Li+ and Na+), all three bonds became broken when 10 water

molecules are present in the system. In difference with that, the structure-breaking

cations (K+, Rb+, Cs+) do not move away from one of the –SO3
� oxygen atoms,

indicating existence of the bond between them.

The state of water molecules in the hydration system can be expressed by the

number of molecules with a certain type of binding to the ions in the hydration

system. We classify and denote them as follows:

• WR – bound only to the fixed ion

• WRR – bound only to two fixed ions

• WI – bound only to one counter ion

• WII – bound only to two counter ions

• WRI – bound both to the fixed ion and counter ion

• WW – bound only to another water molecules

The total number of water molecules in the hydration system W is a sum of the

molecules of all categories:

W ¼ WR þWRR þWI þWII þWRI þWW
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The number of water molecules in the hydration complex is

WSRI ¼ W�WW

The other states of water molecules are not considered because they are not met

in our specific cases.
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Fig. 16.6 Distances between counter ions and the oxygen atoms of sulfonic groups at the different

hydration stages. The dashed lines designate the sums of ionic radii of Cat+–O [38]. Each

column of three corresponds to distance from the counter ion to one of the oxygen atoms of

sulfonic groups
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The data on the state of water molecules in the hydration systems at different

degrees of hydration for the alkali metal salts of p-ethylbenzene acid is given in

Table 16.2. They will be discussed together with the data on the hydration of the

fragments containing several functional groups.

The Models of Fragments Containing Several Sulfonic Groups

As noted above in the real ion exchanger alongside with the isolated sulfonic

groups, the groups having several neighbors are present. The linear fragments

consisting of 2, 3, and 4 monomeric units were modeled with 10 water molecules

per one sulfonic group. Their total composition can be expressed by the following

formula: H CH2CH2C6H4SO3
�ð ÞfCH3 fMeþð Þ þ 10fH2O. The calculations were

done for nonhydrated fragments (W ¼ 0) and fragments with W ¼ 10 for Li+,

Na+, and K+ cations.

The Nonhydrated Fragments

It appeared that the fragments in which the sulfonic groups are situated in cis
positions relative the hydrocarbon chain (on the same side of it) are energetically

favorable and their structures are similar. They are exemplified by Fig. 16.7.

Table 16.2 Distribution of

water molecules according to

the type of binding with ions

for the fragments including

one isolated sulfonic group

I+ Type of H2O

The number of water molecules, W

1 2 3 4 5 6 7 10

Li WR 1 1 1 2 3 3 4 4

WI 0 1 2 1 1 2 3 5

WRI 0 0 0 1 1 0 0 0

WW 0 0 0 0 0 1 0 1

Na WR 0 0 0 1 2 3 3 4

WI 0 0 0 0 2 1 4 5

WRI 1 2 3 3 1 2 0 0

WW 0 0 0 0 0 0 0 1

K WR 0 0 1 2 1 2 2 3

WI 0 0 1 2 1 2 2 5

WRI 1 2 1 0 3 2 2 1

WW 0 0 0 0 0 0 1 1

Rb WR 0 1 0 2 2 2 2 4

WI 0 0 1 2 2 2 3 4

WRI 1 1 2 0 1 1 1 0

WW 0 0 0 0 0 1 1 2

Cs WR 0 1 0 1 2 1 2 2

WI 0 0 1 1 2 3 3 4

WRI 1 1 2 2 1 1 1 2

WW 0 0 0 0 0 1 1 2
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All cations of alkali metals except one in each kind of fragment are bound to the

oxygen atoms of two neighboring groups. One cation is bound to one sulfonic group

situated in the end of fragment, but that is an artifact caused by the specificity of the

end position of the sulfonic group; it is not accounted at the further consideration.

All cations are four coordinated; their Me–O bonds have approximately equal

length, practically equal to the sum of the ionic radii. The sulfur atoms lie near

the plain. The order of Me–O bonds in all cases is less than 0.05, indicating their

pure electrostatic character. Increasing the number of repeated units in the fragment

little affects the length of the Me–O bonds.

The Hydrated Fragments

Similar to the hydration the salts of p-ethylbenzenesulfoacid fragments, containing

several functional groups, two types of structures are formed. The Li+ and Na+

forms are completely dissociate to the counter ions and fixed ions. The distances

between the cation and nearest O atom of –RSO3
� are much longer than the sum of

the ionic radii of Me+ and O� ions (for Li+ 0.445 and 0.198 nm, respectively). The

counter ions are bound only to water molecules independently of the size of the

molecular fragment. The geometry of the fragments with Li+ and Na+ is similar and

illustrated by Fig. 16.8.

Ions Li+ and Na+ are bound with four water molecules, the length of Me–O

bonds is independent of the fragment size and equal to 0.185–0.188 nm for Li+ and

0.214–0.217 nm for Na+, which is close to the sum of the relative ionic radii. The

sulfonic groups are situated under angle 16–49� relative to each other. The neigh-

boring groups are pointed to different directions from the plain formed by the

carbon atoms of the polymer chain. The trans configurations are possible, but they
are less favorable energetically than the cis configurations.

Fig. 16.7 Calculated structure of nonhydrated fragment of sulfostyrene ion exchanger in K+ form
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The distribution of water molecules on the type of bonding with the ions in the

hydration systems is given in Table 16.3.

Hydration of K+ forms of the fragments with 10 water molecules does not cause

dissociation of the ion pairs independently of the size of the fragment (Figs. 16.9

and 16.10). Nevertheless, the complete dissociation occurs in the solution of the

soluble potassium polystyrene sulfonates or in swollen ion exchanges with very

high swelling. That follows from the osmotic coefficients of their solutions tending

to the same value for polystyrene sulfonates of all alkali metals at infinite dilution

[39] and the studies of the selectivity of ion exchange by low cross-linked ion [40].

In the ion exchangers whose swelling corresponds to 10 and less water molecules

per functional groups in potassium form (approximately 4% DVB), K+ is bound

to one of O atoms of the sulfonic group. The length of the K+–OSO2 bond in

the hydrated system independently of their size is 0.262–0.277 nm, which is very

close to the length in the nonhydrated fragments 0.260–0.273 nm. The order of

the bonds in all cases is below 0.05, indicating electrostatic nature of the bond.

The data in Table 16.3 can be summarized as follows: The number of water

molecules per one functional group in the hydration system, W∑RI, for Li
+ and Na+

forms is 9 per group and independent of the number of monomeric units in the

fragment. These molecules are almost equally divided between those hydrating

only the cation, WI ¼ 4, and hydrating only the sulfonic group, WR ¼ 4.25. The

characteristics of hydration in the hydration system containing several functional

groups are the same as those for Li and Na salts of p-ethylbenzene sulfonates

modeling the polymeric fragment with one functional group. The distribution of

water molecules in the fragments with K+ ion is substantially different from that

for Li+ and Na+.

Fig. 16.8 Calculated structure of linear fragment of sulfostyrene ion exchanger in Na+ form

containing four sulfonic groups and 10 water molecules per sulfonic group
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Fig. 16.9 Calculated structure of linear fragment sulfostyrene ion exchanger inK+ form containing

three sulfonic groups and 10 water molecules per sulfonic group

Table 16.3 The distribution of water molecules on the type of bonding with the ions in the

hydration systems with Li+, Na+, and K+. The numbers of water molecules of a certain type are

average per one functional group

Type of water molecule

Number of sulfonic groups in the fragment p

1 2 3 4

Li+

WR 5 4.5 4.33 4.25

WI 4 4 4 4

WRI 0 0 0 0

WRR 0 0.5 0.67 0.75

WII 0 0 0 0

W∑RI 9 9 9 9

WW 1 1 1 1

Na+

WR 5 4.5 4.33 4.25

WI 4 4 4 4

WRI 0 0 0 0

WRR 0 0.5 0.67 0.75

WII 0 0 0 0

W∑RI 9 9 9 9

WW 1 1 1 1

K+

WR 5 3 2.67 3

WI 4 2 1.67 2.75

WRI 0 0 0.33 0.75

WRR 0 0 0 0

WII 0 1 1 0

W∑RI 9 6 5.67 6.5

WW 1 4 4.33 3.5
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The total number of water molecules in the hydrate structure with one sulfonic

group is 9, the same as for Li+ and Na+. But already in the fragment with two

functional groups, it becomes 6 and remains close to that value for the bigger

fragments. The number of water molecules joined to only cation and only anion is

by one or two units smaller in the fragment with several functional groups than in

the fragments with one group, which indicates that only fragments containing

several functional groups may be chosen as representative fragment of the structure

of ion exchanger and used for determining of the water state in the resin.

16.3.1.2 Silver Ion

Ion Ag+ has crystallographic radius 0.115 nm, which is between Na+ (0.095 nm)

and K+ (0.133 nm). Nevertheless, the selectivity of its sorption by sulfostyrene ion

exchangers is much higher than that of the both Na+ and K+ [41]. It was also

observed that judging from the IR of nonhydrated liquid ion exchanger of sulfonic

type Ag+ forms symmetric –SO3Ag structure [42]. In very general terms, such a

behavior was explained by polarization interaction between silver ion and sulfonic

groups. Quantum chemistry calculations allow clarifying the nature of chemical

bonds between Ag+ and –SO3
�.

In Fig. 16.11, the structure of nonhydrated ion pair –SO3Ag calculated in

MIDI(d) basis with accounts for electron correlation MP2/MIDI(d) is presented.

The silver ion symmetrically interacts with all three oxygen atoms of sulfonic group

and with the sulfur atom. It is probably due to interaction of the valence d electrons
of silver with vacant d orbitals of the sulfur atom. The distances between Ag+ and

each of the atoms of sulfonic group are longer than the sum of the relative ionic

radii, but instead of two ionic bonds, as in the cases of Na+ and K+, it forms four

bonds with a large fraction of covalence (see bond orders in Fig. 16.11). The most

covalent bond is formed with the sulfur atom.

Fig. 16.10 Calculated

structure of linear fragment

sulfostyrene ion exchanger

in K+ form containing three

sulfonic groups and 10 water

molecules per sulfonic group.

The water molecules are not

shown
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16.3.1.3 Hydrogen Ion

The state of proton in aqueous media was studied by theoretical and experimental

methods [32, 43–48]. The resulting most common opinion followed from these

studies is that that two predominant proton hydrate are formed. They are Zundel’s

proton H5O2
+ [32] and Eigen’s proton H9O4

+ [44]. The latter is hydroxonium ion

H3O
+ bound to three water molecules. The state of proton in usually studied dilute

aqueous solutions is different from that in the hydrated H+ form of cation

exchangers because in the latter case, the concentration of the protons is much

higher and the counter ions fixed on the polymer matrix are not regularly distributed

in the volume.

A special interest deserves the state of proton in dry and slightly hydrated resins

used in the acid catalysis and sorption of base gases from the air.

The hydration of H+ forms of sulfonic ion exchangers was studied by thermody-

namic [42, 49] and IR spectroscopic [32, 42] methods. On the basis of these studies,

assumptions on the state of the proton in the ion exchangers were made. Neverthe-

less, these assumptions are often contradictory and cannot be unambiguously

related to specific atomic structures because of the restriction of the experimental

methods used and complexity of the systems studied.

The fragments of the polymeric structure of the ion exchanger containing one,

two, and three sulfonic groups were modeled.

The structures obtained by calculations are presented in Figs. 16.12–16.14 and

characterized by Tables 16.4 and 16.5.

From the results of these calculations, we can estimate the number of protons

present in different states:

• Connected to the oxygen atom of sulfonic group

• Forming hydroxonium ion (H3O
+)

• Interacting simultaneously with two water molecules (ion H5O2
+)

Fig. 16.11 The structure

of nonhydrated ion

pair –SO3Ag. The distances

between atoms and bond

orders (in square brackets)
are given on the figure
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It is important to note that unambiguous separation of specific protons from the

hydration system is impossible because in the system with hydrogen bonds, the

barrierless redistribution of the proton is possible. Nevertheless, the data presented

in Tables 16.4 and 16.5 allow evaluation of the degree of hydration and the presence

of the neighboring sulfonic groups on the concentration of the protons of each type.

From Figs. 16.12–16.14, it is seen that in the studied hydrogen systems, formation

of both H3O
+ and H5O2

+ is possible.

The water molecules interact with the sulfonic groups in two ways: by formation

of the hydrogen bonds and by simple electrostatic attraction. Assigning the latter to

hydrogen bonds is impossible because the H–O–H angle is too small (130–150�).

Fig. 16.12 Calculated structures of isolated functional groups of sulfostyrene ion exchanger in H+

form at different stages of hydration

Fig. 16.13 Calculated structures of two adjacent functional groups of sulfostyrene ion exchanger

in H+ at different stages of hydration
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It follows from the data obtained that dissociating of the sulfonic groups occurs

when three water molecules are present at the isolated group, one water molecule

per group in the case of two groups in the fragment and two water molecules

per three sulfonic groups. The presence in the system of three water molecules per

sulfonic group in all cases leads to complete dissociation of sulfonic group.

Introduction into the system additional water molecules does not cause substantial

changes in the state of ions. Ion H9O4
+ can be formally identified only in the system

with 10 water molecules per sulfonic group.

Fig. 16.14 Calculated structures of three adjacent functional groups of sulfostyrene ion exchanger

in H+ at different stages of hydration
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Table 16.4 The structural and electronic characteristics of proton for the model of an isolated

sulfonic group in the sulfostyrene ion exchanger

W Complex of H+ Rh
a Rho qh Bo

0 SO3H 0.098 0.098 0.362 0.847

1 SO3H 0.103 0.103 0.416 0.698

2 SO3H 0.102 0.102 0.409 0.716

3 H3O
+ 0.108 0.288 0.442 0.592

4 H3O
+ 0.111 0.303 0.448 0.540

5 H3O
+ 0.113 0.300 0.452 0.491

6 H3O
+ 0.111 0.297 0.438 0.525

10 H3O
+ 0.110 0.428 0.435 0.550

aHere and further, the following designations are used: Rh distance from the acidic proton to the

nearest oxygen atom of water molecule or sulfonic group; Rho distance from the acid proton to the

nearest oxygen atom of the sulfonic group only; qh charge on the acid proton; and Bo bond order

between the acid proton and the nearest oxygen atom

Table 16.5 The structural and electronic characteristics of proton for the model of three

interacting sulfonic groups in the sulfostyrene ion exchanger

Number of functional group Complex of H+ Rs
a Rh Rhh Rho qh Bo

0 SO3H 0.360 0.102 0.362 0.102 0.427 0.732

SO3H 0.366 0.102 0.286 0.102 0.422 0.720

SO3H 0.514 0.101 0.415 0.101 0.410 0.755

1 SO3H 0.389 0.102 0.445 0.102 0.418 0.721

SO3H 0.468 0.105 0.392 0.105 0.441 0.631

SO3H 0.492 0.102 0.281 0.102 0.427 0.723

2 SO3H 0.361 0.108 0.501 0.108 0.444 0.580

H3O
+ 0.563 0.107 0.547 0.140 0.464 0.608

H3O
+ 0.573 0.115 0.355 0.126 0.464 0.302

3 SO3H 0.624 0.112 0.448 0.112 0.452 0.493

SO3H 0.691 0.109 0.395 0.109 0.447 0.546

SO3H 0.670 0.111 0.478 0.111 0.452 0.524

4 SO3H 0.684 0.112 0.519 0.112 0.452 0.496

H3O
+ 0.686 0.107 0.590 0.296 0.452 0.584

H5O2
+ 0.601 0.119 0.435 0.121 0.461 0.396

5 H3O
+ 0.617 0.113 0.617 0.128 0.466 0.480

H5O2
+ 0.754 0.119 0.577 0.354 0.469 0.389

H5O2
+b 0.796 0.117 0.587 0.342 0.469 0.414

6 H3O
+ 0.645 0.106 0.564 0.143 0.444 0.635

H5O2
+ 0.744 0.119 0.763 0.354 0.467 0.394

H5O2
+ 0.826 0.119 0.639 0.364 0.471 0.397

9 H3O
+ 0.812 0.110 0.663 0.332 0.454 0.524

H5O2
+ 0.827 0.118 0.621 0.356 0.460 0.394

H3O
+ 1.016 0.112 0.561 0.328 0.464 0.490

12 H3O
+ 0.834 0.114 0.622 0.341 0.455 0.455

H3O
+ 0.835 0.113 0.745 0.338 0.466 0.482

H3O
+ 0.982 0.113 0.613 0.359 0.460 0.472

15 H3O
+ 0.816 0.115 0.631 0.345 0.460 0.449

H3O
+ 0.828 0.110 0.549 0.376 0.453 0.538

H3O
+ 1.154 0.110 0.676 0.325 0.452 0.545

(continued)
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The data on location of the ions in hydration systems for the isolated sulfonic

group and fragments with two, three, and four functional groups at different degrees

of hydration have been obtained. In Tables 16.4 and 16.5, the data for one and three

functional groups are presented.

It is to be noted that the methods for calculations of the electrical charges on

atoms are rather conventional and depend strongly on the quantum chemical

approximation used and local surrounding of the atom. More reliable characteristics

of relative strength of the chemical bonds of the same type (in our case, the acid

proton–oxygen atom) are their lengths and the orders.

The computed lengths and orders of these bonds indicate a substantial dependence

of proton binding from the degree of hydration and the number of the neighboring

functional groups. The longer the length of the bond and lower its order, the greater

ability of the proton to act in the acid–base, ion exchange, and catalytic processes

(i.e., its higher reactivity). It is seen from the tables that the lowest reactivity has the

protons bound to the sulfonic anion. The highest reactivity has protons bound to

ions H3O
+ and H5O2

+ for the functional groups having two neighbors. It also

follows from the tables that the probability of formation of H5O2
+ in the hydration

process is substantially lower than that of H3O
+.

Geometry of the structures with three and four hydrated monomeric units is

presented in Figs. 16.14 and 16.15. It is seen from Fig. 16.14 and Table 16.5 that in

the first case, formation of two ions H3O
+ and one H5O2

+ occurs. In the fragment

with four sulfonic groups, all four acidic protons are present as H3O
+.

The state of water in fully hydrated fragments containing 1–4 monomeric units

is characterized by Table 16.6. It is seen from the table that the greatest change in the

water state in the fragmentswith different numbers ofmonomeric units occurs between

f ¼ 1 and 2. Further increase in the number of elements in the fragment gives less

pronounced effect. Six water molecules are bound to the hydrated complex, if f > 1.

The data on quantum chemical calculation of the structure of hydration system

for H+ form can be summarized as follows: Two types of the proton hydrates are

formed in these systems. They are H3O
+ and H5O2

+. They interact with the sulfonic

groups and the other water molecules. The separation of proton from sulfonic group

accompanied by formation of its hydrate complexes occurs when three water

molecules are present in the system with the isolated group, one water molecule

per group in the system with two sulfonic groups and two water molecules per three

sulfonic groups in the system.

Table 16.5 (continued)

Number of functional group Complex of H+ Rs
a Rh Rhh Rho qh Bo

18 H3O
+ 0.831 0.113 0.587 0.340 0.448 0.496

H3O
+ 0.932 0.108 0.601 0.328 0.449 0.570

H5O2
+ 1.156 0.118 0.596 0.347 0.459 0.444

30 H3O
+ 0.872 0.112 0.745 0.299 0.444 0.507

H3O
+ 1.202 0.111 0.476 0.374 0.436 0.502

H3O
+ 1.229 0.108 0.924 0.526 0.432 0.580

aRs – distance between the sulfur atoms
bIn this case, one oxygen atom belongs to the sulfonic group
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16.3.2 Hydration Systems with Bivalent Ions

16.3.2.1 Cations of Alkaline Earth Metals

The structures of nonhydrated alkaline earth metals ionic forms of sulfostyrene ion

exchangers for the fragments containing two and four monomeric units obtained in

the calculations appeared similar. They are illustrated by Fig. 16.16. The cations

form symmetric structures with two sulfonic groups having pure electrostatic bonds

and practically equal length. They are compared with the sum of ionic radii in

Table 16.7.

In the structures including 10 water molecules per sulfonic, the alkaline earth

metal ions most often are bound with one sulfonic group by two bonds and by one

bond with the neighboring group.

Table 16.6 Distribution of the water molecules according to the type of their bonding with

elements of the ion exchanger structure. The hydrate systems contain 10 water molecules per

the sulfonic groups. The values given are average per one sulfonic group

The water molecule type

Number of sulfonic group in fragment, f

1 2 3 4

WR 5 3 3.5 3.67

WI 2 1.5 1.5 1.0

WRI 0 1.0 0.25 1.0

WRR 0 0.5 0.75 0.33

WII 0 0 0 0

W∑RI 7 6.0 6.0 6.0

WW 3 4.0 4.0 4.0

Fig. 16.15 Calculated structure of linear fragment sulfostyrene ion exchanger in H+ form

containing four sulfonic groups and 10 water molecules per sulfonic group
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Ion Mg2+ coordinates six O atoms, three of which are O atoms of water. Ca2+,

Sr2+, and Ba2+ form eight coordinated bonds, five of which are the bonds with water

molecules. The charges on atoms are in the range 1.79–1.89, and the order of the

bonds in all cases is less than 0.05, indicating their pure electrostatic character.

As an example in Fig. 16.17, the structure of hydrated fragment in Ca form is given.

Classification of the water molecules according to the type of their bonding in

the hydration system is given in Table 16.8. In difference with ions of alkali metals

in this case, the water molecules bound simultaneously to the cation and anion,

two cations or two anions are absent. The sorption complexes of each cation form

its own closed system interacting with each other only via a chain of the water

Table 16.7 Characteristics

of nonhydrated

complexes Me2+

Ion Sum of ionic radii Bond length Bond order

Be2+ 0.174 0.170 0.140

0.170 0.140

0.177 0.137

0.177 0.137

Mg2+ 0.210 0.196 0.098

0.196 0.098

0.199 0.103

0.199 0.103

Ca2+ 0.236 0.233 0.058

0.233 0.058

0.234 0.056

0.234 0.055

Sr2+ 0.256 0.251 <0.05

0.251 <0.05

0.251 <0.05

9.251 <0.05

Ba2+ 0.274 0.271 <0.05

0.271 <0.05

0.271 <0.05

0.271 <0.05

Fig. 16.16 Calculated structures of nonhydrated Be2+ andBa2+ forms of sulfostyrene ion exchanger
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molecules (see Fig. 16.17). This means that the cations are weakly interact with

each other and the selectivity of ion exchange should not strongly depend on the

loading of the ion exchanger with the bivalent counter ion. This correlates well with

the data on selectivity of ion exchange Me2+–H+ [50]. The interaction between the

neighboring sorption complexes is weak which is reflected in a weak dependence

of the selectivity coefficient on the ionic composition of the resin, Fig. 16.18.

The selectivity coefficient was calculated as

kx ¼ �xMe
1=2 � xH=ðxMe

1=2�xHÞ (16.8)

16.3.2.2 The Heavy Metal Ions

The structures of hydration systems of Cd2+, Pb2+, Ni2+, and 20 water molecules

computed for the fragments containing two sulfonic groups are presented in

Fig. 16.19, compared with the structure of Ca2+ system.

They are rather individual and will be discussed separately. Some characteristics

of these structures are presented in Tables 16.9 and 16.10.

Fig. 16.17 The structure of the fragment of ion exchanger in Ca form including four functional

groups and 40 water molecules: (a) all water molecules are shown; (b) only water molecules bound

to the cations are shown

Table 16.8 Classification of the water molecules according to the type of their bonding in the

hydration system for the fragment with four monomeric units. The numbers are given as the

average in calculation per one sulfonic group

Be2+ Mg2+ Ca2+ Sr2+ Ba2+

WR 2.25 2.0 2.25 2 1.75

WI 3.0 1.5 2.5 2.5 2.5

WRI 0 0 0 0 0

WRR 0 0 0 0 0

WII 0 0 0 0 0

W∑RI 5.5 3.5 4.75 4.5 4.25

WW 4.5 6.5 5.25 5.5 5.75
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Cd. The hydration system of this ion has the structure similar to that for Ca2+.

These ions have almost equal ionic radii. The lengths of Me–O bonds with sulfonic

groups are almost the same and have electrostatic character. Nevertheless, selec-

tivity of Ca sorption is significantly higher than Cd (Fig. 16.20, Table 16.10). The

reason for that is the formation of stronger bonds of Cd with the water molecules.

In spite of the fact that both ions have equal number of water molecules in the

hydrates, the degree of their covalence is higher for Cd indicated by the higher order

of these bonds (Table 16.10). Stronger interaction with water lowers the energy of

the interaction with sulfonic group.

Pb. Ion Pb2+ is bound to two atoms of oxygen of the sulfonic groups and four

water molecules. Its ionic radius is close to that of Ba2+, and the selectivity of these

two ions is the highest among the studied ions and close to each other. Nevertheless,

the characters of the bonding of Pb2+ and Ba2+ in the ion exchanger are different. Ba2

+ forms pure ionic bonds both with O atom of sulfonic groups and water. The latter

are rather weak and do not prevent interaction of Ba2+ with sulfonic group. Ion Pb2+

forms strong bonds with O atom of sulfonic group having significant degrees of

covalence and very strong bonds with water molecules with high degrees of cova-

lence (Table 16.10). These two oppositely directed phenomena compensate and result

in a similar selectivity sorption of Ba2+ and Pb2+ (Fig. 16.20, Table 16.10).

Ni. Ion Ni2+ in the hydrated structure does not form direct bonds with sulfonic

group because of its strong interaction with five water molecules. Four of them

form a flat square, and the fifth one is situated on a longer distance from this square

almost symmetrically to its corners. The four molecules in the square form strong

bonds with Ni2+ having a large fraction of covalence. Formation of such stable

structure prevents Ni2+ from strong interaction with sulfonic group and results in

low selectivity of its sorption.

Fig. 16.18 ExchangeMe2+–H+. logkx ¼ f(xMe) for the ion exchanger with 10.5%DVB, t ¼ 20�C.
(1) Ba2+–H+, (2) Sr2+–H+, (3) Ca2+–H+, (4) Mg2+–H+
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Table 16.9 Distribution of the water molecules according to the type of bonding in hydration

systems with the heavy metal ionic forms of sulfonic ion exchanger. The figures are given as

average per one functional group

Type of water molecule Ca2+ Cd2+ Ni2+ Pb2+

WR 2.5 2.5 3.5 3.0

WI 2.5 2.5 2.5 2.0

WRI 0 0 0 0

WRR 0 0 0 0

WII 0 0 0 0

W∑RI 5.0 5.0 6.0 5.0

WW 5.0 5.0 4.0 5.0

Fig. 16.19 Calculated structures of the heavy metal ions compared with those for Ca2+. Two

monomeric units and 20 water molecules are in the fragment
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16.4 Summary

A mathematical model based on the concept of influence of neighboring exchange

sites on the properties of each other allows explaining dependence of logarithm of

the selectivity coefficient and the other additive properties of ion exchange systems

on the degree of ion exchange. The higher the probability of the larger number

of neighbors, the more complicated dependence is possible. The degree of poly-

nomial describing these dependences is equal to the maximal number of the nearest

neighbors. The computer modeling of sulfonic ion exchangers has shown that

at low degree of cross-linkage, the maximal number of neighbors of the exchange

site with inorganic counter ion is two and the dependences of property–ionic

composition are simple and described by the polynomial of the second power.

In the case of ion exchangers with high cross-linkage, these dependences can

be more complicated and are described by the polynomial of the third power

because the appearance of three neighbors is high enough to affect the shape of

these dependences. Very complicated dependences described by polynomial of the

forth power can occur for large organic ions where the probability of four neighbors

can be high due to the large size of the counter ion. These predictions of the model

are consistent with the experimental data on simple cation exchange on the resins

with different percentages of divinylbenzene. The ion exchangers of the considered

type may have significant fraction of isolated functional groups and groups with

one, two, three, and more (less probable) neighboring groups. The information

of interaction between the nearest neighbors and water molecules in the vicinity of

Fig. 16.20 ExchangeMe2+–H+. logkx ¼ f(xMe) for the ion exchanger with 10.5%DVB, t ¼ 20�C.
(1) Pb2+–H+, (2) Ni2+–H+, (3) Cd2+–H+
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the functional groups as well as of the structures of the fragments of the polymeric

structure of the ion exchanger has been obtained using quantum chemistry

nonempirical ab initio calculations.

The water molecules present in the hydration system have been classified as the

molecules joined only to the counter ion, only to the oxygen atoms of the sulfonic

group, both to the counter ion and the sulfonic group, only to the other water

molecules, etc. Evaluation of the length of the bonds between the counter ion,

functional group, and the water molecules and the degree of their covalence

allowed obtaining detailed information on the state of the ions and water molecules

in the ion exchanger. These data have been obtained for different degrees of hydration

(0–10 water molecules per sulfonic group) for the following counter ions: H+, Li+,

Na+, K+, Rb+, Cs+, Ag+, Be2+, Mg2+, Ca2+, Sr2+, Ba2+, Cd2+, Ni2+, and Pb2+.

The following main results have been obtained. The dissociation of R-SO3H

groups occur when three water molecules are present at the isolated group, one

water molecule per group in the case of two groups in the fragment and two water

molecules per three sulfonic groups. Two types of the proton hydrates are predomi-

nantly formed in these systems; they are H3O
+ and H5O2

+. The ions of alkali metals

in the absence of water form asymmetric structures with sulfonic group in which

one counter ion is bound to two oxygen atoms. Upon hydration, the structure of the

sorption complex changes, and in the systems with 10 water molecules per sulfonic

group, Li+ and Na+ ions are separated from the sulfonic groups and form direct

bond only with the water molecules; ions K+, Rb,
+ and Cs+ remained fixed on

the sulfonic group with one direct Me2+–O bond. This explains the difference in the

ion exchange behavior of the water structure-forming and structure-breaking ions.

The silver ion has abnormally high selectivity to sulfonic ion exchangers because

it forms four bonds with large degree of covalence; especially strong bond is

formed with the sulfur atom due to interaction of the vacant d orbitals of sulfur

with Ag valence d electrons. Cations of alkaline earth metals form electrostatic

bonds with the pairs of sulfonic groups. This complex weakly interacts with the

neighboring exchange sites. In the state of complete hydration, these cations

remained bound to the sulfonic groups with one or two Me–O bond except of

Be2+ which can completely separate from the fixed anion. Ions of the heavy metal

have rather low selectivity (comparable or lower than the alkaline earth metals)

because of formation of strong hydrates in which Me2+–O bonds have large fraction

of covalence preventing their strong interaction with the sulfonic groups.

In conclusion, we note that mathematical modeling as well as molecular mechanic

and quantum chemistry calculations of the structures of ion exchangers is consistent

with the main concepts used in the interpreting ion exchange equilibria. They are a

concept of nonregularity of the exchange sites in polymeric ion exchangers and

competitive interaction of the counter ions with the fixed ion and water molecules.
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