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Preface

No specialty thrives in isolation. The field of ion exchange grew over decades by
permeating into myriad areas from deionization to drug delivery. As a result, new
knowledge was created in many seemingly disjointed scientific disciplines.
Scientists and researchers — while using, applying, and moving the boundaries
of ion exchange — are often separated by their professional fields and literally
unknown to each other. In order to bridge the gap and break the barrier in the field
of ion exchange, the first international workshop on Frontiers and Interfaces of
Ion Exchange was recently held during June 11-15, 2006, in Antalya, Turkey.
Nearly 120 attendees from 24 countries attended the meeting. Invited speakers
were selected to cover a broad range of specialty research areas, namely, catalysis,
synthesis, molecular imprinting, green processes, drug delivery, nanotechnology,
and obviously, water treatment and environmental pollution control. Several invited
speakers had never attended an “ion exchange” meeting previously but their
ongoing research and interaction during the workshop inevitably enriched the field.

In accordance with the spirit of the first international workshop on ion
exchange and Volumes 14 and 16 of the series earlier edited by myself, the current
volume contains seven chapters encompassing a wide gamut of topics; they truly
reflect the diversity in the field of ion exchange. As the editor, I must also mention
to potential readers that the publisher of the series has changed. Marcel Dekker,
the publisher of the Ion Exchange and Solvent Extraction Series for the 17 volumes
spanning a period over 40 years, has recently been taken over by Taylor & Francis.
I have personally been assured by the administration of Taylor & Francis that the
present series will continue and they recognize the importance of this expanding
field. One more change is also on the way. Professor Yizhak Marcus has decided
to step down as the editor of the “Solvent Extraction” part of the series and is
being replaced by Dr. Bruce Moyer of Oak Ridge National Laboratory. I salute
Professor Marcus for his invaluable contribution to this series for more than four
decades and welcome Dr. Moyer as a worthy successor to make this series move
forward with renewed energy.

The breadth and synergy among many emerging areas in ion exchange serve
as the primary theme of this current volume, which contains seven chapters written
by professionals from academic institutions, research laboratories, and industries
around the world. The volume indeed encompasses a wide range of topics.

It is recognized that the majority of the applications of ion exchange resins
are geared toward the separation of ions from the aqueous phase. Polymer-based
ion exchange resins can also serve as a medium (stationary phase) for carrying
out chemical reactions and separating the reactants and products simultaneously.
In such processes, sorption of solvent and mixture of solvents onto ion exchange



resins influence the overall effectiveness of the process application. Chapter 1
discusses how solvent sorption equilibria and kinetics vary with the elastic prop-
erties of ion exchange resins, which, in turn, are dependent on type of functional
groups, ionic forms, polymer matrix composition, and the degree of cross-linking.
The thermodynamic modeling approach can be applied to the mixtures of polar
and weakly polar solvents, and it explicitly takes into account the elasticity of
the polymer network.

In synthesis reactions limited by chemical equilibria, the process conversion
can be enhanced by selectively separating the products as they are formed. Ion
exchange resins can serve as the heart of many such processes by simultaneously
acting as a catalyst (or a reactant) and a separating agent. Development and mod-
eling such a chromatographic reactor-separator and, more specifically, the simulated
moving bed reactor (SMBR) for the synthesis of acetaldehyde dimethylacetal or
1,1-dimethoxyethane (DME) and acetaldehyde diethylacetal or 1,1-diethoxyethane
(DEE) using a cation exchange resin (Amberlyst 15) is the primary objective of
Chapter 2. In addition to the development and validation of models, the chapter
provides experimental data from a pilot SMBR unit in Novasep, France, for the
synthesis of acetals (DME and DEE) from acetaldehyde and alcohol as reactants
and Amberlyst 15 resin as the catalyst and a selective adsorbent as well.

Ion exchange resin-based drug formulations have been the subject of intense
research for nearly two decades and the resulting products are gradually moving
into the marketplace. Besides oral drug delivery, ion exchange resins are being
explored for transdermal, nasal, ophthalmic, and site-specific routes. Obviously, the
pertinent question is: What is the advantage of getting a drug released from ion
exchange resins? Controlling the rate of dissolution and improving the chemical
stability and taste are some of the critical areas where drug delivery through ion
exchange offers well-observed advantages. Chapter 3 discusses various scenarios
of drug delivery for a combination of drugs and ion exchange resins. In addition,
the chapter attempts to elucidate how the process variables, namely, temperature,
ionic strength, pH, molecular weight of the drug, and cross-linking in the resin
influence the overall process of drug delivery.

The importance of designing and preparing support materials for catalysts,
especially for metal catalysts, is now well recognized. Metal binding capacity,
chemical-thermal statibility, pore structure, physical morphology, and flexibility
in imparting functional groups are some of the desirable attributes for the host
materials. Also, there is now a new emphasis on biorenewable materials as hosts,
wherever possible. Chitosan, a modified naturally available biopolymer with ion
exchange properties for metals sorption, has of late come to the forefront as a
support material for heterogeneous catalysis. Chapter 4 provides extensive coverage
for preparation, usage, and performance evaluation of biopolymers as catalyst
supports with particular emphasis on chitosan. The chapter includes many
examples of reactions, namely, hydrogenation, oxidation, reduction, hydroxyla-
tion, and carbonylation catalyzed by biopolymer-supported catalysts.

Reverse osmosis (RO) and ion exchange are characteristically two different
processes with no apparent similarity. RO is a nonselective pressure-driven



membrane process applied primarily to separate dissolved solids from water. It is,
however, well documented that RO membranes reject different electrolytes or ions
to different extents, that is, permeation of different ions through RO membranes
varies, all other conditions remaining identical. Also, the rejection of a specific
ion is influenced by the accompanying electrolytes in feed water. With an
increased application of RO and nanofiltration (NF) processes in the area of water
treatment and wastewater reuse, there is now a greater need in predicting the
relative degree of rejection or permeation of various ions, including environmen-
tally regulated species. Chapter 5 provides convincing experimental evidence and
elucidates underlying scientific reasons to confirm that ion exchange selectivity
data for various ions can be used as surrogate parameters to predict the relative
permeability of different ions in RO and NF processes. A simple ion chromato-
graph can provide the requisite information leading to the development of a
quantitative model describing individual salt permeability. For trace ions of
environmental significance, namely, perchlorate, nitrate, cesium, arsenate, chromate,
and selenate, the ion exchange selectivity approach offers an insight with respect
to their relative permeability in pressure-driven membrane processes.

Synthetic polymer-based materials constitute the majority of the ion exchange
market and this trend is unlikely to change in the near future. Nevertheless, many
naturally occurring biorenewable materials exhibit ion exchange properties result-
ing from the presence of a variety of chemical functional groups. In this regard,
chitosan is probably a leading candidate due to the presence of both carboxylate
and amino functional groups. Also, chitosan is amenable to chemical modification
for improved chemical stability and mechanical strength. Chapter 6 provides a
detailed account of how chitosan and its modified forms can find applications in
separation and purification of metal ions.

The packed- or fixed-bed process where the mobile liquid passes through
stationary ion exchange beads in a column is by far the most popular unit operation
due to its simplicity of construction and operation. This method is routinely used
for water softening, water demineralization, and removal of target-contaminating
ions. Poor kinetics is one of the major limitations of the ion exchange process
and intraparticle diffusion is often the rate-limiting step in the majority of the
applications. During the exhaustion cycle, there are three specific zones for a
solute in a fixed bed, viz., saturated, unused, and mass-transfer zone (MTZ). For
intraparticle diffusion-controlled processes, the length of MTZ is proportional to
the square of the diameter of the spherical ion exchange resin beads. Reducing
the bead size reduces the length of the mass-transfer zone; however, the pressure
drop across the bed increases with smaller particle sizes. “Short-Bed Ion
Exchange” is a gainful compromise between the two: It offers faster kinetics with
an acceptable pressure drop using skid-mounted ion exchange units. Chapter 7
provides specific advantages of short-bed units and presents many novel appli-
cations of ion exchange.

Arup K. SenGupta
Lehigh University, Pennsylvania
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1.1 INTRODUCTION

The behavior of strong acid cation exchangers in nonaqueous solvents and in
aqueous-organic solvent mixtures has been extensively investigated during the
past decades.'-* Modeling of multicomponent sorption equilibria and of diffusion
of liquids in a swollen cross-linked polymer network plays a key role in under-
standing ion exchange resin catalysis and membrane separation processes. It is
well known that the solvent sorption equilibria and resin swelling kinetics are
influenced by the nature of the functional group, the counterion, and the polymer
matrix, as well as the cross-link density of the resin. The purpose of the present
work is to investigate the role of the elastic properties of the resin on these two
phenomena in solvent mixtures. We also demonstrate the use of a thermodynamic
modeling approach in describing sorption and swelling equilibria as well as
swelling kinetics of ion exchange resins. The essence of this approach is that the
elastic properties of the resin are explicitly taken into account.

The work is divided into two parts as follows. We begin by deriving a general
condition for phase equilibrium in rubbery cross-linked polymers by using thermo-
dynamics of polymer solutions and rubbery materials. An expression for the
solvent activities in the liquid and resin phases is given. In this context we also
present a number of models commonly used for describing the elasticity of gels
and calculating the swelling pressure in the gel phase. To quantify the elastic
properties of strong and weak acid cation exchange resins, we present shear
modulus data obtained from direct mechanical measurement of single particles
and swelling pressure data obtained from vapor sorption isotherms. The applica-
bility of various elasticity models is discussed in the light of such data. Further,
the thermodynamic phase equilibrium model is used as a semipredictive tool to
describe sorption and swelling equilibria in some example systems.

For rubbery polymers, swelling and shrinking kinetics in solvent mixtures is
controlled by diffusion of liquids inside the particle. This is the topic of the second
part. We demonstrate how the elastic properties of the resin can be taken into
account in a relatively simple manner by including them in the chemical potential
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driving force for diffusion. Literature data of solvent diffusion coefficients in
strong cation exchange resins are scarce. To give an idea of the influence of the
extent of resin swelling on the solvent diffusion coefficients of common solvents,
we present some experimental data for strong cation exchange resins.

1.2 SORPTION AND SWELLING EQUILIBRIA

Conventional heterogeneous models based on analogies to surface adsorption
are adequate in describing the distribution of compounds between a fluid and a
rigid material, and are often used for ion exchange resins as well. However, the
concept of fixed adsorption sites does not reflect the sorption phenomenon in
swollen resins, which have a more or less flexible polymer structure. When the
polymer network is expanded, only a fraction of the sorbed molecules are in the
vicinity of the functional groups that are usually considered as the adsorption
sites, and solvent—solvent interactions also have to be included. Therefore, statistical
models derived from the thermodynamics of polymer solutions and gels'®!! have
recently been used to describe the observed phase equilibria in systems consisting
of a solvent mixture and an ion exchange resin.'>'7 Similar models have also
been tested in systems containing a binary solvent mixture, solutes, and a
resin.!®!9 This approach has also been applied to the dynamic modeling of
chemical reactors, 2132021

Here we illustrate the use of a thermodynamic treatment in calculating the
equilibrium states of systems containing solvent mixtures (or other neutral compo-
nents) and moderately or densely cross-linked ion exchange resins. Only nonreac-
tive systems are considered, but extension to reactive systems is straightforward 22

1.2.1 MoDEL DEVELOPMENT

The system under consideration consists of three parts: a homogeneous liquid
phase, a homogenous polyelectrolyte solution, and an elastic cross-linked polymer
network (Figure 1.1). A cross-linked polymer network may swell to a variable
extent depending on the external liquid-phase composition, the affinity of the
polymer for the solvents, and the number of cross-links. The configurational
entropy of a cross-linked polymer network decreases as the extent of swelling
increases. This brings about a tensile force that opposes the expansion of the
network, which is observed as an increase in the pressure of the polymer phase.
Consequently, there exists a pressure difference (swelling pressure) between the
polymer phase and the external liquid phase.

In the present context, only the distribution of neutral liquid compounds
between the liquid phase and ion exchange resin particles is relevant: the dissociated
counterions cannot leave the resin phase due to the condition of electroneutrality.
However, the counterions contribute to the free energy of the polymer phase and
the effect is taken into account by the mixing entropy of the free counterions.

It should be noted that although electrolyte solutions are not considered here,
the modeling approach can be extended to systems with ionic species by including
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|__— Liquid mixture
PL VLA, T
Gl st

|__—  DPolyelectrolyte
solution PS, VS, uS, T
G5, ss

| Elastic polymer
network S, T

FIGURE 1.1 The system consists of three parts: multicomponent liquid mixture (L); a
homogeneous polyelectrolyte solution (S); and an elastic polymer network (el). The thermo-
dynamic quantities are explained in the text.

the condition of electroneutrality in each phase as an additional constraint.!! This
enables calculation of the equilibrium state of the system without employing the
Donnan potential concept.

1.2.1.1 General Condition for Phase Equilibrium

The first and second laws of thermodynamics yield Equation (1.1) for an isother-
mal reversible transition under constant external pressure. In Equation (1.1), Uss
and $** are the total internal energy and the entropy of the system, and W is the
work done by the system. Exact and inexact differentials are denoted with d and
A, respectively.

—dU™ — AW +TdS™ =0 (1.1)

According to the classical theory of rubber elasticity, deformation of the
polymer network does not involve changes in the internal energy or volume of the
polymer network, but only changes in its configurational entropy.'® If only the
expansion work is taken into account and if the liquid-phase pressure equals that
of the surroundings, Equation (1.1) may be written as shown in Equation (1.2),
where S¢ denotes the configurational entropy of the polymer network, and 7 and
p are temperature and pressure. The liquid and polymer phases are denoted by
superscripts L and P.

—-dU" - ptdV" + TdS" —dU® - p“dV® + TdS® + TdS® =0 (1.2)
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Temperature and external pressure are assumed constant, and Equation (1.2)
can be rearranged into the form shown in Equation (1.3), where G is the Gibbs
energy, and n* and n* denote the number of moles in liquid and polymer phases,
respectively. It should be noticed that the Gibbs energy of the polymer phase is
evaluated at liquid-phase pressure because of cancellation of terms.

d(GL (T,pL,nL)+GP(T,pL,nP)—TSel)=O (1.3)

Since reversible transitions pass through equilibrium stages, Equation (1.3)
gives a condition for equilibrium in the system: the expression in the parentheses
has its minimum value at equilibrium. However, it is worthwhile to elaborate the
equilibrium condition somewhat further. As a first step, the effect of the elastic
response of the polymer network can be expressed in terms of more easily measured
quantities than —TdS®. As a second step, the Gibbs energies in Equation (1.3) can
be replaced with the Gibbs energy of mixing by using the material balance.

The stress in a cross-linked polymer network due to a deformation by an
external force is obtained from the classical theory of rubber elasticity. The stress
that opposes further swelling of a swollen spherical cross-linked polymer network
(i.e., tensile force per unit area of swollen sample) is calculated as shown in
Equation (1.4), where V? is the volume of the unswollen undeformed sample, and
o is the deformation factor. The stress, denoted with 7, in Equation (1.4), should
be interpreted as an additional pressure exerted on the polymer phase, and is termed
swelling pressure.!® Consequently, the resin phase pressure is p? = pL + . The
factor 3¢ in the denominator of Equation (1.4) originates from the spherical
geometry and the assumption of isotropic swelling. Since 32daV? = dVP, the
change in the configurational entropy of the polymer network can be expressed in
terms of the swelling pressure and the volume of the polymer phase, as shown in
Equation (1.5).

T ds¢
w == — 1.4
? P (1.4)
-TdS® =, dv" (1.5)

In order to introduce the reaction and mixing quantities, the Gibbs energies
of the liquid and polymer phases at the liquid-phase pressure can be expressed
as in Equation (1.6) and Equation (1.7), provided that system temperature and
liquid-phase pressure are chosen as the reference state. The numbers of compo-
nents in the liquid and solid phases are denoted by NL and NP, respectively. G?
is the standard Gibbs energy of a pure component £, and A, G is the Gibbs energy
change due to mixing of the components.
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GH(T.p" ) = Y ntGY(T, p") + A GH(T .1, ") (1.6)
NL
GH(T,pt.n*) = Y nfGY(T. p) + A G*(T. p " ") (1.7

NP

By substituting Equation (1.5) through Equation (1.7) into Equation (1.3),
and using the material balance n] +n/ = n, the equilibrium condition can be
expressed in terms of quantities that can be evaluated from experimentally mea-
sured data. The equilibrium compositions of both phases are then obtained by
minimization of the objective function Y given in Equation (1.8).

Y = A, G" (p")+ AnG” (p* )+ VP, (1.8)

Although phase equilibrium calculation by numerical minimization of Equa-
tion (1.8) is straightforward, an alternative phase equilibrium condition can be
derived from it. Firstly, an infinitesimally small amount dn; of component i is
transferred across the phase boundary from the liquid phase to the resin phase.
If the system is initially at equilibrium, the objective function changes, as shown
in Equation (1.9). Because of the equilibrium assumptions, the derivative
Y / on} Yrey; is equal to zero, and substituting Equation (1.6) and Equation (1.7)
into Equation (1.9) results in a well-known relationship, shown in Equation (1.10),
which states that the chemical potentials of each component are equal across the
phase boundary. Here R, is the gas constant, a is activity, and V,, is the partial
molar volume.

dY=3fj—:(—dn,.L)+

oG* 1%
——dnf+m,, dnf 1.9
on? ™ on? -

R, Inaf (T,p")=R,T Inaf (T, p")+V,,x

m,

» (1.10)

1.2.1.2 Gibbs Energy of Mixing: Liquid Lattice Model and
Counterion Condensation Theory

In order to calculate the equilibrium phase compositions by minimizing the
objective function Y in Equation (1.8), an expression is required for the Gibbs
energy change when mixing the solvents, the polymer, and the dissociated coun-
terions. In the present work, the lattice theory by Flory and Huggins'® is used
(for other models, see, for example, Reference 14). The mixing Gibbs energy is
given in Equation (1.11) for the polymer phase, but the same equation may also



