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c©Carl-Ola Danielsson 2006

Tryck: Universitetsservice US AB, Stockholm 2006
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Abstract

Increased levels of nitrate in ground water have made many wells unsuitable as
sources for drinking water. In this thesis an ion-exchange assisted electromem-
brane process, suitable for nitrate removal, is investigated both theoretically
and experimentally. An ion-exchange textile material is introduced as a con-
ducting spacer in the feed compartment of an electropermutation cell. The
sheet shaped structure of the textile makes it easy to incorporate into the cell.
High permeability and fast ion-exchange kinetics, compared to ion-exchange
resins, are other attractive features of the ion-exchange textile.

A steady-state model based on the conservation of the ionic species is devel-
oped. The governing equations on the microscopic level are volume averaged to
give macro-homogeneous equations. The model equations are analyzed and rel-
evant simplifications are motivated and introduced. Dimensionless parameters
governing the continuous electropermutation process are identified and their
influence on the process are discussed. The mathematical model can be used
as a tool when optimising the process parameters and designing equipment.

An experimental study that aimed to show the positive influence of using
the ion-exchange textile in the feed compartment of an continuous electroper-
mutation process is presented. The incorporation of the ion-exchange textile
significantly improves the nitrate removal rate at the same time as the power
consumption is decreased. A superficial solution of sodium nitrate with a ini-
tial nitrate concentration of 105 ppm was treated. A product stream with less
than 20 ppm nitrate could be obtained, in a single pass mode of operation.
Its concluded from these experiments that continuous electropermutation us-
ing ion-exchange textile provides an interesting alternative for nitrate removal,
in drinking water production. The predictions of the mathematical model are
compared with experimental results and a good agreement is obtained.

Enhanced water dissociation is known to take place at the surface of ion-
exchange membranes in electromembrane processes operated above the limit-
ing current density. A model for this enhanced water dissociation in presented
in the thesis. The model makes it possible to incorporate the effect of wa-
ter dissociation as a heterogeneous surface reaction. Results from simulations
of electropermutation with and without ion-exchange textile incorporated are
presented. The influence of the water dissociation is investigated with the
developed model.
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Preface

This thesis treats ion-exchange assisted electropermutation both theoretically
and experimentally. The research was conducted within the framework of
FaxénLaboratoriet, a center of excellence in industrial fluid mechanics located
at the Royal Institute of Technology in Stockholm, Sweden. Vattenfall AB has
been the main industrial partner and parts of the work has been performed at
Vattenfall Utveckling AB’s electrochemistry laboratory. The thesis is divided
into two parts. In the first of these, an introduction to the process and a sum-
mary of the research conducted is given in order to clarify its context. The
second part consists of 4 appended scientific papers.
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CHAPTER 1

Introduction

To obtain freshwater of high quality directly from the kitchen tap is something
that many of us take for granted. We use it every day to prepare our food, to
wash our clothes and for many other things. In Sweden the consumption of
water is about 200 l of water per person per day [1]. Increasing environmental
pollution has made many wells unsuitable as freshwater sources. Use of water
treatment techniques is needed in order to meet society’s need of high quality
water. The regulations on the water quality is continuously getting more and
more strict as new and better analytical instruments are developed making it
possible to detect lower and lower levels of impurities.

What is regarded as good water quality depends on the application. Potable
water should be free from toxic and harmful substances. Ultrapure water on
the other hand, is not considered as high quality drinking water, where some
minerals are desirable. The taste, smell and visual appearance of the water
are other important aspects of drinking water quality. Furthermore, there are
some technical aspects of a suitable drinking water that are considered. For
example there are regulations on the pH and conductivity of the water in order
to reduce corrosion problems in the pipes.

The definition of clean water in many industrial applications is completely
different compared to the potable water. The microelectronic and pharmaceu-
tical industries require extremely pure water in their processes. In powerplants
ultrapure water is used to reduce problems with corrosion that could be a se-
rious problem at the temperatures and pressures present in the boilers. The
production of this ultrapure water requires sophisticated water treatment sys-
tems.

For many industrial processes a zero waste target is on the agenda. Water
treatment systems are used to reduce discharge of e.g. heavy metals for envi-
ronmental reasons. There might also be an economical advantage if chemicals
used in the process can be recycled.

Removal of Nitrate from drinking water

The primary health concern regarding nitrate, NO−
3 , is that it is reduced to

nitrite, NO−
2 , in the body. Nitrite in turn reacts with the red blood cells to

form methemoglobin, which affects the blood’s capability to transport oxygen.
Infants are especially sensitive due to their low gastric acidity, which is favorable

1



2 1. INTRODUCTION

for the reduction of nitrate. High intake of nitrate by infants e.g. when bottle-
fed, can cause a condition known as “blue-baby” syndrome that can be fatal.
It is also claimed by some researchers that there exist a correlation between
exposure to nitrate and the risk of developing cancer. This is however still not
established.

According to European Union regulations, drinking water must not contain
more than 50 ppm of nitrate, although the recommended value is a concentra-
tion of less than 25 ppm [2]. German health authorities demands that the
nitrate level in water used in the preparation of baby food should be less than
10 ppm [3]. In the guidelines for drinking water quality published by [4] in 2004
the maximum level of nitrate is given as 50 mg/litre. In drinking water derived
from surface water the nitrate level rarely exceeds 10 ppm; however increased
nitrate concentrations in ground water have made many wells unsuitable as
drinking water sources.

The accumulation of nitrate in the environment results mainly from the
use of nitrogenous fertilizers and from poorly or untreated sewage. In addition,
many industrial processes produces waste streams containing nitrate. Since
agricultural activities are involved in the nitrate pollution problem, farmers
and rural communities are the most threatened populations.

The removal of nitrates from water can be accomplished in a number of
different ways e.g. ion-exchange, biological processes or with membrane tech-
niques. The ideal process for nitrate removal would be able to treat large vol-
umes of water at a low cost. Furthermore it is desirable that the process adapts
well to different feed loads and works without the addition of any chemicals.
A review of different alternatives for nitrate removal is presented by [5].

Biological denitrification is commonly used for treatment of municipal and
industrial wastewater. A concern for bacterial contamination of the treated
water has made the transfer to production of drinking water slow. The main
advantage of using biological nitrate reduction is that the nitrate is turned into
nitrogen gas reducing problems with waste solutions. Biological denitrification
is however quite slow and thus large installations are required. Furthermore
the bacteria responsible for the transformation of nitrate into nitrogen are
sensitive to changes in their working conditions. Temperature and pH has to
be kept within a narrow range, this together with the need for relatively large
installations makes the biological methods expensive.

Using conventional ion-exchange for nitrate removal involves the passing of
the water through a bed of nitrate selective anion-exchange resin beads. The
nitrate ions present in the water are usually exchanged for chloride or bicar-
bonate ions until the bed is exhausted. The exhausted resin then has to be
regenerated using concentrated solutions of e.g. sodium chloride. Problems
with ion-exchange are related to the non-continuous mode of operation. This
requires several IX columns to be installed in parallel in order to obtain a con-
tinuous production. The need for regeneration solution adds to the operational
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cost as well as leads to a problem of waste disposal. There are some installa-
tions where the spent regeneration solution is treated with biological denitrifi-
cation. The advantages with IX are that very low nitrate concentrations can
be reached. The technique is very flexible and relatively insensitive to changes
in temperature. The time needed for start up is very short and the capital cost
is much less than for biological denitrification plants. Furthermore operating
costs are slightly lower for IX compared to biological denitrification [5].

There are several options for nitrate removal, which makes use of ion-
exchange membranes to accomplish a nitrate separation. Salem [6] claims that
these processes are the most suitable when large volumes of water are to be
treated. The main advantage compared to conventional ion-exchange is that
a continuous mode of operation can be obtained. The same problem with
disposal of the generated waste streams as for ion-exchange are experienced
with the ion-exchange membrane processes.

This thesis deals with an electromembrane process called electropermuta-
tion. This technique is capable of removing ionic impurities from water with
low conductivity. A product stream free from the undesired ions and a con-
centrated waste stream are generated. The concentrated waste stream can
be treated with other techniques or, depending on the application, the con-
centrate might be recycled. The specific application studied in this thesis is
nitrate removal from ground water to produce drinking water. It is possible to
improve the performance of the process by incorporation of an ion exchange
material and in the work presented here a newly developed ion-exchange textile
material is considered. The influence of using this anion-exchange textile as
conducting spacer in the feed compartment is investigated both theoretically
and experimentally.

Background

The research presented in this thesis has been performed within FaxénLabora-
toriet, a competence center for fluid mechanics of industrial processes. The
work has been done in close collaboration with the main industrial partner in
this project, Vattenfall Utveckling AB (VUAB). The electrochemistry group
at VUAB had been engaged to develop an efficient system for nitrate removal
from ground and industrial waters. The system was based on the integration of
conventional ion-exchange technique for nitrate removal with selective electro-
chemical nitrate reduction. Part of this nitrate program was the participation
in the EU funded research project Iontex [7]. The purpose of Iontex was to de-
velop new functionalized textile materials made from cellulosic fibers. VUAB’s
task was to develop an electrodialysis module, which utilized a textile with ion-
exchange properties. As part of this task both theoretical and experimental
studies were conducted and the results are presented in this thesis.
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Outline of thesis

The main part of the work is presented in the four appended scientific articles.
Before the articles are presented a summary the work is presented. Conven-
tional ion exchange and electromembrane processes are presented in the second
chapter. In the third chapter the basis of the theoretical investigation is pre-
sented and in chapter four the experimental work is described. A summary of
the appended articles is given in the fifth chapter. Finally a concluding dis-
cussion and a presentation of some ideas for future work is given in chapter
six.



CHAPTER 2

Ion-Exchange and Electromembrane Processes

In this chapter, the principles behind conventional ion-exchange and different
electromembrane processes are presented.

Ion-exchange (IX)

The use of ion-exchange technology on a large scale is described already in The
Holy Bible1

23: And when they came to Marah, they could not drink of the waters of Marah,
for they were bitter: therefore the name of it was called Marah. 24: And the
people murmured against Moses, saying, What shall we drink? 25: And he
cried unto the LORD; and the LORD shewed him a tree, which when he had
cast into the waters, the waters were made sweet: there he made for them a
statute and an ordinance, and there he proved them, Exodus 15:23-25
This is an example of were ion-exchange have been used to prepare drinking
water from brackish water.

Ion-exchangers consist of a framework carrying a positive (anion-exchangers)
or negative (cation-exchangers) surplus charge, which is compensated by mo-
bile counter ions of opposite sign. A simple model for the ion-exchanger is a
sponge carrying an electric charge that must be compensated by charged par-
ticles in its pores. The counter ions can be exchanged for other ions of the
same polarity. Ion-exchangers which can exchange cations are called cation-
exchangers and, analogously anion-exchangers holds exchangable anions. An
amphoteric ion-exchanger is capable of exchanging both cations and anions.
The exchange is stoichiometric and in general reversible. Ion-exchange is es-
sentially a diffusion process and has little, if any, relation to chemical reaction
kinetics in the usual sense. Usually the ion-exchanger is selective, i.e., it takes
up certain counter ions in preference to others.

Ion-exchange is widely used for softening water, i.e., calcium and magne-
sium ions present in the water are exchanged for sodium ions by passing the
water through a bed of cation-exchange material. After some time of operation
all the sodium ions that initially were present in the cation-exchange material
have been exchanged for magnesium or calcium ions, that is, the ion-exchange
material has become exhausted. As was mentioned in chapter 1, one then has

1King James version.

5
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to stop the process and regenerate the ion-exchanger. This highlights the draw-
backs of the ion-exchange technique. First and foremost it is not a continuous
process, the production has to be stopped while the bed is regenerated, and in
order to obtain a continuous production several IX columns has to be installed
in parallel. To accomplish the regeneration a strong salt solution has to be pre-
pared, which requires the handling and storage of chemicals. The regeneration
step also generates a waste stream, which might be a problem. There are some
installations where the spent regeneration solution is treated with biological
denitrification.

A good introduction to ion-exchange technology in general is given by
Helfferich in his book Ion Exchange [8].

Ion-exchange membrane processes

Ion-exchange membranes are sheet shaped ion-exchangers with a typical thick-
ness of about 100µm. There are several different separation processes that
make use of ion-exchange membranes. Examples of such are Donnan dialysis,
electrodialysis, and ion-exchange assisted electromembrane processes.

Electrodialysis (ED)

Electrodialysis is an electrochemical separation process which combines ion-
exchange membranes and an electric field to separate ionic species from aqueous
solutions. In an electrodialysis stack cation(CEM) and anion(AEM) exchange
membranes are alternated between an anode, i.e. a negatively charged elec-
trode, and a cathode, i.e. a positively charged electrode, to form individual
cells or compartments. An actual electrodialysis stack can consist of a few
hundred membranes [9]. A five compartment ED stack consisting of only four
membranes and only one repeating unit of one cation permeable and one anion
permeable membrane is shown in figure 2.1.

If an ionic solution such as a salt solution is passed through the cells of
an ED stack and an electric potential is applied between the anode and the
cathode, the positively charged cations in the liquid solution migrates towards
the cathode and the negatively charged anions migrates towards the anode.
The cations can pass through the cation-exchange membranes but are retained
by the anion-exchange membranes. Likewise the anions can pass through the
anion-exchange membranes but not the cation-exchange membranes. As a re-
sult of this the concentration of the salt solution will go down in every other
compartment, known as dilute compartments (D.C), while the remaining com-
partments, called concentrate compartments (C.C) will experience an increase
in the salt concentration. The dilute compartment, i.e. the central compart-
ment, in figure 2.1, is characterized by having an anion permeable membrane
located closest to the anode and a cation permeable membrane facing the cath-
ode. In the concentrate compartments the situation is the opposite.

The main application for electrodialysis is desalination of brackish water
to produce potable water. In this application it is the water leaving the dilute
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E.C C.C D.C C.C E.C

Conc. Conc. Feed

Product

Cl−

Na+
Na+

Na+

AEM CEMCEMCEM

Figure 2.1. The principles of electrodialysis for desalination
of brackish water.

compartments that is the product of the process. Electrodialysis is also used
for increasing the salt concentration e.g. before evaporation to produce table
salt or for direct use in the chlor-alkali process, in these cases it is instead the
water leaving the concentrate compartments that is the product stream.

Advantages of ED compared to conventional ion-exchange are that no
chemicals need to be added and the process can be operated continuously.
Pretreatment of the feed might be necessary in order to reduce fouling prob-
lems. Short periods of reversed polarity can also be applied to reduce fouling
problems and to improve the lifetime of the membranes. A low conductivity of
the water to be treated makes the power consumption for driving the electric
current through the ED stack relatively high. Furthermore, concentration po-
larisation limits the intensity of the current density that can be applied. This
makes the electrodialysis process unsuitable for treatment of solutions of low
conductivity.
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E.C C.C C.C E.CF.C

NO−
3

Cl−

Na+
Na+

Conc.Conc.

AEMAEM CEMCEM

Feed

Product

Figure 2.2. The principles of continuous electropermutation
for nitrate removal.

Electropermutation (EP)

The idea of electropermutation [10, 11, 12, 13] is to replace the unwanted anions
or cations for more desirable once. So instead to removing all ions from the
feed, which might be an unwanted feature in drinking water production, the
anions in the feed are replaced by other anions initially present in a concentrate
solution. In figure 2.2 the principles of nitrate removal by electropermutation
are illustrated. The water to be treated is fed through a feed compartment
(F.C). On each side of the F.C are concentrate compartments (C.C) in which
a solution with high concentration of e.g. chloride Cl− is circulated. The feed
and concentrate compartments are separated by anion permeable membranes.
Under the influence of an applied electric field the anions initially present in the
feed water are replaced by those in the concentrate solution. Hence, a product
in which the nitrate has been replaced for chloride is obtained from the process
is shown in figure 2.2. By keeping the concentration of the concentrate solution
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sufficiently high a repeating unit of two compartments can be used. The nitrate
concentration in the concentrate stream becomes relatively large compared to
the feed water. This makes it possible to use electrochemical reduction to
transfer the nitrate to nitrogen [14] in a subsequent process step, as a solution
to the waste disposal problem.

The main drawback with using electropermutation for nitrate removal com-
pared to electrodialysis is that salt need to be added to maintain the desired
composition of the concentrate solution. This drawback can, however, be uti-
lized as an advantage of the process. The composition of the concentrate so-
lution can be tailored as to obtain a product water with desired properties,
e.g. by adjusting the pH of the concentrate solution it might be possible to
adjust the pH of the product. It is often desired to have a drinking water with
a pH of about 8 in order to reduce problems associated with corrosion in the
distribution systems.

Donnan dialysis (DD)

Donnan dialysis is in principle very similar to electropermutation. The driving
force in Donnan dialysis is the difference in electrochemical potential over, the
ion-exchange membranes, due to the difference in chemical composition of the
solutions, rather than by an applied electric field. Using the example of nitrate
separation as illustrated in figure 2.2; the concentration gradient of chloride
through the membrane gives rise to an electric field in the membrane that will
transport nitrate from the F.C into the two C.C’s and chloride is transported
in the opposite direction. Although Donnan dialysis has been discussed rather
extensively in the literature it has not had any major industrial break thr-
ough [15]. Examples of applications where Donnan dialysis has been studied
includes removal of fluoride from dilute solutions [16, 17, 18, 19], softening of
water [15] and enrichment of nobel metals such as gold [20].

Ion-Exchange assisted electromembrane processes

Hybrid ion-exchange/electromembrane processes, capable of treating solutions
of low conductivity, have been investigated since the mid 1950’s. The first
publication is generally ascribed to Walteret.al [21] in 1956. They studied the
regeneration of an ion-exchange bed, exhausted by radioactive wastewater, by
an applied electric field. The idea was to regenerate the ion-exchange bed
without the need of strong acids and bases as regeneration solution. Thus,
the process investigated by Walters et.al [21] was a batch electrodeionization
process.

Later Glueckauf was the first to investigate the theory of these hybrid pro-
cesses in the late 1950s [22]. He proposed a theoretical model of continuous
electrodeionization where the process was divided into two stages. First the
mass transfer to the surface of the ion-exchange resins followed by the transfer
of ions in a chain of ion-exchange resin beads. The actual ion-exchange reac-
tion was considered to be in equilibrium, which is still a generally accepted
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assumption. A one-dimensional model along the flow direction, averaged over
the width of the inter-membrane spacing, was formulated and compared with
experiments.

In continuous electrodeionization, CEDI, the strengths of conventional ion-
exchange and electrodialysis are combined in one process. Thus, CEDI is ca-
pable of continuously treating solutions of low conductivity. The general idea
behind CEDI, is to incorporate an ion-exchange bed between the membranes
in the dilute compartment of an ED cell. In figure 2.3 a schematic of the CEDI
process is given. One can think of the process as an ion-exchange process,
which is continuously regenerated by the applied electric field. Dissociation of
water in-situ provides the ions that regenerate the ion-exchange bed and thus
no chemicals need to be added to run the CEDI process. Alternatively one
may think of the process as an electrodialysis process, in which the added ion-
exchange material provides extra conductivity to the dilute compartment and
reduces the problems associated with the limiting current. Ganzi [23, 24] talks
about two distinct regimes of operation, each corresponding to the two ways
of thinking of the process. In the enhanced transfer regime the ion-exchange
bed, in the dilute compartment, is exhausted with salt ions. This is usually the
situation close to the inlet of the dilute compartment where strongly ionized
substances are removed. The role of the ion-exchange bed is as a conducting
spacer, which reduces the power consumption as well as increases the limiting
current density. In this regime the rate of water dissociation is low and the cur-
rent efficiency is high. In the electroregeneration regime, on the other hand, the
ion-exchange bed is continuously regenerated by H+ and OH− ions produced
in-situ by dissociation of water. This dissociation of water is crucial for the
removal of weakly ionized species like silica, carbon dioxide and boron. These
species are weak acids and are not ionized until the pH of the water is rather
high. Due to the dissociation of water in the dilute compartment the local pH
in the dilute compartment might become sufficiently high for the weak acids to
dissociate and be captured by the ion-exchange bed. The main application is
the production of ultrapure water, used for example as feed water to boilers in
power plants or as rinse water in the micro electronics industry [15, 23, 25, 26].
Ionpure introduced the first commercially available CEDI equipment on the
market in 1987. This equipment was based on a plate and frame device with a
dilute compartment filled with a mixed bed of both anion- and cation-exchange
resins. This design of the equipment is more effective if the dilute compart-
ments are made thin, 2-3 mm. A thin dilute compartment increases the chance
of finding an unbroken path of ion-exchange resins of the same polarity from one
membrane to the other. Consequently this CEDI design is known as thin-cell
EDI. Intense water dissociation providing hydrogen and hydroxide ions that re-
generates the ion-exchanger can occur at contact points between ion-exchange
resins of opposite polarity in the dilute compartment [27].
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E.C C.C D.C C.C E.C

Conc. Conc. Feed

Product

Cl−

Na+
Na+

Na+

AEM CEMCEMCEM

Figure 2.3. A schematic of CEDI for production of ultrapure water.

Later thick cell CEDI, with dilute compartment thicknesses of 8-10 mm,
was developed. In these designs the dilute compartment is filled with sepa-
rate layers or zones of ion-exchange material of the same polarity in order to
guarantee that a continuous path exists from one side to the other of the com-
partment. A schematic of a mixed and a layered bed is shown in figure 2.4. In
thick cell EDI, dissociation of water is critical for the removal of both weak and
strong ions. In the layers filled with anion-exchange resins water is dissociated
at the interface between the resins and the cation-exchange membrane. The
pH in a layered bed device alternates from basic in the anion layers to acidic in
the cation layers. In figure 2.4 the difference between a mixed thin cell CEDI
and a layered thick cell CEDI dilute compartment is illustrated.

Thate et.al [28] investigated the how the configuration of the layers influ-
enced the separation of weak acids. They used an equipment with two layers
one with cation-exchange resins and one with anion-exchange resins. It was
found that a more effective separation of weak acids could be obtained if the
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����

Figure 2.4. Mixed and layered bed CEDI. To the left an
example of a mixed bed thin cell CEDI dilute compartment.
To the right a thick cell layered bed dilute compartment.

layered bed was operated with the cation-exchange bed in front of the anion-
exchange bed. This is somewhat surprising since it is expected that the pH in
the cation-exchange bed should be acidic and then as the liquid passes through
the anion-exchange bed the pH should return to a more or less neutral pH. A
high pH as is required to dissociate the weak acid is not expected anywhere in
the dilute compartment using this configuration. Thus, the mechanisms behind
the separation of weak acids by CEDI are not fully understood.

Also the performance of electropermutation can be improved by filling the
feed compartment with ion-exchange material [12, 10]. In this case the anion-
exchange material should be used if anions are to be replaced as is the case
in the nitrate removal example discussed above, and cation-exchange material
if cations are to be replaced. Thus, there are no contact points between ion-
exchange material of opposite polarity and water dissociation is not expected to
take place. Water dissociation is an unwanted phenomenon in the ion-exchange
assisted electropermutation process since it reduces the current efficiency as well
as changes the pH of the product. The advantages of using an ion conducting
spacer in the feed compartment of an electropermutation process is that it
reduces the power consumption for driving the current density through the
feed compartment as well as improves the mass transfer. The limiting current
density is moved from the surface of the membrane to the much larger surface
area of the ion-exchange bed.
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Ion-exchange textiles

The use of ion-exchange textiles as conductive spacers in the ion-exchange as-
sisted electromembrane processes have some advantages compared to ordinary
ion-exchange resins [10, 11, 12, 29, 30, 31, 32]. First of all the textile material
is much easier to incorporate into an electro-membrane cell. The sheet shape
nature of the textile makes it convenient to cut a sheet of the desired shape
and place it in the compartment. Using ion-exchange resins one has to be very
careful when filling the compartments with the resin beads, in order to mini-
mize the risk of creating preferential flow channels. The diameter of the fibers
in the textile is generally one order of magnitude lower than typical diameters
of resin beads. This gives the fibers a large surface to volume ratio and ensures
fast ion-exchange kinetics. Small fiber diameters should also give an improved
contact with the membranes compared to a resin bed. The ion-exchange tex-
tiles gives a lower pressure drop and hence less energy is required to force the
flow through the cell. The hydrophilic nature of the fibers and the high poros-
ity of the textiles compared to a resin bed explain the high permeability of the
textile filled compartments.

The capacity of the ion-exchange textile available at present day is low com-
pared to available ion-exchange resins, about 1 meq/g [7] for an anion-exchagne
textile compared to above 2 meq/g for resins. Taking the high porosity of the
ion-exchange textile into account one finds that the capacity per volume in
the dilute compartment is significantly lower for the ion-exchange textile bed.
However, it is not the capacity of the ion-exchange spacer alone that deter-
mines the effective conductivity. Also the ionic mobility in the ion-exchanger
as well as contact resistances at the membrane surface and in between differ-
ent resin beads/fibers influences the effective conductivity of the spacer filled
compartment.



CHAPTER 3

Modelling

In this chapter the basic concepts of the theoretical investigations of the elec-
tropermutation process is described. The main motivation for developing a
mathematical model is to better understand the different mechanisms of the
process, their interaction and how the process is affected by different parame-
ters. Simulations based on the model are a valuable tool that can be used to
optimize equipment design as well as operating conditions.

The basis of the model of the are mass-balances for each ionic specie i is
given by,

∂ci

∂t
= −∇ · Ni + Ri. (3.1)

In the above expression ci is the concentration, Ni is the flux vector and Ri is
the sink/source term of specie i.

Only steady state models are considered, thus the left hand side of equa-
tion 3.1 is zero. The next problem is how the fluxes of the ionic species are
to be described. It is assumed that the Nernst-Planck equations [33] gives a
sufficiently accurate description of the fluxes of all ions. Thus, the flux of specie
i relative a stationary frame of reference is given by,

Ni = − D∇ci
Diffusion

− zuici∇Φ
Migration

+ uci
Convection

(3.2)

In the expression above u is the velocity of the electrolyte, Di is the diffusion
coefficient, ui is the mobility and φ is the electrical potential. The flow of
electrolyte is assumed to be a forced flow, i.e. the flow is not influenced by
concentration gradients or the applied electric field. This means that the flow
field can be solved independently of the mass-balance equations. Momentum
balance equations are solved in order to obtain the velocity field. The electrical
potential is obtained by solving a Poisson equation,

∇2φ = −F

ε

∑
i

zici, (3.3)

where F is Faradays constant and ε is the dielectric constant. As ε, relatively
speaking is a small quantity the balance of eq. 3.3 requires that∑

i

zici = 0, (3.4)

14
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i.e. the electroneutrality condition. This assumption holds everywhere except
in a thin layer close to the surface of ion-exchange materials. These thin layer,

of order
√

εφ0

Fc0
, called electric double layers are not resolved in the models

presented in this thesis.

The unknowns that are solved for in the model are the concentrations of the
ionic species included in the model together with the electrical potential. Thus,
for a system with four ionic species there are five unknowns. For this system
the mass balances gives four differential equations, which together with the
algebraic electroneutrality constraint can be solved provided that boundary
conditions are specified. This is the basis of the model in all subdomains
included in the model.

In the ion-exchange membranes all convective transport is neglected. Hence,
the fluxes through the membranes are due to diffusion and migration. The
membranes are treated as solid electrolytes with a homogeneous distribution
of fixed charges. Due to the Donnan exclusion effect, which makes the co-
ion concentration in the membranes low, the membranes are treated as ideally
selective. This means that all co-ion concentrations are taken to be zero.

The complexity of the model increases when the feed compartment is filled
with an ion conducting spacer. In the models presented in paper 1 and 4 an
ion-exchange textile is used in the feed compartment. The textile is treated as
a porous bed consisting of a network of solid fibers and the interstitial liquid.
Ionic transport can take place in both phases, and the exchange of mass between
the phases takes place via ion-exchange, which is assumed to be rate-controlled
by the mass transfer on the liquid side. Equations for conservation of mass
are solved in each phase together with the electroneutrality constraint. What
makes this situation complicated is that the exact location of the interface
between the liquid and textile phases is unknown. Even if this information
were available it would not be realistic to solve the problem by resolving every
fiber in the dilute compartment. Instead macro-homogeneous equations are
formulated through a volume averaging procedure.

Volume averaging

To overcome the difficulties associated with the heterogeneous structure of the
porous medium, the concept of volumetrical averaging is applied. The details
are given by Whitaker [34].

The superficial averaged concentration of component i in the liquid phase
is defined as,

< ci >=

∫
Vα

ci dV∫
VT

dV
=

1

VT

∫
Vα

ci dV, (3.5)

Vα =Volume of liquid phase,
VT =Total volume.
¡ ¿ is used to denote a superficial average. The subscript α relates to the liquid
phase. If the average is taken over the volume of the liquid phase instead
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of the total volume the interstitial or intrinsic average of the concentration is
obtained.

< ci >α=

∫
Vα

ci dV∫
Vα

dV
(3.6)

<>α is used to denote a intrinsic average of the liquid phase.

The interstitial and superficial averages are related through the porosity,
εα,

εα =

∫
Vα

dV∫
VT

dV
(3.7)

< ci >= εα < ci >α . (3.8)

Similar averages are also formed in the textile phase.

Conservation of mass

Conservation of mass at steady state on the microscopic scale was given in
equations 3.1 above. The macro-homogeneous versions of the mass conservation
equations are obtained by taking the superficial volume average of the balance
equations. The steady state version of conservation of mass is written as,

< ∇ ·Ni >=< Ri > . (3.9)

Applying the spatial averaging theorem [34] allows us to express the average
of the divergence of the flux as,

< ∇ · Ni >= ∇· < Ni > +
1

V

∫
Aα

Ni · nα dA (3.10)

Where the integral term in equation 3.10 represents the rate of exchange be-
tween the solid and liquid phase, i.e. the ion-exchange kinetics. The ion-
exchange rate may be seen as a sink/source term in the macro-homogeneous
mass balance equation.

Si =
1

V

∫
Aα

Ni · nα dA (3.11)

Thus, the macro-homogeneous version of the equations for conservation of mass
is given by,

∇· < Ni > +Si =< Ri > . (3.12)

A model for ion-exchange rate is introduced later.

The volume averaged flux need to be expressed in terms of the volume av-
eraged potential, fluid phase velocity and concentrations. The volume average
of the flux expression is given by,

< Ni >= − < Di∇ci > − < ziuici∇φ > + < uci > . (3.13)

Expressing the concentration as

ci =< ci >α +c
′

i, (3.14a)

the potential as

φ =< φ >α +φ
′

, (3.14b)
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the velocity as

u =< u > +u
′

, (3.14c)

and introducing this into equation 3.13 gives,

< Ni > = −Diεα∇ < ci >α −zuiεα < ci >α ∇ < φ >α +j < ci >α

− zui < c
′

i∇φ
′

> + < u
′

c
′

i > −zui < ci >α
1

V

∫
Aα

φnα dA

− Di
1

V

∫
Aα

cinα dA.

(3.15)

j is the superficial average of the fluid velocity vector, i.e.

j = εα < u > . (3.16)

In the expression above the instrinsic averages of the concentration and poten-
tial are used together with the superficial average of the fluid velocity vector.

The first three terms in the equation above are the obvious candidates
for the volume averaged fluxes in a porous material. The rest of the terms
describe effects of the inherent structure of the material. To obtain a closed set
of equations these terms need to be modeled. This closure problem is recognized
from other branches of engineering where averaged equations are used, e.g. the
Reynolds stressed in turbulent flows, for which numerous models can be found
in the literature. In the present work focus has not been on finding closure
relations that are suitable for the textile material. The closure relations used
are presented below.

Mechanical Dispersion

The term < u
′

c
′

> in eq. 3.15, describes a mixing process known as the me-
chanical dispersion, its value will depend on both flow field and the geometry.
To deal with this term in the model it need to expressed in terms of the av-
eraged quantities. The following model is used to incorporate the effects of
dispersion [34],

< u
′

c
′

>= −D∇ < c >α (3.17)

where D is a tensor which in the case of uniaxial flow along one of the coordinate
axes is a diagonal tensor. Note that D is not an isotropic tensor. Usually the
effect of mechanical dispersion is more pronounced in the flow direction. For a
uniaxial flow along the y-axis through a isotropic porous material the dispersion
tensor would look like,

D =

⎛
⎝ DT 0 0

0 DL 0
0 0 DT

⎞
⎠ (3.18)

where DL is known as the longitudinal coefficient of dispersion and DT as the
transverse coefficient of dispersion. In the model empirical correlations found
in the literature will be used to obtain the values of DL and DT .
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Effective Diffusivity

The following terms remaining from the flux expression (eq. 3.15) above need
to be modeled,

zui < c
′

i∇φ
′

>, zui < ci >α
1

V

∫
Aα

φnα dA and Di
1

V

∫
Aα

cinα dA.

(3.19)
These terms are rather complicated and how they should best be modeled is
a very interesting problem. The way the geometrical arrangement of the two
phases influences the mass transfer through the porous bed enters through
these terms. Volume averaged equations describing diffusion controlled mass
transfer processes through a porous medium, where diffusion only takes place
in one of the phases, can be found in the literature. In those cases only the last
of the three terms above enters the equations. The heterogeneous structure of
the porous medium makes the diffusion process slower due to the tortuosity .
This is modeled by an effective diffusion coefficient, De,i [35, 33]. Thus, the
volume average of the diffusion flux is modeled by

− < D∇c >= −Dεα∇ < c >α −D
1

V

∫
Aα

cinα dA = De,i∇ < c >α, (3.20)

were

De,i = Dε1+b
α . (3.21)

The constant b is often taken as 0.5, which is known as the Bruggeman relation.

In the work presented in this thesis the mass transfer is allowed to take
place in both the liquid and solid phase. This makes it harder to find the
relations that close our equations. Two extreme situations of the mass transfer
problem are obtained by assuming that the two phases are either in a parallel
or a serial arrangement. In the parallel arrangement the fluxes through the two
phases can be treated as independent of each other. A serial arrangement, on
the other hand, requires that the fluxes have to be equal though both phases.

In the model presented in this thesis only a parallel phase arrangement have
been considered. The concept of effective diffusion coefficients is applied in both
phases. Furthermore, the Nernst-Einstein relation between ionic mobility and
diffusivity is applied,

ui =
F

RT
Di (3.22)

where the definition of the ionic mobility, ui, given by Helfferich [8] is used.
Hence, the effective diffusion coefficient is used also for the migration terms.
Thus, effective diffusion coefficients are used in both the diffusion and migration
term. This rather crude model has been used in the work presented in this
thesis. The final expression for the volume average of the flux of specie i is
given by,

< Ni >= −(D + De,i)∇ < ci >α −zi
F

RT
De,i < ci >α ∇ < φ >α +j < ci >α .

(3.23)
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Ion-Exchange kinetics

The ion-exchange kinetics of fibrous ion-exchangers was studied by Petruzzelli
et. al [36] who suggested that the rate-determining step is the mass transfer
in the liquid phase. A consequence of this is that ion-exchange equilibrium is
always established at the surface of the ion-exchanger. Thus the electrochemical
potential for all counter-ions are continuous over the phase interface. This can
be expressed as

c̄i = kic
∗
i exp[−ziF∆φ/RT ] (3.24)

where ∆φ = φ̄−φ∗ is the Donnan potential at the interface, ki is the partition
coefficient of species i which is assumed to be constant. In the expression above
c̄i and φ̄ are the concentration and potential in the ion-exchanger respectively.
The stars indicate an average value taken, on the liquid side, at the phase
interface. Eliminating the Donnan potential from the above expression gives
the separation factor,

α1
2 =

c̄1c
∗
2

c̄2c∗1
=

k1

k2
. (3.25)

This is a parameter that is often used to describe the affinity of an ion-
exchanger. In the fourth paper where three different counter ions are included
in the model it is assumed that the ion-exchange equilibrium can be described
by two separation factors.

The ion-exchange kinetics is obtained by calculating the flux per unit vol-
ume from the bulk of the liquid phase to the surface of the ion-exchanger.

Si =< Ni >∗
Sa (3.26)

where Sa is the specific surface area of the ion-exchanger. < Ni >∗ is the
average ionic flux density to the phase interface. For the fibrous ion-exchange
material considered in this thesis the specific surface area is assumed to be
given by

Sa =
4

df
(1 − εα). (3.27)

The average flux to the phase interface is calculated by assuming a Nernst-
diffusion layer around each fiber. This gives

< Ni >∗=
Di

δ

[
(c∗i − ci) + zi

Fc∗i
RT

(φ∗ − φ)

]
. (3.28)

In the first paper the model equations are analyzed and it is found that
that the concentration difference over the Nernst-layer surrounding the fibers
can be neglected under reasonable operating conditions. This greatly simplifies
the model equations.

Source term

In the fourth paper the homogeneous dissociation/recombination of water is
included in the model. On the microscopic scale the expression for the reaction
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rate is given by

ROH−/H+ = kf cH2O − kbcOH−cH+ (3.29)

where kf and kb are the rate constants of the forward and backward reaction
rate respectively. This can be rearranged and written as

ROH−/H+ = Kwkb(1 − cOH−cH+

Kw
) (3.30)

where Kw = kfcH2O/kb. In the macro-homogeneous form of the equations this
reaction term becomes

< ROH−/H+ >= Kwkbεα(1−< cOH− >α< cH+ >α

Kw
−< c′OH−c′H+ >

Kw
). (3.31)

The problem with this formulation of the reaction term is that the last term
includes the product of the unknown deviations from the averaged concentra-
tions. In this thesis that last term is assumed to be zero. So the expression for
the volume averaged reaction kinetics that is used in the model is given by

< ROH−/H+ >= Kwkbεα(1 − < cOH− >α< cH+ >α

Kw
). (3.32)

In the first and fourth of the appended papers the model equations pre-
sented in the chapter are analyzed in more detail. Appropriate simplifications
are introduced and results from simulations are presented.

3.1. Enhanced Water Dissociation

In the third article a model of the enhanced water dissociation at the mem-
brane surface is presented. The general idea was to incorporate the enhanced
water dissociation as a heterogeneous surface reaction. A literature survey gave
that the actual mechanisms behind the enhanced water dissociation reaction
are poorly understood. Thus, a semi empirical approach was chosen where the
mechanism of the reaction is included in two model parameters, a rate con-
stant and a symmetry factor. The over all reaction for the enhanced water

Figure 3.1. The reaction layer at the surface of the mem-
brane. The ionic products are displaced to opposite sides of
the reaction layer by the electric field.

dissociation is assumed to be described by,

H2O
k
′

f

�
k
′

b

H+ + OHm−, (3.33)
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In figure 3.1 a schematic of the over all reaction is given. A water molecule
enters the reaction layer at the membrane surface. In the reaction layer it
dissociates into H+ and OH− ions which are transported out of the reaction
layer on opposite sides. The driving force for the water dissociation reaction
is the difference in electrochemical potential between the reactants and the
products. A consequence of the space separation of the ionic products of the
water dissociation reaction is that the potential jump over the reaction layer
enters the rate constants,

k
′

f = k
′0
f exp

(
αF

RT
∆φr

)
(3.34)

k
′

b = k
′0
b exp

(
− (1 − α)F

RT
∆φr

)
(3.35)

where α is a symmetry factor. k
′0
f and k

′0
b are the surface reaction rate constants

at zero potential difference of the reaction layer. Using these rate constants for
the overall reaction rate of the water dissociation gives

Rs = k
′0
f cH2O exp

(
αF∆φr

RT

)
− k

′0
b cm

OH−cH+ exp

(
−(1 − α)

F∆φr

RT

)
. (3.36)

Rs expresses the reaction rate per area and ∆φr is the potential jump over
the reaction layer. It is further assumed that that the reaction layer is so
thin that Donnan equilibrium holds over it. Electroneutrality is also assumed
to hold on both sides of the reaction layer. In the third paper this model is
incorporated in a small model problem to study the influence of the model
parameters on polarization curves. Finally the model is also incorporated in a
model of electropermutation in the fourth article.



CHAPTER 4

Experimental Investigations

Nitrate removal

In the second of the appended articles an experimental investigation of nitrate
removal by electropermutation is presented. All experiments were conducted
with a five compartment cell similar to that shown in figure 2.2, except that
the central compartment in some of the experimental cases presented was filled
with an anion-exchange textile. Experiments were made with and without ion-
exchange textile incorporated in order to test the influence of the textile as a
conducting spacer.

The ion-exchange textile used was developed within the EU-funded re-
search project Iontex [7]. It is a non-woven felt made of cellulosic fibers with
ion-exchange groups introduced by electro beam grafting. Before the textile
was introduced into the cell it was washed carefully with deionised water to
remove any excess chemicals remaining from the grafting process, and it was
turned into chloride form by treating the textile with a sodium chloride solution.
The Neosepta standard grade ion-exchange membranes AMX and CMX from
Tokuyama Soda were used to separate the compartments. The characteristics
of the textile and membranes used are given in table 4.1.

Textile AMX CMX

Type Anion exchange Anion permeable Cation permeable

Textile membrane membrane

Thickness [mm] 3.0-3.3 0.16-0.18 0.17-0.19

Capacity [meq/g] 0.5-0.7 1.4-1.7 1.5-1.8

Table 4.1. Properties of ion-exchange textile and membranes used.

A DSA R© electrode, titanium coated with iridium-oxide, was used as anode
and a nickel electrode as cathode. In figure 4.1 a photo of the experimental
setup used for the experiments is presented and in figure 4.2 a photo of a textile
filled compartment is shown. The frames used to incorporate the ion-exchange
textile were developed as part of the Iontex project and are used together with
electrode compartments taken from the ElectroSynCell [37, 38, 39]. The feed
and concentrate compartments were 3 mm thick. In the compartments where

22
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Figure 4.1. The experimental setup used to investigate the
continuous electropermutation process.

the textile was not incorporated Net-type(PE) spacers were used to provide
mechanical support to the membranes. Each compartment was 0.28 m in the
streamwise direction and 0.15 m wide giving an active membrane area of 0.04
m2.

A solutions containing a 1.7 mM sodium nitrate was prepared from deion-
ized water and was used as feed solution. This corresponds to a nitrate level
of 105 ppm, which is well above the regulated upper limit of 50 ppm nitrate
in drinking water. In the electrode compartments a 0.3 M sodium sulphate
solution was recirculated and the initial solution circulated through the con-
centrate compartment was a 0.2 sodium chloride solution. The experiments
were performed in a single pass mode of operation. Samples were taken from
the product stream, from the concentrate container and from the container
with the electrode rinse solution at steady state. It was found that at least 30
min of operation was needed to reach steady state. The concentrations of ni-
trate, chloride and sulphate were determined by ion chromatography, using the
Dionex Ag17 and As17 columns, and pH was measured with a pH-electrode
from Radiometer. The total voltage applied and the current density passed
between the electrodes was recorded.
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Figure 4.2. Photo of the developed frame. An ion-exchange
textile is incorporated as spacer and net-type spacers are
placed in the inlet and outlet sections.

The current was varied between 0 and 1 A corresponding to an average
current density of 0 up to 25 A/m2. The pressure drops over the feed and
concentrate compartments were adjusted so that the same flow rate was ob-
tained with and without textile. In order to ensure that sufficient contact was
established between the textile and the membranes some experiments were con-
ducted with an increased pressure in the concentrate compartment. The idea
behind this was to press the membranes against the textile.

Characterization of textile

In the model there are a number of parameters that characterize the properties
of the textile. The textile manufacturer gave information about some of these,
such as the ion-exchange capacity. Values of other parameters were estimated.
Here two experiments conducted as to get information about the characteristics
of the textile material are described.

Permeability

The hydrodynamic resistance of a textile filled compartment was chosen as
an important design parameter of the textile. High resistance for the flow
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increases the power consumption for forcing a flow through the cell. A high
pressure needs to be applied, which increases the risk for leakage problems.

The flow through the textile can be described as a flow through a fibrous
porous media described by Darcy’s law.

u = −K

µ
∇P (4.1)

where K is the permeability of the textile, µ is the dynamic viscosity of the
fluid, u is the superficial average of the fluid velocity vector and ∇P is the
pressure gradient.

The permeability of the textile depends on characteristics of the fibers and
on the structure of the fibrous network such as the orientation of the fibers.
Empirical correlations found in the literature, for fibrous porous media with
fibers of circular cross section, reveals that the permeability mainly depends
upon two characteristic features of the textile, the porosity and the fiber di-
ameter [40]. In the fourth appended article the following expression for the
permeability is used [41],

K =
3d2

f

20ε
[− ln (ε) − 0.931]. (4.2)

where df is the diameter of the fibers and ε is the porosity of the textile. This
correlation has been compared to computer simulations of fluid flow through
a small representative volume element of a fiber network and found to give a
good prediction of the permeability for low porosities [42, 43].

The permeability of different textile samples was determined by measuring
the flow rate through a textile bed as a function of the pressure drop. In
figure 4.3 the flow rate versus pressure drop is plotted for three different textile
samples. It was found that the permeability of the textile bed was closely
related to the density of the textile. The lower the density the higher the
permeability. Textiles with low density and very thin textile showed very poor
mechanical stability properties. Hence it was decided that a textile with a
density of about 150 kg/m3 and a thickness of at least 3 mm should be used to
ensure that high permeability, K=O(10−10) m2, is combined with a sufficient
mechanical stability.

Conductivity of fiber bed

The conductivity of the ion-exchange textile is influenced by the ionic mobilities
in the fiber phase, the conductivity of the liquid phase and the structure of
the fiber network. By measuring the conductivity of the ion-exchange textile
as a function of the interstitial solution the assumption about the diffusion
coefficient in the first and fourth article could be checked. These measurements
also provided additional information about the arrangement of the phases in
the textile, which could be useful for future improvements of the theoretical
treatment of the mass transfer through the ion-exchange textile.
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Figure 4.3. The flow rate as a function of pressure drop. The
slope of the curves are given by K

µL , where K is the permeabil-

ity of the textile, µ is the dynamic viscosity of water and L is
the streamwise length of the textile sample. In the figure above
KA = 2.1 · 10−10 [m2], KB = 3.1 · 10−10 [m2] and KC = 2.9 ·
10−10 [m2]

Since both phases are conductive the current density can pass from one
phase to the other. The fluxes in the two phases of the porous media will in
general not be independent of each other. Basically there are three different
routes through the bed by which the ions can be transported:

1) Alternating through the liquid and the solid phase
2) Only through the solid phase
3) Only through the liquid phase

These are illustrated in the left of figure 4.4. The influence of the connectivity
of the phases and how that influences the path of the ionic fluxes through a bed
of ion-exchange material has been discussed several times in the literature [8,
44, 45, 46, 47, 48]. Spiegler et.al introduced the porous plug model. In this
model five different parameters denoted A-E as shown to the right in figure 4.4
are used to describe the flux through the bed. To determine these parameters
the conductivity of the bed as a function of the conductivity of the interstitial
solution has to be measured.

In order to measure the conductivity of the textile bed a four electrode
cell, as illustrated in figure 4.5, was constructed in plexiglas. A pice of anion-
exchange textile was placed in the cell together with a solution with known
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(a)

a b c

d

e

(b)

Figure 4.4. Schematic of the charge transport through a bed
of solid ion-exchange material and liquid electrolyte [44].

Working Electrode
Counter Electrode

Reference Electrode 1 Reference Electrode 2

Figure 4.5. A drawing of the cell used to measure the con-
ductivity of the textile bed as a function of the conductivity
of the interstitial solution.

conductivity. The conductivity was measured by a four electrode impedance
spectroscopy setup using a Gamry PCI4/750 potentiostat. To make sure that
the current passed through the textile bed in between the two reference elec-
trodes a light plexiglas block was placed on top of the central part textile, seen
as the black box on top of the textile in figure 4.5. On the sides of this plexiglas
block the electrolyte level was well above the textile, which ensured that the
pores of the textile was completely filled. The distance between the reference
electrodes was 50 mm, the textile piece was 30 mm wide and 3.5 mm thick.

In figure 4.6 the conductivity of an anion-exchange textile bed as a function
of the conductivity of the interstitial sodium chloride solution is presented. If
the capacity and volume fraction of the ion-exchange textile are known the
result in figure 4.6 can be used to calculate the diffusion coefficient of chloride
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in the fiber phase. The iso-conductance point, i.e. where the bed has the same
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Figure 4.6. Bed conductivity as function of conductivity of
the liquid phase. Textile in chloride form and liquid phase was
a sodium chloride solution.

conductivity as the interstitial solution, is used to calculated the diffusivity in
the ion-exchanger. In this point the interstitial conductivity is equal in both
phases. Thus, the interstitial conductivity of the fiber phase, κ, in chloride
form is obtained. From the expression for κ̄ given by,

κ̄ =
F 2

RT
D̄Cl− c̄Cl− , (4.3)

the diffusion coefficient for chloride in the fiber phase can be calculated. From
the measurements presented in figure 4.6, assuming that the concentration in
the textile phase was about 700 mM, the diffusion coefficient for chloride in
the fiber phase was determined as D̄Cl− = 4.8 · 10−10m2s−1. This is close to
25 % of the diffusivity in water. In the model presented in paper I and IV the
diffusivity in the fiber phase was set to 15% of the value in the liquid phase.

The closure relations used in the model assumed that the liquid and fiber
phases were in a parallel arrangement and that a Bruggeman relation gave the
effective diffusion coefficients. This model predicts that the ratio between the
conductivity of the textile bed at zero conductivity of the interstitial liquid
phase and the conductivity at the iso-conductance point is given by,

κbed|κ=0

κiso
= ε3/2. (4.4)
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The volume fraction of fibers in the textile was estimated to be, ε = 0.15,
and thus ε3/2 = 0.06. From the data presented in figure 4.6 it is found that
κbed|κ=0

κiso
= 0.08. Thus, the proposed model predicted this conductivity ratio

rather accurately.

The values of the parameters in the porous plug model obtained when eval-
uating the data are presented in figure 4.6 are given in tabel 4.2. Further work

a b c d e
0.16 0.08 0.76 0.93 0.07

Table 4.2. Porous plug parameters determined from the ex-
perimental results presented in figure 4.6

is needed in order to investigate how the information about the connectivity
of the textile material, given by the porous plug model, can be used to obtain
better closure relations.



CHAPTER 5

Summary of Papers

In this chapter the appended articles are summarized.

Paper I

Nitrate Removal by Continuous Electropermutation using Ion Ex-
change Textile Part I: Modeling

Journal of The Electrochemical Society, 153(4) D51-D61, 2006

The aim of the work presented in the first paper was to gain some scientifically
based theoretical knowledge about the electropermutation process, its possibil-
ities and limitations. A feed compartment filled with an anion-exchange textile
together with the adjacent anion permeable membranes are included in the
model. The composition of the solution in the concentrate compartment was
assumed to be known and constant through out the compartment. A schematic
of the domain included in the model presented in the first paper is presented in
figure 5.1. The textile is treated as a porous material. Mass balance equations
are formulated for all ionic species included in the model in both the solid fiber
phase and the liquid phase. Together with electroneutrality in both phases this
forms the basis for the model. Since the exact geometry of the porous textile is
unknown volume averaged macro homogeneous equations are formulated. This
procedure was presented in chapter 3.

The model equations are analyzed and appropriate simplifications are mo-
tivated and introduced. One such simplification was the assumption of ion-
exchange equilibrium between the two phases. This greatly reduced the num-
ber of differential equations that needed to be solved. A set of dimensionless
parameters that need to be specified are identified. The influence of three of
these dimensionless parameters on the electropermutation process is investi-
gated through simulations.

χ is found to be an important dimensionless parameter in the model,

χ =
V

σ2Pe
. (5.1)

Where V = Fφ0

RT , σ = h
L and Pe = j0L

D0
. L is the length and h is the thickness

of the feed compartment, φ0 is the potential drop over the feed compartment
and adjacent membranes, j0 the linear velocity of the flow and D0 is a typical
diffusivity of the ions in water. The physical interpretation of χ is that it relates

30
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Figure 5.1. The domain included in the model presented in
the first paper.

the ionic flux by migration, over the membranes, to the ionic flux by convection
in the feed compartment. A parametric study of the influence of χ gives the
optimal process conditions for a fixed equipment design.

Another dimensionless parameter whose influence on the process was in-
vestigated is

Γ =
Dm

0 cm
0 h

D0c10µσ2Pe
. (5.2)

Dm is a typical value for the diffusion coefficients in the membrane, cm
0 is

the concentration of fixed charges in the membrane, µ is the thickness of the
membranes and c10 is the nitrate concentration in the feed. The physical inter-
pretation of Γ is that it relates the flux by diffusion through the membranes to
the convective flux through the feed compartment. A high value of Γ indicates
that no electric current need to be applied. The nitrate removal can then be
achieved via Donnan dialysis; by a suitable choice of the composition of the
concentrate solution. In figure 5.2 the concentration of nitrate in the product,
scaled by the concentration at the inlet, is presented as a function of χ for three
different values of Γ. It is clear that the nitrate level in the product decrease
when χ is increased, approaching a lower limit asymptotically. Thus, the ni-
trate removal is improved by applying an external electric field. The results
in figure 5.2 gives that the optimal χ value is approximately χ = 0.14, where
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Figure 5.2. Nitrate concentration in the product as a func-
tion of χ obtained from simulations of continuous electroper-
mutation. The different curves represent different values of the
dimensionless number Γ as indicated in the figure. The value
of Z in these simulations was 620.

the nitrate level is close to its limiting value, for all the three Γ values. The
nitrate removal at low current densities differs for the different Γ values. A low
Γ value corresponds to the case where the diffusion through the membrane is
slow and hence the nitrate removal by Donnan dialysis decreases as the Γ value
decreases. By applying an electric field the importance of diffusion is reduced
and all the curves for different Γ values finally collapses on top of each other.

The third dimensionless number highlighted is,

Z =
ω

c10
. (5.3)

This is the ratio between the capacity of the textile, ω, and the nitrate con-
centration in the feed solution. In figure 5.3 the nitrate concentration in the
product is presented as a function of χ for different values of Z. It is found that
if the Z value is increased the optimal value of χ is reduced. If the dominat-
ing transport mechanism for nitrate through the feed compartment is through
migration in the fiber phase one can conclude that the optimal operating con-
ditions is given by a constant value of the product between χ and Z.
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Figure 5.3. Concentration of nitrate in the product as a func-
tion of the dimensionless parameter χ, plotted for different
values of the dimensionless parameter Z as indicated in the
figure. The value of Γ in these simulations was 0.094.

Paper II

Nitrate Removal by Continuous Electropermutation using Ion Ex-
change Textile Part II: Experimental

Journal of The Electrochemical Society, 153(4) D62-D67, 2006

In the second paper an experimental investigation of nitrate removal by contin-
uous electropermutation is presented. The influence of using an anion exchange
textile as conducting spacer in the feed compartment was investigated by com-
paring experiments with and without the ion-exchange textile incorporated.

The experimental equipment and procedure was outlined in chapter 4. Five
different experimental cases are discussed in paper II. Theses are denoted as
cases A-E. The different cases and the separation obtained at zero current and
at 25 A/m2 is presented in table 5.1 .The separation of nitrate was defined as
the difference in nitrate concentration between product and feed normalized by
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Cases A B C D E

Spacer Textile Net-type Textile Textile Net-type

∆P F.C [bar] 0.17 0.13 0.15 0.30 0.10

∆P E.C & C.C [bar] 0.17 0.13 0.25 0.40 0.20

Mean vel. in F.C [m/s] 0.017 0.017 0.004 0.012 0.012

RNO−

3
(0 A/m2) 0.24 0.18 0.91 0.57 0.21

RNO−

3

(25 A/m2) 0.35 0.29 0.97 0.86 0.40

Table 5.1. The experimental cases A-E presented in the sec-
ond paper. F.C refers to feed compartment. E.C and C.C refer
to electrode compartments and concentrate compartments re-
spectively.

nitrate concentration of the feed,

R =
CNO−

3
(Feed) − CNO−

3
(Product)

CNO−

3
(Feed)

(5.4)

In the experiments without the ion exchange textile, cases B and E, a
relatively poor nitrate removal could be obtained. Only a modest current
density could be applied before the limiting current density was reached and
water dissociation started to take place, which was indicated by a sudden drop
in the pH of the product. Increasing the current density further only increased
the dissociation of water and led to a very poor improvement of the nitrate
removal.

In case A, a piece of textile was incorporated in the feed compartment.
Despite this, it was not possible to reach very low nitrate levels in the product.
It was believed that the reason for this was a poor contact between membrane
and textile. This was supported by the similar results obtained with and with-
out textile incorporated, i.e. cases A and B. One idea to reduce this contact
problem was to increase the pressure in the concentrate compartments. This
was tested in cases C and D. A much better nitrate removal was obtained
in these experiments and it was concluded that it is essential to obtain good
contact between the membranes and the ion exchange textile.

In figure 5.4 the pH of the product is presented as a function of the average
current density for cases D and E. In case E, which is with a net-type spacer
instead of a textile, the pH drops as the average current density is increased
from 5 A/m2 to 10 A/m2. This indicates that the limiting current density
in this case is located somewhere in this interval. In case D when an anion-
exchange textile is incorporated the pH change is less even though the pH of
the product at 25 A/m2 indicates that significant water dissociation is taking
place in the feed compartment also in this case.
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Figure 5.4. The pH of the product as a function of average
current density for cases D and E.

Finally a comparison between the experimental results and the predic-
tions obtained with the model presented in the first paper was made. In the
model the potential drop over the membranes and the feed compartment was
controlled in order to change the current density. In the experiments this po-
tential drop could not be measured, instead the average current density passed
through the cell was used to compare the model predictions with the experi-
ments. As can be seen in figure 5.5 a good agreement between the model and
the experiments was obtained.

Paper III

A Model for the Water Dissociation Taking Place at the Surface of
a Monopolar Membrane.

To be submitted

The experiments presented in the second paper indicated that water dissoci-
ation became important in the electropermutation process also in the cases
where an ion exchange textile was used as a conducting spacer. Water dis-
sociation is an unwanted phenomenon in the electropermutation process and
should be avoided if possible. Thus, it would be useful to be able to predict if,
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Figure 5.5. The model predictions for the outlet concentra-
tions of chloride and nitrate plotted against the average current
density together with the experimental results from case D.

when and where water dissociation could be expected to take place. The pur-
pose of the third paper is to present a model of the enhanced water dissociation
taking place at the surface of ion-exchange membranes. The model presented
is not restricted to electropermutation but can also be implemented in models
of other electromembrane processes.

An anion exchange membrane separating two infinitely large and perfectly
mixed containers filled with a 1mM sodium chloride solution is considered.
Next to the membrane on each side there are stagnant diffusion layer that are
resolved in the model. This three layer model problem is reffered to as the
Kharkat’s problem [49] The potential difference over the membrane and the
adjacent diffusion layers was varied in order to obtain polarization curves. A
heterogeneous surface reaction is formulated to capture the enhanced water
dissociation that can take place. The derivation of the expression for the sur-
face reaction is presented in the article and a brief presentation was given in
chapter 3.

Simulations were made to investigate the influence of the model parameters.
In figure 5.6 examples of polarization curves are presented. The characteristic
s-shape of the polarization reported from experiments in the literature [50, 51]
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could be captured with the simple model. It was found that the rate of water
dissociation increases with both increasing α and Υ values. If the reaction
rate can be assumed to be sufficiently fast the rate of water dissociation is
determined by the mass transfer of the produced ions away from the reaction
layer. This is very convenient since the parameters Υ and α does not need to
be determined as long as Υ is taken to be sufficiently large.
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Figure 5.6. Current against voltage curves for different val-
ues of α. The Υ value in these simulations was 10−4.

The enhanced water dissociation reaction, taking place at the membrane
surface, makes the partial current carried by the ionic products of water, ĩw,
increase. The increased flux of H+ and OH− also leads to an increased flux of
the salt ions. This effect is known as the exaltation effect and was discovered
by Kharkats [52]. In figure 5.7 the fraction of the current density carried by
the salt ions and the products from the dissociation of the water molecules are
presented. At very high current densities the fraction of the current carried by
the salt ions asymptotically approaches 0.2 due to the exaltation effect [52].

Paper IV

A Model of Continuous Electropermutations with Water Dissocia-
tion Included.

To be submitted
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Figure 5.7. The fraction of the current carried by ĩw and ĩs
as a function of φ̃0 for two different values of α. Υ = 10−4 and
γ = 10−4.

The aim of the fourth paper is to incorporate the model of the enhanced water
dissociation, presented in the third article, into a model of continuous electrop-
ermutation. A whole repeating unit consisting of one concentrate and one feed
compartment is included in the model domain. This makes the model of the
continuous electropermutation more complete and a powerful tool that can be
used to study the influence of water dissociation on the process efficiency and
predict pH variations in the cell.

The model is first used to simulate the experimental results presented in
paper two, both with and without ion exchange textile included in the feed
compartment. This was done in order to test if the model was able to predict
the change in pH of the product. In figure 5.8 the pH of the product as a
function of the average current density passed through the cell is presented.
The result obtained in the experimental cases D and E of the second paper
are shown together with results obtained from simulations. Results from sim-
ulations of three different configurations corresponding to a conductive textile,
a non-conductive textile and a non-conductive textile but with a reduced me-
chanical dispersion are presented in figure 5.8. It was found that the model
could predict the drop in pH rather well, for the experimental cases where a
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conductive spacer was not used. However, with the textile incorporated, the
model did not predict the pH change obtained in the experiments. The rea-
son for this is discussed, and the most likely explanation is that the contact
between the textile and the membrane was not perfect in the experiments.

Then electropermutation with a non-conductive textile as spacer in the
feed compartment was investigated. This was done in order to point out the
limitations of this process alternative. Only a very low current density could
be applied before the limiting nitrate flux was obtained. Increasing the current
further resulted in dissociation of water and as a result of this a dramatic
change in pH. The effect of the water dissociation on the nitrate removal,
product pH, current density distribution and pH distribution in both feed and
concentrate compartments are discussed. In figure 5.9 the dimensionless nitrate
concentration, averaged over the feed compartment thickness, is presented as a
function of the streamwise coordinate for different values of χ. At low χ values
the enhanced water dissociation can be neglected and the nitrate concentration
drops though out the entire length of the feed compartment. For the highest
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Figure 5.9. Nitrate concentration averaged over the F.C
thickness as a function of streamwise coordinate. Theses
curves were calculated for an inert textile, Z=0.

χ value presented in figure 5.9 it is clear that nitrate level passes through a
minimum inside the feed compartment.

To investigate the influence of a conductive spacer in the feed compartment
simulations were performed with two different textile capacities. In figure 5.10
the nitrate concentration in the product scaled by the inlet concentration is
presented as a function of χ for different values of Z, which is the capacity of
the textile scaled with the nitrate concentration of the feed. It is clear that
increasing the Z value leads to an improved more efficient nitrate removal. The
optimal χ value is reduced when Z is increased in such a way that the product
χ Z remains constant. Thus a higher Z value reduces the power consumption of
the process by reducing the resistance of the feed compartment. The dissocia-
tion of water is reduced considerably by incorporation of a conductive textile.
Very low levels on nitrate can be obtained when a conductive textile is used as
the process can be operated at higher current densities. The inclusion of the
conductive fibers transfers the mass transport limitation from the membrane
surface to the much larger surface of the fiber phase.

The pH close to the membrane surface in the concentrate compartment was
also investigated in the fourth article. It is known that metal hydroxides with
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low solubility can precipitate and foul the membrane if the local pH becomes to
high. Simulations, which allow the enhanced water dissociation to be captured,
can be used to predict if such problem could be expected.



CHAPTER 6

Concluding Discussion and Outlook

Concluding Discussion

Nitrate removal from drinking water by electropermutation assisted by ion-
exchange textiles has been investigated. The main advantage using the ion-
exchange textile as conducting spacer is that the sheet shaped form of the
textile makes it easy to assemble the electropermutation cell. Furthermore, the
non-woven structure makes it possible to construct very porous structures with
high permeability giving a low pressure drop over the feed compartment. These
two features makes it possible to construct an electropermutation equipment in
which the membranes and textiles could easily be replaced. This would extend
the lifetime of the electropermutation cell and thereby reducing the investment
cost.

A macro-homogeneous steady state model for nitrate removal by electrop-
ermutation assisted by ion-exchange textile as conducting spacer has been de-
veloped. The macro-homogeneous equations were obtained by taking the vol-
ume averages of the governing equations at the microscopic level. To obtain
expressions for the macro-homogeneous fluxes it was assumed that the two
phases that contribute to the mass transfer are in a parallel arrangement. The
model equations were analyzed and appropriate simplifications were identified.
The slender geometry of the domain was used to simplify the equations. The
relatively small diameter (10 µm) of the fibers in a typical ion-exchange textile
made it possible to assume ion-exchange equilibrium between the phases.

From the experimental investigation it was concluded that a significant in-
crease in the nitrate removal is obtained by using the ion-exchange textile, as
conducting spacer. From an initial nitrate concentration of 1.7 mM in the feed
water a product stream with 0.25 mM of nitrate could be obtained in a single
pass mode of operation with an applied current density of 25 A/m2 and a flow
velocity of 1.2 cm/s. The nitrate level in the product stream was well below the
limiting value of 50 ppm for drinking water and also under the recommended
maximum level of 25 ppm of nitrate [2, 4]. The flow rate used corresponded
to a production capacity of 20 l/h/unit cell. A stack with 50 elementary cells
would, thus, be able to treat 1 m3 of water per hour. Nitrate removal from
drinking water by ion-exchange assisted electropermutations has been shown
to be an interesting alternative to conventional ion-exchange and electrodialy-
sis. However, before one can put the ion-exchange assisted electropermutation

42
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process for nitrate removal on the market, long time pilot experiments need
to be conducted. The economy of the process needs to be evaluated and the
reliability of the process tested on real ground waters.

The contact problem between the ion conducting spacer and the mem-
branes was discovered during the experimental investigation of the process. If
the contact was insufficient a poor nitrate removal was accomplished at the
same time as intense water dissociation took place when the current density
was increased. Increasing the pressure in the concentrate compartment reduced
the contact problem. However, also in this case signs of intense water dissoci-
ation taking place were found at high current densities, in the form of low pH
of the product water. In order to predict if, when and where enhanced water
dissociation could be expected to take place, it was decided to include this
effect in our model. Since, the actual mechanism behind the enhanced water
dissociation is not fully understood a semi-empirical approach was taken for
the model. Thus, a model that incorporated the enhanced water dissociation
in the form of a heterogeneous surface reaction was formulated. One advan-
tages of this was that it could rather easily be incorporated into the model of
electropermutation that had already been developed.

A very powerful tool for investigating electropermutation processes with
and without conducting spacer in the feed compartment was obtained by in-
corporating the enhanced water dissociation into the model. The model can be
used to design the equipment as well as optimizing the operating conditions.
Simulations performed with an ion-exchange textile incorporated into the feed
compartment did not predict the change in pH as was obtained in the experi-
ments. The most likely explanation for this is that the ideal contact between
spacer and membrane assumed in the model was not established during the
experiments. New experiments with reference electrodes located in the concen-
trate compartments should be carried out. This would provide more data that
can be used to validate the models. Experiments should also be conducted as
to try to determine the parameters of the enhanced water dissociation model.

One of the main conclusions of the work presented in this thesis is that the
contact between the ion-conducting spacer and the membranes is very impor-
tant for the performance of the process. In the experimental investigation it was
found that the nitrate removal could be enhanced if the process was operated
with a higher pressure in the concentrate compartments than in the feed com-
partment. This is however not a very elegant solution. CEDI equipments used
for production of ultrapure water should be operated with a higher pressure in
the dilute compartment in order to reduce problems with convective transport
of impurities into the dilute compartment through the membranes. Instead
one would like to find a way to ”glue” to textiles against the membranes or at
least against the membrane close to which the concentration in the liquid phase
becomes very low. In the dilute compartment of an CEDI equipment the con-
centrations becomes very low at both membranes but then one would like the
cation-exchange spacer to be attached to the cation permeable membrane and
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vice versa. Ideal contact between the textile and the membranes makes it pos-
sible to operate the process at higher current densities. This would mean that
thicker feed compartments could be considered, which would not only increase
the production per membrane area, but it would also make the construction
of equipment easier. If thicker frames were used, o-rings could be used to seal
against the membranes, which would make the construction more reliable.

Extending the model as to be able to simulate continuous electrodeionisa-
tion would be an interesting step to take. Simulating layered bed CEDI would
be rather straightforward with the model developed during the work presented
in this thesis. Including the effect of the enhanced water dissociation would
make it possible to capture the local pH within the dilute compartment of the
CEDI cell. It would then be possible to investigate how the local pH within
the compartment is affected by the configuration of the layered bed. The sepa-
ration of weak acids in a CEDI cell would also be possible to study with such a
model. There are several industrial applications where the separation of weak
acids from dilute solutions is of great importance.

Ion-exchange assisted electromembrane processes are very interesting pro-
cess alternatives when it comes to treating dilute solutions. In this thesis the
main application in focus has been removal of nitrate from drinking water.
There are numerous of other applications where these techniques show a great
potential. Discharge of harmful substances can be reduced and expensive pro-
cess chemical recovered. In order to develop the technique further there is a
need for better theoretical understanding of the mechanisms involved and how
they interact. The work presented in this thesis has been focused on the theo-
retical description of the electropermutation process, and hopefully the models
presented can be used to develop the electromembrane devices of the future.
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