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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.

Stockholm, May 2006
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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 1 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; , is that it is reduced to
nitrite, NOS, 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



BACKGROUND 3

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 Bible!

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.

Ton-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.

Ton-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

IKing James version.
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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

Ton-exchange membranes are sheet shaped ion-exchangers with a typical thick-
ness of about 100pum. 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.

FElectrodialysis (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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Product

EC ¢cc DC CC EC

)

e

Na*t
Na* Na™t
CEM CEM AEM CEM
Conc. Feed Conc.

F1GURE 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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Product

EC cc FC CC EC

CEM AEM AEM CEM

Conc. Feed Conc.

F1GURE 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 C1~ 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].

lTon-FExchange 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 etf.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 HT 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].
Tonpure 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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Product

E.C C.C E.C
N or @
Na* Nat
CEM CEM AEM CEM
Conc. Feed Conc.

FI1GURE 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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Ton-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,
801-
ot

In the above expression ¢; is the concentration, N; is the flux vector and R; is
the sink/source term of specie i.

=-V- -N; +R;. (31)

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
1 relative a stationary frame of reference is given by,

N; = — DVe¢; — zuic; VO +  uc; (3.2)
Diffusion Migration Convection

In the expression above u is the velocity of the electrolyte, D, is the diffusion
coefficient, u; is the mobility and ¢ 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,

F
2 _— . .
Vip = % 2iCi, (3.3)

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

Zzici = O, (34)

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,

€do
Fco?

presented in this thesis.

of order called electric double layers are not resolved in the models

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.
Tonic 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 ¢ in the liquid phase

is defined as,
fV c; dV 1 /
<@g >S=—r——— = — c; dV, 3.5

fVT dv Vr Jv, (3.5)

V., =Volume of liquid phase,

Vr =Total volume.

i ¢ is used to denote a superficial average. The subscript « 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.
fVa C; dv

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

< ¢ >a= (3.6)

The interstitial and superficial averages are related through the porosity,

€a,
dVv
604 = fVa (3.7)
fVT dVv
<Ci>=€, < C >q - (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,

<V-N;>=<R; >. (3.9)

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

1
<V'Ni>:v'<Ni>+V/ N, -n,dA (310)
Aa

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.

1
S; = — N, - n, dA 3.11
V/Aa n (3.11)

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

V- <N; > +85; =< R; > . (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,

<N; >=—-<D;Ve; > — < zju;ic;Vo > + < uc; > . (3.13)
Expressing the concentration as
ci =< ¢ >q —l—c;, (3.14a)

the potential as
P=<¢>q+0, (3.14b)
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the velocity as
u=<u>+u, (3.14¢)
and introducing this into equation 3.13 gives,

<Nj>=—Dije,V < ¢; >0 —2Ui€q < ¢ >a V< O >4 +] < ¢ >a

! ’ 7 1
—zu; < ¢;Vo >+<uci>fzui<ci>av/ on, dA
An

— Dzi/ C; Ny dA.
VJa,

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

(3.15)

j=ea<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'¢ > 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 >=-DV<c>, (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,

Dr 0 0
D= 0 Dr O (3.18)
0 0 Dr

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

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

’ ! 1 1
zu; < Vo >, zu; < ¢ >q —/ ¢n, dA and Di—/ cing dA.
Vi /]a, V /A,

(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, D, ; [35, 33]. Thus, the
volume average of the diffusion flux is modeled by

1
— < DVe>= —De, V < ¢ >, _DV/ cing dA =DV <c>,, (3.20)
Aq

were
D.;= Delt. (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,
where the definition of the ionic mobility, w;, 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 7 is
given by,

F
<N;>=—(D+ D.;)V < ¢ >a —ziﬁDw <> V< o>a+Hj<c >a.
(3.23)
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Ton-FExchange 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

¢ = kic} exp[—z; FA¢/RT] (3.24)

where A¢ = ¢ — ¢* is the Donnan potential at the interface, k; is the partition
coeflicient of species 7 which is assumed to be constant. In the expression above
¢; and ¢ 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,

5103 kl

(3.25)

1
@2 = EQCT o k/’g.
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.

S; =< N; >* G, (326)

where G, is the specific surface area of the ion-exchanger. < N; >* 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

4
=3
The average flux to the phase interface is calculated by assuming a Nernst-
diffusion layer around each fiber. This gives

Di Fc

<Ny >"= == (0] — ) + 2 Rji (6" — @)|. (3.28)

k2

6a (1 - ea)- (327)

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
Rou-/u+ = kfen,o — kvcon-cu+ (3.29)

where ky and k; are the rate constants of the forward and backward reaction
rate respectively. This can be rearranged and written as

com-C
Rop-/u+ = Kuwks(1 — OHTIH) (3.30)
w
where K, = kfcgoo/kp. In the macro-homogeneous form of the equations this
reaction term becomes

<cop- >a<cCp+ >a < Copy-Cyp >
Ky K,

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

< Rou-u+ >= Kuykpea(l ). (3.31)

< COH- >o¢< CH+ >o¢
Ky

< ROH*/H+ >= Kwkbea(l — ) (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

«

@ s

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,

’

ky
HO = H + OH™, (3.33)

Ky
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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,

’ 0 OéF
kp=ky exp(RT qu) (3.34)
’ 0 (1 — CY)F
= - A .
ky = ky exp( AT qu) (3.35)

where « is a symmetry factor. k}o and k:;o 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

/ aFA, o FAG,
R; = kacH2o exp(T) — kel crrv exp ((1 —a) AT ) (3.36)

R expresses the reaction rate per area and A¢, 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 Tontex [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.

ADSA® 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 Tontex 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

m?2.

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 Agl7 and Asl7 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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F1GURE 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/m?2. 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.

K
u=—-—VP (4.1)
1
where K is the permeability of the textile, p is the dynamic viscosity of the
fluid, u is the superficial average of the fluid velocity vector and VP 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],

3d?[ In (¢) — 0.931] (4.2)
= —[—1In(e) — 0. . .
20€
where dy is the diameter of the fibers and € 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/m? and a thickness of at least 3 mm should be used to
ensure that high permeability, K=0(1071Y) m?, 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 %, where K is the permeabil-
ity of the textile, u is the dynamic viscosity of water and L is
the streamwise length of the textile sample. In the figure above
Ka=21-10"m?], Kgp = 3.1-107!°[m?] and K¢ = 2.9-
10710 [mQ]

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) (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, k, in chloride
form is obtained. From the expression for & given by,

F? _

KR = ﬁDCl* Col—, (43)
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 D¢g;— = 4.8 - 107%m2s~ 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,

Fredls=0 _ ;a2 (4.4)

Riso
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The volume fraction of fibers in the textile was estimated to be, ¢ = 0.15,
and thus €3/ = 0.06. From the data presented in figure 4.6 it is found that
”b%‘:f” = 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 1

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.

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

v
=, 1

X= 55, (5.1)

Where V = RT", o=% and Pe = J"L L is the length and h is the thickness

of the feed compartment ¢o is the potentlal drop over the feed compartment
and adjacent membranes, jo the linear velocity of the flow and Dy is a typical
diffusivity of the ions in water. The physical interpretation of x is that it relates
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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 x gives the
optimal process conditions for a fixed equipment design.

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

m m

Dg'cg

r—_o0%”
Dgciopo?Pe

(5.2)
D™ is a typical value for the diffusion coeflicients in the membrane, cj* is
the concentration of fixed charges in the membrane, p is the thickness of the
membranes and cig is the nitrate concentration in the feed. The physical inter-
pretation of I' is that it relates the flux by diffusion through the membranes to
the convective flux through the feed compartment. A high value of I 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 y for three
different values of I'. It is clear that the nitrate level in the product decrease
when x 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 y value is approximately y = 0.14, where
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FIGURE 5.2. Nitrate concentration in the product as a func-
tion of x obtained from simulations of continuous electroper-
mutation. The different curves represent different values of the
dimensionless number I' 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 I values. The
nitrate removal at low current densities differs for the different I" values. A low
I" value corresponds to the case where the diffusion through the membrane is
slow and hence the nitrate removal by Donnan dialysis decreases as the I" value
decreases. By applying an electric field the importance of diffusion is reduced
and all the curves for different I' values finally collapses on top of each other.
The third dimensionless number highlighted is,
w

Z oo (5.3)
This is the ratio between the capacity of the textile, w, 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 x for different values of Z. It is found that
if the Z value is increased the optimal value of y 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 x and Z.
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FIGURE 5.3. Concentration of nitrate in the product as a func-
tion of the dimensionless parameter y, plotted for different
values of the dimensionless parameter Z as indicated in the
figure. The value of I' in these simulations was 0.094.

Paper 11

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/m? 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
AP F.C [bar] 0.17 0.13 0.15 0.30 0.10

APE.C& C.Clbar] | 017 | 013 | 025 | 040 | 0.20
Mean vel. in F.C [m/s] | 0.017 0.017 0.004 0.012 0.012
Ryo- (0 A/m?) 024 | 018 | 091 | 057 | 0.21

Ryo- (25 A/m?) 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,

Cyo- (Feed) — Cy n-(Product)
R=—%% MO (5.4)
Cno; (Feed)

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/m? to 10 A/m?.  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/m? 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 111

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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F1GURE 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 o and Y 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 YT and a does not need to
be determined as long as T is taken to be sufficiently large.
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FIGURE 5.6. Current against voltage curves for different val-
ues of . The Y value in these simulations was 104

The enhanced water dissociation reaction, taking place at the membrane
surface, makes the partial current carried by the ionic products of water, i,,,
increase. The increased flux of HT 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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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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Comparison between simulations with different textiles and
experimental results.

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 y. At low y 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.

x 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 y 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 7 value leads to an improved more efficient nitrate removal. The
optimal x value is reduced when Z is increased in such a way that the product
X 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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tion of the dimensionless parameter y. Each line corresponds
to a different textile capacity.

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 pum) 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/m? and a flow
velocity of 1.2 em/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 1/h/unit cell. A stack with 50 elementary cells
would, thus, be able to treat 1 m? 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.

Ton-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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Excessive use of fertilizers in agricultural activities has led to
increased nitrate concentration in ground and surface waters. Ac-
cording to the Guidelines for Drinking Water Quality published by
the World Health Organization,] the nitrate level in drinking water
should not exceed 50 ppm, and within the European Union there is
a recommendation for less than 25 ppm2 of nitrate in drinking water.

Nitrate can be removed from drinking water in a number of
different ways; examples of such are biological treatment, ion ex-
change, reverse osmosis, electrodialysis, Donnan dialysis, and elec-
trodeionization. Among these the membrane techniques appear to be
the most suitable.’® Continuous electropermutation4 is an elec-
tromembrane process, which so far has not been considered for ni-
trate removal. The principle of continuous electropermuation is il-
lustrated in Fig. 1, which shows a schematic of a setup with one feed
compartment (FC), two concentrate compartments (CCs), and two
electrode compartments (ECs). Two anion-permeable ion-exchange
membranes delimit the FC. The feed water is passed through the FC.
Under the influence of an applied electric field the anions in the cell
migrate toward the anode. The anions present in the FC migrate over
to the CC located on the anode side at the same time as they are
replaced by anions coming from the CC on the cathode side of the
FC. This way it is possible to replace the ions initially present in the
feed by anions from the concentrate solution while the cations are
preserved. In the schematic presented in Fig. 1 the nitrate ions mi-
grate out of the FC over the right side membrane at the same time as
chloride ion enters the FC over the left side membrane. The solution
in the concentrate compartment in this example is a concentrated
sodium chloride solution. Depending on the quality of the feed wa-
ter the concentrate solution can be tailored, adjusting, for example,
the pH by replacing the nitrate ions partially with hydroxide.

The low conductivity of the feed water may lead to a high volt-
age drop over the FC and hence, a high power consumption. Con-
centration polarization increases the power consumption even fur-
ther and will lead to a limiting current density. Hence, to accomplish
sufficient separation one might be required to operate at a low feed
flow rate and/or use very large equipment together with a moderate
dc current. To overcome the difficulties associated with the poor
conductivity of the feed water the central compartment is filled with
an ion-conducting medium. This ion-conducting medium can be an
ion exchange resin bed, for example. In this study, however, the
structure of a newly developed textile material with anion-exchange
properties is considered in the model.

An electropermutation stack can be constructed by placing sev-
eral repeating units consisting of one CC and one FC in series be-
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tween one pair of electrodes. The advantage of this is that the irre-
versible power loss in the electrode reactions becomes negligible
compared to the power required to drive the current through the
stack. To prevent the nitrates that end up in the CC from being
transferred into the next FC, the molar fraction of nitrate in the
concentrate solution needs to be kept low. This requires that the
concentration and flow rate of the concentrate solution is sufficiently
high. Note that it is the relative nitrate concentration in the concen-
trate solution that should be kept low. The absolute nitrate concen-
tration in the concentrate, however, can become much higher than in
the initial feed solution.

Continuous electropermutation offers a continuous option for ni-
trate removal which adapts well to changes in production demand,
feed water quality, and temperature. The capacity can easily be
scaled by changing the numbers of repeating units in each stack and
by operating stacks in parallel. The high conductivity of the concen-
trate solution makes the power consumption low compared to
electrodialysis/electrodeionization. Furthermore, the selective re-
placement of the unwanted nitrate ions by suitable anions might be
advantageous to the quality of the product. In the production of
drinking water it is desirable to preserve some minerals in the prod-
uct. The concentrate solution obtained is suitable for further treat-
ment, e.g., by selective electrochemical reduction of nitrate to form
harmless nitrogen.

Hybrid ion-exchange/electromembrane processes, capable of
treating solutions of low conductivity, have been investigated since
the mid 1950s.° The use of ion-exchange textiles instead of ordinary
ion exchange resins has been proposed more recently.7'10 The main
advantages are higher permeability, faster ion-exchange kinetics,
better contact with the membranes, and easier handling.

Glueckauf was the first to investigate the theory of these hybrid
processes in the late 1950s."" He proposed a theoretical model 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
reaction was considered to be in equilibrium, which is still a gener-
ally accepted assumption. A one-dimensional model along the flow
direction, averaged over the width of the intermembrane szpacing,
was formulated and compared with experiments. Rubinstein'” inves-
tigated electrodeionization with ion-exchange fibers and developed a
model that was one-dimensional in the direction perpendicular to the
flow. The objective of this study was to obtain voltage against cur-
rent curves. An electrodeionization process with separated anion and
cation exchange beds were investigated theoretically in a series of
papers by Verbeek et al."”* Based on longitudinal convection in the
liquid phase and transverse migration in the solid phase a two-
dimensional model was formulated. The model also accounted for
removal of silicate and carbon dioxide. Some results from simula-
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Figure 1. The principles behind nitrate re-
moval by continuous electropermutation.
The water to be treated is passed through
the FC, which is separated from the CC by
anion-permeable membranes on each side.
The solution in the CC has a high concen-
tration of chloride. Under the influence of
an applied electric field the anions in the
FC are exchanged for anions from the CC.
To the right the domain included in the

nate system used.

X
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Concentrate Feed
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tions are presented and compared to experimental results. The spe-
cific theory of continuous electropermutation has been studied by
Johann and Eigenberger, © who developed a transient one-
dimensional model, in the flow direction, for metal ion removal.

A theoretical model would give a fundamental understanding of
the mechanisms of the process and their interactions. Simulations
could be used to design the equipment and to optimize operation
conditions. Furthermore, one can identify the important properties of
the ion-exchange textile using the model. This paper presents a two-
dimensional steady-state model of nitrate removal with continuous
electropermutation using anion-exchange textile. The macrohomo-
geneous equations are derived from the microscopic scale by vol-
ume averaging. Dimensionless parameters that characterize the pro-
cess are identified and their influence on the process is investigated
via simulations.

The following paper presents an experimental study of the con-
tinuous electropermutation process using anion-exchange textile as
conducting spacer. The model predictions and the experimental re-
sults are then compared in order to validate some results from the
model.

The Problem Formulation

A steady-state model of the FC in an electropermutation cell is
formulated and filled with an anion-exchange textile material. A
schematic of the domain to be modeled together with the coordinate
system used in the model is shown to the right in Fig. 1.

The feed water in the model contains low levels of sodium ni-
trate and sodium chloride. Thus, the ionic species that will be in-
cluded in the model are NO3, CI~, and Na*.

The domain included in the model is divided into three different
subdomains, i.e., the membrane on the cathodic side, the feed com-
partment, and the membrane on the anodic side. The liquid-saturated
textile network is assumed to consist of three phases. The fluid
which is flowing through the compartment is a liquid mobile phase
denoted as the a-phase. The ion-exchange fibers are a solid station-
ary phase which will be treated as an isotropic porous material,
designated as the (3-phase. Finally, it is assumed that each fiber is
surrounded by a stagnant fluid layer of thickness & which is the
v-phase. A schematic of the porous medium is presented in Fig. 2.
The conservation of mass of each species in each phase at the mi-
croscopic level, together with electroneutrality in each phase, forms

|
I
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1
1
I
]
I
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i model is shown together with the coordi-
I
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the basis for the model. The governing equations on the macroscopic
level are obtained by volume averaging the equations on the micro-
scopic scale.

Rubinstein'> formulated two hypotheses, which also are used
here: (H1) The overlap of the stagnant layers can be neglected, i.e.,
each individual fiber can be treated separately, interacting with other
fibers only through the a phase. (H2) The ionic transfer along the
fibers in the stagnant layer can be neglected compared to the ionic
transfer in that direction in the other two phases. These two hypoth-
eses require that the volume fraction of fibers in the feed compart-
ment be sufficiently low. The second hypothesis allows us to reduce
the model from three phases to two phases. A simplified Nernst
diffusion layer model replaces the y-phase in the model equations

Figure 2. Schematic of the textile material. The fiber phase denoted as
the B-phase is separated from the liquid phase, the a-phase, by a stagnant
diffusion layer denoted as the y-phase.
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and the transport over the vy phase enters our model as the coupling
between the liquid and the fiber phases. The volume fraction of the
v phase is small and is neglected.

Governing equations in the feed compartment.— Electroneutral-
ity in the feed compartment gives

E zic;=0 in the o phase for i = 1-3 [1a]

2 7;C; + z,0 = 0 in the B phase for i = 1,2 [1b]

where i is a number between 1 and 3 referring to NOj, CI7, and Nat,
respectively, z; is the valence of species i, z,, is the valence of the
fixed charges in the ion-exchange fibers, and w is the concentration
of functional groups in the ion-exchange fibers.

Conservation of species i at steady state in the a-phase gives

V-N;=0fori=1-3 [2]

The fibers are treated as ideally selective ion exchangers and thus
the mass balance equations in the fiber phase are given by

V-N,=0fori=1,2 [3]

The macrohomogeneous mass conservation equations are ob-

tained by volume averaging the equations at the microscale. Apply-

ing the volume-averaging theorem' allows the superficial averages
of the mass conservation equations to be expressed as

1
(V-Ny=V -<N,«)+‘—/f N, ng,dA fori=1-3 [4]
A

oy

where the integral terms in Eq. 4 describes the flux over the phase
interfaces

1
= N; - ny,dA=S; fori=1-3 [5a]
|4 A ’

oy
1 — _
- N; - ng,dA=S5; fori=1-3 [5b]
V], ’

By
A consequence of the second hypothesis is that

S;=—-8, fori=1-3 (6]

where S3 = 0 due to the ideal selectivity of the -phase.
The interfacial fluxes enter as sink/source terms in the macro-
homogeneous equations

(V-N)=V -(Ny-S8,=0 fori=1-3 [7a]

(V-N)y=V -(N)+8;,=0 fori=1.2 [7b]

The Nernst—Planck equation is used as the transport equation that
describes the ionic fluxes at the microscopic scale in both phases.
Expressing the superficial volume average of these fluxes in terms of
the intrinsic volume averages of the concentrations and potentials
turns out to be a complex problem. The structure of the porous
medium influences the ionic transport through it. In the present
model it is assumed that the two macrohomogeneous phases are in a
parallel arrangement14 Thus, the volume-averaged fluxes are as-
sumed to be described by

<Ni>=jci_D,VCi_ZiFDieCin) [8a]
RT ~
and
<Nl =—5,-6,VC!—ZI-F5,-(,C_‘[VC]_) [Sb]
. RT *

The superficial average of the fluid velocity, j, is calculated as the
flow rate divided by the cross-sectional area of the empty channel. c;

and c; are the intrinsic averages of the concentrations of species i in

the o and 3-phases, respectively. D; , and 13,-‘6 are the effective dif-
fusion coefficients of species i in the « and B phase, respectively. D’
is the hydrodynamic dispersion tensor.

The effective diffusion coefficients are modeled bylé’17

D, = (1-¢""D; [9a]

D,, = €D, [9b]
where € is the volume fraction of the fiber () phase and b is a
constant taken to be equal to 0.5.

In a uniaxial flow along the y axis through an isotropic porous

material the dispersion tensor is given by

Dy 0 0
D=|0 D, 0 [10]
0 0 D

where D; is known as the longitudinal coefficient of dispersion and
Dy as the transverse coefficient of dispersion. The values of D; and
Dy are determined experimentally and in the literature a number of
correlations can be found. Usually it is the coefficient of hydrody-
namic dispersion

D’ﬁ = (D,C + Di,e)
which is given. Here, the following correlations will be used'®!?
D} =2.7DyPey; for 300 < Peyr < 10* [11a]

where Pe is the Peclet number based on the diameter of the fibers
in the 3 phase and Dy is a reference molecular diffusivity

Jody
Dy

Less experimental data is available for the transverse dispersion
coefficient. However, one could expect a similar relationship to Peyy
as for the longitudinal coefficient of dispersion.18 For the ratio
D; /Dy values from 3-24"20 are found in the literature. Using a
value of 10 for this ratio gives

Pedf =

D} = 0.27DyPey; for 300 < Peyp < 10* [11b]

A study of the ion-exchange kinetics on ion-exchange fibers
made by Petruzzelli~ suggests that the rate-determining step for the
ion exchange is associated with the mass transfer over the y-phase.
This mass transfer is included in the model through the sink/source
terms in the volume-averaged mass balance equations. These are
calculated from

S, =(Ny'e, [12]

where (N;)" is the average flux of species i over the fiber-phase
interface. The specific surface area of the fibers, &, is taken to be

= —¢ [13]
d; ®
where dy is the fiber diameter.

The average flux over the phase interface is calculated by treat-
ing the y-phase as a Nernst diffusion layer of thickness 8. The fluxes
over the Nernst layer are expressed in terms of concentration differ-
ences over the layer as

<Nl~>* = %[(c: -c)+ Z,%(Cbx - ¢'):| fori=1-3 [14]

where the star indicates the average value taken on the liquid side of
the phase interface. The assumed ideal selectivity of the -phase
gives
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(N3)" =0 [15]

Thus, the potential difference over the Nernst layer can be expressed
as

* RT .
(b =) =-—=(c3-¢3) [16]
Z3FC3
Using this in Eq. 14 gives
s Di| [Cj * .
Ny = 2| (e =) - L (ch—ep) | fori=1-2 [17]
S 3¢5

To calculate the fluxes over the phase interface from Eq. 17, CT, c;,
c;, and ¢~ need to be determined. Continuity of electrochemical
potential for nitrate and chloride at the interface gives22

G = kic; e AYRT for j = 12 [18]

where Adp = ¢ — ¢ is the Donnan potential at the interface and k; is
the partition coefficient of species i which is assumed to be constant.
Eliminating the Donnan potential from the above expression give

the separation factor, (xé

ay=—5=— [19]

which is a parameter often used to describe the selectivity of the
ion-exchange material. In the present study it is assumed that the
textile is nonselective so that o) = 1.

Electroneutrality at the interface gives

cl+cy=c; [20]

Equations 16, 18, and 20 provide four conditions with which the
four unknown interface properties can be expressed in terms of the
values in the o and 3 phases.

The thickness of the Nernst layer, 8, is assumed to be controlled
by the hydrodynamics and hence, the same value is used for all ionic
species. An estimate of the thickness of the stagnant layer is ob-
tained from the following correlation

1.09 (Re,Sc)'" = 1.09

o« o
where Sh = (kd/D) = (d/3), Sc = (v/D), and Re, = (jd/v). This
correlation was obtained from experiments with a packed bed of
spheres with a diameter d.? To use this correlation for a fibrous bed,
the diameter of a fictitious sphere having the same specific area as
our fibers is used, i.e., d = 3/2df. The ion-exchange rate is thus
expressed as

Sh =

(Pey)'? [21]

173 *
Ei = MDl(ACi - ZIC_iAC:g) fori=1-3 [22]
3eqdy 3

where Ac; = c:.k - ¢

Close to the membranes the convective transport goes down to
zero, at the same time as the mechanical dispersion vanishes. Thus,
there will be a boundary layer in which the molecular diffusion
becomes important. In the present model a Nernst diffusion layer
model, similar to that used for the stagnant layer surrounding the
fibers, is used for the boundary layer close to the membranes.
Koch** presented the following estimate for the thickness of con-
centration boundary layers close to walls in porous beds

D,

where £ is the characteristic length scale of the porous bed. The
characteristic length is given by the square root of the permeability,
K, of the porous medium. In this paper it is assumed that the char-
acteristic length of the textile is equal to the fiber diameter, § = d.

D 1/3
S, = g(—) ~ £(0.27Peg)™'? [23]

Governing equations in the membranes.— The membranes are
treated as solid electrolytes with a homogeneous distribution of

fixed charges. Furthermore, it is assumed that the membranes are
perfectly ideal so that the co-ion flux through the membranes can be
neglected.

Throughout the model it is assumed that electroneutrality pre-
vails. In the membrane this gives

S+ =0 fori=12 [24]
i

with 7 equal to 1 and 2, referring to NO3 and CI~, respectively. z

and cg are the valence and concentration of the fixed charges in the

membranes. The superscript m refers to values in the membranes.
Conservation of mass in the membranes at steady state gives

V-N'=0 i=1.2 [25]

The fluxes in the membrane are described by the Nernst—Planck
equation

N'==-D"V ' = zul"c!"' V o™ + 'a” [26]

The convection through the membranes can be described by
Schlogl’s equation.25 In the present model it is, however, assumed
that the convection in the membranes can be neglected, i.e., u™
=0.

Boundary conditions.— The composition of the feed water has
to be specified. This gives the boundary conditions at the inlet
boundary

Ci|0gxgh’y:0 =Cj for i= 1—3 [27]

The change of the composition in the flow direction is taken to
be negligible at the outlet boundary

%; =0 fori=1-3 [28]
dy Osx<h,y=L
The composition of the solution on the concentrate side of the
membrane is assumed to be known and constant along the length of
the channel. This can be justified by having concentrations, c;.,
many times higher than in the feed. It is assumed that ion-exchange
equilibrium prevails at the interface between membrane and the con-
centrate compartment. Furthermore, the potential in the membranes
at the interface with the concentrate compartments are prescribed.
This gives the necessary boundary conditions at x = —p and x
=h+pn
ag”clcc

gy [29a]

m
el = —2 Clee
1 lr=—p.h+p,0sy<L ml
Coce T Qg Ciee

o m [29b]

m
(&) |X_, h <y<[ —
=—p.htp,0<y<L ml
Coee + 05 Clee

¢'m|x:—p,,0Sy§L =0 [290]

¢m|x=h+p,OSySL =&y [29d]

where ¢ is the concentration of functional groups in the ion-
exchange membrane. OL'Z"I is the separation factor of the ion-
exchange membrane. In the present study it is assumed that a'{‘l
= 1. At the internal boundaries between the membranes and the two
phases of the feed compartment all ionic fluxes and electrochemical

potentials are continuous.

Analysis

To analyze the equations and identify possible simplifications the
model equations are made dimensionless. A number of dimension-
less parameters, which characterize the process, are defined. The
significance of these parameters are further investigated in the Re-
sults and Discussion section.
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Feed compartment equations.— The equations in the feed com-
partment are made dimensionless by introducing the following di-
mensionless variables

~ X ~ y ~ j CI
X=—, y==, j=7, X;=—
h L Jo 10
Yy, = & @:i, <I~>=$, e=e=(1-¢) [30]
w b by

: [31]

Values of the diffusion coefficients in the pure liquid, D;, can be
found in the literature. The mobility of ions inside the fibers is lower
due to the friction caused by the backbone of the fibers and the
electrostatic attractions of the fixed groups In the analysis of the
model equations the following relationship between the diffusion
coefficients is used

D, =0.15D; [32]

The flow through the textile is treated as a plug flow in the y direc-
tion and thus, j = (0,]~'y,0).

The nondimensional electroneutrality conditions in the feed com-
partment are given by

Xl + X2 = X3 [33]
and

Y1+Y2=1 [34]

Using the dimensionless variables and coefficients the macro-
homogeneous conservation of mass equations can be expressed as

X, PX, Y Ax, V1 -eYDf o ob
2N - 0215 i — W X, —

o’ I a’Pe %3

o ob 8.72ePe'*D; =
+ —(x—ﬂ - U8 =0 fori=1-3 [35a]

o\ X 3(1 — €)9%Pe
and
0.15Ve3zZD,| o9 od af. ob
i | =\ Vo) + =\ Y
o Pe ay ay ox ox
0 15eH 2(921/ f_y) 8.72¢Pey’D; 3.0
x> 3(1 — €)92Pe !
fori=1,2 [35b]
where
= X*
Si = AX i x AXN(I+ [36]
Na*

Above, the following dimensionless parameters were introduced

h d F ® oL
ool g2l L @y Bl 5y

L L RT Cio DO
The long and slender geometry can be used to simplify the equa-
tions. Consider the limit when o> — 0 at the same time as & — 0
so that (¥/02) = 0 = constant. Furthermore, Pe — % in such a way
that 02Pe = Pe = constant. The parameters V, €, and ﬁi are kept
constant as o> — 0. In this limit the mass balance equations with

7 =1 can be written as

X, X, V1-¢e ob
— - 0279 — - ,~—D [
ay ox Pe ox\ X
8.72¢Pel} =
-——4 _p5 =0 [38a]

3(1 - €)a?0%Pe

01592 = 7¥, 0. 15Ve'5Z _ g ( ,9(13)
- D - ——— i
P %

Pe g Pe ox
8. 72€P61/ 3 =
+ —LD,-SL- =0 [38b]
3(1 - €)o20%Pe
where
D joh?
0=—=-L" and Pe:(rzPesz

[39]

q
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h

The model equations have now become parabolic instead of elliptic.
Thus, all the boundary conditions at ¥y =0 and y = 1 cannot be
fulfilled without reinstating the streamwise diffusion close to the
inlet and the outlet of the feed compartment. This problem is, how-
ever, not considered in this paper. The parabolic nature of the model
equations is used to simplify the numerical solution procedure. In-
stead of solving the full two-dimensional problem, one can march
through the feed compartment solving a sequence of one-
dimensional problems at each streamwise position. The upstream
solution provides the boundary condition at the next downstream
position. By doing this the boundary condition at y =1 is not
needed.

For the equations above to be balanced as > — 0 it is necessary

that S; — 0. Thus, the liquid phase is assumed to be in ion-exchange
equilibrium with the textile phase, which gives
YiX,
Y, =a; 40
ey [40]

and that the potential gradients in the two phases are related through

. ] z
—=—+ In [41]
X  ox V&x X, +X,

Hence, it is sufficient to solve three differential equations.

Eliminating S; from the mass conservations equations above
gives

X; ’X; L5 oD\ 0.15¢'°Z - FY,
0276— + zix(1 —€) D X—=|+———Di—=
ay X\ =~ ox Pe ox
L5 oP .
+ z,0.15x€ ZD Y— | fori=1,2 [42]
x
2.8 X5 a( ob
=0. 279— +z3x(1 — €)Dy— ~(X3 ) [43]
5 a oK
where

=D [44]

The governing equations in the feed compartment include the five

dimensionless parameters 6, X, €, Pe, and Z. 0, X, and Pe™! relate
dispersion, migration, and diffusion in the x direction to convection
in the y direction, respectively.

Membrane equations.— The equations in the membranes are
made dimensionless by introducing the following dimensionless
variables
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o X o x—-h
X =E, —ps=x=0x"= " , hs=xsh+p
c n
g2 o g [45]
L CO (1)()

and dimensionless diffusion coefficients

~ D"

m _ i

Di - D

0

The concentrations in the membrane are scaled with the concen-

tration of the fixed charges. This means that the nondimensional
electroneutrality condition in the membrane can be expressed as

X"+ X0 =1 [47]

The dimensionless form of the mass-conservation equations, us-
ing the flux scale, jocoh/Lp., is given by

[46]

. PX" d ap™
byl X+ — X\ X, ]| =0 [48]
Pe 0% ox ox
where
Dmcm
= 00" [49]
Dycpp

Since the membranes are very thin, w < L, all derivatives along the
cell are neglected in Eq. 48, analogous to the treatment of the equa-
tions in the feed compartment. The physical interpretation of the
new dimensionless parameter v is that it relates the flux by diffusion
through the membrane to the diffusion in the feed compartment. It is
clear that y can be eliminated from Eq. 48; however, vy enters the
model when ensuring continuity of the ionic fluxes over the mem-
brane surfaces as is shown later. The relative importance of the
diffusion through the membrane compared to the convective trans-

port in the FC is reflected by the ratio between y and Pe

=L [50]

Pe
In this paper I', rather than Pe, is used as the independent pa-
rameter together with -y.

Dimensionless boundary conditions.— The dimensionless boun-
dary conditions are given by

ml ml
A5 Clee 0y Cilee
2 €1 2 €1
Xilenery = ——— > X{lenoi= ———i— [51a]
Coce + (12 Clee Coce + OLZ Clee
Coce Coce
m CC m CC
Xz |fm=_] = —ml’ X2 |5gm=1 = 7 [Slb]
Coce + Ay Clee Coce + Q) Cree
CD’”|;m=,, =0 [51¢]
O = [51d]
The nondimensional inlet boundary condition is given by
Cio .
Xilyeo=—= fori=1-3 [52]
€10

At the internal boundaries between the membranes and the feed
compartment ion-exchange equilibrium is assumed to hold
Xrln le;n
oS
X, X,
where the stared concentrations are taken to be in the liquid phase at

the membrane surface. It is assumed that the Donnan potential jump,
at the membrane surface, is given by

[53]

m
€0

m = exp[V(®" - D7)] [54]

Since the ratio c{j/cq appears at both membrane interfaces its value
is not needed, i.e., in the model it is sufficient to use

1
—— = exp[ V(D" - & 55
X+ X) p[U( )] [55]

The fluxes of the counter ions, 1 and 2, are continuous and the
flux of the co-ion, 3, is zero over the membrane surfaces. In the
appendix it is shown that the slenderness ratio, o, is needed to
ensure continuity of the fluxes at the internal boundaries. This is the
final parameter needed to describe the continuous electropermuta-
tion process.

Results and Discussion

From the analysis of the model equations it was found that the
continuous electropermutation process, using ion-exchange textile
as conducting spacer, can essentially be described by the following
dimensionless parameters: 6, x, v, I', Z, €, and o. The relative im-
portance of mechanical dispersion and migration in the feed com-
partment, compared to convection, is described by 6 and x, respec-
tively. I' gives information about the relative importance of diffusion
through the membranes compared to the convection in the feed com-
partment. vy relates the flux by diffusion through the membrane to
diffusion in the feed compartment and is usually fairly large. Z rep-
resents the ratio between the intrinsic averages of the concentration
of functional groups in the ion-exchanger to the feed water concen-
tration. This is a design parameter of the ion-exchange material,
which essentially is the dimensionless ion-exchange capacity of the
textile. € is another design parameter of the ion-exchange textile
defined as the volume fraction of the fibers. The slenderness ratio, o,
is a design parameter of the cell defined as the thickness-to-length
ratio of the FC.

Reasonable magnitudes of the nondimensional parameters were
obtained by estimating typical values of the physical quantities. A
typical feed water concentration was obtained by considering a
1.6 mM NaNO; (100 ppm NO53). The concentrate solution was cho-
sen as a solution with 0.2 M NaCl and 0.02 M NaNOj. A typical
length of the cell was chosen to be L = 0.3 m, and a typical thick-
ness of the feed compartment is # = 3 mm. This gave a slenderness
ratio, ¢ = 0.01, which is small enough for our simplification of the
model equations to be justified. The average fiber diameter in the
textile was assumed to be dy = 12 wm, and the volume fraction of
fibers in the textile was taken to be € = 0.15. The membranes were
assumed to have a thickness w = 0.2 mm and a concentration of
fixed charges of 1.5 M. The diffusivities in the membrane are typi-
cally two orders of magnitude smaller than in the solution.”” Thus,
based on these estimates the values of 6 = 0.4 and y = 140 were
kept constant in the simulations presented in this paper. A conse-

quence of keeping vy constant is that Pe and I' no longer can be
treated as two independent dimensionless parameters. The model
equations were simplified in the limit of high Pe. Typical values for
the velocity of the flow in the FC lies in the interval j, = 0.01
— 0.1 m/s. This gives values of Pe in the interval 10® — 107, which
is large enough for the approximations made to be justified. The
corresponding values of I" are in the range 0.047-0.47. The value of
X was varied in the interval 0-0.2, for which the upper limit would
give a potential drop of 1.5V at the lower flow rate, jj
= 0.01 m/s. However, for the higher flow rate, j, = 0.1 m/s, x
= 0.2 would correspond to a potential drop of 15 V, which might be
unreasonably high. The parameter values used in the simulations are
summarized in Table 1.

The model equations were discretized using a conservative finite
volume scheme, which was second-order accurate in the x direction
and first-order accurate in the y direction. The nonlinear system of
equations obtained was solved using the fsolve routine in Matlab.
The number of node points was gradually increased in order to
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Table 1. Parameter values used in the simulations.

Concentrations

Cro 1.6 (mM)

c30 1.6 (mM)
Clee 0.2(M)
Coce 0.2 (M)

Physical parameters
D, 1 X 107 (m?s7")
D, 1.902 X 107 (m? s~H)"7
D, 2.032 X 107 (m2s™)"
D, 1.334 X 107 (m?s™)"”
DY 1 X 107" (m* s7")
D" 2.8 X 1071 (m?s7)”’
DY 3.9 X 107! (m? 57”7
Nondimensional parameters

a) 1
ot 1

€ 0.15

v 140

o 0.01

0 0.4

X 0-0.2

/ 1, 100, 620, 1500

r 0.047, 0.094, 0.47

obtain grid-independent solutions with 40 nodes in the x direction
and 80 nodes in the y direction.

The distribution of nitrate in the feed compartment is shown in
Fig. 3 for a simulation with x = 0.1, I' = 0.094, and Z = 620. The
anode is located on the right side of the feed compartment. Due to
the applied electric field the nitrate concentration is shifted towards
the membrane on the anodic side of the compartment.

The current density in the cell may vary from the inlet to the
outlet depending on the composition of the solution. In an electrodi-
alysis cell one would expect the current density to decrease as one
moves toward the outlet, since the conductivity of the solution de-
creases with increasing streamwise position. With electropermuta-
tion this is not the case as can be seen in Fig. 4, where the current
density distribution is presented. The current density increases as

r -10.9

"0 0.2 03 04 0.5 0.6 0.7 0.8 0.9
X[

Figure 3. The nitrate concentration distribution in the feed compartment at
steady state for x = 0.10, I' = 0.094, and Z = 620. The anode is located on
the right side of the feed compartment. It is clear that the nitrate distribution
in the feed compartment is shifted toward the anode. The same plot with
X =0, i.e., Donnan dialysis, shows a perfectly symmetric concentration
distribution.
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Figure 4. The current density distribution in the cell as a function of stream-
wise coordinate for x = 0.10, I' = 0.094, and Z = 620.

one moves from the inlet toward the outlet. This can be explained by
the gradual replacement of nitrate ions for the slightly more mobile
chloride ions.

In Fig. 5 the concentration of nitrate in the product is plotted as
a function of x. The different curves in Fig. 5 represent different
values of I" with a constant Z value of 620. It is clear that the nitrate
concentration in the product decreases with increasing x until the
limit of the separation possible to achieve is reached. The value of x
where the nitrate concentration in the product reaches the require-
ments set on the product represents the optimal value of x. This
gives the optimal relationship between the applied potential and the
flow rate through the feed compartment. For example, if it is re-
quired that 90% of the nitrate is removed, one finds from Fig. 5 that
the optimal x value is between 0.12 and 0.14 for all values of I'. The
potential difference needed to obtain this value of x for the highest
flow rate, estimate j, = 0.1 m/s, is found to be ¢¢ = 10 V. This
might be an unrealistically high value for the potential difference.

0.9 . ; . . ; . ; : T
: : I=0.047

08 : © | = = =T=0.084 |
st [=0.47

004 008 008 01 012 014 018 018 02
%[

i
o 0.02

Figure 5. Nitrate concentration in the product as a function of x obtained
from simulations of continuous electropermutation. The different curves rep-
resent different values of the dimensionless number I' as indicated in the
figure. The value of Z in these simulations was 620.
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Figure 6. Overall current efficiency as a function of x. The different curves
represent simulations with different values of I'. The value of Z was 620.

Instead one has to adjust the flow rate and/or the thickness of the
feed compartment according to the maximum potential difference
acceptable.

From Fig. 5 it is clear that nitrate is removed from the feed
compartment even when x is zero. The reason for this is the Donnan
dialysis effect,”® and its relative importance is indicated by the di-
mensionless parameter I'. It is found that the nitrate removal due to
Donnan dialysis increases with increasing I'. High I' values repre-
sents a configuration where membranes with high conductivity are
used in a long and slender cell operated at low flow rate. In the
simulations presented here the value of I' was changed by varying
the flow rate through the feed compartment.

The fraction of the current used to remove nitrate is given by the
overall current efficiency, m. The following definition of My is used

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

FegAX hjg

Nr = 1
o[ s

0

where AX| = X,(Feed) — X,(Product) and |i;| is the absolute value
of the current density in the feed compartment. In Fig. 6 the overall
current efficiency has been plotted against x for different I' values.
The definition of the current efficiency gives very high values of the
efficiency at low values of x where the Donnan dialysis effect re-
moves nitrate without contributing to the current density. The curves
for different I" values collapse as x is increased. This indicates that
migration becomes the dominating transport mechanism in the
membranes as the value of x increases. From Fig. 6 it is clear that an
increased x value leads to a decreased overall current efficiency.

An alternative way to illustrate the effect of x presented in Fig. 5
is given in Fig. 7, where the nitrate concentration, averaged over the
thickness of the FC, is given as a function of streamwise position in
the feed compartment. Each line in the plot corresponds to a specific
value of x at a constant I value of 0.094 and Z value of 620. The
slope of the curves in Fig. 7 illustrates the contribution to the nitrate
removal from different parts of the feed compartment. For low x
values the nitrate concentration decreases almost linearly from the
inlet to the outlet. This indicates that nitrate removal takes place
over the total length of the feed compartment. Increasing the value
of x gives a concentration profile that levels off toward the end of
the cell, indicating a decrease in the nitrate removal efficiency. At
x = 0.2, essentially only the first half of the feed compartment is
contributing to the removal of nitrate.

The decrease in nitrate removal efficiency with streamwise posi-
tion can also be shown by looking at the local current efficiency, m,

defined as
1
[ s
0

In Fig. 8 the local current efficiency, m, is presented as a function of
streamwise position. The current efficiency is high in the beginning

[56]
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Figure 7. Nitrate concentration in the lig-
e - uid phase, averaged over the gap between
the membranes, as a function of stream-
: wise coordinate for different values of x.
: - The Z value was 620 and I" was 0.094.
~ e \ -
. el -
wiaaLrL oo L l.““;"""' S
0 ] ] I I ! I I I I
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1



Journal of The Electrochemical Society, 153 (4) D51-D61 (2006) D59

2 . . . . . : . : :
: : : — =0.024
== =y=0.082

1.8 i =014 |

xxxxx ¥=0.20

Figure 8. Local current efficiency as a function of streamwise position, y.

of the feed compartment, where the concentration of nitrate is still
high compared to chloride, for all values of x. Marching down-
stream through the feed compartment the nitrate ions are gradually
replaced by chloride ions. Finally, as nitrate carries the same fraction
of the current over both membranes, the local current efficiency
becomes zero.

If x =0 and an infinitely long cell is used, nitrate separation
continues until the concentrate and feed solutions are in Donnan
equilibrium over the membrane. Assuming that the separation coef-
ficient of the ion-exchange membrane is one and independent of the
concentrations, then this limit is given by

X - Xice [58]
X2 XZCC

Thus, the maximum separation possible to achieve with Donnan
dialysis is determined directly by the composition of the concentrate
solution. In the simulations presented in this paper the feed solution
at the inlet was taken to be free from chloride, i.e., X;p = X39 = 1.
Thus, the above expression can, using the electroneutrality condi-
tion, be rewritten as

X, = —<¢ — —01 [59]

Looking at the result presented in, e.g., Fig. 5, it is clear that the
nitrate concentration obtained in the product is lower than this value
for the simulations with high x values independent of the value of I.

Another expression for the minimum nitrate concentration pos-
sible to reach is obtained by considering the case when x and Z are
high. In this case migration can be assumed to be the dominating
transport mechanism in the membranes. In the feed compartment
migration in the textile phase is dominating the transport. Again an
infinitely long cell is considered. The transport of nitrate and chlo-
ride through the membranes then has to equal the transport through
the feed compartment. Forming the ratio of the nitrate flux to the
chloride flux in the membrane and setting it equal to the correspond-
ing ratio in the feed compartment gives

oy by, o)
DX - =
242 D,Y,

Assuming the separation factor, océm = 1, and using electroneutrality
in the textile phase gives the nitrate concentration in the textile

Y, = EZDrInchc [61]
1= _
D,DVX .. + D\DYX.

The corresponding concentrations in the product are obtained by
considering the ion-exchange equilibrium between the liquid and the
textile with o} = 1, whereby

X Y

=L = —L <~ Constant [62]

X, 1-Y,
The above equation also holds for the averages over the feed com-
partment, i.e., it holds for the concentrations of the product. Further-
more, electroneutrality for the product gives that

Xl +X2 =X3 [63]

In the simulations presented in this paper X3 in the product equals 1.
This gives that
D,D}'X
Xy =Y = [64]
DZD'InXlCC + DIDIZnXZCC

With the values of the diffusion coefficients and the composition of
the concentrate used in the simulations presented in this paper, the
minimum value of X; would be 0.0072. Comparing this with the
results presented, e.g., in Fig. 5, it is found to correspond very well
to the lowest nitrate concentration obtained. One might argue that
this limit is not that much lower than the limit (Eq. 59) obtained for
pure Donnan dialysis. However, one should remember that theses
limits are obtained for infinitely long cells. As illustrated in Fig. 7,
the limit is approached much faster as x is increased. It can be
concluded that the maximum nitrate separation possible to accom-
plish generally will depend on the selectivity of the membrane and
ion-exchange textile, the diffusivities in the membrane and textile,
and of course, on the composition of the concentrate solution.

The dimensionless number Z, defined in Eq. 37, represents the
ratio between the intrinsic concentration of the fixed ion-exchange
groups in the fiber-phase and the concentration of nitrate in the feed.
The idea behind incorporating an ion-conductive spacer in the feed
compartment is to increase the effective conductivity, which reduces
the power consumption of the process. Furthermore, the transport of
nitrate ions from the solution to the ion-exchange phase takes place
over a much larger area, i.e., the surface area of the spacer and
membrane. This reduces problems associated with concentration po-
larization. Hence, a much higher current can be applied before the
limiting current density is reached. The analogy to the use of porous
electrodes for metal ion removal is close at hand. Increasing the
value of Z leads to a higher contribution from the textile to the
separation process and hence, a faster separation.

In Fig. 9 the concentration of nitrate in the product is plotted as
a function of x for different values of Z. This illustrates the influence
of the fiber phase ion-exchange capacity on the nitrate removal. A
realistic value of the capacity of the anion-exchange textiles avail-
able today is about 1 meq/g. Assuming that the density of the fibers
is roughly 1000 kg/m?, one finds that a textile with a density of
150 kg/m? would have a volume fraction of fiber, €, equal to 0.15. A
textile with the above-mentioned density and capacity would have a
concentration of functional groups, w, of 1 M. Using such a textile
to treat a 100-ppm nitrate solution would give a Z value of 620. If
the same textile would have an ion-exchange capacity of 2.4 meq/g,
a reasonable value for ion-exchange resins, the corresponding Z
value would be 1500. A Z-value of 1 corresponds to the case where
the concentration of functional group in the textile is the same as the
nitrate concentration at the inlet. In such a case the textile phase has
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a lower conductivity than the liquid phase and its main contribution
to the process will merely be as an effective “turbulence” promoter.

It is found that the amount of nitrate removed by Donnan dialy-
sis, x = 0, increases only slowly with Z. This indicates that the mass
transfer to the membrane surface in the fiber-phase increases with
increasing Z value. However, the mass transfer through the mem-
brane is the rate-determining step in Donnan dialysis, hence, the
rather weak influence of Z on the separation at x = 0.

The importance of the ion-exchange capacity of the textile phase
is illustrated when the electric field is applied. As can be seen, the
nitrate concentration in the product decreases quickly when x in-
creases in the simulations with high Z values. It is clear that increas-
ing the value of Z makes the optimal value of x lower. Thus, when
the capacity of the conducting spacer used is increased one can
operate at a higher flow rate at a given potential drop or decrease the
applied potential at a given flow rate. Making the same assumption
as when estimating the maximum nitrate separation possible, i.e.,
migration in the textile is the dominating transport mechanism, one
can argue from Eq. 42 that the product Zx sets the criteria for reach-
ing the limit concentration. One finds from Fig. 9 that for the two
highest capacities the limit is reached at Zy = 124 in both cases.

If the capacity of the textile is low, a higher value of x is required
to remove a sufficient amount of nitrate. Increasing x by raising the
potential difference might lead to concentration polarization at the
surface of the membrane located closest to the anode. If the concen-
tration close to the membrane surface becomes sufficiently low the
concentrations of hydroxide and oxonium ions can no longer be
neglected. The hydroxide ions in the water will then participate in
the transfer of electric charge over the membrane. To replace the
hydroxide ions that are transferred over the membrane, water starts
to dissociate into its ionic products. This leads to a pH change in the
feed and concentrate compartments. The present model cannot cap-
ture this effect. However, it is an important task for future work to
incorporate the effect of water dissociation and the resulting change
in pH.

== 7Z=100
— 7=620
= 221500 1
: Figure 9. Concentration of nitrate in the
R product as a function of the dimensionless
S parameter x, plotted for different values of
7 S the dimensionless parameter Z as indi-
~ o cated in the figure. The value of I in these
rrrrrrrrrrrrr simulations was 0.094.
1 1
0.16 0.18 0.2

Conclusions

This paper presented a macrohomogeneous steady-state model
for nitrate removal by continuous electropermutation using an ion-
exchange textile as conducting spacer. The macrohomogeneous
equations were obtained by taking the volume averages of the gov-
erning equations at the microscopic level. To obtain expressions for
the macrohomogeneous fluxes it was assumed that the two phases
that contribute to the mass-transfer are in a parallel arrangement.
The model equations and boundary conditions were made dimen-
sionless and appropriate simplifications were identified. The slender
geometry of the domain was used to simplify the equations. Up to
this point the model would have been equally valid for a configura-
tion where an ion-exchange resin bed is used as conducting spacer.
However, the relatively small diameter (10 wm) of the fibers in a
typical ion-exchange textile made it possible to assume ion-
exchange equilibrium between the phases. This reduced the number
of unknowns in the model. From the analysis of the dimensionless
model equations and boundary conditions it was found that the fol-
lowing parameters characterizes the process: 0, x, v, I', Z, €, and o.

The influence of ¥, I', and Z on the process was investigated by
solving the model equations numerically. The dimensionless number
X. defined in Eq. 44, was found to be the key number to study when
the operating conditions are to be optimized. The optimal relation
between the applied potential and the flow rate through the feed
compartment is found by studying x and its influence on the pro-
cess. The relative importance of the removal due to the Donnan
dialysis effect was found to be reflected by the dimensionless num-
ber I' as defined in Eq. 50. It was found that a significant amount of
nitrate could be removed by Donnan dialysis. Assuming that v is
kept constant, I" has no influence on the nitrate concentration in the
product for high x values.

Z is the parameter that represents the ratio between the intrinsic
concentrations in the ion-exchanger and in the solution, i.e., it can
be thought of as the dimensionless capacity of the ion-exchange
textile. Simulations gave that increasing the Z value reduces the
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value of the optimal x in such a way that Zx = constant. When Z is
raised the conductivity of the feed compartment increased and a
lower potential drop is required to drive a specific current density.
It has been shown that simulations based on the developed model
can provide valuable information that is useful for optimizing the
process parameters as well as in the stage of designing the equip-
ment. The water considered in the simulations presented was typi-
cally a 100 ppm nitrate solution. Using the equipment, membranes,
and textile considered it should be possible to obtain a product with
about 10 ppm nitrate at a flow rate of 0.01 m/s and a potential drop
of 1.0 V. The nitrate level in the concentrate solution was taken to
be 1000 ppm, which is high enough for a further electrochemical
treatment to produce harmless nitrogen. The limitation to the nitrate
separation possible to achieve is determined by the composition of
the concentrate solution, membrane selectivity, and the diffusivities
of the ions in the membrane. The results from the simulations should
be compared to experimental results in order to validate the model.

Acknowledgment

The work was financed by the VINNOVA competence center,
FaxénLaboratoriet, with the main industrial partner in this project
being Vattenfall AB.

Royal Institute of Technology assisted in meeting the publication costs of
this article.

Appendix
Continuity of the counter ion fluxes over the internal membrane surfaces can be
expressed as

NC=N'=N" at¥=0,1 fori=1-3 [A-1]

i
where NFC, N/ and N are the fluxes in the feed compartment, in the Nernst diffusion
layer, and in the membrane, respectively.

The flux in the FC scaled with jocqo is given by

rC aX; ) _ [Ty, )

N;-=|-0270— - z;xD:X;,— - 0.15ZD;\ —— + z;x¥i— [A-2]
i . .
X ox Y ox X
and the flux in the membrane using the same scale is given by
~ " oD
i

N'= DZ'"|:_ Fﬁj{’” -z XX} P [A-3]

The algebraic expressions for the fluxes of counterions through the Nernst diffusion
layer scaled with jycoo is given below. The zero flux of the coin through the diffusion
layer is used to eliminate the potential gradient in the Nernst layer

. 0277 X; 0.27'3 - Y,
N = = ———D,| AX; + —LAX; | - —=———0.15ZD,| AY; + —tAX;
a(Pet)?? X3 a(Ped)?? X3
Y.l (AX; + AX.
JRANEES »] [ad]
Xy (X +Xp)
In the above expression AX;, AY,, and A(Y,X;") are given by
AXfeo = (X; - X)) [A-5]
AX ey = (X] = X)) [A-6]

Ao = (Y, - Y)) [A-7]
AYifey = (¥, = 7)) [A-8]
[A-9]

Thus, the slenderness ratio of the cell o enters the equations as a parameter that needs
to be specified in order for the counter ion fluxes to be continuous over the membrane
surface. In principle, as the analysis is performed in the limit when ¢ goes to zero, o
goes to zero also, although not as fast as ¢ (see Analysis section). Then, since in Eq.

A-4Z, Pe = (y/T), and 8 are of order one as o> — 0, the fluxes in the Nernst layer, Nf”,
are finite only if AX; ~ AY; ~ o. Thus, in the limit ¢ — 0 the concentrations differ-
ence over the Nernst layer are all zero. However, in our estimates of typical parameters
in the Results and Discussion section o = 0.01, which together with 6 = 0.4, y = 140,

and T =0.047 - 047 give of(Pe0)*?/0.27"%] = o[y¥30%3/1%30.27'] = 0.6 - 2.7
for the denominator of Eq. A-4, i.e., numerical values that are not truly small. There-
fore, the asymptotic limit ¢ — 0 is not applied in Eq. A-4, and results of the calcula-
tions with o = 0.01 in Eq. A-4 give AX; and AY; # 0.
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Increased nitrate levels in the groundwater have made many
wells unsuitable as drinking water sources. There are a number of
available techniques for removal of nitrate for production of drink-
ing water, such as biological methods, ion exchange, and
electrodialysis.I In the first part of this series of paper2 nitrate re-
moval by electroextraction or continuous electropermutation
(CEP)3‘5 was investigated theoretically. A steady-state model of the
CEP technique, with an anion-exchange textile incorporated as a
conducting spacer in the feed compartment, was derived. The pa-
rameters describing the process were identified. The maximum ni-
trate separation possible to accomplish was discussed. Furthermore,
it was found that the separation of nitrate at zero current, i.e., by
Donnan dialysis, could be quite substantial.

In the present paper nitrate removal by CEP is investigated ex-
perimentally for the first time. A new nonwoven textile with strong
anion-exchange properties is tested as a conducting spacer in the
feed compartment. The advantages of using this ion-exchange textile
compared to conventional ion-exchange resins are faster ion-
exchange kinetics, easier handling, and lower pressure drop.6

The purpose of the work presented in this paper is to:

1. Investigate the performance of continuous electropermutation
for nitrate removal.

2. Investigate the influence of using an ion-exchange textile as
conducting spacer in the feed compartment as compared to a non-
conducting net-type spacer.

3. Compare the experimental results with the predictions made
by the steady-state model presented in part one of this series of
papers.

Experimental

The cell used in this study was composed of five compartments
separated by ion-exchange membranes; a schematic is presented
in Fig. 1. The electrode compartments were taken from an
Elec:troSynCell.7 A DSA electrode, titanium coated with iridium-
oxide, was used as anode and a nickel electrode as cathode. The
electrode and concentrate compartments were separated by cation-
permeable membranes to prevent chloride ions from being trans-
fered into the electrode compartments. This minimizes the risk of
chlorine evolution in the electrode reactions. The feed and concen-
trate compartments were 3-mm-thick and separated by anion-
permeable membranes. Net-type (PE) spacers were used to provide
mechanical support to the membranes. When the ion-exchange tex-
tile was used, it replaced the net-type spacer in the feed compart-

* Electrochemical Society Active Member.
* E-mail: carl-ola@mech.kth.se

ment. Each compartment was 0.28 m in the streamwise direction
and 0.15-m wide, giving an active membrane area of 0.04 m?,

The concentrations of nitrate, chloride, and sulfate ions were
determined by ion chromatography, using the Dionex Agl7 and
As17 columns, and pH was measured with a pH electrode from
Radiometer.

lon-exchange materials.— The characteristics of the textile and
membranes used are given in Table I. The Neosepta standard-grade
membranes AMX and CMX from Tokuyama Soda were used to
separate the compartments.

The ion-exchange textile used was developed within the EU-
funded research project Tontex.® It is a nonwoven felt made of cel-
lulose fibers with ion-exchange groups introduced by electrobeam
grafting. The selectivity of a textile similar to that used in this study
was investigated by Passounaud et al.” It was found that the separa-
tion factor between nitrate and chloride, agl(_)3, for this type of textile
was around 2. The separation factor is defined as

voy _ [INOJICIT]
apos - NOICI (1]
[NOz][CI]

where the bars indicate concentrations in the textile phase. The tex-
tile was not specially designed to be nitrate-selective.

Operating conditions.— Before the textile was introduced into
the cell it was washed carefully with deionized 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 chlo-
ride solution.

A synthetic sodium nitrate solution served as feed. The level of
nitrate in the feed was 105 ppm, which corresponds to 1.7 mM. The
initial solution in the concentrate container was 20 L of 0.2 M so-
dium chloride, which was recirculated. The level of nitrate in the
concentrate solution gradually increased and the chloride concentra-
tion decreased during the experiments. The concentrate solution was
sampled before and after every experiment to determine the compo-
sition of the solution. When the nitrate concentration in the concen-
trate was higher than 5% of the chloride concentration or the pH of
the concentrate solution exceeded 8.5 the concentrate solution was
replaced.

The initial solution in the electrode container was 10 L of 0.3 M
sodium sulfate, which was recirculated. Samples of this solution
were taken before and after every experiment to make sure that no
chloride or nitrate ions had leaked over to the electrode compart-
ment. This could happen if the cation-permeable membranes were
damaged.
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Figure 1. A schematic of the principle of continuous electropermutation
used for nitrate removal. The nitrate in the feed water is replaced by another
anion, in this case chloride, under the influence of an applied electric field.

The current passed through the cell was varied between 0 and
1 A, corresponding to an average current density of 025 A/m?. A
single-pass mode of operation was used for the feed. The product
water was collected at the outlet of the feed compartment. A true
steady state did not exist for this setup since the composition of the
concentrate solution changed continuously. This change, however,
was very slow, and a quasi-steady state was established at each
value of the current after some time of operation. It was found that
at least 30 min of operation was needed each time the current had
been changed before the quasi-steady state was reached.

Experiments were carried out with and without the ion-exchange
textile in the feed compartment and with different pressure drops
applied over the feed, concentrate, and electrode compartments. The
different experiments presented here are denoted cases A—E and are
presented in Table II.

Results and Discussion

In the first experiments carried out, cases A and B, the same
pressure drops were employed over all compartments. The pressures
were adjusted so that the same flow rate was obtained both with and
without the textile. In case A, with the textile included, the applied
pressure drop was 0.17 bar and in case B, without the textile, it was
0.13 bar. The superficial flow velocity through the feed compart-
ment in these experiments was 1.7 cm/s.

In Fig. 2 the concentrations of nitrate and chloride in the product
at different average current densities are presented for cases A and

Table 1. Properties of ion-exchange textile and membrane used.
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Figure 2. Nitrate and chloride concentrations as function of average current
density. In case A the ion-exchange textile was incorporated and in case B a
polyethylene net-type spacer was used. The mean velocity in the feed com-
partment in these cases was 1.7 cm/s. In case C the textile was incorporated
and the pressure outside of the feed compartment was increased in order to
press the membranes against the membrane. This led to a decreased flow
through the feed compartment and the mean velocity was only 0.4 cm/s.

B. The initial concentration of nitrate in the feed was 1.7 mM. In
case A the nitrate level is decreased to 1.2 mM at zero current and in
case B it is decreased to 1.4 mM at zero current. The difference in
chemical potential over the membranes for chloride makes the chlo-
ride ions diffuse into the feed compartment. A transport of nitrate in
the opposite direction, driven by an electrical potential difference,
then has to take place to ensure that the electroneutrality condition is
fulfilled. This separation process, which uses ion-exchange mem-
branes without applying an external electric field, is called Donnan
dialysis.l
The separation of nitrate, defined as

Table II. The different test cases. FC refers to feed compartment.
EC and CC refer to electrode compartments and concentrate
compartments, respectively.

Textile AMX CMX Cases A B C D E
Type Anion-exchange Anion-permeable Cation-permeable Spacer Textile Net-type Textile Textile Net-type
Textile membrane membrane AP EC (bar) 0.17 0.13 0.15 0.30 0.10
Thickness (mm) 3.0-33 0.16-0.18 0.17-0.19 AP EC and CC (bar) 0.17 0.13 025 040 0.20
Capacity (meq/g) 0.5-0.7 1.4-1.7 1.5-1.8 Mean velocity in FC (m/s) 0.017  0.017 0.004 0.012 0.012
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Table I11. The separation of nitrate, as defined by Eq. 2, by Don-
nan dialysis and continuous electropermeutation for the different
cases reported.

Cases A B C D E

Ryo; (0 A/m?) 0.24 0.18 0.91 0.57 0.21
RNoj (25 A/m?) 0.35 0.29 0.97 0.86 0.40

CNO;(Feed) - CNO;(Product)
- Crox(Feed)

(2]

is given in Table III. In case A, with the textile, the nitrate separation
increases from 24% at zero current up to 32% at 5 A/m?. Raising
the current density further does not lead to an increased nitrate re-
moval. The same behavior is seen in case B, without the textile. It
seems that raising the current density does not lead to an increased
nitrate removal. To consider the electropermutation as a successful
process a nitrate separation of 75-80% should be accomplished.
This would translate into a product water with about 25 ppm nitrate,
which is the recommended upper limit of nitrate for drinking water.
Thus, these first experiments cannot be considered successful.

The concentration of chloride in the product, however, increases
with the average current density, as is seen in the lower part of Fig.
2. The poor improvement of nitrate removal as the current density
increases is believed to be due to dissociation of water taking place
in the feed compartment. This produces hydroxide and oxonium
ions that will compete with the nitrate ions in carrying the current.
The pH of the product water, presented in Fig. 3, decreases from 5.7
at 5 A/m? to 3-3.5 as the current density is increased to 25 A/m?>.
This indicates that water dissociation takes place in the feed com-
partment and the generated hydroxide ions are transferred over the
membrane instead of the nitrate ions. The results from cases A, with
textile, and B, without textile, are almost identical. This would in-
dicate that the performance of the ion-exchange textile as a conduct-
ing spacer is very poor. The slightly higher nitrate separation ob-
tained in case A, with the textile included in the cell, can be
explained by an increased mechanical dispersion provided by the
textile compared to the net-type spacer.

One possible explanation for the poor performance of the textile
is the creation of preferential flow paths between the membrane and
the ion-exchange textile. This problem was described in the thesis of
Dejean6 and leads to insufficient contact between the membrane and
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Figure 3. pH in product as a function of average current density. Case A is
with ion-exchange textile incorporated and case B is without textile.
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Figure 4. The concentration of nitrate and chloride in the product as a
function of average current density for cases D and E. In these cases the
mean velocity in the feed compartment was 1.2 cm/s. The textile was incor-
porated in case D and in case E the net-type spacer was used.

the textile. In order to utilize the ion-exchange character of the tex-
tile it is important to ensure that a satisfactory contact between tex-
tile and membranes is established.

In the experimental setup used, the pressure difference over the
membranes could not be determined. However, the pressure drop
over each compartment, i.e., the pressure difference between the
inlet and outlet, could be controlled independently. In case C the
pressure drop over the concentrate and electrode compartments was
increased to 0.25 bar whereas the pressure drop over the feed com-
partment was set to 0.15 bar. The idea was to press the membrane
against the textile by increasing the pressure outside of the textile-
filled compartment.

The velocity of the feed solution through the feed compartment
obtained in case C decreased from 1.7 to 0.4 cm/s. This indicates
that resistance for the flow in the feed compartment increased as a
consequence of the increased pressure outside of the feed compart-
ment. As can be seen in Table III and Fig. 2, a nitrate separation of
about 90% was obtained by Donnan dialysis in case C. Thus, apply-
ing the electric field seems unnecessary in this case.

In order to study the influence of the applied electric field it was
necessary to increase the flow rate through the feed compartment. In
cases D and E, with and without textile incorporated, respectively,
the linear flow velocity of the feed was 1.2 cm/s. In both cases D
and E the pressure drop over the feed compartment was adjusted to
be 0.1 bar lower than over the other compartments, as was done in
case C.
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Figure 5. The pH of the product as a function of average current density for
cases D and E.

The concentrations of nitrate and chloride in the product for
cases D and E are shown in Fig. 4. The nitrate removal by Donnan
dialysis is much higher in case D, with textile incorporated, com-
pared to case E, without textile. In case D a nitrate concentration of
0.7 mM was obtained with the current switched off, compared to
1.35 mM in case E. Thus, the textile improves the mass transfer to
the membranes. Results obtained from simulations® showed that the
capacity of the ion-exchange textile only had a weak influence on
the nitrate removal by Donnan dialysis. However, the structure of
the textile material generates an effective mixing of the liquid phase
in the feed compartment (FC), which reduces the thickness of the
diffusion layers at the membranes. This can explain the improved
nitrate removal by Donnan dialysis with the textile.

In case D the nitrate removal increased as the current density
increased; this is presented in Fig. 4. At 25 A/m? the nitrate sepa-
ration was 86%, corresponding to a reduction from 1.7 mM
(105 ppm) to 0.25 mM (15 ppm). This is well below the regulated
maximum level of 50 ppm for drinkin; water and also below the
recommended maximum of 25 ppm.”’l This indicates that continu-
ous electropermutation could successfully be used as a method for
production of drinking water from nitrate-contaminated sources. The
composition of the concentrate solution can be changed depending
on the quality of the feed water. For example, if the pH of the feed
is low one can accomplish a pH adjustment at the same time as the
nitrate is removed by using a concentrate solution with a high pH.

Increasing the current density above 10 A/m? in case E, without
the textile, does not result in an increased nitrate removal. Instead
water dissociation becomes important and hydroxide ions are re-
moved from the feed compartment instead of nitrate. Hence, it can
be concluded that the use of an ion-conductive spacer in the feed
compartment makes it possible to operate the process at a higher
current and remove more nitrate at a given flow rate. The ion-
exchange textile used in the present study made it possible to in-
crease the current density to 25 A/m? before water dissociation be-
came influential. The result obtained for case E resembles those
obtained for case B. Thus, the increased pressure outside of the feed
compartment did not affect the separation for the cases without ion-
exchange textile incorporated. This supports the idea that the differ-
ence between cases A and D is explained by an improved contact
between the membrane and the textile. A good contact between the
conducting spacer and the membranes is necessary for the continu-
ous electropermutation process to be successful.

It is expected that the change in pH should be less in case D
compared with case A, in which the textile was also incorporated,
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Figure 6. Changes in concentration over the feed compartment for case D
with textile incorporated to the left and case E without textile to the right.
The amount of nitrate removed is plotted at the top. In the center the increase
in chloride concentration is plotted and at the bottom the decrease in hydrox-
ide concentration is plotted against the average current density.

since nitrate is removed instead of hydroxide. That this is also the
case is illustrated in Fig. 5, where the pH values for case D, with
textile, and case E, without textile, are presented. In case D the pH
went down to 4.4 at a current density of 25 A/m? compared to 3.5 in
case A. In the corresponding experiments without textile incorpo-
rated the pH decreased to 3.2 in case B and to just under 3 in case E.
This difference can be explained by the longer residence time in
case E compared to case B.

In Fig. 6 the nitrate removed, chloride introduced, and hydroxide
removed by the transport through the membranes are shown for
cases D on the top and E at the bottom. The amount of hydroxide
removed is calculated from the change in pH over the feed compart-
ment. The change in pH in case E, where the textile was not incor-
porated, is more significant than when the textile was used. This is
also reflected in the net introduction of chloride, which is higher in
case E. In case D a higher degree of the current over the membrane
on the anode side of the feed compartment is carried by chloride
ions and thus does not lead to a net increase of the chloride concen-
tration in the product water. The total ionic strength of the product is
higher for case E due to the water splitting taking place, giving a
production of ions in the feed compartment.

The experiments in case D seem to best represent the assump-
tions of the model presented in the first part of this series of papers2
and are compared to the model predictions. In the model it is the
potential difference, ¢, over the feed compartment that is varied,
since it is this potential difference that naturally enters the equations.
In the experimental setup this potential difference was not possible
to measure. This means that the dimensionless parameter x, defined
as
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Table IV. Parameter values used in the simulations. All 2param-
eters are defined in the first part of this series of papers.

Nondimensional parameters

a; 2
ag’l 1
€ 0.15
v 178
0.49
Pe 360
o 0.01
0 0.4
X 0-2
z 410
Physical parameters
D, 1.902 X 107 (m2 s~y
D, 2.032 X 107 (m? s )™
D, 1.334 X 107 (m2s~H)*
D" 2.8 X 107! (m? s7H)13
DY 3.9 x 107! (m2 57"
215 22 -1 []
v 1 [']
Feed and
concentrate
Xo 1.0
Xoo 0
Xo3 1.0
X1 0.05
X, 0.95
_ doF Dol G
RT joh?

in the model could not be determined. Instead the calculated average
current density was used when comparing the model predictions
with the experimental results. In the expression above, F is Fara-
day’s constant, R is the gas constant, 7 is the temperature, Dy, is a
typical scale for the ionic diffusivities, j, is the linear velocity of the
flow through the feed compartment, L is the length of the cell, and &
is the thickness of the feed compartment.

Values of the diffusion coefficients in the membrane, membrane
thickness, and capacity of the membrane, used to determine the
model parameters, were taken from the literature.'> The volume
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Figure 7. The model predictions for the outlet concentrations of chloride and
nitrate plotted against the average current density together with the experi-
mental results from case D.

Table V. x values corresponding to the experimental data in case
D. These values are not measured in the experiments but rather
calculated with the model.

i (A/m?) X
0 0
5 0.026
10 0.052
15 0.078
20 0.10
25 0.13

fraction of fibers in the textile was estimated to be € = 0.15 from the
density of the textile. The average fiber diameter was estimated from
information given by the textile supplier to be dy= 12 um. The
model parameters used in the simulation are given in Table IV. The
subscripts 1, 2, and 3 in Table IV refer to nitrate, chloride, and
sodium, respectively.

The model predictions for the concentrations of nitrate and chlo-
ride are plotted together with the experimental results in Fig. 7. In
Table V the x value corresponds to the current densities at which the
samples were taken in case D. It is found that the model predictions
agree well with the experimental results.

An alternative way to illustrate the performance of the process
that was presented in the modeling paper is to look at the overall
current efficiency, m7. This quantity was defined as

FAchWij,
Iy

where Ac is the change in nitrate concentration between feed and
product, /7 is the total current passed through the cell, and W is the
width of the feed compartment. In Fig. 8 the current efficiency from
case D is presented together with the current efficiency obtained in a
simulation. An excellent agreement between the model and the ex-
periment is found.

(4]

Conclusions

Nitrate removal from drinking water by continuous electroper-
mutation was investigated. Experiments were conducted with and
without a new anion-exchange textile incorporated as conducting
spacer. It was shown that a significant increase in the nitrate removal
was obtained by using the ion-exchange textile as conducting spacer.
From an initial nitrate concentration of 1.7 mM in the feed water a

. Exp.
Model

[

0 5 10 15 20 25 30
Average current density [A/mz]

Figure 8. The current efficiency as predicted by the model compared to the
experimental values determined from case D.
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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/m? 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."""'> The flow rate used corresponded to a produc-
tion capacity of 20 L/h/unit cell. A stack with 50 elementary cells
would be able to treat 1 m> of water per hour.

It was pointed out that it is essential to have a good contact
between membrane and ion-exchange textile. If the pressure in the
feed compartment is too high compared to the adjacent concentrate
compartments, preferential flow paths can be created between the
membranes and the textile. The advantage of using the ion-exchange
textile is then reduced and the process behaves similarly to the case
with no textile incorporated. When the pressure drops over the con-
centrate and electrolyte compartments were increased to ensure con-
tact between membrane and textile a dramatically improved nitrate
removal was obtained. In case A, with insufficient contact, the maxi-
mum nitrate removal obtained was 35%, and in case D, with satis-
factory contact, a nitrate removal of 86% was reached. Part of this
difference is, however, explained by the different flow rates.

Incorporation of the ion-exchange textile improved the nitrate
removal by Donnan dialysis. The importance of Donnan dialysis,
which was discovered during the theoretical investigation, was con-
firmed by the experiments. Nitrate removal by Donnan dialysis is,
however, slow compared to continuous electropermutation. In order
to increase the flow rate it is necessary to apply the electric field to
improve the nitrate removal rate.

Comparisons between predictions of a previously presented
mathematical model and the experimental data were made to vali-
date some results of the model and the assumptions made. A good
agreement between the experimental results and the model predic-
tions was obtained. Further improvement of the model would be to
include the effects of water dissociation.

Nitrate removal for drinking water production by continuous
electropermutation using ion-exchange textile shows great potential.

Continued development of the ion-exchange textiles will hopefully
provide textiles with higher capacity. This would make it possible to
use higher current densities before water dissociation becomes im-
portant and the production per unit cell can be increased. Develop-
ment of nitrate-selective ion-exchange textiles would also have a
positive influence on the performance of the process. Further studies
are needed in order to investigate the energy consumption of the
process.
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A Model for the Enhanced Water Dissociation
On Monopolar Membranes

By Carl-Ola Danielsson', Anders Dahlkild', Anna Velin® &
Marten Behm?

To be submitted

A model for the enhanced water dissociation that takes place at the mem-
brane interface in electromembrane processes is presented. The mechanisms
behind the enhanced water dissociation are poorly understood and therefore
a semi-empirical approach is suggested. The enhanced water dissociation is
introduced as a heterogeneous surface reaction similar to the well established
Butler-Volmer law for electrode reactions. In the model there are two pa-
rameters that need to be determined through experiments. A 1-D diffusion
boundary layer problem is presented and solved in order to show that a suffi-
cient rate of water dissociation can be obtained with the model. The advantage
of the presented model is that is can easily be incorporated into simulations
of electromembrane processes such as electrodialysis and electropermutation.
The influence of the enhanced water dissociation on these processes can then
be studied.

1. Introduction

It is known that concentration polarization and water dissociation takes place
close to the membranes in the dilute compartment of an electrodialysis cell
operating at high current densities. Generally dissociation of water is an un-
wanted phenomenon in electromembrane processes. It reduces the current ef-
ficiency and brings about a change of the pH in the concentrate and dilute
compartments. Besides affecting the quality of the product, this pH change
can cause problems such as precipitation of metal-hydroxides, which can foul
the membranes.

However, there are examples of processes in which the dissociation of wa-
ter is desired or even a necessity [1]. Electrodeionization is a electromembrane
process that is capable of separating weak acids, such as silica acid and boric
acid [2]. Local pH variations, due to water dissociation, within the dilute
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compartment of an electrodeionization cell are believed to be part of the mech-
anisms behind this separation. In electro-membrane processes with bipolar
membranes the dissociation of water produces the ions that carries the cur-
rent through the membrane under reverse bias operation. This way bipolar
membranes are used to produce acid and bases [3].

In a previous article [4] we presented an experimental investigation of ni-
trate removal by electropermutation assisted by ion-exchange textile. It was
found that the incorporation of the ion-exchange textile as conducting spacer
was necessary in order to obtain sufficient mass transfer rates. Concentration
polarization and intense water dissociation made the process very inefficient if
a conducting spacer was not used. However, also in the cases where the textile
was incorporated, water dissociation was starting to become important at the
highest current density, 25 A/m?, considered in the study. Thus, in order to
be able to accurately simulate the performance of an electropermutation pro-
cess we decided that the effect of water dissociation should be included in the
model. This work is the first step towards that goal.

The mechanisms behind the dissociation of water at the rates observed
in electro-membrane processes are poorly understood. A number of different
characteristic features of water dissociation in electromembrane processes have
been reported, some of which were summarized by Jialin et. al [5]:

e Enhanced water dissociation behavior is found to be far more intense at the
surface of anion-exchange membranes compared to cation-exchange mem-
branes.

e The water dissociation taking place in bipolar membranes is even more in-
tense than at the surface of anion-exchange membranes .

e For anion-exchange membranes with quaternary ammonium groups, water
dissociation develops after some of operation. It is believed that the quater-
nary ammonium groups at the membrane interface have degraded to tertiary
form during electrolysis in the strong electric field present at the membrane
interface. The water dissociation can be eliminated again by treating the
membrane with methyl iodide.

e Water dissociation at the surface of cation-exchange membranes can suddenly
become violent when some cations such as Mg(IT) were present in dilute NaCl
solution.

At present day there exist no theoretical model for the enhanced water
dissociation that can explain all of these experimental findings. One theory
that has been put forward to try to explain the accelerated water dissociation
taking place in a bipolar membrane is the second wien effect (SWE), which
predicts an increase in the degree of dissociation of weak acids at high electric
fields strengths. A kinetic model for this effect was developed by Onsager [6].
There are some drawbacks associated with predicting the increased water dis-
sociation in electromembrane processes by the second wien effect. The main
limitation would be that it predicts a similar water dissociation behavior for
mono-polar cation and anion exchange membranes. This is not in accordance
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with the experimental results. Furthermore, the SWE theory has not been
experimentally validated at the high electric field strengths, E~ 5- 108 V/m,
present in, e.g., the space charge region of an bipolar membrane. Finally, the
model presented by Onsager was developed for weak acids in water, and might
not be directly applicable for dissociation of water molecules in water.

The water dissociation at cation and anion exchange membranes was stud-
ied by Simons [7, 8, 9] who proposed that the fixed charges groups in the mem-
branes are involved in the water dissociation process. The produced protons
and hydroxyl ions are believed to be the result of a protonation/deprotonation
reaction according to the following schemes:

ko
B+ H,O = BHY +OH™
k_2

k3
BHY + H,O = B+ H;0"
k_3
where BH™ refers to the catalytic active center for the proton-transfer reac-
tion. The functional groups in some anion-exchange membrane act as these
catalytic centers. A similar reaction could also be written for cation-exchange
membranes according to:

kg
A+ H,O = AHY +OH~
k_y4

AHY + H,O <k:> A+ H;0T
k_5
where AH is an acid group located at the surface of a cation-exchange mem-
branes. This mechanism is called the chemical reaction (CHT) model [10].
The kinetics obtained with CHT model is to slow to explain the rate of water
dissociation found in experiments. However, if the rate constants in the CHT
model are assumed to increase in the strong electric field found in the space
charge region membrane then a sufficient rate of dissociation can be predicted.
Two different approaches have been proposed to explain the increased reaction
rate under the influence of a strong electric field. First the SWE effect was
again considered. This time it was not applied to an isolated water molecule,
but to the dissociation reaction between the fixed charge group and the water
molecules. The other approach is to use an empirical expression according to

kq(E) B aF
v~ (r®) ®

where « is a fitting parameter with the dimension of length [11]. Mafé tried to
give a a physical interpretation from statistical arguments about the orientation
of the polar water molecules in a strong electric field [12].

Yet another approach to explain the accelerated dissociation of water tak-
ing place in bipolar membranes was taken by Hurwitz and Dibiani [13, 14].
They looked at the reaction from a slightly different perspective. The ions
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that are produced in the reaction are displaced to different sides of a reaction
layer, and thus becomes separated in space. A consequence of this is that there
exists a potential difference between the ionic products. This way the change
in electrochemical potential between the reactant and the products, i.e. the
change in Gibbs free energy, will depend on the potential difference over the
reaction layer.

In the present paper a one dimensional three layer problem, known as
the Kharkats problem [15] is solved with water dissociation/recombination
taken into account. The enhanced water dissociation at the surface of the
ion-exchange membrane is modeled as a heterogeneous surface reaction. The
approach taken to capture the enhanced water dissociation in a surface reaction
is similar to that taken by Hurwitz and Dibiani [13, 14]. Thus, a reaction layer
is assumed to be located in a narrow region close to the solution/membrane
interface. The differences in the water dissociation rates found with different
types of membranes and with different electrolytes enter the model via the
reaction rate constants and a symmetry factor. These parameters have to be
determined from experiments. The main advantages of this model is that it can
be used to incorporate the effect of water dissociation into simulations of elec-
trodialysis, electropermutation and electrodeionisation in an efficient way. This
makes it possible to model the pH of the solution in the dilute and concentrate
compartments.

2. Problem formulation

A mono-polar ion-exchange membrane together with adjacent diffusion layers,
as depicted in figure 1 is modeled. The solution in the compartments on both
sides of the membrane is continuously replaced and thus the bulk concentrations
on both sides are taken to be constant. The membrane in this study is an
anion-permeable membrane with no selectivity towards any specific anion.

¥ O ° 7
= = Membrane = LR
oo
| .
— |
0 ) o+d™ 28+d™ x

FIGURE 1. The domain included in the model. The concen-
tration in the bulk of the dilute and concentrate compartments
are assumed to be constant and known.

The solutions on both sides of the membrane are water with dissolved
sodium chloride ions. Thus the following ions are included in the model Na™,
Cl—, H" and OH™~ these will be referred to as specie 1-4 respectively. A one-
dimensional steady state, model based on the conservation of mass of each of
the species is formulated. The mass balance equations in the diffusion layers
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are given by,

V-N;,=R;, 1=1-4, (2)
where the fluxes, N;, are given by Nernst-Plancks equation,
N; =uc; = D;Ve, — —=Dic; V.
uc Ve 77 Dic Vo (3)

Furthermore, it is assumed that the electrolyte in the diffusion layers are stag-
nant, i.e., u = 0. The coordinate system is, as indicated in figure 1, chosen
so that the diffusion layers are located between 0 < x < § and § +d™ <z <
26 4+ d™, where d™ is the thickness of the membrane.
The only chemical reaction that is considered in the model is the auto
protolysis of water
k
H,0 = H* + OH", (4)
ky
where ky = 2.7-107° [s7!]and ky, = 1.5 - 10" [M~'s71] are the forward and
backward rate constants respectively. The concentration of water can be as-
sumed to be constant since it is very high compared to the ionic concentrations,
cm,0 ~55.5 [M]. The reaction rate is expressed as

csc
R374 = k/’fCHZO — kbC3C4 = k’wa (1 — %) (5)
where K, = kfck%
The mass balance equations in the diffusion layers can be written as
d (de F de ,

ldx(dx +ZlRTCde) 0 =1 (62)

d [de F de c3cy .
Di— | —+4zi=—=ci— | =k Ky| — — 1 =34 6b
dz(dx+zRTc dz) b (Kw ) ! (6b)

The membrane is assumed to be ideally selective i.e. " = ¢§* = 0. Fur-
thermore, no water dissociation/recombination is assumed to take place in the
membrane. Thus, the mass balance equations in the membrane are

V-N"=0 i=2/4 (7)
The fluxes in the membrane are described by Nernst-Plancks equations
ZiF
RT

where any convective flux in the membrane is neglected. Thus, the mass balance
equations in the membrane is given by,

d /de™ F dg™
D" — L ") = = 2,4.
¢ d:c( dx RTcl dx ) 0 i ’ (9)

The thickness of the membrane is d™[m] and the membrane is located between
x=9dand z =0+ d™.

Ni* = =Di"Vel" — == D"V o™, (8)
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Electroneutrality is assumed to hold in the membrane and the diffusion
layers adjacent to the membrane,

4
Z zic; = 0 in the diffusion layers, (10a)
i=1

zacCy' + z4Cy' = Zyw in the membrane. (10b)
where z,, and w are valence and concentration of the functional groups in the
membrane. Close to the membrane surface there is a thin layer in which the
electroneutrality assumption is not valid. This layer is not resolved in the model
and the changes of concentration and potential taking place over this region
is incorporated into the model by internal boundary conditions. It is known
that violent water dissociation can take place at the surface of an ion-exchange
membrane, and a surface reaction is introduced as a mean of including the
production of HY and OH™ ions at the membrane surface.

2.1. Boundary conditions

The concentration of all species in the bulk of both dilute compartment and
the concentrate compartment are prescribed together with the applied potential
difference.

Cilomo = co, i=1,2 Cilomo = VEKu, i = 3,4 (11)
Pla—o =0 (12)

and
Cilomaspam = coi=1,2 Cilo—assan = VEwi=3,4  (13)
Plu=264+am = 9o (14)

2.1.1. Internal boundary conditions

At the interface between the membrane and the electrolyte it is assumed that
there exist a reaction layer. In the reaction layer the enhanced water dissocia-
tion reaction is taking place, which is modeled by a surface reaction term. A
schematic of the reaction layer is presented in figure 2. The water molecules

«

@ s

FIGURE 2. The reaction layer at the surface of the membrane.
The ionic products are displaced to opposite sides of the reac-
tion layer by the electric field.

in the reaction layer dissociate and the ionic products are transported out of
the reaction layer on opposite sides. Thus, the concentration of OH ~, on the
membrane side of the reaction layer, ¢*, and the concentration of H on the
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diffusion layer side, cs, enters the expression for the reaction rate. The following
overall water dissociation reaction is considered,

’

ky
HO = H + OH™, (15)

Ky

The difference in Gibbs free energy, AG, of the water dissociation reaction
(eq. 15) is affected by the difference in the electrical potential experienced by
the product ions, A¢,.. Adopting the activated complex theory for the reaction
kinetic gives,

R al’

ky =k exp<—RTA¢T) (16)
/ / 1—a)F

ky = k) GXP(—%A@> (17)

where « is a symmetry factor. k}o and kl;o are the surface reaction rate constants
at zero potential difference over the reaction layer. Using these rate constants
for the overall reaction rate of the water dissociation gives

, aFAG, o FAG,
R, = kfocHzo exp(T) — ks exp (—(1 — ) AT )

R expresses the reaction rate per unit area and A¢, is the potential jump over
the reaction layer. At equilibrium the forward and backward reaction rates are
equal which defines the equilibrium potential according to

RT |:/€;003CT:|

(18)

Apeg = —In

i (19)

k}OCHZO
The reaction layer is assumed to be thin so that the water dissociation reaction
is slow compared to the transport through the reaction layer. Thus, it is
assumed that each species is in electrochemical equilibrium over the reaction
layer. The potential difference over the reaction layer can then be expressed as
a Donnan potential,

RT cyt RT clt
Ap,=—In| 2| =—=In|L|. 2
¢ F Il|: C2 :| F Il|: Cq :| ( 0)
Using electroneutrality and the second equality above makes it possible to write,
RT w
Ad, = =1 , 21
6 = (21)
Combining equation 18 and 20 gives,
o ’ /O @ B %
R, = K, k; exp( RTA@) <1 " ) (22)

/ K0 / .
where K, = —% The value of K, must be equal to K, for the reaction

b
term to be zero at equilibrium. A further simplification is obtained by using
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eq. 21 in eq. 22,

’ w * C3Cq4
R, = K k,° 1——==). 23
’ LzﬂLCJ ( Kw) (@)

This is the form of the heterogeneous surface reaction that is implemented in
the present paper.

It is also possible to formulate the surface reaction rate by defining an equi-
librium reaction rate rg and a reaction overpotential . This gives a formulation
that is similar to the well known Butler-Volmer expression for electrode reac-
tions. The equilibrium reaction rate is defined as the forward or backward
reaction rate at equilibrium,

/ aFAg, 0 m 1—a)FAp,
ro = kfocH2o exp(Tqﬁq) = kc"c3 exp ((R)—Tm) (24)

Using eq. 20 in eq. 24 one finds that the equilibrium reaction rate is concen-
tration dependent according to

, 0 (1l—a —a o o [ ese™\
ro = kL k 0TVl (ese) = Kwk;bo(—;(‘* ) . (25)

A standard equilibrium reaction rate, rJ = Kwkéo, can be defined as the ex-
change reaction rate when czc]' = K.

of csct’ “
2
"o T°< Ky, > (26)
Defining the overpotential, 7, as
n Apr — A(beq (27)

makes it possible to express the surface reaction rate as

oF 1—a)F
Rs =19 [exp<ﬁn) — exp <%n>

This form of the reaction rate is identical to the Butler-Volmer expression used
to describe the reaction kinetics of electrode reactions. One main difference
here, however, is that the overpotential cannot be controlled, which makes this
formulation less powerful in this application.

. (28)

The fluxes at the internal boundary at = § are related according to,

Ni|-=0 (29)
No|— = N3"|4 (30)
N3|- = —R; (31)
Nayl- = N{"|+ — Rs (32)

(33)
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and at © = § + d™, where the enhanced water dissociation can be neglected,

0= Ni|+ (34)
N3'|- = Nal4 (35)
0= N3+ (36)
N"[— = Nyl+ (37)
(38)

The +/- signs indicates that the flux is on the right/left side of the inter-
face respectively. Together with the continuity of the electrochemical potential
expressed by equation 20 this specifies the necessary internal boundary condi-
tions.

3. Dimensionless form

The model equation are made dimensionless by introducing the following di-
mensionless variables,

~ Ci . ~ Ci . ~
G=— i=1-2 ¢ = i=3—-4,¢" =

Co vV K’w

.i'zf for0 <z <,

2 [
I
\_l\')
S

5)
—§4+d™ §

i:%d_m’ foro <z <d+dm, (39)
T = #, ford +d" <x <26 +d™

- Fo -,  Fo™

¢_ RT’ ¢ - RT )

and dimensionless parameters,
VK dm 52 Kk w

With this choice of the dimensionless coordinate z the diffusion layers are
located between £ = 0 —1 and £ = 2 — 3 and the membrane is located between
Z =1 — 2. The dimensionless diffusion coefficients are defined by,

~ Di ~ Dm
Di - Dzn = : 3 (41)
Dy Dy

where Dy and D{* are typical orders of magnitudes of the diffusion coefficients
in the solution and membrane respectively.

Using these non-dimensional quantities the mass balance equations in the
diffusion layer can be expressed as,

d - (dé  _dep\ .
EDZ-<£+ZZCZ£>O i=1,2, (42a)
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and
d

—pDm

G, A
dz *

=+ ziciﬁ) = k(Gséy — 1) i=3,4. (42D)

The electroneutrality in the diffusion layers in dimensionless form is given by,
61 — 52 = 7(53 — &4) (43)

The mass balances in the membrane are expressed as,

i(dci —ém%)zo i=2.4, (44)

dz \ dz v dz
and electroneutrality in the membrane gives,
¢y eyt =1. (45)

The dimensionless fluxes are given by

- = (95 _09p\ .
N; = D; ( i zzcz%> 1=1-—4, (46)

in the diffusion layers and by

Nm =D < 96 aci) i=2.4, (47)

Tz “or

in the membrane.

The dimensionless current density, i, is defined as,
i =Ny — N+ (N3 — Ny). (48)
Furthermore, the partial currents 7, and i,, are defined according to
is=Ni— Ny and i, = '7(]\73 — ]\74), (49)
thus ¢ = ig + 1q.
3.1. Dimensionless boundary conditions

The dimensionless boundary conditions are given by,

Cilz—o =1 dlizo =0 (50)
Cilz=3 =1 bli=s = o (51)
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The dimensionless formulation of the continuity of the fluxes over mem-
brane surface at £ = 1 is given by,

Ni|- =0 (52)
No|- = ON3"|+ (53)
N3|_ + T( Z )a(1 ”) 0 (54)
— K -——— — C3C =
’ (G2 + 1) o
8 o - Z “
4 v ! I+ <(C2+704)) ( ’ 4> (%)
(56)
and at . = 2
0= N4 (57)
ONJ'|- = Kol (58)
0= Ns|, (59)
o - .
—NJ'|_ = Na|4 (60)
v
(61)
where © and T are defined by
DyZ k0
= dY=-—">. 2
© Dot an [ (62)

The dimensionless form of the Donnan equilibrium at the membrane surface,
which was expressed in eq. 20 is given by,

-m ~m

Ad, =In {ZCL} - 1n[gc~i] — h{#} (63)

C2 v Ca (G2 + 7C4)
From the non-dimensional form of the model equations it is found that seven
dimensionless parameters needs to be specified to solve the model equations.
These are Z, ¢o, k, 7, ©, T and a. The two last parameters T and « includes
the information about the enhanced kinetics of the water dissociation reaction
over the reaction layer.

4. Results and Discussion

The model equations were solved using the commercial finite element package
COMSOL Multiphysics™ 3.2. A number of different parametric studies were
performed in order to study the influence of the different parameters in the
model.

To obtain reasonable values of the model parameters the following base
case was considered. The concentration of the salt in the bulk was taken to be
1 mM on both sides of the membrane. Together with a typical concentration
of functional groups in an anion-exchange membrane of about 2 M [16] this
gave a 7Z value of 2000. This Z value has been used in all simulations presented
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in this paper. The rate constants for the dissociation and recombination of
water, ks and kj, were taken to be 2.7-107% s~ and 1.5-10' M~!s~! [17]
respectively. Together with a concentration of water, 55.5 M, this gave a K,
value of 107!* M2, and hence v was 10* . The length scale of the diffusion
layer, §, was taken to be 100 pm [18, 15, 19] and the diffusivity scale, Dy, was
fixed at 1072 m?s~!, which gave a x value of 1.5-10°. The diffusivity scale
in the membrane was assumed to be 2:107!! m2s~! [16] and the thickness of
the membrane was taken to be 200 um. This gave a © value of 20. For the
two remaining parameters, o and Y it is harder to estimate reasonable values,
since the mechanisms behind the enhanced water dissociation at the membrane
surface are unknown. However, by definition « lies in the interval 0-1. The
first estimate of the surface reaction rate constant, k,?, is given by the reaction
rate in the bulk k; multiplied by the thickness of the reaction layer i.e.

kY = kA (64)

The thickness of the reaction layer is assumed to be in the range 1-100 nm [8].
This gives that Y is in the range 107°-10~3. The values of the dimensionless pa-
rameters and coefficients used in the simulations in this paper are summarized
in table 1.

D, 1.334 [20]

Dy 2.034 [20]

Ds 9.02 [20]

D, 5.26 [20]

Z 2000

o 0.01, 0.1, 0.3, 0.5, 0.7
v 1075,10-%,10~3

K 1.5-10°

e 20

Y |107°,107%, 1073, 0.1, 1, 10
bo 0-200

TABLE 1. Values of the non dimensional parameters and co-
efficients used in the simulations presented in this paper.

Simulations were performed in order to investigate if the proposed model
could predict dissociation rates that are commensurable with those found in
experiments. First the influence of the symmetry factor, o was investigated.
Polarization curves for different values of a, with YT=10"%, and are presented in
figure 3. The typical limiting current plateau is clearly visible, furthermore an
overlimiting current density is obtained for the higher values of «. This gives
the characteristic s-shape of the polarization curve found in experiments [21,
22]. Tt is stated in the literature that the slope of the polarization curve in
the overlimiting region is somewhat less than the slope at sublimiting current
densities [21, 23]. In figure 3 the curve representing the highest « value show
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F1GURE 3. Current against voltage curves for different values
of a. The T value in these simulations was 1074

the opposite behavior. Thus, from the polarization curves presented in figure 3
it seems as if the proposed model is capable of predicting a sufficiently intense
water dissociation at the membrane interface. The value of a will depend on
the actual reaction mechanism of the dissociation reaction. If e = 0 then the
strong electric field at the membrane surface does not affect the rate of water
dissociation at all, instead the rate of the recombination reaction is decreased.
If «=0.5 half of the potential jump over the reaction layer helps increasing
the rate of the dissociation, whereas the other half reduces the rate of the
recombination.

In figure 4 the polarization curve for a = 0.5, v = 107% and T = 10~*
is shown together with the partial currents carried by the salt ions, i, and
the ionic products of water, iw. It is clear that at low potential differences
the current is carried exclusively by the salt ions. When the voltage increases
concentration polarization taking place at the membrane surface leads to a
limiting current density behavior. As the voltage is further increased the ac-
celerated water dissociation reaction, taking place at the membrane surface,
makes the partial current carried by the ionic products of water, iw, increase.
The increased flux of HT and OH™ also leads to an increased flux of the salt
ions. This can be seen by the non zero slope of the dash-dotted curve, repre-
senting the partial current carried by the salt ions, in figure 4. This effect is
known as the exaltation effect and was discovered by Kharkats [24]. It should
be pointed out that the overlimiting current density captured in these simu-
lations, is due to dissociation of water and the exaltation effect. It is stated
in the literature that the contribution to the overlimiting current density from
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FIGURE 4. Current against voltage curves for a=0.5 and T =
10~%. The different curves show the total current density as
the solid line, the dotted line is the current density carried
by the salt ions Na™ and Cl~ and the dashed line show the
current density carried by the ion products of water.

the water dissociation products is small [25, 19, 26, 21], especially at the sur-
face of cation-exchange membranes. Electroosmotic convection arising in the
space charge region and leading to a mixing of the "unstirred” layer next to the
membrane have been put forward as a mechanism for the overlimiting current
in absence of intense water decomposition [27, 23, 28]. To capture this effect
in the model one need to allow for deviation from electroneutrality by solving
the Poisson equation for the potential. Furthermore, one would have to allow
for electrosmotic convection to arise. This is, however, outside the scope of the
present paper.

The fraction of the current carried by the salt ions and the dissociation
products of water respectively are presented in figure 5 as a function of the
potential drop. At low potentials the salt ions essentially carries the whole
current. As the potential difference is increased and concentration polarization
starts to take place the water dissociation reaction rate is enhanced. This is
seen as the rapid increase in the fraction of the current carried by the ionic
products of water. At very high applied potentials this fraction of the current
approached the asymptotic value given by the exaltation effect. The expression
for the total current density, obtained by adding the partial current from water
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dissociation and the exaltation effect to the limiting current, is given by [19],

-~ Do ~ ~
T = T+ =t F T (65)
D3
At very high current densities the limiting current can be neglected and hence,
".‘S D ".‘w D
7 Dy + Ds 1 D> + D3

The curves in figure 5 approaches this asymptotic limit.
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FIGURE 5. Th~e fraction of the current carried by 1w and ig as
a function of @ for two different values of . T = 10~* and
v =10"%

Enhanced water dissociation can only occur if the homogeneous reaction
in the diffusion layers is not in equilibrium. Thus, both the heterogeneous
surface reaction and the homogeneous reaction will contribute to the total rate
of water dissociation. To determine where the water dissociation takes place
the dimension less flux of hydroxide through the domain is presented in figure 6,
for two different applied potentials.

The lowest potential presented in figure 6, (50 =5, corresponds to the situ-
ation close to the limiting current. In this case the non-dimensional hydroxide
flux through the membrane is quite low and the effect of the homogeneous
reaction is clearly seen in both diffusion layers. The slope of the curves gives
the rate of water dissociation. In the diffusion layer on the left hand side of
the membrane water recombination takes place in the closest to the bulk and
dissociation close to the membrane. The water dissociation due to the surface
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reaction is relatively strong compared to the homogeneous reaction in the dif-
fusion layer. In the diffusion layer on the right hand side of the membrane
water recombination takes place through out the whole diffusion layer.
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FIGURE 6. The dimensionless flux of hydroxide through the
domain for two different potentials. These curves were ob-
tained from simulations with T = 10~* and a = 0.5. Solid
line, ¢y = 5, hydroxide flux given on the left y-axis. Dashed
line, q;o = 15, hydroxide flux given on the right y-axis.

Increasing the applied potential will give more intense water dissociation.
The higher potential, éo = 15, corresponds to a point where the hydroxide flux
through the membrane has started to be important compared to the chloride
flux. Compared to the case where, g?)o =5, the hydroxide flux has now increased
almost two orders of magnitude. In this case the rate of water dissociation by
the homogeneous reaction can be neglected. Only about 1% of the produced
hydroxide ions at the surface of the membrane emerges from the homogeneous
reaction in the diffusion layer. Close to the bulk in both diffusion layers there
are thin reaction layers where intense water recombination takes place.

In order to study the influence of the surface reaction rate, polarization
curves for different values of T are presented in figure 7 and 8. The « value in
these simulations was 0.3 and 0.01 respectively, and the other parameter values
were the same as in the base case presented above. In the case a = 0.3, the
range of Y-values were obtained from the assumption of a surface reaction rate
kg proportional to the bulk reaction rate, k;, multiplied with a reaction layer
thickness A of 1, 10 and 100 nm (eq. 64). As can be seen in figure 7, increasing
T makes the dissociation of water faster.
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FI1GURE 7. Current against voltage curves for different values
of Y. The symmetryfactor, o, was equal to 0.3 in this case.

The case «=0.01 in figure 8 represents another assumption for the reaction
mechanism. According to Simons [7, 8, 9] the effective reaction rate at the
membrane surface can be several orders of magnitude larger than in the bulk
solution even without the enhancement of the electric field. As was discussed
in the introduction, Simons proposed that the difference between the water
dissociation rates at the surface of anion- and cation-exchange membranes is
explained by a catalytic effect of the functional groups in the anion exchange
membranes. This is represented by the high Y values in figure 8. Y increases
with the pKj; value of the catalytic groups as shown in appendix A. The value
of a chosen in these simulations, a= 0.01, is reported by Hurwitz [14] for
the water dissociation taking place in a bipolar membrane. From the results
presented in figure 8 it is clear that the water dissociation rate increases with
T also in this case.

The dash-dotted curve in figure 8 represents the case where T = 0.1. This
polarization curve has two plateaus. The first one is given by the mass transport
limitation of the salt ions in the bulk, i.e. what is referred to as the limiting
current density, and the second plateau is due to the finite reaction rate of
the water dissociation reaction. Increasing the potential difference over the
reaction layer will only have a very small effect on the water dissociation in
this case due to the very small a value. For the cases where T is high the
reaction is sufficiently fast and the current density obtained is determined by
the transport of the produced ions through the membrane and diffusion layer.
Thus, there is a relatively small difference between the polarization curves
obtained for YT equal to 1 and 10 in the range of current densities presented in
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FI1GURE 8. Current against voltage curves for different values
of Y. The symmetry factor a=0.01 in this case.

figure 8, i.e. up to 5 times the limiting current density in this case. Thus, if
the reaction rate is sufficiently fast the mass transfer rather than the reaction
rate will determine the rate of dissociation. For the nitrate removal application
previously studied [29, 4] the situation is very similar to the base case presented
here. It is therefore likely that the exact values of T and « will not be very
important, over the relevant rage of current densities, as long as T can be
assumed to large enough. The rate of water dissociation will be determined by
the transport of the ionic products away from the reaction layer instead of the
reaction rate constants.

Nikonenko et al. [30] investigated generation of H" and OH™ at the surface
of monopolar membranes. They concluded that the rate of waster dissociation
can be described by the degree to which the membrane and the solution deviates
from its critical stage, i.e. by the ratio i/i.,. The critical stage is defined as the
point when water starts to undergo a noticeable dissociation, which is claimed
to be close to the limiting current density, 7., ~ zhm

A linear relationship between log v and It

was also stated that this relationship 1s only Vahd When the deviation from

the critical state is not too large. The curve in figure 9 represents log ,“”

lim

calculated with our model as a function of 1/1; — 1. The non-dimensional
limiting current used to obtain this plot is given by,

iim = 2D. (67)
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The black squares in figure 9 are the experimental data presented in the paper
by Nikonenko et.al [30]. These data were obtained from a number of experi-
ments with different sodium chloride solutions (0.002-0.05 M) and with different
flow rates corresponding to different diffusion layer thicknesses. The scaling of
the currents will however allow a direct comparison with our simulations. All

10g (zw /ilim)

-1 i i i i i i i i i i

0 0.5 1 1.5 2 25 3 3.5 4 4.5 5

/1 /i1im — 1

FIGURE 9. 1og%w/glim as a function of \/g/glim —1. B - Ex-

perimental data reported in the paper by Nikonenko et.al [30].
The solid line is calculated with the model presented in this

paper.

curves for different combinations of T and « values, that have been applied in
our model, falls on top of each other. Thus, the shape of this curve is deter-
mined by the coupled transport through the diffusion layers and membrane and
not by the reaction mechanism. It actually turns out that the curve obtained
from our simulations is exactly that obtained by using the Kharkats (eq. 65) ex-
pression for the overlimiting current density. The only mechanisms responsible
for the overlimiting current density captured by our model are water disso-
ciation and the exaltation effect. Hence, from the relatively good agreement
with the experimental data presented in figure 9, one can conclude, that in
these experiments most of the overlimiting current density can be explained by
dissociation of water and the exaltation effect. Contribution from a coupled
convective mechanism to the overlimiting current density must be rather small.
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The model for the enhanced water dissociation presented here can easily be
incorporated as a heterogeneous surface reaction in simulations of electromem-
brane processes. A powerful tool for theoretical investigations of limitations
and possibilities of different electromembrane processes is obtained by adding
the possibility to predict when, where and at which rate dissociation of water
can be expected to take place.

5. Conclusions

A model for the enhanced dissociation of water, encountered in many electro-
membrane applications, has been presented. By using a heterogeneous bound-
ary condition to capture the dissociation rate a simple and computationally
cheap way to include the enhanced water dissociation into simulations of elec-
tromembranes processes is obtained. This is very similar to the treatment of
electrode reactions taking place at the surfaces of electrodes. The two param-
eters k;)O and « need to be determined via experiments. By performing sim-
ulations on a simple 1-D model problem it was shown that the model is able
to predict a sufficiently fast water dissociation rate compared to experiments
reported in the literature.

Due to the exaltation effect also the flux of the salt ions increased when the
current of the dissociation products increased. At very high current densities
the fraction of the current carried by chloride through the membrane reached
a steady level of about 0.2.

At overlimiting current densities the dissociation of water in the diffusion
layers is negligible compared to that in the heterogeneous surface reaction. All
the hydroxide ions that carries the main part of the overlimiting current are
produced by the surface reaction.

The rate of water dissociation is mass transfer controlled, if the enhanced
water dissociation reaction can be assumed to be sufficiently fast. This is very
convenient since the parameters T and « does not need to be determined as
long as T is taken to be sufficiently large.
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Appendix A

The catlytic protonation/deprotonation reaction at anion-exchange membranes
proposed by Simons can be written as,

ko
B+ H,O = BHT +OH~
k_
S (68)
3
BH" + H,O = B+ H;0"
k_3



23

The following relations between the rate constants is found in the litterature [8,
9, 31]:

k_y-107PKe
hy = —2 5~
CHQO
k_g - 10~ (14=PK) (69)
kg = s

CH,O
If B is a weak base the second reaction step is rate determining [13, 31]. Thus,
the first reaction step is assumed to be in equilibrium, which gives that
_ CBH+ CZL (70)
10—pPKy *
The rate of water decomposition due to the catalytic protonation/deprotonation
reaction is given by;

F m 1—a)F
Ry = k_310~(14=PK) e exp [%A@] _k_SBETGN {—(70‘)&»}

CB

10-PK RT

F
= Kyk_scpp+ 10P5% exp [%A(br} (1 — %)

(71)
From this we can identify the reaction rate k,bo,
ke = k_scpps 10750\, (72)

The rate constant k_3 is in the literature given in the order of 101 M~1s~! [9].
Here it is assumed that the ratio k_3/k; is approximately 0.1. The concentra-
tion of the catalytic groups is assumed to be of the order 1 M [14, 31], and the
pK, value is assumed to lie in the range 4 -6 where almost all of the catalytic
groups are in BHT form. Using these values together with a A value of 10 nm,
corresponds to T values that are between 0.1 and 10.
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Modeling Continuous Electropermutation with
Effects of Water Dissociation Included

By Carl-Ola Danielsson', Anders Dahlkild', Anna Velin® &
Marten Behm?

To be submitted

The repeating unit consisting of a cell pair of one concentrate and one feed com-
partment of an electropermutation stack is modeled. Both the feed and the
concentrate compartments are filled with an ion-exchange textile material. En-
hanced water dissociation taking place at the surface of the depleted membrane
surface is included in the model as a surface reaction. Results from simulations
of nitrate removal for drinking water production are presented and comparisons
with previous experimental results are made. The influence of both conductive
and inert textile spacers on the process is investigated via simulations.

1. Introduction

Ton exchange and electrodialysis are two widely used process alternatives for
separation of ionic impurities from water. The advantage of ion exchange is that
it is capable of treating solutions with very low levels of polutants [1]. However,
ion exchange is not a continuous process. Electrodialysis on the other hand is
a continuous process but is not suitable for treatment of solutions with very
low conductivity. In electrodeionization (EDI) [2, 3] both these processes are
combined into a continuous process, which is capable of treating solutions of
very low conductivity. EDI is mainly used for production of ultrapure water.
The main application for EDI is production of ultrapure water that is used in
the power, microelectronics and pharmaceutical industry. In these applications
all ions in the water need to be removed. Hence, an ion exchange bed that
contains both cation and anion exchange material is used.

Continuous electropermutation[4, 5, 6, 7] is a process, which is similar to
EDI in that it combines conventional ion-exchange with an electromembrane
process. Instead of removing all ions either the anions or the cations are selec-
tively replaced by other more desirable ions. Thus, the ion exchange bed should
consist of either anion or cation exchange material. An application where elec-
tropermutation is an interesting process alternative is the removal of nitrate
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in drinking water production. Depending on the quality of the raw water one
might like to selectively replace the nitrate ions. The principle for nitrate re-
moval using continuous electropermutation is presented in figure 1. The water
to be treated is passed through the feed compartment (F.C), which is delimited
by two anion permeable membranes. Under the influence of an applied electric
field the anions in the system migrates towards the anode. The anions present
in the feed water migrate over the membrane into the C.C located on the anode
side of the F.C. To ensure that electroneutrality is maintained these anions are
replaced by other anions entering from the C.C on the cathode side of the F.C.
This way it is possible to replace the anions initially present in the feed by
anions from the concentrate solution, whereas the cations are preserved. In the
schematic presented in figure 1 the nitrate ions migrate out of the F.C over the
right hand side membrane at the same time as chloride ion enters the F.C over
the left hand side membrane. The solution in the concentrate compartment
in this example is a concentrated sodium chloride solution. Depending on the
quality of the feed water the concentrate solution can be tailored, e.g. to adjust
the pH by replacing the nitrate ions partially with hydroxide.

In two previous papers [6, 7] the removal of nitrate by continuous elec-
tropermutation using ion exchange textile as conducting spacer was studied
both experimentally and theoretically. From the experimental investigation it
was concluded a conducting spacer is needed, in the feed compartment, for
the electropermutation process to be operated at reasonable current densities.
Without a conducting spacer the limiting current density was very low and in-
creasing the potential further led to an intense water dissociation, which made
the process efficiency very poor. Incorporation of an ion exchange textile as a
conducting spacer in the feed compartment greatly increased the efficiency of
the process. It was concluded that the electropermuation process is an inter-
esting process alternative for production of drinking water. However, also with
the ion exchange textile incorporated as a conducting spacer it was noted that
water dissociation was starting to become important at an average current den-
sities of 25 A/m?. In the previously presented model of the electropermutation
process the effect of water dissociation was not included. The purpose of the
present paper is to improve our previously presented model of the electroper-
mutation process [6] by adding the effect of water dissociation. It is known that
under certain conditions enhanced water dissociation takes place at the surface
of anionpermeable membranes. This enhanced water dissociation is included
as a heterogeneous surface reaction by a previously presented model [8]. Thus,
an important task of the present work is to test the model for the enhanced
water dissociation in a simulation of a real electromembrane process. Finally
the presented model will be used to study how the incorporation of the textile
influences the dissociation of water.

2. Problem formulation

The repeating unit in an electropermutation stack consists of one concentrate
and one feed compartment. A sketch of the domain included in the model is
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FIGURE 1. A schematic over the behind principles continu-
ous electropermutation for nitrate removal. The water to be
treated is passed through the feed compartment (F.C), which
is separated from the concentrate compartments by anion per-
meable membranes on each side. Under the influence of an
applied electric field, the nitrate ions in the F.C are replaced
by chloride ions from the C.C.

presented in figure 2. In the model the C.C is split into two halves, sub domains
T'and V, these are located on opposite sides of the central feed compartment, sub
domain III. Anion permeable membranes, sub domains IT and IV, separate the
concentrate and feed compartments. Periodic boundary conditions are applied
at the center of the concentrate compartment, i.e. between sub domain I and
V, except for the potential.

In a previous paper a steady state model of the F.C, filled with an ion
exchange textile as a conducting spacer, together with adjacent ion exchange
membranes in an electropermutation cell was presented [6]. In the present pa-
per that model will be extended to include also the effect of water dissociation.
Hence, the homogeneous reaction

kg
HyO=OH~ +H" (1)
kp
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is considered. It is known that enhanced water dissociation can occur at the
surface of the anion exchange membrane. The heterogeneous model used to
incorporate this enhanced water dissociation was presented in a separate pa-
per [8]. Mass balance equations are formulated for the following species NO3,
Cl=, Na*, OH™ and HT which will be denoted as species 1-5, respectively.
Thus, a whole elementary cell is now included in the model. Furthermore,
the boundary layers next to the membranes are resolved instead of using the
simplified Nernst layer model.

The feed and concentrate compartments are filled with an ion-conducting
textile. Besides providing a good conductivity in the feed compartment this
textile material will help to accomplish a good mixing of the solution as well
as providing mechanical support to the membranes. The feed compartment is
delimited by two anion permeable membranes, which are assumed to be ideally
selective. The coordinate intervals of the five sub domains of the model domain,

I I I IV| V
; g
0 —| /
—th—dy —dm h h+dn 3h+dy

FIGURE 2. A schematic of the domain included in the model.
I: Half of the adjacent C.C. II: Anion permeable membrane.
IIT: F.C. IV: Anion permeable membrane. V: Half of the adja-
cent C.C. The solid line is a schematic of the potential through
the cell.

shown in figure 2, are

I) Half of the adjacent concentrate compartment
—b_gm <z <—qm
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IT) Anion-permeable membrane
—d"<z<0
IIT) Feed compartment
0<z<h
IV) Anion-permeable membrane
h<z<h+dm
V) Half of the adjacent concentrate compartment
h+d™ <&<3Zh+dm

2.1. Momentum balance

In the previous model [6] the flow through the textile-filled feed compartment
was modeled with Darcy’s law, which in the case of a uni-directional pressure
gradient and a homogeneous textile gave a plug flow through the feed compart-
ment.

K OP
oy
wherej is the velocity vector, K is the permeability of the textile, u the dynamic
viscosity and P is the pressure. The effect of velocity boundary layers, satisfy-
ing the no-slip condition at the membrane walls, on mass transport next to the
membranes was modeled by a stagnant Nernst layer. Due to the rapid reaction
kinetics of the introduced homogeneous water dissociation/recombination reac-
tion, the simplified Nernst layer model will not account for the non-equilibrium
reaction layer close to the membrane. In order to resolve this reaction layer,
also the momentum boundary layers are resolved. This is done by adding the
Brinkman extension to Darcy’s law [9]. The flow field is obtained by solving
the following equation

9%, (1—e)~ (176)8P70

(2)

-~

AT T 3)
with the boundary conditions

. 0j

Jy(EZO):Oa a—g(fzoo)zo, (4)

where ¢ is the coordinate in the wall normal direction. € in the equation above
is the volume fraction of the fibers.

The permeability is taken to be a function of the porosity and the fiber
diameter [10]. For a fibrous media the following expression can be found in the
literature [11, 12]

K Bd? 1 0.931 5
—2—06[— n (e) — 0.931]. ()
The pressure gradient is assumed to be constant. Thus, the velocity profile is

given by
Jy(€) = Jo(1 — exp(—/(1 — ) K~1¢)), (6)
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where jg is the ”plug flow” velocity in the bulk of the textile bed. The non-
dimensional velocity is obtained by scaling with jo,

i=-. (7)

2.2. Mass balance equations
2.2.1. Feed and Concentrate compartments

The textile filled feed and concentrate compartments, i.e. sub domains I,ITT
and V, are modeled as a porous medium and volume averaged mass balance
equations are formulated. In a previous paper [6] it was shown that the liquid
phase and the fiber phase can be considered to be in ion-exchange equilibrium
with each other. Thus it is necessary to solve one mass balance equation for
each species. The non dimensional mass balance equations in the feed are given

by [6],

ac; 0%¢; 0 0¢
o =(03+ -2 S8 a1 - 92D 2 (52 )+

(8)

0.1563/27 _ 0%¢; 5 o)
; 12p,— (&= i=
5 Dig >+ 2,0.15Zx€%/?D; 5 ( ax) for i=1,2
60 3/2D3 5 C3 3/2 0 a¢
Di—(es+ |-
Jy = By (ij (I—¢) P ) 02 + z3x(1 =€) e c3 O (9)

The mass balance equations for two new species OH™ and H" will have the
same form but with the reaction term added;

Ocy Dy 02 0 0
Jy ac (9]y (1 5)3/2_4) - + zax(1 — 6)?’/2D4 o2 <C4—¢)+

P ) Ox? Ox 10)
0.15¢3/2 9% o (_ 0¢
5 Dig, —+ 240.15X63/2D4% <54a—j) + k(1 — cqc5),

Jdcs D5\ 92 0 0
Jy ac (9Jy (1—e)*? 5) 3625 +Z5X(1—6)3/2D5£(C58—ﬁ) + K (1 —cqcs).
(11)

The non-dimensional mass balance equations in the concentrate compart-
ment have the same form but they are scaled somewhat differently,

. Ocse , 9?cse 0 o 00
Jy ay = (9]3/ + ( )3/2 ) o 2 + ZiX(l — G)B/QDiaT (Ci ¢ )+

cc a:I:CC

0.1563/27 _ 92gsc VA 9 Hoee
€ C; +2i0-15—X€3/2D' (Ccc ¢

i i for i=1,2
P Cee 8:16,2:6 Cee 0% ce ! O ce ) o

(12)

) accc ] D 82 a e cc
g = (03, + (1= 022 ) T a1 - 92 Dug— (55 ). 13)
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CcC D cc
0c :(ejy+( e’/ 4)604 bz (1 - 2Dy =0 (c?f ’ )+

7 0y o2 Diee \ ™ Diree
0.15¢3/2 _ 92¢5¢ 0 ([ .00 o oo
7 Dy—— 5 2 + 240.15x€*/2Dy . (c4 axm) + k(1 — ¢5°cg9),
(14)
. Oct® _ D5\ 8%cse 0 L 0P
=5 (g 3/25 1— 3/2D
g (0, 0= 02 T8 b a1 - 9205 (5 )+
(1 - ).
(15)
The following non-dimensional variables were introduced,
T y _
=7 0< Y= 7 0<y
xcc:w _h i<,
h 2 - -
T—dp ] N
e = htdp <2 <h, Yee== <gyg< L,
T W + <z < Y T 0<y
Gi= = fori=1-3, °=-L fori=1-3,
Co Co
¢ = \/CK_M for i=4-5, ¢ = \/;{_w for i=4-5 (16)
G =" fori=1-2 047\/0;_1”
e G , Ca
cc — b for i=1-2. & =
cs o, fori , Cy NI
Qg iy a cc (5 cc &
¢ = 7 ¢ =7 (b = 7 ¢ =0
Po bo b0 o’

where the tildes are over the dimensional variables. The scaling of the x coor-
dinate is chosen so that x goes between 0 and 1 in the F.C. In the C.C x.. goes
between 0.5~ and 1 in the half C.C on the left hand side of the F.C and between
0 and 0.5 in the half C.C on the right hand side of the feed compartment.

The non-dimensional diffusion coefficients are defined according to;

D; - D,

Di = 5 D’L = 7
Dy Dy

(17)

furthermore, it was assumed that the diffusion coefficients in the fiber phase
are related to those in water according to

D; =0.15D;. (18)
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The correlation used for the non-dimensional transverse dispersion coefficient
is given by [10, 13],

. L AjydyL .
DT = )\jypede()jO? = T = ]y97 (19)
where
AL
0="3 (20)

Peg in the above expression is the Peclet number based on the fiber diameter,
ie., Peg = %ﬁ. In our previous paper [6] the empirical parameter, A was
chosen as 0.27, this value will also be used in the present paper.

The flow velocity, jy, is given by,

Jjy=1—exp(—Az;) 0<az, <05

21
jy=1—exp(—A(l—z;)) 05<z, <1 1)

where z, = z in the F.C and x, = z.. in the C.C and
A=y /U=9y, (22)

€ is the volume fraction of the fiber phase. In the present paper it is assumed
that this is constant and use a value ¢ = 0.15. The above equations were derived
under the assumption that the two phases are in a parallel arrangement with
each other. Effective diffusion coefficients, given by a Bruggeman relation, have
been used in both phases

Di,eff = (1 - 6)1+ﬁDi and Di,eff = €1+ﬁDi. (23)

The use of the effective diffusion coefficients compensate to some extent for
the assumption of a parallel arrangement of the phases. The non-dimensional
parameters introduced in equations 8-15 are defined according to;

JoL h 9 Foo
P = — = — = P _
=Dy T ProteV=TFr o)
(1 —e)LvV/Kyky 1% W e CF
= - y X = L =—, 0= —.
Jo Peo? co co

The ion-exchange fibers are taken to be in equilibrium with the solution, which
in the feed compartment gives

_ 2C1C2
Co2 = (g —Cl
- 25
_ 4,C1C4 ( )
C4 =0 L ——
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In the concentrate compartment the concentration in the ion-exchange fibers
are given by

= .ce
5 — o251%
Co = (y e
, (26)
g = o 7 ¢4
- "1 vee et
cee ¢f

Furthermore, the potential gradient in the two phases are related through
o6 0¢p 10 A
R SR | 27
or oz ' Vs n|:Cl+Oé%C2+O/%CwC4:| ’ @7
in the feed compartment and
¢ 0 1 0 Z
¢ = ¢ + = In 5 T (28)
O0Tee  OTee V Oxee Cec(er + ajes) + afC%ey

in the concentrate compartment.

2.2.2. Membranes

In the membranes only the anionic species (i=1,2,4) are present. Contribution
to the flux through the membranes by convection is neglected, thus, the non-
dimensional form of the mass balance equations in the membranes are given

by,

9% 0 O™
022 + V@xm <cZ 5$m> or i=1,2, (29)
where the following new dimensionless variables were introduced;
T+ d™" T —h
xm:x;m for —d™ <z <0 xmzxdm for h <& < h+d™
' =" fori=1,2 "= 4 P = —

06" \/I{w7 7¢0.

2.3. Electroneutrality condition

Electroneutrality is assumed in all regions of the model and the non-dimensional
form of this constraint is given by;

'+ + C—ch =1 in sub-domains II and VI
c1+co+C%y4=c3+C%c5 in the liquid phase in sub-domain III

w

C1+ G2 + 764 =1 in the fiber phase in sub-domain III

cv cv
ciCF s+ Cec 5 =c§ + ﬁcgc in the liquid phase in sub-domains I,V
—=CC —=CC Cw —=CC 3 3 1
ciC+e’ + — = 1 in the fiber phase in sub-domains I,V,

(31)
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where

/K m
cv = Y oand M=

€o Co

(32)

2.4. Boundary conditions

The composition of the feed water gives the boundary conditions at the inlet
boundary

C:

CC|
K2

=0,0<zce<] = ng fori=1-5
Ci|y:0,0§x§l = C;0 fori=1-05.
Periodic boundary conditions are applied for all concentrations at the center
of the concentrate compartment,

CcC
G

Zee=0.5— — Cfc|xcc:0.5+- (34)

The potential difference over the cell is prescribed leading to the following
boundary conditions;

®ly,.—05- =0 left boundary (35)

®|z..—0.5+ =1 right boundary. (36)

2.4.1. Internal boundary conditions

At the internal boundaries all electrochemical potentials as well as all fluxes
are continuous except for the fluxes of HT and OH~ which are allowed be
discontinuous at the membrane interfaces due to the enhanced water dissocia-
tion which is modeled as a surface reaction. The model for this reaction was
presented in a previous paper [8].

The continuity of electrochemical potential gives rise to the following in-
ternal boundary conditions for the potential,

1, [C(cf® 4 ¢5°) + C™est
=M 4 —1
¢ =9"+ v n{ o (37)
at boundary between sub-domains I/IT and IV/V, and
1 cm
mo— —1 38
o=t pinl ] (39)

at boundary between sub-domains II/III and III/IV. Internal boundary condi-
tions for the concentrations are also obtained from the continuity of the elec-
trochemical potential according to,

Cmccc
¢y = 71”2 L2 and
CCC
, (39)
Cm cmccc
m m4 1
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at boundary between sub-domains I/IT and IV/V, and

m

Cqy'Co
072”:04”2—1 and

C1

(40)
m m4 mc71nc4
c =a"C"m——
C1

at boundary between sub-domains II/IIT and III/IV.

The fluxes in the x-direction in the concentrate compartment, scaled by

D 9<t for i=1-5, are given by

cc cc . 30‘56 ce a(bcc .
NiG..=C ( (z\ijeder(le)B/?Di) WwfziV(lfe)B/QDici R) for i=1-3
(41)
and
N, =C® ( <Aijedf+(le)3/2Di> ¢ 7ziV(176)3/2Dicfc—g¢ ) for i=4-5,
»ee :I/'CC xcc
(42)
in the liquid phase, and
e 0¢; ¢
NEs = —0.15Z€*/%D; < ac _ ziVEia—¢> for i=1,2 (43)
’ T T
and B
N oc 0
Nio = —0.15Z€%/D; (% - Z4V648_j) (44)

in the fibrous phase.
Using the same scaling of the fluxes through the membranes gives

N =-C"O| D" Oci — ziVDgnFc;"ai for i= 1,2, (45)
o azm 8xm
and
ac’ 0™
Ny = —cve(pplD _ L ypprep P, (46)
m axm azm
where .
D’ITL
0=—-"". 47
Dodm ( )
Finally the fluxes in the feed compartment, sub-domain III, are given by

8 C;
ox

Nip= (x\ijedf+(1e)3/2Di> fziV(lfe)?’pDici% for i=1-3, (48)
X

wl dc; 0¢ .
Nz =—-C (Agypedf +(1— 6)3/21)1-) i 2z V(1 — 6)3/2Dici£ for i=4-5,
(49)
in the liquid phase and
N@I = 7015263/2D1 <gc:; — Zﬂj@%) for 1:1,2 (50)
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and

ox

in the fiber phase. The fluxes are needed to calculate the current density from
Faraday’s law and to couple the fluxes at the interfaces between the different
sub domains. Note that the flux due to dispersion vanishes at the membrane
interfaces and that the contribution to the current density from the dispersion
cancels out due to the electroneutrality assumption. This means that APegy
do not need to be specified in order to solve the model equation.

Ny = —0.152¢%%D; (% — Z4V64%) (51)
xr

Continuity of the fluxes of specie NO3 and Cl™~ over the boundary between
sub-domains I and II gives,

Ni¢lpo=1 + Nicclwcczl = N/"[z,,=0 for i=1,2. (52)

The membrane is assumed to be ideally selective which leads to a zero flux
condition for sodium at the membrane surface,

N3“lgee=1 = 0. (53)

The fluxes of OH™ and HT is not continuous over the membrane boundary
due to the enhanced water dissociation which is modeled by a heterogeneous
surface reaction. Thus, the flux condition for OH™ and H™ is given by;

szc Tee=1 + szc Tee=1 + Rcc - Nin|zm:0 (54)

and
N§C|mcc:1 + Ree =0, (55)

where R is the heterogeneous surface reaction. The model for R was presented
in a previous paper [8],

cm «
Ree =CYY 11—t | non=1- 56
(Ccc(cic 4 CSC) + chic) ( C4 Cy ) ce=1 ( )
The parameter Y is defined as
E'h/K,,
Y=t (57)

Do
where k) is the reaction rate constant per unit area, at zero potential difference
over the reaction layer.

At the boundary between sub domains II and III the concentration next
to the membrane will increase and thus the enhanced water dissociation is
neglected at this boundary. Continuity of fluxes for the anions gives

N |Zm:1 = Ni,z|z:0 + Ni,z|z:0 for 1:172,4 (58)

1, T

The ideal selectivity of the membranes gives a zero flux of the cations over the
membrane surface, i.e.,

0= Ni,:c|:c:0 for 1:3,5 (59)
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The continuity of the fluxes of species 1 and 2 at the boundary between IIT
and IV are given by

Nilz=1+ Nilz=1 = N/"|¢,,—0 for i=1,2. (60)
The zero flux of sodium at the boundary gives,
N3|p—1 = 0. (61)

At this boundary the concentration polarization makes the enhanced water
dissociation important. Thus, the jump in the OH™ flux over the membrane
surface is given by,

N4|z:1 + N4|x:1 +R = Nin|xm:0- (62)

The flux of HT at the membrane surface is due to the dissociation of water at
the interface,

Nslz=1 + R =0. (63)
The expression for the surface reaction at this interface is given by,

cm ¢
R=7" 1 —cqc5)|p=1. 64
((61+02)+C“”C4) ( 405)le=1 (64
Finally the flux boundary condition between sub domains IV and V is given
by

N =1 = N{%eoe=0 + N{lg,.—0 fori=1,24 (65)
and
0= N, _o fori=35. (66)

3. Result and Discussion

The model equations were implemented in the commercial finite element pack-
age Comsol Multiphysics™ . The parabolic nature of the equations allowed the
equations to be solved using a 1-D transient solver instead of the 2-D steady
state. One advantage of this is that the adaptive time stepping ensures that
sufficient numerical resolution is obtained in the streamwise direction. Further-
more, a very fine grid could be used because the grid resolves only one space
dimension.

3.1. Comparison with experiments

Simulations were performed in order to compare the model predictions with the
previously presented experimental results [7]. In figure 3 and 4 the experimen-
tal results from two different experimental setups are presented together with
results obtained from simulations of these experiments. The stars in figure 3
gives the variation of the nitrate concentration in the product water with the
applied current density in experimental case E. In this experiment the F.C was
filled with an non conductive net-type spacer. It was found that a significant
amount of nitrate was removed by Donnan dialysis, i.e. without the help of an
external electric field, whereas applying an electric field did not lead to a great
improvement of the nitrate separation. The limiting current density was low



14 C-0 Danielsson, A.Dahlkild, A.Velin & M.Behm

and increasing the current density above this is accomplished by dissociation
of water. The pH of the product is given by the stars in figure 4. A sudden
drop of the product pH was obtained when the average current density was
increased from 5 A/m? to 10 A/m? which indicates that water dissociation has
started to occur in the feed compartment when an average current density of
10A/m? was applied. Increasing the current density even further only gave
a small increase in the flux of nitrate out of the feed compartment. Hence,
the nitrate level in the product remained more or less constant as the applied
current density was increased.

The squares in figure 3 marks the nitrate concentration in the product as
a function of the applied average current density as obtained in the experiment
with an ion-exchange textile incorporated in the feed compartment. These
results were presented as experimental case D in the experimental paper [7]. In
this experiment the pressure in the feed compartment was increased in order to
press the membranes against the textile in order to establish as good contact
between textile and membrane as possible. Without the current applied it was
found that the incorporation of the textile into the feed compartment led to
an increased nitrate separation due to Donnan dialysis. This is believed to
be due to an improved mixing of the liquid induced by the inherent structure
of the network of fibers in the textile. When the current density was applied
the nitrate level in the product decreased to levels which were well below the
recommended maximum of 25 ppm. The squares in figure 4 gives the pH of
the product as a function of the applied average current density for the same
experimental case. It was found that increasing the current density did not
lead to the same dramatic change of the pH as was found in the case with a
non conductive textile. However, the pH of the product started to go down,
indicating that water dissociation took place, when a current density of about
25 A/m? was applied.

The values of the model parameters used in the simulations are presented
in table 1. These values were obtained by considering the experiments, where
a solution containing 105 ppm nitrate (1.7mM) was treated. The geometry
of the cell and the flow rate used in the experiments were used to calculate
the corresponding dimensionless parameter values. This will be the base case,
which will be used to interpret the results from the simulations. The values
of the unknown parameters in the enhanced water dissociation model are cho-
sen according to the estimates presented together with that model [8]. In the
present paper the diffusion coefficients of nitrate, chloride and hydroxide in the
membranes are taken to be 2% of their value in water, compared to 1.9% for
chloride and 1.5% for nitrate which was used in the simulations presented pre-
viously [6, 7]. The estimates made for the quantities related to the ion exchange
textile were discussed in the experimental paper [7]. In the experiments the
concentrate compartments were filled with a net-type spacer instead of an ion
exchange textile. However, the relatively high concentration of the solution in
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the C.C makes the influence on the results of the simulations by the presence
of the textile in those compartments negligible.

Dy 1.90 [14] Z=z 410
Dy 2.03 [14] cm = i; 1000
Ds 1.33 [14] O = 4 120
D, 5.26 [14] a 0.1
Ds 9.31 [14] X = =5 0-0.66
Do | 1-1072 [m?s71] | € 0.15
c10 1 )= Lk 3.5-10~ 1
c30 1 A=/ 1-aK1 230
C40 0.1 0= Aif%f 0.10
¢50 10 0= 5 0.35
s 0.05 T = BhEy 0.45
56 1.0 P =o02Pe 380
ci6 0.1 a% 0.5
cs6 10 a‘f,a’fﬂ, a}"‘l 1
co | 1.7 [molm?] [15]

TABLE 1. Values of the non dimensional parameters, coeffi-
cients and inlet concentration used to obtain the results pre-
sented in figure 3 and 4 .

During the experiments only the cell voltage, applied over the entire cell,
the total current passed through the cell and the concentrations of the product
and concentrate could be measured. This restricts the comparisons that can
be made between model and experiments. Only the nitrate concentration and
pH of the product as a function of the average current density applied can be
compared.

The solid line in figure 3 shows the nitrate concentration in the product
as calculated with the model for the case where a ion conducting textile was
incorporated. A good agreement is obtained with the experimental case D [7].
A comparison between the pH obtained in the experiments and with the sim-
ulations is presented in figure 4. According to the simulations the pH of the
product should not change significantly when the current density is increased
up to 30 A/m?. Conversely, in the experiments a decrease of the product pH,
down to 4.3, was found also in the case where the textile was incorporated
in the feed compartment. This decrease of the pH indicates that water dis-
sociation was starting to become important also in this case, which was not
predicted by the model.

The dashed line in figure 3 shows the result from a simulation with a textile
with no functional groups incorporated, i.e., Z=0. For low current densities this



16 C-0 Danielsson, A.Dahlkild, A.Velin & M.Behm
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FI1Gure 3. Nitrate concentration in the product water as a
function of the applied current density. Comparison between
simulations with different textiles and the experimental results
presented in a previous paper [7].

simulation agrees well with the experimental points obtained with the conduc-
tive textile, i.e. case D given by the squares in figure 3. However, compared to
the simulations with a conductive textile a higher x value is required to obtain
a specific current density. Thus, the use of a conductive textile reduces the
power consumption. At about 17 A/m? the limiting current density is reached
and to increase the current density further water dissociation has to take place.
This is also reflected in the pH of the product as shown in figure 4. The pH is
almost constant up to the point where the limiting current density is reached.
Above this point the pH drops rather dramatically down to around three at
30 A/m?. Looking at the concentration of nitrate one finds that it is more
or less constant after the limiting current density is exceeded. The reason for
this is that the additional current is carried by hydroxide ions produced by the
dissociation of water.

Using a non conductive textile seems very close to the experimental case E
where a non conductive net-type spacer was used in the feed compartment. In
the simulations with non-conductive textile, dashed line in figures 3 and 4, far
more nitrate was removed by Donnan dialysis, i.e., when the current density



Modeling EP with Water Dissociation Included 17

6—-_—-.7‘ L
C ™
\; = —--
a S~
p ~.
5 % - s i
[ [ | \
\ LR
\ “
L 3 u 4
5 1 \
1 \
1 1
1 \
- 1 -
45 3 \ .
g \
:IQ:. A Y
\ * \
4t N \ -
N ¥ \
. S
S ~
~ >
3.5 ‘~, SO -
Z=410,6=0.1 DT SO
~, ~
= = =7=0, 6=0.1 ~ -~ % “-~~
gl | Z=0, 6=0.01 Tisi.l ]
B CaseD "'~r%,_,_
* CaseE =
25 Il Il Il Il Il
0 5 10 15 20 25 30

Average current density [A/m2]

FIGURE 4. pH as a function of the applied current density.
Comparison between simulations with different textiles and
experimental results presented in a previous paper [8].

was not applied, compared to the experimental case E. As discussed above
this can be explained by the good mixing induced by the fiber net-work of the
textile. The limiting current density, indicated by the sudden drop in pH of
the product, is for the same reason higher when the textile is used as a non-
conductive spacer. Hence, also a textile without the ion exchange groups will
improve the efficiency of the process due to its mechanical structure, which will
improve the mass transport in the feed compartment. The dash-dotted lines in
figure 3 and 4 correspond to a simulation where the coefficient of transversal
dispersion was lowered by one order of magnitude, i.e. # = 0.01 as to mimic
the effect of a less effective dispersion for the net-type spacer compared to the
textile. This gives a much better agreement with the experiments with the
non-conductive net-type spacer, case E; both the nitrate concentration and
the pH curves are found to agree rather well. Thus, our model is capable of
describing the water dissociation phenomenon in an electropermutation process
with inert spacers relatively well. To make a better validation of the model new
experiments should be made with reference electrodes located in the center of
the concentrate compartments. One could then compare the potential drop
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over the repeating unit with the response in both current density, pH and
nitrate removal.

There are a number of possible explanations for the discrepancy between
the prediction of the product pH made by the model and the experiments for
the case where a conductive spacer was incorporated. Below some of these will
be discussed.

The model assumes a homogeneous textile, i.e., both the porosity and the
distribution of the functional groups are assumed to be homogeneous. In the
literature several models for heat transfer to/from solid boundaries into porous
beds introduce a variable porosity in the near wall region [16, 17]. The vari-
able porosity is then commonly described by an exponential function according

to [17],
1-6=(1-6w <1+bexp<%>). (67)

where b and ¢ are empirical parameters, (1-€) is the void fraction in the bulk
of the bed and ¢ is the coordinate in the wall normal direction. Not only
does this effect the heat conduction in this region but it also gives a higher
permeability close to the wall with a possible flow channeling in that region. In
our case where the fiber diameter is very small and the void fraction in the bulk
is rather high the effect of flow channeling can be considered negligible. The
effective mass transfer to the membrane is, however, affected. The value of the
empirical parameter b is usually such that the void fraction at the wall is very
close to unity. As a consequence of this the current density would be forced
out into the liquid phase in a thin layer next to the membrane. The thickness
of this layer is controlled by the other empirical parameter, c. Furthermore,
the correlation for the mechanical dispersion used in the bulk is not likely to
be valid all the way in to the membrane wall. This problem has been discussed
in the literature and several different ways to model this has been proposed. A
van Driest type of wall function was proposed by Cheng [16, 17, 18],

)\Aoo<1exp<7;—f>), (68)

where A is the transversal coefficient of dispersion in the bulk and m is a
empirical parameter. Simulations have been carried out with both of these
corrections included. However, using parameter values which can be found in
the literature, did not improve the pH predictions dramatically. Thus, it is not
believed that the correlation used for the mechanical dispersion in the near wall
region nor the assumption of a constant porosity should be responsible for the
failure to accurately predict the pH drop with a conductive textile incorporated.

Another assumption made in the model is that the textile and the mem-
brane are in perfect contact with each other. Ideally one would like the con-
ducting spacer to be a porous continuation of the membrane with a very high
specific area filling the whole feed compartment [19]. The situation in the ex-
periments was that the textile spacer is made of a different material than the
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membrane and the fibers in the textile are not attached to the membrane sur-
face. In the experiment the pressure in the C.C was higher than in the F.C
to force the membrane to be in contact with the textile. Even if this way of
operating the process greatly improved the separation of nitrate and reduced
the change of the pH, it does not mean that an ideal contact was established.
It is very likely that some part of the membrane was not in direct contact with
the membrane. Thus, it should be possible to improve the performance of the
process by reducing the contact resistance between membrane and spacer. This
contact resistance be captured by the model used for the variable porosity, by
tuning the parameters. This is however outside the scope of the present paper.

3.2. Simulations with a non conductive textile

The model will now be used to study the electropermutation process with a
non-conducting textile, i.e., Z=0, in more detail. The role of the textile in
such a process would be to provide mechanical support to the ion exchange
membranes as well as improving the mixing of the liquid phase in the feed
compartment. Later the capacity of the textile will gradually be increased in
order to study the influence of a conductive spacer. In all these simulations it
will be assumed that the textile has a constant porosity and is in ideal contact
with the membranes. Furthermore, the mechanical dispersion is assumed to be
given by the same correlation used in the bulk all the way out to the membrane.
Thus the model is more likely to underestimate the rate of water dissociation
rather than over predict it.

The concentration of nitrate averaged over the thickness of the feed com-
partment as a function of the streamwise coordinate is shown in figure 5. Each
line represents simulations with a specific value of the non-dimensional param-
eter y, all other parameters are given in table 1 except for Z which is set to
zero. The dotted line, y = 0 represents the nitrate removal by Donnan dialysis.
In this case the nitrate level decreases steadily through the cell. Indicating that
the whole compartment is active in the separation of nitrate. As the value of x
is increased the rate of nitrate separation initially increases until the limiting
current is reached. When the value of y is increased above this point water
dissociation becomes important. The partial current carried by OH™ in the
membrane then increases rapidly when y is further increased. For y = 0.92,
which is the highest value presented in figure 5, the nitrate removal is quite
fast in the beginning of the cell. Then as water starts to dissociate the rate
of nitrate removal decreases. In fact the averaged nitrate concentration passes
through a minimum and in the last section of the compartment more nitrate
enters over the membrane on the cathode side than what leaves the feed com-
partment over the membrane on the anode side. As a result the nitrate level in
the product actually is higher for y = 0.92 than for y = 0.61. Thus the nitrate
removal can not be improved by increasing the applied potential further.
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FIGURE 5. Nitrate concentration averaged over the F.C thick-
ness as a function of streamwise coordinate. Theses curves
were calculated for an inert textile, Z=0, other model param-
eters are according to table 1

The membrane is assumed to be ideally selective so the flux of H+ out of
the membrane surface is that which is produced by the heterogeneous water dis-
sociation. In figure 6 the H* flux from the membrane surface is presented as a
function of the streamwise coordinate for different values of x. Close to the en-
trance of the feed compartment the water dissociation is close to equilibrium.
As one moves downstream through the feed compartment the concentration
boundary layer develops and the driving force for the enhanced water dissoci-
ation increases. The streamwise position for the onset of the enhanced water
dissociation moves towards the inlet of the F.C with increasing value of .

The pH of the liquid averaged over the F.C thickness is presented as a
function of the streamwise coordinate in figure 7. Close to the inlet where
water dissociation is not significant the pH stays constant. Once the enchanced
water dissociation has started the pH drops through the whole F.C. The pH
distribution in both the F.C and the C.C for a simulation with y = 0.51 is
shown in figure 8. The location of the onset of water dissociation is clearly
seen if one looks at the pH distribution in the C.C, at y~0.15 there is a sharp
increase of the pH next to the membrane in the concentrate compartment. The
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FIGURE 6. The flux of H" at x=1. This flux is given by the
dissociation of water in the heterogeneous surface reaction.

pH next to the membrane in the C.C then increases steadily through the whole
cell and reaches levels well above 11 at the outlet. The high pH next to the
membrane in the concentrate compartment may be a serious problem for the
reliability of the process. Most metal hydroxides have a low solubility and if
the OH™ concentration becomes too high precipitation of salts such as iron
hydroxides can foul the membrane [20].

The total ionic concentration of the water in the feed compartment in-
creases when water begins to dissociate. This will lead to an increased conduc-
tivity of the liquid, which will influence the current distribution. In figure 9
the current density scaled with the current density at the inlet is shown as a
function of streamwise coordinate for different values of y. When the applied
potential is very low the current density is almost constant all the way through
the cell. Then if the applied potential drop is increased, but not enough for
water dissociation to become important, one finds that the current density is
highest in the beginning of the feed compartment and then gradually decreases
as one moves through the cell. Since nitrate ions in the feed are replaced by
slightly more mobile chloride ions this decrease of the current density can not
be explained by the change in the composition of the feed water. A more likely
explanation would be that concentration polarization taking place close to the
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F1GURE 7. pH averaged over the F.C thickness as a function of
the stream wise coordinate. Calculated with a non conducting
textile, Z=0, and all other parameters as in table 1

pH

FiGUrE 8. pH distribution in the F.C to the left and the C.C
to the right calculated for a non conductive textile, Z=0, and
x=0.51. All other parameters as given in table 1.
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membranes leads to an increased resistance of the cell. If the potential is fur-
ther increased water dissociation will eventually start to become important.
This will increase the total salinity of the water in the F.C by producing highly
mobile H* ions that remains in the F.C. A consequence of this is that the con-
ductivity of the F.C increases, which is seen by the increase in current density
as one moves downstream through the cell. Thus at x = 0.92 the highest cur-
rent density close to the outlet is almost three times higher than at the inlet.
At the same time the nitrate removal is very poor in the region close to the
outlet.
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FIGURE 9. The current density distribution, scaled by the cur-
rent density at the inlet, through the cell as predicted by the
model in a simulation for a non conducting textile, i.e. Z=0.
All other parameters as given in table 1.

In summary, simulations with a non-conductive textile were performed in
order to gain some insight into this simplified process. The maximum nitrate
separation possible to accomplish was found to be just under, 75%, with the
chose set of parameter values. In the base case studied in this paper where the
initial nitrate level is 105 ppm this gives that the lowest nitrate level that could
be obtained is that which is the recommended maximum level, i.e. 25 ppm.
However, the pH of the product in this case would be about 3 which is very
low, and the local pH next to the membrane in the C.C would be as high as
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11 close to the outlet. Furthermore, it is likely so that if the flow rate through
or the thickness of the feed compartment is increased, in order to increase the
productivity per unit membrane area, the nitrate level of maximum 25 ppm in
the product cannot be reached. Thus, in order to increase the productivity a
conductive spacer has to be used.

3.3. Simulations with a conductive textile

To study the influence of a conductive textile in the F.C simulations were
performed with different textile capacities. The parameter values used in the
simulations are given in table 1 except for the scaled textile capacity Z which
was varied.

In figure 10 the nitrate level in the product is presented as a function of y for
three different values of Z. The dash dotted line represents a simulation with a
non-conductive textile, Z=0. As was discussed above the nitrate concentration
of the product passes through a minimum as the value of x is increased. This
minimum is located somewhere between x ~ 0.55 — 0.75 in the simulations
presented here. If instead a textile with a very low capacity, Z=10, is used; the
nitrate level decreases with increasing x all the way up to x = 1. The nitrate
concentration in the product at ¥ = 1 is just above 10% of the feed water
concentration. Hence, a feed water with around 100 ppm of nitrate could be
treated, and a level under the recommended level of max 25 ppm nitrate [21, 22]
could be reached using this textile. The solid line figure 10 represents results
from simulations were a textile with a higher capacity, Z=100. It is clear that
the nitrate separation is very fast with this textile. At y ~ 0.5 the limit of the
separation possible to achieve is reached. As was concluded in our previous
paper [6] an increased textile capacity makes the optimal value of x decrease
in such a way that the product between the optimal y value and Z is constant.

The current density passed through the cell at a given value of y is de-
pendent on the capacity of the textile. In figure 11 polarization curves for
three different textile capacities, i.e. Z=0, 10 and 100, are presented. The
polarization curve obtained with a non conductive textile, represented by the
dash-dotted line, have three different regions. First the current density in-
creases linearly with x up to x ~ 0.3. Around the limiting current density
is the plateau region, 0.3 < y < 0.5, where there is very slow increase in the
current density as y is increased. In the third and final region the current den-
sity again rises with increasing x. This super limiting current density is in our
simulations a result of the enhanced water dissociation. Due to the dissociation
of water the conductivity of the liquid in the F.C increases. As a consequence
of this the current density, obtained in our simulations with a non conductive
textile, is higher than when a conductive textile, Z=100, is used at x =1 .

The dashed line represents the polarization curve obtained in from a sim-
ulation with a textile with poor conductivity, Z=10. In this case the most of
the current is passed through the liquid phase. Thus, the initial slope of the
polarization curve is very close to the case with a non conductive textile. When
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Fi1GURE 10. Nitrate concentration in the product as a function
of the dimensionless parameter y. Each line corresponds to a
different textile capacity.

the concentration close to the membrane approaches zero the conductivity of
this phase becomes very low and the current moves into the fiber phase in this
region. This reduces the sharp increase of the electric field in the liquid phase
next to the membrane. The current density in the liquid phase close to the
membrane surface is kept low and hence the dissociation of water is suppressed.
Thus, the partial current of HT and OH™ remains low even for rather high x
values. This explains why the conductive textiles reduce the water dissociation
intensity.

The polarization curve for the textile with Z=100 is represented by the
solid line in figure 11. In this case the fiber phase has a reasonable conductivity.
Both phases carry almost half of the current each in the bulk of the F.C. This
makes total conductivity of the F.C higher compared to the case with an inert
textile. Hence, the initial slope of the polarization curve is higher. As the
concentration in the liquid phase becomes low the current moves into the fiber
phase instead and the limiting current behavior is not seen. Compared to the
case when the textile had a relatively poor conductivity the resistance close
to the membrane in the fiber phase is lower and the slope of the polarization
curve is therefore higher.
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FIGURE 11. Current density as function of y, i.e. polarization
curves, for different Z values. Not that due to the water disso-
ciation the highest current density is obtained for the system
without the conducting spacer.

In both cases when a conductive textile was used the enhanced water dis-
sociation was suppressed. Thus, most of the current is carried through the
membrane by NOjz and Cl~ for all values of the current density. As a conse-
quence of this no minimum for the nitrate separation for y < 1 could be found.
In figure 12 the flux of nitrate at the membrane, x=1, in simulations with
x = 0.51 is presented as a function of streamwise position, y. The dash-dotted
line is obtained in a simulation with Z=0. In this case the total nitrate flux
is passed through the liquid phase. The solid and dashed lines represent the
nitrate fluxes in the fiber and liquid phases respectively in a simulation with
Z=100. The nitrate flux in the fiber phase is rather high close to the inlet of
the cell, where most nitrate is replaced by chloride. This also explains the low
nitrate fluxes in the last part of the cell.

As was pointed our earlier, not only the pH of the product should be
considered when finding suitable operating conditions for the process. Also
the local pH in C.C next to the membrane should be taken into account. In
figure 13 the pH, averaged over the thickness of the F.C, as a function of stream
wise coordinate in a simulation with Z=100 and x = 0.36 is given by the solid
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FiGure 12. Nitrate flux in the different phases at the mem-
brane surface x=1, for two different capacities of the textile
and xy = 0.51.

line. The dashed line represents the local pH next to the membrane in the C.C,
i.e. x.. = 0. It is found that the pH of the product decreases only slightly from
pH 6 down to 5.7, which can be acceptable. The pH next to the membrane in
the C.C reaches a value of about 8.5 close to the outlet of the cell. This value
is not very high and can be acceptable. If however this pH should increase to
higher values there might be problems with fouling of the membrane due to
precipitation of hydroxides.

4. Conclusion

The model for the enhanced water dissociation at surfaces of ion exchange
materials was successfully implemented in the simulations of nitrate removal
by continuous electropermutation. For the case where a net-type spacer was
used the model could predict pH variations in the product that were in line with
the experimental observations previously reported. Thus, it was concluded that
the model of the enhanced water dissociation is a powerful tool that can be used
to include the effect of water dissociation in simulations of electromembrane
processes. It could for example be used to gain better understanding of the
influence of the local pH within an EDI cell.
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FIGURE 13. The solid line represents the pH (scale on the
left y-axis) averaged over the thickness of the feed compart-
ment, obtained in a simulation with Z=100 and y = 0.36. The
dashed line is the local pH (scale on the right y axis) next to
the membrane in the concentrate compartment.

Simulations with a non conductive textile highlighted the limitations of
such a process configuration. The separation of nitrate possible to accomplish
is limited by concentration polarization taking place close to the surface of the
membrane. Increasing the current density above the limiting current density
gives rise to an enhanced water dissociation, which leads to a change of the pH
of the product water. Furthermore the pH in the C.C need to be considered
since a high pH in the region close to the membrane might lead to fouling
problems due to precipitation of hydroxide salts. In the base case considered
in this paper the minimum nitrate level that could be reached in the product
when a non conductive textile was used was 25 ppm. However, the pH would
then be as low as three in the product and as high as 11 close to the membrane
in the concentrate compartment. Thus, the productivity has to be lowered if a
non conductive textile is used.

To investigate the influence of the capacity of the ion exchange textile
simulations were performed with two different capacities of the fiber phase.
It was found that using both of these textiles the dissociation of water was
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reduced considerably. The optimal x value is reduced when Z is increased in
such a way that the product xZ remains constant. Thus a higher Z value
reduces the power consumption of the process by reducing the resistance of
the feed compartment. As the concentration of the liquid phase approaches
zero close to the membrane, due to the concentration polarization, the current
density moves into the fiber phase. Concentration polarization does not take
place in the fiber phase due to the fixed counter ions. Thus, the limitation for
the nitrate flux is moved from the surface of the ion exchange membrane to the
much larger surface of the fiber phase.

Simulations performed with conductive textiles indicated that incorpora-
tion of an anion-conductive textile in the feed compartment of the electroper-
mutation equipment reduces the water dissociation tendency. The model did
not predict the pH shift that was found in the experiments with ion-exchange
textile in the feed compartment. It is believed that an insufficient contact
between the textile and the membranes in the experiments can explain this
discrepancy. Poor contact increases the power consumption of the process as
well as increases the risk of enhanced water dissociation. The dissociation of
water is an unwanted phenomenon in the process studied in this paper. First
of all it will decrease the current efficiency of the process. Furthermore it will
lead to pH changes of the product water, but perhaps even more disturbing is
the increase of the pH next to the membrane in the concentrate compartment,
which may cause fouling of the membrane as previously discussed.

The first step to take for improving the process would be to solve the
contact problems related to the poor contact between the membrane and the
textile.
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