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Summary

Electrodialysis (ED) is a well-established technique which enables the separation of
cations and anions from electrolytes. The process takes place in a ‘stack’ which
contains ion-selective membranes, placed between two electrodes. These
membranes can be cation-exchange membranes (CEM) or anion-exchange
membranes (AEM). An electrical current is applied to the system, while the
electrolytes are circulated through the stack. Applications based on this principle are
dilution and concentration of brackish solutions, membrane electrolysis and the
separation of amino acids.
  The application of ED which is the subject of this thesis is the production of acids
and bases from salt-containing waste waters. In this process, acids and bases are
produced in an ED stack from their corresponding salt, by using hydrogen and
hydroxyl ions which are produced at the electrodes, or by bipolar membranes. In a
co-operation between the University of Groningen and TNO Environment, Energy
and Process Innovation a research project, subsidised by Senter (part of the Ministry
of Economical Affairs of the Netherlands), was carried out to investigate this
application. The TNO part involved the identification of industrial brine waste
waters in the Netherlands, an economical evaluation and the implementation of the
method for selected waste waters in laboratory and pilot plant-scale experiments.
The part described in this thesis involves the mathematical modelling of acid and
base production, and validation of the results by performing experiments using
synthetic waste waters.
  The recovery-ED model and experiments are introduced in Chapter 4, and the
estimation of the model parameters is described in Chapter 2 and 3. In Chapter 2,
membrane characterisation experiments are described which estimate the
equilibrium properties of the ion-selective membranes. Chapter 3 describes the
estimation of the Maxwell-Stefan diffusion coefficients for the relevant electrolyte-
membrane systems. The diffusion parameters were obtained by modelling a (large)
number of separate diffusion measurements.
  From extensive characterisation experiments the fixed-charge, co-ion, counter-ion
and water concentrations were determined. A thermodynamic equilibrium model
was applied to the results. However, the internal activity coefficients could not be
described with thermodynamic models such as the Bromley model when a
homogeneous charge distribution in the membrane was assumed. For a complete
two-phase description, not enough measurements were available. To overcome the
problem, the experiments could be described by the equilibrium equation, extended
with a heterogeneity factor, combined with the Bromley model for calculation of the
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internal activity coefficients. As a result of the calculations, both the membrane-
phase electrical potential, and the co-ion sorption behaviour could be modelled.
  In the highly concentrated ED system, a large amount of multicomponent diffusion
coefficients occur. These diffusivities are important parameters for the ED mass
transfer model. A set of separate diffusion experiments was developed and
performed. By modelling these experiments, for each membrane, the parameters
could be calculated by means of a parameter optimisation method. It proved possible
to find the diffusion coefficients, although experimental error was passed on to
considerable standard deviations in some coefficients. In both cation- and anion-
exchange membranes, it proved difficult to fit the co-ion/water diffusion coefficients
from experiments.
  The ED acid and base recovery experiments were performed with both monopolar
membrane (MPM) and two types of bipolar membrane (BPM) configurations, with
the salts NaCl and Na2SO4. The concentrations of the produced acid and base were
varied between 0.5 and 5 M. The performance of the MPM’s is strongly dependent
on the acid and base concentration. Higher external concentrations decrease the
current efficiency. The electrical energy consumption of acid base recovery with
MPM shows a minimum at around 2 M. Acid base recovery from Na2SO4 shows
lower AEM selectivity, and higher stack potentials. This leads to a higher energy use
compared to NaCl.
  The BPM’s performed at high current efficiencies, between 0.96 and 0.97 in 2 M
NaCl. In a stack with a large number of BPM’s, this leads to energy savings between
around 20 to 50 % per mole of produced acid and base compared to the MPM
configuration.
  To complete the model parameter estimation, described in Chapter 2 and 3, two
more parameters were determined from specially designed experiments. These were
the limiting current densities and the overpotentials. It was shown that all ED
experiments were carried out below the limiting current.
  With the complete ED model, all acid and base recovery experiments were
calculated. The model predictions of the current efficiencies show good agreement
for the cation-exchange membrane and the two anion-exchange membranes. In most
cases, the calculated current density was higher than the experimental results. The
differences between experiment and model are caused to a great extent by deviation
of the experimental current densities. The water transport is also well described by
the model, except for the HCl-Nafion system. The stack potentials, calculated by the
model, are generally too low compared to the experiments. This is probably caused
by higher voltage drops across the anion-exchange membranes and the bipolar
membranes.
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1 Introduction

1.1 Introduction to electrodialysis

Electrodialysis is a process in which charged species are separated from an
electrolyte solution by an applied electrical current. This is achieved inside a module
equipped with ion-selective membranes, placed between two electrodes. The process
streams are circulated through this module. In figure 1.1 the separation principle of
the membranes is shown.

Fixed ionic groups
Free ions

Figure 1.1: The two types of (mono polar) electrodialysis membranes. On the left: cation-
exchange membrane, on the right anion-exchange membrane.

A cation-exchange membrane (CEM) possesses fixed, negative charges, surrounded
by pore electrolyte containing (mobile) positively charged ‘counter-ions’. The fixed
charges can be (among others) sulfonic acid or carboxylic acid groups [5]. The
sulfonic group is dissociated in the entire pH range, the carboxylic group is
undissociated below a pH value of 3. In most anion-exchange membranes (AEM)
the fixed charges are ammonium groups [5]. They can range from quaternary
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ammonium groups which are dissociated in the entire pH range, to primary –NH3
+

groups, which are positively charged only in acid surroundings. Here the counter-
ions are the negative ions. The backbone for most types of membrane is formed by a
cross-linked polystyrene (hydrocarbon) structure [1]. In the case of the Nafion
cation-exchange membrane, this is a tetrafluoroethylene backbone. The ionic groups
introduce hydrophilic properties into the otherwise hydrophobic structure [2]. This
allows water to fill up the free space, to form an internal ‘solid polymer’ electrolyte.
In both types of membrane, the concentration of fixed charges, is in the order of
1-2 M.
  In dilute electrolytes, the counter-ions tend to move out of the membrane, driven by
a concentration gradient. This leads to a (very small) charge of the membrane, which
counteracts further counter-ion diffusion, and limits the amount of oppositely
charged ‘co-ions’ entering the membrane. When an electrical current is imposed on
the membrane, both types of mobile ions will carry the charge, but as the counter-
ions outnumber the co-ions, these are separated from the solution.

1.1.1 Conventional electrodialysis
The first, and still the most commonly used application of ED, is the concentration
and dilution of electrolytes. This is provided by a stack which contains a large
number of alternating cation- and anion-selective membranes and two electrodes
which force a DC electrical current through the membranes (figure 1.2).
 The flow channels between the membranes are narrow (one to several millimetres),
and are equipped with turbulence promoting spacers. These can be wire mesh-type
(Vexar, like in this work) or ‘tortuous path’-type spacers [1]. In tortuous path-type
spacers, the flow is forced through a long, strongly curved channel.
  In dilute electrolytes, mass transfer limitation of ionic diffusion leads to a
maximum current density. If the stack is operated above this ‘limiting current
density’, the current efficiency drops due to the occurrence of water splitting.
Applications based on conventional ED are:
- brackish water desalination
- concentration of sodium chloride for table salt production (Japan only) [5]
- waste water treatment
- fruit juice de-acidification [5]
- demineralisation of whey for baby food industry [5].
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Figure 1.2: Cation and anion-exchange membranes are placed alternately between the
electrodes. They provide concentration of stream (b) and dilution of stream (c). The electrode
fluids (a) are combined to neutralise the H+ and OH– ions which originate from the
electrodes.

1.1.2 Conversion of salts into acids and bases
At the electrodes of an ED stack, electrolysis of water takes place. In that process,
H+ and OH– ions are formed, as well as O2 and H2 gas. In conventional ED, the ions
are not used but neutralised by combining both flows. In the processes of this thesis,
this is not so: the prime objective here is the production of acids and bases from their
corresponding salts. We therefore use configurations with small numbers of
compartments. The simplest configuration is shown in figure 1.3, for the conversion
of Na2SO4. For the conversion of NaCl, shown in figure 4.2, a fourth compartment,
containing H2SO4, is added to prevent the anodic conversion Cl–. The aim of the
process is to treat brackish and brine waste water. In processes where these streams
are caused by combined acid and alkaline process fluids, the regenerated acids and
bases can be reused to reduce salt emissions.
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Figure 1.3: Acid and base production from Na2SO4 using monopolar membranes.

Process efficiency largely depends on the selectivity of the membranes. For the
CEM, a Nafion membrane is used because it is developed for and used in the Chlor-
alkali process, to fulfil the same task as in the above configuration: to prevent OH–

leakage. For the AEM, two types of recently developed proton-blocking membranes
from Solvay were used. The ARA-02 membrane was used (and designed) primarily
for the recovery of H2SO4 from Na2SO4. The membrane possesses vinylpyridinium
fixed-charge groups, which deprotonate above pH 3-4 [6]. For the recovery of HCl
from NaCl, the AW-09 membrane was used. Its pH-dependent fixed-charge
protonation was investigated by pH-dependent conductivity measurements,
described in section 0. The outcome indicates an even weaker dissociation character
of the AW membrane. Other membranes that can be used as proton blocker (but not
used in this project) are the AAV-Selemion membrane by Asahi Glass, and the
ACM-Neosepta membrane from Tokuyama Soda. This membrane retains (about
half of the) dissociated fixed charges over the entire pH range [6].
  To obtain a large stack of membranes, which would lower both investment and
operational costs as in conventional ED, a new type of membrane was developed.
This bipolar membrane (BPM) contains adjacent sheets of a cation- and an anion-
exchange membrane. When placed in an electrical field, water inside the membrane
will split into H+ and OH–, but without gas evolution. The simplest stack
configuration for acid/base regeneration with a BPM in shown in figure 1.4, for
Na2SO4.
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Figure 1.4: BPM-II configuration for the conversion of Na2SO4.

Subsequent compartments of Na2SO4/NaOH/H2SO4 can be placed in this stack.
Note that:
1. The concentration of the electrode fluid decreases in time when the unit is

operated in recirculation mode.
2. Apart from possible current inefficiencies of the BPM’s, the process

performance is determined by the AEM’s and CEM’s.
3. The ions which are formed by the electrode reactions, are neutralised in this

configuration. In the configuration denoted as BPM-I, discussed in Chapter 4,
they are used as products.

  Other stack configurations equipped with BPM’s, used in work, are shown in
figures 4.3, 4.4 and 4.5. In practice, when treating waste waters, more process steps
can be included, such as the appropriate pre-treatment of process waters to prevent
membrane fouling. An example is alkaline precipitation followed by filtration.
  In this thesis, acid and base-production from synthetic salt solutions of NaCl and
Na2SO4 using MPM and BPM configurations is compared at different concentration
levels. The experiments with bipolar membrane configurations were carried out with
BPM’s from two manufacturers: Tokuyama Soda and Aqualitics.
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1.1.3 Design aspects
In this thesis, a model is developed to calculate the changes in concentration and
volume of the circulating electrolytes from the electrical current input. The model
will also predict the voltage drop in the membrane stack. If the membranes would
work as ideal separators of anions and cations, the flux of the desired ions can be
calculated from the current density. The current density (j) follows from the total
current (I ) and the membrane area (Am):

mA
Ij =  (1.1)

The current density is carried by the ions having a molar flux Ni and charge zi:

∑
=

=
n

i
ii zNj

1
F  (1.2)

In equation 1.2, F is Faraday’s constant. If the fluxes of the different ions are
known, we can calculate the membrane current efficiency (q) from:

j
Nz

q iiF
=  (1.3)

In this definition, the current efficiency q represents the fraction of the (total) current
density j, which is carried through the membrane by the ‘desired’ ion i. In the model,
the ion fluxes are calculated from a multicomponent mass transfer model, based on
the Maxwell-Stefan equations. The fluxes are a function of the equilibrium
properties of the membrane (the internal concentrations), multicomponent diffusion
coefficients, and the driving forces. In Chapter 2, the measurement and modelling of
the equilibrium properties is discussed. In Chapter 3, the multicomponent diffusion
coefficients are obtained from a number of partial diffusion experiments, performed
for each membrane in the appropriate electrolytes.
  The ions move through the membrane when a driving force is applied. In equation
1.4, this force, Fi, is the sum of three gradients:

pVzaRT iiii ∇−∇−∇−= φFlnF (1.4)

The first term is an activity gradient. It includes concentration and activity
coefficient gradients. In electrodialysis membranes, these gradients occur when the
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electrolyte concentration differs on both sides of the membrane*. This driving force
is applied in diffusion dialysis; one of the four partial diffusion experiments
described in Chapter 3. The second term is the electrical potential gradient. This is
the most important driving force for ED and electro-osmosis applications. The third
term contains a pressure gradient. This is unimportant in ED, but a pressurised
electrolyte-membrane system was used in this work to measure ED membrane
permeability. Diffusion of water can be caused by activity and by pressure gradients.
  The electrical power consumption of an ED stack follows from the electrode
potentials, the total current and the stack resistance, which in turn is the sum of
electrical resistances in the stack:

stackelectrodesstack IR+∆=∆ φφ (1.5)

These resistances are formed by the electrolytes between the membranes (bulk and
film layers), the membranes and the electrical circuit. In the mass transfer model for
the membranes, the film resistances are included. An additional mass transfer layer
for the bulk fluids, a description of the electrode potentials and electrical resistance
in the circuitry completes the calculation of the stack potential. The Donnan
potentials are assumed to cancel for each membrane.

1.1.4 Other ED-related processes
Electrodialysis membranes are used in more applications apart from conventional or
‘recovery’ ED. The industrially important ones are:
- membrane electrolysis,
- electrodialysis reverse,
- separation of amino acids,
- diffusion dialysis,
- electrodeionisation and
- removal of metal ions from waste waters.
  Membrane electrolysis (figure 1.5) uses Nafion membranes to block the hydroxyl
ions. The cation-exchange membrane is of the perfluorosulfonic type, it is
extensively applied in the chlor-alkali process [8] and in fuel cell applications [9].
Chlorine and caustic soda are produced (at high temperatures and concentration
levels) from sodium chloride with current efficiencies close to 100%.

                                                     
* Although the concentrations of co- and counter-ions in an ED membrane are different, their
concentration gradients are the same.
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Figure 1.5: (Unit) membrane module for Chlor-alkali electrolysis.

  Electrodialysis Reverse is an extension to conventional ED process operation. The
polarity of the electrodes are switched and the flow channels for the diluted and
concentrated streams are interchanged. This facilitates (part of the) membrane
fouling to dissolve, enabling a longer membrane lifetime.
  A delicate ED operation is the separation of amino acids [3,4]. By careful pH
adjustment, amino acids with different iso-electric points can be separated from a
mixture of amino acids.
  Diffusion dialysis is applied to separate (waste) acids from electrolyte mixtures. It
uses anion-exchange membranes. In this process however, no electrical current is
applied: the process is concentration gradient-driven. An anion-exchange membrane
allows the diffusion of anions, accompanied by H+ ions which leak through the
membrane as co-ions. Other cations are left behind. The technique is mostly used for
the purification of metal solutions. A closely related process is Donnan dialysis. In
that process, metal ions can be removed from a solution by replacing them with H+

ions. A cation-exchange membrane allows diffusion of H+ ions from the acid
compartment to the compartment with the (metal) salt. This H+-diffusion causes a
potential across the membrane which will act as a driving force on the metal ion.
  In Electroedeionisation (EDI), ion-exchange resin is placed between two
electrodialysis membranes. This provides instant regeneration of the resin and
enables the production of ultrapure water.
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 Removal of metal ions from waste waters (ED). The waste waters to be treated can
be processing rinse waters from the electroplating industry. Heavy metal ions such
as nickel can be removed, as well as nitrate removal from drinking water [5].

1.2 Environmental aspects

In the process industry, many waste water streams are produced which contain high
concentrations of different salts. In the Netherlands, 2 million tonnes of salts are
ejected to surface water each year [7]. About half of this amount is produced by the
artificial fertiliser industry. Other sources of salt waste waters are paper, paint and
dye, food, steel and petrochemical industries. In many cases, salt streams are
obtained after neutralisation of acid and basic process streams. In other cases, the
salt itself is needed in the process. Those streams can only be recirculated after
purification.
  To enable recirculation of the process water and the chemicals from which the salts
were formed, it is desirable to have a technically and economically attractive method
to remove the salts from the waste streams by converting them into the acids and
bases from which they originate. A technique which enables this is electrodialytic
recovery of acids and bases. The process would be economically feasible (only) if
the produced acids and bases can be reused in the process, and if ejection of salt
containing waste waters is expensive. An example of a possible application is the
regeneration ion exchangers where large amounts of acid or alkaline solutions are
needed, which are neutralised before disposal.
  The principle of electrodialytic salt separation (dilution) is the same as in
conventional ED. The difference is that H+ and OH– ions, formed at the electrodes
are not recombined in the electrodialytic process. Another way to split water is by
using a bipolar membrane. To obtain highly concentrated acid and base products, the
(monopolar) ion-exchange membranes must have high H+ and OH– blocking
properties.

1.3 Project aim and scope

This research project has two main aims. Firstly to prove that the new method to
treat brine waste waters works, and how the economics compare to the present
situation. Practical problems such as membrane fouling, membrane lifetime, and
maximum concentrations were added to the main topics. This part of the project was
carried out by TNO Environment, Energy and Process Innovation and is reported in
[7]. It is described how several examples of industrial waste waters were treated in
laboratory. For some applications, pilot scale studies were carried out. For the Dutch
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situation, adaptation of the technique for simple salt waste waters depends on
tightening of environmental legislation on sewage. For some specific applications
such as flue gas treatment and the treatment of pickling baths waste waters, the
technique can be economically feasible in the present situation.
  The second aim is to develop a process model with which the new process can be
understood and the design improved by better understanding of the influence of
several parameters. This is the subject of this thesis, and as pointed out, involves the
development of a model and the determination of the model parameters. These are
both the equilibrium and the diffusional properties of the membranes, as well as
electrolyte, electrode and circuitry properties. For the experiments, an ED setup (100
cm2 membrane area, 10 A current) was constructed. With this setup, highly
concentrated synthetic salt, acid and base solutions were tested. At constant current,
the parameters varied were: concentration, the two types of anion-exchange
membrane (ARA and AW by Solvay), the salts (NaCl and Na2SO4). Further, the use
of bipolar membrane was compared to electrolytic water splitting, while varying the
same parameters. Membrane characterisation and diffusion experiments, were
carried out for the different membranes, for the appropriate electrolytes and
concentration ranges.

1.4 Conclusion

In this chapter, the environmental need for a process which can decrease the amount
of (concentrated) salt waste waters is pointed out. A method is proposed which can
serve this goal by recovering the acid and base from which these salts originate. This
makes it a profitable process for specific applications. The research project is
divided into a ‘practical’ part, with real process streams, carried out and reported by
TNO [7], and in a ‘theoretical’ part, concerned with mathematical modelling,
parameter estimation and experiments for model verification with synthetic process
streams. It is this part that is reported in this thesis.
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2 Electrolyte-Membrane Equilibria

Introduction

In electrodialysis processes, an electrical current is applied to drive ions through ion-
selective membranes. To obtain high current efficiencies, the ratio of counter- over
co-ions permeating the membrane should be as high as possible. This ratio is related
to the ion diffusivities and to their membrane concentration levels. The
determination of the diffusivity coefficients is covered in Chapter 3. The
concentrations are largely determined by equilibrium properties of the membrane
and the surrounding solution. The equilibrium distributions of water and different
ions between the electrolyte and the membrane phase are the subject of this chapter.
In a series of characterisation experiments, the concentration of fixed charges, co-
ions and water were determined for every relevant electrolyte-membrane system, as
a function of external electrolyte concentration.
In section 2.1 equilibrium theory is introduced. The characterisation experiments
with the results are described in section 2.2. In section 2.3, the equilibrium
concentrations are modelled by fitting the experimental activities to multicomponent
activity models.

2.1 Theory of electrolyte-membrane equilibria

The distribution of ions between electrolyte and membrane is governed by the
electrochemical equilibrium equation. For ideal solutions (including the membrane
phase) the equation only requires a single parameter: the fixed-charge density (or
capacity) of the membrane. However, the model underpredicts the uptake of co-ions
in the membrane, therefore non-idealities must be taken into account. A better
approach is to allow for membrane inhomogeneities. These result in regions with
‘non Donnan-like’ sorption, resulting in a more correct description of electrolyte
uptake.

2.1.1 The Donnan equilibrium
When an electrodialysis membrane is immersed in an electrolyte, ions and water
move through the two phases until equilibrium is reached. Then, for each species,
we can define an electrochemical equilibrium between liquid and membrane phase:

( ) ( ) pVzxfRTpVzxfRT iiiiiiii
~~~~lnln ++=++ φφ FF (2.1)
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which can be written as:
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For each species this relates the differences between the activities ( )iiii xfxf ~~, , the
electrical potential ( )φφ −~  and pressure ( )pp −~  between the two phases. This is a
general thermodynamic description of the Donnan equilibrium. In equation 2.2, the
tildes denote the properties in the membrane phase, those without tildes are values in
the external solution. For a single electrolyte solution, we can write equation 2.2 for
cations (c) and anions (a). By eliminating the potential difference this yields:
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The swelling pressure is determined from the membrane water activity. The pressure
difference ( )pp −~  can be obtained from equation 2.14. Its effect on the ion
distribution however is small [6, p.143]. Therefore, the swelling pressure is omitted
for the analysis of the ion sorption, by including its (limited) effects in the internal
activity coefficients:
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with:

( )ννν
1

ac acca fff = ac ννν += (2.5)

This implies that once the internal composition is known from experiment and the
external activity coefficient is obtained from literature or is calculated from a model,
the internal electrolyte activity coefficient can be calculated.
  Knowledge of the single internal electrolyte activity coefficient, caf~ , is not
sufficient for solving equation 2.2. There we need the activity coefficients of the
ions separately; these can be obtained from multicomponent solution models as
those of Pitzer and Bromley (equation 2.7). An estimate of the Donnan potential can
now be obtained from equation 2.6, when it is solved for all ionic species i:
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2.1.2 The estimation of activity coefficients in electrolytes using the method
of Bromley
Several models can predict the activity coefficients of electrolytes [1]. For the
equilibrium analysis in this chapter, the Bromley model [1,2] was chosen. For a
single electrolyte, the Bromley model uses only one parameter. For the membrane
phase, it uses two parameters for each electrolyte-membrane system. The more
complex and more accurate model by Pitzer [1,3,4] uses three parameter for each
electrolyte. When this model is applied to the membrane phase, six parameters are
needed. These can be obtained from sorption data, but the number of concentration-
dependent experiments to be performed for each electrolyte-membrane system
becomes too large.
  These models can calculate both the electrolyte activity coefficient and the water
activity. For the water activity, the osmotic coefficient is evaluated first. In single
electrolytes, the simplified equations result in a straightforward calculation of
activity coefficients and osmotic coefficients. However, given the multicomponent
character of the electrodialysis electrolytes and the membranes phase, we use the
multicomponent version of the Bromley model.

Bromley multicomponent
  In a multicomponent mixture of electrolytes ca, the single ion activity coefficient
can be calculated from:

i
i

i F
I

IAz
+

+
−

=
1

log
2

γ (2.7)

The Debye-Hückel constant A is related to the Debye-Hückel osmotic constant at
25°C, Aφ , by φA.A 3031= . The value of Aφ is 0.39095. For a specific cation C and

an anion A, the term Fi becomes:

∑=
a

aCaCaC mZ'BF 2 ∑=
c

ccAcAA mZ'BF 2 (2.8)

The summations are taken of all participating ions c and a. In equation 2.8:
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Again, the activity coefficient of electrolyte CA is obtained from the individual ion
activities using equation 2.10.
  As stated, only one parameter is needed in this model: the Bromley Bca constant.
The values are listed in table 2.1. The values of 1-1 salts are accurate up to I = 6.0,
those of the 1-2 salts up to I = 3.0. Cation-cation and anion-anion interactions are
not taken into account in this model.

Table 2.1: Bromley Bca parameter and deviation in
log γ for selected electrolytes.

Electrolyte Bca σ
HCl –0.1433 0.003
NaCl –0.0606 0.002
NaOH –0.0574 0.010
H2SO4

* –0.0747 0.175
Na2SO4 –0.0204 0.008

Once the individual ion activities are calculated, the activity coefficient of
electrolyte CA is obtained from:

( )ννν γγγ
1

AC
ACCA = with: CA ννν += (2.10)

In order to switch between the molality based activity model (mi, γi) and the mole
fraction based equilibrium equations (xi, fi), we use the following conversions:
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Finally, note that the molality can be defined as:

( ) ( ) νννννν mvvmmm acac acacca ==
1

 with: ca ννν += (2.11)

                                                     
* In Bromley’s model, H2SO4 is described as 1-2 salt, with significant standard deviation
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In this equation, mca is the mean molality and m is the solute molality [5].

2.1.3 The estimation of activity coefficients in electrodialysis membranes

Donnan equilibrium
The most obvious way of calculating internal activity coefficients has been pointed
out above. When the internal composition is known, and external activity
coefficients have been obtained, equation 2.4 can be used, or equation 2.3 when the
water activities are known. However, the values differ greatly from the values
expected in concentrated free solutions with the same composition as the pore fluid,
resulting in a poor fit of thermodynamic models to these coefficients, leading in turn
to bad modelling of the co-ion uptake.

Introduction of heterogeneity into the equilibrium equations
More generally, when Donnan theory is compared with real electrolyte uptakes,
especially at low solution concentrations, it predicts a too low sorption of
electrolyte. It is therefore likely that membrane inhomogeneities, resulting in a non-
uniformity of the charge distribution, influence the electrolyte uptake [7]. In regions
with a high local fixed-charge concentration, electrolyte uptake is expected to be
Donnan-like, but in more empty regions, the exclusion of co-ions will decrease,
contributing to a high mean electrolyte uptake. Even when the fixed charges would
have been perfectly distributed in the exchanger phase, they would be separated by
distances larger than their ionic atmosphere [9].
  In the analysis of Glueckauf [7] a distribution function describing micro-
heterogeneity was developed. In a large external concentration range, the function
reduced to:

( )zmm~ −≅ 2 (2.12)

Here, m~  is the observed mean electrolyte uptake, m the mean solution molality. The
constant z has a value between 0 and +1 and can be obtained from the gradient of the

m~log  against mlog  plot. Values of z between 0.55 and 0.86 have been observed.
  More recently, Tugas et al [10] applied equation 2.12 to their equilibrium
measurements of the HCl uptake in three types of anion-exchange membranes,
including the ARA membrane. z-Values of 1.5-1.6 are reported.
  In a similar analysis of sorption data, Meares [8,9] also uses an exponent β which
introduces the effects of membrane inhomogeneities into the equilibrium equation:
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By using natural logarithms in equation 2.13,

caac m)m~m~( ac logloglog1 βαβ
υ

νν +=

the constant β can be found graphically (from the slope) when the left-hand side is
plotted against camlog . From the y-axis intercept α can be found, enabling the
calculation of the internal activity coefficients. This approach improves the
description of high electrolyte uptake at low external concentrations. The resulting
internal activity coefficients are more in the range of those in concentrated
electrolytes and are consequently better modelled by thermodynamic models.

The modelling of internal activity coefficients
Ion-exchange resins and electrodialysis membranes can be considered to be a
concentrated multicomponent electrolyte, containing a mixture of ‘co-ion/counter-
ion electrolyte’ and ‘fixed-charge/counter-ion electrolyte’. The multicomponent
Bromley model (see section 2.1.2) can be applied to this electrolyte mixture,
yielding the activity coefficient of the sorbed electrolyte. The two Bromley Bca
constants can be found by fitting the Bromley model activity coefficients to the
experimentally determined values, using a Marquart-Levenberg parameter
optimisation method. The fit results are presented in section 2.3.3.

2.1.4 Swelling pressure in electrodialysis membranes
We use equation 2.2 to describe the water equilibrium, using zw = 0:

w

w

w
~ln
a
a

V
RT=Π with: ( )pp~ −=Π (2.14)

The swelling pressure Π is defined as the difference between the internal and
external pressure. It can be calculated from the water activities in both phases. The
solution phase water activity can be obtained quite accurately from multicomponent
thermodynamic models, such as those of Bromley and Pitzer [1]. In these models,
the osmotic coefficient of the electrolyte is calculated, which is related to the water
activity by:

φ∑−=
i

imMa wwln (2.15)
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The resulting water activity coefficient in our systems differs only 3% from 1.0,
except in HCl were it differs 9%. For the solution in the membrane the calculation is
complicated by the fact that no Bromley or Pitzer parameters are available for the
involved species. The Nafion membrane consists of fixed –SO3

– groups (figure 2.1),
which are countered by H+ or Na+ ions in pore water:

- (O - CF  - CF)  - O - CF  - CF  - SO2 x 2 2 3

CF3

-

Figure 2.1: Structure of the perfluorinated Nafion polymers with sulfonate fixed charges.

As a model for the sulfonic groups, ethanesulfonic acid and ethanesulfonate
solutions can be used to represent the H+ and Na+ forms of the Nafion membrane. In
table 2.2, the thermodynamic parameters (for the Pitzer model) of these salts are
given so it might be thought that the internal solution could also be modelled using
the Pitzer model.
Table 2.2: Pitzer parameters for selected electrolytes.

Electrolyte β0 β1 Cφ Max m
HCl 0.1775 0.2945 –0.00080 6
NaCl 0.0765 0.2664 –0.00127 6
NaOH 0.0864 0.253 –0.0044 6
H2SO4

† 0.1576 2.4747 –0.0045 6
Na2SO4 0.01958 1.113 –0.005701 4
C2H5HSO3 0.1536 0.341 –0.0056 4
C2H5NaSO3 0.1316 0.374 –0.0082 4
NH4Cl 0.0522 0.1918 –0.00301 6

Unfortunately, the internal concentrations in the membrane exceed the maximum
values (4-6 mol kg–1) for which the parameters are valid. In Nafion membranes,
counter-ion molalities of 4-10 mol kg–1 are found.
  The ARA membrane consists of vinylpyridinium polymer [11]:

- (CH  - CH)2 x NH +

Figure 2.2: Structure of the vinyl pyridinium group in the ARA fixed charges.
                                                     
†fitted values with H2SO4 described as 1-2 salt.
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When this group is modelled as a highly concentrated NH4Cl solution, the situation
becomes even worse with molalities between 14 and 21 mol kg–1. Low water-
content and high ion-exchange capacity in the AEM’s contribute to these values. For
lack of better the water activities in the membrane have been taken equal to unity.
This implies that the activities are equal to the mole fractions that already have been
determined in (section 2.2). The results of this method (the calculated swelling
pressures) are shown for Nafion, ARA and AW membrane in 2.3.4.

2.2 Membrane characterisation experiments

Some properties of the membranes used in the acid-base concentrating experiments
have to be characterised in detail, to be able to calculate their behaviour in a
simulation model. The properties expected to have a large influence on the current
efficiency of an electrodialysis process are:
1. the ion-exchange capacity (or concentration of fixed charges) of the membrane
2. the co-ion concentration in the membrane.
  Another parameter we want to be able to calculate later in the mass transfer model,
is the electro-osmotic water flux through the membrane. In our view of the mass
transfer taking place, a water flux will arise from friction of the water in the
membrane with the moving ions, mainly the counter-ions. The important parameter
to be measured here is the internal water concentration. To complete our description
of the membrane phase, all parameters will be determined as a function of external
concentration.

2.2.1 Overview of the characterisation measurements
The measured membranes are Nafion 450, ARA-02 and AW-09. The electrolyte
systems are HCl, H2SO4, NaCl, Na2SO4 and NaOH. The experiments are
summarised in tables 2.3 to 2.5.
Table 2.3: Membrane, electrolyte and concentration of the ion-exchange capacity
measurements.

Membrane Electrolyte c / mol m–3

Nafion 450 HCl / NaCl 100 - 4000
ARA HCl / HNO3 100 - 4000
AW HCl / HNO3 100 - 4000
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Table 2.4: Co-ion sorption measurements.

Membrane Electrolyte c / mol m–3

Nafion 450 HCl / NaCl 100 - 4000
H2SO4 250 - 2000
NaCl 500 - 4000
NaOH 500 - 4000
Na2SO4 250 - 1000

ARA HCl / HNO3 100 - 4000
H2SO4 250 - 2000

AW HCl / HNO3 100 - 4000
H2SO4 250 - 2000

Table 2.5: Water content measurements.

Membrane Electrolyte c / mol m–3

Nafion 450 HCl 1000 - 4000
H2SO4 1000 - 4000
NaCl 0 - 4000
Na2SO4 1000
NaOH 1000 - 4000

ARA HCl 0 - 4000
H2SO4 4000
NaCl 0 - 4000

AW HCl 500 - 4000
H2SO4 4000
NaCl 0 – 4000

2.2.2 Fixed-charge concentration and co-ion uptake

Nafion
The fixed-charge concentration of the Nafion cation-exchange membrane was
determined in HCl solutions at different concentrations. By measuring the uptake of
H+ counter-ions as a function of external concentration, not only could the ion-
exchange capacity be determined, but also the Cl– co-ion uptake. The following
method was applied to determine the internal H+ concentration, in HCl solutions of
0.1, 0.5, 1.0, 2.0 and 4.0 M:
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1. Converting the membrane (16 x 16 cm) into the H+-form by immersing it in
2 dm3 2.0 M HCl solution, two times one hour.

2. Removing the co-ions by equilibrating in de-ionised water (Milli-Q), for two
times one hour.

3. Equilibrating in HCl (two times one hour) of the specific concentration.
4. Measurement of the membrane size and thickness, and drying the surface.
5. Rinsing the membrane in 2.0 dm3 0.50 M NaCl solution for two hours
6. Determine the amount of released H+ by titration.
The internal concentration of H+ can now be calculated from the total number of
moles of H+ released from the membrane divided by its size. The fixed-charge
concentration can be calculated by extrapolation of the internal H+ concentration to
0 M external concentration. The Cl– co-ion uptake then follows from the difference
between H+ concentration and fixed-charge concentration. In the Na+-form of the
Nafion membrane, the internal co-ion concentration was determined in the same
way, except that the membrane was immersed in 2.0 dm3 of de-ionised water at step
5. The measured solutions were NaCl and NaOH at 0.5, 1.0, 2.0 and 4.0 M and
Na2SO4 at 0.25, 0.5 and 1.0 M.

ARA and AW
To measure the ion-exchange capacity and the co-ion uptake of the two types of
anion-exchange membrane, the same concentrations of HCl were used. To replace
the counter-ion Cl– and to keep the fixed charges protonised, 0.50 M HNO3 solution
was used. The concentration of Cl– released by the membrane was determined by
potentiometric titration. The calculation of fixed-charge concentration and co-ion
uptake is analogous to Nafion, thus obtaining the fixed-charge concentration and the
co-ion (H+) uptake.
  The degree of protonation of the fixed charges in ARA and AW membrane was
measured as a function of the pH. The measurement involved the estimation of the
membrane conductivity in 0.1 M NaCl/HCl mixtures at pH levels between 1 and 7.
The cell is described in section 3.2.4. The results are presented in figure 2.3. From
the results it is clear that:
1. The AW membrane is deprotonated (and thus losing its selectivity for anions)

around pH 3, the ARA membrane around pH 4.
2. Conductivity of AW membrane is probably even higher below pH = 1. (Not

measured).
3. The difference in relative conductivity between ARA and AW is probably

caused by different fixed-charge groups.
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Figure 2.3: Membrane conductivity (relative to the conductivity at pH = 1) of ARA and AW
membrane as a function of the pH, in 0.1 M HCl/NaCl mixtures. The increase in
conductivity above pH = 3.5 (ARA) is probably caused by slow deprotonation in time of
some samples.

2.2.3 Membrane water content

Nafion
The internal water concentration of Nafion membrane was measured in HCl, H2SO4,
NaCl and NaOH at 0, 1.0, 2.0 and 4.0 M, and in Na2SO4 at 1.0 M. In HCl, H2SO4,
NaOH and Na2SO4 pieces of membrane of 4 x 4 cm were used, in duplo. To reduce
the experimental error, larger 8 x 8 cm pieces were used in NaCl, at concentrations
of 0, 0.5, 1, 2 and 4 M, also in duplo. The following measurement method was used:
1. Equilibration of the membrane piece in the desired solution for at least 8 hours.
2. Measurement of the size and thickness of the membrane.
3. Weighing the wet membrane after drying the membrane surface by wiping.
4. Drying of the membrane in a vacuum oven at 50°C for at least 24 hours.
5. Weighing of the dry membrane.
The water volume fraction of the membrane can be calculated from:

wwet

drywet
w ρ

ε
V

)mm( −
= (2.16)

The internal water concentration then follows from:
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From the data we can also calculate the membrane density:

wet

wet
m V

m
=ρ (2.18)

ARA and AW
The same method for the measurement of the internal water concentration was
applied for the anion-exchange membranes ARA and AW. Again pieces of 4 x 4 cm
were used. ARA was measured in HCl at 0, 1.0, 2.0 and 4.0 M, in NaCl at 0, 0.5,
1.0, 2.0 and 4.0 M and in H2SO4 at 4.0 M. AW was measured in HCl and NaCl at 0,
0.5, 1.0, 2.0 and 4.0 M and in H2SO4 at 4.0 M. In the membrane thickness, the
concentration dependency was of the same order as the experimental error.
Therefore these were measured again separately using a screw-micrometer. ARA
and AW were measured in HCl and H2SO4 at 0, 0.25, 0.5, 1.0, 2.0 and 4.0 M.

2.2.4 Results
In the figures 2.4, 2.5 and 2.6 the results of the concentration dependent
measurement are plotted.
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Figure 2.4: Measured membrane thickness as a function of concentration. ARA-02 (a) and
AW-09 (b) are plotted on the left y-axis, Nafion 450 (c) on the right y-axis.
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Figure 2.5: Measured membrane density as a function of concentration. ARA-02 (a), AW-09
(b) and Nafion 450 (c) are shown.
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Figure 2.6: Measured membrane water volume fraction as a function of concentration.
ARA-02 (a), AW-09 (b) and Nafion 450 (c) are shown.
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2.3 Modelling of the membrane composition

In electrodialysis modelling, equations are needed to describe the composition inside
the membrane, as a function of the external composition. In this section we translate
the experimental results, described in the preceding section, into mathematical
equations. Most of the properties can be described as a function of electrolyte
concentration using a simple linear regression or parabolic formula. In contrast, for
co-ion sorption a much more complex model involving Donnan potentials and
membrane heterogeneity is applied.

2.3.1 Membrane properties as a function of electrolyte concentration
In this section the equations are given with which some properties of the ARA, AW
and Nafion membranes can be calculated from the solution concentration. No
distinction is made between the specific electrolytes, because the experimental error
made these differences imperceptible.

Thickness
All measurements are fitted to a linear equation:

21m pcpd += (2.19)

In equation 2.19, dm is the membrane thickness in (m) and c is the electrolyte
concentration in (mol m–3). The parameters p1 and p2 are given in table 2.6. The
equation represents the lines in figure 2.4.

Table 2.6: Linear equation parameters for the calculation of the membrane thickness dm (m).

Membrane p1 p2
ARA –5.79E–10 1.62E–04
AW –3.10E–10 1.22E–04
Nafion –2.65E–09 4.50E–04
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Density
Again, equation 2.19 is used to fit the experimental results of the concentration-
depend measurement, with dm replaced by ρm. The parameters are given in table 2.7.

Table 2.7: Linear equation parameters for the calculation of the membrane wet density
ρm (kg m–3).

Membrane p1 p2
ARA 1.08E–02 1743.3
AW 1.06E–02 1536.4
Nafion 0.77E–02 1072.7

Water volume fraction
Again equation 2.19 is used, now with dm replaced by εw. The parameters are given
in table 2.8.
Table 2.8: Linear equation parameters for the calculation of the membrane water volume
fraction εw (-).

Membrane p1 p2
ARA –6.36E–06 0.163
AW –1.99E–06 0.119
Nafion –8.76E–06 0.168

Fixed-charge concentration
As is described in section 2.2.2, the fixed-charge concentration (for all three
membrane types) at cext = 0, 0

mc , is obtained from extrapolation of the counter-ion
concentration to zero external concentration. However, at higher external
concentrations the membrane shrinks, resulting in a higher fixed-charge
concentration. To keep the total number of fixed-charges constant (for example in a
single piece of stack membrane), and at the same time introduce concentration
dependency into cm we use:

0
m

0
mmm VcVc = (2.20)

In equation 2.20, 0
mV  is defined as the measured membrane volume at cext = 0. Vm is

the concentration-dependent membrane volume, which was measured in the
equilibrium experiments. The obtained concentration-dependent membrane fixed-
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charge concentrations can be described as a function of external electrolyte
concentration by using a parabolic equation:

3ext2
2
ext1m pcpcpc ++= (2.21)

The parameters for equation 2.21 are given in table 2.9. Since the dependency is
small, a graphical representation of the measurement with the fitted equations is not
included.

Table 2.9: Parabolic parameters for the fixed-charge concentration, cm (mol m–3).

Membrane p1 p2 p3
ARA 2.53E–08 6.95E–03 1949.1
AW 1.08E–08 4.19E–03 1650.3
Nafion 2.68E–08 4.55E–03 1771.9

2.3.2 Calculation of membrane activity coefficients
The property left to describe is the co-ion uptake in Nafion, ARA and AW
membranes. The first step is to calculate the internal activity coefficient. This can be
done directly by using equation 2.4, or by using equation 2.13, which includes a
heterogeneity correction which must be calculated first. This last method was chosen
because the values of the internal activity coefficients, obtained from equation 2.4,
led to unrealistic results from the Bromley model. When written in mole fractions,
equation 2.13 originates from:

)~(~ φφ
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(2.22)

This is equal to the (Donnan) equilibrium equation when β = 1. For a single
electrolyte equation 2.22 becomes:
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When written as:
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β can now be obtained from the slope of left-hand side of equation 2.24, plotted
against ( )ac ac xx ννlog . For Nafion, this plot is shown in figure 2.7.
  For the 1-1 salts except NaOH, a heterogeneity parameter close to 0.6 was found.
NaOH behaved Donnan-like with β = 1.0. The average value of β = 0.8 was used for
the calculation of the internal activity coefficients, with equation 2.23. The Bromley
model was used to calculate the external (mean) electrolyte activity coefficient. By
using equation 2.23 instead of the y-axis intercept αβ log , individual electrolyte
sorption results were taken into account rather than an average ‘Nafion’ behaviour,
discriminating between the electrolytes only by their external activity coefficients,
present in α.
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Figure 2.7: Meares modelling of sorbed electrolyte uptake. The model line represents
β = 0.8.

  For ARA and AW the uptake of HCl and the fixed-charge concentration was
measured, as described in 0. In H2SO4, these anion-exchange membranes are
assumed to behave similarly, with the fixed charges occupied by SO4

2– and the
uptake of the co-ion H+ to be the same function of external H+ concentration as in
HCl. In the analysis of H2SO4, throughout this thesis, complete dissociation into H+

and SO4
2– ions is assumed. This has two grounds:

1. Introduction of HSO4
– as a new species greatly complicates the activity and

diffusion calculations in both electrolytes and the membrane phase.
2. The dissociation constant for the dissociation into H+ and HSO4

– is known only
for electrolytes, not for membranes.

( )ac ac x~x~ νν
ν

log1

( )ac ac xx ννlog
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For acid solutions, ignoring SO4
2– ions instead of HSO4

– ions would be more
realistic‡, but in neutral (or alkaline) solutions containing Na2SO4, this is simply
impossible.
  The β -factors found in ARA and AW were close to 0.5 in both membranes for
HCl, and β = 0.7 was found for H2SO4. The average value of 0.6 was used in the
activity coefficient calculations for both membranes.

2.3.3 Modelling of electrolyte uptake using internal activity coefficients
In section 2.1.2 the Bromley model was selected to fit the internal activity
coefficients calculated from measurements in the above section. For the different
sorbed electrolytes, the same interactions may occur. For example Na+/m interaction
in a Nafion membrane is present in both NaCl and NaOH systems, but only one
value of the Bromley counter-ion membrane interaction parameter is desired.
Therefore, the Bromley constants of the investigated electrolytes were fitted
simultaneously for each membrane. The results are given in table 2.10.
Table 2.10: Bromley B parameters in Nafion, ARA and AW membranes.

Electrolyte B
(Nafion)

Electrolyte B
(ARA)

B
(AW)

HCl –0.1805 HCl –0.0322 –0.0606
H2SO4 –0.1446 H2SO4 –0.0362 –0.0279
NaCl –0.0271 Cl–/m –0.0636 –0.0242
NaOH –0.0202 SO4

2–/m –0.1631 –0.1387
Na2SO4 –0.0922
H+/m –0.0785
Na+/m –0.2214

In figure 2.8 the model fit for the Nafion membrane is compared to the calculated
internal activity coefficients.

                                                     
‡ It is shown (by Raman spectroscopy) in [10] that sorbed H2SO4 inside ARA membranes is
present as H+ and HSO4

–.
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Figure 2.8: The lines show fits of the internal coefficients (symbols) in Nafion membrane,
using the Bromley model.

With the Bromley parameters now available for the membrane phase and the
electrolyte phase for all electrolytes, equation 2.22 can be solved. For a single
electrolyte solution, this results in an equation for the cation and one for the anion.
The membrane phase activity coefficient is a function of the internal composition.
The solution of the two equations can consequently be obtained only by using an
iterative method. When combined with the electroneutrality condition, both the co-
ion and counter-ion concentration and the Donnan potential are calculated.
Membrane equilibria with multicomponent electrolyte mixtures are calculated in the
same way, only adding an equation for every new ionic species present in the
mixture.
  The results for the co-ion sorption in Nafion are shown in figure 2.9 and 2.10. The
sodium salts have a common interaction parameter B Na+/m. This explains the
similarity of their curves, which occurs especially at low external concentrations
where the co-ion concentrations are low. The same holds for the hydrogen salts. The
deviations of the model lines from the measured points follow directly from errors in
fit of the activity coefficients (figure 2.8).
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Figure 2.9: The co-ion concentrations in a Nafion 450 membrane as a function of external
single electrolyte concentration for the 1-1 salts HCl, NaCl and NaOH. The lines represent
results from the presented model, the points show the measurements, described in 0.
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Figure 2.10: Bivalent co-ion sorption in Nafion 450. Measurements (points) and model
predictions (lines) are shown of SO4

2– concentrations, from H2SO4 and Na2SO4.

The results of for the co-ion sorption (H+) in the anion-exchange membranes are
shown in figure 2.11.
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Figure 2.11: The concentration of sorbed electrolyte (HCl) in the two types of anion-
exchange membrane, as a function of external concentration. The points represent the H+

uptake experiments, the lines were calculated from the model.

Model calculations of the Donnan potential are shown for Nafion in figure 2.12 and
for ARA and AW in figure 2.13. ∆φ in the graphs is defined as ( )φφφ −=∆ ~ .
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Figure 2.12: Model predictions of the Donnan potentials at the Nafion 450 membrane. The
electrolytes are (a) HCl, (b) H2SO4, (c) NaCl and NaOH, (d) Na2SO4.

As expected, the potential is negative in cation-exchange type membranes, and
positive in the anion-exchange types (with the potential of the liquid phase set to
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zero). At low external concentrations, the higher potential differences result in better
co-ion exclusion.
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Figure 2.13: Model predictions for the Donnan potentials in AW and ARA membranes.

2.3.4 Calculation of the swelling pressure
From section 2.1.4 it is clear that an ideal version of equation 2.14 is to be used for
the estimation of internal membrane pressures:

w

w

w
ln

x
x~

V
RT−=Π (2.25)

The internal mole fractions of water in Nafion, ARA and AW membranes were
calculated from combined experimental results, for all relevant electrolyte-
membrane systems. The resulting swelling pressures in the three membranes in HCl
are shown in figure 2.14.
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Figure 2.14: Calculated internal pressures as a function of solution concentration. Compared
are membrane-HCl results of: ARA (a), AW (b) and Nafion450 (c). (d) represents the
H2SO4-Nafion system.

For Nafion with the other 1-1 electrolytes NaCl and NaOH, the results are close to
curve (c). The 1-2 electrolyte H2SO4 (line d) shows a much larger concentration
dependency, the same effect was observed with Na2SO4. In the anion-exchange
membranes a high internal pressure close to 500 atm is calculated. In these
membranes, due to much higher fixed-charge concentrations compared to Nafion,
combined with similar water contents, wx~  is lowered.
  In literature, values of the swelling pressure of up to 600 atm have also been
reported [6, p.112]. A linear proportionality was found between swelling pressure
and polymer crosslinking. At 200 atm, 10% crosslinking exists, 500 atm corresponds
to 20%.

2.4 Conclusion

For the electrodialysis mass transfer model, apart from the membrane diffusion
coefficients, the membrane compositions have to be known in different electrolytes
as a function of concentration. From extensive characterisation experiments the
fixed-charge, co-ion, counter-ion and water concentrations were determined. A
thermodynamic equilibrium model was applied to the results. However, the internal
activity coefficients could not be described with thermodynamic models such as the
Bromley model when a homogeneous charge distribution in the membrane was
assumed. For a complete two-phase description, not enough measurements were
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available. To overcome the problem, the experiments could be described by the
equilibrium equation, extended with a heterogeneity factor, combined with the
Bromley model for calculation of the internal activity coefficients. As a result of the
calculations, both the membrane-phase electrical potential, and the co-ion sorption
behaviour could be modelled.

2.5 References

1 Zemaitis, J.F., Clark, D.M., Rafal, M., and Scrivner, N.C. Thermodynamics of
solutions. In: Handbook of Aqueous Electrolyte Thermodynamics, New York:
DIPPR, 1986.

2 Bromley, L.A. Thermodynamic Properties of Strong Electrolytes in Aqueous
Solutions. AIChE Journal 19(2):313-320, 1973.

3 Pitzer, K.S. and Kim, J.J. Thermodynamics of Electrolytes. IV. Activity and
Osmotic Coefficients for Mixed Electrolytes. J.Am.Chem.Soc. 96(18):5701-5708,
1974.

4 Pitzer, K.S., Roy, R.N., and Silvester, L.F. Thermodynamics of Electrolytes. 7.
Sulfuric Acid. J.Am.Chem.Soc. 99(15):4930-4936, 1977.

5 Robinson, R.A. and Stokes, R.H. Basic Concepts and Defenitions. In: Electrolyte
Solutions, London: Butterworths, 1959,p. 24-39.

6 Helfferich, F. Ion Exchange, New York:McGraw-Hill Company, Inc. 1962.
7 Glueckauf, E. and Watts, R.E. The Donnan law and its application to ion

exchanger polymers. Proc.Roy.Soc. A268:339-349, 1962.
8 Meares, P. The Permeability of Charged Membranes. Ussing, H.H. and Thorn,

N.A. Copenhagen: Munksgaard. :51-67, 1973.
9 Meares, P. Transport in ion exchange membranes. In: Synthetic Membranes:

Science, Engineering and Applications, edited by Bungay, P.M.D. Reidel
Publishing Company, 1986, p. 169-179.

10 Tugas, I., Pourcelly, G., and Gavach, C. Electrotransport of protons and chlorine
ions in anion exchange membranes for the recovery of acids. Part I. Equilibrium
properties. Journal of membrane Science 85:183-184, 1993.

11 Tugas, I., Lambert, J.M., Maillols, J., Bribes, J.L., Pourcelly, G., and Gavach, C.
Indentification of the ionic species in anion exchange membranes equilibrated
with sulphuric acid solutions by means of Raman spectroscopy and radiotracers.
J.Membr.Sci. 78:25-33, 1993.

12 Pintauro, P.N. and Bennion, D.N. Mass Transport of Electrolytes in membranes.
2. Determination of NaCl Equilibrium and Transport Parameters for Nafion. Ind.
Eng. Chem. Fundam. 23:234-243, 1984.



37

3 Diffusion in Electrodialysis Membranes

Introduction

In this chapter the mass transfer equations are introduced, which are used to model
the movement of ions and water in multicomponent electrolytes and electrolyte-
membrane systems. The high ionic concentrations present in both the electrolyte
solutions and inside the membrane lead to strong non-idealities in the chemical
potential gradients and to significant ion-ion friction interactions. To include these
effects into the mass transfer model, the Maxwell-Stefan equations were chosen. The
drawback of using these equations rather than the more simple Nernst-Planck
equations, is that for the complex multicomponent electrolyte-membrane systems
under investigation, a lot of transport parameters are introduced. For concentrated
electrolytes, these parameters are known [1]. In section 3.1.2 it is shown that from
literature some limited estimates of the diffusion coefficients in electrodialysis
membranes can be made, but that rigorous measurements are necessary to obtain the
required accuracy. This leads to a large amount of diffusion experiments, described
in section 3.2, from which the parameters were obtained. The resulting diffusion
coefficients found for the different ED membranes are discussed in section 3.3.

3.1 The Maxwell Stefan description of mass transfer

The Maxwell-Stefan equations are most easily understood as a force balance on the
separate species in a mixture:

driving force on species i = friction forces with other species j

In the systems considered here, there are three contributions to this gradient. The
first is due to the gradient of the activity (which is related to concentration). The
second is the effect of the electrical gradient; this only applies to ions. The third is
the effect of a pressure gradient. This term is important in several experiments with a
pressure difference across a membrane. As a formula:

pVzaRT iiii ∇−∇−∇−= φFlnF (3.1)

A complete derivation of the thermodynamic driving force for a homogeneous
membrane phase is given in [2, p.177]. Here, ai is the activity of i. F  is the Faraday
constant, zi the charge number of i and iV  the partial molar volume of i.
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  The right side of the equations contains terms for the friction between species i and
each of the other species j. This friction is taken to be proportional to the local
amount of j (given by its mole fraction xj) and to the difference in velocities
( )ji uu − . Expressed as forces per mole of i this becomes:

( )∑
≠
=

−=
n

ij
j

jijiji x
1

uuF ζ (3.2)

Here, ijζ  is a friction coefficient; there is one such coefficient for each pair of
species. The complete equation becomes:

( )∑
≠
=

−=∇−∇−∇−
n

ij
j

jijijiii xpVzaRT
1

ln uuζφF (3.3)

For every component i, equation 3.3 is defined. However, these equations only
contain ( )1−n  velocity differences, so one of them is superfluous. For practical
purposes, equation 3.3 is modified in several ways:

• The friction coefficients are replaced by diffusivities:

ij
ij Ð

RT=ζ

• The velocities are replaced by fluxes:

i

i
i xct

N
u =

• The whole equation is multiplied by (–1) and by xi to obtain forces per mole of
mixture:
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(3.4)

With some simplifications applied to equation 3.4, it can be shown that the
Maxwell-Stefan reduces into the Nernst-Planck equation, which is commonly used
in electrochemistry. Consider equation 3.5:
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The driving forces were obtained by ignoring:
• non-idealities (this is valid only in dilute solutions)
• the pressure gradient, which are mostly negligible inside electrolytes.
In dilute solutions, ion-ion interactions can be ignored. The remaining frictions are
the ion-water interactions. If we further assume Nw = 0, equation 3.5 becomes:

wt

w

i

iii
i Ðc

x
RT
zx

x
N−

=∇+∇ φ
F

with (for dilute solutions): ii DÐ =w

This can be written as the Nernst-Planck equation:
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3.1.1 Mass transfer in multicomponent electrolytes
In a Maxwell-Stefan equation for multicomponent electrolyte solutions, the pressure
term from equation 3.4 can be ignored. Development of the activity term (expressed
for the z-direction) of the driving forces leads to:
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For multicomponent mixtures, the complete equation becomes:
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From several available multicomponent models [4], the gradients of the single
species activity coefficients can be obtained which are needed in the calculation of
the thermodynamic correction factor matrix, ijΓ . In a single electrolyte, the
thermodynamic correction factor reduces into:

±

±
±± +=Γ

dx
fd

x
ln

1  (3.9)

From (more simple) single electrolyte models [4], the mean electrolyte activity
coefficients, needed in equation 3.9 can be calculated.

3.1.2 Mass transfer in electrodialysis membranes
When mass transfer in membranes is considered, two approaches can be followed: a
structured model and a homogeneous model. A structured model is appropriate
when pore sizes are large and viscous flow becomes considerable, for example in
ultrafiltration membranes [7]. Electrodialysis membranes can be considered
homogeneous, when the pore size is considered. The co-ion sorption measurements,
described in Chapter 2, show that the charge distribution in electrodialysis
membranes is less homogeneous than might be expected. The sorption behaviour
suggests regions with high concentrations of fixed charges, providing Donnan (co-
ion) exclusion, and regions which have a composition comparable to the external
electrolytes. By using a homogeneous mass transfer model, these concentration
variations are averaged.
  The mass transfer equations are obtained by including the membrane phase as a
subsequent component, having a zero flux. Due to the difficulty of finding (single
species) activity coefficients for the membrane phase (Chapter 2), the activity term
simplified into the mole fraction gradients. We then obtain:
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In equation 3.10, the number of components n includes all ions and water, but not
the membrane phase; it is included by the extra term on the right-hand side. For a
complete description of the system, i = 1 to n equations are needed.

3.1.3 Membrane diffusivities: literature data
Multicomponent mass transfer data for electrolyte-membrane systems is scarcely
found in literature, especially measurements at high electrolyte concentrations. For
the Nafion membrane, diffusivity data is reported for NaCl [9,11] and NaOH [12]
systems. In [11] and [12], Nafion 120 membrane is investigated in NaCl and NaOH
up to 4 M, at 298, 313 and 333 K. The conversion of the originally reported
phenomenological coefficients into multicomponent diffusion coefficient, was taken
from [13]. For ÐNa+/Cl–, negative values are reported for concentrations between 1
and 4 M. ÐCl–/m is negative above 2 M. The high value of ÐOH–/m at 2 M also drops
below zero above 3.5 M. In [9], Nafion 110 (non-reinforced) is measured in NaCl up
to 5 M at 298 K. The results from the two sources, and those from this work are
shown figure 3.1 and 3.2. Except for the value of ÐNa+/Cl– at 1.5 M, -7E-09
m2 s–1, the diffusion coefficients at 1.5 M external concentration are shown, for
comparison with the coefficients reported in this chapter (section 3.3.2). The applied
current densities in electro-osmosis or ED experiments, were low: 55 [9] and 23 [11]
(A m–2), which may question the applicability of the data to high-current ED.
  It can be expected [8], that the membrane-phase diffusion coefficients will be
comparable to their liquid-phase equivalents, corrected with some sort of ‘tortuosity
factor’, τ. This factor, in turn, can be obtained from the void fraction, ε :

τ0
ijij ÐÐ = with: 5.1−= ετ (3.11)

In equation 3.11, the superscript ‘0’ denotes the free solution diffusivity. It is shown
[8] that the equation can be used to predict the interactions with water
( mw,w,w, and, ÐÐÐ −+ ) from the electrolyte values. The predictions show
generally lower diffusivities than the ones found in the Nafion membrane, both in
the references and in this work.
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Figure 3.1: Multicomponent diffusion coefficients from literature at 1.5 M and this work for
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Figure 3.2: Multicomponent diffusion coefficients from literature at 1.5 M and this work for
the system Nafion-NaOH.
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3.2 Estimation of membrane diffusion coefficients by modelling sets
of experiments

This section describes the method with which membrane diffusivity coefficients
were calculated. Per electrolyte-membrane system, six diffusivities involve (at least)
six different experimental measurements. In the next sections, the selected diffusion
experiments are described, combined with the mathematical models needed for the
optimisation calculations.

3.2.1 Choice of the experiments
Scattergood and Lightfoot [5] reported the determination of diffusivities of
sulfonated polystyrene groups on a polyethylene-type cation-exchange membrane.
The measurements were made in 0.1 N AgNO3 and NaCl. The low external
concentrations enabled (three) co-ion interactions to be ignored. Four interaction
parameters were determined, including the isotope self-diffusion coefficient, with
four experiments: electro-osmotic water transport, electrical conductivity,
hydrodynamic permeability, and counter-ion self-diffusion. In a similar
investigation, Pintauro and Bennion [9] report the equilibrium and transport
parameters of NaCl in Nafion 110 membrane, at five concentration levels up to
5.0 M. The chosen experiments were: dialysis, electrodialysis* and reverse osmosis.
In each experiment, both concentration and volume changes were measured,
resulting in six experimental data points, from which the six diffusivities were
calculated by an optimisation method. Narebska et al measured diffusion
coefficients for the system Nafion 120-NaCl [11], and Nafion 120-NaOH [12], at
three temperatures and at different concentration levels, up to 4 M. The six diffusion
experiments, described in [10] were: membrane resistance, electro-osmotic volume
flow, cell emf and pressure-driven volume flow. In a dialysis experiment, osmotic
volume flow and salt diffusion were measured.
  Due to the high electrolyte concentrations which are present in the electrodialysis
experiments, it can be expected that all six interactions, including co-ion
interactions, present in a single electrolyte-membrane system have to be taken into
account. Thus a (minimum) set of six measurements has to be performed. By
choosing a set of experiments that contains (all) three different driving forces, and in
which counter- and co-ion and water fluxes are measured, it is expected that all six
diffusivities can be calculated.
                                                     
* The electrodialysis experiments decribed in the paper are (in terms of electrodes, current
densities and size) more comparable to our electro-osmosis experiment rather than the
electrodialysis experiments described in this thesis.
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  Initially, four experiments yielding six parameters were carried out: Dialysis
(resulting in a salt diffusion flux and an osmotic water flux), electro-osmosis
(volume flux and electrolyte concentration change), membrane resistance and
pressure-driven volume flow. The drawback of this set was, that it only works for
systems with either HCl or NaCl, because the Ag/AgCl electrodes in electro-osmosis
only work in chloride-containing electrolytes. It also turned out that the
concentration change in electro-osmosis was too small to yield reproducible
information on co-ion leakage, due to the short experiment times and low current
density. To fill in the lacking measurements, the concentration-dependent ion and
water fluxes, measured in the ED experiments (described in Chapter 4), were
included in the data set. Another advantage of including the high-current density
experiments into the data set is that possible dependency of the membrane
diffusivities on the current density is taken into account. The set of experiments is
given in table 3.1. The chosen electrolytes are those with which the specific
membrane is contacted during the ED experiment series (Chapter 4).
Table 3.1: The set of diffusion experiments.

System Diffusion
dialysis

Electro-
osmosis

Resistance Pressure Electro-
dialysis

ARA - HCl
ARA - H2SO4 -
AW - HCl
AW - H2SO4 -
Nafion - HCl
Nafion - H2SO4 - -
Nafion - NaCl -
Nafion - NaOH -
Nafion - Na2SO4 - -

3.2.2 Diffusion Dialysis
In this partial experiment diffusional fluxes are measured of single electrolytes and
water. At the start, a concentrated electrolyte is present at one side of the membrane,
pure water is present at the other side. Due to concentration-dependent co-ion
sorption, a co-ion concentration gradient will be present inside the membrane. As
the concentration of fixed charges is assumed to be constant, the counter-ions will
have the same concentration gradient. The different mobilities of the ions will lead
to a (small) electrical potential gradient, causing the ions to move with the same
flux. Water, having an opposite concentration gradient over the membrane, is
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expected to move in the other direction. The water flux can be measured from
volume changes, or can be obtained from mole balances. The encounter of the water
flux with the electrolyte flux is expected to be governed by water-ion and water-
membrane interactions.

Experimental
Before each diffusional partial experiment, the membranes are equilibrated in
several steps. If necessary, ions from different electrolytes are removed first, and
replaced by the right counter-ion. The membrane can now be equilibrated in the
electrolyte with the same composition as in the diffusion experiment. In diffusion
dialysis, membranes are placed in an electrolyte having half the concentration of the
electrolyte used in the concentrated compartment, because in the experiment it is
contacted with pure water as well. The following method is used, in which the
duration of each step is at least one hour:

1. 2 x (Millipore) Milli-Q water to remove co-ions from the membrane
2. 2 x 2 M electrolyte to obtain the right counter-ion form
3. again 1 x Milli-Q water to remove (excess) co-ions
4. 2 x the electrolyte with the same concentration used in the experiment, except in

diffusion dialysis, as stated above.

The experimental setup is shown in figure 3.3. The cell used is the same as in the
electrodialysis experiments (Chapter 4), in this case consisting of two compartments
separated by one ED-membrane. The membrane area is 0.01 m2. No electrical
current is applied. From the stirred vessels, an electrolyte is pumped through one
compartment, pure water is pumped through the other. The pure water has Milli-Q
quality.
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Figure 3.3: Experimental setup for diffusion dialysis measurements.

The starting volumes are 2.0 dm3 for both fluids. The flow rate is the same as in ED
experiments, resulting in the same fluid film thickness. The temperature of the fluids
is kept at 25 ± 0.5°C by means of a water bath. In both flows the temperature and the
conductivity are measured, and data are stored in a computer. As the process took
place rather slowly, the duration of the experiments was extended to 72 hours. After
15 minutes and after 72 hours, samples were taken from both flows. By means of
titration (acid, base or chloride) and conductivity measurements (Na2SO4), start and
final concentrations were determined. After completely emptying the setup, the final
fluid volumes were measured. The experiments are listed in table 3.2.
Table 3.2: Measured systems in diffusion dialysis

System c
(mol m–3)

duplo’s

Nafion - HCl 500 2
Nafion - H2SO4 500 1
Nafion - NaCl 1000 2
Nafion - NaOH 500 3
Nafion - Na2SO4 500 1
ARA - HCl 500 3
ARA - H2SO4 500 2
AW - HCl 500 2
AW - H2SO4 500 2
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Results
The calculation of mean experiment fluxes, and collected experimental data can be
found in Appendix I.1. The results for electrolyte and water fluxes are shown in
figure 3.4 and 3.5 (data from table I.3).
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Figure 3.4: Measured electrolyte fluxes through Nafion, ARA and AW membranes. The
electrolytes represented by the bars are: HCl (a), H2SO4 (b), NaCl (c), NaOH (d), Na2SO4
(e).
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Modelling
The model involves the calculation of the mean fluxes of ions and water through an
electrodialysis membrane. The same model used for ED simulations, outlined in
section 4.3, can be applied here. This model consists of a membrane layer with fluid
films on either side.
The (boundary) conditions in the case of diffusion dialysis are:
1. No current is applied and equally many negative and positive ions are

transported.
2. The mean concentrations gradients, since the fluxes to be calculated are mean

fluxes.
3. The thickness of the fluid films is assumed to be the same as in ED modelling,

because the same flow rate was used.
4. The mean experiment temperatures.

3.2.3 Electro-osmosis
In the electro-osmosis experiment, the volume flux through an electrodialysis
membrane is investigated. An electrical current drives ions through the membrane.
In a cation-exchange membrane, cations will carry almost all of the current, in an
anion-exchange membrane the anions. With the moving ions, water is moved
through the membrane, resulting in a measurable volume change of both
compartments. Reversible Ag/AgCl electrodes are used. The cell potential is kept
low to prevent gas-evolution reactions to influence the volume changes. The volume
change can be read from capillaries mounted on top of the cell.

Experimental
A schematic picture of the setup is shown in figure 3.6. The membrane, with
diameter dm = 3.19 cm, is placed between two compartments of 190.8 ml each (l x b
x h = 58.6 x 62.5 x 52.1 cm). An Ag/AgCl electrode is placed in both compartments.
The electrodes consist of a silver wire (d = 1 mm) with an AgCl layer, obtained from
cathodic coating in 1 M NaCl. Two capillaries (di = 1.44 mm) are placed upon the
compartments, which are stirred by two Teflon magnet stirrers (ds = 2.0 cm). A PT-
100 probe is placed in the anode compartment for temperature registration. Before
each experiment, the membranes were equilibrated as explained in section 3.2.2.
After fitting the membrane, the compartments were filled with the appropriate
electrolyte, and were closed airtight. The capillaries were placed, filled with
electrolyte. In all experiments (listed in table 3.4) a constant current of I = 0.061 A
(j = 76.3 A m–2) was applied. The volume changes, which were read from the
capillaries, and the temperature were recorded for 2 hours. For each electrolyte-
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membrane system, two membrane samples were measured twice, resulting in an
average flux calculated from four experiments.

PT 100

CEM

capillary

Figure 3.6: Cell used for electro-osmosis measurements.

  At both silver chloride electrodes, the following half reaction takes place:

Ag(s) + Cl–(aq) → AgCl(s) + e– (1) E0 = +0.222 (V)

Possible side reactions are:

2 H2O(l) → 4 H+(aq) + O2(g) + 4 e– (2) E0 = +1.229 (V)

2 H2O(l) + 2 e– → 2 OH–(aq) + 2 H2(g) (3) E0 = –0.828 (V)

As the side reactions involve gas evolution which results in volume changes, the
potential difference should not exceed the theoretical value at which they start to
occur. The Nernst equation was used to calculate these electrode potentials for the
different electrolytes. The results are listed in table 3.3.
Table 3.3: Activities and Nernst potentials for the three possible reactions, from which
∆Vmax was calculated

System aCl– aH+ aOH– E1
(V)

E2
(V)

E3
(V)

∆Vmax
(V)

0.5 M NaCl 0.345 1.0E–07 1.0E–07 0.249 0.815 –0.414 0.566
1.0 M NaCl 0.670 1.0E–07 1.0E–07 0.232 0.815 –0.414 0.583
2.0 M NaCl 1.392 1.0E–07 1.0E–07 0.214 0.815 –0.414 0.601
1.0 M HCl 0.852 0.852 1.0E–14 0.226 1.225 0.0 0.226
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Other contributions to the overall cell potentials are liquid film and membrane
resistance and overpotentials, resulting in higher experimental potentials.

Results
For the system Nafion-0.5 M NaCl, the capillary volumes from the 4 experiments
are plotted, as continuous lines, in figure 3.7.
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Figure 3.7: Result of electro-osmosis measurement (for Nafion-0.5 M NaCl). The lines show
the four measurements. The upper half represents volume increase (from water influx) in the
cathode compartment, the lower half shows volume decrease in the cathode compartment.
The dotted lines show the effect of temperature rise on the averaged measurements.

The lines indicate good reproducibility (< 5 % error). As can be seen in figure 3.7
and in table 3.4, the measured volume increase in one compartment exceeds the
volume decrease in the other. This can be explained by:
1. The electrical resistances cause a temperature rise of about 1 °C during each

experiment, resulting in a slight expansion of both electrolytes. From the
recorded temperatures, this effect is taken into account in the calculation of the
average fluxes by using a temperature-dependent water density†.

2. Air (small but unknown quantity) present in the compartments expands even
more during temperature rise. This effect increases the measured flux in the
capillary of the compartment where the water is flowing into, and decreases the
measured flux in the other. This observed effect could not be included in the
calculations, but the difference in the fluxes cancels in the model.

                                                     
† By taking account of the expansion (though less than that of water) of the PMMA cell.



Diffusion in Electrodialysis Membranes

51

Table 3.4: Average volume fluxes (J) in electro-osmosis in cathode and anode compartment
including temperature-change correction, with standard deviations and mean experiment
temperature.

Electrolyte Jcathode
(ml hr–1)

σ Janode
(ml hr–1)

σ Tavg
(°C)

Nafion (°C)
0.5 M NaCl 0.2923 0.0045 –0.2293 0.0111 23.6
1.0 M NaCl 0.2640 0.0184 –0.2201 0.0239 22.4
2.0 M NaCl 0.2330 0.0069 –0.1838 0.0002 23.7
1.0 M HCl 0.1229 0.0059 –0.0931 0.0098 22.3
ARA
1.0 M HCl –0.0994 0.0211 0.1190 0.0034 22.2
AW
1.0 M HCl –0.0910 0.0096 0.1246 0.0110 22.9

Modelling
The parameter to be modelled in electro-osmosis is the volume-change which results
from membrane fluxes. Again we use the ED simulation model, outlined in section
4.3.
For electro-osmosis, the boundary conditions for the model are:
c = cstart, I = 0.061 A, Am = 7.99E–04 m2, T = Tavg.
The thickness of the fluid films was obtained from a survey of mass transfer
descriptions in (cylindrical) stirred cells, described in [15, p.44-47]. The Sherwood
number is calculated from:

330ScReSh .pA= (3.12)

The parameters A = 0.828 and p = 0.746 are taken from [14], involving mass transfer
measurements in the laminar region. The Reynolds number and the Schmidt number
are calculated from:

b

2
sbRe

η
ρ nd

=
Db

bSc
ρ
η

= ` (3.13)

With:
ρb electrolyte density kg m–3

ηb electrolyte viscosity Pa s
n stirrer speed (4.5 s–1) s–1

ds stirrer diameter (2.0 cm) m
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D Fick diffusivity coefficient m2 s–1

The film thickness is obtained from:

Shfilm
cd

d = (3.14)

in which dc is the cell diameter; in this cell dc = 5.54 cm.
The resulting film thickness is summed in table 3.5.
Table 3.5: Calculated film thickness, used in the electro-osmosis model.

Electrolyte dfilm
(m)

0.5 M NaCl 1.22E–04
1.0 M NaCl 1.23E–04
2.0 M NaCl 1.26E–04
1.0 M HCl 1.62E–04

For the Nafion systems, the contribution of the film-layer resistance to the overall
mass-transfer resistance ranges from 11% in 2 M NaCl to 30 % in 0.5 M NaCl. In
1 M HCl this contribution is 19 %. The mole fluxes, resulting from the (ED) model,
are converted into volume fluxes, using partial molar volumes of the involved
species. Values for iV  are given in table 4.3. The electrode reactions, the conversion
of AgCl into Ag+ and Cl–, or vice versa, causes a small volume change, which is
taken into account. The molar volume of solid AgCl = 2.58e–05 (m3 mol–1) and the
molar volume of aqueous AgCl = 2.25e–05 (m3 mol–1).

3.2.4 Resistance
In this experiment we measure the AC resistance of an ED membrane in a single
electrolyte-membrane system. The resistance of an ion-exchange membrane is
determined by the concentrations of the ions inside the membrane. At low external
concentrations, the co-ion concentration in the membrane is low, which leaves the
counter-ions to determine the membrane resistance. As the electrolyte concentration
increases, co-ions will enter the membrane resulting in decreased membrane
resistance. At high electrolyte concentrations, ion-ion interactions in the membrane
become appreciable, which may result in an increased the resistance. It is therefore
clear that co-ions must be included in the mass transfer model.
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Experimental
Three types of membranes are measured in up to 5 electrolytes. Each membrane-
electrolyte combination was measured at 4 or 5 concentrations. The experimental
setup consists of a resistance cell, a centrifugal pump, an automatic Philips PM
6303A RCL meter, a PT-100 temperature sensor. The electrolyte is circulated
through the cell by a pump. The temperature is kept constant at 25.0 °C by using a
water bath, which cools the heat produced by the pump. In figure 3.8 the setup is
displayed.

RCL meter

Resistance cell

pump

PT 100

Water bath

Figure 3.8: Experimental setup of the resistance measurements.

The resistance cell contains a chamber, with a diameter of 8.03 mm, with platinum
(black) electrodes on either sides. The electrolyte flow runs parallel to a membrane
sample which can be clamped between the two halves of the cell. As the measured
resistance consists of the sum of electrolyte and membrane resistance, the electrolyte
resistance is measured separately with the membrane removed from the cell.
  Due to the small area of the membrane which is measured, up to 10 samples of
each membrane were measured, from which an average resistance was calculated.
The equilibration of the samples in the electrolyte involved the same procedure as
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explained in section 3.2.2. With each new electrolyte or different concentration, the
whole setup was refreshed (at least 3 times) until a constant solution resistance was
obtained at 25.0 °C. After a set of three membranes were measured, the solution was
measured again to ensure the resistance had remained constant. The average
resistances of all membrane-electrolyte systems are given in table 3.6. The
measurement errors, expressed in percentages, are given in table 3.7.

Table 3.6: Experimental membrane resistances (Rm), given in ohm (Ω).

System c (M)
0.25

c (M)
0.50

c (M)
0.75

c (M)
1.0

c (M)
1.25

c (M)
2.0

c (M)
4.0

Nafion - HCl 0.84 0.75 - 0.68 - 0.66 -
Nafion - H2SO4 0.79 0.75 - 0.69 - 0.62 -
Nafion - NaCl 5.20 4.59 - 3.91 - 3.73 4.03
Nafion - NaOH 4.59 4.14 - 3.80 - 3.46 3.54
Nafion - Na2SO4 4.65 4.31 3.98 4.02 3.94 - -
ARA - HCl 3.21 3.08 - 2.89 - 2.44 -
ARA - H2SO4 9.44 7.39 - 5.52 - 3.84 -
AW - HCl 8.65 7.87 - 7.24 - 6.23 -
AW - H2SO4 35.60 25.38 - 21.52 - 14.73 -

Table 3.7: Mean error percentages of each membrane-electrolyte resistance measurement.

Electrolyte 3Nafion
%

ARA
%

AW
%

HCl 4.5 1.3 5.2
H2SO4 3.1 2.2 10.0
NaCl 3.0
NaOH 1.5
Na2SO4 2.6

The results of Nafion in NaCl can be compared to Nafion 120 conductivities,
reported in [11]. As table 3.8 shows, the conductivity of Nafion 450 in NaCl is
higher over the measured concentration range.
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Table 3.8: Comparison of Nafion 450 conductivity in NaCl with Nafion 120 [11] at T =
298K.

cNaCl
(mol m–3)

K Nafion 450
(S m–1)

K Nafion 120
(S m–1)

0.25 1.7 1.4
1.0 2.3 1.7
2.0 2.4 1.9
4.0 2.2 1.8

Modelling
As the resistances to be modelled are ‘pure’ membrane resistances, measured using
very small AC currents, the fluid films (which are small anyway because of
turbulence in the cell) can be left out of the model. The same fluid is pumped
through the two cell chambers, consequently the concentration gradients can be left
out of the model equations.
  We need three equations (i) to describe the four component (n+1; n=3) membrane
system:
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In these equations, the electrical potential gradient can be written as:
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In equation 3.16, dm is the membrane thickness and Am is the membrane area. By
using this substitution for ∆V in the Maxwell-Stefan equations, Rm can be calculated
as a function of physical constants, membrane size and membrane diffusivities by
elimination of the fluxes. The result of the derivation is:
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In these equations, all six membrane diffusion coefficients take part in the model.
The given equations can be used for both cation-exchange membranes and anion-
exchange membranes.

3.2.5 Pressure-driven permeation
In this partial experiment, electrolyte and water volume fluxes through a pressurised
membrane are measured. Initially, electrolyte or water is present at both sides of the
membrane. On one side the fluid pressure is increased in three steps, up to 8 bar. On
the other side, permeation is measured using a capillary. The amount of fluid that
passes through the membrane during the experiment, is very small. As a result
changes in the compositions of the fluids on the two sides are negligible. Three
types of membranes were measured, in electrolytes with different concentrations.
The Nafion membrane was additionally measured in H+- and Na+-form with pure
water.
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Experimental
The setup is shown in figure 3.9. The electrolyte is present in a 500 ml vessel, which
is pressurised from a nitrogen cylinder. The pressure is measured and adjusted if
necessary.

Pressure read-out 

Membrane cell

capillary

N   indercyl2

Figure 3.9: Experimental setup of the pressure permeation measurements.

The equilibrated membrane was placed in a stainless steel Millipore XX4404700
filter holder (figure 3.10), equipped with Viton O-ring. The effective membrane
diameter is 47 mm. On the atmospheric side, the module was filled with electrolyte
or water and a 0.1 ml capillary was fitted for volume-flux measurement.

Figure 3.10: Millipore 47 mm membrane filter holder.
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Each membrane-electrolyte system was measured at three pressure differences. At
each pressure, the measurement lasted at least 40 minutes. The measured systems
can be found in table I.4 and I.5 in Appendix I and in table 3.9. For each system, the
average flux of up to 4 different membrane samples was taken. For the system
Nafion-NaOH, the measured fluxes are shown in figure 3.11, as a function of
pressure difference. The lines represent the slopes of the measurements, which are
tabulated in table 3.9. Going from pure water to 2.0 M NaOH, a decrease of the flux
can be observed. The decreased membrane swelling is expected to be causing this
effect.

∆P / 105 Pa

0.0 2.0 4.0 6.0 8.0

J V
 / 

m
l h

r–1

0.00

0.02

0.04

0.06
Na+ form
0.5 M
1.0 M
2.0 M

Figure 3.11: Volume fluxes measured with the Nafion-NaOH system at different external
concentrations. Symbols: see legend; the lines represent linear fits.

The value of dJV/dP was obtained by fitting the measured values (given in appendix
table I.4 and I.5) to a straight line going through the origin, by taking into account
the standard deviations. The numbers were calculated for 1 m2 membrane. The
results, given in table 3.9, indicate an average measurement-error of 5%. This
includes H2SO4 measurements, which show errors of up to 15%.
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Table 3.9: Concentration dependency of dJV/dP, expressed per m2 membrane.

System c
(mol m–3)

dJV/dP
(m3 Pa–1 s–1)

σ

Nafion
H+ form 0.0 4.043E–14 1.000E–16
HCl 100.0 3.396E–14 3.845E–16

250.0 2.618E–14 2.487E–16
H2SO4 100.0 3.077E–14 8.569E–16

1000.0 1.152E–14 1.918E–15
Na+ form 0.0 1.457E–14 8.720E–17
NaCl 1000.0 8.981E–15 5.732E–16
NaOH 500.0 1.178E–14 1.893E–16

1000.0 1.012E–14 1.402E–16
2000.0 8.703E–15 2.016E–17

Na2SO4 500.0 6.677E–15 8.004E–18
ARA
HCl 100.0 4.274E–15 4.774E–17
H2SO4 100.0 2.554E–15 1.241E–16
AW
HCl 100.0 1.602E–15 6.353E–17
H2SO4 100.0 1.450E–15 8.992E–17

250.0 7.732E–16 1.181E–16

The results for Nafion from table 3.9 are shown graphically in figure 3.12. It is clear
that (water) fluxes are higher in H+-form membrane than in Na+-form membrane.
This result is in agreement with:
1. The electro-osmosis experiments (see figure 3.13) show higher fluxes in Na+-

form Nafion compared to the H+-form. This means a higher drag of water
molecules by Na+ ions. The other way round, when water is moved due to a
pressure gradient, it will sense more resistance from Na+ than from H+ ions. The
resulting membrane diffusion coefficients ÐH+/H2O and ÐNa+/H2O (see table
3.15) reflect the effects.

2. With the same concentration dependency of the internal water concentration on
H+ and Na+ electrolytes (section 2.3.1), the decrease of the measured flux is
expected to be higher for H+-electrolytes because of the higher values at low
concentrations.

The model description of these experiments is shown in figure 3.17.
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Figure 3.12: Decreasing volume fluxes with concentration in Nafion membranes with
different electrolytes. c = 0 represents the H+ and Na+ form, measured with pure water.

The results can be compared to pressure-driven flow experiments described in [11]
carried out with Nafion 120 membrane. Measurements at 25 °C, show the a decrease
from 3E–14 to 1.5E–14 in the value of dJV/dP, when the external NaCl molality
increases from 0.1 to 4 mol kg–1.

Modelling
The measured volume flux can be calculated from modelled membrane mole fluxes
using:

∑
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i
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For the calculation of these fluxes we can use the ED membrane simulation model,
outlined in section 4.3. In the membrane-phase Maxwell-Stefan equations, a
pressure gradient is added to the LHS:
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The following assumptions and boundary conditions are used:
1. A fluid film is present on the pressurised side, having the thickness of the Viton

ring (2.5 mm). On the atmospheric side, the thickness of the membrane-support
(1 mm) is taken as fluid film thickness.

2. cb (bulk) concentration present at both sides of the membrane.
3. No-current condition.
4. No pressure gradient is present in the fluid films.

3.2.6 Electrodialysis fluxes
In section 4.2.1, a method is shown in which experiment-averaged ion and water
fluxes are calculated from volume and concentration changes, and the electrical
current. In Chapter 4 the results are used to describe the ED experiments in terms of
membrane efficiency and energy consumption. In this section, these fluxes are used
to extend the set of data necessary to calculate the membrane-phase diffusion
coefficients. In table 3.10 to 3.13, these fluxes are given for the chosen membrane-
electrolyte systems.

Table 3.10: ED fluxes: Nafion H2SO4-HCl. In tables 3.10 up to 3.13 the fluxes Ni are
expressed in (mol m–2 s–1).

c
(mol m–3)

Exp. NH+ σ NCl– σ NH2O σ

2000 1, 2, 9, 10 1.02E–02 4.8E–05 –1.67E–04 2.9E–05 4.29E–02 1.2E–02
4000 6, 13, 14 9.97E–03 2.5E–04 –4.15E–04 2.4E–04 3.61E–02 4.9E–03

Table 3.11: ED fluxes: Nafion NaCl-NaOH.

c
(mol m–3)

Exp. NNa+ σ NOH– σ NH2O σ

2000 1, 2, 9, 10 1.02E–02 4.8E–05 –1.67E–04 2.9E–05 4.29E–02 1.2E–02
4000 6, 13, 14 9.97E–03 2.5E–04 –4.15E–04 2.4E–04 3.61E–02 4.9E–03

Table 3.12: ED fluxes: AEM HCl-NaCl.

c
(mol m–3)

Exp. NH+ σ NCl– σ NH2O σ

ARA: 2000 2 3.45E–03 2.0E–04 –6.93E–03 2.0E–04 –1.52E–02 4.2E–03
AW: 2000 1, 2, 9, 10 2.21E–03 2.8E–04 –8.17E–03 2.8E–04 –1.33E–02 1.4E–03
AW: 4000 6, 13, 14 3.84E–03 6.2E–04 –6.54E–03 6.4E–04 –1.17E–02 5.3E–03
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Table 3.13: ED fluxes: AEM H2SO4-Na2SO4.

c
(mol m–3)

Exp. NH+ σ NSO42– σ NH2O σ

ARA: 2000 4, 11, 12 5.20E–03 1.4E–04 –2.60E–03 6.8E–05 –1.27E–02 4.2E–03
ARA: 4000 5, 15, 16 5.74E–03 9.5E–04 –2.32E–03 4.5E–04 –4.41E–03 7.8E–03
AW: 2000 3 5.72E–03 2.3E–04 –2.37E–03 2.3E–04 –3.44E–03 4.2E–03

The fluxes are average values, taken over a number of experiments in which the
electrolyte-membrane systems occurs at the given concentration. The standard
deviation indicates the reproducibility of the found fluxes. In systems where only
one experiment is used for the flux calculation, the standard deviation found in the
fit results is given.

Modelling
The model for the average membrane fluxes is straightforward and uses the same
calculation as discussed in 4.3. The following conditions are used:
1. As the fluxes are average values of several experiments, the concentrations of

the electrolytes on both sides of the membrane are averaged as well.
2. Similarly, an average current is calculated.

3.3 Modelling results

In this section, the method to calculate membrane diffusivities from the partial
experiments is described. The results are given in terms of the membrane
diffusivities, and for each membrane, the experimental results are compared
graphically to the models. In electrolytes, some Maxwell Stefan diffusion
coefficients show a strong concentration dependency. The resistance, pressure and
the electrodialysis experiments were performed at different concentrations.
However, the electro-osmosis and diffusion dialysis experiments were performed at
one concentration level or concentration difference. It was therefore not possible to
fit the membrane diffusion coefficients as a function of concentration.

3.3.1 The optimisation method
For every membrane, the complete set of partial experiments is fitted in one go, by
optimising the whole set of chosen diffusivities. Fitting per membrane-electrolyte
system is not a possible method, because certain interactions, for example Na+/H2O,
occur not only in systems with NaCl, but also in those containing NaOH or Na2SO4.
Obviously a single value for such interaction, valid in any multicomponent system,
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is desired. Not every diffusivity can be found by fitting. For example, some ion-ion
interactions have only limited importance (resulting in a large error in the
corresponding fit parameter), or any value they may have worsens the model.
During fitting, these parameters mostly end up as the maximum allowed value, or
with an error of several orders of magnitude. As upper allowance for the diffusion
coefficient, the electrolyte value is used, the lowest allowance typically lies a factor
of 100 below. The applied numerical optimisation uses the Marquardt-Levenberg
method [16], in which the difference (expressed as a sum of the chi-squares)
between model and measured points is minimised by adjustment of the fit parameter
matrix (a). The sum of squares is defined as:

∑
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In equation 3.20, σi indicates the standard deviation of the measurement. Its value
determines the importance of the specific experimental point. If we want a set of m
points (for example concentration-dependent resistances) to have the same weight as
a single point experiment, than the value of σi for the set of points is increased by:

moldnew σσ = (3.21)

3.3.2 Diffusion coefficients in Nafion
In the ED setup, the Nafion membrane is placed between different electrolytes.
These are HCl, H2SO4, NaCl, NaOH and Na2SO4, therefore introducing five
different ions into the system‡. Combined with water and the fixed-charges, this
mounts up to seven species. The total number of binary interaction parameters from
n components is calculated from:

( ) 2/1−nn (3.22)

This yields 21 diffusivities. The total number of partial experiments with different
electrolyte-Nafion systems which have been measured is 26. Some partial
experiments contain measurements at different concentrations (osmosis, resistance,
pressure and ED). The total number of data points, obtained from the partial
experiments, is 92. In table 3.14 an overview of the data set, with average

                                                     
‡ It is assumed, throughout this thesis, that H2SO4 dissolves completely into H+ and −2

4SO
ions, therefore avoiding the introduction of one more species (HSO4

–).
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experimental errors is shown, with the model standard deviation (expressed in %),
obtained from the optimisation calculation.
Table 3.14: The data set used for fitting the diffusion coefficients of the Nafion 450
membrane.

Partial
experiment

number of
data points

number of
systems

avg.
experiment
error (%)

model error
(%)

Osmosis 8 2 22.4 17.7
Dialysis salt flux 5 5 15.4 37.2
Dialysis water flux 5 5 17.5 72.6
Resistance 24 5 6.5 5.9
Pressure 42 5 24.2 22.0
ED co-ion flux 4 2 7.1 35.0
ED water flux 4 2 22.1 34.8

The resulting set of multicomponent membrane-phase diffusion coefficients, with
the standard deviation, is given in table 3.15. Two coefficients, ÐH+/Cl– and
ÐNa+/OH–, ended up with the maximum allowed values. Two anion-water
diffusivities, ÐCl–/H2O and ÐOH–/H2O, were set fixed to an estimate, calculated from
the empirical equation 3.11.
  The diffusion coefficients (for NaCl and NaOH systems) are compared with
literature data in figure 3.1 and 3.2 in section 3.1.3. For Nafion-NaCl, the results
show most agreement with the work presented by [9], except for the low value that
was found for ÐCl–/m in this work. In [11], also low (and negative) values are
reported for this coefficient. When the work in [12] is compared to the results
presented here with respect to the system Nafion-NaOH, generally higher
diffusivities are obtained in this work. The exception is ÐOH–/m, but in [12] this
coefficient becomes negative at concentrations above 3.5 M.
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Table 3.15: The set of fitted diffusion coefficients, with standard deviations, for Nafion 450
membrane.

parameter: Ðij
(m2 s–1)

σ (–)

Ð H+/Cl– 1.00E–08 5.51E–08
Ð Na+/Cl– 5.80E–11 1.22E–11
Ð Na+/OH– 1.00E–08 1.46E–07

Ð H+/ −2
4SO 1.15E–09 2.04E–09

Ð Na+/ −2
4SO 2.87E–09 9.83E–08

Ð H+/H2O 4.11E–09 7.36E–10
Ð Na+/H2O 5.14E–10 4.19E–11
Ð Cl–/H2O 6.23E–10
Ð OH–/H2O 1.62E–09

Ð −2
4SO /H2O 1.62E–10 1.50E–10

Ð H+/m 1.45E–09 4.29E–10
Ð Na+/m 2.26E–10 1.94E–11
Ð Cl–/m 1.69E–11 1.64E–12
Ð OH–/m 1.58E–10 6.79E–11

Ð −2
4SO /m 7.41E–12 5.99E–12

Ð H2O/m 7.92E–10 5.49E–11

  On page 66, the results of the optimisation procedure are shown for every partial
experiment. The differences between the model and the single experiments that can
be seen in the various graphs, are reflected by the average model errors from table
3.14. The experiments that were described (relatively) well by the model are
resistance, pressure and electro-osmosis. In diffusion dialysis, some salt-fluxes are
calculated too high, and the water fluxes too small. ED is described well for the
NaCl/NaOH system (with slightly too low water fluxes), but with too low co-ion
leakage in the HCl/H2SO4 system, which is of limited importance.
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Results for Nafion 450 membrane:
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Figure 3.13: Electro-osmosis experimental and
model fluxes (cross-hatched columns). The
positive and negative y-axis represent the
volume increase- and decrease speeds in the
capillaries. Legend: (a) NaCl, (b) HCl.
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Figure 3.14: Electrical membrane resistance,
experiments (symbols) and model (lines).
Legend: see figure 3.17.
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Figure 3.15: Electro-dialysis experimental and
model fluxes (cross-hatched columns). White
columns: co-ion leakage flux; grey columns:
water flux. Legend: (a) 2 M NaOH, (b) 4 M
NaOH, (c) 2 M HCl, (d) 4 M HCl.
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Figure 3.16: Diffusion dialysis fluxes,
experimental and model (cross-hatched
columns) fluxes. White columns: electrolyte
flux; grey columns: water flux. Legend: (a)
NaCl, (b) NaOH, (c) HCl, (d) H2SO4, (e)
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3.3.3 Diffusion coefficients of electrolytes in ARA and AW
The anion-exchange membranes, ARA and AW, are placed between HCl and NaCl
or between H2SO4 and Na2SO4 during electrodialysis. This introduces four different
ions into the system. Combined with water and the fixed-charges, this mounts up to
six species taking part in the diffusion analysis. For two reasons, Na+ interactions
are left out of the partial experiments: Firstly it is clear from figure 4.2 that Na+ ions
play a minor role in the AEM, as the electrical field tends to move them away from
the membrane. Secondly, diffusion experiments of this type of AEM in pH-neutral
electrolytes are trivial because the fixed charges become deprotonised and thus
neutral. For the same reason, OH– cannot be taken into account. The total number of
interaction parameters resulting from the five remaining species, calculated from
equation 3.22, becomes 10. The total number of partial experiments with different
electrolyte-AEM systems which have been measured is 13 (the same for ARA and
for AW). The total number of data points, obtained from the partial experiments, is
26. The data set, with experimental and optimisation model errors, is shown in table
3.16.
Table 3.16: The data set used for fitting the diffusion coefficients of ARA and AW
membrane.

Partial
experiment

number of
data points

number of
systems

avg. exp.
error (%)

ARA

model error
(%)

ARA

avg. exp.
error (%)

AW

model error
(%)
AW

Osmosis 2 1 19.6 13.6 18.7 13.7
Dialysis salt flux 2 2 15.4 96.0 15.4 112.4
Dialysis water flux 2 2 17.5 87.3 17.5 34.7
Resistance 8 2 3.5 6.4 5.0 9.0
Pressure 6 2 10.4 3.6 32.6 43.3
ED co-ion flux 3 2 11.0 24.6 17.4 36.2
ED water flux 3 2 108.2 36.5 39.0 12.0

The resulting set of multicomponent membrane-phase diffusion coefficients, with
the standard deviation, is given in table 3.17. As no experiments were carried out
with NaOH, the coefficients ÐNa+/H2O and ÐOH–/H2O were guessed from the liquid
diffusion coefficients and equation 3.11. The same was necessary for ÐH+/H2O,
which proved impossible to obtain from the optimisation calculation. The different
experimental behaviour of AW compared to ARA (high resistance, smaller ion-
leakage and water fluxes) is found back in the model in the form of smaller diffusion
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coefficients. The low value of the AW ÐSO42–/m coefficient, caused convergence
problems in the ED optimisation and simulation calculations.
Table 3.17: The set of fitted diffusion coefficients, with standard deviations, for ARA-02
and AW-09 membrane.

parameter: Ðij (m
2 s–1)

ARA
σ (–)
ARA

Ðij (m
2 s–1)

AW
σ (–)
AW

Ð H+/H2O 5.94E–10 3.86E–10
Ð Na+/H2O 7.98E–11 5.18E–11
Ð Cl–/H2O 2.39E–10 5.15E–11 1.09E–10 1.85E–11
Ð OH–/H2O 3.47E–10 2.25E–10

Ð −2
4SO /H2O 4.33E–11 5.71E–12 7.37E–12 7.42E–13

Ð H+/m 2.97E–11 1.54E–12 9.07E–12 4.01E–13
Ð Cl–/m 2.28E–11 8.68E–13 9.28E–12 3.54E–13

Ð −2
4SO /m 3.13E–12 1.08E–13 8.77E–13 3.54E–14

Ð H2O/m 1.44E–10 1.96E–11 7.63E–11 1.17E–11

The results of the optimisation procedure for modelling the partial experiments with
the AEM’s are shown graphically on the next page. The average model errors are
given in table 3.16. The experiments that were described (relatively) well by the
model are resistance and electro-osmosis. The model for the pressure experiments
works not well for AW-H2SO4. For diffusion dialysis, the (overall) poor fit can be
attributed to the high experimental errors, which contribute little to the total sum of
squares. The ED model performs well, except that it predicts too low H+ leakage
fluxes for the (important) NaCl/HCl system, for both ARA and AW.
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Results for AW and ARA membranes:
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Figure 3.18: Electro-osmosis experimental and
model fluxes (cross-hatched columns). The
positive and negative y-axis represent the
volume increase- and decrease speeds in the
capillaries. Legend: (a) AW HCl, (b) ARA HCl.
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Figure 3.19: Electro-dialysis experimental and
model fluxes (cross-hatched columns). White
columns: co-ion leakage flux (left y-axis); grey
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Figure 3.20: Electrical membrane resistance,
experiments (symbols) and model (lines).
Components: see legend.
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Figure 3.21: Diffusion dialysis experimental
and model (cross-hatched columns) fluxes.
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3.4 Conclusion

In this chapter, the determination of the membrane diffusion coefficients is
described. It was shown that a large amount of multicomponent diffusion
coefficients follow from the different electrolyte-membrane systems in the
performed ED experiments. Apart from the equilibrium properties, described in the
preceding chapter, these diffusivities are important parameters for the ED mass
transfer model, that forms the main aim of this thesis. A set of separate diffusion
experiments was developed and performed. By modelling all experiments, for each
membrane, the parameters could be calculated by means of a parameter optimisation
method. It proved possible to describe the experiments to a great extent and thus
find the diffusion coefficients, although experimental error was passed on to
considerable standard deviations in some coefficients. In both cation and anion
membranes, it proved difficult to fit the co-ion/water diffusion coefficients from
experiments.
  Although a great amount of data is to be gathered to build a complete
multicomponent mass transfer model, the method is needed to account for:
• all driving forces, including pressure gradients
• the flux of water in ED systems due to drag from (counter) ions.
• activity coefficients inside membranes (although not included in the mass

transfer model).
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4 ED Experiments and Multicomponent Modelling

Introduction

This chapter describes the electrodialysis experiments in which acid and base is
produced from NaCl and Na2SO4. These serve two goals. Firstly to prove that the
newly developed membranes are able to produce acid and base at high
concentrations and secondly to gather accurate data on energy consumption,
concentration and volume changes. These data are needed to run the mass transfer
model, described in 4.3, for which the determination of parameters is described in
the Chapters 2 and 3. In the electrodialysis experiments, the influence of three main
parameters on process performance is investigated. The concentration of both the
salt and the products from which each experiment starts, is varied. Two different raw
materials, NaCl and Na2SO4, are compared, and finally, a mono polar membrane
(MPM) stack configuration is compared to a bipolar membrane (BPM) stack. In
section 4.1 the experimental setup, the operating procedures and the different
experiments are introduced. The results of the experiments are described in section
4.2, in terms of membrane permselectivity and water fluxes, and the energy
consumption of the whole process. In section 4.3, the model and the simulation
calculations are given. Most parameters have been obtained in Chapter 2
(equilibria), and Chapter 3 (Maxwell-Stefan diffusivities). The estimation of
additional parameters, film-layer thickness and electrode potentials is included in
section 4.3.

4.1 Experimental work

In this section the experimental setup is introduced, with which the electrodialysis
experiments for the conversion of salts into concentrated acid and base solutions
have been performed. The two investigated salts were NaCl and Na2SO4. Two main
parameters have been varied (within the test series of each salt). Firstly the
concentration, between 0.5 M and 5 M. Secondly for the water splitting, needed to
produce H+ and OH– ions, production from platinised electrodes was compared with
water splitting in (two types of) bipolar membrane.
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4.1.1 The setup
In figure 4.1 the experimental setup is shown which is used in the electrodialysis
experiments. In the case of an NaCl feed, an extra H2SO4 compartment in the stack
is necessary to prevent Cl– from reaction at the anode into Cl2. The reaction fluids
H2SO4, HCl, NaCl and NaOH are circulated through the stack from four glass
vessels by four Verder Iwaki MD-70R magnetic pumps. The stack was obtained
from Kuipers B.V. (Leiden), and has an effective membrane area of 0.01 m2. It is
equipped with Vexar spacers with a thickness of 2 mm. The electrodes were
constructed from a platinised wire mesh, of 0.01 m2. The stirred solutions are kept at
a constant temperature of 25 ºC by means of a Tamson waterbath with water cooling
and a Colora TK 64 cooler. The electrical power is supplied by a Powerstat 100 A
transformer. The pH of NaCl is measured by a Mettler MD 350 pH meter using an
Ingold 405-s7/120 electrode and, additionally, the NaCl conductivity is measured by
a Metrohm 660 Conductometer, equipped with a Unicam conductivity electrode.

Figure 4.1: The experimental setup used in the electrodialysis measurements. While the
process fluids are pumped through the stack from the vessels and electrical current is applied,
the computer gathers data.
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The current amperage is measured by a Philips PM 9244 shunt, and the overall
potential by a Metra Hit 18S multimeter. In two of the vessels, the temperature is
measured by PT-100 temperature sensors. All measured data is collected into a PC
by means of Analog Devices 6B11, 6B12 and 6B13 modules, using the software
programme Labtech Notebook, also from Analog Devices.

4.1.2 The measurements
Before each electrodialysis experiment, the stack has to be mounted in the
appropriate configuration. The membranes are in contact with solutions in two
compartments. Before the experiment, they are equilibrated for several hours with a
solution of the average of these compositions. This is done to prevent the
membranes from shrinking or expanding, once placed in the stack in contact with
the actual process electrolytes. All of the described experiments are carried out at a
current of 10 A. With a usable membrane area of 0.01 m2 this represents a current
density of 1000 A m–2. The current is kept constant manually. The experiments last
for 10 hours, in which 1 ml samples are taken every two hours of the salt, the acid
and the base solutions. The pH is additionally recorded manually every 30 minutes.
The concentration of the acid and base samples are determined by acid-base
titration, Cl– (from NaCl) is analysed by automated AgCl titration and the SO4

2–

concentration (from Na2SO4) is determined by capillary electrophoresis. At the end,
each process fluid is collected from the vessels and the rest of the setup in order to
determine the final volumes accurately.

4.1.3 Acid and base production by electrolysis
The monopolar membranes present in the stack, at which we will now take a closer
look, are necessary to split a salt solution into its cations and anions. To produce a
base, we need to combine the stream of cations with a supply of the same amount of
hydroxyl ions. In the same way acid may be produced from anions, combined with
hydrogen ions. Hydrogen and hydroxyl ions can be obtained from water splitting at
the electrodes, in bipolar membranes, or in both ways. The stacks shown in figure
1.3 and figure 4.2 make use of water splitting at the electrodes only to produce acids
and base. As stated before, with NaCl as the salt, an extra H2SO4 compartment is
needed to prevent Cl– from reacting at the anode.
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Figure 4.2: Acid and base production from NaCl using monopolar membranes.

  The use of electrode reactions combined with monopolar membranes has the
advantage of avoiding expensive bipolar membranes but the stack cannot be
extended to more parallel compartments between the same electrodes. In the case of
NaCl, the anion-exchange membrane used as the proton blocker is the AW-09
membrane, produced by Solvay. When producing H2SO4 from Na2SO4, the ARA-02
membrane of the same company is used. In all experiments a reinforced Nafion-450
membrane from DuPont is used as a cation exchanger. The Nafion-type membranes
are used widely in the chlor-alkali process to produce NaOH of over 30 %, which is
equal to approximately 10 M [1,2]. The aim of the experiments may be clear from
the figures: the determination of the ion and water fluxes through the ion-exchange
membranes. How these fluxes can be calculated from experimental data is described
extensively in 4.2.1.

4.1.4 Acid and base production by water splitting in a bipolar membrane
We use two basically different stack configurations with bipolar membranes. The
first we call the BPM-I configuration, which is shown in figure 4.3 and 4.4. In this
case, both the water dissociation in the bipolar membrane and the electrode reactions
contribute to the concentration of acid and base. When NaCl is the salt, an extra
H2SO4 compartment is needed (as in the MPM configuration) to prevent Cl– ions
from reaction. The monopolar membranes are the same as in the experiments
described before.
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Figure 4.3: BPM-I configuration: acid and base production from NaCl using a bipolar
membrane and electrolysis.

Figure 4.4: BPM-I configuration. Acid and base production from Na2SO4 using a bipolar
membrane and electrolysis.

In figure 4.5 and figure 1.4, the other BPM stack configuration is shown. In this
configuration, called BPM-II, the H+ produced at the anode and the OH– coming
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from the cathode are neutralised in the same electrode stream. As a result, only the
H+ and OH– ions formed from water dissociation in the BPM are used to concentrate
the acid and base streams. When Na2SO4 is the salt, this stream is used as electrode
fluid. In the case of NaCl the NaOH stream is used as such to avoid the presence of
Cl– at the anode.

Figure 4.5: BPM-II configuration for the conversion of NaCl.

In both the BPM-I and the BPM-II configuration, two types of bipolar membrane
were applied: the ‘BPM-I’ membrane by Tokuyama Soda and a BPM by Aqualitics.
The Tokuyama membrane is a reinforced membrane type, the Aqualitics membrane
is not reinforced. Both membranes are tested in NaCl and Na2SO4 in concentrations
ranging from 0.5 up to 5.0 M.

4.1.5 Overview of the electrodialysis experiments
Table 4.1 shows an overview of all 24 performed electrodialysis experiments. In
experiments 1 to 8, the monopolar membranes are tested in acid and base
concentrations of 2 M and 4 M. In NaCl salt systems, AW-09 is used as H+ blocker.
For Na2SO4 the ARA-02 membrane is used. In NaCl at 2 M not only the AW-09
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membrane but also the ARA-02 membrane is used (experiment 2), similarly the
AW-09 membrane is used once in Na2SO4 at 2 M (experiment 3).

Table 4.1: The electrodialysis experiments.

Exp. Membranes Stack Electrolyte Initial concentrations
(mol m–3)

1 AW + Nafion MPM H2SO4 / HCl / NaCl / NaOH 1000 / 2000 / 2000 / 2000
2 ARA + Nafion MPM H2SO4 / HCl / NaCl / NaOH 1000 / 2000 / 2000 / 2000
3 AW + Nafion MPM H2SO4 / Na2SO4 / NaOH 1000 / 1000 / 2000
4 ARA + Nafion MPM H2SO4 / Na2SO4 / NaOH 1000 / 1000 / 2000
5 ARA + Nafion MPM H2SO4 / Na2SO4 / NaOH 2000 / 1000 / 4000
6 AW + Nafion MPM H2SO4 / HCl / NaCl / NaOH 2000 / 4000 / 2000 / 4000
7 AW + Nafion MPM H2SO4 / H2SO4 + HCl / 1000 / 500 + 1000

NaSO4 + NaCl / NaOH 500 + 1000 / 2000
8 ARA + Nafion MPM H2SO4 / H2SO4 + HCl / 1000 / 500 + 1000

NaSO4 + NaCl / NaOH 500 + 1000 / 2000
9 AW + N. + Toku. BPM-I H2SO4 / HCl / NaCl / NaOH 1000 / 2000 / 2000 / 2000
10 AW + N. + Aqua. BPM-I H2SO4 / HCl / NaCl / NaOH 1000 / 2000 / 2000 / 2000
11 ARA + N. + Toku. BPM-I H2SO4 / Na2SO4 / NaOH 1000 / 1000 / 2000
12 ARA + N. + Aqua. BPM-I H2SO4 / Na2SO4 / NaOH 1000 / 1000 / 2000
13 AW + N. + Toku. BPM-I H2SO4 / HCl / NaCl / NaOH 2000 / 4000 / 2000 / 4000
14 AW + N. + Aqua. BPM-I H2SO4 / HCl / NaCl / NaOH 2000 / 4000 / 2000 / 4000
15 ARA + N. + Toku. BPM-I H2SO4 / Na2SO4 / NaOH 2000 / 1000 / 4000
16 ARA + N. + Aqua. BPM-I H2SO4 / Na2SO4 / NaOH 2000 / 1000 / 4000
17 AW + Nafion MPM H2SO4 / HCl / NaCl / NaOH 500 / 500 / 1000 / 500
18 AW + Nafion MPM H2SO4 / HCl / NaCl / NaOH 2500 / 5000 / 2500 / 5000
19 ARA + Nafion MPM H2SO4 / Na2SO4 / NaOH 500 / 500 / 500
20 ARA + Nafion MPM H2SO4 / Na2SO4 / NaOH 2500 / 1250 / 5000
21 ARA + N. + Toku. BPM-II H2SO4 / Na2SO4 / NaOH 500 / 500 / 500
22 ARA + N. + Toku. BPM-II H2SO4 / Na2SO4 / NaOH 2500 / 1250 / 5000
23 AW + N. + Toku. BPM-II HCl / NaCl / NaOH 500 / 1000 / 500
24 AW + N. + Toku. BPM-II HCl / NaCl / NaOH 5000 / 2500 / 5000

In experiments 17 to 20, the same configuration is used to test the NaCl and Na2SO4
systems at low (0.5 M) and high (5 M) concentrations of acids and base. To
complete the MPM testing, a mix of NaCl and Na2SO4 is applied to produce a
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mixture of HCl and H2SO4 and NaOH, comparing the AW-09 and the ARA-02
anion-exchange membranes. With the BPM-I configuration, experiments 9 to 16
(with the two types of bipolar membrane) have been conducted at both 2 M and 4
M, with both NaCl and Na2SO4 as salt system. The testing of both bipolar
membranes is completed at low (0.5 M) and high (5 M) concentrations in both salts,
using the BPM-II configuration (experiment 21 to 22).

4.2 Results: Current efficiencies and energy consumption

In this section the results of the electrodialysis experiments are discussed. From
experimental data, which is collected in Appendix I, the current efficiencies obtained
with the monopolar membranes are calculated as a function of concentration. For
this purpose, the fluxes through the membranes are calculated. These fluxes will be
compared later in this chapter with the fluxes calculated by the simulation model.
The different configurations of the stack (mono and bipolar membranes) are
compared in terms of energy consumption. For calculation of the ion and water
fluxes through the different membranes, a calculation using those fluxes as fit
parameters was developed.

4.2.1 Calculation of the ion and water fluxes from the measurements
As stated before, our aim is to obtain accurate values for the ion and water fluxes
through all of the different membranes in the system, from an electrodialysis
experiment. An optimisation calculation is needed here, because the number of
measured parameters exceeds the number of fluxes. Let us take experiment 1 as an
example, where the stack configuration shown in figure 4.2 was used. If we want to
calculate the ion and water fluxes from the overall mass balances, the following
information is available:
• Volume difference in each compartment: 4 data points
• Concentration change of the main electrolytes 4 data points
• H+ concentration in the NaCl compartment: 1 data point
• Cl– concentration in the H2SO4 compartment: 1 data point
• The (average) current density 1 data point
Thus a total number of 11 ‘data points’ is obtained in this experiment. From figure
4.2 it can be seen that we want to calculate:
• Main counter-ion fluxes (H+, Cl–, and Na+): 3
• Co-ion leakage fluxes (Cl–, H+ and OH–): 3
• Electro-osmotic water fluxes: 3
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This is a total of 9 parameters. The main counter-ion fluxes (H+, Cl– and Na+)
follow from the leakage fluxes and the total current density. Therefore, only 6
parameters are to be calculated from 11 experimental data points. We have therefore
developed a program that minimises the errors in the measurements using all
available data. In table 3.1 experimental and fit parameters of all configurations are
listed. In the case of the bipolar membrane configuration ‘BPM-I’, some mono-polar
membranes occur twice. This leads to (slightly) adjusted mass balances.
Table 4.2: Experimentally determined and fit parameters.

Configuration Salt Number of experimental
parameters.

Fit parameters

MPM NaCl 11 1,2,3,4,5,6
Na2SO4 8 1,2,3,4
NaCl +
Na2SO4

13 1,2,3,4,5,6,10

BPM-I NaCl 13 1,2,3,4,5,6,7,8
Na2SO4 10 1,2,3,4,7,9

BPM-II NaCl 10 1,2,3,4,7,8
Na2SO4 10 1,2,3,4,7,8

In table 3.1, the numbers of the possible fit parameters correspond to:
(1) Anion-exchange membrane H+ leakage and (2) water flux.
(3) Cation-exchange membrane OH– leakage and (4) water flux.
(5) Cation-exchange membrane Cl– leakage and (6) water flux.
(7) Na+ leakage through the BPM.
(8) Cl– leakage through the BPM.
(9) SO4

2– leakage through the BPM.
(10) Anion-exchange membrane Cl– flux in the case of the NaCl-Na2SO4 mixture.
  The fit parameters were calculated in a Marquardt-Levenberg least-squares method
[10, p.574].
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4.2.2 Current efficiencies of the monopolar membranes
From the calculated experimental membrane ion fluxes, we can calculate the
membrane current efficiency simply from:

j
Nz

q iiF
= (1.3)

In this definition, the current efficiency q represents the fraction of the (total) current
density j, which is carried through the membrane by the ‘desired’ ion i. In figure 4.6
the Nafion current efficiency is shown. Note that the performances of the monopolar
membranes in all experiments have been gathered in the figures 4.6 and 4.7. From
figure 4.6, it is clear that there is a greater concentration dependency of the OH–

leakage compared to the Cl– leakage. In figure 4.7, the current efficiencies of the
anion-exchange membranes are shown. It appears that the AW membrane in HCl
has the same concentration dependency (a) as the ARA membrane in H2SO4 (c). It is
also clear that, at 2 M, the AW membrane has a lower current efficiency (b) than the
ARA membrane (c), when it is used in H2SO4. The same holds for an ARA
membrane used in 2 M HCl (d) compared to AW (a).
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Figure 4.6: Current efficiency of the Nafion 450 membrane. (a) shows the H+ efficiency of
Nafion between H2SO4 and HCl (Cl– leakage) in MPM and BPM-I stacks, (b) shows the
efficiency of Na+ transport between the salt and the NaOH compartment (OH– leakage).
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Figure 4.7: Current efficiency of the AW (squares) and ARA (circles) membrane anion
transport with H+ leakage. (a) AW in HCl, (b) AW in H2SO4, (c) ARA in H2SO4, (d) ARA
in HCl.

4.2.3 Current efficiencies of the bipolar membranes
From experiments 9 to 16 and 21 to 24, the current efficiencies of the two types of
bipolar membrane were obtained from Cl– (in NaOH) and Na+ (in HCl and H2SO4)
analysis. Leakage of SO4

2– into NaOH was not analysed. The results are shown in
figure 4.8.
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Figure 4.8: Current efficiency (determined from co-ion leakage) of the two types of BPM.
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The overall performance of a bipolar membrane is determined by the leakage of co-
ions through the anion-exchange part plus the leakage of co-ions through the cation-
exchange part. For the Tokuyama membrane (in 2 M NaCl) this results in a current
efficiency of 0.97, for Aqualitics under the same conditions 0.96.

4.2.4 Electro-osmotic water transport
From the membrane flux calculations, water fluxes are also obtained. From these,
the water transport number can be calculated by:

j
Nt F

ww =  (4.1)

As defined here, the water transport number tw is the number of water molecules
passing through the membrane per passed charge equivalent. For the different
monopolar membranes tw is plotted in figure 4.9. The Nafion membrane water
transport is shown for both H+ as counter-ion (between H2SO4 and HCl
compartment) and Na+ as counter-ion (between NaCl or Na2SO4 and NaOH
compartment).
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Figure 4.9: The water transport number of the monopolar membranes Nafion, ARA and AW
as a function of concentration.

The result is in agreement with Scattergood ([5], Chapter 3), who measured tw = 7.6
in a cation-exchange membrane, at a lower external NaCl concentration: 0.1 N.
  The anion-exchange membranes are ARA operating between Na2SO4 and H2SO4
with SO4

2– as counter-ion and AW placed between HCl and NaCl solutions, with
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Cl– as counter-ion. It is expected that the counter-ion is responsible for the transport
of water as a result of drag and solvation. At higher external concentration, the water
transport number decreases with the current efficiency. This is observed for Nafion-
Na+.

4.2.5 Production of HCl and NaOH from NaCl
From the average current and average stack potential drop and the experiment time,
the electrical energy consumption of the stack can be calculated. We use:

)( startstart,finalfinal,

stack
VcVc

tI
E

ii −
∆

=
φ

 (4.2)

with E (kWh mol–1) defined as the energy consumption per mole of produced
(desired) species i, which can be H+ or OH–. E is determined from both the potential
drop over the stack, and the membrane performance. t is the total experiment time,
expressed in hours. E is plotted for the production of acid and base from NaCl, using
MPM’s (figure 4.10) and BPM’s (figure 4.11), as a function of concentration.
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Figure 4.10: Electrical energy consumption in kWh per mole of produced acid and base.
Monopolar membranes, the salt is NaCl. (a) represents experiments using an AW membrane
for H+ production, (b) uses an ARA membrane.

From figure 4.10 it can be concluded that at 2 M the energy consumption has the
lowest value. At lower concentrations the higher stack voltage, caused by higher
electrical resistances, outweighs the higher current efficiency. At high
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concentrations, the loss of selectivity determines the higher energy consumption.
These effects are the same for H+ and OH– production. The ARA membrane,
operated at 2 M, performed less than the AW membrane caused by lower selectivity.
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Figure 4.11: Three BPM configurations are compared when producing acid and base from
NaCl. (a) BPM-I configuration with the Tokuyama membrane, (b) BPM-I with the
Aqualitics membrane, (c) BPM-II with the Tokuyama membrane.

The energy consumption for the production of HCl and NaOH with the use of
bipolar membranes is compared at different concentration levels in figure 4.11. The
white bars (a) refer to Tokuyama Soda bipolar membrane, grey bars (b) refer to
Aqualitics bipolar membrane. At 4 M, the two BP membranes show the same
performance. At 2 M, as in the comparison of the MPM configuration, both bipolar
membranes show lower energy consumption. This is caused by the more efficient
concentration in two instead of one HCl and NaOH compartment. At low (0.5 M)
and high levels (5 M) the MPM configuration is the better choice.

4.2.6 Production of H2SO4 and NaOH from Na2SO4

In this section, the (electrical) energy consumption of producing H2SO4 and NaOH
from Na2SO4 is compared for the different types of membranes and stack
configurations. In figure 4.12 shows the results for the MPM experiments, with the
ARA (a) membrane and the AW (b) membrane.
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Figure 4.12: Energy consumption in Na2SO4 conversion experiments, with a MPM stack
configuration. Now (a) refers to use of the ARA membrane and (b) refers to the AW
membrane. The legends are the same as in figure 4.11.

As a result of higher stack potentials, the energy consumption is generally higher
than for NaCl systems, especially for H2SO4 production. This is caused by low
current efficiencies of the anion-exchange membranes.
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Figure 4.13: Energy consumption for H2SO4 and NaOH production from Na2SO4 with BPM
configurations.
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As with NaCl, the BPM configurations perform more efficient in concentration
ranges of 2-4 M, see figure 4.13 compared with the MPM configuration.
Configuration (c) BPM-II again appears inefficient.
  If we compare the production costs (in terms of electrical energy use) of the BPM
configuration to the MPM configuration, we must take into consideration the fact
that the BPM stack can be extended to up to a hundred parallel unit compartments.
Configuration BPM-I can be considered as a MPM configuration, extended with a
BPM and a pair of MPM’s, which forms a unit that can be repeated. The amount of
H+ and OH– ions that were produced by this unit can be calculated from the amount
found in the BPM-I experiments minus the amount produced in the MPM
configuration experiments. The voltage drop of the unit can be found the same way.
This calculation leads to the following results:

Table 4.3: Energy saving by producing H+ and OH– from a single BPM unit compared to
the MPM configuration.

System H+ produced
with Tokuyama

BPM (%)

H+ produced
with Aqualitics

BPM (%)

OH– produced
with Tokuyama

BPM (%)

OH– produced
with Aqualitics

BPM (%)
2 M NaCl 19.7 47.8 52.5 54.7
4 M NaCl -45.8 -51.5 28.1 39.1

2 M Na2SO4 55.8 41.4 34.5 65.9
4 M Na2SO4 54.8 44.0 62.9 46.7

Note that the energy savings shown in table 4.3, can be obtained only theoretically
with an infinite number of parallel BPM membrane units, because electrode
reactions must be present. It appears in table 4.3 that in 4 M NaCl, HCl can be
produced more efficiently in a MPM configuration.

4.3 Modelling of acid and base production

In this section the electrodialysis simulation model will be introduced. It has been
developed to calculate two main parameters: the concentration changes in the
electrolytes when an electrical current is applied and the calculation of the electrical
potential difference across the stack. As a backbone for the model, mass and volume
balances are used for calculation of the concentration changes. As input, these use
the fluxes from the electrodes and the fluxes through the membranes. The overall
stack potential will be calculated from the sum of the mass transfer resistances, the
electrode potentials and the bulk fluid resistances. In the calculation of the fluxes
through the membranes, a quasi steady state approximation is used. For every
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membrane present in the stack, the fluxes are calculated separately. The electrolyte-
membrane system consists of five main regions, which will be described in detail in
the next paragraphs. In figure 4.14 these regions are drawn: two stagnant film-layers
and two equilibrium points, on either side of the membrane, and the membrane
itself. The two bulk regions contain the boundary conditions, which are the known
concentrations. Throughout the system, the water dissociation equilibrium is
maintained.

fluid
film l

fluid
film r

membrane

equi. l

bulk l bulk r

equi. r

Figure 4.14: Schematic picture of the membrane flux model.

In paragraph 4.3.6 the numerical procedure which combines all regions is described.

4.3.1 Mass balances
The electrodialysis unit is a circulating batch system. The electrolytes in the three or
four glass vessels change in electrolyte concentration and in total volume during the
experiment. These changes are due to fluxes of some of the ions and a lot of water
through the membranes in the stack. Another contribution to the changes are the
electrode reactions in which water is splitted into H+ and OH– ions and H2 and O2
gas. In the model these electrode fluxes are assumed to be independent of
concentration. The membrane current efficiency however, and thus the fluxes
through the membranes depend very much on external concentration because of the
concentration dependency of co-ion sorption. This is why the concentration change
in the vessels, as seen in the experiments, is not linear in time. The modelling
strategy is as follows. The fluxes through the membranes and to and from the
electrodes are first calculated for fixed external concentration levels. These fluxes
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are then used to integrate the mass balances over a small time step. This has to be
repeated many times to cover the complete duration of the experiment (which is as
long as 8 hours). The mass-balances used in the model are:

mright,left, )(
)(

ANN
dt
Vcd

ii
i −= (4.3)

The mass balances are solved for all species i, which take part in our model: H+,
Na+, Cl–, OH–, SO4

2– and H2O. In equation 4.3, the concentration change in one
compartment is calculated from the mole fluxes Ni,left and Ni,right and the membrane
area Am. Ni,left represents components coming from the left-side membrane or
electrode, Ni,right contains the fluxes from the right-side membrane or electrode. To
calculate the complete set of compartments, the calculation is repeated accordingly.

mright,left,
1

)( ANNV
dt
dV

ii
nc

i
i −= ∑

=
 (4.4)

Analogous to equation 4.3, the volume change can be calculated for each
compartment by equation 4.4. In this case, the partial molar volumes of the species
are needed. By combining data from [3,4] the following values were obtained:

Table 4.4: Partial molar volumes of selected ions and water.
Species

iV (m3 mol–1)

H+ 5.6E–06
Na+ 4.4E–06
K+ 1.46E–05
Ca2+ –6.7E–06
Cl– 1.22E–05
OH –9.6E–06
HSO4

– 3.01E–05
SO4

2– 2.8E–06
H2O 1.81E–05
Ag+ 4.9E–06
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4.3.2 Electrode reactions

Mole fluxes
At the platinised electrodes, the following reactions take place:
Anode: 2 H2O (l) → 4 H+ (aq) + O2 (g) + 4 e–

Cathode: 2 H2O (l) + 2 e– → 2 OH– (aq) + H2 (g)
Assuming that all the applied current is used in the reaction, we can calculate the
fluxes of the ions and water directly. At the anode:

F

jN =+H and
F

jN 5.0
OH2

−=

and at the cathode:

F

jN −=-OH and
F

jN =OH2
.

In these equations, j represents the current density.

Electrode potentials
The electrode potentials depend on the electrolyte used and its concentration. For the
different solutions which have been used throughout the electrodialysis experiments
as electrode fluids, the potential drops caused by electrode reactions have been
measured in separate experiments using simplified stack configurations. From these
data, a model is developed which enables the calculation of electrode potentials in
ED simulations.
  The model for the stack potential consists of two parts: the voltage drop due to
electrical resistances, ∆φohmic, and the electrode potentials, ∆φelectrodes.
  The ohmic resistance of the stack, which determines the slopes of the graphs
displayed in figure 4.15, is calculated from the current and the sum of resistances
present in the system:

stackohmic IR=∆φ    with:    circuitmbubblesfluidstack RRRR ++= +  (4.5)
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Figure 4.15: Electrode potential measurements (symbols) and model results (lines). The
electrolytes are: (a) 1 M H2SO4; (b) 1 M NaOH; (c) 0.5 M Na2SO4; (d) 1.25 M Na2SO4; (e)
0.5 M H2SO4 (anode), 0.5 M NaOH (cathode); (f) 1 M H2SO4 (anode), 2 M NaOH
(cathode).

The electrolyte resistance is calculated using the mass transfer model for bulk
electrolyte fluids, described in section 4.3.7. The gas bubbles, originating from the
electrode surface, increase the resistance of the electrode fluids. An empirical
relation [7] is used to account for this:

( )gfluidbubblesfluid 511 ε.RR +=+ (4.6)

In equation 4.6, the gas void fraction, εg, is calculated from the ratio of the gas
volume formation per second with the total electrolyte volume flow. At maximum
current, I = 10 A, values up to εg = 0.07 were found. In experiments with different
electrode fluids, a Nafion membrane was placed to separate the compartments. The
electrical resistance of the membrane, Rm, was obtained from the mass transfer
model, explained in 4.3.5. The appropriate concentrations of the electrolytes were
used in the calculations. The resistance of the electrical circuitry was obtained by
direct resistance measurement using a Philips PM 6303A automatic RCL meter. The
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circuitry includes wiring and contacts to anode and cathode and a shunt, used for
current measurements. A value of Rcircuit = 0.134 Ω was found.
  The electrode potentials can be calculated from the standard electrode potentials of
both half reactions [8]:

2 H2O → O2 + 4 H+ + 4 e– V2291anode .+=∆φ
2 H2O + 2 e– → H2 + 2 OH– V8280cathode .−=∆φ

The equilibrium potential of is obtained from the Nernst equation, combined for the
two half-reactions:




+∆−∆=∆ −+
2
OH

2
Hcathodeanodeeq ln cc

F
RT
ν

φφφ (4.7)

In equation 4.7, concentrations are expressed in mol dm–3 and ν = 2. The electrode
overpotential, η, can be calculated from the Tafel equation, when the parameters a
and b are known for the specific electrode-electrolyte system:

jba log+=η (4.8)

In equation 4.8, j is the current density (A m–2). The overpotential is defined [9] as
the deviation of the electrode potential from the equilibrium condition. The
overpotential makes cathodic reactions ‘more negative’ and anodic reactions ‘more
positive’, resulting in:

cathodeanodeeqelectrodes ηηφφ −+∆=∆ (4.9)

For the H2-evolution reaction, the parameters are known for platinum electrodes, at
some pH levels, see table 4.5.

Table 4.5: Literature Tafel parameters for the cathodic H2-evolution reaction on platinum
electrodes, expressed according to the signs and units of a and b in equation 4.8.

Electrolyte a (V) b (V)
0.5 N H2SO4 [6] 0.0141 –0.030
0.5 N NaOH [6] –0.00702 –0.117
not specified [5] 0.04 –0.03

The parameters used in the model for the catholytic reaction were taken from [6].
The values reported for 0.5 N H2SO4 were applied to the case of H2SO4 as cathode
fluid, and those reported for 0.5 N NaOH were used when Na2SO4 and NaOH were
used as cathode fluids. The part of the overall measured potential not described by
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model so far, can now be attributed to the overpotential of the anodic O2-evolution
reaction, and Tafel parameters can be found by fitting the values to the Tafel
equation. This electrode reaction was chosen to be fitted, as literature data for this
reaction (on Pt electrodes) was either not available in one source or incomplete in
the other. The anodic electrolytes were classified into three pH-levels. The fit results
are summarised in table 4.6.

Table 4.6: Fitted Tafel parameters for the anodic O2-evolution reaction on platinised
electrodes, at three pH levels.

Electrolyte a (V) b (V)
0.5-2.5 M H2SO4 –0.0871 0.1181
0.5-1.25 M Na2SO4 0.5962 0.0616
1.0 M NaOH –0.0178 0.0544

The complete stack potential can now be calculated from:

stackelectrodesstack IR+∆=∆ φφ (1.5)

The results of this model are shown as the lines in figure 4.15.

4.3.3 Mass transfer in liquid film layers

The film layers, on two sides of the membrane, are given the same thickness dfilm.
In the mass transfer model, dfilm is divided into l slices of thickness dgrid:

ldd /filmgrid =

This results in l + 1 gridpoints over the fluid film. As mass transfer resistance in the
liquid layers was usually limited, yielding approximately linear concentration and
electrical gradients, the number of gridpoints needed was between 3 and 5.
  In the first gridpoint (k = 0), the concentrations are set to be the bulk concentrations
and the potential is set to zero. In the points k = 1 to l, the following equations are
used:

• For each component i up to n – 1 the Maxwell-Stefan equation:
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In equation 4.10, the following substitutions are used:
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i,ki,ki xxx 1−−=∆  i,ki,k 1−−=∆ φφϕ

( )i,ki,ki xx.x += −150 ( )j,kj,kj xx.x += −150

( )1t t t 50 k-k cc.c +=

• The volume continuity equation:

∑
=

=
n

i
i,ki .cV

1
01  (4.11)

• The electro neutrality equation:

∑
=

=
n

i
i,kicz

1
0  (4.12)

• The water dissociation equilibrium:
In the ED system, both acid and base are present. This implies that, somewhere
between the acid and the base compartment, the pH value has to change from acid to
alkaline. At the point where this occurs, an incoming H+ or OH– flux will react,
causing the flux to change in that region. When the reaction is assumed to take place
instantaneously, than the following equation describes the flux changes:
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Elimination of the reaction term, and introduction of the water dissociation
equilibrium equation yields an extra set of equations, describing the flux changes
and the water dissociation equilibrium:

0OHH 2
=∆+∆ + NN 0OHOH 2

=∆+∆ − NN

−−+=∆ 2
4SOandClNafor0 ,Ni

628
wwOHH mmol101.008:with −−⋅==−+ KKcc ,k,k (4.14)
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The film thickness depends on the flow rate, which is kept at one value in all
experiments. At this flow rate the film thickness is determined by a limiting current
measurement, described in 4.3.7. The estimation of electrolyte Maxwell-Stefan
diffusivities Ðij for multicomponent solutions containing any of the ionic species, is
described in Appendix II.

4.3.4 Equilibrium equations
On the boundary between the fluid film and the membrane, a thermodynamic
equilibrium is assumed. In section 2.3.2, equation 2.22 is introduced which includes
a heterogeneity factor (β ) in the electrolyte-membrane equilibrium:
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In the system of equations which solves the electrolyte-membrane boundary
equilibrium, equation 2.22 is solved for every ionic species∗. The membrane water
concentration is calculated as a function of the external electrolyte concentration, by
combining equation 2.17 and the linear concentration dependency from equation
2.19, with dm replaced by εw:

( )2ext1
w

w
w pcp

M
c +=

ρ
(4.15)

The parameters are given in table 2.8. Additionally, the volume continuity (4.18)
and electro-neutrality (4.19) equations, are part of the system of equations. Since the
electrolyte-membrane equilibria do not occupy any physical space, the fluxes for all
components n must be kept constant:

0=∆ iN (4.16)

While solving this system, the complex concentration dependency of both the
external and internal activity coefficients, which are calculated with the Bromley
model, considerably decreased the convergence stability. To overcome the problem,
a simplification was introduced by leaving the activity coefficients and Donnan
potential out of the system of equations, and by calculating the co-ion concentrations
                                                     
∗ When the equations are solved, the value of the water dissociation constant Kw inside the
membrane (on the boundary) will differ from the value in the electrolyte. When equation
2.22 for the mostly diluted component (H+ in alkaline and OH– in acid solutions) is replaced
by equation 4.14, the water dissociation equilibrium is satisfied.
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directly as a function of the external composition, using algebraic relations. The
counter-ion concentration is calculated from the fixed-charge concentration and the
electro-neutrality condition. The parameters are given in table 4.7.
Table 4.7: Fixed-charge concentrations and parameters for the co-ion equilibrium equation

ext3
2
ext2

3
ext1 cpcpcpci ++= .

Membrane / co-ion cm
(mol m–3)

p1 p2 p3

ARA / H+ 1949 1.7E–08 –7.1E–05 0.24
AW / H+ 1650 1.0E–08 –4.2E–05 0.16
Nafion / Cl– (HCl) 772 0.12
Nafion / Cl– (NaCl) 772 0.10
Nafion / OH– 772 1.4E–07 0.04
Nafion / SO4

2– 772 0.06

When more than one type of co- or counter-ion is present in the solution, the same
ratio of those ions was assumed inside the membrane.

4.3.5 Mass transfer in mono polar membranes
The equations describing mass transfer in the membrane phase are the same as for
the electrolyte film layer, except for introducing a new species: the fixed charges.
These must be included in the volume continuity and the electroneutrality equations
and yield one more Maxwell-Stefan mass transfer equation. The membrane
thickness dm is divided into h slices of (grid)-thickness dgrid:

hdd /mgrid =

This results in h + 1 gridpoints over the membrane, of which the first and last are the
electrolyte-membrane interfaces, described by equilibrium relations. The number of
gridpoints used for the membrane phase model depend on the degree of non-
linearity of the gradients, but more gridpoints increase the processing time.
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Typically, up to 20 gridpoints were needed. In the intermediate points the following
system of equations applies:

• For each component i up to n the Maxwell-Stefan equation:
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It is clear that the fixed charges must have Nk,m = 0. The estimation of the
membrane-phase Maxwell-Stefan diffusivities ijÐ  and miÐ was described in
Chapter 3.
• The volume continuity equation:
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1
mk,m 01  (4.18)

Note that, as a variable (explained in 4.3.6), m,kV  depends on the grid-point k.
• The electro neutrality equation:
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1
,mm 0  (4.19)

• The water equilibrium: the same as in the fluid films (4.3.3).

4.3.6 Numerical implementation
In addition to the equations set out above, a system of a MPM with fluid films on
both sides has the following boundary conditions:
• Bulk concentrations of left- and right-side electrolytes
• φ0 = 0 (V) at the left side
• The fluxes in the final grid point should satisfy the current density:
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The variables which are to be solved, on every gridpoint, are φk, ck,i, Nk,i and m,kV .

The variable m,kV  is to be included, to allow the membrane water content to depend
on external electrolyte concentrations and, at the same time, satisfy the volume
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continuity equations (4.18) throughout the system. The set of equations is solved
numerically using a Newton-Raphson iteration scheme. The variables are adjusted in
each iteration, after solving the derivative matrices using Gauss-Jordan elimination
[10]. As initial guesses for the concentrations in the fluid-films, the bulk
concentrations were used. Inside the membrane, linear profiles from one equilibrium
to the other were used, including a guess for the potential change. For the fluxes, the
initial values were obtained from the current density, typical membrane current
efficiency and water transport.

4.3.7 Modelling of the bulk fluids
With the bulk fluids, the regions are meant which are between two membranes* or
between a membrane and an electrode, separated by a distance db. Since there are
turbulence promoters in these regions, the flow is assumed to be well-mixed. In a
mixed flow, no concentration gradients are present. Depending on the concentration
and the mobility of the present ions, the bulk layer will have a certain electrical
resistance, causing a potential drop when current is passed. This can be described by
the Maxwell-Stefan equations for the components i = 1 to n–1:
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Note that, since the composition is constant throughout the bulk layer, the average
signs, present in equation 4.10 are left out of equation 4.21. In the bulk layer, the
sum of the ion fluxes is equal to the current density:
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In the linearised model used here, the number of unknowns becomes n, consisting of
the electrical potential difference ∆φ and the fluxes of n – 1 components. As a
bootstrap relation, the flux of the nth component, water, is set to zero. A Newton-
Raphson method is used to solve the set of equations.
  The distance of an electrode to a membrane db,1 follows from the cell constant of
the stack Cstack (m–1), mounted without membranes, but with two rubber seals:

filmm
stack

1,b 2
dA

C
d −=

                                                     
* In fact, the region between the liquid film layers of the membranes.
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The cell constant is determined by measuring the stack resistance in 0.500 M NaCl
at 25.0 °C.
  To obtain the distance between two membranes, we measure the thickness of a
spacer and two rubber seals. The bulk layer thickness db,2 is the measured thickness
minus the thickness of the two stagnant film layers:

filmspacer2b, 2ddd −=

The results of the measurements are Cstack = 1.343 m–1 and dspacer = 0.00354 m. In
the next paragraph, a value for the film layer thickness dfilm will be obtained.

4.3.8 Limiting current measurements and modelling
In the liquid film layers, ions are carrying the current which is applied on the
electrodialysis stack. In a diluted NaCl-Nafion system, shown in figure 4.16, most of
the charge in the films is carried by Na+ ions, depending on the permselectivity of
the cation-exchange membrane. The amount of polarisation which occurs, increases
with the current density and depends also on the mass-transfer resistance of the
counter-ion. In systems with low electrolyte concentrations and considerable film-
layer thickness, the electrolyte concentration on the film-membrane boundary can
become zero. In that case, the limiting current density is reached. Further increase of
the current will lead to water splitting, by forcing H+ and OH– ions to carry the
‘excess’ current. In the presence of a cation-exchange membrane, the H+ ions are
expected to travel across the membrane, causing the pH-value in that solution to
decrease, while on the other side the excess of OH– ions will cause the pH-value to
increase. The occurrence of a change in the pH difference over the membrane
indicates the moment of reaching the limiting current. The limiting current can also
be determined electrically, from the increasing resistance of the polarisation film. A
commonly used method is by measuring a current-voltage curve [11,12] of the
membrane. A plateau is found in the curve, indicating the point of limiting current.
When the plateau is not found directly, is can be obtained after correction for the
decreasing current efficiency near the limiting current density [13]. Another way of
interpreting the electrical measurement is by drawing the stack (or membrane)
resistance against the reciprocal current in a Cowan plot [14,15,16]. The stack
resistance consists of an ohmic and an overpotential contribution:

I
R

I
R pce

ohmicstack
ηηηφ ++

+=∆=  (4.23)
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At low currents, the plot has a negative slope, determined by electrode equilibrium-
and overpotentials, and an y-axis intercept at Rohmic. At higher currents
concentration- and later polarisation-overpotentials cause the slope to change.
Above the limiting current, a minimum in the curve is obtained.

Experiments
The limiting current density was determined from experiment from a stack
containing two Nafion cation-exchange membranes, at two flow rates. Between the
membranes and between the electrodes and the membranes, Vexar-type spacers
were placed to enhance turbulence in the flow channels [15,16,18]. As electrode
fluid, a mixture of 0.1 M NaOH and 0.1 M Na2SO4 was used. In the remaining
compartments, 0.01 M and 0.02 M NaCl was used to measure the limiting current,
as shown in figure 4.16. The voltage drop was measured over the stack, and over the
membrane by platinum electrodes.

0.02 M0.01 M

Figure 4.16: Representation of the limiting current measurement. Two platinum electrodes,
placed adjacent to a cation-exchange membrane, measure the voltage drop over the system.

The pH values of the two NaCl flows were also monitored, but no changes could be
observed. This may be due to influence of the pH electrodes by current leakage from
the stack [16]. Another explanation could be the existence of an electric double layer
at the strongly polarised side of membrane [11]. This charge formation enhances the
counter-ion flux above limiting currents, thus leaving only a minor part of the
current to water splitting. The Cowan plots, obtained at the two flow rates, are
shown in figure 4.17.
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Figure 4.17: Cowan plots of the measured membrane resistances at 16 and 32 ml s–1.

The typical negative slope for small currents, is absent here, because the electrode
overpotentials are not measured by the platinum electrodes near the membranes. The
negative slope at low currents was present only in the Cowan plot obtained from the
stack resistance. The minima could be seen in both the membrane and to less extent
in the stack plot. By fitting a Cowan plot with algebraical polynomials, the
minimum indicating the limiting current, shown by arrows for the two flow rates,
were found. At every flow rate, Cowan plots of three measurements were compared
in order to reproduce the minima. The average results are given in table 4.8. A
simple Maxwell-Stefan equation-based model can be used to calculate the film
thickness of the mass transfer layer. In the model, equation 4.21 (one for Na+ and
one for Cl–) was used with the following assumptions and substitutions:
  At low external concentrations, the membranes perform at maximum current

efficiency (= 1), thus all the current is carried by the counter-ions: 
F

jN =+Na . The

concentration and electrical potential profiles are assumed to be linear. The two
equations were solved using the bootstrap relation 0OH2

=N . The result is valid for
any counter-ion i, passing either a cation- or an anion-exchange membrane:

limOH

OH,b,t
film

2

2
2

jx
Ðxc

d iiF
=  (4.24)
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The results from equation 4.24 for the film thicknesses at the two volume flows are
given in table 4.8.

Table 4.8: Measured limiting current densities at cNaCl = 10.0 mol m–3, φv = 16 ml s–1 and
φv = 32 ml s–1.

φv (m3 s–1) Re (-) v (m s–1) jlim (A m–2) dfilm (m)
1.6E–05 160 0.045 71 3.62E–05
3.2E–05 320 0.090 124 2.07E–05

The film thicknesses were also calculated from the limiting current densities in a
‘complete’ model, allowing for non-ideal current efficiency, non-zero water flux,
non-linear concentration and potential profiles and ion-ion interaction. Although
considerable water flux was found, the calculated results for the film thicknesses
were within 0.3% of the simplified model. The Reynolds number, calculated by
equation 4.25(a), is shown in table 4.8. As the highest Reynolds number in the
measurements is 320, the flow can be considered to be laminar.

µ
ρvh=Re (a)

salt
Sc

Dρ
µ= (b) (4.25)

Sonin and Isaacson [17] reported the hydrodynamic performance of different types
of flow channels, used in electrodialysis, both for laminar and for turbulent flows.
The equations were obtained partly from analytical expressions for the friction factor
in ED flow channels and from experiments. For empty channels, in laminar flow,
they found:

3
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ScRe303Sh 
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l
h.        Re < 1000 (4.26)

The definition of the Schmidt number is given in equation 4.25 (b). In equation 4.26,
h represents the distance between the membranes, l is the length of the flow channel.
In channels with ‘eddy promoters’ like evenly spaced wires, again with laminar
flow, the Sherwood number is calculated by:
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∆l is the distance between the wires or, in our case, the spacer mesh. The value of
constant a is 1.9. The Sherwood number can be calculated from the distance
between the membranes (h) and the measured film thickness by [16]:

film
Sh

d
h=  (4.28)

The two values calculated from for the two measurements are shown in figure 4.18,
compared with the models reported in [16,17]. Because a spacer mesh was used in
the limiting current measurements, equation 4.27 was used for fitting the points.
Because of the limited amount of data, only one fit parameter (a) was calculated.
The value for a is 1.46. The resulting curve is shown in figure 4.18.
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This work

Figure 4.18: Measured, fitted and literature Sherwood numbers for electrodialysis flow
channels, in laminar flow.

Now that we know the film thickness, some important limiting currents can be
calculated with the same mass transfer model. All ED experiments were performed
at a flow rate of 18 ml s–1, which correspond to dfilm is 3.0E–05 (m).
  At this speed, the limiting currents were calculated for cation-exchange
membranes, and anion-exchange membranes. As the diffusivity of the Cl– ion is
higher than the diffusivity of Na+, the limiting current density at an anion-exchange
membrane is higher, accordingly. The concentrations at which the limiting current is
reached are given for current densities of 1000 and 2500 (A m–2).
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Table 4.9: Calculated limiting current densities at typical ED conditions, with φv =
18 ml s−1, at a cation-exchange membrane (a), or at an anion-exchange membrane (b).

NaCl Concentration
(mol m–3)

jlim (A m–2)

10.0 87.0 (a)
10.0 134.7 (b)

116.9 1000.0 (a)
298.5 2500.0 (a)

In all our experiments, the current density is below the limiting value.

4.3.9 Modelling results
A simulation calculation of all ED experiments, listed in table 4.1, was performed.
Among the results of any ED calculation are the concentration changes of all
components and the compartment volume changes in time. For two experiments,
concentration against time plots are shown in figures I.4 and I.5 in Appendix I.5.
From the obtained final values, the average fluxes were calculated using the same fit
method as used for the final experimental values. This method was discussed in
4.2.1. From the average fluxes and the (known) average applied current, both the
membrane current efficiencies and the water transport numbers were calculated. For
the Nafion membrane, simulated and experimental current efficiencies are compared
in figure 4.19 and in table 4.10.
  For the anion-exchange membranes, the average model results are shown in figure
4.20. For the AW-HCl system, the model values for the current efficiency are above
the average experimental value at higher concentrations. Not shown in the figure are
AW-H2SO4 (at 2 M): qmodel = 0.59 (qexp = 0.45) and ARA-HCl (at 2 M): qmodel =
0.83 (qexp = 0.67). Again, the simulations calculate a higher current efficiency than
those measured. The model results for ARA-H2SO4 are within the experimental
range.
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Figure 4.19: Simulation of the current efficiency (lines) of the Nafion 450 membrane. (a)
The H+ efficiency of Nafion between H2SO4 and HCl solutions (Cl– leakage), (b) shows the
efficiency of Na+ transport between the salt and the NaOH compartment (OH– leakage).
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Figure 4.20: Simulated current efficiency’s (lines) of the AW and ARA membrane anion
transport with H+ leakage. (a) AW in HCl, (b) ARA in H2SO4. The symbols represent the
measurements.

The model errors for all membrane-electrolyte systems are given in table 4.10. The
error percentage represents the mean difference between all experimental and
calculated current efficiencies that were investigated (see table 4.1).
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Table 4.10: Average error percentage between experiment and model current efficiencies,
for each membrane-electrolyte system.

System Error %
Nafion - HCl 1.1
Nafion - NaOH 8.5
AW - HCl 14.7
AW - H2SO4 25.7
ARA - HCl 21.1
ARA - H2SO4 10.5

Another important parameter for which experimental and model results are
compared is the electro-osmotic water transport number, as defined in 4.2.4. For the
anion-exchange membranes and for the system Nafion-NaOH agreement between
experiment and model is clear from figure 4.21. The exception is the system Nafion-
HCl, where the model predicts smaller water transport than found in the
experiments.
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Figure 4.21: Experimental and modelled water transport number for all investigated
membrane-electrolyte systems.

This reflects the results found in Chapter 3 in the electro-osmosis experiment, which
were used in the parameter-fit program. Those results are given in terms of the water
transport number in table 4.11.
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Table 4.11: Average water transport numbers with NaCl and HCl using a Nafion membrane,
calculated from the electro-osmosis experiments and model described in Chapter 3.

System tw exp. tw model conc. range / M
Nafion – NaCl 5.74 6.37 0.5-2.0
Nafion – HCl 2.62 1.71 1.0

In Appendix I.5, additional model results discussed include acid-base
concentrations, salt compartment pH and stack potential.

4.3.10 Model description of bipolar membranes
In a bipolar membrane, hydrogen and hydroxide ions are produced from water when
an electrical current is forced to cross the membrane. When the fluxes of H+ and
OH– equal the current density, the current efficiency of such a membrane would be
1. However, in the experiments small quantities of Na+ were found in the
hydrochloric acid, and Cl– in the sodium hydroxide, indicating a non-ideal
performance. Based on the parameters obtained for mono-polar membranes, a model
was developed for a bipolar membrane, using AW parameters for the anion-
exchange side, and Nafion parameters for the cation-exchange side. The fluxes
which are calculated in the model are shown in figure 4.22. The dashed arrows
represent the (undesired) leakage of Na+ and Cl– co-ions.

Figure 4.22: Representation of a bipolar membrane, consisting of an adjacent anion- and
cation-exchange membrane. The arrows represent the fluxes to be modelled.

The model uses the same elements as the MPM model, extended with equilibrium
equations on the AEM-CEM boundary. The elements are: two fluid films on either
side of the membrane, two electrolyte-membrane equilibria, and both a cation- and



ED Experiments and Multicomponent Modelling

109

an anion-exchange membrane mass transfer layer. In sections 4.3.3 up to 4.3.5, the
equations describing the regions are given. In both membrane sides, the water
ionisation constant Kw is assumed to be valid. This implies that the Donnan
equilibrium equation, which is defined for all ionic species on the AEM-CEM
boundary, takes a simplified form:
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For the AEM-CEM water equilibrium, equation 4.15 is used. The equations for the
AEM and the CEM are combined, by eliminating the external electrolyte
concentration.
  The following boundary conditions were imposed:
• Bulk concentrations: NaOH on the left, HCl on the right side
• Zero potential on the left
• The water dissociation reaction is described by the set of equations 4.14, on the

AEM-CEM boundary
• The sums of the ionic fluxes are equal to the current density, divided by F :
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The fluxes were calculated for the system placed in 2 M NaOH and HCl, with 1000
(A m–2) current density applied. The resulting concentration profile is shown in
figure 4.23, the fluxes are given in Table 4.12. By using Kw, equation 4.29 calculates
a potential difference of 0.82 V over the AEM-CEM boundary, independent of
concentration or current efficiency.
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Figure 4.23: Concentration profiles obtained from the BPM model. The profiles in the
NaOH liquid film are shown on the left, and the profiles in the HCl liquid film are shown on
the right.

The model fluxes show an overall BPM current efficiency of 0.929, with the Na+

leakage contributing 0.047, and Cl– leakage 0.024.

Table 4.12: BPM model fluxes.

component NAEM
mol m–2 s–1

NCEM
mol m–2 s–1

BPM
Efficiency

H+ 0.0 9.63E–03 0.929
OH– –9.63E–03 0.0 0.929
Na+ 4.83E–04 4.83E–04 0.047
Cl– –2.47E–04 –2.47E–04 0.024

H2O –3.00E–04 –9.93E–03 –

In the experiments, higher efficiencies of the bipolar membranes were found,
between 0.96 and 0.97 in 2 M NaCl (section 4.2.3). The strong concentration
gradients of water in both the AEM and CEM parts, indicate a possible water mass
transfer limitation of the current density. In the simulation, a current density of 1000
A m–2 was used.
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4.4 Conclusion

In this chapter, the acid and base recovery experiments are described. With
monopolar membrane (MPM) and two types of bipolar membrane (BPM)
configurations, acid and base recovery experiments were performed with the salts
NaCl and Na2SO4. In the MPM system, acid and base (start) concentrations between
0.5 and 5 M were compared. One BPM system was operated at start concentrations
of 2 and 4 M, the other at 0.5 and 5 M. The performance of the MPM’s is strongly
dependent on the acid and base concentration. Higher external concentrations
decrease the current efficiency. In the mass transfer model, these values are well
described. The electrical energy consumption of acid base recovery with MPM
shows a minimum at around 2 M. Acid base recovery from Na2SO4 shows lower
AEM selectivity, and higher stack potentials. This leads to a higher energy use
compared to NaCl.
  The BPM’s have performed at high current efficiencies, between 0.96 and 0.97 in
2 M NaCl. In a stack with a large number of BPM’s, this leads to energy savings
between around 20 to 50 % per mole of produced acid and base compared to the
MPM configuration.
  To complete the model parameter estimation, described in Chapter 2 and 3, two
more parameters were determined from specially designed experiments. These were
the limiting current densities and the overpotentials. It was shown that all ED
experiments were carried out below the limiting current.
  With the complete ED model, all acid and base recovery experiments were
calculated. The model predictions of the current efficiencies show good agreement
for the cation-exchange membrane (figure 4.19) and the anion-exchange membranes
(figure 4.20). In most cases, the calculated current density was higher than the
experimental results. The relatively high errors between experiment and model
(table 4.10) are caused to a great extend by deviation in the experimental current
densities. The electro-osmotic water transport is also well described by the model
(see figure 4.21), except for experimental differences found in the HCl-Nafion
system. The stack potentials, calculated by the model, are generally too low
compared to the experiments (see Appendix I.5, figure I.7). This is probably caused
by higher voltage drops across the anion-exchange membranes and the bipolar
membranes, because electrode potentials combined with Nafion membranes were
measured separately to estimate the voltage drop (section 4.3.2).
  Based on Nafion and AW membrane parameters, a mass transfer simulation of a
BPM was carried out. The model showed a high current efficiency (0.93), a lower
value than found experimentally. The strong concentration gradients of water in both
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the AEM and CEM parts, indicate a possible water mass transfer limitation of the
current density. In the simulation, a current density of 1000 A m–2 was used.
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Appendix I Experimental Data

Introduction

In section 3.2.2, diffusion dialysis experiments are described. The method used to
calculate the fluxes of electrolytes and water is outlined in section I.1. Data
necessary for these calculations are given, as well as calculation results. Data from
pressure-driven permeation experiments, which are used in section 3.2.5, are given
in section I.2.
  In section 4.2, the results of the electrodialysis experiments are discussed in terms
of the current efficiencies and the energy consumption per mol of produced acid and
base. Data necessary for the calculation of these parameters is given in this
appendix. In section I.4, experimental examples of some important process
parameters are given graphically. These are the temperatures of the fluids, the pH in
the salt compartment and the voltage drop, all plotted against time. The course of the
measured concentrations in time is shown in section I.5, where they are compared to
the results of the mass transfer model.

I.1 Diffusion dialysis data

In table I.1 and I.2, the experimental data are given from which the fluxes and
volume changes are calculated. The concentrations are obtained from acid-base
titration.
Table I.1: Diffusion dialysis experimental results with Nafion 450. Concentrations c in the
concentrated and aqueous compartments are given in (mol m–3).

Electrolyte Exp.
no.

ttot
(s)

csalt, start
conc. comp.

csalt, final
conc. comp.

csalt, final
aq. comp.

∆Vcalc
(ml)

Tavg.
(°C)

1.0 M NaCl 29 260000 1014.4 883.5 40.5 209.1 24.7
9 240000 1033.0 927.5 16.9 189.8 20.4

0.5 M NaOH 32 259000 460.0 422.5 25.0 61.3 25.1
12 260000 484.0 408.0 59.5 92.3 20.4
13 260000 491.0 415.0 49.1 143.6 20.6

0.5 M HCl 14 260000 499.1 416.0 19.2 313.5 20.6
16 255000 510.3 427.6 19.1 303.8 20.7

0.5 M Na2SO4 25 260000 504.0 445.0 7.1 231.1 24.8
0.5 M H2SO4 24 260000 479.5 405.0 6.0 334.7 24.8
0.25 M H2SO4 10 258000 250.0 225.5 1.8 198.0 20.4
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The error involved is smaller than 1%. In the case of Na2SO4, concentrations are
calculated from the conductivity, using conductivity calibration lines. The average
error in this method is 1.5%. In some initial experiments, a set-point temperature of
20°C was used.
Table I.2: Diffusion dialysis experimental results with ARA and AW. Concentrations c in
the concentrated and aqueous compartments are given in (mol m–3).

Membrane /
electrolyte

Exp.
no.

ttot
(s)

csalt, start
conc. comp.

csalt, final
conc. comp.

csalt, final
aq. comp.

∆Vcalc
(ml)

Tavg.
(°C)

ARA
0.5 M HCl 7 240000 494.2 427.2 50.8 84.2 20.3

15 264000 508.3 448.4 51.0 43.7 20.7
30 259000 495.0 423.8 61.3 53.8 25.1

0.5 M H2SO4 19 260000 481.5 316.3 173.5 –114.0 24.9
21 260000 480.5 317.5 171.5 –114.0 25.3

AW
0.5 M HCl 17 270000 509.2 482.8 17.8 36.0 20.8

31 259000 488.8 477.5 11.5 –1.0 25.0
0.5 M H2SO4 20 260000 481.0 408.3 78.2 –31.9 24.9

22 260000 485.5 421.5 64.5 –2.7 25.5

Mole balances over the concentrated and aqueous compartment can be used to
calculate the electrolyte and water fluxes:

aqueous,edconcentrat, ii nn ∆=∆ (I.1)

i can be a single electrolyte or water. As the determination of the concentration is
more precise than the measurement of volume changes, we introduce a calculated
volume change, ∆Vcalc, which is assumed to be opposite in both vessels:

aqueousedconcentratcalc VVV ∆−=∆=∆ (I.2)

The mole balances of electrolyte and water can now be calculated over both the
concentrated and the aqueous electrolyte:

( ) startstart,calcstartfinal, VcVVcn iii −∆+=∆ (I.3)

In equation I.3, the water concentration is calculated from:

wwsaltsaltsolution McMc +=ρ (I.4)
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The solution density is concentration dependent and can be obtained from [4]. Once
the value of ∆Vcalc, which satisfies equation I.1, has been found, the electrolyte and
water fluxes can be calculated:

mAt
nN i

i
∆= (I.5)

For all experiments, these fluxes* are given in table I.3.

Table I.3: Salt and water fluxes from diffusion dialysis. From duplo’s and triples, the
average values are given, with the standard deviations.

Electrolyte Nsalt
(mol m–2 s–1)

σ Nw
(mol m–2 s–1)

σ

Nafion
0.5 M HCl 1.22E–05 7.6E–08 –6.63E–03 4.0E–05
0.5 M H2SO4 3.73E–06 5.7E–07 –7.12E–03 1.2E–03
1.0 M NaCl 1.97E–05 7.4E–06 –4.44E–03 2.7E–05
0.5 M NaOH 3.16E–05 1.0E–05 –2.10E–03 7.2E–04
0.5 M Na2SO4 4.69E–06 7.2E–07 –4.91E–03 8.6E–04
ARA
0.5 M HCl 4.04E–05 3.3E–06 –1.37E–03 4.4E–04
0.5 M H2SO4 1.37E–04 8.0E–07 –2.32E–03 6.2E–07
AW
0.5 M HCl 1.06E–05 2.0E–06 –3.67E–04 3.8E–04
0.5 M H2SO4 5.40E–05 5.6E–06 –4.02E–05 1.9E–05

In some calculations, negative values for ∆Vcalc, combined with negative water
fluxes have been found. This unlikely flow of water (or electrolyte) from the
concentrated into the aqueous compartment must be attributed to leakage, and the
results are not used in the fit model.

I.2 Pressure-driven permeation data

In table I.4 and I.5 the results of the pressure permeation experiments with Nafion,
ARA and AW membranes are given. The fluxes are average values, obtained from
duplo measurements with two membrane samples. The standard deviation of these
four measurements is also given.

                                                     
* Nw is opposite to Nelec, except for negative values of  Nw.
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Table I.4: Pressure fluxes Nafion

System c
(mol m–3)

∆P
(Pa)

JV
(ml hr–1)

σ

H+ / Milli-Q 0.0 3.006E+05 0.07618 0.00453
0.0 4.017E+05 0.10163 0.00457
0.0 5.014E+05 0.12605 0.00584

HCl 100.0 2.995E+05 0.06762 0.00173
100.0 4.012E+05 0.08709 0.00377
100.0 5.012E+05 0.10456 0.00138
250.0 2.999E+05 0.05027 0.00104
250.0 4.020E+05 0.06511 0.00082
250.0 5.010E+05 0.08204 0.00164

H2SO4 100.0 3.015E+05 0.05795 0.00219
100.0 4.033E+05 0.07867 0.00394
100.0 5.018E+05 0.09367 0.00670
1000.0 3.000E+05 0.02129 0.00577
1000.0 5.000E+05 0.03665 0.00968
1000.0 7.000E+05 0.04996 0.01747

Na+ / Milli-Q 0.0 3.000E+05 0.02718 0.00172
0.0 4.000E+05 0.03638 0.00073
0.0 5.000E+05 0.04957 0.00932

NaCl 1000.0 3.000E+05 0.01755 0.00242
1000.0 5.000E+05 0.02922 0.00274
1000.0 7.000E+05 0.03650 0.00409

NaOH 500.0 3.000E+05 0.02379 0.00056
500.0 5.000E+05 0.03631 0.00136
500.0 7.000E+05 0.04782 0.00130
1000.0 3.000E+05 0.01913 0.00243
1000.0 5.000E+05 0.03054 0.00498
1000.0 7.000E+05 0.04484 0.00584
2000.0 3.000E+05 0.01680 0.00120
2000.0 4.000E+05 0.02195 0.00121
2000.0 5.000E+05 0.02718 0.00006

Na2SO4 500.0 3.000E+05 0.01278 0.00092
500.0 5.000E+05 0.02081 0.00069
500.0 7.000E+05 0.02919 0.00003
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Table I.5: Pressure fluxes ARA, AW.

System c
(mol m–3)

∆P
(Pa)

JV
(ml hr–1)

σ

ARA
HCl 100.0 2.997E+05 0.00774 0.00014

100.0 4.002E+05 0.01042 0.00050
100.0 4.989E+05 0.01368 0.00020

H2SO4 100.0 2.996E+05 0.00475 0.00060
100.0 4.002E+05 0.00629 0.00056
100.0 4.995E+05 0.00805 0.00052

AW
HCl 100.0 2.993E+05 0.00305 0.00041

100.0 3.998E+05 0.00396 0.00033
100.0 4.987E+05 0.00499 0.00024

H2SO4 100.0 3.001E+05 0.00259 0.00040
100.0 4.003E+05 0.00373 0.00037
100.0 4.993E+05 0.00450 0.00042
250.0 2.993E+05 0.00149 0.00040
250.0 4.000E+05 0.00199 0.00053
250.0 4.998E+05 0.00231 0.00059

I.3 Electrodialysis data

Table I.6: ED NaCl experiments, MPM and BPM, start concentrations c (mol m–3), mean
stack potential φ (V) and mean applied current I (A).

Config. Exp. cH+, start
H2SO4

cH+, start
HCl

cCl–, start
NaCl

cOH–, start
NaOH

∆φmean,
stack (V)

Imean,
stack (A)

MPM 17 938.3 513.8 997.6 498.5 7.36 10.00
1 1889.0 1840.0 1982.9 1854.0 5.74 10.00
2 1778.0 1784.0 1992.4 1925.2 5.67 10.02
6 3924.0 3618.0 2013.0 3618.0 5.73 10.06

18 4722.5 4875.0 2549.0 4887.5 5.91 10.01
BPM 23 - 518.5 1018.2 460.8 12.10 10.00

9 1930.0 2020.0 1997.0 1925.0 9.19 10.03
10 1995.0 1953.3 2041.4 1945.0 8.72 10.05
13 3930.0 3970.0 1988.3 3827.5 9.42 9.99
14 3950.0 4055.0 1995.0 3827.5 8.66 10.01
24 - 4972.5 2463.6 4945.0 6.34 10.03
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To calculate the membrane fluxes with the method described in section 4.2.1, we
need all measured start and final concentrations, volumes and the average electrical
current. In tables I.6 to I.9, the start and final concentrations, the mean stack
potential and the mean applied currents are given. Tables I.10 and I.11 contain the
start and final volumes in the glass vessels.

Table I.7: ED NaCl experiments, MPM and BPM, final concentrations c (mol m–3).

Exp. cH+, final
H2SO4

cCl–, final
H2SO4

cH+, final
HCl

cNa+, final
HCl

cCl–, final
NaCl

cH+, final
NaCl

cOH–, final
NaOH

cCl–, final
NaOH

17 1047.6 64.2 1836.3 - 255.1 29.0 1984.9 -
1 2197.0 39.6 2851.0 - 1379.6 0.0 2992.0 -
2 2158.0 32.0 2445.0 - 1496.0 88.0 2999.0 -
6 4621.0 36.0 4030.0 - 1473.4 16.2 4400.0 -

18 5602.5 62.6 5017.5 - 2150.0 126.8 5522.5 -
23 - - 2162.5 2.9 166.6 15.0 1972.5 58.8
9 2050.0 17.3 2993.3 5.0 1410.0 67.5 3050.0 43.9

10 2295.0 11.2 2940.0 0.0 1456.0 52.5 3191.0 6.7
13 4310.0 33.3 4513.3 9.0 1535.0 110.0 4493.3 96.4
14 4230.0 71.4 4460.0 21.0 1550.0 145.0 4528.5 51.0
24 - - 5500.0 29.0 2207.9 110.0 5677.5 33.7

Table I.8: ED Na2SO4 experiments, MPM and BPM, start concentrations c (mol m–3), mean
stack potential ∆φ (V) and mean applied current I (A).

Config Exp. cH+, start
H2SO4

cSO42–, start
Na2SO4

cOH–, start
NaOH

∆φmean,
stack (V)

Imean,
stack (A)

MPM 19 866.3 566.4 410.0 6.78 9.95
3 1836.0 951.7 1919.0 7.56 10.09
4 1880.0 933.0 1887.0 5.74 10.03
5 3920.0 938.7 3860.0 5.36 10.07

20 4812.5 1226.0 4812.5 5.49 10.00
BPM 21 994.5 566.4 479.0 9.68 10.03

11 1920.0 865.1 1862.5 8.63 10.05
12 1900.0 837.9 1945.0 8.26 10.06
15 3840.0 878.5 3832.5 7.97 9.96
16 3820.0 906.3 3870.0 7.94 10.03
22 4922.5 1128.9 4815.0 7.71 10.04
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Table I.9: ED Na2SO4 experiments, MPM and BPM, final concentrations c (mol m–3).

Exp. cH+, final
H2SO4

cNa+, final
H2SO4

cSO42–, final
Na2SO4

cH+, final
Na2SO4

cOH–, final
NaOH

cSO42–,

final
NaOH

19 2018.8 - 243.8 57.5 1392.0
3 2770.0 - 847.2 355.0 2989.0
4 2827.0 - 779.0 250.0 2951.0
5 4731.0 - 830.6 258.0 4605.0

20 5562.5 - 1178.4 22.4 5337.5
21 2170.0 3.8 243.8 44.7 1546.3
11 2755.9 196.0 684.3 272.5 2990.0
12 2700.0 25.0 681.5 302.5 3210.0
15 4550.0 6.0 631.5 317.5 4432.5
16 4560.0 28.0 749.7 227.5 4617.5
22 5795.0 18.9 1193.6 73.8 5705.0

Table I.10: ED NaCl experiments, MPM and BPM, compartment volumes (m3).

Exp. Vstart
H2SO4

Vstart
HCl

Vstart
NaCl

Vstart
NaOH

Vfinal
H2SO4

Vfinal
HCl

Vfinal
NaCl

Vfinal
NaOH

17 2.00 2.00 4.00 2.00 1.900 2.170 3.620 2.160
1 2.00 2.00 4.00 2.39 1.590 2.500 3.530 2.660
2 2.00 2.00 4.00 2.00 1.640 2.395 3.550 2.210
6 2.00 2.00 4.00 2.00 1.675 2.435 3.550 2.215

18 2.00 2.00 4.00 2.00 1.590 2.410 3.550 2.150
23 - 2.00 4.00 2.00 - 1.890 3.373 2.283
9 4.00 4.00 8.00 4.00 3.723 4.407 7.255 4.622

10 4.00 4.00 8.00 4.00 3.703 4.639 7.241 4.341
13 4.00 4.00 8.00 4.00 3.680 4.337 7.344 4.457
14 3.94 4.00 8.00 4.00 3.670 4.407 7.276 4.394
24 - 2.00 4.00 2.00 - 2.156 3.680 2.104
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Table I.11: ED Na2SO4 experiments, MPM and BPM, compartment volumes (m3).

Exp. Vstart
H2SO4

Vstart
Na2SO4

Vstart
NaOH

Vfinal
H2SO4

Vfinal
Na2SO4

Vfinal
NaOH

19 2.00 4.00 2.00 1.803 3.394 2.315
3 2.00 4.00 2.00 1.940 3.550 2.220
4 2.00 4.00 2.00 2.040 3.605 2.200
5 2.00 4.00 2.00 1.955 3.695 2.190

20 2.00 4.00 2.00 1.975 3.765 2.205
21 2.00 4.00 2.00 1.855 3.577 2.349
11 4.00 8.00 4.00 4.349 7.469 4.103
12 4.00 8.00 4.00 4.120 7.260 4.370
15 4.00 8.00 4.00 4.008 7.277 4.670
16 4.00 8.00 3.62 3.922 7.546 4.003
22 2.00 4.00 2.00 2.079 3.617 2.215

I.4 Temperature, pH and stack voltage drop

In figure I.1 the temperature, measured in the NaOH and NaCl compartments, is
plotted against time. In the hour after the experiment is started, the temperatures rise
to 25 °C and remain constant. The temperature rise is caused mainly by energy
dissipation in the pumps and the electrical resistance of the stack. Due to the
electrode reactions, the temperatures in the electrode compartments are about 1°C
higher than in the acid and salt fluids.
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Figure I.1: The temperatures in two glass vessels during ED experiment 18.
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The electrical resistance in the stack is a function of fluid concentrations. In
experiments with low salt concentrations, water cooling had to be adjusted manually
to compensate for the larger heat production. This resulted in larger temperature
fluctuations.
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Figure I.2: pH curve in the NaCl compartment during ED exp. 1 (AW, MPM, 2 M) and exp.
2 (ARA, MPM, 2 M).

Another interesting process parameter is the pH value of the salt compartment. At
the start the salt has a neutral pH. During the experiment the course of the pH is
determined by H+ ions leaking through the anion-exchange membrane, and OH–

ions leaking through the Nafion membrane. In most experiments, the H+ flux
dominates, resulting in the profile of experiment 2, shown in figure I.2. Only in
experiment 1 the salt compartment becomes alkaline at first.
  In figure I.3 the voltage drop over the stack is plotted for two typical experiments.
At high fluid concentrations, as in experiment 1, its value is almost constant. In
experiment 17, at low concentrations, the voltage decreases first, remains constant
for some hours, and rises at the end. The decrease in the first two hours can be
explained by the excess of H+ ions moving into the NaCl compartment which
increases the conductivity. Towards the end of this experiment though, the OH–

leakage exceeds the leakage of H+ ions, and the conductivity decreases, resulting in
a higher overall voltage drop.
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Figure I.3: Voltage drop over the electrodialysis stack.

I.5 Additional ED model results: concentration, pH and stack
voltage drop

Simulations of all ED experiments, listed in table 4.1, have been performed.
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Figure I.4: Experimental and simulated concentration changes in acid, base and salt
compartments in experiment 9; 2 M NaCl in a bipolar setup, with the Tokuyama bipolar
membrane.
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Model results for the membrane efficiencies and the water fluxes have been
described in Chapter 4, section 4.3.9. In this (Appendix) section, the model
performance is investigated for some selected experiments and parameters in more
detail. During the experiments, samples of acid, base and salt were taken and
analysed every two hours. It can be seen in figures I.4 and I.5 that both experiment
and model show a decrease in the slope of the plots as concentrations in acid and
base increase. This is caused by a decreased membrane efficiency in more
concentrated electrolyte solutions, accounted for in the model by increasing co-ion
sorption.
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Figure I.5: Experimental and simulated concentration changes in acid, base and salt
compartments in experiment 11; 1 M Na2SO4 in a bipolar setup, with the Tokuyama bipolar
membrane.

Another parameter, discussed section I.4, is the pH value in the salt compartment,
which is governed by the OH– and H+ leakages. In all but one of the experiments, a
low pH was found, indicating that the H+ leakage through the anion-exchange
membrane exceeded the OH– leakage through the Nafion membrane. In the
simulations the fluxes were more balanced, resulting in a larger number of cases
where the salt compartment became alkaline. This was caused by the (too) high
current efficiencies which the model calculates for the anion-exchange membranes.
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Figure I.6: Experimental pH curves in the NaCl compartment during ED exp. 1 (AW, MPM,
2 M) and exp. 2 (ARA, MPM, 2 M). Model pH curves from exp. 2 and exp. 14 (AW, BPM,
4 M).

This effect is illustrated in figure I.6, where the pH becomes acid in experiment 14
only in the second part of the simulation, whereas during the experiment the salt
compartment was acid all the time (not shown).
  In figure I.7 the voltage drop over the ED stack is shown for two experiments,
combined with the model results.
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Figure I.7: Voltage drop over the electrodialysis stack, from two experiments with model.



Experimental Data

127

In experiment 1 NaCl, HCl and NaOH at 2 M are used, in exp. 17 HCl and NaOH at
0.5 M with NaCl at 1 M are used. It is clear from figure I.7, that the model predicts
too low overall stack voltages. This is also evident from table I.12, where the mean
stack voltages of all experiments and simulations are given.
  In section 4.3.2 an electrode potential model, covering all configurations and
concentrations, was developed. The measurements involved electrode reactions,
some combined with Nafion membrane to separate the electrode compartments. As
the model predictions for such systems were accurate (after fitting the
overpotentials), we can attribute the differences between measured and calculated
potentials in ED-MPM systems to the anion-exchange membrane.
Analysis of the data in table I.12 indicates an extra potential drop for AW membrane
of 0.92 ± 0.37 (V), and 0.64 ± 0.20 (V) for the ARA membrane. The differences
between model and experiment in ED-BPM systems, are additionally caused by the
potential drop over the BP-membrane, which was not modelled. By taking the ‘new’
potentials of the anion-exchange membranes into account, the average potentials
found for the BP-membranes (only for configuration ‘BPM-I’) are Tokuyama: 1.70
(V) and Aquatech: 1.29 (V).
Table I.12: ED experiments, MPM and BPM, measured and calculated mean stack
potentials ∆φ (V).

Config. Exp. ∆φmean,

exp
(V)

∆φmean,

calc (V)
Config Exp. ∆φmean,

exp (V)
∆φmean,

calc (V)

MPM 17 7.36 6.06 MPM 19 6.78 5.78
1 5.74 5.22 3 7.56 5.99
2 5.67 5.05 4 5.74 5.22
6 5.73 5.02 5 5.36 4.96

18 5.91 4.87 20 5.49 4.84
BPM 23 12.10 5.14 BPM 21 9.68 6.02

9 9.19 5.64 11 8.63 5.78
10 8.72 5.63 12 8.26 5.80
13 9.42 5.37 15 7.97 5.42
14 8.66 5.37 16 7.94 5.43
24 6.34 3.89 22 7.71 4.46
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Appendix II Estimation of Electrolyte Maxwell-Stefan
Diffusivities

Introduction

In this section, Maxwell-Stefan diffusivities of some selected electrolytes are
gathered, as a function of concentration. The electrolytes are: HCl, H2SO4, NaCl,
NaOH and Na2SO4, being all the electrolytes used in this thesis. We need these
parameters in our model, to describe mass transfer in the fluid film layers adjacent to
the membrane. We also need them to describe the potential drop in the bulk fluid,
between the fluid films of two different membranes, or between an electrode and a
membrane. A single (strong) electrolyte solution contains three components: the
cation and anion, and water. In such a system three interactions take place, thus three
M-S coefficients need to be found. The temperature dependence of the coefficients
will not be taken into account; all experiments were performed at (or around) 25 °C.
In literature [3] all selected electrolytes are described at 25 °C, but not at sufficiently
high concentrations in the case of HCl, NaOH and Na2SO4. Thus an extrapolation
method was applied to estimate the diffusivities at the concentration levels which
have occurred during some of the experiments. The calculation of Ðij in
multicomponent electrolyte mixtures is treated in section II.3.

II.1 Calculation of M-S diffusivities from experimental data

In reference [1] the calculation of electrolyte M-S diffusivities from experimental
data is described. In a single strong electrolyte system, three interactions are to be
calculated: plus-minus, plus-water and minus-water. Equations II.1 to II.3 show the
calculations of the diffusivities:

1
w

2
t

−
−+

++

−+−+
−+ 









 −
−−=

cÐ
ttc

z
zz

RT
czz

Ð
νK

F
(II.1)

+−−
−

=
−+

−
+ t

Ð
zz

zÐ
1w (II.2)



Appendix II

130

+−+

+
− −

=
t
Ð

zz
zÐ w (II.3)

The experimental parameters necessary in the calculation are the molar conductivity
Λm, the Fick diffusion coefficient D, and the transference number t+. From these
data, the diffusion coefficient Ð is calculated from the Fick diffusion coefficient by:

Γ
= 1

t

w
c
c

DÐ (II.4)

and t– follows from:

)1( +− −= tt (II.5)

The conductivity K  (S m–1) follows from the molar conductivity Λm (S cm2 mol–1)
by:

4
m

10

cΛ
=K (II.6)

II.1.1 Molar conductivity
The molar conductivities of HCl (0.002 to 6.1 M), NaOH (0.065 to 4.7 M) and
Na2SO4 (0.006 to 0.253 M) at 25°C are described in [5]. Since the membrane
resistance measurements, described in 3.2.4, involve the determination of the
electrolyte resistance, the molar conductivity of Na2SO4 can be calculated from the
data obtained. To do the calculation, the cell constant of the resistance measurement
cell was determined in 0.500 M NaCl at 25.0 °C. The results are shown in table II.1.

Table II.1: Measured molar conductivity of Na2SO4.

C (mol m–3) Λm (S cm2 mol–1) s
250.0 139.7 2.2
500.0 119.2 2.0
750.0 107.3 0.3
1000.0 93.7 0.5
1250.0 88.1 0.9
1500.0 75.7 1.2

Now that conductivity data of HCl, NaOH and Na2SO4 are available in the desired
concentration range, no extrapolation is needed. The results are shown in figure II.1.
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Figure II.1: Molar conductivity of HCl, NaOH and Na2SO4 from data and experiment. The
fit functions are used in the diffusivity calculations.

II.1.2 Fick diffusion coefficient
The Fick diffusivities from HCl, NaOH and Na2SO4 were obtained from [3,4]. For
these electrolytes, extrapolation is necessary. In the case of HCl, a linear fit is made.
Equation II.7 is applied to fit NaOH and Na2SO4, with p2 set to 0 for NaOH.

321 )ln( ppcpt ++=+ (II.7)

Using the obtained parameters, the diffusivities in the desired concentration ranges
can be calculated by extrapolation. The results are shown in figure II.2.
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Figure II.2: Fick diffusivities of HCl, NaOH and Na2SO4 with their extrapolations.

II.1.3 Transference number
For NaOH and Na2SO4, the transference number t+ is available in literature [3,5]
only for a limited concentration range. For HCl values of up to 14 M can be
obtained [5].
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Figure II.3: Cation transference numbers of HCl, NaOH and Na2SO4, with the lines
representing the extrapolations.
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Extrapolation in the case of NaOH and Na2SO4 is carried out using equation II.7,
(again with p2 = 0 for NaOH). For HCl no extrapolation is needed. In figure II.3 the
results are shown.

II.2 Calculation of diffusion coefficients

Now that data is complete either from literature, experiment or extrapolation, the
diffusivities can be calculated using the equations discussed in section II.1. In the
mass transfer models, a five parameter fit of the diffusivities is needed to calculate
the values at all possible concentrations. The function is given in equation II.8, its
parameters are given in the next sections.

cpcpcpcppcf 5
2

4
5.1

321)( ++++= (II.8)

II.2.1 Ðij for HCl, NaOH and Na2SO4 systems
By extrapolation, diffusivities are obtained which can more safely be used at higher
concentrations rather than the original coefficients from [3]. For HCl the range is
now 0 to 6 M, for NaOH from 0 to 5 M and for Na2SO4 from 0 to 1.5 M. In table
II.2, II.3 and II.4 the 5 parameters of the fit functions describing the three diffusion
coefficients are given. In three figures, the concentration dependency of the
electrolyte M-S diffusion coefficients can be seen. The Ðij’s at lower concentrations
published by Chapman [3] are also shown.

Table II.2: Parameters p1 to p5 describing the three M-S diffusivities in HCl.

HCl Ð+,– Ð+,w Ð–,w
p1 0.0 –9.319E–09 –2.042E–09
p2 –1.499E–12 –2.365E–12 –2.667E–13
p3 –3.525E–14 –1.963E–14 –8.223E–15
p4 –2.138E–16 –9.878E–17 –6.180E–17
p5 –7.940E–12 –4.381E–11 –1.367E–11



Appendix II

134

c / mol m–3
0 1000 2000 3000 4000 5000

Ð
ij 

/ m
2  s–1

2.0e-9

4.0e-9

6.0e-9

8.0e-9

1.0e-8

0

H+ / Cl–

H+ / H2O

Cl– / H2O

Figure II.4: M-S diffusivities of the HCl/water system. The black signs represent the Ðij’s
calculated from the fitted and extrapolated data. The white signs are the Ðij’s reported in [3].

Table II.3: Parameters p1 to p5 describing the three M-S diffusivities in NaOH.

NaOH Ð+,– Ð+,w Ð–,w
p1 0.0 –1.351E–09 –5.241E–09
p2 –4.062E–13 –8.968E–14 –2.952E–12
p3 –5.383E–15 –1.077E–15 –2.501E–14
p4 –2.153E–19 –2.094E–17 –4.772E–17
p5 –3.318E–12 –7.984E–12 –6.509E–11

Table II.4: Parameters p1 to p5 describing the three M-S diffusivities in Na2SO4.

Na2SO4 Ð+,– Ð+,w Ð–,w
p1 0.0 –1.367E–09 –1.079E–09
p2 –2.943E–14 –1.724E–12 –1.125E–12
p3 –5.839E–16 –6.571E–14 –4.653E–14
p4 –1.592E–19 –6.180E–16 –4.435E–16
p5 –6.080E–13 –2.698E–12 –6.830E–12
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Figure II.5: M-S diffusivities of the NaOH/water system. Same legend as figure II.4.
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Figure II.6: M-S diffusivities of the Na2SO4/water system. Same legend as figure II.4.

4.5.1 Ðij for H2SO4 and NaCl solutions
The H2SO4/water and the NaCl/water electrolyte systems at 25°C are described in
[3], in a sufficient concentration range. The diffusion coefficients of H2SO4 can be
used from 0 to 6 M, and those of NaCl from 0 to 5 M. For these systems, only the
parameters of the fit functions are given in table II.5 and table II.6.
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Table II.5: Parameters p1 to p5 describing the three M-S diffusivities in H2SO4.

H2SO4 Ð+,– Ð+,w Ð–,w
p1 0.0 –9.313E–09 –1.068E–09
p2 –2.545E–13 –1.431E–11 –9.998E–13
p3 –9.089E–16 –2.197E–13 –1.437E–14
p4 –2.240E–17 –1.148E–15 –7.335E–17
P5 0.0 –2.176E–10 –1.525E–11

Table II.6: Parameters p1 to p5 describing the three M-S diffusivities in NaCl.

NaCl Ð+,– Ð+,w Ð–,w
p1 0.0 –1.336E–09 –2.035E–09
p2 –8.018E–14 –3.064E–14 –2.236E–13
p3 –2.090E–16 –3.910E–15 –3.792E–15
p4 –7.028E–18 –3.765E–17 –3.777E–17
p5 –2.176E–12 –1.766E–12 –8.317E–12

II.3 Ðij in mixtures of electrolytes

In the electrolytes we describe by model throughout this thesis, more than one single
electrolyte may be present. Therefore, we need a model which describes electrolyte
diffusivities in all possible solution mixtures of H+, Na+, Cl–, OH– and SO4

2–. In
such a mixture, of course, electroneutrality and the water equilibrium must be met.
In this section a general calculation method is proposed in which the species and
concentration dependencies of the electrolyte diffusivities are taken into account.
  In reference [6], ternary transport coefficients are reported for the system
NaCl/KCl/water. It is also shown in [6] how these coefficients can be estimated
from binary coefficients. Here, a ternary system consists of two salts and water. In
fact such a mixture involves four species: Na+, K+, Cl– and water. After converting
the transport coefficients into Maxwell-Stefan diffusion coefficients, the estimation
of these coefficients from their binary counterparts can also be adopted from the
methods, given in [6]. It is assumed that the M-S diffusivities behave in
multicomponent mixtures like they do in ternary mixtures. The concentration
dependence of the binary transport properties of higher valent electrolytes is
investigated in order to include them properly in a multicomponent model.
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II.3.1 Ion-ion coefficients
The interaction between a cation K and an anion A can be calculated from the binary
coefficient, at the highest concentration cK or cA:

)(,, cÐÐ KA
AKAK = with c = cK  if cK > cA   or (II.9)

c = cA  if cK < cA

If more than one type of cation is present, the coefficient ÐK1,K2 can be calculated
from their cation-(common) anion interactions ÐK1,A and ÐK2,A , obtained from
equation II.9, by the empirical relation:

( ) 5.0
,2,12,1 AKAKKK ÐÐÐ −= (II.10)

Equation II.10 is adopted from [6], where a similar relation is given in terms of
transport coefficients lij. The results of equation II.10 are shown in figure II.7.
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Figure II.7: Na+/K+ diffusion coefficient, obtained from [6] and calculated by equation
II.10.

Unfortunately, no relations are available to calculate anion-anion coefficients in
ternary or multicomponent mixtures. From equation II.10 it is clear that cation-
cation diffusivities are negative.
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II.3.2 Ion-water coefficients
In the calculation of the interaction between a cation K or an anion A with water, we
must allow for the fact that K and A can belong to different single electrolytes. From
analysis of the diffusion coefficients in the mixture NaCl/KCl/H2O, it is follows that
the cation-water coefficient can be estimated from the binary coefficient, calculated
at the concentration of the anion. The anion-water coefficient can be calculated from
mixture-proportional contributions of the binary coefficients of both electrolytes,
again calculated at the anion concentration. In the model, we assume this also holds
for cation-water interactions.
  Whether, in multicomponent solutions, the total electrolyte concentration or the
ionic strength must be used to calculate the binary diffusivities does not become
clear from the NaCl/KCl/water mixture, where the ionic strength is equal to the total
concentration cNaCl + cKCl. For higher valent electrolytes (1-2, 2-1, 2-2, 1-3, 3-1,
etc.) this is not the case, so a method of combining common ion-water interactions
in mixtures including these salts must be found. In literature, only binary data is
available concerning higher valent salt solutions. From the analysis of the
concentration dependency of identical ion-water interactions of electrolytes with
different valence, the ionic strength is clearly a better parameter at which the
interactions can be compared than the electrolyte concentration.
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Figure II.8: ÐH+,H2O plotted for a 1-1, 1-2 and a 1-3 salt, against concentration and ionic
strength. The diffusivities of the higher valent acids show more similarity when plotted
against the ionic strength.

In figures II.8 and II.9 the dependency of ion-water coefficients on concentration
and ionic strength are compared.



Estimation of Electrolyte Maxwell-Stefan Diffusivities

139

c or I / mol m–3
0 1000 2000 3000 4000 5000

Ð
C

l– ,H
2O

 / 
m

2  s–1

1.2e-9

1.6e-9

2.0e-9

2.4e-9
NaCl (c = I)
KCl (c = I)
BaCl2 (c)

BaCl2 (I)
CaCl2 (c)

CaCl2 (I)

Figure II.9: ÐCl–,H2O plotted for a 1-1 and a 1-2 salt. The same behaviour as is seen in
figure II.8 is observed for the anion-water diffusivity.

The combination of the observed effects results in the following equations,
describing ion-water diffusion coefficients:
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The ionic strength I can be calculated from the charge and the concentration of all
charged species i present in the mixture:

∑=
i

ii czI 2 (II.13)

In equations II.11 and II.12, k and a represent all possible cations and anions which
can be combined with anion A and cation K respectively.
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Samenvatting

Veel industrieën produceren afvalstromen die zouten bevatten. Deze zouten ontstaan
in veel gevallen door neutralisatie van zuur of loog, in andere gevallen is het zout
nodig om het proces goed te doen verlopen. Afvalstromen met hoge concentraties
zouten betekenen een enorme belasting voor het milieu. Een proces dat een
mogelijke oplossing hiervoor biedt is de elektrodialytische splitsing van zout in zuur
en loog. Dit proces is een variant van de tot nu toe gebruikelijke elektrodialyse (ED).
Bij elektrodialyse worden zouten onder invloed van een elektrische stroom
gescheiden in kationen en anionen door middel van een ionselectief membraan.
  Ionwisselende membranen bestaan uit een matrix van polymeren met daaraan
gehecht negatieve of positieve ionogene groepen. Door de aanwezigheid van deze
groepen wordt de matrix hydrofiel en zal de vrije ruimte worden opgevuld met water
en ionen vanuit het elektrolyt waarin het membraan zich bevindt. Anionwisselende
membranen (AWM) hebben een positieve vaste lading die omringd wordt door
negatieve (vrije) ionen. Hierdoor kunnen de negatieve ionen worden doorgelaten en
de positieve ionen worden tegengehouden. Kationwisselende membranen (CWM)
hebben een vaste negatieve lading en laten daarom de positieve ionen door. Door de
afwisseling van deze membranen in een elektrodialysecel ontstaan compartimenten
waarin het elektrolyt geconcentreerd wordt en compartimenten waarin het elektrolyt
verdund wordt. De membranen zijn geplaatst tussen twee elektroden, waarover een
potentiaalverschil wordt aangebracht. Door watersplitsing aan de elektroden onstaat
een stroom in het systeem, de ontstane H+ en OH– ionen worden door recirculatie
van beide elektrode-elekrolyten geneutraliseerd, en de bijproducten H2 en O2 gas
worden afgevoerd.
  Bij de techniek die in dit proefschrift wordt beschreven, worden (in eerste instantie)
dezelfde materialen als bij ‘gewone’ elektrodialyse gebruikt, alleen in een andere
configuratie. De membraanmodule (stack) is nu zo geconfigureerd dat de gesplitste
ionen uit het zout bij de aan de elektroden gevormde H+ en OH– ionen gevoegd
worden. Hierdoor ontstaan geconcentreerde stromen zuur en base, terwijl de
zoutconcentratie verlaagd wordt. De membranen die gebruikt worden moeten,
anders dan bij de gangbare elektrodialysetoepassingen, H+ en OH– ionen
tegenhouden. Recent ontwikkelde typen die hiervoor beschikbaar zijn gekomen zijn
in dit onderzoek gebruikt. Een nadeel van deze configuratie is dat door gebruik te
maken van de elektrodereacties, de module niet uitbreidbaar is met meer
membranen.
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  Door de ontwikkeling van bipolaire membranen is het wel mogelijk een
seriestapeling van membraancellen te verkrijgen. Zoals de naam al aangeeft, bestaan
deze membranen uit twee ionselectieve lagen, een anion- en een kationwisselende
laag, die op elkaar geplaatst zijn. Onder invloed van een elektrische spanning splitst
water, dat zich in of in de buurt van de grenslaag bevindt, zich in H+ en OH– ionen,
waarbij niet de bijproducten H2 en O2 gas ontstaan, zoals bij de elektrodereacties.
  Dit onderzoeksproject is opgedeeld in een deel dat is uitgevoerd door TNO Milieu,
Energie en Procesinnovatie (MEP: Delft, later Apeldoorn), en een deel (beschreven
in dit proefschrift) dat door de Rijksuniversiteit Groningen is uitgevoerd. Het
onderzoek vond plaats in het kader van het Innovatiegerichte Onderzoeks-
programma (IOP) Milieutechnologie van het Ministerie van Economische Zaken.
Het TNO deel was praktijkgericht, waarbij in eerste instantie zoutlozingen in
Nederland in kaart werden gebracht door gegevens uit de emissieregistratie. Op
basis hiervan werden potentieel geïnteresseerde bedrijven benaderd. Bij een klein
aantal bedrijven kon de techniek uiteindelijk op pilot-schaal worden getest. Ook
zaken als membraanvervuiling en –levensduur zijn door TNO onderzocht. Het RuG
aandeel bestond uit het ontwikkelen van een theoretisch rekenmodel, gebaseerd op
multicomponent stofoverdrachtsmodellen. Verder zijn experimenten uitgevoerd (met
gesynthetiseerde afvalwaters) om het rekenmodel te kunnen toetsen. Voor het model
zijn vele parameters noodzakelijk, die voor wat betreft de elektrolyten grotendeels
uit bestaande literatuur konden worden gehaald. Voor de specifiek toegepaste
membranen echter, moesten uitgebreide karakteriseringsexperimenten worden
uitgevoerd. Het betrof hier zowel concentratiemetingen (capaciteit, co-ion opname,
watergehalte) als diffusiemetingen.
  De regeneratie-experimenten en de modellering worden behandeld in hoofdstuk 4,
de parameters voor het model worden in hoofdstuk 2 en 3 verzameld. In hoofdstuk 2
komen de membraankarakteriseringsexperimenten aan de orde, waar de
evenwichtseigenschappen worden vastgesteld. In hoofdstuk 3 worden de Maxwell-
Stefan diffusiecoëfficiënten van de relevante elektrolyten in de membranen
vastgesteld via een uitgebreide set diffusie-experimenten.
  Door middel van de membraankarakterisering, werd de capaciteit, co-ion en
counter-ion concentratie en het watergehalte van de membranen vastgesteld. Een
thermodynamisch evenwichtsmodel werd toegepast om de resultaten te verklaren.
Echter bij een homogene verdeling van de ionen en de vaste ladingsgroepen over het
membraanvolume, bleken thermodynamische modellen zoals dat van Bromley niet
in staat om de experimenteel gevonden interne activiteitscoëfficiënten te verklaren.
Voor een complete twee-fasen beschrijving was onvoldoende meetdata beschikbaar.
Om toch een thermodynamische beschrijving te verkrijgen werd een uit de literatuur
afkomstige heterogeniteitscorrectie op de metingen toegepast, waarna met behulp
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van het Bromley model kon worden gefit. Het resultaat van deze beschrijving is,
naast het voorspellen van de co-ion opname in een ionselectief membraan als functie
van de concentratie van de vaste ladingsgroepen, een berekende waarde voor de
Donnan-potentiaal op de elektrolyt-membraan overgang.
  In het hooggeconcentreerde ED-systeem waarmee de experimenten zijn uitgevoerd,
kan een groot aantal multicomponent diffusie-interacties worden aangewezen. Vele
hiervan zijn relevant voor het stofoverdrachtsmodel. Om de coëfficiënten te bepalen,
zijn voor de enkelvoudige elektrolyt-membraan combinaties verschillende diffusie-
experimenten uitgevoerd, die gecombineerd de benodigde informatie hebben
geleverd. Via multicomponent diffusiemodellen werden de diffusiecoëfficiënten uit
de experimenten verkregen. Omdat het om elektrolytmengsels met overeenkomstige
ionen gaat, moest voor elk membraan de gehele set experimenten in één keer
worden gefit.
Door twee factoren werd het aantal metingen erg groot:
1. Er werd gebruik gemaakt van (mengsels van) 5 elektrolyten: HCl, H2SO4, NaCl,

NaOH en Na2SO4, bij concentraties tussen 0.5 en 5 M.
2. Gebruik maken van multicomponent stofoverdrachtsmodellen brengt veel

diffusie-interacties met zich mee, zodat per elektrolyt-membraan systeem
minstens zes diffusie-experimenten uigevoerd moesten worden.

Het resultaat was een set diffusiecoëfficiënten voor de respectievelijke membranen,
waarin echter nogal wat spreiding vanuit de experimenten werd overgedragen.
Enkele interactieparameters bleken moeilijk vast te stellen uit de experimenten,
zoals co-ion water interacties in de membranen.
  De zuur-base concentratie-experimenten werden uitgevoerd met zowel bipolaire-
als monopolaire stackconfiguraties. Er werden twee typen bipolair membraan
(BPM) getest, van Aqualitics en Tokuyama Soda, voor de zouten NaCl en Na2SO4.
In de experimenten werd de concentratie van de producten zuur en base tussen 0.5
en 5 M gevarieerd. De permselectiviteit, en dus de stroomefficiency van de
monopolaire membranen (MPM) bleek bijna lineair af te nemen met hogere zuur of
base concentratie. Berekend in termen van het elektrische energieverbruik, bleken de
monopolaire membranen optimaal te werken bij 2 M. Vergeleken met NaCl, kost het
recirculeren van Na2SO4 meer energie. Dit is het gevolg van de lagere
stroomefficiency van de anionwisselende membranen. De stroomefficiency van de
(beide onderzochte typen) bipolaire membranen bleek hoog: tussen 0.96 en 0.97 in
2 M NaCl. Uit een berekening blijkt dat door stapeling van cellen met bipolaire
membranen in serie, een stroombesparing van 20 tot 50% per geproduceerde mol
zuur of base kan worden behaald t.o.v. de monopolaire configuratie.
  Het model voor het recirculatieproces werd toegepast om deze experimenten te
simuleren. De berekende stroomefficiencies in de membranen Nafion, ARA en AW
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volgen goed het verloop van de experimenten met de concentratie. Voor een groot
deel vallen de verschillen tussen model en experiment in het gebied van
experimentele spreiding, maar over het algemeen geeft het model grotere
stroomefficiencies. Het elektro-osmotische watertransport door de membranen
wordt ook goed door het model berekend, behalve voor het systeem Nafion-HCl,
waar de modelberekening een te klein watertransport berekent. De berekende
stackpotentialen zijn over de gehele set experimenten lager dan de experimentele
waarden. Omdat de elektrodepotentialen zijn gemeten in systemen waarin ook het
Nafion membraan voorkwam, kan worden aangenomen dat de afwijkingen
veroorzaakt worden in achtereenvolgens de anionwisselende membranen en de
bipolaire membranen.


