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Chapter 1
Introduction

The deterioration of porous building materials and structures by the
crystallization of water soluble salts is a well-known phenomenon with
significant cultural and economical implications. The damages produced by
salts to building structures have been noticed since ancient times. Herodotus
(484–425 B.C.) already pointed out that “salt exudes from the soil to such an
extent it affects even the Pyramids” [1]. The hazardous nature of salt can be
understood by considering the decay of some of the world’s great cultural
treasures, such as the Pharonic temples and the Sphinx in Egypt, the rockhewn monuments of Petra in Jordan, and the baked-brick Harappan city of
Mohenjo-Daro in Pakistan [1].
The damages caused by soluble salts are generally due to their
accumulation and phase transitions taking place at or near the surface of an
object, or between its layers, as a result of moisture transport processes. The
moisture acts as a catalyst for salt damage and is the most important
parameter in introducing salts or dissolving the already existing salts in
masonry materials and structures. Depending on the environmental
conditions, e.g. temperature and relative humidity, the moisture can
evaporate leaving salt behind at the surface of materials causing visual
damages, known as efflorescence, or beneath the surface causing structural
damages, known as sub-florescence. Typical examples of efflorescence and
sub-florescence are shown in Fig. 1-1. Depending on the temperature and
humidity the salt can also crystallize at the interior surfaces of the walls.
This can e.g. cause damage to precious wall paintings.
In order to restore buildings destructive methods were often used in the
past, either by replacing the damaged parts or by rebuilding them
completely. Consequently, this way of restoration is harmful for the
archeological interest of ancient materials and buildings. However, the
threats posed by salts to building materials and structures can be minimized
by accomplishing their in-situ removal from the zone of deterioration. This
non-destructive method of in-situ salt removal from porous materials is
known as desalination.

1.1. Desalination methods

Depending on the nature of the object several desalination methods can be
used. However, here the discussion will be focused on only those methods
that can be used for the in-situ removal of salts from masonry materials and
structures.
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(a)

(b)

Fig. 1-1. Typical examples of salt damages (a) efflorescence and (b) subflorescence.

1.1.1. Poulticing

The use of poultices to remove salt from masonry was first demonstrated by
Bowley in 1975 [2]. Today poulticing is one of the most common approaches
in conservation to extract salt from masonries [3-5]. The term poultice has its
origin in the field of medicine where it refers to the application of a soft, moist
mass of material typically consisting of bran, flour, herbs, etc., applied to the
body in order to relieve soreness and inflammation. For desalination
purposes a poultice is applied on the outer surface of the masonry and it is a
porous hydrophilic moistened mixture of cellulose, paper pulp, clay, and
aggregate materials. The desalination is achieved by (i) diffusion of salts to
the poultice resulting from concentration differences, and/or (ii) advection
resulting from evaporation of moisture from the poultice to the environment
and the subsequent capillary transport from the object to the poultice [3].
Although by diffusion the complete removal of salt from substrate/masonry
can be accomplished, it is an extremely slow process and it can take weeks or
months to achieve acceptable extraction efficiency [6]. On the other hand,
advection is a relatively fast process and the salt extraction can be achieved
within a few days. However, salt extraction by advection is largely limited by
the pore size distribution of both the poultice and the substrate [6,7]. It can
only be achieved if the poultice contains a significant quantity of pores that
are smaller than those of the substrate. Due to this limitation the use of the
advection method is limited to a very narrow range of building materials, i.e.,
only to those materials which have relatively large pores such as stones and
clay bricks, whereas it cannot be used for materials which have relatively
small pores such as mortar and concrete. Since the pore size distribution of a
poultice can vary with its moisture content, mainly due to its shrinkage
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during drying [7], it is difficult to tailor the pore size distribution of a poultice
precisely to that required for optimum salt extraction efficiency. Also, in the
case of building materials the effective depth of salt extraction achieved using
poultices is often low, e.g. for stones and fired-clay brick it is of the order of 20
mm [5]. Moreover, it is a time consuming and laborious method because the
poultices must be applied over the entire salt-affected surface of masonry, as
can be seen in Fig. 1-2. In order to desalinate substrate/masonry on the basis
of diffusion one has to renew the poultice frequently, to maintain a
concentration gradient to keep on salt extraction.
In order to overcome the limitations posed by poultices a technique that has
recently got more attention is the use of electrokinetics as an alternative
desalination method for the masonry materials and structures [8-12].

Fig. 1-2. An example of poultice application on masonry.

1.1.2. Electrokinetics

Electrokinetic flow processes in porous media involve the movement of
fluid (electro-osmosis) and charged particles (electro-migration) induced by an
applied electrical field. In porous media one of the major application areas of
electrokinetics is in soils, where it has been successfully used for dewatering,
decontamination and consolidation purposes [13,14]. Extensions to solve
foundation related engineering problems, such as the possibility of stabilizing
the leaning tower of Pizza are being investigated [15].
3

In the case of building materials and structures electrokinetic methods
have been mostly used on concrete in order to reduce corrosion of reinforced
structures [16]. Several commercial companies, e.g. Lectros International
Ltd. [17], are offering services based on the electrokinetic method to solve the
problem of rising damp in masonries.
Electrokinetic methods have several advantages over traditional poulticing,
e.g. (i) it can be used for the entire range of building materials irrespective of
their pore size distribution, (ii) the electrical field applied at the electrodes
can act in a significant depth of the material, (iii) it can be used irrespective
of environmental conditions i.e. temperature and relative humidity, (iv)
instead of covering the entire surface area of the wall with poultice, only a
few sets of electrodes are needed to accomplish desalination of the entire
masonry.
In the following sub-sections the basic principles of electrokinetics in porous
media and its extensions to masonry materials and structures will be
discussed.

1.1.2.1. Electro-osmosis

Electro-osmosis is the phenomenon of fluid flow in porous media induced by
an applied electric field. The effect of electro-osmosis on the flow of water
through porous media was first described by F.F. Reuss in 1809 [18]. In his
work he demonstrated the flow of water from the positively biased electrode
(anode) to the negatively biased electrode (cathode) across quartz powder
induced by an electric field, resulting in an increase of the water level on the
cathode side of the capillary, as shown in Fig. 1-3 [19].

Δh

Fig. 1-3. Reuss classical experiment on electro-osmosis after Abramson [19].
Electro-osmosis was first applied in 1939 by Casagrande [20,21] in
Salzgitter (Germany) to reverse the direction of seepage flow and, in turn, to
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decrease the moisture content of soil in order to stabilize a long railroad cut.
The first applications of electro-osmosis in the case of masonry walls started
two decades later in 1960 [22] aimed at impeding the capillary flow to solve
the rising damp problem.
In porous materials the electro-osmotic flow originates from electrical forces
on the mobile counter-ions present in the so-called electrical double layer
[23]. When a solid material is brought in contact with an aqueous solution, a
separation of charges occurs at the interface between solid surface and
solution. This charge separation is known as the electrical double layer. In
porous building materials this double layer exists at the interface between
the pore wall and the solution. If an electrical potential is applied across the
pore (see Fig. 1.4 b) the counter-ions in the double layer along with their
hydrating water molecules will move towards an electrode of opposite
polarity. Therefore, a net flow of water towards the electrode of opposite
polarity with respect to the counter-ions will be established. Since the
majority of building materials (i.e. fired-clay brick, mortar, cement and
concrete) possess a negative surface charge, the flow of moisture induced by
an electrical field is from the positive electrode (anode) towards the negative
electrode (cathode) [24].
The electro-osmotic flow is proportional to the thickness of the electrical
double layer. A higher ion concentration in the pore solution reduces the
double layer thickness, resulting in a decrease of the electro-osmotic flow. In
case of clay bricks Bertolini et al. [25] did not observe any electro-osmotic
flow after soaking the samples in 0.1 M Na2SO4 and 0.6 M NaCl solutions.
For both bricks and masonry electro-osmotic dewatering is observed only at
very low ionic concentrations in the pore solution, i.e., 0.01 wt% of Cl in a
brick that was contaminated with NaCl [26].
Moisture flow resulting from electro-osmosis in a masonry wall, along with
the double layer at its pore surface, is schematically shown in Fig. 1-4.

1.1.2.2. Electromigration

Electromigration is the phenomenon of movement of charged particles
induced by an applied electrical field. The effect of electrical field on the
migration of salt ions from alkali soils was first observed as early as 1936 by
Puri and Anand [27] in Lahore (Pakistan). In porous building materials the
salt extraction by electromigration is accomplished by utilizing an electrical
field across the material sandwiched between electrodes. During
electromigration the positive salt ions in the pore solution move towards the
negative electrode (cathode) and the negative ions move towards the positive
electrode (anode). In this way the salt concentration within the material
starts to decrease with an accumulation of salt ions in the vicinity of
electrodes, i.e., at the material-electrode interface, from where salt is
extracted using aqueous poulticing methods.
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Fig. 1-4. Schematic of (a) an electro-osmosis setup used on a masonry wall,
where the direction of moisture flow is indicated by arrows, (b) an impression
of a pore in the presence of moisture and an electrical double layer.
A 1-D schematic of an electromigration setup is shown in Fig.1-5, where
water, clay or sponges are used to collect the contaminants and to provide a
good electrical contact between the porous material and electrodes.
Water
clay
or
sponge

+

-

+

+

-

+

+

Electric field

Water
clay
or
sponge

+

-

+

-

Fig. 1-5. Schematic representation of an electromigration setup.
In case of masonries, where it is practically impossible to sandwich the
entire structure between electrodes, the desalination by electromigration is
achieved by vertically attaching electrodes at the wall surface, as shown in
Fig. 1-6(a) [9]. In this situation the 1-D condition does not hold any more.
However, the salt can still be effectively removed by electromigration because
of the inherent property of electrical field lines that they remain continuous,
originating at the anode and terminating at the cathode. The distribution of
electrical current resulting from electromigration of ions in the solution is
shown in Fig. 1-6(b) [26].
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(a)

(b)

electrodes

Fig. 1-6. (a) Example of utilizing electromigration in masonry after [9]. (b)
Electrical current distribution in a vertical plane along the line of electrodes
in the presence of ion migration, after [26].

1.2. Electrode Processes and pH effects

The applied electrical field does not only promote the fluid flow and/or the
migration of salt ions through porous materials, but it also introduces new
ionic species at the boundaries of the material due to electrochemical
reactions at the electrodes. In the case of inert electrodes the following
reactions take place:
Anode side: 2H2O – 4e– → 4H+ + O2(g)
Cathode side: 2H2O + 2e– → 2OH– + H2(g)
The relatively higher mobilities of hydrogen (H+) and hydroxyl (OH–) ions [28]
and an increase of their concentration with time might affect the transport of
both the moisture and salt ions in porous media. In an extreme situation the
high concentration of H+ and OH– ions may even change the electro-osmotic
flow direction [29]. A decrease in the transport of Cl under the influence of
OH– ions has also been observed during their electrochemical removal from
concrete [16]. Furthermore, the collision of H+ and OH– ions can produce
water and consequently a narrow region of low electrical conductivity, which
might completely stop the transport of salts ions by changing the electrical
potential distribution in porous materials [30,31].
Since most of the cementitious materials are pH sensitive, in particular the
acidic environment produced at the anode can cause damages to masonry
materials and structures. The acidic environment can induce corrosion in
reinforced concrete [32] and damage the mortar in masonry structures [11].
During the application of an electrokinetic treatment to masonry structures
necessary precautions must be taken in order to protect the structures from
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the intervention of acidic and alkaline environments. The effect of an acidic
environment on a mortar sample is shown in Fig. 1-7.

Fig. 1-7. Effect of an acidic environment on mortar.

1.3. Objective and approach

The objective of this thesis is to determine the effect of electrokinetics on
the drying and desalination of porous building materials. This thesis focuses
on the effect of boundary conditions on the transport processes. The effect of
electro-osmosis on drying is studied by taking into account both the capillary
and electro-osmotic pressures at the boundary of porous materials. In order
to determine the effect of diffusion, advection, and electromigration on salt
transport, the material is exposed to concentration, hydraulic, and electrical
gradients at its boundaries, respectively. The effect on the transport of salt
ions of both the protons and hydroxyl ions, generated by electrolysis of water
at the electrodes, is also taken into account. A model describing the effect of
electromigration on the transport of ionic species in porous materials is
developed to examine the effect of electrokinetics on desalination.
Until now, the electrokinetic effects on drying and desalination of porous
building materials are studied using destructive methods. In this study the
effect of electrokinetics on the variation of moisture and salt concentrations
in porous materials is measured non-destructively using a Nuclear Magnetic
Resonance (NMR) technique.

1.4. Outline of this thesis

This thesis is organized as follows. In chapter 2 the effect of electroosmosis on the drying of porous materials is studied. In chapter 3 various
transport processes involved during the desalination treatment, i.e.,
diffusion, advection, and electromigration, are described and next their
contribution to the salt transport through fired-clay brick is measured. In
chapter 4 the influence of both the acidic and alkaline environments on the
transport of salt ions in fired-clay brick is taken into account. A onedimensional numerical model based on the Poisson-Nernst-Plank equations
8

is also presented in this chapter. In chapter 5 the possibility of using ion
exchange membranes in order to suppress the pH effects and their influence
on the transport of salt ions in porous building materials is investigated.
Finally, in chapter 6 the conclusions based on this work and suggestions for
future research in this field are given.
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Chapter 2
Electro-osmotic drying of porous materials

Electro-osmosis is the phenomenon of fluid flow in response to an applied
electric field. In porous media the flow of fluid resulting from electro-osmosis
is well established. However, whether such an effect is sufficient to cause
drying in construction building materials and structures remained unclear.
In order to determine the influence of electro-osmosis on the drying of porous
materials non-destructive measurements were performed on fired-clay brick
and kaolin clay using NMR. The results show that in the case of fired-clay
brick the electro-osmotic pressures that are achieved are insufficient to
overcome the capillary pressures in order to promote drying. In contrast to
fired-clay brick a reduction in the moisture content of kaolin clay is achieved
and a clear movement of moisture front from anode towards cathode is
observed.

2.1. Introduction

Moisture can invade masonry structures in several ways, e.g. by rain, rising
damp or condensation, and it is the most important variable responsible for a
variety of damages to construction building materials and structures [1,2],
including freeze-thaw attack, efflorescence, and sub-florescence. In addition,
the presence of moisture can strongly affect the thermal performance of
masonries [3], resulting in increased energy costs in heating or cooling of
buildings.
In order to prevent moisture induced damages and to improve the thermal
performance of masonries, it is important to carry out drying treatments. A
technique which has recently received more attention in this respect is based
on electro-osmosis. Electro-osmosis is the phenomenon of fluid flow in porous
media induced by an applied electric field parallel to the interfacial double
layers [4]. The effect of electro-osmosis on the water flow across porous media
was first reported by F.F. Reuss in 1809 [5]. Depending on the direction of the
applied electrical field, the direction of fluid flow is dictated by the sign of the
surface charge of the porous media. Since the majority of building materials
(i.e. fired-clay brick, mortar, cement and concrete) possess a negative surface
charge, the flow of water resulting from electro-osmosis is generally from the
positively biased electrode (anode) to the negatively biased electrode
(cathode).
Applications of electro-osmosis in dewatering of soils are well established
[6] and are adequately understood [7]. However, only few studies on the effect
11

of electro-osmosis on drying of porous building materials and structures are
reported. In these studies contradicting observations are presented; e.g.
Ottosen et al. [8] observed an electro-osmotic effect on the drying of fired-clay
bricks and masonry, while Bertolini et al. [9] did not find any significant
contribution of electro-osmosis to the drying of similar materials. In the case
of mortar Frizon et al. [10] did not observe any electro-osmotic effect, whereas
Andrade et al. [11] observed the effect of electro-osmosis in carbonated
concrete, but not in un-carbonated concrete.
The compound structures found in masonry can even result in another
difficulty i.e., the surface charge of the various materials used in these
structures will differ. This may even lead to a possible reversal of the charge
sign across an interface as e.g. found for alkaline mortar-brick interfaces [9]
resulting in an accumulation of water at the interface. Another issue is the
presence of salts in masonry structures, which decreases the thickness of
double layers and thus suppresses electro-osmosis. Therefore, the question
remains whether electro-osmotic effects are sufficient to cause drying of
porous building materials/structures.
Taking into account the complexity of the problem, it is almost inevitable
that contradicting results are reported. Until now, the effect of electroosmosis on drying of porous materials is studied either by using indirect
measurements, such as recording the variation in current or voltage with
time, or by using destructive gravimetric methods that have a low spatial
resolution (generally in the order of ~10 mm). However, to thoroughly study
this effect it is necessary to quantitatively measure the variation in moisture
content non-destructively with a high spatial resolution. Consequently, for
the study reported in this work non-destructive measurements are performed
using Nuclear Magnetic Resonance (NMR), which provides an opportunity to
measure the moisture content in porous building materials with a spatial
resolution better than 1 mm [12].
This chapter is organized as follows; first we introduce a basic model based
on the capillary and the electro-osmotic pressure, followed by a description of
the experimental setup, and finally the experimental results of two extreme
examples, fired-clay brick and kaolin clay, will be presented and discussed.

2.2. Electro-osmotic versus capillary pressure

In this section the flow of water in porous media resulting from electroosmosis is analyzed using very basic governing equations. In porous media
electro-osmotic flow arises from the action that an applied electrical field
exerts on the electrical double layer, which is located at the interface between
the pore surface and the solution (see Fig. 2-1). According to the HelmholtzSmoluchowski equation the electro-osmotic velocity of fluid in a capillary of
length ΔL is given by [13]:
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εξ ∆V
,
(2.1)
η ∆L
where ξ (V) is the zeta potential, ΔV (V) is the applied electric potential
difference across the capillary of length ΔL (m), ε (F/m) is the dielectric
permittivity, and η (Pa s) is the dynamic viscosity of the pore fluid. Note that
veo =

the zeta potential can be a function of local pH, which can vary due to
electrolysis at the electrodes. This change in pH has a direct effect on the
electro-osmotic velocity due to its dependence on the zeta potential.
Furthermore, in the case of electro-osmotic flow we have an almost constant
velocity profile over the pore.
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Fig. 2-1. Schematic of an electrical double layer and electro-osmotic flow in a
single capillary of radius r. A negatively charged surface of the capillary wall,
as found for many building materials, corresponds to a positively charged
electrical double layer.
The volumetric flow rate qeo (m3s-1) across a bundle of capillaries of radius r
normal to the flow direction can be obtained by multiplying Eq. 2.1 with the
total cross-sectional capillary area, giving:
 εξ ∆V 
(2.2)
qeo = 
 Nπr 2 ,
∆
η
L


where N is the total number of capillaries. The pressure drop associated with
this volumetric flow will be equal to the pressure drop as given by the HagenPoiseuille equation, i.e.:
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8ηqHP
(2.3)
∆L .
Nπr 4
Hence the electro-osmotic pressure is given by:
8εξ
(2.4)
∆Peo = 2 ∆V .
r
Consequently, the electro-osmotic pressure is inversely proportional to the
pore size squared. In order to remove water from a porous material the
capillary pressure has to be overcome, which is given by:
2σ
,
(2.5)
∆Pc = −
r
where σ (N/m) is the surface tension of the liquid, i.e., water in this case.
Therefore, in order to promote drying of the capillary the electro-osmotic
pressure must exceed the capillary pressure i.e.:
(2.6)
∆Peo > ∆Pc
The minimum electrical potential required to overcome the capillary pressure
is therefore given by:
∆P =

∆V >

σ
r.
4εξ

(2.7)

Hence, the voltage needed to dewater a porous material is proportional to its
effective pore radius. In a porous material the pores will be interconnected
and there can be a redistribution of the pressure, i.e., the large electroosmotic pressure in the smaller pores can relax by dewatering of lager pores
which have a lower capillary pressure. The overall macroscopic capillary
pressure Pc of a porous material will be a function of the pore size
distribution. At any given moisture content θ (m3m-3), the distribution of
water within the material depends on its pore size distribution. There is a
critical pore radius, rm, which discriminates between the empty and fully
saturated pores. So the overall macroscopic pressure Pc will be a function of
the moisture content, i.e. Pc = Pc(θ), as given schematically in Fig. 2-2(b).
Similar to a capillary we get a macroscopic electro-osmotic pressure if we
apply an electrical potential difference over a material, as is illustrated
schematically in Fig. 2-2. Therefore, because of the electro-osmotic pressure,
the water content θm in a porous material can be reduced to the equivalent
capillary pressure, i.e.,
(2.8)
∆Peo = ∆Pc (θ max ),
as indicated by the shaded area in Fig. 2-2(b).

2.3. Materials

In this study two types of materials, fired-clay brick and kaolin clay, were
used. The main properties of the materials are summarized in Table 2-1. The
porosity was measured by using a helium picnometer Accu Pyc 1330
(Micromeretics), whereas the zeta potential for both materials was measured
by a Zetasizer Nano (Malvern Instruments Ltd.).
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(a)

(b)

ΔPc

Δh

ΔPeo

drying curve

anode

θmax

θ

sample
cathode

V

Fig. 2-2. (a) Schematics of the experimental setup used for measuring the
electro-osmotic pressure where initially the water level at both sides of the
sample was equal (Δh = 0). (b) Typical capillary pressure curve obtained
during drying, the shaded area represents the reduction in moisture content
at an applied pressure difference across the sample.
The capillary pressure curves of the fired-clay brick and kaolin clay as
measured by using a pressure membrane method are shown in Fig. 2-3. As
can be seen the capillary pressure for kaolin clay is much higher than that of
fired-clay brick, reflecting the different pore-size distributions of these
materials.

Table 2-1: The porosity and average pore size measured by mercury intrusion
porosimetry (MIP) and the measured zeta potential of the materials used in
this study.
Material

porosity

average pore size zeta potential

(m3/m3)

(µm)

Fired-clay brick

0.30

4

-42

Kaolin clay

0.40

1

-45

15

(mV)

P

10

log10 Pc (bar)

kaolin clay
1
0.1

sample

semi-permeable
membrane

∆Peo(clay)

∆V=25V

fired-clay brick

0.01

∆V=15V

∆Peo(brick)
1E-3
0.0
0.2

0.4

0.6

0.8

Normalized moisture content (-)

1.0

Fig. 2-3. Capillary pressure curves for the fired-clay brick [14] and kaolin-clay
[15] as measured by the pressure membrane method. The dashed lines
indicate the electro-osmotic pressures measured for these materials under
saturated conditions. A schematic of a pressure membrane setup is shown in
the inset.

2.4. Experimental

In order to study the effect of an applied electric field on the drying of
porous materials, electro-osmosis experiments were performed in an NMR
setup. The details of the electro-osmotic and the NMR setup are given below.

2.4.1. Electro-osmotic setup

To obtain information regarding the variation in moisture content in both
fired-clay brick and kaolin clay induced by an applied electric field a sample
holder was designed (see Fig. 2-4) for use inside the NMR setup. The firedclay brick specimens used in this holder were initially cut in cylindrical
shapes of length 60 mm and diameter 20 mm. Next, the samples were dried
at 105 ± 5°C in a furnace for 24 hours. After drying, these samples were
cooled to room temperature and vacuum saturated with tap water. The
kaolin clay samples were prepared by mixing clay and tap water in a mass
ratio of 2:1, and shaping them in a cylindrical PVC pipe of length 60 mm and
inner diameter of 20 mm to be fitted in the electro-osmotic setup. Platinum
mesh electrodes were used during the experiment. In order to keep them in
good contact with the faces of the samples perforated PVC disks were used.
These perforated disks were pushed by plastic screws against the electrodes.
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The perforation was made to allow the water to flow out of the samples. In
the case of kaolin clay Japanese paper was inserted between the electrodes
and the clay in order to minimize the migration of clay particles along with
the water.
reference CuCl2

perforated disk

perforated disk

screw

sample

anode

cathode

water Drain

Fig. 2-4. Schematic diagram of the sample holder. The sample is sandwiched
between platinum mesh electrodes and the perforated disks. In order to avoid
the collection of water in the sample holder a glass tube was inserted on the
cathode side so that water can freely drain out. At the anode side of the
sample holder a reference sample containing 0.04 mol l-1 CuCl2 solution was
present.

2.4.2. NMR setup

Nuclear magnetic resonance (NMR) exploits the magnetic properties of
nuclei possessing non-zero magnetic moments. When such nuclei are placed
in an externally applied static magnetic field, their magnetic moments
precess around this field. Depending on the strength of applied magnetic field
B0 (T), the resonance frequency or the so-called Larmor frequency fl (Hz) of
these nuclei is given by [16]:

γH
(2.9)
B0 .
2π
where γH (Hz T-1) is the gyromagnetic ratio of hydrogen nuclei (γH/2π = 42.58
fl =

MHz T-1).
The NMR measurements reported in this chapter were performed using the
so-called spin-echo technique [17]. The magnitude of NMR spin-echo signal is
given by [16]:
S ∝ ρ [1 − exp(− t r T1 )]exp(− t e T2 ),

(2.10)

where ρ (mol l-1) is the density of nuclei under investigation, T1 (s) the spinlattice (longitudinal) relaxation time, tr (s) the repetition time of the spinecho experiment, T2 (s) the spin-spin (transverse) relaxation time, and te (s)
the spin-echo time. The relaxation times T1 and T2 are proportional to pore
size [18], which enables us to distinguish water present in different pore
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sizes. To measure the water in the entire pore system, which may include a
certain fraction of nuclei with a small T2, te has to be as small as possible. In
our experiments we have used te = 0.3 ms.
For the experiments described in this study a home-built NMR set-up was
used. The schematic diagram of the NMR set-up is shown in Fig. 2-5. This
NMR set up uses a conventional electromagnet that produces a magnetic
field of 0.96 T. A constant magnetic field gradient of 0.1 Tm-1 was applied
using Anderson coils, giving a one-dimensional spatial resolution of 1 mm for
hydrogen. By using a step motor the sample is moved through the NMR
setup in regular steps. In this study we use a reference sample that contains
water with a small amount of 0.04 M CuCl2 (0.04 mol l-1) to monitor and
correct for any unwanted changes of the NMR signal, e.g. due to variations of
the sensitivity of the NMR equipment. The CuCl2 was added to decrease the
T1 relaxation time and, consequently, to reduce the measurement time.
RF coil

Reference

Faraday
shield

Sample

Step motor

cathode

anode

B0

Fig. 2-5. Schematic diagram of the NMR setup for measuring the moisture
content during electro-osmosis experiments.

2.5. Results

In this section the effect of an applied electrical potential on the movement
of moisture in both the fired-clay brick and kaolin clay as measured by NMR
is presented.

2.5.1. Fired-clay brick

The moisture profiles measured in fired-clay brick induced by an applied
electrical potential of 12 V between the electrodes are shown in Fig. 2-6. The
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actual potential drop across the specimen, as measured according to [19], was
found to be 7.5 V, which is smaller than the applied potential difference due
to polarization of the electrodes. The lack in change of the NMR signal
intensity indicates that drying did not take place during the entire
experiment, which lasted 17.5 hours. These results show that the electroosmotic effects at an applied electrical potential difference of 12 V between
the electrodes are insufficient to induce drying or produce any change in the
initial distribution of moisture.
1.2

0.6
0.4

Cathode side

0.8

Anode side

Moisture signal intensity (a.u)

1.0

fired-clay brick

0.2
0.0
20

30

40

50

60

70

Position (mm)

80

90

100

Fig. 2-6. Moisture profiles in the fired-clay brick in the presence of an applied
potential difference of 12 V between the electrodes as measured by NMR. The
first profile, in the absence of an electric potential, is represented by the bold
curve and the final profile is represented by a dotted curve. The time between
each profile is 2.5 hours. The total measurement time is 17.5 hours.

2.5.2. Kaolin clay

The moisture profiles measured in kaolin clay in the presence of an applied
electrical potential difference of 6 V between the electrodes, corresponding to
an electrical potential of 3 V across the clay sample, are shown in Fig. 2-7. It
can be seen that after the application of electrical potential the moisture
signal intensity on the anode side of the clay sample starts to decrease
indicating a decrease in moisture content near the anode side. On the other
hand, the increase of the signal intensity on the cathode side of the sample
indicates that water is moving from the anode side to the cathode side of the
sample because of electro-osmosis. The appearance of moisture signal beyond
the specimen (i.e. on the cathode side of bold line) represents the moisture
that is flowing out of the clay. These measurements show that electro-
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osmosis can be effectively used to reduce the moisture content in kaolin clay
and, consequently, to promote drying.

0.8
0.6

Cathode side

1.0

Anode side

Moisture signal intensity (a.u)

1.2

0.4

kaolin clay

0.2
0.0
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40

50

60

70

Position (mm)

80

90

100

Fig. 2-7. Moisture profiles in kaolin clay, at an applied electrical potential
difference of 6 V between electrodes, as measured by NMR. The first profile,
in the absence of an applied electrical potential, is represented by the bold
curve and the final profile is represented by a dotted curve. The time between
each profile is 2.5 hours. The total measurement time is 17.5 hours.
The effect of the magnitude of the applied electrical potential on the
reduction of moisture in kaolin clay was measured by varying the potential
between the electrodes from 6 V to 18 V. The total moisture content in the
samples determined from the experiments is plotted in Fig. 2-8. This figure
shows that, as soon as the voltage is applied, a dewatering occurs resulting
from the electro-osmosis. In all cases the maximum dewatering is reached
after about 6–8 hours. For the voltages applied within this study the
dewatering is almost linear with the applied voltage and a maximum
reduction in moisture content in the order of 30% is reached.
During the electro-osmosis experiments the variation of the electrical
current with time across the samples was continuously monitored and is
shown in Fig. 2-9. It can be seen that for fired-clay brick there is almost no
change in the electrical current, whereas for kaolin clay the electrical current
decreases with time. The variation of the electrical current in clay is related
to the magnitude of the applied electrical potential difference. For higher
values of the potential the current decreased more rapidly before reaching
equilibrium. By comparing Fig. 2-8 and Fig. 2-9 it can be seen that a decrease
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Normalized moisture content (-)

of the electrical current in clay is related to the reduction of its moisture
content, which will increase the electrical resistivity of the clay sample.
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Fig. 2-8. Measured normalized total moisture content of fired-clay brick and
kaolin clay samples for various values of the applied potential difference
between the electrodes.
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Fig. 2-9. Measured electrical current through the fired-clay brick and kaolin
clay samples for various values of the applied voltage difference between the
electrodes.
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2.6. Discussion and conclusions

For all voltages applied within this study i.e., from 6 V up to 18 V, a
dewatering resulting from electro-osmosis was observed for kaolin clay,
whereas no effect was seen for fired-clay brick. As can be seen from the
capillary pressure curves plotted in Fig. 2-3, for both these materials a drying
effect will occur if the electro-osmotic pressure in the materials exceeds 0.01
bar. To this end we have also measured the electro-osmotic pressure increase
using a classical setup as given schematically in Fig. 2-2. We measured the
pressure increase caused by electro-osmosis of a saturated sample in contact
with two reservoirs. In this case the electro-osmotic pressure can be directly
related to the difference in water level height, i.e., the hydrostatic pressure.
We found that the hydrostatic pressure in fired-clay brick is of the order of 1
mbar, whereas for kaolin clay a pressure of the order of 0.2 bar occurs. These
results clearly support the experimental results presented above. Only if the
voltage will exceed about 100 V an effect might be seen in fired-clay brick,
but at these voltages other electro-chemical effects will start to play a role.
From the experiments performed it can be concluded that electro-osmotic
drying cannot be achieved for fired-clay bricks.
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Chapter 3
Electrokinetic desalination of porous building
materials

This chapter presents the first non-destructive measurements of salt ion
transport through fired-clay brick during electrokinetic desalination using a
nuclear magnetic resonance (NMR) technique. The effect of the strength of an
applied electric field on the migration of salt ions is examined by varying the
electrical potential gradient across the specimens from 0.75 Vcm-1 to 2 Vcm-1.
The measurements show that electrokinetic ion transport only exceeds ion
transport by diffusion above a certain minimum level of the applied voltage.
Below this voltage threshold salt transport by diffusion is dominant over
electromigration. The effect of advection on the salt transport is investigated
by introducing a hydraulic gradient across the specimen. The results show
that advection is a major transport processes in the materials studied. To
assess the relative magnitude of the various active transport processes
during electrokinetic desalination, a scale analysis on the basis of
dimensionless numbers is presented. The value of these numbers determines
which transport mechanism will dominate the desalination process for a
given sample length and time scale.
Contents of this chapter are published in Materials and Structures, 2012, 45, 297-308

3.1. Introduction

The deterioration of porous building materials and structures by the
crystallization of water soluble salts is a well known phenomenon. The
threats posed by salts to porous materials can be minimized either by
controlling the environment or by removing the salts from the zone of
deterioration. In the case of porous building materials salt extraction is
typically accomplished by dry removal of the salt efflorescence and/or
aqueous methods – a common example of which being the use of poultices [13] to reduce the salt content of the affected object. The extraction efficiency of
a poultice is largely limited by the permeability and pore size distribution of
both the poultice and the substrate [4, 5]. Since the pore size distribution of a
poultice can vary with its moisture content mainly due to its shrinkage
during drying [5], it is difficult to tailor the pore size distribution of a poultice
precisely to that required for optimum salt extraction efficiency. Also, the
effective depth of salt extraction achieved using poultices in the case of
building materials is often low, e.g. for fired-clay brick it is of the order of 20
mm [2]. Cyclic fluctuations in temperature and relative humidity are

25

additional factors that can significantly affect the performance of a poultice
[2]. It has been proposed that the limitations posed by poultices can be
overcome by using electrokinetics as an alternative desalination method for
brick masonry [6].
The electrokinetic method aims to remove ionic species from the zone of
deterioration by an externally applied electric field. Although the
electrokinetic technique has already been used to decontaminate soil [7] and
concrete [8], its application in the desalination and dehumidification of
masonry bricks and walls is a recent topic [6, 9-12]. During the electrokinetic
desalination of masonry bricks, electromigration of salt ions is considered the
dominant transport mechanism and the contribution of both diffusion and
advection transport processes is usually neglected. In this study the effects of
both diffusion and advection in addition to electromigration on the transport
of salt ions through fired-clay bricks are also considered.
Until now, the effect of electrokinetic desalination has been investigated
using destructive methods. These methods are limited by their inability to
measure variations in moisture and salt content in porous media during the
salt extraction process. Moreover, the spatial resolution is limited (being
generally in the order of 10 mm). Consequently, for this study nondestructive measurements were performed during electrokinetic desalination
of building materials by using NMR. It has been shown that NMR is a
powerful technique for measuring the combined transport of moisture and Na
ions in building materials [13].
The objective of this work is to measure the contribution of diffusion,
advection and electromigration to the overall salt transport under the
influence of concentration, hydraulic, and potential gradients, respectively.

3.2. Transport processes during electrokinetic
desalination

During electrokinetic desalination an applied electric field is used to
mobilize salt ions from the depth of the porous material towards its surface.
The removal of salt ions from the material’s surface is then typically
accomplished using aqueous poulticing methods. For this purpose, during
electrokinetic desalination, poultices in the form of wet sorbent materials
(sponges, clays etc.) are applied to the surface of the porous material together
with the electrodes. However, both the migration of salt ions towards the
surface of the porous material and the applied poultice establishe a
concentration gradient within the material, and thereby can induce ion
diffusion. Moreover, salt can also be transported by hydraulic gradients,
caused by any difference in water level at both sides of the specimen. Finally,
evaporative drying of the initially wet sorbent materials can also result in
salt transport by capillary advection.

26

A brief description of each of the transport processes (diffusion, advection,
electromigration), in saturated porous media which are relevant to this study
is given below.

3.2.1. Diffusion

The transport of ions under the influence of a concentration gradient is
known as diffusion. The flux of dissolved ions in free solutions can be
described by Fick’s first law (see e.g. [14]):
∂C
(3.1)
Jd = D
∂x
Where Jd (mol m-2 s-1) is the flux of ions resulting from diffusion, C (mol l-1) is
the molar concentration, D (m2s-1) is the diffusion coefficient of the ionic
species, and x (m) is the distance.
In porous materials the salt ions cannot diffuse freely and their diffusion
rates are restricted by the porosity and tortuosity of the material. In addition,
the chemical or electrical interaction of the material with the pore solution
can also affect the diffusion rates. For non reactive porous materials the
diffusion can be described by:
∂C
,
(3.2)
J d = Deff
∂x
where Deff (m2s-1) is the effective diffusion coefficient for a given porous
material. This effective diffusion coefficient is given by:
(3.3)
Deff = φT * D ,

where φ (m3m-3) is the porosity and T* is the tortuosity of the porous material.
For many porous building materials, the diffusion coefficient is in the order of
0.1 – 1×10-9 m2s-1 [15].

3.2.2. Advection

In porous media advection refers to the transport of dissolved salt ions
under the influence of a pressure gradient. The volumetric flux or Darcy
velocity vh (m s-1) of a fluid through a porous medium caused by a hydraulic
gradient is given by Darcy’s law (see e.g. [16]):
k ∂P
(3.4)
vh =
η ∂x
where k (m2) is the intrinsic permeability of the porous material, P (Pa) is the
pressure across the porous material, and η (Pa s) is the dynamic viscosity of
the fluid.
If we neglect hydraulic dispersion effects, the flux of salt ions contained
within the pore fluid, i.e. the movement of solute through a porous material,
caused by a hydraulic gradient is given by:
J h = Cvh ,

(3.5)
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where Jh (mol m-2 s-1) is the flux of ions through the porous material and C
(mol l-1) is the molar concentration of salt ions in the pore solution. The
permeability of clay bricks ranges between 10-12 and 10-16 m2 [16, 17].

3.2.3. Electromigration

When a potential difference is applied across an electrolytic solution the
movement of salt ions induced by the electric field is known as
electromigration. During electromigration the flux of salt ions through bulk
solution is given by [14]:
∂V
,
(3.6)
J m = µC
∂x
where Jm (mol m-2 s-1) is the flux of salt ions resulting from electromigration,
μ (m2s-1V-1) is the mobility of ions in the electrolyte solution, C (mol l-1) is the
molar concentration, V (V) is the applied voltage across the salt solution, and
x (m) is the distance between the electrodes.
Contrary to the case in bulk solutions, aqueous ions in porous materials are
not able to move directly to the corresponding electrode by the shortest route.
Instead, their movement is restricted by the porosity and tortuosity of the
material. Hence, for a porous material the electromigration can be described
by:
∂V
,
(3.7)
J m = µeff C
∂x
where μeff (m2s-1V-1) is the effective mobility of a particular ion for a given
porous material. This effective mobility given by:
µeff = φT *µ ,
(3.8)
Where φ (m3m-3) is the porosity and T* is the tortuosity of the material.
In porous materials the effective ionic mobility µeff is usually estimated by

using the Nernst-Townsend-Einstein relation [18]:
D ZF
,
(3.9)
µeff = eff
RT
where Deff (m2s-1) is the effective diffusion coefficient of a particular ion for a
given porous material, Z is the charge number, F (C mol-1) is the Faraday
constant, R (J K-1 mol-1) is the ideal gas constant, and T (K) is the absolute
temperature.
The applied electric field does not only promote the movement of salt ions
through the porous material, but it also produces new ionic species at the
boundaries of the material due to electrochemical reactions at the electrodes.
In the case of inert electrodes the following reactions take place:
Anode side:
2H2O – 4e– → 4H+ + O2
(3.10)
Cathode side:
2H2O + 2e– → 2OH– + H2
(3.11)
The relatively high diffusion coefficients and effective mobilities of
hydrogen (H+) and hydroxyl (OH–) ions [18] and an increase of their
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concentration with time can result in a decrease of the fraction of the total
current carried by salt ions in the pore solution and consequently limit their
transport in porous materials. Such a decrease of the fraction of the total
current carried by chloride ions under the influence of OH– ions has been
observed during their electrochemical removal from the concrete [19].
Moreover, in the case of pH sensitive materials, in particular the acidic
environment around the anode can cause damage.

3.2.4. Total mass flux

The total mass flux of ions through a porous material under the combined
effect of diffusion, advection and electromigration, J, is obtained by adding
together their respective fluxes [20]:
∂C
∂V
(3.12)
=
+ Cvh + µeff C
J Deff
∂x
∂x
The variation of the concentration of salt ions with time is obtained by
using the law of conservation of mass:
∂C
(3.13)
= −∇.J
∂t
Hence, by combining equations (3.12) and (3.13), the variation of the
concentration can be written as:
∂C
∂ 2C
∂C
∂C ∂V
(3.14)
= Deff
− vh
− µeff
2
∂t
∂x
∂x
∂x ∂x
Here we have assumed that Deff is independent of the salt concentration, vh is
uniform, and the electric field (i.e. ∂V ∂x ) is constant across the specimen.

3.3. Experimental

In order to study the variation of the moisture and salt concentration
within the brick specimen caused by diffusion, advection, and electromigration two types of sample holders were designed to be used in the NMR
set-up. The details of both the electrokinetic and the NMR set-ups are given
below.

3.3.1 Electrokinetic set-up

To obtain information regarding the variation of the moisture and salt
concentration in the salt contaminated brick specimen during the
experiments, two types of sample holders were designed (see Fig. 3-1) for use
inside the NMR set-up. The specimens used in these sample holders were
initially cut in cylindrical shapes of length 6 cm and diameter 2 cm. After
drying in a furnace at 105 ± 5°C for 24 hours these brick specimens were
vacuum saturated in a 4M NaCl solution. The longitudinal surfaces of the
specimens were wrapped in Teflon tape to prevent evaporation. The
transverse surfaces were not covered.
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In order to study the transport of Na ions through fired-clay bricks three
types of experiments were performed. First, the influence of a concentration
gradient, i.e. diffusion, on the transport of Na ions was studied by applying
sponges, soaked with de-mineralized water, to the uncovered faces of the
brick. Secondly, the transport of Na ions under the effect of a hydraulic
gradient (i.e. advection) was observed by introducing a constant height
difference of 2 cm in the water level across the sample.
The combined effect of both the hydraulic and potential gradients i.e.
advection-electromigration on the salt transport was also studied by exposing
the specimen to both the potential and hydraulic gradients simultaneously.
Thirdly, the effect of the intensity of applied electric field on the migration of
Na ions was studied by using platinum mesh electrodes applied together with
the wet sponges to the uncovered end faces of the specimen.

(a)

Mesh
electrode

Removable
sponge
Brick

I

V
(b)
Water

∆h

Brick

V

I

Fig. 3-1. Schematic diagram of the sample holder used during diffusion and
electromigration experiments (a) and during advection and advectionelectromigration experiments (b).
In both the diffusion and electromigration experiments the sponges were
replaced after measuring each profile (i.e. after 30 minutes) to avoid any back
diffusion of salt ions from the sponges to the brick and to suppress any
variation in pH caused by the oxidation and reduction reactions at the anode
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and cathode, respectively. Platinum electrodes were used to avoid the
introduction of secondary corrosion products. During the electromigration
experiments the current I (A) across the brick was continuously monitored
and it was observed that it remained constant within ~ 10% during the entire
experiment.

3.3.2. NMR set-up

A nuclear magnetic resonance (NMR) technique exploits the magnetic
properties of nuclei possessing non-zero magnetic moments. When such
nuclei are placed in an externally applied static magnetic field, their
magnetic moments precess around this field. Depending on the strength of
applied magnetic field B0 (T), the resonance frequency or the so-called
Larmor frequency fl (Hz) of these nuclei is given by [21]:

γi
(3.15)
B0 ,
2π
where the index i refers to the type of nucleus (H or Na), γi (rad s-1 T-1) is the
gyromagnetic ratio (γH/2π = 42.58 MHz T-1; γNa/2π = 11.27 MHz T-1 ), which
has a unique value for each type of nucleus.
The NMR measurements reported in this chapter were performed using the
so-called spin-echo technique [22]. The magnitude of NMR spin-echo signal is
given by [21]:
(3.16)
S ∝ αρ [1 − exp(− t r T1 )]exp(− t e T2 ),
where α is the relative sensitivity of particular type of nucleus compared to
hydrogen (α = 0.093 for Na), ρ (mol l-1) the density of the nuclei under
investigation, T1 (s) the spin-lattice (longitudinal) relaxation time, tr (s) the
repetition time of the spin-echo experiment, T2 (s) the spin-spin (transverse)
relaxation time, and te (s) the spin-echo time.
For the experiments described in this chapter a home-built NMR set-up
was used. The schematic diagram of this set-up is shown in Fig. 3-2. It uses a
conventional electromagnet that produces a magnetic field of 0.96 T. In order
to measure quasi-simultaneously both the hydrogen and Na profiles during
the desalination treatment, a specially designed RF circuit was incorporated
[13]. A constant magnetic field gradient of 0.1 T m-1 was applied using
Anderson coils, giving a one-dimensional spatial resolution of 1 or 4 mm for
hydrogen or Na, respectively.
A typical experiment proceeds as follows. First the moisture content in the
small region of the sample near the centre of the RF coil is measured. Next
the frequency is changed from H to Na and the Na content in that region is
measured. After these two measurements the sample is moved in the
horizontal direction and the moisture and Na contents in the next region are
measured. This procedure is repeated until a complete moisture and Na
profile has been measured.
fl =
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Step motor
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Fig. 3-2. Schematic diagram of the NMR set-up for measuring the moisture
and Na profiles during desalination experiments.
In order to relate the variation in NMR signal intensities to the variation in
Na concentration, a calibration was performed on fired-clay brick before
starting the experiments. A linear variation of the Na signal intensity with
the NaCl concentration, as is shown in Fig. 3-3, indicates that no adsorption
of Na ions is taking place at the pore surfaces and the fired-clay bricks
behave as inert materials, as was already reported in [23]. The Na
concentration profiles presented in the following section are calibrated by the
Na signal intensity curve shown in Fig. 3-3.

3.4. Results and discussion
3.4.1. Diffusion experiment

The moisture and Na concentration profiles measured during the diffusion
experiment are given in Fig. 3-4, in which the fired-clay brick is located
between the vertical dashed lines. The absence of any change in the moisture
content of the brick (Fig. 3-4a) indicates that during the entire experiment no
drying took place. The sharp peaks at both ends of the sample in Fig. 3-4a
correspond to the location of the sponges.
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Fig. 3-3. Na signal intensity in fired-clay brick as a function of NaCl
concentration.
In the absence of drying, the symmetry of the Na concentration profiles
indicates that the brick specimen is homogenous and an equal amount of salt
is removed from both sides of the brick by diffusion. In order to verify that
diffusion is the only transport process involved in the salt transport the
Boltzmann-Matano transformation λ = x / t 1 / 2 [24] was performed on both the
left and right halves of the measured Na concentration profiles separately.
The collapse of the Na concentration profiles onto a single master curve after
this transformation confirms that the transport of salt ions from both ends of
the brick to the sponges results from diffusion. The Na concentration profiles
from the left half of the brick after the Boltzmann-Matano transformation are
shown in the inset of Fig. 3-4b. These data can be described by the error
function:
C = C 0 erf

λ

2 Deff

(3.17)

,

with the following initial and boundary conditions:
C = C0, at λ > 0, t = 0
(3.18)
C = 0, at λ = 0 and C = C0, at λ→∞, for all times t > 0.
(3.19)
-1
C0 (mol l ) is the initial Na concentration within the brick.
A fit of this function to the data is represented by the solid curve in the
inset of Fig. 3-4b.
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Fig. 3-4. (a) Moisture and (b) Na concentration profiles in fired-clay brick
during the diffusion experiment. The left halves of the profiles after the
Boltzmann-Matano transformation are shown in the inset. The measurement
time for each profile is 30 minutes.
This fit yields a diffusion coefficient of Na ions in the brick of the order of
0.80×10-9 m2s-1. This value is in good agreement with the values reported in
the literature [15].

3.4.2. Advection experiment

The Na concentration profiles measured by maintaining a water level
height difference of 2 cm across the salt contaminated brick specimen are
shown in Fig. 3-5a. The profiles indicate a clear movement of Na ions from
the left (higher water level) to the right (lower water level) side of the brick.
The position of the Na front (at a concentration level of 2 M) is found to vary
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linear with time, as is shown in Fig. 3-5b. From the slope of a straight line
fitted to the data, a Na front speed of 2.20×10-6 m s-1 was obtained.
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Fig. 3-5. (a) Measured Na concentration profiles in the presence of advection
induced by a water level height difference of 2 cm across the sample. (b)
Position of the Na front versus time relative to the front position at t = 0. The
Na front position is taken as the point where the concentration equals 2 M.
The measurement time for each profile is 18 minutes.
By taking this value for the speed of the Na front as the Darcy velocity, vh,
and inserting it in equation (3.4), the intrinsic permeability of the fired-clay
brick used in this experiment, can be obtained. The resulting value of 6×10-13
m2 is comparable to the permeability value of 10-12 m2 reported by van der
Heijden et al. [17].

3.4.3. Electromigration experiments

The influence of the applied electric field on the migration of Na ions was
studied by applying potential gradients ranging from 0.75 Vcm-1 to 2 Vcm-1
across the specimen. Note that the actual potential gradient across the

35

specimen is smaller than the applied gradient due to polarization of the
electrodes. The measured Na concentration profiles at applied potential
gradients of 0.75 and 1.58 Vcm-1 are shown in Fig. 3-6. It can be seen that the
symmetry in the Na concentration profiles, which was observed during the
diffusion experiment (Fig. 3-4b), is lost. A clear Na front profile is observed,
moving through the sample from the anode to the cathode, indicating that Na
ions are moving towards the cathode. In the case of 1.58 Vcm-1 the
progression of Na front is much faster than at 0.75 Vcm-1.
5

(a)

2

Cathode side

3

Anode side

Na concentration (M)

4

1
0

5

20

30

40

30

40

50

60

70

80

50

60

70

80

Position (mm)

90

(b)

2

Cathode side

3

Anode side

Na concentration (M)

4

1
0

20

Position (mm)

90

Fig. 3-6. Na concentration profiles during application of potential gradients
(a) 0.75 Vcm-1 and (b) 1.58 Vcm-1. The arrows indicate the direction of the Na
front as it moves from the anode deeper inside the brick towards the cathode.
The measurement time for each profile is 30 minutes.
The position of the Na front for various applied field strengths (from 0.75 to
2 Vcm-1) is shown in Fig. 3-7a. In all cases a linear variation of the position of
the Na front with time is observed, indicating a constant speed of this front.
The front speed as a function of the applied potential gradient is given in Fig.
3-7b.
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Fig. 3-7 (a) Variation of the position of the Na front as a function of time. (b)
Average speed of the Na front as a function of the applied potential gradient.
From the slope of a fit of a straight line to the data (Fig. 3-7b) the effective
mobility (μeff) of the Na ions can be obtained. The resulting value of 4.43×10-9
m2s-1V-1 is much lower than the mobility that can be derived from the
diffusion constant according to equation (3.9), which equals 32×10-9 m2s-1V-1.
This difference might be explained by the fact the actual potential gradients
across the sample are smaller than the applied potential gradients due to
polarization of the electrodes.

3.4.4. Diffusion versus advection and electro-migration

A comparison between each of the transport processes, i.e., diffusion,
advection, and electromigration, is made by taking into account their
respective contributions to the reduction of the Na concentration in fired-clay
brick during the entire experiment. The variation of the normalized Na
concentration in the brick during diffusion, advection (∆h = 2 cm), and
electromigration at different applied field strengths (from 0.75 to 2 Vcm-1) is
shown in Fig. 3-8. The normalization was performed by integrating each
measured Na concentration profile over the entire brick and then dividing it
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by the integrated Na concentration profile of the same brick measured just
before the start of the experiment.
It can be seen that within the time scale of the experiments and the length
of the specimen used, diffusion is dominant over electromigration up to
applied field strength of 1.20 Vcm-1. At applied field strengths of 1.58 and 2
Vcm-1 electromigration dominates the transport process. However, in these
experiments advection was shown to be dominant over both diffusion and
electromigration.
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Fig. 3-8. Variation of the normalized Na concentration with time resulting
from diffusion, advection, and electromigration at different applied field
strengths. Above the dashed line Na transport is dominated by diffusion and
below this line by electromigration and advection.
The results presented in Fig. 3-8 show that, in comparison with diffusion
and electromigration, salts can be efficiently removed by hydraulic advection
from relatively highly permeable materials like fired-clay bricks. However,
the in-situ removal of salts by hydraulic advection from building structures
has severe limitations. Even in the case of very simple building structures
made up of relatively highly permeable materials such as fired-clay bricks it
is difficult to expose the entire building to a hydraulic gradient.
In order to overcome these difficulties the injection-poultice technique has
been developed for in-situ use in brickwork [3], where salt transport is
accomplished by advection. In this method water is injected through deep
holes drilled into the joints of the wall and the salt contaminated water is
sucked back from the same side of the wall to the sponges, either by capillary
pressure resulting from drying or by active pumping of the water.
However, in the case of low permeable building materials, e.g. mortar and
concrete, salt transport by hydraulic advection is practically impossible since
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this would require extremely high hydraulic gradients. In this type of
materials electromigration is one of the possible ways to accomplish salt
extraction.

3.4.5. Scale analysis of transport processes

The results presented in the previous subsections show that all transport
processes, i.e. diffusion, advection, and electromigration, can have a
significant effect on the transport of salt ions through fired-clay bricks. The
dominance of any particular transport process can be determined by
performing a scale analysis. The scale analysis of the competition between
diffusion-advection and diffusion-migration is performed on the basis of the
Peclet number, Pe, defined as the ratio between the rates of transport by
convection and transport by molecular diffusion [25]. In this study the Peclet
number has been used to determine the competition between the processes
that lead to directional mass transport (advection and electromigration) and
the random mass transport (diffusion). In the case of advectionelectromigration, where both the processes lead to a directional mass
transport, the scale analysis is performed by introducing a new dimensionless
number, ξ. In this analysis the characteristic length is the length of the
specimen (6 cm) that was used during the experiments.

3.4.5.1 Diffusion versus advection

In the case of diffusion-advection the competition between these transport
processes is characterized by using the Peclet number, Pe, obtained from a
dimensional analysis of equation (3.14):
v L
(3.20)
Pe = h
Deff

where vh denotes the velocity of the solute, i.e. the Na ions, Deff is the effective
diffusion coefficient of the ions and L (m) is the length of the specimen used
in the experiment. If Pe >> 1, the transport of salt ions through the porous
material is dominated by hydraulic advection. For diffusion to be dominant
over hydraulic advection the Peclet number must be less than one (Pe << 1).
The competition between diffusion and advection can also be characterized
by using a Peclet number based on the time scales of both transport processes
and is given by:
L2 Deff τ diffusion
(3.21)
=
L vh
τ advection
where τ diffusion (s) is the diffusion time and τ advection (s) is the time for hydraulic

=
Pe

advection. By using the value Deff = 0.80×10-9 m2s-1 determined from the
diffusion experiment as the diffusion coefficient and the value vh = 2.20×10-6
ms-1 that was obtained from the advection experiment as the velocity of the
Na ions through the brick, the Peclet number is given by:
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=
Pe

τ diffusion
= 165
τ advection

(3.22)

This means that for a height difference of 2 cm advection is dominant over
diffusion, which is in agreement with the experimental results.
For diffusion to be in equilibrium with advection, i.e. for Pe = 1, vh should
be equal to 1.32×10-8 ms-1, which corresponds to height difference of less than
0.13 mm. In order for diffusion to dominate over advection, i.e. for Pe << 1,
the difference in water level across the brick should be much less than 0.1
mm. At first sight, such a significant effect on the salt transport caused by a
relatively low pressure difference of 200 Pa, resulting from a 2 cm height
difference across the fired-clay brick, seems rather unrealistic. However,
depending on the permeability of the materials, advection can dominate the
diffusion transport even in the presence of extremely small pressure
differences, as is shown in the calculation of the Peclet number. While
performing diffusion experiments, Poupeleer et al. [26] noted that the density
differences in the liquid resulting from the variation in salt concentration in
different compartments of a diffusion cell produced enough hydrostatic
pressure differences across a ceramic brick to make advection the dominant
transport mechanism.

3.4.5.2. Diffusion versus electromigration

Using equation (3.14), the competition between the effects of diffusion and
electromigration on the salt transport can also be characterized by a Peclet
number:
µeff V
(3.23)
Pe =
Deff

If Pe >> 1, electromigration will dominate, whereas for Pe << 1 diffusion
dominates. In terms of the time scales for both diffusion and electromigration
the Peclect number is given by:
L2 Deff
τ diffusion
=
(3.24)
Pe =
2
L µeff V τ migration

The time τ diffusion needed for diffusion to desalinate a specimen of 6 cm length is

of the order of 4.5×106 s. On the other hand, the maximum time τ migration that

corresponds to a 0.75 Vcm-1 potential gradient is of the order of 2×105 s.
Therefore, according to Eq. (3.24) electromigration will be dominant for all
the applied potential gradients (0.75 – 2 Vcm-1). However, according to the
experimental results (Fig. 3-8) electromigration dominates over diffusion only
when a potential gradient of at least 1.20 Vcm-1 is applied.
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3.4.5.3. Advection versus electromigration

In the case of advection-electromigration transport the dimensionless
number ξ obtained from the dimensional analysis of equation (3.14) is:
µ V
(3.25)
ξ = eff ,
vh L

The competition between advection and electromigration on the salt
transport based on their respective time scales can be written as:
Lv
(3.26)
ξ= 2 h ,
L µ eff V

By inserting a Na velocity vh = 2.20×10-6 m s-1 and a mobility μeff = 4.43×10-9
m2s-1V-1 in equation (3.26), ξ ranges between 0.1 – 0.4, depending on the
value of applied voltage. These values suggest that both the advection and
electromigration are comparable with each other. Therefore, it is possible to
stop the transport of salt ions caused by advection by applying a potential
gradient in the opposite direction to that of the advection.
This effect was experimentally verified by applying a potential gradient in
the opposite direction to that of the movement of Na ions resulting from a
hydraulic gradient across the specimen. The results are shown in Fig. 3-9a.
The Na concentration profiles denoted by solid curves represent the
movement of Na ions caused by a hydraulic gradient resulting from
maintaining a water height difference of 2.80 cm across the specimen. The
effect of a potential gradient of 2.85 Vcm-1 applied opposite to the hydraulic
gradient is represented by the dashed curves.
The corresponding Na front positions when the hydraulic and potential
gradients are applied in opposite directions are represented by open triangles
in Fig. 3-9b. This figure also includes the front position of Na when the
hydraulic and potential gradients are applied in the same direction (open
circles) and when only a hydraulic gradient is applied (solid squares). In the
case of only advection the results that already were presented in Fig. 3-5b are
used. For both advection-electromigration experiments the data represented
by solid squares represent the position of the Na front when no electric field
was applied across the specimen.

3.5. Conclusions

It is possible to measure the transport of Na ions during electrokinetic
desalination non-destructively using NMR. In the case of electromigration
the salt (Na ions) removal rate is proportional to the applied electric field
across a non-reactive porous material. For electromigration to be dominant
over diffusion a minimum level of the electric field is necessary. Below this
threshold electric field, diffusion is dominant over electromigration. Salt (Na
ion) transport by advection is quite significant in the case of fired-clay bricks.
The transport of Na ions can be enhanced if hydraulic and potential gradients
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are applied in the same direction, but when applied in opposite directions the
rate of salt (Na ion) removal can be reduced or the removal can be completely
stopped.
Of course, the removal of Cl ions is also important, as they are responsible
for the corrosion of e.g. reinforcements in concrete. Nevertheless, the present
study is limited to Na ions, since in our NMR setup the sensitivity for Cl is
too low to measure Cl profiles with sufficient time resolution.
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Fig. 3-9 (a) Na concentration profiles represented by solid curves indicate the
movement of Na ions through the brick caused by advection. The dashed
curves show the Na profiles when both the hydraulic and potential gradients
were simultaneously applied in opposite directions to each other. (b)
Variation of the position of the Na front in the presence of only a hydraulic
gradient (advection) and in the presence of both hydraulic and potential
gradients applied in the opposite or in the same directions. The measurement
time for each profile is 18 minutes.
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Chapter 4
Effect of acidic and alkaline fronts on electrokinetic
desalination

In this chapter we present non-destructive measurements of sodium ion
concentration profiles during the electrokinetic removal of sodium chloride
from porous materials using Nuclear Magnetic Resonance (NMR). The effect
of both protons and hydroxyl ions, generated by the electrolysis of water, on
the transport of the salt ions is studied by tracking the acidic and alkaline
fronts using pH-indicator paper. In addition, the electrical potential
distribution within the specimen is monitored to assess its influence on the
process. To support the observations we compare the experimental results
with a theoretical model based on the Poisson-Nernst-Plank equation. Both
the experimental and model results show that in the final stage of the
electrokinetic remediation process a sharp transition from the acidic to
alkaline region occurs at one third of the length of the specimen from the
positively biased electrode. In this transition region we also observe a large
electrical potential gradient and a corresponding local deficit of ions. As a
result of the large potential gradient in this small transition zone the
electrical field in the acidic and alkaline region decreases. Consequently, the
electrokinetic ion transport though the material stagnates.

4.1. Introduction

Electrokinetic phenomena involve the movement of fluid (electro-osmosis)
and charged particles (electro-migration) induced by an applied electric field.
The applications of electrokinetics are wide spread, including desalination of
sea (or brackish) water [1], remediation of soils [2-4], desalination of building
materials [5], prevention of corrosion in reinforced concrete [6], drug delivery
[7], electrochemical treatment of tumors [8], and micro-fluidics [9]. In
electrokinetic desalination, which we study in this chapter, an electric field is
used to enhance the transport of ionic species, and thus their removal rate,
while it allows one to control the direction of transport by means of the
polarity of the applied potential.
One of the major application fields of electrokinetic desalination is the
removal of salt from building materials, which is necessary to prevent them
from salt-induced decay. Electrokinetic desalination aims to remove salt ions
from the zone of deterioration, mainly by electromigration, with the aid of an
externally applied electric field. However, in addition to enhancing the
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transport of salt ions, the applied electric field might also introduce new ionic
species due to electrode reactions. Due to electrolysis, e.g., H+ and OH– ions
can be introduced at the positively and negatively biased electrodes,
respectively, resulting in acidic and alkaline fronts. This is a major drawback
of electrokinetic desalination, since the acidic environment can induce
corrosion in reinforced concrete [10], and damage the mortar in masonry
structures [11].
In clay soils it was found [3,4] that the electrokinetic transport of ZnCl
stopped after a certain amount of time and a sharp front of the Zn ions was
observed. A correlation was found with both a large pH gradient that
developed due to the electrolysis of water, and the high potential drop at the
point where the Zn ions formed a front. In that study [4] it was concluded
that the inhibition of Zn ion transport was caused by precipitation of metal
hydroxides in the alkaline region. When precipitation in the alkaline region is
the only mechanism behind the inhibition of Zn ion transport, ions that do
not precipitate, e.g. Na and K, will not be trapped.
In this work we will demonstrate that ions that do not precipitate can also
be trapped. Specifically, we will study Na as the cation, which is inert for the
formation of insoluble hydroxides. We will show, both experimentally and
theoretically, how the evolution of the acidic and alkaline fronts influences
ion transport through porous materials, irrespective of the trapping of
hydroxide complexes. In order to do this we present time-dependent salt ion
profiles in porous fired-clay brick in the presence of a DC electrical field using
Nuclear Magnetic Resonance (NMR). By using NMR we obtain a significant
improvement in spatial resolution (for NMR < 5 mm) compared to the
technique previously used in [3] and [4], where sample slices of ~2 cm were
analyzed by an extraction method. Moreover, our method is non-destructive
and therefore yields the possibility to measure the evolution of the entire
process on a single sample. In addition to the salt profiles, the evolution of
acidic and alkaline fronts and electrical potential gradients within the brick
will be investigated. The theoretical treatment consists of a Possion-NernstPlanck based numerical simulation model, which enables us to study the
effect of the electrochemical and the transport processes for various values of
the parameters. Using this model we can determine the dominant
mechanism behind the stagnation of the Na front, and thus support the
experimental results. In this work we use fired-clay brick, since its inert
nature makes it a suitable material to be studied and because it is commonly
used as a building material. We believe, however, that the results we present
are widely applicable to many other electrochemical systems containing
porous materials, and systems where local pH gradients can develop, such as
fuel cells [12], solid state batteries [13], and corrosion of encapsulated
metallizations [14].
This chapter is organized as follows; first we present the theory of
electrokinetic desalination and explain how acidic and alkaline fronts moving
46

through the material can affect the ion transport processes. Next, our
experimental setup will be described. Finally, we present both experimental
and model results for the Na ion concentration profiles, and show how these
profiles are affected by the ingress of the acidic front from the positively
biased electrode.

4.2. Theory

In this section we present a one-dimensional model that describes the
transport of ionic species in porous materials under the combined effect of
diffusion and electromigration. The model includes the transport of the four
major ionic species through the porous material, namely Na+, Cl–, H+, and
OH– (see Fig. 4-1). The electrodes, which are attached at either side of the
porous material, are permeable and allow the ions to enter infinitely large
water reservoirs adjacent to the porous material. While H and OH ions are
consumed or formed by electrolysis (water splitting) at both electrodes, Cl
ions are removed at the positively biased electrode because of the formation
of chloride gas. From the transport of the H and OH ions we can calculate the
evolution of acidic and alkaline regions, and determine their effect on the ion
transport process through porous materials.
H 2O − 2e − → 2 H + + 1 2 O2 ( g )
2Cl − − 2e − → Cl2 ( g )
Water
reservoir
anode

sample
H+

2 H 2O + 2e − → 2OH − + H 2 ( g )

Na+
Cl-

x=0

OHx=L

+-

Water
reservoir
cathode

Fig. 4-1: Schematic representation of the electrokinetic desalination process.
The porous material is sandwiched between two permeable electrodes, which
allow the ions to enter infinitely large water reservoirs. At these electrodes
H+ and OH– ions are formed, which progress into the material, affecting the
transport of the Na+ and Cl– ions.

4.2.1. Transport processes in porous materials

The porous material studied in this work mainly contains pores with a
characteristic size of 5 – 10 μm [15]. In the absence of advection we can
describe the ionic flux through this material by the Nernst-Planck equation,
according to
1  ∂C
∂V 
,
−  Di i + Ci µi zi
Ji =
∂x 
τ  ∂x

(4.1)

where Ji is the flux of ionic species i, Di the diffusion coefficient in an
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infinitely dilute aqueous solution, τ the tortuosity of the material, Ci the ion
concentration in the pore water, zi the valence, µi the effective ionic mobility,
V the electric potential and x the spatial coordinate. The spatial coordinate
runs from the electrode with a positive bias, i.e. the anode, (x = 0) to the
negatively biased electrode, i.e. the cathode (x = L). Since we use the diffusion
coefficients for an infinitely dilute solution we neglect ion-ion interactions
and steric hindrance which occurs at high ion concentrations [19-22]. Note
that the ionic species involved in our system are monovalent, i.e. z = 1 for the
cations and z = –1 for the anions. From the flux, equation (4.1), we determine
the variation of the ion concentration with time, t, by the mass balance,
dCi dt = − ∂J i ∂x .
In Eq. (4.1) we have implicitly neglected advection of the water caused by
electro-osmosis. Electro-osmotic flow arises from the surfaces of the pores
possessing a non-zero electrical surface charge density. This surface charge
results in an interfacial potential drop, which is screened by the salt ions over
a length of the order of the Debye length. The Debye length is typically in the
range of nanometers for high salt concentrations. It is well known that when
an electrical field is applied across the material water will flow through such
pores [16,17]. The amount of water that will flow depends on the applied
electrical field as well as on the amount of internal surface area and the
permeability of the porous material. It has been reported that electro-osmosis
is only efficient in systems with micrometer pores or smaller [3]. Indeed, for
our material, which is more porous, we experimentally found a water velocity
of ~5x10-8 m/s, which is at least an order of magnitude smaller than the
typical migration (or drift) velocity of ~10-6 m/s resulting from the applied
electrical field (see section 4.4). This shows that electro-osmosis is not a
dominant factor for the porous material studied in this work, and is therefore
neglected. Note, however, that for clay, electro-osmotic flow can be much
higher [4,18] and must therefore be taken into account.
In the present work we will study the effect of the acidic and alkaline
regions, which are formed at the electrodes due to electrolysis, on the
transport of salt ions. In order to do this we need to account for the selfdissociation of water, i.e. H2O ↔ OH– + H+, which occurs everywhere in the
system. The rate of this dissociation reaction is extremely fast, and hence the
equilibrium condition, kw = CH COH , is established very rapidly [14]. The
parameter kw is the dissociation constant, which equals ~10-14 under
standard conditions. Consequently, we will use this equilibrium condition to
simplify the computational framework. For this purpose we define the
CH − COH , which can be regarded as the imbalance in H+ and
parameter ρ=
w
OH– ion concentration [23,24]. Combining the equilibrium condition for water
dissociation with the relation for ρw we can find that [14]
1
C=
4k w + ρ w 2 + ρ w ,
H
(4.2)
2

(

)

for the H+ ion concentration, and
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COH
=

1
2

(

)

4k w + ρ w 2 − ρ w ,

(4.3)

for the OH– ion concentration. We can substitute Eqs. (4.2) and (4.3) in the
mass balance for ρw, which follows from the difference in the H and OH flux
according to Eq. (4.1), given by:
 
 ∂ρ
d ρw
zi ρ w
1 ∂
 
=
+ 1  w + µi
 Di
∑
 ∂x
dt
2τ ∂x i   4k + ρ 2
w
w

 

(

4k w + ρ w 2 + zi ρ w

)


∂V 
,
∂x 


(4.4)

where the summation runs over H and OH. In pure water ρw simply equals
the space charge density, and will be zero in the bulk of the electrolyte
because of charge neutrality, i.e. ∑ zi Ci = 0 . Charge neutrality prevails
throughout the bulk of the system if the interfacial polarization layers near
the electrodes are infinitesimally thin compared to the electrode spacing
[16,25-27]. The thickness of the polarization layers at the electrodes in our
system is of the order of the Debye length, which is negligibly small compared
to the electrode spacing. In the presence of a (supporting) electrolyte ρw can
have a non-zero value since electro-neutrality can be maintained by an
imbalance in the cation and anion concentration.
To determine the electrical field, i.e. E = − ∂V ∂x , we again consider the
electroneutrality condition. Since we have electroneutrality throughout the
system, we cannot store charge and thus the ionic conduction current is
constant with respect to position and equals the electrical current at the
electrodes, i.e., I = F ∑ zi J i . By substitution of Eq. (4.1) in this relation for the
electrical current we obtain:
τ I F + ∑ zi Di ∂Ci ∂x
∂V
i
,
(4.5)
=
∂x
−∑ µi Ci
i

for the electrical field at any point in the system. In this work we apply a
constant electrical potential difference between the electrodes. In order to
determine the electrical current, we integrate Eq. (4.5) numerically over the
system, i.e. from x = 0 to x = L, and equate the result to the measured
electrical potential difference across the specimen. The potential difference
we measure across the specimen does not include the potential drop across
the interfacial polarization layers. Consequently, by using this measured
potential difference instead of the applied potential difference between the
electrodes we avoid a description of the potential drop across the polarization
layers in the model.
Note that, due to charging of the electrodes and their polarization layers,
very initially the electrical current is (partly) carried by the Maxwell current,
i.e. −ε dE dt , where ε is the permittivity of the medium. However, the
Maxwell current will vanish rapidly for systems where the Debye length is
small compared to the electrode spacing, which is the case for the system
considered here [26]. Furthermore, although initially a large excess of
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supporting electrolyte (NaCl) is present, which can screen the electrical field
in the bulk of the system [16,27], the amount of supporting electrolyte at
steady-state might be comparable to the concentration of the chemically
active species (H+ and OH–) from the desalination process, resulting in a nonzero electrical field strength.

4.2.2. Boundary conditions

We assume that adjacent to the porous material infinitely large water
reservoirs are present, which are separated from the porous material by
permeable electrodes (Fig. 4-1). The electrodes have a phenomenological
parameter for their permeability, β. The electrical field only acts on the
porous material between the electrodes, and hence the flux of ions across the
permeable electrodes equals − β Ci ,boun − Ci ,res  , where Ci,boun and Ci,res are the

concentration of ionic species i at the boundary and in the reservoir,
respectively. We assume that the reservoir concentration for the salt ions
(Na+ and Cl–) equals zero, while for the H+ and OH– ions we have a
concentration equal to kw , i.e. we have reservoirs containing neutral water,
where CH = COH.
In addition to the flux of ions entering the reservoirs species are formed (or
removed) by electrochemical reactions at the electrodes. This results in a flux
at the boundary of the porous material equal to J i = ζ i I F , where ζi is the
fraction of the applied current carried by ionic species i. This amount follows
from the charge transfer rate at electrodes. To determine the charge transfer
in this work we use the common Butler-Volmer equation [28],

 1 F

1 F

=
J F K R CO exp  −
∆V pol .  − K O CR exp 
∆V pol .  ,
 2 RT

 2 RT


(4.6)

where Ki are the rate constants, ΔVpol. is the potential drop across the
polarization layer, F is Faraday’s constant, R is the gas constant, T is the
temperature, and the subscripts O and R denote the oxidized state (or
oxidation reaction) and reduced state (reduction reaction), respectively. The
exponential term in Eq. (4.6) will either vanish or grow, depending on the
sign of the applied potential at the electrode, since the magnitude of ΔVpol. is
relatively large (in our case (F/RT)ΔVpol is about +40 or –40). Consequently,
we can neglect either the oxidation or the reduction rate depending on the
electrode potential. At the positively biased electrode (anode) we can neglect
the reduction rate, since here Cl– ions and water oxidize into Cl2 gas and H+
ions, respectively. As a result we can distinguish between charge transfer due
to Cl oxidation, JF,Cl, and water oxidation, JF,H, which have a ratio equal to
J F ,Cl J F , H = K O ,Cl CCl K O , H CH 2O . The sum of the charge transfer resulting from
both reactions should equal the applied electrical current, i.e., I = JF,Cl + JF,H.
By substitution and relating the charge transfer to the particle fluxes by Ji =
ζ H − 1 . The values for
JF,i/F, we find that ζ H= (1 + KO ,Cl CCl KO , H CH O ) , and ζ=
Cl
−1

2
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ζH and ζCl therefore define the fraction of applied current used for the

production of H+ ions and the consumption of Cl– ions. In this work we will
use the rate constants, Ki, as adjustable parameters to study the effect of the
consumption of Cl– ions at the anode on the simulation results. At the
cathode only reduction of oxygen into OH– ions occurs and all applied current
is transferred into the production of OH– ions. Consequently, ζOH equals one,
whereas ζCl equals zero.
To finally determine the boundary conditions we need to sum the
contributions originating from the infinitely large reservoirs and the
electrochemical reactions. As a result, we obtain for the Na+ and Cl– ions:
J Na = ± β C Na
(4.7)
ζ I ,
J Cl =
± β CCl + Cl
F

where the ± signs refer to the negative value for x = 0 and the positive value
for x = L. For the difference in H+ and OH– ions, ρw, we obtain
ζ I
−β ρw + H
J ρw =
F
(4.8)
I
=
J ρw β ρ w −
F

at the anode (x = 0) and cathode (x = L), respectively.

4.3. Experimental
4.3.1. Materials and experimental setup

The samples used in this study were cylinders with a length of 90 mm and
20 mm diameter, which were drilled from fired-clay bricks. These specimens
were subsequently dried at 105 °C in a furnace for 24 hours. After drying, the
specimens were vacuum saturated in an aqueous 4 M NaCl solution at room
temperature. Prior to the desalination experiments, the longitudinal surfaces
of the specimens were wrapped in Teflon tape to avoid drying. Both ends
were left uncovered to apply electrodes and allow the salt ions to flow out of
the material at these surfaces.
The experimental setup (see Fig. 4-2) consists of a PVC sample holder that
encapsulates the specimen, which is sandwiched between two platinum
meshed electrodes and water soaked sponges. Prior to their application the
sponges are rinsed in de-mineralized water until the conductivity of the
rinsing water was below 20 µS cm. For the electrodes we use platinum since
it is an inert metal and therefore the introduction of secondary corrosion
products is avoided. The specimens are kept in an indirect contact with a
large water reservoir via the sponges (see Fig. 4-2). This reservoir contains 5
liters of de-mineralized water, which is infinitely large compared to the water
absorbed by the brick (~10 ml). In addition, the sponges prevent the
specimens from drying, since they maintain constant moisture content at the
interfaces. An electrical potential difference is applied across the specimen
51

using a DC power supply (Delta Electronika E018-0.6D), whereas the current
is monitored by a digital multi-meter (Keithley 2000).
The progression of both the acidic and alkaline fronts as well as the
variation in magnitude of pH in the brick is tracked by using pH-indicator
paper. For this purpose at intervals of 2 hours during the experiments the
Teflon tape was removed from the specimens and the indicator paper was
applied in longitudinal direction on its surface. In order to avoid absorption of
water from the specimen by the indicator paper, and to provide a good
contact, the indicator paper was pre-wetted with de-mineralized water.
In order to determine the distribution of the electrical potential, platinum
wires were inserted at 16 different points along the longitudinal direction of
the brick. The variation of the electrical potential distribution is recorded
using a data-acquisition system (Labjack U12) by connecting its inputs to the
platinum wires (see Fig. 4-2b) [30]. The input impedance of the data
acquisition system is about 1000 times higher than the resistance of the
specimen, and hence these measurements will not disturb the electrical
potential distribution along the sample.

4.3.2. Nuclear Magnetic Resonance

In order to non-destructively measure the Na ion concentration profiles
across the specimen we use Nuclear Magnetic Resonance (NMR), which
exploits the magnetic properties of nuclei possessing non-zero magnetic
moments. When such nuclei are placed in an externally applied static
magnetic field, B0, their magnetic moments precess around this field. The
resonance frequency of these nuclei is given by the Larmor frequency [31]
fl = γ Na B0 , γNa=11.27 MHz T-1, which is the gyromagnetic ratio of sodium. We
record the NMR signals generated by a so-called Hahn-spin-echo sequence
[32] with a specially designed RF circuit [33]. This circuit is designed in such
a way that we can measure quantitatively. Consequently, the recorded signal
is proportional to the density of the sodium nuclei [31], and only represents
dissolved Na ions, since it does not capture Na that is present in salt crystals.
Due to its low NMR sensitivity Cl is not considered in this study. In our NMR
setup we use a conventional electromagnet that produces a constant
magnetic field of 0.96 T. We use a magnetic field gradient of 0.1 T/m, which is
generated by gradient (Anderson) coils, resulting in a one-dimensional spatial
resolution of ~4 mm. In order to accurately scan the specimen we move the
sample through this magnetic field gradient using a step-motor. In this work
we use a reference sample that contains an aqueous electrolyte with 4 M
NaCl and 0.04 M CuCl2 to monitor and correct for any unwanted changes in
the NMR signal, e.g. due to variations of the sensitivity of the NMR
equipment. This reference sample is incorporated in a PVC sample holder as
shown in Fig. 4-2.
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specimen
length~90 mm
diameter~20 mm

cathode
reference

PVC encapsulation

sponge

anode
sponge

(a)

teflon tape

water reservoir
platinum wires

(b)
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Fig. 4-2. (a) Schematic representation of the desalination cell, where the
specimen is sandwiched between platinum electrodes and sponges, which
provide a pathway for the salt ions to enter the water reservoir. (b) The photo
shows the platinum wires inserted in the specimen to measure the potential
distribution across the specimen. The reference sample is shown on the right
side.

4.4. Results and discussion

In section 4.2 we have shown that the acidic and alkaline regions that are
formed at the electrodes have a direct effect on the salt distribution, and thus
the ion transport through the porous material. In this section we will
quantify this effect using both experimental and theoretical results. First, we
will present our experimental results including the time-dependent Na
concentration profiles measured by NMR, the evolution of acidic and alkaline
fronts, and the variation of the electrical potential across the specimen. Next,
we will present the corresponding theoretical results along with the input
parameters. Finally, we will discuss how the acidic and alkaline fronts
influence the ion transport through porous materials.
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4.4.1. Experimental results

The Na concentration profiles measured by NMR in the presence of an
applied potential difference of 9 V between the electrodes are presented in
Fig. 4-3a. In this figure the first profile, at t = 0, represents the initial Na
concentration in the specimen that was measured by NMR before exposing
the specimen to the sponges and the electrical potential. After applying the
potential difference, the sodium starts to deplete at both edges of the
specimen. The symmetry that was reported previously during experiments
where the specimen was desalinated solely by diffusion [29] is clearly broken
as a faster progression of the Na depletion front is observed near the anode
(at x = 0). This depletion front progresses inward with a velocity of 8.2×10-7
m/s, until it stops after moving approximately one third of the specimen
length. After this moment the desalination proceeds by the removal of Na
from the negatively biased cathode (x = 9 cm) by diffusion only.
Fig. 4-3b shows the progression of both the acidic and alkaline fronts with
time in the presence of an applied potential difference, as determined by pHindicator paper. The results show that both fronts collide at approximately
the same position where the Na depletion front stagnates.
The evolution of the electrical potential distribution across the specimen in
the presence of an applied electrical potential difference of 9 V is shown in
Fig. 4-3c. The actual electrical potential drop across the specimen is ~6 V,
which is smaller than the applied voltage due to polarization of the
electrodes. It can be seen that, immediately after the application of the
electrode potential, the potential as a function of distance is approximately
linear and this linearity remains up to ~10 hours of desalination. However,
after ~10 hours the potential gradient in the vicinity of both electrodes
decreases rapidly and a sharp variation in electrical potential at a distance of
approximately 25 – 30 mm from the anode in a narrow region of 5 mm is
observed. This is approximately the same position where the Na depletion
front stagnates (Fig. 4-3a) and both the acidic and alkaline fronts collide (Fig.
4-3b).
Fig. 4-4 shows the final Na and Cl concentration profiles and the pH profile,
which were measured by ion chromatography and a digital pH meter after
the experiment. For the ion chromatography and pH measurements the
specimens were first cut in eight equal segments, which were subsequently
grinded into a powder. Next they were thoroughly mixed with water in order
to extract the salt ions from the powder. After this procedure the solutions
were used for both ion chromatography and pH measurements. Inspection of
Fig. 4-4 shows that the results for the Na concentration and pH profile
correspond well with the non-destructively measured Na concentration (Fig.
4-3a) and front position (Fig. 4-3b) during the final stage of the process.
Moreover, the ion chromatography measurements provide information
regarding the final distribution of Cl ions, which is not available from the
NMR measurements.
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Fig. 4-3. Experimental data (a–c) and model results (d–f) for the Na
concentration (a, d), the acidic and alkaline fronts (b, e), and the electrical
potential distribution (c, f) as a function of distance and time. The
experimentally applied electrical potential was 9 V, whereas in the model it
was set to 6 V. The solid curves in (b) represent the results from (e) by taking
the front positions at pH = 1 and at pH = 13. In (c) the curves are given as a
guide to the eye.
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Fig. 4-4. Distribution of pH, Na and Cl in the pores of the specimen after the
desalination treatment. The solid curves represent the results of the
simulation for t = 16 hr., whereas the symbols represent the experimental
data obtained by ion chromatography and a digital pH meter on ~11 mm
thick segments of the specimen.
The position where according to the experimental results the front
stagnates cannot simply be explained by the kinetic behavior of the H+ and
OH– ions. The mobility of the H+ ions is approximately two times higher than
the mobility of the OH– ions, which would lead to a collision of both fronts
much closer to the cathode. To elucidate the experimental observations we
present some theoretical results in the next section.

4.4.2. Simulations

The theoretical model described in section 4.2 was solved numerically by
using the commercially available finite element software package COMSOL.
A constant grid with an element size equal to 1×10-3 m was used (a further
refinement of the grid did not reveal a significant improvement of the
computed results).
First we present the input parameters, which were taken either from the
literature or deduced from the experimental results. For the diffusion
coefficients we take DNa = 1.33×10-9, DCl = 2.03×10-9, DH = 9.31×10-9, and DOH =
5.26×10-9 m2/s [16], whereas the mobilities are set to μNa = 7.9×10-8, μCl =
5.2×10-8, μH = 20.6×10-8, and μOH = 36.2×10-8 m2s–1V–1 [36]. For the tortuosity
we take τ = 4, which is in the typical range between 2 and 6 found for rocks
and ceramics [35]. In addition to the model parameters given above, we use
the following constants: L = 90 mm, kw = 10-14 M2 and T = 298 K. The initial
Na and Cl concentration in the pore solution was set to 4 M. The value of the
electrical potential difference across the model was kept at 6 V, which
corresponds to the potential drop across the specimen that was observed
experimentally (Fig. 4-3c). The remaining parameters set the boundary
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conditions, and describe how the ions transfer from the sample into the
reservoirs. First, we set the phenomenological parameter for the electrode
permeability to a sufficiently high number, namely β =2500DNa, in order to
simulate a fast transfer of species from the specimen into the reservoirs
(higher values did not significantly change the results). Next, we found that a
value of KO ,Cl KO , H equal to 10 results in a good comparison between the

observed and computed concentration profiles. Finally, from varying
K O ,Cl K O , H (as discussed below) we found that the position where the fronts

stop depends on DH and μH. Therefore we reduced DH and μH by a factor of
three, since the final front position changes from x = 55 mm without this
reduction to x = 35 mm including this reduction. A possible reason for this
reduction might be interactions of the H+ ions with the micro pore surfaces,
which might reduce the values for the diffusion coefficients [38].
In Fig. 4-3d we present the model results for the Na concentration profiles
using the input parameters given above. Near the anode at x = 0 mm the
model results show the ingress of a depletion front due to the formation of the
acidic region, whereas near the cathode at x = 90 mm the removal of Na+ ions
is mainly by diffusion. In Fig. 4-3e we show the computed pH profiles, which
progress into the material more gradually than might be expected from the
experimental results. However, if we consider that the front positions are at
pH = 1 and at pH = 13 for the acidic and alkaline regions, respectively, their
ingress compares very favorably with the experimental results, as shown by
the solid curves in Fig. 4-3b. The model results for the potential distribution
for various time-steps are presented in Fig. 4-3f, and show a sharp drop of the
electrical potential that occurs approximately at the same position where it
was observed experimentally (Fig. 4-3c). The sharp drop of the electrical
potential divides the system in two parts. At the side near the anode a small
dip in the Na concentration is observed in the simulations near the position
where the Na depletion front stops (Fig. 4-3d). This dip is the result of the
locally increased depletion of Na ions due to the dramatically increased
electrical field.
In the simulations we have used KO ,Cl KO , H as an adjustable parameter to
study the effect of the Cl2 gas formation at the anode. Since the formation of
Cl2 gas competes with the production of H+ ions, one might expect that the
formation of Cl2 impedes the ingress of the acidic front into the material,
because of a deficit of H+ ion supply at the anode. We indeed found that the
pH value of the acidic front that ingresses into the material decreases with
decreasing values for KO ,Cl KO , H , which corresponds to a decreasing Cl2
formation. However, it did not influence the position where the pH front
stagnates. In addition, we found that lower pH values in the acidic region
enhance the depletion of the Na+ ions in this region. As a result of this
depletion the Na+ ions are driven out of the acidic region and penetrate into
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the alkaline region, as is also observed during the experiments (see Fig. 4-3a
and d). This effect was absent for higher KO ,Cl KO , H values.

The simulated Na, Cl, and pH profiles after 16 hours of desalination are
plotted in Fig. 4-4 as solid curves. These results correspond well with the
experimental results obtained by ion chromatography and the pH electrode
indicated by the various symbols. The difference between the experimental
and model results might be explained by the fact that, even though the
sample slices are dry-cut, some salt leaches out during the preparation of the
samples used for ion chromatography. In addition the analysis by ion
chromatography is very coarse, as we can only determine the average
concentration in the slices of the specimen. As a result, any variations in ion
concentration and pH with respect to position are smeared out. Sharp
transitions as observed in the model results near one third of the specimen
length cannot be captured. From Fig. 4-4 we can also observe that indeed a
deficit of charge carriers occurs at the position where the alkaline and acidic
fronts collide.

4.4.3 Inhibition of electrokinetic ion transport

It has been observed both experimentally and by simulations (Fig. 4-3) that
the Na depletion front stagnates near the anode after moving approximately
one third of the specimen length. This is the same position where both the
acidic and alkaline fronts collide. The fact that both the pH and Na depletion
fronts collide at the same position can be understood from electroneutrality.
In the acidic region near the anode an excess of positively charged H+ ions is
present, which expels the also positively charged Na+ ions. Therefore, the
ingress of the acidic front near the anode is accompanied by the depletion
front of the Na+ ions. After their collision, the acidic and alkaline fronts stop
moving and, consequently, the Na depletion stagnates at the same position.
The simultaneous collision of the acidic and alkaline fronts results in a
minimum of the Na+, H+, and OH– ion concentrations, and therefore a
decrease of the electrical conductivity at this position. To sustain a constant
current with respect to position, which is required because of electro
neutrality, the electrical field must increase at the front position to maintain
the migration of ions. This relatively strong electrical field will force further
depletion of ions, resulting in a further increase of resistivity and an even
higher electrical field strength at the front position. The electrical field at
both sides of the front can be much lower, since the concentration of either
the H+ or OH+ ions is very high in these regions. However, the potential drop
across the front cannot increase unbounded, as a limit is imposed by the
applied potential difference between the electrodes. Consequently, the
current through the specimen will be reduced, so that a lower electrical field
at the front position is required. Indeed we have observed both
experimentally and theoretically a sudden and significant decrease of the
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current after approximately 10 hours of desalination. As a final result the
electrokinetic transport of ions through the material is inhibited.

4.5. Conclusions

This study shows that NMR is a powerful technique for non-destructive
measurements of the Na+ ion concentration in porous materials, and is
therefore able to capture the electrokinetic transport of Na+ ions in the
presence of extreme pH environments due to electrolysis. It is shown that
acidic and alkaline regions severely affect the transport of salt ions and that
the Na depletion front stagnates at the position where both these regions
collide. A model based on the Poisson-Nernst-Planck equations shows good
agreement with the experimental observations. The simulation results show
that a large deficit in charge carriers develops where the acidic and alkaline
regions collide. As a consequence the electrical field at this position
significantly increases to sustain the ionic current across the specimen.
However, this increase in electrical field is bounded by the applied potential
difference between the electrodes. Therefore, at prolonged times the current
through the system is reduced, resulting in a reduction of electrokinetic ion
transport through the material. By this we demonstrate that the inhibition of
electromigration of ions in porous media by alkaline regions is not a
consequence of precipitation, but that it is due to a sharp potential drop that
develops at the moment when the acidic and alkaline fronts touch each other.
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Chapter 5
Electrokinetic salt removal using ion exchange
membranes
The electrokinetic removal of salt induced by an applied electrical potential
difference is normally accompanied by high pH gradients within the material
due to hydrogen ions and hydroxyl ions formed at the electrodes. The acidic
and alkaline regions cannot only lead to deterioration of the materials, but
also affect the salt ion transport. In this chapter we use ion exchange
membranes between the electrodes and the porous material as a barrier for
the hydrogen ions and hydroxyl ions to prevent them from intruding the
porous material. The porous material used in this study is fired-clay brick,
which has been saturated with a 4 mol/l sodium chloride solution prior to the
desalination treatment. To experimentally determine the salt removal we
monitored the sodium ion concentration profiles across the material with
Nuclear Magnetic Resonance (NMR) at several time steps up to 16 hours. In
addition, we present a theoretical model of the system based on the PoissonNernst-Planck theory for ion transport. Based on this study we can conclude
that the effect of the applied potential difference on the salt removal rate will
vanish since in the presence of membranes the transport of the ions in the
porous material is limited by diffusion.

5.1. Introduction
In this chapter we report on the use of ion exchange membranes during
electrokinetic desalination of porous building materials to suppress the
ingress of acidic and alkaline regions into the material. Electrokinetic
desalination aims to accomplish the removal of salt ions from porous
materials by the application of an electrical potential difference between a set
of electrodes. The applied electrical potential difference between the
electrodes will result in the transport of ions, which will consequently
accumulate at (or near) the electrodes. When the amount of accumulation is
sufficiently large, or when the ions are continuously removed from the
electrodes, e.g. by flushing with water, a deficit of ions in the material occurs,
resulting in desalination. Electrokinetic desalination can be used, e.g., to
remove salt from water flowing through micro-channels, by placing porous
carbon electrodes, which have a high ion storage capacity, adjacent to these
channels [1-3]. Another area of interest for electrokinetic desalination is the
removal of (poisonous) ions from contaminated soils [4-11]. Here metal
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electrodes are placed within the soil, meters apart, and a high electrode
potential difference is applied. Yet another application area is the removal of
salt from historic building materials to prevent them from salt induced decay
[12-14]. Here the electrodes can be placed externally to the building material
and relatively high electrode potentials are required. Due to the high
electrode potentials used in the latter two application areas, splitting of
water in H+ and OH– ions can be a major issue. This can result in large pH
gradients throughout the material [4-6]. The consequent acidic and alkaline
regions can have negative side-effects. An acidic environment can, for
instance, induce corrosion in reinforced concrete [12], or damage the mortar
in masonry structures [13], whereas in an alkaline environment ions might
immobilize and insoluble hydroxyl complexes can be formed [4,15].
In order to suppress the ingress of acidic and alkaline fronts the use of ion
exchange membranes has been reported [5-8]. These membranes possess the
ability to discriminate between the passages of positively and negatively
charged ions, resulting in a permeselective barrier. Therefore researchers
have used membranes that only allow the passage of anions, i.e. anion
exchange membranes, near the positively charged electrode, where an acidic
environment prevails, to block the H+ ions from intruding the material. Near
the negative electrode cation exchange membranes are used to block OH–
ions. In soil the reported improvement in desalination performance mainly
results from the reduction of the alkaline region in which (poisonous) metal
ion hydroxyl complexes can get trapped [4,15].
In porous building materials, which we study in this thesis, the main
harmful contaminants are salts that do not form insoluble hydroxyl
complexes, such as NaCl. To experimentally monitor the electrokinetic
desalination of porous building materials with ion exchange membranes we
will use Nuclear Magnetic Resonance (NMR). In order to do this we analyze
the removal of NaCl from cylindrical fired-clay brick samples that are
initially saturated with a 4 mol/l NaCl solution. Our NMR setup provides a
unique opportunity to precisely monitor the evolution of the Na concentration
profiles non-destructively with a high spatial resolution across the sample
during desalination.
We will first present a theoretical model based on Poisson-Nernst-Planck
theory for transport of ions during the experiments in this study. The
emphasis is hereby on electrokinetic desalination in the presence of ion
exchange membranes. Next, we will describe the experimental setup. Finally
we will present both the experimental and model results for the Na ion
concentration profiles.

5.2. Theory
In this section we present a one dimension model. We will analyze a system
consisting of a cylindrical sample sandwiched between a stack of wetted
sponges and ion exchange membranes, reflecting the experimental setup
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given in Fig. 5-1. Here the sponges provide a good contact between the
membranes and the porous material. Near the positively biased electrode
(anode) we use an anion exchange membrane to prevent the H+ ions that are
formed at the anode to enter the material. Similarly, we use a cation
exchange membrane near the negative electrode to prevent the OH– ions to
enter the porous material. Both membranes are continuously flushed with
tap water, to remove any ions that cross a membrane.
anion exchange
membrane

cation exchange
membrane
teflon

PVC
outlet

PVC
outlet

fired-clay
brick

anode
inlet

inlet
sponge

sponge
Cl-

cathode

NaCl

Na+

x
+

OH-

H

+-

Fig. 5-1. Schematic representation of the experimental setup (top) and the
theoretical model (bottom). An initially NaCl saturated fired-clay brick
sample is sandwiched between two membranes, which either allow the Cl– or
Na+ ions to enter the anode or cathode compartment. Both compartments are
flushed with tap water, whereas an electrical potential difference is applied
between the electrodes.
The transport of ionic species in a dilute electrolyte can in general be
described by the Nernst-Planck equation [16]. In the absence of advection of
the solvent and chemical reactions within the electrolyte, we can substitute
the Nernst-Planck flux equation into a mass balance to obtain:
•
∂J
∂   ∂Ci
∂V 
+ zi µ i
Ci = − i =
Di 
(5.1)
 ,

∂x ∂x   ∂x
∂x 
•

where Ci is the time-derivative of the ion concentration i, Ji their flux, Di the
diffusion coefficient, zi the valence, µi the mobility, and V the local
electrostatic potential in Volts. In the system we consider in this study two
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ionic species are present, i.e., monovalent chloride anions, Cl–, and
monovalent sodium cations, Na+.
In order to simplify the governing equations we can define a dimensionless
salt concentration as:
C = (C Na + CCl ) 2C∞ ,
(5.2)
and a dimensionless space charge density as:
ρ = (C Na − CCl ) 2C∞ ,
(5.3)
1 0
where C∞ = (C Na
+ CCl0 ) is the ionic strength of the electrolyte, the superscript
2
0 denotes the initial ion concentration, and the subscripts Na and Cl indicate
the sodium and chloride ions, respectively. Next, we will assume electroneutrality, i.e. ρ = 0, throughout the porous material, in line with most
studies on electrochemistry [16-20]. In addition we use the fact that the
regions containing a considerable non-zero space charge density are confined
to very thin layers near the edges or interfaces within the system [21-30].
Since the dynamics of these regions, the so-called diffuse layers, is much
faster than the bulk transport [21-30], we can describe these regions using
their equilibrium properties and incorporate them into the boundary
conditions of Eq. (5.1). Hence we can rewrite this equation as:
•
1 ∂ 
∂C
∂V 
C=
+ (µ Na − µCl )C
(5.4)
 ,
 (DNa + DCl )

2 ∂x 
∂x
∂x 
for the mass balance of the dimensionless salt concentration, and
•
1 ∂ 
∂C
∂V 
ρ=
+ (µ Na + µCl )C
(5.5)
 ,
 (DNa − DCl )

2 ∂x 
∂x
∂x 
for the charge balance of the dimensionless charge density.
•

Assuming again electro-neutrality results in ρ =0 . Consequently, we can
obtain an expression for the electrical potential distribution from Eq. (5.5):
DNa − DCl ∂ 2C
∂  ∂V 
.
(5.6)
=−
C
µ Na + µCl ∂x 2
∂x  ∂x 
If we neglect any redistribution of species in the material the latter equation
follows Ohm’s law, where the electrical current density is given by
I = κ ∂V ∂x , with the electrolyte conductivity, κ = FC∞ (µ Na + µCl ) . Therefore we
can consider Eq. (5.6) as a modified Ohm’s law that accounts for the
redistribution of ions. Substitution of Eq. (5.6) in Eq. (5.4) finally gives
[16,22,23,31,32]:
•
∂ 2C
C = D* 2 ,
(5.7)
∂x
where D* = (µCl DNa + µ Na DCl ) (µCl + µ Na ) , which is the ’ambipolar diffusivity‘ of
the salt. The latter equation, Eq. (5.7), resembles Fick’s second law for the
diffusion of neutral species [33,34], which indicates that the hydrated Na+
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and Cl– ions diffuse through the porous material as conjugated particles
because of the high electrostatic forces required to separate them.
The polymeric ion exchange membranes contain a high concentration of
polarized groups that are immobile. They are synthesized such that, e.g., the
surfaces of the pores in the membrane are positively charged, whereas the
opposite charges are more distant from the surfaces. This surface charge is
experienced by oppositely charged mobile ions that penetrate through the
membrane from the aqueous solution in which it is submerged. As a result
the concentration of counter ions is much higher than the concentration of coions, i.e., ions having the same charge sign as the polarized groups in the
material. For a single salt consisting of only one species of co-ions and
counter ions the counter ion concentration is ideally constant across the
membrane and the diffusive flux is therefore negligible. Consequently, the
migration of counter ions through the membrane is much higher than that of
co-ions and the membrane preferentially allow the transport of counter ions.
In the absence of an applied potential difference across the membrane the
ions can still penetrate the membrane from a reservoir with a high counter
ion concentration to a reservoir with a low counter ion concentration because
of polarization at the membrane-reservoir interfaces. This polarization
results from the difference in ion concentration within the membrane and the
aqueous solution surrounding it. In our system the concentrations within the
membrane are such that CNa–CCl+ρM ≈ 0 and in the aqueous solution CNa–CCl
≈ 0, where ρM is the equivalent charge density in the membrane, i.e., the ion
exchange capacity [35]. The difference in ion concentration between the
membrane and the aqueous solution results in a thin layer of diffuse charge
at the membrane surface (polarization) with a potential drop [36,37];
 zF

Ci M = Ci aq exp − i ∆VD  ,
(5.8)
 RT

where ΔVD is the potential drop across the diffuse charge layer, i.e., the socalled Donnan potential, F the Faraday constant, R the gas constant, T the
temperature, and the subscripts M and aq denote the concentration within
the membrane and the aqueous solution, respectively. When the ion
concentrations at both sides of the membranes are unequal the Donnan
potentials at both sides of the membrane are unequal too. Therefore, a
potential drop across the membrane may occur when the ion concentrations
in the aqueous solution at both sides of the membrane are unequal, even if
the applied electrical potential difference between both these aqueous phases
equals zero. In our system we flow tap water with a typical concentration of
NaCl of about 10 mM [3] at one side of the membrane, whereas the
concentration at the other side is initially about 4000 mM. This results in a
potential drop across the membrane of ~0.1 Volt, whereas the resistance of
our membranes with an area of 1 cm2 is in the order of 1 – 3 Ω [35].
Consequently, a flux of ions equivalent to an electrical current in the order of
100 mA may occur, which is of the same order as found for electrokinetic
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desalination in the absence of membranes [14]. As a result the ions that are
at the end surface of the sample will readily pass through the membrane
because of the high difference in ion concentration across the membrane.
Taking into account the polarization of the membrane surface and the
electrodes we can determine the total potential drop across the system.
However, a mathematical description of the polarization of the electrodes is
not straightforward at the high electrode potentials that we apply. Therefore,
we will not use the applied potential difference between the electrodes as the
input parameter, but the electrical current instead. We can determine this
current as a function of time experimentally and feed it into the model.
The electrical current through the system must be conserved, since we
cannot store charge in the material. Consequently, we obtain the following
boundary conditions at the edges of the porous material,
∂C
I
D*
=±
,
(5.9)
∂x
2 FC∞
where the ± sign refers to the positive value at x = 0 and the negative value
at x = L, with L the length of the material. The effects of the applied potential
difference and the ion exchange membranes are now incorporated in the
electrical current. Consequently, the time-dependent salt profiles across the
porous material can be calculated by solving the Fickian diffusion equation,
i.e. Eq. (5.7), with the boundary condition of Eq. (5.9).

5.3. Experiments
The samples used in this study were cylinders with a length of 90 mm and
20 mm diameter, which were drilled from fired-clay bricks. We use fired-clay
brick since its inert nature makes it a suitable material to be studied and it is
also commonly used in many historical buildings. Prior to vacuum saturating
the samples with a 4 M NaCl solution at room temperature, they were dried
at 105 °C for 24 hours. During the desalination experiments the longitudinal
surfaces of the samples were wrapped in Teflon tape to avoid drying. The
experimental setup consists of two PVC sample holders that encapsulate the
specimen at both sides (see Fig. 5-1). Within these sample holders either a
cation or anion membrane (Neosepta CMX or AMX, Tokuyama Co., Japan) is
clamped. In addition some grease is used at the membrane-PVC interfaces to
prevent water leakage. The cation exchange membrane has an ion exchange
capacity of 1.62 meq./g, a perm selectivity better than 96%, an electrical
resistance of 2.9 Ωcm2, and a thickness of 160 µm, whereas for the anion
exchange membrane these properties are 1.25 meq./g, better than 91%, 2.4
Ωcm2, and 134 µm, respectively [35]. Tap water is flown through the cavities
in the holders at approximately 5 ml/min. Note that the permeability of the
membranes is sufficiently low to marginalize salt transport by hydraulic
advection. The outlet of the cavity of the sample holder where we apply a
positive potential is connected to the inlet of the cavity where we apply the
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negative potential in order to neutralize the water flow as much as possible.
In this respect we like to recall that water splitting at the electrodes will
introduce either H+ or OH– ions, depending on the electrode potential, which
will result in an acidic or alkaline environment, respectively. The electrodes
are inserted in the cavity as circular wound platinum wires. An electrical
potential difference is applied across the specimen using a DC power supply
(Delta Electronika SM70-AR-24), whereas the current is monitored by a
digital multi-meter (Dynatek D9200). To provide a good contact we apply
sponges between the membrane and the porous sample. These sponges are
pre-wetted to prevent the end surfaces of the sample from drying.
The Nuclear Magnetic Resonance (NMR) setup we use for non-destructively
monitoring the H and Na profiles across the specimen has been extensively
described in ref. [14]. In brief, NMR exploits the magnetic properties of nuclei
possessing non-zero magnetic moments. When such nuclei are placed in an
externally applied static magnetic field, B0, their magnetic moments precess
around this field. The resonance frequency of these nuclei is given by the
Larmor frequency fi = γiB0 [38], where subscript i refers to the type of nucleus
(H or Na in this work) and γi is the gyromagnetic ratio, (γH = 42.58 MHz T-1;
γNa = 11.27 MHz T-1). We record the NMR signals generated by a so-called
Hahn-spin-echo sequence [39] for both H and Na by switching between the
frequencies that correspond to their Larmor frequencies with a specially
designed RF circuit [40]. Consequently, the recorded signal is proportional to
the density of the nuclei under investigation [38]. The NMR signal only
represents dissolved Na ions and does not capture any Na present in salt
crystals. Due to its low NMR sensitivity Cl is not considered in this study. In
our NMR setup we use a conventional electromagnet that produces a
constant magnetic field of 0.96 T. We use a magnetic field gradient of 0.1
T/m, which is generated using gradient (Anderson) coils, resulting in a onedimensional spatial resolution of 1 and 4 mm for H and Na, respectively. In
order to accurately scan the specimen we move the sample through this
magnetic field gradient using a step-motor. In this work we use a reference
sample that contains an aqueous electrolyte with 4 M NaCl and 0.04 M CuCl2
to monitor and correct for any unwanted changes in the NMR signal, e.g. due
to variations of the sensitivity of the NMR equipment. Since the sealing with
Teflon tape is not perfect some water can evaporate during the experiments,
resulting in a uniform drying across the sample, for which we correct by
dividing the Na signal by the average water content in the sample.
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5.4. Results

To study the effect of the applied electrical potential on the Na ion profiles
we have measured the Na concentration across the sample at time-intervals
of 2 hours with and without an applied potential difference between the
electrodes. After every 2 hours of desalination treatment the samples were
removed from the sample holders and measured in the NMR setup for 45
minutes. The results of the measurements without an applied potential
difference are given in Fig. 5-2a, whereas the results of the experiments
where a potential difference of 70 Volt is applied are presented in Fig. 5-2b.
The results for both cases show a symmetric behavior. This symmetry arises
from the fact that the ions behave as conjugated pairs, as discussed in section
5.2. The effect of conjugated ions was also experimentally found by Ottosen
and Rorig-Dalgaard [13], who reported that the removal of NaCl from watersoaked building materials is slower than the removal of KCl. This might be
due to the diffusion coefficient of Na, which is lower than that of K [16].
To check whether the ion exchange membranes indeed block the ingress of
H+ and OH– ions into the material we have measured the pH of the samples
after 16 hours of desalination treatment. For this purpose the samples were
dry-cut into 8 equal segments, which were grinded and the ions were
extracted from this material in demi-water for at least 24 hours. The pH of
these segments was determined by a digital pH electrode. These
measurements revealed that the pH of the segments directly adjacent to the
sponges and the membranes had changed from initial pH ~ 7 to ~ 3 or ~ 10
near the anode and cathode, respectively. However, a large pH gradient that
extends far into the sample, as found for systems without any ion exchange
membranes, was not observed. A similar observation that ion exchange
membranes did not completely block the ingress of acidic and alkaline regions
was also reported for soils [6]. However, in our study the membranes where
operated near or above their diffusion limiting current [6], a condition at
which the membrane might partly allow H+ and OH– ions to pass [37]. In our
samples the ion concentration adjacent to the membranes at the sample side
decreases and reaches zero (see Fig. 5-2b), and therefore the dynamics of the
system is limited by diffusion and the diffusion limited current is reached.
This may explain why some ingress of the acidic and alkaline regions occurs.
To measure the electrical field in the material we inserted two platinum
wires in the sample spaced 2 cm apart (see [41] for a complete description of
this procedure) and found an initial electrical field of 30 V/m. The electrical
field decreases as the desalination process proceeds. This is also reflected by
the decrease of the current density as a function of time shown in Fig. 5-3,
which can be approximated by I = 5-10-4t A/cm2 for times up to 3x104 s and I
= 2 mA/cm2 for times exceeding 3x104 s.
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Fig. 5-2. Na concentration profiles across the porous sample measured by
NMR during (a) diffusion only, and (b) by applying 70 volts between the
electrodes. The time-interval between the consecutive profiles is 2 hours and
the maximum time for each experiment is 16 hours.
Using the measured current as a function of time, see Fig. 5-3, we can
simulate these measurements using the model described in section 5.2. To
this end we have used the commercially available finite element software
package COMSOL©. The input parameters for the diffusion coefficients and
the mobility are their values in free water corrected by a factor of two for the
tortuosity of the material, i.e. DNa = 6.7x10-10 m2/s, DCl = 1x10-9 m2/s, µNa =
2.6×10-8 m2/(sV), µCl = 4×10-8 m2/(sV) [16,42]. These values result in D* =
8x10-10 m2/s, which is equal to the ambipolar diffusivity found previously for
the desalination of fired-clay brick without membranes [14]. The simulated
Na ion concentration profiles are presented in Fig. 5-4a. As can be seen these
show a trend similar to the experimental profiles given in Fig. 5-3b. In
addition to the Na concentration profiles we also computed the evolution of
the electrical potential drop across the system, see Fig. 5-4b. The calculated
initial electrical field is approximately 6 V/m and drops gradually to
approximately 3 V/m after 16 hours of desalination. The initial value of the
electrical field is significantly smaller than its experimental value of 30 V/m.
This difference very likely reflects the uncertainty in the parameters used in
the model. For prolonged time we can clearly see that the initial linear
potential drop starts to show a non-linear behavior near the end surfaces of
the sample, where the ions are depleted and therefore the conductivity of the
electrolyte decreases.

69

Current density (mA/cm2)

5
4
3
2
1
0
0

2

4

6

8

10

Time (hr.)

12

14

16

Fig. 5.3. Electrical current recorded during the electrokinetic desalination of
the porous brick samples after application of a 70 V potential difference
between the electrodes. The lines represent the input for the model.
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Fig. 5.4. Simulation results for (a) the Na concentration profiles and (b) the
electrical potential across the material as function of time for DNa= 6.7x10-10,
DCl = 1x10-9 m2/s, µNa = 2.6×10-8, µCl = 4×10-8 m2/(sV), L = 9x10-2 m, and an
applied current according to the solid lines in Fig. 5-3.

5.5. Discussion
In order to compare the various desalination methods we can have a look at
their efficiency, i.e., the decrease of the total amount of sodium in the sample
as a function of time. This efficiency is computed by integrating the timedependent Na ion concentration profiles and normalizing the result according
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to η =
1 − L ∫ C Na C Na dx  × 100% . We compare four different methods that have

been applied to our fired-clay brick samples, namely;
1. Electrokinetic desalination without membranes,
2. Desalination by diffusion using poultices,
3. Electrokinetic desalination with membranes,
4. Desalination by diffusion with membranes.
For the electrokinetic experiments without membranes it was found that the
Na+ ions were expelled in a region near the anode due to the ingress of an
acidic region. Although this acidic region might harm the sample, it is seen
from Fig. 5-5 that this method achieves the highest efficiency of all processes.
The second highest desalination efficiency is achieved for diffusion without
any membranes. The figure also reveals that the difference in efficiency
between electrokinetic desalination and desalination by diffusion is more
significant for the system without any membranes than for that with
membranes. Therefore we conclude that applying an electrical field across a
sample is only beneficial for systems without membranes. In case of
membranes the diffusion limiting current is reached quickly and the
desalination cannot be accelerated significantly by increasing the electrical
field strength. In addition, at currents above the diffusion limit the
membranes can lose their barrier function and hence acidic and alkaline
regions will ingress into the material, as observed for electrokinetic
desalination without membranes. As already stated above, these regions can
be harmful for building materials.
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Fig. 5.5. Efficiency of the various desalination processes. The symbols
indicate: () electrokinetic desalination without membranes, () desalination
by diffusion without membranes, () electrokinetic desalination with
membranes, and () desalination by diffusion with membranes. The curves
are a guide to the eye.
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5.6. Conclusions

From the experimental observations we conclude that during the
electrokinetic desalination of porous materials ion exchange membranes can
reduce the ingress of acidic and alkaline regions. This is beneficial since these
regions can be harmful to construction and building materials. The reduction
of the acidic and alkaline regions comes, however, at the cost of the rate of
salt removal. The sodium ion removal rate for electrokinetic desalination
without membranes is significantly higher than that using membranes.
Moreover, the salt removal rate without any membranes driven by diffusion
only is still higher than the electrokinetic desalination with membranes. The
reason for this is that the ion exchange membranes provide a barrier for the
ions to leave the porous material. The experimental data for the sodium ion
concentration profiles can be described fairly well by a simple Fickian
diffusion equation with the measured electrical current as a time-dependent
boundary condition.
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Chapter 6
Conclusions and outlook
6.1. Conclusions

The aim of the study described in this thesis was to investigate the effect of
electrokinetic transport of moisture (electro-osmosis) and salt ions (electromigration) on drying and desalination of porous building materials. For this
purpose non-destructive measurements were performed using a specially
designed Nuclear Magnetic Resonance (NMR) setup. This setup was used to
quantitatively measure the time evolution of both the moisture and salt ion
distribution in fired-clay bricks in the presence of an applied DC electric field.
From this study various conclusions can be drawn:
- By quantitatively measuring the amount of moisture and dissolved salt
ions, the salt concentration in the pores of the material could be determined.
It was observed that the high acidic and alkaline contents that were present
did not influence the ion concentration measurements.
- From the measurements presented in this thesis it can be concluded that
electro-osmotic drying of building materials, such as fired-clay bricks, cannot
be achieved. The results clearly showed that the maximum electro-osmotic
pressure that could be achieved was insufficient to overcome the capillary
pressure in order to promote drying of fired-clay brick. However, electroosmotic dewatering of kaolin clay was observed and the maximum reduction
of the moisture content that could be achieved was about 30%.
- The NMR measurements revealed that initially the salt (Na) ion transport
by electro-migration is proportional to the strength of an applied electric
field. However, at later stages the salt transport by electromigration stops
and the Na depletion front stagnates. It is shown that this front stagnates
precisely at the same position in the sample, where the collision of the acidic
and alkaline fronts and a sharp drop of the electrical potential were observed.
A model based on the Poisson-Nernst-Planck equation agreed with these
results within the experimental accuracy achieved in this study.
- In this study it has been shown that the inhibition of the electromigration of
ions in porous media by alkaline regions is not a consequence of precipitation,
as suggested in [1], but is caused by the sharp potential drop that develops at
the moment when the acidic and alkaline fronts entering the material touch
each other. It is shown that after the stagnation of the Na depletion front, the
salt transport is mainly driven by diffusion at the cathode side, as shown in
Fig. 6-1.
- The influence of acidic and alkaline environments on the salt transport was
marginalized by introducing ion exchange membranes at the brick-electrode
interfaces. From this study it can be concluded that, in addition to the
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suppression of pH effects, the membranes also attenuated the influence of the
applied electric field on the ion transport. In the presence of membranes the
salt transport was dominated by diffusion and the measured Na
concentration profiles are well described by the simple Fickian diffusion
equation.
- A comparison based on the measured desalination efficiencies of different
transport processes (chapter 3) revealed that in fired-clay brick, salt
transport by hydraulic advection is the most powerful transport mechanism
in comparison to both diffusion and electromigration. Therefore, even small
gradients in the hydraulic pressure can already induce salt fluxes which are
dominant over both diffusion and electromigration.
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Fig. 6-1. Variation of the Na concentration profiles in the presence of an
applied electric field of 1V/cm across the electrodes. After ~9 hrs the Na
transport by electromigration is halted approximately at one third of the
specimen length from the anode side (x ≈ 30 mm). After this time salt
transport is taking place only by diffusion at the cathode side.

6.2. Outlook

In the previous section we have shown that the experiments performed in
this thesis yielded a number of important results and conclusions. However,
there are still some issues that need to be addressed and experiments to be
performed to determine the utilization of electrokinetics in more realistic
situations.
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Compound structures

In this study the effect of electro-osmosis on the drying of fired-clay bricks
was investigated. However, real masonry structures are composed of
combinations of different materials, i.e. brick, mortar, etc., which are bonded
together. The difference of their pore size distributions and the sign of the socalled zeta potential can produce adverse effects on the utilization of electroosmosis in masonry structures. In order to get more realistic information
there is a need to study the effect of electro-osmosis on the samples composed
of a combination of different materials, e.g. brick-mortar, etc.

Chloride ions

The effect of an applied electrical field on the transport of Cl ions is very
important, as they are responsible for the corrosion of, e.g., reinforcements in
concrete. However, the present study is limited to the measurements of Na
ions with NMR due to the low sensitivity of our setup for Cl ions. In order to
better understand the electrokinetic transport process and to obtain more
realistic model parameters, measurements of both the Na and Cl ions with
NMR would be very helpful.

Salt mixtures

In our electrokinetic desalination experiments we have investigated the
transport of a single binary (NaCl) salt in a fired-clay brick. However, in
practice building materials and structures are more often contaminated with
a mixture of several salts. The presence of different salts can lead to the
formation of complex salt compounds in the pore water and different salt ions
can lead to different behavior during the electrokinetic desalination process.
In order to investigate this point we have performed a preliminary study in
which we measured Na and Al ions quasi-simultaneously using NMR in a
brick that was intentionally contaminated with two different salt mixtures.
In one experiment we have saturated a brick sample with a mixture of
NaNO3 and Al(NO3)3 salts with an equal initial concentrations of 2M,
whereas during the second experiment the brick sample was saturated with a
mixture of Na2SO4 and Al2(SO4)3 with an equal initial concentration of 1M.
The results of both experiments are presented in Fig. 6-2. It can be seen
from this figure that in both cases the transport of Na ions induced by an
applied electric field of 2.5 V/cm seems to be unaffected by the presence of
other salt ions. However, in both cases no net movement of Al ions has been
observed. Furthermore, in both cases an increase of the signal intensity of
the Al ions at the cathode (Fig. 6-2 (b)) or anode (Fig. 6-2 (d)) side might
indicate that Al ions dissolve from the pore surfaces within the brick. The
effect of this dissolution process on the signal should be addressed in future
studies. Moreover, the formation of Al hydroxides Al(OH)3 might be
investigated. These additional processes clearly indicate the increased
complexity when dealing with the desalination of salt mixtures.
77

NaNO3+Al(NO3)3
(a)

25

Na

Intensity (a.u.)

40
30

t=0,1.5,3,
4.5,6,7.5 hrs.

20

(b)

Al

-

20
Intensity (a.u.)

50

15
10

t=0,1.5,3,4.5,6,7.5 hrs.

5

10
0
0

10

20

30
40
50
Position (mm)

60

70

0
0

80

+

10

20

30
40
50
Position (mm)

60

70

80

Na2SO4+Al2(SO4)3
(c)

-

Intensity (a.u.)

15

20

Na

+

10

t=0,2.5,
5,7.5 hrs.

5

0
0

10

20

30
40
50
Position (mm)

15

Intensity (a.u.)

20

(d)

Al

-

10

t=0,2.5,5,7.5 hrs.

5

60

70

80

+

0
0

10

20

50
40
30
Position (mm)

60

70

80

Fig. 6-2. Spatial distribution of the NMR signal intensity for different time
steps during electrokinetic desalination with an applied electrical field of 2.5
V/cm. The top panels show (a) the Na signal and (b) the Al signal for samples
that were initially saturated with 2 M NaNO3 + Al(NO3)3. The bottom panels
show (c) the Na signal and (b) the Al signal for samples that were initially
saturated with 1 M Na2SO4 + Al2(SO4)3.

NMR Relaxometry

The production of an acidic environment during an electrokinetic treatment
can dissolve some of the content of the brick [2], whereas an alkaline
environment can lead to the formation of hydroxide complexes with the
contaminants [1]. This dissolution of material can change the brick matrix by
changing its porosity and pore size distribution. In principle, these changes
might be studied by NMR, since the NMR relaxation times of moisture in
porous materials are pore size dependent [3]. The pore size change was
investigated by measuring the NMR spin-lattice (longitudinal) relaxation
time T1 of moisture present in both the untreated and treated bricks using a
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saturation recovery sequence [4]. Since T1 is directly proportional to the pore
radius, an increase in T1 of treated brick was expected in the acidic region of
the brick sample, where the dissolution of material could occur. However, our
measurements showed (Fig. 6-3) a decrease in T1 of the treated brick. This
decrease in T1 was more prominent in the acidic region than in the alkaline
region of the brick. Since for these fired-clay bricks the possibility of a
decrease of the pore sizes by an acid can almost be neglected, the decrease in
T1 might be attributed to an enhancement of the so-called pore surface
relaxivities in the presence of high concentrations of H+ and OH– ions in the
pore solution.
A sharp drop in T1 is observed at the position where both the acidic and
alkaline fronts collide, which can be seen from the color of a pH indicator
paper. This indicates that pH has a direct influence on the spin-lattice
relaxation time (T1) of moisture present in pore solution. This method can
probably be used to non-destructively measure the pH profiles along with Naconcentration profiles in porous building materials.
500

pH
untreated

14

400

12
10
8

200

6

pH

T1 (ms)

300

4
100

0

treated

0

10

20

30

40

50

60

70

Distance from anode (mm)

2
80

90

0

Fig. 6-3. Variation of the spin-lattice relaxation time (T1) measured using a
saturation recovery method for an untreated (●) and treated (■) fired-clay
brick sample using an applied electrical field of 1V/cm. The pH variation (▲)
measured by digital pH meter on ~ 11 mm thick segments of the specimen.
The distribution of the acidic and alkaline environments in the treated brick
is shown in the photo by pH indicator paper.
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Summary
Electrokinetic desalination of porous building materials
The deterioration of porous building materials and structures by the
crystallization of water soluble salts is a well-known phenomenon. In recent
years, there has been an increasing demand to find new, innovative, efficient,
and cost effective methods to solve salt related problems in masonry
materials/structures. The electrokinetic method aims to enhance the removal
of moisture and dissolved salt ions from the zone of deterioration by an
externally applied electrical field.
Until now, the electrokinetic effects on drying and desalination of porous
building materials are studied using destructive methods. In this study the
effect of electrokinetics on the variation of moisture and salt concentrations
in porous materials is measured non-destructively using a specially designed
Nuclear Magnetic Resonance (NMR) setup. It has been shown that NMR is a
powerful technique for measuring the combined transport of moisture and
salt ions in the building materials in the presence of an applied electric field.
In view of the contradicting reports published in literature the electroosmotic drying of porous building materials/structures is far from fully
understood. For this purpose in chapter 2 the effect of electro-osmosis on the
reduction of moisture content is studied by performing non-destructive
measurements by NMR on two porous materials, i.e. fired-clay brick and
kaolin clay. A simple model based on the capillary pressure and electroosmotic pressure is presented to explain the experimental results.
In chapter 3, a brief description of various transport processes occurring
during desalination of porous building materials is presented. In order to
determine the effect of diffusion, advection, and electromigration on the salt
transport, the material is exposed to concentration, hydraulic, and electrical
gradients at its boundaries, respectively. The combined effect of advectionelectromigration on the salt transport is studied by exposing the specimen to
both hydraulic and electrical potential gradients simultaneously. In order to
assess the relative magnitude of the various active transport processes
during electrokinetic desalination, a scale analysis on the basis of
dimensionless numbers is included, which can explain the results obtained by
our NMR measurements.
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In chapter 4, the effect of both the hydrogen ions and hydroxyl ions,
generated by the electrolysis of water, on the transport of salt ions by electromigration is studied. To this end the acidic and alkaline fronts are tracked
using pH-indicator paper. In addition, the variation of the electrical potential
distribution within the specimen is monitored by inserting platinum
electrodes. It is observed that the evolution of the pH environment and the
variation of the electrical potential distribution within fired-clay brick
severely affect the transport of salt ions by electro-migration. In order to
interpret the experimental observations a model based on the PoissonNernst-Planck equation is presented. This model indicates that a sharp
potential drop develops at the moment when the acidic and alkaline fronts
entering the material touch each other. Also it is shown that after the
stagnation of the Na depletion front, the salt transport is mainly driven by
diffusion at the negatively biased electrode side of the brick.
Measurements on the influence of ion exchange membranes on the
suppression of pH effects and the transport of salt ions are presented in
chapter 5. In this study the ion exchange membranes are introduced between
the electrodes and the porous material as a barrier for the hydrogen and
hydroxyl ions, to prevent them from intruding the porous material. The
transport of the salt ions in the presence of ion exchange membranes is
described by a theoretical model of the system based on the Poisson-NernstPlanck theory. This model shows that in the presence of membranes the salt
transport is dominated by diffusion and the measured Na concentration
profiles can be described by the simple Fickian diffusion equation.
In conclusion, our results indicate that the electrokinetic method is
ineffective for drying and has severe limitations for the desalination of porous
building materials like fired-clay brick.
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Samenvatting
Electrokinetisch ontzouten van poreuze bouwmaterialen
De verwering van poreuze materialen en constructies door kristallisatie van
in water oplosbare zouten is een bekend verschijnsel. In de afgelopen jaren is
er een toenemende vraag naar nieuwe, innovatieve, efficiënte en kosten
effectieve methoden om zoutgerelateerde problemen in metselwerk en
bouwconstructies op te lossen. De elektrokinetische methode beoogt een
verbeterde verwijdering van vocht en de daarin opgeloste zoutionen uit de
aangetaste zone door het aanleggen van een extern elektrisch veld.
Tot nu toe zijn de effecten van elektrokinetisch drogen en ontzouten van
poreuze bouwmaterialen bestudeerd met behulp van destructieve methoden.
In dit onderzoek is het effect van een elektrisch veld op het vocht- en
zoutgehalte in poreuze materialen niet-destructief gemeten met behulp van
een speciaal ontworpen kernspinresonantie opstelling. Gebleken is dat
kernspinresonantie een krachtige techniek is voor het meten van
gecombineerd vocht- en zouttransport in bouwmaterialen in deze
omstandigheden.
Uit de tegenstrijdige berichten in de literatuur blijkt vooral het elektroosmotisch drogen van poreuze bouwmaterialen en -structuren niet goed
begrepen te worden. Daarom is in hoofdstuk 2 het effect van elektro-osmose
op de vermindering van het vochtgehalte bestudeerd met behulp van nietdestructieve metingen aan twee type poreuze materialen, namelijk baksteen
en kaolien klei. Om de experimenten te kunnen verklaren is een eenvoudig
model ontworpen, dat gebaseerd is op de capillaire en elektro-osmotische
druk.
Hoofdstuk 3 bevat een korte beschrijving van de verschillende transportprocessen die betrokken zijn bij het ontzouten van poreuze bouwmaterialen.
Om het effect van diffusie, advectie en elektromigratie op het zouttransport
te bepalen, wordt het materiaal blootgesteld aan respectievelijk
zoutconcentratie, hydraulische gradiënten en elektrische gradiënten. Het
gecombineerde effect van advectie en elektromigratie op het zouttransport is
onderzocht door een proefstuk tegelijkertijd bloot te stellen aan zowel
hydraulische als elektrische potentiaalgradiënten. Er is met behulp van
dimensieloze getallen een analyse opgesteld waarmee de relatieve grootte
bepaald kan worden van de verschillende actieve transportprocessen die
gedurende elektrokinetisch ontzouten optreden. Met behulp van deze analyse
kunnen de resultaten van de kernspinresonantie metingen verklaard worden.
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Hoofdstuk 4 is gewijd aan het effect van zowel de waterstof ionen als de
hydroxyl ionen, die worden gecreëerd door elektrolyse, op het zouttransport
door elektromigratie. Hiertoe wordt de positie van het zure en het basische
front met behulp van pH-indicator papier in kaart gebracht. Bovendien is de
elektrische potentiaalverdeling in het proefstuk bepaald door het aanbrengen
van platina elektroden. Deze metingen laten zien dat de tijdsevolutie van pH,
en de variatie in de elektrische potentiaalverdeling in bakstenen een sterke
invloed heeft op het zouttransport door elektromigratie. Om deze
experimentele waarneming te verklaren is een model ontwikkeld dat
gebaseerd is op de Poisson-Nernst-Planck vergelijkingen. Dit model geeft aan
dat er een scherpe spanningsval ontstaat op het moment dat het zure en
basische front in het proefstuk elkaar raken. Ook is gebleken dat na het
stagneren van het Na front het zouttransport hoofdzakelijk wordt bepaald
door diffusie aan de kant van de negatieve elektrode.
Metingen van de invloed van ionenuitwisseling membranen op de
onderdrukking van de pH-effecten op het transport van zoutionen worden
gepresenteerd in hoofdstuk 5. In deze studie zijn de ionenuitwisseling
membranen aangebracht tussen de elektroden en het poreuze materiaal als
een barrière voor de waterstof ionen en hydroxyl ionen, om te voorkomen dat
deze het poreuze materiaal binnen dringen. De beschrijving van het
ionentransport in aanwezigheid van ionenuitwisseling membranen kan
beschreven worden met een theoretisch model gebaseerd op de PoissonNernst-Planck theorie. Dit model geeft aan dat het zouttransport door de
aanwezigheid van membranen wordt gedomineerd door diffusie en dat de
gemeten Na concentratieprofielen kunnen worden beschreven met een
eenvoudig diffusiemodel gebaseerd op de wet van Fick.
Geconcludeerd kan worden dat de electrokinetische methode ineffectief is
voor het drogen van poreuze bouwmaterialen zoals baksteen, terwijl deze
grote beperkingen heeft bij het ontzouten van dergelijke materialen.
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