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[SUMMARY]  
 

  VI  
 

Deep geological storage is one of the solutions proposed for the long-term storage of nuclear waste. 
Various countries have already been exploring the option of storing nuclear waste underground at a 
depth of 300 to 800 meters. Such a deep geological storage facility would consist of several engineered 
barriers and a natural barrier, the natural host formation. In the Netherlands and Belgium, natural 
occurring Boom Clay has been identified as a potential host formation.  

Boom clay is a smectite rich clay and a complementary buffer material would be Bentonite. Bentonite is 
also a smectite rich clay and under conditions found in the Netherlands and Belgium, they both have a 
low hydraulic gradient, a reducing environment and a slightly alkaline pH. These and other 
characteristics make it that the migration of radionuclides is diffusion controlled. This is a desirable 
characteristic. 

During this thesis, we set out to build and test an electromigration cell and research the competition of 
radionuclides in the near field. The elements researched are ceasium, technetium and selenium. 
Ceasium was chosen as it is a widely research elements and much data on it can be found. This data was 
used to compare our data and with that to revise the migration cell. 

The apparent molecular diffusion coefficient (Dapp) of Ceasium found was 9⋅10-11 [m2/s] at a dry density 
of 0.9⋅103 [kg/m3], which is in agreement with results found in literature 1.4⋅10-11 [18]. The difference 
in radix could be due to be larger slice sizes used in this experiment, 4 mm instead of 1 mm, but also due 
to Bentonite being an organic material. There is no such thing as standardized Bentonite. The CEC, 
smectite content, porosity may change from Bentonite to Bentonite and even from sample to sample. 
The radices found in literature are therefore also diverging. 

The experiment with Ceasium were done at both high (>25 mA) and low (<25 mA) current. Although 
the results can be mixed, a R2 of ∼0.88 was achieved, some suspicion exist that the current might 
influence the extent of dispersion. The dispersion at high current may be greater due to greater 
varieties in water velocity. Altogether, the results show that the electromigration cell works properly.  

The second set of experiments was conducted with Technetium. Here we set out even more to shorten 
the experimental time and only high current experiments were done. The migration profiles show a 
typical Gaussian distribution profile, with a peak located sufficiently far away from the origin, after only 
three hours at a current of 40 mA. All other experiments also showed a typical Gaussian distribution 
profiles located away from the origin. Therefore, it is possible to reduce experimental time even further 
to less than 12 hours. 

The Dapp obtained for Technetium was 2⋅10-11 [m2/s], which is normal and according to literature. A 
second matter we wanted to investigate is the retardation of Technetium. Technetium forms oxyanions 
and is deemed unretarded in it pertechnetate form. However, a small retardation of ∼3.2-3.4 was found 
for technetium. The retardation is can be due to the complexion with the hydroxide ion of the Al-
octahedrals. 

During the mixed experiments (Tc and Se), the diffusion profiles of Tc showed four different peaks. 
Implying that the Technetium is immobilized and then once again remobilized. Hydrogen peroxide was 
used during this experiments. Therefore, a first suspicion is that the hydroxyls present in the clay 
sample immobilizes Tc and that later on the Tc is remobilized by the hydrogen peroxide.  
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α Longitudinal dispersion   [m]  
ε Total porosity [-]  
ηdiff Diffusion accessible porosity [-]  
µ the viscosity of the fluid   [Pa·s]  
µe ionic mobility,   [m2/sV]  
veo  electro-osmotic velocity   [𝑚 𝑠⁄ ]  
µeo electro-osmotic mobility   [𝑚2 𝑉𝑠⁄ ]  
ρd Dry grain density    [kg/m3] Also called bulk 

density 
ρl Liquid density    [kg/m3]  
ρs Grain density    [kg/m3] Also called particle 

density or true 
density 

ρw Water density    [kg/m3]  
τ Tortousity [-]  
D Dispersion coefficient    [m2/s]  
Di Apparent dispersion coefficient    [m2/s]  
Dm Molecular diffusion coefficient    [m2/s]  
Dapp Apparent molecular diffusion 

coefficient 
   [m2/s]  

E electrical field    [V/m]  
e electron 

charge 
   [C]. 1.16·10−19  

Kb the Boltzmann constant    [J/K]           1.38·1023  
Kd  distribution coefficient    [m3 kg⁄ ]  
𝑅 radius of the particle    [m]  
R Retardation factor [-]  
T temperature    [K]  
q  charge of the particle [-]  
𝑣 speed of the particle    [m/s]  
Vapp Apparent convective velocity    [m/s]  
Vc Convective velocity    [m/s]  
Vct Total convective velocity    [m/s]  
Z valence    [−]  
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1. Introduction 
 
 
Eliminating the risk of radionuclides leaching from radioactive waste stored underground to the 
biosphere is the goal set by all countries that make use of nuclear power and other nuclear applications. 
Several countries plan on geological disposal of radioactive waste in rocks, salt and clay sediments. The 
design principle is that highly radioactive waste, such as spent fuel and products from processed waste, 
is vitrified, enclosed in containers—canisters— and isolated by smectite or smectite-rich clay, at a 
depth between 300 and 800 meter.  
 
Deep underground, the radioactive waste has to stay isolated until it has decayed to natural levels [5]. 
To fulfil this requirement of long-term isolation, a system of five complementary barriers has been 
designed. The barrier concept prevents deep ground waters, present in almost all rock formations, from 
rapidly leaching the waste and from transporting radioactivity away from the repository. The barriers 
can be classified as either engineered barriers, which are constructed in the repository, or natural 
barriers, which are in the surrounding geological environment. Figure 1 gives a schematic overview of 
the barriers between the radioactive waste and the biosphere.  
 

 
Figure 1: Schematic overview of the different barriers composing the deep geological storage [5]. 

For disposal in hard rocks and clays, the basic engineered barriers are: immobilization of the waste by 
vitrification, encapsulation of the solidified waste form in canisters, and surrounding of the canisters by 
a buffer or backfill material that fills the space between the container and the rock. The natural barriers 
are provided by the rocks and the overburden between the repository and Earth’s surface (biosphere).  
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The canisters prevent water from reaching the waste. Its protective nature lasts for several hundreds to 
thousands of years, allowing enough time for most activity to decay in the waste matrix. The buffer 
surrounding the canister protects the canister from any mechanical disturbance and  prevents water 
from reaching the canister. It is also this buffer (backfill) material that will eventually contain the 
radionuclides after the canisters start to breach[6]. 

Together, these three barriers together make up the near field, see Figure 1. As a buffer material, 
bentonite is often used. Bentonite has excellent characteristics as a radionuclide barrier. It has a low 
hydraulic conductivity, a reducing potential, a slightly alkaline pH, a high cation exchange capacity 
(CEC) and a high plasticity.  It is due to these properties that radionuclide migration through  bentonite 
is extremely slow [7] which is exactly its purpose. 
 
Much research has been done on radionuclide migration into the near field. Thus far, the focus always 
was on a single radionuclide and its geochemical behaviour. In this report, we will determine how the 
competition between different elements influences the migration. 
 
In order to conduct these experiments within a reasonable time scale, an electromigration cell was built 
to speed up the process. Normally, migration experiments are done by pure diffusion tests or tests that 
have an additional hydraulic pressure. Such conventional experiments can take any time from months 
to a few years. With an electromigration cell, the experimental time can be reduced to a few hours or 
days. In this report, results will be extracted in just a few hours and compared to known data to 
determine if the results obtained are accurate. 
 
Thus, the questions to be answered are:  
 
(1) Did we build a functional electromigration cell? 
(2) Can experimental time be reduced to hours? 
(3) Does competition exist between technetium and selenium? 
 

In Chapter 2 through 5, the theory will be explained. Starting with an overview of the different 
experimental set-up possible in Chapter 2. Following in Chapter 3, the mathematical background 
concerning the experiments will be given. And lastly, in Chapter 4 and 5, the retention processes 
present in clay will be handle and the geochemical behaviour of the research elements. In Chapter 6 and 
7, the experimental methods and material will be described and the results obtained will be discussed. 
In the final Chapter 8, the conclusion and given en recommendations.  
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2. Overview of migration experiments 
 
In this chapter, we briefly discuss the conventional experimental set-ups used. The conventional 
migration experiments are: percolation experiments, pulse injection experiments,  through-diffusion 
experiments, and in-diffusion experiments.  
 
Between these experiments, we can distinguish two experimental principles: the pure diffusion test, 
these experiments solely have a concentration gradient, and dispersion/advection experiments, these 
experiments have hydraulic pressure gradient next to their concentration gradient.  The through-
diffusion and in-diffusion experiments are pure diffusion experiments. The percolation and pulse 
injection experiments are dispersion/advection experiments. 
 
Compared to electromigration, they all have one major disadvantage: the experimental time of these 
set-ups is much longer than the experimental time of an electromigration set-up. However, the 
conventional set-ups also have advantages over the electromigration set-up. The only parameter that  
can be derived with the electromigration experiments is the apparent molecular diffusion (Chapter 3), 
whereas the conventional techniques also allow deriving the porosity and the retardation factor 
experimentally [8].  
 

2.1 Pure diffusion experiments 
 
The pure diffusion test, i.e. without advection, has two different set-ups: the “through-diffusion” and “in-
diffusion” experiments.  
 
In a through-diffusion test, two well-stirred water compartments occlude the clay core on both sides. 
The tracer is added to the inlet compartment and diffuses through the clay core towards the outlet 
compartment. The tracer is measured at both the inlet and the outlet as a function of time. The inlet and 
outlet compartment are chosen such, that changes in concentration at the outlet compartment are 
negligible.  
 
The in-diffusion experiment is similar to the through-diffusion experiment, with the difference that it 
has no outlet compartment. Thus, when the tracer does not reached the outlet compartment, a through-
diffusion experiment becomes  an in-diffusion test[9, 10]. 
 

2.2 Dispersion/advection experiments 
 
The easiest set-up in the dispersion/advective test is the percolation set-up. The percolation test has an 
aliquot of tracer spiked either directly on the clay surface or on a filter paper. The tracer is sandwiched 
between two clay cores and these clay cores are once again sandwiched between two filters in a 
permeation cell. The cell is continuously percolated with liquid. 
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The set-up of the pulse injection experiment is similar to that of the percolation test, but rather than 
having two clay cores, the permeation cell has one clay core, which is sandwiched between two filters, 
and rather than having the tracer spiked in between de clay core, the tracer is spiked at the inlet. In 
both experiments, the water flowing out of the system is collected and the tracer concentration in the 
water is measured as a function of time [4,5].  
                                                                                                                  

 

 

2.3 Electromigration 

 

By accelerating the migration of the radionuclides, the experimental time is reduced and more data can 
be retrieved within the same time frame, which increases the reliability of the measured parameters, by 
lowering the statistical error. Applying a hydraulic pressure can accelerate the migration, but bentonite 
has a very low hydraulic conductivity, so a very high hydraulic pressure must be applied to obtain the 
desired effect.  
 
 
 
 

Figure 2: a) Percolation Experiment. The tracer is spiked in between  the two clay cores. The 
clay cores are confined by two water compartments. A hydraulic pressures in applied. b) Pulse 
injection: The tracer is spiked at the inlet. The clay core is confined between to water 
compartments. A hydraulic pressure is applied. c) Through diffusion: The tracer is spiked at 
the inlet. Tracer is measured at the inlet and outlet. No additional hydraulic pressure applied. 
d) In-diffusion: Tracer is spiked at the inlet. The tracer is measured at the inlet. No additional 
hydraulic pressure applied [4]. 
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A more sophisticated way to enhance the migration is to apply an electric field over the sample. Small 
electrical fields can easily induce balanced flows that are otherwise only caused by large hydraulic 
pressure gradients. In this case, electrical fields are far more efficient to accelerate migration[11].  
 

The electromigration cell exists of a sample holder confined between two water compartments. The 
current that is applied during the experiments cause the water in the water compartments to 
decompose into O2 and H2 (electrolysis).  Through an oxidation reaction at the anode water is split to 
produces electrons. The electrons produced are then consumed during a reduction reaction at the 
anode. The reaction schemes are given in equation: 1.1, 1.2 and 1.3. 

 

The reaction at both electrodes is: 

2 H2O ↔ 2H+ (aq) + 2 OH- (aq)  (1.1)  

 

The reduction reaction at the cathode (eq. 1.2) and the oxidation reaction at the anode (eq. 1.3) are: 

2H+  (aq) + 2e- → H2 (g)   (1.2)  

2 OH- (aq)  → H2O (l) + ½ O2 (g) + 2e-  (1.3)  

 

The overall reaction is: 

H2O (l) 
electricity
�⎯⎯⎯⎯⎯⎯� H2 (g) + ½ O2 (g)  (1.4)  

 

Because the OH- produced at the cathode is not consumed, it remains in the water compartment 
forming an alkaline front that increases the pH at the cathode. The opposite event occurs at the anode, 
at the anode the H+ produced is not consumed this leads to an acid front that decreases the pH. To 
counteract  this effect two circuits are made each for every water compartment, which recycle the water 
back to an external reservoir where the hydrogen and hydroxide can recombine again, see Chapter 6 for 
a more detailed description of the cell. 
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3.  Governing the transport equation for electrokinetic transport through a 
porous medium 
 
The goal of building an electromigration cell is to speed up the process of obtaining apparent molecular 
diffusion coefficients in clay. In this chapter, we derive the transport equation for electrokinetic 
transport through a porous medium. With this transport equation, one is able to calculate the diffusion 
coefficient, the parameter of interest. In Section 3.1, the equations and physics concerning 
electromigration and electro-osmosis are explained. This is followed by a general overview of mass 
transport of chemical species in section 3.2. In the last paragraph, we set out to derive the molecular 
diffusion coefficient and to give an analytical solution to the ordinary differential equation, which is 
used to fit the experimental data. 

3.1 Electromigration and electro-osmosis 
 
When a potential gradient is applied over a water-saturated porous medium two phenomena arise, that 
have to be taken into account (1) electromigration and (2) electro-osmosis. These two phenomena 
occur due to the force that an external electrical field exerts on the probe ion, but also on its 
counter/surrounding ions [7]. 
 
Electromigration is the movement of an ion in an electrical field towards the electrode of opposite 
charge. The velocity at which an ion travels towards its opposite electrode is found by Newton’s second 
law. Newton’s second law relates the acceleration of a charged particle to a particular driving force and 
a drag force. Here the driving force is the Coulomb force and the opposed force is Stokes’ drag [12]. 

𝑚
𝑑𝑣
𝑑𝑡

= 𝑞𝐸 − 6𝜋𝜇𝑅𝑣  (1.5)  

 
The Coulomb force consists of q, the charge of the particle [-], and E the applied electric field [V/m]. 
Stokes’ drag consist of 𝑅, the radius of the particle [m], 𝑣, the speed of the particle [m/s] and 𝜇, the 
viscosity of the fluid [Pa·s]. At zero acceleration, the velocity of a particle immediately follows from eq. 
1.5:  

𝑣 =
𝑞

6𝜋𝜇𝑅
𝐸  (1.6)  

 
The velocity attained here is called the drift speed. The drift speed is the velocity that an ion will attend 
under the influence of a potential gradient. The movement of a particle in an electrical field is not 
isotropic and the speed, 𝑣, is proportional to the electrical field, 𝐸. The proportionality constant 
between 𝑣 and 𝐸, is called the ionic mobility, 𝜇𝑒 [m2/sV] and equals 
 
𝜇𝑒 =

𝑞
6𝜋𝜇𝑅

 
 

(1.7)  

 
Substituting eq. 1.7 into eq. 1.6 gives the equation for the drift speed: 
 
𝑣 = 𝜇𝑒𝐸 

 (1.8)  
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The ionic mobility and the molecular diffusion coefficient are related to one another via the Einstein 
relation eq. 1.9. 
  

 
 
Here 𝐷𝑚 is the molecular diffusion coefficient[𝑚2/𝑠], Kb is the Boltzmann constant,  
1.38·1023 [𝐽/𝐾], T is the temperature [𝐾], Z is the valence [−] and e is the electron 
charge, 1.6·1019 [𝐶]. 
 
Experimental values of the molecular diffusion coefficient of cations are often higher than one would 
expect based on numerical values of the ionic mobility.  This can be explained by electro-osmosis, which 
arises when an electrical field is applied over a clay sample. Electro-osmosis is the bulk flow of water 
towards the cathode. It can be explained by the presence of an electrical double layer (Section 4.5) at 
the charged surface of the porous medium. The negatively charged clay surface is compensated by 
cations in the pore water. Under the influence of an electrical field, the cations in the double layer move 
towards the cathode and by viscous drag, a bulk flow of pore water emerges towards the cathode. The 
electro-osmotic velocity varies linearly with the magnitude of the electrical field [7, 13, 14]: 
 
𝑣𝑒𝑜 = 𝜇𝑒𝑜𝐸  (1.10)  
 
where 𝑣𝑒𝑜 is the electro-osmotic velocity [𝑚 𝑠⁄ ] and 𝜇𝑒𝑜 is the electro-osmotic mobility[𝑚2 𝑉𝑠⁄ ]. 
 

3.2 Mass transport of chemical species 
 
The transport of chemical species can be described by Fick’s second law.  The accumulation of a species 
depends on the dispersion of the species and the convection. The dispersion of a species is the 
combined effect of molecular diffusion and mechanical dispersion. The mechanical dispersion is due to 
variations in water velocities.  
 
𝑑𝐶
𝑑𝑡

= 𝐷
𝑑2𝐶
𝑑𝑥2

− 𝑣𝑐
𝑑𝐶
𝑑𝑥

 
 

(1.11)  

 
 
 
 
 
Where the first term on the right hand side denotes the dispersion term, with D the dispersion 
coefficient in [𝑚2 𝑠⁄ ] and the second term on the right hand side denotes the convective term, with 𝑣𝑐 as 
the convective velocity.  
 

𝐷𝑚 =
𝜇𝑒𝐾𝑏𝑇
𝑍𝑒

  (1.9)  
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The convective velocity consists of the two velocities described in the previous section, the 
electrokinetic velocity and the electro-osmotic velocity, which both depend on the electric field applied. 
So, 𝑣𝑐 = 𝑣𝑒𝑜 + 𝑣𝑒𝑚. 
 
However, one has to take into account the tortuosity and the retardation of the porous medium when 
working with clayey soils. Tortuosity is the ratio between the real diffused distance of a particle, x, and 
the experimentally measures end-to-end distance, z. The tortuosity is always larger than one. 
 

𝜏 =
𝑥
𝑧

  
(1.12)  

 
The retardation correction accounts for the fact that probe ions may be sorbed or exchanged etc. (see 
Chapter 4).  
 

𝑅 = 1 +
𝜌𝑑𝐾𝑑
𝜂𝑑𝑖𝑓𝑓

  
(1.13)  

 
Where 𝜌𝑑is the dry density of the clay in[𝑘𝑔 𝑚3⁄ ], 𝐾𝑑 is the distribution coefficient in[𝑚3 𝑘𝑔⁄ ], 𝜂𝑑𝑖𝑓𝑓 is 
the diffusion accessible porosity [-] and R is the retardation factor. 
 
Rewriting the formula for the tortuosity to become 𝑥 = 𝜏𝑧 and inserting it in Fick’s second law eq. 1.12 
gives eq. 1.15. 
 
𝜕𝐶
𝜕𝑡

= 𝐷
𝜕2𝐶
𝜏2𝜕𝑧2

− 𝑣𝑐
𝜕𝐶
𝜏2𝜕𝑧

 
 

(1.14)  

 
Incorporating the retardation into the equation gives: 
 
𝜕𝐶
𝜕𝑡

= 𝐷
𝑅𝜏2

𝜕𝐶
𝜕𝑧2

− 𝑣𝑐
𝑅𝜏2

𝜕𝐶
𝜕𝑧

     (1.15)  

 
This can be written as: 
 

 𝜕𝐶
𝜕𝑡

= 𝐷𝑖
𝜕𝐶
𝜕𝑧2

− 𝑉𝑎𝑝𝑝
𝜕𝐶
𝜕𝑧

  (1.16)  

 
Where τ is the tortuosity [-],  𝐷

𝑅𝜏2
 is the apparent dispersion coefficient 𝐷𝑖   in [𝑚2 𝑠⁄ ] and 

𝑣𝑐
𝑅𝜏2

 is the 

apparent convection velocity 𝑉𝑎𝑝𝑝  in[𝑚 𝑠⁄ ]. 
 
The superscript ‘a, apparent’ means: as observed in the porous medium, accounting for tortuosity and 
retardation. 
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1. Equation taken from literature. The surface was not included in the original equation.   

 

 

 

3.3 Deriving the molecular diffusion coefficient 
 

The molecular diffusion coefficient can be derived using the hydrodispersion relationship. 

𝐷𝑖 = 𝐷𝑎𝑝𝑝 + 𝛼𝑉𝑎𝑝𝑝  (1.17)  
 
The apparent dispersion coefficient and the apparent molecular diffusion coefficient are related via the 
longitudinal dispersion, α [m], and the apparent velocity, Vapp [m/s] [7, 9, 13]. 
 
To obtain the apparent dispersion coefficient and the apparent velocity, we need to derive an analytical 
solution for eq. 1.17. With boundary conditions: 

C(z,0) = Qδ(x), C(∞,t) = 0 and C(-∞,t)=0 for t≥0 

Where Q is the injected activity [Bq] and δ(x) is the Dirac delta function.  We obtain: 

𝐶 =
𝑄

2𝑆�𝜋𝐷𝑖𝑡
∗ 𝑒−

(𝑥−𝑉𝑎𝑝𝑝𝑡)2
4𝐷𝑖𝑡  

 
(1.18)  

With the above equation, one can now fit the experimental data to the calculated data and from this we 
obtain the 𝐷𝑖 and Vapp. Thus, plotting 𝐷𝑖 and 𝑉𝑎𝑝𝑝 against each other and with eq. 1.18, we can derive the 
apparent molecular diffusion. The slope of the regression line is the dispersion length and the apparent 
diffusion coefficient is the intercept with the ordinate axis [7, 14]1.  
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4. Retention processes in clay 
 
Three major mechanisms governing the transport of radionuclides in porous media are diffusion, 
advection and dispersion. In a suitable clay formation, the radionuclide migration should be diffusion 
controlled. The most important parameter determining the diffusion is the molecular diffusion 
coefficient. The diffusion coefficient expresses the speed at which a nuclide travels through clay and is 
controlled by the sorptive properties of the clay. 
 
Sorption is a general term normally used to cover all aspects of interaction between the mobile phase 
and the immobile phase. This may include physical and chemical sorption, reduction, filtration and 
precipitation. In this chapter, we discuss the different sorptive and reduction properties found in clay 
that influence the radionuclide migration.  
 
This chapter starts with the description of the clay structure in section 4.1.  Section 4.2 describes the 
hydration of clay, followed by an explanation on the cation exchange capacity in 4.3 and anion exchange 
capacity in 4.4 while section 4.5 handles the electrical double layer and section 4.6 the anions exclusion. 
The last section explains the influence of porosity on the radionuclide migration. 
 

4.1 Structure of clay 
 
The composition of the solid phase and the mobile phase in clay dictates its ability to retard or sorb 
nuclides. The solid phase and the immobile phase are interdependent and in saturated clays, the 
compounds in the pore waters and the solid phase are in equilibrium. Saturated clay contains both 
water in the pores and bound in the interlayer spaces. It is through this water that diffusion can occur. 
 
The solid phase of clay consists of hydrous alumina-silicate groups, where most exist as silicate layers. 
The silicate layers consist of sheets of tetrahedrally co-ordinated Si and Al atoms (T-sheet) bonded to 
sheets of octahedrally co-ordinated cations (O-sheet), like Al3+ and Fe 3+. The T-sheets and the O-sheets 
can form two types of clay minerals: the two-layer type (also known as 1:1-structure or OT-layer) and 
the three-layer type (also known as 2:1-structure or TOT-layer).  
 
In the 1:1-structure an octahedral sheet is linked to a tetrahedral sheet. In the 2:1-structure an 
octahedral layer is sandwiched between two tetrahedral layers. The spaces between the layers contain 
water and the main interlayer cations, which can be any cation, but in practice are Ca2+, K+ and Na+ [15], 
see Figure 4. 
 
The T-sheet and the O-sheets can be considered the building blocks of all clay minerals. The building 
blocks make up five main types of clay: kaolinite, illite, vermiculite, smectite and chlorite. Each clay type 
has it unique chemical and behavioural properties which arises from its specific arrangement [16]. 
These five main types can be further divided into subtypes. 
 
One of these subtypes is montmorillonite, the main component of bentonite, which is a smectite. 
Montmorillonite has a 2:1-structure and its main interlayer cations are either Na+ or Ca2+. Na+ and Ca2+ 
can both be well hydrated giving bentonite its ability to swell. See section 4.2 for more information on 
hydration of clays.  
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A set of silicate layers and interlayer water form a clay particle. These clay particles are irregularly 
shaped, cannot be neatly arranged, and are therefore bound to create pores. These pores also contain 
water and are the main channels through with anions migrated due to the negative surface charge of 
the clay, see section 4.7.  
 
 

 
Figure 3: Schematic representation of a two-layer type clay (also known as 2:1-structure, TOT-layer). The green 
pyramids represent the tetrahedral silica groups. One silica atom is bond to four oxygen molecules. The yellow double 
pyramids represent the octahedral elements, this can be Al, Mg or Fe bond to six oxygen molecules The interlayer 
consist of water molecules and interlayer cations, e.g. Na+ and K+ [17]. The red dots are the oxygen atoms that do not 
participate in the oxygen crystal and give bentonite a negatively charged surface. 

 

The oxygen atoms create an oxygen skeleton where the silica tetrahedrals and the octahedrals share 
oxygen atoms. The octahedrals have two extra oxygen atoms that do not participate in the oxygen 
skeleton and therefore pointing out of the structure (red dots in the figure 4). These oxygen molecular 
are the reason the clay negatively charged, see Section 4.5. 

4.2 Hydration of clays 
 
Clay sheets (i.e. the silicate layers, see Figure 4) in soils are hydrated (surrounded) by water molecules. 
These water molecules form water layers and hence influence the plasticity, compaction, inter-particle 
bonding and water movement in clay. These properties change as the thickness of the water layer 
changes. Water layers and clay sheets bind for two reasons: (1) water is dipolar molecule water and is 
therefore attracted by the charge on the clay surface (2) the hydrogen ions of water bind to the oxygen 
atoms in the clay and form a hydrogen bond.  

The thickness of the water layers is influenced by two factors: (1) the presence of cations in the solution 
and (2) the clay surface itself. When a cation is in contact in water, it can become hydrated. When a  
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cation is in close proximity to the clay surface, it can use water of the clay for its hydration shell. The 
hydration occurs in steps of one, two and four water layers.  
 
 

 

 

Figure 4:  From left to right the cations are hydrated to different degrees. In outer left picture, the cations are not 
hydrated. In the outer right picture, the cations are hydrated to a maximum of four water layers. As the water layer 
tack, the layers show different characteristics. The viscosity of the water molecules in the first layer near the surface 
is higher than the viscosity of the water molecules located further away [18]. 

 

When water comes near the clay surface, its properties change. Closer to the surface its density 
becomes higher, when more layers appear the density decreases again. In addition, the viscosity 
becomes higher; in the first layer, the viscosity may be 100 times higher than that of free water. Lastly, 
the dielectric constant of water decreases when water comes closer to the clay surface. Water adsorbed 
by the clay surface can move freely in the direction parallel to the surface but not perpendicular to or 
away from the surface [15, 19]. 

4.3 Cation Exchange Capacity 
 
To maintain electroneutrality cations from the pore water are bound to the clay particles. The cations 
that are available to bond to the clay particles are called the exchangeable cations and the quantity of 
exchangeable cation available is expressed as the cation exchange capacity (CEC) in miliequivalents per 
100 gram. 
 
There are two contributing factors to the CEC. The first contribution is independent of pH and 
electrolyte concentration. It arises from an isomorphous substitution (substitution of one element for 
another without changing the crystal structure) of Si in the silicate layer by Al (or any other atom with a 
lower valency e.g. Mg).  Al has a lower valency, which creates an excess negative charge in the structure. 
To compensate for the excess negative charge cations from the pore water are adsorbed onto the 
surface. The second contribution depends on the electrolyte concentration and is confined to alkaline 
conditions. When the pH increases the edges of the silicate sheets may become ionised. To compensate 
for the ionisation cations from the pore waters are adsorbed onto the edges [20]. 
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4.4 Anion Exchange Capacity 
 

Anion exchange can be considered the opposite event of cation exchange. The influence of cation is 
generally much greater than the influence of anions in the majority of soils found in the temperate 
zones. The influence of cations is especially larger in the three-layer type soils, to which bentonite 
belongs.  

However, in Mica (a clay mineral) for example a positive charge in the soil may originate either from the 
rupture of sheet of hydrous alumina-silicates units or from the iron and aluminium oxides that cover 
some crystalline clays (weathering). However, for this thesis the effect of  anion exchange may be 
deemed negligible [21, 22]. 

4.5  Electric double layer 
 

The surface of the clay is negatively 
charged. To compensate this negative 
charge, cations from the pore water 
are drawn to the surface. The double 
layer refers to two parallel layers that 
absorb onto the clay surface. The first 
layer, also called Helmholtz plane, is 
electrically bound onto the clay 
surface.  The second layer, the 
diffusive layer, is bound onto the clay 
surface via coulomb forces, naturally, 
this attraction is weaker and so this 
second layer is loosely associated with 
the surface. It is made of free ions that 
move in the fluid under the influence 

of electric attraction and thermal 
motion rather than being firmly 
anchored to the clay surface [23, 24].  

The electric double layer also 
influences the hydration of the cations. The cations in the Helmholtz plane are partially hydrated. The 
Helmholtz region can be divided into an inner layer (IHP) and outer layer (OHP). The plane separating 
the inner and the outer layer is called the β-plane. The plane separating the outer layer and the diffusive 
region is called the d-plane. The d-plane is the first plane where cations can exist again fully hydrated 
[15].   

 

Figure 5: Configuration of the electrical double layer. In the inner 
Helmholtz layer the ions are electrically bound to the clay surface. The 
outer Helmholtz layer contains the opposite ions that are electrically 
bound to the IHP. Only after the shear layer can the ions be fully hydrated 
again [14].  

https://en.wikipedia.org/wiki/Electromagnetism
https://en.wikipedia.org/wiki/Thermal_motion
https://en.wikipedia.org/wiki/Thermal_motion
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4.6 Anion exclusion 
 

Bentonite has a negatively charged surface. This negatively charged surface creates a double layer. The 
fact that anions and the surface are of the same charge leads to the anion being excluded from the 
double layer.  

This effect increases with an 
increasing charge of the anion. 
Not only the charge of the anions 
influences the anion exclusion but 
also the composition of the pore 
water in contact with the surface, 
as well as the compaction of the 
clay.  

A higher ionic strength of the 
solution results in a better 
shielding of the negative surface 
charge, which results in a weaker 
repulsion of the anions by the 
charge surface and thus less 
exclusion[25]. On the contrary, 
when the clay is compacted the 
negatively charged surface will be 
closer to each other and with this 

increased negative charge the anion will be pushed through faster.  

Figure 6 shows the different ways for anions to be excluded. The picture on the left top portraits the 
initial environment, no increased compaction and no increased ionic strength of the electrolyte 
solution. The picture on the top right shows an increased compaction. The anions exclusion effect will 
be stronger as the negatively charged surface lie closer together. The repulsion that the anions than feel 
will be larger, causing the anions to migrate faster. The picture on the left bottom shows the clay when 
it is saturated with a solution of a higher ionic strength. As a result, the negative charge of the surface 
will be less present causing the anions to feel less repulsion and therefore the anions will migrate at a 
slower pace.  

4.7 Porosity 
 

The space between the pores in bentonite can be subdivided into two types, (1) the interlayer space and 
(2) the interparticle space. The interlayer space, is the space between the individual mineral layers, see 
Figure 7. Is it the space that forms between the tetrahedral and octahedral layers (TOT-layers). The 
interparticle space is the space present between the clay particles. The interparticle space can be 
further divided into the diffusive double layer water and free water. 

 

Figure 6: Influence of compaction and ionic strength on the ‘thickness’ and 
‘proximity’ of the negative surface charge. Top right) Compaction causes the 
TOT-layer to lie closer together. Double layer waters lie closer together, 
increasing  negative charge leading to more of   anions. Bottom left) 
Electrolyte of a higher ionic strength decreases the negative charge of the 
surface leading to less repulsion of anions. 
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Because of the very narrow space between TOT-layers, the double layers in the interlayers overlap 
giving rise to a larger electric potential and leading to complete anion exclusion, see Section 4.6.  The 
interlayer water thus exclusively contains cations that compensate the permanent charges located in 
the octahedral layer of the clay. The total concentration of the cations in the interlayer is constant and 
independent of the composition of the water in the interparticle pore space. 

The spaces between the interparticle pores are larger compared to the spaces between the interlayer 
and therefore the double layer does not extend as far as that they completely exclude anions. As stated 
in the previous section, increasing the ionic strength of the pore water results is a more compressed 
double layer further reducing the anion exclusion effect. 

Concluding from all said above, it is clear that a distinction between the interlayer space and 
interparticle spaces  should be made. For anions, the interparticle pores are of interest. The 
interparticle space equals the space accessible for anions at high ionic strength conditions.  [15, 25].  

 

  

Figure 7: Schematic overview of bentonite with its pores and 
double layer water. The double layer has a strong negative charge 
excluding anions from it. The only migration path they can take is 
through the free water [3]. 
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5. Geochemical behaviour Ceasium, Technetium and Selenium 
 

5.1 Ceasium 
 

Ceasium is a frequently researched isotope and therefore there is an abundance of information 
available on its isotopes. To determine whether the electromigration cell works properly, we compare 
data obtained with our electromigration cell to data found in literature, see Chapter 7 for the results.  

135Cs and 137Cs are the key isotope related to nuclear energy and waste because they are radioactive.  
135Cs is a long lived isotope, with a half-life of 2.3∙106 year [26]. 137Cs has a half-life of 30 years [26] and 
is one of two principal medium-lived fission products, next to 90Sr. Together 137Cs and 90Sr are 
responsible for the major part of radioactivity in spent nuclear fuel.  

Nevertheless, 135Cs is the key Ceasium-isotope in respect to deep geological storage, owing to it long 
half-life [4]. In this report, we use 134Cs, a γ-emitter with a half-life of 2 years, to conduct the 
experiments. 

5.1.1 Speciation and oxidation states of 
Ceasium 
 

Ceasium has simple oxidation chemistry; it has only 
one oxidation state that is also stable, +1.  As a result 
of its simple oxidation, its speciation in bentonite and 
all other soils is very straightforward. Ceasium exist as 
Cs+ at every possible pH and Eh. 

Figure 8 shows the speciation of Ceasium in the range 
of stable water. The range of the stability of water is 
depicted as the blue plane.  

5.1.2 Retention of ceasium 
 

The CEC, see Section 4.3, gives the largest contribution 
to the retardation of Ceasium in Bentonite (and other 
charged soils). The positive Cs-ions are sorbed onto 
the surface to counterbalance the negative charge of   
the surface.  

  

 

A second factor contributing to the retardation of Ceasium in clay is the interlayer collapse of mica-clay. 
The low hydration energy of Ceasium causes an interlayer dehydration and layer collapse and as a 

Figure 8: Speciation of Ceasium in the range of stable 
water (depicted as the blue plane). Cs has only one 
oxidation state +1. As a result its speciation is quite 
simple. 
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result the caesium ions are fixed between the clay layers. Thus, the extent to which Cs is retarded 
depends largely on the CEC of the clay and on the content of Mica in the clay. 

5.1.3 General migration data of ceasium in bentonite 
 

Published results on the values of Dapp indicate that the values range from 10-9 to 10-13 depending on the 
clay type (bentonite vs. Boom clay). Sato et al. [27] have conducted migration experiments with Cs on 
compacted sodium bentonite under atmospheric conditions. The bentonite used (Kunipia-F), contained 
95% montmorillinite, which is 10%-higher than the normal montmorillinite content.  

Sato et al. found a relationship between the dry density of the bentonite and the apparent diffusion 
coefficient. As the dry density increases, the Dapp and the porosity decrease. The retardation does not 
show a one to one relation to either parameter up to a dry density of 1.4·103 [kg/m3]. However, in broad 
perspective it can be stated that the retardation factor increases with an increasing dry density. 

The values for the Dapp  found by Sato et al vary from 10-11 for bentonites of low dry density to 10-13 for 
bentonites of high dry density. Table 1 gives the results as found by Sato et al. 

Table 1: Results as found by Sato et al. An increasing dry density leads to a lower Dapp, an increasing retardation and 
a decreasing porosity [14]. 

Sample Dry density 
[kg/m3] ·103 

Dapp [m2/s] Retardation R [-] Porosity η [-] 

1 0.2 1.6 · 10-11 69 0.93 
2 0.4 1.2 · 10-11 58 0.86 
3 0.8 6.6 · 10-12 62 0.72 
4 1.0 4.8· 10-12 60 0.65 
5 1.4 2.2 · 10-12 68 0.51 
 
Tsai, Ouyang & Hsu [28] come to a similar conclusion in their article; with an increasing dry density the 
values for the Dapp decrease.  For the porosity and the retardation also similar results are found.  Table 2 
summarises the results found by Tsai et al. 

Table 2: Results as found by Tsai et al. The results show the same trends as the results of Sato et al. [15]. 

Sample Dry density 
[kg/m3] ·103 

Dapp [m2/s] Retardation R [-] Porosity η [-] 

1 1.8 2.83 · 10-13 5685 0.38 
2 2.0 1.97 · 10-13 7744 0.31 
3 2.2 1.91 · 10-13 11000 0.24 
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In an article by Kim, Suk & Park [29] values for the Dapp found range from 1·10-11 to 1.13·10-13 . This is in 
agreement with the results found by Sato et al.   

Table 3: Values found as by Kim et al. The results show similar trends as Sato et al. and Tsai et al. The porosity of the 
material was not given in the article. 

Sample Dry density 
[kg/m3]∙103 

Dapp  
[m2/s] 

1 1.06 1.00·10-11 
2 1.27 7.15·10-12 
3 1.58 2.57·10-12 
4 1.78 3.50·10-13 
5 1.96 1.13·10-13 
 

5.1.4 Conclusion 
 

Concluding, the main retention process for Cs+ is the sorption onto the clay layer by cation exchange. A 
smaller fraction of Cs+ may fixated by the interlayer collapse of mica. Cs+ is not reduced by any element 
or compound in bentonite. 

The Dapp depends on the dry density. The higher the dry density of the grain, the smaller the value for 
Dapp. Depending on the dry density, values anywhere between 10-11 and 10-13 can be found for Ceasium. 
In addition, the porosity decreases with an increasing dry density. On the contrary, the retardation 
seems to increase with an increasing dry density.  
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5.2  Technetium 
 

99mTc (half-life of 211·106 a) is like 79Se and 137Cs, a long-lived radionuclide and produced as a fission 
product when 235U is split in a nuclear reactor. The thermal fission yield is ± 6.1%. Fission of 233U gives a 
similar yield of ± 5.1% [30].   

Thus far, in the order of tons of 99Tc have already been produced. Despite the relatively low energy of its 
radiation - 293,7 keV 99,9984% [31]- its great quantities, long half-life and apparent mobility in soil 
make it a great concern for long term disposal. 

5.2.1 Speciation and oxidation states of technetium 
 

Technetium can exist in ions with valences state from -1 to +7, but the most commonly seen oxidation 
states in natural environments are +4 and +7 [32]. The oxidation state is +7 in oxidizing conditions and 
+4 in reducing condition.  

When Technetium is present in its +7 state, it exists as a pertechnetate anion TcO4-, and is considered 
highly mobile and is given a retardation factor of 1. Figure 9 shows that dissolved technetium exist as 
pertechnetate over the complete pH range, in most oxidizing environments.  

 

5.2.2 Retention of technetium 
 
For soils with low organic material contents, 
like bentonite, the Kd-values (the ratio 
between the radionuclide concentration in 
the solid phase to that in the solution) 
reported for pertechnetate vary between 0 to 
0.5 ml/g. The sorption of Tc(VII) has been 
found to be positively correlated to the levels 
of organic carbon in soils.  
 
The distribution experiments conducted with 
Tc show that when the ionic strength is 
increased the Kd-value increases.  This is 
caused by the ionic strength of the solution 
decreasing the double layer around the 
sediment particles, allowing Tc to have a 
higher interaction with the mineral surfaces. 
 
 
 
 
 
 

 

Figure 9: Speciation of technetium [1].  



[GEOCHEMICAL BEHAVIOUR OF Cs, Tc AND Se] CHAPTER FIVE 
 

                                                                                                                                                                                                 20  

 
 
The increase in interaction with the clay surface, increases the chance for the Tc-ion to react with the 
OH- for the O-sheets to form the sparingly soluble hydrous oxide that   quickly precipitates [33, 34]. 
Other forms of retention of pertechnetate are physical sorption onto activated carbon [35]. It is also 
generally accepted that sulphides and Fe(II) reduce Tc(VII) to Tc(IV) and thereby immobilise the Tc-ion 
through precipitation.   

5.2.3 General migration data of technetium in bentonite 
 

Although the retardation factor for technetium in a reducing environment is widely accepted as being 1, 
there are some clues that this might not actually be completely true.  In their article Sato et al. conclude 
that ‘a small effect of dry density of bentonite on retardation factor was recognized for 90Sr, 99Tc ,129I 
and 137Cs.’ They also concluded that the apparent diffusion coefficient of 99mTc decreased with 
increasing dry density of bentonite. For an overview of the values published by Sato et al., see Table 4.  
For the apparent diffusion coefficient, values between 6.9 x 10-10 and 1.0 x 10-11 were found.   

Table 4: Values found for the Dapp and retardation of pertechnetate in bentonite under oxidizing conditions a)Sato et 
al [27] and b) Oscarson [36].  

Dry density x 103 [kg/m3] 0.8a 1.0a 1.4a 0.9b 1.35b 
Dapp                [m2/s] - 1.3⋅10-10 8⋅10-11 2.3⋅10-10 0.73-10 
Porosity         [-] 0.72 0.65 0.51 - - 
Retardation [-] - 3.2 4.5 - - 
Kd                   [m3/kg] - 1.4⋅10-3 1.3⋅10-3 - - 

 

In an article by Sawatsky and Oscarson [36] similar conclusions were found.  An increasing dry density 
of bentonite decreases the apparent diffusion coefficient. The apparent diffusion coefficient range from 
2.3∙10-10 [m2/s] at a dry density of 0.9∙103 [kg/m3] to 8∙10-11 [m2/s] at a dry density of 1.4∙103 [kg/m3].  

5.2.4 Conclusion 
 

In conclusion, Tc(VII) may be retarded. The retardation depends on the ionic strength of the solution. A 
higher ionic strength decreases the double layer, allowing the negative Tc-ion to have more interaction 
with the clay surface. Tc can also be reduced by Fe(II) and sulphides, as well as be precipitated by 
forming a complexion with OH-. As to which retardation process is more dominant is unclear. 

The Dapp values found lie between 2.3∙10-10 [m2/s] and 8∙10-11 [m2/s] for respectively low dry densities 
and high dry densities. A decrease in porosity decreases the Dapp probably due to the fact that the 
interparticle pore space is reduced. 

  



CHAPTER FIVE [GEOCHEMICAL BEHAVIOUR OF Cs, Tc AND Se] 
 

21 

 
5.3 Selenium 
 

Among the fission products present in high-level radioactive waste, 79Se certainly deserves attention 
[13].   79Se is a β-emitter with no attendant γ-radiation. The half-life of this radionuclide is uncertain, but 
is estimated to range between 65000 years and 1.13 million years, the latest figures opt for a half-life of 
327000 years [37]. Its yield is set on 0.04%. Despite its low yield, it is present in large enough 
concentrations  that once it escapes from the engineered barrier it contributes considerably  to the dose 
rate to man. Besides that, Selenium is an essential micronutrient for many organisms thus it  can be 
easily bio-concentrated in the food chain [38]. 

The geochemical behaviour of selenium in clay is controlled by various abiotic reaction, and perhaps 
microbially-mediated reactions, but due to the high clay compaction, the microbial activity is expected 
to be very low in bentonite. The main mechanism expected to immobilize 79Se in clay are sorption, 
reduction and precipitation reactions. In the next sections, we will briefly talk about the oxidation states 
of Selenium, the speciation, the reduction and sorption of Selenium. 

5.3.1 Speciation and oxidation states of Selenium  
 

The electron configuration of Selenium is given by 3d10 4s2 4p4 adding up to six electron in its outer 
shell. This configuration gives selenium its ability to 
exist in a +1, +2, +4 and +6 oxidation state.  
Additionally, it can also accept two more electrons 
given it an extra oxidation state of -2. The most 
common oxidation states are -2, 0, +4 and +6. 

Under mildly reducing conditions, Se(+IV) is the main 
aqueous species. Under Boom clay conditions (Eh 
between -450 and -250 mV and pH 8,5), selenium is 
expected to exist in the form HSe-. However, the 
oxidation state as it comes out of the nuclear waste 
matrix is unknown and reduction/oxidation is slow, 
it might be well possible that it exist in the near field 
as SeO32- and/or SeO42- [39]. 

5.3.2 Retention of Selenium 
 

Selenium is always present as an anion in water. The 
negatively charged surface of bentonite hinders the 
sorption of the selenium anions. However, some 
oxyanions can form inner-sphere complexes at the 

surface of oxy-hydroxides of Fe3+ and Al3+. This complexation is given in eq. 19 and eq.  20.  

𝑆𝑒𝑂32− +  𝐹𝑒𝑂𝐻  ↔  𝐹𝑒𝑆𝑒𝑂3− + 𝑂𝐻−  (1.19)  
𝐻𝑆𝑒𝑂3− +  𝐹𝑒𝑂𝐻 ↔  𝐹𝑒𝑆𝑒𝑂3− + 𝐻2𝑂  (1.20)  
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The iron atoms (Fe3+) present in the clay are attracted by the selenite ligands and under the elimination 
of one hydroxyl group from the clay surface, the selenite takes its place on the surface. The extraction of 
the hydroxyl group is facilitated in an acidic environment, as the OH- is rapidly protonated to neutral 
H2O. The extraction of neutral water is energetically favourable over the extraction of a hydroxyl. The 
selenite can form a monodentate binding as well as a bidentate binding.  
 
However, as mentioned before the conditions in near field are reducing. Under these conditions, 
only selenite (SeO32–) forms stable inner-sphere complexes.  Selenate sorption is much weaker than 
that of selenite and requires quite acidic conditions for the ligand exchange. As a consequence, selenate 
forms preferentially weak outer-sphere complexes and no inner-sphere complexes. 
 

 

Figure 10: Schematic of phthalate surface complex structures. a) monodentate inner-sphere complex  b) mononuclear 
(chelating) bidentate inner-sphere complex c) a binuclear (bridging) bidentate inner-sphere complex by both 
carboxylate groups d) outer-sphere complex. 

Similar to Technetium, selenite (oxidation state +4) is assumed to be reduced by FeS2. For Selenate 
(oxidation state +6) under Boom clay conditions such a reduction has not been demonstrated and is 
deemed very difficult in the absence of a catalyst.  Kinetic limitation concerning the reduction could be 
overcome by sulfato-reducing bacteria –SBR-, however these do not exist under Boom Clay conditions 
[8, 40].  

Recent work also mentioned that green rust (Fe(II) hydroxide-sulphate) might be able to reduce 
selenate in a reducing environment to elemental Selenium, which is considered immobile. Furthermore 
is Se(-II) is expected to precipitate with Fe2+ to form FeSe [41] [42].  
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5.3.3 General migration data of selenium in bentonite 
 

Not much data of selenate in bentonite was found, so values listed in  are values found for selenate in 
Boom clay. As Boom clay largely consist of bentonite, we believe that it is reasonable to assume that the 
migration values will be similar to that of bentonite. 

The value found for selenite in bentonite is 5·10-10 [m2/s] [43]. The values found for selenate in Boom 
clay are 1.2⋅10-11 - 1.7⋅10-11 [m2/s] [44] and 3.2⋅10-11 [m2/s] [8]. A small retardation factor of 2.3 was 
found for selenate in Boom clay. 

5.3.4 Conclusion 
 

In general, much less information is available on the migration of selenium in bentonite compared we 
Cs and Tc. However, data was found for the migration of selenium through Boom clay. As Boom clay 
largely consist of bentonite, we assumed that it is reasonable to compare the migration data of selenium 
found in Boom clay to that found in bentonite. 

Although, selenium is assumed to be unretarded a small retardation factor in Boom clay was found 
(R=2.3). The retardation is believed to be due to the formation of inner and outer-sphere complexes. 
Other retention processes are: reduction by FeS2, reduction by green rust and precipitation of FeSe.  

Comparing the retention processes of technetium and selenium, there might be competition for the 
hydroxide of the Fe3+ and Al3+ octahedrals and for the reduction by Fe(II). Se uses the hydroxides to 
form inner,- and outer-sphere complexes and Tc uses the hydroxides to be reduced to a insoluble 
hydrous ion. The competition of Fe(II) is that the iron atom reduce both to a lower oxidation state and 
thereby immobilizing it. 
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6. Materials and Methods 
 

In this chapter, we describe the details of the experimental set-up, materials and procedures.  The 
technical drawings are given in the Appendices. The electromigration cell was build after example od 
Bauwers et al [44]. 

6.1 Set-up 
 

The electromigration cell consists of cylindrically shaped sample holder of 10 cm long and 3 cm in 
diameter with on either side of the sample holder an electrolyte compartment. The electrolyte 
compartments have a total volume of 100 cm3.  Once the sample is secured in its location the sample 
holder is sealed off from the electrolyte compartments by two glass filters with a diameter of 40 mm 
and a pore size of 10 µm to 16 µm (VWR- 500-5411). These filters are in place to allow water to flow 
into the sample but to prevent clay particles from entering the water compartments.    

The most important parameter to monitor during the experiment is the electrical field, as the electrical 
field is the driving force of the experiment. In order to monitor the electrical field, we placed a stainless 
steel needle every 2.5 cm. These stainless needles can be attached to a volt- and current meter to 
measure the electric field, see  Figures 13, 14 and 15.  

The electrolyte compartments are sealed with a lid. On the inside of the lid, we placed coiled stainless 
steel electrodes with a wire diameter 1 mm.  The electrode is connected through the lid to a cable wire 
that in turn can be connected to the DC-supplier.  

 

 

 

Figure 11: Schematic overview of the set-up. The cell is connected to a power supply and to two 
pumps, which are connected to a reservoir. The reservoir has two tubes going back to the cell to 
refresh the water [2] 
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Figure 12: Technical drawing of the electromigration cell. The electromigration cell is manufactured from a single 
piece of Plexiglas. The different compartments (sample holders, electrode compartments) were constructed by 
milling. 

Not only the electrical field influences the experiment, the pH and Eh influence the experiment as well, 
as it can change the speciation of the nuclide. As the experiment continues the pH and Eh of the 
experiment change owing to oxygen being produced at the anode and hydrogen being produced at the 
cathode, see Section 2.3. To monitor the changes a small hole was constructed on top of the electrolyte 
compartment, wherein a pH meter could be placed (not shown in Figure 12). 

When the experiments continue for a longer period (up to a few days) the temperature of the sample 
could rise. To measure this, four insertions were made on top of the sample holder where 
thermocouples could be placed. However, when experiments last a day or less the temperature rise is 
negligible.  

The electrolyte compartments proved sensitive to flooding. To solve this problem, two expansion 
barrels were placed on top of the electrolyte compartments, after which no more flooding occurred, see 
Figure 13.  For a detailed technical drawing of the electromigration cell, see Appendix A. 
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Figure 13: Picture of the actual electromigration cell. The black and red wires are connected to the power supply. The 
green wire is to ground the set-up. The four black cloud-shaped elements can be wired to an electrical field meter so 
that the electrical field over the sample can be measured. The electrodes show a little usage damage. 

6.2 Experimental outline 

6.2.1 Preparation 

Isotope production 
Ceasium 

For the production of 1 MBq 134Cs (half-life 2yr.) , 10 mg of CsCl containing the stable 133Cs was 
irradiated for four hours at the Reactor Institute of Delft with an epithermal neutron flux of 4.45·1014 
[1/sm2], a thermal neutron flux of 4.59·1016 [1/sm2] and fast thermal flux of  3.24·1015 [1/sm2]. The 
irradiated sample was allowed to cool down for two and a half days to let the active chloride decay.  The 
neutron capture reaction of 133Cs is given in the reaction scheme below: 

𝐶𝑠55
133 + 𝑛01   → 𝐶𝑠55

134 +  𝛾 
 

 
(1.21)  

As mentioned in Section 5.1, the speciation of Ceasium in rather straightforward, so it will dissolve is 
any solution. Here, we dissolved the Ceasium in 0.1 M NaOH, so that it would not change the alkaline 
nature of the synthetic Boom Clay Water.  

Selenium 

Selenium was produced similarly. For the production of 1 MBq 75Se (half-life 119 days) we irradiated 25 
mg of the stable 74SeO2 salt for 10 hours (same fluxes as ceasium). The cool down time was similar to 
Ceasium: two and half days. 
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𝑆𝑒34
74 +  𝑛01   → 𝑆𝑒34

75 +  𝛾 
  

 (1.22)  

 
However, SeO2 is not the compound that we are interested in as it is stable under boom clay conditions. 
The compounds we are interested in are SeO32- (Se +IV) and SeO42- (Se +VI). Selenium is often found in 
redox disequilibrium and due to the unknown oxidation state once it escapes from the waste matrix 
states SeO32- and SeO42-  might exist if their reduction is kinetically hindered [8]. 

To obtain SeO42- and SeO32- we treated SeO2 using 30% W/V H2O2 and NaOH respectively. The   
dissolving SeO2 required a bit of stirring [45, 46] 

Making of a technetium generator. 
The production of technetium was slightly more complicate compared to the production of ceasium and 
selenium. The method used to produce radioactive technetium was through a neutron-gamma reaction 
of molybdenum. To obtain the technetium, molybdenum was irradiated to serve a technetium 
generator. For this, we irradiated 50 mg of 98Mo for 20 min to produces 99Mo. The freshly irradiated 
molybdenum was left to cool down for a day. After this 99mTc could be extracted from the technetium 
generator.  

The reaction scheme of 98Mo is given is the equation 1.23. The addition of a neutron to 98Mo is followed 
by γ- emission yields 99Mo. Through β-emission, 99Mo decays to 99mTc (half-life 6 hr.) which in turn 
decays by γ-emission.  

𝑀𝑜98(𝑛, 𝛾)𝑀𝑜99
𝛽−
�� 𝑇𝑐99𝑚

𝛾
→ 𝑇𝑐99  (1.23)  

 

 
 

 

Before the separation, the Mo/Tc-mixture was dissolved in hydrochloric 
acid. Then, the solution was heated on a hot plate at 65 degrees until all 
the chloride was evaporated and the solution had turned colourless. To 
speed up the process, the solution was stirred in dry air.  The solution was 
subsequently mixed with 1 M HCl.  

The separation of Tc and Mo was carried out by an ion-exchange 
chromatograph. For the chromatography, a Dowex-1 200-400 mesh was 
used. The resin was pre-treated with HCL. Then, the syringe was filled with 
the Dowex and the Mo/Tc-mixture and the solution was pushed gently 
through a filter. The solution and the filter were then analysed for Mo and 
Tc present. When the filter contained a fair amount of Mo, the solution was 
pushed through the filter again until a clean filter was obtained.  

Once all the Mo had been removed from the filter. A second filtration was 
done to wash out the Technetium with 5 ml of 4 M HNO3 [47].  This 
resulted in a 99,99% pure eluent of technetium.  

Figure 14: The Technetium 
generator. a) a 2 micron 
filter. b) a small syringe filled 
with Dowex-1 200-400  
pretreated with HCL. c) a 5 
mL syringe that can be filled 
with the Mo/Tc-mixture that 
is dissolved in HCl. 
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Recipe for Synthetic Boom Clay Water 
The main component of Boom clay pore water (BCW) is NaHCO3 in addition there are some minor 
fractions of other components like Boric acid. Thus, basically, BCW is a 15 mM NaHCO3 solution. If one 
wants to make synthetic Boom Clay Water (SBCW), one could use a 15 mM NaHCO3 solution.                                  
However, at the SCK·CEN scientists issued a detailed recipe to make synthetic boom clay water (SBCW).  

The recipe can be found in appendix B. In order to work with SBCW in an anaerobic environment, the 
water should degassed by bubbling it through with N or Ar overnight and leave it open in an inert glove 
box [48]. 

Sample preparation 
To obtain clay samples that were as homogeneous as possible, small Plexiglas tubes of 10 cm long and a 
diameter 3 cm were made. The tubes were filled with bentonite and sealed off with a porous filter on 
both ends. The tubes were placed into SBCW and left to rest until the powder was saturated 
(approximately two months). 

A faster method was to fill the electromigration cell with powder and to start the set-up. The electrical 
field forces the water to travel through the powder, this way the samples were saturated within 
four/five days. The saturation was checked by determining whether the electrical field over the sample 
stopped changing. 

The fasted method was to mix equal amounts of water and bentonite manually. The clay had to be 
kneaded thoroughly to obtain a sample as homogenous as possible. The kneaded clay was then 
moulded into two 5 cm long Plexiglas tube with a 3 cm diameter.  

 

6.2.2 Experimental procedure 
 

Once the SBCW, isotope solutions and clay samples were prepared, the set-up was filled with two clay 
cores of each 5 cm. The first clay core was placed into the set-up after which we place a small round 
piece of filter paper on top of it. The filter paper was wetted with a small amount of SBCW, 36 µl, and 
then with the active solution. For a ceasium and selenium test, we typically used between 150 and 250 
kBq and for technetium test we typically used 1 MBq. 

After the filter paper was spiked, we placed the second clay core on top and closed the exit with the 
glass filters. Hereafter, we filled the electrolyte compartments with the SBCW and started the 
experiments. 

As constantly monitoring devices were not available, we listed the electric field, the voltage, the pH and 
Eh every hour. The electric field might change as the experiments proceeded due to precipitation at the 
electrodes. When this happened, it is needed to adjusted the current to maintain a constant electric 
field. The data could not be listed overnight , thus the experiments were stopped at the end of a working 
day and continued the next day. 
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After a cycle, the samples were removed from the cell and cut it in slices of 4 mm with a knife. These 
slices were put into plastic vials of 40 ml and 40 ml of Mili-Q water was added. The vials were shaken 
overnight on a rotator. 

The next day, 2 ml of the shaken sample solution of each vial was transferred into glass vial suitable for 
a Wizard 2 automatic gamma counter (Wallace). Then, the vials were ran through the detector. 

To determine the dry density, we first needed to determine the grain density. The following steps were 
taken to obtain the grain density[49]. We dried 15 gram of clay samples at 105⁰C for 24 hour in a 
ventilated oven to remove adsorbed water. Then, the samples were taken out of the oven and quickly 
poured into a volumetric flask, which was then sealed and let cool to room temperature. We then added 
35 ml (or sufficient liquid) of 1 M to the flask, until the sample was completely covered. Then, the flask 
was sealed again.  

After this, we shook and rotated the sample for some time (typically one hour) to facilitate the air from 
escaping the bentonite. Next, the samples were left to rest for 24 hours before they were rotated again 
and filled with the rest of the 1 M NaOH until the flask was full. The last step was to weight the flask, the 
test liquid and the bentonite together. For the experimental recipe, see Appedix D. 

The grain density was determined using the following equation: 

𝐷𝑠 = 𝑚𝑠

𝑉𝑡𝑜𝑡−
𝑚𝑡𝑜𝑡−𝑚𝑠+𝑓

𝐷𝑙

          (1.24) 

where ms is the mass of the solid (clay sample after drying) [kg], Vtot is the total volume [m3], mtot is the 
total mass, ms+f is the mass of the solid and the flask [kg] and Dl is the density of the liquid [kg/m3]. 

Once the dry density was determined, we could calculate the dry density through the following 
equation: 

𝐷𝑑 = 𝐷𝑠∙𝐷𝑤
𝐷𝑠∙𝑤+𝐷𝑤

            (1.25) 

Where Ds is the grain density [kg/m3], as calculated above, Dw is the density of water [kg/m3] and w is 
the water ratio [-] and is calculated by: 

𝑤 = 𝑚𝑤
𝑚𝑠

            (1.26) 

where mw is the mass loss due to drying the sample at 105⁰ C for 24 hours and ms is the remaining solid 
mass. 

Data processing 
The detector measures the absolute activity that is found in each slice. For each series, we normalized 
the data by dividing the activity of a slice through the slice with the most activity. Then each normalized 
slice received a location on the x-axis, so that distance travelled could be determined. 

To obtain the dispersion coefficient we wrote a program in Matlab that could fit the experimental data 
to the calculated data, using the equation below:  
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𝐶 = 𝑄
2𝑆�𝜋𝐷𝑖𝑡

𝑒
�𝑥−𝑉𝑎𝑝𝑝𝑡�^2

4𝐷𝑖𝑡          (1.18) 

where Q is the initial concentration or activity [Bq], S is the surface [m2], Di is the molecular dispersion 
coefficient [m2/s], t is the time [s], x is the distance [m], Vapp is the apparent velocity [m/s] . See Chapter 
3 for the derivation. All parameters are known except for the dispersion coefficient that has to be fitted, 
but here we also fitted the apparent velocity. The Matlab script can be found in Appendix C.  

Once the dispersion coefficient was obtained for the different experiments, the dispersion coefficients 
were plotted against the apparent velocity of those experiments and from that, we obtained the 
apparent molecular dispersion coefficient and the longitudinal length.  The apparent molecular 
diffusion coefficient is the value where the regression line crosses the y-axis. 

𝐷𝑖 = 𝐷𝑎𝑝𝑝 + 𝛼𝑉𝑎𝑝𝑝            (1.14) 

The accuracy of the fits was reviewed by a part of the code that calculated the sum of squares. 

To calculate the retardation, the  solid grain density, the dry density [49] had to obtained and the 
porosity [50] had to be calculated first using eq. 1.27: 

𝜀 = 1 − 𝜌𝑑
𝜌𝑠

            (1.27) 

 
where ε is the total porosity [-], 𝜌𝑑is the dry density [kg/m3] and 𝜌𝑠 is the solid grain density [kg/m3]. 
  
With the porosity and distribution coefficient obtained from literature the retardation was calculated 
using the equation below [28]: 

𝑅 = 1 + �
1 − 𝜀
𝜀

�𝜌𝑠𝐾𝑑    (1.24)  

 

Where R is the retardation [-], 𝜀 is the total porosity [-], 𝜌𝑠 is the solid grain density and 𝐾𝑑is the 
distribution coefficient in [ml/g].
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7. Results and discussion 

7.1 Ceasium 
 

Twelve experiments with Ceasium were conducted, five of the experiments were omitted due to 
experimental mistakes e.g. the location of the spiked tracer was unknown, flooding and overheating of 
the pump and due to the tracer not leaving the origin. With the remaining experimental data, a 
distribution profile was obtained. The experimental distribution profile was then fitted to a calculated 
distribution profile with MATLAB. With that, the dispersion coefficient and apparent velocity could be 
obtained. The sum of square –SS- was also calculated to determine the accuracy of the fit. The results of 
the fitting and the experimental relevant data are listed in Table 5.  

Table 5: Results found in the experiments done during the electromigration experiments with Ceasium 

 
The aim was to investigate if experimental time could be reduced to a few hours. The distribution 
profiles obtained are promising. The experiments that were done for a shorter period of time (and at a 
higher velocity) all show a typical Gaussian profile except for experiment Cs-6, the shortest experiment. 
Experiment Cs-6 shows some tailing, this could be due to the reduced experiment time that did not 
allow all tracer to leave the origin. However, experiment Cs-6 had the highest applied electrical field 
and since the experiments Cs-5 and Cs-7 do not show such tailing, it is believed that the tailing is caused 
by contamination during the cutting of the slices. 

Figure 15: Migration profiles obtained during high current experiment conducted with an electromigration cell in 
Clear Gaussian distribution profiles are obtained. Prove that eperimental time can be further reduced. 
electromigration experiments. 
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Experiment 
code 

Time [hr] Electric 
field 
[V/m] 

pHcathode Di  
[m2/s] 

Vapp  
[m/s] 

Current 
[mA] 

SS 

Cs-1 18.5 - 8.3 1.65E-10 2.10E-07 10 0.081 
Cs-2 11.5 - 9,4 1.60E-10 2.66E-07 15 0.077 
Cs-3 12.75 - 9,8 2.10E-10 3.70E-07 17 0.068 
Cs-4 13 - 9,7 1.48E-10 1.39E-07 13 0.049 
Cs-5 7.25 64 - 1.40E-10 2.68E-08 40 0.042 
Cs-6 6 71 7.3 1.70E-10 5.56E-08 35 0.042 
Cs-7 6.5 46 9.3 1.08E-10 2.56E-08 25 0.049 
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Based on the current experiment Cs-5 would have travelled the largest compared to experiment Cs-6, 
this is however not the case. The explanation can be found in the electric field over the sample. 
Although, experiment Cs-5 had the largest current applied the electric field is smaller than the electric 
field in experiment Cs-6. This due to the precipitation of rust at the electrodes. 

In the experiments, we used SBCW. The SBCW contained minor fraction of Fe(II) which oxidised during 
experiments and formed rust. During experiment Cs-5, the rust formation was more severe than in 
experiment Cs-6 changing the overall resistance and hence lowering the electrical field over the sample. 
With the driving force reduced the distance travelled was less.  

The production of rust proved troublesome as it influenced the electrical field applied and damaged the 
electrodes. The electrode at the cathode was affected to such a degree after the first set of experiment it 
broke down and had to be replaced. It was then decided to omit Fe(II) from the SBCW in future 
experiments. 

Once the dispersion coefficient and apparent velocities of the experiments were set out against each 
other, it became evident that two lines were present. One line for the low current experiments (20 mA 
and lower) and for the high current experiment (25 mA and higher). (Figure 16 gives a distorted image 
of the slope of the high current experiments due to the scale on the x-axis). 

The two trend lines give both a more or less similar apparent molecular diffusion coefficient. Thus is it 
is definitely possible to shorten the experimental time. However, it is not possible to mix higher current 
and low current experiments, thus far. Not only because the apparent velocities lie greatly apart but 
also because the dispersion at high current experiments is more severe.  

 
 
Figure 16: apparent velocity on the x-axis plotted against the dispersion coefficient on the y-axis. Two trends are 
visible for the experiments conducted at high current and at low current. 

Looking at the longitudinal dispersivity obtained, it is clearly noted that the longitudinal dispersivity 
between the high current experiments and the low current experiments differ by one order of a  
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magnitude (3.7·10-3 [m] vs. 3·10-4 [m]). This can be explained by the fact that during a high current 
experiment the water velocities through the clay are higher. Longitudinal dispersivity quantifies how

much a radionuclide (or particle more generally) strays away from the path of the ground water in 
which it is carried. When a radionuclide travels into a dead end pore or another diverting path it will get 
behind the average velocity more rapidly, causing a greater spread in the longitudinal direction.  

The apparent velocities obtained are 4·10-11 [m2/s] and 7·10-11 [m2/s] for the high and low current 
experiments respectively. The order of a magnitude raises the suspicion that the bentonite used was 
one of a low dry density. Experiments conducted on the dry density of the bentonite indeed show that 
the bentonite had a relatively low dry density of 0.9·103 [kg/m3]. 

Table 6: Comparison of data found in this experiment with data obtained by Sato et. al  [27] and Kim et al. [29]. 

 

 

 

 

Comparing the Dapp based on dry density, the results found are in good agreement with the results 
found by Kim et al. However,  comparing the results with Sato et al. we see that the order of magnitude 
is lower.  

Thus, comparing the data to Kim et al, we can conclude that the experiments were successful. The range 
of base is not unreasonably large. Each batch of bentonite may vary in CEC and montmorillinite content. 
The natural variation is the clay cannot be neglected and may influence the results. 

However, compared to Sato et al. we cannot definitely state that the experiments were successful. The 
difference in magnitude could be caused by the preparation of the clay sample. We mixed the bentonite 
clay in a 1:1 ratio with water and kneaded the clay thoroughly, however, it cannot be excluded that can 
channels existed in the clay sample or that the clay was not completely saturated. To avoid this in future 
experiments we design a tube wherein the bentonite powder could be placed and left to rest until 
saturation (see Chapter 6). 

 

  

 Our data Sato et al. Sato et al. Kim et al. 

Dapp [m2/s] 4-7·10-11 6.6·10-12 2.2·10-12 1.0·10-11 
Porosity [-] 0.50 0.72 0.51 - 
Dry density 
[kg/m3] ·103 

0.9 0.8 1.4 1.0 
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7.2 Technetium 
 

Figure 17 shows the concentration profiles of 99mTc as they were obtained during the electromigration 
experiments. The distribution profiles are obtained in a similar manner to Ceasium. The concentration 
of the technetium was normalized to the maximum amount of activity found in one of the slices of the 
sample. The x-axis is chosen such that the direction in which the nuclide travel is positive. In this case, 
that is towards the anode.  

As 99mTc is a short lived isotope, it is interesting to determine whether experimental time can be 
reduced into a time span that is suitable to conduct experiments with short lived isotopes. In the 
shortest experiments, experiments 2 and 3, a typical Gaussian diffusion profile was observed after only 
3 hours. Some activity remained in the origin but the peak position is clearly located away from the 
origin, so a data can be extracted from the distribution profiles. 

The other experiments lasted longer but at a lower current. It can be seen from the graph that with 
these experiments the peak position is located even further from the origin. Which is more desirable as 
it is more convenient to determine the peak. 

Compared to the Cs-experiments the experimental time for Tc can be reduced even further. Only after 
three hours did we obtain a typical Gaussian profile(after 5 hours most activity remained in the 
experiments conducted with Cs). Ceasium is more retarded in bentonite; hence did we need a longer 
period to obtain a Gaussian profile located away from the origin.  

In this set of experiments, we also experience troubles. Although, we excluded Fe(II) from the SCBW we 
had serious formations of acid and alkaline fronts in the electrolyte compartments. This required us to 
constantly adjust the pH and Eh to maintain the right speciation of Technetium. The pH and Eh changes 
also appeared in the Cs-experiments, but as the speciation of Cs is simple changes in pH and Eh do not 
affect its chemical form.  

 

Figure 17: Migration profiles obtained during electromigration experiments in water-saturated Na-bentonite with a 
dry density of 0,3∙103 kg/m3 at room temperature 
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As no abnormal patterns were observed in the distribution profiles of the Technetium experiments. So 
next, we determined the apparent molecular diffusion coefficient of technetium by fitting the 
experimental data in Matlab to obtain the Di and Vapp. The results are given in Table 6. Experiment 6 was 
omitted due to the fit not being accurate enough –sum of squares was ≈ 0.2-. 

Table 7: results of the experiments done with 99mTc 

 

With this set of data, the Dapp was obtained by plotting the apparent velocity against the dispersion 
coefficient once again. 

 

Figure 18: The apparent velocity and dispersion coefficient of the Tc-experiments plotted against each other. 

The dispersion length value is 2⋅10-4 [m]. In other research values between 10-3 [m] and 10-4 [m] are 
found [7]. However, the most important parameter is the apparent molecular diffusion coefficient. The 
Dapp obtained is 2⋅10-10 [m2/s] at a dry density of 0.9⋅103 [kg/m3]; this is in good agreement with results 
found in literature. Sato et all. obtained in their research a Dapp of 1.3⋅10-10 [m2/s] at a dry density of 
1.0⋅103 [kg/m3] and Oscarson found a Dapp of 2.3⋅10-10 at a dry density of 0.9⋅103 [kg/m3]. 
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Experim
ent code 

Time 
[hr] 

Electric 
field 
[V/m] 

pHcathode Eh 
[mV] 

Di  
[m2/s] 

Vapp  
[m/s] 

Current 
[mA] 

SS 

Tc-1 5 55 8.3 -81 4.25E-10 1.11E-06 30 0.043 
Tc-2 3.25 71 8.4 -18 2.55E-10 3.42E-07 40 0.004 
Tc-3 3 72 8,8 -17 2.45E-10 4.04E-07 40 0.017 
Tc-5 5 48 7.4 -76 3.95E-10 9.44E-07 29 0.080 
Tc-7 4.5 51 8.5 -85 4.05E-10 7.40E-07 27 0.067 
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Table 8:  Apparent diffusion coefficients and retardation factors at different dry densities. aSato et  al. bOscarson. c1 
Out value retardation calculated with Kd -values of 0.0014 [ml/g] c2 retardation calculated with Kd -value of 0.0013 
[ml/g]. 

Dry density x 103 [kg/m3] 0.8a 1.0a 1.4a 0.9b 0.9c1 0.9c2 
Dapp                [m2/s] - 1.3⋅10-10 8.0⋅10-11 2.3⋅10-10 2⋅10-10 2⋅10-10 
Porosity         [-] 0.72 0.65 0.51 - 0.50 0.50 
Retardation [-] - 3.2 4.5 - 3.2 3.4 
Kd                  [ml/g] - 1.4⋅10-3 1.3⋅10-3 - 1.4⋅10-3 1.3⋅10-3 
 

Is this research we found a small retardation factor for technetium. Two retardation factors were 
calculated, one for a Kd-value of 1.4⋅10-3 [ml/g] and one for a Kd-value 1.3⋅10-3 [ml/g] (eq. 1.10). This to 
account for the dry density and the porosity.  The retardation factors calculated have a value of 3.2 and 
3.4. 

Thus, some retardation processes are present. No Fe(II) was added to the SBCW, so the retention 
process could be either the reduction of Tc(+VII) to Tc(+IV) or complex forming with the hydroxyls 
However, more research should be done to obtain a solid conclusion. 
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7.3 Selenium 
 

Six experiments were conducted with Selenium. In experiments Se-1 and Se-2 the chemical form was 
selenite and in experiments Se-3 through Se-6 the chemical form was selenate. SeO2 was irradiated and 
the dissolved in sodium hydroxide and hydrogen peroxide, respectively. The experimental conditions 
are listed in Table 10.  

Table 9: Experimental conditions under with the selenium experiments were conducted. 

 

                                                                                                                                                                                                   
The first experiment was done 
with selenite at low current 
and hence a low electrical 
field. Much of the tracer 
remained in the origin. The 
area on the right side of the 
ordinate axis is larger than the 
area on the left side of the 
ordinate axis. This could mean 
that selenite is immobilized 

and mobilized again and 
further away immobilized 
again. There is also a small 
peak visible that is an  artefact. 

A second experiment was done under the same experimental condition expect for the electrical field 
and experimental time.  A similar profile was obtained but the peak was located further from the origin. 
This second migration profile gives a stronger indication that we are dealing with two migration species 
(perhaps more). The migrating species could be selenite and selenate. However, no oxidizing 
compounds are known to be present. The Eh was not listed but it is highly unlikely that the SBCW had 
an oxidizing potential.  

 

 

Experim
ent code 

Time 
[hr] 

Electric 
field 
[V/m] 

pHcathode Eh 
[mV] 

Di  
[m2/s] 

Vapp  
[m/s] 

Current 
[mA] 

SS 

Se-1 12.5 17 7.7 - - - 10 - 
Se-2 6.5 47 7.4 - - - 30 - 
Se-3 6 50 8.5 28 1.75E-10 2.96E-07 27 0.038 
Se-4 6 52 7.4 80 4.45E-10 8.89E-07 27 0.092 
Se-5 4.5 48 9.4 -25 4.40E-10 1.17E-06 - 0.039 
Se-6 9 34 8.4 73 3.85E-10 6.67E-07 - 0.067 
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Figure 19: Above) Distribution profiles of selenium under partially 
atmospheric conditions two species seem present. Below) Distribution profile 
of selenium two or three species seem present. The tracer was obtained by 
oxidizing seleniumdioxide with 1 M NaOH 
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The following experiments were conducted with selenate instead of selenite. Selenate experiments have 
been conducted before and were successful. To maintain an oxidizing environment, only  NaHCO3 was 
added to the SBCW. During the experiment the pH and Eh of the solution was adusted with two buffer 
solutions (pH 4,  pH 7 and  NaHCO3) 

The apparent molecular diffusion coefficient found for selenate is 1·10-10 [m2/s], which is according to 
literature (5·10⋅10-10 [m2/s]). With Kd-values taken from literature for selenium in Boom clay  (0,2-1 
ml/g) [8], a retardation factor between 1.3-2.6 was calculated. However, for more accurate results the 
Kd-value of selenium in bentonite should be determined.
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Figure 20: Distribution profile obtained after the second experiment. The present of more than one species is more 
evident. 
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Figure 21: Apparent diffusion coefficient obtained during the experiments with selenate. 



CHAPTER SEVEN [RESULTS AND DISCUSSION] 
 

39 
 

 

Unfortunately, the experiments with selenite did not work. It would have been more interesting to 
investigate the competition of pertechnetate with selenite than with selenate. Selenite forms strong 
inner-sphere complexes under the reducing conditions that are present in Boom clay. The retardation 
factor calculated raises suspicion that pertechnetate is retarded by the formation of the insoluble 
TcO·n(H20). Both ions would compete over the hydroxyl of the Al3+. 

Although, selenate much less retarded it can also form outer-sphere complexes with the aluminium 
oxides, hence, we proceeded with the experiments. The experiments of selenium together with 
Technetium gave unexpected results (See Figure 22).  

 

Figure 22: Distributions profiles obtained for the combined Se/Tc experiments. Only radioactive technetium was 
used. The profiles indicate that technetium is immobilized and once again remobilized. 

In experiment Se/Tc-2, we see three peaks and in experiments Se/Tc-1, we see four peaks. Assuming 
the data is correct, the peaks in the distribution profiles could be explained by: 

- Peak left of the origin. Strong electro-osmotic flow, which cannot be overcome by the migrating 
particles. However, this effect was not observed in the single experiment of Tc. 

- Peaks right of the origin. Immobilization of the ions due to reactions with the  OH- of the O-
sheets. The different peaks were cause by remobilization of the Tc by H2O2. ( The selenate used  
in the experiment was dissolved in H2O2) 

Tc seems to precipitate strongly here. However, a this pattern did not show in the single element tests. 
To determine whether the H2O2 caused the remobilization, a third experiment was conducted leaving 
out the selenium.  
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A similar pattern was obtained. It 
could be an indication that 
technetium is bond to form the 
hydrous ion, TcO·n(H20) and then 
remobilized again. Hydrogen 
peroxide is capable of consuming 
the reductive capacity if the solid 
and thereby remobilizing Tc(+IV). 

 

 

Figure 23: Distribution profile obtained with Tc and hydrogen peroxide. 

Thus, the experiments with selenite were partially successful. Much of the selenite remained in the 
origin. This indicates that selenite is strongly sorbed. The distribution profiles of selenite had both more 
surface on the right side of the origin (toward the anode) this indicates that selenite is sorbed then 
desorbed to be sorbed again at a sorbing site located further away.  

The experiments with selenate gave results that were in line with results found in literature The Dapp 
obtained was 1·10⋅10-10 [m2/s] in literature a value of 5·10⋅10-10 [m2/s] is found. To calculate the 
retardation Kd-values for selenate in Boom clay were taken. The retardation was calculated to be 
between 1.3 and 2.6. So, small retardation processes are present for selenate. 

The combined experiments gave unexpected results. However, the distribution profile s believed to be 
caused by the hydrogen peroxide present in the experiment and not by the selenate. The distribution 
profile could be caused by the complexation of pertechnetate with the hydroxyl from the octahedral. 
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8. Conclusions 
 

Electromigration cell 

The electromigration set-up suffered some problems. It was sensitive to flooding. This problem was 
solved by adding expansion barrels on top of the set-up. Also, the Fe(II) present in the SBCW showed to 
be a problem. The Fe(II)-atoms present became oxidized due to the oxygen being produced during 
electrolysis. When the Fe(II) oxidizes, it forms rust and quickly precipitates at the electrode. The rust 
changes the overall resistance of the migration cell and hence the electrical field over the sample. The 
oxidation was more serious at high current.  The rust also damaged the electrode at the cathode. It is for 
this reason that the Fe(II) was left out in future experiments. 

The external apparatus of the experimental set-up should be upgraded. The pumps would occasionally 
overheat. Replacing the monitoring devices (electrical field monitor, current monituor) would improve 
the results as constantly monitoring would be able then.  

Ceasium 

Compared to results found by Kim et al. it can be concluded that the electromigration cell works 
properly. The apparent diffusion coefficients obtain (4·10-11 [m2/s] and 7·10-11 [m2/s]) for respectively 
high and low current experiments) are in line with the apparent diffusion coefficients found by Kim et 
al. (3.2·10-11 [m2/s]).  
 
However, compared to Sato et al. the Dapp obtained is one order of a magnitude lower. This could be due 
to the way the clay sample was prepared. It was moulded by hand and the possibility exist that channels 
occurred. 
 
The first set of experiments conducted with Cs also show that experimental time might be further 
reduced to six hours, when the electrical field applied is increased.  However, so far mixing the results 
of the high current and low current experiment has not proven successful. The longitudinal dispersivity 
in the high current experiments was one order of a magnitude higher than in the low current 
experiments 3.7·10-3 [m] vs. 3·10-4 [m]). This is due to the higher velocity of the water through the 
sample, causing a larger dispersion. 
 
 
Technetium 

The second set of experiments resulted in more convincing data on whether the electromigration cell 
works properly. The results obtained are more in line with literature than the results obtained for 
experiments with caesium. The apparent molecular diffusion coefficient obtained (2⋅10-10 [m2/s]) is in 
good agreement with literature (6.9⋅10-10 [m2/s]). 

After only 3 hours, a typical and well-defined Gaussian distribution profile was obtained at a current of 
40 mA. The experimental time for the different experiments was between 3 and 6 hours.  
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We also found a small retardation for pertechnetate. A small retardation factor was previously found to 
exist for pertechnetate in oxidizing conditions. The experimental condition here were slightly reducing, 
(Eh between -87 mV and -17 mV and pH  ̴̴8.5).  The small retardation factor proves the retention of 
pertechnetate by either inner, - or outer-sphere complexes or by forming a sparingly insoluble hydrous 
oxide with the OH- of the O-sheets. As no iron was added to the SBCW, thus the possibility of Fe(II) 
oxidizing the pertechnetate can be excluded. 

Selenium 

The experiments with selenite were partially unsuccessful. The first experiments yielded a graph that 
was more developed towards the anode. This could indicate that selenite is sorbed and desorbed and 
subsequently sorbed again to a second sorbing site. The second experiment was done at a higher 
current and shows a more deviating graph. Once again, the graph is developed more towards the right, 
but more peaks are visible. This could indicate more than one migrating species. 
 
Possibly the selenite oxidized during the experiment. However, this is very unlikely due to the SBCW 
having a reductive potential. It could be due to the atmospheric environment. However, to exclude this 
possibility experiments under anaerobic conditions should be performed. A second possibility is the 
release of solubility-limit release of selenide.  
 
The combined experiments with Tc and Se gave unexpected results. The migration profiles showed 
three peaks of technetium. As selenium dioxide was dissolved in hydrogen peroxide, this could indicate 
that the technetium was retarded by the formation of the insoluble TcO·n(H20) with the hydroxyl ions 
from the clay and that it was then remobilized again, due to the hydrogen peroxide consuming the 
reductive capacity of the clay. 
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Recommendations 
 

In future experiments, it would be favourable to use the tubes or the experimental set-up to saturate 
the bentonite samples. In this way, the most homogenous samples can be obtained. Unsaturated 
samples may influence the experiments as that the degree of saturation determines the permeability of 
the clay sample.  

The external equipment should be replaced by more adapted equipment. A new pump would increase 
the time experiments could run and a flow meter would enable to better adjust the flow from and 
toward the electrolyte compartments. Lastly, a current and electrical field monitor that is able to run a 
labview would enable to do experiments overnight and to intervene the experiments at an earlier stage. 
The set-up would sometime be pumped dry, when this happens the electrical field decreases. With 
labview, it would be possible to constantly monitor the set-up would and monitor changes in the 
electrical field.  

Experiments conducted under fully anaerobic conditions should be performed to exclude the possibility 
of selenite oxidizing to selenate during the electromigration experiments, due to the oxidation of the 
clay.  

More combined experiments of Tc and hydrogen peroxide should be conducted to determine whether 
the obtained results here can be reproduced.  

The electromigration cell is especially suitable for strongly retained elements. Combined experiments 
on Ceasium and Sodium would be interesting. Both are retained by CEC and thus compete over the 
same binding place. 

Selenate is relatively strong retained. It forms inner-sphere complexes. Experiments could be 
performed to determine it competes with other oxyanions. Silicate would be a good option, as it is also 
retained by the formation of inner-sphere complexes. 
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A. Technical drawing electromigration cell 
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B  Synthetic Boom clay water 
 

Deep unground the conditions are anaerobic, so if you plan on working in anaerobic conditions do not 
forget to degas your water. This could be done my bubbling nitrogen or argon through your flask over 
night.  You can also leave your flask open in de glovebox to let he last ppm  02 escape. 

The recipe as given below is to produce 1 litre of SBCW. Add the following  compounds to 1 litre of high 
quality water such as demi-water or bidistilled water. I used Mili-Q water. 

Table 9: AMounts given in mg needed to prepare 1 litre of SBCW 

Salts Quantity [mg] MW Mole/L 
    
NaHCO3      1170 83,996 1,39e-2 
H3BO3      43 61,834 6,95e-4 
KCl       25 74,555 3,35e-4 
MgCl2·6H2O      22    203,218 1,08e-4 
NaF      11 41,998 2,62e-4 
NaCl      10    58,443      1,71e-4 
FeCl2     3    126,751   2,37e-5 
Na2SO4 0,3    142,041 2,11e-6 
    
Total dissolved salts 1248,3  1,55e-2 

 

Further manipulations needed: 

1. Supersaturation with 1000 mg of CaCO3 to adjust Ca2+. Stir for one week 
2. Bubble the flask through with 0,4% CO2 and the remaining 99,6% can be either argon of 

nitrogen. Should be an inert chemical. Bubble through until the pH has stabilized. 
3. Always filter through a 0,22 μm filter before use. In case of solybility experiments, perform an 

ultrafiltration through a 30000 MWCO filter 
4. If you want to use the SBCW in combination with organic matter, add the organic matter after 

filtration 
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Table 10: Reference tabel to check the analyses of the SBCW 

Cations Mol/L MW Mg/L 
    
Na+ 1,44e-2 22,990 330,3 
K+ 3,35e-4 39,098 13,1 
Mg2+ 1,08e-4 24,305 2,6 
Ca2+  40,078 xx 
Fe2+ 2,37e-5 55,845 1,3 
    
Total 1,53e-2  347,3 

 

nions Mole/L MW Mg/L 
    
HCO3- 1,39e-2 61,017 849,9 
Cl- 7,70e-4 35,453 27,3 
F- 2,62e-4 18,998 5,0 
SO42- 2,11e-6 96,064 0,2 
    
Total 1,50e-2  882,4 

 

Neutral species Mole/L MW Mg/L 
    
B(OH)3 6,95e-4 61,834 43,0 
    
Total dissolved salts   1272,8 
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C Matlab script 
 
      clc; 

clear all; 
close all; 
 
M=;      % s-1 (Insert intinal amount of activity) 
S=;      % m2 (Insert surface of the clay slices) 
t=;     % s (Insert time in secondes) 
x_aangebracht =0; % cm   (Insert location where tracer is spiked, if   done 

correctly this should be the middle (0)) 
 
% Use the correct interpunction (dot/comma) 
% Insert x in centimetres 

      % Below: Enter the location of the slices. Mind the matrix dimension. 
x=[]; 
x=x./100; 
 

      % Normalize the activity by dividing A through Amax and enter below 
c_norm=[]; 
 
% The next codes are to calculate the Vapp and Di 
maxC=max(c_norm) 
maxi=find(c_norm == maxC) 
maxX=x(maxi) 
Vapp=(maxX-x_aangebracht*0.01)/t; 
 
options=optimset('Display','off'); 
Di0=1e-10; 
x0=[Di0]; 
 
[fitx]=fminsearch(@formule,x0,options,x,c_norm,M,S,t,Vapp); 
Di=fitx(1) 
Vapp 
 

      c_calc=(M./(2.*S.*sqrt(pi.*Di.*t))).*exp(-((x- Vapp.*t).^2)./(4.*Di.*t)); 
c_calc=c_calc/max(c_calc); 

 
E=sum((c_calc-c_norm).^2) 
 
figure; 
plot(x,c_norm,'-*',x,c_calc,'-o'); 
legend('measured','calculated'); 
ylabel('c/c_0'); 
xlabel('x [m]'); 
 
end 
 
function E=formule(fitx,x,c_norm,M,S,t,Vapp) 
 
Di=fitx(1); 
 
c_calc=(M./(2.*S.*sqrt(pi.*Di.*t))).*exp(-((x-Vapp.*t).^2)./(4.*Di.*t)); 
c_calc=c_calc/max(c_calc); 
 
% Compute the error in each concentration 
E=sum((c_calc-c_norm).^2); 
 
end 
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D Determining the dry density 
 

Before you can determine the dry density, you need to determine the grain density. The following steps 
have to be taken to obtain the grain density [49]: 

(1) Dry 15 gram of clay samples at 105⁰C for 24 hour in a ventilated oven to remove adsorbed 
water. 

(2) Take the samples out of the oven en quickly pour the samples into a volumetric flask and seal 
the flask and let it cool to room temperature. Do not forget to weigh the flask beforehand. 

(3) Add 35 ml (or sufficient liquid) of 1 M or 3 M NaCl to the flask, until the sample is completely 
covered and seal the flask once again. 

(4) Shake and rotate the sample for some time (an hour) to facilitate the air from escaping the 
bentonite 

(5) Rest the sample for 24 hours  
(6) Rotate the sample again and fill the sample with the rest of the test liquid until the flask in full. 
(7) Weigh the flask with the test liquid and the clay sample 

The grain density is determine using the following equation: 

𝐷𝑠 =
𝑚𝑠

𝑉𝑡𝑜𝑡 −
𝑚𝑡𝑜𝑡 − 𝑚𝑠+𝑓

𝐷𝑙

 

Where ms is the mass of the solid (clay sample after drying), Vtot is the total volume, mtot is the total 
mass, ms+f is the mass of the solid and the flask and Dl is the density of the liquid. 

Once the dry density is determined you can calculate the dry density via the following equation: 

𝐷𝑑 =
𝐷𝑠 ∙ 𝐷𝑤

𝐷𝑠 ∙ 𝑤 + 𝐷𝑤
 

Where Ds is the grain density, as calculated above, Dw is the density of water 1 kg/m3 and w is the water 
ratio and can be calculated by: 

𝑤 =
𝑚𝑤

𝑚𝑠
 

Where mw is the mass loss due to drying the sample at 105⁰ C for 24 hours and ms is the remaining solid 
mass.  

 

Sample Mass before 
drying 

Mass after 
drying 

Total mass 
mtot 

Mass solid 
and fluid 

Volume 
Vtot 

Density of 
test liquid 
[51] Dl 

1 15,0 gram 9,31 gram 75,18 gram 26,97 gram 51,47 ml 1.04 g/mL  
2 15,0 gram 9,76 gram 76,17 gram 26,90 gram 52,94 ml 1.04 g/mL 
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