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ABSTRACT

A numerical model was developed in order to describe the electromigration of radioelements
through contaminated concrete. The transport of several ionic species across a saturated
sample of material, is described by the Nernst-Planck relation. The multi species approach
provides a better understanding of the phenomena involved: it stresses the need to know, as
precisely as possible, the material characteristics and the history of the contamination. The
approach also sheds lights on the way the radionuclide (cesium 137) is carried away from a
concrete sample during a decontamination simulation.

INTRODUCTION

The decontamination of materials is a major concern among the nuclear power industry, as
part of the studies on decommissioning and dismantling nuclear facilities. Among these
materials, the concrete is by itself a specific field of research: the penetration of radioelements
may occur from several millimeters up to few centimeters from the material surface, due to
the concrete porosity.

Severa methods have been tested in order to remove the contaminants from the concrete
surface: chemical extraction methods, mechanical techniques... Decontamination by electro-
migration (also called electrokinetics) is very promising because it allows treating concrete
structures, which are deeply contaminated, without strongly damaging the material itself. An
electric field, in combination with a lixiviant solution, is applied to the contaminated
structure. The radioelements are therefore carried away from the concrete. The method
reduces the cost of treatment in decreasing the solid waste volume. The technique is similar to
the one used in the removal of chloride ions from concrete in order to reduce the corrosion. It
is also applied successfully to the remediation of soils.

This work focuses on the cesium decontamination (isotope 137) which is the radionuclide
featuring the highest diffusivity, among the major contaminants found in concrete (1).
Electrokinetics methods are based on the Nernst - Planck equation. The latter is usually
written for the considered element in the pore solution. Studies dealing with ionic penetration
(chloride) through concrete under an electrical field have shown that this description is not
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sufficient (2). The authors propose a new approach of the problem, which accounts for the
interactions between the different ionic species present in the pore solution and the cesium
ion. The transport of each ionic species through the saturated porous medium is described by
the Nernst - Planck equation where the electrical field holds both for the outside potential
difference and the liquid-junction potentia (electrical field between the ionic species in the
pore solution). In addition, the conservation equations, written for each species, take into
account the interactions between the species and the solid phase.

We present in this paper some preliminary results obtained using the multi species approach.
The ionic distribution in the concrete sample during diffusion and decontamination tests is
discussed, in addition to the estimation of the time necessary to extract cesum from a
contaminated sample, in a specific example.

MULTI SPECIES APPROACH

The transport of ions through a porous medium is described by the Nernst-Planck equation
(Eg. 1). This equation indicates that the diffusion of an ionic species is due to the
concentration gradient of the species (molecular diffusion) but also to an electrical diffusion
term, which accounts for the interactions between the ions. It is noteworthy that if the
electrical diffusion is neglected, then the Nernst-Planck equation becomes identical to the first
Fick’slaw of diffusion.
In this paper, the cement-based material is assumed to be saturated; in addition, the convection
phenomenon is neglected. The Nernst-Planck relation is therefore given by Eqg. 1, where the
ionic transfer is unidirectional.

__p De(x. F oD
Ji(x,t) =-D, ETJfZ.C. (x,t) =T E(X,I)H (Ea. 1)

where, for each ionic species i, J represents the flux [mol/(m%s)], D; the intrinsic effective
diffusion coefficient [m?/s], ¢; the concentration in the bulk solution [mol/m?], z the valence
of ionic species, x the space position [m], t the time [s], F the Faraday constant [96484.6
C/mol], R the idea gas constant [8.3143 J/(mol. K)], T the absolute temperature [K], E(x,t)
thelocal electric field [V/m].

Based on the works published by Tang (3) and Truc et a. (4), we assumed that the non-
ideality of the solution has negligible effects on the ionic fluxes.

Electrical field

The local electrical field E(x,t) has two different origins. an external electrical field applied by
electrodes when it comes to electrokinetics problems, but also a diffusion potential induced by
the movement of ions.

The ionic flux is indeed linked to the ion concentration and its gradient by the diffusion
coefficient (see Eq. 1). The value of this coefficient depends on the ionic species. The higher
the diffusion coefficient, the higher the ionic flux. The second term in the Nernst-Planck
equation tends to balance the latter statement. Electrical interactions occur between theionsin
solution, as they are electrically charged species. The diffusion potential induced, also called
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liquid junction potential, tends to slow down the ions with the highest diffusion coefficient,
while the ionic species with the lowest diffusivity are accel erated.

For sake of ssimplicity, the variables x and t are from now on omitted, e.g. E(x,t) is then
written E. The electrical field E can be evaluated from the electrical balance given by Eqg. 2
(5). In this equation, j is the current density imposed from outside during a decontamination

._L:
j= A FIZ z,J, (Eq. 2)

Then, combining together Eg. 1 with Eq. 2, we obtain the expression of the electrical field
(Eg. 3).

_TFZ

== (Eq. 9
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Note that in the case of a diffusion problem, where j = 0, Eq. 3 gives directly the value of the
liquid junction potential.
We can rewrite Eq. 1 into Eq. 4:

O [ oc, O
C E+ zb; ox O
J =-D, - —2Z,C, - = B (Eq. 4)
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I nteractions between theionic species and the solid

Previous researches have shown that interactions exist between the ionic species and the solid
(6). The total ion concentration is therefore the sum of the bound ion concentration and the
free ion concentration. The latter only, is involved when it comes to estimate the penetration
depth of agiven ionic species.

The mass balance, written at the scale of the materia, is given by Eq. 5:

ot p OX
We now replace crj, the total ion concentration, by Eqg. 6:
o =17P
. pCh, +c, (Eq. 6)

P
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where pisthe porosity of the material,
p isthe density of dry material [kg/m?],
Ch; is the quantity of ion i bound per mass of dry material [mol/kg].

We obtain then Eq. 7, which is the continuity equation of theionic speciesi.

ac. ach, __ 9 0. dc, =0
Sira-pp -2 +2Di¢ Eq. 7
P TATPP— = P o H (Ea. 7)

The solution of Eq. 7 is the concentration profile of the ion through the porous medium at a
given time.

Overdll, the relation between the binding of a species on a cement-based material and the free
amount of the sameion isgiven by Eq. 8.

Cbi = aC; P where a and 3 are empirical constant parameters (Eq. 8

This equation is known as the Freundlich isotherm. In the case of the cesium binding,
experiments have shown that the relation is linear (6). Therefore, B = 1. This relation is
computed into the code by considering that the interactions between cesium and the cement-
based material are instantaneous and reversible.

SIMULATIONS
Numerical Aspects of the Code

We describe in this section the way we computed the set of equations constituted by equations
3,4 and 7 for asystem of nionic species.
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The conservation equation is given by Eq. 7.
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All variables are computed in their dimensionless form in order to provide a good stability to
the numerical computations.
:l t*:&t C*:i D*z_ j*:

L, L,? G D, Fc,D,

(Eqg. 11)

The variables noted with the mark * are in dimensionless form. Dy, Lo, Cp are constant,
respectively equal to the largest diffusion coefficient, the characteristic length of the system
(thickness of the concrete or mortar sample) and the highest concentration.

The numerical scheme is based on a finite difference method with explicit scheme (7). Four
different species are taken into account: sodium, potassium, cesium and hydroxide.

Input Data for the Model: Physical Parameter
Based on the numerical procedure described in the preceding section, we can simulate

diffusion, migration and decontamination tests. The principle of these tests is sketched on
Figure 1.
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Fig. 1. Principle of diffusion and migration tests.

A saturated concrete specimen is placed between two compartments containing two different
salt solutions. During an accelerated penetration test or a decontamination test, an external
electrical field is applied between the anode and the cathode. This external current does not
exist when it comes to a diffusion test.

The input parameters needed to compute the set of equations 3, 4 and 7 are of three kinds:
those describing the sample, the ions and the pore solution. The parameters chosen in this

paper are listed in the following tables.

Table |. Parameters Defining the Mortar Sample.
(the binding isotherm values are given for cesium ion)

Open porosity p 0.14

Dry density p [kg/m?] 2200
Thickness of the sample [cm] 1to3
Surface of exposed mortar [cm?] 70

Binding isotherm 0=0.1610° B=1(6)

Tablell. Intrinsic Diffusion Coefficients.

lon Intrinsic diffusion coefficient [m?3/g] *
Na" 1.510%

K* 210"

Cs' 2210

OH" 710"

*The intrinsic diffusion coefficients are chosen in agreement with the ones provided by Truc (8). The
cesium coefficient is obtained using the same method.
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Tablelll. Initial lonic Concentrations in the Pore Solution.

lon Por e Solution Concentration
(mol/m3)**
Na 25/200
K* 80/500
OH" 105/700

** The first values of pore solution are similar to the one given by Schmidt and Rostasy (9), the
second to those given by Diamond in high alkalinity case (10).

The ionic concentrations in the two compartments surrounding the sample depend on the type
of simulation. In every case, these parameters are maintained constant. It is noteworthy that it
Is aso the case during the experiments as the anolyte and catholyte are regularly changed in
order to consider that the boundary conditions are in steady state. The cesium in the pore
solution comes from a cesium hydroxide.

Results

We present in this section some results of interest. The concentration profiles of cesium are
plotted on Figure 2 after a 100 days test. We decided to simulate a basic case of diffusion
(meaning that the external current is zero) in order to point out the influence of the initial
conditions. In the two examples proposed, the sample is saturated, according to the very first
assumption that was made in this work. The initial concentration of the ions is yet totally
different (cf. Table 1V), except for the cesium: in each example it is zero in the pore solution.

Table V. The Simulation Data of Figure 2.

Duration of the
Simulated Test 100
[days]
Nodes 51
Time Step [9] 300
Thickness of the 3
Sample[cm]
Exposed Surface 70
[cm?]

Data for Schmidt-Rostasy Pore Solution Data for Diamond Pore Solution

lon | Anodic Solution | Cathodic Solution lon | Anodic Solution | Cathodic Solution
Concentration Concentration Concentration Concentration
[mol/m?] [mol/m?] [mol/m?] [mol/m?
Na" 25 25 Na* 200 200
K* 80 80 K* 500 500
Cs 500/250 0 Cs' 500/250 0
OH" 605/355 105 OH" 1200/950 700
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Fig. 2. Simulation of Cesium Diffusion into Mortar for various Concentrations in
anodic Compartment.

Note that we chose intentionally to present examples with high cesium concentrations. We are
dealing here with a new description of the decontamination problem (the multi-species
approach) rather than an actual estimation of the amount of radioelement that might be carried
away from the concrete sample.

After a hundred days, the steady state is still not reached. Nevertheless, since the penetration
depth is very close to the material thickness, Figure 2 shows that a hundred days is the time
necessary to cross the sample in this example. At first sight, the initial conditions do not seem
to have any influence on the transport of the radioelement. Y et, the shape of the concentration
profiles is rather different. The quantity of cesium that reached half of the sample is 80
mol/m? when the pore solution concentration is based on Schmidt and Rostasy’s data and the
cesium concentration is 500 mol/m?® in the compartment, while at the same abscissa, it is 61
mol/m? in a pore solution such as Diamond's one. The average difference between the
amounts of cesium in the two cases is of 9%, which is far from negligible. This result shows
that a high level of akalinity in the compartments and the porous medium tends to slow down
the penetration of cesium, because of the electrical field generated between species of the
same charge. In addition, this first example stresses how the knowledge of the initial ionic
concentration is important, in order to predict the distribution of radionuclides through the
concrete wall.

We focus now on the example of an electrokinetic decontamination. The data used for the
simulation are listed in Table V, the sorption process is assumed to beirreversible in this case.
A 12V potential drop (4V/cm) is applied to accelerate the migration of the cesium toward the
outside. It is worth to point out (Figure 3-a) that after two days the all amount of cesium has
left the 3 cm thick concrete sample. Furthermore, the cesium amount is a linear function of
time. Again, the initial concentration of cesium is high compared to the level that is actually
measured in situ.



WM’ 02 Conference, February 24-28, 2002, Tucson, AZ- pg. 9

The multi species description helps to understand the kinetic of decontamination. The
hydroxide ions with the highest diffusion coefficient and the highest concentration, control the
process. Initialy, the cesium concentration is of 500 mol/m® in the porous medium. The
cesium ions leave the sample to the left. After 12 hours, one fourth of the material is free of
ions. The slope of the right part of the curvesis, in each case (12h, 24h, 36h), characteristic of
a decontamination front. When the lasting of the test increases, this slope tends to become
smoother until the highest value of cesium concentration in the sample diminishes before the
radionuclide leaves totally the material. For example, when the test is of 36 hours, the peak
valuein cesium is 350 mol/m®.

Figure 3-a
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Fig. 3. Simulation of Cesium Decontamination with Diamond Por e Solution Composition
under an External Applied Field of 4 V/cm.
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Table V. Simulation Data of Figure 3.

Duration of the lon |Cathodic Solution| Pore Solution | Anodic Solution
Simulated Test 12/24/36 Concentration | Concentration | Concentration
[hours] [mol/m? [mol/m?] [mol/m?

Nodes 301 Na" 30 25 25
Time Step [ 60 K* 0 80 80
Thickness of the 3 Cs' 0 500 0
Sample[cm]
Exposed Surface 70 OH" 30 605 105
[cm?]

The multi species approach provides also information on the behavior of the other ionic
species studied here: sodium, potassium and hydroxide. The data are still the ones listed in
Table V, the test is one day. The results are plotted in Figure 4-ain terms of ionic fluxes. The
ionic fluxes are here chosen positive when the ions move from the cathode to the anode. The
hydroxide flux is constant all over the sample. Figure 4-b must be seen as a picture of the
ionic repartition into the material. Since there is no source of cesium in the anodic
compartment, the radioelement |leaves the sample the way we described previously. Whereas,
due to the boundary conditions in the anolyte, we notice an accumulation of sodium and
potassium in the material. The hydroxide ions penetrate the sample from the surface (cathodic
compartment) to the core of the sample. It modifies strongly the composition of the pore
solution, changing the equilibrium between the solid phase and the pore solution. This last
result illustrates how the electrokinetics remediation may create new phase equilibrium and,
hence, modify the mineralogical phase of the cement-based materials.

CONCLUDING REMARKS

Electromigration is a new method of nuclear decontamination. Interesting results are expected
because the method was already applied to related situations such as soil remediation for
example. The numerical tool that we developed aims to describe the transportation of the
radionuclides through contaminated concrete in order to predict later the efficiency of
electrokinetics, in terms of lasting of experiments. We showed that the initia ionic
concentration has non-negligible effects on the radioelement distribution in a concrete sample.
The results provided during a decontamination test under a 4 V/cm externa electrical field
helps to understand the way the radionuclide is extracted from the porous medium, but also,
drives our attention to the new phases equilibrium that may occur. In conclusion, the multi-
species approach of electrokinetics is not only a description tool but also an important part in
the design of the decontamination process.
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Fig. 4. Smulation of a Decontamination Process with a Schmidt — Rostasy’s Pore
Solution Composition, under an External Electrical Field of 4V/cm.
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