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Electro-kinetic decontamination has been studied for radioactive concrete of nuclear power plants because of its effective removal
of contaminants from deep inside concrete. Although many experiments have been conducted, a systematic comparison has been
scarcely conducted. By a thorough review, this study reveals how different conditions of electro-kinetic decontamination changes
the decontamination ratio and rate of Cs and Co. The tested conditions include cell configurations (i.e., geometry of concrete waste,
electrode materials, and volume of solutions) and operating conditions (i.e., types and concentrations of solutions, electric field, and
test duration). The careful analysis suggests the important roles of pH in electrolytic solution, electric field, and pre-treatment. We
also discuss the chemical conditions under which the decontamination of Cs and Co was optimized in the presence of an applied
voltage. In addition, we critically review the conditions of simulated concrete samples in the previous experiments in comparison
with actual nuclear plant data.
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Concrete is widely used in nuclear and radiological facilities be-
cause of its neutron shielding ability as well as its reliable struc-
tural performance and reasonable cost.1 A concrete shielding system
against neutrons involves the transformation of stable isotopes into ra-
dioactive ones throughout the volume of the concrete (i.e., activation).2

In addition, the surface of the concrete can be contaminated by the in-
filtration of radioactive dust or radioactive water (i.e., contamination).
Concrete waste accounts for slightly over 70% by volume, and some
of this waste is radioactive at medium-to-low levels.3,4 Because of its
volume, the disposal of radioactive concrete waste without appropriate
decontamination has a large environmental footprint.5

Reducing the hazardous risks to which the public and the envi-
ronment would be exposed requires the decontamination of radioac-
tive concrete, the confinement of radioactive isotopes to small vol-
umes, and the use of suitable waste forms for the isolated isotopes.1

The decontaminated concrete may be recycled as limited-quality con-
struction materials if the concentration of radionuclides therein meets
safety requirements.6 Consequently, this approach allows the volume
of residual waste requiring disposal to be significantly reduced.3,7

Therefore, a decontamination method should maximize the through-
put at an acceptable cost while minimizing the generation of secondary
waste.

The amount of radioactive concrete waste generated around the
world is expected to increase because a number of nuclear power
plants (NPPs) among the over 440 NPPs in operation are scheduled
for closure and decommissioning within a few decades.8–10 Until May
2015, only 11 NRC-licensed NPPs have been decommissioned com-
pletely worldwide.10 In addition, the use of nuclear power is increasing
in many countries to reduce greenhouse gas emissions.11 This trend
will likely leave the burden of responsibility for the sustainable man-
agement of radioactive waste on the future society.12

Decontamination methods for radioactive concrete can be catego-
rized into mechanical and chemical techniques.13 Mechanical tech-
niques separate radioactive isotopes from concrete by using brushing,
vacuum cleaning, grinding, high-pressure water jetting, and abrasive
blasting.4,7,14–24 Many of the mechanical techniques are destructive
or only restricted to the surfaces of radioactive concrete.25 Chemi-
cal techniques use chemical reactions with water, chemical gel, oxi-
dants/reductants, chelating agents, or acids/bases.19,26–31
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The electro-kinetic method, one of the chemical techniques, has
been developed for the decontamination of radioactive concrete.32–42

It may effectively decontaminate large-scale concrete fragments and
can extract radionuclides existing deep inside the concrete in a non-
destructive style.33–42 This method applies electric fields through the
concrete waste to activate the movement of target radioactive ions
and extract them from inside the concrete. Previous electro-kinetic
experiments tested various cell configurations (i.e., the geometry of
concrete waste, electrode materials, and volume of solutions) and op-
erating conditions (i.e., types and concentration of solutions, applied
voltage, and test duration).34–41,43–46 However, none of the reported
studies have tried to compare the results of the previous tests under
different conditions to provide a comprehensive review.

Given the concern, this study analyzes and compares the results
of almost all the existing electro-kinetic experimental studies regard-
ing the decontamination of radioactive concrete waste from NPPs.
By way of comparative analyses, this study examines the “effects of
cell configurations and operating conditions” on the decontamination
efficiency, and then suggests potential improvements for the electro-
kinetic methods (Evaluation of the Efficiency of Previous Decontami-
nation Tests and Conclusion sections). In addition, the characteristics
of radioactive concrete waste from NPPs are explored (Radioactive
Concrete from Decommissioning of Nuclear Power Plants section),
the principles of electro-kinetics in porous media are reviewed (Princi-
ples and Cell Setups of Electro-Kinetic Decontamination section), and
the contamination methods used for the simulation of concrete sam-
ples in the previous studies are discussed (Specimen Contamination
Methods section).

Radioactive Concrete from Decommissioning
of Nuclear Power Plants

Types of radioactive waste from decommissioned NPPs.—Figs.
1 and 2 show the weight and volume of various forms of radioactive
waste generated from the decommissioning of a 250-MW gas-cooled
reactor (GCR), 920-MW pressurized light-water reactor (PWR), and
900∼1,300-MW PWRs, respectively.3,47 The vast majority of the ra-
dioactive waste consists of metal and concrete in the case of both
GCRs and PWRs. Radioactive concrete waste is classified into ac-
tivated and contaminated waste. Activation refers to the production
of radioactive isotopes by neutron irradiation throughout the volume
of concrete, and contamination means the adsorption of radioactive
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Figure 1. Weight of each form of radioactive waste from nuclear power
plants.3,47 Conc = Concrete, Acti = Activated, Cont = Contaminated, GR
= graphite, LG = Laggings, TW = Technological Waste.

isotopes from the surface of concrete.48 The volume of radioactive
concrete comprises approximately 5.9% for GCRs and approximately
14.6% for PWRs.49,50

Major radionuclides in radioactive concrete waste.—Harms et al.
and the IAEA suggested that radioactive concrete from NPPs contains
the following radionuclides: 3H (both fixed and mobile), 14C, 36Cl,
41Ca, 55Fe, 60Co, 63Ni, 133Ba, 152Eu, and 154Eu.51,52 In addition, 60Co
may also originate from trace constituents of both carbon and stainless
steels used for reinforcement in concrete structures. The U.S. National
Regulatory Commission (NRC) collected and analyzed concrete sam-
ples from bio-shield concrete walls during actual decommissioning
projects.53,54 The target radionuclides selected for this analysis were
152, 154, 155Eu, 60Co, 54Mn, 63Ni, 59Fe, 160 Tb, 182Ta, 181Hf, 51Cr, 124Sb,
134Cs, 85Sr, 46Sc, and 65 Zn.

Fig. 3 summarizes the specific activity data of radionuclides found
in the concrete wall between the reactor core and the reactor vault
in a 19.5-MW CANDU (Canada deuterium uranium reactor) system
operated for 25 years, and the specific activity data of radionuclides
detected in a concrete bio-shield of a 1175-MW PWR (Trojan reactor,

Figure 2. Volume of waste of each form of radioactive waste from nuclear
power plants.3,47 Conc = Concrete, Acti = Activated, Cont = Contaminated,
GR = graphite, LG = Laggings, TW = Technological Waste.

Figure 3. Specific activity of each nuclide from an NPP as a function of the
depth from the wall surface.53,55

Oregon, U.S.) system operated for 30 years.53,55 The CANDU data
revealed that most metal nuclides (e.g., 54Mn, 60Co, 134Cs, 144Ce,
152Eu) were detected within a depth of 4 cm from the surface of the
wall on the side of the reactor core (Fig. 3) because metal nuclides
have low mobility.56 In contrast, greater specific activities of 3H and
14C with relatively high mobility were observed at a depth of 4–130 cm
from the wall surface on the side of the reactor core (Fig. 3).57–59 14C
mainly originates from the activation of neutrons 14N(n,p)14C existing
in air or cement hydrate.51,60,61

Among all of these nuclides, 60Co (T1/2 = 5.27 years), 14C (T1/2

= 5730 years) and 3H (T1/2 = 12.32 years) were the main sources of
specific activity.55 On the other hand, 152Eu (T1/2 = 13.54 years) is
considered extremely hazardous to the environment because of their
ability to emit highly penetrating gamma rays from their radioactive
decay chains. In general, 137Cs (T1/2 = 30.17 years) also considered
as hazardous isotopes. However, 134Cs (T1/2 = 2.06 years) is more
major in radioactive concrete than 137Cs, even decay modes of 134Cs
(β− and ε) have lower energy than decay modes of 137Cs (β− and γ).
IAEA also revealed that, main γ emitters in concrete were 133Ba,
152Eu, 154Eu and 60Co, not the 137Cs.51 Therefore, 60Co and 152Eu are
the main heavy radionuclides that should be targeted for the decontam-
ination of radioactive concrete waste from NPPs, when considering
both radioactivity and latent hazard.62,63 In addition, 134Cs could be
considered as intermediate-major heavy radionuclides for the decon-
tamination of radioactive concrete considering their specific activity
in concrete.

However, in the case of PWR data, the specific activity values
of nuclides differ substantially from those of CANDU data. This is
deemed partly because of the differences in the type, fuel, scale, and
operating time of the reactors. In case of europium, it is hard to find the
data about leaching test or decontamination test, in spite of their im-
portance in decontamination of concrete. Therefore, discussion only
about the decontamination of cobalt and cesium was conducted in this
paper.

Bonding forms of nuclides in radioactive concrete waste.—The
bonding forms of radionuclides in radioactive concrete are important
to determine the conditions under which trace elements such as cobalt,
europium and cesium can be released. The chemical form of the con-
taminant molecular species bonded with concrete and their speciation
depending on pH in the leaching solution are expected to influence
on the efficiency of the decontamination of radioactive concrete. The
possible bonding forms of cobalt in concrete are described in Fig. 4
according to Achternbosh et al.6 They suggested that cobalt may exist
in the form of ions, chemical compounds (e.g., carbonate, hydrate, and
oxide), physically absorbed elements (S), or substitute and incorpo-
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Figure 4. Possible bonding forms of cobalt in hydrated cement systems.6 ∗(S):
Sorption to existing elements, (I): Incorporation with microstructure ∗Carb =
carbonate, Hydr = hydroxide, MC = Minor compound.

rated elements (I) of calcium silicate hydrates (C-S-Hs) when the pH
of the concrete is higher than about six. At high pH values, cobalt may
be strongly bonded with cement hydrates as absorbed or substitute el-
ements, so that it may be difficult to extract a considerable portion of
cobalt from the concrete. In contrast, cobalt almost always exists as
Co2+ ions when the pH is below six, which is a highly soluble and
easily removable form.6 Therefore, decreasing the pH of concrete may
enhance the efficiency of the decontamination of radioactive concrete
by increasing the mobility of various nuclides inside the concrete.

In respect of cesium in concrete, Nikolayev et al. suggested that
clayey minerals and cement binder is the main source of cesium in
concrete.64 In addition, they suggested that 30–50% of the 137Cs in
concrete is in a fixed form, and only 5% of the total amount of 137Cs is
highly fixed in concrete. Cesium is one of the elements that contami-
nates concrete by direct penetration, thus most of the cesium isotopes
might bond to the concrete microstructure through adsorption. The
bond characteristics of the nuclides are the chemical properties that
are dominated by the number of electrons, but are less affected by
the number of neutrons. Therefore, the bond behavior of 134Cs in
concrete is expected to be similar with that of 137Cs.65 Bar-Nes et al.
suggested that the bond strength of cesium ions to cement hydrates
is higher when the Ca/Si ratio of C-S-Hs is smaller.66 The low Ca/Si
ratio is observed in pozzolanic reactions during the curing of concrete
compared to the hydration reactions of C3S and C2S.

Principles and Cell Setups of Electro-Kinetic Decontamination

Principles of electro-kinetics.—Electro-kinetic decontamination
involves the motion of fluid tangential to its adjacent charged
surface.67,68 Electro-kinetic phenomena could be expressed by using
governing equations. According to Erickson et al., the Navier–Stokes
(momentum) equation (Eq. 1), Poisson equation (Eq. 2) and Nernst–
Planck conservation equation (Eq. 3) are the general formulations for
the potential and concentration of ionic species in an electrical dou-
ble layer (EDL).69 Two equations (Eqs. 2 and 3) are coupled by the
definition of the net charge density given by Eq. 4.

ρ

(
∂v

∂t
+ v · ∇v

)
= −∇ p + η∇2v − ρe∇ψ [1]

Here, v is the velocity, t is the time, p is the pressure, η is the viscosity,
ρ is the density and ψ is the electrical potential.

∇ · (εwε0∇ψ) + ρe = 0 [2]

Here, ε0 is the dielectric permittivity of vacuum (ε0 = 8.854 ×
10−12 C/Vm), εw is the local relative dielectric permittivity of the

liquid, and ρe is the net charge density.

∇ ·
(

−Di∇ci − Di zi e

kbT
ci∇ψ + civ

)
= 0 [3]

Here, Di is the diffusion coefficient of the i th species, zi

is the valence of the i th species, ci is the concentration of
the i th species, e(e = 1.602 × 10−19 C) is the elemental charge,
kb( kb = 1.380 × 10−23 J/K) is Boltzmann’s constant, and T is the
temperature in the Kelvin scale.

ρe =
∑

i

zi eci [4]

By assuming that the direction normal to the surface of the EDL
is dominant, and there is no flux condition into the surface yielding;
thus, Eq. 2 and 4 could be combined to form the Poisson–Boltzmann
distribution. (Eq. 5) This equation could be linearized to the Debye–
Hückel approximation (Eq. 6).

εwε0
d2ψ

d y2
− (2 |z| ec0) sinh

( |z| eψ

kbT

)
= 0 [5]

d2ψ

d y2
− κ2ψ = 0 [6]

Here, κ is the Debye–Hückel parameter (κ = (2z2e2c0/εwε0kbT )1/2),
and y is the direction normal to the surface of the EDL. This approx-
imation makes it possible to replace the expression of net charge in
Eq. 7.

ψ (y) = ζe−κy [7]

Finally, by assuming that ∇ p is zero everywhere, and −∇ψ is the
applied electric field strength Ez , Eqs. 1 and 2 could be expressed as
Eq. 8.

η
d2vx

d y2
− εwε0

d2ψ

d y2
Ez = 0 [8]

The Helmholtz–Smoluchowski equation is obtained by integrating
Eq. 7 with respect to y and by applying the boundary condition noted
below:

y → ∞,
dvx

dy
= 0,

dψ

dy
= 0, y = 0, ψ = ζ.

veo = −εwε0ζ

η
Ez [9]

Here, veo is the speed of electro-osmosis, and ζ is the zeta-potential.
Electrophoresis, which is another important mechanism for the

transportation of colloidal particles, refers to the movements of col-
loidal particles with respect to the liquid affected by the electric field.
In other words, electrophoresis is the counter-phenomenon of electro-
osmosis.34,45,70,71 The transport velocity of ions could be obtained from
the Helmholtz–Smoluchowski (HS) equation for electrophoresis.70

vr = εwε0ζ

η
Ez [10]

Here,vr is the speed of electrophoresis. The dissolution and immo-
bilization mechanism of a target nuclide is affected by its solubility,
and thus may change its concentration and decontamination. If the
solubility of a target nuclide is high, the dissolution of the nuclide
dominates over the immobilization so that the decontamination may
be improved.

Experimental cell setup.—Fig. 5 depicts the reference design of
a typical decontamination setup.46 This setup is similar to ASTM C
1202, which is composed of two separate electrode compartments,
a concrete sample container, electrodes, electric wire, and a power
supply. ASTM C 1202 is an experimental method for the determina-
tion of concrete resistance to chlorides, including both “the chloride
permeability test methods and the methods for testing concrete re-
sistance to surface scaling due to cyclic freezing and thawing in the
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Figure 5. Fundamental design of electro-kinetic decontamination cell with reference to the illustration by Kim et al.46

presence of NaCl solution”.72 Cylindrical concrete samples were in-
serted to a concrete sample container. Then, electrodes were placed
in the electrode compartments, which were filled with electrolyte so-
lution and which were connected through the concrete samples. The
container was fabricated from acryl to achieve chemical resistance,
thermal endurance, and visibility at reasonable cost.

As shown in Fig. 6, Kim et al. improved this reference design by
adding a solution supplier and a waste reservoir for continuous oper-
ation, avoiding the need to frequently supply solution.46 The decon-
tamination setup used by Popov et al. (Fig. 7) still adopted continuous
operation, but it did not have a concrete sample container.41 The con-
crete block seems to be fixed by rubber and adhesive. Note that the
concrete block was slightly elevated from the bottom of the cell to
allow for the efficient removal of H2 bubbles. Table I lists the decon-
tamination test setups used by different researchers.34–41,71,73–75 The
comparison included the contact area between the specimen and the
solution, the concentration and composition of the solution, the volt-
age applied across the anode and cathode, and the electrode materials.

In many experimental setups, titanium was used as a typical in-
soluble anode. In some cases, titanium electrodes were coated with
materials such as rhodium for ultra-high resistance to acidic solu-
tions. Graphite was typically used as the cathode. Popov et al. used
graphite as the anode. Usually, electrodes were in the shape of either
a metal mesh grid or cylindrical rod.41 Bostick et al. and Lomasney
et al. used a concrete re-bar and pad as electrodes for testing on-site
decontamination feasibility.34,75

The contact area between the electrolyte solution and concrete
specimen was in the range of 0.009–2.23 m2. In most cases, the contact
area was approximately 0.01–0.03 m2. Castellote et al. designed a cell
with a contact area of 0.0882 m2 for their experiments on Series C
specimens.36 In this case, the simulation target was the wide range
of the surface of the floor, thus the volume of the specimen was also
larger than in other cases.

For lab-scale experiments, the applied voltage did not exceed 60 V,
and the lowest voltage that was used was approximately 4.5 V. Frizon
et al. noted that the high temperature induced by high voltage could
enhance the diffusion coefficient, which means that it seems neces-
sary to place a limit on the temperature of the setup to allow for
a clear comparison between decontamination results.37 Because the
ASTM C 1202 also recommended the application of 60 V for chloride
penetration experiments, limiting the voltage to that used in lab-scale
experiments seems to reflect the specified criteria.72

The electrolytic solution was almost always acidic or basic, and
deionized water was rarely used. The concentration of the solution
ranged from 1 mol/m3 to approximately 2000 mol/m3, although the
concentration was commonly 10–200 mol/m3. The pH value was
calculated from the ionization constant and the concentration of each
solution.

Effects of experimental cell setup on target contaminants.—Ta-
ble I also provides information about the expected effects of the pH
of the used electrolyte solution on the contaminants in concrete sam-
ples. The pH values were calculated from the concentration of the
solution when it is not noted in the literature. The effect of the pH

on the leaching rate of contaminants during decontamination was es-
timated from the literature. The leaching rate of each nuclide with
regard to pH in the solution used for decontamination is estimated
based on the test data reported in the previous studies,31,74–79 as fol-
lows. The specimens of series A and C of Castellote et al.,36 Frizon
et al.,37 and Popov et al.40 consisted of cement mortar; thus, the
leaching test results of Van Gerven et al.76 and Faiz et al.77 that
employed mortar specimens were used for the estimation of leaching
rate. Especially, Van Gerven et al. reported test data for the effect
of carbonation on the leaching rate of cobalt, so this was applied
for the specimens of Castellote et al.36,76 The specimens of series B
of Castellote et al.,36 Popov et al.,41 and Kim et al.39 involved con-
crete; hence, the leaching test results of Hohberg et al.78 and Nikolayev
et al.31 that employed concrete specimens were used for the estimation.
This leaching rate estimation is not concerned with the manufacturing
process of concrete samples, which is investigated in a later section.

Specimen Contamination Methods

A few of the previous studies34,36,37,39,41,44,73 discussed the refer-
ence conditions of contaminated concretes and considered them to
the simulated specimens. Although various contamination methods
were proposed, they are not thoroughly validated against the actual
sample conditions.35–37,39,40,41,43 Four contamination methods are an-
alyzed against the concentration and distribution of contaminants in
actual concrete samples. Each of them may be used to simulate differ-
ent structures of contaminated concrete used in NPPs. Many previous
studies adopted contaminant concentrations that are much higher than
the real conditions under which radionuclides are used without con-
sideration for the depth distribution of contaminants.

Contamination procedure.—Table II summarizes the methods
used to produce contaminated concrete samples in the previous
studies.34–41,71,73–75 Four contamination methods were used. Method 1
involved adding a solution containing the contaminants during the
process of mixing the fresh concrete.35,36 In Method 2, a solution con-
taining contaminants was poured onto hardened concrete.36,40 Method
3 entailed submerging hardened concrete in a solution containing the
contaminants for a relatively long period.36,37,41 Method 4 proceeded
by shaking concrete debris within a solution containing the contami-
nants for a relatively short period.39 The use of these four categories
of methods depended on researchers’ requirements.

Each of the four methods is useful in its own right and depends on
its simulation target and the dimensions of the samples. In general, the
simulation target of the contamination method occurs in two varieties:
the bio-shield of an NPP contaminated by a nuclear reaction, and the
floor of nuclear facilities contaminated by the release of radioactive
waste.35–41,44

Method 1 is appropriate for simulating the contaminants that are
strongly adsorbed to the concrete bio-shield contaminated by a nuclear
reaction. This method was expected to induce strong bondage between
contaminants and the concrete microstructure; thus, Method 1 is the
best method to simulate the behavior of nuclides caused by activation
in the bio-shield (concrete wall) of an NPP. However, as its expected
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Table I. Decontamination Test Setups and Test Variables.

Solution Contact ∗Sol Con (mol/m3), Used ∗∗∗Estimated leaching rate
Authors Area (m2) Comp and pH ∗∗V/h Electrode of Contaminants

Bostick et al.34 0.0231 (5.642) 200/3 Anode: Re-bar Cathode: Stainless-Steel
mesh

N.A.

Lomasney et al.75 2.23 (0.114) N.A./12 Re-bar and contact pad N.A.
Castellote et al.36 -Series B 0.00884 Deionized Water 7 12, 24, 60/720 Anode: Titanium Cathode: Graphite Intermediate-high (Cs)
Castellote et al.36 -Series C N.A. Deionized Water 7 60/168 Anode: Titanium Cathode: Graphite Low(Cs)_

Frizon et al.37 0.019 100 NaOH (11.96) 12/480 Anode: Titanium covered with IrO2
Cathode: Graphite

Intermediate-low (Cs)

Popov et al.40 N.A. Deionized Water (7) 45.6/9 Titanium covered with rhodium Almost not (Cs)
Na2EDTA · 2H2O (13.4) 7.5/9 Almost not (Cs)

Popov et al.41 Anode: 35 cm2

Cathode: 446 cm2
100 (NH4)2Na2EDTA (11) 200/18 Anode: Graphite Cathode: Stainless Steel Intermediate-low (Cs) Almost not (Co)

Kim et al.39 N.A. 100 Acetic Acid (2.87) N.A./360 Anode: DSA Cathode: - Intermediate-high (CS, Co)
500 Acetic Acid (0.7) Intermediate-high(CS, Co)
10 Acetic Acid (3.05) Intermediate-high (CS, Co)
20 Chloric Acid (3.37) Intermediate-high (CS, Co)

“N.A.” indicates “not available,”
∗Concentration, composition, and pH of solution (in parentheses)
∗∗Voltage (V) and time (h) used for decontamination
∗∗∗Varieties of contaminants are noted in parentheses.
Almost not: x < 1%
Low: 1% < x < 10%
Intermediate-low: 10% < x < 30%
Intermediate-high: 30% < x < 60%
Intermediate-low: 10% < x < 30%
Intermediate-high: 30% < x < 60%
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Table II. Sample contamination methods used in the previous studies.

Sample Solution
Size Contact Contamination Solution Type and Concentration Used Concentration of Contaminants in

Author (cm3) Area (cm2) Procedure (mol/m3) Time (h) Samples (mol/m3)

Castellote
et al.35

132.5 - Adding a solution of
contaminants during mixing

(Method 1)

CsCl, SrCl2,
CoCl2, FeCl3

1 672 Cs, Sr, Co, Fe 0.081 0.098 0.090 0.070

Castellote
et al.36 -Series A

132.5 - Adding a solution of
contaminants during mixing

(Method 1)

CsCl, SrCl2,
CoCl2, FeCl3

1 672 Cs, Sr, Co, Fe 0.081 0.098 0.090 0.070

Castellote
et al.36 -Series B

331.3 44.2 Pour solution onto cast
specimen (Method 2)

CsCl, SrCl2,
CoCl2, FeCl3

25 72 Cs 0.151

Castellote
et al.36 -Series C

3478 869.5 Pour solution onto cast
specimen (Method 2)

CsCl, SrCl2,
CoCl2, FeCl3

40 408 Cs, Sr, Co, Fe 5.18

Frizon et al.37 171.1 252.2 Submerge cast specimen in
solution and apply voltage

(Method 3)

CsCl, CoCl2 1 250 Cs 0.39

Popov et al.40 207.3 N.A. Deposit solution onto small
area (Method 2)

CsCl, CoCl2 400 75 Cs 0.109

Popov et al.41 312 334 Submerge cast specimen in
solution (Method 3)

134CsCl
60CoCl2

2.21 × 10−5

2.21 × 10−9
72 134Cs 60Co 1.48 × 10−8 2.2 × 10−11

Kim et al.39 N.A. N.A. Shake concrete debris with
solution (Method 4)

CsCl, CoCl2 10 168 Cs, Co 6.545 6.329

“N.A.” indicates “not available,” “—“ indicates “not applicable”
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Figure 6. Modified design of electro-kinetic decontamination cell - adopted from Kim et al.46

Figure 7. Design of electro-kinetic decontamination cell. Adopted from Popov et al.41

distribution differs from that in the bio-shield, it could be hard to
simulate the entire bio-shield. Instead, it is appropriate to simulate a
fraction thereof.

Method 2 is appropriate for simulating the facilities contaminated
by the release of radioactive waste, but could also be used to simulate
the bio-shield structure in a limited way. When using this method, the
resulting chemical bond between contaminants and the concrete mi-
crostructure could be weaker than in the other two methods (Method 1
and 4), thus, the period during which contamination takes place should
be sufficiently long. The resulting distribution of contaminants was
concentrated on one surface, thus simulating both structures would be
more effective. However, its characteristics (contamination scale, lack
of expected vertical distribution in the bio-shield) differ from those of
the bio-shield, and these points should be considered for analysis.

The results of Method 3 and Method 4 are expected to be similar
with those of Method 1. However, because the starting contact between
concrete and contaminants solution in Method 3 is later than Method
1, it was expected to show relatively weak bondage between the con-
taminants and the concrete microstructure, compared to Method 1. In
contrast the target object of Method 4 is much smaller than Method
1 and 3, so specimen produced by Method 4 can has relatively strong
bondages than Method 3. Therefore, Method 3 and Method 4 are
appropriate to simulate the fraction of an area contaminated by an
accidental release. The results of Method 4 are expected to simulate a
small fraction of the concrete bio-shield in a limited way.

Distribution of contaminants by target object of each method.—
The distribution of radioactive nuclides in the PWR bio-shield is de-
picted in Fig. 8. All maximum values of the radioactivity of each

nuclide were observed at a depth of approximately 10 cm, and then,
sharply decreased until a depth of 55 cm. The concentration of 60Co is
approximately 20 times higher than that of 134Cs. This profile seems
to be the consequence of the mechanism of contamination and acti-
vation. The radioactive nuclides in concrete can originate either from

Figure 8. Profiles of Cs and Co in the PWR bio-shield – Adopted from Evans
et al.53
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Figure 9. Profiles of Cs+ in the slab – Adopted from Castellote et al.36

penetration from the exterior (contamination) or from nuclear trans-
formation (activation). Activation through radiation occurred for tens
of centimeters, whereas penetration does not proceed beyond tens
of millimeters. Therefore, the radioactivity at 10 cm is higher than
surface radioactivity.

When using Method 1, the distribution of contaminants is close
to uniform throughout the entire sample. In the case of series A of
Castellote et al., a solution of contaminants was added to and blended
with fresh concrete in the plastic state while the concrete was being
mixed.36 During the hydration phase, the quasi-uniformly distributed
surrogate becomes hydrated in the concrete microstructure. Conse-
quently, this method is appropriate to simulate the strong chemical
bond of nuclides in the concrete wall. However, the resulting distri-
bution of contaminants might be different from that in a real concrete
bio-shield. Because a great portion of nuclides is typically located
closer to the surfaces of concrete structures in NPPs, specimens that
simulate the entire concrete wall should involve a non-uniform distri-
bution of contaminants.

Thus, the specimen produced by Method 1 is not appropriate to
simulate the entire depth of the bio-shield structure. Instead, because
of strong chemical bond of contaminants, Method 1 can be used
to simulate contaminants that are tightly fixed in concrete and that
originated from activation. If it is only necessary to simulate a fraction
of the inner area of the bio-shield, Method 1 could be the appropriate
method for producing a specimen.

Method 2 involves pouring a solution of contaminants into cured
concrete samples. Thus, the resulting distribution differs from the
quasi-uniform distribution, as in Method 1. Fig. 9 shows the cesium
distribution in a slab produced by Method 2, and it is possible to verify
that the contaminant was non-uniformly distributed along the depth
of the specimen. The profile corresponds well with the distribution of
nuclides in the concrete bio-shield. However, three points should be
considered when investigating this similarity and when applying this
method to producing a simulant.

The first is the difference in scale. In a real structure, nuclides were
distributed for tens of centimeters, but in the specimen, contaminants
were distributed for several millimeters. The second issue is the effects
of gravity. In a bio-shield, the distribution in Fig. 8 is along its hor-
izontal axis, whereas another distribution tendency along its vertical
axis should exist. However, it is difficult to achieve a distribution for
the simulant produced by this method such that it corresponds to the
distribution along the vertical axis in the case of a real bio-shield. The
third point concerns the chemical bonding energy of contaminants
with a cement matrix. Series B of Castellote et al. showed that bonds
between contaminants and samples could be weaker than in samples
produced by Method 1.36 Thus, simulation of the chemical bonding
of nuclides in the concrete bio-shield still needs to be investigated.

Figure 10. Cs distribution throughout the mortar sample at the end of the
contamination phase -Adopted from Frizon et al.37

In conclusion, considering the process of this method, the charac-
teristics of the chemical bonding of contaminants should be similar
to those of the radionuclides on floors contaminated by the accidental
release of nuclides. Resultantly, Method 2 can be used to effectively
simulate the distribution of contaminants in an area contaminated by
the accidental release of radioactive material. However, simulation of
the strong bonding of contaminants to simulate the bio-shield seems
required more investigation.

The use of Method 3 affects the distribution of contaminants in
concrete samples in a complicated manner. Frizon et al.37 and Popov
et al.41 used a contamination procedure that involved submerging
concrete samples in a solution of contaminants. Additionally, Frizon et
al.37 applied an electric field to the solution and the concrete samples,
and found that contaminants were transported along the direction of
the applied voltage. The samples were expected to reach equilibrium at
a certain stage. Fig. 10 describes the distribution of cesium in samples
produced by Method 3 and shows that this estimation is partially
valid. It is possible to verify that the maximum cesium concentration
at a certain depth was 60% higher than the minimum value. This
difference was significantly lower than the profile reported in Figs. 8,
and the abstract shape of the distribution is close to being uniform.
From this point of view, it should be possible to use Method 3 in a
manner similar to Method 1.

The procedure of Method 4 and the resulting distribution of con-
taminants were expected to be similar to that of Method 1 and Method
3. The main difference is the range of the dimensions of the samples.
Kim et al. shook the concrete debris with a solution containing the
contaminants, thus the particle size is mostly smaller than 5 mm.74

Method 4 is expected to achieve the target concentration of contam-
inants in the sample faster than the other three methods, because, in
Method 4, the area of the concrete samples in contact with the con-
taminants is wider than in the other methods. From this point of a
view, the simulation target of Method 4 is most similar to that of the
small debris of a crushed concrete wall contaminated by the release
of radioactive material.

Target concentration for contamination according to the dimen-
sion of samples.—The advantages and disadvantages of each detailed
procedure were compared by investigating the time spent for con-
tamination and the concentration of contaminants, as shown in Figs.
11 and 12. In many cases,35,36,39,41,44,73 various contaminants were
simultaneously used for contamination. The literature review veri-
fied that the diffusion coefficients of cesium and cobalt do not affect
each other.80 Therefore, in specimens in which several contaminants
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Figure 11. Concentration of contaminants bonded with concrete vs. con-
sumed time (for Method 1).

are used simultaneously, the trend of each contaminant is described
separately.

The difference between the maximum and minimum values of the
concentration of contaminants was approximately eighty times. In the
case of Method 1, a concentration of 0.081 mol/m3 was the target
value for cesium in the work of Castellote et al.36 The concentrations
of the other contaminants targeted by the same research were similar.
In terms of mass concentration units, the value was 29.274 g/m3.

In the case of Method 2, the range of the target concentration was
0.151 – 5.18 mol/m3.36,40 Castellote et al. used various elements in Se-
ries C, and the molar concentration of each individual contaminant was
approximately 5.17 mol/m3.36 The concentrations of contaminants in
Method 2 were estimated under the assumption that all contaminants
in the solution were absorbed into the concrete specimen.

In the case of Method 3, Frizon et al. used a concentration of
0.39 mol/m3.37 However, in the case of Method 4, the range of the
target concentration was difficult to estimate from the previous papers
because this information was not always provided. Kim et al. noted
that 1 M of cesium and cobalt were used for contamination, but
did not mention the mass of the concrete, hence it was difficult to
estimate the concentration of contaminants.39 In separate research,
Kim et al. used approximately 238 mg/kg of cobalt and 514 mg/kg
of cesium for the contamination of soil.46 Applying these values to
concrete, the resulting concentration is about 6.4 mol/m3 for each of
the contaminants; thus, we decided to use this value for estimation.

Figure 12. Concentration of Contaminants Bonded with Concrete vs Con-
sumed Time graph (for Method 2, 3, and 4).

As a result, the target concentration of contaminants in previous
studies was between 0.081 – 6.4 mol/m3.36,37,39,40 However, based
on the information provided earlier it is possible to verify that the
concentration of radionuclides in structures of an NPP was much
lower that this value. The number of radioactive nuclides can be
calculated by a simple equation.81

mi =
ai ∗ ti 1

2

ln (2) ∗ NA
[11]

Here, mi is the specific number of mol of radionuclides in con-
crete samples (mol/g), ai is the specific radioactivity of radionuclides
(Bq/g), ti 1

2
is the half-life of nuclides i in concrete samples (s), and

NA is the Avogadro constant (6.022 × 1023 mol−1). The calculated
specific molar number could be converted to molar concentration.

ni = mi ∗ 1000 ∗ di [12]

Here, mi is the molar concentration of radionuclides in concrete sam-
ples (mol/m3), 1000 is the conversion factor (kg/g), and di is the
density of concrete samples (kg/m3).

The converted molar concentration of radionuclides in data sug-
gested by Krasznai et al. was in the range of 5.7×10−10 −1.61×10−6,
which is much lower than the concentration range of the contaminant
targeted in previous studies.55

The molar concentration of cobalt (including non-radioactive
cobalt) in radioactive concrete was about 1.94 × 10−3 M.55 It is ap-
proximately six times higher than the concentration of cobalt in con-
crete comprising gravel/sand aggregates, and two times higher than
basalt/slag aggregate concrete.6 In the work of Evans et al., the concen-
tration of cobalt is in the range of 0.04×10−3 −1.25×10−3 M, and the
concentration of cesium is approximately 0.57×10−5 −11.01×10−5

M.53

The measurement limits of devices such as ICP, AAS, and EDX
could be the reason for the experimental design targeting higher con-
centrations of contaminants.37 Moreover, concentrations in the 10−6 M
range are too low to control the quality and reliability of concrete sam-
ples. Despite higher contaminant concentrations in the previous tests
compared with real NPP structures, the concentration of contami-
nants is sufficiently low in most tests, so as to be barely affected by
the solubility of them. As a result, the migration of contaminants from
concrete to solution is likely to occur smoothly. Furthermore, in real
NPP structures with lower concentrations of nuclides, precipitation
due to immobilization is expected not to occur.

The use of the decontamination results to correctly estimate the
decontamination efficiency in a real NPP requires the difference in
the concentration of contaminants between the real structure and the
specimen to be considered. Considering the high target concentration
used by Kim et al., the termination time was lower than that of others.39

Kim et al. used very small target debris; thus, the contact area was
larger than that of the other specimens.39 Furthermore, in series C
of Castellote et al. the specimen was slab-shaped, which means that
the effective contact area was larger than that of a specimen with a
cylindrical shape.36

Evaluation of the Efficiency of Previous Decontamination Tests

The results of the previous decontamination tests are summarized
and compared in Table III.34–41,71,73–75 The efficiency evaluation of the
previous decontamination tests with different conditions requires a
rational analysis to investigate the multiple effects of several setups.
Thus, we considered only those studies that reported all the informa-
tion required for the analyses and for the calculation of the number
of contaminants transported from the concrete. Data from the stud-
ies of Bostick et al., Lomasney et al., Popov et al., and Castellote et
al. are excluded from the efficiency evaluation, because they did not
report the molar concentration of the targeted contaminants in con-
crete samples and simply presented the radioactivity of the radioactive
contaminants.34,35,41,73,75
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Table III. Decontamination Results from Various Studies.

Authors

∗Estimated leaching rate of
Contaminants ∗∗V/m/h

∗∗∗Estimated Bonding forms of
Cobalt

Decontamination Efficiency (%)
and Target Elements

Castellote et al.35 N.A. 2000/720 N.A. 97 (Cs)
Castellote et al.36 -Series A N.A. 2000/720 N.A. 96 (Cs-non-carbonated)

40 (Cs-carbonated)
4 (Co-non-carbonated)

38 (Co-carbonated)
Castellote et al.36 -Series B Intermediate-high (Cs) 320/720 N.A. 98 (Cs)
Castellote et al.36 -Series C Low(Cs)_ 1500/168 N.A. 95 (Cs)

Frizon et al.37 Intermediate-low (Cs) 666.67/480 N.A. 77.78 (Cs)
Popov et al.40 Almost not (Cs) 306.67/9 N.A. 36.9 (Cs)

Almost not (Cs) 500/9 N.A. 61.5 (Cs)
Popov et al.41 Intermediate-low (Cs) Almost

not (Co)
N.A./18 Co3O4, C1SH(I), Co(OH)3 30.76 (Cs) 40.37 (Co)

Kim et al.39 Intermediate-high (CS, Co) 400/360 Co2+ 0.8 (Co), 55.0 (Cs)
Intermediate-high (CS, Co) Co2+ 1.0 (Co), 65.0 (Cs)
Intermediate-high (CS, Co) Co2+ 97.7 (Co), 95.8 (Cs)
Intermediate-high (CS, Co) Co2+ 99.7 (Co), 99.6 (Cs)

∗Varieties of contaminants are noted in parentheses.
∗∗Electric field (V/m) and time (h) used for decontamination.
∗∗∗Estimation about bonding forms of cesium was excluded because of lack of information
“N.A.” indicates “not available,”
(I): Incorporated with cement matrix
Almost not: x < 1%
Low: 1% < x < 10%
Intermediate-low: 10% < x < 30%
Intermediate-high: 30% < x < 60%

Correlation analysis between experimental setup and decontam-
ination result.—In the previous section, it is verified that specimens
manufactured by different methods have very different characteristics.
In addition, in some cases, several elements were used simultaneously
for contamination; thus, a rational comparison requires these kinds of
data to be classified by their target elements. Therefore, several graphs
were drawn separately according to their target elements. In some
cases, the data required for estimation of the time used for decontam-
ination were not reported; hence, they were estimated using simple
calculations.

For example, Fig. 13 shows the current as a function of time in
each concrete sample from Castellote et al.36 The average current
of samples to which 24 V was applied was 14 mA and 2.4 mA

for the non-carbonated and carbonated specimens, respectively. The
relationship between the time and the charge density applied during
a decontamination experiment can be expressed by Eq. 13. These
equations were used to convert charge density to time. For example,
the diameter of the cylindrical specimen used in Castellote et al.
was 75 mm for both Series-A and Series-B.36 The duration of the
experiment in which 24 V was applied to the contaminated specimen
was briefly estimated as 1063 hours, using Eq. 13.

t = ρcπd2

4 Í
[13]

Here, Í is the average electric current (A), ρc is the charge density
(C/m2), and d is the diameter of the cylindrical specimen.

Figure 13. Current change in Series A(left), Series B(right) during decontamination-Adopted from Castellote et al.36
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Figure 14. Contaminants extracted from concrete vs. consumed time
(Cesium).

Fig. 14 shows the results of the decontamination test of cesium
in a previous study in percentage. The experiment of Kim et al. used
0.01 M acetic acid with a chemical washing process, and that of
Popov et al. showed the fastest decontamination.39,40 The pH of the
solution used in each of these experiments was 3.37 and 14. Earlier
in this paper, the effects of pH on the cumulative leaching rate were
mentioned, and in the case of cesium, it is estimated that a pH value
lower than 6 or higher than 8 could improve the leaching of cesium.
The performance of those two experiments could be improved by
improving the leaching of cesium.

In terms of the final decontamination ratio, the experiments of
Kim et al., using 0.01 M acetic acid with a chemical washing process
and the series B experiments of Castellote et al. provided the best
results.36,39 Considering this result, the contamination method could
also be an important factor to improve the decontamination result. The
respective specimens of Popov et al. and from series B of Castellote et
al. were manufactured by Method 2, and it is verified that the bonding
energy of contaminants in these specimens could be lower than that of
the specimens of other researchers.36,40 Initially, the decontamination
speed of the other specimens is similar; however, the experiment
of Castellote et al. using carbonated samples of series A exhibit a
lower decontamination speed and final decontamination ratio than the
others.36

Fig. 15 shows the results of the decontamination test of the previous
study of cobalt in percentage units.36,39 The experiment of Kim et al.

Figure 15. Contaminants extracted from concrete vs. consumed time (cobalt).

Figure 16. Final decontamination ratio vs. pH (cesium).

using 0.01 M acetic acid with a chemical washing process shows the
highest decontamination rate,39 whereas that of Castellote et al. using
carbonated samples of series A (using Method 1) shows the second
highest decontamination rate.36 Except for these experiments, most
of the cobalt was not extracted during decontamination. In general,
pH is the dominant factor influencing the decontamination results of
both cesium and cobalt. The manufacturing method also affects the
decontamination result. However, the appropriate simulation target
of each method is different, thus any discussion about the effect of
the contamination method on decontamination should be conducted
carefully.

The effects of selected variables were examined in detail by plot-
ting the decontamination rate against the pH and applied electric field.
Theoretically, the electrical field and zeta-potential are fundamental
parameters of electro-osmosis and electrophoresis velocity (Eq. 9).
Zeta potential is not affected by the straightforward output of the elec-
tric field applied across the electrodes, but are a complicated result
of the chemistry, which is also affected by the pH of the solution.82

Considering that electro-kinetic phenomena are the interaction be-
tween the movement of fluid and ions in an EDL system, the rate
of electro-osmosis and electrophoresis is related to both the final de-
contamination ratio (electro-kinetic phenomena should determine the
equilibrium of mass transport) and the initial decontamination rate.

Figure 17. Final decontamination ratio vs. pH (cobalt).
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Figure 18. Mean decontamination rate vs. electric field (cesium).

Fig. 16 shows the relationship between the pH and final decontam-
ination ratio of cesium. Except for the data from the experiment on
the carbonated sample of Castellote et al. and the results of Kim et al.
who used a chemical washing process, the experiment using a solu-
tion with a pH value close to 7 shows a higher final decontamination
ratio.36,39

Fig. 17 shows the relationship between pH and the final decon-
tamination ratio of cobalt. Decontamination of specimens containing
cobalt was more strongly affected by the manufacturing condition and
decontamination process, rather than by the pH of the solution.

Fig. 18 shows the relationship between the applied electric field and
mean decontamination rate of cesium. Data pertaining to cobalt are
excluded from the voltage analysis, because test data are insufficient to
figure out the tendency. The mean decontamination rate is expressed
by the following equation.

Vdec = P90

t90
[14]

Here, Vdec is the mean decontamination rate (%/h), P90 is a value
corresponding to 90% of the final decontamination ratio, and t90 is the
time corresponding to P90. An increase in the applied electric field
seems to be not highly related with the mean decontamination speed.
This suggests that the manufacturing process is the dominant factor
influencing the mean decontaminate rate regardless of the applied
electric field.

Fig. 19 shows the correlation between the applied electric field and
the final decontamination ratio of cobalt. It could be verified that when
the applied electric field ranges from 500 V/m to 2000 V/m, the final
decontamination ratio is increased, except for the carbonated sample
of Castellote et al.36 In addition, in this case, the carbonation state and
manufacturing method also affected the tendency. Considering that
Popov et al. and Castellote et al. (series B) used the same category of
method, the tendency observed in the electric field range of 500 V/m
to 2000 V/m is more clear and persuasive than the other tendencies in
Figs. 16 to 18.36,40

Comparison with literature research.—The observed tendency
was investigated by conducting additional literature research, which is
an extension of the research found in the literature. Earlier in this paper
it is noted that the pH could cause the bonding form of cobalt in con-
crete to change. In addition, decreasing the pH of the inner-structure
of concrete by using a low-pH solution may induce the dissolution of
Ca(OH)2 and C−S−Hs. Therefore, the mobility of cobalt in concrete
may increase by decreasing the pH of its environment.83 Kim et al.
also noted that the immersion of concrete in acidic solutions causes
the dissolution of the calcium carbonate in the concrete (the pH of the

Figure 19. Final decontamination ratio vs. electric field (cesium).

concrete also decreases), and consequently increases the porosity of
the concrete.44

In Table III, it is clearly shown that the bonding form of cobalt
affected the decontamination efficiency. When cobalt existed as cobalt
ions in concrete specimens, the decontamination efficiency was rel-
atively high.44 When cobalt existed as incorporated elements, the
efficiency was relatively low.41 Data for the bonding form of cesium
are insufficient for conducting reliable analysis. The results of various
leaching tests conducted by Achternbosh et al., Hohberg et al., and
Nikolayev et al. are examined in Table IV and Table V as well as in
Fig. 20 and Fig. 21 with the aim of developing a deeper understand-
ing of the effects of the use of acidic solutions on the mobility of
contaminants in hydrated cement system.6,64,78

Van Gerven et al.76 researched the solubility of heavy metals in
Portland cement mortars by using leachates with various pH values.
Fig. 20 shows the solubility of cobalt as a function of the pH of the
leaching solution. The degree of carbonation was verified by using
phenolphthalein solution. The solubility of cobalt increased by more
than 15 times when the pH of the solution was decreased from 9
to 4. In addition, the leaching rate of cobalt was decreased by the
carbonation of the cement system.

Van Gerven et al. also conducted a mass transfer test using the NEN
734525 test.84 The converted cumulative leaching rate of cobalt for 30

Figure 20. Solubility of cobalt from Portland cement mortars in solutions
with various pH values.76 ∗B0 represents uncarbonated samples, whereas B60
denotes nearly completely carbonated samples.
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Table IV. Availability test results for cobalt in concrete78 (units: mg/kg).

Total content Availabilitya Availabilityb Availabilityc

Method Parameter Mean N Mean N Mean N Mean N

Cobalt 4 7 1.2 8 1.7 8 <0.03 7

aProcedure according to NEN-ISO 7341; 1st step 3 h constant pH = 7, 2nd step 3 h constant pH = 4
bProcedure according to NEN-ISO 7341; 1st step 3 h without pH-control, 2nd step 3 h constant pH = 4
cProcedure according to DIN 38414 Teil 4 (DEV-S4 procedure). 1 h constant pH = 4

days in B0 samples was approximately 4.2 mg/L and 1.94 mg/kg. Ta-
ble IV summarizes various leaching test results for cobalt in concrete
conducted by Hohberg et al.78 In this case, decreasing the pH from 7
to 4 caused the amount of cobalt leaching from concrete to increase
by approximately 40 times. The maximum leaching rate was approxi-
mately 43% of the total amount of cobalt ions existing in concrete for
6 hours. Hohberg et al.78 clearly verified the effect of the pH of the
leaching solution on the mobility of cobalt in concrete.

In the case of cesium, however, several researchers studied its
leaching trend, and concluded that the leaching ratio of cesium is not
highly affected by the pH of the leaching solution.76,77,85 Achternbosch
et al. suggested that cesium is incorporated in cement paste in the form
of Faujasite or Zeolite-P.6 The studies of Rahman et al. suggested that
cesium is present as free ions in the interstitial pore fluid of the pastes
regardless of the hydration state of the other elements in the pore
solution.85 However, the trend observed by Faiz et al. and Nikolayev et
al. differed from that of Rahman et al. for the mobility of cesium.31,77,85

Fig. 21 shows the cumulative leaching rate of cesium in Portland
cement mortar for different time intervals (0–7 days, 7–16 days, 16–
23 days, 23–34 days). The leaching rate was minimized at pH 7,
and increased as the pH value increased or decreased from 7. There
was little difference between the maximum and minimum values of
the leaching rate of cesium, but this can affect the decontamination
of cesium; therefore, we decided to use the data of Faiz et al.77 to
estimate the leaching ratio of cesium in Table II.

Tables V presents the phase distribution of 137Cs when an acidic
solution was poured onto a concrete specimen. The specimen contains
30–54% of 137Cs in the fixed form, but the remaining cesium exists in
the ion-exchangeable or water-soluble form. Thus, 50–60% of 137Cs
could be extracted easily and did not seem that highly affected by the
pH of the solution. Approximately 5% of the total amount of 137Cs
was strongly bonded to the concrete.

Figure 21. Variation of leaching percentage of 134Cs as a function of the
immersion time intervals-Adopted from Faiz et al.77

Table V. 137Cs phase distribution when the concrete was exposed
to an acidic solution -Adopted from Nikolayev et al.64

Parameter Solution Suspension Precipitate

Material mass, % 46 9.6 44.4
137Cs phase content, % 35 58 7

Consequently, it is verified that the pH of concrete is likely to be
an important factor that influences the bonding forms and bonding
energy of the contaminants in concrete. The pH value of concrete
at 180 days is typically higher than approximately 9.0.86 Therefore,
a process designed to decrease the pH of concrete below that value
will help to increase the mobility of contaminants in the concrete and
improve the decontamination efficiency.

The amount of cobalt released from concrete differed highly de-
pending on the pH of the solution. After concrete is immersed in a
solution with a pH value of 4 for several hours, approximately 20%–
40% of cobalt can be extracted. The effects of pH on the release of
cesium are expected to be smaller than for cobalt. The release of con-
taminants was reported even when the mortar samples were immersed
in nitric acid, and then immersed in distilled water. From this point of
view, both a chemical washing process and the pH of the electrolyte
solution could be key factors for successful decontamination.

Conclusions

In this paper, we investigates the effects of different cell con-
figurations and operating conditions of electro-kinetic tests on the
decontamination ratio and rate of nuclides (such as Cs and Co) from
radioactive concrete. In addition, we critically review the conditions
and contamination methods of simulated concrete samples in previous
experimental studies in comparison with actual nuclear plant data. Po-
tential improvements for the electro-kinetic decontamination methods
are suggested based on the following discussions.

It is verified that cobalt, cesium, and europium are the main heavy-
metal radioactive nuclides in contaminated concrete waste produced
from NPPs. Considering previous studies for the leaching and electro-
kinetic decontamination, the proportion of fixed cesium in concrete
seems lower than that of fixed cobalt. Most of radioactive cobalt
in contaminated concrete originated from nonradioactive cobalt in
cement that had been strongly bonded with cement particles during
hydration. Decreasing the pH of concrete by using a low-pH solution is
beneficial to eliminate these incorporated (strongly bonded) elements,
by changing them to ions that are easily removable.

To make contaminated concrete specimens similar to those from
NPPs, following conditions should be replicated: strong bond between
contaminants and cement matrix, variation of concentration over the
depth and high concentration of contaminants at the near-surface re-
gion, and realistically low concentration of contaminants. Method 1
is appropriate to simulate radiated concrete members, but is incapable
of producing a varying distribution of contaminants over the depth.
Method 2 is appropriate to simulate floor structures contaminated by
an accidental release of nuclides. Methods 3 and 4 can be used to
simulate small-size debris samples of radiated concrete.
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The addition of a chemical washing procedure resulted in the
highest decontamination efficiency for cobalt with respect to time.
However, the effect of chemical washing needs more investigation.
The decontamination efficiency for cesium seems to increase in the
electrical field range of 500 to 2000 V/m. For more comprehensive
understanding on electro-kinetic decontamination mechanisms, we
will continue future research on numerical simulations that take into
account the dissolution and immobilization of nuclides.
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