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The clean-up activities related to the accident at the Fukushima nuclear power plant give rise to several types
of wastes containing cementitious materials as well as substances that can influence radionuclide migration,
especially organic complexing substances, boron, and chloride salts. The present study focuses on a
methodology, based on available literature information, for quantifying the retention behavior of uranium (VI)
in cement materials of different degradation states and in the presence of organics, boron, and salts. To
account for the many variables defining uranium uptake in cement systems a stepwise approach is proposed
and illustrated: 1) definition of conditions and U speciation in each relevant degradation state, 2) assessment
of U(VI) uptake processes based on a critical review of literature information, 3) Kd setting on the basis of
original experimental data that are consistent with the identified processes and speciation, 4) assessment of
ligand effects based on data preferably from ternary systems, or from speciation and analogue information.
Keywords: Fukushima Daiichi nuclear power plant; cement; concrete; sorption reduction facto; uranium
organic ligands; ISA
1. Introduction1

2. Approach and specific conditions

Several types of wastes containing concrete materials
are being generated in the context of the clean-up and
decommissioning activities following the accident at the
Fukushima nuclear power plant. Additional cementitious
materials are expected to be present in repository
components related to the disposal of these wastes.
The safety of any radioactive waste disposal system
depends on the prevention or sufficient retardation of
radionuclide transport to the biosphere by waste
matrices or engineered barriers. Based on their origin,
post-accident wastes from Fukushima differ in their
composition from typical nuclear decommissioning
wastes and are expected to contain higher levels of
substances that can have perturbing effects on retention.
In particular, organic complexing substances, boron, and
salts are thought to be relevant [1].
In view of the many variables defining the magnitude
of uranium uptake (expressed by Kd) in cement systems
(cement degradation state and mineralogy, U oxidation
state and speciation as a function of conditions, effects
of ligands), a stepwise approach is proposed and
illustrated for Kd setting. Due to the insufficient
characterization of post-accident Fukushima wastes, this
is done for pessimistic conditions.

2.1. Approach proposed for quantifying reference Kd
values and sorption reduction effects
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For the present illustration of quantifying Kd as well
as the effect of complexing ligands, it is generally
assumed that these ligands will affect only the
radionuclide behavior. The overall geochemical
conditions (pH, major ion concentrations, etc.) are
assumed to be buffered sufficiently by solid cement
phases. In most environments, cementitious materials
are slowly degraded following a typical sequence of
degradation states shown schematically in Figure 1.
The methodology followed for conducting the Kd
setting examples is based on the approaches by [3-8] and
consist of the following steps:
1) Definition of conditions (in particular mineralogy
and Ca/Si-ratio of cement phases, and the resulting
solution composition) and U speciation for each relevant
degradation state.
2) Best possible assessment of U(VI) uptake
processes for each degradation state based on a critical
review of literature information. This includes
identification of uptake processes and of trends of
uptake as a function of cement degradation.
3) Kd setting on the basis of original experimental
data that are consistent with the identified processes and
speciation. Preferred are datasets covering several states
or applicable to state II, which is most stable.
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4) Assessment of the (maximum) concentration of
complexing ligands. Evaluation of sorption reduction
effects preferably based on data from ternary systems, or
from speciation and analogue information (see [10]).
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3. Estimation of reference Kd (ligand-free system)
3.1. Data situation and uptake mechanisms for U(VI)
Hydrated cement exerts a strong buffering effect on
cement porewater chemistry. As a result, the
composition of solutions in contact with HCP is
invariably dominated by a few constituents, whose
concentration can be predicted for each degradation state,
and reliable data from laboratory systems can generally
be viewed as representative for in-situ conditions. By
considering the Ca/Si ratio and solution pH as master
variables, data from different systems can be compared.
This is shown in Figure 2 for U(VI).
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Figure 1. Schematic representation of cement degradation
states. Exchange cycles refer to exchanges of porewater
volumes. After [2], see also [3] and references therein.
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2.2. Specific conditions considered

[13] CSH 1.82 Sorption
[13] CSH 0.75 Co-precipitation

Waste stemming from Fukushima cleanup activities
include concrete rubble, sludge from concrete
decontamination, and concrete/fuel debris from the
reactor. For the present purpose, these materials are
treated as normal cementitious material. It is planned to
dispose these materials in different cement-based
repository types. Degradation states I-III are expected
within the relevant overall disposal timeframe. The
wastes are expected to contain a range of organic
substances, borates, and other salts [1]. To date, no
specific information is available regarding concentration
and characteristics of these complexing ligands in the
various waste types. Therefore, somewhat arbitrary,
pessimistic concentration estimates of some model
compounds as given in Table 1 are used for the present
purpose. In lack of any specific information, organics
are represented by ISA as a worst-case assumption
regarding complexation properties.
Table 1. Pessimistic concentration estimates of model
complexing ligands in waste from Fukushima cleanup.
Complexing ligands
Organics
2
Borates
3
Salts
1
2
3

1

Concentrations [mol/L]
high
extremely high
0.01
0.1
0.01
0.1
0.6
6

Organics are represented by ISA (pessimistic assumption)
As Na2B10O1610 H2O (Na-pentaborate)
As NaCl (sea water / sea water concentrated through evaporation)

These values are derived through extremely
pessimistic assumptions; for example, it can be
practically excluded that all organic ligands will exist as
isosaccharinic acid (ISA), and most other organic
ligands have weaker complexation properties towards
actinides [7,8].
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Figure 2. Overview of uptake data for U(VI) on hydrated
cement phases corresponding to different degradation states.

It follows from Figure 2 that the assignment of
recommended Kd values to specific points in the
evolution of a repository hinges on the modeling of the
cementitious system degradation (in particular on the
change in pH, Ca/Si ratio and other mineralogical
properties). A somewhat generalized evolution is
assumed for the present illustration.
The uptake of U(VI) on hydrated cement phases has
been shown to be strong by many studies (Figure 2, see
also [3] and references therein), and the data in Figure 2
suggest increasing uptake with degradation.
The nature of the uptake process of U(VI) has been
unknown for many years. Initially, it was ascribed to the
formation of some U-Ca-Si solid solution [17]. Only
recently, sorption and co-precipitation experiments on
Ca-Si-hydrates (CSH) with different Ca/Si ratio by [13]
and [14] allowed to distinguish between U(VI) species
incorporated in the CSH structure and sorbed U(VI).
Kd values determined from both sorption and
co-precipitation experiments by [13] and [14] lie within
the same range, indicating a similar uptake process. This
is supported by recent spectroscopic studies [18,19],
which suggest that in CSH, the coordination environment of both surface-bound or incorporated U(VI) is
comparable to that in Ca-uranyl-silicates.
Another important factor for U(VI) uptake appears to
be the aqueous speciation of U(VI). Uptake experiments
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by [14] and [15] of U(VI) by CSH with different Ca/Si
at different pH, in combination with solubility
measurements and speciation calculations (see also [4])
indicate that U(VI) uptake decreases above pH ~11 due
to the formation of negatively charged higher hydrolytic
species (see below).
3.2 Reference Kd
Definition of recommended Kd is mainly based on the
clear relationship between uptake and macroscopic
variables, especially pH.
The trend of Kd vs pH in Figure 2 approximately
follows the predicted concentration (see [4]) of the
UO2(OH)3– species. Further, the Ca-concentration
increases from state I to II, which would also be
compatible with increasing uptake (see section 3.1).
Note that the apparently large variation of Kd at pH
13.3 and pH 12.5 in the data by [13] is due to the fact
that these data were recorded as isotherms, covering a
wide range of dissolved U(VI) concentrations. However,
it can clearly be seen the isotherm data correspond to the
general trend, with the group at pH 12.5 encompassing a
range of much higher Kd than the data group at pH 13.3.
Assuming uptake to decrease from state III  II with
a slope of –1, based on the difference of one H+ in the
hydrolysis of UO2(OH)3– to UO2(OH)42–, the difference
in Kd between states II (pH 12.5) and the beginning of
state III (pH ~11.5) should correspond roughly to a
factor of 10. From the slope of experimental data in
Figure 2, a range of about 10-35 m3/kg can be estimated
for state II (with a corresponding range of 1-3.5 m3/kg
for state I). From these ranges, a Kd of 2 m3/kg is
recommended for state I and a Kd of 20 m3/kg is
recommended for state II (see Table 2).
For state III, the experimental data as well as the
proposed trend of uptake as a function of conditions
would suggest a similar Kd value as for state II at the
initial phase of phase III, and a significantly higher Kd
(>100 m3/kg) in the range of pH 11-9. To acknowledge
the fact that relatively few data are available for state III,
and that the evaluation of solid and aqueous phase
conditions is also more uncertain for state III, the same
value as for state II (20 m3/kg) is conservatively
recommended for the entire state III (Table 2).

4. Estimation of sorption reduction effects
4.1. Organic substances (ISA)
Speciation calculations indicate that the speciation of
U(VI) would be entirely dominated by ISA-complexes
[9]. This indicates that ISA may have a significant effect
but does not allow to draw quantitative conclusions
regarding sorption reduction.
To our knowledge, only Pointeau et al. ([11,12])
conducted experiments in the ternary system
U(VI)-ISA-cement (Figure 3). They considered two sets
of conditions corresponding approximately to state I and
to state III, and ISA concentrations in the range of

1×10–5 M to about 6×10–3 M. Sorption reduction effects
are estimated directly from their data.
Assuming a linear trend of sorption reduction as a
first approximation, it can be estimated that U(VI)
uptake at [ISA] = 0.01 M and 0.1 M will be about
10-fold and 100-fold lower than in an ISA-free system.
Sorption reduction may be less pronounced in state I, but
it is recommended to consider 10-fold to 100-fold
decrease for all states.
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Figure 3. Uptake of U(VI) on hydrated cement paste in state I
and state III as a function of ISA concentration. Data by [21].

4.2 Borate and salt (NaCl)
Very little information is available on the interaction
of borates with actinides in cement solutions, and no
information is available regarding effects on U(VI)
uptake. To our knowledge only some work regarding
effects on the solubility limit in WIPP brine solutions is
available. At pH ~9, 0.05 M tetraborate was found to
increase U(VI) solubility by about two orders of magnitude [20], but no information is available for higher
pH or for an effect on sorption. To our knowledge, there
is also no information available regarding the effect of
borate species on radionuclide sorption on any other
mineral phase (e.g., clays or oxides).
Due to the lack of relevant information, an arbitrary
decision is made at this point with regard to the sorption
reduction effect of borate. As a pessimistic approach, the
complexation and thus the sorption reduction effect of
borate is set identical to the effect of ISA. As an
approximation, the effects at [ISA] ~0.01 and [borate]
~0.01 M at set equal. Assuming a constant effect as a
function of borate concentration gives a 10-fold decrease
again in Kd for [borate] ~0.1 M.
For 6 M saline solutions, speciation calculations
indicate no important formation of U-chloride
complexes. Calculations further show an increase (more
likely, would tend to increase Kd) or decrease of the
stability of UO2(OH)3– in comparison to UO2(OH)42–,
depending on ionic strength correction terms used. Due
to the weak interaction of Na+ with cement, no strong
competition is expected. On the other hand, very high
chloride concentrations could alter cement mineralogy.
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A 10-fold decrease strong of Kd is therefore cautiously
proposed for the 6 M saline solution; no effect is
considered for the lower salinities.

5. Data summary and conclusions
Recommended Kd values are summarized in Table 2.
The magnitude of uptake for U(VI) (and other
radionuclides) can be estimated well from experimental
data. In view of the complexity of uptake processes in
hydrated cement systems, recommended Kd should be
plausible in view of available detailed chemical
information on radionuclide speciation and cement
degradation as a function of time.
Table 2.

Summary of recommended Kd values (all in m3/kg).

reference
system
state I
2
state II
20
state III
20

ISA
0.01M
0.2
2
2

0.1M
0.02
0.2
0.2

Borate
0.01M
0.1M
0.2
0.02
2
0.2
2
0.2

NaCl
0.6M
2
20
20

6M
0.2
2
2

Sorption reduction effects due to the presence of
complexing substances can be assessed transparently
and with reasonable certainty when data from ternary
systems (radionuclide-ligand-cement) are available. In
other cases, approximations are needed (see [10]);
including pessimistic assumptions in case of lacking
data. The step-wise approach illustrated here is
pragmatic, but provides qualitative arguments and
traceability.
At the same time, it needs to be verified that the
cement paste itself is stable at high concentrations of
organic ligands and salts.
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