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Abstract: In the context of the safe storage of high-level radioactive waste, the time-dependent reten-
tion of a waste cocktail (WC) consisting of Zr(IV), Mo(VI), Ru(III), Pd(II), Cs(I), Sm(III), Eu(III)
and U(VI) was studied on the commercially available C-S-H phase Circosil®. The herein pre-
sented results focus on Cs(I), Sm(III), Eu(III) and U(VI). Precipitation and wall adsorption studies
in the absence of the solid phase show only a small amount of precipitation for Sm(III) and Eu(III)
(34 ± 18%) in the high-saline diluted Gipshut solution (DGS, pH 10.6, I = 2.6 M). For Cs(I) and U(VI),
no precipitation was observed. In 0.1 M NaCl (pH 10.9), the measured retention could completely be
attributed to wall adsorption for all four elements. The obtained Rd values for the time-dependent
retention of Sm(III), Eu(III) and U(VI) on Circosil® of 105 to 106 L·kg−1 are in good agreement with
the literature. For Cs(I) in the strongly saline background electrolytes, slightly higher Rd values of up
to 8·102 L·kg−1 were determined for the crystalline Circosil® compared to the wet chemical C-S-H
phases. Overall, the commercial product Circosil® is suitable as an alternative to synthesised C-S-H
phases to observe trends in the retention behaviour of these elements. Comparison between both
background electrolytes shows an increase in the amount and velocity of retention for all four ele-
ments with decreasing salinity. This confirms adsorption processes as the fastest and initial retention
mechanism. Precipitation or incorporation of Eu(III), Sm(III) and U(VI) cannot be ruled out in the
long term. Comparing the kinetic of this WC study to single-element studies in the literature, a longer
uptake time to reach a steady state of 7 d in 0.1 M NaCl and 28 d in DGS instead of <1 d was observed
for Eu(III) and Sm(III). The situation for Cs(I) is similar. This indicates competing effects between the
different WC elements for adsorption sites on the C-S-H phases.

Keywords: C-S-H phase; waste cocktail; high-level radioactive waste; caesium; europium; samarium;
uranium; kinetic study; ICP-MS

1. Introduction

Cement-based materials are going to be used in repositories for high-level radioac-
tive waste (HLW) worldwide. They will be used as construction or sealing material
for their physical and chemical stability and their ability to immobilise hazardous sub-
stances [1–3]. Calcium silicate hydrate (C-S-H) phases are the major hydration product
of hardened cement and are mainly responsible for the retention of anions or cations [3].
C-S-H phases are mostly amorphous and degrade over time in contact with aqueous media.
Due to leaching of Ca(II), the calcium to silicon ratio (C/S) decreases within approximately
36,000 years from 1.5 to 0.8 [4]. The resulting pore water has an alkaline pH between
12.5 and 10 decreasing with decreasing C/S ratio. The alteration of the C-S-H phases is
very complex due to a lot of dissolution and precipitation processes taking place and the
amorphousness of the material overall [3,5].

C-S-H phases used for retention experiments in the context of an HLW repository
are mainly synthesised wet chemical or hydrothermal. Precursors are usually CaO and
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SiO2 which are mixed via a “direct reaction” method [1,6,7] with aqueous media like
ultrapure water. Despite this simple preparation procedure, the pH values that naturally
occur during equilibration with background electrolytes vary in the literature just like the
retention for certain elements due to the complex processes involved in the formation and
degradation [1,8,9]. At least, C-S-H phases are also sensitive to CO2 [10–12]. CaCO3 can be
formed on the surface which lowers the adsorption potential.

The aim of this study is to investigate the time-dependent retention behaviour of a
waste cocktail (WC) of elements relevant for HLW disposal on a stable, commercial C-S-H
phase with defined structure: Circosil®, which consists mainly (88%) of tobermorite with
C/S = 0.83 and intercalated SiO2 (10%) with traces (<0.5% each) of Al-, Mg-, Fe-, Ti-, K-, Na-,
Zr-, Mn- and Cr-containing minerals [13]. At the end of the degradation process, C-S-H
phases stabilise at a C/S ratio of ~0.8 and mostly have a structure similar to amorphous,
disordered tobermorite [3,5,14–17]. Due to the complexity of the degradation process and
possible heat release from the HLW, even crystallisation of the C-S-H phases cannot be
ruled out [18,19]. All of this makes Circosil® a possible stable analogue to natural aged
C-S-H phases. The WC consists of U(VI) representing the main component of the HLW
inventory. The WC also contains Zr(IV), which is used as cladding for fuel rods in nuclear
reactors [20,21], and Sm(III) which can be used as a neutron adsorber in control rods [22,23].
Additionally, the possible fission products Mo(VI), Ru(III), Pd(II), Cs(I) and Eu(III) are
contained in the WC whereas Eu(III) and Sm(III) also act as homologues to Am(III) and
Cm(III) [24–26].

In this study, the focus lies on experiments at pH values > 10. These pH values are
naturally obtained during the equilibration of C-S-H phases with aqueous media. The
used background electrolytes are highly saline (I = 0.1 M and 2.6 M) because host rocks for
potential HLW disposals may be salt formations or in contact with salt dome deposits which
results in highly saline pore waters [27–29]. Retention studies with such ionic strengths are
scarce [14,30–35]. We used diluted Gipshut solution (DGS, I = 2.6 M) which is a reference
pore water of claystone in northern Germany and 0.1 M NaCl as a simple and lower-saline
comparative medium.

Finally, we present the retention results of Cs(I), Sm(III), Eu(III) and U(VI) as part of
the WC on Circosil® over 217 d and elucidate the retention mechanisms in the nanomolar
concentration range. Since the HLW must be stored safely for hundreds of thousands of
years, knowledge of the immobilisation mechanisms is mandatory. So far, several attempts
have already been made in the literature to clarify the retention and binding mechanism
of these elements on cementitious materials ([3] and references within). The results vary
depending on the initial concentrations and used analytical method. For most of these WC
elements, it is difficult to elucidate the mechanism in detail because precipitation could
occur even in the nanomolar concentration range. Additionally, many analytical methods
are not sensitive enough to detect analyte concentrations in the picomolar range, which
remain in the liquid phase for many elements that adsorb strongly to the solid phases, such
as Sm(III) or Eu(III). The amorphous and changing structure with C/S ratio of the C-S-H
phases make solids analysis even worse. The possible retention mechanisms observed so
far for the four elements of interest are shortly summarised in the following.

For Cs(I), mainly ion exchange processes come into charge as the binding mecha-
nism because it does not precipitate under natural conditions. Incorporation was also
observed by Iwaida et al. [36] at a very high Cs(I) concentration. As already mentioned,
observations in the literature for the uptake of radionuclides on C-S-H phases may vary a
lot. A clear dependence of the Cs(I) adsorption on the initial concentration was observed
by Missana et al. [37]. This is a strong indicator for different binding sites. Meanwhile,
Atkinson and Nickerson [38] found the sorption isotherm to be linear. Therefore, one to
three different adsorption sites (ion exchange, outer-sphere and inner-sphere complexes)
are suggested in the literature for Cs(I) adsorption on cementitious materials [39–43].

For Eu(III), and Sm(III) as chemically very similar rare earth elements (and as ho-
mologues to Am(III) and Cm(III)), three retention mechanisms on cementitious materials
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or C-S-H phases are proposed in the literature: adsorption, incorporation and precipita-
tion [14,26,44–48]. Each of these studies observed high up to quantitative retention for
both elements. This is either explained by the high affinity of the three valent cations to
the negatively charged surface of the adsorbent material or precipitation due the alkaline
background electrolyte.

Adsorption on the negatively charged surface of C-S-H phases seems unlikely for U(VI)
at pH > 10 because it forms negatively charged carbonate or hydroxy
complexes [30,49–51]. Nevertheless, high retention of U(VI) on cementitious materials is ob-
served in many studies. It occurs through precipitation [2,9], incorporation [52], direct sur-
face complexation [2,49,51,53,54] or ternary surface complexes involving Ca(II) [30,55,56].
Tits et al. [57] even observed three U(VI) species in their study which they attributed to
surface complexation, an incorporated species and a uranate-like precipitate.

Altogether, the precipitation and wall adsorption experiments performed in this study,
as well as different saline background electrolytes, WC elements as competing ions and
the dynamic behaviour during the kinetic study, provide new insights into the retention
mechanisms of Cs(I), Sm(III), Eu(III) and U(VI) on C-S-H phases.

2. Materials and Methods
2.1. Chemicals and Standards

All solutions were prepared with ultrapure water (0.055 µS·cm−2) from a PURELAB®

Chorus 1 ultrapure water filtration unit (Elga LabWater, High Wycombe, UK). For the
preparation of the background electrolytes, NaCl, CaCl2, Na2SO4 and KCl salts of premium-
grade quality (EMSURE®) from the company Merck (Darmstadt, Germany) were used. Sc
(1 g·L−1, Alfa®, Karlsruhe, Germany) and Ho (1 g·L−1, Merck Certipur®, Darmstadt, Ger-
many) served as internal standards and HNO3 (ROTIPURAN® Supra 69%, Carl Roth,
Karlsruhe, Germany) for acidifying the measurement solutions for mass spectrometry
with inductively coupled plasma (ICP-MS). To prepare the samples and the calibrations
for the measurements, the following elemental standards were used: Si(IV) (10 g·L−1,
AccuStandard, New Haven, CT, USA), Ca(II) (1 g·L−1, Merck Certipur®, Darmstadt,
Germany), Zr(IV) (10 g·L−1, Merck Supelco®, Darmstadt, Germany), Mo(VI) (1 g·L−1,
Fluka, Buchs, Switzerland), Ru(III) (1 g·L−1, Merck, Darmstadt, Germany), Pd(II) (1 g·L−1,
Fluka, Buchs, Switzerland), Cs(I) (1 g·L−1, AccuStandard, New Haven, CT, USA), Sm(III)
(1 g·L−1, Alfa Aesar Specpure®, Karlsruhe, Germany), Eu(III) (10 g·L−1, Agilent, Kingstown,
MD, USA) and U(VI) (1 g·L−1, AccuStandard, New Haven, CT, USA). The C-S-H phases
used are commercially available Circosil® 0.1 from Cirkel (Emsdetten, Germany). NaOH
(Suprapur® 30%, Merck, Darmstadt, Germany) and HCl (HCl 30% Suprapur®, Merck
Supelco®, Darmstadt, Germany) were used to adjust the desired pH of the precipitation
and wall adsorption experiments.

2.2. Experiments and ICP-MS Samples

For the batch experiments, the two electrolytes 0.1 M NaCl and DGS (2.5 M NaCl,
0.02 M CaCl2·2H2O, 0.008 M Na2SO4 and 0.005 M KCl) were prepared.

For the kinetic experiments, 800 mg Circosil® were weighed in 250 mL LDPE bottles
and 200 mL of the respective electrolyte was added (S/L = 4 g·L−1). After 7 d equilibration
in a horizontal shaker (Promax 1020 platform shaker, Heidolph Instruments, Schwabach,
Germany), the pH was measured. It settled naturally to 10.9 in 0.1 M NaCl and 10.6 in
DGS. According to Altmaier et al. [58], a pH correction of +0.5 was made in the high-saline
DGS. Afterwards, the analytes (Zr(IV), Mo(VI), Ru(III), Pd(II), Cs(I), Sm(III), Eu(III) and
U(VI)) were added at a concentration of 500 nmol·L−1. Changes in the pH values due to the
addition of acidic element standards were corrected with NaOH and adjusted to the former
value of 10.9 or 10.6, respectively. Sampling of 1 mL each was performed after 1 h, 1 d, 3 d,
7 d, 14 d, 28 d, 56 d, 112 d, 168 d and 217 d. Each experiment was prepared in independent
triplicates. Reference experiments without analyte were performed for background and
leaching correction.
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For the wall adsorption studies, polypropylene (PP) centrifuge tubes (Ultra-High
Performance Centrifuge Tube, VWR International, Darmstadt, Germany) were filled with
either 10 mL 0.1 M NaCl or DGS. After that, Zr(IV), Mo(VI), Ru(III), Pd(II), Cs(I), Sm(III),
Eu(III) and U(VI) were added at the concentration of 500 nmol·L−1. To mimic the amounts
of Si(IV) and Ca(II) leached by Circosil®, 1 mg·L−1 each was added and additionally the
pH was adjusted analogous to the kinetic study (0.1 M NaCl: 10.9; DGS: 10.6). After 7 days,
1 mL of sample was taken from each, and the lowest part of the PP tube, holding 1 mL, was
removed and discarded. The upper part of the tube was soaked in 5% HNO3 for at least
one hour. Afterwards, this solution was also sampled.

2.3. The ICP-MS System

To quantify the samples with 0.1 M NaCl as background electrolyte, the WC elements
were analysed by ICP-MS (Agilent 8900 ICP-QQQ, Santa Clara, CA, USA) using an Agilent
SPS4 autosampler and a high matrix introduction system for higher salt concentrations up
to 3% (HMI, Agilent) via a standard method.

The ionic strength of the DGS is higher than the commercial system can handle.
Therefore, a transient ICP-MS method according to Hein et al. [59] was used. For this
purpose, a 7500cx ICP-MS (Agilent, Santa Clara, CA, USA) was used with a CETAC
autosampler (ASX 500) and an HMI system (Agilent). This method allows quantification of
elements in up to 5 M saline solutions without further dilution or sample cleanup steps.
Therefore, a supplemental solution is used to ensure a constant flow to the nebuliser (which
also results in an on-line sample dilution of about 1:4), the sample acquisition time is
shortened to 10 s and time-resolved measurements are performed.

All ICP-MS measurement solutions were prepared to a total volume of 10 mL and the
solutions contained 5% HNO3 and 10 µg·L−1 each of Sc and Ho as internal standards. The
quantification for both methods was performed by external calibration with concentrations
from 0.001 to 20 µg·L−1.

3. Results
3.1. Precipitation and Wall Adsorption

Concerning the retention of heavy metals, many different processes can play a role.
To differentiate between the influence of the adsorbent material and precipitation due
to oversaturation or wall adsorption on the PP tubes in the alkaline pH range, batch
experiments in the binary system (background electrolyte and analytes) and in the ternary
system (C-S-H phase, background electrolyte and analytes) were conducted.

For all investigated elements, precipitation and wall adsorption were investigated
as competing processes to the immobilisation on the C-S-H phase. Sm(III) and Eu(III)
tend to precipitate at high pH values as hydroxides or carbonates [60–62] whereas the
critical phases for U(VI) are Na2U2O7 and CaUO4 [3,63]. Cs(I) does not precipitate under
natural conditions.

The results in the binary system (without adsorbent material) can be seen in Figure 1.
Sm(III) and Eu(III) are almost quantitatively removed out of both background electrolytes
(≥95%). Additionally, wall adsorption or precipitation on the tube wall plays a major role
in DGS with 93 ± 4% (Eu(III)) and 92 ± 4% (Sm(III)) in 0.1 M NaCl and 65 ± 19% (Eu(III))
and 64 ± 18% (Sm(III)). The smaller amount in DGS can be explained by wall saturation
with ions from the background electrolyte.

For U(VI), only a low retention of 13 ± 2% in 0.1 M NaCl and 4 ± 4% in DGS can be
observed. In DGS, the retention can be completely described by wall adsorption or wall
precipitation. In 0.1 M NaCl, the share of wall adsorption is only 8 ± 1%. This agrees with
the findings of Baqer et al. [54] that the nucleation kinetic of U(VI) is too slow to take place
in most ordinary laboratory experiments.

The clear differences between Eu(III), Sm(III) and U(VI) in the precipitation/wall
adsorption behaviour can be explained by the speciation in solution. U(VI) forms the two-
fold-charged uranyl cation determining complexation and speciation behaviour whereas
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for Eu(III) and Sm(III) the three-fold-charged cations are defining. At pH 10.5–11, U(VI)
forms negatively charged species in solution (mainly UO2(OH)3

− or UO2(CO3)3
4−) which

tend not to adsorb on the potential negatively charged tube wall [30]. The main species for
Eu(III) are Eu(OH)3 and Eu(CO3)2

− [64] which have a higher affinity for wall adsorption
under these conditions.
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Figure 1. Retention of Cs(I), Sm(III), Eu(III) and U(VI) (initial concentration: 1·10−7 mol·L−1) after 7 d
in 0.1 M NaCl (red, pH 10.9) and diluted Gipshut solution (DGS, blue, pH 10.6) and the share of wall
adsorption (hatched) in the binary system (background electrolyte and analytes), also in the presence of
1·10−7 mol·L−1 Zr(IV), Mo(VI), Ru(III) and Pd(II), respectively, and 1 mg·L−1 Si(IV) and Ca(II).

As expected, no relevant precipitation or wall adsorption can be detected for the single-
charged Cs(I). Even in the lower saline 0.1 M NaCl solution, the excess of Na(I) is 200,000-fold
more than that of Cs(I). It can be assumed that this excess saturates the tube wall.

In the presence of Circosil® (Figure 2), the retention of Cs(I) and U(VI) increases
strongly: in 0.1 M NaCl from 3 ± 1% to 59 ± 1% for Cs(I) and from 13 ± 2% to 97 ± 1% for
U(VI), respectively. In DGS, the immobilisation increased for Cs(I) from 0% to 14 ± 3% and
for U(VI) from 4 ± 4% to 98.7 ± 0.3%.
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Figure 2. Retention of initial 1·10−7 mol·L−1 Cs(I), Sm(III), Eu(III) and U(VI) on Circosil® (7 d
equilibrium time) in 0.1 M NaCl (red, pH 10.9) and diluted Gipshut solution (DGS, blue, pH 10.6)
and the share of wall adsorption (hatched), also in the presence of Zr(IV), Mo(VI), Ru(III) and Pd(II).
Data points refer to wall adsorption from previous studies: <1% and 6.5%–100% for Eu(III) [26,44]
and <2% and <5% for U(VI) [44,51].

The amount of wall adsorption involved in the retention decreases to ≤15% for each
element studied. Especially for Eu(III) and Sm(III), it can be clearly seen that the immo-
bilisation on Circosil® is the preferred retention mechanism compared to wall adsorption
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and classic precipitation in the binary system without adsorbent material. In the literature,
wall adsorption of Eu(III) [26,44] and U(VI) [44,51] on PP tubes in the presence of C-S-H
phases and hydrated cement paste was also investigated. While Tits et al. [26] observed
wall adsorption <1% for Eu(III), the results gained by Burešová et al. [44] and Pointeau
et al. [51] are similar to this study. They found only a small amount of U(VI) adsorbed on
the wall (<2 or <5%, c(U(VI)) = 4·10−9 − 7·10−8 mol·L−1). For Eu(III), the adsorbed amount
was 6.5%–100% depending on the solid-to-liquid ratio and the present adsorbent material.
Burešová et al. [44] explained it by the adsorption of cement or C-S-H colloids on the wall
where Eu(III) or U(VI) is immobilised. The same observation was made in this study as
even after centrifugation, small particles were visible in the upper part of the liquid phase
and on the tube wall. These particles could either be C-S-H phase or leached SiO2. So, the
observed wall adsorption can be retention on the C-S-H phase which adhered on the wall
until desorption with HNO3.

These experiments show a clear involvement of Circosil® in the retention of all four
elements. U(VI) and Cs(I) show almost no retention in the absence of the C-S-H phase, so
surface precipitation may be excluded, and the retention should be driven by adsorption
processes. Nevertheless, it is not possible to distinguish between adsorption or surface pre-
cipitation processes for Eu(III) and Sm(III). The wall adsorption observed for both elements
in the absence of Circosil® could be attributed to wall precipitation of nanoscale solids due
to the larger surface area on the wall of the PP tubes (approximately 36 cm2) compared to
the tube’s bottom (approximately 2 cm2). The surface of Circosil® is 65 m2·g−1 [15] which
equals 2.6 m2 for the 40 mg used in the experiment. This exceeds the tube’s surface by far
and means the C-S-H phase is the preferred place for possible precipitation and adsorption.

3.2. Time-Dependent Retention of Cs(I)

A steady state is settled very fast by the time-dependent adsorption of 5·10−7 mol·L−1

Cs(I) on Circosil® (Figure 3). After 7 d in 0.1 M NaCl and 3 d in DGS, an adsorption of
75 ± 1% or 14 ± 1% is reached, respectively. It does not change until 217 d in 0.1 M NaCl
which shows an irreversible binding of Cs(I) on the C-S-H phase in this stationary exper-
iment. In DGS, a slight decrease from 15% after 112 d to 9% after 217 d is visible. The
three independent experimental rows show only slight variations of <3%. The influence
of the background electrolyte’s salinity on the Cs(I) adsorption can clearly be seen as the
adsorption decreases strongly with the increased Na(I) concentration from 0.1 M NaCl to
2.5 M NaCl in DGS. This agrees with the literature [3,31,65]. Nevertheless, it is remarkable
that adsorption of Cs(I) still takes place despite a 5-million-fold excess of Na(I) in DGS.
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Figure 3. Time-dependent adsorption of initial 5·10−7 mol·L−1 Cs(I) on Circosil® in 0.1 M NaCl (red
dots, pH 10.9) and diluted Gipshut solution (DGS, blue squares, pH 10.6), also in the presence of
Sm(III), Eu(III), U(VI), Zr(IV), Mo(VI), Ru(III) and Pd(II). Lines between the measurement points are
only drawn for clarification.
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These observations are in contrast with a recent kinetic study on a synthesised C-S-H
phase (C/S = 1.08). There, in 0.1 M NaCl, Cs(I) adsorption was only remarkably detectable
after 28 d (7 ± 0%) for the initial 5·10−7 mol·L−1 Cs(I) and increased until the end of the
experiment (112 d, 15 ± 2%) [14]. Not only was the kinetic much slower, the total amount
of immobilised Cs(I) is also around five times lower than on the commercial C-S-H phase.
In DGS, Cs(I) adsorbed on the synthesised C-S-H phase after 1 h and 1 d, but afterwards,
no adsorption could be detected anymore [14]. This is also in contrast with the current
study. A reason for this may be the differences in the C/S ratio. The capability of Cs(I)
immobilisation increases with decreasing C/S ratio due to the decreasing amount of Ca(II)
blocking potential binding sites [37,65–68]. With respect to the high Na(I) concentration,
the 2·10−2 mol·L−1 Ca(II) in DGS and the other competing WC elements, the lower C/S
ratio of Circosil® (0.83) cannot be the only explanation for this phenomenon. It also does
not fit modelled data where an increase in the C/S ratio from 0.83 to 1.25 led to a decrease
in Cs(I) adsorption from 37% to 23% in the micromolar concentration range [65]. The
other difference between the C-S-H phases is the crystallinity and, consequently, the kind
and amount of possible binding sites for Cs(I). Wet chemical synthesised C-S-H phases
are amorphous and poorly crystalline [69] whereas the structure of the hydrothermal
manufactured commercial product equals an 11-Å tobermorite [13]. This could enhance
the Cs(I) adsorption capacities [69,70].

Three adsorption sites are considered in theoretical models for the Cs(I) uptake
on C-S-H phases: ion exchange and surface complexation on weak or strong binding
sites [37,39,43]. The latter have only a low capacity compared to the other sites. According
to Duque-Redondo et al. [39], the weak sites represent outer-sphere and the strong sites
inner-sphere surface complexes. In this study, it is very likely that the adsorbed Cs(I) is
immobilised mainly on the strong binding sites via inner-sphere complexes. Because of
the high hydration energy, these sites are considered non-accessible for most competing
ions such as Na(I) or the elements present in the WC. Only K(I) from the DGS has access
to these sites which contributes to the lowered adsorption in DGS compared to 0.1 M
NaCl [41,71–73]. Also in molecular dynamics simulations, Cs(I) tends to adsorb as inner-
sphere complexes on tobermorite [74]. Another hint for the Cs(I) adsorption on the strong
sites is the immobilisation’s irreversibility. Iwaida et al. [30] observed an incorporation
in the C-S-H structure at high Cs(I) concentrations (1 mol·L−1) which is also irreversible.
Incorporation processes take place on a long timescale. So, it is not very likely to be the
initial retention mechanism in this study where a steady state is reached after three to seven
days. Nevertheless, a small decrease in Cs(I) adsorption in DGS is visible over time. It is
possible that K(I) displace Cs(I) from the strong binding sites on a long timescale.

In the kinetic study of Missana et al. [37], a steady state of the Cs(I) adsorption on
a C-S-H gel (C/S = 0.8) was already reached at the first measurement point after 1 d in
deionised water. Also, Arayro et al. [66] calculated fast steady state settling of 1 d for Cs(I)
on a modified 11-Å tobermorite. This contrasts with our results where the Cs(I) adsorption
stays constant after 7 d (0.1 M NaCl) or 3 d (DGS). The difference can be explained either by
the competing ions of the background electrolytes or by the elements of the WC competing
for fast accessible binding sites such as ion exchange sites. This agrees with the results of
Li and Pang [75]. They observed a characteristic adsorption time for Cs(I) on mortar in
a high-saline pore solution (I = 0.23 M) of 0.44–0.6 d, but a quasi-steady state was only
reached after 7 d. Furthermore, they also investigated the influence of Sr(II) on the time-
dependent Cs(I) adsorption and found a small decrease in the adsorbed Cs(I) amount. As
their background electrolyte already contained 40 mg·L−1 of Ca(II), the additional impact
of 2.8·10−10 mol·L−1 Sr(II) is remarkable. This highlights the importance of retention
studies in the presence of possible competing ions not only from the background electrolyte
but also from the radioactive inventory. Nevertheless, the investigated concentration of
5·10−7 mol·L−1 of the WC elements may be too low to see a competing effect with Cs(I)
compared to the concentrations of the background electrolyte’s components because for
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the Cs(I) adsorption on bentonite in similar media, an effect was only visible at an analyte
concentration of 2.5·10−4 mol·L−1 [31].

At least, the steady state of the Cs(I) adsorption on Circosil® is reached earlier in
the higher-saline solution (DGS, 3 d) than in 0.1 M NaCl (7 d). This behaviour could be
explained by the amount of adsorbed Cs(I). In 0.1 M NaCl, around 5 times more Cs(I)
(75 ± 1%, 3.7·10−7 mol·L−1) is bound to Circosil® than in DGS (14 ± 1%, 7·10−8 mol·L−1).
The strong binding sites with low capacity are not easily accessible, so the larger amount of
Cs(I) which is able to get there in 0.1 M NaCl needs more time.

In Table 1, the distribution coefficients Rd [L·kg−1] for Cs(I) are shown at different
times in 0.1 M NaCl and DGS. The coefficient is normally written as Kd, representing the
ratio of the element’s amount bound to the solid and the amount in the liquid phase. Since
precipitation of Sm(III), Eu(III) and U(VI) may not be completely excluded, all values are
represented by Rd for consistency. The Rd values for Cs(I) in the literature are broadly
scattered and depend mainly on the salinity of the background electrolytes, on the C/S
ratio and the initial Cs(I) concentration but also on the absorbent material’s structure [3].
In this study, they range between 100 and 900 L·kg−1 in 0.1 M NaCl with an average of
830 ± 60 L·kg−1 in the steady state after 7 d. The gained values are at the upper end of or
even higher than the range reported in the literature despite the comparatively higher ionic
strength [37,65]. As expected, the Rd values in DGS are with 23–46 L·kg−1 lower due to
the high salinity and presence of a K(I) excess. The average value is 39 ± 7 L·kg−1. Values
in the same range were also found by Missana et al. [37] for C/S = 1.0 after equilibration
in deionised water. Baur et al. [14] also observed lower Rd values in identical background
electrolytes but with a higher C/S ratio (1.08). This leads to the conclusion that the C/S ratio
and the structure of the C-S-H phase are more critical parameters for the Cs(I) adsorption
than salinity or the initial concentration.

3.3. Time-Dependent Retention of Sm(III) and Eu(III)

The time-dependent retention of Eu(III) and Sm(III) on the commercial C-S-H phase
Circosil® is shown in Figure 4. As both elements are trivalent actinides and the physical
and chemical properties rarely differ, the retention behaviour is extremely similar. After 7 d
of equilibration time, 97 ± 1% of the analytes are removed from the liquid phase in 0.1 M
NaCl. The retention stays constant over the observed period with only one exception after
112 d where it decreases to 86 ± 4%. The kinetic is slower and the overall retention of Sm(III)
and Eu(III) is lower in DGS. Additionally, 7 d were needed to reach an immobilisation
of 88 ± 2% which slowly increases further to 99.7 ± 0.6% after 168 d. Afterwards, the
retention decreases to 87 ± 6% again.

Table 1. Distribution coefficients Rd for the retention of 5·10−7 mol·L−1 Cs(I) on Circosil® in 0.1 M
NaCl (pH 10.9) and diluted Gipshut solution (DGS, pH 10.6) at ten different sampling times (also in
the presence of 5·10−7 mol·L−1 Sm(III), Eu(III), U(VI), Zr(IV), Ru(III), Mo(VI) and Pd(II)).

Equilibration Time [d]
Rd(Cs(I))

in 0.1 M NaCl
[103 L·kg−1]

Rd(Cs(I))
in DGS

[103 L·kg−1]

0.04 0.123 ± 0.004 0.023 ± 0.004
1 0.46 ± 0.02 0.038 ± 0.002
3 0.65 ± 0.05 0.041 ± 0.004
7 0.77 ± 0.04 0.046 ± 0.007
14 0.82 ± 0.02 0.043 ± 0.009
28 0.89 ± 0.03 0.041 ± 0.006
56 0.86 ± 0.05 0.038 ± 0.006

112 0.74 ± 0.03 0.046 ± 0.006
168 0.88 ± 0.03 0.034 ± 0.004
217 0.82 ± 0.04 0.024 ± 0.006
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study after 56 d can be a hint for several retention processes taking place. Parts of the 
adsorbed lanthanides can slowly become incorporated in the C-S-H phase’s structure. Pre-
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Figure 4. Time-dependent retention of 5·10−7 mol·L−1 Sm(III) (a) and Eu(III) (b) on Circosil® in
0.1 M NaCl (red dots, pH 10.9) and diluted Gipshut solution (DGS, blue squares, pH 10.6), also in the
presence of Cs(I), U(VI), Zr(IV), Mo(VI), Ru(III) and Pd(II). Lines between the measurement points
are only drawn for clarification.

A small drop in the immobilised amount of Sm(III) and Eu(III) can also be seen after
112 d (86 ± 2%) for both background solutions. The reproducibility of the measured
data is worse in DGS with a standard deviation of >5% at five measurements points (15%
after 1 d at maximum) than in 0.1 M NaCl (two measurement points >5%, 8% after 1 h at
maximum). Despite the similar behaviour, the immobilisation of Sm(III) on Circosil® is
slightly preferred over Eu(III). With only one exception (after 112 d in DGS), the retention
of Sm(III) is up to 2 percentage points (pp) higher and the standard deviations lower at
every measurement point than for Eu(III).

In the literature, three retention mechanisms are proposed for Eu(III): precipitation,
incorporation and surface complexation [26,45,47,48]. The negative influence of increasing
ionic strength on the retention behaviour in this study indicates retention mechanisms
where competing effects play a role. This let incorporation or surface complexation appear
to be the preferred mechanisms which was also observed by Mandaliev et al. [46]. Tits
et al. [26] proposed precipitation followed by incorporation to be responsible for the
retention of Cm(III) at pH 13.3. In this case, we would expect a positive influence of the
salinity in our experiment. Nevertheless, the dynamic behaviour of Eu(III) and Sm(III) in
this study after 56 d can be a hint for several retention processes taking place. Parts of
the adsorbed lanthanides can slowly become incorporated in the C-S-H phase’s structure.
Precipitation, e.g., as Ln(OH)3 or Ln2(CO3)3 (Ln = lanthanide), cannot completely be ruled
out on the longer timescale. The >70% immobilisation after 1 d for both elements hints to a
fast process influenced by competing ions. Surface complexation fits this very well. The
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slightly lower affinity for Eu(III) may be caused by competing effects between Eu(III) and
Sm(III) or due to different ionic properties.

A comparison between this study and a kinetic study on a synthesised C-S-H phase
(C/S = 1.08) shows similarities in the retention behaviour of Eu(III) [14]. It is immobilised
fast and almost quantitatively. The retention stays dynamic over the observed timescale of
112 d. Despite this, the retention process for 5·10−7 mol·L−1 Eu(III) is faster in DGS than
in 0.1 M NaCl which is in contrast to the study presented here. The authors explained the
Eu(III) retention mainly by precipitation, but no wall adsorption was investigated in their
precipitation experiments. Their study was carried out at higher pH values (pH 12.5–13)
than the present study. Eu(III) undergoes a change in speciation between pH 10.5 and
13 [64]. This can enhance the precipitation of Eu(III), e.g., as Eu(OH)3. A retention >90%
is reached after 1 d in 0.1 M NaCl and DGS [14] which contrasts with the current study
where equilibration times of 7 d and 28 d were needed, respectively. In other studies, Eu(III)
or Sm(III) retention of >90% on cementitious materials is reached within several minutes
to 1 d [26,44,47,48,76]. Reasons for this may be the competition for binding sites between
Eu(III), Sm(III) and other elements present in this study or higher analyte concentrations or
pH values in the literature which favour precipitation.

In the kinetic study of Tits et al. [26] on C-S-H phases (C/S = 1) in a mixture of NaOH
and KOH (I ~ 0.3 M), without trivalent competing ions, Eu(III) retention was also constant
after 1 d of equilibration time. The Rd values were 60 ± 30·103 L·kg−1 in the same order
of magnitude as in the present study in 0.1 M NaCl after 14 d (Table 2). The Rd values in
high-saline DGS are one order of magnitude lower. The high uncertainties, especially at
high Rd values, result from the very low concentrations (ceq) measured in the supernatant.
After 217 d, the three measured concentrations in the 0.1 M NaCl supernatant for Sm(III)
were 0.17·10−9, 1.7·10−9 and 1.9·10−9 mol·L−1. In absolute numbers, the resulting Rd
values are 730·103, 72·103 and 67·103 L·kg−1. This results in a deviation for Rd larger than
the average value.

Table 2. Distribution coefficients Rd for the retention of 5·10−7 mol·L−1 Sm(III) and Eu(III) on Circosil®

in 0.1 M NaCl (pH 10.9) and diluted Gipshut solution (DGS, pH 10.6) at ten different sampling times
(also in the presence of 5·10−7 mol·L−1 Cs(I), U(VI), Zr(IV), Ru(III), Mo(VI) and Pd(II)).

Equilibration
Time [d]

Rd(Sm(III))
in 0.1 M NaCl
[103 L·kg−1]

Rd(Eu(III))
in 0.1 M NaCl
[103 L·kg−1]

Rd(Sm(III))
in DGS

[103 L·kg−1]

Rd(Eu(III))
in DGS

[103 L·kg−1]

0.04 0.14 ± 0.04 0.14 ± 0.05 0.18 ± 0.07 0.16 ± 0.06
1 0.7 ± 0.2 0.6 ± 0.2 0.9 ± 0.6 0.9 ± 0.6
3 2 ± 0.7 1.8 ± 0.7 0.60 ± 0.06 0.55 ± 0.06
7 9 ± 4 8.5 ± 3.4 1.9 ± 0.4 1.8 ± 0.4

14 37 ± 9 35 ± 8 2.3 ± 1.2 2.2 ± 1.1
28 41 ± 16 38 ± 13 4 ± 3 4 ± 3
56 11 ± 12 11 ± 11 3.4 ± 1.3 4 ± 2
112 1.6 ± 0.4 1.4 ± 0.4 1.6 ± 0.2 1.6 ± 0.3
168 79 ± 60 82 ± 66 >100 * >50 *
217 290 ± 380 770 ± 1200 2 ± 1 2 ± 1

* At least one of the triplicates was below the detection limit.

Similar to the study of Baur et al. [14], the study by Tits et al. [26] was carried out
at a significantly higher pH value (13.3) and the authors suggest precipitation as the
first occurring retention mechanism. Häußler et al. [77] investigated the retention of
1·10−8 mol·L−1 Am(III) on C-S-H phases with different C/S ratios and consequently dif-
ferent pH values in the range of 10.2–12.6. After 72 h of equilibration time, no relevant
differences in the adsorption behaviour were noticeable with >98% retention for all experi-
ments. The Rd values are 3·104 to 1·106 L·kg−1, in agreement with the literature and in the
range of this study. Häußler et al. [77] explained the retention with surface complexation
on silanol groups as the chosen actinide concentrations are under the solubility limit. The
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kinetic in the study of Häußler et al. [77] is faster than in the current study, independent
of the pH value and with most likely surface complexation as the preferred retention
mechanism. Similar observations were made by Pointeau et al. [47] where the amount of
unadsorbed Eu(III) was under the limit of detection for every C/S ratio they investigated.
This indicates a strong influence of the competing ions (WC and background electrolyte)
on the retention kinetic of Eu(III) and Sm(III), which were not present in study of Häußler
et al. [77] or Pointeau et al. [47].

3.4. Time-Dependent Retention of U(VI)

In Figure 5, the time-dependent retention of 5·10−7 mol·L−1 U(VI) on Circosil® in
0.1 M NaCl and DGS can be seen. U(VI) has a faster retention kinetic than the other
investigated WC elements.
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Figure 5. Time-dependent retention of 5·10−7 mol·L−1 U(VI) on Circosil® in 0.1 M NaCl (red dots,
pH 10.9) and diluted Gipshut solution (DGS, blue squares, pH 10.6), also in the presence of Cs(I),
Sm(III), Eu(III), Zr(IV), Mo(VI), Ru(III) and Pd(II). Lines between the measurement points are only
drawn for clarification.

In 0.1 M NaCl, the retention increased to >95% after 3 d and after 7 d a steady state
of around 99% retention is reached. The retention in DGS is noticeably lower (mainly for
the first 56 days) but a steady state with 94%–96% retention was also reached after 7 d. Rd
values are >1·103 L·kg−1 after 1 d of equilibration time (Table 3) in good agreement with
the literature [9,14,44,49,51]. The influence of ionic strength on the retention of U(VI) in
DGS is 3–5 pp lower than for Eu(III) and Sm(III), and especially compared to the adsorption
of Cs(I). The solubility of U(VI) is controlled by CaUO4 and Na2U2O7 at pH > 9 [3,9,63].
The solubility limits are supposed to be 10−7 to 10−14 mol·L−1. In the present study,
the precipitation of U(VI) after 7 d of equilibration was investigated (Figure 1). Only
<13% of the initial U(VI) were immobilised which excludes precipitation as a retention
mechanism on the short timescale. This agrees very well with the study of Tits et al. [9]
who found a steady state for the retention of U(VI) on C-S-H phases (C/S = 1.1) after
10 d of equilibration time. They also observed a small decrease in Rd values for U(VI)
with increasing salinity of the background electrolyte and no precipitation of CaUO4 in the
nanomolar concentration range. Tits et al. [9] also observed that U(VI) uptake increases
with increasing C/S ratio or Ca(II) concentration. They explained this by the formation
of a Ca-U-bearing solid but were not able to determine a solubility limit in their sorption
isotherm experiments. Recent studies have shown that the initial retention mechanism
for U(VI) in this study and probably also in the older study of Tits et al. [8] is surface
complexation of UO2(OH)3

− or UO2(OH)4
2− most likely via Ca(II) bridges [30,55,56,78].

Ca(II) adsorbs on deprotonated silanol groups on the C-S-H phase’s edge where a hydroxy
ligand of U(VI) can be attached. Since the tobermorite structure is naturally saturated with
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Ca(II) [79], the immobilisation of U(VI) can take place on a short timescale and is very
effective. In the long term, precipitation or incorporation in the C-S-H phase’s structure of
U(VI) as described by Harfouche et al. [52] and Tits et al. [57] may also take place, leading
to an almost irreversible retention behaviour.

Table 3. Distribution coefficients Rd for the retention of 5·10−7 mol·L−1 U(VI) on Circosil® in 0.1 M
NaCl (pH 10.9) and diluted Gipshut solution (DGS, pH 10.6) at ten different sampling times (also in
the presence of 5·10−7 mol·L−1 Sm(III), Eu(III), Cs(I), Zr(IV), Ru(III), Mo(VI) and Pd(II)).

Equilibration Time [d]
Rd(U(VI))

in 0.1 M NaCl
[103 L·kg−1]

Rd(U(VI))
in DGS

[103 L·kg−1]

0.04 0.34 ± 0.06 0.24 ± 0.09
1 1.8 ± 0.7 1.9 ± 1.4
3 5 ± 2.4 1.2 ± 0.1
7 19 ± 10 4.2 ± 1.1
14 71 ± 17 5.3 ± 3.2
28 71 ± 20 12 ± 12
56 19 ± 20 7 ± 4

112 2.8 ± 0.5 3.2 ± 0.7
168 110 ± 76 >100 *
217 210 ± 200 4 ± 2

*At least one of the triplicates was below the detection limit.

In 0.1 M NaCl, 2.8 ± 1.2·10−3 mol·L−1 Ca(II) is leached out of Circosil® after 7 d in
the presence of the WC. In DGS, the leaching is with 4.6 ± 1.0·10−3 mol·L−1 Ca(II) more
effective due to the amount of competing ions, e.g., Na(I), displacing Ca(II) from the C-S-H
phase’s surface. Older results on the influence of ionic strength on Ca(II) leaching from
Portland cement show a similar trend, where in 0.1 M NaCl solution 3.0 ± 0.1·10−3 mol·L−1

Ca(II) and in 2.5 M NaCl 3.8 ± 0.1·10−3 mol·L−1 Ca(II) are leached out of the cement after
72 h [80]. Therefore, here, in DGS, less Ca(II) is accessible to form Ca-O-U-bridges and
the retention of U(VI) decreases slightly. Nevertheless, there is still enough Ca(II) on the
Circosil® surface left to immobilise the major part (>94%) of U(VI).

A comparison between the present study and a kinetic study on a wet chemical
synthesised C-S-H phase (C/S = 1.08) shows similarities of the retention behaviour of
U(VI) in DGS [14]. In that study, U(VI) retention increases fast and reaches a first steady
state after 7 d. This contradicts literature where a higher C/S ratio leads to a lower U(VI)
immobilisation [51] but is in good agreement with Tits et al. [9]. The retention of U(VI)
is slightly slower at the higher C/S ratio in 0.1 M NaCl than in the current study [14].
This, again, agrees with the findings of Pointeau et al. [51]. It seems that decreasing U(VI)
immobilisation with increasing C/S ratio is valid for low ionic strength but reverses at
higher salinity. Ochs et al. [3] explained the decrease in U(VI) retention with increasing
C/S ratio with Ca(II) occupying binding sites for U(VI) but the results in DGS and in the
literature [30,55,56] show that the presence of Ca(II) enhances the immobilisation of U(VI).
The decrease may be caused by the increasing OH− concentration somehow interfering
with the U(VI) retention on the C-S-H phase’s surface. Another explanation could be the
formation of a Ca(II)-U(VI) species in solution before the immobilisation takes place. This
takes the decreasing immobilisation of U(VI) with increasing C/S ratio into account as well
as the increasing immobilisation in the presence of Ca(II) in solution.

It is remarkable that three different kinetic studies on U(VI) and Eu(III) show different
adsorption kinetics comparing both elements. Burešová et al. [44] noticed a faster immo-
bilisation of Eu(III) than U(VI). Baur et al. [14] observed retention on the same timescale
and, in the present study, U(VI) becomes immobilised faster than Eu(III). The main differ-
ence is the time Eu(III) needs to reach a steady state. With more competing ions present
in solution, Eu(III) needs more time for immobilisation. This is firstly a direct hint of
a retention mechanism for Eu(III) where competing ions play a role, e.g., adsorption or
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incorporation. Secondly, it indicates the necessity of investigating element mixtures instead
of solely single-element studies.

4. Conclusions

This study shows that the retention of the investigated elements on the commercial
and hydrothermal synthesised C-S-H phase Circosil®, which is stable against CO2, is
comparable with the retention on wet chemical synthesised C-S-H phases. This is shown
by the obtained Rd values. To the best of our knowledge, this is the first time the retention
behaviour of eight repository relevant elements combined as a WC was studied, especially
under alkaline and high-saline conditions. Additionally, this time-dependent study delivers
new findings on the retention mechanisms in the nanomolar concentration range.

For Cs(I), discrepancies between commercial and wet chemical synthesised C-S-H
phases can be seen, e.g., compared to the similar study of Baur et al. [14]. But there are
many contradicting studies concerning the adsorption of Cs(I) on C-S-H phases in the liter-
ature. Many factors can possibly influence the Cs(I) retention: C/S ratio, amorphousness,
reversibility of the adsorption process, solid-to-liquid ratio, salinity and competing ions.
Under the used conditions, moderate and irreversible uptake of Cs(I) on Circosil® could
be shown in 0.1 M NaCl (75 ± 1%). The adsorption is with 14 ± 1% lower in DGS and
decreases slowly after 112 d. Unfortunately, a direct impact of the WC elements was not
visible due to the highly saline background electrolytes. A direct comparison between
single-element and WC experiments or additional studies in lower-saline solutions or with
higher concentrations of the competing ions are necessary to elucidate the pure influence
of the radioactive inventory in HLW disposal.

The present study proves that precipitation (e.g., as Na2U2O7 or CaUO4) can be ex-
cluded as initial retention mechanism for U(VI) on Circosil® in the nanomolar concentration
range. Competing ions from the WC itself or from the background electrolytes only slightly
influence the strong and irreversible retention. Compared to the literature, the role of
the C/S ratio, Ca(II) concentration and pH value in the immobilisation kinetics needs
further investigation.

The preferred retention of Sm(III) and Eu(III) on Circosil® over precipitation and wall
adsorption could clearly be seen. The wall adsorption decreased from >90% in 0.1 M NaCl
and >60% in DGS to <15% in the presence of the C-S-H phase. Combined with the findings
of the kinetic study where increasing salinity leads to decreasing retention of Sm(III) and
Eu(III), it can be concluded that surface complexation is the initial immobilisation mecha-
nism for both elements. Furthermore, the slower kinetics compared to previous studies
suggests a competing effect, e.g., between Eu(III), Sm(III) and Ru(III). A concentration
series can be useful for further clarification.
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